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Adsorption of a carbon atom on the Ni38 magic cluster and three low-index nickel surfaces:
A comparative first-principles study
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Significant current interest exists in the catalytic growth of carbon~C! nanotubes on clusters of transition
metal catalysts. Here we focus on the elemental energetics for the atomistic rate processes involved in the
initial stages of the growth by studying a C atom on a nickel~Ni! magic cluster (Ni38), which preserves fcc
geometry, and three low-index extended Ni surfaces. Our methods are based on density-functional theory. The
binding energies of a C atom on the extended Ni surfaces and the corresponding facets on the Ni cluster have
been obtained and compared. In spite of the large difference in the curvature, the preference order of the
adsorption sites for both the cluster and the extended surfaces is unchanged, which shows that among the stable
~100!, ~111! hcp, and~111! fcc sites the~100! has the lowest energy. The diffusion barriers for a C atom on the
three low-index surfaces, namely~100!, ~110!, and~111!, have also been obtained, with the highest mobility on
the Ni~111! surface.

DOI: 10.1103/PhysRevB.69.205413 PACS number~s!: 68.43.Fg, 61.46.1w, 68.43.Bc, 68.43.Jk
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I. INTRODUCTION

It has been known for a long time that transition met
such as Fe, Co, and Ni are catalytic particles for the gro
of carbon filaments.1 The same essential role has been sho
recently in the growth of the single-wall carbon nanotub
~SWNTs!, which has drawn intense interest from the scie
tific community due to the outstanding properties of SWN
and their potential applications. SWNTs can presently
produced by many methods, such as electric arc-discha2

laser ablation of carbon,3,4 solar energy method,5 and cata-
lytic methods.6–8 The catalytic methods are medium tem
perature synthesis techniques where the carbon source i
tained from the decomposition of carbon-containing g
molecules. Regardless of which synthesis technique is u
however, an important common feature of these method
that small clusters of certain transition metals~Fe, Co, and
Ni! and rare earth metals~Y and La! or their mixtures are
used and found to be essential in high-yield SWNTs form
tion. The morphologies of grown SWNTs are observed to
directly related to the particle size.

In spite of intensive experimental and theoretical stud
in the field, the fundamentals of these catalytic growth p
cesses remain unclear. Questions to be answered include
the clusters rather than one of the extended surfaces ar
fective catalysts. One obvious difference between a clu
and an extended surface is that a cluster has a variet
facets. The facets may play complementary roles in the
talysis process: one could control feedstock decomposit
while others may serve to promote nucleation. To underst
these fundamentals, it is worthwhile to determine the p
ferred adsorption sites and relative mobility of carbon
0163-1829/2004/69~20!/205413~7!/$22.50 69 2054
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various low-index surfaces. Such information is difficult
obtain from experiment, but may be obtained from theore
cal analysis.

In the present work, we choose nickel~Ni! as a prototype
element for these catalytic materials and study the eleme
processes involved in the very initial stages of the nuclea
of carbon~C! on its surfaces by first-principles methods. T
typical sizes of the catalytic particles observed in ma
growth experiments range from a few nm to much larg
systems that are currently not feasible for a first-princip
calculation. Hence we approach the subject under invest
tion by consideration of two extreme cases: a small clus
containing 38 Ni atoms (Ni38), and several extended low
index Ni surfaces. Even with this cluster’s small size, it p
serves many crystalline features. The magic Ni38 cluster
keeps the highly symmetric bulk fcc arrangement for Ni
oms and has six~100! minifacets and eight~111! minifacets,
as shown in Fig. 1. The extended surfaces can be though
as a cluster surface in the macroscopic limit. We focus on

FIG. 1. The high-symmetric Ni38 cluster has an fcc structure
The three stable adsorption sites are indicated.
©2004 The American Physical Society13-1
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TABLE I. The summary of published results from model calculations of surface binding energies (Eb), bond lengths (RC–Ni), and the
comparison with experimental values for carbon adsorption on Ni surfaces.

Ni
surface

BEBO
~Ref. 12!

EMT
~Ref. 17!

PCV
~Ref. 19!

ASED-MO
~Refs. 20 and 21!

MP
~Ref. 22! Experiment

Eb ~eV! ~100! 7.43 6.5
8.10

7.69 7.3511,12

7.379

7.5513

~110! 3.93 6.47
~111!fcc 6.63 6.4

8.25
6.47 3.8220

8.5921
6.23 ,6.9412

6.914,a

~111!hcp 5.33 6.47 3.9420

8.7421
6.24 ,6.9412

6.914,a

RC–Ni ~Å! ~100! 1.91
1.85

1.77 1.8060.01523

1.8260.0524

1.8960.0525

1.8560.0626

1.7960.0327

~110! 1.80
~111!fcc 1.83

1.77
2.0020

2.0121
1.85 1.9028,b

~111!hcp 1.9720

2.0121
1.84

aExperimental result obtained for polycrystalline aluminum-supported nickel catalysts.
bExperimental result obtained for graphitic carbon on the Ni~111! surface.
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adsorption and diffusion of one C atom on the surfaces
these systems and want to understand the comparison
tween these two limiting cases. Our results show that
Ni~100! surface is favored for C adsorption among the lo
index surfaces while the Ni~111! surface has the highest mo
bility for a C atom. Despite the huge difference in the c
vature for the Ni38 cluster and the extended surfaces, t
preference sequence of the adsorption sites is the same

II. PREVIOUS WORK

The majority of previous investigations aimed at und
standing the interaction of carbon with transition metal s
faces have been motivated by the need to understand
lytic hydrocarbon synthesis.9 However, experimental data fo
the fundamental thermodynamic quantities, such as
bonding energy of atomic carbon on single crystal surfac
are scarce. The only known data for single crystal surfa
exists in a series of articles by Blakely and co-workers,10–13

in which the binding energy for carbon was estimat
through a thermodynamic cycle using the measured hea
segregation, vaporization, and solution. Their measu
binding energies are 7.35 eV for Ni~100! and an upper limit
of ,6.94 eV for Ni~111!. The thermodynamic properties o
surface carbon on polycrystalline nickel surfaces have b
studied by observing the Boudouard equilibrium, 2CO↔C
1CO2,14 and are qualitatively consistent with results fro
surface segregation on single-crystals surfaces~e.g., the C
binding energy was measured as 6.9 eV!. Recently, the bind-
ing energies of C to Nin cluster cations has been measur
for 2<n<16 ~Ref. 15! using guided ion beam technique
similar to those used for C binding to Fen cluster cations.16
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The binding energy as a function of cluster size var
strongly for n,5, and largely saturates forn>5 to values
very close to C binding to bulk Ni surfaces.15

Theoretical model studies have been performed to in
pret experimental results and to fill voids in available data
carbon adsorption to Ni surfaces. Blakely and co-work
provided estimates of C bonding to Ni surfaces, using
bond-order/bond-energy~BOBE! method, which are quite
accurate compared to their measurements@7.43 eV for
Ni~100!, 6.63 eV for the fcc surface of Ni~111!#. The BOBE
method is motivated by the understanding that the Ni–C
teraction is primarily local in character.12 Varying combina-
tions of effective-medium theory~EMT! and quantum-
mechanical calculations have been used in reach
contrasting carbon chemisorption pictures.17,18The model of
polar covalence developed by Sanderson was used to c
late binding energies of 6.47 eV at zero coverage for C
sorbed at the fcc hollow site and hcp hollow site on t
Ni~111! surface.19 The atom superposition and electron de
calization molecular orbital~ASED-MO! method has been
applied to estimate surface adsorption.20,21A Morse potential
~MP! parameterization of the Ni–C interaction22 has been
applied to predict a variety of thermodynamic quantities. F
C binding energies on Ni surfaces, the MP method pred
7.69 eV for the~100!, 6.47 eV for the~110!, and 6.23 and
6.24 eV for the fcc and hcp sites on the~111! surface.~See
Table I for a summary of published results from model c
culations of surface binding energies and comparison w
experimental values.!

In addition to the inherent interest resulting from the
primary role in catalysis, description of atomic absorption
3-2
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TABLE II. The present work and the summary of publishedab initio theoretical values obtained using cluster and periodic surf
models along with a comparison with experiment for carbon adsorption on Ni surfaces. The Ni38 cluster in the present work has a fu
relaxation, while in the previous calculations using cluster models~columns 3–5!, the geometry of the Ni cluster is fixed to mimic th
Ni~100! surface.

Ni
surface

DFT-
LDA
Ni9

DFT-
GGA
Ni13

CASSCF
Ni5

Present
work:
Ni38

DFT-
GGA

surface

Present
work:
surface Experiment

Eb

~eV!
~100! 11.431

11.833,c

11.533,d

6.1734 6.5032 8.26 8.43 7.3511,12

7.379

7.5513

~110! 7.65
~111!fcc 7.14 6.6839

6.3540
7.18 ,6.9412

6.914,a

~111!hcp 7.29 5.9739 7.25 ,6.9412

6.914,a

RC–Ni

~Å!
~100! 1.83 1.85 1.8060.01523

1.8260.0524

1.8960.0525

1.8560.0626

1.7960.0327

~110! 1.90
~111!fcc 1.77 1.7939

1.7640
1.77 1.9028,b

~111!hcp 1.76 1.8939 1.77

aExperimental result obtained for polycrystalline aluminum-supported nickel catalysts.
bExperimental result obtained for graphitic carbon on the Ni~111! surface.
cLocal spin-density~LSD! calculation, no spin polarization~singlet!.
dLocal spin-density~LSD! calculation, spin polarization~triplet!.
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transition metal surfaces provides discriminating insight i
the electronic structure of transition metal systems, whoseab
initio description is well-known to be a challenging task d
to the presence of unfilledd-electron shells.29,30 In an effort
to reduce the computational demand imposed by more ri
ous calculations of chemisorption energies on surfaces, e
ab initio calculations employed cluster models of vario
sizes and shapes.31–34 Typically, in these calculations, th
geometry of the Ni cluster is arranged according to the
ometry of a low-index Ni surface, and not relaxed to t
ground-state configuration of a particular cluster. Referen
31 and 33 computed binding energies for a carbon atom
Ni9 cluster as a model for the~100! surface of Ni using
density-functional theory~DFT! in the local-density~LDA !
and local-spin-density~LSD! approximations. While provid-
ing valuable structural information, these calculations ov
predict the absorption energy as 11.4 and 11.5 eV, res
tively. This behavior is consistent with the well-establish
trend of LDA calculations to overpredict bindin
energies.35–38 The generalized gradient approximatio
~GGA! for the exchange-correlation energy functional w
designed, in part, to correct the systematic overbinding
LDA calculations. Reference 34 used the DFT-GGA meth
to predict the binding energy of C on the~111! surface of Ni,
using Ni7 and Ni13 cluster models, as 5.79 and 6.17 eV, r
spectively. Using the complete-active space, self-consis
field ~CASSCF! method, Ref. 32 predicted the C bindin
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energy on the~100! surface of Ni to be 6.50 eV using a Ni5
cluster model.

Reference 39 improved the quantitative,ab initio theoret-
ical description of C adsorption on Ni~111! single crystal
surfaces by performing calculations with periodic surfa
models, allowing the surface coverage dependence to
studied and finite cluster-size effects to be eliminated. T
work used the DFT-GGA and the full-potential linear au
mented plane wave~FP-LAPW! method to compute C bind
ing energies on the Ni~111! surface of 6.68 eV for fcc sites
and 5.97 eV for hcp sites, and recognized the preference
high coordination sites in C adsorption on Ni surfaces. R
erence 40 reports binding energies for C on a perio
Ni~111! surface to be 6.35 eV, using a plane wave, pseu
potential DFT-GGA method very similar to that used in o
present work and described immediately below.~See Table II
for a summary of publishedab initio theoretical values ob-
tained using cluster and periodic surface models, toge
with the present work, along with a comparison with expe
ment for carbon adsorption on Ni surfaces.!

III. METHODS

Our work is based on density functional theory using t
generalized gradient approximation~GGA! for the exchange-
correlation functional. The Viennaab initio simulation pack-
age ~VASP!41 is used in the calculations. For the GG
exchange-correlation functional, we use the PW9142 scheme,
3-3
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ZHANG, WELLS, GONG, AND ZHANG PHYSICAL REVIEW B69, 205413 ~2004!
which gives satisfactory results in many studies of stro
adsorptions on metal surfaces.43 We describe the interactio
from core electrons through ultrasoft pseudopotentials44,45

for both Ni and C, and expand one-electron Kohn-Sh
states in a plane wave basis with kinetic energies up t
cutoff of 21 Ry. We use supercell geometry with period
boundary conditions for all surface and cluster systems c
sidered. All calculations were performed non-spin-polariz
which reduced the total computational effort by a factor of
Since nickel is a weak magnetic material, a spin-polariz
calculation on binding energies may cause a difference a
0.1 eV, as discussed in Ref. 50 for H adsorption on Ni s
faces, and Ref. 39 for C adsorption on the Ni~111! surface.
But it should not change the geometries or the relative ord
ing of the binding energies. For small Ni clusters, it shou
also be weakly magnetic at zero temperature according to
trend in the work published by Reddyet al.46

As a test of the accuracy of our approach, the dimmer
Ni2 and C2 have been computed. Our calculated bo
lengths are 2.104 and 1.269 Å for Ni2 and C2, respectively,
which are reasonably good comparing with correspond
2.155 and 1.243 Å from experiments.47,48 The binding ener-
gies are 2.78 eV for Ni2 and 6.52 eV for C2 ,49 comparing to
2.07 and 6.20 eV for the two dimers from experiments47

respectively. A test at a higher energy cutoff~25 Ry! for
plane wave basis resulted in a change of 0.2% or less.

For all Ni38 calculations, an fcc supercell with the cub
side length of 24 Å is used. That gives a nearest-neigh
distance of about 17 Å, leaving a surface at least 9 Å away
from the surface of a neighboring cluster. To model the th
low-index Ni extended surfaces, a slab with periodic bou
ary conditions in a supercell is used. For the~100! surface, a
two-layer (636) unit cell slab is used, totaling 72 Ni atom
in a tetragonal supercell. For the~111! surface, a two-layer
(636) unit cell slab is chosen in a hexagonal supercell.
the not so close-packed~110! surface, a three-layer (634)
unit cell slab is used in an orthorhombic supercell with t
two edges of the supercell of more or less the same size.
vacuum separating the slabs due to the periodic boun
condition in the direction normal to the surfaces is at least
Å wide. There are 72 Ni atoms in each slab. Since the
sorption energy, which is in opposite sign of the bindi
energy, of a C atom on each surface is the difference
energy between the adsorbed slab and the sum of the s
clean slab and an isolated C atom, the influence due to
slightly different supercells used should be negligible he
In geometry optimizations, the top layer of the~100! and
~111! surfaces and the top two layers of the~110! surface
plus the adsorbed C atom, which is on the top layer only,
fully relaxed while the atoms in the bottom layer of a sl
are fixed at their respective bulk positions. Considering
large size of the supercells chosen, only theG point is used
for the Brillouin zone sampling. We have tested this cho
by using a 2 specialk-points sampling calculation for a ran
domly picked~100! supercell, the adsorption energy diffe
ence against theG point sampling is only;0.03 eV, which
is sufficient for the energies discussed in this work. To ch
the thickness convergence of the slabs chosen above
thicknesses of the slabs were doubled while the smaller
20541
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eral dimensions were used with 4 specialk-points sampling.
The binding energies of C on~100! and~110! surfaces were
increased by less than 1%, while that on~111! sites were
lowered by;1% and;2.5% for fcc and hcp, respectively
These tests justified our choice of the slabs.

IV. RESULTS AND DISCUSSION

The Ni38 cluster represents a magic number in the sim
lated annealing studies on the structures of Nin (n52 – 55),52

where a peak occurs in the energy differenceE(n21)
2E(n) at n538. The ground state structure obtained fro
Ref. 52, which was in agreement with the rece
experiment,53 has been completely relaxed in our firs
principles calculation. The obtained structure preserves
high symmetry, having a truncated octahedron, or fcc geo
etry, as shown in Fig. 1. A radial distribution analysis sho
that the Ni atoms are divided into three layers from the c
ter of the cluster~see Fig. 2!. At this size, 32 out of 38 atoms
of the cluster are surface atoms. They form two sets,
identical atoms that arise from the edges of all the facets
eight identical atoms at the center of each of the eight~111!
facets.

When a C atom is adsorbed on the cluster surface, th
stable adsorption sites are found. One is the hollow site
the ~100! facet, with a coordination of four Ni atoms. Th
other two are fcc and hcp sites on the~111! facet, with a
coordination of three Ni atoms. The cluster experiences o
minor relaxations after the C atom adsorptions, which
clearly shown in Fig. 2. The binding energies for the thr
sites are calculated from the total energy of the C adsor
cluster with respect to those of Ni38 and a single C atom
@Reference state 3P ~Ref. 49!#, i.e., Eb5Etot(Ni38)
1Etot(C atom)2Etot(C/Ni38). They are listed in Table II, to-
gether with the corresponding nearest-neighbor C–Ni b
lengths. The~100! site has the highest binding energy for th
adsorbed C atom, 8.26 eV. The binding energies for hcp
fcc sites of the~111! facet are 0.97 and 1.12 eV lower, re
spectively. This is due to the higher coordination number

FIG. 2. The radial distances of the atoms for the four cases
Ni38 cluster, i.e., a pure cluster, and a C atom adsorbed on the thre
stable adsorption sites. For the adsorption cases, the 39th~the last!
atom is the C atom.
3-4
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ADSORPTION OF A CARBON ATOM ON THE Ni38 . . . PHYSICAL REVIEW B69, 205413 ~2004!
the ~100! facet site~4! than that of the two~111! facet sites
~3!. We have also calculated the total energy of a C atom
inside the cluster. The C atom is located at the interstitial
at the center of the cluster with a coordination number of s
The total energy is 1.20 eV higher than that of the~100! facet
adsorption site after a full relaxation. This indicates that a
atom prefers to stay on the surface of the cluster.

The geometry of a clean Ni surface is optimized for ea
of the three, extended low-index surfaces, i.e., the~100!,
~110!, and~111! surfaces, prior to adsorption of the C atom
Except for the contraction of the layer spacing, there is
surface reconstruction observed for all of the three surfa
in agreement with the previous first-principles calculations
these surfaces.54 After C adsorption, each slab is subs
quently relaxed to reach the minimum-energy configurati

FIG. 3. The schematic top views of the extended Ni surfaces~a!
~100!; ~b! ~110!; and~c! ~111!. The large circles represent top lay
Ni atoms and the small circles represent the second layer. The
face unit cells are indicated by the real lines.
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The most stable adsorption site for the~100! surface is found
at the highly symmetric hollow site, as shown in Fig. 3~a!.
There is no substantial relaxation of the surrounding Ni
oms after the adsorption. The site has a coordination num
of four Ni atoms. Since there is only one C atom in a
36) ~100! supercell, the corresponding coverage is so l
that the clock-like surface reconstruction observed at ab
0.5 ML coverage on the Ni~100! surface27,55 is not a con-
cern. The most stable adsorption site for the~110! surface is
found at the symmetric hollow site, as shown in Fig. 3~b!.
The relaxation for the nearest-neighboring Ni atoms is s
stantial. These Ni atoms move toward the adsorbed C at
The coordination number at this site is five since the dista
from the bottom Ni atom on the second layer to the C at
is 1.92 Å, just 1% larger than the distance from the other f
Ni atoms (;1.90 Å). There are two stable adsorption sit
for the ~111! surface. One is at the hcp site and another is
the fcc site, as indicated in Fig. 3~c!. Both sites have a coor
dination number of three Ni atoms. The only difference b
tween the two sites is the environment at the second Ni la
The energies at the two sites are within several hundredth
eV, comparable to the accuracy of our calculations, which
estimated as;0.03 eV. In the test of the slabs with doub
thickness, which is mentioned at the end of Sec. III, the or
of the two were reversed, but still within several hundred
of eV. So we note that our model is not accurate enough
determine their sequence. The relaxation of the Ni atom
both sites upon C adsorption is minor.

The binding energiesEb , which is defined asEb
5Etot(Ni2slab)1Etot(C atom)2Etot(C/Ni2slab) whereEtot
is the total energy of the system indicated in the parenthe
is obtained for each adsorption configuration. They are lis
in Table II. The highest binding energy occurs at the~100!
site, which is 8.43 eV, surprisingly close to the value~8.26
eV! for the ~100! facet of the Ni38 cluster. Meanwhile, the
~110! surface site and the hcp and fcc sites on the~111!
surface have the lower binding energies in descending or
Compared with the Ni38 cluster results, apart from the lack o
the ~110! facet in Ni38, the energetics of the sites for C ato
adsorption on both the Ni38 cluster and the extended Ni su
faces have exactly the same order. On the other hand,
available C–Ni bond lengths for both Ni38 and the extended
surfaces are consistent, which agree well with the exist
experiments~see Table II!. Considering the huge differenc
in the curvature of the two extreme cases, this is a rema
able result. We could assume that this preference order
the values ofEb’s for the adsorptions of a C atom on any Ni
cluster with a curvature between them will be preserved.
examining the coordination numbers of Ni atoms and
bond lengths for the surface adsorption, there is a correla
between them, a higher coordination number leads t
longer bond length. Similar to the cluster case, the coord
tion of four is preferred by the adsorbed C atom.

The Ni38 cluster is only a model system chosen for t
cluster case of small size and hence large curvature. On
other hand, the extended low-index surfaces are the extr
case for clusters with much larger sizes. But both syste
show that the~100! site is favored by the C adsorption. Th
binding energy values are more or less the same, indica

ur-
3-5
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TABLE III. The diffusion barriers on the three low-index surfaces as indicated in Fig. 3 and discuss
the text.

Surface ~100!
~110! along
the trough

~110! across
the trough ~111!

Saddle point bridge M short bridge bridge
Barrier height~eV! 2.19 0.60 1.46 0.37
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the dominance of nearest neighbors of the adsorption sit
this issue. This agrees with recent experimental results
binding energies of C atoms to nickel cluster cations wh
show convergence of binding energies~within 60.5 eV) to
about 6.5 eV for cluster sizes greater thann55.15 This be-
havior may be understood in terms of simple bond order
and atom coordination arguments.12,16 The interaction be-
tween C and Ni atoms is short-ranged since we believe
electrons from the carbon atom would be filled predom
nantly in nickle’s partially occupiedd-bands/orbitals, which
are localized in space. So the interaction with the near
neighbor Ni atoms play dominant roles.

The mobility of an adsorbed C atom on the various s
faces is a key fact to determine the nucleation, and hence
growth mechanism. The diffusion paths and the correspo
ing barriers of a C atom on the three low-index Ni surfac
are therefore studied. By symmetry consideration on e
surface, we can assume the diffusion is just simply a hopp
between the minima, and the saddle points are most likel
the bridges dividing any two neighboring adsorption si
~minima!. The only exception is the diffusion path along th
trough in the~110! surface. The nudge elastic band metho56

has been used to find the saddle points and diffusion barr
They are listed in Table III. The saddle point of the diffusio
path for the~100! surface is at the bridge between the tw
neighboring hollow sites, with an energy barrier of 2.19 e
Due to the lower symmetry of the~110! surface, there are
two available diffusion paths. One is along the trough wh
another is across the trough@see Fig. 3~b!#. The saddle point
for the path across the trough is at the short-bridge wit
barrier of 1.46 eV. The saddle point for the diffusion alo
the trough is at the middle between the hollow site and
long bridge@see Fig. 3~b!# with a barrier of 0.60 eV. The long
bridge site turns out to be a local minimum, just 0.16
higher energetically than the hollow site. The diffusion pa
on the~111! surface is determined along the connection of
fcc site to its nearby hcp site, with a 0.37 eV barrier at
bridge. By comparison, the diffusion on the Ni~111! surface
has overall the lowest barrier.
la
N

u
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V. CONCLUSION

The present study provides insight into the adsorption
diffusion for a single C atom on Ni surfaces. The result w
provide us useful information to understand the initial sta
of the nucleation for SWNTs. It is still far from a complet
picture for the nucleation and growth.

In conclusion, we have studied the adsorption of a carb
atom on the Ni38 cluster and the three low-index Ni surface
namely~100!, ~110!, and~111!, by DFT calculations with the
GGA treatment to the exchange-correlation functional. T
binding energies of a C atom on the low-index Ni surfac
and the corresponding facets on the Ni38 cluster have been
obtained and compared. Both the binding energies and
bond lengths have a good agreement with experiment.
~100! hollow site is favored by C atom adsorption. In spite
the huge difference in the curvature, the preference orde
the sites for the C atom is unchanged. This preference o
is expected to be kept in large Ni clusters, to which a D
calculation is not feasible currently. A coordination numb
of 4 for C on the surface is always preferred. Although t
~100! surface is favored for C adsorption, the mobility ma
restrict it from being favored by nucleation for carbon tu
growth. The~111! surface has the lowest diffusion barrie
and hence the highest mobility for the C atom.
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