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Structures and magic numbers of adatom clusters on metal fcc„001… surfaces
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With a genetic algorithm, the lowest-energy structures of adatom clusters on a series of metal fcc~001!
surfaces are determined. The atomic interactions are modeled by the realistic model potentials including
embedded-atom method potential, surface-embedded-atom method potential, and Rosato-Guillope´-Legrand
potential. The results show that the adatom clusters of sizesn56,9, . . . ,36have the same structures on the
different surfaces. Their special stability indicates that they are magic number clusters. For clusters of other
sizes, the structures are generally different on the different surfaces. The change of the cluster structure with
surfaces can be interpreted in terms of the relative interaction range and the compensation effect from the
adatom-substrate interaction. When the interaction range becomes long and/or the compensation effect be-
comes strong, the shape of the lowest-energy structure tends to change from square to rectangle or even to
one-dimensional chain.
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I. INTRODUCTION

The properties of atoms and clusters supported on a
face are basic for understanding many nucleation and gro
phenomena. In recent years, considerable work has bee
voted to questions of the self-diffusion of adatoms,1–5 the
structure of adatom clusters, and their dissociation and d
sion on metal surfaces.6–11 To adatom clusters, the lowes
energy structure is one of the basic questions, which refl
fundamental aspects of adatom-adatom and adatom-sub
interactions and provides insights into the initial stages
crystal growth modes. So far a variety of fcc transition a
noble-metal surfaces were considered as the substrate,
~110!, ~001!, and~111! surfaces.12–15 On fcc ~001! surfaces,
such as Ir/Ir~001! and Pt/Pt~001!, an unusual result observe
by field ion microscopy is that the stable structures of so
small adatom clusters are linear chains instead of clo
packed two-dimensional islands.13,14The theoretical calcula
tions based on the embedded-atom method~EAM! gave the
same result for Pt/Pt~001! system.14,16 Besides the homoge
neous nucleation, e.g., Ni/Ni~001!, Cu/Cu~001!, and
Ag/Ag~001!,17–19 the case of heterogeneous nucleation
also studied extensively, such as Pd/Pt~001!, Ni/Pt~001!, Pt/
Ni~001!, and Ni/Al~001!, etc.16,17,20These studies, howeve
almost all focus on small clusters. To gain further insight in
the related processes such as the early stage of cr
growth, the structure information for larger adatom clust
is usually needed. In addition, it is well known that the ma
number cluster behavior has attracted considerable atten
in the field of cluster science. The study of the structures
larger adatom clusters can probably lead to the discover
magic number cluster series and the understanding of
structural features of magic number clusters.

In the present study, the clusters with sizes fromn52 to
39 are considered. Following our previous work,21 an effi-
cient method based on genetic algorithm is used to determ
their lowest-energy structures, in which a population of c
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didate structures is evolved by ‘‘parents’’ selecting and m
ing processes. The metals are modeled by the semiempi
methods. Considering that the semiempirical potentials
probably not exact enough, we perform a systematic st
with seven different metals and some different potentials
focus our attention on the generic aspects of the problem

II. CALCULATION MODEL AND GENETIC ALGORITHM

Seven metals Au, Pt, Ag, Pd, Ni, Cu, and Al are cons
ered. The potentials for modeling these metals include
EAM potential developed by Oh and Johnson,22 the surface-
embedded-atom method~SEAM! potential given by Haftel
and Rosen for the surface environment,23,24and the potential
developed by Rosato, Guillope´, and Legrand~RGL! on the
basis of the second-moment approximation to the tig
binding model.25,26 The aim of using the different potentia
versions is not to compare their precision. As mention
above, what we focus on is the generic trends of the str
tures on the different surfaces. Different potentials and m
als provide a variety of possible surfaces or systems, wh
enables us to perform a systematic study. With the ab
potentials and metals, eleven different systems, Au(E), Pt
(E), Pt~S!, Ag~S!, Pt(S0), Ag(E), Ag~R!, Pd(E), Ni(E), Cu
(E), and Al(E), are obtained, whereE andR denote EAM
and RGL potentials, respectively,S0 andS indicate the two
SEAM potentials with the different set of the parameters

The substrates of our systems are~001! slabs of 15 layers
thickness, each layer contains 20320 atoms (40340 for
checking!, periodic boundary conditions are applied in th
two directions parallel to the surface plane. The bottom fo
layers are fixed at their ideal bulk values to mimic a sem
infinite crystal, the other layers are allowed to relax to th
minimum-energy configuration.

For small adatom clusters, the lowest-energy structur
generally obtained by comparing the relaxed energies of
possible and reasonable structures.7,15,16 For large adatom
©2004 The American Physical Society21-1
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clusters, however, this method is obviously unsuitable
cause of the large number of the structural isomers. To
termine the lowest-energy structure effectively, an optimi
tion method based on the genetic algorithm is used. In
previous work,21 the details of our optimization strateg
were given, which are similar to that developed by Deav
and Ho for free clusters.27,28Our method can be summarize
as follows.

~1! Create the initial candidate structures randomly
adatom clusters, and relax them to the nearest local m
mum. The relaxed candidate structure is characterized by
fitness which in our case is related to the potential energ
the cluster. In the relaxation, the substrate which is rela
before the cluster is put on is frozen. The candidate str
tures after the relaxation are indicated byX18 ,X28 , . . . , and
Xp8 , in order of increasing energy. The number of the can
datesp is different for the different cluster sizen, we take
p516 for clustersn,10, p532 for 10<n,25, andp564
for n525239.

~2! Select ‘‘parents’’ from the population
$X18 ,X28 , . . . ,Xp8% for ‘‘mating’’. In order to get a good
‘‘child,’’ ‘‘parents’’ are selected with a probabilityp(Xi8) de-
pending on their fitness. In the present work,p(Xi8)}exp
@2E(Xi8)/Tm# is adopted, whereE(Xi8) is the energy of the
candidate, and the ‘‘temperature’’Tm is chosen to be roughly
equal to the range of energies in the population. In the m
ing process, a random plane passing through the regio
each parent cluster is used to cut the ‘‘father’’ and ‘‘mothe
clusters into two parts, respectively. We then join one par
the father to one part of the mother to assemble the ‘‘chi
cluster.

~3!, Relax the child to the nearest local minimum on t
frozen substrate. If its energy is lower than the highest
ergy of the candidates in the population and its structur
not identical to that of any candidate, then the child ent
into the population and becomes the new candidate. At
same time, candidateXp8 with the highest energy is elimi
nated from the population for conserving the number of c
didates.

~4! Repeat the process from step~2! to ~3!, which can be
regarded as one evolution step, the populat
$X18 ,X28 , . . . ,Xp8% then evolves gradually.

~5! In the course of evolution, do full relaxation for th
system including the substrate after every certain evolu
stepsN, where N51000n is different for different cluster
sizes. The cluster structures after every full relaxation
arranged in order of increasing energy and indicated
$X1 ,X2 , . . . ,Xp%. When the structureX1 with the lowest en-
ergy remains unchanged on successive full relaxation, t
we think that the lowest-energy structure is reached.

Due to the substrate relaxation, the lowest-energy st
ture X1 may not come from the candidateX18 . For instance,
if X1 comes from the candidateX58 , then it is impossible to
get the real lowest-energy structure when the number of c
didate structuresp is less than 5, even the number of evol
tion steps is large enough. Therefore, the key point in
above optimization strategy is that the precursor of the
lowest-energy structureX1 must be included in the fina
16542
-
e-
-

ur

n

r
i-
he
of
d

c-

i-

t-
of
’
f

’’

-
is
s
e

-

n

n

e
y

en

c-

n-

e
al

evolved population$X18 ,X28 , . . . ,Xp8%. To verify this point,
we double the number of candidate structuresp several times
for checking. In addition, to obtain the reliable results, w
also use the other initial populations by changing the seed
random generator. As expected, the results are not sens
to the initial population.

III. MAGIC NUMBERS IN ADATOM CLUSTERS ON fcc
„001… SURFACES

Using the above genetic algorithm, we get the lowe
energy structures of adatom clusters with sizesn52 –39 on
the eleven different surfaces. On Pt(S0), Ag(E), Ag~R!, Pd
(E), Ni(E), Cu(E), and Al(E) surfaces, we find that the
lowest-energy structures are almost the same for same cl
size. Therefore, in the following, we only report the resu
on the five surfaces, Au(E), Pt(E), Pt~S!, Ag~S!, and Pt(S0),
with Pt(S0) to represent the above seven surfaces. The in
adatom of the cluster has four nearest-neighbor~NN! ada-
toms ~see Fig. 1!. In general, it is thought that the four me
tallic bonds are formed between the adatom and the ne
bors. To the border adatom, the number of such NN bond
less. If we neglect the little difference of these NN bond
then their total number determines the nearest-neighbor
teraction of the cluster. On these surfaces, when the clu
size n>6, all the lowest-energy structures we obtained
the geometries whose number of NN bonds is maximu
The specific structures, however, are generally different
different surfaces for cluster of the same size. Only the cl
ters with sizesn56,9,12,16,20,25,30,36 have the same str
tures on the different surfaces, as shown in Fig. 1, wh
implies that these clusters are special. Comparing with c
ters of other sizes, we find that for each of the clusters w
these special sizes there is only one geometry which has
maximum number of NN bonds. This is the reason why th
have the same structures on the different surfaces. To se
specialities of these clusters further, in Figs. 2~a! and 2~b!,
we give the curves of the second finite difference of t
energy D2E(n)5E(n11)1E(n21)22E(n) on Au(E)

FIG. 1. Structures of the magic number adatom clusters
metal fcc~001! surfaces.
1-2



he
s

ta
b

ee
s

st
e
e

iffi
te

h
hat
omi-
axi-
ite

rest-
ter

ter-
the
the

nflu-
ge-

gic

m-

-
sed
en
e
rs

for
ot
NN
agic

ffer-

s-
the

on-
the

gy

be

.
hbor

STRUCTURES AND MAGIC NUMBERS OF ADATOM . . . PHYSICAL REVIEW B69, 165421 ~2004!
and Ag(S) surfaces, respectively. The curves on the ot
surfaces are similar to those in the figures. At the sizen
56,9,12,16,20,25,30,36, the large differencesD2E(n) indi-
cate that the clusters of these special sizes are more s
than their neighbors and can be regarded as magic num
clusters. In fact, their outstanding stability can also be s
directly from the structure and the number of NN bond
Figure 3 is an example on Ag(S) surface, the structuren
525 is obviously more perfect than the structures ofn524
and 26, and two extra NN bonds are formed when the clu
grows fromn524 ton525. From Figs. 1 and 3, we can se
that the cluster becomes more stable whenever one sid
the outer new quadrangle is completed. Then it is not d
cult to imagine the structures of other magic number clus
with sizesn.36.

FIG. 2. ~a!, ~b! The second finite difference of the cluster ener
on Au(E) and Ag(S) surfaces, respectively.~c! The second finite
difference of the number of nearest-neighbor~NN! bonds.

FIG. 3. The lowest-energy structures of clustersn524, 25, and
26 on Ag(S) surface. The number in brackets indicates the num
of NN bonds.
16542
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For the clustersn>6, the result that the structures wit
maximum number of NN bonds are preferred indicates t
the interaction between the nearest-neighbor adatoms d
nates the energy of the clusters. For the structures with m
mum number of NN bonds, we calculate the second fin
difference of their number of NN bonds in Fig. 2~c!. The
similarity between the two curves in Figs. 2~b! and 2~c! in-
dicates once again that the interaction between the nea
neighbor adatoms or NN bond is dominant for the clus
energy. In Fig. 2~a!, the curve on Au(E) surface deviates a
little from that in Fig. 2~c!. Similar deviation also exists on
Pt(S) surface~the curve is not given in Fig. 2!. The deviation
indicates that the influence from the adatom-substrate in
action and/or the adatom-adatom interactions beyond
nearest-neighbor range such as the interaction between
next-nearest neighbor adatoms becomes strong. Such i
ence could lead the lowest-energy structure to take the
ometry with fewer number of NN bonds. The clustern54
on Pt(S) surface is such an example. Similar to the ma
clustersn56,9,12, . . . ,36, clustern54 also has only one
geometry which has the maximum number of NN bonds@see
Fig. 4~b!#. Consequently, the structure of clustern54 should
be the same on the different surfaces if the NN adato
adatom interaction is dominant. On surfaces, Au(E), Pt(E),
Ag(S), and Pt(S0), it is indeed true, and Fig. 2~b! indicates
that clustern54 is also a magic cluster. On Pt(S) surface,
however, the lowest-energy structure of clustern54 is dif-
ferent as shown in Fig. 4~f!. The reason is the strong influ
ence from the other interactions, the details will be discus
in the following sections. But, as we mentioned above, wh
the cluster sizen>6 all the lowest-energy structures on th
surfaces including Pt(S) are the geometries whose numbe
of NN bonds are maximum. This result indicates that
clustersn>6 the influence from other interactions is n
strong enough to change the predominance of the
adatom-adatom interaction, and then ensures the same m
numbers and same structures of magic clusters on the di
ent surfaces for cluster sizen>6.

In addition, from the structures of the magic number clu
ters given in Fig. 1, we can imagine the growth mode of
supported clusters on the fcc~001! surfaces we studied. Al-
though the details which we indicate the structures of n
magic clusters are different on the different surfaces,
r

FIG. 4. The lowest-energy structures of clustersn53, 4, 5,
and 6 on Pt(S0) ~upper! and Pt(S) ~lower! surfaces, respectively
The numbers in brackets indicate the numbers of nearest-neig
bonds and next-nearest-neighbor bonds~NNN!, respectively.
1-3
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main line of the growth represented by the magic cluster
the same, i.e., growing side by side around a square cor

IV. STRUCTURES OF SMALL ADATOM CLUSTERS

Except the magic clusters, the structures of the other c
ters are generally different on the different surfaces. If
describe the structure only in terms of the numbers
nearest-neighbor and next-nearest-neighbor~NNN! bonds,
then the structure changes can be classified into two diffe
types. The one is the NN bond related structure cha
which involves the change of the number of NN bonds. T
other is the NNN bond related structure change which
volves only the change of the number of NNN bonds. To
surfaces we studied here, the NN bond related struc
change only appears in small adatom clustersn,6. The ex-
amples for clustersn54 and 5 are shown in Fig. 4, from th
island structures on Pt(S0) surface to the linear chains on P
(S) surface, one NN bond is broken. The fact that the lin
chain could become the lowest-energy structure on fcc~001!
surfaces, however, is not novel. Similar results were obtai
experimentally in Ir/Ir~001! and Pt/Pt~001! systems,13,14 and
in the EAM calculation for Pt/Pt~001!.16 The reason was be
lieved to be the presence of relatively long-range interacti
between the adatoms, in which the substrate relaxations
an important role.

In order to give a more clear model for explaining t
appearance of the linear chain or the NN bond related st
ture change with surfaces, we give a side view of the ch
and island structures of clustern55 supported on Pt(S) sur-
face in Fig. 5, in which all atoms including the substrate
fully relaxed. The obvious feature is that the chain is clo
to the substrate surface than the island. The difference
tween the average heights of the adatoms of these two s
tures is about 0.16 Å. This result implies that the influen
from the adatom-substrate interaction on the energy of
chain will be stronger than on that of the island. Then
possible factor accounting for the NN bond related struct
change can be given, which is the compensation effect f
the adatom-substrate interaction. It is easy to imagine
the chain structure or the structure with fewer NN bonds
generally advantageous to the adatom-substrate intera

FIG. 5. A side view of the chain and island structures of clus
n55 on Pt(S) surface.
16542
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due to its weaker internal cohesion and then closer to
surface. In other words, when the number of NN bonds
the structure decreases, the adatom-substrate intera
tends to increase. Therefore, on a certain surface, if s
increment of the adatom-substrate interaction is large
can repay the decrement of the NN adatom-adatom inte
tion because of the NN bond breaking, then the struct
with fewer NN bonds could be preferred, e.g., the ch
structures of clustersn54,5 on Pt(S) surface. Otherwise, the
structure with more NN bonds should be preferred, e.g.,
island structures of clustersn54,5 on the other surfaces
Therefore, the strength of the compensation from
adatom-substrate interaction relative to the NN adato
adatom interaction is one of the key factors for explaini
the NN bond related structure change.

To verify the above model, we consider the on
dimensional chain structure and the two-dimensional isla
structure of clustern55 supported on Pt(S) surface@for the
structures see Figs. 4~g! and 4~c!#. The difference of their
cohesive energies~the absolute value of the internal energ!
DE2D21D5E2D2E1D can be regarded approximately as t
sum of the differences of the NN adatom-adatom interact
DEaa(NN)

2D21D and the adatom-substrate interactionDEas
2D21D ,

i.e.,

DE2D21D5DEaa(NN)
2D21D1DEas

2D21D . ~1!

To separate these two kinds of interactions, as the first s
the adatoms of the two structures are fixed in a certain pl
whose distance to the first layer is equal to that between
first and second layers of the substrate, and their coordin
x,y are also fixed at the positions as the normal new lay
The substrate which is relaxed before the clusters are pu
is frozen. The aim is to exclude the difference resulting fro
the adatom-substrate interaction between the two structu
Therefore, the cohesive energy differenceE82D2E81D ob-
tained under this condition approximately comes from
difference of the NN adatom-adatom interaction, i.e.,E82D

2E81D'DEaa(NN)
2D21D . As one nearest-neighbor bond is brok

when the structure changes from the island to chain, the
ergy differenceE82D2E81D also approximately equals th
cohesive energy of the NN bondENN , i.e., DEaa(NN)

2D21D

'E82D2E81D'ENN . Then, releasing all atoms includin
the substrate, we relax these two structures thoroughly
get the cohesive energyE2D, E1D, and their difference
DE2D21D. According to Eq.~1!, we can obtain the energ
differenceDEas

2D21D5DE2D21D2DEaa(NN)
2D21D which describes

the difference of the adatom-substrate interaction betw
the two structures. The results are shown in Table I, in wh
the results on other four surfaces are also given. The nega
energy differenceDEas

2D21D indicates that the linear structur
is indeed more advantageous to the adatom-substrate i
action than the island structure, and it makes the cohe
energy differenceDE2D21D5DEaa(NN)

2D21D1DEas
2D21D smaller

than that before the full relaxation,DEaa(NN)
2D21D . In other

words, when the NN adatom-adatom interaction decrease
structure change from the island to chain (DEaa(NN)

2D21D5E82D

2E81D.0), the adatom-substrate interaction, however,
creases (DEas

2D21D,0), that is, the compensation from th

r
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adatom-substrate interaction plays a role as expec
uDEas

2D21Du/ENN is the relative compensation, its valu
uDEas

2D21Du/ENN.1.0 on Pt(S) surface for clustern55
means that for the structure change from the island to ch
the cohesive energy increment from the compensation of
adatom-substrate interaction is enough to repay the cohe
energy decrement resulting from the nearest-neighbor b
breaking. Therefore, the linear structure with fewer N
bonds is preferred on Pt(S) surface. On the other surface
however,uDEas

2D21Du/ENN is far less than 1.0, which indi
cates that the compensation is small and cannot repay
cohesive energy decrement resulting from the NN bo
breaking. Consequently, all the lowest-energy structures
observed are the geometries with maximum number of
bonds.

V. STRUCTURES OF LARGE ADATOM CLUSTERS

As mentioned above, another structure chan
is related to the change of the number of NNN bonds
appears for clustersn>6, Fig. 6 is a typical example
of this kind of structure change forn532 on the different

TABLE I. The cohesive energy differences~eV! DEaa(NN)
2D21D ,

DE2D21D, andDEas
2D21D between the structures Figs. 4~c! and 4~g!

on the different surfaces.DEaa(NN)
2D21D and DEas

2D21D approximately
come from the differences of the NN adatom-adatom interac
and the adatom-substrate interaction, respectively.DE2D21D is the
sum of DEaa(NN)

2D21D and DEas
2D21D . ENN indicates the energy of the

nearest-neighbor bond.

Surfaces DEaa(NN)
2D21D DE2D21D DEas

2D21D uDEas
2D21Du/ENN

Pt(S0) 0.6222 0.5439 20.0783 0.1258
Ag(S) 0.3287 0.2154 20.1133 0.3447
Pt(E) 0.4594 0.4534 20.0060 0.0131
Au(E) 0.2299 0.1371 20.0928 0.4037
Pt(S) 0.1589 20.1980 20.3569 2.2461

FIG. 6. The lowest-energy structures of clustern532 on
Pt(S0), Ag(S), Pt(S), Pt(E), and Au(E) surfaces, respectively, in
which the number of NNN bonds shown in the brackets decrea
from Pt(S0) surface to Au(E) surface.
16542
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surfaces. The structures have the same number of NN bo
CNN552. However, the number of NNN bonds,CNNN , is
different,CNNN546,45,43, and 42 for Figs. 6~a!, 6~b!, 6~c!,
and 6~d!, respectively. That is, from Pt(S0) surface to Au~E!
surface and in sequence Pt(S0)→Ag(S)→Pt(S)→Pt(E)
→Au(E), the number of NNN bonds basically decreases
clustern532. For other clusters and when the sizen.7, we
find that the numbers of their NNN bonds all tend to d
crease on the surfaces in sequence Pt(S0)→Ag(S)→Pt(S)
→Pt(E)→Au(E), i.e., CNNN@Pt(S0)#>CNNN@Ag(S)#
>CNNN@Pt(S)#>CNNN@Pt(E)#>CNNN@Au(E)#. Such regu-
lar change of the numbers of NNN bonds implies that th
is a certain character which is little different on these fi
surfaces, and it changes monotonically in the seque
Pt(S0)→Ag(S)→Pt(S)→Pt(E)→Au(E). We will see this
character later. In appearance, the decrease of the numb
NNN bonds generally makes the shape of the struct
change from square to rectangle as the example show
Fig. 6.

Compared with the NN bond related structure change
clustern55 shown in Figs. 4~c! and 4~g!, the structure Fig.
6~a! is the close-packed island analogous to that in Fig. 4~c!,
and Fig. 6~d! can be regarded as the thick chain structu
similar to that in Fig. 4~g!. Such similarities motivate us to
use the same procedure described in Sec. IV to discuss
physical bases underlying the NNN bond related struct
change. The structures used in our calculation are thos
Fig. 6~c!~indicated by 2D! and Fig. 6~d! ~indicated by 1D!.
The results are shown in Table II. Cohesive energy differe
DEaa(NNN)

2D21D approximately describes the difference of NN
adatom-adatom interaction between the two structu
DE2D21D is the cohesive energy difference between the t
structures after full relaxation. Contrary to expectation a
opposite to those in Table I, the energy differencesDE2D21D

after complete relaxation are a little greater than the diff
encesDEaa(NNN)

2D21D except Ag(S). On Ag(S) surface, although
the cohesive energy difference decreases fromDEaa(NNN)

2D21D to
DE2D21D, the decrement is very small and can be neglec
These results mean that there is approximately no comp
sation from the adatom-substrate interaction when the st
ture changes from Fig. 6~c! to Fig. 6~d!. In other words, the
adatom-substrate interactions of the two structures are alm
the same, and then the NNN bond related structure cha
cannot be interpreted by the compensation effect from

n

TABLE II. The cohesive energy differences~eV! DEaa(NNN)
2D21D and

DE2D21D between the structures Figs. 6~c! and 6~d! on the different
surfaces.DEaa(NNN)

2D21D approximately comes from the difference o
the NNN adatom-adatom interaction, whileDE2D21D is the result
of the differences of the NNN adatom-adatom interaction and
adatom-substrate interaction.

Surfaces DEaa(NNN)
2D21D DE2D21D

Pt(S0) 0.0509 0.0765
Ag(S) 0.0199 0.0140
Pt(S) 20.0729 0.0115
Pt(E) 20.0240 20.0073
Au(E) 20.0217 20.0054
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adatom-substrate interaction. Noting that the difference
the number of NNN bonds is one between the structu
Figs. 6~c! and 6~d!, soDEaa(NNN)

2D21D can be used to estimate th
cohesive energy of NNN bond, i.e.,ENNN'DEaa(NNN)

2D21D .
Compared with the cohesive energy of NN bondENN , the
magnitude ofENNN is small. In other words, the interactio
of NNN adatoms is weaker than that of NN adatoms. The
fore, it is not difficult to understand that the two structur
Figs. 6~c! and 6~d! approximately have the same adato
substrate interaction. We can imagine that when strong b
is formed between the two adatoms, i.e., when the interac
of the two adatoms is strong~e.g., the interaction betwee
the NN adatoms!, then they will deviate far from their origi-
nal equilibrium positions, and the adatom-substrate inte
tion will be changed greatly. In reverse, if the interaction
the two adatoms is weak~e.g., the interaction between th
NNN adatoms!, then no matter whether the bond is form
or broken between the two adatoms, the change of
adatom-substrate interaction will be less. Consequently,
cannot distinguish the difference of the adatom-substrate
teraction between the two structures fromDEaa(NNN)

2D21D and
DE2D21D in Table II. The small change fromDEaa(NNN)

2D21D to
DE2D21D is due to the complete relaxation. So,DE2D21D is
approximately the cohesive energy of NNN bond after
complete relaxation. The negative differenceDE2D21D on
Au(E) and Pt(E) surfaces indicates that the NNN adatom
repel each other. On the other surfaces, Pt(S), Ag(S), and
Pt(S0), however, they attract each other. These results s
gest that the NNN bond related structure change as the
ample shown in Fig. 6 is the result of the different relati
interaction range of NNN adatoms. Although it is difficult
determine the relative interaction range exactly, the sign
DE2D21Dalready shows that the relative interaction rang
on Au(E) and Pt(E) surfaces are longer than those on t
others. Consequently, the lowest-energy structures we
served on Pt(E) and Au(E) surfaces are generally mor
elongated than those on the others. So far the characte
derlying the regular change of the numbers of NN
bonds, i.e., CNNN@Pt(S0)#>CNNN@Ag(S)#>CNNN@Pt(S)#
>CNNN@Pt(E)#>CNNN@Au(E)# for larger clusters
n.7 mentioned above, is clear, which
the relative interaction range of NNN
adatoms, and the resultCNNN@Pt(S0)#>CNNN@Ag(S)#
>CNNN@Pt(S)#>CNNN@Pt(E)#>CNNN@Au(E)# implies that
the interaction range tends to increase in the seque
Pt(S0)→Ag(S)→Pt(S)→Pt(E)→Au(E).

VI. DISCUSSION

In the above sections, two examples of the struct
changes are given. One is the NN bond related struc
change of clustern55, in which we see that the compens
tion effect of the adatom-substrate interaction plays an
portant role. Another is the NNN bond related structu
change of clustern532, which is the result of the differen
relative interaction range of NNN adatoms on the differe
surfaces. In this section, what we want to supplement is t
to be more precise or to consider some other cases, the
factors, i.e., the compensation effect and the interac
16542
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range, in fact determine or influence jointly the lowes
energy structure.

In Sec. IV, the NN bond related structure change of cl
ter n55 is discussed, in which for simplicity we think tha
the cohesive energy differenceDEaa(NN)

2D21D between the two
structures Figs. 4~c! and 4~g! on the frozen surface only
comes from their one NN bond difference, the contributi
from the different numbers of NNN bonds is neglected, i.
DEaa(NN)

2D21D'ENN . The values ofDEaa(NN)
2D21D andDEaa(NNN)

2D21D in
Tables I and II show that such simplification is reasonable
most surfaces, in which the cohesive energy of NNN bo
indicated approximately byDEaa(NNN)

2D21D is far less than the
difference DEaa(NN)

2D21D . But, to be more precise,DEaa(NN)
2D21D

should include the contribution from the NNN bonds. Co
sidering that from the island structure Fig. 4~c! to the chain
one Fig. 4~g!, three NNN bonds disappear, thenDEaa(NN)

2D21D

should be written as

DEaa(NN)
2D21D5ENN13ENNN'ENN13DEaa(NNN)

2D21D . ~2!

In other words, the factor of the relative interaction range
NNN adatoms indicated byDEaa(NNN)

2D21D also plays a role in
the NN bond related structure change, although its r
sometimes is very small. On Pt(S) surface, the contribution
3ENNN'3DEaa(NNN)

2D21D 520.2187 eV is larger than those o
the other surfaces, in which we use the energy differe
DEaa(NNN)

2D21D between the two structures of clustern532 to
estimate the energy of NNN bond. But, it should be no
that the cohesive energy of NNN bond estimated by t
method is in fact a kind of equivalent or effective NNN bon
energy, it means that such cohesive energy may chan
little with the cluster size. Therefore, if we want to get th
accurate contribution of the NNN bond to the energy diffe
enceDEaa(NN)

2D21D for clustern55 on Pt(S) surface, we should
use the energy difference of the cluster with size close to
estimate the energy of the NNN bond. In Fig. 4, clustern
53 is a good choice, two structures Figs. 4~a! and 4~e! have
one NNN bond difference. With these two structures a
sorbed on Pt(S) surface, the cohesive energy difference w
obtained isDEaa(NNN)

2D21D 520.1225 eV, then the contribution
becomes 3ENNN'3DEaa(NNN)

2D21D 520.3675 eV. From Eq.~2!
and with the value ofDEaa(NN)

2D21D in Table I, we can get the
cohesive energy of NN bondENN'0.5264 eV, which is ba-
sically in accordance with the value 0.51 eV estimated
dissociating the dimer to two single adatoms, and thus v
fies the contribution of the NNN bond we give above. T
sign of the contribution 3DEaa(NNN)

2D21D ,0 means that the NNN
adatoms repel each other on the frozen Pt(S) surface, and it
reduces the cohesive energy difference between the
structures Fig. 4~c! and 4~g! from about 0.5264ev to
0.1589ev, which provides a good condition for the cha
geometry Fig. 4~g! to become the lowest-energy structu
after the full relaxation or after the compensation effect ac
From this example, we can see clearly that the relative in
action range of NNN adatoms also plays a role in the N
bond related structure change.
1-6
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With Eqs.~1! and ~2!, the cohesive energy difference b
tween the two structures after the full relaxation can be f
ther written as

DE2D21D5DN1ENN1DN2ENNN1DEas
2D21D

5ENNFDN11DN2S ENNN

ENN
D1S DEas

2D21D

ENN
D G ,

~3!

whereDN1 andDN2 are, respectively, the differences of th
numbers of NN and NNN bonds between the two structu
With the parameters for clustern55 on Pt(S) surface, i.e.,
ENN'0.5264ev, ENNN'DEaa(NNN)

2D21D 520.1225ev and
DEas

2D21D520.3569ev, we can estimate approximately th
cohesive energy differenceDE2D21D for clustersn54 and
n56, respectively. For the island and chain structures F
4~b! and 4~f! of cluster n54, DN151, DN252, we get
DE2D21D520.0755ev,0 from Eq. ~3!, which means that
the linear chain shown in Fig. 4~f! is the lowest-energy struc
ture on Pt(S) surface. For clustern56, DN152,DN254,
DE2D21D50.2059ev.0, which indicates that the islan
Fig. 4~h! is the preferred structure on Pt(S) surface. These
results are all in accordance with those obtained by the
netic algorithm, which thus verifies Eq.~3!.

Equation~3! clearly shows that the two factors, i.e., th
compensation effectDEas

2D21D/ENN and the interaction rang
ENNN /ENN'DEaa(NNN)

2D21D /ENN jointly determine the cohesive
energy difference between the two structures. Wh
DEaa(NNN)

2D21D , DEas
2D21D,0, the larger the relative magnitude

uDEas
2D21D/ENNu and uDEaa(NNN)

2D21D /ENNu are, the more likely
that the linear chain or the geometry with fewer NN bon
becomes the lowest-energy structure. We can imagine
when uDEas

2D21D/ENNu and uDEaa(NNN)
2D21D /ENNu are large

enough, then the lowest-energy structure of clustersn.5
could also take the linear chain. The typical example is
inhomogeneous nucleation of Ni on Pt~001! surface,16,17 in
which all the lowest-energy structures of clustersn
53,4, . . . ,9 are thelinear chain. Therefore, although the sy
tems we studied here are limited, the model expressed by
~3! or the physical bases we discussed is helpful for und
standing or explaining the appearance of various low
energy structures in other cases.
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Finally, Eq. ~3! is also valid to explain the NNN bond
related structure change. In this case, the first term of Eq.~3!,
DN1ENN , is zero, and to the surfaces we studied the diff
enceDEas

2D21D/ENN is generally small and can be neglecte
Consequently, as we discussed in Sec. V, the relative in
action range of NNN adatoms becomes the dominate fa
in determining the lowest-energy structure.

VII. CONCLUSION

On a series of metal fcc~001! surfaces, the lowest-energ
structures of adatom clusters (n52239) are determined by
the genetic algorithm. It is found that there is a series
clusters,n56,9, . . .,36, whose structures are invariable wi
the different surface. Their outstanding stability indicat
that they are magic clusters. Except the magic clusters,
structures of the others generally change with surfaces.
convenience, the structure changes are classified into
different kinds, i.e., the NN bond related structure chan
and the NNN bond related structure change. The reason
the different structures can be attributed to two factors:
compensation effect from the adatom-substrate interac
and the relative interaction range of NNN adatoms. T
NNN bond related structure change~for clustersn.7) is
mainly due to the different interaction range, while the co
pensation effect can be neglected. As to the NN bond rela
structure change, however, the compensation effect is ge
ally significant. On some surfaces, e.g., Pt(S), the interaction
range could also play a large role. The longer the interac
range and/or the stronger the compensation effect is,
more likely that the geometry with the fewer NNN bond
and even fewer NN bonds could become the lowest-ene
structure, and the shape of the structure tends to change
square to rectangle or even to one-dimensional chain.
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