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Formation of ion-irradiation-induced atomic-scale defects on walls of carbon nanotubes

A. V. Krasheninnikov,1,2 K. Nordlund,2 M. Sirviö,2 E. Salonen,2 and J. Keinonen2
1Moscow State Engineering Physics Institute (Technical University), Kashirskoe shosse 31, 115409 Moscow, Russia

2Accelerator Laboratory, P.O. Box 43, FIN-00014 University of Helsinki, Finland
~Received 17 January 2001; published 31 May 2001!

Recent experiments on irradiated carbon nanotubes provide evidence that ion bombardment gives rise to
nanotube amorphization and dramatic dimensional changes. Using an empirical potential along with molecular
dynamics, we study structure and formation probabilities of atomic-scale defects produced by low-dose irra-
diation of nanotubes with Ar ions. For this, we simulate impact events over a wide energy range of incident
ions. We show that the maximum damage production occurs for a bombarding ion energy of about 600 eV, and
that the most common defects produced at all energies are vacancies, which at low temperatures are metastable
but long-lived defects. Employing the tight-binding Green’s function technique, we also calculate scanning
tunneling microscopy~STM! images of irradiated nanotubes. We demonstrate that irradiation-induced defects
may be detected by STM and that isolated vacancies may look like bright spots in atomically resolved STM
images of irradiated nanotubes.

DOI: 10.1103/PhysRevB.63.245405 PACS number~s!: 81.07.De, 61.48.1c, 61.80.Jh, 73.22.2f
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I. INTRODUCTION

Unusual mechanical and unique electronic properties
carbon nanotubes~NT’s! can be used in numerous applic
tions and can provide ample opportunity for fabricati
nanoscale devices~see, e.g., Refs. 1!. However, implemen-
tation of such devices demands a thorough understandin
the structural and electronic properties not only of perf
NT’s, but also of NT’s with various atomic-scale defec
Such imperfections may be either created at the time of
growth2 or may be induced as a result of external influen
such as mechanical strain3,4 or irradiation5–7 while the device
is in operation. Examples of defects in NT’s are pentag
heptagon Stone-Wales~SW! defects8 associated with a rota
tion of a bond in the NT atom network, adatoms on the wa
of NT’s,2 and defects initiated through the adsorption o
carbon dimer on a nanotube wall.2,9

The issue of how atomic-scale defects influence the st
tural and electronic properties of NT’s has been addres
recently9–13 with particular focus on the effects on transpo
properties,9,13 given the potential application of NT’s a
quantum wires and field-emission electron guns. The mec
nisms of defect formation in NT’s under mechanical stra
have been studied as well. It has been found that exte
strain gives rise to atomic restructuring and fourfold carb
rings,3 as well as to the formation of topological defects,4 the
simplest of which are SW defects, and that NT’s relea
excess strain via a reversible formation of defects.

Studies on the response of NT’s to irradiation are a
reported, which are of particular importance to understa
ing the mechanisms of defect development, since irradia
of NT’s with electrons, neutrons, or noble-gas ions pot
tially makes it possible to create defects in a controlla
way.

However, theories on the formation of defects in NT
under irradiation and on the subsequent defect evolution o
time are far from completion. For instance, one of the un
0163-1829/2001/63~24!/245405~6!/$20.00 63 2454
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solved issues is the type and the behavior of irradiati
induced defects in NT’s.

Recent experiments6 evidence that NT’s exposed to fo
cused electron irradiation are severely locally deformed
develop necklike features along their bodies due to the
moval of carbon atoms by knock-on displacements. Unifo
irradiation of NT’s also results5 in surface reconstruction an
drastic dimensional changes, as a corollary of which the
parent diameter of NT’s shrinks from'1.4 to 0.4 nm. Tight-
binding ~TB! molecular dynamics simulations5 conducted at
a temperature of 700 K indicate that irradiation-induced
cancies on NT walls are unstable under high beam d
~when a large number of atoms are removed very rapid!
and at high temperatures. A mending of vacancies occ
through dangling bond saturation and by forming nonh
agonal rings and SW defects, all of which gives rise to s
face reconstruction and diameter reduction. However, i
not clear from this work whether single vacancies also tra
form easily at low temperatures.

On the other hand, although experiments7 on the interac-
tion of NT’s with Ar ion beams also indicate that ion bom
bardment gives rise to amorphization of NT’s and shrinka
of their diameters, appearances of surface dangling bond
irradiated NT’s are reported.7 Since dangling bonds are usu
ally associated with isolated vacancies, such vacancies,
if metastable, may be long-lived defects~and may survive
for macroscopic times!, especially under low-temperature
low-dose irradiation.

In this paper, we study the irradiation of individual singl
wall NT’s with Ar ions. Making use of an empirical potentia
along with molecular dynamics, we model the impact eve
as well as the subsequent evolution of the system. We s
that single vacancies on NT walls are the predominant
fects under low-energy ion irradiation. These defects
stable for our simulation times, at least at room temperatu

Since scanning tunneling microscopy~STM! probably re-
mains the only tool to identify atom-scale defects direc
and since understanding the underlying physics of imper
©2001 The American Physical Society05-1
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NT’s is not possible without determining the type of defec
we also simulate STM images of irradiated NT’s within t
framework of a TB approach. We demonstrate th
irradiation-induced defects may be detected by STM a
that, at low bias voltages, vacancies appear as bright spo
STM images due to growth in the local electron density
states on atoms surrounding the vacancy. Electronic su
structures similar to those in graphite near point defects
evident in our theoretical STM images. It should be not
however, that although atomic resolution has been achie
in a number of experimental works14,15 we are unaware o
signatures of atomic-scale defects having been observe
experimental STM images of NT’s.

II. MOLECULAR DYNAMICS SIMULATIONS

We dwell upon~10,10! armchair single-wall NT’s, which
are assumed to be the predominant constituents of ropes
thesized by the electric arc technique using a catalyst.16 We
stress, however, that our results are qualitatively correct
NT’s of different chiralities. We model a portion of long~up
to 1mm) individual NT’s which are also observe
experimentally.5 To avoid excessive computational effor
and to prevent NT’s from being displaced by the transfer
momentum, only atoms at a distance of less than 50 Å fr
the impact point were allowed to move during the relaxat
of the atomic structure after ion impact. In actuality, in t
TB simulation the 100 Å long nanotubes were augmen
by much longer ideal tubes to avoid size-quantization effe

To simulate defect production by irradiation of NT’s, w
used classical molecular dynamics. This is the only met
fast enough both for realistic simulation of energetic co
sional processes and for achieving representative statis
To model carbon-carbon interaction in the NT, we used
Brenner II interatomic potential, which is constructed to gi
a good description of vacancies and bond stretching
graphite layers.17 A good correlation between the results
ab initio and classical simulations of NT’s is also reported2,4

Because bond conjugation is not expected to be significan
the collisional processes, we neglected the computation
intensive four-body part of the potential. To realistica
model energetic collisions, we smoothly joined a repuls
potential calculated by a density-functional theory metho19

to the Brenner potential at short interatomic separation20

The interaction between Ar and C was modeled with
Ziegler-Biersack-Littmark universal repulsive potential.21

In practice, we employed our simulation code, which h
previously been used to model irradiation effects in a w
range of metals, semiconductors and carbon-ba
materials.22–24 The code uses the Gear V algorithm25 to in-
tegrate the equations of motion and a variable time step
pendent on the maximum velocity and interaction force
the system26 to ensure energy conservation when energ
particles are present in the system. A combined link-c
method and neighbor list is used to achieve linear scaling
the simulation time with the number of atoms.

We first tested the energetics of single vacancies~which
have three dangling bonds! and two vacancy-related defec
described in Ref. 5. Those defect structures are sin
24540
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pentagon–one-dangling-bond atomic configurations
fourfold-coordinated atoms in the center of two pentago
and two hexagons. For brevity, we label the former def
‘‘5-1db’’ and the latter the ‘‘5-6’’ defect. To calculate the
energy, we used the TB27 and empirical potential model
~Brenner potential,17 Brenner potential without the bond con
jugation term, and the original Tersoff potential18!.

Since we are primarily interested here in the relative s
bility of the vacancy-related defects, we compare the to
energy differences~at 0 K! between the single vacancy an
the vacancy-related defects. We find that the 5-1db de
lies 1.8, 3.0, 0.9, and21.0 eV below~above for negative
signs! the single vacancy in energy for the tight-binding, fu
Brenner potential, Brenner potential without the bond con
gation term, and the original Tersoff potential, respective
Our results for the 5-6 defect are20.4, 2.4, 0.9, and
21.3 eV below the single vacancy for the same potenti
The energy differences do depend heavily on the theore
models used. However, since it is known that it is very d
ficult to calculate the formation energies of vacancylike d
fects in covalent systems even with density-function
methods,28 we think that no more than a qualitative agre
ment can in any case be desired at this stage. Since bot
results of Ajayanet al.5 and our better models~TB and Bren-
ner! all predict that the 5-1db defect is lowest in energy, th
provides strong evidence that this is the most stable miss
atom defect configuration in nanotubes.

To simulate Ar impacts on the NT, we shot an Ar io
placed well outside the tube toward the center of the tu
The impact point was chosen randomly, and the Ar ion s
toward the central axis of the tube. Between 40 and 170 i
were simulated at different energies to obtain reasona
small statistical uncertainties in the main quantities cal
lated. The simulation was carried out for 5 ps per event us
temperature scaling only at the outer edges of the NT~where
no collisional processes took place!. Defects were detected
by visual inspection of the final atom positions.

To examine the stability of the vacancies, we simulate
single vacancy in a 100 Å long nanotube with no fixed
oms over time scales up to more than ten nanosecond
temperatures of 500–4000 K. We found that at high te
peratures a single vacancy does transform into the same
configuration and 5-1db configuration observed in Ref. 5 a
becomes mobile. At least at temperatures below 2500 K,
clearly dominant process was a transformation into the 5-
defect, as expected from the defect energetics. With sim
tions between temperatures of 1500 K and 2200 K, we
termined that the average vacancy lifetime can be well
scribed with activated behavior with a single activati
energy, i.e., by the formulat5a exp(b/kBT), wheret is the
time before the vacancy transforms into something else,kB is
Boltzmann’s constant,T is the temperature, anda andb are
the fitting constants. Our best fit gavea50.1860.02 ps and
b51.260.1 eV.

Since the TB and classical models give dissimilar ene
differences for the defects~see above!, it is clear that each
model can be expected to give a somewhat different act
tion energy as well. We note, however, that the initial part
the transformation from the vacancy to any other struct
5-2
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involves an elastic stretching of bonds. Since the Brenne
potential describes bond stretching well, it can thus be
pected to give a good description of at least the lower par
the energy barrier separating different defect configuratio

We also studied the stability of isolated vacancies in N
using a TB approach, which has been proven to be v
reliable in calculating structural and electronic properties
NT’s.9–13 We used the parametrization of the TB Ham
tonian suggested in Ref. 27. We found that isolated vac
cies were quite stable for the entire duration of our TB m
lecular dynamics simulations~about 5 ps! even at
temperatures exceeding 1000 K. However, at 2000 K
observed formation of 5-1db defects during our simulatio

Thus, both the classical and TB models indicate tha
low temperatures the vacancy is stable on long time scale
the activation energy for vacancy transformation is*1 eV,
as our simulations indicate, the vacancies can be expecte
be stable at room temperature for time scales of at leas
order of hours. Thus, they might be experimentally found

A typical defect configuration which appeared in
~10,10! NT after ion impact and the subsequent relaxation
carbon network is represented in Fig. 1. A vacancy is evid
in the upper part of the NT, whereas in the lower par
carbon knocked-off atom is adsorbed on the wall inside
NT.

Twofold-coordinated single adatoms on both external a
internal sides of the NT walls are also prolific after ion im
pact. Defects of this type for graphite have been previou
labeled20 ‘‘D3,’’ so, in what follows, we use this term as
well. The geometry of D3 defects~bond lengths and angles!
are very close to those reported in Ref. 20. We found t
such defects are stable at low temperatures. Re
simulations2 also show that D3 defects can survive ev
when the NT is annealed at 3000 K. Other complex defe

FIG. 1. Ball-and-stick representation of a~10,10! NT after ion
impact and subsequent relaxation. A vacancy is evident in the u
part of the NT and a carbon knocked-off atom adsorbed inside
NT in a D3 configuration is also observable.
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~clustered vacancies, non-hexagonal rings, etc.! appear after
ion impact as well. However, we have never observed
defect structures that might be labeled as in-plane intersti
in the NT. This is not unexpected, as an extra carbon a
lying in a graphitelike plane would need to have either
unnaturally high number of bonds or prohibitively sho
ones. Thus, we reach the conclusion that the D3 defect
be expected to be the predominant interstitial-like defect p
duced in nanotubes during irradiation.

The production of different varieties of defects as a fun
tion of incident ion energy is illustrated in Fig. 2. That figu
shows the average number of defects produced for diffe
energies of the bombarding Ar ion~50, 200, 600, 1000, and
3000 eV!. The upper half shows the total number of vaca
cies produced, as well as how this number is divided i
isolated vacancies and vacancies in clusters. The lower
shows the number of D3 defects where the adatom is in
or outside the tube. Also shown is the number of def
complexes, i.e., defect structures that could not be class
into any of these simple categories.

Note that the difference in the ordinate scale is abou
factor of 5 in the two parts of the figures. This shows that
dominant type of defects produced during heavy-ion irrad
tion of NT’s is always a vacancy. At the very lowest ener
~50 eV!, monovacancies dominate because this energy i
close to the defect production threshold that it is highly u
likely that complex defects could form. At intermediate e
ergies, vacancies that are in clusters of at least two vacan
dominate and at higher energies (.1 keV) the number of
monovacancies and vacancies in clusters is about the sa

er
e

FIG. 2. Average number of defects formed for one bombard
Ar ion as a function of the ion energy. The upper part shows
formation probabilities of vacancy-type defects, the lower part ot
defects. Note the difference in the ordinate scales.
5-3
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Figure 2 shows that for all defect types except D3 defe
inside the tube, the maximum in damage production occ
at about 600 eV. The damage production increases betw
50 and 600 eV simply because there is more energy avail
for it. At higher ion energies, defect production decreases
the nuclear collision cross section decreases, making de
producing collisions less likely.

To estimate the possible model dependency of the res
we also simulated 200 eV Ar bombardment events with
Brenner potential, which includes bond conjugation effec
We found that the number of monovacancies was the s
within the uncertainties, while the other defect numbers~D3
defects and clustered vacancies! were ;50% lower. Since
monovacancies can be produced by a single ballistic c
sion, it is not surprising that their amount is similar. T
number of the other defects apparently is more sensitiv
the detailed nature of the atomic interaction. Our main
jective here is to examine how the damage production qu
tatively changes with energy, which will be largely govern
by how much energy is transferred in initial ballistic col
sions from Ar to the C network. Hence, although the cho
of the potential clearly affects the absolute numbers so
what, the overall energy dependence can be expected t
insensitive to the choice of the potential.

III. TIGHT-BINDING SIMULATIONS OF STM IMAGES
OF IRRADIATED NANOTUBES

Having used classical molecular dynamics to calculate
event of an Ar ion impact on the NT and subsequent rel
ation of the carbon network, we computed the STM imag
of the irradiated NT’s within the framework of the TB ap
proximation. Our technique has been successfully used
calculations of STM images of graphite surfaces with po
defects29 and NT’s,30 the latter being treated within th
framework of a simple nearest-neighbor TB model. Since
electronic structure of single-wall NT’s near the Fermi e
ergy is governed by thep states oriented perpendicularly
the NT walls, in our simulation, we employed a one-band
Hamiltonian that accounts for electron hopping beyond
first-neighbor approximation. To account for the depende
of the hopping elements on interatomic distances, we u
the scaling functions given in Ref. 27.

The STM tip was modeled as the final atom of a sem
infinite, one-dimensional chain. To the first order in t
tip-NT interaction, which was treated perturbatively, the tu
neling currentI as a function of the tip coordinates (x,y,z)
may be written31 at zero temperature as

I ~x,y,z!5
2pe

\ E
EF

EF1eVbias

(
i

uVi~x,y,z!u2

r tip~E!r tube~ i ,E!dE, ~1!

where the sum runs over all sites involved in the tip-N
hopping.Vbias is the bias voltage applied to the tip-NT inte
face,Vi(x,y,z) is the tunneling matrix element coupling th
tip apex atom to the atomi of the NT,r tip(E) andr tube( i ,E)
are the local densities of states~LDOS’s! of the noninteract-
ing tip and the NT, respectively. The parameterV was evalu-
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ated numerically with the tip states being approximated b
hydrogenliked function mimicking a tungsten tip.

Note that Eq.~1! has an approximate character: it involv
densities of states of the nanotube and tip only, but not
diagonal elements of the nanotube and tip Green’s functio
as needed in a strict tight-binding formulation of STM. How
ever, if the separation between the nanotube and tip is m
than 4 Å ~and we chose a value of the reference curren
such a way that this condition was met!, this formula works
very well for carbon systems.31

The recursion method32 was employed to calculate th
LDOS of a nanotube. STM images were computed for
constant current mode of STM operation, in which the hei
of the STM tip is adjusted to keep a constant value of c
rent. To simulate this mode, we numerically solved the E
~1! for the z coordinate~tip height h[z) at any scan point
(x,y).

In our calculations, we ignored the mechanical deform
tion of the surface induced by the STM tip, as well as a
possible Ohmic contacts appearing due to contamination
the STM tip as a result of working with carbonaceo
materials.33 A small Vbias560.2 V was considered. Thus
only electronic states nearEF contribute to the tunneling
current. We account for the shift14 of EF by dE50.3 eV due
to the charge transfer from the substrate, which leads to
asymmetric position of the NT band structure relative toEF ,
see Fig. 4~b!.

Figure 3~a! schematically illustrates the image formatio
mechanism: tip heighth[z as a function of tip position for a
scan in a direction perpendicular to the tube axis is sho
The isometric plot ofh as a function of tip position in the
(x,y) plane is represented in Fig. 3~b! for the NT shown in
Fig. 1 and forVbias510.2. The vacancy is at the origin. Al
lengths are given in Ångstroms. The central part of the i
age corresponding to the topmost part of the NT (25 Å
,y,5 Å) is shown. A dramatic hillocklike feature abov
the vacancy is evident. The height of the protrusion con
tutes'1 Å, while its linear size is about 10 Å. To achiev
atomic corrugation, we subtract the profile of the NT av
aged over its axis from the initial profile; see Fig 3~c!. Fig-
ures 3~d! and 3~e! depict the filtered STM images of th
central part of the NT. The shape of the hillock is govern
by that of the atoms in the NT carbon network.

To understand the origin of the hillock, in Fig. 4~a! we
plot the current-to-voltage (I -V) characteristic for the tip po-
sitioned above the vacancy. TheI -V curve is actually the
LDOS on carbon atoms surrounding the vacancy and c
tributing to the tunneling current. In Fig. 4~b! we plot theI -V
curve calculated at a distance from the vacancy, and
coincides with theI -V curve for a defect-free NT. As it is
evident from the figures, the vacancy results in a sharp
crease in LDOS nearEF on atoms nearest the vacancy. Th
increase stems from the states close to theEF spatially local-
ized on atoms near the vacancy, which may be also in
preted as dangling bonds. Since it is specifically these st
that STM probes at small bias voltages, a vacancy is ima
as a protrusion. A similar effect has been reported for surf
vacancies in graphite, see Refs. 20 and 29 and refere
therein.
5-4
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FORMATION OF ION-IRRADIATION-INDUCED . . . PHYSICAL REVIEW B63 245405
Along with a hillocklike feature, it can also be seen fro
Fig. 3~d! that the STM image of the NT in the vicinity of th
vacancy is different from that observed for the defect-f
case@given in Fig. 3~f!#. A network of dark spots corre
sponding to the centers of hexagons~typical for defect-free
NT’s! is no longer evident, whereas modulations inh along
the NT axis are present. However, it is seen that the netw
of dark spots is gradually restored at the ends of the ima

Since we did not find any rearrangement of NT ato
distanced from the defect after the geometry optimizati
these modulations, or superstructures, with a period c
mensurate with~but larger than! that of the underlying
graphene lattice also stem from electronic effects: perio
modulations in the LDOS on carbon atoms in the vicinity
the vacancy. Our simulation confirm predictions34 on the an-
isotropy of STM images near point defects on NT walls a
specify the shape of superstructures resulting fr
irradiation-induced small-scale defects.

We also calculated STM images near other defects.
expected, D3 defects on theexternalside of the NT walls
appear as very sharp protrusions due to the geometry of t
defects. However, experimentally observing them is har
possible since D3 defects are likely to be picked up a
transposed by the STM tip. D3 defects on theinternal side of
the NT walls could be detected by STM. Within our mod
they look like small hillocks due to the local increase in t

FIG. 3. STM image of a~10,10! irradiated NT.~a! Schematic
plot of tip height h as a function of tip position for a scan in
direction perpendicular to the tube axis.~b! Isometric plot ofh as a
function of tip position in the (x,y) plane forVbias510.2. ~c! Il-
lustration for achieving atomic corrugation~‘‘filtering’’ the STM
image! by subtracting the averaged~over the NT axisx) profile of
the nanotube.~d! and~e! Gray-scale ‘‘filtered’’ STM images of the
irradiated NT for positive and negative values ofVbias, respec-
tively. The vacancy is at the origin in the (x,y) plane~at the centers
of the images!. ~f! Gray-scale ‘‘filtered’’ STM image of a~10,10!
NT without defects.
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LDOS. However, the height of D3-induced hillocks is mu
less than the height of those induced by vacancies.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we simulated the irradiation of NT’s wit
50–3000 eV Ar ions using empirical potential molecular d
namics to study the structure and formation probabilities
atomic-scale defects produced by low-dose irradiation
NT’s. In order to juxtapose our results to possible expe
mental signatures of such defects in NT’s, we also emplo
the tight-binding Green’s-function technique to calcula
STM images of irradiated NT’s.

We showed that low-dose irradiation results in the form
tion of various atom-scale defects on NT walls and that
maximum damage production occurs for a bombarding
energy of roughly 600 eV. The most common defects p
duced at all energies are vacancies, and at low tempera
isolated vacancies are metastable, but long-lived, defects
the same time, annealing the NT’s at high temperatures
irradiating them with high doses probably leads to vacan
mending via dangling bond saturation.

Irradiation-induced defects may be detected by STM a
isolated vacancies may appear as bright spots in atomic
resolved STM images of irradiated NT’s analogous to e
perimental STM images of graphite surfaces w

FIG. 4. I -V curves for the~10,10! NT calculated~a! just above
the vacancy and~b! above an atom distanced from the defect. T
arrow indicates the position ofEF anddE is the shift ofEF due to
the charge transfer from the substrate.
5-5
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vacancies.35,36Electronic superstructures similar to those35 in
graphite near point defects are evident in our theoret
STM images.

Since vacancies in NT’s, unlike vacancies in graph
seem to be metastable, real-time atomic-resolution S
probing of irradiated NT’s may enable one to observe
temporal evolution of such irradiation-induced defects
various temperatures and compare experimental lifetime
those predicted theoretically. Thus, experiments on irrad
ing NT’s with inert gas ions and subsequent STM prob
may not only contribute to understanding the mechanism
.
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defect formation, but may also serve as a test for the valid
of TB and empirical potential molecular dynamics model
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