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Abstract. The structures of neutral and charged Agn (n = 3∼6) clusters are comparably studied by the
first principles methods. We find that the neutral silver clusters sustain two dimensional structures up to
n = 6 and the charged ones undergo a transition from two dimensional structures to three dimensional
structures at n = 6. The ionization potential, electron affinity and the energy gap between the highest
occupied molecular orbital and the lowest unoccupied molecular orbital for all these clusters show an
oscillating behavior with odd-even valence electron alteration. By calculating the dissociation energy, we
have studied the possible dissociation channel of the silver clusters, the results are in agreement with the
experiment.

PACS. 61.48.+c Fullerenes and fullerene-related materials – 61.50.Ks Crystallographic aspects of phase
transformations; pressure effects – 71.15.Pd Molecular dynamics calculations (Car-Parrinello) and other
numerical simulations – 73.63.Fg Nanotubes

1 Introduction

Metal clusters have been extensively studied by both the-
oretical calculations and experimental measurements for
many years [1,2]. It has been found that coinage metal
(Cu, Ag and Au) clusters show intriguing physical and
chemical properties due to their d10s1 electronic configu-
ration.

Various experiments were performed to understand the
structures and stability of the silver clusters. By analyzing
the frequencies and intensities of seven vibrational modes,
Haslett et al. suggested that the structure of Ag5 is a
planar trapezoidal structure [3]. However, an earlier ESR
study [4] indicated that Ag5 has a three-dimensional (3D)
structure, a trigonal-bipyramid, with Jahn-Teller distor-
tion. Kruckeberg et al. studied the low energy dissocia-
tion channels of Ag+

n (2 ≤ n ≤ 22) using collision-induced
dissociation (CID) [5], and found that the main dissocia-
tion channel is to lose one atom for Ag+

n (n = even) or a
dimmer for Ag+

n (n = odd). However, by using the similar
method, Spasov et al. found that the negatively charged
Ag−n (n = 2∼11) cluster is more favorable to lose one atom
for Ag−n (n = even) or a dimmer for Ag−n (n = odd) [6].

Most of the theoretical work were devoted to the struc-
tures of the neutral clusters. Only a few calculations were
performed for the charged clusters, where some obvious
discrepancies exist. For instances, the structure of Ag+

5
was found to be a 3D trigonal-bipyramid by Bonačić-
Koutecký et al. [7], while recently Huda et al. [8] pre-
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dicted that it is still a 2D structure with a planar struc-
ture. Theoretically, Ag+

3 was predicted to dissociate into
Ag and Ag+

2 , however, the experimental measurements [5]
showed Ag+

3 likes to decompose into Ag+ and Ag2. To ad-
dress these differences observed in the experiments and in
the theoretical calculations, in this paper, we perform the
first principles calculations on both neutral and charged
silver clusters.

2 Calculation details

Our calculations are based on the density functional the-
ory with the spin-polarized Local Density Approximation
(LSDA) [9], which are implemented in the VASP code [10].
The interaction between the core and valence electrons is
described with the projector augmented-wave (PAW) po-
tential. The wave functions are expanded in a plane wave
base with an energy cutoff of 249.8 eV. We use a supercell
with a lattice constant of 15 Å, which is large enough so
that the interaction between a cluster and its periodic im-
ages can be neglected. Due to the large supercell, only the
Γ point is used in the summation of the Brillouin zone.

From various initial configurations, the structures of
the clusters are optimized by the conjugate gradient
method, and the structure with the lowest total energy
is taken as the ground-state structure. In order to testify
the accuracy of our method, we have calculated the bond
lengths of Ag2, Ag+

2 and Ag−2 . The obtained results are
2.49 Å, 2.61 Å and 2.59 Å, which are in a close agreement
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Fig. 1. The optimized ground state structures of neutral and
charged Agn (n = 3∼6) clusters. What shown in the brackets
are the magnetic moments (µB).

with the experimental data, 2.53 Å, 2.63 Å and 2.66 Å,
respectively. So these results suggest that the present the-
oretical method should be appropriate to study Ag clus-
ters.

3 Results and discussions

3.1 The atomic structures

We have studied the structures of Agn, Ag+
n and Ag−n

(n = 3∼6) clusters. For each cluster, we find several iso-
mers whose binding energies are close to that of the ground
state structure, Figure 1 shows the ground state structures
for neutral and charged clusters. For Ag3, the isoceles tri-
angle is the most stable structure, and energy of the ob-
tuse triangle is only slightly lower, 0.008 eV, than that of
the acute one. Although the equilateral triangle is highly
symmetrical, it is not the ground-state structure due to
Jahn-Teller effect, which was strongly suggested by ex-
perimental evidences [11–14]. However, the charge on the
Ag3 changes the structure of the cluster. We find that,
as shown in Figure 1, the equilateral triangle and the lin-
ear structure, which are the isomers of the neutral Ag3

cluster, becomes the most stable structure for Ag+
3 and

Ag−3 clusters, respectively. All these results are in agree-
ment with experimental observation and other theoretical
calculations [7,8,11,15]. The obtained structure of Ag4

is a rhombi. Our calculation finds that the energy dif-
ference between the ground state structure and its first
isomer is about 0.37 eV, the largest difference found in
all the studied clusters. Therefore, Ag+

4 and Ag−4 clusters
still shows the rhombi structure, the charge on the cluster
does not change the ground state structure significantly.
We find that the structure of Ag5 is a planar trapezoid, in
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Fig. 2. The structures of the first isomer for the neutral and
charged Agn (n = 3∼6) clusters. What shown in the bracket
are the energy (eV) relative to the ground state, and the mag-
netic moment (µB).

agreement with most of the other reports [7,8,15]. While
a recent theoretical studies by Zhao et al. claimed the
ground state should be a deformed trigonal bipyramid [16].
However, in our calculation the energy difference between
the planar structure and trigonal bipyramid is as large
as 0.4 eV. Our calculations predict that the ground state
structure of the charged Ag+

5 is very similar to that of Ag5.
However, a 3D structure with D2d symmetry, a planar
structure with D2h symmetry and a trigonal-bipyramid
were found to be the ground state structure of Ag+

5 , re-
spectively [7,8,17]. Contradictorily, these structures are
the second, forth, and fifth isomer in our calculations.

For Ag6, the planar structure (shown in Fig. 1) has
the lowest energy and the pentagonal pyramid is the first
isomer, which is in agreement with the recent theoreti-
cal results [7,8,15]. However, Zhao et al. reported that
a bicapped tetrahedron should be the most stable struc-
ture [16], which is the ground state structure for both Ag+

6

and Ag−6 in the present study. From our calculation, one
can conclude that the neutral clusters prefer to the pla-
nar structure up to n = 6, while both the positively and
negatively charged clusters keep the planar structure only
up to n = 5. In Figure 2, we show the structures of the
first isomer for all the calculated clusters. One can see,
except for neutral Ag3, the energy difference between the
ground state structure and its isomer decreases as the size
of the cluster increasing. In fact, the first isomer of Ag6

is a three dimensional structure. Meanwhile, in the posi-
tively charged cluster, the three dimensional structure of
the isomers appeared even in Ag+

4 .
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Fig. 3. Upper panel: the calculated HOMO-LUMO gaps of the
neutral and charged Agn (n = 1∼6) clusters. The clusters with
even number of electrons show a large HOMO-LUMO gap.
Lower panel: the calculated ionization potential and electronic
affinity of the neutral and charged Agn (n = 1∼6) clusters,
the experimental data [6,18] are shown for comparison. The
general trend of the theoretical results is in agreement with
experiment observation.

3.2 Electronic properties and stability

We have calculated the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO). Figure 3 shows the
HOMO-LUMO gaps for all of the calculated clusters at
the ground state structures. Even-odd oscillation of the
HOMO-LUMO gap versus the cluster size is observed. The
clusters with even valence electrons have larger gap, while
those with odd ones have smaller gap. This is because
paired valence electrons filled the electron level and thus
a large HOMO-LUMO gap opened. Ag+

3 has the largest
gap of 3.2 eV, while Ag6, Ag2 and Ag−3 also have a gap
as large as 2.0 eV. However, Huda et al. found this evi-
dent even-odd oscillation only occurred in the neutral and
cationic clusters [8].

What shown in lower pannel of Figure 3 are the ion-
ization potential (IP) and electron affinity (EA). Both IP
and EA appear even-odd alternation. The clusters with
even valence electrons have larger IP and smaller EA than
those with odd valence electrons. One can attribute it to
the electron pairing effect. In the clusters with even va-
lence electrons, the HOMO is completely filled, resulting
in a large IP. However, for the clusters with odd valence

Table 1. Dissociation energy (eV) of Ag
(±)
n (n = 3∼6) clusters.

For the final product, we only show the neutral Agm in the

dissociation process Ag
(±)
n → Ag

(±)
n−m + Agm (n > m ≥ 1).

Ag
(±)
n Final Product Agm

Cluster Ag Ag2 Ag3 Ag4 Ag5

Ag2 2.29
Ag3 1.37 1.37

Ag4 2.69 1.77 2.69

Ag5 2.28 2.68 2.68 2.28

Ag6 2.98 2.96 4.28 2.96 2.98

Ag+
2 2.16

Ag+
3 3.64 3.51

Ag+
4 1.81 3.16 3.95

Ag+
5 2.75 2.27 4.54 4.01

Ag+
6 2.57 3.03 3.47 4.42 4.30

Ag−
2 1.82

Ag−
3 2.61 2.13

Ag−
4 2.04 2.35 2.80

Ag−
5 2.70 2.45 3.68 2.81

Ag−
6 2.46 2.87 3.53 3.45 2.99

electrons, taking one electron away would lead to a closed
HOMO, so IP is smaller. Comparing to Spasov’s and
Jackschath’s experimental data [6,18], our results show
the same trend, however, a systematic difference (∼1.0 eV)
between the experimental value and the theoretical data
has been obtained.

To study the relative stability and the possible dis-
sociation channels of the Ag clusters, we have calcu-
lated the dissociation energy (DE), which is defined as
DE = E

(±)
n−m + Em − E

(±)
n for Ag(±)

n → Ag(±)
n−m + Agm

(n > m ≥ 1), where En, E+
n and E−

n are the total en-
ergy of Agn, Ag+

n and Ag−n , respectively. DE represents
the energy barrier of the dissociation channel, and the
most possible channel should have the smallest DE. Ta-
ble 1 shows the calculated DE of all possible dissociation
channels for Agn, Ag+

n and Ag−n clusters. In these cases,
two most possible dissociation channels are observed: the
clusters with even electrons would like to dissociate a sil-
ver dimmer, while the clusters with odd electrons would
like to dissociate silver atom. In general, the dissocia-
tion of Agn, Ag+

n and Ag−n should follow these principles:
Agn → Agn−1 + Ag (n = odd) and Agn → Agn−2 + Ag2

(n = even); Ag+
n → Ag+

n−1 + Ag (n = even) and
Ag+

n → Ag+
n−2 + Ag2 (n = odd) Ag−n → Ag−n−1 + Ag

(n = even) and Ag−n → Ag−n−2 + Ag2 (n = odd). This
result is in good agreement with the experimental mea-
surements of Kruckeberg and Spasov [5,6]. But it does
not fully agree with Huda’s theoretical study, in which
Ag6 and Ag+

3 tend to decay silver atom and Ag−6 tends to
decay silver dimmer [8].
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4 Summary

In conclusion, we have comparably studied the structures
of the neutral and charged Ag clusters. The important
quantities, such as HOMO-LUMO gap, ionization poten-
tial (IP ), electron affinity (EA), and dissociation energy
(DE) are obtained. We have found that the neutral sil-
ver clusters remain 2D structures up to n = 6, while the
charged silver clusters undergo a transition from 2D struc-
tures to 3D structures at n = 6. Our calculations show
that, the most possible dissociation channel is: the cluster
with odd number of electrons tends to dissociate a sil-
ver atom, while the cluster with even number of electrons
prefers to dissociate a silver dimer. The obtained results
are in close agreement with available experimental data.
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This work is supported by the National Science Foundation
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