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Structural Variation of Silver Clusters from Ag 13 to Agis0

1. Introduction

There have been great interests in experimental and theoretica[)r
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The structures of silver clusters from Agto Agieo Were optimized with a modified dynamic lattice searching
(DLS) method, named as DLS with constructed core (DLSc). The interaction among silver atoms is modeled
by the Gupta potential. Structural characteristic of silver clusters with the growth of cluster size is investigated
with the newly optimized structures and our previous results froms BgAgi20 A set of amorphous structures

was obtained in the size range of-183, together with several ordered structures. The putative stable motif

is an icosahedron from Agto Ags; and then changes to a decahedron in the size range-eI@2 Some

of the results are consistent with experiments. Furthermore, it was also found that, for clusters with decahedral
motif, the stable structure is a result of the competition among the different Marks decahedral motifs. On the
other hand, different from the Lennard-Jones cluster, there are some silver clusters with the face-centered
cubic (fcc) motif in the size range of 33L60. But the fcc motif can only be obtained for some specific sizes.

to Dh and then back to Ih. The first Ih to Dh transition takes
lace always in the size range of 585, while the crucial
ansformation from Dh to Ih takes place aroundidf T <

investigations of small silver cluster due to its applications in 400 K and around Agoif T > 400 K. At high temperatured(

photography, catalysis, electronic materials, surface nanostruc-
turing, etc'~6 The study of the structural changes of small (tens
through hundreds of atoms) silver clusters with their sizes is a
hotpot because it may reveal the relationship between structure
and their physical and chemical propertiés.

> 600 K), most of the clusters take the structural motif of fcc,
after passing through a Dh regime around,#gThen, they
studied the crossover size among structural motifs, which
Showed that the best motif is Ih for the clusters size smaller
than 147, Dh in the size range of 3620 000, and fcc at much

In experiments, the observed structure of a silver cluster is a|5rger sizes Finally, they explained the silver cluster structures
result of the competition between thermodynamic and kinetic by energy, thermodynamics and kinetiésThese simulations

factors?12 At small size, silver clusters take the forms of
icosahedral (Ih), truncated Marks decahedmaHXh), face-
centered cubic (fcc), and amorphous motifs. Many experiments
and theoretical studies have been devoted to determination of
the putative stable structures depending on the cluster size. In
1991, Hall et aP studied the structures of small silver clusters
grown in inert gas aggregation (IGK)source using electron
diffraction. Ih, Dh, and fcc clusters between 2 and 4 nm diameter
were observed. It was found that the relative proportions of these
motifs depend on experimental conditions, and for small clusters
(~2 nm of diameter, corresponding to 0P00 atoms), the
structures are mainly in Dh motif. Then, in 1997, Reinhard et
al.10 studied the size-independent fcc-to-icosahedron structural .
transition of large silver clusters grown in IGA source up to 11
nm in diameter. On the basis of these works, Baletto 8t

did a series of works on theoretical simulation of the silver
clusters. In 2000, they studied the growth of free silver clusters

provided a great help for a deep understanding of the experi-
mental observations. Moreover, other works on theoretical
analysis of silver clusters have also been repofied.

On the other hand, optimization algorithms, such as the
evolutionary algorithn#2 random tunneling algorithm (RTAF,
and dynamic lattice searching (DLS) meth&dbave been
developed to study the putative stable structures and the
corresponding lowest potential energies of silver clusters at given
sizes. However, limited by the efficiency of the algorithms, only
small silver clusters or the clusters with given specific sizes
were optimized, e.g., in the work of Baletto et l.only the
energies of the silver clusters at the magic numbers were
investigated. The optimization of silver clusters in a consecutive
size range is still scarce. In our previous wotk3?the putative
stable structures of silver clusters up to 80 atoms and from 61
to 120 atoms were studied, respectively. It was found that the

up to 150 atoms by molecular dynamics simulation from a small dominating motifs are disordered morphologies in the size range

seed!! It was shown that Dh is the most possible motif in the

of 15—47, lh in the size range of 484, and the dominating

most experimental conditions, but Ih structures are indeed mlotiffchangﬁs fr;)m Ih to Dh inther?ize range Oﬁ?' Ilt was
energetically favorable. In 2001, they investigated the growth &S0 found that, from Ag to Aguzo the majority of the clusters

of silver clusters up to 600 atoms by molecular dynamics
simulation on realistic time scales and in a temperature range
from 400 to 650 K* At low and intermediate temperatures (350

have Dh motif, and these results are found to be consistent with
experimental results of Hallbut different to the theoretical
results of Balettd®

< T < 500 K), the clusters grow through a sequence from |h  In this work, a modified DL%?6 method, named as DLS

with constructed core (DLS&, was used to optimize the

*To whom correspondence should be addressed. Pher@s-22- structures of the silver clusters from Agto Agieo It was found
23503430. Fax:1+86-22-23502458. E-mail: xshao@nankai.edu.cn. that the majority of the structures in this size range are also
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Figure 1. Configuration of (a) Ino decahedron and ¢(Dh. m and
n are width and height of the rectangular (100) facets, respectively,
while | is the depth of the Marks re-entrance.
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structure, and the latter operation finds structures with lower
energy by moving the atoms with higher energy to the vacant
sites with lower energy. The merit of the DLS method is that,
by using dynamic lattice strategy, the searching space is greatly
reduced. However, with the increase of the cluster size, the
searching space will increase too. For optimization of large
clusters, further reduction of the searching space is still needed.
With a simple consideration that the searching space can be
reduced by reducing the number of atoms involved in the
optimization, DLSc was proposéd.In the DLSc method,
instead of generating the starting structure randomly, an inner
core is used to generate the starting structure. Only the atoms
in outer layers are involved in lattice searching. Thus, the
searching space is further reduced compared with that in the
previous DLS.

For silver clusters, there are mainly three kinds of ordered
structural motifs, i.e., Ih, Dh, and fcc. So, in this study, Ih, Dh,
and fcc inner cores are used, respectively, in the DLSc method.
The Ih core was obtained by constructing the Ih lattices with
the method in ref 27. Fom-Dh moatif, its structure can be
described with three parameters, n, |, where, as shown in
Figure 1la,m and n are the width and the height of the
rectangular (100) facets, respectively, dnsl the depth of the
Marks reentrancé®?® Therefore, anm-Dh structure can be
described by 1, n, 1). At the same time, an Ino Dh can be
taken as an inner core of am-Dh, because it can be obtained
by moving out the atoms in the outer shells frommah (as
shown in Figure 1b). Therefore, in this work, Ino Dh structure
was used as a kind of core in DLSc forDh motifs, and it
was constructed by the method in ref 30. Furthermore, because
fce structures, including the truncated octahedron (TO), were
found in silver clusters, fcc octahedron was also used as a kind
of core, and it was constructed by the method in ref 30.
Therefore, Ino Dh, Ih, and fcc octahedron were used as the inner
cores of the starting structure in DLSc. The final result was
obtained by choosing the structure with the lowest energy among
the independent runs with different cores.

On the other hand, different semiempirical potentials have
been proposed for transition and noble metallic clusters, such
as effective-medium theo#d}, the glue modet? embedded-
atom32 Sutton—Chen3* Rosate-Guillope—Legrand (RGL)®
and the Gupta potenti&f.The later one was used in this work.
Gupta potential is based on the second moment approximation
of the electron density of states in the tight-binding (TB) theory.

Dh, but there are Ih and fcc structures, which is consistent with [t can be depicted in the following fori

the explanation of Baletto et &.Together with the previous
results of Ags-120, Structural characteristic of Ag-160 are

investigated in detail for a better understanding of the changing
rule of the structures with the cluster size. Results show that,

with the growth of the cluster size, the dominant structural motif
changes from amorphous (Ag-Agdas) to 1h (Agss—Ags1) and
then to Dh (Ag2—Agieq). Furthermore, the clusters with Dh
motif were classified into different kinds ofi-Dh submotifs.

Uy N
— YV 1
2 2.V 1)

\Y,

where N is the number of atoms in the cluster ablg is a
function of the atom numbeN. V; consists of a pairwise
repulsion energy of BornMayer type and &-body attractive

The Dh structure of a given cluster was found to be a result of contribution

the competition among differemd-Dh submotifs.

2. Method

The DLS method was proposed by combining the basic ideas

of unbiased and biased methd82% A DLS run starts from a

randomly generated and locally minimized structure of a cluster,

and then repetitively finds structures with lower energy by
“lattice construction” and “lattice searching”. The former
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)
rij is the distance between atarandj, andrg is the equilibrium

nearest-neighbor distance in the bulk metal. The parampters
andq represent the repulsive and the attractive interaction range,

operation constructs all possible vacant sites around the startingespectively. The parametéris fitted to experimental values
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55(Ih) 56(Ih) 57(2,2,2-m-Dh) 58(1h) 59(2,2,2-m-Dh) 60(Th)
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Figure 2. Part 1 of 4.
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61(1h) 62(2,2,2-m-Dh)  63(2,2,2-m-Dh)  64(2,2.2-m-Dh) 65(2,2,2-m-Dh) 66(2.2,2-m-Dh)
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91(2,2,2-m-Dh)  92(3,2,2-m-Dh) 93(3,2,2-m-Dh)  94(2,2,2-m-Dh)  95(2,2,2-m-Dh) 96(2,3,2-m-Dh)
-96.3656 974611 -98.5700 99,6225 -100.7840 -101.8538

97(3,2,2-m-Dh)  98(2,3,2-m-Dh) 99(2,3,2-m-Dh) 100(2,3,2-m-Dh) 101(2,3,2-m-Dh) 102(2,3,2-m-Dh)
-102.9983 -104.0593 -105.2241 -106.3212 -107.5006 -108.5336
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-109.6490 -110.7403 -111.8326 -112.9359 -14.0323 -115.1894
Figure 2. Part 2 of 4.
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Figure 2. Part 3 of 4.
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Figure 2. Part 4 of 4. Optimized structures, structural motifs, and the corresponding potential energies of the silver clustersfrom Ag
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Figure 3. The finite difference AE) of the energy of silver clusters
from Agi3 to Agieo for Eyxny = —0.92253+ 0.815403 + 0.2967 N3
— 1.1559N.

Figure 4. The second finite differenceAGE) of the energy of silver
clusters from Ags to Agiso.

cluster sizeN, respectively. ThAE andA,E have the form as

of the cohesive energy. In this work,= 0.09944p = 10.12, follows

g = 3.37, and the reduced units with= 1 andUy = 1 were

used34 AEn = En — By )

(4)

3. Results and Discussion AEn = Enrry T En-1) — 2By

3.1. Putative Stable Structures of the Silver Clusters up
to 160 Atoms.Figure 2 shows the optimized structures and the
corresponding lowest energies of silver clusters fromsAg
Agiso. Among these structures, Ag-Agizowere obtained with
RTA and DLS methods, respectively, in our previous W&k,
and Ag2i1—Agisowere obtained with DLSc method in this work.
It can be seen that, in the size range of 4280, Dh is the
dominant motif; only one lh structure is obtained at;4gand
four fcc structures are obtained at the sizeNof= 149, 151,
152, and 158. This result is consistent with the results of the
experiment and theoretical simulatid®! In the experiment of

whereEyn = a + bNY3 + cN?® + dN is a four-parameter fit

of the energy of global minimum. ClearlyAE shows the
variation of the cluster stability with cluster size, andE
measures the stability of afratom cluster structure with respect
to its neighboring cluster size. The negative peaks (or valleys)
in Figure 3 and the positive peaks in Figure 4 indicate
particularly stable structures comparing to their neighbors.

At first, in Figure 3, seven apparent valleys at14gAgss,
Agss, Ag7s, Ad101, Ad146 and Ag 4z can be clearly found, which
correspond to the complete structural motifs or the magic
ref 9, the silver clusters are found to be maintyDh in the number clusters. Figure 5 shows the top view and side view of
range of 100-200, and, in the theoretical study of ref 11, it these structures. In more detail, from Adgo Agss, the value
was found that the silver clusters up to 150 atoms are most of AE goes up very slightly with fluctuation except for the valley
possiblym-Dh. at Agss. The dominant motif in this size range is disordered

3.2. Variation of the Structures and Energies with Size. structure, but the structural motif is fcc for AgAgse, and Agi.
Figures 3 and 4 shows the finite difference of enefdy and Another negative peak in Figure 3 can be found aroungs Ag
the second finite difference of energyE as a function of from Agsg to Agesa. In this range, the dominant motif is Ih, and

TABLE 1: Structural Distribution of Ag 13—160 Clusters

structural motif n? cluster size ()
amo rphi sm 28 1432, 34-37, 44-48
Ih 13 13, 42, 49, 5356, 58, 60, 61, 147
fcc 15 38-40, 50, 79, 80, 83, 85, 87, 88, 90, 149, 151, 152, 158
Dh (2,1,2) mbh 3 33,41, 43
(2,2,2) mbh 27 57,59, 6278, 81, 82, 84, 86, 89, 91, 94, 95
(2,3,2) mbh 18 96, 98-104, 108-110, 112-114, 117119, 154
(3,2,2) mDh 39 92,93, 97, 105107, 111, 115, 116, 120-146, 148, 153, 160
(3,3,2) mDh 5 150, 155-157, 159

aTotal number of the motif.



5054 J. Phys. Chem. A, Vol. 111, No. 23, 2007 Yang et al.

Th (Ags)

Th (Agss)

Th (Agya7)

& &

@ @

® @
& @
& @

@ ©

B ©

(2,2,2) m-Dh (Agss)

(2,3,2) m-Dh (Agion)

Aga (plh (28, 4))

(3,2,2) m-Dh (Agi4s)

top view side view

Figure 5. The top and side views of the silver cluster structures at
magic numbers.

Agss is a complete |h structure. However, the structural motif
is fcc for Agso and (2,2,2m-Dh for Ags; and Agse. The clusters
from Ags1 to Ags4 are more and more stable because that the
structures gradually approach to the complete Ih structure, but Agss (pIh (30, 5))

the symmetry of Ags is destroyed by one extra atom in the out Figure 6. The structures of polyicosahedra motif. The atoms in the
shell compared with the Agcomplete Ih structure. Therefore, ~inner shell are shown in black.

the negative peak is a reflection of the growth of Ih structure. ) ] )

WhenN = 62, the AE goes down with fluctuation and then ~Other hand, in ref 11, thexDh motif has magic number &
goes up afteN = 75 untilN = 95. In this size range, the domain = 100 with the corresponding (3,1,8)Dh structure. But there

96, there are a large smooth valley with comparatively bigger Structure is found to be (2,3,2)-Dh with the potential energy

147, respectively. The large smooth valley indicates that there Of (3,1,2)m-Dh structure was calculated with Gupta potential
is no structural transition with the growth of the clusters in this and the result is-98.9675. Therefore, (2,3,2)-Dh should be
size range, and the two sharp peaks indicate that there argMore reliable structure for Ago

complete structures at these corresponding sizes. It can be seen 3.3. Distribution of the Putative Stable Structures.The
from Figure 2 that the dominant motifiis-Dh, but the structural  distribution of the Ags-160 Cluster structures is summarized in

motif is fcc for Agise, Adisi, Adisz and Agss In Figure 4, Table 1, including 28 amorphous structures, 13 lh structures,
positive peaks corresponding to the negative peak in Figure 315 fcc structures, and 98Dh structures in different sub-motifs.
can be clearly found, e.g., at AgAgss, Agss, Ag7s, and Agoz. Amorphous structures are obtained at the sizeN ef 14—

However, there are some other peaks atsA89s4, Ag71, AQ10s, 32, 34-37, and 44-48. From Figure 2, it can be seen that these
Adi17, Adi26 and Aggss in the figure, which show that these clusters have no symmetric axes. Among them, the structure of
clusters are stable ones compared with their neighboring clustersAgis is a complete icositetrahedron. It is classified into the
With a detail examination, it can be found that the structures amorphous motif for its scarceness. Furthermore, from Figure
of Adia, Adss, AQ71, Adi2e and Agas are more symmetrical 2, it can also be found that the polyicosahedra @Injotif
than their neighboring clusters, e.g., Agvith Ds, symmetry can be obtained at Ag Agso-32, and Ags. The structure of
but Agis with C, symmetry and Agh with Coy symmetry. Agos Agig has 30 facets, which is connected by two Ih structures
and Aga7have the more stable structures than their neighboring with two atoms in the inner shell and 17 atoms in the outer
clusters due to the structures changing from (3,232h to shell, i.e., plh (17, 2) as denoted in ref 38, andflgas one
(2,3,2)m-Dh. more atom in outer shell than Ag The structure of Ag is
However, the motif of Ih with a single central vacancy was connected by three Ih, i.e., plh (27, 3), the structures of;Ag
indicated being stable at Ags and Ag4;in ref 37. To further and Agy are connected by four Ih, i.e., plh (27, 4) and plh (28,
investigate the results, the lh core with a single central vacancy4), and the structure of Agis connected by five Ih structures,
was used to optimize the structures ofiAgand Agasr. It was i.e., plh (30, 5). In order to more clearly demonstrate the
found that the same structure as above are obtained. On thestructures of polyicosahedra motif, the structures ofsA80-0,
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Agzs, AQ30-32, and Ags were shown in Figure 6. In Figure 6,

J. Phys. Chem. A, Vol. 111, No. 23, 2005055

and 20573102) and the Ph.D. Programs Foundation of Ministry

bonds among the atoms in inner shell and between the innerof Education (MOE) of China (No. 20050055001).

shell and outer shell were not drawn.

Ih motif clusters are obtained at sizes Mf= 13, 42, 49,
51-56, 58, 60, 61, and 147. Obviously, most of the clusters
with Th motif are around the magic number 55. The structure
of Agaz is a partial 55-atom Ih. The structures of AgAgs>,

and Ag; are constructed by removing one, two, and three atoms

from the out shell of Ags, and on the contrary, that of Ag
Agss, Ageo, and Ag1 by adding one, three, five, and six atoms
to the out shell, respectively. In Figure 2, &@nd Ags have
the same top view, because #Agis constructed by only
removing the center atom from Ag

Including the TO motif, 15 structures with the fcc motif are
obtained at 3840, 50, 79, 80, 83, 85, 87 88, 90, 149, 151,
152, and 158. The structures of Agand Age are complete
TO. Adss, Agao, Adso, and Ags have the same structural motif
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