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1 Introduction

The MC physics in its modern status-has arisen in 1984 when MC of some metals (first
of all, alkali and noble ones) have been shown to manifest a very unusual property
that was unknown belore for atomic clusters. Namely, it has been discovered that
these clusters have the shells with the same magic numbers as in nuclei and atoms (see

refs.l’2 and refs. therein). Simultaneously, shells of the nuclear type in MC have been

predicted on the basis of the self-consistent calculations by W.Ekardt3. This discovery
meant that apart from atoms and nuclei that had been investigated for a very long
time there is another quantum system with an analogous mean field.

Since 1984 a large progress in the study of MC was made. But due to a multidisci-
plinar character of this field the information on MC turned out to be distributed over
a lot of different journals. Moreover, this information requires some special education

for its understanding. There are two reviews2’4 on MC and the other two™" are to

be published. The first one” provides a description of some general features of MC
and of the experimental facilities but, on the other hand, covers only the first steps of

the MC activity. In the second review4, the connection of MC with some other kinds
of clusters is analyzed. A qualitative systematics of clusters is proposed. It is shown
that clusters can be used as steps providing a unique chance to investigate all the way
from one atom to a solid body and to understand at what step the cluster becomes the

embryo of bulk matter embracing its main properties. The third review" is devoted to
collective excitations in MC.

The aim of my talk is to present a short and simple guide for nuclear physics
specialists in the MC field starting from the very beginning. I will try to cover all
the most interesting modern directions of this field without its consideration in detail.
Throughout the talk the permanent comparison of the properties of MC and nuclei
will be done to display possible applications of nuclear physics experience in the MC

field. This taik is based on a more general review" .

2 The basic properties of MC

As has been mentioned above, a MC is the bound system consisting of the atoms of
some metal. MC can be divided into two subsystems: valence electrons (being outside
the closed shells in atoms) and positive charged ions. The latter can be replaced in
many cases, especially for sodium clusters, by a uniform rigid sphere of positive charge
with a bulk density (jellium approximation).

The main characteristic of valence electrons, the density n(r) in the ground state,

is usually calculated by minimization of the Kohn-Sham density functional ':

E{n(r),r(r)} = l/2/-r(r)dr—3/4(3/:)'/3/n(r)‘/"’dr

0.44n(r) n(r)n(r)
/78+(T.-<;;)‘/3d +1/2// e )
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where the terms are distinguished in order, a kinetic energy, 2 Coulomb exchange term
in the Slater approximation (the Pauli principle), a correlation term of Lang-Kohn

type”, a direct Coulomb interaction of valence electrons with each other and with the
jellium, the jellium Coulomb energy. Also,

) =3 16l @
nr)= Y I4P, 3

where ¢; is the electron single particle wave function.
Using the variational principle it is easy to obtain from (1)-(3) the expression for
the mean field™:

v n(r') ,, dVez—corr
v(n(r),r) = Vi(r) +/ Ir— I."Idr + dn )
where the exchange-correlation term has a form
0.44n(r)
- 1/3,,(x)4/3 _ . 5
Vez—corr 3/4(3/x)'n(r) T8+ (":(r))l/:! (5)

It is worth noting that the first two terms in (4) nearly compensale each other,
which leads to a dominant rule in the mean field of the exchange-correlation term.
Also, a rather consistent tail of the electron cloud outside the jellium sphere (spill
out effect) should be noted. The spill out effect is the larger, the smaller the MC. It
influences noticeably almost all the properties of MC.

It is easy to show that just valence electrons determine the quanium properties of

mct, Indeed, using Heisenberg’s uncertainty relation

Az-Ap2 &, (6)

one can obtain estimates for a zero-order momentum Ap = %/Az and zero-point energy
AE = (Ap)*/2m, the same expressions for both valence electrons and ions. Then, e.g.,
for sodium cluster Nzg which consists of 20 monovalent atoms and has a diameter of
11.5A (this value determines the uncertainty in position of both electrons and ions) we

have
~ for electrons AE, > 0,16 eV,

~ for ions AFE; >0,04-107% eV.

It is seen that zero-point energies for electrons and ions are quite different since
the electron mass is much smaller than the ion mass. The typical temperature of MC
is 300 - 800 K that corresponds to k7' = 0.03 — 0.08 eV. Therefore, only electrons
determine the quantum behavior of MC. The thermal energy of ions is much larger
than their zero-point energy and, as a result, they move like classical particles.

The radius of MC is written as

R=rws. N3, i (7
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where N is the number of atoms; ryys is the bulk Wigner - Seits radius determined from
the expression nt = (4/3xrds)~! with »* to be a bulk density. In sodium clusters,
for example, rys = 3.93 a.u. (atomic units are 27.2 eV for energies and 0.529 A for
lengths, respectively). Then, exp. (7) gives for sodium clusters with N = 20 — 200 the
radii 5.6 - 12.2 A.

There are different methods of production of MC Supersonic nozzle sources are
widely used. The main principle of this source is the adiabatic expansion of the nearly
saturated metal vapor mixed with a carrier inert gas into a vacuum through a narrow
nozzle. The expansion and corresponding cooling of the metal vapor results in a cre-
ation of clusters (a process like condensation). Rather low temperature and high speed
of MC promote the forming of a rather well-focussed cluster beam.

3 Comparison of MC with other systems

It is worth comparing a MC with an atom, a nucleus, a bulk matter and a molecule.
The analysis of differences and similarities between these systems can clarify why MC
is more similar just to a nucleus.

MC — Atom.

— Similartiy: In both the systems the main interaction is Coulomb.

— Differences: a) When passing from hydrogen to uranium, the atom demonstrates
the typical property of quantum gas: the mean density of electrons increases by almost
two orders of magnitude while the size of the atom remains to be approximately the
same. Vice versa, an increase in the number of atoms in MC does not change noticeably
the density of MC. b) In atom the positive charge is concentrated in the centre of the
system while in MC the density of positive ions is more or less uniform. In charged
(ionized) MC the additional charge is placed at the surface.

MC — Nucleus.

—- Stmilarities: a) Both valence electrons in a MC and nucleons in a nucleus are
nearly free. b) In both the systems the mean density is almost constant as a function
of a particle number . c) The charge density in a nucleus and the density of positive
ions in a neutral MC are almost uniform. d) In both the systems the surface effects
are very important. e) Both the systems with open shells are deformed.

— Differences: a) Different kinds of interaction. b) Nucleus has a considerable
positive charge while MC can be both neutral and positive charged. ¢) Spin-orbit
interaction in MC can be neglected. d) There is no yet a reliable evidence of pairing
in MC.

MC — Bulk matier.

— The geometry of ionic structure of MC is spherical- or spheroidal-shaped while
the geometry of the corresponding bulk matter is mainly cube-shaped. The larger MC,
the closer the geometries of MC and bulk matter. In sodium and potassium clusters
the bonding of valence electrons is found to be weak, nonlocalized and nondirectional.
As a result, the ionic core of these clusters can be approximated by jellium. For other
MC in some cases the effects of jonic structure should be taken into account. In this
case the pseudopotential technique is used.

Since the MC is a relatively small system, the surface effects in MC and bulk matter,
e.g., giant resonances of a surface type, should be rather different.



MC — Molecules.

— In principle, MC can be considered as a particular large molecules consisting
of the same kind of atoms. Although the forces in MC and molecules have the same
Coulomb interaction’s origin their final form are different.

Particular properties of MC.

— a) MC is a metallic drop. So, the screening to the external fields in the interior
of MC takes place. b) MC can include much more constituents (atoms) than nuclei
contain nucleons and atoms — electrons. Due to this property MC, unlike nuclei and
atoms, have the supershells. ¢) There are mixed MC which include the admixtures of
atoms of other elements.

The above comparison shows that MC have some similarities with atoms, nuclei,
bulk matter and molecules and, simultaneously, possess their own specific features.
Most important for our purpose is that some properties of MC ( nearly free valence
electrons, the constant density, the uniform distribution of positive charge, the surface
effects and the deformation) lead to very close analogies between MC and nuclei. Asa
result, a lot of the models and approaches derived in nuclear structure physics may be

" used also in the MC field.

4 Discovery of shells in MC and subsequent per-
spectives

As has been mentioned above, the discovery in MC of shells of the nuclear type has
played a crucial rule in the MC field. In figure 1(a) the experimental mass spectrum
representing the abundance of sodium clusters in a beam as a function of N, the number

of atoms in a cluster, is presentedl. Lower, in figure 1(b), the second difference
Ay(N) = E(N +1)+ E(N — 1) -2E(N), (8)

calculated for the Nilsson single particle potential is shownw. In exp. (8) E(N)is
the total energy of MC with N valence electrons (or atoms since the sodium atoms are
monovalent), - The second difference (8) is known to display a peak if a gap in the single
particle spectrum takes place, which is just the case for a stable system.

Figure 1 shows that clusters with V =8, 20, 40 and 50 are most stable and, therefore,
these values of N can be considered as magic numbers. The most striking point is that
these magic numbers are the same as in nuclei. Some discrepancy taking place for larger
magic numbers is explained by the negligible character of the spin-orbit interaction in
MC. The analogous size effects have been revealed in measurcments of the jonization

potential and static dipole polarizability as well2.
It should be noted that magic numbers are also known for non-metallic clusters,

e.g., for noble gas and carbon clusters®. In these clusters all electrons are localized. So,
the magic numbers in non-metallic clusters reflect a geometrical structure of MC. They
do not coincide with the magic numbers in nuclei. The main merit of the discovery
of magic numbers in MC is that the shells of non-geometrical nature were found in
clusters for the first time.
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Figure 1. (a) Experimental abundance spectrum of sodium clusters'. The number
N is shown for selected clusters. (b) The second difference calculated for the Nilsson

potentialm.

During last years a lot of new information on MC has been obtained. Lower, the
sketch of the main perspectives in this field is presented.

— 1), Now MC with N up to 20000 can be produced hus, for the first
time, we have a unique chance to study a continues transition from a single atom to a
bulk matter.

— 2). 23 shells were found in MCM‘15
Moreover, an essentially new effect, supershells, has heen predic!.edl
observed!? in MC. Supershells can exist only in sufficiently large systems with N >
100012’13. So, neither nuclei, nor atoms are appropriate in this sense. MC are now a

single real system where supershells take place.
— 3). MC with open shells were found to be deformed. Numerous manifestations

11-15 T

— much more that is known in nuclei.

213 and later

of quadrupole deformation (particular peaks in the abundance spectrumm. a splitting
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Figure 2. The Nilsson diagram for sodium clustersm.

of dipole giant resonancew_ls) have been observed in different MC. There are the-

oretical predictions of the 4 deformation® as well as of the hexadecapolelg’ and
20,21 . . .

octupole deformations in MC.

In figure 2 the Nilsson diagram for sodium clusters is presentedm. The quadrupole
deformation parameter § was calculated for every cluster by the minimization of the to-
tal energy obtained with the Nilsson single particle potential. For the levels of deformed
clusters a cylindrical representation | nn,A > was used. These levels are fourfold de-
generate for A # 0 and twofold degenerate for A = 0. The diagram demonstrates
approximately the same picture as in nuclei: a) MC have a prolate deformation in the
onset of the shell filling and an oblate deformation at the end of the shell filling; b) the
deformation is large for small clusters and decreases on the average as a function of N.

Recently the systematic calculations of the quadrupole, hexadecapole and octupole
{Ap = 30) deformations in all the sodium neutral clusters with N up to 300 have been

performed20 in the framework of the Strutinsky method. The Woods-Saxon single
particle potential has been used. The calculations gave the values of the quadrupole
deformation of the same order as in nuclei. The general tendency of the quadrupole
deformation to decrease with increasing N was confirmed. It was shown that the



hexadecapole deformation, in spite of its small magnitude, can influence very much the
quadrupole deformation.

The calculations of the quadrupole deformation in MC performed within different
models give more or less the same results”. The single exclusion®® is a very small
quadrupole deformation extracted from the splitting of the giant dipole resonance
{GDR) in the framework of the interaction boson model (IBM). This result shows
that the value of the splitting of the GDR is not a reliable source for the extraction of
the quadrupole deformation. The splitting may be caused by other reasons too 3’24,
e.g., by the Landau damping. For example, the GDR in the sodium cluster Ny is
splitted in spite of the sphericai forun of the cluster.

The calculations considered above were performed for neutral clusters. For positive
charged clusters the calculations of deformation are absent.

Deformed MC can rotate and an estimations predict the energy intervals between
neighbouring rotational levels to be about 1078 — 10~% eV. These energies are much
smaller than the typical thermal energy in MC which is 102 — 107! eV. Surely, it
seems to be very difficult, if possible, to measure the rotational spectrum under such
conditions.

— 4). The fragmentation or fission (like the fission in nuclei) is found in charged

MC (see, e.g.,25-27). Recently, MC with a charge up to +14 were produced and
the empirical estimate for a critical charge Z as a function of N was obtained for
sodium clusters: N = 8Z22 . The fission of MC was investigated in the framework
of Strutinsky method 2 which is widely used in nuclear physics. Another interesting
direction is the study of the competition between the fission and evaporation of atoms

from M026’27.

— 5). The problem of pairing correlations in MC is discussed last tirne 22,29,30
In MC there are no experimental data on gaps in low-energy spectrum, moments of
inertia and two-particle transfer reactions which are used in nuclear physics as typical
indicators of pairing. But, on the other hand, in MC there are experimental data
on the odd-even alternations in the mass spectra and ionization potentia]sao’%‘sa.
The very recent measurements of jonization potentials for sodium clusters with N <

100° demonstrate the clear odd-even difference for the clusters with N up to 60.
The self-consistent calculat.ions32 with the quadrupole deformation and without the
pairing describe the exggrimenta.l data”™ up to N < 8. It is attractive to describe

the odd-even difference™ taking into account both the guadrupole deformation and
the pairing correlations. Of course, the pairing correlations should be considered in the
framework of a projection technique instead of the BCS method which is correct for the

strong pairing only. The preliminary crude results29’30, obtained within the schematic
methods for pairing and without taking into account the quadrupole deformation,
show that the inclusion of the pairing can considerably improve the description of the
experimental data. The odd-even difference™ in MC takes place at large temperature
in contrast with the case of the conventional superconductivity in bulk metals. Now it is

not clear what interaction can be responsible for the possible pairing in MC. In ref.“”,



1
+
St Agﬂ los
1 2
- [}
h\'E) (T W ) a
2 ]
o 2
) 5,
-3
15
agt 110 i’
0L 15 J
Jos
5
AN "

(] ' Ky
20 30 L0 S0 6.0
energylev]

Figure 3. The GDR in the deformed clusters Agj, and Agfsls. The experimental data
and the calculations.

for example, the origin of pairing is ascribed to the attractive exchange-correlation

term”
The study of pairing in MC is also interesting in connection with the competition

of pairing and deformation in MC 29,

— 6). The investigation of giant resonances is one of the most intensive directions
in the MC physncs5’6’9 116-18,23,24,31-49 There is now a plenty of expenmental data
on the GDR in M016 18,35-37 As an example, the experimental results for the
GDR in the deformed clusters Ag, | and Ag; are presented in figure 3.

The GDR was found in different kinds of MC: spherical and deformed, neutral
and charged, small and large. The main part of the experimental data was obtained
in photoabsorption reaction (see, e.g., refs.” > ' ). The theoretical investigations also
are mainly concentrated on the GDR5’6’9’]6’23’24’34’38—49. Although there is a
similarity between the nature of the GDR in MC and in nuclei, the GDR in MC
has some particular features. For example, the fragmentation of the GDR in MC is,
on the average, larger than in nuclei that is explained by a long-range character of
Coulomb forces™ . There is a large difference in fragmentation of the GDR in neutral
and charged clusters“, Also, the response of MC to external electromagnetic fields
should differ from their counterpart in nuclei due to fact that MC unlike a nucleus is

a metallic drop.
There are no now the experimental data on the other giant resonances in MC. On



the other hand, there are inleresting theoretical predictions, e.g., of the low-lyin%le

"scissors” mode in deformed MC3%. The analogous mode is well known in nuclei
—T). The MC produced at the experiment have usually rather large temperature

{300-800 K)2’4. In comparison with nuclei and atoins MC give a new possibilities

for investigation of temperature effectle’ls’48’5ﬂ’5l. Indeed, because of the large
difference between masses of electrons and a cluster MC may serve as a huge heat bath
for valence electrons. Secondly, the temperature provides necessary conditions for the

supershells in MC12‘l3. And, at last, the temperature seems to influence the critical

size of MC after which a new set of magic numbers appears“. This new set reflects
the geometrical structure of cluster.

-—8). There are mixed MC which contain the admixtures of atoms of other elements”.
Mixed clusters have a rich physics and seem to be promising for the practical applica-
tions, e.g., for the creation of new materials.

--9). Because of the close similarity between MC and nuclei the numerous the-
oretical models and approaches widely used in nuclear physics can be applied after
some modification in the MC ficld. Now this activity is very popular. In the MC

physics there are known the applications of the Nilsson potentialm‘ 'Y, the BCS

metllod29’30, the vibrating potential model3 , the sum rule approach 8_42, the ran-
dom phase a[;pmximation39’43_46, the self-consistent response function method23’48,

the fluid dynamics modelsg’49, the IBM type modelsz2’ 9, the liquid drop modelss,
the Strutinsky shell correction model 2 , the relativistic models” ", the shell model
ca!rulat.ion524 and so on.

Probably, in some time the opposite process will take place: models and ideas from
the MC field will be used in nuclear physics.

.5 Conclusions

The MC field is very young. Neverthcless, this field has already involved many special-
ists from different branches of physics. The main reason is that MC, on the one hand,
promise an exciting fundamental results and practical applications and, on the other
hand, give possibility to use in the new field the avaiiable experience.

The close similarity of MC with nuclei opens interesting perspectives for the appli-
cation in the MC field of a great theoretical potential of the nuclear physics. Without
any doubt we can get in this way really fundamental results which could, in turn, be
useful not only for MC but for nuclear physics too.
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Hecrepesxo B.O. E4-92-529
O 6aM30CTH CBOIRCTE MCTANNHUCCKHX KNACTCPOB H ATOMHONO SApa

O6cy xaa0Tcs CBOMCTBA MeTanaHNeckuX kaactepos (MK). Kaxk ctano ne-
nasHo nancetno, MK, npeactaansiomwue coboit CBA3aHHBIC CHCTCME, COCTORLINE
M3 ATOMOB HCKOTOPHIX MCTAMIOB, HMCIOT 0GOMOUKH TakOoro Xx¢ THNA, Kak B
aTtomax M aapax. Tocaeayiomwne HCCACAORAHNS BRSBHIH NOPA3MTCABHOC CX0A-
cTBO MHOFHX cBOHCTE MK 1 atoMHnx sacp:-eB0na0uky, xBaapynonbkas nedop-
MALUS, JEACHHC, THIARTCKUC PC3OHANCH H T.1:. B peayabrare, MHOTHE HIEH H
MCTONW SACPHOH (BH3NKK (B NEpBYyI0 O4CPEAb TCOPETHUECKHE) MOFYT Omth
HCMOJIb30BAHK NOMIC HeKoTopoi Moandurkauuu anxs nayuenus MK, C apyroit
croporn, MK uMcIOT cBOM COBCTBCHHHC YHHKANBHLC 0COGEHHOCTH (BO3MOX-
HOCTh 00PAIOBAHMS CHCTCM C uMcoM uacTul 13 20000, cynepoBonouku, cMe-
wannne MK). Ousuka MK, Haxoasmascs Ha cThke a'romnou " 4ACPHOMN
thuauku, TRepgoTo TeAA, KBAHTOBOIH XHMUH  T.0.,ABASCTCS BCCbMA MHOTO0GC-
LLAIOUIMM HANPABACHHCM KAK.C TOYKH 3pCHHA DYHNIAMCHTAIBHBIX pc.synb'rams,
TaK H NIPAKTHYCCKHX TPHAOKCHUI,

Pa6ota smriommcha B JlaGopatopuu TeopeTnucckoil dpusnkn OUAH.

1penprnt O6we 1D HHCTHTYTA HACPHBIX Becaeaosa i, JlyGua 1992

Nesterenko V.0. E4-92-529
Overlap of Metal Clusters and Nuclear Structure Physics

The propertics of metal cluster (MC) arce discussed. The MC representing
the bound systems of atoms of some metals have recently been discovered to
posscss shells of the same type as in atoms and nuclei. Subsequent investigation
has shown the siriking similaritics of many features of MC and nuclei:-shells,
quadrupole deformation;-fissior;-giant-resonances and-so-on.As a result, a lot
of ideas and methods (first of all the theoretical ones) of nuclear structure may
be applied afier some modification in the MC field. MC have also their own very
specific properties, such as supershells, the opportunity of form very large
clusters with the number of atoms up 1o 20000, mixcd clusters and ctc.. Fhe ME
physics is relevant to many difftyrém branches (nuclear structure, atomic
physics, solid bedy, quantum chemistry, cic.) and scems tobe a veryﬁromnsmg
ficld for both fundamental resufts and practical applications. <

The investigation has been performed at the Laboratory of Theorctical
Physics, JINR.
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