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ABSTRACT 
 

Developments of large scale and high-purity 
generation technique of single-walled carbon nanotubes 
(SWNTs) [1] are desired for the practical applications of 
the fascinating new material. In addition to previously 
known laser-furnace [2] and arc-discharge [3] techniques, 
recently, the catalytic chemical vapor deposition (CCVD) 
method [4] has been developed for the possible larger 
amount production with lower cost. We have developed a 
high-quality production technique of SWNTs at 
low-temperature by using alcohol as carbon source [5]. 
For the better control of the generation process, 
understanding of the formation mechanism is inevitable. 
We had constructed the classical potential function 
between carbon clusters and several metal atoms (La, Sc 
and Ni) based on DFT calculations of small metal-carbon 
binary clusters for the simulation of the formation process 
of the endohedral metallofullerene [6]. 

At first, with the same potential for carbon and Ni, we 
have explored the formation process of SWNTs in the 
laser-furnace technique. Starting from randomly 
distributed carbon and Ni atoms, random cage structures 
of carbon atoms with a few Ni atoms were obtained after 
6 ns simulation. Ni atoms on the random cage prohibited 
the complete closure and anneal of the cage structure into 

the fullerene structure. Collisions of such imperfect 
random-cage clusters lead to an elongated tubular cage 
structure [7]. 

However, the formation mechanism in CCVD method 
should be considerably different from the laser-furnace 
case, because the catalytic metal clusters or particles are 
present before the assembly of carbon atoms. Carbon 
atoms should arrive as units of a few atoms determined 
by the carbon source molecule. In the next stage, we 
performed the molecular dynamics simulation of 
formation process of SWNTs in CCVD method. Starting 
from randomly distributed carbon atoms and a Ni cluster, 
the clustering process to a SWNT was simulated. Since 
the carbon source such as methane and ethanol 
decomposed to solid carbon only at the catalytic metal 
surface, specially designed van der Waals potential in the 
simulation prohibited clustering of carbon-carbon atoms, 
even though hydrogen or oxygen atoms were not 
explicitly included. Depending on the initial Ni cluster 
size and on temperature, the formation of various 
nanotube cap structures was demonstrated. The cap on 
the Ni108 cluster grew up to the tubular structure at 2500K 
as in Figure A-1.  
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Figure A-1. Snapshots of metal-catalyzed growth of the cap-structure at 2500K.  
Gray circles represent nickel atoms. All carbon atoms are not shown for clarity. 
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INTRODUCTION 
Discoveries of multi-walled carbon nanotubes 

(MWNTs) [8] and single walled carbon nanotubes 
(SWNTs) [1] have opened new research and application 
fields with the carbon material. Even though the 
macroscopic generation of SWNTs with the laser-furnace 
technique [2], the arc-discharge technique [3], and the 
catalytic chemical vapor deposition (CCVD) technique 
[4,5] has been demonstrated, the formation mechanism of 
SWNTs is still not clear. Besides the theoretical interest 
of the self-assembly formation of such elongated perfect 
structure of carbon, understandings of the formation 
mechanism are crucial for the development of purer and 
larger amount and hopefully chirality-controlled 
generation technique of SWNTs. 

Theoretical contributions to the formation mechanism 
of carbon nanotubes were limited since the system size 
and time scales were far beyond the simple simulation of 
the whole process. Several previous classical molecular 
dynamics calculations [9, 10] examined the specific 
points of generation mechanism with Brenner potential 
[11] for pure carbon system. Hence the roles of metal 
catalysis were not fully discussed. It was because a 
reliable classical potential function between metal and 
carbon was not known. We had constructed the classical 
potential function between carbon clusters and several 
metal atoms (La, Sc and Ni) based on DFT calculations 
of small metal-carbon binary clusters for the simulation 
of the formation process of the endohedral 
metallofullerene [6]. Using these potential functions, 
molecular dynamics simulations of formation process in 
the laser-furnace method and in the CCVD method were 
studied. 

The formation mechanism in CCVD method and in the 
laser-furnace method should be considerably different. In 
the former method, the catalytic metal clusters are present 
before the assembly of carbon atoms. In the latter, carbon 
atoms and catalytic metal atoms are vaporized at the same 
time by the intense laser ablation. The growth process in 
CCVD method is regarded as the heterogeneous 
nucleation in contrast to the, in a sense, homogeneous 
nucleation in the laser-furnace method. Both situations 
are compared with molecular dynamics simulations. For 
laser-furnace process, from randomly distributed metal 
and carbon atoms, imperfect cage clusters with a metal 
atom prohibiting the closure were obtained. Collisions of 
these clusters lead to the imperfect SWNT structure. On 
the other hand, for CCVD process, depending on the 
initial Ni cluster size and on temperature, the formation 
of various nanotube cap structures was demonstrated. 
Based on these results, the critical formation mechanism 
and diameter selection of SWNTs are discussed. 
 

NOMENCLATURE 
B* = valence function 
b = potential parameter 
c = number of charges 
De = depth of potential 
Eb = binging energy 

f = cut-off function 
Re = interatomic distance of equilibrium 
rij = distance between atom i and j 
S = potential paramater 
Tc = control temperature 
t = time 
VA = attractive term 
VR = repulsive term 
β = potential parameter 
δ = potential parameter 
C = carbon atom 
M = metal atom 
 

SIMULATION TECHNIQUE 
Carbon-carbon potential for covalent bonding 
 We employed the Brenner potential [11] for 
carbon-carbon covalent bonding. This potential could 
describe variety of small hydrocarbons and graphite and 
diamond lattices. The basic formulation of the potential 
was based on the covalent-bonding treatment developed 
by Tersoff [12]. The total potential energy of the system 
Eb was expressed as the sum of the bonding energy of 
each bond between carbon atoms i and j.  
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where VR(r) and VA(r) were repulsive and attractive force 
terms, respectively. The Morse type form with a cut-off 
function f(r) expressed these terms. 
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 The effect of the bonding condition of each atoms was 
taken into account through B*

ij term which was the 
function of angle θijk between bonds i-j and i-k. 

δ

θ
−

≠








+=

+
= ∑

),(

* )()(1,
2 jik

ikijkcij
jiij

ij rfGB
BB

B , (5)  

 where 









++

−+= 22

2

2

2

)cos1(
1)(

θ
θ

o

o

o

o
oc d

c
d
c

aG .       (6)  

Constants were as fellows: 
 De = 6.325 eV S = 1.29 β = 1.5 Å-1 
 Re = 1.315 Å δ = 0.80469 
 a0 = 0.011304 c0 = 19 d0 = 2.5 
 R1 = 1.7 Å R2 = 2.0 Å. 
Here, we have ignored [13] the term for the conjugate 
bond from original expressions of Brenner. 
 
Carbon-metal and metal-metal potential 
 We had constructed the classical potential function 
between carbon clusters and several metal atoms (La, Sc 
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and Ni) based on DFT calculations of small metal-carbon 
binary clusters for the simulation of the formation process 
of the endohedral metallofullerene [6]. Here, we 
employed this potential for the Ni-carbon and Ni-Ni 
interaction. 
 Ni-carbon multi-body potential were constructed as 
functions of the carbon coordinate number of a metal 
atom. The coordinate number of the metal atom NC is 
defined using the cutoff function f(r), and the additional 
term B* was expressed as the function of the coordinate 
number. Here, the effect of the angle among bonds is 
ignored. 
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 For metal-metal interactions, we expressed the 
equilibrium binding energy De and the bond length Re as 
direct function of the metal coordinate number Nij, 
instead of using the additional term B*. 
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Constants for Ni-carbon were as follows: 

 De = 3.02 eV S = 1.3 β = 1.8 Å-1 
 Re = 1.7 Å δ = -0.8 b = 0.0330 
 R1 = 2.7 Å R2 = 3.0 Å. 
And constants for Ni-Ni were as follows: 
 S = 1.3 β = 1.55 Å-1 
 De1 = 0.74 Å De2 = 1.423 
 Re1 = 2.520 Å Re2 = 0.304 Å 
 CD = 0.365 CR = 0.200 
 R1 = 2.7 Å R2 = 3.2 Å. 
 
Van der Waals potential for CCVD method 
 Assuming that the carbon source such as methane and 
ethanol decomposed to the solid carbon molecule only at 
the catalytic metal surface in CCVD method, we 
employed the van der Waals potential between molecules 
to prohibit the clustering. Here we did not include 
hydrogen or oxygen in the simulation, but simply carbon 
atoms with the van der Waals potential represented the 
carbon source molecules in gas-phase. Since we did not 
assume the van der Waals potential between Ni and 
carbon atoms, carbon molecules could easily attach to Ni 
cluster. The immediate decomposition of the carbon 
source molecules leaving a carbon atom was assumed. As 
soon as a carbon attached to the Ni cluster, van der Waals 
potential between carbon atoms was removed. As for the 
van der Waals potential, 
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with the parameters known for carbon-carbon interaction 
as 

ε = 2.4 meV, σ = 3.37 Å. 
 

Integration of the equation of motion 
 Velocity Verlet method was employed to integrate the 
classical equation of motion with the time step of 0.5 fs. 
All calculations were performed in a cubic box with 
periodic boundary conditions in all 3 directions. When 
temperature control was enforced, the simple velocity 
scaling was adopted. 
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Figure 2. Growth process of a tubular structure by successive collisions of imperfect cage cluster. 

(All carbon atoms with three-coordination are not shown.) 
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Figure 1. Annealing of NiC60. 
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RESULTS AND DISCUSSIONS 
Simulations for laser-furnace technique 
 In the laser-furnace method, carbon atoms and 
catalytic metal atoms are vaporized at the same time by 
the laser ablation. As for the initial condition, the 
completely random vapor mixture of 2500 carbon atoms 
and 25 Ni atoms was allocated in 585 Å cubic 
fully-periodic simulation cell. The high density of the 
system was compensated with the very rapid cooing with 
the temperature control. Through this rapid temperature 
control, energy distribution between translation, rotation, 
and vibration may be unrealistically in non-equilibrium. 
Hence, the special temperature control method that 
control translational, rotational and vibrational 
temperature of the system independently was employed. 
The control temperature was set to 3000 K. Many 
relatively large clusters up to about 200 carbon atoms 
with a few Ni atoms were obtained after 6 ns simulation. 
Carbon clusters tended to be spherical random cage 
structure with a few metal atoms at around the defect 
vacancy, which prevented the cage structure from the 
complete closure [7]. 
 As in our empty fullerene and metallofullerene studies, 
these cluster structures were not well annealed because of 
the accelerated simulations. An example of the annealing 
simulation of the Ni-attached carbon cluster is shown in 
Fig. 1. Picking up a NiC60 cluster in the simulation cell, 
vibrational annealing process was simulated for 200 ns 
without additional collisions at 2500K. As clearly seen in 
Fig. 1, quasi-periodic motion of the Ni atom flipping 
inside and outside of the carbon cage was observed. The 
possibility of this meta-stable structure should be 
confirmed with more accurate ab initio level calculations. 
These imperfect carbon cage structures with several metal 
atoms outside were partially confirmed by the FT-ICR 
[14] reaction experiments of laser vaporized clusters [15]. 
 In the real generation situation of SWNTs, it is 
expected that those clusters experience later collisions at 
lower temperature and lower frequency as they expand. 
However, because of the computational limitations, we 
had to slowly shrink the simulation cell to enhance the 
collisions. The shrinking rate was set as 6 × 10-5 Å per 

time step (about 12 m/s), which was much slower than 
the typical translational velocity of clusters. The large 
particle with some tubular structure was obtained after 
collisions of clusters. 
 Figure 2 shows the growth process of the typical 
tubular cluster from shrinking simulation at 2000K. 
Again, in order to accelerate the simulation of annealing, 
we applied higher temperature than the typical 
experimental condition. Even though the structure shown 
in Fig. 2 is rather ugly, one can see that the tubular 
structure has grown longer by collisions and the 
coalescences. Ni atoms were slowly assembling to form 
Ni clusters, and they were diffusing around until finding 
the most stable position at the hemi-half-fullerene cap 
area. 
 Part of the anneal tendency was examined by separate 
simulations as shown in Fig. 3. An intermediate structure 
appeared in Fig. 2 (8 ns) was picked up for this annealing. 
Comparison of annealing effect with different 
temperatures (2000K and 2500K) for 50 ns is shown in 
Figure 3. The tubular structure became thick at the 
narrow part and almost straight due to the annealing. And, 
the clustering of Ni atoms was observed for 2500K case. 
The metal cluster tended to stick to the curved carbon 
structure. Unfortunately, in the case of Fig. 3, the metal 
cluster was trapped in the curved defect part in the middle 
of the tubular structure. Since the narrow part of the 
tubular structure was usually Ni free, the tubular structure 
can be annealed to SWNT structure. 
 From these simulations, the catalytic effect of Ni 
atoms in laser-furnace method may be explained as 
follows. At the clustering stage, Ni atoms tend to stay at 
around the defect vacancy of carbon cage structure, and 
prevent the cage from closing to fullerene. Then, the 
random cage carbon clusters can make further growth by 
colliding with each other at the large defect area of the 
cage. The collision leads to the elongated tubular 
structure as shown in Fig. 2. Given the enough time for 
diffusion of metal atoms and network annealing, we 
expect that the structure becomes a straight SWNT with 
metal cluster at each end. 
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Figure 4. Initial condition of clustering process  

in CCVD method. 
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Figure 3. Annealing at 2000K and 2500K of  

intermediate structure. 
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Simulations for CCVD method 
 In the CCVD method, the catalytic metal clusters are 
present before the assembly of carbon atoms. At first, we 
obtained the initial Ni cluster structures of various sizes 
by annealing FCC crystal structure at 2 ns in 2000K. As 
the initial condition of clustering process, the completely 
random vapor mixture of 500 carbon atoms and one of 
the Ni clusters obtained above were allocated in 200 Å 
cubic fully-periodic simulation cell. Figure 4 shows an 
example of the initial configuration. In this case, 
interaction between isolated carbons was represented by 
the Lennard-Jones potential described in Eq. (12). 
Simulation results are shown in Fig. 5 as snapshots. 
Carbon atoms covered the surface of the Ni cluster one 
step at a time at 2500K. At 8 ns, almost whole surface of 
catalytic metal was covered by the graphitic structure. On 
the other hand, amorphous-like carbon attached to the 
surface of the catalytic metals at lower temperature, 
1000K. Neither condition lead to the elongated structure 
at this stage. 
 Here, we noticed the problem in our algorithm of the 
carbon decomposition process. Since we turned off the 
Lennard-Jones interaction between carbon and carbon, 
when one of the carbons belonged to the metal-carbon 
cluster, a carbon atom (which is really a hydro-carbon 
molecule) can attach to the carbon structure well outside 
of the catalytic metal cluster. Since we believed that the 
carbon source molecule such as methane and ethanol 
decomposed to solid carbon only at the catalytic metal 
surface, we had to avoid the easy bonding between the 
isolated carbon (carbon source molecules) and the carbon 
on the metal surface in order to describe the 
decomposition on the catalytic metal. 
 In the next simulations, all interactions between 
carbon-carbon were included with the Lennard-Jones 
potential described in Eq. (12). In this case, carbon atoms 
can make covalent bonding each other only when both 
atoms were attaching to the surface of catalytic metals. 
The initial condition of clustering process was the same 

as the former simulation. Carbon atoms attached to the 
exposed surface of catalytic metal and diffused on the 
surface to make covalent bond with other carbon atoms. 
Figure 6 shows the aggregation of carbon atoms on Ni 
clusters observed for various conditions. Carbon atoms 
attached on the exposed surface and some of them 
precipitated from another face of the particles step by step. 
Figure A-1 shows an example of this process on the Ni108 
at 2500K. The precipitated carbon atoms had graphitic 
structure, and further sequence of attaching and 
precipitating from the sphere side of the metal cluster led 
to the cap structure. On the other hand, carbon atoms 
moved less actively to precipitate as the graphitic 
structure at 1500K. In that temperature, carbon atoms and 
metal atoms wouldn’t dissolve well in this simulation. 
This tendency was in good agreement with the phase 
diagrams from experimental data [16]. 
 

CONCLUSIONS 
 From molecular dynamics simulations, the catalytic 
effect of metal atoms may be explained as follows. In the 
laser-furnace method, Ni atoms tend to stay at around the 
defect vacancy of carbon cage structure, and prevent the 
cage from closing to fullerene. Then, the random cage 
carbon clusters can make further growth by colliding with 
each other at the large defect area of the cage. The 
collision leads to the elongated tubular structure. Given 
the enough time for diffusion of metal atoms and network 
annealing, we expect that the structure becomes a straight 
SWNT with metal clusters at each end. On the other hand, 
in the CCVD method, carbon atoms chemisorpted on the 
exposed surface of catalytic metal, diffused near the 
surface and moved to make covalent bond with other 
carbon atoms. As increasing the number of carbon atoms, 
some of them precipitated to be elevated from the surface. 
Further simulation may lead to the cap structure that is 
regarded as the nucleus of SWNTs. 
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Figure 5. Snapshots of aggregation of carbon atoms on 
Ni108 particles. Blue atoms show the nickel atoms. Green, 
orange and red spheres represent the carbon atoms, which 
have three, two, one covalent bond, respectively. 
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Figure 6. Snapshots of aggregation of carbon atoms on a 
nickel cluster at 50 ns. Blue atoms show the nickel atoms. 
Green, orange and red spheres represent the carbon atoms, 
which have three, two, one covalent bond, respectively. 
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