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A
s archetypical nanotechnology ma-
terials, single-walled carbon nano-
tubes1 (SWNTs) have been inten-

sively studied since their discovery because

they possess a variety of outstanding phys-

icochemical properties2,3 which are ex-

pected to be utilized in various potential

technological applications. A large number

of experimental studies have been reported

on the synthesis of SWNTs,4,5 where transi-

tion metals such as Fe, Co, Ni, Y, Mo, or bi-

nary or ternary compounds thereof are typi-

cally used as catalysts. The metal catalyst is

believed to play an essential role in the

nucleation and growth of SWNTs.6 The car-

bon source is supplied in an inert gas atmo-

sphere7 either in the form of elemental car-

bon (laser evaporation,8 carbon arc9) or in

the form of hydrocarbons,10 alcohol,11 or

CO12 using catalytic chemical vapor deposi-

tion (CCVD) techniques. The currently

widely accepted mechanism of SWNT for-

mation is composed of three fundamental

steps: (i) generation of free carbon, (ii) disso-

lution of carbon atoms into the metal cata-

lyst to form a metal carbide, and (iii) precipi-

tation of carbon on the surface of the metal

catalyst, leading eventually to the growth

of a cylinder-shaped nanotube. This mecha-

nism is also frequently referred to as

vapor�liquid�solid (VLS) model.13 How-

ever, the fact that various conditions exist

under which SWNTs can be synthesized

may imply that their growth mechanism is

not always the same or that it may be com-

posed of multiple key reaction processes re-

quiring different conditions for the nucle-

ation and growth processes.14

Since, presently, only up to millimeter

long tubes without clear chirality control

can be produced, Smalley et al. had worked
on experiments which focused on the con-
tinued growth of chirality-specific SWNTs. In
2006, Smalley’s team led by Jim Tour re-
ported a successful technique to attach iron
particles to open-ended seed SWNTs and
showed that continued growth can be
achieved, effectively amplifying the length
of the original seed tube while maintaining
diameter and tube chirality.15 While the ex-
periment is clearly ground-breaking in its
achievement, the fact remains that the reac-
tion dynamics involving nanotube, metal
catalyst, and gas-phase carbon precursor
are not yet fully understood.

Exploration of such complicated non-
equilibrium processes at high temperature
has been a challenging issue, as experimen-
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ABSTRACT Continued growth of a single-walled carbon nanotube (SWNT) on an Fe cluster at 1500 K is

demonstrated using quantum chemical molecular dynamics simulations based on the self-consistent-charge

density-functional tight-binding (SCC-DFTB) method. In order to deal with charge transfer between carbon and

metal particles and the multitude of electronic states, a finite electronic temperature approach is applied. We

present trajectories of 45 ps length, where a continuous supply of carbon atoms is directed toward the C�Fe

boundary between a 7.2 Å long armchair (5,5) SWNT fragment and an attached Fe38 cluster. The incident carbon

atoms react readily at the C�Fe interface to form C- and C2-extensions on the tube rim that attach to the Fe

cluster. These bridging sp-hybridized carbon fragments are vibrationally excited and highly mobile and, therefore,

become engaged in frequent bond formation and breaking processes between their constituent C and the Fe

atoms. The sp-hybridized carbon bridge dynamics and their reactions with the Fe-attached nanotube end bring

about formations of new five-, six-, and seven-membered carbon rings extending the tube sidewall, resulting in

overall continued growth of the nanotube on the Fe cluster up to nearly twice its length. Due to the random nature

of new polygon formation, sidewall growth is observed as an irregular process without clear SWNT chirality

preference. Compared to fullerene formation, heptagon formation is considerably promoted.

KEYWORDS: quantum chemical molecular dynamics simulations · density-functional
tight-binding · self-assembly · continued carbon nanotube growth · iron catalyst
nanoparticle · nonequilibrium dynamics
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tally little is known about the reaction steps involved,
or even the exact composition of the metal particles in
their catalytic active state. On the theoretical/computa-
tional side, thus far, mainly Brenner’s reactive empirical
bond order (REBO)-type molecular mechanics methods
allowing bond breaking/formation have been em-
ployed in molecular dynamics (MD) simulations of the
growth process of carbon nanotubes. We list a small
number of such studies in refs 16–20. However, REBO-
based approaches lack quantum mechanical treatment
of electrons and cannot describe important quantum
mechanical phenomena such as �-conjugation or aro-
matic stabilization (not linearly dependent on the size
of the �-system, important for sp2-hybridized carbon)
nor the effect of near-degeneracy of metal d-orbitals
(important for the catalyst). We have found in the con-
text of fullerene formation that the dynamics and
mechanisms observed during MD based on the REBO
potential are very different from those obtained using
quantum chemical method-based molecular dynamics
(QM/MD) simulations.21 Common to direct QM/MD-
type methods22–29 is that they evaluate at every MD
time step the force acting on each atom at the QM elec-
tronic structure level, which naturally includes elec-
tronic effects. Because of the QM treatment of elec-
trons, the QM/MD method is capable of describing
reaction processes which involve bond formation and
breaking events and naturally includes �-conjugation
effects or aromatic ring stability as well as near-
degeneracy of metal d-electrons. The computational
cost of QM/MD approaches depends on the approxima-
tion level of the electronic structure calculations
employed.

Recently, the nucleation process of a nanotube on
an iron transition metal cluster has been investigated
by the first-principle MD method based on the
Car�Parrinello (CPMD) approach.30,31 However, the re-
ported studies are inadequate because of short simula-
tion time (due to high computational cost) and unreal-
istic initial model geometries. For instance, in ref 30, a
nanodiamond was used as initial carbon complex,
which cannot be expected to be stable under experi-
mental SWNT synthesis condition; in fact, the same
group reported that the nanodiamond transforms rap-
idly to an sp2-network structure under the conditions of
the study even without the presence of the metal cata-
lyst.32 For a thorough exploration of SWNT growth con-
ditions, computationally less expensive methods are re-
quired that nevertheless are capable of dealing with
the complicated electronic structure of transition metal
clusters.

The DFTB/MD (density-functional tight-binding mo-
lecular dynamics) approach is a QM/MD technique
based on the DFTB electronic structure method, a tight-
binding method using an approximate density-
functional formalism.33–35 The DFTB method is approxi-
mately 2 orders of magnitude faster than first-principles

density-functional theory (DFT) and therefore enables
longer simulations and more adequate model systems
for nonequilibrium dynamics of nanosized clusters. On
the basis of such DFTB/MD simulations, we previously
suggested the “shrinking hot giant” road of fullerene
formation,21 which has recently been partially con-
firmed by a transmission electron microscopy study36

and mass spectroscopy of unannealed fullerenes.37

Since many similarities should exist between fullerenes
and carbon nanotubes concerning their formation
mechanisms and structural features, we expect that
the DFTB/MD method is also suitable for the study of
the transition-metal-catalyzed SWNT nucleation and
growth mechanism. With the transition metal param-
eters we recently published,38 we already performed
QM/MD simulations of Fe atoms attached to the open
ends of a short SWNT and demonstrated that DFTB/MD
gives a qualitative accurate picture compared to con-
ventional DFT.39

In the present study, we have investigated the con-
tinued growth process of SWNTs on an Fe38 cluster us-
ing the self-consistent-charge DFTB/MD (SCC-DFTB/
MD) method.34 In the growth simulations, we focused
on the reaction dynamics between feedstock carbon at-
oms and the Fe cluster with a short (5,5) seed SWNT at-
tached, in the spirit of the Smalley group’s experimen-
tal “continued growth”.15 By supplying C atoms around
the SWNT C�Fe interface of the nanotube�Fe cluster,
we have observed clear growth of the seed nanotube in
QM/MD simulations. The growth process exhibits a va-
riety of reaction processes between the
nanotube�metal cluster complex and the incident C at-
oms. In this work, we will report the delicate interplay
among the gas-phase carbon precursor, the nanotube
rim, and the Fe cluster, which leads to the continued
growth of the nanotube on the Fe cluster. Use of C2

molecules instead of C atoms with the same feeding
rate resulted in longer polyyne chains and associated
highly disorganized growth, subsequently leading to
catalyst encapsulation. To prevent this from happen-
ing, the feeding time for C2 molecules should be in-
creased several times, which was computationally not
feasible.

RESULTS AND DISCUSSION
The Model System. Figure 1 shows our initial model sys-

tem for continued growth simulations of a short SWNT
fragment attached to an iron cluster. The open-ended
(5,5) armchair-type nanotube is used as a seed tube
with a length of 7.2 Å and a diameter of 6.7 Å, contain-
ing 60 carbon atoms. Seed tubes with different chirali-
ties such as (8,0) zigzag-type have also been used, but
due to space limitations, these results will be presented
elsewhere. One end of the nanotube seed is covalently
attached to a truncated octahedron Fe38 cluster, which
is chosen to possess fcc (face centered cubic) arrange-
ment corresponding to the stable high-temperature
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phase of iron.40 The end of the nanotube on the oppo-
site side of the metal cluster is terminated by 10 H at-
oms to saturate dangling bonds. In an experiment, usu-
ally both ends of the nanotube are covered by a metal
particle,15 but here we truncated the tube to save com-
puter time. The Cartesian coordinates of this end’s ter-
minal C and H atoms are frozen during the simulations
to avoid reactions between incident gas-phase C atoms
and the terminating H atoms that are not present in
the experiment. The Cartesian coordinates of this start-
ing structure are given in the Supporting Information.
Although SCC-DFTB/MD calculations are computation-
ally approximately 2 orders of magnitude less expensive
than first-principles MD simulations, the inclusion of 38
metal atoms imposes high computational cost on the
simulations. Therefore, the selection of a relatively small
size of the metal cluster (�0.7 nm diameter particles
are small for usual experimental conditions) and the
similarly small nanotube in the present study were due
to the high computational cost of the SCC-DFTB/MD
simulations.

Molecular Dynamics Simulations. Starting with the initial
geometry shown in Figure 1, at first, the nanotube�Fe
cluster complex was annealed at 1500 K for 10 ps, and
10 geometries and associated velocities were randomly
chosen from this trajectory between 5 and 10 ps for ini-
tiating the actual MD simulations. During these produc-
tion “growth simulations”, individual C atoms were sup-
plied around the C�Fe interface of the nanotube�Fe
cluster repeatedly with a time interval of ts � 0.5 ps. The
magnitude of the incident energy of the supplied car-
bon atom was set to 0.13 eV, which corresponds to the
kinetic energy equivalent to the atomic nuclear temper-
ature of 1500 K, and the velocity vector was directed
to the position of a C atom each time randomly cho-
sen from the C atoms forming the nanotube�Fe inter-
face. Simulations using an incident velocity distribution
instead of a fixed incident velocity are currently ongo-
ing. A figure depicting representative random initial po-
sitions for the supplied carbon atoms around the

metal�carbon interface is given in Figure S1 (Support-
ing Information). We added a total of 90 carbon atoms
to the SWNTs and ran trajectories for a total simulation
time length of 45 ps.

We have performed MD simulations for the nuclear
temperature of Tn � 1500 K. As is discussed in detail in
the Methods section, we considered the use of elec-
tronic temperature Te in the electronic structure calcu-
lations. The electronic temperature allows fractional oc-
cupancies for molecular orbitals and takes into account
the near-degeneracy of transition metal d-orbitals,
which is essential in this growth mechanism. We
adopted the combination of Te � 10 000 K/Tn �1500
K and Te � 1500 K/Tn � 1500 K. Applying Te � Tn dur-
ing simulations led to similar growth behavior com-
pared to Te � 10 000 K; therefore, in this work, we will
only discuss in detail the results of the Te � 10 000 K/Tn

� 1500 K simulations. The 10 trajectories thus executed
are identified by Roman letters A to J.

Figure 2a depicts the evolved structures of the 10
trajectories after 45 ps. With different degrees of regu-
larities, defects, and shapes, most of them clearly show
substantial growth of the carbon nanotube from the
seed. Characteristics for the growth in trajectory F can
be seen in Figure 2b,c, and its details are given in the
Supporting Information in the form of a series of Carte-
sian coordinates as well as in the form of a web en-
hanced object (WEO). The growth of the nanotube was
measured by the quantity |GC � GFe| � r, where GC is
the center of mass (COM) of the 10 frozen carbon at-
oms at the end of the nanotube opposite to the metal
cluster, GFe is the COM of the Fe38 cluster, and r is the
average radius of Fe38, which was assumed to be 3.6 Å.

Growth Time Scale. The growth rate of the nanotube in
the present simulation can be expected to depend on
the supply interval of carbon atoms ts. The hypotheti-
cal maximum can be estimated by assuming that all
supplied carbon atoms are immediately incorporated
into the nanotube hexagon network; 10 carbon atoms
supplied in ts � 10 � 5 ps increase the tube length of
the (5,5) nanotube by RCC � cos(30°) � 1.42 Å � �3/2
� 1.23 Å, resulting in a maximum growth rate of 0.25
Å/ps. The actual growth rate of the nanotube can be
calculated from the slope of a length histogram, such
as shown in Figure 2b. From the 10 trajectories studied,
the average growth rate is estimated to be about 0.043
Å/ps, which is only about 1 order of magnitude slower
than that of the maximum achievable rate. This finding
suggests that the growth of SWNTs is rather efficient
when carbon atoms are supplied directly to the
metal�carbon boundary of the present system, with
carbon atoms usually hitting the metal cluster first but
spending relatively short time there before diffusing
rather quickly to the metal-attached SWNT opening.
The diameter of the tube is increased slightly to consid-
erably, depending on the trajectory, and never
decreases.

Figure 1. Model structure for the growth of a seed nano-
tube on an iron cluster. The (5,5) armchair carbon nanotube
is attached to the Fe38 cluster where gray, cyan, and brown
spheres represent hydrogen, carbon, and iron, respectively.
The Cartesian coordinates of this structure are given in the
Supporting Information.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 7 ▪ 1437–1444 ▪ 2008 1439



Of course, it is not meaningful to compare this rate

with the experimental value of �10�5Å/ps,5 which is 3

orders of magnitude smaller than our observed rate.

Obviously, we are oversimplifying the growth process.

Most significantly, we are supplying carbon atoms at

short intervals to the metal�carbon boundary. In prac-

tice, carbon source is typically supplied in the form of

small carbon molecules (C2, C3) which are less reactive

than carbon atoms (elemental carbon processes) or as

hydrocarbons where hydrogen atoms first need to be

abstracted (CCVD processes). Second, the probability of

supplied carbon for a direct hit of the
metal�carbon boundary (which has a
small cross section) can be expected to be
very small; most of the carbon will instead
collide with the metal cluster surface and
diffuse on the surface or inside the metal
cluster to reach the metal�carbon bound-
ary and react; this diffusion process would
be substantially slower that the direct reac-
tion. This point will be discussed again in
a later section.

Defects. The “grown areas” of the nano-
tubes contain several types of carbon poly-
gons such as five-, six-, seven-, and even
eight-membered rings, indicating the in-
troduction of defects in the sidewall. In the
snapshots of all final structures for the Te

� 10 000 K/Tn � 1500 K simulations in Fig-
ure 2a and ring counting statistics (Table
1 and Figures S2 in the Supporting Infor-
mation) it is revealed that pentagon and
heptagon sidewall defects develop along
in the hot area where carbon addition oc-
curs at the metal�carbon interface. The
numbers of newly created five-, six-, and
seven-membered rings were comparable
to each other for those trajectories which
show noticeable growth of the nanotube
length, while slow-growth trajectories
show a significantly reduced number of
hexagons with pentagons and heptagons
being formed with similar probability. For-
mation of six-membered rings seems to be
important to achieve greater tube length,
which makes sense as pentagons induce
concave curvature and heptagons convex
curvature. The present ring count statistics
differ significantly from the ones obtained
in our previous fullerene formation
studies.21,41 There, continued annealing in-
creased gradually the number of hexa-
gons over the thermodynamically less
preferable pentagons from an initial 1:1 ra-
tio, while heptagons were found very infre-
quently.41 We think that it is possible that
the chirality of the colder, outer SWNT

hexagon network can imprint its structural features
such as diameter and chiral indices on the annealing
hotter growth area, although our simulation time was
too short to follow this process. To create completely
annealed SWNTs, probably longer than hundreds of pi-
coseconds simulation time would be required after the
addition of the final carbon atom. Such simulations are
currently in progress in our laboratory.

Carbide Formation during SWNT Growth. In the present
study, we have observed the penetration of several C
atoms into the subsurface area of the Fe cluster. How-

Figure 2. Growth process of a seed nanotube on an Fe38 cluster. (a) Structures of 10 tra-
jectories after 45 ps simulation. For trajectory F, (b) length of the nanotube versus time and
(c) snapshots of trajectory F at relevant intervals.

�w A movie in AVI format, video 1 is available.

A
RT

IC
LE

VOL. 2 ▪ NO. 7 ▪ OHTA ET AL. www.acsnano.org1440



ever, any noticeable reaction between the nanotube
and the C atoms inside the Fe cluster did not occur be-
cause of the low mobility of the dissolved C atoms in
the time scale of this study (45 ps). This indicates that
subsurface diffusion is not a necessary prerequisite for
the SWNT growth. However, the low diffusiveness of
the dissolved C atoms does not mean that such C at-
oms do not contribute to the growth process of the
nanotube. Much longer simulation time would be nec-
essary in order to follow the growth of the nanotube via
subsurface diffusion or dissolution process of C atoms.
We note that a substantial number of C2 molecules are
formed in all trajectories on the metal cluster surface.
The formation of C2 from supplied C atoms on the metal
surface seems to be very rapid and is inline with our
previous report that Fe�C2�Fe configurations are fre-
quently encountered in nanotube�metal interfaces.39

Ring Formation Process around the
Metal�Carbon Boundary. Since it is impos-
sible to discuss each trajectory in all de-
tails, we extract the major features oc-
curring during ring formation and
present simplified schematics that nev-
ertheless reflect actual events observed
during the simulations. Figure 3a shows
a very schematic depiction of typical in-
corporation processes of the incident C
atoms into the C�Fe boundary. In step
(i), the incident C atom approaches the
C�Fe boundary area where the edge of
the nanotube, a C-bridge, or short C
chains interact with the Fe cluster. In
step (ii), the insertion reaction of the in-
cident C into the C�Fe bond (��Fe) oc-
curs to form a triangle structure
(��Œ�Fe). Once the C�C bond
(��Œ) is newly created, the C�C�Fe
(��Œ�Fe) angle immediately in-
creases by breaking the old C�Fe bond
(��Fe), and then in step (iii), a bridging
structure is constructed between the
nanotube and the Fe cluster. The repeti-
tion of this insertion reaction is fol-
lowed by the formation of carbon ring
structures at the rim of the nanotube. In
these ring formation processes, five-,

six-, seven-, and eight-membered rings were created

and broken repetitively by the fluctuation of the C

chains and the collisions between the incident C with

the C�Fe interface. Figure 3b shows a schematic depic-

tion of a typical formation process of the six-membered

ring unit. In step (i), the incident C is incorporated into

the C�Fe boundary to form a bridging structure

(���Œ�Fe�) through the insertion reaction as de-

scribed above. In step (ii), a short C bridge experiences

thermal fluctuation for a while with frequent bond

breaking and formation between the constituent C at-

oms and Fe atoms. In step (iii), the C atoms attached to

the rim occasionally approach each other and form a

six-membered ring. Once created, the hexagonal struc-

tural unit remains rather stable and contributes to the

construction of the sidewall of the nanotube. The for-

mation of a five-membered ring at the rim of the nano-

tube also occurs in a similar manner, as shown in Fig-

ure 3c. The difference here is that the inner of the two

C atoms of the C bridge reacts with an adjacent origi-

nal C atom. Once a five-membered ring is formed, its

pentagonal structure is robustly maintained where one

constituent C at the edge of the nanotube tends to be

bound to an Fe atom (Œ�Fe). This process resembles

somewhat the self-capping mechanism of open-ended

nanotubes without metal clusters attached, as we have

described in ref 42.

TABLE 1. Ring Statistics at 45 ps for Trajectories A�J

number of newly created rings

five-ring six-ring seven-ring

all 10 trajectories 65 37 53
ratio 0.42 0.24 0.34
rapid-growth trajectories (B,D,F,G,I,J) 39 33 30
ratio 0.38 0.32 0.29
slow-growth trajectories (A,C,E,H) 26 4 23
ratio 0.49 0.08 0.43

Figure 3. Schematic depictions of growth processes: (a) incorporation of the incident C into
the C�Fe boundary of the nanotube�Fe cluster, (b) the six-membered ring formation, and (c)
the five-membered ring formation. Œ: incident C atom; �: C atom around the C�Fe boundary.
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As we had pointed out already in our DFTB/MD stud-
ies of fullerene formation, the initial pentagon/hexa-
gon ratio is close to 1:1 at initial stages of the slab
creation.21,41 Subsequently, high temperature allows
substantial slab reconstruction involving the breaking
and formation of C�C bonds, and due to the thermo-
dynamic bias toward hexagons, eventually a ratio closer
to 0.33 is reached in the case of fullerene formation.41

In the presence of the transition metal catalyst facilitat-
ing a large number of pentagons and heptagons, car-
bon mobility, and lower temperature of SWNT forma-
tion as opposed to the higher temperatures of fullerene
formation, an even greater dominance of hexagons
over pentagons can be expected toward the end of
the annealing process, which possibly explains the fact
that SWNTs are hexagon-only structures (except for the
caps at their ends or sudden tube bents that are some-
times observed in experiment).

SUMMARY
In summary, we have demonstrated rapid growth

behavior of a nanotube on an iron cluster using quan-
tum chemical method-based molecular dynamics simu-
lations (QM/MD) using the self-consistent-charge
density-functional tight-binding (SCC-DFTB) method.
By providing an abundant, targeted supply of C atoms
around the C�Fe interface of a nanotube�Fe model
cluster, we have observed prompt insertion of the inci-
dent C into the C�Fe boundary to form short bridging
C- and C2-extensions of the nanotube and the Fe clus-
ter. The repetitive insertion and subsequent bridging
sp-hybridized carbon fragment formation results in the
rapid formation of five-, six-, seven-, and sometimes
even eight-membered rings which contribute to the
continued growth process of the nanotube on the Fe
cluster.

We find that the presence of long polyyne chains (n
� 4) is not a necessary prerequisite for the continued
growth, and neither seems carbide formation to be a
necessary requirement. Rather, the short C- and C2-
extensions on the nanotube rim that are somewhat
reminiscent of the “wobbling C2” units we had de-
scribed in the self-capping process of open-ended

SWNTs42 were observed to perform the polygon con-

struction and sidewall extension. These sp-hybridized

carbon bridges are directly attached to the metal clus-

ter, and their adhesion strength43 could very well be im-

portant for the maintenance of the tube diameter. Our

results suggest that it is possible for the nanotube to

grow on the metal particle without surface or subsur-

face diffusion of the C atoms on the metal cluster, al-

though we note that this finding is due to our target-

ing of the C�Fe interface region by the incident C

atoms. Surface/subsurface diffusion of the C atoms on

the metal catalyst may still be important for the growth

of the nanotube due to the larger cross section for

carbon�metal collisions. Pursuing such diffusion pro-

cesses as well as the complete annealing of the five-,

seven-, and eight-membered ring defects requires a

much longer simulation time scale, and the relevant

work is now in progress.

We note that clear chirality selection could not be

accomplished at the carbon�metal interface due to

the high exothermicity of the addition reaction, result-

ing in an almost equal generation of five-, six-, and

seven-membered rings for rapid-growth trajectories,

different from fullerene formation where mainly five-

and six-membered but not six-membered ring forma-

tion is observed. In case of slow-growth trajectories, a

1:1 ratio between newly created pentagons and hepta-

gons was observed, with a much smaller number of

hexagons, linking hexagon formation to tube length.

Due to the apparent random nature of new carbon

polygon formation, sidewall growth appears as an ir-

regular process without clear SWNT chirality preference.

This is an interesting finding as it was speculated that

the highly irregular, defective tubes “grown” in REBO

simulations16–20 are due to the lack of �-conjugation

in this semiempirical potential. Our results suggest that

the tube chirality observed in experimentally synthe-

sized tubes may rather be a result of the chirality im-

printed by the colder tube section (or cap) further away

from the growth region during the annealing of the

freshly grown sidewall area. Simulations to test this hy-

pothesis are now ongoing.

METHODS
SCC-DFTB Method. In the present QM/MD simulations, we em-

ployed the self-consistent-charge (SCC)-DFTB method34 for ob-
taining the quantum potential. The DFTB method is based on the
second-order expansion of the total electronic DFT energy with
respect to the variation of a reference density. In the SCC-DFTB
method, the atomic charge�charge interaction is explicitly in-
cluded in the electronic energy and the DFTB secular equation
is solved iteratively until the Mulliken atomic charges become
self-consistent with the Hamiltonian. There exists a nonconsis-
tent charge (NCC) version of DFTB in which the atomic
charge�charge interaction is completely neglected. NCC-DFTB
method requires no iteration and is several times less expensive
than the SCC-DFTB and was used for our previous MD studies of

fullerene formation from C2 molecules21,41 because, in a system
consisting only of carbon atoms, charge polarization can safely
be neglected. However, in the present system consisting of tran-
sition metals and free-floating carbons fragments, NCC-DFTB
gives a totally wrong charge distribution and should therefore
not be used.

Fractional Occupation Numbers and Electronic Temperature. In the
SCC-DFTB calculation, the total electronic energy E is given as

E ) 2∑
i

εifi + Erep (1)

where the first and the second terms in eq 1 represent the so-
called electronic or band structure energy and the repulsive
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short-range potential, respectively, with �i and fi being the orbital
energy and the orbital occupation. In the simple closed shell
calculation, fi is 1 for occupied orbitals and 0 for vacant orbitals.
In the present simulation, we adopted the Fermi�Dirac
distribution function for fi

fi )
1

exp[(εi - µ) ⁄ kBTe] + 1
, 0e fie 1 (2)

which changes continuously from �1 for low energy orbitals to
�0 for high energy orbitals. In this equation, kB is the Boltzmann
constant, Te is the so-called “electronic temperature”, and 	 is the
chemical potential, which is numerically determined so that the
sum of all the fractional number of electrons is equal to the total
number of electrons Ne:Ne � 2
i fi. In the fractional occupation
scheme, it is well-known that the variational quantity is not the
total electronic energy E but the Mermin free energy E � TeSe,
where Se is the electronic entropy. In the case of the Fermi�-
Dirac function, Se is given as44

Se )-2kB∑
i

∞

[filn fi + (1 - fi)ln(1 - fi)] (3)

It should be noted that the electronic temperature need not to
be equal to the nuclear temperature of the reaction system.44–47

Several thousand Kelvin is commonly used for improving
convergence in electronic structure calculations.48 In the present
study, the main purpose of using electronic temperature is to
describe in an averaged and qualitative fashion the participation
of many electronic states arising from the near-degeneracy of
3d-orbitals of the transition metal cluster. In this treatment, the
spin of electrons is not included explicitly since the overall effect
of the spin is not expected to be large for an average of many
spin states generated from the fractional occupancy of many
orbitals in the cluster. One advantage of the continuous change
in fractional occupation number is that the electronic energy
and therefore the total SCC-DFTB energy are continuous during
the propagation of the trajectories, and one can avoid the energy
discontinuity arising from the crossing of different states due to
different occupied and vacant orbitals. Concerning the
somewhat arbitrary choice of electronic temperature, we used
mainly Te � 10 000 K. The corresponding energy kBTe � 0.87 eV
is comparable to the half-width of the 3d band of the present
Fe cluster. We have also examined the case of Te�Tn�1500 K,
where Tn is the nuclear temperature, and we confirmed that the
present results were not significantly affected by the range of
the electronic temperatures. If Te is not explicitly mentioned in
the text above, we discuss only the results for the case Te

�10 000 K.
It is worth mentioning that no use of fractional occupancy

(or equivalently Te � 0 K) corresponds to the adaptation of a
closed shell single determinant wave function where only the
lowest energy orbitals are doubly occupied up to the HOMO,
while all the orbitals above the HOMO are considered vacant.
Preliminary calculations indicate that assuming such a state
causes serious convergence problems during the SCC iterations
for each step of the MD simulations even for much smaller
metal�carbon systems. Thus the use of the finite temperature
approach is mandatory for the present system.

Molecular Dynamics Simulations. The molecular dynamics simula-
tions were performed with a time step of 1.0 fs using the veloc-
ity Verlet integrator. Periodic boundary conditions were imposed
with a cubic box size of 100 Å3. The nuclear temperature of the
system was kept at a target temperature of 1500 K using the
Nose�Hoover chain thermostat,49 emulating effective and fre-
quent collisions with the inert gas.
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