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Abstract

Structures of silver clusters from Ag61 to Ag120 were optimized with an unbiased global optimization algorithm named dynamic lattice
searching (DLS). The interaction among silver atoms is modeled by the Gupta potential. New global minima of Ag79 and Ag80 were
found. The results show that there are two magic number clusters Ag75 and Ag101 from Ag61 to Ag120. Most of the clusters in the studied
sizes have decahedral motifs, however, there are 9 clusters with non-decahedral pattern between the two neighboring magic numbers.
These results might help us understand the growth rules of medium sized silver clusters.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the study of clusters has evoked great
interest in scientists because they provide a bridge between
molecules and the bulk materials. It has been found that
clusters often display unique chemical and physical proper-
ties that are quite different from molecules and bulk mate-
rials [1]. Many experimental [2] and theoretical [3–5]
investigations have been done on clusters. Generally, clus-
ters can be divided into metal clusters and non-metal clus-
ters. The most famous non-metal clusters are carbon
fullerenes that were first found by Kroto et al. [6]. Recently,
metal clusters, especially transition metal clusters are grad-
ually attracting more and more attention of scientists [7].
Silver cluster [8–18] is a hot topic among them because it
has practical importance in photography [8], catalysis [9],
and electronic materials [10]. They also have potential
application in surface science [11] and metal alloys
[12,17]. The optimization of structures of silver clusters is
an important research direction in this field because it
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could help us understand the relationship between struc-
tures and properties, and also provide us information
about the rules for cluster growth.

Three methods are frequently used in the theoretical
study of clusters: molecule mechanics method (MM), mol-
ecule dynamics method (MD) and quantum mechanics
method (QM). Due to the high cost of computation, MD
and QM methods are only applicable in small or medium
size clusters, while MM method is widely used for large
clusters. Up to now, a lot of MM based optimization algo-
rithms have been developed. The global minima of Len-
nard–Jones (LJ) clusters up to N = 150 (N is the cluster
size) were obtained by using a genetic algorithm (DH-
GA) that was proposed by Deaven et al. [19] and then
improved by Hartke [20]. Basin-Hopping had been applied
to the optimization of LJ clusters up to N = 110 [21,22].
Johnston and his research group have applied their Bir-
mingham genetic algorithm to the optimization of bimetal-
lic nanoalloy clusters [23–25] and in our previous work, LJ
and carbon clusters were systematically investigated with
several MM based optimization methods [3,4,26–28].

However, limited by the efficiency of the algorithms, the
optimization of silver clusters containing more than 80
atoms is still scarce. In this work, a newly proposed optimi-
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Fig. 1. Optimized structures of silver clusters from Ag61 to Ag120 by using DLS.
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Table 1
Energies and structures of silver clusters Ag61–Ag120 for the Gupta
potential

N Energy Motifa N Energy Motif

61 �63.6141 aM 91 �96.3656 Deca
62 �64.6753 Deca 92 �97.4611 Deca
63 �65.7870 Deca 93 �98.5700 Deca
64 �66.9462 Deca 94 �99.6225 Deca
65 �67.9855 Deca 95 �100.7840 Deca
66 �69.0746 Deca 96 �101.8538 Deca
67 �70.2011 Deca 97 �102.9983 Deca
68 �71.2738 Cs 98 �104.0593 Deca
69 �72.3348 Deca 99 �105.2241 Deca
70 �73.4650 Deca 100 �106.3212 Deca
71 �74.6209 Deca 101 �107.5006 M
72 �75.6598 Deca 102 �108.5336 Deca
73 �76.7522 Deca 103 �109.6490 Deca
74 �77.8801 Deca 104 �110.7403 Deca
75 �79.0374 M 105 �111.8326 Deca
76 �80.0758 Deca 106 �112.9359 Deca
77 �81.1700 Deca 107 �114.0323 Deca
78 �82.2099 Deca 108 �115.1894 Deca
79 �83.3439 Oh 109 �116.2262 Deca
80 �84.3815 D4d 110 �117.3382 Deca
81 �85.4755 Deca 111 �118.4631 Deca
82 �86.5724 Deca 112 �119.6149 Deca
83 �87.6293 Cs 113 �120.7155 Deca
84 �88.7215 Deca 114 �121.7633 Deca
85 �89.7978 Cs 115 �122.8896 Deca
86 �90.8851 Deca 116 �123.9872 Deca
87 �91.9989 Cs 117 �125.1445 Deca
88 �93.0812 Cs 118 �126.1827 Deca
89 �94.1628 Deca 119 �127.3036 Deca
90 �95.2509 Cs 120 �128.4152 Deca

a Deca represents decahedral motifs; M and aM represent Marks
decahedra and Marks decahedra with an anti-Mackay overlayer; Cs, Oh,
and D4d represent symmetries of the clusters with non-decahedral motifs.
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zation algorithm named dynamic lattice searching method
(DLS) developed in our previous work [3,29] was used to
optimize the silver clusters from Ag61 to Ag120. It was
found that from Ag61 to Ag120, the majority of the clusters
have decahedral motifs. However, between the two magic
numbers 75 and 101, there are 9 clusters with non-decahe-
dral motifs. This shows that non-decahedral motif exists
between neighboring magic numbers for medium size silver
clusters.

2. Method

The central idea of the DLS algorithm is based on the
fact that just specific positions will be located at a local
minimum (LM) when atoms are added to a fixed cluster.
Therefore, the first step of the algorithm is to generate a
starting LM randomly (the size of the starting local mini-
mum is smaller than the cluster). Then, the algorithm con-
structs a number of specific sites around the starting LM
(these sites are called dynamic lattices, DLs) and adds the
remainder of the atoms to these DLs by searching the lat-
tices according to the lowest energy rule. The construction
and searching will be repeated until no new structure with
lower energy can be found. At last, the structure is opti-
mized again by a local minimization algorithm. The merit
of this method is that, by using the dynamic lattice strat-
egy, it greatly reduces the number of irrational arrange-
ments if the initial positions of all atoms are entirely
generated by random. Therefore, it greatly reduces the con-
sumed time and makes the optimization of medium or even
large size clusters possible. Detailed description of DLS can
be found in Ref. [3].

In this study, the interaction among silver atoms is cal-
culated by Gupta potential [30], which can be written as

V ¼ U n

2

Xn

i¼1

V i; ð1Þ

where n is the number of atoms in the cluster, Un is a func-
tion of the atom number n. Vi consists of a pair-wise repul-
sion energy of Born–Mayer type and a n-body attractive
contribution,

V i ¼ A
X
j 6¼i

exp �p
rij

r0

� 1

� �� �"

�
X
j 6¼i

exp �2q
rij

r0

� 1

� �� � !1=2
3
5 ð2Þ

rij is the distance between atom i and j, r0 is the equilibrium
nearest-neighbor distance in the bulk metal. The parame-
ters p and q represent the repulsive interaction range and
the attractive interaction range, respectively. The parame-
ter A is fitted to experimental values of the cohesive energy.
In this study, p = 10.12, q = 3.37 and A = 0.09944 are used
for silver [15], and the reduced units with r0 = 1 and Un = 1
are adopted.
3. Results and discussion

The optimized structures of silver clusters from Ag61 to
Ag120 are summarized in Fig. 1, and their energy and struc-
tural configurations are listed in Table 1.

The energy and structures of the silver clusters from
Ag61 to Ag80 have been compared with the results
obtained in our previous work [28]. Although different
algorithms are used, the results of the clusters from
Ag61 to Ag78 are in good agreement. In this range, the
majority of clusters have decahedral motifs. However,
for Ag79 and Ag80, new structures with lower energy than
the previous results were obtained. Fig. 2 shows the differ-
ence between the new and the previous structures. It can
be seen that the newly found global minima of Ag79 and
Ag80 are similar in shape and both have higher symmetry
compared with the previous results. Unlike other struc-
tures in this size range, these two structures do not have
any decahedral patterns. On the other hand, it can also
be found that the structure with D5 symmetry of Ag68

found in our previous work was also located in this work,
which confirms that, for Ag68, this structure is a more sta-
ble one compared with that in Ref. [31]. Ag61 is an anti-
Mackay structure and Ag75 is a complete magic number



Fig. 2. A comparison of the structures of Ag79 and Ag80 obtained in this
work (left) and our previous work (right) with Gupta potential.

60 70 80 90 100 110 120

-100

0

100

200

300

Δ
E

Atom number, N

60 70 80 90 100 110 120
-150

-100

-50

0

50

100

150

2 
Δ 

 E

Atom number, N

0

(a)

(b)

Fig. 3. (a) The finite difference (DE) and (b) The second finite difference
(D2E) of the energy of silver clusters from Ag61 to Ag120.
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Marks decahedron with magic number. It can be observed
that the dominating motif is decahedra in this range,
which is consistent with the conclusion that was men-
tioned in our previous work [28]. The reason for the
non-decahedral motifs of Ag68, Ag79, and Ag80 might be
that the higher symmetry of the located global minima
could make the energy decrease dramatically.

From Fig. 1 and Table 1 it can be seen that from Ag81 to
Ag90 many silver clusters lose decahedral motifs that are
very common from Ag61 to Ag80. Most of them have Cs

symmetry. However, the majority of the clusters from
Ag91 to Ag120 gain decahedral motifs again. Ag101 is a com-
plete Marks decahedron. Ag99 and Ag100 are formed from
Ag101 by removing two or one silver atoms from the outer
shell of Ag101, and on the contrary, Ag102, and Ag103 are
obtained when one and two atoms are added to the outer
shell. Therefore, these four structures are quite similar in
shape. Many other clusters such as Ag108, Ag109, and
Ag110 whose sizes are larger than 101 are constructed in
the same way of adding the surplus silver atoms to the
outer shell of Ag101.

The finite difference of energy DE and the second finite
difference of energy D2E of the silver clusters from Ag61

to Ag120 are plotted in Fig. 3a and b, respectively. The
DE and D2E have the definition as follows [32,33]:

DEðnÞ ¼ EðnÞ � EJ ðnÞ ð3Þ
D2EðnÞ ¼ Eðnþ 1Þ þ Eðn� 1Þ � 2EðnÞ ð4Þ

where EJ(n) = a + bn1/3 + cn2/3 + dn is a four-parameter fit
of the energy of global minimum.
From Ag61 to Ag80 the value of DE is relatively low and
decreases slightly as the cluster size increases. Three appar-
ent valleys at Ag64, Ag71, and Ag75 can be obviously found,
and DE increases dramatically from Ag81 to Ag90. In this
range, Ag75 is a magic number structure. However, unlike
DE, the peaks and valleys in D2E becomes gradually steady
with the increase of the size from 81 to 90. This shows in
this range there is no cluster that is superior to the neigh-
boring clusters in energy. From Ag91 to Ag120 the increase
of DE stops, but sharp peaks and valleys appear in the Fig-
ure of D2E. The lowest valley and the highest peak of DE

and D2E correspond to Ag101, which is another magic num-
ber cluster after Ag75. From the valleys of DE and peaks of
D2E at Ag108 and Ag117, it can be seen that, except for
Ag101, Ag108 and Ag117 are another two stable clusters
compared with neighboring clusters. The values of DE for
Ag99, Ag100, Ag102, and Ag103 are very close, which is in
agreement with their similar structures discussed above.

Therefore, from Ag61 to Ag120, the dominant structural
motif is decahedra. However, in this atom number range,
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the silver clusters sequence can be approximately divided
into three parts, i.e., Ag61–Ag80, Ag81–Ag90, and Ag91–
Ag120. In the first and the third parts, nearly all of the clus-
ters show decahedral patterns, and magic number clusters
Ag75 and Ag101 exist in these two parts respectively. In
the second part, from Ag81 to Ag90, for some clusters,
structures with Cs symmetry substitute decahedral struc-
tures as the most stable structural motifs.

4. Conclusion

Global minima of silver clusters from Ag61 to Ag120

were optimized with DLS. New structures of the clusters
Ag79 and Ag80 were found and they have higher symmetry
compared with the structures reported previously. It was
also found that in the range from Ag61 to Ag120, clusters
whose sizes are close to the magic numbers 75 and 101 have
decahedral patterns. However, between these two magic
numbers, some clusters do not show decahedral motifs.
Therefore, for medium size silver clusters, decahedral
motifs might dominate the structures for the clusters close
to the magic numbers. However, between the neighboring
magic numbers, there are clusters with non-decahedral
structures.
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