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1. INTRODUCTION

Investigation of the properties of small-sized metal-
lic particles containing from several hundreds to several
thousands of atoms is of great research interest due to
their possible use as catalysts or surface nanostructures
[1–4]. The properties of such particles are intermediate
between those exhibited by molecules and crystalline
solids. This makes them especially attractive for use in
various fields of engineering. In this respect, the under-
standing of the mechanisms of formation of nanoclus-
ters from a liquid or gas phase is particularly important
for the controlled growth of low-dimensional structures
with specified parameters. Elucidation of the internal
structure of free clusters can play a key role in explain-
ing their physical and chemical features.

The structure of metallic nanoclusters and, in partic-
ular, the size dependence of their properties have been
intensively studied using experimental and theoretical
methods over the course of more than 30 years. Com-
puter simulations have demonstrated that, compared to
conventional bulk materials, nanoclusters are charac-
terized by several structural modifications. For exam-
ple, nanoclusters of metals with a face-centered cubic
lattice can exist in face-centered cubic, hexagonal
closely packed, icosahedral, and decahedral modifica-
tions [5–11]. Some of these modifications are presented
in Fig. 1. Metallic clusters with different symmetries
were experimentally observed by Martin [7] with the
use of an electron microscope. It should be noted that,
in bulk face-centered cubic materials, the formation of
other structures is suppressed kinetically, whereas nan-
oclusters of these materials can be obtained in different
structural modifications with a great variety of physical
and chemical properties.

Thermodynamically equilibrium modifications of
metallic clusters have been thoroughly studied in the

framework of different theoretical models. The results
of theoretical calculations performed by Iijima and
Ichihashi [12] and K. Mannien and M. Mannien [13]
indicate that, for some metals with a face-centered
cubic lattice (such as gold and nickel), the icosahedral
structure is metastable even in the case of small-sized
clusters (containing less than 100 atoms), which is
inconsistent with experimental observations. Further-
more, an increase in the cluster size is accompanied by
a decrease in the stability of the icosahedral structure
[12]. However, direct observations with the use of an
electron microscope [7–10] have revealed that clusters
containing even several thousands of atoms can exhibit
icosahedral or decahedral morphology. These experi-
ments have demonstrated that the formation of an icosa-
hedral structure of a cluster is most likely governed by
the kinetic rather than thermodynamic factors [14].

2. SIMULATION TECHNIQUE

In order to investigate how the kinetic factors affect
the formation of a structure of nickel nanoclusters, we
carried out a molecular dynamics simulation of heating
of nickel nanoparticles with subsequent cooling to the
formation of a crystal phase. The computer simulation
was performed with the use of the tight-binding poten-
tials proposed by Cleri and Rosato [15]. In the simula-
tion experiment, a face-centered cubic nickel cluster
consisting of 555 atoms was used as an initial structure.
With the aim of completely destroying the long-range
order in the nickel cluster, it was smoothly heated to a
temperature of 1800 K, which is considerably higher
than the melting temperature of nickel clusters (

 

T

 

melt

 

 =
1145 K). During the simulation experiment, the tem-
perature was determined from the mean kinetic energy
of the atoms. The cluster was held at 

 

T

 

 = 1800 K for a
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long time, more precisely, for 200 ps (1.0 

 

×

 

 10

 

5

 

∆

 

t

 

 where

 

∆

 

t

 

 = 2 fs is the time step in the molecular dynamics sim-
ulation experiment). Then, the cluster was cooled to a
temperature of 300 K. The cooling and heating curves
are depicted in Fig. 2, which shows the temperature
dependence of the potential energy of the nickel nano-

cluster. The melting and crystallization points of the
cluster were determined from the jumps in the potential
energy as a function of temperature. The temperature
was stabilized by two methods: (i) with the use of a
Nose thermostat and (ii) according to the Anderson
method. When simulating a constant temperature, the
best results were obtained using the Nose thermostat. In
this case, the total energy is represented as the sum of
the kinetic and potential energies of the particles and
the kinetic and potential energies of the thermal reser-
voir 

 

s

 

:

(1)

where 

 

Q

 

 is an adjustable parameter. The smooth varia-
tion in the temperature at a specified rate was simulated
using the Anderson method:
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Fig. 1.

 

 Decahedral (upper row), icosahedral (middle row), and face-centered cubic (lower row) structures of the nanoclusters [1].
Each structure is drawn in two projections: the lateral view (first and second columns) and the top view (third and fourth columns).
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Fig. 2.

 

 Dependence of the potential energy 

 

E

 

P

 

 of the nickel
nanocluster (

 

N

 

 = 555) on the absolute temperature 

 

T

 

.
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where 

 

W

 

 is an adjustable parameter. This approach
makes it possible to determine more exactly the melting
and crystallization temperatures of simulated particles
as compared to the method used by Qi 

 

et al.

 

 [16],
according to which it was necessary to perform addi-
tional calculations (specifically of the maximum of the
heat capacity) when determining these temperatures.

3. RESULTS AND DISCUSSION

It can be seen from Fig. 2 that, during cooling below
the melting temperature, the simulated system tends to
transform into an icosahedral structure (portion 

 

B

 

 in the
cooling curve). However, the nickel nanocluster in this
temperature range is in a very unstable state and under-
goes transformation into a face-centered cubic structure
with a further smooth decrease in the temperature. In
order to analyze the crystallization of the nickel nano-
cluster, we consider the cluster configurations (Fig. 3),
which correspond to the portions 

 

A

 

, 

 

B

 

, and 

 

C

 

 in the
crystallization curve depicted in Fig. 2 (at temperatures

 

T

 

 = 1200, 995, and 800 K, respectively), and the radial
distribution function (Fig. 4), which is calculated for
the portions 

 

B

 

 and 

 

C

 

 in this curve. To avoid errors in
determining the cluster structure due to side effects
associated with thermal noise, the nanocluster was kept
at the aforementioned temperatures for approximately
400 ps with the aim of attaining an equilibrium config-
uration.

At a temperature of 1200 K (which is higher than the
crystallization temperature 

 

T

 

cryst

 

 = 1025 K), the nano-
cluster exists in a molten state and its particles strongly
fluctuate, even though the cluster shape, as a whole,
remains nearly spherical (Fig. 3a). An abrupt decrease
in the potential energy (Fig. 2) indicates that the cluster
at 

 

T

 

 = 995 K occurs already in a crystalline state
(Figs. 3b, 4). In this case, the nanocluster has a facet
structure with a pronounced fivefold symmetry, which

 

(a)

(b)

(c)

 

Fig. 3.

 

 Nickel cluster configurations corresponding to por-
tions 

 

A

 

, 

 

B

 

, and 

 

C

 

 in the crystallization curve depicted in
Fig. 2: (a) the nanocluster in a molten state, 

 

T

 

 = 1200 K;
(b) the nanocluster immediately after crystallization, 

 

T

 

 =
995 K; and (c) the nanocluster after complete structural
transformation, 

 

T

 

 = 800 K.
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Fig. 4.

 

 Radial distribution function 

 

g

 

(

 

r

 

) of the nickel nano-
cluster (

 

N

 

 = 555) for portions 

 

B

 

 and 

 

C

 

 in the crystallization
curve depicted in Fig. 2.

 

T

 

 = 995 K 

 

(icosahedral structure)

 

T

 

 = 800 K

 

 (face-centered cubic
 structure)
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corresponds to an icosahedral configuration. With a fur-
ther smooth decrease in the temperature, the nickel nan-
ocluster undergoes a structural transformation with the
formation of a face-centered cubic structure involving
stacking faults (Fig. 3c). The formation of an icosahe-
dral configuration upon fast cooling was observed in
40% of the simulation experiments. In other cases, the
final face-centered cubic configuration of the nickel
nanocluster is formed without a metastable icosahedral
structure. In our simulation experiments performed with
nickel, we did not reveal the formation of an icosahedral
structure first on the cluster surface and then deep in the
cluster core, as was observed for gold in [14].

The result obtained is in agreement with the classi-
cal theory of nucleation [17–19], according to which
the final face-centered cubic structure of a cluster
formed in the course of crystallization is energetically
more stable than the icosahedral structure. However,
numerous molecular dynamics simulations have dem-
onstrated that, at 

 

T

 

 = 0 K, it is this icosahedral configu-
ration that is energetically more favorable, at least for
clusters containing from two to three thousands of
atoms [13]. It should be noted that the metastable icosa-
hedral structure (portion 

 

B

 

 in the cooling curve in
Fig. 2) can be stabilized by instantaneous cooling to
lower temperatures, for example, to temperatures in the
range 600–700 K.

4. CONCLUSIONS

Thus, the structural properties of nickel nanoparti-
cles were investigated using a molecular dynamics sim-
ulation of their melting and crystallization in terms of
tight-binding potentials. The simulation experiments
demonstrated the possibility of controlling the forma-
tion of a structure of nickel nanoclusters. The results
obtained in the computer simulation allowed us to con-
clude that, after the onset of crystallization, the forma-
tion of a cluster structure strongly depends on the cool-
ing conditions. Slow cooling leads to the formation of
only a face-centered cubic structure, whereas fast cool-
ing results in the formation of a metastable icosahedral
structure, as was observed in 40% of the simulation
experiments.

ACKNOWLEDGMENTS

We would like to thank Dr. R. Meyer (Universität
Duisburg-Essen, Germany) for valuable assistance in
performing this study.

This work was supported by the German Physical
Society in the framework of SFB 445 “Nano-Partikel
aus der Gasphase: Entstehung, Struktur, Eigen-
schaften.”

REFERENCES

 

1. F. Baletto, C. Mottet, and R. Ferrando, Phys. Rev. B 

 

63

 

,
155408 (2001).

2.

 

Cluster of Atoms and Molecules

 

, Ed. by H. Haberland
(Springer, Berlin, 1994).

3. P. Jensen, Rev. Mod. Phys. 

 

71

 

, 1695 (1999).

4. P. Moriarty, Rep. Prog. Phys. 

 

64

 

, 297 (2001).

5. A. Pinto, A. R. Pennesi, G. Faraci, G. D’Agostino,
S. Mobilio, and F. Boscherini, Phys. Rev. B 

 

51

 

, 5315
(1995).

6. M. Jose-Yacaman, R. Herrera, A. G. Gomez, S. Tehua-
canero, and P. Schabes-Retchkiman, Surf. Sci. 

 

237

 

, 248
(1990).

7. T. P. Martin, Phys. Rep. 

 

273

 

, 199 (1996).

8. J. A. Ascencio, M. Perez, and M. Jose-Yacaman, Surf.
Sci. 

 

447

 

, 73 (2000).

9. J. M. Soler, M. R. Beltran, K. Michaelian, I. L. Garzon,
P. Ordejon, D. Sanchez-Portal, and E. Artacho, Phys.
Rev. B 

 

61

 

, 5771 (2000).

10. C. L. Cleveland, U. Landman, T. G. Schaaf,
M. N. Shafigullin, P. W. Stephens, and R. L. Whetten,
Phys. Rev. Lett. 

 

79

 

, 1873 (1997).

11. F. Baletto, R. Ferrando, A. Fortunelli, F. Montalenti, and
C. Mottet, J. Chem. Phys. 

 

116

 

, 3865 (2002).

12. S. Iijima and T. Ichihashi, Phys. Rev. Lett. 56, 616
(1986).

13. K. Mannien and M. Mannien, Eur. Phys. J. D 20, 243
(2002).

14. H. S. Nam, Nong M. Hwang, B. D. Yu, and J. K. Yoon,
Phys. Rev. Lett. 89, 275502 (2002).

15. F. Cleri and V. Rosato, Phys. Rev. B 48, 22 (1993).

16. Y. Qi, T. Cagin, W. L. Johnson, and W. A. Goddart,
J. Chem. Phys. 115, 385 (2001).

17. B. Mutaftschiev, in Handbook of Crystal Growth, Ed. by
D. T. J. Hurrle (Elsevier, Amsterdam, 1993).

18. H. Reiss, P. Mirabel, and R. L. Whetten, J. Phys. Chem.
92, 7241 (1988).

19. L. S. Bartell, Annu. Rev. Phys. Chem. 49, 43 (1998).

Translated by I. Volkov


