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Significant current interest exists in the catalytic growth of car@nnanotubes 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 studygna C atom on a nickelNi) magic cluster (Njg), which preserves fcc
geometry, and three low-index extended Ni surfaces. Our methods are based on density-functional theory. The
binding energiesfoa 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, (112) hep, and(111) fcc sites thg100) has the lowest energy. The diffusion barriersdaC atom on the
three low-index surfaces, namef00), (110), and(111), have also been obtained, with the highest mobility on
the Ni(111) surface.
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I. INTRODUCTION various low-index surfaces. Such information is difficult to
obtain from experiment, but may be obtained from theoreti-
It has been known for a long time that transition metalscal analysis. -
such as Fe, Co, and Ni are catalytic particles for the growth In the present work, we choose nickdli) as a prototype
of carbon filamentd The same essential role has been showrglement for these catalytic materials and study the elemental
recently in the growth of the single-wall carbon nanotubesProcesses involved in the very initial stages of the nucleation
(SWNTS, which has drawn intense interest from the scien-of carbon(C) on its surfaces by first-principles methods. The
tific community due to the outstanding properties of SWNTstyPical sizes of the catalytic particles observed in many
and their potential applications. SWNTs can presently b@rOWth experiments range from a few nm to much larger
produced by many methods, such as electric arc-discRargesYSt€ms that are currently not feasible for a first-principles
laser ablation of carboh? solar energy methotand cata- Calculation. Hence we approach the subject under investiga-
lytic methodsS~8 The ca’talytic methods are medium tem- tion by consideration of two extreme cases: a small cluster

. . . %ontaining 38 Ni atoms (Ng), and several extended low-
perature synthesis techniques where the carbon source is ab- . : : ; o
index Ni surfaces. Even with this cluster’s small size, it pre-

tained from the decomposition of carbon-containing gas erves many crystalline features. The magigsNiluster

molecules. Regardless of which synthesis technique is use_aeeps the highly symmetric bulk fcc arrangement for Ni at-
however, an important common feg_ture of these methods ISms and has sik100) minifacets and eightL11) minifacets,
that small clusters of certain transition meté#®, Co, and 45 shown in Fig. 1. The extended surfaces can be thought of

Ni) and rare earth metals’ and La or their mixtures are 55 5 cluster surface in the macroscopic limit. We focus on the
used and found to be essential in high-yield SWNTs forma-

tion. The morphologies of grown SWNTs are observed to be
directly related to the particle size.

In spite of intensive experimental and theoretical studies
in the field, the fundamentals of these catalytic growth pro-
cesses remain unclear. Questions to be answered include why
the clusters rather than one of the extended surfaces are ef-
fective catalysts. One obvious difference between a cluster
and an extended surface is that a cluster has a variety of
facets. The facets may play complementary roles in the ca-
talysis process: one could control feedstock decomposition,
while others may serve to promote nucleation. To understand
these fundamentals, it is worthwhile to determine the pre- FIG. 1. The high-symmetric Nj cluster has an fcc structure.
ferred adsorption sites and relative mobility of carbon onThe three stable adsorption sites are indicated.
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TABLE |. The summary of published results from model calculations of surface binding enekEgjgsbond lengths Re_y;), and the
comparison with experimental values for carbon adsorption on Ni surfaces.

Ni BEBO EMT PCV ASED-MO MP
surface (Ref. 19 (Ref. 17 (Ref. 19 (Refs. 20 and 21 (Ref. 22 Experiment
E, (V) (100 7.43 6.5 7.69 7.38%12
8.10 7.37
7.55°
(110 3.93 6.47
(11Dfec 6.63 6.4 6.47 3.830 6.23 <6.942
8.25 8.5¢! 6.942
(11Dhcp 5.33 6.47 3.9 6.24 <6.94
8.74* 6.9142
Re_ni (A) (100 1.91 1.77 1.80-0.015°
1.85 1.82+0.05*
1.89+0.05°
1.85+0.06°°
1.79+0.0%7
(110 1.80
(11Dfcc 1.83 2.00%° 1.85 1.968"0
1.77 2.01%
(11Dhcp 1.97° 1.84
2.0

3Experimental result obtained for polycrystalline aluminum-supported nickel catalysts.
PExperimental result obtained for graphitic carbon on theLND) surface.

adsorption and diffusion of one C atom on the surfaces offhe binding energy as a function of cluster size varies
these systems and want to understand the comparison bstrongly forn<5, and largely saturates for=5 to values
tween these two limiting cases. Our results show that thgery close to C binding to bulk Ni surfacés.
Ni(100 surface is favored for C adsorption among the low  Theoretical model studies have been performed to inter-
index surfaces while the Ni1l) surface has the highest mo- pret experimental results and to fill voids in available data on
bility for a C atom. Despite the huge difference in the cur-carhon adsorption to Ni surfaces. Blakely and co-workers
vature for the Nig cluster and the _exten_ded_ surfaces, theprovided estimates of C bonding to Ni surfaces, using the
preference sequence of the adsorption sites is the same. bond-order/bond-energyBOBE) method, which are quite
accurate compared to their measuremeftst3 eV for
Il. PREVIOUS WORK Ni(100), 6.63 eV for the fcc surface of Kill)]. The BOBE

The majority of previous investigations aimed at under-method is motivated by the understanding that the Ni—C in-
teraction is primarily local in charact&t.Varying combina-

standing the interaction of carbon with transition metal sur-* _ _
faces have been motivated by the need to understand catdens of effective-medium theorfEMT) and quantum-
lytic hydrocarbon synthesfsHowever, experimental data for Mechanical calculations have been used in reaching
the fundamental thermodynamic quantities, such as thgontrasting carbon chemisorption pictutés® The model of
bonding energy of atomic carbon on single crystal surfacespolar covalence developed by Sanderson was used to calcu-
are scarce. The only known data for single crystal surfacekite binding energies of 6.47 eV at zero coverage for C ad-
exists in a series of articles by Blakely and co-work8ré®  sorbed at the fcc hollow site and hcp hollow site on the
in which the binding energy for carbon was estimatedNi(111) surface® The atom superposition and electron delo-
through a thermodynamic cycle using the measured heats ehlization molecular orbital ASED-MO) method has been
segregation, vaporization, and solution. Their measuredpplied to estimate surface adsorptf8A*A Morse potential
binding energies are 7.35 eV for (400 and an upper limit (MP) parameterization of the Ni—C interactidrhas been

of <6.94 eV for N{111). The thermodynamic properties of applied to predict a variety of thermodynamic quantities. For
surface carbon on polycrystalline nickel surfaces have bee@ binding energies on Ni surfaces, the MP method predicts
studied by observing the Boudouard equilibrium, 266G  7.69 eV for the(100), 6.47 eV for the(110), and 6.23 and
+C0,,* and are qualitatively consistent with results from 6.24 eV for the fcc and hcp sites on thEL]) surface.(See
surface segregation on single-crystals surfageg., the C  Table | for a summary of published results from model cal-
binding energy was measured as 6.9.eRecently, the bind- culations of surface binding energies and comparison with
ing energies of C to Nicluster cations has been measuredexperimental values.

for 2=n=<16 (Ref. 15 using guided ion beam techniques In addition to the inherent interest resulting from their
similar to those used for C binding to feluster cationd®  primary role in catalysis, description of atomic absorption on
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TABLE II. The present work and the summary of publishegul initio theoretical values obtained using cluster and periodic surface
models along with a comparison with experiment for carbon adsorption on Ni surfaces. Fheuster in the present work has a full
relaxation, while in the previous calculations using cluster mo¢etumns 3—5 the geometry of the Ni cluster is fixed to mimic the
Ni(100 surface.

DFT- DFT- Present DFT- Present
Ni LDA GGA CASSCF work: GGA work:
surface Nig Niq3 Nis Nisg surface surface Experiment
Ep (100 11.41 6.17 6.50°2 8.26 8.43 7.35:12
(eV) 11.8%¢ 7.37
11.5%4 7 5613
(110 7.65
(11Dfcc 7.14 6.68° 7.18 <6.94
6.35' 6.9142
(11)hcp 7.29 599 7.25 <6.94
6.9442
Re_ni (100 1.83 1.85 1.86:0.0153
A) 1.82+0.05*
1.89+0.05°
1.85+0.06°°
1.79+0.0%7
(110 1.90
(11Dfcc 1.77 1.78° 1.77 1.968°
1.76'
(11)hcp 1.76 1.8% 1.77

3Experimental result obtained for polycrystalline aluminum-supported nickel catalysts.
PExperimental result obtained for graphitic carbon on thELND) surface.

‘Local spin-densityLSD) calculation, no spin polarizatiofsingle?.

dLocal spin-densityLSD) calculation, spin polarizatioftriplet).

transition metal surfaces provides discriminating insight intoenergy on th&100) surface of Ni to be 6.50 eV using a i

the electronic structure of transition metal systems, wladise cluster model.

initio description is well-known to be a challenging task due Reference 39 improved the quantitatia, initio theoret-

to the presence of unfilled-electron shell€®*°n an effort  ical description of C adsorption on (ill) single crystal

to reduce the computational demand imposed by more rigoisurfaces by performing calculations with periodic surface
ous calculations of chemisorption energies on surfaces, earlyodels, allowing the surface coverage dependence to be
ab initio calculations employed cluster models of variousstudied and finite cluster-size effects to be eliminated. This
sizes and shapé&:®* Typically, in these calculations, the Work used the DFT-GGA and the full-potential linear aug-
geometry of the Ni cluster is arranged according to the gemented plane wavé=P-LAPW) method to compute C bind-
ometry of a low-index Ni surface, and not relaxed to theind energies on the Ni1l) surface of 6.68 eV for fcc sites
ground-state configuration of a particular cluster. Reference@nd 5.97 €V for hcp sites, and recognized the preference for
31 and 33 computed binding energies for a carbon atom on @9 coordination sites in C adsorption on Ni surfaces. Ref-
Ni cluster as a model for thé100 surface of Ni using erence 40 reports binding energies for C on a periodic

- : ; ; Ni(111) surface to be 6.35 eV, using a plane wave, pseudo-
density-functional theoryDFT) in the local-density(LDA) ! Y )
and Io)t/:al—spin-densitngD) approximations. Whilz(provid- potential DFT-GGA method very similar to that used in our

. . . . present work and described immediately bel@®ee Table I
ing valuable structural information, these calculations overy 4 summary of publishedb initio theoretical values ob-

velv. This behavior i 4 i th i blish d?éined using cluster and periodic surface models, together
tively. This behavior Is consistent with the well-established, iy, {he present work, along with a comparison with experi-

trend of LDA calculations to overpredict binding ment for carbon adsorption on Ni surfades.
energies® 38 The generalized gradient approximation

(GGA) for the exchange-correlation energy functional was
designed, in part, to correct the systematic overbinding of
LDA calculations. Reference 34 used the DFT-GGA method Our work is based on density functional theory using the
to predict the binding energy of C on tli&ll) surface of Ni, generalized gradient approximati@@GA) for the exchange-
using Niy and Ni3 cluster models, as 5.79 and 6.17 eV, re-correlation functional. The Viennab initio simulation pack-
spectively. Using the complete-active space, self-consisterstge (VASP)*! is used in the calculations. For the GGA
field (CASSCH method, Ref. 32 predicted the C binding exchange-correlation functional, we use the P¥¢8theme,

lIl. METHODS
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which gives satisfactory results in many studies of strong ST T
adsorptions on metal surfacEsWe describe the interaction g i 4
from core electrons through ultrasoft pseudopoterffi4fs £ 4l ng_'
for both Ni and C, and expand one-electron Kohn-Sham 2| cEsESBSIEEARsASARRRNGTT
states in a plane wave basis with kinetic energies up to a 3:; 5L cEEEEDES ]
cutoff of 21 Ry. We use supercell geometry with periodic § .
boundary conditions for all surface and cluster systems con- = | . Ni ]
sidered. All calculations were performed non-spin-polarized, 8 2 [ msan ° Nizz+c(100) ]
which reduced the total computational effort by a factor of 2. 21 ©  Niy +C(111) hpe ]
Since nickel is a weak magnetic material, a spin-polarized g1l O Ni+C(111)fec N
calculation on binding energies may cause a difference about ;: ]
0.1 eV, as discussed in Ref. 50 for H adsorption on Ni sur- 2 ol o v
faces, and Ref. 39 for C adsorption on thg14il) surface. a 0 10 20 30 40
But it should not change the geometries or the relative order- Atom Index

ing of the binding energies. For small Ni clusters, it should

also be weakly magnetic at zero temperature according to the. FIG. 2. T_he radial distances of the atoms for the four cases of a
trend in the work published by Reday al4e Nisg cluster, i.e., a pure cluster, dia C atom adsorbed on the three

As a test of the accuracy of our approach, the dimmers O?table adsorption sites. For the adsorption cases, the(B@&tHast

Ni, and G have been computed. Our calculated bonda1t0m is the C atom.

lengths are 2.104 and 1.269 A for Nand G, respectively, . . . o )
which are reasonably good comparing with corresponding'@l dimensions were used with 4 spedigboints sampling.
2.155 and 1.243 A from experimerf&*3 The binding ener- | N€ binding energies of C 0f100 and(110 surfaces were
gies are 2.78 eV for Niand 6.52 eV for G,*° comparing to increased by less than 1%, while that ¢i11) sites were
2.07 and 6.20 eV for the two dimers from experimefits, lowered by~1% and~2.5% for fcc and hep, respectively.
respectively. A test at a higher energy cuté®#s Ry) for These tests justified our choice of the slabs.

plane wave basis resulted in a change of 0.2% or less.

For all Nigg calculations, an fcc supercell with the cubic IV. RESULTS AND DISCUSSION
side length of 24 A is used. That gives a nearest-neighbor
distance of about 17 A, leaving a surface at {e<hé\ away The Nig cluster represents a magic number in the simu-

from the surface of a neighboring cluster. To model the thredated annealing studies on the structures gf (Wi= 2 —55) >
low-index Ni extended surfaces, a slab with periodic boundwhere a peak occurs in the energy differeneén—1)

ary conditions in a supercell is used. For fi€0) surface, a —E(n) at n=38. The ground state structure obtained from
two-layer (6x 6) unit cell slab is used, totaling 72 Ni atoms Ref. 52, which was in agreement with the recent
in a tetragonal supercell. For th&11) surface, a two-layer experiment® has been completely relaxed in our first-
(6x6) unit cell slab is chosen in a hexagonal supercell. Foprinciples calculation. The obtained structure preserves the
the not so close-packed10 surface, a three-layer (64) high symmetry, having a truncated octahedron, or fcc geom-
unit cell slab is used in an orthorhombic supercell with theetry, as shown in Fig. 1. A radial distribution analysis shows
two edges of the supercell of more or less the same size. Thibat the Ni atoms are divided into three layers from the cen-
vacuum separating the slabs due to the periodic boundargr of the clustefsee Fig. 2 At this size, 32 out of 38 atoms
condition in the direction normal to the surfaces is at least 12f the cluster are surface atoms. They form two sets, 24
A wide. There are 72 Ni atoms in each slab. Since the adidentical atoms that arise from the edges of all the facets and
sorption energy, which is in opposite sign of the bindingeight identical atoms at the center of each of the e{gh)
energy, of a C atom on each surface is the difference irfiacets.

energy between the adsorbed slab and the sum of the sameWhen a C atom is adsorbed on the cluster surface, three
clean slab and an isolated C atom, the influence due to th&table adsorption sites are found. One is the hollow site on
slightly different supercells used should be negligible herethe (100 facet, with a coordination of four Ni atoms. The
In geometry optimizations, the top layer of tfi#00 and other two are fcc and hcp sites on thEL1) facet, with a
(111 surfaces and the top two layers of tfELQ) surface coordination of three Ni atoms. The cluster experiences only
plus the adsorbed C atom, which is on the top layer only, areninor relaxations after the C atom adsorptions, which are
fully relaxed while the atoms in the bottom layer of a slabclearly shown in Fig. 2. The binding energies for the three
are fixed at their respective bulk positions. Considering thesites are calculated from the total energy of the C adsorbed
large size of the supercells chosen, only thpoint is used cluster with respect to those of §iand a single C atom
for the Brillouin zone sampling. We have tested this choicg Reference state 3P (Ref. 49], i.e., Ep=E(Nisg)

by usirg a 2 speciak-points sampling calculation for a ran- + E(C atom)- E,,(C/Nizg). They are listed in Table I, to-
domly picked (100 supercell, the adsorption energy differ- gether with the corresponding nearest-neighbor C—Ni bond
ence against th€ point sampling is only~0.03 eV, which  lengths. Theg100) site has the highest binding energy for the
is sufficient for the energies discussed in this work. To checladsorbed C atom, 8.26 eV. The binding energies for hcp and
the thickness convergence of the slabs chosen above, tifiec sites of the(111) facet are 0.97 and 1.12 eV lower, re-
thicknesses of the slabs were doubled while the smaller latspectively. This is due to the higher coordination number of
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(a) The most stable adsorption site for tti®0) surface is found
at the highly symmetric hollow site, as shown in Figa)3
(100) Surface There is no substantial relaxation of the surrounding Ni at-
Q O O oms after the adsorption. The site has a coordination number
. of four Ni atoms. Since there is only one C atom in a (6
©__©O hollow site X 6) (100 supercell, the corresponding coverage is so low
Q K}Cj that the clock-like surface reconstructig%gbserved at about
= —/ . bridge site 0.5 ML coverage on the Ni100) surfacé’>"is not a con-
\e}; cern. The most stable adsorption site for (h&0) surface is
C/ \_> Q found at the symmetric hollow site, as shown in Figb)3
The relaxation for the nearest-neighboring Ni atoms is sub-
(b) stantial. These Ni atoms move toward the adsorbed C atom.

The coordination number at this site is five since the distance
from the bottom Ni atom on the second layer to the C atom
(110) Surface is 1.92 A, just 1% larger than the distance from the other four
Ni atoms (~1.90 A). There are two stable adsorption sites
O O O . for the (111) surface. One is at the hcp site and another is at
short bridge the fcc site, as indicated in Fig(@. Both sites have a coor-
O O dination number of three Ni atoms. The only difference be-
O /) tween the two sites is the environment at the second Ni layer.
L/ N\ o The energies at the two sites are within several hundredths of
. eV, comparable to the accuracy of our calculations, which we
\?f‘ﬂ\ long bridge estimated as-0.03 eV. In the test of the slabs with double
(/ I thickness, which is mentioned at the end of Sec. Ill, the order
M of the two were reversed, but still within several hundredths
of eV. So we note that our model is not accurate enough to
(© determine their sequence. The relaxation of the Ni atoms at
both sites upon C adsorption is minor.
The binding energieskE,, which is defined ask,
= Eo(Ni—slab)+ E;(C atom)— E;,(C/Ni— slab) whereE,
(111) Surface is the total energy of the system indicated in the parenthesis,
hep site is obtained for each adsorption configuration. They are listed
in Table Il. The highest binding energy occurs at thé0
OOO bridge site site, which is 8.43 eV, surprisingly close to the va_(l&!e26
‘ eV) for the (100 facet of the Nig cluster. Meanwhile, the
(N

/ fec site (110 surface site and the hcp and fcc sites on ¢h#&l)
Q surface have the lower binding energies in descending order.

hollow site

Compared with the Nj cluster results, apart from the lack of
the (110 facet in Nig, the energetics of the sites for C atom
FIG. 3. The schematic top views of the extended Ni surfa@@s: adsorption on both the By cluster and the extended Ni sur-
(100); (b) (110; and(c) (111). The large circles represent top layer faces have exactly the same order. On the other hand, the
Ni atoms and the small circles represent the second layer. The suvailable C—Ni bond lengths for both §iand the extended
face unit cells are indicated by the real lines. surfaces are consistent, which agree well with the existing
experimentgsee Table ). Considering the huge difference
the (100) facet site(4) than that of the twd111) facet sites in the curvature of the two extreme cases, this is a remark-
(3). We have also calculated the total enerdyaoC atom  able result. We could assume that this preference order and
inside the cluster. The C atom is located at the interstitial sit¢he values oE,’s for the adsorptionsfaa C atom on any Ni
at the center of the cluster with a coordination number of sixcluster with a curvature between them will be preserved. By
The total energy is 1.20 eV higher than that of ¢h80) facet = examining the coordination numbers of Ni atoms and the
adsorption site after a full relaxation. This indicates that a Goond lengths for the surface adsorption, there is a correlation
atom prefers to stay on the surface of the cluster. between them, a higher coordination number leads to a
The geometry of a clean Ni surface is optimized for eachlonger bond length. Similar to the cluster case, the coordina-
of the three, extended low-index surfaces, i.e., th@0), tion of four is preferred by the adsorbed C atom.
(110, and(111) surfaces, prior to adsorption of the C atom.  The Nig cluster is only a model system chosen for the
Except for the contraction of the layer spacing, there is naluster case of small size and hence large curvature. On the
surface reconstruction observed for all of the three surfacesther hand, the extended low-index surfaces are the extreme
in agreement with the previous first-principles calculations ofcase for clusters with much larger sizes. But both systems
these surface¥. After C adsorption, each slab is subse- show that thg100) site is favored by the C adsorption. The
qguently relaxed to reach the minimum-energy configurationbinding energy values are more or less the same, indicating
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TABLE IIl. The diffusion barriers on the three low-index surfaces as indicated in Fig. 3 and discussed in

the text.
(110 along (110 across
Surface (100 the trough the trough (111
Saddle point bridge M short bridge bridge
Barrier height(eV) 2.19 0.60 1.46 0.37
the dominance of nearest neighbors of the adsorption site on V. CONCLUSION

this issue. This agrees with recent experimental results for The present study provides insight into the adsorption and
binding energies of C atoms to nickel cluster cations which P yp 9 P

show convergence of binding energigsithin +0.5 eV) to diffusion for a single C atom on Ni surfaces. The result will
about 6.5 evgfor cluster sizegs grea?er than 5_15.This be- provide us useful information to understand the initial stage

havior may be understood in terms of simple bond orderin of the nucleation for SWNTSs. It is still far from a complete
and atom coordination argumerts:® The interaction be- “bicture for the nucleation and growth.

. . . . In conclusion, we have studied the adsorption of a carbon
tween C and Ni atoms is short-ranged since we believe that . . .
.atom on the Njg cluster and the three low-index Ni surfaces,

T e oot sy TSTE100, (10, (111, by DFT calustons wih e
y P y P ’ GGA treatment to the exchange-correlation functional. The

are localized in space. So the interaction with the nearesBinding energies of a C atom on the low-index Ni surfaces

neighbor Ni atoms play dominant roles. : )
?he mobility of apn gdsorbed C atom on the various sur—and _the corresponding facets on th%g\h_luster haye been
faces is a key fact to determine the nucleation, and hence tg%btamed and compared. Both the binding energies and the

. e oond lengths have a good agreement with experiment. The
growth mechanism. The diffusion paths and the correspon 100 hollow site is favored by C atom adsorption. In spite of

ing barriers of a C atom on the three low-index Ni surface he huge difference in the curvature, the preference order of
are therefore studied. By symmetry consideration on eacsh_‘ g . ' P
e sites for the C atom is unchanged. This preference order

surface, we can assume the diffusion is just simply a hoppin expected to be kept in large Ni clusters, to which a DET

between the minima, and the saddle points are most likely a S X o
) o . . . .2 Calculation is not feasible currently. A coordination number
the bridges dividing any two neighboring adsorption sites

(minima). The only exception is the diffusion path along the of 4 for C on the surface is always preferred. Although the

trough in the(110) surface. The nudge elastic band mefffod (100 surface is favored for C adsorption, the mobility may

has been used to find the saddle points and diffusion barriergeSt”Ct it from being favored by nucleation for carbon tube

They are listed in Table Ill. The saddle point of the diffusion gr%vvrt]h. Th?r(lllr]]’? ?]urf?ce Eﬁ’ tfhe tlr?W%St td|ffu5|on barrier
path for the(100) surface is at the bridge between the two and hence the highest mobility for the & atom.

neighboring hollow sites, with an energy barrier of 2.19 eV.
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