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We have investigated the geometrical and electronic properties of small sized Ag and Pd as well as bimetallic Ag-Pd clusters. By means
of a pseudopotential scheme within density functional theory, we found the ground-state geometries and the spin multiplicity state for this
family of metallic clusters. We computed the binding energy and the atom addition energy change for these family of clusters with two
different density functionals. Ag and Pd cluster series exhibit a clear different behavior as a consequence of the atomic electronic structure.
In particular we discuss the high symmetry silver clusters and the trends in the small sized bimetallic Ag-Pd systems.
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En este trabajo presentamos los resultados del estudio de la propiedades estructurales y electrónicas de ćumulos pequẽnos de Ag y Pd ası́
como ćumulo bimet́alicos Ag-Pd. Haciendo uso de pseudopotenciales en un esquema basado en teorı́a de los funcionales de la densidad
electŕonica, determinamos las propiedades geométricas la multiplicidad de espı́n del estado fundamental para estos sistemas. Calculamos
la enerǵıas de cohesión y la enerǵıa de adicíon deátomos para estas familias de cúmulos haciendo uso de dos distintos funcionales de la
densidad. Las dos series de cúmulos de Ag y Pd muestran claramente comportamientos distintos.En particular, discutimos los resultados de
cúmulos de alta simetrı́a y las tendencias en loas cúmulos bimet́alicos Ag-Pd

Descriptores:Plata; ćumulo de paladio y plata-paladio; estructura electrónica.

PACS: 73.22.-f 61.46.Bc 75.75.+a

1. Introduction

In recent years there has been a growing interest in the appli-
cations of hydrogen in fuel cells for energy consumption. In
particular, the production of hydrogen has been traditionally
associated with the reforming of hydrocarbons. Scientific as
well as technological efforts are underway to overcome this
paradoxical situation. As an alternative method of hydrogen
production, the ethanol steam reforming process are begin
actively investigated [1]. Palladium and palladium alloys ex-
hibit a strong affinity for hydrogen, acting as catalyst in this
kind of process. Palladium is an expensive metal and the in-
terest in alloying it to reduce the cost as well as to increase the
performance is of great interest. However, palladium rich Pd-
Ag alloys tend to exhibit surface segregation when exposed to
a H2 atmosphere. Surfaces of the Pd3Ag intermetallic and re-
lated alloys have been investigated in recent years from both
experimental and theoretical viewpoints [1–3]. Surface sup-
ported Ag-Pd clusters are interesting in order to design new
catalyst. This possibility has been recently considered by
Wanget al.[4] in the case of Pd clusters supported over MgO
and adsorbed organic molecules in small Pd clusters [5], sup-
ported onγ-Al2O3.

In this contribution we investigated the stability and elec-
tronic properties of small-sized silver, palladium and silver-
palladium clusters. In the following section we outline the
methodological aspects. Our results on the small-sized Agn,
Pdm and PdmAgn clusters are presented and discussed.

2. Methodology

The Agn(Pdm) clusters were investigated up to n=14 (m=9)
and PdmAgn up to m+n=5. Computations of the electronic
structure were performed within the density functional theory
(DFT) as coded in the Gaussian package [6]. We employed
the non-relativistic pseudopotential electron core potentials
and basis set LANL2DZ [7]. The number of active (extended
valence) electrons is 18 (19) for Pd (Ag). The exchange and
correlation potential was introduced by selecting a suitable
density functional. In this research we employed two dif-
ferent generalized gradient approximated (GGA) function-
als, PW91 [8] and PBE [9]. We have also considered the
B3LYP hybrid functional since it has been shown that these
kinds of density functionals can yield reliable energetics and
structural results for silver and copper compounds [10–13].
Full geometry optimization was carried out, without symme-
try constraints, for all Ag, Pd and Pd-Ag clusters. We ver-
ified systematically that a stable geometry was obtained by
computing and inspecting the hessian matrix and testing dif-
ferent electron spin multiplicities. For the metallic clusters
under study, the initial geometries were selected by a Ge-
netic Algorithm [14] method employing the so-called Gupta
potential [15] (GAGP). This technique, as well as many oth-
ers, [14] does not necessarily predict the ground state struc-
ture. However, this is a good enough starting point pro-
vided that the symmetry constraints in a high symmetry clus-
ter are properly relaxed. Otherwise, a local minimum can
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be found that does not correspond to the ground-state struc-
ture. For each starting geometry, we tested different allowed
spin multiplicities in order to guarantee that we found the
ground state structure. In addition, the starting geometry
for each cluster has been compared with previous investiga-
tions, when available. We energetically characterized each
cluster by computing the binding energy (BE) accordingly to
the decomposition reaction Mn−→ nM: BE=nE(M)-E(Mn),
where E(Mn) is the total electronic energy for the cluster con-
taining n metallic atoms. The atom addition energy change
[∆E1(Mn)] has been computed. These values correspond to
the cluster growing reaction Mn−1 + M −→ Mn. The corre-
sponding energy balance is:

∆E1(Mn) = E(Mn)− E(Mn−1)− E(M).

If the Mn cluster is more stable than the preceding n-1 struc-
ture, we expect a large gain (negative) change respect to
Mn−1 and a free M atom. These values are used to compute
the very commonsecond energy differencewhich is usually
defined by

∆E2(Mn) = E(Mn+1) + E(Mn−1)− 2E(Mn)

= ∆E1(Mn+1)−∆E1(Mn).

3. Results and discussion

3.1. Silver clusters

We have explored the more stable structures for Agn clusters
and we found that the ground-state structures (sketched in
Fig. 1) are consistent with those previously obtained [16–24],
being planar up to n=6. The first three-dimensional silver
cluster is Ag7 exhibiting a pentagonal bi-pyramid structure.
It should be indicated that the spin multiplicity of the ground-
state clusters is consistent with those recently published by
Pereiroet al. [20]. However, our results of the geometry op-
timization for the Ag13 cluster yield a low symmetry struc-
ture in a doublet ground-state. This structure appears to be
1.17eV/Ag13 (PBE computations) more stable than the icosa-
hedral cluster. This result is in contradiction with the icosa-
hedral structure proposed by Pereiroet al. [20] and consis-
tent with the Jahn-Teller distorted icosahedron claimed by
Zhao et al. [16] and the low symmetry structure found by
Ferńandezet al. [25], Changet al. [27] and Sunet al. [26].
Computations of the electronic structure of 4d transition met-
als in several high and low symmetry structures [27] indicate
that a low symmetry form (C2v) is systematically more sta-
ble than the high symmetry (Ih and fcc-derived) structures,
for the late transition metals (Tc-Cd). The most important
consequence of this symmetry reduction is the breaking of
the electron state degeneracy and the reduction of the clus-
ter’s magnetic moment. In the icosahedral Ag13 cluster the
HOMO level is composed by a doubly degenerateα-state and
a triply degenerateβ-state at 0.16 eV below (Fig. 2). These
states are occupied with five unpaired electrons conferring to

this cluster the high magnetic moment found by Pereiroet
al. [20] and Reddyet al. [28]. However, the HOMO in the
ground state structure is a singly degenerate state occupied by
one unpaired electron. The HOMO-LUMO gap in the stable
(icosahedral) structure is 0.71 eV (0.60eV), while the HOMO
to HOMO-1 energy distance is 0.68 eV (2.23eV). The case
of the Ag14 is similar: we found a singlet non-symmetrical
structure for the ground-state. This result is in opposition
to the derived icosahedral (C3v) quintet structure found by
Pereiroet al. [20]. Our proposal is 1.06 eV/Ag14 more sta-
ble.

FIGURE 1. Schemes of the more stable geometries for the Agn

clusters (n=4 to 14). The ground state multiplicities are singlets
for clusters with even number of atoms and doublet for the clusters
with odd number of atoms.

FIGURE 2. Schematic molecular orbital diagram for Ag13 in the
stable sextet icosahedral (Ih) symmetry and in the stable doublet
C2v symmetry.
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FIGURE 3. (a) Energy path for the Born-Oppenheimer Molecular
Dynamics simulation of Ag13 at different multiplicities (M). The
time step where set to 1 fs. Geometry of the Ag13 cluster obtained
in the sextet state and (c) in the doublet state.

In order to complete the view of the Ag13 cluster stability,
we have carried out a Born-Oppenheimer molecular dynam-
ics simulation [29] during a long time scale. We considered
different multiplicities going from the doublet to octet state.
In Fig. 3a we plot the energy change along the time. The
first steps correspond to the icosahedral Ag13 structure that
we selected as the starting point as suggested by the GAGP
technique. We observed that for the sextet and octet multi-
plicities, the preferred structure remain the icosahedral one
(Fig. 3b). It is interesting to note that for the sextet case, the
energy window along the time remains small, indicating the
small fluctuations around the stable geometry. However, in
particular for low multiplicities, these energy windows appre-
ciably increase indicating now the large fluctuations around
the stable fcc-like structure (Fig. 3c). It is remarkable that the
structure sketched in Fig. 3c corresponds to that obtained in
the ab initio local optimization (Fig. 1). Since all the compu-
tations were carried out at the same theory level, the energy
scale indicates also the relative stability of the clusters. Thus,
the doublet structure is clearly more stable than the others.
We do not observe the energy path crossing in Fig. 3a, which
should tell us that a possible change in multiplicity should be
considered.

In Fig. 4a we plot the computed binding energy for the
Agn series. As can be appreciated, the obtained results ex-
hibit an excellent consistency regardless of the GGA density
functional employed. Moreover, the cases of Ag13, and Ag14
do not exhibit any particular anomaly: their binding energy

FIGURE 4. (a) Binding energy (eV/atom) along the Agn series. (b)
Binding energy (eV/atom) along the Pdm series. (c) Atom addi-
tion energy E (eV/atom) along the Agn and Pdm series. (d) Sec-
ond energy difference (eV) for the Agn and Pdm series. The sym-
bols labelledicosahedralcorrespond to the icosahedral Ag13 and
icosahedral-derived Ag14 clusters.
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values are in line with the general trend. In this plot we
included the binding energies obtained for the icosahedral
Ag13 and icosahedral-derived Ag14 clusters computed with
the PBE density functional. The computed values of the bind-
ing energy are, as expected, smaller than those found for the
ground-state structures and clearly out of the general trend.
In Fig. 4c-d we plot the energy change associated with the
addition of an Ag atom and the second energy difference as
previously defined. In these figures we clearly observe that
the even electron number clusters exhibit a larger gain in en-
ergy than the odd electron structures.

It must be noted that our results for the binding ener-
gies using the B3LYP hybrid density functional are underes-
timated with respect to the GGA results. In addition B3LYP
computations exhibit important structural differences with re-
spect to the GGA results. This behavior is in agreement with
the recent results of Zhaoet al. [13] on small silver clusters.

3.2. Palladium clusters

We investigated Pdm clusters up to m=9. In Fig. 5 we sketch
the ground-state structures indicating the corresponding spin

TABLE I. Relative energy (eV) for the Pd clusters at different mul-
tiplicities (M), computed at PBE level of theory.

M =1 M =3 M =5

Pd2 0.19 0.00 1.12

Pd3 0.05 0.00 0.74

Pd4 0.11 0.00 0.41

Pd5 0.00 0.29 0.14

Pd6 0.07 0.00 0.08

Pd7 0.01 0.00 0.02

Pd8 0.02 0.00 0.01

Pd9 0.00 0.00 0.01

FIGURE 5. Schemes of the more stable geometries for the Pdm

clusters. The multiplicity of the ground-state is indicated.

FIGURE 6. Schematic molecular orbital diagram for the stable dou-
blet Ag3 (C2v) and triplet Pd3 (D3h) clusters.

multiplicity. The binding energy for the Pd series as well as
the addition energy and second energy difference are plotted
in Figures 4b-d. Once again, the consistency of the compu-
tations is remarkable regardless the GGA density functional
employed. However, the B3LYP density functional does not
perform in a correct manner for the energetic nor for struc-
tural aspects. Pd3 and Pd4 exhibit triangular and tetrahedral
structures in a triplet state. This is in agreement with sev-
eral previous computations carried out at different theory
levels; extended Ḧuckel [30, 31], and DFT techniques using
pseudopotentials [27,32–34] and relativistic electron core po-
tentials [35]. Genetic algorithms have been used along with
ab initio techniques to find the ground-state of Pdm clus-
ters [37]. However, only the high symmetry structures were
found which it is now clear that they are not the more stable
ones [27, 32]. The case of the high symmetry structures of
Pd13 is symptomatic of this complexity [38]. However, Ya-
caḿanet al. [39] have experimentally found Pdm clusters up
to 5nm, having high symmetry forms. We face, in the case of
palladium clusters, the same problems previously discussed
for silver systems. After our computations, Pd5 exhibit a
triangular bi-pyramid (close to D3h symmetry) structure in
a triplet state. This finding is in excellent agreement with
the results of extensive computations within relativistic elec-
tron core potentials in a CASSCF scheme for several Pd5

structures carried out by Dai and Balasubramanian [36]. Re-
cently, Zhanget al. [40] have investigated middle sized Pdm
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422 E. CARVAJAL, O. HAHN-HERRERA, AND E. ORGAZ

TABLE II. Relative energy∆E (eV) for the Agn and Pdm clusters
at different multiplicities (M), computed at PBE level of theory.
The integer number preceding the energy value indicates the spin
multiplicity

Ag:Pd M/∆E M/∆E M/∆E

1:1 2 / 0.00 4 / 0.08 6 / 0.28

2:1 1 / 0.00 3 / 0.05 5 / 0.15

1:2 2 / 0.00 4 / 0.07 6 / 0.15

2:2 1 / 0.00 3 / 0.03 5 / 0.11

1:3 2 / 0.00 4 / 0.06 6 / 0.13

3:1 2 / 0.00 4 / 0.08 6 / 0.18

1:4 2 / 0.00 4 / 0.03 6 / 0.08

2:3 1 / 0.00 3 / 0.03 5 / 0.07

3:2 2 / 0.00 4 / 0.05 6 / 0.11

4:1 1 / 0.00 3 / 0.02 5 / 0.10

TABLE III. Data for the AgnPdm (n+m=3) clusters. Multiplicity of
the ground-state (M), shortest metal-metal distance (d inÅ), largest
bond angle (θ), binding energy (BE in eV) computed at PBE level
of theory.

Ag3 Ag2Pd AgPd2 Pd3

M doublet singlet doublet triplet

d 2.66 2.64 2.66 2.54

θ 71.5 62.4 56.6 60.6

BE 0.87 1.24 1.29 1.33

point group C2v C2v C2v D3h

(m=15-25) clusters. It is now clear that the different possible
ground-state geometries differ by a small amount of energy
which will become irrelevant when these nanostructures in-
teract with, for example, surfaces or molecules. Moreover,
the transition states as well as the size of the energy barriers
connecting different stable structures are in general unknown.

3.3. Silver-palladium clusters

Ag clusters adopt tridimensional structures for n≥7 whereas
Pd clusters do so when m≥4. This is understandable since Ag
is a noble metal having filled d-shell (4d105s1) and exhibiting
essentiallyσ interactions through the 5s orbitals. Pd atoms
exhibit an atomic electronic configuration between 4d105s0

and 4d95s1. This opens the possibility of d-electron interac-
tions. In what follows we will compare the bonding details
in the simplest clusters: Ag3 and Pd3 . This analysis will
be helpful in discussing the more complex bonding situation
in the Ag-Pd clusters. We selected Ag3 and Pd3 since both
stable structures are obviously planes and the coordination
effects that could arise in more complex clusters are absent.
The Pd3 cluster exhibits Pd-Pd distances of 2.54Å and a bond
angle close to 60◦. This means that the point symmetry of
this cluster is close to D3h. Owing to the closeness to the D3h

FIGURE 7. Schemes of the more stable geometries for the (a)
AgnPd4−n clusters and (b) for the AgnPd5−n clusters. The multi-
plicity of the ground-state is indicated.

FIGURE 8. Binding energy (eV/atom) along the PdmAgn

series computed with two different density functionals:
PdmAgn −→ nAg + mPd.
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symmetry, the cluster exhibits accidental degeneracies in par-
ticular at the HOMO level, stabilizing the Pd3 system in a
triplet state, 0.15 eV below the singlet one (see Fig. 6). The
quintet structure is clearly less favorable, exhibiting a total
energy 2.22 eV above the ground state. The case of the Ag3

system is very clear: the Ag-Ag bond distance is 2.66Å and
the largest bond angle is 71.5◦. Now the C2v symmetry is
stable and the system, having three more electrons than the
Pd analogue, exhibits a doublet ground-state. The inspec-
tion of the molecular orbitals energy diagram (Fig. 6) clearly
exhibits the role of the d states in the bonding of Pd3. For
Pdm where m≥ 4, the tridimensional structures are easily
stabilized. The binding energy for the Pd trimer is clearly
larger than for the Ag series. This trend is maintained until
the tridimensional structures appears in Agn clusters. How-
ever, the Pd clusters are systematically more tightly bound
than the Ag ones. The results for the Ag3−mPdm clusters
show that the preferred symmetry is C2v, excepting the Pd3
case (Table II). The Pd-Ag distance is essentially constant
for Ag2Pd and AgPd2, while an important reduction in the
metal-metal distance occurs for Pd3. The largest bonding an-
gle is observed for Ag3, indicating the small tendency to form
three-dimensional structures. This is in line with the small
computed binding energy (0.87eV). The bonding angle for
AgPd2 is smaller than 60◦ since the Pd-Pd interaction domi-
nates. This is indicative of the tendency of Pd to form three-
dimensional structures, which is also evident in the binding
energy which increases up to 1.33 eV for Pd3.

These observations are strongly reinforced in the series
of bimetallic clusters Ag4−mPdm and Ag5−mPdm. The
ground-states structures are sketched in Figs. 7. In all the
computed systems, the ground-state spin multiplicity corre-
sponds to the lowest admitted by the bimetallic cluster. We
observe again the strong tendency of palladium to create
three-dimensional structures. While Ag4 and Ag5 are both
planar, the first Pd substitution introduces a breaking on the
cluster planarity. In these series, the clusters with two Pd
atoms exhibit geometries very close to the complete substi-
tuted system: Pd4 and Pd5. In Fig. 8 we plotted the binding
energy for the bimetallic cluster series and in Table III
a ŕesuḿe of the relative energies for different multiplicities
is listed . It is worth noting that the binding energy seems

to obey a simple mixing rule: the binding energy diminishes
linearly when the Ag content increases. This is perhaps an
announcement of the bulk phase diagram for Ag-Pd, a solid
solution for all the composition range.

4. Conclusions

We have investigated the geometrical and electronic prop-
erties of small-sized Agn and Pdm as well as bimetallic
AgnPdm clusters. By means of a pseudopotential scheme
within the density functional theory, we found the ground-
state geometries and spin multiplicities for this family of
metallic clusters. We computed the binding energy and the
atom addition energy change for these family of clusters with
two different density functionals. We found that this property
increases smoothly when the number of atoms in the cluster
increases. We confirm the low symmetry (low spin) ground-
state of Ag13 and Ag14 exhibiting a total energy higher than
the high symmetry structures. In addition, the high symmetry
structures do not exhibit the general trend observed by the re-
maining silver clusters. The palladium cluster series exhibit a
different behavior from the Ag series. Two aspects retain our
attention the tendency to form three-dimensional structures
and the significant increase of the binding energy compared
to the corresponding silver clusters. We explain this behav-
ior by considering the role of the 4d valence electrons, which
are clearly active in the Pd-Pd chemical bonding. Moreover,
the Pd-4d states are a dominant factor in the behavior of the
bimetallic AgnPdm clusters. The bimetallic series seems to
follow a linear (simple) mixing rule as the binding energy
trend suggests. We found this of special interest since the
bulk Ag-Pd phase diagram exhibits a solid solution along the
complete composition range.
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