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Electronic Structure of Catalytic Metal Clusters Studied by X-Ray Photoemission Spectroscopy
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Pd and Pt clusters on carbon substrates have been studied by x-ray photoemission spec-
troscopy (XPS). Variations in valence- and core-level spectra with cluster size have
been observed. Single-atom centers appear to exist in the dss configuration. The d-
electron count increases with cluster size, and in the case of Pt a correlation between
d-orbital occupation and catalytic activity in electroless nickel deposition is observed.

We have chosen I-ray photoemission spectros-
copy (XPS) to study the electronic structure of
Pd and Pt nuclei supported on amorphous carbon
substrates. The nuclei are prepared by vapor
deposition onto the previously evaporated carbon
films. Details of sample preparation and varia-
tion in cluster-size distribution with metal cov-
erage have been previously reported. ' The spec-
tra were recorded on a Hewlett-Packard 5950A
ESCA (electron spectroscopy for chemical anal-
ysis) spectrometer. Binding energies were ref
erenced to the carbon Is line of the substrate,
which was assigned a value of 284.6 eV. This
value was consistent with a zero binding energy
for the Pd and Pt Fermi edges at high coverage.
The valence-band (VB) spectra were corrected
by subtraction of the carbon background and in-
elastic-scattering tail. ' The corrected VB spec-
tra of Pd and Pt nuclei are shown in Figs. I and
2. These spectra cover the range from isolated
single atoms to bulklike clusters. ' The evolution
of the bulk spectra occurs in a continuous man-
ner as the coverage is increased and is virtually
complete above - 3&& 10" atoms/cm'. In addition
to the VB spectra, we have also measured M
(4d) core binding energies for Pd (Pt).

Spectra at the lowest coverages will be dis-
cussed first since these originate almost com-
pletely from single-atom centers. ' The ground-
state free-atom configurations for Pd and Pt are
4d' and 5d'6s', respectively. ' However, in both
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FIG. 1. The XPS spectra of Pd nuclei after back-
ground subtraction. The coverages in atoms cm 2 are
(a) 2x10 4; (b) 4x10 4; (c) Sx10; (d) 1.6x 10 ~; (e) 3.1
x10; (f) 6.2x10; (g) 2x 10; and {h) bulk metal.
The histogram in (g) represents the spectral profile
for ionization of Pd in the dos configuration. The cal-
culated S state is dashed (see text).
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FIG. 2. The XPS spectra of Pt nuclei after back-
ground subraction. The coverages in atoms cm are
(a) 8.8X10'4; (b) 7.5x10; (c) 1.5x10"; (d) gx10'~;
(e) 6x 10 5; (f) 1.2x 10; (g) S.Sx 10~4;. and (h) bulk Pt
metal. The histogram in (g) represents the spectral
profile for ionization of Pt in the dos~ configuration.
The calculated 2S state is dashed (see text).
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Pd and Pt the d' and d's' configurations are near-
ly degenerate, ' and one cannot assume the free-
atom configuration in the adsorbed state. In fact,
Plummer and Hhodin4 have shown that both Pd
and Pt exist as d's' atoms when adsorbed on the
low-index faces of tungsten. We have come to a
similar conclusion for adsorption on the carbon
substrate used in this study.

Ionization of a d' initial state would yield 'D»,
and 'D,&, final states separated by only 0.4 eV for
Pd and 1.0 eV for Pt. By comparison, the exper-
imental spectra have linewidths FWHM (full width
at half-maximum) of 3.5 and 4.7 eV and show
structure which is inconsistent with such closely
spaced doublets. ' Ionization of a d-electron from
a d's' configuration gives seven multiplets in the
L-S coupling scheme with a total of sixteen com-
ponents. Prediction of the resulting XPS spectra
is complicated by the lack of optical data on the
S state of the d s' configurations. However, the

position of this state can be estimated from the
energies of measured states by elementary mul-
tiplet theory. The intensity for ionization into a
given component can be calculated using well-de-

FIG. 3. Variation of valence-band width (FWHM),
threshold (low binding energy VB edge), core-level
binding energy, and valence-band centroid (e&) with cov-
erage. Bulk values are indicated by arrows.

veloped theory for open-shell systems. ' In pro-
ducing the histograms shown in Figs. 1(g) and

2(g), a 'D ground state is assumed in which the
sublevels are occupied according to their total
(2J+1) degeneracies. Intensity from the s elec-
tron is neglected because of low ionization cross
section, Zero energy is arbitrarily set, and line
broadening is approximated by summing the com-
ponent intensities within each 1.5-eV interval.
Since actual line shapes are unknown and line-
widths are expected to increase with binding en-
ergy and substrate density of states, ' these his-
tograms are only rough approximations of the
actual spectra. The qualitative agreement in
band shape and width is considered strong evi-
dence for the d's' initial state, especially since
a d' initial state would yield only the single in-
tense bar at about 4 eV in Figs. 1(g) and 2(g).

The effects of cluster size on electronic struc-
ture are manifested by the variations in the VB
and core spectra shown graphically in Fig. 3.
Changes in linewidths (FWHM) and threshold en-
ergy originate from three sources: (i) The spin-
orbit interaction may increase slightly because
of the renormalization of the d-electron wave
functions in going from the free atom to the sol-
id. (ii) The crystal field will split the atomic d
levels into a doublet with spacing on the order of
1.5 eV for Pd' and 2.5 eV for Pt. '0 (iii) Mixing
of the atomic levels throughout the Brillouin zone

289



VOLUME 39, NUMBER 5 PHYSICAL REVIEW LETTERS I AUGUST 1977

will cause them to broaden into bands with over-
all widths of about 5 to 6 eV.'" These latter two
factors are almost totally responsible for the in-
creasing line width with particle size and account
for a large fraction of the change in threshold en-
ergy

The large variations in core-level binding en-
ergies and valence-band centroid, &~ (Fig. 3),
are unexpected in view of the relatively small
shifts observed in previous studies of silver clus-
ters, " Atom-to-metal binding-energy shifts
have recently been examined in detail by Watson
and Perlman. " Their treatment shows that chang-
es in electronic configuration can result in sig-
nificant binding-energy shifts. In Pt and Pd the
supported atoms have d's' configurations while
the bulk metals have approximately 9.6 electrons
per atom in the d band. "" Binding-energy
shifts expected from such increased d-orbital
occupation qualitatively account for the core lev-
el and e„changes in Fig. 3. One can estimate
the changes in e~ with orbital occupation by inter-
polation between the measured ionization poten-
tials of known atomic configurations. ' For com-
parison with the experimental e~, these values
must be averaged over all possible final states
resulting from a given initial configuration. '
Again, the absence of experimental data on the
d's "S state causes uncertainty in this compari-
son. In Table I we show the predicted shifts with

and without inclusion of the calculated '8 energy.
Considering the approximations involved, the
agreement is reasonably good. These shifts also
help substantiate the d's' assignment for the sup-
ported atoms, since a d' configuration would re-
quire shifts in the opposite direction. Further
evidence of increased d-electron density in larg-
er clusters is seen by an enhanced intensity at

the top of the VB as metal coverage increases
(Fig. 4). These coverages encompass the region
where spectra become characteristic of the bulk
metal.

The origin of these configuration changes in go-
ing from atom to metal can be illustrated by the
renormalized-atom approach to band structure. "
In this model, charge neutrality within the Wig-
ner-Seitz (WS) unit cell is achieved by truncating
the atomic wave functions at the radius of the cell
and renormalizing to the WS sphere. The more
charge residing outside the WS sphere, the great-
er the energy required to compress it. In the
case of transition metals, the (n+ l)s orbitals
are much more diffuse than the nd orbitals, and
consequently greater energy would be required
to form a solid with higher s-electron occupation.
As a result, transition metals generally have
lower s-orbital occupation in the metal than in
the free atom.

Changes in s- and d-orbital occupations of the
type observed in this work may be of consider-
able importance in understanding "demanding"
reactions; that is, catalytic reactions which show
increased (specific) rates with decreasing cover-
age." One such reaction involving the electro-
less deposition of nickel from solution has been
studied in these laboratories. This reaction pro-
ceeds spontaneously in the presence of small Pt
clusters, '""whereas at higher Pt coverages,
the reaction completely quenches. The transition
region for catalytic activity coincides with that
for increased d-electron occupation shown in Fig.
4. The same reaction with Pd clusters appears
to be "nondemanding"" and the continued activity

'SABLE I. Comparison of observed core- and valence-
level shifts with values estimated by interpolation of
gas-phase data. Configuration change is assumed to be
4d 5s d ' s ' (H,ef. 15).

OI6

(OI5 ~ .

Calculated shift (eV) 2.24 2.70 1 51 2.08
Core-level shift (eV) 2.1 1.6
Valence e„shift (eV) 1.6 1,1

~The ground-state energy was taken as the average
energy of the 3B state. H,ef. 8.

The calculated S state has not been included. See
text.

The calculated S state has been included.

Binding energy (ev)

FIG. 4. High-resolution spectra of Pt threshold re-
gion at Bx10 and 1.2&&40 atoms cm
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of larger clusters is not well understood, This
behavior may be associated with the higher den-
sity of states and lower d-band hybridization at
the Fermi level" resulting in a higher d-hole den-
sity near the occupied portion of the band.

%e thank J. F. Hamilton for preparing the sam-
ples and for many helpful discussions.
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We have observed sharp structure in the I-V characteristics of A,I-AlQ„-Pb3i tunnel
junctions induced by tunnel injection of excess quasiparticles into the Al film. Interpre-
tation of this structure provides information on the form of the Steady-state quasiparti-
cle energy distribution, showing that it is highly nonthermal. The data also demonstrate
the presence of a branch imbalance in the injected Al film.

Nonequilibrium phenomena in suyerconductors
have attracted considerable attention, ' both be-
cause of theix intrinsic interest and because the
behavior of superconducting devices such as Jo-
sephson weak links is often substantially nonequi-
librium in nature. An important feature of the
problem is the form of the nonequilibrium quasi-
particle and phonon energy distributions, f (E)
and n(A), respectively. Experiments on phonon
generation and detection using superconducting

tunnel junctions and phonon fluorescence in su-
perconductors have provided evidence that the
phonon distribution can be highly nonthermal. '"'
Until very recently, however, the most common-
ly used models of the nonequilibrium state in su-
perconductors have incorporated modified ther-
mal, distributions. '&' The experimental evidence
has so far been insufficient to distinguish among
or against these models, or, for that matter, to
rule out "simple heating" to the satisfaction of
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