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The physics of metal clusters is reviewed. It was recently established that metal clusters,
which are bound systems of atoms of certain metals, have shells of the same type as atoms and
nuclei. Subsequent investigations revealed a striking similarity of metal clusters and

nuclei in many properties (shells, quadrupole deformation, fission, giant resonances, etc.). As
a result, many of the ideas and methods of nuclear physics, in the first place theoretical,

can, after a certain modification, be used to study the clusters. On the other hand, they have
some unique properties (the possible formation of systems with up to 20 000 particles,
supershells, mixed clusters). The physics of metal clusters, which relates to many disciplines
(atomic and nuclear physics, quantum chemistry, solid-state physics, etc.), is a very
promising direction from the point of view of both fundamental results and practical

applications.

1. INTRODUCTION

As presently understood, the physics of metal clusters
arose comparatively recently, in 1984, when it was found
that the atoms of some metals (in the first place, alkali and
noble) can form bound systems possessing an important
property hitherto unknown in atomic clusters. Namely, in
the experiments of Knight etal (for sodium and
potassium),!™ and also in the experiments of Katakuse
et al. (for copper, silver, gold, cesium, and zinc)® it was
shown that in metal clusters there exist shells, possessing,
moreover, the same magic numbers as nuclei and atoms.
At practically the same time, the West Berlin theoretician
Ekardt® predicted shells in metal clusters. This very impor-
tant discovery meant that, besides the atom and the nu-
cleus, there exists in nature another small bound system
possessing a mean field—the metal cluster. The valence
(outside closed shells) electrons move in the mean field of
the cluster. It will be shown below that it is the valence
electrons that determine many properties of the clusters.

Because of the shells, metal clusters have many prop-
erties in common not only with a solid but also with atoms
and nuclei. Accordingly, the physics of these objects is an
interdisciplinary science at the frontier of atomic and nu-
clear physics and also solid-state physics, thermodynamics,
crystallography, etc. Such a situation is very promising,
since it is known that some of the most interesting results
are often obtained where different fields of study meet. On
the other hand, as will be shown below, metal clusters
resemble nuclei in numerous properties. As a result, quite
a lot of the ideas and methods (in the first place, theoret-
ical ones) of nuclear physics can, after some modification,
be effectively used to study the clusters.

Unfortunately, information about metal clusters is dis-
tributed over many journals of different directions and of-
ten requires special knowledge to be mastered. This makes
it quite difficult to learn about them. There are some
reviews’'° on individual directions in the field. The review
of Ref. 7, published in 1987, gives a good picture of some

of the general properties of metal clusters and the methods
by which they are obtained experimentally. However, that
review covers only the first stages in the development of the
field. Several directions that are currently developing very
strongly, for example, giant resonances in the clusters, su-
pershells, and clusters with a large number of particles, are
not represented at all. To some extent, one can regard as a
review the beautiful paper of Bjernholm,® which reveals
the interconnections between metal clusters and other
types of cluster, in particular those constructed from he-
lium atoms, which, according to theoretical predictions,
must also have a mean field and nuclear-type shells. In Ref.
8, metal clusters are treated as links that make it possible to
follow the transition from atoms to solids and to under-
stand the stage at which a cluster is already an “embry-
onic” solid possessing its basic properties. In Kresin’s
re:vif:w,9 collective properties of metal clusters are de-
scribed. The exposition is mainly based on a modified
Thomas—Fermi method.

In the first place, this review is intended for the reader
who knows practically nothing about the physics of metal
clusters but who wishes to acquire a general idea about its
present status without going into details. In contrast to the
earlier reviews, the aim of this one is to be a simple and
accessible guide to the basic properties and most topical
directions in the field. Since metal clusters have much in
common with nuclei, the properties of the two classes of
objects will be continually compared in order to establish
where the scientific techniques developed in nuclear phys-
ics can be used. The exposition is in a form fully accessible
to specialists in nuclear physics. Some of the material pre-
sented in this review appears in Ref. 10.

Section 2 gives a general picture of metal clusters and
compares them with systems like atoms, nuclei, and solids.
Section 3 explains briefly the principles used to obtain
metal clusters in experiments. Section 4 recounts the dis-
covery of shells in metal clusters and the main prospects
for the development of the physics of these clusters. Sec-
tion 5 is devoted to the properties of the ground state of
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metal clusters, and Sec. 6 to an investigation of the defor-
mations in these systems. Section 7 considers collective
excitations in them. In Sec. 8, there is a brief description of
large clusters and supershells.

2. FIRST DESCRIPTION OF METAL CLUSTERS

As we have already said, metal clusters are bound sys-
tems of atoms of certain metals. In the first place, these are
alkali (lithium, sodium, potassium, ribidium, cesium) and
noble (copper, silver, gold) metals, the distinctive property
of which is that their valence electrons are not localized in
space (so-called conduction electrons). There is here a
close analogy with nucleons in a nucleus, which can also,
in a first approximation, be regarded as free (as is well
known, the mean free path of a nucleon in a nucleus is of
the order of the nuclear diameter).

It is convenient to regard a cluster as a system of va-
lence electrons in the field of positively charged ions. For
the solution of a large number of problems relating to al-
kali and noble metals, the lattice of positively charged ions
can, to good accuracy, be replaced by a uniform distribu-
tion of positive charge over the volume of the cluster (jel-
lium approximation). This greatly simplifies investigations.
This approximation works best for sodium clusters. Be-
cause of this, and also because the sodium atom is monov-
alent (which greatly simplifies the analysis of the data),
the majority of experimental and theoretical studies on
metal clusters have been devoted to sodium clusters.

The forces that create metal clusters as bound systems
have the same basis as chemical forces—the Coulomb in-
teraction. However, the forces are not the same as the
chemical ones. Indeed, a metal cluster is usually formed
from atoms of one metal, and the number of atoms may
reach hundreds or thousands. On the other hand, it is
known that through chemical forces the atoms of a given
metal can be bound only in the simplest (for example,
diatomic) molecules. Without going into details, the na-
ture of the forces that bind the atoms in metal clusters can
be demonstrated in a simplified form for the example of
van der Waals forces. Their form is readily obtained by
conceiving the Coulomb interaction between neutral atoms
as the interaction between dipoles (formed by an electron
and a positively charged ion).!! Van der Waals forces are
attractive. In contrast to chemical forces, which decrease
exponentially with distance, the van der Waals forces have
a 1/R® radial dependence, i.e., they have a greater range
than chemical forces.

Valence electrons are the most important part of metal
clusters. They determine many of their properties. In sup-
port of this, we can give the estimate of Ref. 8 deduced
from the uncertainty relation:

AxAp>*i. (1)

The expression (1) gives lower bounds for the momen-
tum and energy of a particle in the system: Ap=#/Ax and
AE=(Ap)*/2m, respectively. For example, let us consider
a neutral cluster consisting of 20 sodium atoms and pos-
sessing diameter 11.5 A (1 A=10"'" m). The valence
electrons and positively charged ions are concentrated
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within th°e cluster, and, therefore, for both of them
Ax<11.5 A. However, the masses of the electrons and ions
differ strongly. Therefore

AE_,>0.16 eV for electrons,
AE;>0.04-10~* eV for ions.

The temperature in a cluster is between 300 and
800 °K, corresponding to the interval k<7'=0.03-0.08 eV. It
can be seen from this that the energy of the quantum mo-
tion of the ions is negligibly small compared with the tem-
perature, i.e., the ions must behave as classical particles. In
contrast, AE,> kT. Therefore, the behavior of the cluster
as a quantum object will be determined by the valence
electrons.

It is interesting to compare the properties of metal
clusters with those of atoms, nuclei, and three-dimensional
solids. The comparison will show why the clusters most
strongly resemble nuclei.

Metal clusters compared with atoms

Similarity. In both cases, the basic forces derive from
the Coulomb interaction.

Differences. a) The atom behaves as a quantum gas: In
going from light to heavy atoms, the volume of the atom
changes little, while its density increases. In contrast, an
increase in the number of particles in a metal cluster leads
to an increase in the volume of the cluster and almost no
change in its density. b) In an atom, the positive charge is
concentrated at the center, while in a metal cluster it is
distributed fairly uniformly over the complete volume.

Metal clusters compared with nuclei

Similarities. a) Both the valence electrons in metal
clusters and the nucleons in a nucleus can, in a first ap-
proximation, be regarded as free particles. Also, in both
systems: b) the density remains practically unchanged with
increasing number of particles; c) the charge is distributed
relatively uniformly over the volume; d) surface effects
play an important part; e) there is a quadrupole deforma-
tion in the case of open shells.

Differences. a) The types of interaction are different.
b) The nucleus always has a positive charge, while a metal
cluster can be either charged or neutral. ¢) In metal clus-
ters, at least in the small and medium-sized ones, the spin—
orbit interaction is negligibly small. d) As yet there is no
unambiguous evidence for the existence of pairing in metal
clusters.

Metal clusters and three-dimensional solids

Similarities. There is a close connection between the
properties of a metal cluster and the corresponding solid.
The connection can be traced in properties such as the
frequency of dipole vibrations, the polarizability, ioniza-
tion potential, etc. The connection is due to the fact that
the cluster, as a small part of a solid, retains some of its
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most important properties. For example, the density of the
atoms in a metal cluster and in the corresponding solid is
practically the same.

Differences. a) The metal cluster is a system with di-
ameter small compared with a solid. Therefore, the cluster
has many properties absent in the solid (shells, deforma-
tion, fission, important role of surface effects, etc.).

b) The geometrical arrangement of the ions in a metal
cluster is very different from the ionic lattice of the solid
(see, for example, Ref. 12). It undergoes a complicated
evolution with increasing number of atoms in the cluster,
beginning with a large diversity of shapes for small clusters
and ending, when there is a sufficiently large number of
atoms in the cluster, with an ionic lattice of cubic type, as
in the solid.

c) As already noted above, the forces that bind the
atoms in the cluster are not the ordinary chemical forces.

Specific properties of metal clusters

A metal cluster can be regarded as a small metallic
droplet. Therefore, in charged metal clusters the charge is
distributed over the surface. For a metal cluster, there is a
screening effect. If one is placed in a static uniform electric
field, it will behave as a dipole because of the redistribution
of the charge.

Metal clusters can contain many more atoms than at-
oms can contain electrons and nuclei can contain nucleons.

Metal clusters can be of mixed type, i.e., composed of
atoms of different elements.

From what we have said above, it can be seen that
metal clusters are systems that, on the one hand, have quite
a lot in common with atoms, nuclei, and solids but, on the
other, possess numerous specific properties of their own.
For our purposes, the most important thing is that, by
virtue of some of the properties (presence of free valence
electrons, constancy of the density, uniform charge distri-
bution, importance of surface effects, etc.), metal clusters
strongly resemble nuclei. As a result, numerous ideas and
models developed in nuclear physics can be effectively used
to study metal clusters.

We give the characteristic values of some physical
quantities for metal clusters. The radius is given by

R=rysNV3. (2)

Here, N is the number of atoms in the cluster, rysg is
the Wigner—Seitz radius, which is determined by the for-
mula n* = (4/37rys) "', where nt is the density of the
atoms in the solid. For sodium, for example, ryws=3.93 a.u.
(here and in what follows, we use atomic units of length: 1
a.u.=#/me*=0.529 A and of energy: 1 a.u.=2 Ry=27.2
eV). In accordance with (2), the radii of sodium clusters
with N=20-200 will be in the interval 5.6-12.2 A.

The binding energy of a valence electron in a neutral
cluster is on the average several electron volts. Metal clus-
ters in the ground state (at temperature 7=0 °K) are
assumed to be stable. Experimental data on the lifetime of
metal clusters in the ground state are not yet available.
Calculations for the principal decay channel of neutral
clusters—evaporation of atoms—indicate stability of them
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at T=0 °K (see, for example, Ref. 12). Generally speak-
ing, this question is nontrivial, since metal clusters can
change their properties radically at low temperature (see
Sec. 8).

3. THE PRODUCTION OF METAL CLUSTERS IN
EXPERIMENTS

Many different methods can be used to obtain both free
metal clusters and clusters implanted in a matrix. These
methods are described in Ref. 7 and in several other studies
(see, for example, Refs. 13 and 14). Each method has its
advantages from the point of view of the problem posed
(type of metal cluster, size, the experimental properties
that are of interest, the reactions in which the clusters are
investigated, etc.). Here, we shall present only a brief out-
line of the way in which the clusters are obtained and the
measurements for them in experiments.

The simplest experimental facility includes: 1) a source
of metal clusters; 2) a system that ionizes the beam (for
example, ultraviolet light); 3) a quadrupole mass analyzer
(Daley detector system), which, from the deflection of the
ionized clusters in the magnetic field, determines their
mass and, accordingly, the number of atoms in the cluster.
The range of the beam is usually of the order of 2 m.

As an example, we consider a source of metal clusters
with supersonic flow through a narrow nozzle (supersonic
nozzle source).’ In this source, the vapor of a metal, for
example, sodium, is mixed with an inert gas. By regulating
the temperature and pressure, the resulting mixture is
brought to a state of “supersaturated vapor” and then
passed through a narrow (0.0076 cm) nozzle into vacuum.
The rapid expansion and cooling of the mixture which then
occurs gives rise to a process of condensation type, and it is
this that leads to the formation of the metal clusters. At the
same time, the temperature of the clusters is quite low, as
a consequence of which the beam of metal clusters is well
focused.

In other methods, the clusters are obtained by evapo-
rating the material by irradiating its surface with a laser or
beam of heavy ions (for example, Ar* with energy 10
keV). In the initial stage, the numbers of clusters of dif-
ferent sizes in the beam are more or less the same. How-
ever, at the end of the range, the situation is very different
because of the intensive evaporation of atoms from the
clusters. Since the evaporation rate depends on the binding
energy of the atoms and therefore, for example, is very
different for metal clusters with open and closed shells, the
distribution of the clusters with respect to the number N of
atoms is highly nonuniform at the end of the beam. It
should be noted that modern experimental apparatus
makes it possible to determine the number of atoms in a
cluster rather accurately even for large clusters.

4. DISCOVERY OF SHELLS IN METAL CLUSTERS.
THE PROSPECTS THAT ARE OPENED UP

As we already said in the Introduction, a decisive fac-
tor in the modern development of the physics of metal
clusters was the discovery in them of shells having the
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FIG. 1. Experimental abundance spectrum (a) giving the numbers (in
relative units) of Na clusters in a beam as a function of the number N of
atoms in the cluster.'® For convenience, the abscissa gives the shells in-
stead of V. The magic numbers are indicated directly in the figure. Figure
1b shows the function A,(N) calculated with the Nilsson potential.'* For
large peaks, the values of N are given.

same magic numbers as in nuclei and atoms.'” Figure la
shows the so-called abundance spectrum, which character-
izes the relative number of sodium clusters in a beam as a
function of the number of atoms in them.!’ Figure 1b
shows the function

A(N)=E(N+1)+E(N—1)—-2E(N), (3)

which characterizes the relative change of the binding en-
ergy E(N) of a system containing /N atoms compared with
systems with N—1 and N+ 1 atoms (the binding energy
was calculated for the Nilsson potential). As is well
known, A,(N) is sensitive to the presence of a gap in the
single-particle spectrum and has a peak for relatively stable
systems.

It can be seen from Fig. 1 that the metal clusters with
N=38, 20, 40, and 58 are strongly distinguished. These
clusters are much more stable than their neighbors. There-
fore, the numbers N=38, 20, 40, and 58 can be regarded as
magic numbers. It is here extremely important that these
magic numbers are equal to those in nuclei and atoms (a
certain difference of them from the nuclear numbers, be-
ginning with N =58, is explained by the fact that in a metal
cluster, as in an atom, the spin—orbit interaction is neglig-
bly small). The identity of the magic numbers indicates
that metal clusters have the same mean field as in atoms
and nuclei. In the mean field there are moving valence
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electrons, which in this approximation can be regarded as
not interacting with each other. The shells are also revealed
in measurements of the ionization potential* and the static
electric polarizability® of metal clusters.

Clusters with sets of magic numbers were known
earlier.? For example, there are clusters formed from xenon
atoms (or from atoms of other inert gases except helium)
and possessing the magic numbers 13, 55, 147, 309, 561,
and 923 (Refs. 8 and 16-18), There is also the famous Cy,
cluster, which is distinguished by particular stability for
N=60 and is a hollow sphere.'>?° However, the values of
the magic numbers of these clusters are different, and these
values correspond to a quite different physics. For exam-
ple, for Xe clusters, which are formed from atoms with
closed electron shells, the above magic numbers reflect the
geometry of the ion lattice. The Xe clusters have a shell
structure of geometrical type corresponding to a family of
icosahedrons. Here, the shells grow like the layers of an
onion by the addition of new atoms to the surface of the
cluster. The system becomes especially stable when the
next icosahedron is formed by the addition of a sufficient
number of atoms to the cluster.

Thus, the importance of the discovery of shells in
metal clusters was that for the first time shells in clusters
were found to have a nongeometrical nature. In this re-
spect, the metal clusters are fundamentally different from
other types of cluster. On the other hand, the type of shell
makes them similar to atoms and nuclei. This stimulated a
sudden burst of interest in metal clusters and gave a strong
boost to experimental and theoretical investigations. A
large amount of information on metal clusters has now
been accumulated, the understanding of their properties
has been deepened, and further prospects opened up. We
shall attempt to outline briefly these prospects in order to
show the respects in which the clusters are interesting in
addition to the possession of shells.

Metal clusters with up to 3000 atoms are already being
intensively investigated.?'"** Clusters with N<20 000 are
known.”> Thus, there is opened up for the first time a
unique possibility for studying a continuous transition
from a single atom (through a metal cluster) to a three-
dimensional solid. Since small clusters behave as quantum
objects, and large ones as classical objects, metal clusters
provide a possibility for studying the transition from
quantum-mechanical behavior of a system to classical be-
havior.

Besides shells, it was also predicte and then con-
firmed experimentally®® that metal clusters contain super-
shells. In accordance with Refs. 21 and 22, supershells can
exist only in sufficiently large systems (N>1000). It is
clear that this effect is in principle impossible in both atoms
and nuclei.

Like nuclei, metal clusters can be deformed. The ex-
periments have revealed clear signs of quadrupole defor-
mation (characteristic peaks in the abundance spectrum,15
splitting of a giant dipole resonance in a photoabsorption
reaction?®?’). There are theoretical predictions of the
possibile existence in metal clusters of other forms of
deformation: ¥ deformation,® hexadecapole,zg’29 and

d21,22
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octupole.?*® It should be said that metal clusters present
unique possibilities for studying different forms of defor-
mation. In nuclei the number of nucleons is limited to a
maximum of 300, but in metal systems one can study de-
formation with a much greater number of particles.

Deformed metal clusters can rotate. The rotation of
clusters with a small number of atoms must be similar to
the rotation of molecules. Large deformed metal clusters
have a huge (on nuclear scales) moment of inertia, as a
result of which they may reach high (hundreds of #) an-
gular momenta already at very low angular velocities.
However, the experimental observation of rotation of the
clusters is very difficult, since the energy separation be-
tween neighboring rotational levels must be of order
1075-107° eV, whereas the temperature characteristic of
the clusters reaches 1072-107" eV.

It has been established experimentally that positively
charged metal clusters can, like nuclei, undergo spontane-
ous fission.>""* The fission can be investigated both in the
framework of Strutinsky’s shell-correction method>**
(see, for example, Ref. 35) and in a number of other
approaches.’®® It is already possible*’ to obtain clusters
with charge + 14. At the same time, the critical value of
Z%*/N was found* to be 1/ 8, in contrast to nuclei, for
which Z2/4 ~49.

The question of the presence of pairing between va-
lence electrons in metal clusters is of great interest.****!12
Assertions of the presence of pairing in metal clusters are
based on the experimentally detected even—odd difference
in the ionization potential (the minimum energy needed to
remove an electron from a cluster).*'™** In sodium clusters,
an even—odd difference in the ionization potential is
observed* in a wide interval 2 <N < 60. Unfortunately, in
contrast to nuclei, in which information about pairing can
be obtained from a quite wide range of experimental data
(energy gap in even—even nuclei, moments of inertia, two-
nucleon transfer reactions, even—odd differences in the
binding energy), only the even—odd difference in the ion-
ization potential can currently provide such data for metal
clusters. Factors such as quadrupole deformation and re-
arrangement of the mean field on the transition from a
neutral even cluster to a charged odd cluster explain the
experimental data* only in part.*’ The discovery of pairing
in metal clusters could have far-reaching consequences:
competition between pairing and deformation, possible
connections with high-temperature superconductivity, etc.
Studies on high-temperature superconductivity show that
various pairing mechanisms are possible, including the
well-known interaction of electrons with positively charged
lattice ions.

In metal clusters a giant E1 resonance is observed ex-
perimentally (see, for example, Refs. 26, 27, and 46). It is
found in clusters of the most varied types: small and large,
spherical and deformed, neutral and charged. At the same
time, depending on the type of cluster, the E1 resonance
has specific properties. It has been mainly investigated in
the photoabsorption reaction,’®?” although there are also
data on the E1 resonance in the optical spectra of metal
clusters*’” and in reactions with electrons (see, for example,
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Ref. 13). As yet, there are no reliable experimental data on
giant resonances of other multipolarity.

There have been many theoretical studies of the prop-
erties of both electric and magnetic giant resonances of
different multipolarities.**""> These studies have largely
been predictive in nature.

As already noted, the experimentally obtained metal
clusters have a quite high temperature (100-800 °K). The
main channel of deexcitation and decay of the clusters is
then evaporation of atoms.”® In this respect, the clusters
are very favorable objects for investigating a variety of sta-
tistical and thermal effects in quantum systems, 87374

Clusters of mixed type, i.e., possessing admixtures of
atoms of other elements, can exist.””> The study of mixed
metal clusters is of great independent interest. Practical
applications are here possible (new materials).

Metal clusters are particularly attractive for anyone
who is concerned with theoretical nuclear physics. Because
the clusters resemble nuclei in many of their properties,
many models and approaches known in nuclear theory
can, after some modification, be used to study the clusters.
At the present time, wide use is already made of the single-
particle potentials that have proved themselves well in nu-
clear physics: Nilsson!>*7® and Woods—Saxon.?"?22%2
Other models include the BCS model,” the vibrating-
potential model,**!  the sum-rule method,**® the
random- phase approximation (Refs. 50, 51, 57-63, and
72), various forms of self-consistent calculations,®-¢%77
models of hydrodynamic type,51’71 algebraic models like
the interacting-boson model,**”® the liquid-drop model and
the shell-correction method,?>*>* relativistic models,?! the
shell model (calculations of giant resonances),sz’83
the other hand, for nuclear theory models introduced into
the physics of metal clusters from atomic physics and
solid-state physics could be very interesting.

5. GROUND-STATE PROPERTIES OF METAL
CLUSTERS

One of the most important characteristics of metal
clusters is the density of valence electrons in the ground
state: ny(r). This quantity determines many properties of
the clusters and is an input element in the overwhelming
majority of theoretical calculations.

The so-called jellium model is used in many cases to
calculate ny(r). The essence of this is to ignore the lattice
structure of the positively charged ions. In the jellium
model, the lattice distribution of the ions in a metal cluster
is replaced by a uniform distribution with a sharp bound-
ary:

nt=n',®(r—R), (4)

where R is determined by the expression (2). The field of
the ions is treated as an external field for the gas of valence
electrons. The jellium approximation has proved itself well
in the investigation of systems with free electrons, in par-
ticular in clusters formed from atoms of alkali metals.
The electron density n,(r) is found by minimizing the
energy functional E{ny(r)} of the system. According to a
theorem proved by Kohn, Sham, and Hohenberg,84’85 the
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functional E{ny(r)} is unique if the exact energy is con-
sidered. However, for practical calculations of #y(r) in

1 3 /3\1/3
E{no(l‘),T(l‘)}=5 f‘r(r)dr—Z (;) f”o(r)4/3dr—

—+ f ano(r)dr+E”

The terms of (5) are, respectively, the kinetic energy of the
system, the Coulomb exchange term, the Lang—Kohn cor-
relation term,® and also the direct Coulomb interaction of
the valence electrons with each other, of the valence elec-
trons with the positively charged ions, and of the positively
charged ions with each other. In the Kohn-Sham ap-
proach, the kinetic energy and density of the valence elec-
trons are expressed in terms of the single-particle electron
wave functions ¢;:

N

=2 V4% (6)
N

no(r) = ;1 |2 (7

In the Thomas—Fermi approximation,

J57s., B0’

7(r) =3(3m)3ny(r e

(8)
and the functional (5) depends only on the density 7y(r).
In (8), the parameter B is chosen to reproduce on the
average the results (5)—(7) in the Kohn-Sham approach.

By means of the variational procedure, it is easy to
obtain from (5)-(7) and the normalization condition
f |¢,-|2dr=1 a system of equations for finding the single-
particle wave functions:

V2
—7+u(n0(r),r) o (r);=ep(r); 9

with a corresponding form of the single-particle potential

n(r’) dv
v(ng(r),r)=V;(r)+ f P 2;?" (10)
The exchange—correlation term in (10) has the form

0.44ny(r)
" 7.8+ (3/4mny(r))3"
(11

3/3 173
Uex—corrz_z (;) nO(r)‘V3

Equations (9)-(10) are solved iteratively.

It is interesting to note that the first two terms in (10)
compensate each other to a large degree.!? For a uniform
density distribution of the valence electrons, there is com-
plete compensation. In this case, the mean field (10) is
completely determined by the exchange—correlation term
(11). A screening effect of this kind occurs in the static
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metal clusters one uses the so-called Kohn-Sham func-
tional:

0.44ny(r) d IJ'J' no(r)n(r’)d e’
78+ (3/4mng(r) A ¥ 2 r—r] rer

(5)

case. In the dynamic case, the situation is opposite. For
example, in RPA calculations the residual interaction is
mainly the Coulomb interaction, and its exchange-
correlation part plays a comparatively secondary role.®!

Figure 2 shows the electron density ny(r) and the cor-
responding single-particle potential for the spherical Na,,
cluster.” The electron potential is calculated in the micro-
scopic Kohn approach, in the Thomas—Fermi approxima-
tion, and also using the two-parameter function

no
nO(r)=1+exp[(r—R)/a]7’ (12)
where the parameters n,=3.73-10"° au, y=1,

R=r0NV3, ro=3.9 a.u., and a=1.02 a.u. were chosen on
the basis of the condition of reproducing in the Thomas—
Fermi approximation the results for Na clusters with
N>20. The larger the cluster, the better the function (12)
reproduces the results of this approximation.

It can be seen from Fig. 2 that the microscopic calcu-
lation in the Kohn—-Sham approach, in contrast to the last
two approximations, gives oscillations in the interior re-
gion of the cluster, which are a reflection of its shell struc-
ture.

Nylr,

0,004

0002

vir)
0,10

0.20

FIG. 2. Density of valence electrons and the single-particle potential v(7)
(in a.u.) for the cluster Na,,.** The calculations were made in the Kohn—
Sham approach (thick curve), the Thomas—Fermi approximation (thin
curve), and in accordance with Eq. (12) (broken curve). We also show
the density of positively charged ions in the jellium model. The horizontal
lines are the single-particle levels of the valence electrons.
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FIG. 3. Densities ny(r) of valence electrons calculated in the Thomas—
Fermi approximation for spherical Na clusters with =8, 58, 198, and
300 (Ref. 53).

It can also be seen from Fig. 2 that the density ny(r)
has a fairly long tail outside the boundaries specified by the
jellium model. This is the so-called spill-out effect (literally
spilling of some of the valence electrons outside the jel-
lium). This effect is extremely important for understanding
the differences between the properties of metal clusters and
a three-dimensional solid (see below). The number 6n of
electrons outside the cluster (> R) depends on the size of
the cluster. For example, 6ny=1.5 (19%) and 9.5 (7%)
for N=8 and 138, respectively.'

Figure 3 shows the density ny(r) calculated in the
Thomas—Fermi approximation for some spherical Na clus-
ters. The calculations show that with increasing N the den-
sity of valence electrons in the Na clusters hardly changes,
beginning with N>8. In this respect, the clusters are sim-
ilar to nuclei, the density of which can also be regarded as
practically constant.

An important characteristic of the cluster ground state
is the electric polarizability a, which is determined by the
dipole moment p=akE, of the system produced by an ex-
ternal field E,. In the classical limit,

ay=R>. (13)

It is well known that the experimental values of a
appreciably exceed the classical limit, particularly for small
clusters (see Fig. 4, which gives experimental data for Na
and K clusters®). To a large degree, the excess is explained
by the spill-out effect produced by the external field E,.*’
Keeping the form of the expression (13), it is convenient
to represent the static electric polarizability in the metal
cluster in the form

a=(R+8,)> (14)

Table I gives the values of §, calculated in Ref. 87 for
rws equal to 2 and 4 a.u. (this range basically covers the
characteristic values of 7yg in metal clusters. It can be seen
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FIG. 4. Experimental data® on the static electric polarizability a (per
atom) for Na (black circles and black squares) and K (crosses) clusters.
The data are normalized to the corresponding values of a, for the atoms.

from Table I that 8, is almost independent of N. The val-
ues obtained for §, are close to those found for a semi-
infinite metallic medium.®’

Experiments also reveal the clear presence of shell ef-
fects in the dependence of @ on N.*!'? This can be clearly
seen in Fig. 4.

6. DEFORMATION OF METAL CLUSTERS

The presence of quadrupole deformation in metal clus-
ters with open shells can be regarded as a well-established
fact. Direct experimental evidence for quadrupole defor-
mation like rotational bands in nuclei has not yet been
observed in metal clusters. However, there are many rather
convincing indirect indications. Quadrupole deformation is
manifested in splitting of the giant dipole resonance in pho-
toabsorption and photofragmentation reactions??7¢ (see
Figs. 5 and 6). In addition, if quadrupole deformation is
taken into account in calculations, one can significantly
improve the description of experimental properties such as
the abundance spectrum, the electric polarizability, the
ionization potential, the dissipation energy (the minimum
energy needed to separate an atom from a cluster), etc. 1%

Let us first consider the abundance spectrum in Fig. 1.
Besides the high peaks corresponding to the magic num-
bers, there are also peaks of intermediate height (for ex-
ample, the peak at N=14). Since these peaks of interme-
diate height correspond to clusters with open shells, by
analogy with nuclei it is natural to assume that they result
from quadrupole deformation of the clusters. This question

TABLE 1. Values of 8, calculated in Ref. 87 for ryg
equal to 2 and 4 a.u.

Tws R ., N Sq
2 4 8 1,921
2 7 43 2,014
2 14 343 2,029
2 40 8000 2,010
4 7 5 0,923
4 14 43 0,909
4 40 1000 0,886
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FIG. 5. Experimental (open circles) and theoretical (continuous curve)
photoabsorption cross section for Na clusters with N=8-20 (Ref. 26).

was investigated in a classical study of Clemenger,'® who,
to calculate the single-particle spectrum of a cluster, used
the Nilsson single-particle spectrum,®®%° which is well
known in nuclear physics and corresponds to a system in
the shape of an ellipsoid of revolution:
P
=5 +mog(Q (% +5%) +Q2%)

— Utiog(P—(P),), (15)

where
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FIG. 6. Manifestation of giant E1 resonance in the photofragmentation
cross section for deformed Agj; and Agfs clusters.*® The points are the
experimental data; the continuous curves are from the calculation.

(Pyn=in(n+1),
2+62 1/3

% =(35) -
248 —-2/3

sz(—-——-;sz) . (18)

Then, under the condition of conservation of the volume,
Q? Q,=1, the deformation parameter 8, can be expressed
in terms of the semiaxes and mean radius of the ellipsoid of
revolution:

Rz_Rx

By (19)

(16)

(17)

There is no spin—orbit interaction in (15). The exper-
imentally known sequence of magic numbers in metal clus-
ters shows that this interaction can be ignored. The param-
eters U=0.34 and w,xN~'/* were chosen to reproduce
the single-particle spectrum obtained in self-consistent cal-
culations in the jellium model™® (such a method of select-
ing parameters is used quite often, since experimental data
on the single-particle spectrum are not available).

For different values of §,, Clemenger calculated the
binding energy of the Na clusters as the sum of the single-
particle energies corresponding to occupied states. Equilib-
rium values of the quadrupole deformation were found for
each N in the range N<40 by minimizing the binding en-
ergy with respect to §,. The results are presented in the
form of a Nilsson diagram in Fig. 7. They are given in
dimensionless form in order to avoid choosing a specific
value of wj. The levels of the deformed clusters are char-
acterized by the Nilsson quantum numbers nn,A. Because
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of the absence of a spin—orbit interaction (in contrast to
nuclei), these levels have a fourfold degeneracy when As40
and a twofold degeneracy when A=0.

Analysis of the diagrams in Fig. 7 permit some impor-
tant conclusions to be drawn.

1) The calculations reproduce the magic numbers
known from experiment: 2, 8, 20, 40, 58, 92.

2) Deformed metal clusters can have both prolate and
oblate shape, the former usually being characteristic of
clusters corresponding to filling of the first half of a shell,
and the latter to filling of the second half. We recall that
there is a similar picture for nuclei. The calculations of
Refs. 15, 45, and 76 show that prolate and oblate defor-
mations can coexist in one and the same metal cluster, for
example, for N=13.

3) New gaps are formed in the single-particle spectrum
by the deformation. For example, this occurs between
N=14 and N=15. Because of the presence of the gap, the
clusters of type N=14 become more stable than their
neighbors, and it is this that leads to the peaks of interme-
diate height in the abundance spectrum. Thus, some of
these peaks can be explained by the quadrupole deforma-
tion. However, in all probability deformation is not the
only reason for them. Such peaks can also arise as a man-
ifestation of geometrical structure of the ion lattice of the
metal clusters.” ™

4) The calculations of Ref. 15 give the largest defor-
mations for small clusters. However, as follows from Ref.
12, the geometry of the ion lattice in sodium clusters with
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N <8 corresponds to certain simple shapes (beginning
with flat ones) having little in common with an ellipsoid of
revolution. Therefore, for small clusters it is hardly mean-
ingful to speak of a quadrupole deformation.

However, the calculations of Ref. 15 for the larger
clusters also give very large deformation parameters: from
—0.5 to +0.5. For nuclei, for example, this corresponds
already to superdeformation. Similar values of §, were also
obtained in the later self-consistent calculations of Ekardt
et al.*7% (see Fig. 8 and Table II). It is interesting to note
that in some other studies?®’® significantly smaller defor-
mation parameters, comparable with those found for nu-
clei, are assumed.

Table II gives values of the deformation parameters for
even Na clusters with 8</N <20, calculated in different ap-
proaches (Refs. 15, 26, 79, 45, 76, and 28). We briefly
describe the methods of calculating the deformation and
give a comparative analysis of the results. A three-
dimensional harmonic oscillator with single-particle ener-
gies of the following type was considered in Ref. 26:

w m = (Re3) /X0 (my+3) /y0+ (n,+1) /2.

ny, 'y

(20)

In contrast to Ref. 15, a short-range orbital term was
not taken into account here, since for small clusters it can
be ignored. It was noted in Ref. 26 that the choice of the
parameter @, determines the single-particle spectrum but
has little influence on the cluster shape. The values of x,,
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FIG. 8. Evolution of single-particle levels of Na clusters with 3 <N <18
on the transition from spherical to deformed shape.*>’® For each N, the
rounded values of the quadrupole deformation parameter 6 obtained by a
self-consistent calculation are given. For N=13, the results are given for
both prolate and oblate deformations, since the energy of the system in
the two cases is approximately the same.

Yo, and z; were found by minimizing the energy of the
system. For N=12 and 16, shapes differing from an ellip-
soid of revolution were obtained. For these clusters, x,, y,,
and z, are, respectively, 0.770, 0.963, 1.348 and 0.794,
1.058, 1.191. For N=10, 14, and 18, the clusters have the
shape of a spheroid, and the values of 8, are close to those
obtained in Refs. 15, 45, and 76.

In Ref. 79, the values of §, were calculated by requir-
ing a description in the interacting-boson model of the
splitting of the giant dipole resonance in the photoabsorp-
tion reaction for Na clusters.”® Not only the quadrupole
deformation but also the interaction of the dipole mode
with the quadrupole vibrations was taken into account. In
contrast to other studies, the values found for 8, are small.
In addition, they are nonvanishing for the magic numbers

- N=8 and 20. It appears that one must take some care

when extracting §, from experimental data on the splitting
of the giant dipole resonance. The splitting may be due to
not only deformation but other factors. For example, the
experimentally known splitting of the giant E£1 resonance
in the spherical cluster Na,, is manifestly not associated
with deformation. It is a typical configuration effect.®!

In Refs. 45 and 76, calculations were made by the
self-consistent method described in the previous section. In
the Kohn—-Sham functional (4), the field V; of the ions was
treated in the model of a spheroidal jellium. The equilib-
rium 8§, was again taken to be the value at which the sys-
tem had minimum energy. These calculations are of great
interest, since the only input parameter here is the Wigner—
Seitz radius ryg. It can be seen from Table II that the
self-consistent calculations give practically the same results
as the simpler calculations of Refs. 15 and 26.

A single-particle Woods—Saxon potential with quadru-
pole and hexadecapole deformation®* was considered in
Ref. 28. The parameters of the potential (apart from the
deformation parameters) were taken from Ref. 22, where
they were chosen for a potential of this type from the con-
dition of reproducing the results of Ekardt’s self-consistent
calculations.’ The equilibrium values of the deformations
were then found by minimizing the cluster energy. It can
be seen from Table II that, compared with Refs. 15, 26, 79,
45, and 76, the results of these calculations (the values of
8, and 8, and their behavior as functions of V) are closest
to what we have in nuclear physics.

Summarizing the discussion of the results presented in
Table II, we must point out that the actual fact of quad-
rupole deformation in metal clusters with open shells is in
no doubt, but its value must still be determined more ac-
curately. The inclusion of pairing may also influence the
magnitude of the deformation. The above results relate to
neutral clusters. For charged clusters, deformation calcu-
lations have not yet been made.

Quadrupole deformation influences many properties of

TABLE II. Values of the quadrupole and hexadecapole deformation parameters 8, and 8, calculated

in Refs. 15, 26, 79, 45, 76, and 28.

N 8,151 | 86,1261 | 48,1790 |&,145.76] | 8,(28] | &, (28]
8 0 0 0,043 0 0 0
10 0,44 0,44 0,074 0,48 0,27 0,11
12 0,43 — 0,167 0.5 0,33 -0,07
14 0,49 0,50 0,163 0,56 - -
16 -0,34 — 0.181 0.4 - -
18 -0,21 0,24 | -0,076 -0,2 - -
20 0 0 0,043 0 0 0
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FIG. 9. Spectrum of K clusters obtained by electron-energy-loss
spectroscopy.'

metal clusters with open shells. Besides what we have said
above, we note that deformation increases the electric po-
larizability. In accordance with Ref. 15, the polarizability
in deformed clusters, averaged over all directions, has the
form

a=as _o(1+38)). (21)

To conclude this section, we note that the study of
deformation in metal clusters is one of the most promising
directions. There is interest in looking for quadrupole su-
perdeformation or exotic forms of deformation in metal
clusters.*® We do not know what deformation large clus-
ters possess, nor what are the global trends in the variation
of the deformation with increasing number of atoms in the
clusters. In metal clusters, the deformation is realized un-
der conditions different from those in a nucleus (charge
neutrality of the cluster, absence of spin—-orbit interaction,
etc.), and therefore we can here expect results different
from those that we have for nuclei.

7. COLLECTIVE EXCITATIONS IN METAL CLUSTERS

There have been numerous studies, both experimental
and theoretical (Refs. 13, 26, 27, and 46-75) devoted to
collective excitations (giant resonances) in metal clusters.
The giant dipole resonance has been studied well experi-
mentally in the photoabsorption and photofragmentation
reactions (see, for example, Refs. 26, 27, and 46 and Figs.
5 and 6). Many theoretical studies have also been devoted
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FIG. 10. Optical spectrum of Na clusters (Ref. 51): the black symbols
are the experimental data of Ref. 47, the open circles are the frequencies
calculated by the sum-rule method using data for the static polarizability
(Ref. 3), and the crosses are the results of the calculations of Ref. 105.

to this resonance. There have been investigations (Refs. 13,
54, 56, 70, 96 and 97) (including experimental ones, Refs.
13, 96, and 97; see Fig. 9) of the manifestations of giant
electric resonances of surface and bulk type in electron
reactions (electron-energy-loss spectroscopy). We note,
however, that experimental information on giant reso-
nances with A>1 is as yet very uncertain and imprecise.
There are recently published experimental data on collec-
tive dipole excitations obtained from optical spectra of
metal clusters’’ (see Fig. 10). With regard to collective
excitations of magnetic type, there are here only theoretical
predictions of the existence, in deformed clusters, of a low-
lying resonance of “scissor” type*>* like what is found in
nuclei.”® As yet there are no experimental data on giant
resonances of magnetic type.

Many different approaches are used to describe giant
resonances in metal clusters (see the references in Sec. 3).
This is practically the same set of models and approaches
as is used to study giant resonances in nuclei. Small clus-
ters (N <8), whose excitations are also investigated in the
framework of quantum-chemistry models, constitute some-
thing of an exception. The basis of these models is a search
for a cluster geometry for which the cluster energy is a
minimum (see the review of Ref. 106). In a single section,
it is not possible to cover all the material on giant reso-
nances in metal clusters. Therefore, we shall describe here
only their main properties, using the results obtained
in the four most actively used approaches: the
sum-rule method,”®*® the random-phase approximation
(RPA),"‘8 76472 the linear response-function method,és'69
and the approach of Kresin.’*"*

Sum-rule method

We consider the description of giant resonances in the
sum-rule method, recalling first the basic propositions of

V. O. Nesterenko 736



this method.’® The main role is played by sum rules m;,
which are defined as moments of the strength function

S(E):

me= [ Es(B)E= S Efl¢nlQD (22)
where
S(E)= X, 8(E—E,)|{(n|Q]) |, (23)

Q is the external field, E, and |n) are the energies and
wave functions of the excited states, and | ) is the ground-
state wave function.

It is known that the odd moments m; can be calculated
to RPA accuracy in which they are expressed in terms of
the commutators of the Hamiltonian and the operator Q
using the bra and ket of the ground state of the system. It
is sufficient to take the ground state in the Hartree—Fock
approximation. For example, the expressions for the mo-
ments m; and m; are expressed as

The approximation of a local density plays an important
role in the sum-rule method. In it, only the term of the
Hamiltonian corresponding to the kinetic energy of the
system contributes to the commutator [H,Q] in the expres-
sions (24) and (25). Determining the functions

Ex=(my/my_y)"? (26)

we can obtain upper and lower bounds for the excitation
energy of the giant resonance and an upper bound for its
variance:

E\<E<E;, (27)

P<i(E3—E)). (28)
Thus, if we know the ground-state wave function of the
system in the single-particle approximation, the sum-rule
method enables us to estimate the basic properties of the
giant resonance to the accuracy of the RPA without having
to solve the complete set of RPA equations. In this respect,
the simplicity of the method is attractive, and this is par-
ticularly important when one is considering large clusters.
A shortcoming of the method is its basic approximation—
that the entire strength of a given multipolarity is concen-
trated in a single collective state. Therefore, the method
cannot be used, for example, to study the fragmentation of
collective states.

We consider a metal cluster whose valence electrons
are described by the Hamiltonian (in the system
e=m,=f=c=1)>

P
H=2 5+ 2
1

i<j

+ z Vext(“[); (29)

|l‘i—l'j|

where the first term is the kinetic energy, the second is the
Coulomb interaction of the electrons with each other, and
the third is an external field representing the interaction of
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the ions with the electrons. Poisson’s equation relates V,;
to the density of the positively charged ions:

V2V, =4mnt (r). (30)

In the case of dipole excitations, when Q(r)=x,y,z, we
have

[#,0] =5 P, 31)
where P’ =3, p{® is the kth component of the total an-
gular momentum of the valence electrons (k=x,,z). Sub-

stituting (31) in (24) and (25), we obtain for the mo-
ments the expressions

N,

™M= G
1

m3='2_ JdrVZVext(r)no(r)’ (33)

where N, is the number of valence nucleons in the cluster.

Note that the expression for m, is the same for all three
components of the dipole operator. It is determined by the
number of valence electrons. It is also important to note
that the expression for m; does not depend on the interac-
tion between the electrons, since this interaction, in con-
trast to V., (r), commutes with the total angular momen-
tum P*). This effect occurs only in the case of a dipole
external field.

It was shown in Ref. 99 that in the approximation of a
local density the terms of the energy functional having a
bulk nature (depending only on the electron density),
namely, the exchange—correlation term, do not contribute
to m;. Therefore, the properties of giant resonances in
metal clusters will, in general, be determined solely by the
contribution of the kinetic energy and the direct Coulomb
interaction.

In obtaining the expressions (32) and (33), we did not
make any assumptions about the cluster shape. Therefore,
they are true for both spherical and deformed clusters. But
if we do assume a spherical shape, then the expression (33)
takes, with allowance for Poisson’s equation (30), the even
simpler form

2T

my=— fdrn+(r)n0(r). (34)
Such an expression for m; was obtained earlier for
atoms.'® A general expression for the sum rule m; of di-
pole transitions in finite Fermi systems (nucleus, atom,
metallic particle), which determines the excitation energy
of the giant dipole resonance in these systems, was derived
in Ref. 78.

On the basis of (26) and (27), we can estimate the
mean energy of a giant resonance in spherical clusters as

ms
Y= g (35)

If (35) is compared with the well-known expression for the
frequency of a harmonic oscillator, then it is readily seen
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that m; and m; are the mass parameter and rigidity pa-
rameter (restoring force). Then, on the basis of (35), it
can be concluded that in the case of a giant dipole reso-
nance the restoring force in a metal cluster is proportional
to the overlap of the densities of the ions and of the valence
electrons.

Further, from (32), (34), and (35) we obtain

3 47 1 drnt 36
a):TN;J rn (r)no(r). ( )

If we take the ion density in the jellium model (4), we
finally have

168N,
w:wMie(l—E = ) (37)
where
41
Opfie= —3—n+(r)=ﬁa)p (38)

is the frequency of the dipole resonance for a classical
charged droplet101 (wp is the plasma frequency), and

ON,= f drny(r) (39)
r>R

is the number of electrons outside the radius R [see (2)]

specified by the ion distribution in the jellium model.

It can be seen from (37) that the presence of exterior
electrons (spill-out effect) leads to a so-called red shift of
the resonance frequency—it is reduced in relation to the
classical value. This in part explains the known excess of
the classical frequencies (38) over the experimental data
(see, for example, Ref. 26).

A further important conclusion follows from (37): In
contrast to nuclei and, as will be seen below, giant electric
resonances with L> 1 in metal clusters, the excitation en-
ergy w of a dipole resonance in a metal cluster does not
decrease but increases with increasing N. The main reason
for this is again the spill-out effect. Such a dependence of w
on N is found experimentally for sodium clusters.?%?’
However, in clusters made from atoms of noble metals (for
example, from silver atoms), where the influence of local-
ized electrons is already significant, the experiments give
the same dependence of the dipole frequency on N as in
nuclei, namely, o decreases with increasing N 46 As can be
seen from Fig. 11, this tendency is not reproduced in cal-
culations in which the localization of the electrons is not
taken into account.>

Allowance for the spill-out effect makes it possible to
improve significantly the description of the experimental
excitation energy of the giant dipole resonance, although
the theoretical values are still higher than the experimental
ones (so-called blue shift). Other effects must be taken into
consideration. As will be shown below, it is important here
to go beyond the local-density approximation.> In conclu-
sion, we note that the calculations (29)-(39) were taken
from Refs. 50 and 51.

We now consider the results of Refs. 53 and 55, in
which, for a number of spherical clusters, the sum-rule
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FIG. 11. Energies E; (in a.u.) calculated for giant resonances with
L=0-7 in Na clusters with N=38, 20, 40, 58, 92, 138, and 198 in the
framework of the Kohn—Sham approach (broken curves) and in the
Thomas—Fermi approximation (continuous curves) (Ref. 53) (a). The
same for Ag clusters with N=38, 20, 40, 58, and 90 (b).

method was used for numerical calculations of the excita-
tion energies of giant electric resonances of different mul-
tipolarities, both in the local-density approximation53 and
going beyond this approximation.*> The density n,(r) of
valence electrons in the ground state and the kinetic-energy
density 7(7), which are the only unknowns in the expres-
sions for the moments m; and m;, were calculated in two
approaches: Kohn-Sham and Thomas-Fermi (see Sec. 5).
The ion density was chosen in the jellium model. In this
case, the ions cannot vibrate, and the giant resonances of
any multipolarity in such a treatment are vibrations of the
valence electrons with respect to the rigid ion medium. In
such a treatment, the giant resonances in metal clusters
differ from those in nuclei, in which both components of
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TABLE III. The ratio (8N)n;pa/(8N) pa and the electric polarizability a calculated
for Nag and Na,, clusters in the local (LDA) and nonlocal (NLDA) approximations
for the density of the valence electrons.” For comparison, the corresponding experi-
mental data are given. The polarizability a is given in units of ay=R’ (R=rysN"’,

rys=4a.u.).

Cluster (M)nLpa “LpA aNLDA Cexp
GMioa

Na, 1,40 1,45 1,18 1,72

Na,, 1,15 1,37 1,63 1,62

the system—the neutrons and the protons—participate in
the vibrations.

Figure 11 gives the results of calculations of E; [upper
bound for the resonance excitation energy; see (26) and
(27)] for some spherical Na and Ag clusters.’® Resonances
with 0< L7 were considered. To analyze the results, it is
convenient to use a simplified expression for E5(L) ob-
tained in Ref. 53 in the framework of the sum-rule method
in the Thomas-Fermi approximation under the condition
that the density of the valence electrons is also determined
by the jellium model [r(r) =n* (r) =ng ;O (r—R)]:

2, B
+§h (2L+1)(L-1) 2 (40)

2 _ 2
E3(L)—h2wp2L+1

where

3 172 3 172 %
ﬁ=(5) UF=(§) (3172)1/3;n—n0(r)‘/3.

In the expression (40), the first term arises from the Cou-
lomb interaction [electron—electron (e—e) and electron—ion
(e—i)], while the second term derives from the kinetic en-
ergy of the system. As will be shown below, this expres-
sion, despite its simplified form, gives a basically correct
behavior of the energies of the giant resonances as func-
tions of L and N. In particular, there follows from it im-
mediately our earlier conclusion that the dipole excitations
(L=1) are determined solely by the Coulomb interaction
(more precisely, by the e—i interaction).

Let us consider Fig. 11. It can be seen that for small
clusters the excitation energies of the giant resonances of
different multipolarities with L > 0 differ strongly, and the
higher the multipolarity, the higher the excitation energy.
With increasing N, there is a basic tendency for E; to
decrease, and for large N the values of E; corresponding to
resonances of different multipolarities (L > 1) collect into
a pencil, tending to certain constant values. The expression
(40) reflects this tendency. For fixed L, the contribution of
the second term in it decreases with increasing N (and,
accordingly, with increasing R), whereas the first term re-
mains constant.

In contrast to this tendency, the E; for small multipo-
larities decrease comparatively weakly with increasing N.
Moreover, in the case L=1 there is an increase of E; with
increasing N. In Ref. 53, this behavior is explained by the
diffuseness of the electron density ny(7) at the cluster
boundary [the spill-out effect; see (37) for dipole excita-
tions]. It is clear that the influence of diffuseness will be

(41)
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greatest for small clusters (and for small L, to decrease the
competition with the main tendency determined by the
second term in the expression (40) ). The diffuseness of the
electron density is not taken into account in (40), as a
consequence of which the expression (40) does not de-
scribe these features.

It can also be seen from Fig. 11 that for Na clusters the
values of E; obtained in the quantum approach (Kohn-
Sham), which takes into account shell effects, and in the
semiclassical approach (Thomas-Fermi) are similar only
for small and large N. In Ag clusters, the results are close
to each other only for large N. Thus, as was to be expected,
the Thomas-Fermi approximation, which gives a reason-
able description of the general tendencies, the orders of
magnitude, and also their numerical values at large N,
cannot pretend to a quantitative description of clusters
with N <100, in which quantum effects are quite impor-
tant. Here, it is necessary to use the Kohn—Sham approach.

Further, it was shown in Ref. 53 that, from a certain
L, the contributions to m; from the e-e and e—i interac-
tions compensate each other, and E; is determined solely
by the contribution from the kinetic energy. This effect also
follows from Ref. 40: With increasing multipolarity L for
fixed N the second (kinetic) term in (40) ultimately be-
comes dominant. From this one can obtain for a cluster of
fixed size the value L at which excitations still retain their
collective nature. This value can be defined as the one at
which the contributions from the kinetic energy and the

Coulomb interaction become equal in magnitude. We then
have®

L, ~0.7ri 3N (42)

In Ref. 55, giant resonances were investigated in an
updated form of the model, in which the exchange-
correlation effects were considered in a nonlocal approxi-
mation. In accordance with Ref. 55, the extension beyond
the local approximation changes significantly, in the first
place, the ground-state properties (though it does not re-
duce solely to this). In the nonlocal approximation, the
single-particle potential becomes deeper, its diffuseness in-
creases, and, most importantly, the number 6N of electrons
at r> R grows, i.e., the spill-out increases. This, in its turn,
leads to a significant improvement in the description of the
experimental data on the electric polarizability and the ex-
citation energies of the giant dipole resonance. As exam-
ples, Tables III and IV give the results of calculations®” for
the clusters Nag and Nay,.
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TABLEIV. Lower and upper limits E, and E; for the excitation energy of the giant dipole resonance
and its variance o (in eV) calculated for the Nag and Na,, clusters in the local (LDA) and nonlocal
(NLDA) approximations for the density of the valence electrons.** For comparison, the correspond-

ing experimental data are given.

Cluster | (£)P% | (B)™PY | BV | (EY™PY | Eexp | %uoa |PNiDA| %
Nag 2,83 2,53 3,14 2,81 2,53 | 0,68 | 0,61 | 0,38
Nay, 2,91 2,67 3,14 2,97 2,46 | 0,59 | 0,65 | 0,37

In Refs. 54 and 56, the sum-rule method was used to
obtain expressions for the moments m;, m;, and m_, for
an external field of type j;(qr)Y o. These results are in-
teresting for the study of electric giant resonances with
L>0 in reactions with electrons. In Refs. 54 and 56, esti-
mates were made which show what the ranges are of mo-
mentum transfer ¢ in which giant resonances of surface
and bulk type will be mainly manifested, and also noncol-
lective particle-hole excitations.

Random-phase approximation

The RPA is a much more informative method than the
sum-rule method, since it enables one to investigate cases
in which there is not one collective peak but several (or
many) states, these having, moreover, different natures
(collective and noncollective). In practice, it is such a sit-
uation that is most often realized. It is known from exper-
iment, for example, that even in some spherical clusters
(Nay,) there is an appreciable splitting of the giant dipole
resonance.?®

In the framework of the RPA, the giant dipole reso-
nance has mainly been studied. Here, the most interesting
work is the series of studies of Refs. 48, 59—63, and 72, in
which this resonance was investigated in detail for a num-
ber of Na and K clusters, these being, moreover, not only
neutral but also charged.

The jellium model was used for the ions, and the
single-particle potential for the valence electrons was cal-
culated in the framework of the Kohn-Sham approach, but
using a modified semiclassical approximation for the
kinetic-energy density.!%? The residual two-particle inter-
action had the form

? d Vex—corr [ "o]

dng 8(|r—ry|),
(43)
where, in accordance with Ref. 102, the exchange-

correlation term Vi, ..[ng] was chosen in the form
(rs(r) =[3/4mno(r)]")

V(|ri—n|)=

|r1—r,]

2 .
AV ey core(T) = ————0.0666 ln( 1+

rs(r) rs(r)

Figure 12 gives the results of the calculations in the
RPA of the photoabsorption cross section in the clusters
Nag, Nayy, and Nayy (Ref. 61). This group of clusters is
very convenient for investigating the fragmentation of the
giant dipole resonance due, not to deformation of the clus-
ter, but to configuration splitting. For, on the one hand,

)- (44)
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these clusters have spherical shape, and, on the other hand,
it is known from experiment that the giant dipole reso-
nance has in Nag one peak, in Na,, two peaks, while in
Na,, it has been seen in the form of a broad and almost
structureless distribution.26%’

In Fig. 12 we see that the calculations give a com-
pletely satisfactory description of the shape of the giant
dipole resonance in all three clusters, and also the tendency
for the excitation energy of the resonance to increase with
increasing N. The calculations somewhat overestimate the
excitation energies; this may be due to the use of the local-
density approximation.”®

LA Nax 1
TR ]
A IR
0 k& o

2 T
I\ N ]
. [\ 40 ]
o ke L L T T
2 3 4
Energy, eV

FIG. 12. Photoabsorption cross section, normalized to the number of
atoms in the cluster for the clusters Nag, Na,;, and Nay,. The experi-
mental data are taken from Ref. 27. The continuous curves show the
results of the calculation of Ref. 61 in the RPA with subsequent “smear-
ing” of the peaks to take into account the cluster temperature. A Lorentz
distribution with peak width to peak energy ratio I'/E=0.1 for Nag and
Nay, and 0.06 for Na,, was used. The broken curves give the same result
but with a shift along the energy scale to achieve the maximum overlap
with the experimental data. The chain curve is the calculation in the sum-
rule method in accordance with Ref. 26.
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Analysis of the results obtained in Refs. 59, 61, and 72
reveal some interesting properties of the giant dipole reso-
nance in metal clusters.

Because the residual interaction in metal clusters is
predominantly a long-range interaction, it involves consid-
erably more particle-hole excitations in the formation of
the giant resonance than, for example, in a nucleus. There-
fore, the giant resonances in neutral metal clusters are frag-
mented as a whole more than in nuclei.

In neutral and charged metal clusters, the fragmenta-
tion of the giant dipole resonance is very different. Com-
pared with neutral clusters, it is significantly less in posi-
tively charged clusters (cations) and appreciably larger in
negatively charged clusters (anions).” In the first place,
this is explained by the appreciable rearrangement of the
mean field of the cluster associated with the presence of the
charge.

An interesting approach was developed in Refs. 50 and
51 on the basis of the vibrating-potential model that was
originally used to study giant resonances in nuclei.'®® This
approach leads to equations of the same form as the RPA
with separable forces, but with the important difference
that the form of the residual forces and the value of the
strength constant are here determined from the condition
of consistency of the vibrations of the density and the
single-particle potential. The function y () of the response
to an external field f(r) =rfY m 18 expressed in Refs. 50
and 51 in terms of the single-particle response function

(0|Q[k)

Xo(@)=22 &x—3—7 (45)
k 0" —E&
and the force constant
-1
x= —( f VQ(r)V(f(r)no(r))dr) (46)
by means of the RPA equation
Xo(@)
X(w)_l—%xo(w) . (47)
The operator of the residual interaction has the form
Vno(r’ )V f(r’)
0 =WV 0+ [ o dr, (49)
where
V dvex—corr[n] 49
O(r)_(T)n=n ‘ (49)

0

A shortcoming of the approach of Refs. 50 and 51
compared with Refs. 59-63 is the separable nature of the
residual interaction. On the other hand, this feature of the
approach of Refs. 50 and 51 greatly simplifies the calcula-
tions, and this is important in the study of deformed clus-
ters, and also large clusters.

Linear response-function method

Compared with the methods considered above, the lin-
ear response-function method®® is the most rigorous,

741 Sov. J. Part. Nucl. 23 (6), November-December 1992

R«2331L
5 ¢

14 18 22 26 30
co/wd

FIG. 13. Imaginary part of the dynamic polarizability a(®) in units of
R3, calculated in the framework of the linear response function.®® The
frequency is given in units of wy=w,/V3 for the Na clusters. The curve
obtained in the local Drude theory is given for comparison.

since it permits one to make self-consistent calculations.
The ion density is treated in the jellium model. The local-
density approximation is used for the valence electrons.

In the method,®*®° the induced electron density
n,q(r@) in a cluster in an oscillating external field
Vex(r,w)e_i“” can be expressed in terms of the response
function y(r,r’,®):

Ring(r,0) = Jdl"X(l‘,l",a)) Vex(r,w)- (50)

In the time-dependent local-density approximation
(TDLDA) we have for the response function the integral
equation

x(r,r',0)=yo(rr,o)

+J“I- drfldrlllxo(r’r”’w)K(r"’r"I )X(r””r”w) ,

(51)

which is obtained from the condition of consistency of the
single-particle response function and the effective potential:

Ripg(r0) = f dr'yo(r,r', o) Veg(r,w). (52)

In (51)-(52),
Veﬁ(r,w)=Vex(r,w)+fdr’K(r,r')nind(r’,a)), (53)

AV ex_corr[71]

K(rr')= [r—r’| + dn

S(r—r’). (54)
The single-particle response function can be expressed in
terms of the retarded Green’s functions of the ground state
of the Hamiltonian.

As an example, Fig. 13 shows the results®® of a calcu-
lation in the response-function method of the imaginary
part of the cluster dynamic polarizability, which is related
to the photoabsorption cross section by
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o(w)=47w Im a(w). (55)

The figure clearly demonstrates excitations of different
types: single-particle, and also collective surface and vol-
ume type. It can be seen that, compared with the classical
frequencies of the surface and volume resonances, which
are, respectively, wp/\/S and w,, the self-consistent calcu-
lations give underestimated frequencies of the surface res-
onance and somewhat overestimated frequencies of the vol-
ume resonance. In Ref. 65, these differences are explained
by the competition of two effects: 1) quantization of the
single-particle spectrum, which leads to a raising of the
frequencies compared with the classical treatment; 2) the
spill-out effect, which lowers the frequencies. It is clear
that for the surface resonance the second effect will be
dominant, while for the volume resonances it will be the
first. This explains the differences.

Kresin’s approach

Kresin’s approach®”® is attractive in that analytic
expressions, which greatly facilitate the analysis, can be
obtained for several properties of the giant dipole reso-
nance. Conceptually, the approach is based on Ref. 107.
The essence of the method is as follows. One takes equa-
tions of self-consistent type for an electron in an external
field, written down in the RPA (as in the response-
function method). On the basis of a semiclassical argu-
ment, it is asserted that in the case of dipole fields the main
contribution to the equations is made by single-particle
transitions between neighboring levels A and A’, the energy
|e3—€4/| =0.1-0.3 eV of which is much less than the en-
ergy w>2 eV of the giant dipole resonance. As a result, one
can expand the equations, using (g;,—¢,/)/w as a small
parameter and retaining only the first-order terms. If it is
also borne in mind that the derivative of the electron den-
sity in a metal cluster has a peak on its boundary, then one
can use an additional expansion in the region =R, retain-
ing only the terms linear in r—R. As a result, even when
diffuseness on the cluster boundary is taken into account
(spill-out), one can obtain a simple analytic expression for
the eigenfrequencies (the external field is zero) of the col-
lective dipole excitations:”’

(O 2
6(w—) =3g(R) +1={[3g(R)—1]?

p
+24¢(1-3¢9)}"2, (56)
where
g(r)=no(r)/n™, (57)
q=1/R drg(r). (58)
r>R

Obviously, g is a measure of the spill-out effect. It can be
seen from (56) that g(R) and g are the only input param-
eters. To determine them, it is sufficient to know the den-
sity ng(r) of the valence electrons in the ground state. In
Kresin’s approach, the electron density is usually calcu-
lated in the Thomas-Fermi approximation. However, in
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contrast to the case of atoms, there is here no need to solve
differential equations. It is shown in Refs. 9 and 108 that,
by virtue of the comparatively uniform distribution of the
positive charge in metal clusters, analytic expressions can
again be obtained for g(R) and ¢.'® These expressions do
not contain any adjustable parameters.

Equation (56) has two solutions: w_ and o + - Their
physical meaning becomes clear if one considers the limit-
ing case of a cluster with a sharp edge and with ny(7) =n™.
Then there is no spill-out, and for the input quantities we
have ¢=0, g(r)=1 for <R and g(r) =0 for r> R. This
case corresponds to the classical limit that holds for large
clusters. As a result, w_ =wp/\/3 and 0, =w),, and these
are none other than the frequencies of the characteristic
dipole vibrations of surface and volume type in a classical
metallic particle.'”! We emphasize that in the above we are,
as a rule, considering a giant dipole resonance of surface
type. Practically all the experimental data on dipole exci-
tations in metal clusters relate to them. The volume dipole
resonance is at a higher energy (for sodium clusters, above
the ionization threshold), and experimental data on them
in metal clusters are extremely sparse.

In real clusters of not too large size, the volume and
surface dipole resonances are partly mixed, although they
basically retain their individuality. As can be seen from Eq.
(56), this mixing is to a large degree due to the spill-out
effect. In Refs. 9 and 58, it is asserted that it is precisely the
mixing of the surface and volume branches of the giant
dipole resonance which is responsible for the fact that in
some small clusters the strength of the E1 transitions ob-
tained in the photoabsorption reaction is manifestly insuf-
ficient to exhaust the Thomas—Reiche-Kuhn sum rule. In-
deed, whereas in a solid the volume (plasma) dipole
vibrations have a strictly longitudinal nature and cannot be
excited by y rays having transverse polarization, this is
possible in metal clusters because of the small size of the
systems and, accordingly, the importance of surface effects.
In small metal clusters, the volume branch of the giant
dipole resonance has an admixture of the surface branch,
as a result of which it can be excited in the photoabsorption
reaction, taking to itself some of the E1 strength. This part
of the E1 strength is concentrated at a higher energy, is not
so clearly expressed, and is evidently not captured by the
measurements, which are mainly aimed at the region of
excitation of the surface branch of the dipole resonance.
However, we note here that an additional reason for the
smallness of the El-transition strength extracted from ex-
periment could also be ordinary fragmentation (configura-
tion splitting) of dipole excitations, as a consequence of
which some of the E1 strength can be in the “base.”

Another interesting effect investigated in Kresin’s ap-
proach is the splitting of the surface dipole resonance into
two peaks of comparable intensity in spherical clusters.®®
It was shown that this effect is due to interaction of the
collective excitation with the single-particle excitation,
which has a similar energy. The nature of this effect is the
same as for the well-known Fermi resonance in molecules.
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FIG. 14. Experimental data from which the values of the
magic numbers for Na clusters were deduced in Refs. 23
and 24.
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8. LARGE CLUSTERS AND SUPERSHELLS

From the time of the discovery in 1984 of shells in
metal clusters, there has been unbroken discussion of the
questions of how many shells of “nuclear” type can in
principle exist in such clusters and of the limiting number
of atoms at which the mean field disappears, as it does in
atoms and nuclei. Without going into the history of the
development of these questions during the last seven years,
we turn directly to the present situation.

The main experiments in this direction were made in
Copenhagen®>?* and Stuttgart.?> At the present time, there
are already experimental data on the existence, in Na clus-
ters with up to 3000 atoms, of at least 23 shells of “nu-
clear” type.?>?* Figure 14 gives the experimental data from
which the magic numbers corresponding to these shells
were extracted in Refs. 23 and 24. It can be seen from the
figure that the larger is the cluster, the more complicated
are the combinations of measured intensities that must be
used to find the magic numbers and, accordingly, the lower
is the reliability of the result. In principle, the measure-
ments suggest that shells of nuclear type survive in Na
clusters at least up to N =3000. However, such a conclu-
sion must as yet be treated with sufficient caution. The
point is that independent measurements of the group at
Stuttgart,” made for relatively cold Na clusters (T
~100 °K) with N up to 20 000, showed that at N =~ 1400
there is a rearrangement of the cluster structure, namely,
some of the magic numbers corresponding to shells of nu-
clear type go over into magic numbers corresponding to an
icosahedral structure. Thus, at the moment one can say
confidently that the shells of nuclear type survive in Na
clusters only for clusters with N<1400. It may also be that
the critical value of N at which the structural transition
takes place depends on a number of conditions (for exam-
ple, the temperature of the clusters at the end of the beam
in the experiment of Ref. 25 was much lower than in the
experiments of Refs. 23 and 24).
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Table V gives a list of experimental data from Refs.
23-25 on magic numbers in Na clusters, and also corre-
sponding theoretical values obtained from calculations
with the single-particle Woods—Saxon potential.? In Ref.
22, the total energy of the system was calculated as the sum
of the single-particle energies corresponding to occupied
states. From the total energy, the smooth part
E,,=—4.34N+2.96N*? eV was then subtracted. In this
way, the shell part of the binding energy of the system was
found. The values of N for which the absolute values of the
shell energy had a maximum were assumed to be magic. It
can be seen from the table that the calculations of Ref. 22
agree well with the experimental data. It should be men-
tioned that for the large clusters (with N> 138) the cal-
culations were made before the experimental data ap-
peared.

We now consider supershells in metal clusters. As we
have already said, supershells were first predicted
theoretically,?"?? and then discovered experimentally.?* In
accordance with Refs. 21 and 22, supershells can be man-
ifested only in systems containing sufficiently many parti-
cles (of the order of a thousand). Neither an atom nor a
nucleus will do. The only currently known objects in which
one can study supershells are metal clusters.

To determine what is meant by supershells, consider
Figs. 15 and 16, which demonstrate how, in accordance
with the calculations of Ref. 21, supershells must be man-
ifested in the dependence of the density of the electrons on
their wave number (excitation energy), and also in the
dependence of the shell energy on N. It can be seen from
the figures that in both cases oscillations of low frequency
are superimposed on oscillations with high frequency
(each oscillation corresponds to one shell), i.e., there is an
envelope of the high-frequency oscillations. Such an enve-
lope is called a supershell. Figure 17 shows how a super-
shell is manifested experimentally.

A qualitative explanation of the nature of supershells,
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TABLE V. Theoretical’” and experimental?>? values of the magic numbers in Na clusters.

Experiment?’ -

Shell number Theory (Ref. 22) | Experiment®?*
1 2 2
2 8 8
3 20 20
4 40 40
5 58/68 58
6 92 92
7 138 138
8 198 196
9 254/268 264
10 338 344
1 440 442
12 562 554
13 694 680
14 832 800
15 1012 970
16 1100 1120
17 1216 —
18 1314 1310
19 1516 1500
20 1760 1780
21 2048 2040
22 2334/2368 2370
23 2672 2720
24 3028
25 3438
26 3848
27 4154
28
29

2
8
18/20
34/40
58
90/92
138
198+2
2635
3415
4435
557+5
700+15
84015
1040+20

1220+20
1430+20
1980*
2820*
3800*
5070*
6550*
8170*
10200*
12500*
15100*
18000*
21300*

strengthened then by calculations, was given in Refs. 21
and 22. It is well known that with increasing number of
particles in a quantum system the energy separation be-
tween shells decreases. On the other hand, metal clusters
have a certain temperature. It is clear that with increasing
number of atoms in a cluster the energy separation between
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FIG. 15. Density of single-particle levels calculated in Ref. 21 with
Woods-Saxon potential for the Nasy, cluster. The abscissa gives the wave
number k, which is related to the cluster excitation energy E by
k=(2m(E—V,))"/#, where Vy=—6.0 eV.
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shells becomes equal in order of magnitude at some stage
to the temperature. Then as a result of the temperature
there will be a smearing of the shells.

It was shown in Ref. 104 that the shells in nuclei, etc.,
which are a characteristic property of quantum systems,
have a classical analog in the form of periodic closed orbits
in the motion of a particle in a spherical vibrator. These
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FIG. 16. Shell part of the binding energy of the Na cluster as a function
of N'3 (Ref. 23).
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FIG. 17. Experimental data? demonstrating the man-
ifestation of supershells in Na clusters.
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orbits have different shapes and lengths. The simplest of
them are shown in Fig. 18. Inclusion of a temperature
leads to smearing and entangling of these orbits, and this
happens more strongly, the longer the orbit. As a result,
only the simplest orbits survive. As was shown in Ref. 104,
these will be the orbits of triangular and square shape.
These orbits can be regarded as two vibrations with nearly
equal amplitudes and frequencies. In this case, as is well
known, beats occur, i.e., low-frequency oscillations are su-
perimposed on the high-frequency oscillations. This is the
essence of supershells. From what has been said above, it
also becomes clear why the system must have sufficiently
many particles if supershells are to be manifested. It is
interesting to note that supershells are, essentially, the first
experimental confirmation of the ideas advanced in Ref.
104. In this respect, metal clusters are extremely interest-
ing objects for investigating the connection between the
properties of the quantum and classical systems.

9. CONCLUSIONS

The aim of this review was to acquaint nuclear physi-
cists with a young and now rapidly developing field—the
physics of metal clusters. We have given the basic data on
them, and we have also discussed some of the directions
that are currently most interesting: shells in metal clusters,
deformation, giant resonances, and supershells.

From the presented material it is evident that metal
clusters do indeed have much in common with nuclei, and
in this respect they are very attractive objects for study for
nuclear physicists. In the first place, this applies to theore-
ticians. Many theoretical models and approaches devel-
oped in nuclear theory have already been transferred to the
physics of these clusters. Many well-known nuclear phys-
icists have begun active work in this field. It is possible that
after some time there will be a feedback—developments in
the physics of metal clusters may assist the development of
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FIG. 18. Examples of closed trajectories of the motion of a
particle in a spherical vibrator.'®
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new methods for investigating nuclei and make it possible
to reexamine, from new positions, effects in nuclei that
have apparently already been studied.

Specialists in experimental nuclear physics can also be
included in the investigation of metal clusters. In the first
place, this applies to someone working with lasers. As we
have already said, lasers can be used effectively to obtain
beams of clusters. For this purpose, one can use heavy ions.
Elastic scattering of thermal neutrons could be used to
investigate the ion lattice of a cluster and its shape.

One might get the impression that in the early stages of
its development the physics of metal clusters simply copies
nuclear physics. In part, this is indeed the case. Nuclear
physics possesses tremendous potential. The desire to use
this potential in a new field is entirely natural and sensible.
However, we emphasize that this process does not reduce
to trivial copying. It brings new knowledge, which, more-
over, is of a fundamental nature. It is sufficient to mention
the discovery of supershells and the very interesting infor-
mation on the possible number of shells in a Fermi system.

It is worth saying some words on the prospects for
investigations of metal clusters. As a general remark, we
would like to mention that in some respects metal clusters
are more convenient objects for study of the global prop-
erties of Fermi systems than nuclei; for in them the inter-
action is known, they can have many more particles than
nuclei, and they can be both charged and neutral. If we
speak of definite directions, the most promising ones are
the possibility of pairing in the clusters (pairing mecha-
nisms, connection with high-temperature superconductiv-
ity), deformation (new shapes, global tendencies, deforma-
tion in clusters with a large number of particles), magnetic
giant resonances (because the spin—orbit coupling is weak
in metal clusters, the orbital and spin modes in them must,
in contrast to nuclei, be decoupled), and charged and
mixed clusters. The clusters are also interesting from the
point of view of practical applications. There are here in-
teresting possibilities for the physics of aerosols, powder
technologies, catalysis, superconductivity, alloy physics,
etc.

More and more new directions are appearing in the
physics of metal clusters. Some of them have been de-
scribed in this review very briefly. It is hoped later to write
a more extensive review, including in it sections such as
pairing in metal clusters, fission, temperature in the clus-
ters, mixed clusters, the basic experimental methods, etc. It
is also planned to give information on some other exotic
objects that also have much in common with nuclei: he-
lium clusters,>'% fullerenes,®!'° and quantum points.!!!
The physics of these systems developed comparatively re-
cently and is currently undergoing rapid development.
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