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Local structure changes of Cu55 cluster during heating∗
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The structural relaxation of a cluster containing 55 atoms at elevated temperatures is simulated by molecular dy-

namics. The interatomic interactions are given by using the embedded atom method (EAM) potential. By decomposing

the peaks of the radial distribution functions (RDFs) according to the pair analysis technique, the local structural pat-

terns are identified for this cluster. During increasing temperature, structural changes of different shells determined by

atom density profiles result in an abrupt increase in internal energy. The simulations show how local structural changes

can strongly cause internal energy to change accordingly.
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1. Introduction

Clusters have attracted much attention of re-

searchers in the fields of physics, chemistry and ma-

terials science because they play an important role

in bridging the gap between isolated atoms and bulk

material.[1,2] In the study of clusters, the structures

of face-centred cubic (FCC) metallic clusters are

hotspots in research due to their importance in cataly-

sis and surface nanotechnology. It has been recognized

that the most important chemical and physical prop-

erties of these clusters are dramatically dependent on

their geometrical structures.[3−8] And researches have

demonstrated that cluster surface atoms possess much

higher energy than interior atoms and surface can be

premelting.[5,7] Nevertheless, the mechanism of struc-

tural changes of these clusters during their heating

is still poorly understood. One main cause is that

it is difficult to experimentally observe the details of

atomic packing in samples. In the case where appro-

priate experimental techniques on these systems are

lacking, computer simulations can be used to investi-

gate the equilibrium cluster structures.

Although the sophisticated density function ab

initio methods predict both the stable geometries and

energetics at a very high degree of accuracy,[9−12] none

of the approaches is available to very small clusters

owing to prohibitive computational expense; in addi-

tion these approaches cannot give the direct informa-

tion about cluster structural stability at finite tem-

peratures. What is needed, therefore, is a simulation

technique for studying the structural changes in a fully

dynamic medium. Molecular dynamics (MD) is a well-

established technique for studying the microscopic de-

tails of liquids and solids.[13−17] In MD simulations,

the empirical potentials based on the embedded atom

method (EAM) are adequate to the characterizing of

these metallic systems, and some EAM versions have

been employed to describe the properties of free clus-

ters and clusters supported on surfaces of the same

kind of material for FCC transition metals, such as

Cu systems.[18−21] In ÖzÇelik and Güvenç’s simula-

tions on Voter’s EAM, the melting temperature of a

Cu55 cluster is near 950 K(about 677 C◦).[19]

The purpose of this paper is to make an MD in-

vestigation of structural changes at elevated temper-

atures in a copper cluster containing 55 atoms. How

the local structural changes accompanying with the

atom packing affect the internal energy with increas-

ing temperatures is demonstrated by decomposing the

radial distribution function (RDF) according to the lo-

cal environment of the pairs of EAM atoms. Here, the

shells with multilayer structures of the cluster studied

are determined by atom density profile calculations.

2. Model and simulation

All the atoms in the simulation are assumed to

interact via an EAM potential of Cu constructed by

∗Project supported by the National Natural Science Foundation of China (Grant No 50572013) and the National Basic Research

Program of China (Grant No 2006CB605103).
†Corresponding author. E-mail: gsj-cn@tom.com

http://www.iop.org/journals/cp http://cp.iphy.ac.cn



78 Zhang Lin et al Vol. 16

Mei et al,[22] and atomic trajectories are generated in

the canonical ensemble MD at elevated temperatures.

In calculating the structural changes of this cluster,

the following values are determined:

gLg
(r) =

V

N

〈

∑

i∈Lg

∑

j 6=i∈Lg

δ(r − rij)

〉

, (1)

ρ(ri) = 〈Ni〉, (2)

where 〈 〉 denotes the average over the entire trajec-

tory, gLg
(r) is the pair distribution function in the

layer Lg, V the volume of the simulated MD cell, and

N the atom number in this cell. The density profile

ρ(ri) is calculated by dividing the system into some

layers and accumulating a histogram of the number,

Ni of atoms in each layer, where 〈Ni〉 is the average

number of atoms in layer i, and ri is taken as the cen-

tre of this layer. The structural change analyses of

the cluster are performed by using the pair analysis

technique.[23,24]

3. Results and discussion

Figure 1 shows the temperature variation of the

system internal energy from 350 to 1400 K, indicat-

ing the stability of the cluster structure against ther-

mal agitation. In this figure, there exist one energy

peak at the temperature of about 650 K, and two

abrupt increases in internal energy occurring at the

temperatures of about 550 K and 700 K. With temper-

ature further increasing the energy increases linearly.

These can be interpreted as the changes of local struc-

tures in this cluster with increasing temperature, and

the following MD observations related to the struc-

tural changes will support this interpretation. Figure

2 presents the RDFs of the simulated cluster at the

temperatures 350 K, 550 K, 700 K, and 1100 K. As

shown in this figure, at the position of 0.75a0, where

the lattice constant a0 of Cu is 3.615 Å, the first peaks

of these RDFs are far higher than the other peaks,

which implies that most of atom pairs are populated

in the first peaks. Besides the first big peak, there are

other three peaks occurring at the temperatures 350 K

and 550 K, their first peaks decrease in height with

temperature increasing, which implies that the struc-

tural changes have occurred in the range of 550 K,

though the cluster structures at these temperatures

are very similar. At the temperature 700 K, the sec-

ond and the fourth peaks become small, and the third

peaks are broadened. When the cluster is heated up

to 1100 K, the RDF shows a disordered behaviour,

where the second and the fourth peaks disappear and

the third peak is also broadened.

Fig.1. Variation of internal energy per atom in the

cluster with temperature.

Fig.2. The RDFs of the cluster at the temperatures

350 K, 550 K, 700 K and 1100 K.

Fig.3. The relative number of bonded atom pairs ver-

sus temperature.



No. 1 Local structure changes of Cu55 cluster during heating 79

To investigate the differences in local structure

among these temperatures, Fig.3 illustrates the rela-

tive numbers of different kinds of bonded atom pairs

as a function of temperature during heating the clus-

ters corresponding to the first peaks of RDFs as shown

in Fig.2. In Fig.3 the relative number is the ratio of

the number of atomic pairs of one kind to the sum

of atomic pairs and it can be used to determine the

ordered degree for this cluster at elevated tempera-

tures. From this figure, it can be found that as the

temperature varies in the range of 500 K, the clus-

ter is mainly composed of four types of pairs: 1311,

1321, 1422 and 1551, and none of these pairs shows

any significant change. Here, these pairs represent the

positions of atomic pairs in this cluster, for example

the 1551 pairs correspond to two neighbouring atoms

with five common neighbours that form a pentagon

of near-neighbour contacts, and it is characteristic of

icosahedral ordering. In the case of 550 K, there is an

increase in the number of 1551 pairs, and the num-

bers of 1311, the 1321 and the 1422 pairs decrease

apparently at the same time. A similar change occurs

at the temperature 600 K, where the numbers of 1311

and 1422 pairs decrease while the number of 1551 pairs

increases. At the temperature 650 K, all of the four

types of pairs abruptly decrease to low values in num-

ber, and their relative numbers again reach top values

at the temperature 700 K. When the temperatures are

higher than 700 K, the numbers of these pairs again

decrease. The changes in the relative number of pairs

are coincidentally corresponding to the changes in in-

ternal energy as shown in Fig.1, indicating that the

atomic local structural changes result in the energy

changes during heating.

Fig.4. The atomic density profiles of the cluster at different temperatures.
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Figure 4 shows the atomic profiles of the cluster at

temperatures 350 K, 650 K, 700 K, and 1100 K. The

profiles in the temperatures ranging from 350 K to

700 K have some similarities including that they can

be regarded as being composed of four shells corre-

sponding to four intensity peaks, and the first and the

second shells are separated from the other shells. How-

ever except for the temperature 350 K, the third peaks

are connected with the fourth peaks at the other tem-

peratures, where the third and the fourth peaks almost

are combined into one peak. In addition, the second

peak of the profile at 650 K is apparently broadened

more than at 700 K, which implies that the atom pack-

ing in this shell at this temperature may be different

from that at other temperatures. When the temper-

ature increases up to 1100 K, the density profile at

this temperature exhibits a feature that there exist

only two broadened peaks and their heights are also

decreased compared with those at low temperatures,

which is a proof that the atom packing has become

disordered at the temperatures as shown in Fig.2.

Fig.5. The atomic configurations of the cluster at different temperatures.
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Figure 5 respectively shows the geometrical struc-

tures of atoms in the first, the second, the third,

and the fourth shells at temperatures 350 K, 550 K,

650 K, 700 K, 750 K and 900 K. When the tempera-

tures are below 700 K, the atomic configuration in the

second shell is constructed by two pentagonal bipyra-

mids except for the temperature 650 K. If one atom

in the first shell is added into the second shell, the

structure of these 13 atoms is of icosahedron: unex-

posed copper atom and the remaining 12 atoms form a

spherical shell with a central atom. Additionally, the

atomic positions in the third and the fourth shells have

some similarities at these temperatures. In the case of

350 K, atomic configuration presents a perfect icosa-

hedron, where the configuration in the fourth shell

can also be constructed by two pentagonal bipyramids,

and the configuration in the third shell by twelve pen-

tagons and thirty triangles, and this type of structural

rigidity is maintained up to 500 K. When the temper-

ature is 550 K, there are 11 atoms in the fourth shell

and 31 atoms in the third shell. Owing to the one

added atom at the temperature, which is very well

localized in the third shell, the numbers of the 1311,

1321, and 1422 pairs decrease while the number of the

1551 pairs increases as illustrated in Fig.3. To a 1311

pair of this type, its two bonded atoms are in the third

shell, the three common neighbouring atoms respec-

tively lie in the second, third and fourth shells, and the

two neighbouring atoms in the second and the fourth

shells form a bond. One atom in the third shell and

one in the fourth shell form a 1321 pair with two neigh-

bouring atoms in the third shell and one neighbouring

atom in the second shell, while the neighbouring atom

in the second shell is separately bonded with the two

neighbouring atoms in the third shell. The bonded

atoms of some 1422 pairs are in the second shell, and

the others are from the bonded atoms in the third

and the second shells. To the first type of the 1422

pairs, one neighbouring atom in the first shell forms

two bonds with the two neighbouring atoms in the

second shell, and the fourth neighbouring atom is in

the third shell. In their four neighbouring atoms for

the second type of the 1422 pairs, one is in the second

shell, two in the third shell and one in the fourth shell,

and the atom in the fourth shell bonded with the two

neighbouring atoms in the third shell. The changes of

local environments of atoms result in the abrupt in-

crease in internal energy at the temperature 550 K as

shown in Fig.1. At the temperature 650 K, there exist

13 atoms in the second shell. As a result, the second

peak of the atom density profile becomes wide, and its

height decreases as shown in Fig.4. Meanwhile, there

exist only five atoms in the fourth shell, and 36 atoms

in the third shell. Hence, the numbers of the 1311,

1321, 1422 and 1551 pairs are small as illustrated in

Fig.3, and an abrupt increase in internal energy occurs

at this temperature as shown in Fig.2. In the case of

700 K, it is noted that since the atomic number in the

third shell again becomes 31 and the number in the

fourth shell 11, the atomic configuration is different

from that at the temperature 550 K. Therefore, there

is an abrupt decrease in number of pairs at this tem-

perature, but the energy is apparently higher than

that at the temperature 600 K. At the temperature

750 K, the numbers of these four types of pairs become

decreased, implying that the structure of the cluster

begins to become disordered. When the temperature

is raised up to 900 K, the atoms are mainly located

in two shells: sixteen atoms are in the first shell and

thirty-nine atoms in the second shell. Hence, at this

high temperature, atomic positions in this cluster are

greatly changed as shown in this figure, and corre-

spondingly, the relative number is also low in the four

types of pairs as illustrated in Fig.3.

4. Conclusions

In this work, MD simulations show the structural

changes of the cluster during heating in quite a sim-

ple picture, and also reveal the local structure changes

according to the local environment of atom pairs at el-

evated temperatures: the local structural changes can

strongly cause the internal energy to change. In the

high-temperatures ranging from 900 K to 1400 K, the

system suffers a large distribution of energy, but its

structure is independent of temperature. By calculat-

ing the atomic density profiles at these temperatures,

it can be found that the atoms are populated in two

shells, and most of atoms are in the outer shell. As the

temperature decreases, the system starts to become

localized, and prefers to be populated in a minimal re-

gion that represents denser packing. In the computer

simulations, the processes, in which one atom moves

from the fourth shell into the third shell and the local

structure changes take place in the third shell, con-

tribute to a sudden increase in internal energy at the

temperature 550 K. The atomic configurations, which

are changed in the second, the third and fourth shells

at the temperatures 650 K and 750 K, result in two

abrupt increases at the two temperatures. Thus, it
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can be concluded that surface premelting occurs at

the temperature 550 K, and this cluster is melting at

the temperature 900 K.

References

[1] Eberhardt W 2002 Surf. Sci. 500 242

[2] Baletto F and Ferrando R 2005 Rev. Mod. Phys. 77 371

[3] Kunz R E, Blaudeck P and Hoffmann K H 1998 J. Chem.

Phys. 108 2576

[4] Gotwald D, Kahl G and Likos C N 2005 J. Chem. Phys.

122 204503

[5] Howe James M 1997 Interfaces in Materials (New York:

John Wiley & Sons) p116

[6] Kabir M, Mookerjee A and Bhattacharya A K 2004 Phys.

Rev. A 69 043203

[7] Jin Z H, Shen H W and Lu K 1999 Phys. Rev. B 60 141

[8] Grigoryan V G and Springborg M 2004 Phys. Rev. B 70

205415

[9] Jug K, Zimmermann B, Calaminici P and Köster A M
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