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Irregular phenomenon induced by Ag atomic segregation
during the heating process of Ag—Pd cluster*
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This paper studies the melting of icosahedral Ag—Pd bimetallic clusters by using molecular dynamics with the

embedded atom method. It finds that the mixed Ag—Pd cluster shows an irregular phenomenon before melting, i.e.,

the atomic energy decreases with the increase of temperature. It indicates that the segregation of Ag atoms results in

this phenomenon by analysing atomic radius distribution. Since the surface energy of Ag is lower than that of Pd, this

leads to the result that the decreased energy by the Ag atomic segregation is larger than the increased energy by the

heating. This provides a new method to obtain irregular thermodynamic properties.
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1. Introduction

The chemical and physical properties of bimetal-
lic clusters may be tuned by varying the composi-
tion, atomic distribution and the size of the clusters.!]
This makes these bimetallic clusters suitable for ap-
plications in heterogeneous catalysis and sensors as
well as microelectronic and optoelectronic devices.!?
The composition-dependent melting properties of the
bimetallic clusters would have a bearing on the
method of their synthesis and performance in various
areas of application. This leads to the fact that the
study of the melting of bimetallic clusters has become
a very active field of research.

It was found that the melting temperature of
bimetallic clusters has been tuned by selectively dop-
ing single impurity.¥) The melting of bimetallic clus-
ter was dependent on the size, concentration and
shape.[*5 Sometimes, the phenomena as structural
transformation and solid-liquid coexistence can be in-
duced by the existence of hetero atoms.!6~8 Further-
more, it was also found that the melting can be influ-
enced by the segregation of Cu atom in the onion-like
cuboctahedral Cu-Co cluster.!®) Therefore, the hetero
element plays a key role in the melting of bimetal-
lic cluster. Upon the Ag—Pd bimetallic cluster, the
special melting may be induced by atomic segregation
and can be easily explored due to the big difference
of surface energy between Ag (1065 mJ/m?) and Pd
(1808 mJ/m?),11% however, little attention has been

paid to this up to now.

In this paper, molecular dynamics (MD) by a gen-
eral embedded atom method (EAM) was used to study
the segregation-dependent melting of Ag—Pd bimetal-
lic cluster. The temperature-dependent energy curve
and atomic radius distribution were used to define the
influence of Ag atomic segregation on the melting.

2. Computational details

The present MD simulation employed a fifth-
order Gear predictor-corrector algorithm to integrate
the equations of Newton. The time step was 1.0 fs.
The scaling method was adopted during the simula-
tion to control the system temperature. The canon-
ical ensemble MD simulations were performed with
The EAM potential
was used as the atomic

periodic boundary conditions.
developed by Zhou et al.
interaction.'’:12 The accuracy of the EAM poten-
tial on the study of bimetallic clusters was tested by
Ref. [4]. The heating processes were divided into three
stages: (1) the constructed clusters were relaxed for
1.5 ns at 200 K, then, the clusters were heated up to
300 K with 100 K temperature step and 0.5 ns time
step; (2) the clusters were heated up to 900 K from
300 K with 20 K temperature step and 0.5 ns time
step; (3) the clusters were heated up to 1300 K from
900 K with 50 K temperature step and 0.5 ns time
step.
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Since structural transformation may occur during
the heating process,'3! the Ag-Pd cluster with low-
energy icosahedral initial structure was used as the
objectives. In addition, in order to easily explore the
influence of Ag segregation on the melting, two config-
urations with different Ag distribution in the cluster
were considered. Figure 1 shows the Ag and Pd atomic
numbers along the radius direction (atomic radius dis-
tribution) in the clusters and their corresponding ini-
tial morphologies. The cluster was divided into three
shells (1st-shell, 2nd-shell, and 3rd-shell) according to
the distance between the atom and centre of mass.
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As shown in Fig. 1, one configuration is the mixed
Agy4Pdyp3 cluster. The cluster includes 44 Ag and 103
Pd atoms and they distribute uniformly in the three
shells of the cluster. The Ag atoms would segregate
to the surface layer (1st-shell) of the cluster due to
the lower surface energy during the heating process.
The other configuration is the core—shell AgyyPdig3
cluster. The 44 Ag atoms distribute on the surface
layer (1st-shell) of the cluster, so there is no segrega-
tion occurred during the heating process. Therefore,
the influence of Ag segregation on the melting can be
studied by comparing their melting difference.
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Fig. 1. Atomic radius distributions of mixed Ags4Pdi103 and core—shell AgsaPdip3 clusters, also their

corresponding initial morphologies.

3. Results and discussion

Figure 2 gives the variation of energy with
temperature for mixed Ag44Pdip3 and core—shell
Agy4Pdyg3 clusters. The method of obtaining the
atomic energy is similar to Ref. [14]. For the core—
shell Agy4Pd103, the atomic energy increases with the
increase of temperature before 560 K. An abrupt in-
crease in atomic energy appears at 580 K and indicates
that the cluster is melted. After being melted, the
atomic energy still increases with the increase of tem-
perature. For the mixed Agy4Pd3, the melting pro-
cess is different from that of the core—shell AgyyPdig3.
first, the atomic energy in the mixed Agy4Pd103 before
point A (520 K) is higher than that of the core-shell
Agy4Pdyg3. This is because the surface energy of Ag

is lower than that of Pd. All the Ag atoms distributed
on the surface for the core—shell AgyyPd;g3 can make
the cluster have a lower energy state. Secondly, the
atomic energy decreases with the increase of temper-
ature at the range between A and C. This is an ir-
regular phenomenon. After point D, the variation of
atomic energy with temperature is similar to the case
of core—shell Agy4Pd;03. This indicates that both clus-
ters have similar atomic distribution and structure in
this stage. In addition, there is no sharp increase in
atomic energy during the heating of mixed Agy4Pdg3.
It is reasonable to conclude that Ag atomic distribu-
tion in the mixed Ag44Pdyp3 leads to this irregular
phenomenon since both clusters have same Ag con-

tent and heating process.

113604-2



Chin. Phys. B

Vol. 19, No. 11 (2010) 113604

—a—mixed AggqPdios
—2.80 F et core-shell AgaqaPdigs ]
., —285f A |
2
5 —290} B |
8
5 —295} o © ]
XX
X
—3.00 2 1
X
~3.05 : : . '
300 600 900 1200
Temperature/K

Fig. 2. Variation of energy with temperature for mixed
Ags44Pd103 and core-shell Agq4Pdi03 clusters.

In this study, the Ag atomic radius distribution
was used to define the influence of Ag segregation on
the melting. Figure 3 gives Ag atomic distributions
in three shells at different temperatures. At 520 K,
the Ag atomic numbers in three shells are the same as
its initial case. That is to say, there is no Ag atomic
segregation at this temperature. In addition, it is also
found that the same case occurs when the temper-
ature is lower than 520 K. Therefore, the atomic en-
ergy increases with the increase of temperature in this
stage. As shown in Fig. 3(b), the variations of the Ag
atomic numbers in three shells are different: an obvi-
ous increase in the 1st-shell, an obvious decrease in the
2nd-shell and no change in the 3rd-shell. At point C,

Ag atoms in the 3rd-shell. All the Ag atoms segre-
gated to the 1st-shell at point D. By comparing the
variations of Ag atomic number in the cluster, it can
be found that the energy decrease at points A, B, and
C is strongly related to the Ag atomic segregation.
While for point D, in spite of the Ag atomic segrega-
tion, the atomic energy increases in comparison with
that at point C. Thus, there should be a sharp in-
crease in atomic energy that makes the energy increase
larger than the energy decrease due to Ag atomic seg-
regation. It is reasonable to conclude that the cluster
is melted at 640 K. In other words, the melting point
of mixed Agy4Pdp3 is much higher than that of core—
shell Agy4Pdip3. Segregation induced the increase in
the melting point of cluster. This result is similar to
that of Li et al.l¥ In their study, they found that the
Cu atomic segregation nearby surface layer can make
the melting point of Cu—Ni cluster higher than that
in the cluster without segregation. In Ag—Pd clusters,
since there is a big difference in surface energy between
Ag and Pd. Furthermore, the segregated Ag atomic
number is also big. These make the melting point of
Ag—Pd cluster have a large increase. This also indi-
cates that the melting point of nanoparticle can be
controlled by doping element with different physical
parameters and controlling their distributions in the

there is no Ag atom in the 2nd-shell and only several  cluster.
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Fig. 3. Atomic radius distributions of mixed Agq4Pdi03 cluster at different temperatures.
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The energy decrease can be induced by the seg-
On the
other hand, the atomic energy can also be increased

regation of Ag atoms to the surface layer.

by the movement of Pd atoms to the inner of cluster.
Therefore, this will lead to the difference in the atomic
energy when one Ag or Pd atom distributes at differ-
ent positions (the edge, corner in 2nd or 3rd-shell and
the edge, corner, (111) plane in 1st-shell). In order
to define the influence of atomic segregation on the
atomic energy, the atomic energy with one Ag or Pd
atom at different positions was calculated by relaxing
the cluster 1.0 ns at 0 K. The results were shown in
Tables 1 and 2. It can be seen that the decrease in
atomic energy when one Ag atom segregates to 1st-
shell from 2nd or 3rd-shell is much larger than the
case of Pd. However, it is difficult to define the de-
tailed atomic positions at the edge, corner, and plane
during the heating process of Ag—Pd cluster. This is

Table 1. Variation of the atomic energy at 0 K when
one Ag atom in different positions in the 2nd-shell and
3rd-shell segregated to different positions in the 1st-shell.
(unit: eV)

because the lattice distortion would appear due to the
difference in atomic radius of Ag and Pd when the
atomic positions of Ag and Pd were changed. Thus,
the averaged segregated energy was used to consider
the influence on the melting. Then, this averaged en-
ergy was combined with the segregated atomic num-
bers at different temperatures to fit the variation in
atomic energy with the increase of temperature. Fig-
ure 4 gives the fitted energy at the irregular melting
stage. The results show that the trend of fitted val-
This

also fully proved that the irregular phenomenon was

ues is agreed well with the simulated results.

induced by the Ag atomic segregation. In addition,
the atomic energy due to atomic segregation at 640 K
decreases with the increase of temperature, but that
the cluster melted at this point leads to the increase

of atomic energy.

Table 2. Variation of the atomic energy at 0 K when
one Pd atom in different positions in the 2nd-shell and
3rd-shell segregated to different positions in the 1st-shell.
(unit: eV)

Ist-shell 2nd-shell 3rd-shell Ist-shell 2nd-shell 3rd-shell
corner edge corner corner edge corner
edge —0.00570 —0.00485 —0.00522 edge 0.00307 0.00265 0.00281
corner —0.00730 —0.00664 —0.00681 corner 0.00424 0.00382 0.00398
(111) —0.00506 —0.00420 —0.00457 (111) 0.00260 0.00218 0.00281
\
: : : 4. Conclusions
_2.85F —o—mixed AggqPdi03
e This paper studied the melting of Ag—Pd bimetal-
. { lic cluster by using molecular dynamics with the EAM
% o0k :}1 ] potential. An irregular phenomenon that atomic en-
‘E ’ j ergy decreases with the increase of temperature dur-
a ‘%: j ing the heating process was founded. This is because
X the surface energy of Ag is much lower than that of
_92.95 : . : Pd. The decrease of atomic energy can be induced by
300 Tempffaoture /K 900 Ag segregating to the surface layer of cluster. This
Fig. 4. Temperature-dependent energy for mixed provides a method to fabricate the nanoparticles with

Ag44aPdi03 cluster and the fitted energy at the irregu-
lar melting stage obtained by using the segregated atomic
numbers with segregated energy.

special thermodynamics by controlling the alloy com-
position and concentration during their formation pro-

cess.
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