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Transition from a molecular to a metallic adsorbate system:
Core-hole creation and decay dynamics for CO coordinated to Pd
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Two alternative methods to experimentally monitor the development of a CO-adsorption system that gradu-
ally changes from molecular to metallic are presented: firstly by adsorption of CO on Pd islands of increasing
size deposited under UHV conditions, and secondly by growth of a Pd carbonyl-like species, formed by Pd
deposition in CO atmosphere. The change in screening dynamics as a function of the number of metal atoms
was investigated, using x-ray photoelectron spectroscopy, x-ray absorption spectroscopy, and core-hole-decay
techniques. For CO adsorbed on UHV-deposited islands, the electronic properties of the whole CO-Pd complex
is strongly dependent on island size and CO coverage: large amounts of CO result in a reduced screening
ability, and small effects characteristic of molecular systems can be detected even for islands containing about
100 Pd atoms. If about half of the CO overlayer is desorbed, the CO-Pd complex exhibits a relaxation upon
core ionization that is nearly as efficient as for metallic systems, even for the smallest islands~of the order of
10 Pd atoms!. The growth of the carbonyl-like compound proceeds via formation of Pd-Pd bonds and has a
relatively well-defined local structure. It is demonstrated that the properties of this compound approach those
of an extended system for increasing coverages, and it may therefore also serve as an important link between
a carbonyl and CO adsorbed on a metallic surface. A brief discussion is also given in which the results are
discussed in terms of electronic properties of the thin alumina film versus bulk alumina and the applicability of
the former to the construction of model catalysts.@S0163-1829~97!04111-8#
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I. INTRODUCTION

The adsorption of molecules on metal surfaces constit
one of the most fundamental issues in surface science. U
adsorption, the electronic levels of the molecule beco
strongly modified, and a detailed knowledge of the electro
structure is vital for an understanding of adsorption energ
adsorption geometries, chemical properties, etc. In this c
text, questions regarding electron correlation, charge tra
fer, and screening response upon ionization have attract
lot of attention.1 Electron excitation and decay dynamics a
furthermore important within the field of photoinduced pr
cesses such as desorption and dissociation.1

For extended, metallic systems, a detailed understan
of all these properties is not easily achieved due to the la
number of electronic levels involved, although results e
ploying cluster calculations and band-structure models h
been rather successful. An important step towards a m
complete understanding of the adsorption bond was take
introducing complexes consisting of molecules bonded
only a few metal~Me! atoms as intermediates. In the case
550163-1829/97/55~11!/7233~11!/$10.00
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CO, which is the prototype adsorbate, experimental data
carbonyls were found to exhibit many features similar to
CO/Me case: The valence photoemission spectra sho
clear tendency for an energy degeneracy of the 5s and 1p
levels, which is a typical feature for chemisorbed CO2

Moreover, the so-called shakeup satellites observed in
core-level photoemission spectra for carbonyls have b
successfully identified using theoretical calculations.3,4 These
results in turn provide clues as to the origin of the satelli
in the spectra for CO adsorbed on metal surfaces.2,4–11An-
other important example is that the Auger spectra for car
nyls nicely demonstrate that charge-transfer screening
the CO 2p* orbital occurs upon core ionization, leading
spectral shapes very similar to those observed for CO
metals.12,13

However, there are still significant differences betwe
the carbonyl data and the results for CO on metals, e.g.,
shakeup satellites are much broader for CO/Me~Refs. 4–11!
and the so-called spectator shift between the Auger elec
~AE! spectrum and the autoionization~AI ! spectrum@the lat-
ter is also denoted deexcitation electron~DE! or resonant
7233 © 1997 The American Physical Society
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7234 55A. SANDELL et al.
Auger spectrum#, which is observed for carbonyls, is abse
for CO chemisorbed on metal surfaces.14–16Both these prop-
erties are likely connected to the size of the system, but th
are so far no investigations that, for example, clearly sh
how many metal atoms are needed in order to quench
spectator shift. Another problem is the limited number
carbonyls; i.e., several CO/Me systems cannot be mod
simply because there exist no stable carbonyl compou
containing the metal of interest. It is therefore obvious t
there is a need to find alternative ways to fill the gap betw
a molecular system and a large, extended adsorption sys

In this paper, we present two different approaches to
issue: firstly by studying CO adsorbed on metal~Pd! islands
of different size deposited onto a thin alumina film und
UHV conditions and secondly by studying the success
growth of a carbonyl-like compound@‘‘Pdx~CO!y’’ # formed
by Pd deposition in CO atmosphere. Both growth mod
have been extensively characterized previously, using ph
emission of core and valence levels, thermal desorption s
troscopy~TDS!, and SPA-LEED~spot profile analysis–low-
energy electron diffraction!.17–21 Employing ~high-
resolution! core-level spectroscopies, we have no
investigated these systems in order to elucidate how
screening dynamics of a CO-Pd complex change with
number of metal atoms and amount of CO. X-ray photoel
tron spectroscopy~XPS! and x-ray absorption spectroscop
~XAS! were used to determine the screening response f
fast process~i.e., ‘‘the sudden limit’’! whereas AES and AIS
were used to investigate the screening dynamics on the
scale of the core-hole lifetime~10215 s!.

For the UHV-deposited islands, we find that the screen
dynamics is strongly dependent on both island size and
coverage: Adsorption of large amounts of CO leads
CO-Pd complexes with a screening ability lower than for
clean Pd islands, and small effects typical for carbonyl m
ecules can be detected even for islands containing app
mately 100 Pd atoms. In the case of low CO coverage, h
ever, a screening nearly as efficient as for metallic system
observed even for the smallest islands~of the order of 10 Pd
atoms!. The growth of the Pdx~CO!y compound evidently
proceeds via formation of Pd-Pd bonds. It has a relativ
well-defined local structure and new, complementary d
concerning the CO adsorption geometries are presented.
results furthermore clearly show that this compound
comes more similar to an extended system when the de
ited amount increases.

II. EXPERIMENT

The experiments were carried out at beamline 22 at
Swedish synchrotron radiation facility MAX-lab in Lund
The setup contains a modified Zeiss SX-700 monochrom
in conjunction with a large hemispherical electron ene
analyzer for photoemission and a multichannel plate wit
retarding grid for x-ray absorption measurements by de
tion of secondary electrons.22 The C 1s XP spectra were
recorded at a photon energy of 380 eV with a total resolut
set to 0.4 eV. The Pd 3d XP spectra were recorded at
photon energy of 420 eV and a resolution of 0.3 eV. All t
XPS binding energies~BE! are referred to the Fermi level o
the NiAl~110! substrate. The XA spectra were measured
t
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partial yield mode with a photon energy resolution of 0.2 e
at both the C 1s and the O 1s edges. Fortunately, the CO
related O 1s XAS peaks were easy to separate from t
oxide features, thereby allowing for a subtraction of the l
ter. The absolute photon energies~PE! were determined us
ing photoemission spectra excited by first- and second-o
radiation. The C 1s AI spectra were recorded with a photo
energy resolution of 0.2 eV and an electron energy resolu
of 0.6 eV.

The preparation of the clean NiAl~110! surface and the
oxidation procedure to form a well-ordered Al2O3 film have
been described elsewhere.23 This film has furthermore been
extensively investigated employing several differe
techniques.23,24Pd was evaporated using a Knudsen cell a
the evaporation rate was monitored using a quartz micro
ance. We will henceforth use the nominal film thicknesses
obtained by the quartz microbalance to denote the differ
situations. The Pdx~CO!y compound was formed by evapo
ration of Pd with a CO background pressure of 531026 Torr
onto the sample, which was cooled down to 90 K.

III. RESULTS AND DISCUSSION

A. CO adsorbed on supported Pd particles

The growth of Pd on the thin alumina film under UH
conditions is described in detail elsewhere.17,19Briefly, depo-
sition of Pd at 90 K results in the formation of poorly o
dered three-dimensional~3D! islands. This is the case for th
0.2- and 2.0-Å situations in the present study. Deposition
12-Å Pd at 300 K, however, results in large crystallit
dominated by~111! facets. For the following discussion, it i
most important to have at least a rough idea about how la
the islands are, and a simple estimation for the 0.2-Å c
yields that the average island has a diameter of about 5 Å and
therefore consists of about 10 Pd atoms. The correspon
numbers for the 2.0- and 12-Å situations are~20 Å!/~100
atoms! and ~60 Å!/~2000 atoms!, respectively.25

Two different situations with adsorbed CO were inves
gated: A high-coverage phase obtained by dosing 30 L@1 L
~langmuir!51026 Torr s# CO at a sample temperature of 9
K and a low-coverage phase obtained by heating the pr
ous phase to 300 K, which leads to desorption of 50–60%
the CO. The previous studies, using XPS, XAS, and TD
demonstrated that the CO-Pd interaction strength incre
with increasing cluster size and decreasing CO coverage20,21

It should furthermore be noted that the heating proced
does not drastically change the size or structure of
islands.21

1. Core excitation and core ionization

It is well known that the chemical bonding of CO onto
transition-metal surface involves a hybridization between
CO 2p* orbital and the Med levels. The interaction is mani
fested in the XA spectrum as a broadening of t
core-to-2p* peak~i.e., thep resonance!.26,27Moreover, due
to the hybridization with the Med band, the adsorbate leve
mix with the states atEF of the substrate. This allows fo
charge-transfer screening from the substrate to the adso
upon ionization, and the fully screened core ionized st
with the lowest energy can be envisaged as a state wi
core hole and a screening electron atEF . Provided that the
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XPS BE is measured relative toEF , this energy pins the
position ofEF in the XA spectrum and is consequently like
to be situated close to the onset of the XA thresh
feature.27,28 This relationship is in principle expected to b
observed for all metallic systems, and has been found fo
studied CO chemisorption systems, including CO/Pd.27 Since
the photoemission process can be treated as a sudden e
the energy relationship between the x-ray photoelectron~XP!
peak with the threshold feature observed in the correspo
ing x-ray absorption~XA ! spectrum provides information
about the adsorbate-substrate coupling strength and
screening response upon the sudden removal of a core
tron. Consequently, this relationship can be utilized as a
to determine whether an adsorbate system has metallic p
erties or not.29,30 In the case of a physisorbate, howev
there is only negligible overlap between the adsorbate
substrate levels and no charge transfer screening is expe
to occur on the time scale of the photoionization proce
The relationship between the two processes is therefore
as straightforward as for chemisorbates.29

Figure 1 shows C 1s XP spectra for high CO coverage o
Pd islands of increasing size. For the lower Pd exposures
spectra obtained after desorption by heating of the CO o
layer to 300 K are also shown. For comparison, C 1s spectra
for two ordered phases of CO/Pd~111! are shown~from Ref.
31!. Details of these spectra have been discus
elsewhere,21 but it is important for the coming discussion
note that the BEs increase for decreased island size.

Figure 2 depicts the corresponding C 1s→2p* XA spec-
tra for CO adsorbed on the supported islands. It has pr
ously been observed that the width of the XA peak stron
depends on island size and CO coverage.21 The width of the
p resonance is to a large extent a measure of the CO 2p* -Pd
4d hybridization strength of the C 1s core excited state.27

Thus, the hybridization width increases with increasing

FIG. 1. C 1s XP spectra for CO adsorbed at 90 K on Pd islan
of increasing size before and after heating to 300 K, compare
two ordered CO overlayers on Pd~111! ~from Ref. 31!. The binding
energies are relative to the Fermi level of the NiAl~110! substrate.
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land size and decreasing CO coverage.
The lines in Fig. 2 represent the positions of the cor

sponding XPS peaks. In the case of high CO coverage, it
be seen that the XPS BE gradually moves from a posit
just above the XA maximum to a position near the onset
the XA peak as the island size increases. From the discus
above, it is expected that the XPS BE is situated close to
XA onset for very large amounts of Pd since this situation
expected to behave like CO adsorbed on bulk Pd.

If we then consider the small islands, we have at least
situation that is not compatible with a metallic system. TD
results show that the most weakly bonded CO molecu
desorb just below 200 K.20,21 Based on the previous studie
on CO on single-crystal surfaces, this adsorption strengt
sufficient to fulfill the criteria for chemisorption.27 We can
therefore safely regard all the CO molecules as chemisor
on the Pd islands, and if the XPS-XAS relationship devia
from what is expected for a metallic system, this must ha
an origin other than the presence of a physisorbed spec

For clusters deposited on inert surfaces, it is well kno
that the photoemission BE increases as the size of the clu
decreases.32–35 This effect is mainly ascribed to the charg
left on the cluster and the shift has been found to be es
tially inversely proportional to the mean radius of th
cluster.32–35For the Pd/Al2O3/NiAl ~110! system, this behav-
ior has been observed for the Pd 3d levels for the clean
islands as well as for both the Pd 3d and the C 1s levels
upon CO adsorption~see Fig. 1 and Ref. 21!. The energy of
the C 1s→2p* process monitored by XAS, on the othe
hand, does not exhibit this kind of shift since no electron
removed from the system. The variations in the XPS-XA
relationships observed in Fig. 2 can therefore be ascri
mainly to size effects of the CO-Pd complexes.21 We may

s
to

FIG. 2. C 1s→2p* XA spectra for 30 L of CO adsorbed at 9
K on Pd islands of increasing average size. For 0.2- and 2.0-Å
the XA spectra obtained after heating the CO overlayer to 300
resulting in desorption of 50–60% of the CO, are shown. The c
responding XPS BEs relative to the NiAl~110! Fermi level are
marked with lines.
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7236 55A. SANDELL et al.
also note that if there was an interaction between the CO
complex and the electron reservoir of the NiAl substr
comparable to that of a chemisorbate on a metal, cha
transfer screening of the CO-Pd complex would occur on
time scale of the core ionization process and the XPS
would in all cases appear near the XA onset. Since thi
apparently not the case, it is feasible to assume that
screening is in all cases limited to what is provided by
CO-Pd complex itself with an additional contribution of im
age screening from the oxide film and its substrate.

Consequently, we can conclude that about 100 Pd at
~2.0 Å! are sufficient to provide a screening upon core io
ization that is ~nearly! as efficient as for the bulk meta
independent of CO coverage. The only deviation is that
XPS BE for 2.0 Å is not quite connected to the XA ons
which is the case for 12 Å. That the difference between
two coverages is very small is not too surprising, since
valence photoemission~PE! spectrum for the 2.0-Å situation
without CO adsorbed displays a significant intensity close
the Fermi level.20 This is indicative for metallic properties o
the clean Pd clusters; i.e., full screening may take place u
ionization.

For islands consisting of roughly 10 Pd atoms, it w
found that the core ionization energy is slightly larger th
the core excitation energy for high CO coverage, whereas
low CO coverage it is slightly lower, but still well above th
XA onset. The overall nonmetallic behavior is in line wi
the valence PES results, which show that these islands do
exhibit metallic properties without CO.20 The question is
whether the electronic properties of the whole CO-Pd co
plex vary or if the properties of the Pd islands are const
and the effects are only due to differences in coupl
strength between two~or more! different CO species. A clue
to this is given by the previous XPS results, which show
intensity in the C 1s spectrum taken before heating at t
position of the peak observed after heating~Fig. 1!. If the
same strongly coupled species was present in both case
BE must have shifted more than 1 eV. Such a shift canno
explained solely by reduced CO-CO repulsion; it seems to
more likely that a change in relaxation energy occurs.21,27

Since we in this case assume that we have exactly the s
species as before heating, minus some surrounding m
ecules, this evidently entails a change in the relaxation of
Pd atoms.

The other possibility is that removal of CO allows for th
remaining molecules to coordinate more strongly to the
islands; i.e., we obtain a CO-Pd complex with a stron
CO-Pd interaction. Although we cannot distinguish betwe
these scenarios, the conclusion is in both cases that the
tronic properties of thewhole CO-Pd complexseem to de-
pend on the CO/Pd ratio for these limited sizes. The CO
after heating to 300 K hybridizes more strongly with the
atoms, and it is reasonable to believe that a system with m
‘‘Pd character’’ can effectively rearrange charge in order
screen the core hole and reduce the core ionization ene

It is furthermore interesting to compare the XPS and X
values for CO adsorbed on the small islands with those
carbonyl, which is done in Table I for high CO coverage. W
note that the 0.2-Å Pd situation has an XPS-XAS relat
very similar to Fe~CO!5,

2,12 thereby confirming the more
‘‘molecular’’ character of this situation.
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However, there is one uncertainty concerning the valid
of the XAS-XPS relations, especially for large amounts
CO adsorbed on 0.2-Å Pd: The CO molecules interact ra
weakly with the Pd islands, but even though the molecu
are chemisorbed, it is not certain that the strong peak
served in the XP spectrum really represents the core ion
state with the lowest energy. For systems where CO
weakly bonded, such as on Cu and Ag, shakeup satel
dominate the spectrum and the XPS peak with the lowest
has only a very low relative intensity.7,8,11 Hence there is a
possibility that we cannot discern the component with low
BE; i.e., the ‘‘true’’ XPS value is lower. In order to establis
whether or not this is the case, we have employed core-h
decay techniques.

2. Decay of core excited and core ionized states

A state with a core hole is highly unstable, and it w
rapidly decay by electron or photon emission. The form
type of decay normally dominates, and this is the proc
that will be considered here. By comparing the decay of
neutral core excited state, i.e., the AI spectrum, with that
the core ionized state~the Auger electron spectrum!, the
screening dynamics occurringwithin the core-hole lifetime
~typically 10215 s! can be observed.12,15,16,36–40For a free CO
molecule, the AI spectrum is recorded at an excitation ene
corresponding to a core to 2p* transition, i.e., the energy o
thep resonance observed with XAS. The AI spectrum co
sists of two-hole–one-particle (2h21p) states ~spectator
peaks! and single-hole (1h) states~participator peaks!.12,40

The AE spectrum, however, only consists of 2h states. These
are shifted towards lower kinetic energies~KE! relative to
the 2h-1p states in the AI spectrum due to the absence
screening from the spectator electron in the 2p* orbital.
Thus, the AI and AE spectra are fundamentally different.

For CO chemisorbed on a metal, the strong coupling
the 2p* orbital with the metal states quenches this diffe
ence, leading to AI and AE spectra that are nea
identical.14–16,37,38,41The fact that the spectral shape is ind
pendent of excitation energy is due to the mixing betwe
adsorbate and substrate orbitals. This leads to a decoup
of the intermediate state in terms of a local core-hole s
and some additional excitation, mainly in the substra
which has only a small influence on the decay. This can
described in terms of a decay of the intermediate state to

TABLE I. C 1s binding energies~BE’s! relative to the Fermi
level of the NiAl~110! substrate, photon energies~PE’s! of the cor-
responding C 1s→2p* XA peak and the estimated spectator shi
~i.e., the shifts between the AI and AE spectra! for CO on two
coverages of UHV deposited Pd~high CO coverage! and the low
coverage situation of the Pd carbonyl compound. Values for c
densed Fe~CO!5 ~from Refs. 2 and 12! properly adjusted for differ-
ences in the reference level are shown for comparison.

C 1s BE
~eV!

C 1s→2p* PE
~eV!

Spectator shift
~eV!

CO/0.2 Å Pd 288.0 287.7 2.2
CO/2.0 Å Pd 286.5 287.6 0.8
0.5 Å Pdx~CO!y 288.0 287.7 2.0
Fe ~CO!5 288.3 287.8 2.8
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55 7237TRANSITION FROM A MOLECULAR TO A METALLIC . . .
lowest core excited state with an additional excitation, wh
is removed from the core-hole site. Alternatively, this can
explained by the fact that all the excited states within
core to valence resonance, including the lowest one, are
structed from the delocalized orbitals, which are very sim
on the core-hole site. This leads to essentially the same s
tator shift for all excited states and hence to deexcitat
spectra that are largely independent of the detailed excita
energy.

For physisorbates, the decay spectra are basically ide
cal to the ones in the gas phase, albeit shifted towards hi
kinetic energies due to image screening, e.g., Refs. 29,
and 39. An important effect to be taken into account
these systems, however, is the possibility for tunneling of
electron to or from the adsorbate in order to reach the e
getically most favorable core-hole state.36,39This process can
occur on a time scale of fs and can in such cases be obse
in the decay spectra.39

Figure 3 shows the C 1s decay spectra recorded at diffe
ent excitation energies for 30 L CO adsorbed at 90 K
increasing amounts of Pd. The corresponding results
tained after heating to 300 K~only for 0.2 and 2.0 Å! are
presented in Fig. 4. Unless otherwise indicated, features
to direct photoemission have been subtracted using a s
trum recorded below threshold. The first, general observa
to be made in Figs. 3 and 4 is that all the spectra show
overall shape that is typical of coordinated CO, i.e., carb
yls and CO chemisorbed on metals, thus supporting the c
clusions made in Sec. III A 1.

Focusing on the 0.2-Å situation at high CO coverage~Fig.
3!, we note that the AI spectrum~hn5287.8 eV! differs from

FIG. 3. C 1s decay spectra recorded at different photon energ
for 30 L of CO adsorbed at 90 K on increasing amounts of Pd
the 0.2 Å case, peaks due to direct photoemission processes ex
by first- ~O 2s! and second-~Pd 3d! order radiation are indicated
h
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the corresponding spectrum for CO on a Pd single cry
@see Ref. 16 and the CO/Pd~111!-like 12-Å situation in Fig.
3#: The features at KE’s of 263 and 278 eV, respective
have significantly higher relative intensities for CO/0.2 Å~90
K!. The peaks near the high KE edge in the AI spectra
CO adsorbed ond metals have been interpreted as due t
decay involving the CO 2p* –Me d orbital, leading to
~4s,5s,1p!212p21 final states, whereas the features at KE
of 260–270 eV are derived predominantly from 5s211p21,
1p22, and 4s211p21 configurations.15,16,42,43Since the inten-
sity of the peaks appearing in the decay spectrum is stron
dependent on the orbital overlap with the site of the core h
in the core excited state~the so-called one-cente
approximation44,45!, the more narrow and intense high K
features observed for carbonyls and weakly bonded CO
compared to strongly bonded CO have been explained
terms of a weakening of the CO-Me hybridization and/or
increased localization of the 2p* -d hybrid orbital on the CO
molecule.16,30

It is furthermore most feasible that modifications of onep
orbital also strongly affect the otherp orbitals. Recent x-ray
emission spectroscopy~XES! studies of CO/Ni~100! ~Refs.
46 and 47! indicate that the wholep system~1p and 2p* ! is
strongly altered upon adsorption, leading to states quite
ferent from those of the free CO molecule. We can theref
expect to see changes in the decay involving 1p along with
the changes in the 2p* decay processes, giving rise to spe
tral changes also at lower KE’s. When comparing differe
adsorption systems, we find that a decreasing adsorp
strength results not only in changes in the high KE regi
there is also a gradual change in the spectral shape at 2
270 eV KE:12,16,30,43For CO strongly chemisorbed on met
surfaces, this KE region is dominated by a single featu
whereas weakly chemisorbed CO and carbonyls exhib
doublet instead. The ultimate case is free CO, where this
of the AI spectrum shows two strong peaks of equ
intensity.12,40We therefore interpret this joint effect as due

s
n
ited

FIG. 4. C 1s decay spectra for CO adsorbed on 0.2- and 2.0
Pd after heating to 300 K recorded at different photon energies
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7238 55A. SANDELL et al.
changes in the decay channels involvingp states. These
types of variations in the shape of the AI spectrum are
actly what is observed in Fig. 3 for decreasing amounts
Pd, and it can therefore be concluded that the effective
of the CO-Pd complex and the strength of the CO-Pd in
action are clearly manifested in the shape of the AI spectr

The spectrum recorded at a photon energy of 297.0
represents the AE spectrum, i.e., the decay spectrum
core-ionized species. In Fig. 3, the raw data are compare
a direct photoemission spectrum recorded at a photon en
just below the XA threshold and aligned to the O 2s peak in
the spectrum recorded athn5297.0 eV. The difference be
tween these two spectra is also shown. Unfortunately,
tures other than the most prominent one are most difficul
discern. However, the peaks in the AE spectrum seem to
shifted about 2.2 eV towards lower KE’s relative to the co
responding peaks in the AI spectrum, which we interpret
due to a spectator shift. This conclusion is supported by
spectator shifts observed for condensed carbonyls, which
of the same order of magnitude@e.g., 2.8 eV for Fe~CO!5,
see Table I#.12 Thus, as for the carbonyl, the AE spectru
can be assumed to consist of 2h states whereas the AI spe
trum consists of 2h states screened by an electron in t
2p* -d orbital.

The finding of a situation that displays a spectator shif
important. It shows that there is no detectable charge tran
to the CO-Pd complex occurring during the core-hole li
time. This of course implies that there is no charge-trans
screening taking place upon core ionization, which is a m
faster process. Consequently, there is no ‘‘fully screene
peak in the XP spectrum, supporting the XPS-XAS relat
presented in Fig. 2. It is also evident that the influence fr
the substrate is limited, and there is no observable effect
to electron tunneling to the Pd island. This information
vital for the general discussion of the electronic properties
a thin oxide film grown upon a metallic substrate versus
bulk oxide, as will be further elaborated in Sec. III C.

In the previous section it was found that a lowering of t
amount of CO adsorbed on the smallest islands results
significant lowering of the core ionization energy, probab
due to an enhanced ability for charge rearrangements w
the CO-Pd complex. The core-hole decay spectra for low
coverage also exhibit different characteristics as compare
high CO coverage. As observed in Fig. 4, there is no indi
tion of a spectator shift. Possible reasons for this are that
screening of the doubly ionized Auger final states provid
by charge rearrangements within the CO-Pd complex is
efficient as that of the singly ionized AIS final states o
which we find more unlikely, that the probability for electro
tunneling from the substrate has strongly increased. Unfo
nately, we cannot distinguish between these possibilities

Nevertheless, we may conclude that the AIS and A
results for CO-Pd complexes consisting of approximately
Pd atoms are consistent with the interpretation that was m
based on the XAS and XPS data: Adsorption of lar
amounts of CO brings about a ‘‘carbonyl-like’’ behavio
whereas a more ‘‘metalliclike’’ situation is found for a lowe
CO coverage.

The next situation to be discussed is the one with la
amounts of CO adsorbed on 2.0-Å Pd, i.e., islands where
number of Pd atoms is of the order of 100~Fig. 3!. Starting
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with the AI spectrum recorded at the XA maximum energ
we find that this spectrum more resembles the CO/bulk
case, although there is still a slight enhancement of the
tures at KE’s of 263 and 278 eV. The KE shift between t
AI and the AE spectra can furthermore be estimated to
around 0.8 eV, and there are small changes in relative p
intensities in the spectra recorded at photon energies wi
the p resonance~286.9–288.2 eV!. Concerning the varia-
tions observed at excitation energies within the region of
XA peak, effects due to excitation of molecules occupyi
different adsorption sites might occur. However, this int
pretation is not supported by the data shown at the top of
3. These represent three spectra recorded at different e
gies within thep resonance for 30-L CO/12-Å Pd~90 K!.
This is a situation very similar to CO/Pd~111! ~232!,21

where CO is assumed to occupy both on-top and hol
sites.48,49The presence of different sites has obviously a n
ligible effect on the shape and the position of the AI spe
trum. This is supported by AIS studies of CO/H/Ni~100!,
where the C 1s AI spectrum was found to be insensitive
the adsorption site, whereas significant effects were obse
in the O 1s AI spectrum.16

A more feasible explanation for the relative intens
variations in the core-hole decay spectra is instead that
2p* -d orbital for CO adsorbed on the islands has sligh
different properties than for CO adsorbed on a metal surfa
If the CO/Pd ratio is of the same order of magnitude as
carbonyls, the 2p* -d interaction results in the formation o
discrete molecular orbitals rather than a continuous ba
That this can lead to photon-energy-dependent variation
the decay spectra can be explained as due to an incre
influence of the 2p* -d states on the decay.

In Fig. 3 it can be seen that the main variations in t
spectral shape take place at KE’s of 263 and 277.5 eV,
which the intensity increases when the photon energy is
creased from 286.9 to 287.6 eV~the latter value correspond
to the XA maximum!. As previously inferred, such an effec
can occur when the size of the system or the CO-Me in
action decreases, i.e., when the molecular character of
2p* -d orbital increases. That this is observed in the AI sp
tra when scanning through thep resonance for the sam
system can therefore be taken as an indication for a la
CO 2p* character of the states close to the XA maximum
compared to those at the XA onset. In fact, the increa
intensity at 278 eV can be caused by an enhanced probab
for a participator decay process. This type of decay invol
the excited electron and results in 1h final states, similar to
the final states reached in photoemission.12,40The difference
between the photon energy and the kinetic energy of
participator peak should be equal to the BE observed
photoemission. In this case we obtain 287.6–277.559.1 eV,
which is close to the BE observed for the 5s/1p peak~8.5
eV!.19 Since the participator process leading to a 1p21 state
is by far the strongest in the case of free CO,12,40 there is
reason to believe that this peak is most sensitive to an
creased probability for participator decay. The possible pr
ence of a participator process gives further support fo
localized behavior, since the excited electron has to hav
significant probability to populate the core-hole site in ord
to take part in the decay.
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Furthermore, the shape of the AE spectrum resembles
spectrum recorded at 286.9 eV more than the spectrum
corded at 287.6 eV, which is most clearly seen at the h
KE side. A tentative explanation of this is that the screen
charge from the metal is preferably transferred to the low
unoccupied 2p* -d states. Consequently, the charge distrib
tion near the core hole for the ‘‘C 1s→XA onset’’ situation
and the charge-transfer-screened C 1s ionized state become
similar, although the overall charge on the CO-Pd comple
of course different in the two cases.

It should be noted, however, that an explanation for
photon energy dependence in terms of different C
adsorption sites cannot be excluded. The effects of diffe
sites might be larger for the small islands as compared to
~111! surface. Nonetheless, it should be emphasized
even though this situation has approached the metallic c
the presence of an AIS-AES shift demonstrates that so
molecular character is retained.

The decay spectra obtained after partial desorption of
are presented in Fig. 4. We note that the spectra line up
kinetic energy scale within experimental error and that
spectra appear to be identical to CO/bulk Pd. The increa
tendency for metallic behavior of the CO-Pd complex
decreased CO coverage is consistent with the valence ph
emission results for the clean Pd islands, showing meta
properties~cf. Sec. III A 1 and Ref. 20!. Thus, the increased
metallic character of the 2p* orbital allows for a more effi-
cient screening.

B. Growth of the Pdx„CO…y compound

It has recently been demonstrated that a pallad
carbonyl-like compound@‘‘Pdx~CO!y’’ # can be grown upon
the alumina film by vapor deposition of Pd in C
atmosphere.18,19TDS and photoemission show that the co
pound exists for coverages ranging from fractions of a mo
layer up to multilayers. Furthermore, the compound appe
to have a relatively well-defined local structure and, based
the BE shifts of the Pd 3d level, it was proposed that Pd-P
bonds form during the growth.

In this study, we have chosen to compare the propertie
two different exposures, 0.5 and 5.0 Å. The low-covera

FIG. 5. C 1s and O 1s XP spectra for 0.5- and 5.0-Å Pdx~CO!y .
O 1s difference spectra after subtraction of oxide features are
shown. The BEs are relative to the NiAl~110! Fermi level.
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situation involves partial coverage of the oxide surface an
crude estimation of the island size yields an average diam
of 20 Å, consisting of roughly 40 Pd atoms.19,25 For the
higher dose, the whole surface is covered.18,19

1. The Pd-CO bonding geometry

The CO-related core-level photoemission spectra for
two situations compared to the clean oxide film are presen
in Fig. 5, including O 1s difference spectra after removal o
the oxide features. The corresponding Pd 3d5/2 peaks are
shown in Fig. 6. Starting with the O 1s data, the 0.5-Å situ-
ation shows one broad peak, whereas two features are
served at 5.0 Å. The C 1s spectra exhibit the same behavi
although not as pronounced; at 5.0 Å the high BE compon
appears only as a shoulder on the low BE component. Us
a simple curve fitting procedure, the BE’s, relative areas,
widths of the peaks have been estimated and the results
presented in Table II.

Since the Pd 3d spectra contain only one symmetric pea
the appearance of two components in the C 1s and O 1s
spectra is probably not due to different carbonyl species
layer-dependent electrostatic shift. Further support for t
conclusion can be found in an extensive discussion give
Ref. 19. We instead attribute the two components in the Cs
and O 1s spectra for the 5.0-Å case to CO adsorbed in t

o

FIG. 6. Pd 3d5/2 XP spectra for 0.5~dotted! and 5.0 Å~solid
line! Pdx~CO!y . The BEs are relative to the NiAl~110! Fermi level.

TABLE II. C 1s and O 1s binding energies~BE’s! relative to
the Fermi level of the NiAl~110! substrate for two coverages of th
Pd carbonyl compound. The fitted widths, relative areas, and
posed adsorption geometries are also given. FWHM denotes
width at half maximum.

Exposure BE~eV! FWHM ~eV! Area Site

0.5 Å 534.1 1.8 0.9 Terminal
O 1s 532.9 ~1.6! ~0.1! Bridge
C 1s 288.0 2.7 1 Terminal

5.0 Å 533.4 1.8 0.6 Terminal
O 1s 532.0 1.3 0.4 Bridge
C 1s 287.1 2.2 0.6 Terminal

286.3 1.0 0.4 Bridge
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different bonding geometries, since the magnitude of
splitting observed in the O 1s spectrum is comparable to th
O 1s shifts previously observed for CO adsorbed in differe
sites, both for CO adsorbed on single crystal surfaces and
carbonyls.2,50–55

In order to assign the O 1s peaks to specific sites, we ca
compare our BE’s to those found for well-defined rhodiu
carbonyls deposited on alumina and graphite.51 The C 1s and
O 1s BE’s for the 0.5-Å situation, which would most re
semble the situation of a deposited small carbonyl molec
are in perfect agreement with the values for termina
bonded CO. Furthermore, the shifts between the two com
nents in the 5.0-Å spectra~O 1s: 1.4 eV, C 1s: 0.8 eV! are
comparable to the shifts towards lower BE’s when go
from terminally to bridge-bonded CO for Rh carbonyls~O
1s: 1.5–2.0 eV, C 1s: 0.7–1.1 eV!.51

XA spectra are presented in Fig. 7, showing the C 1s and
O 1s p resonances for the two different Pd exposures. Th
1s XA peak is in both cases found to be narrow, with
clear evidence for a doublet structure. In the O 1s spectra,
however, one peak is found at an exposure of 0.5 Å whe
the 5.0-Å spectrum exhibits a shoulder at the low pho
energy side, consistent with the population of two differe
CO sites in the latter case.56 That this effect is difficult to
observe in the C 1s spectra is due to the following reason
~a! The separation is expected to be smaller.~b! The XA
peak associated with a higher coordination is expected to
broader due to a stronger CO 2p* –Med hybridization in the
core excited state, as previously demonstrated for CO
sorbed on metals.27,56 ~c! Finally, the XA peak for the more
highly coordinated CO species could also have a lower
tensity due to, for instance, a lower number of unoccup
2p* –Med states.56

The XPS and XAS results thus indicate that the Pdx~CO!y
compound consists mainly of CO adsorbed in terminal s
at low coverages, whereas at high coverages bridge site
also populated. However, as indicated by previous resu
the thermal stability of the compound does not vary w

FIG. 7. C 1s→2p* and O 1s→2p* XA spectra for 0.5- and
5.0-Å Pdx~CO!y . The O 1s spectra are those obtained after subtr
tion of oxide features. The corresponding XPS BEs relative to
NiAl ~110! Fermi level are marked with lines.
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coverage.18,19 This is indicative of no significant changes
the bonding strength within the Pd-CO complex, at least
the terminally bonded species~since it is the only one
present at lower coverages!.

2. The change from a molecular system
towards a metallic system

After elucidating the geometrical structure of the CO-
bonding, we will now turn to the screening properties w
respect to the size of the Pdx~CO!y islands. The XPS BE’s
are shown as lines in Fig. 7. For the 0.5-Å case, we find
both C 1s and O 1s that the XPS BE appears slightly abov
the XA maximum and not in connection to the onset. Th
the energy of the core-ionized state is larger than the ene
required to create a neutral, core-excited state; i.e., the X
final states are not fully screened. We also note that the X
and XAS energies are very similar to the CO/0.2-Å Pd ca
at high CO coverage~Table I!.

For the higher coverage~5.0 Å!, however, the C 1s BE’s
appear near the XA onset and the O 1s BE’s are clearly
below the corresponding XA maxima, as for CO adsorbed
a metal. That the O 1s BE appears closer to the XA max
mum is an effect of the interplay between the hybridizati
broadening and the intramolecular vibrational broaden
~which is substantial for O 1s excited states! of the XAS line
profile.27 For CO chemisorbed on a metal, the O 1s BE will
never appear above the XA maximum. Consequently,
positions of the XPS peaks relative to the corresponding
features observed for 5.0 Å may indicate fully screened co
ionized states.

C 1s decay spectra for the two coverages of the Pdx~CO!y
compound recorded at several photon energies are prese
in Fig. 8. Beginning with the 0.5-Å situation, the ionizatio
limit ~the vacuum level! has been estimated to be at 293 e
It is readily observed that the spectrum recorded at a pho
energy exceeding this value~i.e., the AE spectrum! is shifted
about 2.0 eV towards lower KE, which we attribute to
spectator shift. The C 1s decay spectra are indeed very sim
lar to those previously reported for condensed carbonyls
well as the CO/0.2-Å Pd situation discussed above. T
spectator shift also appears to be of the same magnitude.12 In
Table I we compare the C 1s XPS, XAS, AIS, and AES
results for 0.5 Å of the Pdx~CO!y compound with those of the
small UHV-deposited islands and Fe~CO!5.

12 The results
convincingly demonstrate that the islands obtained afte
deposit of 0.5 Å Pdx~CO!y behave like deposited carbony
molecules.

Other interesting observations that can be made using
8 are that the peaks at KE’s of 263 and 278 eV show
increased relative intensity as the photon energy reaches
value of the XA maximum and that the shape of the sp
trum recorded below the XA maximum resembles that of
AE spectrum, which was also observed for high CO cov
age on 2.0-Å Pd. Furthermore, a similar effect can also
found when comparing the previously reported AI and Aug
spectra for carbonyls, i.e., the relative intensity of the feat
with highest KE is lower in the Auger spectrum than in t
AI spectrum,12 but variations in the spectral shape appear
at excitation energies within thep resonance have so far no
been reported.

-
e
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In line with the discussion made for the 2.0-Å situation
high CO coverage~Sec. III A 2!, we attribute these variation
to the possibility for creation of core-hole states with diffe
ent charge distributions. However, we feel more confid
about the interpretation in this case, since, at this cover
CO adsorbed in terminal sites totally dominates, thus exc
ing the possibility for excitation of different CO species.
can therefore be concluded that the photon-energy-depen
effects seen in Fig. 8 is a general effect caused by the 2p* -d
mixing and are expected to occur for all transition me
carbonyls.

Moreover, the increased intensity at a KE of 278 eV
again compatible with the appearance of participator dec
since the 1h BE obtained by subtracting the KE from th
used PE~287.7 eV! yields 9.7 eV, which is in good agree
ment with the BE of 9.3 eV observed for the 5s/1p peak in
the valence PE spectrum.18,19Since the 1p participator peak
for free CO is the strongest, it is possible that the increa
intensity around 278 eV is the result of 1p participator de-
cay.

Regarding the high-coverage case~5.0 Å!, the XP and XA
spectra indicated that full screening of the core-ionized st
occurs within the time scale of the photoemission proces
this is true, we would expect no or only very small diffe
ences in the core-hole decay spectra as a function of ph
energy, as for CO/metals. This is almost the case, as dem
strated in Fig. 8; the KE shift between the AI and the A
spectra is below 0.4 eV. We can therefore conclude that
screening properties for large amounts of the Pdx~CO!y com-
pound have approached those of an extended, metallic
tem, but some molecular character is still remaining.

The observations for the two different coverages supp
the idea of Pd-Pd bond formation during the growth: At lo
coverage, the 2p* -4d hybrid orbital is confined on the islan
with no possibility to receive an external screening elect
from the substrate in order to screen the CO molecule u

FIG. 8. C 1s decay spectra for 0.5-Å and 5.0-Å Pdx~CO!y re-
corded at different photon energies.
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core ionization. At high coverage, the Pdx~CO!y compound
covers the whole surface, connected by Pd-Pd bonds,
can effectively transfer an electron to the core ionized s
Consequently, the 2p* -4d orbital is expected to have a mor
delocalized character for high coverages, which would t
large extent decrease the possibility for participator deca16

Upon close inspection of Fig. 8, we find that the intens
variations at KE’s 263 and 278 eV still remain but appear
weaken. However, since the CO molecules in this case
cupy two different sites, this could also affect the shape a
relative intensities of the spectrum, although these effects
expected to be rather small in the C 1s decay spectra as
realized for CO on metals.16

C. Influence from the substrate

A key issue when comparing the properties of the th
alumina film versus bulk alumina is the influence of the m
tallic substrate underneath the oxide film. Can electrons t
nel from the metal to the deposited islands through the ox
layers and give it properties different from islands on t
bulk oxide? We would like to briefly broach this subject.

The question of an electron tunneling effect can be rai
in connection with two situations: the high CO covera
phase on 0.2-Å Pd and 0.5-Å Pdx~CO!y . Since tunneling
occurs in order to create the energetically most favora
core-hole state, this would in both cases lead to the app
ance of AI features in the AE spectrum with an intens
proportional to the charge transfer rate.39 The AE spectrum
for CO/0.2-Å Pd suffers from intensity problems~Fig. 3!, but
it can be concluded that the decay from an ionic state do
nates. The AE spectrum for 0.5-Å Pdx~CO!y ~Fig. 8! is of
higher quality and although it is clear that the ionic dec
dominates also in this case, the AE spectrum is found to
slightly broader than the AI spectrum. Assuming that t
broadening is due to a contribution from a decay from
charge transfer screened state, a simple modeling using
shifted AI spectra~hn5287.2 eV! yields a rough estimation
of about 25% as an upper limit for the charge-trans
screened part. However, for a thick condensed carbonyl fi
i.e., a case where the substrate-induced effects are neglig
the AE spectrum is also found to be broader than the co
sponding AI spectrum.1,12The AE spectrum is recorded wit
an excitation energy high above threshold, and it is theref
possible that high-energy core-hole states~‘‘shakeup states’’!
may contribute, leading to a broadening of the spectrum
wards the high KE side.1 Moreover, AIS and AES data fo
CO adsorbed directly on Al2O3NiAl ~110! show no conclu-
sive evidence for a tunneling effect.43 On the other hand, in
the case of SF6/2 ML NaCl/Ge~100! a high KE feature was
observed in the AE spectrum and interpreted as stemm
from a charge-transfer process from the Ge~100! substrate.57

Evidently, two layers of NaCl, which is a thickness comp
rable to the alumina film,23 between the adsorbate and th
metal was not enough to completely close the charge-tran
channel. This system, however, may have substantially
ferent chemical properties. We therefore find it most like
that for CO/Pd/Al2O3/NiAl ~110!, the influence from the
NiAl ~110! substrate upon a strong perturbation in the el
tronic structure of the islands is very small on a time scale
fs, implying that electron tunneling effects from the metal
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7242 55A. SANDELL et al.
substrate can be disregarded when probing the system
fast processes~such as photoemission!.

IV. CONCLUSIONS

We have investigated two alternative methods to exp
mentally monitor the development of a CO adsorption s
tem that gradually changes from localized to delocaliz
Firstly by studying CO adsorbed on Pd islands of increas
size deposited under UHV conditions and secondly by stu
ing the growth of a Pd carbonyl-like species, formed by
deposition in CO atmosphere. The substrate was in b
cases a thin alumina film grown upon NiAl~110!. Of major
interest was the change in screening properties as a fun
of the number of metal atoms. X-ray photoelectron spectr
copy ~XPS! and x-ray absorption spectroscopy~XAS! were
used to determine the screening response upon a sudde
moval of a core electron whereas AES and AIS were use
investigate the screening dynamics on the time scale of
core-hole lifetime~10215 s!.

For the UHV-deposited islands, we find that the electro
properties of the CO-Pd complexes are strongly depen
on both island size and CO coverage: Adsorption of la
amounts of CO yield a screening ability that is strongly
duced, and small effects characteristic of molecular syst
can be detected even for islands with;100 Pd atoms. A low
CO coverage, however, allows for a screening nearly as
ficient as for metallic systems even for the smallest isla
~of the order of 10 Pd atoms!.
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The carbonyl-like compound evidently entails formatio
of Pd-Pd bonds. It has a relatively well-defined local stru
ture and new, complementary data concerning the CO
sorption geometries were presented. The results furtherm
demonstrate that this compound undergoes a transition f
a molecular to an extended system for increasing covera
and may therefore also serve as an important link betwee
carbonyl and CO adsorbed on a metallic surface.

Finally, the results show that the influence from the Ni
substrate upon strong changes in the charge distribution
be disregarded if the perturbation takes place within fs. T
is important when discussing the electronic properties of
thin alumina film versus bulk alumina and the applicabil
of the former to the construction of a model catalyst.
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