
VOLUME 87, NUMBER 27 P H Y S I C A L R E V I E W L E T T E R S 31 DECEMBER 2001

27
Root-Growth Mechanism for Single-Wall Carbon Nanotubes
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The catalytic growth of single-wall carbon nanotubes is investigated by high-resolution transmission
electron microscopy. The similarities between the samples synthesized from different techniques sug-
gest a common growth mechanism based on a vapor-liquid-solid model. Quantum-molecular-dynamics
simulations support a root growth mechanism where carbon atoms are incorporated into the tube base
by a diffusion-segregation process.
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Single-wall carbon nanotubes (SWNTs) are currently
the subject of intense research efforts. The growth of
SWNTs differs from that of multishell tubes insofar as
catalysts are necessary for their formation. In order
to optimize their yield and quality, several production
methods have been used for their synthesis. Single-wall
nanotubes can be produced by arc discharge [1], laser
ablation [2], and solar furnaces [3], which are high tem-
perature processes and catalytic methods [4,5], which are
medium temperature syntheses (�1500 K). In the high
temperature techniques, the carbon and catalyst are evapo-
rated simultaneously at about 4000 K but the formation
of nanotubes most probably occurs at lower temperatures
(�1500 K also) as discussed below; see also Refs. [6,7].
In the catalytic methods, the carbon source is obtained
from the decomposition of a gas phase (CO, methane,
ethylene, etc.) by small metallic particles covering a
substrate. Although these techniques involve different
temperature ranges, they present strong analogies.

(i) For all synthesis techniques, transition and rare earth
metals, such as Ni, Co, Fe, Y, La and more efficient mix-
tures of them [8], are found to be the best elements to
catalyze SWNT formation.

(ii) The morphologies of the SWNTs produced by the
different techniques are very similar. In each case, SWNTs
can be found isolated or self-assembled in crystalline bun-
dles, their diameters varying from 0.7 to 3 nm. These cor-
relations suggest that a common mechanism could explain
the growth of SWNTs.

Although the metal-catalytic growth of SWNTs is still
a debated issue, it is believed to proceed via solvation of
carbon vapor into metal clusters, followed by precipitation
of carbon excess in the form of nanotubes [9,10]. From
experimental observations, two distinct situations seem to
arise depending on the size of the catalytic particle. When
the metal particle diameter is of the order of a few tens of
nm, the precipitation of a large number of SWNTs from
its surface is observed [9,11]. The maximum yield is al-
ways obtained for synthesis parameters giving rise to a size
distribution of metallic nanoparticles centered on 15 nm.
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When it is below 5 nm, the particle is frequently found
trapped in the tip of SWNTs [12], and the diameter of
the SWNTs is directly related to the particle size. These
observations support a model of growth by chemisorption
from the vapor phase proposed long ago for carbon fil-
aments [13,14]. Another possibility which has been put
forward is that the catalytic metal particle can be reduced
to a few atoms at the tip of the nanotube, either preventing
its closure by scooting around and stabilizing the reactive
dangling bonds [2] or leading the tip to remain chemi-
cally active and act as attraction sites for carbon adatoms
[15]. Finally, it has also been suggested that preformed
fullerenes could play the role of nucleation seeds [6].

In this Letter, we investigate the nucleation and growth
of SWNTs, where carbon atoms precipitate from par-
ticles larger than the tube diameter. Such a process,
which implies a root-growth mechanism, is studied using
both high-resolution transmission electron microscopy
(HRTEM) and quantum-molecular-dynamics simulations.
We will show that carbon atoms can be added at the
root of a growing tube by a diffusion-segregation process
occurring at the surface of the catalytic particle.

Since few results are available in the literature concern-
ing this point, we first performed careful HRTEM studies
(using a Jeol 4000FX microscope) of long SWNT bun-
dle extremities of samples produced by arc discharge [1],
laser ablation [2,16], and catalytic decomposition [12] (an
example is shown in Fig. 1). The observations have been

FIG. 1. HRTEM image of a long SWNT bundle emanating
from a 10 nm metallic Ni-Y particle. The bundle was synthe-
sized by the electric arc method described in [1].
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compared with those made on samples obtained by solar
energy [3]. For all these production methods, the basic
result is the same: SWNT bundles have one free extrem-
ity and the other is attached to small metallic nanoparti-
cles. Whatever the technique used, bundles emerge from
nanoparticles of typically 15 nm. When the SWNT bun-
dles are short (,40 nm), the two extremities are observed
simultaneously and the junction between the bundle and
the nanoparticle is obvious (Figs. 2 and 3). The free part
of the bundle shows a closed and empty end, whereas the
other is linked to the nanoparticle and can also be embed-
ded in amorphous carbon (Fig. 3b).

In some cases, bundle embryos (Fig. 2a) or nuclei of in-
dividual nanotubes (Fig. 2b) have clearly been identified.
These observations show that nanotube roots are attached
to metallic nanoparticles. Short ropes, i.e., intermediate
situations between nuclei and long SWNT bundles, can
also be observed. Figure 3a clearly shows that short ropes
emerge from the nanoparticles and are fixed on them. In
Fig. 3b, short ropes and their nanoparticles are also em-
bedded in amorphous carbon.

To explain the key role played by the metal catalyst, we
propose a mechanism, which adopts the concepts of the
vapor-liquid-solid (VLS) model introduced in the 1960s to
explain the growth of silicon whiskers [17]. This model,
first proposed by Saito et al. [9] to explain the formation
of sea-urchin–like structures, is extended here to the for-
mation of SWNTs, isolated or in bundles, emerging from
large catalytic particles.

Figure 4 presents a simplified sketch of the proposed
scenario. The first step of the process is the formation
of a liquid nanoparticle of metal supersaturated with
carbon (Fig. 4a). These nanoparticles originate from
plasma/vapor condensation in the moderate temperature
zone of the arc discharge or laser ablation chamber. The
nanoparticle size is determined by the reaction parameters
such as temperature gradients, gas pressure, gas flux, etc.
In the catalytic technique, the nanoparticles are produced
before the SWNT synthesis and their size depends on the
type of method used to disperse the catalyst on the sub-

FIG. 2. (a) HRTEM image of an embryo of a SWNT bundle
emerging from a metallic nanoparticle. SWNTs are seen as elon-
gated caps, having a length between 3 and 5 nm. (b) HRTEM
image of an individual nanotube fixed at the particle. Its free ex-
tremity vibrates in the electron beam, hence its diffuse contrast.
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strate. The supersaturation is generated by decomposition
and absorption of carbonaceous structures on the surface
of the nanoparticles [4,5]. During the synthesis, the
liquid nanoparticle is able to incorporate a large amount
of carbon (the Ni-C phase diagram gives a maximum
carbon solubility of 25%). Upon cooling, the solubility
limit of carbon decreases and therefore carbon atoms start
to segregate towards the surface. This effect increases
when the temperature decreases and is maximum close
to the solidification point, i.e., at temperatures about
1500 K. The occurrence of such a segregation process
is also supported by the absence of carbon inside the
nanoparticles [18]. At this stage, there is a competition
between the formation of a graphitic sheet (Fig. 4b) and
the nucleation of single-wall nanotubes (Fig. 4c).

Since the equilibrium structure is most probably a
nanoparticle surrounded by a graphitic shell, the hypothe-
sis now is that, in some cases, surface instabilities occur
leading to the nucleation of tube tips such as, for example,
those described by Maiti et al. [10]. One can imagine
dynamic instabilities as those involved in the formation
of dendrites in solidification processes or quasistatic
instabilities similar to those involved in crystal growth
produced by molecular beam epitaxy deposition [19]. The
latter analogy is very appealing indeed if one replaces
the deposition flux by a carbon segregation flux. The
equivalent of a layer-by-layer growth (or Frank–van der
Merwe process) would be here the formation of graphitic
sheets, whereas the formation of islands (Volmer-Weber
or Stranski-Krastanov processes) would be equivalent to
the growth of nanotubes. If this analogy is correct, the
different interface energies which determine the wetting
properties of the nanoparticle surface should be important
control parameters. Clearly, more detailed studies are
required to test this type of thermodynamical model. Simi-
lar ideas have been put forward by Kanzow et al. [20].

Let us now comment on the final steps of the growth
process depicted in Fig. 4. Once the nanotube nuclei are
formed, growth should proceed through further incorpo-
ration of carbon at the root. In order to obtain long

FIG. 3. HRTEM images of different short ropes attached to
metallic particles. In (a) the rope is strongly inclined with re-
spect to the electron beam; in (b) the rope and its particle are
embedded in an amorphous carbon flake.
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FIG. 4. Scenario, derived from the VLS model, for the nuclea-
tion and growth of SWNT ropes. See text.

nanotubes (Fig. 4d), the root-growth process should con-
tinue for a sufficiently long time, until local temperatures
are too low, leading to the solidification of the nanopar-
ticles. The development of nanotube embryos can also
abort: Figures 4e and 4f schematize such situations. Cor-
responding observations are shown in Fig. 3. Nucleation
did occur but growth did not take place so that carbon has
partly condensed into amorphous carbon flakes or into a
few graphitic layers.

To go beyond this phenomenological approach we have
investigated the metal-carbon segregation process at the
atomic level using quantum molecular dynamics (QMD)
[21]. In this approach, the forces acting on the atoms are
derived from the instantaneous electronic ground state,
which is accurately described within density functional
theory in the local density approximation. A 153 atom
mixed Co-C cluster was created by extracting a sphere
1.3 nm in diameter from a hexagonal close-packed (HCP)
Co structure, and by replacing randomly two-thirds of the
Co atoms by C atoms (Fig. 5). The mixed cluster was
then placed in a supercell [22], and heated up to 2000 K
by means of a Nosé-Hoover thermostat [23] (Fig. 5a).
After a thermalization period of 5 ps at 2000 K, the
temperature was gradually decreased to 1500 K using a
thermal gradient of 100 K�ps. After 5 ps at 1500 K, most

FIG. 5 (color). Segregation process in a cluster containing
51 Co atoms (big red spheres) and 102 C atoms (smaller grey
spheres) when the temperature drops from 2000 to 1500 K.
(a) The cluster is first heated up to 2000 K, leading to a ho-
mogeneous distribution of Co and C within the sphere volume.
(b) The temperature is gradually decreased to 1500 K. C atoms
segregate to the surface while Co atoms migrate to the center.
(c) Carbon linear chains and aromatic rings (in blue) are created
at the surface of the cluster. Total simulation time: 25 ps.
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of the C atoms (�80%) segregate to the surface of the
cluster, while the Co atoms migrate to its center (Fig. 5b).
The C atoms at the surface move very quickly and form
a network composed of connected linear chains and some
aromatic rings. The creation of a hexagon connected to
two pentagons is remarkable (Fig. 5c) and can be consid-
ered as a first stage of the nucleation process. However,
the extremely long simulation times made it impossible to
examine if these pentagons are preserved or if they become
hexagons by incorporation of further carbon atoms. These
quantum molecular dynamics simulations for systems

FIG. 6 (color). Root growth mechanism for SWNTs extruded
from large catalytic nanoparticles. A small �6, 6� nanotube por-
tion capped by a perfect fullerenelike hemisphere is placed on a
slab of HCP Co, with 20 additional isolated carbon atoms on the
particle surface. The model contains 74 carbon atoms (violet,
green, or red spheres depending on the coordination: 4, 3, and
2, respectively), 59 cobalt atom (big red sphere), and 30 hydro-
gen atoms (small white spheres) terminating the metal particle.
Coordinations between 2 (green) and 3 (violet) are represented
by sky-blue spheres. The hydrogen atoms and the last layer of
Co were kept fixed during the simulation. (a) Starting configu-
ration at 0 K. (b) Incorporation into the honeycomb network of
the nanotube root of five extra carbon atoms which have dif-
fused on the nanoparticle surface at 1500 K. Total simulation
time: 15 ps.
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exceeding one hundred atoms are actually at the limit of
what is possible to do on present computers.

The second step of the simulation consists of modeling
the migration of carbon atoms at the surface of a catalyst
particle and their incorporation to the SWNT base, thereby
leading to a root growth mechanism. Figure 6 represents a
SWNT closed at one end by half a C60 molecule while the
reactive open part is deposited on a double layer of HCP
cobalt, satisfying most of the dangling bonds (Fig. 6a).
Twenty carbon atoms have been added at the surface of
the metal particle in order to observe a migration process to
the root of the nanotube. The global system is then heated
up to 1500 K by means of a Nosé-Hoover thermostat [23].
After 15 ps of simulation, five carbon atoms had diffused
to the tube base and were incorporated into the nanotube
body (Fig. 6b). Even if the time scale of such simulations
prevents us from studying the further evolution of the root
growth, this incorporation as well as the absence of for-
mation of a closed fullerenelike molecule suggest that this
root growth mechanism is a good candidate to explain the
emergence of carbon nanotubes from a large metal cata-
lyst particle. Our QMD simulation shows that the role of
the catalyst is not only to stabilize the forming tube but
also to provide fluctuating Co-C bonds in the middle of
which new carbon atoms are easily incorporated. This re-
sult contrasts with classical simulations, where a nanotube
protrusion can grow out of a flat all-hexagonal graphene
sheet by a root mechanism involving the presence of de-
fects (heptagons) at the tube base to allow the incorpora-
tion of migrating carbon into the hexagonal network [10].

In summary, we have provided experimental and theo-
retical arguments in favor of a root-growth mechanism for
single-wall nanotubes. Since the QMD simulations are ex-
tremely time and memory consuming, they cannot be used
in a systematic manner to increase the length and time
scales and to vary relevant parameters. Simplified models
using tight-binding potentials are currently under develop-
ment to undertake appropriate large scale simulations.
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