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“The Physics of Metal Clusters” 
 
Clusters 
Clusters are usually used to describe aggregates of atoms that are too large to be referred to as 
molecules and too small to resemble small pieces of crystals. Clusters, generally, do not have the 
same structure or atomic arrangement as a bulk solid. Clusters can change their structure with the 
addition of just 1 or a few atoms, while the addition of new atoms does not change the structure of 
bulk structure. Actually surface rearrangements may still take place on crystals with adatoms, but 
these are usually less drastic than the changes that occur when atoms are added to smaller clusters. 
They can be synthesized by cluster-beam machines shown in figure 1. The clusters are condensed 
from vaporized metal during cooling in the supersonic nozzle, through which the clusters are carried 
by a jet of inert gas at high pressure. Vaporization is accomplished by direct heating or by exposing a 
piece of material to intense laser radiation. The collimating slits define a path that, if followed by the 
beam, leads to detection. The interaction regions may contain one or several of the following: static 
electric or magnetic fields; scattering agents such as electrons, neutral or ionized atoms, molecules or 
clusters; chemical reagents; or electromagnetic radiation ranging from microwaves or IR to UV. The 
degree of deflection of the cluster beam by applied electric or magnetic fields in the interaction region 
is a measure of the interaction strength. 
 

 
Figure 1: A schematic of the cluster-beam apparatus for measuring photo-absorption cross sections of the clusters shows its 
many components. 
 
Different models for clusters 
Some quantum chemists and physicists have 
considered the evolution of clusters from atoms and 
molecules, bottom-up approach. Total-energy 
calculations are used to predict structural 
arrangements for small clusters; these studies are 
particularly useful for nonmetallic clusters such as 
those containing C and Si.  
Other scientists have considered such evolution from 
the bulk state, top-down approach, using the jellium 
model. This model explained why certain cluster 
sizes are more stable and dominate the 
experimentally observed spectra. The numbers of 
atoms in these favored clusters were referred to as 
"magic numbers," and these numbers were shown to 
be a direct consequence of the electronic shell 
structure of the clusters.  
 
Shell Model 
In this model, the unusual stability and abundance 
for certain nuclei has been signified by “magic 
numbers“. The energy-level diagrams in figure 2 
illustrate the analogies between nuclear, atomic and 
cluster shell structures. The electronic shell model of 
simple metal clusters correctly produces the 

Figure 2: Potential wells and energy levels for three 
fermion systems: a sodium metal cluster containing 
eight atoms (a), a sodium atom (b) and a sodium 
nucleus (c). 
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observed electronic properties as a function of the number of free electrons in a cluster. It is this size 
dependence of properties that atoms, nuclei and clusters have in common.  
 
Metallic clusters 
Clusters may be classified as metallic or nonmetallic according to the atoms they are made of in 
general some metallic character persists from small clusters to bulk matter of the same composition.  
Atoms are easily classified as metallic, nonmetallic or semiconducting purely in terms of their 
ionization potentials (figure 3a). Similar behavior is observed in clusters when the ionization 
potentials are measured as a function of the number of atoms in a cluster (figure 3b). 
 

 
Figure 3: Shell structure (Two views): Atomic ionization potentials (a). Ionization potentials for clusters of 3 to 100 
potassium atoms (b). 
 
Measurements on metallic clusters 
The mass abundance spectra: Experimental mass abundance spectra (such as that in figure 4a) are, 
in general, good indicators of relative binding energies and other electronic properties. They represent 
"spherical" shell closings, which occur when electronic levels are completely filled at the magic 
numbers. However, the spectra can be distorted by the effects of apparatus characteristics such as 
nozzle shapes and temperatures. 
Ionization potentials: The threshold ionization potentials for sequences of alkali metal clusters drop 
abruptly following spherical and ellipsoidal 
shell closings (see figure 3b).  The good 
correlation between mass abundance spectra and 
the corresponding ionization potentials initially 
served to support the idea that observed shell 
effects are electronic in origin and that the 
jellium model was applicable to simple metal 
clusters. However, the breadth of the ionization 
threshold depends on the cluster temperature. 
Photoelectron spectroscopy: Photoelectron 
spectra of clusters give the electron affinities 
and energy levels. This is a genuine 
spectroscopy of the electronic levels of the 
systems, and the results are in good agreement 
with other level spectroscopies that identify 
shell closings. However, the most interesting 
point of this technique is that the bulk metallic 
properties are recognized even in the smallest 
clusters, and the transition to bulk-like behavior 
takes place gradually. 
Static electric polarizability: This property is a 
direct measure of electronic screening. Using 
this technique, it was found that there are no 
metal-insulator transitions in small clusters; i.e., 
the onset of metallic behavior exists with the 
smallest cluster.  This implies how much the 
jellium model would be applicable than the shell 
model.  

Figure 4: Abundance spectrum measured for Na clusters 
(a) compares favorably with the calculated second-order 
energy difference between neighboring clusters in a 
sequence (b). 
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Plasma resonance frequencies: Plasma resonances in clusters are analogous to giant dipole 
resonances in nuclei. The peak photoabsorption wavelengths can in fact be used to determine the 
polarizability tensor, which is dependant on the size and shape of the clusters.  
Chemical reactions: Chemical reactivity reflects relative cluster stability.  
In general, the experimental data either confirm or elaborate the idea of electronic shell structure in 
clusters and indicate directions for further development. 
 
Jellium Model 
In the one-electron model, the total electronic Hamiltonian is the sum of the energies of the individual 
electron Hamiltonians. The pseudopotential is used to describe the ion-electron and the electron-
electron interactions; hence the total electronic energy for a known structural arrangement of atoms 
can be calculated. This approach has been applied to a variety of solids and to structural models of 
metal clusters as well. The transition from a pseudopotential model to a jellium model requires the 
smearing out of the background of positive ions. The solid is then structureless, and the positive 
background charge density + eρo are canceled by an electronic contribution – eρo, fixing the charge 
neutrality. The system is characterized by the electron-gas parameter rs, which is the radius of the 
volume per electron measured in units of the Bohr radius ao. 
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Here N is the total number of electrons and Ω  is the volume of the solid. The total electronic energy 
Ee is composed of kinetic, exchange and correlation energies, and all are functions only of rs: 
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This expression for Ee is accurate as rs approaches zero and for large solids, for which surfaces can be 
neglected. At the surface of a solid, the electrons spill out beyond the jellium edge, and the electronic 
density must be computed self-consistently. 
Confinement of the jellium and the electrons to 
spherical or ellipsoidal regions leads to shell structure. 
Some simple quantum models illustrating electronic 
shell structure are depicted in figure 5. For a 3D 
harmonic oscillator model, the energy levels are 
equally spaced. When degeneracies are included in 
this model, there is shell structure in the electronic 
energy-level occupation; that is, degenerate levels are 
separated by wide gaps. A similar result is found for a 
3D square-well potential, but with unevenly spaced 
energy levels. A model that gives results similar to 
those found in self-consistent jellium calculations is 
intermediate between the harmonic oscillator and 
square-well models. In this model the energy levels 
are characterized by principal and angular momentum 
quantum numbers (n, l). However, in this case, there 
is no restriction on the relative values of l and n 
because the potential is not of the Coulomb form. The 
successive energy levels (and their degeneracies) for 
the intermediate model are 1s (2), lp (6), 1d (10), 2s 
(2), 1f (14), 2p (6), lg(18), 2d(10), 3s (2), lh(22), 
2f(14), 3p(6), li (26), 2g(18)…. Hence, as electrons 
fill the shells, closings occur for total electron numbers 2, 8, 18, 20, 34, 40, 58, 68, 70, 92, 106, 112, 
138, 156 and so on. In clusters of alkali or noble metals each atom contributes one electron, and shell 
closures occur for clusters containing the numbers of atoms in this series. Total energies should be 
low for clusters having these "magic numbers," and hence clusters of these sizes are expected to be 
particularly stable. There is no size limitation on the spherical jellium calculation because no 
optimization of crystal structure is needed. Each atomic species is characterized by a different rs, and 
a self-consistent calculation is performed for each N. For nonspherical jellium, finding the optimum 
shape can involve several iterations. 

Figure 5: Energy-level spectra for a 3D harmonic 
oscillator (red), a square-well potential (gray) and a 
potential intermediate between the two (pink). The 
energy-level labels (with degeneracies in 
parentheses) and the total number of states are given.  
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A comparison between the magic numbers estimated theoretically and those observed experimentally 
with the measured abundance spectra was performed. To make such comparisons, it is useful to 
calculate the second derivative of the total energy with respect to N, 
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Where E(N) represents the total energy for an N-atom cluster. It can be argued that if the clusters in 
the nozzle region are approximately in local thermal equilibrium, then the density distribution of 
clusters is unchanged during the free expansion and ionization process, and the observed abundances 
at temperature T can be expressed as 
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where IN is the abundance intensity for an N-atom cluster and k is Boltzmann's constant. Figure (4b) 
shows a comparison between the experimental abundance spectrum and ∆2 for Na clusters. The peaks 
in ∆2 coincide with the discontinuities in the mass spectra. This result represented the first 
confirmation of cluster shell structure and of the appropriateness of the jellium approach. 
 
The jellium model assumes that the valence electrons in the clusters are itinerant and interact with a 
spherically symmetric positive-charge distribution. However, despite screening effects, the 
electrostatic potential arising from the discrete ions in a cluster of an element such as Na is not 
expected to be spherically symmetric. Hence, the energy shells and degeneracies given by a spherical 
jellium should be modified by crystal-field effects. To test the extent of these corrections for alkali 
metal clusters, a self-consistent local-density pseudopotential approach was applied to a 13-atom fcc 
structure and a 15-atom bcc structure. The resulting calculated charge densities for both cases 
revealed smeared-out electronic distributions and sufficient screening of the ionic potentials that there 
was little evidence of bond formation caused by the discrete ionic potentials. The delocalization of 
the electrons found in this study lends further credence to the jellium picture. The lowest-energy 
eigenvalues for the respective 13- and 15-atom clusters gave similar energies for the 1s, lp, 1d and 2s 
states. Even though the degeneracies of the individual states differed because of the different crystal 
fields, the eigenvalues were grouped together, and the results were similar to the corresponding 
values from the jellium model.  
Another study compared self-consistent pseudopotential results with the jellium model of simple 
metal heteroclusters. Two cases were investigated, Na6Mg and Na8Mg. Again, the electronic charge 
density distribution was delocalized, and there was little evidence of directional bonding. The central 
Mg atom in the heterocluster primarily affects the s states, and this gives rise to a small modification 
of the magic numbers. Because of the level lowering caused by the Mg atom, both Na6Mg and 
Na8Mg are closed-shell systems. Moving the Mg from the center to the outermost part of the cluster 
does not affect the results significantly; this indicates that the Mg atom donates its electrons to the 
electron gas of the entire cluster. This calculation demonstrated that shell structure still exists in these 
simple heteroclusters and that the electrons are delocalized. However, if the ratio of nonalkali metal 
atoms to alkali metal atoms increases, bonds may develop. 
One interesting aspect of the theoretical study of clusters and solids is the study of excited states. 
However, most calculations use a local density approximation. Hence, there is no theoretical 
justification for using the eigenvalues to determine excited-state properties. For clusters, this is a 
severe limitation on the theory, because properties such as ionization potentials, polarizabilities, 
optical properties and plasma resonances are best described in terms of excited states; because neutral 
clusters are ionized to make detection possible. The ionization potential of a cluster can be viewed as 
analogous to the ionization potential of an atom or the work function of a solid. The local-density 
approach for atoms gives poor agreement with experimental values of the ionization potential. This 
can be improved when ad hoc corrections to the exchange and correlation potentials are included. 
Another approach is to associate the ionization potential with the difference in energy between the 
local-density values for a cluster of size N and one of size N-1. There is reasonable agreement 
between these two methods, and both reproduce the experimentally observed shell structure. 
However, the calculated discontinuities in the ionization potential spectra are larger than those 
observed experimentally. 
 


