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Abstract. We combine electron irradiation experiments in a transmission
electron microscope with kinetic Monte Carlo simulations to determine the
mobility of interstitial carbon atoms in single-walled carbon nanotubes. We
measure the irradiation dose necessary to cut nanotubes repeatedly with a
focused electron beam as a function of the separation between the cuts and
at different temperatures. As the cutting speed is related to the migration of
displaced carbon atoms trapped inside the tube and to their recombination with
vacancies, we obtain information about the mobility of the trapped atoms and
estimate their migration barrier to be about 0.25eV. This is an experimental
confirmation of the remarkably high mobility of interstitial atoms inside carbon
nanotubes, which shows that nanotubes have potential applications as pipelines
for the transport of carbon atoms.
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1. Introduction

The application of single-walled carbon nanotubes (SWNTSs) in many fields of hanotechnology
relies on our ability to alter locally the structure and properties of the tubes. In addition to
chemical methods, this can be done by spatially localized irradiation with energetic particles
combined with high-temperature annealing. Recent experiments demonstrate that electron or
ion beams can serve as tools to change the morphology of nanotubes with nearly atomic
precision [L]-[5]. Moreover, in many cases irradiation leads to structural self-organization or
self-assembly in carbon nanostructures ($édr an overview). All these phenomena are due

to a delicate balance between defect creation and annealing. Therefore, detailed knowledge of
migration and annihilation of defects in nano-structured carbon materials is indispensable.

Point defects in nanotubes are vacancies (missing atoms in the atomic network) and
interstitials which, for tubular materials, can be thought of as carbon atoms attached to the
nanotube inner or outer surface. While a lot of theoretical work on diffusion of point defects has
already been don&@-[11], there is, to our knowledge, no quantitative experimental information
on the mobility of such defects. Although recemsitu experiments in a transmission electron
microscope (TEM) made it possible to monitor defect evolution at ragtd and elevated]3]
temperatures, the low visibility of point defects and the limited time resolution did not allow for
a precise measurement of defect migration barriers. The data on mobility of defects in planar
graphite can hardly be relevant to nanotubes due to the curvature of the graphitic network
in nanotubes, which breaks the trigonal symmetry of the graphene sheet. Moreover, recent
theoretical resultsli4, 15 contradict the old experimental data on migration energies of point
defects in graphitellg].

In the present study, we obtain quantitative experimental information on the mobility of
carbon interstitials in SWNTs by cutting bundles of SWNTs with a strongly focused electron
beam at various temperatures. As the cutting speed is related to the defect annealing rate, such
a set-up makes it possible to measure the migration barrier for carbon atoms trapped inside
SWNTs. To validate the interpretation of the results and to get a complete picture of defect
migration, we also carry out kinetic Monte Carlo (kMC) simulations.
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Figure 1. Nanotubes cut by the electron beam. (a) TEM picture of a nanotube
bundle partially cut by the beam. It is evident that tubes develop caps at the cuts.
(b) Schematic representation of a nanotube within the bundle when the first cut
is being made. The interstitials created by the beam migrate away from the cut in
both directions and disappear. (c) During the development of the second cut, the
interstitials have a higher probability of arriving at the cut due to ‘reflection’ from
the cap and annihilating with vacancies thus slowing down the cutting speed.

2. Experimental

2.1. Experimental set-up and technical details

As we have reported earliet T], when a SWNT is cut by an electron beam, a certain number
of vacancies must be created until cutting is achieved (the gap is actually an agglomerate of
vacancies). Once a SWNT has been cut, the open ends are closed by fullerenic caps as shown
in figure 1(a). Such a cap closes the tube for interstitial atoms created by the electron beam,
and migrating inside the nanotube. When a second cut is made, the interstitials are reflected at
the closed end and have a higher probability of migrating back to the second cut from where
they stem, thus lowering the cutting speed due to their annihilation with vacancies in the gap.
The situation is schematically shown in figurg®) and (c). In this work, we cut SWNTs at
different separationk between the closed end (first cut) and the second cut and measure the
electron dose necessary for making the second cut as a function of

In our experiments, commercially available bundles of SWNTs were heated to
temperatures in the range 400-9@0in the heating stage of a TEM. Imaging and electron
irradiation was undertaken in a TEM with a field emission gun (FEI Tecnai F-30) at an electron
energy of 300 keV. Cutting of the SWNT bundles was carried out at typical beam current
densities of 2000—-4000 A crf on the nanotubes by focusing the electron beam on to a spot
of 4-5nm in diameter (FWHM of the Gaussian beam profile). Although irradiation in a spot
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does not offer good imaging conditions, the tube under the beam can still be seen while the cut
is being made.

2.2. Measuring cutting speed at different separations between the cuts

At first, a SWNT bundle was cut somewhere far away from the ends. The measurement of the
electron dose necessary for cutting and the measurement of cutting speed were carried out by
moving the electron beam across the SWNT bundle with such a speed that cutting was just
achieved (a lower speed would waste electrons because the gap has already been made; a larger
speed would result in damage but not complete cutting). Then, at a certain distance from the
first cut, the bundle was cut the second time and the cutting speed was measured again in the
same way. The procedure was carried out for various distances between the cuts at 400, 600 and
900°C. For each measurement of the cutting speed, a new SWNT bundle was chosen, i.e. a new
first cut was made and then the speed for the second cut at a certain distance from the first cut was
measured. The cutting of one SWNT took somewhat less than 5s under the present conditions.
From the measurement of the electron beam current density (this was done by measuring
the current through the screen in the viewing chamber of the electron microscope) and the
irradiation time we calculated a typical electron dose of approximatelgl&dtrons nm? for

the cutting of a pristine SWNT (first cut), which is independent of temperature.

Previous studies8] 10] indicated that the diffusivity of C atoms is higher on the inner
surface of the nanotube than on the outer surface. Here, we denote C atoms inside SWNTs
as interstitials, and atoms adsorbed on the outer surface as adatoms. The interstitial can also
penetrate the nanotube shell by the exchange mechanism, but the barrier for such a process is at
least one order of magnitude higher than for the diffusion along the &8jisThus the diffusion
of interstitials should be the factor that governs the cutting speed.

Several complications had to be taken into account. We deal with nanotube bundles, not
with individual SWNTSs, so that the mobility of atoms on the outer surface could possibly be
influenced by adjacent tubes. Nevertheless, one can expect that the presence of nearby tubes
and reduction of open space will make the migration of C atoms inside inter-tube channels even
slower than for free-standing SWNTSs. Besides, we found that the cutting speed for the first cut
vy Is influenced by the structural perfection of the tubes and varied from bundle to bundle. By
measuringv; on many independent SWNT bundles in the same specimen, we found from the
scattered values that the experimental error, including uncertainties in the measurement of the
cutting speed and possible variations of the necessary dose to cut tubes of different chiralities,
is about 20%. At large separations between the cuts the cutting speed for the second cut
saturated towards; within the experimental error, as expected. To account for minor deviations
betweenv; andv,(L — oo) (less than 5% at 600 and 900 and about 14% at 40C), we
assumed that; = v,(L — oco) and used this value below to calculate relative cutting speed
v/ V1.

In figure2, v,/v1 is presented as a function of separatidmetween the first and the second
cut. It is evident that the cutting speed is affected by the presence of the first cut at small
separations, but this effect vanishes with increasintj is also clearly seen that for a certain
L the ratio decreases with temperature. As mentioned above, aC420L — oo) saturates
towards a value which is 14% less than The origin of such a behavior is not fully under-
stood. A possible explanation is different annealing of pre-existing defects such as small carbon
clusters at different temperatures or the agglomeration of defects created during the first cut.
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Figure 2. Relative cutting speed,/v; at various temperatures as a function of
separation between the cuts Symbols stand for the experimental data, solid
lines are fits obtained with equatio#) ( All curves were scaled to, = v,(L —
00). The error of each measurement is approximately 20%.

3. Discussion

3.1. Determination of the migration barrier within the framework of a simple
analytical model

If a drop in the cutting speed at small separations originates from a different distribution of
interstitials in nanotubes, which is affected by temperature and the presence of the cap at the
first cut, we can assume that the cutting speed is

vy =11 — Av, (1)
where Av is a drop in the cutting speed due to the recombination of vacancies at the second
cut with the interstitials ‘reflected’ back from the first cutv is proportional to the number
of the interstitials which recombined with vacancies. The highentliee slower is the cutting
process. One can further assume that 1, wherer is the time required for the interstitial to
travel to the end of the tube and back.

It is known that in a quasi-one-dimensional (1D) systésj,[

v ~L?%D, (2)

whereD is the diffusion coefficient for the created defect,

D = Do exp[—Em/KkT], 3)
where,Dg is a constantE,, is the migration barrier ankiBoltzmann’s constant.
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By combining equationslj—(3), one can express the relative cutting spega; in terms
of E, andL:

v2/vr=1—A(T)/L?, (4)
A(T) = Aoexpl—Em/KT]. ()

The migration barriefg,, can now be deduced from the experimental data presented in
figure 2 by fitting coefficientsA using equations4) and 6) at different temperatures. The best
fit gave E,, = 0.254+0.05eV. The lower and the upper bounds ey can also be determined
by taking into account only two lower (40C€ and 600C) and higher (600C and 900C)
temperatures, which gave 0.1 and 0.4 eV, respectively. Thus, based on the experimental results,
one can conclude that the migration energy (along the tube axis) of single interstitials inside the
open hollow of the nanotubes is indeed quite small, in the range2ef03 eV, corroborating
the predicted theoretical resul [LO].

3.2. KMC simulations

As a nanotube is not a real 1D system and thus various diffusion paths for point defects
are possible, we used our recently developed kMC ca8tp gain insight into the atomic
scale processes occurring during the electron irradiation. The code allows simulation of the
migration of point defects on a SWNT on a macroscopic timescale (up to several minutes),
their annihilation and clustering, and thus the response of the SWNT to electron irradiation.
The implemented defects include single vacancies, adatoms and interstitials. The migration
energies and annihilation characteristics were obtained from density functional theory-based
calculations §, 10, 11].

To mimic the experimental conditions, we simulated irradiation of an armchair (10, 10)
nanotube with a length of 2m and diameter of B nm, close in size to the nanotubes used in
the experiments. The closure of the structure due to the first cut was modeled as a hard wall
reflecting all incoming defects. Based on the experimental conditions and displacement cross-
section estimatep, 21], the beam was assumed to produce 2.5 displacementsasohwith
a Gaussian probability distribution around the center of the beam.

The results of our simulations at =400, 500 and 600C and forL in the range of
10-90 nm are shown in figurd. Each point is an average over 200 independent runs to
obtain reasonable statistics. We could not run simulations at temperatures higher th@n 600
due to computational limitations, since the simulation time needed to cut a SWNT increases
exponentially with temperature within our computational model. This resulted in a high scatter
in the kMC results at 600C so that we did not fit to the data.

As atest, the fit of the KMC results by equatiods&nd 6) gave a value oE,, ~ 0.32eV.

As the migration energy of interstitials inside the open hollow of a (10, 10) nanotube was set
0.35eV B] in our kMC simulations, this result confirms that the drop in cutting speed can be
understood within the simple theoretical model described by equatjorbétailed analysis

of the trajectories showed that interstitials tend to spiral inside the tube, while the trajectories
of adatoms are closer to straight lines due to curvature eff&gta$ shown in figures(a)

and (b). Although adatoms (with migration barrier of about 0.7 eV) also contribute to annealing
at temperatures over 50Q, the different motion of the migrating species favors annihilation of
interstitials with vacancies, as the probability for an interstitial to ‘meet’ a vacancy is higher.
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Figure 3. Results of kMC simulations. (a) Trajectory of an interstitial inside

a (10, 10) nanotube at = 500°C during 30ns. (b) Trajectory of an adatom

at T =500°C during 1 ms. Note the difference in the timescale. (c) Relative
velocity for the second cut as obtained by the kMC simulations as a function of
the separation between the cuts. Solid lines show the theoretical curves obtained
through equations) at different temperatures.

We stress that we did not deliberately fit any parameters in our kMC code to reproduce
the experimental results. It is known that carbon nanotubes shrink under irradie@jpwipile
kMC simulations are carried out on a fixed lattice. There may also be a barrier for recombination
between interstitials and vacancies due to the formation of new bonds at pentddhns |
especially in double vacancies. Besides this, in experiments interstitials can be incorporated
into the lattice at the first cut and annihilate with pre-existing defects due to restructuring of the
carbon network, which is beyond the kMC model. Thus, one cannot expect more than qualitative
agreement between the experimental and simulation data.

Assuming that the migration length of interstitials during the time between two electron
impacts which displace carbon atoms from the irradiated area is comparable to the separation
between the cuts (we would not have had any dependence on separation otherwise), and using a
migration barrier of around 0.3 eV, one can estimate the pref@gar equation 8). The values
proved to be smaller by approximately one order of magnitude than the conventional value of
the prefactor given by?vy, wherea is the C atom jump length ang is jump frequency,
vo =4 x 102571 [16]. Smaller values can be expected, as the interstitials tend to spiral inside
nanotubes, so that their diffusion is correlated. Nevertheless, the diffusivity of interstitials in
carbon nanotubes (along the tube axis) can be described through eqGgatiba Correlation
factor of about QL is introduced, so thaD, ~ 0.1a%v,. This is the average value for SWNTSs:
the diffusivity of interstitials in a particular tube should depend on its chirality.

4. Conclusions
To conclude, by combining electron irradiation experiments with kMC simulations we

determined the migration barrier of carbon interstitials inside the inner hollow of SWNTSs,
which proved to be about 0.25eV. This is an experimental confirmation of the high mobility
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of interstitial atoms inside carbon nanotubes, which corroborates the theoretical model of
interstitial diffusivity. Hence, we can confirm that SWNTs act as efficient pipelines for the
transport of carbon atoms. This is of importance in all applications where point defects are
created in the tubed 5], [10, 17] and thermal annealindlLR, 22] is used to heal the defect
structures.
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