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Production of defects in supported carbon nanotubes under ion irradiation

A. V. Krasheninnikov, K. Nordlund, and J. Keinonen
Accelerator Laboratory, P.O. Box 43, FIN-00014 University of Helsinki, Finland

~Received 10 December 2001; published 8 April 2002!

Ion irradiation of individual carbon nanotubes deposited on substrates may be used for making metallic
nanowires and studying effects of disorder on the electronic transport in low-dimensional systems. In order to
understand the basic physical mechanisms of radiation damage production in supported nanotubes, we employ
molecular dynamics and simulate ion impacts on nanotubes lying on different substrates, such as platinum and
graphite. We show that defect production depends on the type of the substrate and that the damage is higher for
metallic heavy-atom substrates than for light-atom substrates, since in the former case sputtered metal atoms
and backscattered recoils produce extra damage in the nanotube. We further study the behavior of defects upon
high-temperature annealing and demonstrate that although ions may severely damage nanotubes in a local
region, the nanotube carbon network can heal such a strong localized damage due to defect migration and
dangling-bond saturation. We also show that after annealing the residual damage in nanotubes is independent
of the substrate type. We predict the pinning of nanotubes to substrates through nanotube-substrate bonds that
appear near irradiation-induced defects.

DOI: 10.1103/PhysRevB.65.165423 PACS number~s!: 81.07.De, 61.48.1c, 61.80.Jh, 73.22.2f
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I. INTRODUCTION

Recent theoretical and experimental studies1–9 on the
irradiation of carbon nanotubes with energetic particles h
revealed a broad range of new interesting phenomena. T
are, e.g., the coalescence2 and welding3 of nanotubes unde
electron irradiation, ion irradiation-induced changes
electrical coupling between nanotubes,4 surface
reconstructions,5,6 modifications of mechanical properties7

and a decrease in the contact resistance between a ca
nanotube and metallic electrodes after the contact area
been exposed to a focused electron beam.8 Experiments also
provide evidence that ion irradiation and nanotubes may
employed for fabricating metal nanowires on insulating s
strates using carbon nanotubes as masks.10 By irradiating
with 300-eV Ar1 ions, a Au/Ti wire a few nanometers i
width has been formed just underneath a carbon nano
lying on a thin Au/Ti layer deposited earlier on a SiO2
substrate.10

These examples illustrate the demand for microscopic
derstanding of defect formation mechanisms in carbon na
tubes under irradiation, and comprehension of the sub
quent time evolution of the irradiation-induced defects.

The microscopic behavior of nanotubes under electron
radiation has been investigated at length.1,2,5,6 Reconstruc-
tions of the carbon network and drastic dimensional chan
have been reported, as a corollary of which the appa
diameter of nanotubes shrinks from'1.4 to 0.4 nm. Tight-
binding and Monte Carlo simulations2,5 indicate that the
mechanism that gives rise to the dimensional changes
nanotube coalescence is the reorganization of atoms in
nanotube carbon network due to healing irradiation-indu
vacancies through dangling-bond saturation.

The formation of defects in individual suspended nan
tubes by energetic ions has also been studied by mean
atomistic simulations.11 Such individual nanotubes can b
experimentally produced by suspending them betw
0163-1829/2002/65~16!/165423~8!/$20.00 65 1654
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metallic electrodes using a self-aligned oxide etch
technique.12 It has been shown that the most prolific defec
in nanotubes that appear under ion irradiation are vacanc
At low temperatures they are metastable but macroscopic
long-lived defects~at least of the order of hours!. This result
is in line with the experimental observations of the char
teristic times and temperatures under which the coalesce
of nanotubes occurs under electron irradiation.2 Note that ion
irradiation makes it possible to create much stronger dam
in a local region than that produced by electron irradiatio
with the number of displacements per atom and per sec
being also much larger for the same flux.

The response of nanotubes in bundles to irradiation
been studied as well. The bombardment of a bundle
single-walled nanotubes by CH3 radicals9 or with energetic
ions13 gives rise to the cross linking and functionalization
the nanotubes.

However, the mechanism of defect creation in suppor
nanotubes, i.e., nanotubes on different substrates, has no
been addressed, although such systems, apart from the
that they can be used as masks for making nanowires,
be utilized in various key experiments. In particular, tho
may be scanning tunneling microscopy probing of the ir
diated nanotubes11,14 to locate and characterize irradiation
induced defects or transport studies on quasi-o
dimensional systems with disorder.15–18 The presence of a
substrate may play a dominant role in irradiating suppor
nanotubes, since in that case the nanotubes can be dam
by backscattered impinging particles or atoms sputtered f
the substrate.

In this work, we study the ion irradiation of single-walle
nanotubes on different substrates. We also dwell upon
subsequent time evolution and annealing of the irradiati
induced defects. For qualitative understanding of the ph
cal processes involved, we considered two limiting case
heavy-atom metallic substrate and a light-atom subst
with covalent bonds between atoms. The former was cho
©2002 The American Physical Society23-1
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to be a platinum~111! surface, the latter a Bernal graphi
~0001! surface. Noble metals19,20 and graphite20,21 have re-
peatedly been used as substrates in experimental studie
carbon nanotubes.

This paper is organized as follows. In the following se
tion, we briefly review the molecular-dynamics techniq
used to study the defect production in nanotubes under
irradiation. Since this simulation technique is well esta
lished, our description will be brief and restricted to issu
directly affecting our simulations. Section III presents t
results of our study as well as their discussion. A summar
the results is given in Sec. IV.

II. THE SIMULATION METHOD

We used classical molecular dynamics22 to model defect
production in nanotubes under argon-ion irradiation. This
the only method fast enough for both simulating realistica
energetic collisional processes and achieving represent
statistics. To model C-C interaction, we used the Brenne
interatomic potential.23 This potential has been repeated
used for simulating carbon nanotubes and a good correla
between the results of classical simulations andab initio cal-
culations has been reported.24,25 Because the bond conjuga
tion is not significant in the collisional processes,11 in our
simulations we neglected the computationally intensive fo
body part of the potential.

To model irradiation of a nanotube lying on a heavy-ato
metal substrate, we chose platinum as a substrate ma
since an interatomic potential was recently developed to
scribe Pt-C systems.26 Although gold is usually used as
nanotube-substrate material, we believe that in both Pt-C
Au-C systems, the defect formation mechanism in nanotu
on such substrates is essentially the same in view of a sim
behavior of collision cascades and heat spikes in th
metals.27–29

The Pt-C interatomic functional form and parameter v
ues used in our simulations are given in the Appendix;
motivation behind the potential and the results of extens
tests will be published elsewhere.26 This potential reproduce
well the elastic properties and melting point of Pt, and giv
a comparatively weak Pt-C interaction. Thus, it can be
pected to give a good picture of irradiation effects in nan
tubes weakly bound to a heavy-metal substrate.

To test whether the results are sensitive to the choice
the interatomic potential, we repeated a few simulations w
an alternative parametrization~the second parametrization
refer to the Appendix!, giving a somewhat weaker Pt-C in
teraction, as well as with the Brenner potential for C th
includes the bond conjugation terms. For both test cases
observed only a weak nanotube-Pt interaction, slightly mo
fying the shape of the tube but not breaking any bonds in
Note that the interaction between nanotubes and gold is
weak.30 For both parametrizations we found no significa
difference~within the statistical uncertainty! in the damage
production.

To realistically model energetic collisions, we smooth
joined a repulsive potential calculated by a densi
functional theory method31 to the potentials for Pt and C a
16542
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short interatomic separations.32 The interaction between A
and C or Pt was modeled with the Ziegler-Biersack-Littma
universal repulsive potential.33

We considered individual single-walled 100-Å-lon
~10,10! armchair nanotubes on Pt and graphite substrates
also dwelled upon suspended nanotubes~free-standing nano-
tubes with fixed ends!, but unlike our previous work,11 we
irradiated not only the central part but also the nanotu
sides. The incidence of argon ions with energies from 100
2000 eV was perpendicular to the substrate surface.
original temperature of the system was equal to zero. O
boundary conditions were used and the boundary atoms w
kept fixed during the simulation time. To prevent spurio
reflection of pressure waves from the borders of the syst
the Berendsen temperature control34 was used at the border
of the crystallite and the nanotube ends for the first 20
after ion impact, then the temperature was everywhere sc
down to zero at a rate of 1 K/ps. The width of the sk
regions where the temperature was scaled~in the plane per-
pendicular to the irradiation direction! was 10 Å. For every
energy considered, we carried out 100 independent runs
averaged the results.

This theoretical setup can be juxtaposed with experim
tal one for the low-temperature~e.g., liquid-nitrogen tem-
perature! and low-dose~less than 1011 ion/cm22) ion irra-
diation of nanotubes. The calculated damage can be rel
to that measured immediately after ion impact without
evating the temperature. However, carrying out such exp
ments at low temperatures is a challenging task. Simp
room-temperature experiments will inevitably result in t
annealing of at least the most unstable defects, though du
a macroscopic time interval, as experiments on electron i
diation of nanotubes indicate.1,2

In order to simulate the defect annealing, we heated
system up to high temperatures~1500 K! with a subsequen
quench to the zero temperature. Since macroscopic t
scales are unattainable for present-day molecular-dynam
simulations, we modeled the evolution of defects for 100
but at an elevated~1500 K! temperature. This temperatur
which is lower than the Pt melting point~1900 K!, made it
possible to overcome the potential barriers between m
stable energy configurations and gain insight into the beh
ior of defects on macroscopic time scales. Several 1-ns-l
control runs gave essentially the same results.

Our goal was to estimate the irradiation-induced dam
in nanotubes but not in the substrates, so we were not in
ested in the defects created far from the substrate surface
having no effect on the nanotube. However, we carefu
took into consideration the processes in the substrates
could affect the damage in the nanotubes, i.e., collision c
cades and thermal spikes. Thus, we used a Pt substrate
sisting of 10–30 atom layers in the direction of the irrad
tion. Such a comparatively large number of layers we
indispensable for realistically modeling collision cascades
metals, especially at high ion energies. This was import
since sputtered metal atoms could damage the nanot
along with the incident ions and backscattered C recoils.

On the other hand, to model graphite substrates, we u
a slab composed of only four graphite layers, because
3-2
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FIG. 1. Illustration of the production of defects in carbon nanotubes on Pt substrates. The initial movement direction of the impin
ion ~circled! is designated by the arrow. The light spheres represent Pt atoms and the darker ones C atoms. The first snapshot~a! shows the
original atom configuration in the nanotube-Pt substrate system. The Ar ion creates vacancies in the uppermost part of the nanotu
well as primary C recoils~b!. Some other C atoms are sputtered from the nanotube; the Ar ion hits the substrates and gives ris
development of a collision cascade~c!. The Ar ion is reflected back from the surface creating some extra damage in the nanotube~d!. A
pressure wave has developed in the nanotube~e!. The final configuration after cooling down the system to the zero temperature~f!.
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probability of recoil backscattering was small due to the l
carbon atomic mass and the large separation and weak i
action between graphite layers. We verified this by monit
ing the recoil backscattering: even from the third and fou
layers below the surface the probability of a recoil hitting t
tube was negligible.

III. RESULTS AND ANALYSIS

We start with the irradiation of nanotubes lying on the
substrate. Having optimized the geometry of the nanotu
substrate system by minimizing its energy, we irradiated
nanotube with argon ions as described above. The optim
tion resulted in a partial distortion of thepristine carbon
network~i.e., without dangling-bonds! when the first param-
etrization of the Pt-C potential was used. We did not obse
formations of any substrate-nanotube bonds for intact car
nanotubes. For the second parametrization we did not
any bonds either, though it resulted in more apparent de
mation~flattening! of the nanotube wall near the nanotube-
substrate interface. The flattening of nanotubes~especially
with large diameters! adsorbed on substrates has been a
observed in molecular mechanics simulations of nanotu
on substrates.36

A typical illustration of the defect production mechanis
upon Ar-ion impact is presented in Fig. 1, where a numbe
snapshots corresponding to different time moments
given. The first snapshot@Fig. 1~a!# shows the original ge-
ometry before the impact. The motion direction of the im
pinging 500-eV Ar ion~circled! is designated by the arrow
The Ar ion usually creates a single vacancy~or multiatom
vacancy! in the uppermost part of the nanotube wall as w
as primary carbon recoils@Fig. 1~b!#. Then the recoils and Ar
ion produce defects in the lower part of the nanotube@Fig.
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1~c!# resulting in sputtering C atoms from the nanotube a
producing a collision cascade in the substrate. A part of
recoils ~or the Ar ion! is reflected back from the surfac
producing some extra damage in the nanotube@Fig. 1~d!#.
The characteristic time of these processes is about 0.1
The ion impact and the sputtered substrate atoms also r
in the development of a pressure wave in the nanotube@Fig.
1~e!# propagating to its ends from the impact point. The o
cillations in the nanotube diminishes during much long
time scale~the actual time is governed by the cooling rate!.
The final configuration after the system has been coo
down to the zero temperature is presented in Fig. 1~f!.

Visual analysis of the final atom positions indicated th
analogously to the case of suspended nanotube irradiatio11

single vacancies~and vacancy-related defects,5 which single
vacancies can turn into! are the most prolific defects in nano
tubes that appear after ion impact. Two-coordinated sin
adatoms on both external and internal sides of the nano
walls32 were also common. Besides this, other complex
fects were observed. Those were Stone-Wales defects35 asso-
ciated with a 90° rotation of a bond in the nanotube at
network, small amorphous regions, local distortions in
network due to incorporated Pt atoms, nonhexagonal rin
and even at times very peculiar defect configurations suc
C-atom chains formed inside the nanotube when displace
atoms were left in the nanotube interior.

In order to quantitatively characterize the damage in
nanotube at different energies of incident Ar ions, in Fig
we plot the number of C atoms with a coordination oth
than three as a function of ion energy~open circles! and the
number of sputtered C atoms~triangles!. The former quantity
may be considered as a characteristic of the overall dam
in the nanotube produced by an ion.
3-3
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A. V. KRASHENINNIKOV, K. NORDLUND, AND J. KEINONEN PHYSICAL REVIEW B65 165423
We also present in Fig. 2 the number of two-coordina
atoms~open squares!. This quantity divided by three roughl
gives the number of carbon atoms that have been knoc
away from the lattice and resulted in the formation of vac
cies and vacancy-related defects. For example, an i
single vacancy in the graphene network~one missing atom!
corresponds to three two-coordinated atoms. This rela
between two-coordinated atoms and vacancy atoms is q
tatively correct even for complex defects. Although a dou
vacancy~whose formation is frequently accompanied by t
creation of two adatoms on the nanotube wall! gives only
four two-coordinated atoms, the adatoms are usually t
coordinated atoms as well, so that there are six tw
coordinated atoms in the system. Thus, this rule of thu
may be used for rough estimate of the number of vacanc

A small fraction of atoms were four coordinated, i.e., w
observed formations ofsp3 bonds in locally amorphized re
gions of the nanotube. The number of one-coordinated at
were negligibly small since such configurations are energ
cally unfavorable and C atoms tend to form at least t
chemical bonds with other C atoms.

It can be seen from Fig. 2 that, if the energy of the in
dent ion is higher than the defect creation threshold ene
~about 40 eV in our model, see also Ref. 11!, the number of
defects increases with the energy up to roughly 600 eV, t
it remains practically constant. The reason for such beha
is that at low energies the damage production grows w
energy, since there is more energy available for it. At hig
ion energies, although defect production in the nanot
drops as the Ar-C nuclear collision cross section decreas37

there are more reflected C recoils and Pt atoms sputt
from the substrate, all of which damage the nanotube.
very high energies~several keV!, the ion penetrates into th
substrate rather deep, which results in the drop in the s
tering yield and, respectively, in the nanotube damage du

FIG. 2. Average coordination defect numbers for a nanot
lying on Pt substrate as a function of incident Ar-ion energy. Op
full circles stand for the number of C atoms with a coordinati
other than three before/after annealing~the overall damage!, open/
full squares for the number of two-coordinated atoms before/a
annealing. Triangles correspond to the number of sputtered C
oms. Arrows visualize the relationship between the curves be
and after annealing.
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this mechanism. The decrease in damage from diminutio
the cross section and the damage enhancement due t
sputtered atoms approximately counterbalance each oth
energies higher than 1 keV.

The annealing of defects~as described above! gave rise to
a substantial drop in the defect numbers. In Fig. 2, we a
present the overall damage as a function of ion energy~full
circles! as well as the number of two-coordinated atoms~full
squares! after annealing. The number of sputtered C ato
~triangles! remained, of course, the same. Although abo
40% of defects annealed, a substantial amount of def
remained in the system. The ratio of annealed defects ca
larger at longer time scales, but total annealing of defect
not possible since a number of atoms were sputtered f
the nanotube.

We found that two mechanisms give rise to defect anne
ing. The first mechanism is the recombination of vacanc
and C adatoms on the nanotube walls. Note that the la
defects may be interpreted as interstitial-like defects
single-walled nanotubes,11 so this recombination may be un
derstood as the recombination of Frenkel pairs. Although
mobility of such defects in nanotubes is rather low,38 our
simulations provide evidence that such recombination m
occur on a macroscopic time scale at room temperature
pecially given that an adatom and a vacancy are usu
formed after ion impact at a distance of several Angstro
from each other.

The second mechanism of the radiation defect annea
was the mending of vacancies through dangling-bond s
ration and by forming nonhexagonal rings and Stone-Wa
defects. An illustration of this mechanism is given in Fig.
where the front walls of one and the same nanotube just a
ion impact~a! and after annealing~b! are shown. It is seen

e
/

r
t-

re

FIG. 3. Front walls of one and the same nanotube just after
impact ~a! and after annealing~b!. During annealing the double
vacancy in the middle of the carbon network transformed to
agglomeration of nonhexagonal rings. The single vacancy and
nearby C adatom in the upper right-hand corner of the netw
transformed to a Stone-Wales defect. It is also noticeable that
annealing led to local diameter reduction.
3-4
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PRODUCTION OF DEFECTS IN SUPPORTED CARBON . . . PHYSICAL REVIEW B65 165423
that during annealing the double vacancy in the middle of
carbon network has been transformed to an agglomeratio
nonhexagonal rings. The annealing also gave rise to
transformation of the single vacancy and the nearby C a
tom in the upper right-hand corner of the network to a Sto
Wales defect~two adjacent heptagons and two pentagons!. It
is also noticeable that the annealing led to the local diam
reduction.

The latter mechanism is similar to that of defect anneal
upon electron irradiation.5 This mechanism is also relevant
transformations39 of single-walled nanotubes in ropes
multiwalled nanotubes due to thermal treatment at high te
peratures~2500–2700 K!. We emphasize here that ion irra
diation creates more severe local damage than electron
diation, since in the former case vacancy clusters may
easily formed by an energetic ion impact, whereas in
latter case the predominant defects are single vacan
Thus, carbon nanotubes have surprisingly high ability to h
the damage, although topological defects still remain in
carbon network. At low temperatures, defect annealing
curs during a macroscopic time,11 as a result of which at low
temperatures some metastable defects~e.g., unreconstructed
vacancies! may remain in nanotubes long enough to be
perimentally detected.

FIG. 4. Formation of bonds between a nanotube and subs
after ion impact by saturating dangling-bonds near vacancies.
light spheres represent Pt atoms and the darker ones C atoms
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Another interesting effect observed in our simulations
the saturation of irradiation-induced carbon dangling-bon
by forming comparatively strong bonds~typical energies of
about 1 eV! between the nanotube and substrate atoms
typical atomic configuration with such bonds~which usually
appear near vacancies! is given in Fig. 4. We stress onc
more that we did not observe formation of any bonds
tween intact nanotubes and Pt substrates. Thus, the ion
diation results in pinning the nanotube to the substrate.
also noticed that sputtered Pt atoms sometimes became
to defects in nanotube walls and remain in these positi
even after the annealing of nanotubes at elevated temp
tures. Thus, Pt atoms may be incorporated into the car
network if dangling bonds are present. This finding is c
roborated by experiments in which Pt clusters have been
served near defects on carbon nanotube surfaces.40

Having considered nanotubes on heavy-atom meta
substrates, we now proceed to the other limiting case: na
tubes on graphite. The interaction between carbon nanotu
and graphite is weak21,20 and governed by van der Waa
forces36 similar to the graphite interlayer forces32 or the
forces between nanotubes in bundles.41 Since this interaction
is not essential during the collisional processes, we did
take it into account in the ion impact simulations.

A typical nanotube-graphite atomic configuration after
700 eV ion impact is shown in Fig. 5. The energetic i
~which hit the nanotube side wall! resulted in the formation
of a large vacancy cluster and nanotube-graphite cova
C-C bonds near the defect. Thus, analogously to the cas
Pt substrate, the ion irradiation results in the pinning of c
bon nanotubes to graphite. Note that the energies of th
covalent bonds~several eV per bond! are higher than the van
der Waals binding energy~about 0.2 eV/Å, see Ref. 36! for
a ~10,10! nanotube, so that the substrate-nanotube interac
near the irradiation defects is governed not by the van
Waals bonds but irradiation-induced covalent ones.

The number of coordination defects in the nanotube
graphite is presented in Fig. 6 for different energies of
incident ions. As in Fig. 2 for Pt substrate, open circles c
respond to the number of C atoms with a coordination ot
than three~the total damage!, open squares stand for th
number of two-coordinated atoms, and triangles for sputte
atoms. The defect numbers grow with the energy up

te
he
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r-
ll

nly
FIG. 5. Carbon-nanotube-graphite interfa
after 700-eV ion impact that resulted in the fo
mation of a multivacancy in the nanotube wa
and nanotube-graphite covalent C-C bonds. O
the two uppermost graphite layers are shown.
3-5
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roughly 600 eV, then they remain practically constant. N
that the total damage and the number of two-coordina
atoms are lower than those for the case of Pt due to
absence of atoms sputtered from the substrate and a l
probability of energetic recoil backscattering. The number
sputtered atoms is practically the same.

As in the case of the Pt substrate, the annealing of def
also gave rise to a drop in the defect numbers. In Fig. 6,
present the overall damage as a function of ion energy~full
circles! as well as the number of two-coordinated atoms~full
squares! after annealing. The arrows connect the correspo
ing curves before and after the annealing.

In order to gain further insight into the role of substrate
the production of defects in nanotubes under ion irradiati
in Fig. 7 we show the defect numbers calculated for irra
ated suspended nanotubes before and after annealing
numbers are very close to those obtained for nanotubes l
on graphite substrates. This result confirms the neglig
role of light-atom substrates on the production of irradiatio
induced defects in the supported carbon nanotubes. At
same time, it corroborates the importance of accounting
heavy-atom substrate effects if the irradiation is carried
at a low temperature.

However, as follows from our simulations, the defect c
ordination numbers after annealing are roughly the same
nanotubes in all the environments considered. Although
radiation damage in nanotubes on heavy-atom substrat
much higher than that for the other cases considered,
ability of carbon nanotubes to heal the defects in the car
network due to dangling-bond saturation and adatom mig
tion gives rise to similar amount of defects in the nanotu
after annealing. We note that for all the environments of
nanotubes, the number of sputtered C atoms~created pre-
dominantly by the first impact of the ion! was the same. It
means that for nanotubes on heavy-atom substrates, the

FIG. 6. Average coordination defect numbers for a nanot
lying on graphite substrate as a function of incident Ar-ion ener
Open/full circles stand for the number of C atoms with a coordi
tion other than three before/after annealing~the overall damage!,
open/full squares for the number of two-coordinated atoms bef
after annealing. Triangles correspond to the number of sputtere
atoms. Arrows visualize the relationship between the curves be
and after annealing.
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damage created by energetic substrate and backscatter
atoms may be annealed rather easily. This is in part du
the comparatively low energies of such atoms, which alw
are much less energetic than the incident ion.

This ability of nanotubes to mend irradiation-induced d
fects in the carbon network is important for using them
masks against the ion bombardment in the production
metal extra narrow nanowires. We note, however, that
though the sputtering yield~defined, as usual, as the mea
number of atoms removed from the surface of a solid
incident particle! is higher for metals than for graphitelik
materials,42 the actual number of carbon atoms remov
from the nanotube can be larger in this case because o
geometry of a tubelike target. Indeed, carbon atoms sputt
in the directions roughly parallel to the surface of a bu
sample will be adsorbed by the sample surface, but this
parently is not the case for isolated single-walled or mu
walled carbon nanotubes. Thus, further studies on the i
diation of the nanotube-substrate interface are needed to
certain the limitations of this technique and the optimu
parameters~ion energies and currents for specific target m
terials and nanotube used, irradiation temperature, ove
irradiation dose, etc!.

IV. SUMMARY AND CONCLUSIONS

In this paper, we theoretically examined both the irrad
tion of carbon nanotubes lying on different substrates and
behavior of irradiation-induced defects under annealing.
simulated the irradiation of such supported single-wal
nanotubes with 100–2000 eV Ar ions using empirical pote
tial molecular-dynamics. Two different types of substra
were considered: a heavy-atom metallic substrate~platinum!
and a light-atom substrate with covalent bonds between
oms ~graphite!. Since macroscopic time scales are unatta

e
.
-

e/
C

re

FIG. 7. Average coordination defect numbers for suspen
nanotubes as a function of incident Ar-ion energy. Open/full circ
stand for the number of C atoms with a coordination other th
three before/after annealing~the overall damage!, open/full squares
for the number of two-coordinated atoms before/after anneal
Triangles correspond to the number of sputtered C atoms. Arr
visualize the relationship between the curves before and a
annealing.
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able for the present-day state-of-the-art of molecu
dynamics simulations, we studied the evolution of defect
room temperature by simulating the evolution of defects
elevated temperatures.

We showed that at low temperatures the defect produc
depends on the type of the substrate and that the dama
higher for metallic substrates composed of heavy atoms
to sputtered substrate atoms and backscattered carbo
coils. The most prolific defects that appear upon irradiat
are single-atom and multiatom vacancies. The number of
fects increases with the energy of incident ions~up to
roughly 600 eV!, then it remains practically the same b
cause of a decrease in the Ar-C nuclear collision cross
tion at higher ion energies.

We further demonstrated that the nanotube carbon
work has a unique ability to heal ion-induced damage du
defect migration and dangling-bond saturation. Similar
havior of nanotubes under electron irradiation has been
ported, but electron irradiation creates mostly single vac
cies, whereas energetic ions severely damage the nano
producing local defect regions. The residual damage in na
tubes after annealing is independent of the substrate typ

We finally predict a pinning of nanotubes to both metal
and graphite substrates after ion irradiation. This should h
pen through a formation of chemical bonds between
nanotube and substrate atoms. Such bonds do not exis
pristine nanotubes and appear after irradiation n
irradiation-induced defects.
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APPENDIX: INTERATOMIC POTENTIAL PARAMETERS

The parameters of the C-C potential employed in o
simulations are given in Ref. 23. Since an extensive desc
tion of the principles used in the C-Pt and Pt-Pt poten
development is presented in Ref. 26, we list only the para
eter values here.
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The potential energy is written as a sum over individu
bond strengths:

VEq5(
i . j

f i j ~r i j !FVi j
R~r i j !2

Bi j 1Bji

2
Vi j

A~r i j !G , ~A1!

VR~r !5
De

S21
exp@2bA2S~r 2Re!#,

VA~r !5
SDe

S21
exp@2bA2/S~r 2Re!#. ~A2!

The cutoff functionf i j is used to restrict the interaction to th
next neighbors and is defined as

f ~r !5H 1, r<Rcut2Dcut

1

2
2

1

2
sin$p~r 2Rcut!/~2Dcut!%, uRcut2r u<Dcut

0, r>Rcut1Dcut,
~A3!

with Dcut andRcut as adjustable parameters. The many-bo
term is adopted from Brenner23 and is formulated as

Bi j 5~11x i j !
21/2,

x i j 5 (
k(Þ i , j )

f ik~r ik!gik~u i jk !exp@2m ik~r i j 2r ik!#, ~A4!

g~u i jk !5gS 11
c2

d2
2

c2

@d21~h1cosu i jk !2#
D . ~A5!

The parameter values used for Pt-Pt wereDo53.71 eV,
r o52.34 Å, b51.659 21 Å21, g50.209 676 267 83,
S51.794 93, c50.0, d51.0, h51.0, 2m52.038 01 Å21,
Rcut53.4 Å, andD50.2 Å.

The parameter values used for Pt-C were as follows.
The first parametrization:Do55.3 eV, r o51.84 Å,

b51.836 Å21, g50.0097, S51.1965, c51.23, d50.36,
h51.0, 2m50.0Å21, Rcut52.65 Å, andD50.15 Å.

The second parametrization:Do55.3 eV, r o51.813 Å,
b51.804 72 Å21, g50.031 298 14,S51.1, c52.635 84,
d51.73596, h51.0, 2m50.0 Å21, Rcut52.65 Å, and
D50.15 Å.
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