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The electronic structure of Pd clusters deposited on polycrystalline graphite has been investigated

by x-ray photoemission, Auger spectroscopy, and bremsstrahlung isochromat spectroscopy. Initial-

and final-state shifts of energy levels as a function of the average cluster size R are small, but impor-
tant modifications of the density of filled and empty states at the Fermi level are observed. With de-

creasing particle size, the d portion of the conduction band broadens and shifts to higher energy
while its valence counterpart shows the opposite shift. A simple analytical model is developed
which accounts in some detail for the measured shifts and linewidths and also explains earlier x-

ray-absorption data. The size dependences are explained in terms of mixing of Pd 4d and graphite
~* continua with a squared coupling constant V' proportional to R '. As a consequence a gap
opens up across the Fermi level in the cluster density of states and unoccupied hybrid resonances
arise as observed experimentally. Initial-state energy shifts and cluster charging are estimated and
found to play a minor role for the present system.

I. INTRODUCTION

The size-dependent electronic structure of metallic
clusters is a challenging field that has received in the last
few years renewed theoretical and experimental in-
terest. ' Changes of the energy position and width of
the structures are observed in the valence band, core lev-

els, and conduction states of the metal particles as a func-
tion of their size. These changes have been discussed in
terms of initial- and/or final-state effects due to
differences in the potential experienced by atoms in bulk
metal and in small clusters where metallic properties are
reduced and the electronic levels approach those of an
isolated atom. ' ' Ionizing spectroscopies such as x-ray
photoemission (XPS), Auger electron spectroscopy
(AES), and bremsstrahlung isochromant spectroscopy
(BIS) leave a charge on the clusters whose contribution to
the polarization energy is partially screened by the sub-
strate when particles are supported. Finally, the one-hole
local density of states (LDOS) might, in principle, change
in a complex way with reducing particle size because of
the increased number of surface and edge atoms. "

At present a large number of experimental results is
available on different systems. In the case of Ag clusters
deposited on amorphous carbon (partially conducting)
substrate, the same shift to higher binding energy occurs
for the core levels, the centroid of the valence d band,
and the Fermi-level (EF ) position with decreasing cluster
size. Core-level shifts were observed for Sn clusters de-
posited on amorphous carbon while they were absent for
the same Sn coverages on metallic glasses. This evidence

may support the relevance of cluster charging effects.
However, for Cu aggregates deposited on crystalline and
amorphous carbon, the centroids of the valence band and
the core level do not undergo the same energy displace-
ment and the bandwidth remains unaltered independently
of the nature of the substrate. Moreover, narrowing and
shift of the valence d band have also been found on a
variety of thin metallic films deposited on metallic sub-
strates' "where size effects due to charging cannot be
present. Differences in bulk and cluster initial states and
relaxation energies have been invoked to interpret photo-
emission spectra of metal aggregates on various semicon-
ductors including Pd clusters on amorphous carbon sub-
strates.

In this work a combined theoretical and experimental
study of the electronic structure of palladium clusters de-
posited on graphite as a function of the particle size is
presented. Filled and empty states have been examined
by using XPS, AES, and BIS. A theoretical model is
developed which is able to include the essential features
of a very complicated situation in a simple analytical
form. The model fully accounts for the qualitative trends
observed in all the spectroscopies, including earlier x-
ray-absorption near-edge structure (XANES) results and
it also provides, to some extent, quantitative estimates.
We find that initial- and final-state shifts are quite small
for Pd clusters on graphite and the inhomogeneous
broadening of the single-particle density of states due to
the cluster size distribution also plays a minor role in this
system. The potential experienced by an electron above
EF is rather flat and, in the absence of large potential bar-
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riers, the electron lifetime inside the cluster is close to the
semiclassical transit time. This produces a very effective
mixing of the Pd 4d and graphite m* continua which can
be described by a squared coupling constant V propor-
tional to R ', where R is the average cluster size. The
mixing produces hybrid resonant states above the Fermi
level that are accessible both for the decay of an electron
added to the system, as in BIS, and for an x-ray-
absorption process (XANES). A gap develops across EF
with decreasing cluster size, and the Pd valence d band
becomes filled. XPS features induced by interatomic re-
laxation are suppressed, while the intra-atomic correla-
tions leave the Auger profile substantially unchanged.
This paper is organized as follows. In Sec. II we give de-
tails on the experimental system and on the preparation
and characterization of the Pd clusters. The theoretical
formalism is introduced in Sec. III and applied to derive
the bulk Pd bands (Sec. IIIA). In Sec. III B we discuss
hole-hole interactions in the clusters. The qualitative
trends expected for Pd clusters on graphite, as function of
size, are illustrated in Sec. III C using a simplified form
of the Pd LDOS. Section IV presents a detailed compar-
ison of the XPS, AES, BIS, and XANES spectra with the
results of the model using the more realistic Christensen
theoretical LDOS (Ref. 16) for Pd.

II. EXPERIMENTAL DETAILS

Combined BIS, AES, and XPS measurements were per-
formed in an UHV system (10 ' -Torr range) on in situ
grown samples. The apparatus for the BIS measurements
consisted of a high-current Vacuum Generator LEG32
electron gun (I,„=500)LtA/cm ) and a modified
meter x-ray monochromator (grating size 50X50 mm )

set for detection of the 1486.6-eV radiation. A channel-
tron, coated by MgF2 to increase x-ray detection
efficiency, was used as detector. BIS spectra with a good
signal-to-noise ratio were collected within 30 min having
a counting rate at the threshold of about 100 counts/s.
The energy resolution of the incident electron beam (0.9
eV) and of the x-ray monochromator (0.6 eV) determined
the Gaussian broadening 0 =1.1 eV of the experimental
data.

XPS and AES spectra were collected on the same sam-
ples with the use of nonmonochromatized Al Ka radia-
tion (1486.6 eV) and a hemispherical electron analyzer
with a total resolution comparable to that of HIS mea-
surements.

difficult to evaluate using spectroscopies that average the
physical information on a large sample area. The stan-
dard procedure applied is to follow the relative photo-
emission intensities of the C Is and Pd 3d core levels and
their associated Auger transitions. However, while it is
possible to distinguish among different growths (layer by
layer, intermixing, island formation), the detailed infor-
mation on the morphology, size distribution, and number
of nucleation sites cannot be derived. Several simple
models have been proposed for noble and near noble met-
als on various substrates, which relate the mean cluster
diameter to the amount of metal deposition. In Fig. 1 we
show, as a function of the nominal thickness, the percen-
tage signal for C Is and Pd 3d core lines each normalized
by its XPS sensitivity factor. The observation of the
graphite signal at high Pd coverages is an indication of
the discontinuous growth. An approximate value for the
average cluster radius R can be obtained from the equa-
tion"

I(8) 2

I(0)
=1 n, m—R (1+(2/R )[exp( —R/A, , )

X(RA,, +A,, )
—

A,, ]}

0
where 8 (A) is the amount of metal deposited, n, is the
nucleation site density, and I(0) and I(8) are the core-
level intensities of the clean substrate and of the substrate
with a metal coverage 8. If we insert in Eq. (1) a ty ical
value of n, for polycrystalline graphite ( = 10' cm ) we
obtain R =28. The estimate of R is strongly affected by
n, which, in turn, depends on the surface morphology.
By transmission electron microscopy, we measured n, for
Pd clusters deposited on an amorphous carbon film sup-
ported by a copper mesh and obtained a value of the

1.0

A. Sample preparation

Successive evaporations of Pd have been performed in
ultrahigh-vacuum conditions ( ( 10 Torr) on clean
polycrystalline graphite substrates (Goodfellow, 99.99%%uo

purity), to form metallic aggregates with increasing mean
diameter until the formation of a continuous film. The
amount of metal deposited was measured with a quartz
microbalance. The surface of graphite was previously
cleaned by heating at T=400'C in UHV in order to re-
move any contaminant and then held at room tempera-
ture during the Pd evaporation.

It is well known that the cluster mean diameter is very

0.0
10 100

Pd Coverage (A)

FIG. 1. Percentage ratio of the C 1s and Pd 3d core-level in-
tensities [I, pd/(I, +Ipd)] as a function of the Pd deposition.
Core-level intensities are normalized by the XPS sensitivity fac-
tors.
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III. THEORETICAL MODEL

We wish to show that the size-dependent spectra which
are observed by the various techniques are due to an in-
terplay between one-body effects (due essentially to the
mixing of Pd and C orbitals) and many-body complica-
tions (due to the partially filled d band). Accordingly, we
first review the many-body formalism and demonstrate
how the changes in one-electron properties afFect the
many-body self-energy. Recently, two of us have
developed a theory for the photoemission and Auger
spectra of partially filled band systems, ' which general-
izes earlier work' ' and yields the local density of states
(LDOS) with full account for the multiplet structure in
the intermediate coupling scheme. The one-electron
properties turned out to be much more sensitive to the
degree of band filling than the two-hole properties. This
prediction is well illustrated here and from a theoretical
viewpoint this is perhaps the most interesting point in the
present study.

The model Hamiltonian is

H=HO+H) (2)

where Ho includes all one-body contributions, including
the spin-orbit interaction and

H) = g U(LS)~LSJ)(LSJ~
JLS

(3)

is the short-ranged part of the Coulomb interaction writ-
ten in the LSJ picture, where ~LSJ ) is a two-hole state
localized on a site in the lattice. The Coulornb-
interaction-matrix elements U(LS ) in the Russel-
Saunders basis are the energy difference, due to the
screened Coulomb interaction, between a two-hole state
localized at a given atom and a delocalized two-hole
state. The U parameters and the spin-orbit-coupling con-
stant are taken directly from atomic calculations except
that the Slater integral Fo is left as the only adjustable pa-
rameter of the theory to allow for the solid-state screen-
ing of the interaction. Spin-orbit-projected LDOS com-
puted by self-consistent relativistic (local-density or Xcc)
methods may be used to generate the one-body propaga-
tors S(J;co). There is no double counting of the Coulomb
interactions since such methods do not include the dia-
grams describing the short-range repulsion efFects.
Hence, one derives the noninteracting two-hole Green's
function

same order of magnitude. The above estimates are reli-
able if interdict'usion efFects or compound formation can
be excluded. We performed a set of evaporations on the
same kind of graphite substrates which were cleaned by
Ar-ion bombardment without heating. The behavior of
the C and Pd core-level intensities was different from that
of Fig. 1. In particular, the presence of large voids in the
substrate induced by the ion bombardment, favored a
slow progressive interdiffusion of Pd in graphite as a
function of time. The most reproducible XPS and AES
results are obtained on heated polycrystalline graphite
where the roughness of the surface is reduced.

(4)

The self-energy X„DA is obtained by generalizing
Galitzkii's low-density approximation (LDA); ' however,
since Eq. (3) includes the Coulomb interaction at a single
site, we must exclude the first-order term, in order to ap-
proximately restore the homogeneity of the system. The
result reads

X T(JiJJ2J3', a)+co')

XP (J2J3', co+co')

X W(J2J3JJi) .

Here we have introduced the antisymmetrized Coulomb
matrix W(ij kl ) = V(ij kl ) —V(ij1k ), where V is a
Coulomb integral, and the T(co)= W[1 +(i /2) WP(co)]
matrix that represents the efFective interaction in the par-
tially filled bands. We shall not repeat here the details of
the formalism, given elsewhere, ' and simply note that
XLD„vanishes not only for vanishing 8'but also for filled
bands. In the latter case, all the singularities of the in-
tegrand are on the same side of the real axis in the com-
plex plane, and we get the vanishing result by closing the
integration contour on the other side.

A. Pd bulk metal

We can apply the above theory to bulk Pd starting
from the LDOS calculated by Chnstensen. ' Since in
palladium the interactions are relatively weak, we assume
T= W in Eq. (5). Neglecting the energy dependence of
the matrix elements, the photoemission bulk Pd spectrum
can be approximated to the LDOS which, in turn, is pro-
portional to the real part of the single-particle Green's
function S(J;co). The result is shown in Fig. 2. The
characteristic asymmetry and the main features in the ex-
perimenta1 bulk line shape are nicely reproduced. The
comparison with the theoretical spectrum obtained with
2 =0 (dotted line) shows tha correlation effects are essen-
tial to understand the bulk XPS data.

B. Hole-hole repulsion in supported Pd clusters

Since the dielectric properties depend on particle
size ' and particle charging comes into play, the corre-
lation energies U of Eq. (3) in small metal clusters differ
from their bulk values. However, no strong variation can
be expected here, since the graphite substrate will provide
metallic screening and prevent charging. Using a simple
approach like a linearized Fermi-Thomas model for a
spherical particle one can show that, even for a cluster
in vacuo, no major change of the 8' matrix elements
should be expected unless the particle size R is so small
as to become comparable with the bulk screening length
A, .

It is important to realize that the situation is different
for free rnolecules, or unsupported clusters which are so
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Allowing for surface shifts in the atomic levels they pre-
dicted strong deviations from bulk cubium for particles
containing N &10 atoms, which correspond to particle
sizes R &50 A. If this effect were important in the
present case there would be no simple way to take it into
account without a detailed knowledge of particle size and
shape distribution and it would require extensive calcula-
tions. Fortunately, we shall be able to derive realistic line
shapes by ignoring such complications; this indicates that
the potential inhomogeneities in our supported particles
are effectively screened, and the LDOS at inequivalent Pd
sites looks very much the same.

In the following we shall consider the effect of the
graphite substrate and evaluate its contribution to the
self-energy by a simple phenomenological model. By
comparison with the experimental results we will demon-
strate that hybridization of the Pd valence d orbitals with
the m' continuum of empty states of graphite is the major
effect and it suffices to explain all the trends observed in
the experimental data as a function of size and even to
give the correct orders of magnitude. All the other
effects mentioned above are minor.

The empty states of graphite consist of two main bands
vr' and o' observed in the BIS spectrum at about 2.5 and
7.5 eV above EF, respectively. The m' density of states
can be represented with the Gaussian

FIG. 2. Bulk Pd XPS spectrum (solid line) and LDOS calcu-
lations with self-energy X=O (dotted line) and X%0 (dashed-
dotted line).

small that metallic properties are lost; molecular spectra
are properly calculated including a rigid shift by ( U ),
and then using W —( U) in place of W in the above
hepry

For the present supported clusters, however, we shall
take the Wmatrix elements to be size independent.

C. Model LDOS for Pd clusters

Besides the repulsion matrix elements, the uncorrelated
one-electron LDOS must be known in order to apply the
above theory. Several size-dependent effects must be con-
sidered.

An energy shift hE; of the single-particle initial states
can be present due to the different electrostatic potential
in the bulk and in the cluster. ' ' Electrostatic effects in
the final state can also produce a size-dependent self-
energy. Final-states self-energy shifts may be observed
with different spectroscopies because of the charge re-
moved or added to the cluster. The substrate is also ex-
pected to contribute to the polarization self-energy ac-
cording to its polarizability. In Sec. IV, however, we
shall find empirically that both effects are small and may
be neglected in the present case.

Moreover, the LDOS in small clusters can change in a
more complicated way because of the large number of
surface atoms with lower coordination. In a study of
XPS from clusters, Bachelet" et al. considered the total
noninteracting DOS of cubium clusters isolated in vacuo.

and

X2(~)=~ g I &kd I'@~—sk ) =~p (~)V (~)
k

X2(e)
X,(co)= f de

For the sake of simplicity, we shall consider V as a pa-
rameter and neglect its co dependence. In a microscopic
theory, it describes an interaction between the Pd d orbit-
als and the s-p carbon orbitals. The hybridization is ex-
pected to depend on the cluster size; the case V =0 cor-
responds to a noninteracting Pd bulk d band and increas-
ing values of V should describe clusters of decreasing
size. We can relate the parameter V with the average
cluster size R by a simple semiclassical argument. All the
electronic levels of the cluster have an energy-dependent
finite lifetime r(co) due to the ability of the electron states
to delocalize into the graphite continuum. For an elec-
tron at the EF, co=0 and we may assume that no
effective barrier prevents such a delocalization; therefore

p (co)=exp[ —b, (co —a)0) /2]

where co is the energy in eV and 6=0.67 eV . There is
then some overlap between p and the Pd d band, which
implies that the two continua must interact. In the spirit
of the Fano-Anderson model, we denote the unperturbed
m* continuum states by the index k and their energy ei-
genvalues by sk. They are connected to the Pd d states
by hopping integrals Vdk. The local Green's function of
Pd d orbitals acquires an extra self-energy

X(co)=Xi(co)+iX2(co),

with
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1/~(0)=v/R =1/R&2W/rn', where v is the "velocity"
and W is the band width (%=6 eV=0. 22 a.u. ). The
lifetime broadening at the Fermi level is =X&(co=0)
=0.122m. V . Equating this to v /R =9/R (A) eV, we ob-
tain

v'=(ev')

V= . eV
23

R(A)
(10)

In order to show the qualitative effect of the interac-
tion between the continua, we first use a simplified model
for the Pd d band given by a triangular DOS. The local
single-particle Green s function is written as

G (cv)=G)+iG~,

6p ln
T BC—B —

i
C —cv

i

T cv —iC —
cubi+ ln

T C —
i
T cof— (12)

6 =p 2' co B e(~—B)e(c—~)
T —B C —B L

T co+ 8(co—C )8( T cv)—
T —C

(13)

with the band bottom B = —5.6 eV, the band top
T=0.56 eV, and the maximum C=(T+B)/2. The in-
teraction with graphite is then included via Dyson's
equation

606=
1 —6 X

(14)

The effects of X on the Pd LDOS p in the absence of
correlation effects are shown in Fig. 3 for several values
of V . The case V =0 represents our simplified version
of LDOS for bulk Pd, with the Fermi level at co=0. If
the 6 propagator were inserted into the theory described
for Pd bulk bands, the XL~„correlation would induce a
shift of the maximum of the occupied DOS towards the
Fermi level, while the unoccupied states would undergo
minor modifications. For V =0.5, we observe a reso-
nance centered at about 2.3 eV above the Fermi level. It
corresponds to hybrid empty states having d character in-
side the cluster and ~' character on the substrate. The
main line shape of the occupied DOS is not qualitatively
modified, but the DOS near the Fermi level is reduced.
With increasing V, a gap develops between the resonant
hybrid state and the occupied states, and the occupied
band becomes completely filled. In this way, XLz& is
drastically reduced, the correlation-induced features van-
ish, and the line shape becomes symmetric as for the bulk
Pd spectrum of Fig. 2 calculated for EL~A=0. For
V =3, which corresponds to very small clusters, even the
main line shape is appreciably distorted, with the max-
imurn shifting at higher binding energies. We remark
that the reduction of XLzA with reducing R cannot be
justified by a reduction of the U parameters, for the
reasons mentioned above, but has to be assigned to the
Pd d states hybridizing with the graphite states and

—4 0 4:."nerIa, y i,'eV,'i
FIG. 3. Cluster model applied to a simplified version of the

uncorrelated PD LDOS to show the effect of the hybridization
with the graphite empty ~ band (dotted curve) described by
the parameter V (see sec. III C for details).

becoming bonding. Concomitantly, the antibonding hy-
brid resonance becomes sharper and shifts higher in ener-

gy. Hence we conclude that we may expect to see a
suppression of X in the small particles; however, this is
not due to a vanishing hole hole intera-ction, but to the re
laxation being inhibited because of the jtlling of the
valence band Qualitativel. y, this is consistent with the
notion that the 4d configuration of Pd metal should
tend to the 4d' free-atom configuration.

Now we wish to show how the above model explains
not only the photoemission line shapes, but all the other
spectra as well.

IV. RESULTS AND DISCUSSION

For a closer comparison with the experimental data we
apply the above formulation to a realistic description of
the 4d bands of Pd by using Christensen's J-resolved
theoretical LDOS's (Ref. 16) E, (co) This is norma. lized

by

Jdes X ( cv ) = 1 for j=—', , —',

and is related to the one-body noninteracting propagator
by
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G.(co)=Idco'N (a)')[co —a)'+i 5 sign(co')] (15)

with 5~0. These are then used in the full intermediate-
coupling theory. All the values of the parameters, like
Slater s integrals, multiplet splittings, lifetime broaden-
ing, etc., are bulk values.

A. XPS spectra

Figure 4 shows a comparison between valence band
photoemission spectra for increasing (nominal)
thicknesses of Pd deposited on graphite and calculated
XPS curves for different V values. It may be noticed
that the line shapes depend remarkably on particle size,
and while the biggest particles show the characteristic
bulklike profile, the smaller ones show a reduction in the
density of states at EF and have a much more symmetri-
cal d band. With decreasing cluster size the valence band
centroid shifts to higher binding energy by about 0.6 eV

accompanied by a parallel displacement of the Pd 3d core
levels. Notice the striking similarity between the spectra
labeled 14 and 7 A in Fig. 4 and the one computed for
X=0 in Fig. 1. This is an indication that, with reducing
particle size, the spectra simply evolve as if X were re-
duced. There is a remarkably good agreement between
the experimental data taken as a function of size and the
predictions of the model as function of the parameter V,
considering that our phenomenological model describes
with a single parameter an inhomogeneous situation due
to a distribution of particle sizes.

Despite the experimental uncertainties, it can be seen
in Fig. 4 that the R ' dependence of V is a reasonable
approximation and leads to R values proportional to the
nominal film thicknesses.

&. AES spectra

Further support for the conclusion that a size effect on
XLDA, rather than the %matrix of Eq. (5), plays the dom-
inant role, comes from the analysis of the M4 5NN Auger

0.1

0.5

1.0

1.7

3.0

t t l t t t t I t t s t i t & a t i t t s I

—15 -10 -5 0 5

Qrophite
I I t I I I I t I I I I I I l I I I t I I I I

-15 -10 -5 0 5

Binding Energy I,'eV)

FIG. 4. XPS valence band spectra of Pd clusters on polycrystalline graphite for different nominal Pd thicknesses (b) and theoreti-
cal curves (a) calculated using the cluster model, presented in Sec. III C, applied to Christensen's Pd LDOS of Ref. 16.
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spectra of Fig. 5(b). The two main structures are the con-
tributions of the 3d3/2 and 3d5/2 primary holes split by
5.3 eV. The observation that the line shape is not appre-
ciably modified in clusters is an indication that 8' does
not undergo sizable changes. An almost rigid shift by
about 1 eV to lower kinetic energy is measured for the
smallest particles. The initial core hole of the Auger pro-
cess can be affected, with decreasing cluster size, by an
initial-state shift 4E; due to differences in the potential
and by a shift C due to the change in Coulomb and polar-
ization energy which includes the contribution of the sub-
strate. The two-hole final state is expected to shift by
4C, therefore the shift of the Auger spectrum should be
3C. Taking into account the =0.5-eV energy difference
measured for the Pd 3d binding energy, we can conclude
that both hE, and C are quite small ( =0.25 eV).

On the other hand the vanishing of XLDA will not
greatly affect the spectra since the two localized final
holes are essentially bare holes, and in fact Auger line
shapes are computed in the "bare-ladder approximation"
suitable for almost-filled bands. The Auger yield is
given by

duced through the self-energy X in Eq. (14). To account
for lifetime effects and experimental resolution a
Lorentzian broadening (full width at half maximum of
0.9 eV) has been added. Figure 5(a) shows the calculated
Auger spectra and their dependence on V parameters.
We observe that the model is capable of reproducing the
experimental trends in great detail, including the progres-
sive disappearance in small clusters of the shoulder on
the low kinetic energy side of the main peak and the in-
crease in intensity of the main peak with respect to the
shoulder on its high kinetic energy side.

The sharpening of the structures on going to higher V
values reflects a less bandlike behavior of the line shape
because the occupied part of the 4d LDOS is reduced by
hybridization with the n.* orbitals. A slightly larger ener-
gy shift is predicted by the theory for small clusters. The
discrepancy can be related to the inhomogeneities in the
size distribution whose effect is more evident at very low
Pd depositions.

C. BIS spectra

A(co) =m ' g Q I(A,J )Re/)q(co)
J A,

(16)
In Fig. 6 is shown a set of BIS spectra taken at different

Pd thicknesses. The spectrum labeled 250 A can be as-
sumed to be representative of bulk Pd and reflects the d
projection of the empty DOS in agreement with the I.2

where I(A~) and A~ are, respectively, atomic intensities
and eigenvectors calculated in the intermediate-coupling
scheme for the d configuration and the Green's-function
matrix gz(co) is written in terms of the uncorrelated
two-particle Green's function Pjo which is related to the
G 3/2 and G 5/2 spin-orbit-projected single-particle propa-
gators of Eq. (15). The dependence of G on V is intro-

Pd/C (A)
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FIG. 5. M4 5NN Auger spectra of Pd clusters on polycrystal-
line graphite for different nominal Pd thicknesses {b) and calcu-
lated line shapes {a) in the "bare-ladder approximation" {see
Sec. IV. B using the cluster model presented in Sec. III C.

FIG. 6. BIS spectra of Pd clusters on polycrystalline graphite
for different nominal thicknesses.
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absorption edge of bulk Pd (Ref. 5) shown in Fig. 8(b).
At the bottom of Fig. 6 we report the spectrum of clean
graphite which consists of two structures at +2.5 and
+7.5 eV assigned, respectively, to transitions to the m*

and o.* empty bands. With increasing cluster size, the
spectrum gradually modifies until the bulk Pd line shape
is reached. The evolution of the spectra is better evi-
denced in Fig. 7(b) where the contribution of the clean
graphite spectrum was subtracted. This procedure which
implies a careful alignment of the Fermi energies has
been described in detail elsewhere. ' The two top curves
of Fig. 7(b) are the same as in Fig. 6 while the three bot-
tom ones are difference curves (dashed lines). A band of
hybrid states initially located at =3.2 eV moves toward
EF by 3.5 eV, with increasing cluster size, to match the
position of the main d band of bulk Pd at =0.7 eV above
E .

To derive an approximate expression for the BIS am-
plitude suitable for a complicated inhomogeneous system
we proceed as follows. The BIS transition is determined
by the matrix elements of the A p interaction between
the initial electron state p0 and the final state v in the
solid. When v is analyzed in terms of atomic empty or-
bitals in a tight-binding picture and the transition proba-
bility is written down according to the Fermi golden rule,

interference terms arise between different sites. However,
in the present experiments 1500-eV electrons were used,
and p0 may be taken to be a plane-wave state of such a
short wavelength that interference terms are effectively
suppressed. Then, the BIS cross section becomes

rr (E }= Q I, rr", (E ), (17}

1
p(co) = — —ImG (I8)

and cut out the occupied portion of the LDOS. The re-
sulting line shape is broadened to account for the 1.1-eV
experimental resolution.

that is, a sum of independent contributions from all sites
in the system, weighted by their atomic transition proba-
bility and by the intensity I of the electron beam at each
site. Since 0", (E) is proportional to the LDOS at site i,
the BIS signal can be regarded as a weighted average of
the LDOS at the sites which are seen by the beam.
Therefore, in order to simulate the difference spectra of
Fig. 7(b), we start with the Pd LDOS

250

/
/ r

/

l l I I l l l I l I l I l I l I l l l I l l l I I l l l

—2.0 0.0 2.0 4.0 6.0 -2.0 0.0 2,0 4,0 6.0

FIG. 7. Calculated BIS spectra for Pd clusters on graphite (a) and comparison with the experiment (b). The V =0.1 and V =0.2
theoretical curves are weighted by the Pd BIS matrix elements. The spectra labeled 7, 14, and 24 A [dashed lines (b)] are difference
curves obtained by subtracting the BIS spectrum of clean graphite.
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The results for various V values are displayed in Fig.
7(a). The V =0. 1 and V =0.2 curves, that according to
Eq. (10), should roughly correspond to the 250- and 130-
A spectra, respectively, have been weighted with the cal-
culated BIS matrix elements. In the V =0.2 curve, an
incipient high-energy shoulder corresponding to the hy-
brid resonant states is predicted and this structure is
indeed born out by the experimental data. With increas-
ing V, the hybrid resonance increases and becomes dom-
inant, while the maximum shifts to higher energies. In
fact, the BIS difference data labeled 24 A do not show
any sign of a two-peak structure and reach a maximum at
2.5 eV. We expect them to correspond to V =1, and, in
fact, the line-shape simulation is quite good, and the max-
imum occurs at the correct position. The calculated
width at half maximum (4.5 eV) agrees with the measured
one (4.45 eV). For the 14-A particles the measured width
is the same and the maximum is at 2.85 eV; choosing
V =1.7 we obtain the same width and the maximum at
2.76 eV. Finally, for the 7-A particles the experimental
maximum is at 3.2 eV. This agrees well with the calcula-
tions for V =3, which is still remarkably close to the
value predicted by Eq. (10). The experimental data sug-
gest a narrowing of the peak, and the hybrid resonance
also becomes narrower. We conclude, therefore, that our
model is in semiquantitative agreement also with the BIS
data.

D. XANES spectra

X-ray absorption, contrary to the spectroscopies dis-
cussed above, leaves the total number of electrons un-

where E is a constant, c denotes the core-hole state, and v
denotes the final-state electronic states in the presence of
the core hole. Taking the selection rules into account,
and neglecting the contribution of s states, we may write,
in a tight-binding model,

&cl A plv&= g &el A p «&& ndl v&

n)3
(20)

where nd denote the Pd d orbitals with n ~4. As far as
the different d bands do not overlap in energy, we get

o =& g IM.d I'p.d(~), (21)

where M are atomic matrix elements and p is a LDOS
computed in the presence of the core hole. In practice,
when we describe the first few eV above threshold, we
forget about the d bands with n )4. For computing p,
we can use the equivalent core approximation. Since the

changed in the cluster. Charging effects are, then, ex-
pected to be absent. Figure 8(b) shows the measured 1.2
absorption threshold for bulk Pd and for a cluster of ap-
proximately 14 A supported on graphite. Note the shift
of the main peak which is of the same order of magnitude
(-2eV) and in the same direction as that measured by
BIS, a further confirmation that strong final-state effects
must be ruled out.

To interpret the XANES data we look for a first ap-
proximation to the golden-rule expression for the cross
section

0()=I(' & I&el A ply&l'&(~ —e.)

(~) I v' (ev') (b) Pd/C

0.0

ulk
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0 5 10
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FIG. 8. Comparison between the theoretical XANES spectra for Pd clusters of increasing size deposited on graphite (a) and the
XANES data of De Crescenzi et al. (Ref. 5).
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d states in the Ag atom are more strongly bound than
in Pd by hc, =1.66 eV, we use this bc. to modify the local
Pd Green's function according to the Wolff-Clogston
prescription

present model, and in order to understand absolute inten-
sities we would need a far more refined treatment of the
XANES cross section, allowing for several bands. Such
developments are outside the scope of the present paper.

G
G —+

1 —Ac, G
(22) V. CONCLUSIONS

In this way, the hybrid resonance is affected by the core-
hole potential and the admixture of d and m' components
is different than in the BIS experiment, leading to a
different line shape. The evolution of the XANES simu-
lation with increasing V is illustrated in Fig. 8(a). To
improve the comparison with the experiments, a back-
ground was added to the calculated curves, proportional
to arctan[2(h co —EF ) /1 ] where I is the core-hole
linewidth. It may be noted that the model predicts
different line shapes for BIS and XANES at small V,
that is for larger clusters, while for V of order 1 or more
the shapes are rather similar, and the maxima occur at
slightly lower energy in XANES. The near coincidence
of the maxima, which we mentioned above to rule out a
major effect of screened Coulomb self-energy, is indeed
accounted for by the present model. Moreover, the 4.5-
eV linewidth is well reproduced by the model. The only
data available refer to clusters of average size R =14 A;
since, however, the cluster sizes were determined by a
different method in this experiment, we cannot be sure
of the absolute position of these clusters in the size scale
of the others. However, if we assume that they were
about the same as the 7-A clusters of the BIS experiment,
which were well described by V =3 eV, we predict a
maximum at about 3 eV above the Fermi level, while the
experimental maximum is at 2.2 eV. Thus, while we un-
derstand the shift from the bulk white line qualitatively,
we cannot reach the same quantitative accuracy as in the
BIS case. A possible explanation is that larger particles
in the size distribution would shift the maximum to 1ower
energy and their weight in the XANES spectrum should
be greatly enhanced due to the increase in the x-ray-
absorption cross section with increasing particle size.
The latter point is, at present, not understood. Our mod-
el predicts that with reducing R the hybridization should
be enhanced, leaving more d states available to the
XANES transition and enhancing the intensity. We be-
lieve that there is a good deal of evidence in favor of the

In summary, we find that in clusters of partially filled
band metals such as Pd deposited on graphite, the
changes observed in the electronic structure, as a func-
tion of the particle average size, can be fully understood
in terms of the interaction with the substrate. Initial-
state energy shifts and cluster charging are estimated to
be not larger than 0.25 eV, for the present system.

A simple phenomenological model is introduced in
which Pd 4d filled bands and n.* empty graphite states
strongly hybridize in the Fermi energy region. The bulk
Pd density of states is modified by the extra contribution
to the self-energy introduced by the graphite. The in-
teraction between Pd d orbitals and carbon s-p orbitals is
described by the parameter V ~ R '. As a consequence
a band of hybrid states arises above EF. With decreasing
cluster size, a 2-eV energy shift of the hybrid states and
the opening of a gap occur, as observed both in BIS and
XANES spectra. The Pd valence d band fills up and
correlation-induced features disappear from XPS spectra.

The model is able to closely follow, as a function of the
cluster average size, line-shape changes and energy shifts
in XPS, AES, and BIS; a fairly good description is ob-
tained also for XANES spectra. A coherent and unified
picture of occupied and empty-state spectroscopies
emerges. We expect a similar description to be relevant
and other d-band metals on substrates having high densi-
ties of states a few eV above the Fermi level.
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