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Photoemission from Mass-Selected Monodispersed Pt Clusters
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We report measurements of the valence- and core-level photoemission spectra of mass-selected mono-

dispersed Pt clusters. For individual samples consisting of the platinum atom through the six-atom clus-

ter deposited onto a silica substrate, we have followed the development of the individual valence-band

electronic structure and the Pt 4f core-electron binding energy, and conclude that such small metal clus-

ters do not yet exhibit metallic character.

PACS numbers: 79.60.Cn, 36.40.+d, 73.20.Dx

The development of the electronic structure as single
atoms are put together to form a solid has been an intri-

guing subject of research over the past decades. '

There are very fundamental questions to be answered
about the onset of metallic behavior in small metal clus-
ters or the influence of quantum size effects on the
electronic structure of small particles. Apart from these
fundamental aspects small clusters also represent new

materials to the extent that their physical or chemical
properties are different from those of the bulk materi-
als. As such, small metal particles deposited onto vari-
ous substrates are widely used as catalysts and have been
shown to exhibit different catalytic properties depending
on cluster size. '

Most of the previous experimental studies of the elec-
tronic structure of deposited (supported) small metal
clusters were carried out on evaporated or sputtered thin
films' ' or samples prepared by decomposition of or-
ganometallic precursors, "' where the average particle-
size distribution was inferred from different observations.
Here we present the first valence- and core-level photo-
emission data of mass-selected, monodispersed, Pt clus-
ters deposited onto a Si wafer which was covered by a
thin layer of natural oxide. We have chosen Pt since
small Pt clusters supported by various semiconducting or
insulating substrates are widely used in catalysis. The
thin native-oxide layer of the Si substrate has a band gap
of more than 9 eV, ' which largely eliminates charge
transfer to or from the clusters in the ground state. In
the language of catalysis the Si02 substrate is classified
as exhibiting no, or only a very weak, metal-support in-

teraction. '

Pt cluster ions are produced by rare-gas (Xe+) ion

sputtering of a Pt target. ' ' As described else-
where, ' ' the cluster ions are energy and mass selected
with a quadrupole mass filter and then deposited at room
temperature onto a silicon wafer. The Pt cluster energy
is 10~ 5 eV. In order to limit the nucleation of the de-
posited clusters on the Si wafer surface, the cluster cov-

erage is kept below 1 X 10' cm as determined by mea-
surement of the total charge deposited.

After deposition the samples are transported in a small

UHV vacuum system (10 Torr) to the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory and inserted into the UHV photoemission
setup (10 ' Torr) at the Ul beam line. ' The electrons
are analyzed by a commercial hemispherical electron-
energy analyzer (Microscience HA 100). The Si 2p core
levels of the substrate, taken simultaneously with the Pt
4f core levels, serve as an internal standard for the pho-
ton energy, and to verify that no charging or band bend-

ing occurs.
The Pt 4f core-level photoemission spectra for clusters

containing from one to six Pt atoms are shown in Fig. 1.
Clearly the binding energy of the Pt 4f levels, measured
relative to the Fermi level, changes with cluster size.
The binding energy of the Pt 4f7~2 line for the deposited
atom is about 2 eV larger than bulk Pt metal (71.2 eV).
The solid curves are the result of a curve fit, where after
subtraction of a linear background function, each 4f line
is approximated by a Lorentzian folded into a Gaussian
of 0.6 eV FWHM, which represents the combined reso-
lution function of the monochrometer and electron spec-
trometer. The binding energies and the Lorentzian
widths (FWHM) of the 4f7g2 levels are plotted in Fig.
2(a) for Pt~ through Pts. The 4f binding energies of the
deposited atom (and clusters) reported here are sig-
nificantly larger than any previous value for the lowest-
coverage deposits produced by evaporation, '3 sup-

porting the assumption that the atoms and clusters
remain well dispersed, and the fact that each sample ex-
hibits a different width and shift is evidence that (a)
most clusters remain intact upon deposition, and (b) do
not aggregate after deposition.

This raises the question as to the oxidation state of the
Pt clusters, i.e., whether part of the observed binding en-

ergy shift is due to a chemisorption-induced shift. From
a surface-science point of view the deposition and trans-
port conditions are not ideal. Nevertheless, we feel that
we can argue against contamination of the clusters, ex-
cept possibly by hydrogen, for the following reasons:

(1) The chemical shifts for various Pt oxides and hy-
droxides are well known, ' typically being about 3 eV
for the stoichiometric compounds, significantly larger
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FIG. 1. Pt 4f core-level photoemission for monosize clusters

deposited onto an oxidized Si(100) wafer. The spectra were

taken at a photon energy of 280 eV with an overall resolution

of 0.6 eV. The cluster size is indicated next to each curve and

the binding energy is referenced to the substrate Fermi level.

The binding energy of the 4f7&2 level of bulk Pt metal is 71.2
eV.

6 7

Pt Atoms per Cluster

FIG. 2. (a) Energy position and width (FWHM) of the Pt

4f7/p peaks of the deposited clusters as a function of cluster

size. For comparison the binding energy of bulk Pt is 71.2 eV

and the width less than 0.5 eV. (b) Top of the cluster valence

band measured relative to the substrate Fermi level (5.1 eV) as

a function of cluster size. To obtain the electron binding energy

of the clusters the magnitude of the numbers should be in-

creased by 5. 1 eV. See text for discussion of the two values

shown for Pt3.

than the maximum shift measured here (2 eV for Pt
atom). Moreover the 4f lines of a cluster, for example,

Pt5, might be expected to exhibit a multiple-peak sub-

structure or significant broadening since it is not likely

that only the stoichiometric compound will be formed in

all cases.
(2) X-ray photoemission spectroscopy (XPS) studies

of commercial Pt catalysts, which consist of large
(& 100 atoms) Pt particles highly dispersed on a sup-

port, exhibit an oxide core-level shift of about 2 eV

which disappears upon H reduction of the catalyst.
Our largest cluster contains only six atoms and exhibits a
core-level shift of only 1.3 eV, indicating that it is not

oxidized.
(3) No features are observed in the valence-band spec-

tra discussed below suggesting the presence of molecular
adsorbates such as CO.

The values for the 4f binding energies of Pt~ through

Pt6 clusters decrease with increasing cluster size, in con-

trast to earlier results where a constant energy was re-
ported for the lower coverages of deposited metal, ' ' '
but consistent with observations on larger gold clusters
deposited on carbon. Such shifts might possibly be ex-
plained by purely a change in the final-state relaxation,
but based on photoemission results alone, we cannot
unambiguously differentiate between initial- and final-
state effects. The observation that the core-level shift
differs from the valence-band energy shift for most clus-
ters (see Fig. 2) rules against core-level shifts being
caused by a change in "reference level" or work function
of the clusters, as was previously suggested for Pt parti-
cles embedded in Si02. Finally, as expected, we note
that the spin-orbit splitting of the 4f levels for all the
clusters remains near 3.35 eV as in bulk Pt metal.

Note that except for Pt3, which will be discussed
below, both the core binding energies and the linewidths
decrease with increasing cluster size in agreement with
earlier results. ' We attribute this fairly large ob-
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served linewidth to phonon broadening in addition to
broadening induced by inhomogeneities in the sample.
As the cluster size increases, the phonon coupling to the
Si-oxide layer becomes weaker and the linewidth ap-
proaches the value of bulk Pt. In addition, the 4f core
levels do not exhibit the characteristic asymmetry ob-
served for bulk metals, indicating that the clusters are
not yet metallic. The nonmetallic character is also
confirmed by the valence-band results discussed below.

On the Si02 substrates the cluster valence electron
states show up in an energy range where substrate emis-
sion is nearly absent. Figure 3 shows the valence-band
photoemission spectra of the various cluster samples tak-
en at 40 eV. The solid curves result from cluster samples
deposited on the Si wafer, whereas the dashed curves are
results from a piece of the same Si wafer without any
clusters. For the samples containing clusters additional
emission is observed at binding energies less than the top
of the Si-oxide valence-band emission, which is 4.9 eV
below the Fermi level. ' This "new" emission is entirely
due to the photoemission from the valence states of the
deposited clusters as is more clearly seen in the dif-
ference curves shown on the right-hand side of Fig. 3.

Since the interpretation of difference curves becomes
uncertain in a region where there is a strong emission
from the Si wafer, we discuss only states with a binding
energy less than 5 eV below E~. The top region of the
density of states does not exhibit the characteristic
modified step function of the metallic Fermi level (within

our overall resolution we expect a Fermi-level width of
about 0.3 eV), nor is it close in energy to the Fermi-level
position. Whereas hole localization might account for a
shift in energy, ' the missing step-function change is
rather conclusive evidence of the nonmetallic character
of these small clusters. Therefore we determine the loca-
tion of the highest filled cluster valence states by linear
extrapolation as conventionally done for semiconductors.
These values are plotted in Fig. 2(b) and show a strongly
size-dependent IP as observed previously in studies of
gas-phase transition-metal clusters. In the determina-
tion of IP's we had to take into account that the Pt 6s-
derived states located at the top of the valence band be-
come clearly discernible only at higher photon energy
(e.g., 120 eV) due to relative changes in the cross sec-
tion.

The Pt atom has an IP of 8.98 eV and a ground-state
valence electronic configuration of Sd 6s, where the 51 '

configuration is about 0.75 eV higher in energy. The
extrapolated valence-band edge of the deposited atom is
located at 2.25 eV below the Fermi level of the substrate.
Adding the work function of the substrate [5.1 eV (Ref.
13)] to this value, the IP of the deposited atom is 7.35
eV. Similarly the IP of the deposited dimer is 6.9 eV
compared to 8.68 eV for the gas-phase dimer, Thus we

conclude that the substrate contributes about 1.6-1.8 eV
of extra atomic screening energy. Substrate screening
also lowers the core-level energies by a similar amount.
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Previous estimates of the screening contribution to the
core-level energies were 1 eV (Ref. 7) to 1.2 eV (Ref. 1).

The Pt3 valence-electron-emission spectrum shows an
onset at 1.6 eV followed by a second rise at 2.7 eV below
Ez. These features do not exhibit any relative cross-
section variation with photon energy. Thus we propose
that two Pt3 isomeric configurations are present, possibly
one triangular and one linear, or two diA'erent bent struc-
tures. This assignment is also supported by the unusual-
ly large width observed for the 4f levels of Pt3 (see Fig.

FIG. 3. Valence-band spectra of the deposited clusters tak-
en at a photon energy of 40 eV and overall resolution of 0.25
eV. The dashed curves show the emission of the same kind of
substrate, taken under similar conditions. The diA'erence

curves are shown on the right-hand side.



VOLUME 64, NUMBER 7 PHYSICAL REVIEW LETTERS 12 FEBRUARY 1990

2), where superposition of both sets of core levels would,
if unresolved, result in an apparent broadening of the
lines. In addition, we note that the J-averaged d s and
d s' atomic configurations differ little in energy. This
suggests that the linear and triangular structures may be
nearly isoenergetic, similar to theoretical predictions for
the nickel trimer.

In summary, photoemission studies of Pt~ through Pt6
deposited on Si02 exhibit individual, discrete electronic-
structure features characterized by unique valence-band
energies and Pt 4f core-level binding energies and
widths. This confirms that we are able to prepare sup-
ported metal cluster systems with individually selected
cluster sizes. Since each size cluster may exhibit unique
materials and chemical properties, we now plan to
characterize such species by probing not only their elec-
tronic and structural properties, but also their chemical
activity as a function of cluster size and support materi-
al.

The photoemission measurements were carried out at
the U1 beam line at NSLS, Brookhaven National Labo-
ratory. The NSLS is supported by the U.S. DOE, Office
of Basic Energy Sciences.
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