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This paper studies the structural evolution of (AgCo)201 clusters with different Co concentrations under various

temperature conditions by using molecular dynamics with the embedded atom method. The most stable position for

Co atoms in the cluster is the subsurface layer at low temperature (lower than 200 K for the Ag200Co1 cluster). The

position changes to the core layer with the increase of temperature, but there is an energy barrier in the middle layer.

This makes the Ag–Co cluster form an Ag–Co–Ag three-shell onion-like configuration. When the temperature is high

enough [higher than 800 K for (AgCo)201 clusters with 50% Co], Co atoms can obtain enough energy to overcome the

energy barrier and the cluster forms an Ag–Co core-shell configuration. Amorphization for the onion-like and core-shell

clusters is induced by the large lattice misfit at Ag–Co interfaces. The structural evolution in the Ag–Co cluster is

related to the release of excess energy.
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1. Introduction

Ferromagnetic nanoparticles embedded in a non-

ferromagnetic matrix or capped by noble metals have

resulted in special magnetic properties.[1] Much work

on magnetic granular films consisting of such nanopar-

ticles has been carried out in order to investigate the

phenomenon of giant magnetoresistance,[2] which is

necessary for developing high density data storage

materials.[3] The rapid growth of the areal storage den-

sity results in smaller magnetic particles, furthermore,

their magnetic properties are strongly related to the

structures of clusters and cluster assemblies in atomic

scale.[4] Therefore, they should be researched from an

atomic viewpoint. But it is difficult to investigate di-

rectly by using experimental approaches. Computer

simulation methods, in particular molecular dynamics

(MD), have become a powerful means of investigating

atomic behaviour.

Recently, research on the thermodynamic prop-

erties of bimetallic clusters by using MD has already

exhibited some new features which distinguish them

from pure metals.[5−8] Since silver has a much lower

surface energy (1065 mJ/m2) and a larger atomic ra-

dius, it has become a main element to create nanopar-

ticles with special structure and morphology. The

MD simulations showed that core-shell and three-shell

onion-like metallic clusters can be grown by deposit-

ing hetero atoms onto an Ag matrix.[9,10] Since Pd

atoms preferentially segregate at the subsurface layer

of the Ag cluster at low temperatures, Ag–Pd clus-

ters with Pd atoms segregating at the subsurface layer

were obtained by the collision of an Ag cluster with

a Pd cluster.[11] For an Ag–Co bimetallic cluster, a

core-shell structure of the Ag–Co cluster with a par-

tial HCP-like Co core was obtained by cooling the

cluster.[12] The structural and thermodynamic prop-

erties of Ag–Co nanoparticles at equilibrium states

were also studied by using the metropolis Monte Carlo

method.[13,14] They found that the core-shell struc-

tures contribute a lot to the structures and thermo-

dynamic behaviour. But, this research only focused

on the equilibrium states of the clusters, many ques-

tions about the evolution toward equilibrium states

remain and should be addressed in further studies, es-

pecially for Ag–Co clusters over the complete range
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of Co concentrations under different temperatures. In

addition, an understanding as to why the formation

of three-shell and core-shell structure occurs so fre-

quently is still lacking. Therefore, it is worthwhile to

study these in order to understand the growing mech-

anism of magnetic alloy film.

In this study, the structural evolution of

(AgCo)201 clusters with different Co concentrations

under various temperature conditions was explored

by relaxing the clusters for 1 ns to make the clusters

evolve toward their equilibrium states. The pair dis-

tribution function was used to explore the evolution of

the cluster structures under different conditions. Gen-

erally, both the surface energy and interface energy

were characterized by excess energy,[10,13] which was

used to define the variation of the energy during the

structural evolution process in this study. In addition,

the energies of the clusters were calculated with a Co

atom embedding different layers of the Ag200 cluster,

which was used to analyse the energy dependence of

the evolution of three-shell onion-like and core-shell

structures.

2. Computational details

The present MD calculations employed a fifth-

order Gear predictor–corrector algorithm[15] to inte-

grate the equations of Newton. The time step was

2 fs. The scaling method was adopted during the sim-

ulation to control the system temperature. Canonical

ensemble MD simulations were performed with free

boundary conditions for clusters and periodic bound-

ary conditions for bulks. Our group has used the

model to simulate the thermodynamic behaviour and

interaction of bimetallic clusters.[16−19] In general, po-

tential functions of single elements are not suitable to

simulate alloys due to their different choice of the cut-

off distance. Zhou et al have developed a general al-

loy potential.[20,21] This potential was described with

the identical analytic form based on the embedded

atom method (EAM), which has been extended to en-

able calculations of alloys with any combination of 16

metals. The specific design of the EAM forces the

potentials to smoothly go to zero at the same cutoff

distance. For a bimetallic system, the alloy pair po-

tential was defined by using the alloy model proposed

by Johnson.[22] The potential has been successfully

used to simulate the growth of nanoscale multilayer

films.[21] Dorfbauer et al have applied it to calculate

the cooling structure of Co–Ag clusters.[12]

The cluster started with geometries constructed

from a 10a0×10a0×10a0 large FCC bulk. The lat-

tice constant a0 of the bulk Ag in the simulation is

0.40862nm. The truncated cluster has a truncated

octahedral structure with 201 atoms. This is be-

cause no structure transformation occurs for these

clusters during the heating process. It is helpful to

explore configuration evolution in the clusters with-

out considering the influence of structure transforma-

tion on the energy. The structures of the bimetallic

(Ag201−mCom)201 clusters were obtained by randomly

substituting m Ag atoms with Co atoms. The concen-

trations of cobalt are 10%, 20%, 30%, 40%, 50%, 60%,

70%, 80%, and 90%, respectively. Long runs, usually

5×105 time steps (1 ns) in duration, were used to ob-

tain fully relaxed configurations.

3. Results and discussion

At first, the heating processes of pure Ag201 and

Co201 clusters were simulated to define the melting

range of bimetallic clusters. The Ag201 and Co201

clusters were heated up to 1300 K from 300 K. The

temperature step was 20 K, with 0.06 ns trajectory

steps propagated for each temperature cycle. Both

the temperature step and time step were the same as

the methods of Dorfbauer et al.[12] The melting points

of Ag201 and Co201 clusters are 800 K and 1180 K,

respectively. According to the melting points, 200 K,

500 K, and 1000 K were selected as the simulated tem-

peratures. The reason is that the dependence of the

evolution toward equilibrium states not only on Co

concentrations but also on temperatures for clusters

can be defined by simulating the cluster relaxation

under different temperatures.

Figure 1 gives the energy per atom curves as a

function of time for (AgCo)201 clusters with different

Co concentrations. Abrupt decreases of the energies

corresponding to their initial energies were founded for

the clusters with 30%, 40%, 50%, and 60% Co. How-

ever, for the clusters with other Co concentrations, the

energies fluctuate near a steady state, there is a very

small and virtually invisible decrease except for 70%

Co. On the other hand, the phenomena of the abrupt

decreases of the energies occur after the clusters relax

for 1 ns at 500 K except for the cluster with 90% Co.
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Fig.1. Time evolution of the energy per atom for (AgCo)201 clusters with different Co concentrations at 200 K.

Corresponding to the evolution of the energies,

the cluster configurations also make some obvious

changes. Figure 2 portrays the cross sections of the

clusters with different Co concentrations after relax-

ing for 1 ns at 200 K, 500 K and 1000 K, respec-

tively. By comparing with the initial ideal configura-

tions, clearly, the configurations of the clusters with

10%, 20%, 70%, 80%, and 90% Co at 200 K are almost

identical to their initial ideal configurations, while the

clusters with 30%, 40%, 50%, and 60% Co form Ag–

Co–Ag three-shell onion-like configurations. Compar-

ing with the results of Fig.1, we find that the forming

processes of the three-shell onion-like configurations

are followed by the significant decrease of the ener-

gies, viz., the stable configurations under these con-

ditions are three-shell onion-like. For the clusters at

500 K, apart from the cluster with 90% Co, the con-

figurations of the clusters with other concentrations

change by comparing with the initial ideal configura-

tions. Three-shell onion-like configurations are formed

for the clusters with 30%, 40%, 50%, and 60% Co and

not for the clusters with 10%, 20%, 70%, and 80% Co.

Fig.2. Cross sections of (AgCo)201 clusters with different Co concentrations after relaxing for 1 ns under different

conditions. The upper row shows the initial ideal configurations, the middle row shows the configurations at

200 K, the lower row is the configurations at 500 K, and the lowest row is the configurations at 1000 K. (a) 10%

Co, (b) 20% Co, (c) 30% Co, (d) 40% Co, (e) 50% Co, (f) 60% Co, (g) 70% Co, (h) 80% Co, and (i) 90% Co.
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For the clusters with 10% and 20% Co, the Co atoms

segregate at the subsurface layer because Co atoms

are not numerous enough to form an entire subsur-

face layer. Onion-like configurations are not obvious

for the clusters with 70% and 80% Co since there are

not enough Ag atoms in the core layer. When the

temperature is 1000 K, the configuration evolutions

are obviously different from those clusters at 200 K

and 500 K. The Ag atoms segregate at the surface of

the clusters to form core-shell configurations for the

clusters with 40%, 50%, 60%, and 70% Co. For the

clusters with 80% and 90% Co, since there are not

enough Ag atoms, they cannot cap the surface en-

tirely in spite of the Ag atoms also segregating to the

surface. For the cluster with 30% Co, Co atoms as-

semble together at one side of the clusters. The Co

atoms segregate at the subsurface layer for the clus-

ters with 10% and 20% Co, which are similar to those

clusters at 500 K, but many more Co atoms assemble

together. From the configuration evolution under dif-

ferent conditions, it is reasonable to conclude that the

variations of the configurations of (AgCo)201 clusters

are related to both temperature and concentration.

The above-mentioned evolution of the configura-

tions as Co atoms segregate at the subsurface layer

are similar to the results of Kim et al
[11] especially

for the clusters when Co concentrations are lower than

30%. They found that all Pd atoms preferentially seg-

regated at the subsurface layer in spite of the fact

that the most stable positions for Pd atoms were in

the central site. This is because of an energy barrier

at the subsurface layer. In order to characterize the

energies of Ag clusters with Co atoms at different lay-

ers, Ag200Co1 clusters were constructed. A single Co

atom was buried in the central plane of an Ag cluster,

as shown in Fig.3. The detailed positions are shown

with 1, 2, 3, and 4, which are used to describe the

Co atom at the surface layer, the subsurface layer, the

middle layer, and the core layer, respectively. These

clusters relaxed for 0.2 ns at 0 K to make the clusters

reach a steady state. The energy per atom was ob-

tained by averaging the potential energy of the steady

state. As shown in Fig.3, when the temperature is

0 K, the lowest energy position of Co atom is the sub-

surface layer, viz., the most stable position for the Co

atom at 0 K is the subsurface layer. The energy per

atom increases with the increase of temperature. The

energy per atom at 100 K is similar to that at 0 K,

the most stable position for the Co atom at 100 K is

still the subsurface layer. The position changes to the

core layer at 200 K since the energy of the core layer is

lower than those of other positions. But the difference

of the energies between the subsurface layer and core

layer is very small. Furthermore, an energy barrier

in the middle layer should be overcome for Co atoms

penetrating to the core layer. Therefore, Co atoms

will segregate at the subsurface layer if the obtained

energy of Co atoms cannot overcome the energy bar-

rier of the middle layer. Since the position of the Co

atom changes with the increase of temperature, the

energy per atom with a Co atom embedded in dif-

ferent layers cannot be used to define the energy as

a function of the different layers. The dependence of

energy on the positions of Co atoms is extrapolated

from the results of low temperature. The most sta-

ble position for Co atoms is the subsurface layer at

low temperature. The position changes to the core

layer with the increase of temperature, but there is an

energy barrier in the middle layer, which makes Ag–

Co cluster form an Ag–Co–Ag three-shell onion-like

structure. When the temperature is high enough, the

Co atoms can obtain enough energy to overcome the

energy barrier, therefore, the clusters form an Ag–Co

core-shell structure.

Fig.3. (a) Energy per atom of Ag200Co1 clusters with Co

atoms at different layers. (b) Central plane (light spheres)

buried Co atom. (c) 1, 2, 3, and 4 are the buried positions

of the Co atom, which are used to describe the Co atom

at the surface layer, the subsurface layer, the middle layer,

and the core layer, respectively.

The Ag concentration in the core of the cluster

changes with the increase of temperature. The clus-

ter with 50% Co was selected as the calculated ob-

ject because the surface of this cluster is almost com-

posed of Ag atoms except for some defects on the sur-

face. Therefore, by removing the Ag atoms capping

the surface, the distribution of Co atoms in the sub-
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surface layer can be reflected correctly by using the

Ag concentration in the core. Figure 4 illustrates the

variations of Ag concentrations in the core with the

change of temperatures and the corresponding cross

sections of clusters at different temperatures. The Ag

concentration of the cluster at 0 K is near 50% and

decreases with the increase of temperature. This in-

dicates that higher temperature can make Co atoms

obtain larger energy to overcome the energy barrier,

which easily leads to more Co atoms penetrating to

the core layer. When the temperature is 800 K, there

is no Ag atom in the core layer and the cluster forms

a core-shell structure. The temperature range for the

transformation from the onion-like structure to the

core-shell structure is between 700 K and 800 K. Dorf-

bauer et al
[12] found that the freezing structure of

Ag–Co from 1300 K to 100 K was core-shell and not

onion-like. This indicated that the formation of the

core-shell structure occurred at higher temperatures.

Therefore, it can be concluded that higher tempera-

tures can make Co atoms obtain adequate energy to

overcome the energy barrier and make the cluster form

a core-shell structure.

Fig.4. Variations of Ag concentrations in the core after

relaxing for 1 ns for the cluster with 50% Co as a function

of the temperatures and the cross sections of the clusters

at different temperatures.

The excess energy was used to define the variation

of the energy during the structural evolution process.

The excess energy ∆EC of a cluster at a given tem-

perature was defined as follows:[10,13]

∆EC = EC − EId
C , (1)

where EC is the energy per atom in the cluster, EId
C is

the energy per atom of an infinite ideal solution with

the same concentration, which is given by

EId
C =

1

NAg + NCo
[NAgEC(Ag) + NCoEC(Co)], (2)

where EC(Ag) and EC(Co) are the energy per atom of

Ag and Co bulk at a given temperature, respectively.

The energy per atom can be obtained by averaging the

potential energy of the steady state. Their values at

the temperatures of 0 K, 200 K, and 500 K are given

in Table 1. In the current study, the bulk system was

setup by using a cubic periodic super cell with FCC

structure including 500 atoms. Then, the bulk relaxed

for 1 ns at the given temperature. NAg and NCo are

the numbers of Ag atoms and Co atoms, respectively.

Table 1. Values of EC(Ag) and EC(Co), which are

the energy per atom for Ag and Co bulk, respectively.

eV/atom 0 K 200 K 500 K

EC(Ag) –2.849998 –2.797977 –2.718626

EC(Co) –4.402624 –4.351143 –4.273592

Substituting the above-mentioned values in Table

1 into Eqs.(1) and (2), we can obtain the dependence

of the excess energy on the Co concentrations at 0 K,

200 K, and 500 K, as shown in Fig.5. Clearly, all the

excess energies are positive since there is a surface en-

ergy in the clusters. When the temperature is 0 K,

the excess energy of the element Ag is lower than that

of the element Co, indicating that the segregation of

Ag to the surface of the (AgCo)201 cluster is energet-

ically favourable. The Ag–Co interface increases with

the increase of Co concentration, leading to the in-

crease of the excess energy. The excess energy reaches

a maximum value when Co concentration is between

60% and 70%. Then, the excess energy decreases with

the increase of Co concentration due to the decrease of

Ag–Co interfaces. When the clusters relax for 1 ns at

200 K, comparing with the excess energies at 0 K, we

find no changes for the clusters with 10%, 20%, 70%,

80%, and 90% Co while the excess energies decrease

for the clusters with 30%, 40%, 50%, and 60% Co.

The decrease of the excess energies of the clusters is

consistent with those of the structural variations. This

indicates that the structural variations of the clusters

are induced by the release of the excess energy. When

the temperature is 500 K, the excess energies decrease

except for the cluster with 90% Co comparing with

those at 0 K, the structural variations of the clusters

occur for the clusters with the decrease of the excess

energy. This is similar to the results of 200 K. There-

fore, the structural evolution of the clusters is induced

by the release of the excess energy.
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Fig.5. Excess energies of (AgCo)201 clusters with differ-

ent Co concentrations at the temperatures of 0 K, 200 K,

and 500 K, respectively.

After relaxing the (AgCo)201 clusters for 1 ns at

200 K and 500 K, the pair distribution function was

employed to analyse their structural types. As shown

in Fig.6, at 200 K, the peaks of clusters with 10%,

20%, 70%, 80%, and 90% Co appear, which coin-

cide with those of the nearest neighbours of FCC that

can be calculated by using
√

2na0/2 (where n is the

nth nearest neighbour, a0 is lattice constant). This

suggests that the clusters are in an FCC structure.

However, the intensities of the FCC peaks of the clus-

ters with 70% and 80% Co decrease slightly due to

the deformation of the surface of the cluster. There

is a short range order of atomic arrangement exist-

ing for the clusters with 30%, 40%, 50%, and 60%

Co. Since the temperatures are lower than the melt-

ing points of the clusters, the amorphous structures

are solid disorder, which are similar to the amorphous

structures. For the final structures at 500 K, only the

cluster with 90% Co exhibits FCC peaks, the others

form disorder structures. Detailed observation shows

that no polyhedron with amorphous structure forms

in the clusters at 200 K and 500 K. The calculation of

the melting of the Co–Ag core-shell cluster indicated

that amorphization was induced by the Co core.[13]

An amorphous aggregate formed during the freezing

of the Al3Ni clusters because the surface segregation

inhibited nucleation to an ordered structure.[5] Since a

large mismatch exists between the Ag and Co equilib-

rium lattice distances, therefore, a large lattice misfit

is caused by the forming of Ag–Co shells. It is rea-

sonable to conclude that the amorphous structure is

induced by the large lattice misfit at the Ag–Co inter-

faces.

Fig.6. Pair distribution functions of (AgCo)201 clusters with different Co concentrations after

cluster relaxing for 1 ns at 200 K (solid line) and 500 K (dashed line).

4. Conclusions

The structural evolution of (AgCo)201 clusters

with different Co concentrations under various tem-

perature conditions was studied by using MD with

EAM. The temperature-dependent energies of the

clusters change with Co atoms embedded in differ-

ent layers of Ag cluster. The most stable position for

the Co atoms is the subsurface layer at lower temper-

ature. The position changes to the core layer with the
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increase of temperature, but there is an energy bar-

rier in the middle layer, which makes the Ag–Co clus-

ter form an Ag–Co–Ag three-shell onion-like structure.

The Co atoms can obtain enough energy to overcome

the energy barrier with the increase of temperature,

this leads to the cluster forming an Ag–Co core-shell

structure. Amorphization for the onion-like and core-

shell clusters is induced by the large lattice misfit at

the Ag–Co interfaces. The structural evolution in the

Ag–Co cluster are related to the release of the excess

energy.
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Chem. Phys. 114 746

[19] Li G J, Wang Q, Li D G, Lü X and He J C 2009 Chin.
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