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Electronic Shell Structure and Abundances of Sodium Clusters
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Mass spectra are presented for sodium clusters of N atoms per cluster (N =4-100) pro-
duced in a supersonic expansion with argon carrier gas. The spectra show large peaks or
steps at N = 8, 20, 40, 58, and 92. These can be understood in terms of a one-electron shell
model in which independent delocalized atomic 3s electrons are bound in a spherically sym-
metric potential well.

PACS numbers: 36.40.+d, 31.20.—d, 35.20.Wg

We find distinct regularities in the mass spectra
of sodium clusters containing between N = 2 and
N =100 sodium atoms per cluster. Figure 1(a)
shows a single continuous mass scan over the range
N = 4-75, and a separate mass scan for
=75-100. Each peak represents the number of
clusters of a given N detected during a fixed time
interval in a molecular beam of sodium seeded in
argon. The peaks or steps for certain masses, corre-
sponding to N = 8, 20, 40, 58, and 92, are conspicu-
ously large, especially compared with the peaks im-
mediately following. The dimer, N = 2 (not
shown), also exhibits pronounced abundance rela-
tive to N =3—7. Between the above peaks we ob-
serve uniquely patterned regions which are recog-
nizable over a wide range of experimental condi-
tions. For example, the even-odd alternations in
the ranges N = 8-14 and N = 34-40 are always seen
regardless of the relative intensities of the respec-
tive whole regions. To illustrate this, Fig. 2 shows
mass scans for four different argon pressures and a
constant sodium vapor pressure of 16 kPa. It may
be seen that increasing pressure favors the large
clusters, and causes depletion of the smaller ones,
without altering the integrities of the respective re-
gions. The clusters which are conspicuously abun-
dant in the mass spectra are assumed to be relative-
ly more stable. If we furthermore single out the
electronic structure of those clusters as the cause of
the enhanced stability, a simple picture emerges.

We associate the main sequence N = 8, 20, 40,

58, and 92 with an electronic shell structure for
sodium clusters. The shell structure is determined
by large energy gaps between different energy lev-
els. The electronic structure of bulk sodium metal
can be understood by using the nearly free-electron
picture. In this case, the 3s valence electron in-

teracts with a smooth one-particle effective poten-
tial composed of ionic pseudopotentials and an
electron-electron interaction potential. A similar
model appears to be applicable to the clusters. We
simulate the effective one-electron potential inside
the cluster with a spherically symmetric rounded
potential well. The calculation is performed with a
potential of the form

Up
V(r) =-

exp[(r —ro)/e] +1 '

where Uc is the sum of the Fermi energy (3.23 eV)
and the work function (2.7 eV) of the bulk3; ro is
the effective radius of the cluster sphere and as-
sumed to be r,N', where r, is the radius of a
sphere containing one electron in the bulk (r,
=3.93 a.u. for sodium). The parameter e deter-
mines the variation of the potential at the edge of
the sphere. We use e = 1.5 a.u. in this calculation,
which is consistent with the results from the self-
consistent study of the jellium surface. "

The Schrodinger equation is solved numerically
for each N. It yields discrete electronic energy lev-
els characterized by the angular momentum quan-
tum number L with degeneracy 2(2L + 1) (includ-
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ing spin). The energy levels shift down slowly and
continuously as N increases. The electronic energy
for each cluster with N atoms, E (N), is obtained by
summing the eigenvalues of the occupied states.
The difference in electronic energy between adja-
cent clusters, E (N) —E (N —1), is defined as
h(N). The change in this quantity versus N is plot-
ted in Fig. 1(b). Peaks result when A(N+ 1) in-
creases discontinuously, as an energy level is just
filled at certain N and the next orbital starts to be
occupied in the cluster with N+1 atoms. We ex-
pect that the contribution to the binding energy
from the ion-ion electrostatic energy is a smooth
function versus N, therefore the discontinuities in
the electronic energy should remain in the total
binding energy of clusters.

The shell-closing numbers (the peak positions)
mark positions of steps in the binding energy and
these correspond to steps in the measured abun-
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FIG. 1. (a) Mass spectrum of sodium clusters,
N =4-75. The full scale intensity in the main figure is
approximately 20 000 counts/sec. Source conditions:
PA, =750 kPa, PN, =24 kPa. The inset corresponds to
N =75-100. (b) The calculated change in the electronic
energy difference, A(N+ I) —b (N) (see text), vs N.
The labels of the peaks correspond to the closed-shell or-
bitals.

FIG. 2. Sodium-cluster mass spectra (N=4 —47) for
varying carrier-gas pressure PA, at constant sodium vapor
pressure 16 kPa. (a) PA, =300 kPa, (b) PA, =400 kPa,
(c) PA, 500 k—P—a, and (d) PA, = 600 kPa,

dances as seen in Fig. 1(a). Other peaks found in
the calculation at N = 18, 34, 68, and 70 are weaker
than the observed ones and are more sensitive to
the potential parameter. The good correspondence
between the experiment results and the model cal-
culation suggests that there are no perturbations
large enough to distort the main features of the lev-
el structure. We conclude that the peaks or steps at
special numbers in the sodium-cluster mass spectra
result from the electronic properties. This is in
contrast to the explanation of the reported observa-
tions of "magic numbers" using structural packing
patterns for noble-gas clusters.

The molecular-beam source' is loaded with
high-purity sodium (without the use of oils or sol-
vents) from an argon-filled glovebox which is con-
nected to the source chamber. This procedure in-
sures a high degree of cleanliness and accounts for
the fact that the 0.076-mm-diam nozzle is free of
plugging. The stainless-steel source may be operat-
ed at temperatures up to 1200 K and at argon pres-
sure exceeding 10 Pa. A heated 0.375-mm-diam
skimmer lies approximately 1 cm downstream of
the nozzle. The clusters are ionized 2 m down-
stream by light from a 1-kW Hg-Xe lamp. The light
is filtered with Corning 9863 glass. Our quadrupole
mass analyzer (QMA) is mounted coaxially with the
beam axis, and all cluster ions enter paraxially. The
ions are mass selected by the QMA and are detected
with a Daly ion-detection system, " which has
single-ion counting capability. The aluminum Daly
dynode is at a potential of —25 kV. The maximum
range of the QMA is 4500 amu and the mass accep-
tance width is set at approximately 5 amu over the
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entire range. The counts resulting from individual
ions are stored in a multichannel analyzer (MCA).
The QMA mass-scanning voltage ramps are gen-
erated by an LSI-11 computer, which also controls
the channel advance of the MCA. The mass spectra
in the figures are unprocessed reproductions of the
counts stored in the MCA.

Related, but different, results have been report-
ed' for sodium clusters. These workers observe
four distinct abundance maxima in their mass spec-
tra at W = 2, 7, 19, and 38. The differences
between our and their results are understandable.
As noted in Ref. 12, the placing of the QMA axis
normal to the beam distorts the mass spectrometer
acceptance function. Also they point out the
desirability of working with a cold beam, but for a
seeded beam with their high ( —25%) concentra-
tion of sodium vapor the quoted temperatures are
not possible. ' ' Our vapor concentrations are only
a few percent, and time-of-flight measurements
show speed ratios of between 7 and 10 in all cases,
indicating considerable cooling of the beam.

We have performed tests to verify that the mass
spectra are determined by the cluster production.
We found that using different filters in the uv ion-
izing light caused no substantial changes in the
characteristic features of the mass spectra. Investi-
gation also ruled out the existence of discontinuities
in the mass sensitivity of the Daly ion detector and
the QMA. The background gas in the vacuum sys-
tem is primarily argon originating from the source.
It is evident from the mass spectra at several dif-
ferent gas pressures (Fig. 2) that selective scattering
from this background is not a significant effect.
These arguments support our conclusion that the
peaks and discontinuities in the mass spectra result
from properties intrinsic to the clusters themselves,
as reflected in the production process. The cluster
binding energy is expected to be important in this
process.

Since the observations are consistent with the
characteristics of a spherical potential, this suggests
that the optical spectra of metal clusters may turn
out to be simpler than had been expected. It may
also be inferred that the average energy gap in these
systems is closer to Ez/N'~3 (Ref. 15) than to Ez/N
(Ref. 16).

Further experiments are in progress to explore
other properties of sodium clusters. We anticipate
that these measurements will suggest further re-
finements in the theoretical approach which will

result in improved models for a variety of metallic
clusters over a wide range of sizes.
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