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Abstract

Using density-functional tight-binding and ab initio methods we study the adsorption and migration of carbon adatoms on
surfaces of single-walled zigzag carbon nanotubes. We demonstrate that the adatoms form strong covalent bonds with the na-
notubes and that the migration is strongly anisotropic. The adatom adsorption energy and migration barrier depend on the
nanotube diameter and chirality. The migration barriers, being in the range of 0.6-1 eV, are in a good agreement with the

experimental values (about 0.8 eV) reported in the literature.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The outstanding mechanical and electronic properties
of single-walled carbon nanotubes (SWNTs) have
stimulated much research on their mass production
techniques. However, despite a considerable effort, fur-
ther progress is hampered by the lack of the control over
SWNT chiralities and diameters at the growth stage.
This is in part due to the insufficient understanding of
SWNT growth mechanisms.

A number of microscopic SWNT growth models have
been developed [1-6] with growth taking place either at
the nanotube edge [1-3] (capped or open) or its root [4—
6]. Depending on the temperature range and catalyst
used, any of the mechanisms may work. However,
whatever the mechanism is, the quantitative under-
standing of the synthesis process is not possible without
knowing how the “building blocks”—carbon atoms and
clusters—are supplied to the place where the SWNT
growth occurs.

Carbon atoms coming from the feedstock (plasma,
gas, etc.) can be captured directly at the end of the
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SWNT [3], especially if dangling covalent bonds are
present. However, it seems to be more plausible that the
atoms are first absorbed on the SWNT surface and then
they migrate to the SWNT growing end [1,2]. The ad-
sorbed atoms (adatoms) can also aggregate and form
clusters (amorphous carbon) and detach from nanotube
surface. Thus, knowing the adatom migration mecha-
nism and such key quantities like adsorption and
migration energies is indispensable for the comprehen-
sive theory of SWNT synthesis.

At the same time, there exists very little knowledge
about how carbon adatoms migrate over the SWNT
surface. There have been studies on the migration of
carbon adatoms on a graphite (flat) surface [1,7] but
effects of SWNT surface curvature on the carbon ad-
atom diffusion have not yet been studied by the proper
methods. ' Moreover, the reported values of the adatom
migration barrier (about 0.1 ¢V) [1,7] seem to be much
lower than the value (~0.8 eV) obtained in experiments

! This issue has been studied by Shu and Gong [8], but a van der
Waals potential has been used in that work to describe the interaction
between the adatom and SWNT. Since the adatom-graphite adsorp-
tion energy is estimated to be in a range of several eV [1,9,10], the
bonding is rather covalent and there is no motivation for such a choice
of the potential.
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on the annealing of the irradiation-induced damage in
SWNTs [11]. Annealing, similar to the SWNT growth, is
governed by the migration of adatoms which play the
role of interstitials in SWNTs [12].

In this paper we study the adsorption and diffusion of
carbon adatoms on SWNTs. By using two different
computational techniques we evaluate the adatom
adsorption energy E, and migration barrier £, for zig-
zag SWNTs with various chiralities.

2. Calculation details

In our simulations, we employed density-functional
theory (DFT) implemented in the non-orthogonal real-
space tight-binding (DFTB) code [13] and the plane
wave (PW) basis set VASP [14] code. Although the PW
DFT method has very well been established as the
leading edge in electronic structure calculations, we were
unable to carry out all calculations using this method
because of computational limitations. However, as
shown below, the DFTB approach in which the
parameters of the Hamiltonian are derived from ab
initio calculations gives a qualitatively correct picture
thus offering a good compromise between accuracy and
computational efficiency.

As for the PW DFT method, we used PAW potentials
[15] to describe the core electrons and the generalized
gradient approximation (GGA) [16] for exchange and
correlation. A kinetic energy cutoff of 400 eV was found
to converge the total energy of our system to within
meV. The same accuracy was also achieved with respect
to the k-point sampling of the Brillouin zone. The ad-
atom diffusion paths were calculated in a static
approximation using the nudged elastic band method
[17]. Other details of our DFT PW calculations can be
found in [10].

3. Carbon adatom on a graphene sheet

To check the applicability of DFTB to the problem of
adatom migration, we started by calculating E, and E,,
for the adatom on small graphene flakes consisting of 60—
216 atoms. We found that the equilibrium position of the
adatom was a bridge-like structure (the adatom is above
the middle of the carbon-carbon bond) with the perpen-
dicular distance to the graphite surface being 1.9 A. Our
recent DFT PW calculations gave exactly the same con-
figuration with a distance of 1.87 A [10]. E, (with account
for the spin polarization energy correction %) was found

2 The ground state for the isolated carbon atom is a triplet state with
the energy difference between the triplet and singlet states being 1.26
eV, as our DFT PW model indicates.

to be 2£0.3 eV. The uncertainty is due to size-quanti-
zation effects in finite graphene slabs in the range of the
slabs considered. E, also agrees with the ab initio data
(1.4 eV [10], 1.78 eV [1], 2.1 eV [9]).

The adatom migration paths and migration barriers
were calculated in a static approximation by evaluating
the system total energy as a function of the adatom
position (the adatom was allowed to move only in the
direction perpendicular to the graphene plane). In per-
fect agreement with our DFT PW calculations [10], the
diffusion path was found to be a nearly straight line
between two equivalent adjacent sites bridging carbon
atoms. We also calculated the migration barrier
dynamically by performing molecular dynamics for 0.2
ns at temperatures in a range of 1000-1500 K. Both
methods gave E,, = 0.4 + 0.1 eV, which is in a very good
agreement with a DFT PW value of 0.45 eV. From our
molecular dynamics simulations we also evaluated the
adatom jump frequency vy = (3.7£0.7) x 102 57!
which proved to be about the experimental value
(4% 102 s71) for the jump frequency of carbon intersti-
tial in graphite [18].

Our previous DFT PW calculations [10] showed that
the adatom has a finite magnetic moment, but the dif-
ference between the triplet and singlet ground states is
quite small, about 0.04 eV. Magnetic effects also proved
to be of minor importance for the diffusion [10]. Thus,
we can conclude that the DFTB model, although being
unable to account for magnetic effects, captures the
main physics of the carbon adatoms on graphite-like
surfaces.

4. Carbon adatoms on zigzag nanotubes

In this work we dwell upon zigzag (n,0) SWNTs
which, depending on the SWNT chiral index n, can be
metals or narrow-band semiconductors. This made it
possible to study effects of not only nanotube curvature,
but also electronic structure on the diffusion and
adsorption.

In the DFTB calculations, finite SWNTs (having a
length of 12.7 A and composed of up to 200 atoms) with
periodical boundary conditions were considered. The
same systems were used for the DFT PW simulations.
To check how the results depend on the tube length, we
also repeated DFTB calculations for (8,0) and (9,0)
SWNTs with doubled length. We found no qualitative
difference for the absorption geometry, nor the adatom
diffusion path. E, and E,, were dependent on the tube
length, but the difference never exceeded 10% of the
value.

Similar to adsorption of a carbon atom onto a
graphite surface, the adsorption onto a SWNT surface
proved to be exothermic. The adatom on the outer
surface of the SWNT occupies the bridge position above
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the C-C bond. However, due to the SWNT curvature,
the adatom adsorption onto sites above C-C bonds
being parallel and perpendicular to the nanotube axis *
results in different adsorption energies and local atom
arrangements, see Fig. 1(a) and (b). Adatoms inside the
SWNT are displaced a little from the bridge position due
to curvature-enhanced interactions with the neighbor
atoms.

In Fig. 2 we plot adsorption energies E, as functions
of nanotube diameters for SWNTs with n = 8,9, ..., 16.
It is observable that for adatoms on the outer surface the
absolute value of E, decreases with an increase in the
SWNT diameter. This seems to be a general tendency:
similar behavior of Al, H [19] and N [20] adatoms on
SWNTs has been reported. The adsorption energy is
always lower for configurations when the adatom is
above the C-C bond oriented perpendicular to the
SWNT axis than for the “parallel” configuration. This
can be understood from simple carbon bonding con-
siderations: in the “perpendicular” case it is easier for
the adatom to pull the two adjacent nanotube atoms
apart (notice that the bond is actually broken, see Fig.
1(b)) thus avoiding the energetically unfavorable con-
figurations with four-coordinated carbon atoms. Ab
initio simulations for small SWNTs gave qualitatively
similar results, but, similar to the case of the flat
graphene sheet, the absolute values are shifted by about
0.5 eV. This difference may be due to fitting the TB
parameters to local density approximation (LDA) DFT
data, since LDA calculations of adatom adsorption
energy also gave a lower value for graphene [9] than with
GGA. E, are much higher for adatoms adsorbed onto
the inner surface due to unfavorable coordination
numbers of the adatoms (see Fig. 1(c)).

It is interesting to notice that the dependencies shown
in Fig. 2 proved to be non-monotonic. The curves for E,
corresponding to the “parallel” and “inside” configu-
rations have sawtooth shapes with the minima corre-
sponding to n =9,12,15. SWNTs with these indices
have metallic properties, whereas the rest are semicon-
ductors. Our analysis of the local density of states and
orbital electronic population indicates that the increase
in bonding may be due to an additional overlap of the
adatom electronic states with the electronic states of
metallic SWNTs near the Fermi energy. PW DFT cal-
culations also give a lower adsorption energy (the
“parallel” configuration) for metallic (9,0) SWNTs than
for semiconducting (8,0) and (10,0) SWNTs.

Having evaluated the adatom adsorption energy, we
proceed to migration barrier calculations. Analogously
to the case of graphene, we evaluated E,;, by calculating

3 Strictly speaking, the angle for “perpendicular” bond is exactly
90° in armchair but not zigzag nanotubes, but we use here terms
“perpendicular” and “parallel” just to differentiate the bonds.
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Fig. 1. Ball-and-stick representation of a (10,0) single-walled zigzag
nanotube with a carbon atom adsorbed onto the outer and inner
surface of the nanotube. The adatom positions correspond to local
energy minima.
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Fig. 2. Adsorption energies of carbon adatoms onto zigzag single-
walled nanotubes as functions of nanotube diameters. The arrows
visualize the relationship between the corresponding PW and TB re-
sults. The numbers stand for the tube chirality indices.

the total energy of the system as a function of adatom
position with constraints. The adatom was allowed to
move only in the radial direction, all other atoms were
free to move (except for fixed boundary atoms).

We found that adatoms can migrate between equiv-
alent “perpendicular” position on the outer surface of
the SWNT via the intermediate “parallel” position with
E, being dependent on the SWNT diameter. £, as a
function of the SWNT diameter is presented in Fig. 3. It
is evident that E, decreases with the tube diameter D
approaching the corresponding value for graphite. No-
tice that the difference between the adsorption energies
in “perpendicular” and “parallel”” positions is large for
nanotubes with small diameters and that the migration
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Fig. 3. Energy barrier for adatom migration on the outer surface of
zigzag nanotubes as a function of nanotube diameters.

along the axis is always associated with the movement
along the SWNT circumference, which explains why £y,
is larger for thin SWNTs. Indeed, due to curvature ef-
fects (a longer “jump length) and lower adsorption
energies for the “perpendicular” configurations, E,, is
larger than that on the graphite surface. However, the
adatoms are still highly mobile at typical growth tem-
peratures. The time 7 needed for the adatom to move a
distance L can be evaluated as t = L*/D, [21], where
Dy = voa® exp[—En/kT), a is the elementary jump
length. Thusif L =1 pum, T = 600 °C, E,, = 0.8 €V, then
T 1s.

For all SWNTs considered, adatoms inside the
SWNT can easily spiral along the nanotube circumfer-
ence (along the dark “trenches” with roughly the same
potential energy in Fig. 4) with an energy barrier of
about 0.1 eV for all the SWNTs considered. The barrier

Energy, eV

Energy, eV

Fig. 4. Potential energy surface for a carbon adatom on a (8,0)
nanotube as a function of the adatom position. Darker areas corre-
spond to lower energies. Large circles stand for the adatom, small ones
for atoms in the nanotube network. Dotted lines show the migration
paths.

for migration along the tube also depends weakly on the
SWNT diameter being in a range of 0.5-0.7 eV.

5. Conclusion

To conclude, using density-functional tight-binding
and ab initio methods we studied the adsorption and
migration of carbon adatoms on zigzag nanotubes. We
found that the adatoms form strong covalent bonds with
the nanotubes and that the migration is strongly
anisotropic. The adatom adsorption energy and migra-
tion barrier depend on the nanotube diameter and chi-
rality, which should be taken into account in models of
nanotube growth and radiation damage annealing. The
migration barriers, being in the range of 0.6-1 eV, are in
a good agreement with the experimental values (about
0.8 eV) reported in the literature.
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