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Abstract. Molecular dynamics simulations were used to study the initial growth of single-walled carbon
nanotubes (SWNTs) on a supported iron cluster (Fe50). Statistical analysis shows that the growth direction
of SWNTs becomes more perpendicular to the substrate over time due to the weak interaction between
carbon nanotube and the substrate. The diameter of the nanotube also increases with the simulation time
and approaches the size of the supported iron cluster.

PACS. 31.15.Qg Molecular dynamics and other numerical methods – 61.46.-w Nanoscale materials

1 Introduction

Since their discovery [1], carbon nanotubes (CNTs) have
attracted great interest due to their special physical and
chemical properties and large range of potential applica-
tions. Some applications, like field-emission or electronic
devices, need large-scale aligned growth of CNTs. There
are many methods to produce aligned CNTs in chemi-
cal vapour deposition (CVD) experiments, such as using
flowing source feedstock gases [2–6], electric fields [7–9],
magnetic fields [10], soft-lithography [11] or combinations
of them [12]. Preparation of the catalytic cluster/particle
and substrate is crucial in all of these methods. The
catalytic particle plays a critical role in the initial nu-
cleation of CNTs, and the growth of aligned CNTs is
governed, among other things, by the interaction of the
substrate with the metal catalyst and the CNT, resulting
in vertical [3,11], horizontal [6] or other laterally aligned
CNTs [4,5,9,10]. In this work, we present a study of the
initial growth of single-walled carbon nanotubes (SWNTs)
on supported iron catalysts to understand the influence of
the catalytic particle and substrate on SWNT growth.

2 Force field and simulation method

The force field adopted here is based on that used to study
SWNT growth from free iron clusters, and a detailed de-
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scription appears elsewhere [13,14]. Briefly, a many-body
potential [15], which is based on the second moment ap-
proximation of the tight-binding model [16,17], was used
for the interaction between iron atoms. It is known that
this potential is suitable for studying the thermal prop-
erties of pure and alloy transition metal systems. The in-
teraction between carbon atoms is either the Lennard-
Jones type (LJ) [18] or the Brenner model [19] depending
on if the atoms are dissolved inside the cluster or pre-
cipitated on its surface, respectively. The interaction be-
tween iron and dissolved carbon atoms is modeled by the
Johnson potential [20], which gives the correct trend for
the iron-carbide phase diagram and the correct depen-
dence of cluster melting point on cluster size [14]. The
interaction between iron and precipitated carbon atoms
was fit to density-functional theory (DFT) energies and
geometries [13].

To simulate SWNT growth from supported clusters,
the interaction with the substrate is divided into two
types; one for the iron and dissolved carbon atoms and
the other for the precipitated (Brenner) carbon atoms.
A Morse type potential was used for the former since
this provided the best fit to DFT energies and geome-
tries of iron-carbide clusters supported on an aluminium
oxide substrate [21]: D[e−2α(z−z0) − 2e−α(z−z0)], with pa-
rameters D = 0.153 eV, α = 1.268 Å−1 and z0 = 2.219 Å.
As described previously [21], these parameters are used for
both the iron and dissolved carbon atoms, and the growth
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mechanism does not depend on moderate changes (up to
20% has been tested) in the substrate-carbon parameters.

As far as we are aware there are no published force
fields for the interaction between CNTs (or graphene lay-
ers) and substrates like aluminium oxide. Since this inter-
action is expected to be rather weak, we used an available
model for C60–graphene interactions, where the authors
adopt a Lennard-Jones type potential and the interaction
parameters are determined from experiment [22]: A/r12 −
B/r6, with A = 22500 eV Å12 and B = 15.4 eV Å6. This
is a very weak interaction of about 2.635 meV per carbon
atom. In this work we also study the effect of increasing
this interaction strength on the growth mechanism.

The constant temperature molecular dynamics method
was used to study the growth of SWNTs on supported
Fe50 clusters. A total of 120 trajectories were propagated
to ensure converged statistics of the change in growth di-
rection and SWNT diameter over time. The temperature
(1000 K in this study) was controlled by the Berendsen
thermostat [23] and the integration time step is 1 fs.
Briefly, the Fe50 cluster (diameter of about 1 nm) was
heated to 1000 K before carbon atoms were added into
the iron cluster at a constant rate of one carbon atom per
40 ps. This is faster than experimental addition rates, but
decreasing the addition rate does not affect the growth
mechanisms discussed here. Several iron atoms (6 in this
study) were fixed to the substrate to avoid the possibil-
ity of the iron-carbide cluster lifting off the substrate due
to the formation of a graphene layer between iron-carbide
cluster and the substrate.

3 Results and discussion

The nucleation mechanism of SWNTs on supported Fe50

clusters is similar to that on free Fe50 clusters reported
previously [13]. Once the cluster is highly supersaturated
in carbon, the dissolved carbon atoms precipitate on the
surface. These atoms form graphitic islands that lift off
the cluster as caps that elongate into SWNTs [13]. It can
be noted that there is some debate as to whether carbon
dissolves into small iron clusters like Fe50 [24], but this
does not affect the cap and SWNT growth mechanism
presented here, which occurs from the carbon atoms on
the cluster surface.

Figures 1a and 1b show two typical snapshots of
SWNT cap growth at 4.5 and 6.7 ns after the first carbon
atom is added to the Fe50 cluster. At 4.5 ns the cap diame-
ter is about 0.7 nm, and increases to approximately 1 nm
at 6.7 ns, which is similar to the cluster diameter. Two
points about the defects of SWNTs should be mentioned
in this growth process. First, from Figure 1 we can see
that, in addition to the heptagons and pentagons which
are required to form a perfect tube cap, there are many
other polygons in the nanotube and, second, there are de-
fect carbon atoms inside the nanotube. There are several
possible reasons for these defects, such as the short sim-
ulation time (compared with experiment) which may not
allow for annealing to the minimum energy structure and

Fig. 1. Snapshots of typical SWNT caps at 4.5 ns (a) and
6.7 ns (b). Iron atoms are shown as big spheres and carbon
as small ones. The inner carbons atoms (grey) shown in (b)
are defects inside the tube. The black basis panel denotes the
substrate.

inaccuracies in the force field [19]. These defects are simi-
lar to those found when simulating SWNT growth on free
iron clusters and have been discussed elsewhere [13].

Figure 2 shows the average growth angle of the SWNT
caps relative to the substrate at 4.50 and 6.70 ns. There is
a shift from an almost random distribution with a small
peak at 40–50 degrees at early times to a preferred an-
gle of 50–70 degrees. Hence, the growth of the cap be-
comes more perpendicular with increasing time. The in-
crease of nanotube growth angle with time is due to the
interactions between the carbon atoms and the substrate.
Dissolved carbon atoms are more strongly attracted to
the substrate (0.153 eV per atom) and have a smaller
equilibrium distance from the substrate (0.22 nm) than
the precipitated carbon atoms (2.635 meV per atom and
0.38 nm, respectively). Since there are more precipitated
carbon atoms with increasing time and these atoms cover
more of the cluster surface, their larger equilibrium dis-
tances repel them from the substrate and the growth angle
increases.

Figure 3 gives the average cap diameters at 4.50 and
6.70 ns. The average diameter increases with time from
0.8–0.9 nm at 4.5 ns to 0.9–1.1 nm at 6.7 ns. The latter
range is similar to the diameter of the iron-carbide clus-
ter. This linear relationship between SWNT and cluster
diameter has been observed experimentally [25] and, as
discussed previously [26], is expected since it maximises
the SWNT/cap — cluster interaction strength.

Since the substrate interaction is important for the
growth of carbon nanotubes, we repeated the above sim-
ulations but with different substrate interaction strengths
and equilibrium distances. These simulations include: (a)
increasing the iron-substrate interaction strength by 20%,
(b) increasing the Brenner carbon-substrate interaction
strength by 200 and 500%, (c) reducing and increasing the
dissolved carbon-substrate interaction strength by 20%.
All results are similar to those described above, except
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Fig. 2. Distribution of the growth angle of SWNT caps at
4.5 ns (upper panel) and 6.7 ns (lower panel). The total number
of SWNT caps is 120.

Fig. 3. Distribution of SWNT cap diameters at 4.5 ns (upper
panel) and 6.7 ns (lower panel). The total number of SWNTs
is 120.

when increasing the Brenner carbon-substrate interaction
strength by 500%, where the cap does not show a strong
preference for perpendicular growth at long times. This
is expected since, for very large SWNT-substrate interac-
tions, horizontal SWNT growth may be preferred [27].

The model used in this work can potentially be used
to study the growth and properties of a variety of car-
bon structures. For example, encapsulation of free metal
particles and growth of bamboo and soot-like structures
have been studied [13,28]. However, the Brenner potential
does not contain C-C non-bonded interactions, and hence
multi-walled CNTs cannot be studied. In addition, this
potential is known to underestimate the energy of defect
formation in SWNT walls [29], which provides a possi-
ble explanation for the multiple defects seen in the sim-
ulated SWNT structures (Fig. 1) and hinders studies of

more complex carbon structures such as schwarzite [30]. A
modified Brenner potential [31], called the adaptive inter-
molecular reactive empirical bond-order model (AIREBO)
includes C-C non-bonded interactions and preliminary
studies show that it also yields improved defect ener-
gies, and thus may be preferred when studying structural
properties of carbon materials. Also, effects of charging
the substrate, which is known to effect the rate of CNT
growth [32] and which may lead to a distribution of charge
along the SWNT, cannot be modelled using the (modified)
Brenner potential.

4 Conclusion

The initial growth of SWNTs on a supported Fe50 cluster
was studied by molecular dynamics simulations. Over one
hundred simulations were performed in order to get con-
verged statistics. It is found that, with increasing time, the
average SWNT cap growth direction relative to substrate
becomes more perpendicular due to the weak interaction
between the cap and the substrate and the relatively large
cap-substrate equilibrium distance. The diameter of the
nanotube also increases and approaches the size of the
catalytic particle. Stronger SWNT-substrate interaction
leads to growth that does not show a strong preference
for perpendicular directions.
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