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Abstract. The fundamental problems of cluster physics occupy
seventh place in the V L Ginzburg classification of most impor-
tant problems in modern physics and are discussed below.

Clusters are point 7 in the classification of contemporary
physical problems by V L Ginzburg, and this report is
devoted to some fundamental aspects of this problem. A
cluster consists of identical particles (atoms) which are usually
bound in the cluster. Clusters conserve their individuality
until they are isolated, and therefore they are used in the form
of cluster beams for various applications, including the
production of new materials, which is a direction of
nanotechnology advancement, and in sources of X-ray
radiation and generators of neutrons. Below we discuss only
fundamental problems of cluster physics.

Clusters became a separate physical subject in the 1980s
when it was established experimentally that solid clusters are
characterized by magic numbers of atoms [1]. Various cluster
parameters, like the specific binding energy of atoms, the
cluster ionization potential, the electron affinity of clusters
and some other parameters, as a function of the number of
cluster atoms have extrema at magic numbers. We give here
only two examples: the mass spectrum of inert atom clusters
resulting from free jet expansion of an inert gas (Fig. 1a) [2],
and the mass spectrum of photoionization of a magnesium
cluster beam (Fig. 1b) [3]. Magic numbers correspond to filled
cluster structures, and in the cases under consideration, when
clusters have a shell structure, magic numbers relate to the
completed atomic shells in these clusters.

Since magic numbers are a property of only solid clusters,
the character of cluster mass spectra may be used for
determining the cluster melting point if a cluster beam passes
through a thermostat (Fig. 2a) [4]. Then, the oscillation
structure of the mass spectrum gives evidence of the solid
cluster structure, while a continuous mass spectrum corre-
sponds to the liquid state, and the transition between these
aggregate states gives the melting point for clusters of a given
size (Fig. 2b) [4]. As for cluster size, magic numbers are
observed for clusters consisting of up to several thousand
atoms [5].

Being a specific physical object, a cluster may be regarded
as a model for macroscopic atomic systems. The evolution of
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Figure 1. (a) The mass spectrum of inert gas clusters formed as a result of
the free jet expansion of inert gases through a nozzle. (b) The mass
spectrum of magnesium clusters formed by photoionization of a magne-
sium cluster beam [2]. Maxima in the mass spectra correspond to
completed shells of the icosahedral structure.

clusters with a relatively high excitation energy that produces
changes in a configuration of cluster atoms may be described
as the displacement of a point along the potential energy
surface (PES) in a multidimensional space of atomic
coordinates. The principal property of PES, discovered in
the 1970s as a result of computer simulation of clusters [6],
consists in a large number of local minima of the PES. For
example, the PES of the Lennard-Jones cluster involving 13
atoms contains more than 1000 local minima [6, 7], and the
number of local minima of the PES increases exponentially
with an increase in the number of cluster atoms [8, 9]. This
leads to a specific behavior of clusters and complex molecules
(including biomolecules), so that an atomic configuration
corresponds to a certain local minimum of the PPS over a
large time period compared to the typical time of atomic
oscillations, and then the transition proceeds to a neighboring
local minimum of the PPS through the potential barrier
(Fig. 3). This character of cluster evolution is called saddle-
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Figure 2. (a) The mass spectrum of sodium clusters which pass through a
thermostat maintained at an indicated temperature. (b) The melting point
of clusters with respect to the melting point of bulk sodium follows from
the data depicted in figure (a).

crossing dynamics and leads to separation of configuration
and oscillation degrees of freedom (Fig. 4) [10] that constitu-
tes a general property of atomic systems [11]. Then, the phase
transition is connected with transitions between configura-
tion degrees of freedom.

The important cluster peculiarity is the phase coexistence
near the phase transition [12], so that the transition between
two aggregate states proceeds in some range of the excitation
parameter (the cluster temperature in the isothermal case or
the excitation energy in the adiabatic case), whereas in the
macroscopic case this transition has a jump-like form. The
phase coexistence is a property of a system consisting of a
restricted number of monomers, and for such a system the
difference between the first- and second-order phase transi-
tions is lost. Demonstration of this fact of phase coexistence is
given in Fig. 5[12] and testify to a bimodal distribution of the
total kinetic energy of cluster atoms for the Lennard-Jones
cluster involving 13 atoms, where the kinetic energy is
averaged over fast atomic oscillations.

AR

AN

Figure 3. The character of transitions through saddle points in the course
of evolution of an ensemble of many interacting atoms.
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Figure 4. Types of cluster excitations as a result of atomic oscillations (a)
and configuration excitation (b) [11].

The character of dynamic phase coexistence is such that a
part of time the system is found in one aggregate state, the
other part of time it is found in another aggregate state, and a
time of location in each aggregate state is large compared to
the typical oscillation time of atoms, which is of the order of
1/wp, where wp is the Debye frequency. Dynamic phase
coexistence determines some properties of the atomic system
near the melting point. In particular, the heat capacity of an
isolated cluster as a function of its average temperature that is
expressed through the total kinetic energy of cluster atoms
can be negative in the phase-transition region [9, 13]. This
means that an increase in the excitation energy of an isolated
cluster can induce a partial transition of the thermal cluster
energy into the energy of configuration excitation.

Note that two aggregate states of a simple atomic system
do not follow from general physical laws. Experience gained
with clusters shows that in some cases (Lennard-Jones
clusters consisting of 8 and 14 atoms) only the solid
aggregate state is realized, while several aggregate cluster
states may be realized in other cases. The latter is demon-
strated in Fig. 6 for a Lennard-Jones cluster involving
55 atoms [14]. Caloric curves of this cluster (Fig. 6) display
the existence of the solid and liquid aggregate states in this
cluster and the aggregate state that corresponds to the solid
core and the liquid shell. By the way, experimental research
on bulk systems allows one to separate surface melting from
volume melting, since these phenomena are characterized by
different temperature regions. Experience accumulated with
clusters deepens our understanding of the phase transition in
bulk atomic systems and leads to the generalization of the
classic thermodynamic definitions for the phase and the phase
transition.

One can simplify the description of saddle-crossing
dynamics by introducing the elementary configuration
excitation — that is, void, and in this way transfer from a
dynamic description of a cluster as a system of bound atoms
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Figure 5. The distribution over the total kinetic energy of cluster atoms for a Lennard-Jones cluster consisting of 13 atoms [12]. Here, E.y is the cluster
excitation energy, Exi, is the total kinetic energy of atoms averaged over fast atomic oscillations, and D is the binding energy per bond.
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Figure 6. Caloric curves for a Lennard-Jones cluster consisting of 55 atoms
[14] for different cluster aggregate states.

to a statistic one [15]. At low excitations, a void corresponds
to a perturbed vacancy, and at high excitations a void is a
statistical characteristic because its size and shape and the
formation energy vary in time, so that we are dealing with
average void parameters. From the void standpoint, the
liquid—solid transition corresponds to the departure of
voids outside the system [16]. In the case of two aggregate
states, the free energy of condensed inert gases as a function of
a number of voids (Fig. 7) has two minima, solid and liquid,
that give rise to the solid and liquid aggregate states, and one
of these is the stable state, the other one is the metastable
state.

Based on the void concept, we shall consider two aspects
of aggregate states. The first one relates to the phase
transition criterion. In particular, according to the Linde-
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Figure 7. The free energy of an ensemble of interacting atoms as a function
of a number of internal voids [17].

mann criterion that was established about hundred years ago
[18], the amplitude of atomic vibrations at the phase
transition is 10—15% of the average distance between
neighboring atoms. Contemporary criteria of the phase
transition, which resulted from the development of computer
simulations of clusters, are based on correlations in atomic
distributions (see, for example, Ref. [19]). As an example,
Fig. 8 illustrates the fluctuation of the square root of the
distance between nearest neighbors in a Lennard-Jones
cluster consisting of 13 atoms. This quantity has a jump at
the melting point. Analyzing the melting criteria, one can
obtain the contradiction between the nature of the phase
transition that is determined by configuration cluster excita-
tion and the criteria of practice that are based on thermal
atomic motion. Since the configuration and thermal degrees
of freedom for a cluster are separated, the phase transition
cannot result from thermal atomic motion. This paradox can
be resolved on the basis of data collected in Table 1, where the
entropy jumps at phase transitions are given at zero
temperature and the melting point. The entropy of the liquid
state as a rarer state varies with increasing temperature more
sharply than that of the solid state, and in this part of entropy
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Figure 8. Fluctuations of the square root of the mean distance squared
between nearest neighbors of a Lennard-Jones cluster consisting of 400
13 atoms [19] that are averaged over atoms and fast oscillations.
300
Table 1. Variation of the specific entropy as a result of melting of the 200
Lennard-Jones clusters consisting of 13 and 55 atoms, and for a bulk inert
as [13].
gas [13] 100 | Solid state
ASy ASn ASy/ASw, % | | | |
0
L3 5.2 79+0.3 66+3 20 40 60 80 100 K 120
Llss 31+£2 45+2 69+7
Figure 9. (a) The specific free energy of bulk argon as a function of the
Bulk inert gas * 0.73 1.68 £0.03 4341 volume per atom, resulted from the void model. (b) Caloric curves for bulk
* ASp and AS,, are the entropy jumps at zero temperature and the argon that follow from the data depicted in figure (a).
melting point, respectively.

the connection between the phase transition and the thermal
atomic motion takes place.

The second aspect of aggregate states corresponds to the
formation of glassy states in simple systems of interacting
atoms, like condensed inert gases. As follows from Fig. 9b
[20], the liquid minimum of the specific free energy of
condensed argon disappears at some temperature, the
freezing temperature, so that at lower temperatures the
metastable liquid state is absent.

Since the liquid—solid phase transition corresponds to
the withdrawal of voids outward and the diffusion of voids
inside an atomic system assumes an activation character,
voids may be frozen inside an atomic system as a result of
fast cooling. For a simple bulk atomic system, as condensed
inert gases, glassy states may be prepared by two methods:
fast cooling of a liquid system or deposition of atoms onto a
substrate at a low temperature. In both cases, the system
being formed has an amorphous structure, and this glassy
state of an atomic macroscopic system or the cluster can pass
to the solid aggregate state as a result of heating. Figure 10
exhibits the evolution of bulk argon that is deposited on a
target at a temperature of 10 K (the melting point of bulk
argon is 84 K) and is subsequently heated [22]. The
characteristic of the state is the saturated vapor pressure
over the sample. An analysis of the glassy transition (the
transition between the glassy and solid states) resulting from
sample heating reveals that the parameters of an experimen-
tally examined glassy state and the parameters of a frozen
liquid are close.

Thus, the above analysis of some aspects of cluster physics
and phase transitions testifies to the fundamental character of
the phenomena under consideration.
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Figure 10. Decay of the glassy state of bulk argon obtained by deposition
of argon atoms on a target at a temperature of 10 K [21, 22] (T} is the
temperature of the glassy transition, and Ty is the crystallization
temperature).
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