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coverage, estimated from the Au 4f intensities, agrees
with an order-of-magnitude estimate based on the LMIS
operating conditions. Because the Au5 and Au7 beam in-

tensities were so high that collection times were short,
similar comparisons were not made.

A more important concern is that there may have been
fragmentation or coalescence of the deposited clusters.
This is easily ruled out for the heavier clusters. Such ac-
tivity would cause a broad size distribution with a
coverage-dependent mean. However, while the coverage
of Au for the Au&7 sample is similar to that for Au7 and
-6 times as high as for Au33 the Au27 and Au33 spectra
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are very similar, as we expect, and overall the properties
of both the core and the valence spectra vary smoothly
with n for n )7. Had there been fragmentation and
coalescence, the trends would have been disrupted, with
the Au33 spectra, e.g., having the highest core-level ener-

gy and the smallest 5d splitting. Thus while there may
be loss or gain of a single atom, these deposited clusters
are largely intact.

With our smallest clusters, Aus, there is evidence of
possible fragmentation in the unusual high-energy shoul-
der on the Au 4f doublet. This is most likely in the
smallest clusters, both because their lower average coor-
dination reduces the cohesive energy for each atom and
because the impact energy is dissipated in fewer internal
modes. Atoms emitted by small clusters may remains
monomers, trapped at the -3)&10' cm nucleation
sites that characterize cluster growth on amorphous car-
bon. Such monomers may be responsible for the shoulder
in the (nominal) Au, 4f spectrum, while the lower-energy
component may or may not be due to Au„clusters,
where n is comparable with 5. Little can be inferred from
the noisy Aus valence spectrum.

For the horizontal axes in Figs. 3 and 4, we have
chosen (n ), the average coordination number of atoms
in each cluster. This physically significant parameter al-
lows data for bulk Au on the same plot with data for
clusters. Figure 3 shows the splitting between the two
main components of the Au 5d bands, which in the small-
est clusters approaches the atomic spin-orbit splitting of
1.5 eV. Our value for a thick gold layer is plotted at
(n) =11.7, allowing for the importance of the (lower-
coordinated) surface atoms in our spectrum. The open
circle at (n ) =nine atoms, for the surface of bulk gold, is
inferred from reference 6. As the uncertainty in these
data is at least one channel (0.05 eV), the Au27 and Au33
values are indistinguishable, as expected for similar (rz )
values. Overall the splitting depends rather smoothly on
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FIG. 2. Valence-band spectra of bulk gold and of Au„clus-
ters. From top, bulk gold, n =33,27, 7, 5. The background sub-
traction and smoothing are described in the text.

FIG. 3. Energy spacing between the two main components of
the Au 5d spectrum, as a function of average coordination num-

ber. The open circle represents atoms at the surface of bulk
gold.
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(n), which is somewhat accidental given the inherent
uncertainty of & 0.05 eV.

Figure 4 shows the centroids of the Au 4f~&2 peaks as
a function of (~). Here the low-binding-energy com-
ponent of the Au5 spectrum is assumed to represent Au5
clusters. The thick-gold value is again plotted at 11.7
nearest neighbors, and an energy that is a weighted aver-
age of the bulk Au 4f7~2 energy of 84.0 eV and the
surface-shifted component at 0.4 eV less. The open cir-
cles represent two coverages of evaporated gold, for
which (n) was obtained from their 51 splittings using
Fig. 3. The dashed curve will be discussed below. Again
we note the systematic variation.

The narrowing of the valence d bands with decreasing
cluster size has been previously observed in XPS of Au
clusters, and indeed of Ag and of Pd clusters. The data
in Fig. 3, then, are qualitatively what we expect to see as
the decreasing cluster size (and hence (n )) causes a tran-
sition from bulk-metal to atomic or molecular properties.
The origins of the Au 4f shifts are more complicated,
since the core-electron binding energy E~ is sensitive not
only to the initial state changes that influence the
valence-band spectra, but also to changes in final-state
processes. These influences depend directly on an atom's
coordination number, and hence on cluster size. For ex-
ample, because atoms in a cluster have fewer neighbors
than in the bulk, the repulsion between a core electron
and the surrounding valence charge is reduced, resulting
in a higher E~, as we see in our Au„data. There are also
final-state effects that can increase E~. In XPS from a
bulk metal, the positive core hole is efficiently screened
by conduction charge, lowering the final-state energy and
thus reducing the measured Ez. In clusters so small as
not to be metallic, this metallic screening is replaced by a
less efficient local process (such as polarization of neigh-
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FIG. 4. Au 4f7,2 binding energy. The open circles are data
for clusters obtained by vapor deposition on amorphous carbon;
the average coordination numbers for these were determined
from their Au 5d splitting using Fig. 3. The dashed line shows
the binding energies expected for supported Au clusters allow-

ing only for the Coulomb energy of the positively charged clus-
ters in the photoemission final state.

boring atoms), and the measured E~ increases. The im-

portance of coordination number to local screening is ob-
vious.

To determine at what size Au clusters change from me-

tallic to nonmetallic behavior, we consider an effect less
directly related to coordination number. Data for larger
clusters on amorphous carbon show both a core-level
shift proportional to e ', where 6 is the metal cover-
age, and a simultaneous shift of the clusters' Fermi
edge. ' ' These phenomena result from the delay in neu-

tralization of the photoionized cluster by the semimetal
substrate, and the shifts are the Coulomb energy of the
charged cluster in the photoemission final state. For an
isolated, spherical cluster the Coulomb shift is e /2R,
where R is the cluster's radius, but in supported clusters
the core hole and its associated screening charge evoke
an image charge in the substrate, reducing the Coulomb
shift by about one-half. This reduced shift is shown as
the dashed curve in Fig. 4. For large clusters with bulk-
like electronic structure, this charging energy dominates
the core-level shift. The core-level shift deviates
significantly from the Coulomb shift in small clusters,
when metallic screening is suppressed, either because the
cluster becomes nonmetallic or because the Coulomb en-

ergy of the surface charge is greater than the difference
between metallic- and local-screening processes. In Fig. 4
we see a significant deviation from the Coulomb shift for
all of our smaller clusters, and thus infer that the
suppression of metallic screening (and possibly the transi-
tion from metallic character) occurs from some n &33.
By a linear extrapolation of our data in Fig. 4 we deduce
that the transition occurs at (n ) =9.1, or n = 150 atoms.
This is consistent with the rough estimate one can make
of the minimum number of atoms needed for metallic be-
havior, by requiring significant overlap of the Au s levels
and assuming n evenly-spaced levels of width kT in the
Au„s band.

We now comment on the width of the Au 4f peaks.
Besides being on average reduced from the bulk value,
the coordination number of an atom varies strongly with
position in a cluster. Since Ez depends on coordination
number, this results in some broadening of the Au 4f
peaks relative to bulk gold. However, the observed
widths are much greater than we would estimate from
the coordination dependence seen in Fig. 4. This extra
broadening may be due to phonon excitations, which
contribute a Gaussianlike broadening to core line shapes
for all materials, especially nonmetals. Such broadening
may be enhanced if, in these very small clusters, displace-
ment of the atoms in the initial state requires little energy
while in the final state the energy of the photoionized
atom has a much stronger position dependence.

In conclusion, our XPS data show clearly that we have
succeeded in collecting size-selected metal clusters on a
substrate. This is important for future materials applica-
tions of cluster beams, and allows the study of fundamen-
tal electronic properties of clusters. We deduce that the
small clusters are not metaHic, and that the transition
from metallic to local screening occurs at a cluster size of
—150 atoms. Although this transition can be observed
for clusters prepared as usual by vapor deposition, our
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data for size-selected clusters establish the normalization
for the size scale, which is otherwise uncertain by -30%.
The core-level spectra show broadening beyond that ex-
pected from the variation of coordination within a clus-

ter, which broadening we suggest is a final-state effect.
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