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Structures and magic numbers of adatom clusters on metal fc€001) surfaces
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With a genetic algorithm, the lowest-energy structures of adatom clusters on a series of mé@@l1fcc
surfaces are determined. The atomic interactions are modeled by the realistic model potentials including
embedded-atom method potential, surface-embedded-atom method potential, and RosatoGagjHaipe:
potential. The results show that the adatom clusters of $ize§,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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[. INTRODUCTION didate structures is evolved by “parents” selecting and mat-
ing processes. The metals are modeled by the semiempirical
The properties of atoms and clusters supported on a sufethods. Considering that the semiempirical potentials are
face are basic for understanding many nucleation and growtprobably not exact enough, we perform a systematic study
phenomena. In recent years, considerable work has been d#ith seven different metals and some different potentials and
voted to questions of the self-diffusion of adatotndthe  focus our attention on the generic aspects of the problem.
structure of adatom clusters, and their dissociation and diffu-
sion on metal su_rfaceGST.ll To adatom clusters, the lowest- || AL CULATION MODEL AND GENETIC ALGORITHM
energy structure is one of the basic questions, which reflects
fundamental aspects of adatom-adatom and adatom-substrateSeven metals Au, Pt, Ag, Pd, Ni, Cu, and Al are consid-
interactions and provides insights into the initial stages ofered. The potentials for modeling these metals include the
crystal growth modes. So far a variety of fcc transition andEAM potential developed by Oh and Johngdithe surface-
noble-metal surfaces were considered as the substrate, e.gmbedded-atom methd@EAM) potential given by Haftel
(110, (001), and(111) surfaces?~*>0On fcc (001) surfaces, and Rosen for the surface environmé&ht?and the potential
such as Ir/I(001) and Pt/P001), an unusual result observed developed by Rosato, Guillopand LegrandRGL) on the
by field ion microscopy is that the stable structures of soméasis of the second-moment approximation to the tight-
small adatom clusters are linear chains instead of closebinding modef®2® The aim of using the different potential
packed two-dimensional island$* The theoretical calcula- versions is not to compare their precision. As mentioned
tions based on the embedded-atom mettioliM) gave the above, what we focus on is the generic trends of the struc-
same result for Pt/F201) system*1® Besides the homoge- tures on the different surfaces. Different potentials and met-
neous nucleation, e.g., Ni/fi01]), Cu/Cu001), and als provide a variety of possible surfaces or systems, which
Ag/Ag(001),2771° the case of heterogeneous nucleation isenables us to perform a systematic study. With the above
also studied extensively, such as P@B1), Ni/Pt(001), Pt/  potentials and metals, eleven different systems,EAu(Pt
Ni(001), and Ni/Al001), etcl®1"?°These studies, however, (E), P19, Ag(S, Pt(Sy), Ag(E), Ag(R), PdE), Ni(E), Cu
almost all focus on small clusters. To gain further insight into(E), and AI(E), are obtained, wherE and R denote EAM
the related processes such as the early stage of crystahd RGL potentials, respectivelg, and S indicate the two
growth, the structure information for larger adatom clustersSEAM potentials with the different set of the parameters.
is usually needed. In addition, it is well known that the magic The substrates of our systems &61) slabs of 15 layers
number cluster behavior has attracted considerable attentighickness, each layer contains 2220 atoms (4& 40 for
in the field of cluster science. The study of the structures othecking, periodic boundary conditions are applied in the
larger adatom clusters can probably lead to the discovery divo directions parallel to the surface plane. The bottom four
magic number cluster series and the understanding of thiayers are fixed at their ideal bulk values to mimic a semi-

structural features of magic number clusters. infinite crystal, the other layers are allowed to relax to their
In the present study, the clusters with sizes from2 to  minimum-energy configuration.
39 are considered. Following our previous wétkan effi- For small adatom clusters, the lowest-energy structure is

cient method based on genetic algorithm is used to determingenerally obtained by comparing the relaxed energies of all
their lowest-energy structures, in which a population of canpossible and reasonable structufé$® For large adatom
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clusters, however, this method is obwously_ unsuitable be- s | B | BB
cause of the large number of the structural isomers. To de- 0 0 000 0 Q[0 0 0000 Q[ O OgOeO0g0
. . .. OO0 Q000 OOOO0.0 O0.000.0
termine the lowest-energy structure effectively, an optimiza- o0 oo 0 4| o o ofofego d| o agfeleeo
. . . . [seNoxaxele] Q00000 000000
tion method based on the genetic algorithm is used. In our ooooood{ooooood{cococo
previous worlé! the details of our optimization strategy 6 9 12
were given, which are similar to that developed by Deaven e B |
and Ho for free clusters:? Our method can be summarized 0 ORIl FEEXS | T
o] o’oﬁo’o O 0.0 ®) 0.0
as follows. TS nSxoxxhs| BE) Sxox® Exle] K5 Sxexs Ex
(1) Create the initial candidate structures randomly for O s | s | e
adatom clusters, and relax them to the nearest local mini- 16 20 25
mum. The relaxed candidate structure is characterized by the
fitness which in our case is related to the potential energy of 0029299 R X XN
the cluster. In the relaxation, the substrate which is relaxed O:OO:O O:OO:O
. . . [ox®) @xone) ©xe] [Oxe) (Exex(®) (@xe)]
before the cluster is put on is frozen. The candidate struc- S SXOx® Sx) oS SO
tures after the relaxation are indicated ¥¥,X5, ..., and Soeeeees Semeewe
X,’), in order of increasing energy. The number of the candi- 30 36
datesp is different for the different cluster size, we take
p=16 for clusterm<10, p=32 for 10<n<25, andp=64 FIG. 1. Structures of the magic nhumber adatom clusters on
for n=25—139. metal fcc(001) surfaces.

(2) Select “parents” from the  population _ L, ) ) ) _
{X{,X3, ... X}} for “mating”. In order to get a good evolved population{X;,X5, .. ..,Xp}. To verify this point,
“child,” “parents” are selected with a probabilitp(X!) de- we double the numbgr of candlda'ge structLp_veraI times

for checking. In addition, to obtain the reliable results, we
also use the other initial populations by changing the seed for
random generator. As expected, the results are not sensitive
tt_o the initial population.

pending on their fitness. In the present wop{X/)=<exp
[—EQX)/Tl is adopted, wher&(X/) is the energy of the
candidate, and the “temperatur@?, is chosen to be roughly
equal to the range of energies in the population. In the ma
ing process, a random plane passing through the region of

each parent cluster is used to cut the “father” and “mother” Ill. MAGIC NUMBERS IN ADATOM CLUSTERS ON fcc
clusters into two parts, respectively. We then join one part of (001) SURFACES

the father to one part of the mother to assemble the “child” ysing the above genetic algorithm, we get the lowest-

Cluster. . o energy structures of adatom clusters with simes2—-39 on

(3), Relax the child to the nearest local minimum on theine eleven different surfaces. On 841, Ag(E), Ag(R), Pd
frozen substrate. If its energy is lower than the highest eNtE), Ni(E), Cu(E), and AI(E) surfac’es we 'ﬁnd th;ﬂ the
ergy of the candidates in the population and its structure igyyest-energy structures are almost the same for same cluster
not identical to that of any candidate, then the child enters;;, ¢ Therefore, in the following, we only report the results
into the population and becomes the new candidate. At thg, the five surfaces AR), PtE), PL(S), Ag(S), and PtSy)
same time, candidat¥, with the highest energy is elimi- \ith py(S,) to represent the above seven surfaces. The inner
nated from the population for conserving the number of canyqatom of the cluster has four nearest-neighthN) ada-
didates. ) toms (see Fig. L In general, it is thought that the four me-

(4) Repeat the process from ste) to (3), which can be  tajlic bonds are formed between the adatom and the neigh-
reg{ard{ed as  one evolution step, the populationors. To the border adatom, the number of such NN bonds is
{X1.,X3,....X;} then evolves gradually. _ less. If we neglect the little difference of these NN bonds,

(5) In the course of evolution, do full relaxation for the then their total number determines the nearest-neighbor in-
system including the substrate after every certain evolutioferaction of the cluster. On these surfaces, when the cluster
stepsN, whereN=100(n is different for different cluster sizen=6, all the lowest-energy structures we obtained are
sizes. The cluster structures after every full relaxation arghe geometries whose number of NN bonds is maximum.
arranged in order of increasing energy and indicated byrhe specific structures, however, are generally different on

{X1,Xz, ... . Xp}. When the structur¥; with the lowest en-  different surfaces for cluster of the same size. Only the clus-
ergy remains unchanged on successive full relaxation, thegyrs with sizes1=6,9,12,16,20,25,30,36 have the same struc-
we think that the lowest-energy structure is reached. tures on the different surfaces, as shown in Fig. 1, which

Due to the substrate relaxation, the lowest-energy strucmplies that these clusters are special. Comparing with clus-
ture X; may not come from the candidaXg . For instance, ters of other sizes, we find that for each of the clusters with
if X, comes from the candida®€;, then it is impossible to these special sizes there is only one geometry which has the
get the real lowest-energy structure when the number of carmaximum number of NN bonds. This is the reason why they
didate structurep is less than 5, even the number of evolu- have the same structures on the different surfaces. To see the
tion steps is large enough. Therefore, the key point in thespecialities of these clusters further, in Figéa)2and 2b),
above optimization strategy is that the precursor of the realve give the curves of the second finite difference of the
lowest-energy structur&X; must be included in the final energy A,E(n)=E(n+1)+E(n—1)—2E(n) on Au(E)
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6 91216 20 25 30 36 e0 30 g@0) 4)
ozl FIG. 4. The lowest-energy structures of clusters 3, 4, 5,
_ an on Pt uppen an t ower) surfaces, respectively.
= d6 P (upped and PtS) (I ) surf pectively.
oo} e numbers in brackets indicate the numbers of nearest-neighbor
o Th bers in brackets indicate th b f t-neighb
< bonds and next-nearest-neighbor bofisBIN), respectively.
02}
A0S) For the cluster;i=6, the result that the structures with
04 . maximum number of NN bonds are preferred indicates that
0 5 10 15 20 25 30 35 40 the interaction between the nearest-neighbor adatoms domi-
15 b nates the energy of the clusters. For the structures with maxi-
i mum number of NN bonds, we calculate the second finite
! difference of their number of NN bonds in Fig(c2 The
= 05[ similarity between the two curves in Figs(b2 and Zc) in-
Z gl dicates once again that the interaction between the nearest-
g
< sl neighbor adatoms or NN bond is dominant for the cluster
’ energy. In Fig. 2a), the curve on AUE) surface deviates a
r little from that in Fig. Zc). Similar deviation also exists on

150 s 10 95 20 25 30 35 40 _Pt(S) surface(the curve is not given in Fig.)2The deV|at|or_1
. indicates that the influence from the adatom-substrate inter-
Cluster Size n . . .
¢ action and/or the adatom-adatom interactions beyond the
S nearest-neighbor range such as the interaction between the
FIG. 2. (a), (b) The second finite difference of the cluster energy next-nearest neighbor adatoms becomes strong. Such influ-
on Au(E) and Ag(S) surfaces, respectivelyc) The second finite  ence could lead the lowest-energy structure to take the ge-

difference of the number of nearest-neighiiN) bonds. ometry with fewer number of NN bonds. The cluster4

and Ag(S) surfaces, respectively. The curves on the otheloln Tt(s) s_ufrsfgcie Is sugg ar|1 eﬁamﬁ'j Slimilﬁr to tr:e magic
surfaces are similar to those in the figures. At the sizes clustersn=o,9, 2,36, clustern=2 also has only one
~6,9,12,16,20,25,30,36, the large differended(n) indi- geometry which has the maximum number of NN bofse
cate that the clusters of these special sizes are more sta & ﬁ(b)]' Consequﬁntlé/:f:he structufre of C_Ifusrt]e#i”flhogld
than their neighbors and can be regarded as magic numb p the same on the difterent surfaces it the adatom-

clusters. In fact, their outstanding stability can also be seeﬁdatom interaction'is. dpminant. On surfaqes,E\p(Et(E),
directly from the structure and the number of NN bonds.~9(S). and Ptgy), it is indeed true, and Fig.(B) indicates

Figure 3 is an example on A§| surface, the structure that clustem=4 is also a magic cluster. On B surface,

=25 is obviously more perfect than the structuresief24 ~ however, the lowest-energy structure of clusier4 is dif-

and 26, and two extra NN bonds are formed when the clustefterent as shown in l_:|g.(ﬂ;. '_I'he reason I1s the_strong_ influ-

grows fromn=24 ton=25. From Figs. 1 and 3, we can see €N¢€ from the other_mteractlons, the detal_ls will be discussed

that the cluster becomes more stable whenever one side the foIIowmg sections. But, as we mentioned ahave, when
the cluster sizen=6 all the lowest-energy structures on the

the outer new quadrangle is completed. Then it is not diffi ; eludi h . h b
cult to imagine the structures of other magic number cluster§UYraces including Pg) are the geometries whose numbers
of NN bonds are maximum. This result indicates that for

with sizesn>36. . . - .
clustersn=6 the influence from other interactions is not
strong enough to change the predominance of the NN

0000, 0.0 0000 0.0 o] 0.0.0.0.0. . . .
1S Sxox® SRS 19 @xox® ExePel Po¥x SxExensn adatom-adatom interaction, and then ensures the same magic
O, 0.0.0 0.0 O, 0.0.0 0.0 0.0.0.0.0.0. . .
TN d| R e d| oo e e-ee numbers and same structures of magic clusters on the differ-
Syoxaxons el Poxononaxsnale| Roxanonsxiys! t surf f lust ; 6

Sreee. 1l eeeee i eeee - ent surfaces for cluster size=6.

24(38) 25(40) 26(41) In qdditi_on, from the struc_tures_ of the magic number clus-
ters given in Fig. 1, we can imagine the growth mode of the

FIG. 3. The lowest-energy structures of clusters24, 25, and supported clusters on the f¢801) surfaces we studied. Al-
26 on Ag(S) surface. The number in brackets indicates the numbethough the details which we indicate the structures of non-
of NN bonds. magic clusters are different on the different surfaces, the
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28 due to its weaker internal cohesion and then closer to the
@Chain Structure surface. In other words, when the number of NN bonds of
.| Olsland Structure the structure decreases, the adatom-substrate interaction

tends to increase. Therefore, on a certain surface, if such
increment of the adatom-substrate interaction is large and

N 27| O O can repay the decrement of the NN adatom-adatom interac-
Q o & o o tion because of the NN bond breaking, then the structure
with fewer NN bonds could be preferred, e.g., the chain
2635 structures of clustens=4,5 on PtQ) surface. Otherwise, the

structure with more NN bonds should be preferred, e.g., the
. ‘ ‘ . . island structures of clustens=4,5 on the other surfaces.
7 8 9 10 1 12 13 Therefore, the strength of the compensation from the
X adatom-substrate interaction relative to the NN adatom-
adatom interaction is one of the key factors for explaining
FIG. 5. A side view of the chain and island structures of clusterthe NN bond related structure change.
n=>5 on PtS) surface. To verify the above model, we consider the one-
dimensional chain structure and the two-dimensional island
main line of the growth represented by the magic clusters istructure of clusten=5 supported on P8) surface]for the
the same, i.e., growing side by side around a square core. structures see Figs.(@) and 4c)]. The difference of their
cohesive energie@he absolute value of the internal energy
AE2P~1D=E2D_E1D can be regarded approximately as the
sum of the differences of the NN adatom-adatom interaction
Except the magic clusters, the structures of the other clusAEaqny) and the adatom-substrate interactiaiE;o *°,
ters are generally different on the different surfaces. If we.e.,
describe the structure only in terms of the numbers of B _ _
nearest-neighbor and next-nearest-neighPdNN) bonds, AE?P 1D:AE§2(N%V[))+AE§E . @
then the structure changes can be classified into two differeng, separate these two kinds of interactions, as the first step,
types. The one is the NN bond related structure changge adatoms of the two structures are fixed in a certain plane
which involves the change of the number of NN bonds. Theynose distance to the first layer is equal to that between the
other is the NNN bond related structure change which infjrst and second layers of the substrate, and their coordinates
volves only the change of the number of NNN bonds. To the, y are also fixed at the positions as the normal new layer.
surfaces we studied here, the NN bond related structurghe sybstrate which is relaxed before the clusters are put on
change only appears in small adatom clusterss. The ex- s frozen. The aim is to exclude the difference resulting from
amples for clustera=4 and 5 are shown in Fig. 4, from the the adatom-substrate interaction between the two structures.
island structures on P) surface to the linear chains on Pt Therefore, the cohesive energy differerE&?°—E’1P ob-
(S) surface, one NN bond is broken. The fact that the lineagained under this condition approximately comes from the
chain could become the lowest-energy structure or(@6d)  gifference of the NN adatom-adatom interaction, iE’2°
surfaces, htO\lllve\_/erI, }ﬁgg{)novjlbts/%'gi)resut'ts wsgiobtdamed_ E'!P~AEZD N\ - As one nearest-neighbor bond is broken
experimentally In 1r/ an e o) SYSIems, = and - \yhen the structure changes from the island to chain, the en-
in the EAM calculation for Pt/R001).° The reason was be- ergy differenceE’2°—E’ID also approximately equals the
lieved to be the presence of relatively long-range interaction . : 2D-1D
between the adzgtoms, in which the g/ubstgr}ate rgelaxations plc’%Oh?;éve falrllaergy of the NN bor.]ENN’ €., AE.aa(NN).
an important role. E'“"—E'*“~EyN. Then, releasing all atoms including
In order to give a more clear model for explaining the the substrate, we relax thgge tV\l/g structures_ tho_roughly and
appearance of the linear chain or the NN bond related strucq(at the cohesive energ™, E ", and their difference
ture change with surfaces, we give a side view of the chai

AE?P~1D According to Eq.(1), we can obtain the energy
YifferenceA E20~10= AE20-10— AE2D 1D \yhich describes

and island structures of cluster=5 supported on P8) sur- as aa(NN)

face in Fig. 5, in which all atoms including the substrate are

the difference of the adatom-substrate interaction between
fully relaxed. The obvious feature is that the chain is closertﬂe two lsttructurtehs. 'I]:he resuflts are ShO\an n Tab|(_9rr|], n Wh'f.h
to the substrate surface than the island. The difference b€ reSUlts on other Z%EQSUF aces are aiso given. the negative
tween the average heights of the adatoms of these two stru

IV. STRUCTURES OF SMALL ADATOM CLUSTERS

gnergy differencé\ E¢ indicates that the linear structure
tures is about 0.16 A. This result implies that the influencdS indeed more advantageous to the adatom-substrate inter-

from the adatom-substrate interaction on the energy of thaction than the |slanzoll}si[rDucturez,D§?g it mzag?thhe cohesive
chain will be stronger than on that of the island. Then a€nergy differenceAE =AEaa([\lN)+AZEa§D smaller
possible factor accounting for the NN bond related structurdhan that before the full relaxationAEz; - In other
change can be given, which is the compensation effect frondvords, when the NN adatom-adatom interaction decreases in
the adatom-substrate interaction. It is easy to imagine thatructure change from the island to chaiE(2 iy =E'?°

the chain structure or the structure with fewer NN bonds is— E’'P>0), the adatom-substrate interaction, however, in-

generally advantageous to the adatom-substrate interacti@neases AEiSD‘lD<0), that is, the compensation from the
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TABLE I. The cohesive energy differencesV) AEZ0 . TABLE II. The cohesive energy differencésV) AEZ2 iR, and
AE?P71P, andAE2D1P between the structures Figdchand 4g)  AE2P~ 1P between the structures Figgcband &d) on the different
on the different surfaces\EZSx) and AEZD P approximately — surfaces. AEZ iy, approximately comes from the difference of
come from the differences of the NN adatom-adatom interactiorthe NNN adatom-adatom interaction, whitE2P 1P s the result

and the adatom-substrate interaction, respectivef?° 1P is the  of the differences of the NNN adatom-adatom interaction and the

sum of AEZD 1) and AEZY P, Eyy indicates the energy of the adatom-substrate interaction.
nearest-neighbor bond.

Surfaces AESTNNN AE?D~1P
Surfaces AEZNnn AE?P71P AEZDT'P |AEZYTOl/Eny PUS) 0.0500 0.0765
P(S) 0.6222 0.5439 —0.0783 0.1258 Ag(S) 0.0199 0.0140
Ag(S) 0.3287 0.2154 —-0.1133 0.3447 Pt(S) —0.0729 0.0115
Pt(E) 0.4594 0.4534 —0.0060 0.0131 Pt(E) —0.0240 —0.0073
Au(E) 0.2299 0.1371 —0.0928 0.4037 Au(E) —0.0217 —0.0054

Pt(S) 0.1589 —-0.1980 —0.3569 2.2461

surfaces. The structures have the same number of NN bonds,

adatom-substrate interaction plays a role as expectednn=52. However, the number of NNN bond€yyy;, is
|AE2D-1P|/E, is the relative compensation, its value different, Cyyy=46,45,43, and 42 for Figs.(®, 6(b), 6(c),
IAEZD_lDI/ENN>1.O on PtS) surface for clustem=5 and Gd), respe_ctlvely. That is, from P¥) surface to AGE)

as qurface and in sequence Bgf—Ag(S)— Pi(S)—Pt(E)

means that for the structure change from the island to chai .
the cohesive energy increment from the compensation of the’ AU(E). the number of NNN bonds basically decreases for

adatom-substrate interaction is enough to repay the cohesiv udstehrnzﬁz. For gther c]!ushte.rs and wg]endthe l;srze?(j wed
energy decrement resulting from the nearest-neighbor boni'd that the numbers of their NNN bonds all tend to de-
breaking. Therefore, the linear structure with fewer NNCT€@S€ on the surfaces in sequencesftt- Ag(S) —Pi(S)

bonds is preferred on Fj surface. On the other surfaces, —PUE)—~AU(E), e, CynPi(So)]=CnnnA(S)]
2D-1D| =CynN Pt(S) 1=CynN PHE) 1= Cynn AU(E) ]. Such regu-

however,|AESS "7|/Eyny is far less than 1.0, which indi- S
cates that the compensation is small and cannot repay tI’l@r changg of the number_s Of.NNN bo_nds implies that th.ere
S a certain character which is little different on these five

cohesive energy decrement resulting from the NN bond ) . .
urfaces, and it changes monotonically in the sequence

breaking. Consequently, all the lowest-energy structures w . .
observegd are theq geon{etries with maximurr?%wumber of NN 1S0) =~ AQ(S) —PUS) — PI(E) —~Au(E). We will see this
bonds. character later. In appearance, the decrease of the number of
NNN bonds generally makes the shape of the structure

change from square to rectangle as the example shown in
Fig. 6.

As mentioned above, another structure change Compared with the NN bond related structure change of
is related to the change of the number of NNN bonds. liclustern=5 shown in Figs. &) and 4g), the structure Fig.
appears for clusterm=6, Fig. 6 is a typical example 6(a) is the close-packed island analogous to that in Fig), 4

of this kind of structure change far=32 on the different and Fig. &d) can be regarded as the thick chain structure
similar to that in Fig. 4g). Such similarities motivate us to

V. STRUCTURES OF LARGE ADATOM CLUSTERS

OTUUTUUTT oUUTUO00 use the same procedure described in Sec. IV to discuss the
0 0q0R02080a082 0 0 OOPIRO physical bases underlying the NNN bond related structure
Seeseee Cleeesee change. The structures used in our calculation are those in
0 0g00eCR0e0R0 0 0030eCaRCe0 Fig. 6(c)(indicated by 2D and Fig. &d) (indicated by 1D.
oe0eee 20000
8 8 8'8'8’3'8 8 82’8’8’8’8’88 The results are shown in Table Il. Cohesive energy difference
00000000 00000000 AEZDnnn approximately describes the difference of NNN
Pt(%)(46) Ag(S)(45) adatom-adatom interaction between the two structures.
a b AE?P~1D s the cohesive energy difference between the two
oo oon. S hocoone structgres after fu.II relaxation. Contrary _to expectz[a)'[l()lr; and
© 0 0 0gg%0 Cge e e e s opposite to those in Table I, the energy differenaés’
88:8:8:8:8:8:8 8:8:8:8:8:8:8:8: after complete relaxation are a little greater than the differ-
0 SeeTecened Coee ecele ee encesAES iy except AgE). On Ag(S) surface, although
° g’g’g’g’g’g’g 00000000 the cohesive energy difference decreases By tO
AE?P~1D the decrement is very small and can be neglected.
Pt(S)(43) Pt(E),Ag(E)(42) These results mean that there is approximately no compen-

(¢}

sation from the adatom-substrate interaction when the struc-
FIG. 6. The lowest-energy structures of cluster=32 on ture changes from Fig.(6) to Fig. 6d). In other words, the
PHS,), Ag(S), Pt(S), Pt(E), and AuE) surfaces, respectively, in adatom-substrate interactions of the two structures are almost
which the number of NNN bonds shown in the brackets decreasethe same, and then the NNN bond related structure change
from Pt(S) surface to AuE) surface. cannot be interpreted by the compensation effect from the
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adatom-substrate interaction. Noting that the difference ofange, in fact determine or influence jointly the lowest-
the number of NNN bonds is one between the structuregnergy structure.
Figs. @c) and &d), soAEgg(}\‘k% can be used to estimate the  In Sec. IV, the NN bond related structure change of clus-

cohesive energy of NNN bond, i.eExnw~AEiannn - tern=>5 is discussed, in which for simplicity we think that

Compared with the cohesive energy of NN bdBgy, the the cohesive energy differencBEZD\) between the two
magnitude ofEyyy is small. In other words, the interaction structures Figs. @) and 4g) on the frozen surface only
of NNN adatoms is weaker than that of NN adatoms. Thereeomes from their one NN bond difference, the contribution
fore, it is not difficult to understand that the two structuresfrom the different numbers of NNN bonds is neglected, i.e.,
Figs. €c) and 6d) approximately have the same adatom-AEZD [P~ Eyy. The values o8 E2D 10 and AEZS K3y in
substrate interaction. We can imagine that when strong bontiables | and Il show that such simplification is reasonable for
is formed between the two adatoms, i.e., when the interactiomost surfaces, in which the cohesive energy of NNN bond
of the two adatoms is stron@.g., the interaction between indicated approximately b)AEgg(N}\ﬁu) is far less than the
the NN adatomys then they will deviate far from their origi- (ifference AEiE(Rﬁ\E- But, to be more preciseh Egg&“)?

nal equilibrium positions, and the adatom-substrate interacshould include the contribution from the NNN bonds. Con-
tion will be changed greatly. In reverse, if the interaction ofsidering that from the island structure Figcjto the chain
the two adatoms is weafe.g., the interaction between the 4o Fig. 4g), three NNN bonds disappear, theyE2D- 1D

. aa(NN)
NNN adatomg then no matter whether the bond is formed g ou1d be written as
or broken between the two adatoms, the change of the
adatom-substrate interaction will be less. Consequently, we
cannot distinguish the difference of the adatom-substrate in- - -
g 2D-1D AEgg(NH)D: Ennt 3Ennn= ENN+3AE§2(N}\JDN)' )

teraction between the two structures frakZ;ywy and
AE?P~1D in Table II. The small change frodEZ> (k7 tO
AE?P~1Pis due to the complete relaxation. SUEP~Pis  |n other words, the factor of the relative interaction range of
approximately the cohesive energy of NNN bond after theNNN adatoms indicated b E5L i, also plays a role in
complete relaxation. The negative differens&>°~*® on  the NN bond related structure change, although its role
Au(E) and PtE) surfaces indicates that the NNN adatomssometimes is very small. On B surface, the contribution
repel each other. On the other surfacesSPt(Ag(S), and 3ENNN~3AE§2(T\I}\JDN): —0.2187 eV is larger than those on

Pt(S), however, they attract each other. These results sughe other surfaces, in which we use the energy difference

gest that the NNN bond related structure change as the e)/S'EZD(T\ﬁ\lDI\J) between the two structures of clustes 32 to
aal

ample shown in Fig. 6 is the result of the different relative ggtimate the energy of NNN bond. But, it should be noted
interaction range of NNN adatoms. Although it is difficult to {15t the cohesive energy of NNN bon;j estimated by this
determine the relative interaction range exactly, the sign of,ethod is in fact a kind of equivalent or effective NNN bond
AE?P""Palready shows that the relative interaction rangessnergy, it means that such cohesive energy may change a
on Au(E) and PtE) surfaces are longer than those on thejitie with the cluster size. Therefore, if we want to get the

others. Consequently, the lowest-energy structures we ORycyrate contribution of the NNN bond to the energy differ-
served on P&) and AuE) surfaces are generally more enceAEZD D for clustern=>5 on Pt) surface, we should
elongated than those on the others. So far the character Ujge the energy difference of the cluster with size close to 5 to
derlying the regular change of the numbers of NNN

. estimate the energy of the NNN bond. In Fig. 4, cluster
bonds, i.e., Cynn[PUSo) 1= Crn AG(S)I=Cun PUS)]  —3is a good choice, two structures Fi nd 4e) have
=CynNPtE)]=CynnAU(E)]  for  larger  clusters d ’ geaand 4e) hav

; . ; . one NNN bond difference. With these two structures ad-
n>7  mentioned ~above, is clear, which IS g5 heq on PE) surface, the cohesive energy difference we

the ~ relative  interaction  range  of  NNN ,paineq jsy Eiannn = —0.1225 eV, then the contribution
adatoms, and the resulCyyn PH(Sy)1=CnnnA9(S)] 201D _

NN becomes Bynn~3AEZznny = —0.3675 eV. From Eq2)
= Cunn PUS)T=Crnnl PUE) 1= Cann AUCE) ] implies that d with the value ofAE2D 1D in Table I, we can get the
the interaction range tends to increase in the sequen . aa(NN) ' n g
Pt(Sy) — Ag(S)— P(S)— PHE) — Au(E). cohesive energy of NN bonéyn~0.5264 eV, which is ba-

sically in accordance with the value 0.51 eV estimated by

dissociating the dimer to two single adatoms, and thus veri-
fies the contribution of the NNN bond we give above. The

In the above sections, two examples of the structuresign of the contribution BEgg(}ﬁ\‘%<0 means that the NNN
changes are given. One is the NN bond related structuradatoms repel each other on the frozerSPgurface, and it
change of clusten=5, in which we see that the compensa- reduces the cohesive energy difference between the two
tion effect of the adatom-substrate interaction plays an imstructures Fig. &) and 4g) from about 0.526dv to
portant role. Another is the NNN bond related structure0.158%v, which provides a good condition for the chain
change of clusten=32, which is the result of the different geometry Fig. 4y) to become the lowest-energy structure
relative interaction range of NNN adatoms on the differentafter the full relaxation or after the compensation effect acts.
surfaces. In this section, what we want to supplement is tharom this example, we can see clearly that the relative inter-
to be more precise or to consider some other cases, the tvagtion range of NNN adatoms also plays a role in the NN
factors, i.e., the compensation effect and the interactiomond related structure change.

VI. DISCUSSION
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With Egs.(1) and(2), the cohesive energy difference be-  Finally, Eqg. (3) is also valid to explain the NNN bond
tween the two structures after the full relaxation can be furtelated structure change. In this case, the first term of &g.
ther written as AN,Enn, is zero, and to the surfaces we studied the differ-

enceAE2P~1D/E, is generally small and can be neglected.
2D-1D_ 2D-1D as NN

AE =ANEnnt ANEnant AE;S Consequently, as we discussed in Sec. V, the relative inter-
E ) (AEZDlD) action range of NNN adatoms becomes the dominate factor

NNN as

=Enn Eon in determining the lowest-energy structure.

AN1+AN2< =
NN

3) VIl. CONCLUSION

whereAN; andAN, are, respectively, the differences of the  On a series of metal fc@®©01) surfaces, the lowest-energy
numbers of NN and NNN bonds between the two structuresstructures of adatom clusters£2—39) are determined by
With the parameters for cluster=5 on Pt{) surface, i.e., the genetic algorithm. It is found that there is a series of
Eny~0.5264&v, Exnv~AEiannn=—0.122%v and  clustersn=6,9, .. .,36, whose structures are invariable with
AE2D1P=_0.356%0, we can estimate approximately the the different surface. Their outstanding stability indicates
cohesive energy differenc&E?P~ 1P for clustersn=4 and that they are magic clusters. Except the magic clusters, the
n=6, respectively. For the island and chain structures Figsstructures of the others generally change with surfaces. For
4(b) and 4f) of clustern=4, AN;=1, AN,=2, we get convenience, the structure changes are classified into two
AE?P~1P= —0.075%0 <0 from Eq.(3), which means that different kinds, i.e., the NN bond related structure change
the linear chain shown in Fig(# is the lowest-energy struc- and the NNN bond related structure change. The reason for
ture on PtS) surface. For clusten=6, AN;=2AN,=4, the different structures can be attributed to two factors: the
AE2P-1D—( 205%y >0, which indicates that the island compensation effect from the adatom-substrate interaction
results are all in accordance with those obtained by the gé¥NN bond related structure changfer clustersn>7) is
netic algorithm, which thus verifies E(). mainly due to the different interaction range, while the com-
Equation(3) clearly shows that the two factors, i.e., the Pensation effect can be neglected. As to the NN bond related
compensation effecd E22~P/Ey, and the interaction range Structure change, however, the compensation effect is gener-
ENNN/ENN“AEig&lNDm/ENN jointly determine the cohesive ally significant. On some surfaces, e.g.,®i(the mte(acnon .
energy difference between the two structures. Wherfange could also play a large role. The Ionggr the interaction
AEZDT\,}QD , AE§E’1D<O, the larger the relative magnitudes range _and/or the stronger the c;ompensatlon effect is, the
|AEE‘§‘ “10g, | and |[AE2D-10 /E, | are, the more likel more likely that the geometry with the fewer NNN bonds
as NN aa(NNN)' =NN ’ Y and even fewer NN bonds could become the lowest-energy

that the linear chain or the geometry with fewer NN borldsstructure, and the shape of the structure tends to change from

\k/)vaCeonmfAsEtgsDG‘ Ilt)D\;vIEe:L|enaer:gy|Ztlr5u§c§%§;) /VlglsNragrlema}glrgi th%’iquare to rectangle or even to one-dimensional chain.
enough, then the lowest-energy structure of clusters
could also take the linear chain. The typical example is the
inhomogeneous nucleation of Ni on(@@1) surface'®’in This work was supported by Chinese NSGrant
which all the lowest-energy structures of clusters No. 10004002 “973" projection of China (Grant No.
=3,4, ...,9 are thénear chain. Therefore, although the sys- 2001CB61050% and the Technology Development Founda-
tems we studied here are limited, the model expressed by Etjon of ShanghaiGrant No. 02QA14007 We acknowledge
(3) or the physical bases we discussed is helpful for underthe usage of facilities at National High Performance Com-
standing or explaining the appearance of various lowestputing Center in Shanghai Research Center for Applied
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