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Density functional study of Agn−1Y (n = 2–10) clusters∗
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Employing the density functional theory, we investigate the lowest-energy geometric, the stable and the electronic

properties of Agn−1Y (n = 2–10) clusters in this paper. The structural optimization and the frequency analysis are

performed at the B3LYP/LANL2DZ level. Meanwhile, the differences in geometry, stability and electronic properties

between Agn and Agn−1Y (n = 2–10) clusters are also studied. The results show that for the doping of the yttrium

atoms, the structures and the average binding lengths of the Agn clusters are greatly changed. In addition, the

thermodynamic stabilities of the Agn clusters are enhanced generally with the doping of the Y atoms. In addition, the

chemical stabilities of the Agn−1Y clusters are still improved compared with that of the three-dimensional Agn clusters.
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1. Introduction

In the last three decades, clusters have received
much attention for their unique optical and magnetic
properties and high catalytic activities.[1−5] As a spe-
cific example, small silver clusters are widely used in
photographic material[6,7] and zeolite.[8,9] Owing to
the special physical and chemical characteristics of the
silver atom, the materials reveal many specific optical,
redox and catalytic properties.[10]

For the silver clusters, though the d orbitals
are completely filled, their close energy proximity
and spatial overlap with the sp states have impor-
tant effects on their structural, electronic and optical
properties.[11,12] Meanwhile, these features may be en-
hanced, modified, or suppressed in the case of bimetal-
lic silver clusters because of the inter-metallic interac-
tions arising from their constitutional and morpholog-
ical combinations.[13] In addition, the investigations of
bimetallic silver clusters can also give us a more de-
tail understanding of pure silver clusters. So it is in-
teresting and important to study the bimetallic silver
clusters.

Since the seminal work by Rafael et al.,[14] many
experimental and theoretical investigations have been
conducted. Bauschlicher et al.[15] investigated the
neutral and the negatively charged clusters contain-
ing Cu, Ag and Au atoms. Willey et al.[16] studied the
photochemistry properties of ion-molecule complexes

containing silver clusters. Suzuki and Tanaka[17]

investigated the electronic structures of Ge–Ag al-
loy clusters with the DV-Xα method. Negishi et
al.[18] and Mitrić et al.[19] investigated the photoelec-
tron spectra of gold–silver binary clusters experimen-
tally and theoretically, respectively. Subsequently,
Bonačić–Koutecký et al.[20] determined the structures,
the ionization potentials and the vertical detachment
energies for neutral and charged bimetallic AgmAun

(3 ≤ (m+n) ≤ 5) by using the gradient corrected den-
sity functional method. They found that Ag atoms
preferred to form more bonds than Au atoms as in
the cases of pure Ag and pure Au clusters. Rossi et
al.[21] performed the global optimizations for Ag–Ni
and Ag–Cu clusters of selected sizes in a range of 30–
40 atoms. At silver-rich compositions, they found a
family of very stable magic structures, which were
characterized as core-shell polyicosahedra and were
remarkably stable. Rapallo et al.[22] optimized the
potential energy of a wide range of binary metallic
nanoclusters (Ag–Cu, Ag–Ni, Ag–Pd and Ag–Au) by
using the genetic algorithm approach. They singled
out the driving forces that made different structural
motifs the most favourable ones for different sizes and
chemical compositions. Meanwhile, Rossi et al.[23]

performed the optimizations of Ag–Pd and Ag–Au
clusters, and found that all those systems could be
characterized by a small size mismatch and a weak
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tendency of the larger atoms to segregate in the sur-
face of the smaller ones. Very recently, Yamamoto
et al.[24] made a chemical state analysis of the silver
species in Ag+ exchanged zeolite A and Y catalysts by
means of X-ray absorption fine structure (XAFS) and
ultraviolet-visible (UV-Vis) spectroscopies. Harb et
al.[25] studied the structural, the electronic and the op-
tical properties of bimetallic AgnNin (n ≤ 7) clusters
with the density functional theory and found that the
Ni atoms were surrounded by the Ag atoms. Nigam
and Majumder[26] investigated the interaction of M

atoms (M = Cu, Ag and Au) with small Agn clus-
ters (n = 3, 6) and found that the chemical bonding
natures in the cluster and slab models were similar
to each other. In addition, Xiao[27] investigated the
melting of icosahedral Ag–Pd bimetallic clusters by
using the molecular dynamics method and found that
the Ag–Pd cluster showed an irregular phenomenon
before melting.

Despite the experimental and the theoretical work
that has been done, there are still few investigations
on sliver–yttrium clusters to our knowledge. Due to
the uncompleted filled d orbitals of the Y atom, the
bimetallic sliver–yttrium clusters may display some in-
teresting physical and chemical properties. In this pa-
per, using the density functional theory (DFT) with
the relativistic effective core potential LANL2DZ basis
set, we systematically investigate the geometric struc-
tures, the stabilities and the electronic properties of
the Agn−1Y (n = 2–10) clusters. Meanwhile, a com-
parison between the Agn and the Agn−1Y (n = 2–10)
clusters is also made, from which the effects of the
Y atoms doped in the Agn (n = 2–10) clusters are
obtained.

2. Computational method

The geometry optimizations and the energy calcu-
lations of the Agn−1Y (n = 2–10) clusters are carried
out by using the density functional theory (DFT) with
the unrestricted B3LYP exchange correlation function
and the relativistic effective core potential LANL2DZ
basis set. All the computational work is completed
with the Gaussian 03 program package.[28] To search
for the lowest energy structures of the Agn−1Y (n =
2–10) clusters, lots of possible initial configurations,
which have different bond lengths, point groups and
spin multiplicities, are used for geometry optimiza-
tions. Furthermore, the previous studies on the Agn

clusters are also employed as a guide.[29,30] Each ge-
ometry optimization is followed by a harmonic vibra-

tional frequency calculation to confirm that the opti-
mized geometry corresponds to a local minimum. The
convergence criteria of energy, force and displacement
in all calculations are 1×10−6 a.u. (arbitrary units),
1×10−4/a0 a.u. and 1×10−3a0, respectively, where a0

is the Bohr radius.
The accuracy of the current computational

scheme is checked by benchmark calculations on sil-
ver and yttrium atoms. The ionization potentials of
silver and yttrium atoms obtained from our calcu-
lation are 7.75 eV and 7.11 eV, respectively, which
are in good agreement with the experimental data of
7.57 eV and 6.5 eV.[31] In addition, the bond length
of Ag2 (0.26 nm) is also close to the experimental re-
sult of 0.25 nm.[32] Thus, we believe that the effective
core potential and the numerical basis set used in cur-
rent DFT package are reasonably good to describe the
Agn−1Y and the Agn clusters.

3. Results and discussion

3.1. Equilibrium geometry

In order to discuss the effects of the doped yttrium
atom on the silver clusters, we perform some calcula-
tions on the pure silver clusters. The lowest-energy ge-
ometric structures of the Agn and the Agn−1Y (n = 2–
10) clusters as well as their isomer structures are
shown in Fig. 1, where the impurity atoms are in-
dicated by dark spheres. Panel (a) shows the lowest-
energy structure and panels (b), (c) and (d) show the
isomer structures.

According to Fig. 1, the lowest-energy structures
of AgY and Ag2Y are similar to those of Ag2 and
Ag3. However, when the number of the atoms is in
the range from 4 to 10, obvious differences between
the Agn−1Y and the Agn clusters appear. In the case
of four atoms, the lowest-energy structure of Ag3Y is a
triangle with the Y atom in the centre, while the cor-
responding structure of Ag4 is a planate diamond. For
Ag4Y and Ag5Y, the lowest-energy structures have be-
come three-dimensional (3D), while those of Ag5 and
Ag6 are still two-dimensional (2D). When the atom
number increases to 7, the Ag7 clusters have a 3D pen-
tagonal bipyramid structure and the geometry of the
lowest-energy Ag6Y still shows great difference from
that of Ag7. When the number of the atoms is in the
range from 8 to 10, the geometric configurations of the
silver clusters can be viewed as a structure based on
the Ag8 cluster, while the Agn−1Y clusters do not dis-
play such a growth pattern, indicating that the doped
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Y atom breaks the growth pattern of the silver cluster.
From the above results, we can discover that the

geometries of Agn−1Y tend to be three-dimensional
compared with those of the pure silver clusters. The
reason is that in the effective core potential, the va-
lence shell of the Y atom is 4d15s2, the d orbitals
are not completely filled. Thus, there are more sites
for the Y atom to be bound with other atoms. The
Agn−1Y clusters prefer to form a three-dimensional

structure, which is more stable.
In addition, comparing the lowest-energy struc-

tures with the corresponding isomers of the Agn−1Y
(n = 4–10) clusters, we find that the Y atoms are
inclined to bind more Ag atoms in the lowest-energy
geometries, indicating that the more Ag–Y bonds the
cluster has, the more stable the structure is. As the
Y atom is larger than the Ag atom, it is difficult for
the Y atom to be in the centre of the Ag atoms.

Fig. 1. (a) The lowest-energy geometric structures of Agn and Agn−1Y (n = 2–10) clusters and (b)–(d) the

corresponding isomer structures.
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Figure 2 and Table 1 shows the average bond

lengths of the Agn−1Y and the Agn (n = 2–10) clus-

ters in the lowest-energy state. The R represents

the average bond length of a cluster and is given by

R = 1/Nb

∑
Rij , where Rij represents the nearest

distance between atoms i and j, Nb refers to the num-

ber of the atoms with interdistance Rij ≤ 0.34 nm.

Obviously, we can find that the average bond length

of Agn−1Y is longer than that of Agn. The reason is

that the radius of the Y atom is larger than that of

the Ag atom. Meanwhile, we also discover that there

are leaps between the 3D and the 2D structures for

the two kinds of clusters, which may be a result of the

mutations of the cluster geometry.

 

2 4 6 8 10

0.260

0.270

0.280

0.290

0.300

R
/
n
m

n

 
 

 

 

Agn↩Y
Agn

Fig. 2. Average bond lengths versus cluster size.

Table 1. Geometric parameters of Agn−1Y and Agn (n = 2–10) clusters.

Clusters Multiplicity Symmetry R/nm Clusters Multiplicity Symmetry R/nm

Ag1Y 1 C∞V 0.2854 Ag2 1 D∞h 0.2611

Ag2Y 2 C2V 0.2864 Ag3 2 C2V 0.2694

Ag3Y 1 D3h 0.2845 Ag4 1 D2h 0.2784

Ag4Y 2 CS 0.2909 Ag5 2 C2V 0.2801

Ag5Y 1 C1 0.2915 Ag6 1 D3h 0.2800

Ag6Y 2 CS 0.2932 Ag7 2 D5h 0.2875

Ag7Y 1 CS 0.2956 Ag8 1 C2V 0.2905

Ag8Y 2 CS 0.2950 Ag9 2 CS 0.2889

Ag9Y 1 C1 0.2982 Ag10 1 Td 0.2888

3.2. Stability of clusters

The stability of the cluster structure can be
checked by the average binding energy (Eb), the sec-
ond difference in energy (∆2E) and the gaps be-
tween the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
(Eg).

Figure 3 displays the average binding energies of
the Agn−1Y and the Agn (n = 2–10) clusters. The ex-
pressions for the average binding energies of Agn−1Y
and Agn can be given as

Eb[Agn−1Y ] = ((n − 1)E[Ag]

+E[Y] − E[Agn−1Y])/n, (1)

Eb[Agn] = (nE[Ag] − E[Agn])/n, (2)

where E[x] is the total binding energy of the x system.
From Fig. 3, we find that the average binding energy
of Agn−1Y (except for AgY) is obviously higher than
that of Agn, which may be caused by the electronega-
tivity difference between Y and Ag atoms. For a more

detailed understanding, more basic studies should be
carried out.
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Fig. 3. Average binding energies versus cluster size.

Moreover, we also see that the average binding en-
ergies of the Agn and the Agn−1Y (n = 2–10) clusters
generally increase with the growing atom number, in-
dicating that the stability increases with the growing
atom number.

In Figs. 4(a) and 4(b), we plot ∆2E and Eg of
the Agn−1Y and the Agn (n = 2–10) clusters each as
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a function of the cluster size. The formulas for ∆2E

and Eg of Agn and Agn−1Y can be given as

∆2E[Agn] = E[Agn+1] + E[Agn−1] − 2E[Agn], (3)

∆2E[Agn−1Y] = E[Agn−2Y] + E[AgnY]

−2E[Agn−1Y], (4)

Eg = ELUMO − EHOMO. (5)

From Figs. 4(a) and 4(b), we find that both ∆2E

and Eg of Agn−1Y and Agn exhibit odd–even oscilla-
tions. The even-number clusters are more stable than
the neighbouring odd-size ones. It indicates that the
doped Y atoms do not change the odd–even oscilla-
tions of the Agn clusters. The odd–even oscillations
can be understood based on the electron pairing ef-
fect. In our calculation, the valence shells of Y and Ag
are 4d15s2 and 4d105s1, respectively. Odd (even) size
clusters each has an odd (even) total number valence
electrons, and their HOMO is singly (doubly) occu-
pied. The electron in a doubly occupied HOMO feels
a stronger effective core potential, since the electron
screening is weaker for electrons in the same orbital
than that for the inner-shell electrons. Therefore, the
binding energy of a valence electron in a cluster of
even size is larger than that in an odd size one.

Meanwhile, as obviously shown in Fig.4(b) and
Table 2, the HOMO–LUMO gaps of Ag3Y and Ag6

are larger than those of other Agn−1Y and Agn clus-
ters, respectively, which indicates that Ag3Y and Ag6

are more stable than other Agn−1Y and Agn clusters.
In addition, a comparison of Eg between Agn−1Y and
Agn obviously shows that the doped Y atoms gener-
ally reduce the Eg values of the Agn clusters. This can

be explained by the different valence electron distribu-
tions of the Ag and the Y atoms. In our calculation,
the bonding electrons of the Ag atom origin from the
5s orbital, while the bonding electrons of the Y atom
are sourced from the 4d and the 5s orbitals. With the
addition of the Y atom, the total number of bonding
electrons of the clusters increases, which will provide
more active electrons and enhance the delocalization
of the HOMO and the LUMO orbitals and finally re-
sult in the decrease of Eg.
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Fig. 4. (a) The second difference in energy and (b) the

HOMO–LUMO gaps versus cluster size.

Table 2. The Eb, ∆2E and Eg of Agn−1Y and Agn (n = 2–10) clusters.

Clusters Eb/eV ∆2E/eV Eg/eV Clusters Eb/eV ∆2E/eV Eg/eV

Ag1Y 0.6851 – 1.7772 Ag2 0.7763 – 2.9054

Ag2Y 1.0674 –0.0002 1.8142 Ag3 0.7396 –0.0340 2.75134

Ag3Y 1.2602 0.0231 2.3380 Ag4 0.9528 0.0073 1.6123

Ag4Y 1.2501 –0.0307 1.4906 Ag5 1.0409 –0.022 2.1652

Ag5Y 1.3825 0.0288 2.0256 Ag6 1.1995 0.0378 3.0009

Ag6Y 1.3651 –0.0315 1.2495 Ag7 1.1658 –0.0301 2.0269

Ag7Y 1.4593 0.0172 2.0692 Ag8 1.2429 0.0311 2.3075

Ag8Y 1.4805 –0.0096 1.0661 Ag9 1.2089 0.0068 1.092

Ag9Y 1.5234 – 1.8147 Ag10 1.1631 – 1.7263

3.3. Electronic properties of clusters

In cluster physics, the electronic properties of
clusters can be shown by the vertical ionization en-
ergy (IP) and the electron affinity energy (EA).

Figure 5 and Table 3 show the IP and the EA
of the Agn−1Y and the Agn (n = 2–10) clusters. As
shown in Fig. 5(a), compared with that of the Agn

clusters, the odd–even oscillations in the vertical ion-
ization energy of the Agn−1Y clusters become weaker
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because of the d orbitals and the bonding electrons
added by the Y atoms. In addition, when the atom
number is in the range from 7 to 10, the IP values of
the Agn−1Y clusters are higher than those of the Agn

clusters, which indicates that the Y atoms can im-

prove the chemical stabilities of the 3D Agn clusters.
However, the EA values of Agn−1Y and Agn (n = 2–
10) in Fig. 5(b) show obvious odd–even oscillations,
which indicates that the effect on the variation trend
of the Agn cluster is not great.
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Fig. 5. (a) Vertical ionization energy and (b) electron affinity energy versus cluster size.

Table 3. IP and EA of Agn−1Y (n = 2–10) and Agn clusters.

Clusters IP/eV EA/eV Clusters IP/eV EA/eV

Ag1Y 5.8653 0.9560 Ag2 7.7259 0.9847

Ag2Y 6.0416 1.1090 Ag3 5.8006 2.2206

Ag3Y 6.8845 1.5092 Ag4 6.4230 1.6155

Ag4Y 6.5564 1.9908 Ag5 5.8168 2.0015

Ag5Y 6.3262 1.6153 Ag6 6.9452 1.2737

Ag6Y 5.9448 2.0659 Ag7 5.7605 1.978

Ag7Y 6.19786 1.5907 Ag8 6.1302 1.5039

Ag8Y 5.8723 2.2713 Ag9 4.9417 2.2963

Ag9Y 5.84049 1.5333 Ag10 5.6853 1.7645

4. Conclusion

Based on the above discussion of the Agn and the
Agn−1Y (n = 2–10) clusters in the aspects of geomet-
ric, stable and electronic properties, the main conclu-
sions can be made as follows. (i) The lowest-energy
structures of the Agn−1Y clusters tend to be three-
dimensional and the Y atoms are inclined to bind
with more Ag atoms. (ii) With the addition of the
Y atoms, the bond length of Agn−1Y is longer than
that of Agn. Meanwhile, there exist leaps between
the 3D and 2D structures for both the Agn−1Y and
the Agn clusters. (iii) The thermodynamic stability of
the Agn clusters generally increases with the doped Y
atoms based on the average binding energy study. In
addition, the odd–even oscillations in ∆2E and Eg of
the Agn clusters are maintained. (iv) With the dope
of the Y atoms, the odd–even oscillation in the IP
value of the Agn cluster is weakened, while the odd–
even oscillation in the EA value of the Agn cluster is

retained.
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