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Mass-selected Pt„and Pd„(n = 1-15) clusters, generated by ion bombardment, are deposited at room
temperature in submonolayer quantities on an Ag(110) single-crystal surface and characterized by elec-
tron spectroscopy (x-ray-photoemission spectroscopy and ultraviolet photoemission spectroscopy). The
monodispersed clusters indicate individual discrete electronic structure features of the Pt Sd and Pd 4d
emission. For the monomers virtual bound-state formation as in dilute (3%) PtAg and PdAg alloys is
observed. With increasing cluster size, first, the increasing splitting between the bondinglike and anti-
bondinglike d states reflects the increase in cohesive energy due to molecular interaction and second, the
shift of the center of gravity of the d emission towards the Fermi energy indicates the trend to metal for-
mation. The Pt 4f and Pd 3d core levels show practically no shift with increasing cluster size indicating
a two-dimensional cluster structure. Total-energy calculations, performed within this study using the
embedded-atom method, suggest a chain structure for small Pt„(n =1-7) and Pd„(n = 1-17)clusters on
the Ag(110) surface, lying along the [T10]direction.

I. INTRODUCTION

When atoms are brought together to form a solid, their
outer wave functions overlap and the energy levels of the
individual atoms broaden, becoming the energy bands of
condensed matter. The observation of the evolution of
this process from the single atom to the bulk as a func-
tion of the number of atoms involved would in principle
give insight into the size dependence of many properties
of condensed matter, for example the onset of metallic
behavior, ' or the raising of the melting temperature with
cluster size. If the clusters are supported on a substrate,
their electronic and structural properties are expected to
change by interaction with the substrate. Systematic
studies of these changes as a function of cluster size may
lead to a detailed understanding of, e.g., crystal growth
or catalytic activity. This is important from both funda-
mental and technological points of view. With increasing
miniaturization in microelectronics and optoelectronics,
the physical properties of nanoscale structures determine
the behavior of the devices. For example, the answer to
the question of how many atoms of a metallic element are
needed to obtain a cluster with metallic properties will be
of primordial importance for the ultimate size of electri-
cal contacts between nanostructures.

Up to now, most of experimental studies of the elec-
tronic structure of supported small particles were carried
out on evaporated or sputtered materials when only some
average particle size distribution could be achieved.
Only recent1y, photoemission data have been obtained
from supported monosize mass-selected clusters. " In

general, with decreasing particle size, shifts of core levels
and valence bands as well as a narrowing of the valence
bands are observed. In order to explain these findings,
different models have been invoked, involving electronic
structure changes in the ground state, or in the photo-
emission final state. For example, Wertheim concludes
from available data that core-level shifts observed in sup-
ported metal clusters arise largely from the charge left on
the cluster by electron emission. This point of view has
been critized by Mason, ' who favors initial-state
changes being responsible for the shifts. On the other
hand, Cini et al. estimate initial-state energy shifts and
cluster charging to play a minor role for the system
Pd/C. They interprete the observed dependence of the
spectra in terms of a mixing between substrate and clus-
ter orbitals, where the coupling is proportional to the in-
verse cluster radius. However, recent experimental re-
sults on the same system (PdlC) seem to confirm the clus-
ter charge model of Wertheim. One of the main reasons
for this unclear situation has been mentioned by
Mason. ' "One of the problems with virtually all of the
experimental work published is that there has been no
real determination of the cluster sizes involved. "

The geometric structure assumed by clusters on crystal
planes rejects fundamental aspects of adatom-adatom
and adatom-substrate interactions, e.g., it contains infor-
mation about the initial stages of growth modes in epi-
taxy. For instance, the structure of Pt adatom clusters on
Pt(100) is observed to oscillate between chain- and
is1and-type configurations as the number of adatoms is in-
creased from three to six. ' Embedded-atom-method cal-
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culations (EAM) are found to predict these results and
show that lattice relaxations are a critical factor in cover-
ing this unusual series of structural transformations. '

In order to observe the detailed evolution of the elec-
tronic structure as a function of cluster size without the
disturbing charge effect, we have chosen metal-on-metal
systems. In the present study small mass-selected
(1 ~ n ~ 15) transition-metal clusters (Pt, Pd) are deposit-
ed on a single-crystal Ag(110) substrate. These systems
are of specific interest for the above-mentioned structural
as well as electronic structure aspects. They represent di-
lute surface alloys with virtual bound-state forma-

16—19tion, giving insight into the microscopic adsorbate-
substrate bonding mechanism.

The paper is organized as follows. In Sec. II experi-
mental details of the cluster production and characteriza-
tion by electron spectroscopic techniques is discussed. In
Sec. III A the outer level photoemission spectra for sup-
ported monomers of Pt and Pd are shown and discussed,
together with related dilute PtAg and PdAg alloys,
within the single-impurity model of Anderson. Section
IIIB presents the evolution of the electronic structure
with cluster size for supported Pt and Pd clusters as ob-
served in the outer level photoemission spectra. In Sec.
IIIC structural information contained in the core-level
binding-energy shifts of the adsorbed clusters is extracted
and compared to predictions based on embedded-atom-
method calculations, performed within this study. Final-

ly, in Sec. IV, the results of this study are summarized,
the open questions are addressed, and the directions of
future work are indicated.

II. EXPERIMENTAL DETAILS

The experimental setup is shown in Fig. 1 and de-

scribed in detail elsewhere. "' Ionized clusters are pro-
duced by Xe-ion bombardment of Pt and Pd targets,
mass selected by a quadrupole mass spectrometer and de-

posited at low kinetic energy (8+6 eV). The substrate,
held at room temperature, is in the center of an UHV
analysis chamber (2X 10 ' mbar) allowing in situ char-
acterization of the substrate and the supported clusters

by low-energy electron diffraction (LEED) and photo-

emission [ultraviolet-photoemission spectroscopy (UPS)
and x-ray photoemission spectroscopy (XPS)]. Coverages
corresponding to O. 1 monolayer (ML) as determined by
cluster beam current and deposition time have been
prepared. Subsequently, photoemission measurements
were carried out in a custom built VSW CLASS 150 elec-
tron spectrometer equipped with a Mg Ee x-ray source
and a high-intensity microwave gas-discharge lamp
(GAMMADATA) producing photons of 21.2 eV (He I)
and 40.8 eV (He II) energy. The vacuum ultraviolet (vuv)
radiation is monochromatized by a homebuilt monochro-
mator yielding satellite free photoelectron spectra. The
instrumental resolution for XPS and UPS techniques was
about 1.0 and 0.1 eV, respectively. The single-crystal
Ag(110) surface was prepared by argon-ion bombardment
and annealing. Within the detection limit of x-ray and
ultraviolet photoemission the surface was found to be free
of contaminants. Sharp low-energy electron-diffraction
(LEED) spots indicated a well-ordered surface prior to
adsorption. The deposition rates deduced from the clus-
ter beam parameters correspond well to those obtained
from Pt/Ag core-level intensity ratios As. suming sta-
tistically uncorrelated deposition on the Ag lattice and
neglecting diffusion, ' we calculate that at coverages of
0.02, 0.05, and O. l ML, respectively, 80%, 60%, and
32% of the incoming monomers have survived as single
atoms (and not as dimers, trimers, etc.) after deposition,
in agreement with recent estimates. Taking into ac-
count the geometry of the Ag(110) surface, where the
troughs are oriented along the [110]direction, we can re-
strict the above consideration to a maximal two neigh-
bors within the [110]channels. Then after deposition of
0.05 and 0.1 ML, 87%%uo and 74%, respectively, of the in-

coming atoms survive as monorners. With increasing
cluster size the same ( -0.1 ML) total surface-atom con-
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centration is maintained, so that any changes in the pho-
toemission spectra are due to cluster-size effects and not
to a changing surface-atom concentration.

The mass spectra of positively charged clusters from
Pt,+ to PtI8, and of Pd,+ to Pd34 measured at relatively
high resolution, are shown in Fig. 2. The increase of the
peak width in the Pt spectrum reflects the isotope
configuration of natural platinum. At higher transmission
the measured intensities can reach 80 nA. These experi-
mental facts clearly show the ability to obtain sufficient
cluster beam currents to perform the deposition of mass-
selected clusters in the range of small particle sizes. Typ-
ical deposition data for Pt clusters are given elsewhere.

III. RESULTS AND DISCUSSION
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A. Supported monomers: Electronic structure
Pt, /Ag(110) and Pdi/Ag(110)

versus dilute PtAg and PdAg alloys

Figure 3 displays the outer level photoelectron spectra,
excited with He I radiation and measured at normal emis-
sion, of (a} the clean Ag(110} surface, (b) at 0.1-ML Pt
coverage, and (c) at 0.1-ML Pd coverage. The spectrum
of clean Ag(110) is in excellent agreement with the litera-
ture. We note that, owing to the present experimental

setup, no additional intensity due to a HeI satellite is
present in the flat Ag sp part of the spectrum. The spec-
trum in Fig. 3(b) shows two small peaks at 1.6- and 2.6-
eV binding energy (amplified by a factor of 10 in the in-
set) which are due to Pt Sd emission from the adsorbed
dilute Pt atoms. The identification of the two structures
is rather straightforward when compared with photo-
emission results on dilute PtAg alloys. They are at-
tributed to emission from atomiclike Pt Sd5/23/2 states
with an experimentally derived spin-orbit splitting of
1.0+0.05 eV, in excellent agreement with the gas phase
value for the Pt Sd configuration. This interpretation
suggests that the Pt-substrate interaction changes the
atomic Sd 6s' configuration to Sd' "s"(0(x(1). For
Pd monomers a similar behavior is observed [Fig. 3(c)],
where now the spin-orbit splitting of the Pd 4d states
amounts to 0.35+0.05 eV, again in excellent agreement
with the gas-phase value for the Pd 4d configuration. 2s

The striking observation in the Pt data is that the Pt
Sd&/z component appears to have a linewidth twice as
large as the Pt Sd3/2 component. Calculations performed
within the Anderson single-impurity model clearly sug-
gest that this effect is mainly caused by an energy-
dependent coupling between the Pt Sd state and the Ag
conduction-band state. The hybridization broadens the
sharp atomic level into a resonance state (virtual bound
state} and induces a ground-state occupation for the Pt
Sd shell of n&=9.88. Considering the Pt Sd' 6s"
configuration discussed above, this result fixes quantita-
tively I=0.12 as a consequence of the adsorbate-
substrate interaction.

Similar calculations were performed for the spectra of
Pd&/Ag(110) and dilute alloys PtAg and PdAg. In the
former case, the simulation is satisfactory using the same
hybridization function as for Pt&/Ag(110). For the al-
loys, however, the strength of the hybridization had to be
increased by factors of 2.6 and 1.8, respectively, in order
to achieve agreement with experiment. Starting from the
natural hypothesis that the hybridization should be pro-
portional to the overlap of the outer wave functions, to a
first approximation it should be proportional to the num-
ber of nearest Ag atoms. At the surface an impurity has
five neighbors, in the dilute alloys (fcc) there are 12, i.e.,
the hybridization should increase by a factor of 2.4 in the
alloy. These differences between Pt and Pd alloys point
to the fact that the detailed overlap of the wave functions
has to be considered in addition to the simple coordina-
tion number argument.

With increasing hybridization the d occupation nz de-
creases so that in going from the adsorbed Pt (Pd) impur-
ity to the dilute alloy impurity we obtain a change in n&

from 9.88 (9.89) to 9.74 (9.80). This trend is in agreement
with theoretical expectations where Pt (Pd) metal has a d
occupation of 9.06 (9.41) electrons. '
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FIG. 3. Outer-level photoemission spectra of (a) clean, (b)
Pt-covered (0.1 ML), and (c) Pd-covered (0.1 ML) Ag(110) sur-
faces taken at 21.2-eV photon energy.

B. Supported clusters: Electronic properties of
Pt„/Ag(110) aud Pd„/Ag(110) outer level spectra

Figures 4 and 5 display the transition-metal d contribu-
tion from small clusters of Pt and Pd to the excitation
spectra in an energy range between the Fermi energy and
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3.6-eV binding energy for the cluster sizes indicated.
These di6'erence spectra are obtained by subtracting the
pure Ag(110) spectrum, normalized at the top of the sp
band just below the Fermi level, from the total spectra.
For Pt clusters the following general trend is observed:
the two prominent structures observed in the atomic lim-
it broaden and shift in energy in opposite directions.
This observation seems to favor an interpretation of the
size-dependent evolution of the electronic structure in
terms of bondinglike and antibondinglike d states,
refiecting the increase in cohesive energy due to molecu-
lar interaction. Moreover there is a continuous weight
transfer toward the lower binding-energy component
leading to a shift of the center of gravity of Pt 5d emis-
sion toward the Fermi energy with increasing cluster size.
The same trend but less pronounced is found for the Pd
clusters. %e note that these observations confirm earlier
results on non-size-selected Pd and Pt clusters obtained
by evaporation on Xe filrns condensed on metallic sam-

1 s6, 32

In Fig. 6(a) we have plotted this shift of the center of
gravity of the d emission as a function of cluster size.
For Pt cluster sizes larger than 5 a slight discontinuity of
the general trend is observed. This is due to the fact that
the higher-lying Sd binding-energy component starts to
overlap with the Ag 4d emission and, therefore, the Pt 5d
contribution is underestimated in this energy range. Fig-
ure 6(b) displays the cluster-size-dependent widths of the
total d emission, which should reAect the Pt-Pt and Pd-
Pd interaction. In view of the position of density of
states of pure Pt and Pd metal with respect to EF, the
shift of the center of gravity of the d states toward the
Fermi level and their concomittant broadening clearly in-
dicate the trend to transition-metal formation already at
such small cluster sizes.
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C. Supported clusters: Structural properties

1. Core-level analysis: Binding energies and linewidths
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Structural information of the supported clusters is con-
tained in the core-level binding energies. It is known that
core-level binding energies undergo characteristic
changes at surfaces due to the reduced coordination as
compared to the bulk. The analysis of this so-called
surface core-level shift (SCS) has been useful, e.g., for
structural analysis on single crystal surfaces. For Ir and
Au different orientations of the surfaces could be discrim-
inated, and surface reconstruction could be dis-
cerned. ' Even on amorphous surfaces of cold con-
densed Yb films an identification of multiple surface
shifts in terms of different coordination numbers of sur-
face atoms was possible. In order to extract structural
information from our Pt and Pd core-level data as a func-
tion of cluster size, the Pt 4f7/2 and Pd 3ds&2 core levels
have been analyzed by a least-squares-fit procedure.
The data were best fitted by a set of Doniach-Sunjic line
shapes convoluted with a Gaussian of 1.0 eV full width
at half maximum (FWHM) representing the overall reso-
lution of the experiment (x-ray linewidth and spectrome-
ter resolution). The observed asymmetry (a is between
0.05 and 0.1) points to metallic screening of the Pt and
Pd core holes by Ag conduction electrons. Figure 7

shows the result of this analysis for the Pt 4f~&2 s&2 and
Pd 3d5&z core levels of the monomers.

Figure 8 shows the evolution of the Pt and Pd
linewidths with cluster size. The values for the pure met-
als are also indicated. For Pt clusters we note that with
increasing cluster size the linewidth increases and then
levels off for clusters containing more than six atoms.
The observation is in contrast to earlier results of small
Pt clusters on Si02 substrates. ' Moreover the linewidth
in the present case of a single-crystal substrate is much
smaller (less than 0.5 eV), than for the Pt/SiOz system
(between 1.4 and 1.8 eV) and for the Pt/Ag film system
(1.3 eV) at 110 K substrate temperature. ' These obser-
vations seem to indicate that most of the linewidth con-
tributions for rough surfaces, in addition to phonon
broadening, are due to inequivalent lattice sites of the
cluster adatoms on the support. On the other hand, the
increasing linewidth for the Pt clusters is probably due to
the increasing number of Pt neighbors. For Pd clusters
this effect is practically absent. A possible reason for this
behavior wi11 be given below.

Figure 9 displays the evolution of the measured core-
level binding energies with cluster size. For comparison
the corresponding bulk value for the respective core level
as well as for the dilute alloys are also indicated. For Pt,
in contrast to metal-on-graphite and metal-on-
insulator/semiconductor systems, the core-level binding
energy is found to be at lower binding energy than the
bulk value. In principle, in order to evaluate core-level
binding-energy shifts, the energy between the core-level
binding energy of Pt or Pd in bulk Ag has to be com-
pared with the corresponding values at the surface. '

In the present case, as shown in Fig. 9, these values are
identical within the error bars. It is gratifying to note
that the measured and calculated core-level binding ener-

gy shifts in dilute alloys of PtCu and PtAu, electronically
similar to the present system, show also a negative shift
with respect to the binding energy of the core level of
pure Pt. On the other hand, the core-level binding en-
ergies found for the dilute PdAg system and for
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Pd&/Ag(110) show a slight trend to positive binding-
energy shift, which is at most 0.1 eV, whereas in an ear-
lier study of this alloy system (formed by coevaporation)
values of 0.5 eV have been determined. With increas-
ing cluster size the bulk value is reached very quickly.

These shifts should be calculable from a first-principles
calculation. However, we can draw some conclusions
from the measured core-level binding-energy positions.
Measured surface shifts for Pt(100) (4f7&2=70.7 eV),
Pt(111) (4f7&2 =70.5 eV), and Pd(110) (3d5&z) (Ref. 46)
are —0.4 eV. As shown for Pt in Fig. 9(a) the core-level
binding energy approaches gradually the surface value
with increasing cluster size. If the clusters would form
three-dimensional (3D) islands we should also expect typ-
ical bulk core-level binding energies around 71 eV. The
different behavior of Pt and Pd core-level linewidths and
binding energies as manifested in Figs. 8 and 9 might be
due to the presence of hydrogen originating from the
cluster source, reducing strongly the intensity of the Pd
surface peak.

From the behavior of the Pt 4f and Pd 3d binding en-
ergy with cluster size (within the experimental resolution
of our experiment), it is suggested that these small clus-
ters form chains and/or two-dimensional islands, in
agreement with recent findings for Pb/Ag. Moreover,
field ion microscopy experiments of related metal-on-
metal systems (Pt/Pt, Pd/Pt) together with embedded-
atom calculations' ' support this view of one- and two-
dimensional adcluster structures. In order to obtain a
consistent picture within our adsorbate-substrate system
Pt/Ag(110) and Pd/Ag(110), we performed embedded-
atom-method calculations within the present study, as de-
scribed in more detail below.

Embedded-atom-method (EAM) calculations
represent a powerful atomistic tool to determine the ener-
getics and dynamics of transition-metal systems, as
proved by a large number of results for bulk and surface
properties consistent with experimental findings.
Recent convincing examples of application of the EAM
scheme to the determination of the most stable structures
in the case of Pt and Pd clusters on the Pt(001) sur-
face' ' motivate the use of such an approach to obtain
relevant information on structural features for Pt and Pd
clusters on Ag(110). Our main concern here is to predict
the most stable structures of the adsorbed clusters
through the computation of their binding energy, thereby
providing a self-contained microscopic-scale picture of
the way they are adsorbed on the surface. Furthermore,
the comparison with structural information extracted
from photoemission data is extremely useful to judge on
the reliability of the EAM method to describe physical
situations not included in the construction of the poten-
tials, which are typically fitted to bulk data only.

The interatomic potentials developed by Foiles,
Baskes, and Daw are based on an expression of the total
energy of the system as the energy required to embed a
given atom into the electron density provided by the
remaining atoms plus a core-core repulsion potential
which has the form of a pair potential. The potential en-

ergy is written

Ep„= g F, (p, )+ g g 4(r,) )

=gF; gp, (r; )+g g4(r; .) .

In (1) I'; is the embedding energy of atom i, r, is the elec-
tron density at atom i, and 4(r; ) the repulsive interac-
tion between pairs of atoms separated by a distance r, .
The electron densities p; pertaining to each atom are ap-
proximated with the superposition of the atomic electron
densities p, from the other atoms. The practical details
of the fitting procedure leading to the complete deter-
mination of the embedding energies and pair interactions
have been largely detailed in the literature and need not
be discussed here.

In our computations were employed a slab of 4608 Ag
atoms arranged in a parellelepipedic box with X, Y, and
Z directions along the [001], [110],and [110] crystallo-
graphic axes, respectively, with periodic boundary condi-
tions applied only in the X and Y directions. The intera-
tomic potentials are continuous at a cutofF distance R,
equal to 5.25 A. We choose edge lengths L„=18a&2,
L = 16a, and Lz =4a /&2, with a equal to the lattice pa-
rameter, each XY plane containing 576 atoms. The inter-
planar distance along the Z direction is d =a/(2&2).
The total energy of a given adsorbate/substrate system is
obtained by positioning the W cluster atoms above the up-
permost Ag(110) plane in adsorption sites corresponding
to linear, compact or three-dimensional geometrical ar-
rangements, as displayed in Fig. 10 for %=8. Atoms in
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one- and two-dimensional structures are initially set at a
distance d above the uppermost Ag(110) plane, the most
stable two-dimensional structures being made of two
identical linear chains lying along the [110]direction and
separated by a along the [001] direction. In three-
dimensional structures, studied for N=5, 8, 11, 14, and
17, N'=(N —2)/3 adatoms are initially placed at a dis-
tance 2d above the uppermost (110) layer and, on the XY
plane, in between two rows made of (N+1)/3 atoms ar-
ranged as in the two-dimensional case. The minimum of
the energy is then searched for by using a quenched
molecular-dynamics minimization technique. In the
following our results, referring to energies and
configurations obtained upon relaxation, will be present-
ed in terms of binding energies Eb defined as
Es=(EN —E„,b) —N(E, —Eg,b), where EN is the total
energy of the system with X adsorbed atoms, and E,l,b is
the total energy of the Ag(110) slab with two adatoms.

As shown in Fig. 11, linear chains are always preferred
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FIG. 10. Top views of the (110) plane showing the two up-
permost substrate layers (open and full circles, with the full cir-
cles representing the highest plane along the [110] direction)
and the clusters adsorbed at the top upon relaxation. From top
to bottom, for an adsorbed cluster of eight atoms: a linear-
chain (open squares) two-dimensional structure with two rows
of four atoms along the [110]directions (open squares), and a
three-dimensional structure (full triangles) with two inner atoms
higher along the [T10]direction.
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FIG. 11. Binding energies for adsorbed Pt (upper part) and
Pd (lower part) clusters on Ag(110). Full circles, three-
dimensional structures; open squares, two-dimensional struc-
tures, open triangles, linear chains.

These quantities allow us to estimate the strength of
the interaction for a given pair of atoms, and are
represented in Fig. 12 for both systems Pd/Ag(110) and

to two-dimensional islands for both Pt/Ag(110) and
Pd/Ag(110), at least up to the largest sizes of clusters
(N=17) we considered. The observation of the geometry
of one- and two-dimensional structures on the (110}sur-
face indicates that a simple bond-counting argument ap-
plies in this case, since linear chains are characterized by
a larger number of strong nearest-neighbor interactions
along the [110]direction (N —1 against N —2), and the
number of nearest neighbors of different kinds is the same
in the two situations. More intriguing is the trend
displayed by three-dimensional structures, which are
definitely higher in energy for Pd/Ag(110) but lower for
N ~ 8 in the case of Pt/Ag(110). Since three-dimensional
structures have a smaller number of nearest-neighbor in-
teractions with the substrate, but a larger number of in-
teractions among constituent atoms, it is expected that
the strength of the Ag-Pd(Pt), and Pd(Pt)-Pd(Pt) interac-
tions at the topmost layer level will play a crucial role in
determining the relative stability of the two arrange-
ments. To elucidate this point, we derived from the N-
body interatomic potential given in (1) environment-
dependent effective pair potentials which take the form

g;; (r; }=F(p; }p,(r;, )+FJ'(p )p;, (r; )+C'; (r;, ) .
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P;, (Rq ~) (eV)

P;, (R„'" s) (eV)

P,, (R~" ~) (eV)
E' (eV)
E' (eV)

Pt/Ag(110)

40
7

32
13
2.658
2.803
2.706
2.631

—0.324
—0.479
—0.326
—0.484

—16.724
—16.316

Pd/Ag(110)

40
7

32
13
2.684
2.850
2.709
2.706

—0.277
—0.295
—0.267
—0.296

—12.392
—13.145

TABLE I. Number of nearest neighbors N„z and X„
averaged nearest-neighbor bond distances R„& and R&" &,
corresponding values of the effective two-body potentials

P;,(R„~) and f;,(R„' ~) and stabilization energies Ept Ep~,
Epd and Epd for Pt and Pd clusters of eight atoms adsorbed on
Ag(110).

2 2.5 3.5 4 4.5
R(10 cm)

I I

5 5.5

FIG. 12. Upper part: Effective two-body potentials for Ag
and Pd relative to the Ag-Pd, Ag-Ag, and Pd-Pd interactions at
the uppermost Ag(110) plane level. Lower part: the same for
the Pt-Ag system.

Pt/Ag(110). The effective potentials are those relative to
the Pt (or Pd) adatom closer to the surface along the
[110]direction, and to one of its Ag nearest neighbors of
the substrate.

The origins of the stability of one-dimensional linear
chains in Pd /Ag(110) and three-dimensional structures in
Pt/Ag(110), predicted within the EAM scheme, can easi-
ly be understood by considering the number of first
neighbors of a given kind (N„~ for linear chains and

N„s for three-dimensional structures), and the values

g;J(R z z ) and P,J(R„z} taken by P,J(r,j ) at the aver-
age bond distances R z & and R „" z, where in the above
definitions the indicates A and 8 stand for Pt/Pt, Pt/Ag,
Pd/Pd, and Pd/Ag interactions. As an example, we col-
lect in Table I the resulting stabilization energies Ep„
Ept Epd and Epd for N= 8, given by the sums of the
products Np", ptg, j(R pt pt) Npt As/, .(R pt„s)»d
N p, p, g,j (R p, p, ), Np, ~sf,j.(R p, As ) with similar expres-
sions holding in the Pd/Ag case. From Table I and Fig.
12 it can be deduced that strong Pt-Pt interactions are
indeed responsible for the enhanced stability of Pt three-
dimensional structures on Ag(110}. In fact, in the case of
Pd/Ag, the effective Pd/Pd interatomic potential lies
very close to the Ag/Pd one, thereby making the linear
structure more stable as a simple consequence of a larger
total number of first-neighbor bonds (47 against 45 in the
three-dimensional case for N=8). On the other hand the

Pt-Pt interaction becomes strongly attractive at very
short distances for low coordination numbers, resulting
in a contribution to the cohesive energy which is predom-
inant over the one due to Ag-Pt interactions. The above
results indicate that EAM predictions for adsorbed clus-
ters with up to N= 17 atoms point toward the stability of
one-dimensional linear chains for Pd on Ag(110), while in
the case of Pt/Ag(110) three-dimensional structures, less
stable than one dimension for N=5, become increasingly
more stable for N=8, 11, and 17. The trends of Fig. 11
suggest that in both cases two-dimensional structures
made of two parallel chains along the [110]direction are
expected to become lower in energy than one-dimensional
ones beginning from a cluster size N=25. However, the
peculiar shape of the Pt-Pt effective interactions for
atoms in the cluster, especially when compared to the
well-behaved shape of the Pd-Pd interaction, raises a
question about the reliability of the EAM modeling of Pt,
at least in the form of Ref. 48, especially for low coordi-
nated atoms.

In view of these considerations we find the agreement
on the Pd/Ag(110) structures between EAM and photo-
emission data predictions quite satisfactory, while the
different results obtained in the Pt/Ag(110) case should
stimulate further experimental and theoretical work to
understand the origins of the discrepancy. In particular,
on the simulation side, we intend to simulate experimen-
tal conditions more closely by considering the
temperature-dependent behavior of a distribution of clus-
ters of a given size for a given fraction of adsorbed rnono-
layer.

IV. SUMMARY AND OUTLOOK

This work has shown the feasibility of preparing sup-
ported metal clusters with individually selected cluster
sizes, and their in situ characterization by electron spec-
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troscopies. For Pt and Pd monomers the formation of
virtual bound states has been observed, and has been
simulated successfully by many-body calculations within
the Anderson single-impurity model. The evolution of
the outer level spectra as a function of cluster size has
been followed experimentally, and some qualitative
features concerning bonding and the trend toward metal
formation could be derived. Here clearly more theoreti-
cal work is necessary, for example Anderson-type calcu-
lations with several impurities or molecular-dynamics-
type calculations. The structural information contained
in the core-level binding energies has been used to predict
one- or two-dimensional cluster structures at the Ag(110}
surface. Total-energy calculations, performed within this
study using the embedded-atom method, indeed suggest a
chain structure for small Pt and Pd clusters on this sur-

face, lying along the Ag[110] direction. The final proof
for the reality of the one-dimensional structure adopted
by these metal-on-metal systems has to come from scan-
ning tunneling microscopy. Experiments to clarify
these structural aspects and to complement the spectro-
scopic information obtained so far are planned in the
near future.
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