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Abstract: This paper studies the influence of Ag atomic segregation on the structural evolutions of the mixed (PdAg)309 clusters during the heating processes by using molecular dynamics with a general embedded atom method. The results show
that the Ag atomic segregation makes the cluster exhibit a segregate-melting stage
in which the energy does not monotonic increase with the increase of temperature.
In this stage, the cluster first transforms to form a disorder structure from the initial icosahedron and then a decahedron. By comparing with the cases in the pure
Pd309 , Ag309 , and core-shell (PdAg)309 , it is found that the icosahedral-decahedral
transformation is induced by the Ag atomic segregation.
Keywords: Bimetallic cluster, segregation, structure, Molecular dynamics simulation.
1

Introduction

Specific chemical and physical properties of bimetallic clusters have led to widespread
applications in catalysts, sensors, microelectronic and optoelectronic devices [Ferrando et al. (2008)]. Structure, composition, and segregation play a key role in
determining these properties especially for catalytic activity [Mainardi and Balbuena (2001); Molenbroek et al. (1998)]. Therefore, interest arises in the study of
the effect of composition and segregation during the thermodynamic and interaction processes on the structure of bimetallic cluster [Chushak and Bartell (2003);
Mariscal et al. (2005); Kim et al. (2008); Calvo et al. (2008); Rossi and Ferrando
(2007)].
Surface energies are different for different elements [Nanda et al. (2002)]. This
leads to different atomic behaviors in bimetallic clusters during the thermodynamic
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and formation processes. Generally, there are several aspects should be considered. The first is the thermodynamic effect. For instance, the melting point can
be tuned by selectively doping [Motte et al. (2005)]. An irregular phenomenon
of melting, which the atomic energy decreases with the increase of temperature,
can be induced by Cu atomic segregation in the Co-Cu-Co onion-like structure
[Li et al. (2010)]. The second is that bimetallic clusters present various chemical orderings, such as core-shell, onion-like, and Janus-like [Parsina and Baletto
(2010)]. Thirdly, the structure can be influenced. The structure of cluster was generally formed by the surface-induced or surface reconstruction mechanism [Nam et
al. (2002); Rodriguez-Lopez et al. (2004)]. Therefore, the surface layer formed
by hetero atoms can affect the structure of bimetallic cluster. A Co-Ag core-shell
structure with an hcp-like core was formed by the frozen Co-Ag cluster [Dorfbauer
et al. (2006)]. The temperature of martensitic transformation for Ag-Au cluster
was clearly decreased by constructing a core-shell Au-Ag structure with Ag atoms
coating on the Au core [Chen and Johnston (2008)]. In our previous study of the
coalescence of clusters Co and Cu [Li et al. (2008)], the coating layer formed by
Cu atoms on the Co cluster can make the coalesced complex form fcc, or twined
fcc and hcp structure.
All the results indicated that the structure of the cluster was affected by the hetero coating layer on bimetallic cluster. In fact, the atoms with a low surface energy preferably segregate to the surface layer of bimetallic cluster. The segregation
process results in not only forming a coating layer but also existing the dynamics
behavior of atomic segregation. Both of them can influence the structural formation of bimetallic cluster. Similar segregation phenomena always exist during the
fabrication of alloy nanoparticle by using physical vapor deposition method [Binns
(2001)]. Furthermore, the experimental results indicated that the formation of decahedral structure in bimetallic cluster was easier than that of icosahedron [Stappert
et al. (2003); Tan et al. (2006); Pauwels et al. (2001)] even though the latter has the
lowest free energy. Therefore, research on the influence of atomic segregation on
the structural evolution plays a key role in studying above-mentioned phenomenon
and exploring new nanostructural material. However, very little is known about the
influence of atomic segregation on the structural transformation. An understanding
as to why the formation of a decahedron occurs so frequently in experiment is also
still lacking. All these should be further studied.
The objective of this study is to investigate the influence of atomic segregation on
the structural variation during the heating process. Since Ag has a low surface energy, σ (111)Ag =59.8 kJ/mol, than Pd, σ (111)Pd =85.9 kJ/mol [Zhu and DePristo
(1997)], Ag atoms are more likely to segregate to the surface layer of Pd-Ag cluster. The Pd-Ag cluster including 309 atoms (PdAg)309 were selected as the model
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materials. Molecular dynamics simulation with an embedded atom method (EAM)
was used to study the heating process. The energy-temperature curve, atomic distribution, bond order parameter W 6 [Sankaranarayanan et al. (2005); Cheng and
Cao (2008)], and snapshot were used to analyze the structural evolution. In order
to define the Ag atomic segregation, the melting of core-shell (PdAg)309 with a
same Ag concentration, and pure Ag309 and Pd309 clusters was also calculated to
compare with the case of the mixed (PdAg)309 .
2

Simulation details

All the clusters in this study include 309 atoms. According to previous studies [Li
et al. (2009a)], the structural transformation of the cluster is dependent on the release of excess energy. For the Pd-Ag cluster including 309 atoms, a large released
excess energy can be induced by Ag atomic segregation. The structural transformation is easily induced by the released excess energy. Then, pure Ag309 and Pd309
clusters with icosahedral structure were constructed. The mixed (PdAg)309 cluster
with 93 Ag atoms was obtained by randomly substituting 93 Pd atoms with Ag
atoms in Pd309 . The mixed cluster is that the Ag and Pd atoms are mixed randomly
in the cluster. The atomic distributions along the radius direction are shown in
Fig. 1. It can be seen from the peaks that there are five layers from core to surface.
For the mixed cluster, Ag and Pd atoms are presented in each layer except for the
first layer, which has only one atom exist. The core-shell structure consists of a
shell of one type of atom (Ag) surrounding a core of another the other (Pd). The
core-shell (PdAg)309 was setup by randomly substituting 93 Pd atoms only on the
Pd309 surface layer with Ag atoms. From Fig. 1, all the Ag atoms distribute on the
surface layer (5th layer) and form the Ag shell. In Pd-Ag clusters, the Ag atomic
segregation is strongly related to Ag contents [Li et al. (2012)]. The cluster with
a small Ag content can not release enough energy to induce structural transformation. However, if Ag content is large, not all the Ag atoms segregate to the surface,
Ag-Pd-Ag onion-like structure would be formed. The lattice misfit of the interface
between Ag and Pd atomic layers will make the cluster form a disorder structure.
Therefore, there is a content threshold. 30% Ag content is an effective content, that
all the Ag atoms can segregate to the surface to avoid form disorder cluster and also
induce a structural transformation. Therefore, the concentration with 93 Ag atoms
(30% Ag) was selected. Then, these clusters were relaxed for 0.5 ns at 300 K to
obtain the initial cluster.
The simulation method used in this study and its accuracy in simulating bimetallic cluster have been described in our previous studies [Li et al. (2008, 2009b)].
The EAM potential was used as the interatomic force. The potential assumes that
the crystal energy is the sum of a pair energy and an embedding energy which is
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Figure 1: Atomic number along the radius direction for the mixed and core-shell
(PdAg)309 after the cluster relaxed for 0.5 ns at 300 K. The sphere is the cross
section of the cluster. The Pd atom is represented by dark blue and the Ag atom by
light blue

required to embed an atom into a local medium with a given electron density. In
EAM, the total energy E of the crystal can be expressed as
E=

1
2

∑ φi j (ri j ) + ∑ Fi (ρi ),
i, j,i6= j

(1)

i

where φi j (ri j ) is the pair energy between atoms i and j separated by ri j , and Fi (ρi )
is the embedding energy to embedded an atom i into an electron density ρi . ρi can
be calculated using
ρi =

∑

f j (ri j ),

(2)

j( j6=i)

where f j (ri j ) is the electron density at the i atomic site arising by j atom at a
distance of ri j . It can be written as
f (r) =

fe exp[−β ( rre − 1)]
1 + ( rre − λ )20

,

(3)

where fe is scaling factors, for pure metal, fe = 1. For alloy, fe = (EC /Ω)γ1 . re is
the equilibrium spacing between nearest neighboring atoms.
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The generalized pair potentials have the form
φ (r) =

A · exp[−α( rre − 1)]
1 + ( rre − κ)20

−

B · exp[−β ( rre − 1)]
1 + ( rre − λ )20

.

(4)

A, B, α, β , κ, and λ are adjustable parameters. For the alloy model, the pair potential between different species a and b is defined by using the alloy model proposed
by Johnson [Johnson (1990)]


f a (r) bb
1 f b (r) aa
ab
φ (r) + b φ (r) .
(5)
φ (r) =
2 f a (r)
f (r)
In order to make the embedding energy functions work well over a wide range of
electron density, the embedding energy functions are divided as three equations:

3

ρ
i

ρ < ρn , ρn = 0.85ρe
∑

i=0 Fni ( ρn − 1) ,


3
(6)
F(ρ) = ∑ Fi ( ρ − 1)i ,
ρn ≤ ρ < ρo , ρo = 1.15ρe
ρe


i=0

 η i  η
 h

Fe 1 − ln ρ
· ρρe , ρo ≤ ρ
ρe
With this model, the parameters can be found in Ref. 29.
The time step was 1 fs. The thermodynamic process was simulated as follows. (1)
The cluster was heated up to 900 K from 300 K with 20 K temperature step and
0.5 ns time step. (2) The cluster was heated up to 1200 K from 900 K with 50 K
temperature step and 0.5 ns time step.
3

Results and discussion

Fig. 2 gives the temperature dependence of the atomic potential energy in the mixed
and core-shell (PdAg)309 and the Ag atomic number in the inner of the mixed
(PdAg)309 . The melting points of both clusters are same (780 K). The potential
energies in both clusters are almost same with the increase of temperature after the
clusters melted. However, their energy-temperature curves are obviously different
before the clusters melting. The energy of the mixed (PdAg)309 is higher than that
of the core-shell (PdAg)309 at the same temperature. This is because Ag has a lower
surface energy than that of Pd, the distribution of Ag atoms on the surface layer decreases the potential energy of the core-shell (PdAg)309 . In addition, the atomic
potential energy does not monotonously increase with the increase of temperature
from 580 to 760 K. By observing the Ag atomic number in the inner in Fig. 2, it
can be found that this strongly relates to the decrease of the Ag atomic number.
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In other words, the Ag segregation from the inner to the surface layer results in
the phenomenon. In this study, this stage hereafter is called as “segregate-melting
stage”. This is similar to the results of our previous study that the atomic energy decreases with the increase of temperature in the Cu-Co cluster [Li et al. (2010)]. But
there are some differences. In our previous study, the atomic energy decreases with
the increase of temperature due to the Cu segregation. Here, the potential energy
increases from 660 to 680 K in spite of the occurrence of Ag atomic segregation.
This is because that the appearance of lattice distortion between Pd and Ag makes
the cluster change to a disorder state. This leads to the increase of atomic potential
energy. In addition, there is no atomic segregation from 700 to 720 K, while the
potential energy was decreased with the increase of temperature. There must be a
structural transformation that leads to the energy decrease. Then, from 720 to 760
K, there is no atomic segregation, the potential energy was also increased with the
increase of temperature. But the atomic energy of the mixed (PdAg)309 is higher
than that of the core-shell (PdAg)309 . This may be due to that not all the Ag atoms
segregated to the surface layer. Finally, all the Ag atoms segregate to the surface
layer after the cluster melted.
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Figure 2: Temperature dependence of the atomic potential energy and the Ag
atomic number in the inner of the mixed and core-shell (PdAg)309 clusters

The bond order parameter W 6 was used to study the structural evolution in the
segregate-melting stage of the cluster. In order to exploring the evolution in the
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mixed (PdAg)309 , the W 6 values of the core-shell (PdAg)309 , pure Pd309 , and Ag309
were also calculated, as shown in Fig. 3. In addition, the standard W 6 values of
liquid, icosahedron and decahedron are also depicted in dot lines in the figure. The
W 6 values of all the clusters in the initial stage are near the icosahedral value due to
their initial icosahedral structure. After the clusters melted, the W 6 values sharply
fluctuate in the liquid value. In this study, since the structure used to calculate the
W 6 value is an instantaneous structure after relaxed for 0.5 ns at the corresponding
temperature, there are a few differences between the calculated W 6 and standard
value. For the clusters of the core-shell (PdAg)309 , pure Pd309 , and Ag309 , their
W 6 values were almost unchanged before the clusters melting except for some differences with the initial cases at the surface premelting stage. Furthermore, when
these three clusters melted, there is a sharp increase for the W 6 value. In the mixed
(PdAg)309 , the variation of the W 6 is different from other clusters because of the
existence of the segregate-melting stage. After 580 K, the lattice distortion induced
by the Ag atomic segregation increases and the W 6 value also increases. At 680 and
700 K, the W 6 values almost near the liquid value, this indicates the cluster keeps
a disorder state like liquid. At 720 K, the W 6 values decrease sharply to near the
decahedral value. The clusters transformed to form a decahedral structure. Since
there is surface premelting in the cluster, the W 6 value at 720 K is higher than that
of the decahedral value. The cluster keeps decahedral structure until the cluster
melted. By comparing with the structural transformation and energy-temperature
variation, it is found that the potential energy decrease occurs during the structural
transformation process. Since there are some Ag atoms in the inner of the cluster,
the mixed (PdAg)309 formed an Ag-Pd-Ag onion-like decahedron.
The snapshots of clusters were used to further analyze the structural evolutions, as
shown in Fig. 4. In order to confirm the frozen structures of the mixed and coreshell (PdAg)309 , their structures at 700 K were cooled down to 300 K. Here, 700 K
was selected due to the disorder state for the mixed (PdAg)309 . Therefore, the influence of initial structure on the frozen structure can be ignored. For the core-shell
(PdAg)309 , all the morphologies (bottom row in Fig. 4) are icosahedral structure
that formed by a quasispherical shape with 20 (111)-like facets. Furthermore, the
structure of the cluster at 300 K cooled down from 700 K is still icosahedral. However, the cases are different for the mixed (PdAg)309 . Its structure is icosahedral at
300 K, the cluster at 700 K formed a disorder cluster due to the lattice distortion
of Ag and Pd. While, at 720 K, the cluster formed a decahedral structure which
are composed of five slightly distorted truncated tetrahedral that share a common
edge. The cluster keeps decahedral structure at 760 K. At the same time, the structure cooled down to 300 from 700 K is also decahedral. This indicates the frozen
structure of the mixed (PdAg)309 after segregation occurred is decahedral. These
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Figure 3: Variation of W 6 for the mixed (a) and core-shell (PdAg)309 (b), Pd309 (c),
and Ag309 (d) with temperature.

results are same to those of bond order parameters.
An icosahedral-decahedral structural transformation was occurred in the mixed
(PdAg)309 but not in the core-shell (PdAg)309 , pure Pd309 and Ag309 . It is reasonable to conclude the following results by analyzing all above-mentioned phenomena.
(1) The icosahedral-decahedral transformation occurs only in bimetallic clusters
but not in the pure Pd and Ag clusters. This indicates that the transformation was
induced by the doping of alloy element and may be tuned by doping with alloy
elements.
(2) The transformation occurs in the mixed (PdAg)309 but not in the core-shell
(PdAg)309 . The transformation temperature is 720 K. While in this temperature, the
Ag coating layer was formed for both clusters. This means that there is no influence
of Ag coating layer on the icosahedral-decahedral transformation. The only difference between the mixed and core-shell clusters is the segregating-melting stage
(the Ag atomic segregation) during the heating process. This indicates that the Ag
atomic segregation leads to the structural transformation.
(3) As above mentioned, the disorder structure of mixed cluster (PdAg)309 at 700
K keeps a high energy state. At the same time, the heating process also provides
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Figure 4: Snapshots of the mixed (top) and core-shell (bottom) (PdAg)309 at different temperatures

energy. Therefore, the structural transformation can be driven by both energies.
However, if there is no atomic segregation, the decahedral cluster can not be induced. Atomic segregation exists in almost all the bimetallic clusters, therefore,
more decahedral structures were found in the experimental research of bimetallic
clusters.
4

Conclusions

Molecular dynamics with an EAM potential was used to study the influence of Ag
atomic segregation on the melting and structural evolution. Bond order parameter W 6 , energy-temperature curve, atomic distribution, and snapshot were used
to analyze the variation of energy and structure. In addition, same processes of
the pure Pd309 , Ag309 , and core-shell (PdAg)309 were also studied. A segregatemelting stage appeared in the mixed (PdAg)309 during the heating process due to
the segregation of Ag from the inner to the surface layer. At this stage, the cluster
formed a disorder state (liquid-like) due to the large lattice distortion between Ag
and Pd. Then, the disorder cluster transformed to form a decahedral structure with
the increase of temperature. These phenomena did not occur in other three clusters.
Therefore, the atomic segregation influenced the melting and structure of the clusters. This means that the structure and melting can be tuned by doping with alloy
element with different surface energies or concentration, distribution.
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