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1.1 INTRODUCTION

The jellium model, known from the study of the electronic properties of NFE (nearly
free electron) metals [1] and from the understanding of the electronic properties of free
metallic surfaces [2], is applied to the calculation of the electronic properties of metal
clusters, mainly to the group Ia (alkaline metals) and to the group Ib metals (noble metals).
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The model is shown to give results that are very often in guantitative agreement with
experimental data and serve in most other cases as a good starting point for the calculation
of the effects of the ionic structure, e.g. via pseudopotential perturbation theory.

Main experimental findings both for the ground state (magic numbers for the stability
of clusters [3] and the existence of supershells [4]) and for excited states (the domi-
nance of collective states in the photoabsorption of metal clusters Mey with N > 8) were
predicted [5] before their experimental confirmation. Recently we were able to explain the
temperature dependence of the absorption of small metal clusters as observed by Haber-
land’s group [6]. If the model is complemented by pseudopotential perturbation theory [7]
the results obtained match qualitatively those obtained by demanding quantum-chemical
methods (e.g. the photoabsorption spectra of Nag). Further improvement of the model
includes the removal of self-interaction effects, the so-called SIC [8-10] (a consequence
of using the local density approximation (LDA) to general density functional theory
(DFT)).

The development of the super-atom model for the description of electronic properties
of metal clusters arose from the attempt to understand and interpret experimental data
by W. Schulze and co-workers Figure 1.1 shows the absorption of small silver particles
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Figure 1.1 Optical absorption of small silver particles Agy embedded in argon at low temper-
atures, according to Ref. [11]. The huge absorption hump is a collective electronic oscillation
localized at the interface Ag/Ar. This figure historically gave the impact for the development of the
super-atom model for metal clusters. For large clusters a broad, damped peak is observed, whereas
for small clusters the line is fragmented
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(in arbitrary units) as a function of wavelength with the mean diameter of the clusters
as parameter. As one can see, there is a pronounced blue-shift of the absorption hump
as the cluster size decreases. If one tries to understand the observed absorption within
classical, macroscopic electrodynamics, one has to look at the imaginary part of the
dynamical polarizability of a small metal particle embedded in a dielectric host. The
textbook solution for a spherical particle of radius R is [12]

. 3 £lw) — gq(w)
¢(w) =R ———,
e(w) + 2e4(@)

where e(w) and &q4(w) are the dielectric constants of bulk silver and the dielectric host,
respectively. As in the case of bulk plasmons, defined in terms of the vanishing of £(w),
collective interfacial excitations are characterized by the vanishing of the denominator,
which means that there is an eigenoscillation in the absence of external stimuli [13].
Since both dielectric constants are size-independent, one sees immediately that classical,
macroscopic electrodynamics does not work in this size regime. Therefore one has to
resort o microscopic or mesoscopic models.

The first, most primitive, model is the infinite barrier model (IBM). Here the electronic
motion is confined by a spherical potential hole with infinitely high barriers. Once the
electronic wave functions (spherical Bessel functions) and eigenvalues are known, one
can proceed and calculate the dynamic polarizability e(w). From this quantity the collec-
tive excitations are determined in a straightforward manner (see below). The theoretical
prediction [50], shown in Figure 1.2, matches the experimental data (indicated by dots)
rather well from very small to mesoscopic particle sizes. The result obtained shows that
the IBM, which models the kinetic repulsion of the occupied 4d-shell of atomic Xe, works
surprisingly well. This repulsion causes an enhanced electronic density, leading to the
blue-shift of the surface-plasmon line.

For the description of fiee metal clusters, as observed and investigated in supersonic
beams, the electrons relax (and tunnel) into the neighboring vacuum. In order to model
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Figure 1.2 Crude theoretical interpretation of the experimental data of Figure 1.1. Here the elec-
tronic motion is confined by the IBM (infinite barrier model). For details see the original work by
Ekardt ef al. [50]. Reprinted by permission of Elsevier Science Publishers
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this situation, it is useful to recall the series of papers by N. D. Lang and W. Kohn [14, 2],
who applied the self-consistent jellium model to the study of the electronic properties of
free metallic surfaces. A study along this line provides a first qualitative understanding
of these properties, which is often even quantitatively correct (in the case of some alkali
metals), and serves in all cases as a good starting point for refined models [15, 16]. As
the defining property of a metal cluster is the very existence of its surface, the jellium
model can be expected to produce good first-order results for clusters as well. These can
be improved, if necessary, by pseudopotential perturbation theory to include the etfects of
the ionic structure (see below). Without any detailed calculation one can predict that the
relaxation of the electronic cloud leads to a reduced density, and this in turn to a red-shift
of the surface-plasmon line. Therefore, if this were the only active mechanism (as in
the alkalines) and if there were no complications because of the dynamical coupling to
d-electrons, as in Ag, one can immediately predict the experimentally observed red-shift
of the surface-plasmon frequency of free alkaline metal clusters. In contrast, the surface-
plasmon of neutral Ag-clusters in a molecular beam undergoes a blue-shifi [17]. Most
probably this is the effect of dynamical coupling to d-electrons. The frequency position
of the plasmon of the s-electrons cannot be understood without taking into account their
dynamical coupling to the d-electrons [13, [8]. For Ag clusters, there is the additional
complication of the size-dependent hybridization between s and d electrons, respectively.

In this work we start with the primitive jellium model, as appropriate for alkaline metals.
In the jellium model for metal clusters a fundamental input is the size-dependent ionic
density. Fortunately, when one of us started this calculation in 1984 [3], some experi-
mental data about the size dependence of the nearcst-neighbor distance were available
from EXAFS (extended X-ray absorption fine structure) measurements [19]. Except for
fine details the size dependence is very weak. This means that in a first approximation
the bulk density of the metal can be used as input for a cluster calculation. A second
question is the size dependence of the shape. Since electron micrographs very often show
a spherical shape, at least for the larger clusters, a spherical shape will be assumed for all
cluster sizes. This means that for monovalent systems the radius R of the jellium cluster
is determined by its bulk density n .,
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where g is the Wigner—Seitz radius of the electron gas and N is the number of delocalized
valence electrons within the cluster.

1.2 PROPERTIES OF THE GROUND STATE

The properties of metal clusters within the jellium model were first studied within the
local density approximation (LDA) to the density functional theory (DFT) [3]. This means
the following set of equations has to be solved self-consistently, starting from a proper
initial density (for details see [3]). The total electronic density p(r) obeys the subsidiary
condition

j,o(r)dr:N, (3)
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where p is found by minimizing the total energy functional Ey[e] [20]:

Biilili= f drue(r)p(r) + Glpl, @)

Glp] = Exinlp] + Ees[0] + Exclp]. (5)

E,in describes the kinetic energy of the system of correlated electrons, Eg the classical
Coulomb repulsion and Ey. the exchange—correlation energy. The traditional approxi-
mation to the unknown exchange—correlation part of the functional is the local density
approximation [21]. The exact density, which determines the total energy in the ground
state, is found by solving the Kohn—Sham equations [21]

TZ
(—iA + 'Ueff[p(r)]) Wi(r) = enfi(r), (6)

where the electronic density p(r) is given by

N
pir) =23 1%, ™

i=1

N is again the number of valence electrons and the factor of 2 accounts for the spin
degeneracy. If the Gunnarsson—Lundgqvist parameterization for the exchange and correla-
tion potential is used [22], the effective potential veg is given (in Rydberg atomic units) by
, prh 1.222
lr —r'| Fs(r)

: 11.4
verr(r, p) = VP9 (r) +2 ] dr — 0.06661n (1 + ) (8

re(r)

1.”36(1’) is the external potential caused by the positive jellium background. The Wigner—
Seitz radius ry(r) is obtained by
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This set of equations has to be solved self-consistently, with some suitable initial density
(for numerical details see [3]). This was done first for sodium as a function of the number
of atoms N (which agrees with the number of delocalized electrons for monovalent
metals). The set of equations was solved for N = 2,3, 4, ... up to 254. Figures 1.3 and 1.4
show typical charge densities and potentials for a small (N = 20) and a large (N = 198)
particle number, respectively. The oscillatory electronic charge density is normalized to
the constant background charge (the step-edge in the figures), and the continuous lines
depict the occupied levels. The quantum numbers are those of a spherical potential. Hence
the bottom level is 1s, followed by Ip, 1d and 2s (for N = 20) with the usual meaning of
s({=0),p(¢ =1 andd (! =2)in terms of the angular momentum . The level scheme
transforms from a pronounced discrete structure, reminiscent of an atomic system, to the
quasicontinuum of a mesoscopic system. Since level structure and nomenclature are like
those of a very large atom this model was termed the super-atom model of metal clusters.
The first physical quantity of interest is the size dependence of the binding energy

E(N)—=NE(1)

8(N) = N -

(10)
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Figure 1.3 Electronic charge density, effective potential and occupied levels for Nay as obtained
within the jellium model. The electronic charge density is normalized to a constant ionic background
(step-edge). For further explanation see text. Reproduced with permission from Reference [3].
Copyright 1984 by the American Physical Society
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Figure 1.4 Same as Figure 1.3 but for Najog. Comparing with Figure 1.3 one clearly sees how the
system transforms from a discrete atomic-like level structure to the quasicontinuum of a mesoscopic
system. Reproduced with permission from Reference [3]. Copyright 1984 by the American Physical

Society
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Figure 1.5 Total energy E(N)/N for Na clusters. The pronounced dips at N =2, 8, 20, 40,
58 and 92 constitute so-called magic numbers, indicating especially stable cluster sizes. While
small magic numbers coincide with shell-closings, the situation is different for larger numbers. For
more explanation see text. Reproduced with permission from Reference [3]. Copyright 1984 by the
American Physical Society

which requires the calculation of the total energy as a function of size N, with the
Wigner—Seitz radius r; as a parameter. Figure 1.5 shows the quantity Z{N)/N in units
of its limiting value for N — oo for the case of Na. The most remarkable property
of this result is that the value at infinity is approached not in a monotonic but in a
proncunced oscillatory fashion. In order to show the origin of this property more clearly,
the bottom line indicates the symmetry of the top level, i.e. of the shell that is being
filled. Looking at small particle numbers, one is tempted to conclude that these ‘magic
numbers’ simply result from the closing of the spherical shell (hence N = 2, 8, 20, ete.
are expecled to be magic). That this conclusion is (at least generally) wrong can be seen
by looking at medium-size numbers N. For instance, between N = 58 (closed 1g shell)
and N = 92 (closed 3s shell) there are two more shell-closings (2d at N = 68 and 1h at
N = 90), that do not produce magic numbers. Therefore one can state that the closing
of a spherical shell is a necessary but not sufficient condition for the existence of magic
numbers. By inspection of the single-particle level structure one easily recognizes that
magic numbers are accompanied by especially large gaps between the highest occupied
and the lowest unoccupied molecular orbital, the so-called HOMO-LUMO gaps. This
property is genuine for the jellium model.

Two features of the jellium description of the super-atom model are experimentally
confirmed:

(a) The detailed geometrical structure of the ionic skeleton is of marginal importance [23].

(b) The central property of the model, namely the quasifree motion of the delocalized
electrons and especially their mutual correlation is the essence for the stability of
metal clusters of this kind (all group Ia (alkali metals) and Ib (noble metals) and in
addition a few divalent and three-valent metals.

These predictions made in February 1984 have been experimentally confirmed by
pioneering experiments of the Berkeley group in June 1984 (see Figure 1.6) [24]. Whereas
W. Knight in his early 1984 experiments focused on small mass numbers, these mass-
abundance spectra have been afterwards extended to larger atomic numbers. S. Bjgrn-
holm [23] was able to confirm that all magic numbers found for N < 1000 are those of
the jellium medel (Figure 1.7). Notice the absence of magic numbers between N = 58



8 ™" APPLICATION OF THE JELLIUM MODEL AND ITS REFINEMENTS

14
8 40
25 AMAWMW
2 20
I 4
10 H
(a) Potassium -
g H

T

(b) Sodium

: {Ih | :
| | o
L

Counting rate (10%:sec™)
-]

[

Number of atoms per cluster, N

Figure 1.6 Early mass-abundance spectrum of the Berkeley group [27]. Magic numbers are clearly
identified. Substructures between the main magic numbers were later sufficiently well explained
within the deformed jellium model by Keith Clemenger [28] and Ekardt and Penzar [29]
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Figure 1.7 Experimental mass spectra by Bjgrnholm e al. [23] for several hundreds of Na atoms.
Note the absence of magic numbers between 58 and 92 and between 92 and 138. This can be
considered as a direct confirmation of the jellium approximation. Reproduced with permission
from Reference [23]. Copyright 1990 by the American Physical Society
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Figure 1.8 Experimental mass spectra of Na up to N = 22000 [25]. All magic numbers up (o
N = 1500 can be understood within the jellium model and it is only for still larger atomic numbers
that the mass anomalies can be attributed Lo the formation of ionic shells. Reproduced by permission
of Springer-Verlag from Reference [25]. Copyright by Springer-Verlag

and N = 92. In 1991 T. P. Martin [25] was able to take mass spectra for sedium clusters
for up to 22 000 atoms, with the remarkable result that all magic numbers N' < 1500 could
be explained within the framework of the super-atom model. It is only for even larger &
that mass anomalies (sce Figure 1.8) could be related to atomic rearrangements [25].

The next physical quantities of interest are the size dependence of the ionization poten-
tial and of the electron affinity because these quantities can be related to the chemical
reactivity of metal clusters. Within the DFT jellium model the size dependence of the
jonization potential is easily obtained from two total energy calculations:

Ap[N] = E¥[N — 11— E°[N]. (1)

Here E*[N — 1] denotes the total energy of a positively charged cluster with N — 1
electrons and E°[N] the total energy of the neutral system. Since the total energy functional
consists of various pieces (see Eqgs (4) and (5)) this quantity can be written as follows:

Ap[NT = Aeg + Arest. (12)

For N — oo the first term tends to the electrostatic dipole barrier ve(+00) — ves(—00),
i.e. the difference between the electrostatic potentials far outside and deeply inside the
metal, and the second term equals the chemical potential. In this limit Ap is the work
function of the solid [2].

Figure 1.9 shows the theoretical results for Ajp[N] and A, for the case of Na together
with the limiting values of the work function (3.02 eV) and the electrostatic surface
barrier (0.98 eV), respectively (dashed lines). Whereas Ap[N] shows large discontinuities
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Figure 1.9 Tonization potential for Na clusters in the jellium model [3]. Notice that the total
ionization potential does not approach the bulk value in a monotonic fashion but with a pronounced
sawtooth behavior. In contrast, the electrostatic part of the total IP is monotonic. Here the two
horizontal dashed lines represent, respectively, the total work function of the infinite half-space
@, and the electrostatic surface barrier ®%. Reproduced with permission from Reference [3].
Copyright 1984 by the American Physical Society

at shell-closings, A, is smooth and approaches the limiting value in a monotonic way.
A, corresponds to the additional amount of work required for ionizing the finite piece of
metal and is approximately given by ¢*/(2R), the classical electrostatic self energy of one
surface charge. This close agreement is related to the fact that also quantum-mechanically
the remaining charge is confined mainly to the surface region, except for fine details
originating from Friedel oscillations [3, 20].

Experimental data for the ionization potential (IP) are shown in Figure [.10 [27]. The
ionization potential shows large even—odd oscillations for small particle numbers, but
no pronounced sawtooth patterns for medium-size numbers, in contrast to the theoretical
predictions. This suggests that an important ingredient is lacking in the model. Indeed,
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Figure 1.10 Experimental ionization potential (IP) of K clusters [27]. Note that the total IP shows
strong discontinuities at magic numbers, whereas the predicted rise of the IP between two magic
numbers is missing. As has been shown by Penzar and Ekardt [31] this can be reproduced within
the self-consistent deformed jellium model. Reproduced by permission of Academic Press



















































