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Observation of a low-energy adsorbate core-level satellite for CO bonded to palladium:
Coordination-dependent effects
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A strong low-energy shake-up satellite for CO adsorbed on Pd is observed. The occurrence of the satellite is
established for the CO/1 ML Pd/Mbl10) system at a coverage where CO adsorbs exclusively on-top. Com-
parisons with CO adsorbed on Pd single-crystal surfaces and small supported Pd particles indicate that the
strongly increased satellite intensity is due to the decreased CO-Pd interaction strength for on-top adsorbed
CO. This can be used to get further insight into the structure and bonding properties of the adsorbate system.
Since a low-energy shake-up feature may be misinterpreted as a chemically shifted component, the conclusion
is that great care has to be taken in the evaluation of adsorbate core-level spectra for systems with large
variations in adsorption strength depending on the adsorbate sites. Large variations in the CO site distribution
may furthermore occur depending on the nature of the Pd substrate: Adsorption of CO on 1 ML(PdMo
leads to an overlayer dominated by an on-top species and, likewise, the CO overlayer formed on small Pd
particles after large doses has a large fraction of on-top bonded species. This is in strong contrast to Pd
single-crystal surfaces, where CO adsorbed in more highly coordinated sites is abundant.
[S0163-182608)03420-1

[. INTRODUCTION tures can provide important information about the local elec-
tronic structure. In the case of adsorbates this includes the
The presence of so-called shake-up satellites in core-levélature of the adsorbate-substrate bonding, screening pro-
photoemission spectra has been well-known for quite someesses, efc.
timel~3 The satellite spectrum, appearing as additional fea- A vast number of core-level photoelectron spectroscopy
tures at higher binding energies than the main line, is a corstudies of adsorbates deal with CO. In Ref. 13, the history
sequence of the strong perturbation in the electronic structur@nd details of the satellite features found in the core-level
caused by the sudden removal of a core electiora simple  spectra of adsorbates are reviewed. It has, for example, been
picture, the relaxation process leads to additional valencéound that chemisorption systems with a weak adsorbate-
excitations, which gives rise to the occurrence of spectragubstrate interaction generally exhibit intense satellites in the
features at lower kinetic energies of the outgoing photoelecadsorbate core-level spectf@.g., CO on the noble metals
trons. Cu, Ag, and Ay, whereas systems characterized by a stron-
In the case of free atoms and molecules, the satellites ai@er adsorbate-metal bond, like CO on Ni, Ru, and W, have
normally found to be weak, whereas core-level spectra osignificantly less-pronounced satellite$™-*
molecules adsorbed on a surface can display satellites of Furthermore, the spectra for coordinated CO display
considerable intensity:*? For adsorbates, screening of the structures close to the main line that are not present for free
core hole by charge transfer from the substrate is provided;O. These features are a direct consequence of the formation
thereby lowering the ionization energy. Moreover, the cou-of the metal-CO bond. In a simplified model of CO adsorp-
pling to the substrate opens up the possibility for shake-uion on transition metals, the bonding to the surface involves
excitations not present in the case of the free molecule. Thug mixing of the molecular 2* orbital with the valence band
the relaxation processes for adsorbates are very differené-band of the metal, forming bonding and antibonding
from those of the free molecules. In some cases, the satellitéwith respect to the CO-metal bon®@#*-Me d hybrid
may even dominate the adsorbate core-level spectrum, th@ates. In such a model, the low-energy satellites have been
earning the name “giant satellite$® It is necessary to be interpreted as excitations involving occupied and unoccupied
able to differentiate between satellites and chemically shiftedtates of Z*-Me d character accompanying the core
components due to inequivalent atoms on the surface. It inization??~" (In this context it should be noted that the
obvious that strong shake-up structures may severely hampekact role of the CO & orbital in the CO-metal bond is still
the straightforward elucidation of the surface chemistry, esfather unclear, but, based on recent x-ray emission spectros-
pecially if they are situated close to the main line. Howevercopy results, it can be argued that the hybrid states that we
since the core hole is strongly localized, the satellite strucdenote “27*-Me d’ in principle involve perturbations of
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the wholes and = manifolds:®*9) Intuitively, it is easy to  oxidation procedure to form a well-ordered 8% film have
realize that the satellites involvingn2-Me d excitations peen described elsewhéreThis film has furthermore been
are most sensitive to changes in the CO-metal bond. Also, axtensively investigated employing several techniddés.
more careful analysis has supported this viéWhus, the Pd was evaporated using a Knudsen cell and the evaporation
large variations in the satellite spectrum observed for COfate was monitored using a quartz microbalance. ThesC 1
Me systems with different adsorption strength is expected tx-ray photoemission spectroscopyPS) for CO on the sup-
mainly involve the 2*-Me d states. ported Pd islands were recorded at a photon energy of 380
However, not only the choice of substrate can influencesV with a total resolution set to 0.4 eV. The XPS binding
the shake-up spectrum—the specific adsorption site may alssnergies (BE) are referred to the Fermi level of the
play a role. This has been demonstrated for the CO/HNjAI(110 substrate.
Ni(100 system, where it was found that an increased num- The infrared absorption spectroscopRAS) experiments
ber of metal atoms coordinated to the CO molecule decreasgere carried out in a separate ultrahigh vacuum system. For
the C % and O & shake-up intensitie®. a detailed description of this system, see Ref(&7d refer-
Despite the large amount of studies on adsorbed CO, nences therein Briefly, the IR light is generated by a globar,
elaborate experimental shake-up studies of CO on Pd singlend after passing a Mattson RS1 interferometer is focused
crystal surfaces have been undertaken so far. The only exis¢nto the sample. The interferometer is mounted in a home-
ing high-quality data are for CO on PO and Pd110,  built chamber that is evacuated to T0Torr. The light is
showing C & spectra only a few eV below the main life**  detected with a liquid-nitrogen-cooled mercury/cadmium/
No discernible satellites were found in this region. Hencetelluride (MCT) detector placed in a detector chamber that is
the common assumption is that the core-level spectra for CQushed with dry nitrogen. All spectra were recorded with a
adsorbed on Pd surfaces are characterized by a low satelligpectral resolution of 2 cnt accumulating 500 scans for
intensity, a view that has been supported by theoreticaéach spectrum.
calculations’®
In this paper we show that the G kpectrum for CO Il. RESULTS
adsorbed on Pd may indeed display substantial shake-up
peaks. This occurs exclusively for CO adsorbed in an on-top A. CO on a Pd monolayer on Md110)
configuration. No comparable feature is found for CO in  The interaction strength between CO and the Pd ML on
sites where it is coordinated to more than one Pd atom. Th®o(110) is significantly lower than on the Pd single-crystal
enhanced satellite intensity is correlated to the significanthsurface<® Desorption is found to occur already at 290 K, as
reduced CO-Pd interaction strength upon on-top adsorptiorcompared to, typically, 400-500 K for CO on bulk Pd. Fur-
The distribution of sites occupied by CO may furthermorethermore, successive adsorption of CO/1 ML Pd(Md) at
vary substantially depending on the nature of the Pd subg0 K results in three-ordered structures, as observed by
strate, as exemplified by the comparison between CO on LEED.?® The adsorption process is reversible, i.e., the over-
ML Pd/Mo(110), small supported Pd particles, and single-layer goes through the same phases in opposite order upon
crystal surfaces. Thus, great care has to be taken when inteieating a CO saturated surface. The structure that appears at
preting adsorbate core-level spectra for systems with largghe lowest CO coverages yields a/3x \3)R30°, LEED
variations in the adsorption strength depending on site.  pattern[or (3 _7)using matrix natioh Based on the LEED
pattern together with thermal desorption spectra and high-
Il. EXPERIMENT resolu_tion electron-energy-l_oss spectroscoptyIREELS_
data, it was proposed that this overlayer structure consists of
The experiments were performed at beamline 22 at th€O only adsorbed in on-top sites with a coverage of 0.33
National Synchrotron Radiation Facility MAX I in Lund, ML.%®
Sweden. The setup is comprised of a modified Zeiss SX-700 In Figs. 1 and 2 we show high-resolution core-level pho-
monochromator in conjunction with a large hemisphericaltoemissionPE) spectra of this situation. Starting with the Pd
electron energy analyzer for photoemissifn. 3ds), spectraFig. 1), we observe a new peak emerging upon
The Md(110 crystal was cleaned using standard proce-CO adsorption, shifted 0.7 eV towards higher binding energy
dures. Pd was deposited by resistive heating of a filamerds compared to the clean monolayer. This kind of shift is
and the monolayer point was determined by monitoring theypical for Pd atoms coordinated to CO molecules, as previ-
Pd 3l and Mo 3 spectra. It was found that the onset for the ously demonstratetf. Furthermore, the relative areas of the
second layer as seen in the Rdl shectra coincides with the two peaks can in this case be utilized to unambiguously de-
complete extinction of the Modsurface component. This, termine the CO site, since it gives the relative concentration
together with the fact that no changes were observed in thef Pd atoms to which CO is bonded: The3x /3)R30°
Mo 3d spectrum upon CO exposure, clearly shows that th@ EED pattern is correlated with Pddg, PE spectra for
Pd monolayer is continuous. The Pd 3pectra were re- which the relative area of the high-binding-energy peak is
corded at a photon energy of 400 eV and a total resolution 0f0—40%. Thus, for this structure it seems reasonable to as-
0.2 eV, whereas the Cslspectra were recorded at 330 and sume that; of the Pd atoms are bonded to CO molecules.
350 eV with a resolution of 0.3 eV. The preparation of theConsequently, it can be concluded that the CO molecules can
(/3% /3)R30° CO structure on the Pd monolayer was careonly be adsorbed in on-top positions, which confirms the
fully monitored using low-energy electron diffraction structure previously suggesté&d.
(LEED). In Fig. 2, we show the corresponding G $pectrum,
The preparation of the clean Ni@10 surface and the recorded at various emission angles and using two different
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FIG. 3. C k photoemission spectra for the different CO/Pd
systems. The features associated with CO adsorbed ofiam
line and shake-Upare marked with lines. The following photon
energies were used: CO/@d41), 400 eV; CO/1 ML Pd/Mo, 350
eV; CO/Pd/ALO4/NiAI (110), 380 eV. The three features intercon-
nected with lines are in all cases, with increasing BE, the parent

one monolayer of Pd on M10) before and after the formation of Peak and the two satellites for CO adsorbed on-top.

the CO (y3x /3)R30° structure. The high-binding-energy feature

appearing upon CO adsorption is due to Pd atoms coordinated t@ather definite. An alternative explanation to the high-

CO molecules.

binding energy peak is that it is a shake-up satellite. In order
to solve this problem we have recorded the £spectrum

photon energies. It is readily observed that there are twaising different experimental parameters as shown in Fig. 2.
features present, separated by about 0.9 eV. Binding enerdy has been demonstrated that species adsorbed in different
differences of that order may occur between CO adsorbed igites exhibit strongly deviating diffraction behavior when

different sites, as previously realizé%°2° However, the

changing emission angle and/or photon enéfgy” Thus, if

presence of two CO species would be in contradiction to thehe two peaks originate from two different CO species,
above-mentioned interpretation, which can be considered ashanging the angle and photon energy would be expected to
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FIG. 2. C 1s photoemission spectra for CO/8X v3)R30°/1

lead to strong variations in their relative intensities. On the
other hand, if the high-binding-energy peak is due to a
shake-up, its intensity relative to the main peak will be un-
affected by changes in angle and photon energy. From Fig. 2
it is obvious that no significant changes in the spectral shape
occur, and we therefore identify the peak at 287.2 eV as a
shake-up to the main line at 286.3 eV.

A C 1s spectrum for the CO/1 ML Pd/M&10 (13
X \/3)R30° system showing a larger part of the satellite re-
gion can be found in Fig. 8&econd from the tgp Here we
see clear evidence for an additional feature at about 6 eV
above the main line. We have thus established the presence
of two C 1s satellites for this system and we will now pro-
ceed by making comparisons with other CO/Pd systems.

B. CO on Pd single-crystal surfaces

We start by discussing results for CO on single-crystal
surfaces. For CO/R#00), where the molecules adsorb only
in bridge positions, no low-energy shake-up can be seen in
the C & spectret! In a very recent study of CO/PHL0), CO
was found to adsorb in two-fold bridge sites at high cover-

ML Pd/Mo(110) recorded at four different angles and two different ages(verifying the results in Ref. 34and in sites with higher

photon energies.

coordination at low coveragé8.This surface reconstructs
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under certain conditions, which increases the complexity obverlayer on P@L.11), giving rise to similar spectral features
the system, but no evidence of an on-top species was fourid the C I spectrum as observed for the on-top species on 1
and no satellite was observed close to the main line for anilL Pd/Mo(110).

of the structures. For CO/PHL]) the situation is also some-

what complicated: A (/3% \/3)R30° structure is formed at C. CO on supported Pd particles

low coverage, in which adsorption occurs only in hollow
sites>>~3" The C % spectrum for this structure is shown at
the top of Fig. 3marked with a lineh»=400 e\) and it has
no trace of a satellite within 4 eV above the main peak.
However, at high coverage, a ¥X2) LEED pattern is ob- s
served. The exact nature of this structure has been the subjeocﬁ
of some discussion, and CO has been argued to adsorb in
mixture of hollow and on-top siteS3" A structure model
was proposed in which CO occupies hollow and on-top site
with a ratio of 2:1.3*It is in this context also worth men-

tioning that thermal desorption spect(@DS) for CO/ : . :
X small particles after predosing with 20 L CO at 90 K clearly
Pd111) only show a desorption peak at 450-500 K at IOWindicates an increased tendency for low-temperature desorp-

CO coverage, but features down to 200 K start to appear fotrion for smaller islands. The onset for the low-temperature

high CO coverages. Evidently, (_Jle_sorptlc_)n of the highly Com'desorption feature was typically around 200 K.
pressed CO overlayer occurs within a wide range of tempera-

tures, easily bracketing the desorption temperature found for
CO adsorbed on-top on 1 ML Pd/NIdL0).

If we look at the high-resolution Cslspectrum for the Regarding the specific CO adsorption sites on supported
(2% 2) structure(top of Fig. 3, dottedh»=400 eV), features  Pd clusters, previous experimental studies using infrafed
can be discerned at binding energies 285.9, 286.3, and 287vibrational spectroscopy and NMR have put forth that the
eV, respectively. Assuming that the peak at 285.9 eV is asfraction of molecules in on-top sites increases with decreas-
sociated with CO in hollow sites but slightly shifted com- ing Pd-particle sizé*~*3In order to corroborate this conclu-
pared to the CO/RA11) (/3% 3)R30° structure(top of  Sion we have performed IRAS for CO on Pd particles of
Fig. 3, line due to compression of the overlayer, we mayVvarious sizes deposited on the,8/NiAl (110 surface. A
assign the peak at 286.3 eV to on-top CO. This does nddetailed discussion of the various phenomena that have been
seem unreasonable since the latter binding energy agre@dserved for this system is given elsewh&rddere, we
with CO on-top on the Pd monolayer on K1d0). Concern- would like to concentrate only on those results that are of
ing the relative intensities, we find that the presumed peakKlirect relevance to the present paper. Figure 4 shows IR
for CO in the on-top sites has about half the intensity of thespectra for two different Pd particle sizes; the diameters are
peak for CO in the hollow site, which could be taken as aapproximately 255 A (2.2 A Pd, deposited at 90)Kand
support for the model previously given. However, quantifi-70+10 A (12 A Pd, deposited at 300)Krespectively. Based
cation is not an easy task due to the strong photoelectro@n the discussion in Ref. 27, we identify three regimes of
diffraction effects’®3® We can therefore not conclusively frequencies: On-togterminally) bonded CO(2090-2120
corroborate the proposed structural model. Still, if the modeFm™ %), bridge-bonded CO on edgés970-2000 cm?), and
is right, the presence of a third peak has to be explained. bridge-bonded CO on terracé$930-1960 cm'). (Note:

Based on the observation for CO in hollow sites at lowThe low-temperature deposits exhibit larger linewidths due
coverage and the spectra for CO in bridge sites orfl®d)  to the higher degree of microscopic heterogengity.par-
and (110, it seems feasible that there are no significantticular, when considering the identification of an on-top spe-
shake-up satellites relating to these species. The binding egies, a comparison with previous vibrational spectroscopy
ergy for on-top CO is normally higher than for the other results for the other two systems discussed, CO/1 ML Pd/Mo
sites?293%which would exclude the presence of a third CO and CO/P(L1)), is motivated: IRAS measurements on CO/
species. Thus, provided that the suggested structure is coPd111) (2x2) show a band at 2097 cm that is attributed
rect, i.e., there are only molecules in hollow and on-top sitesto CO in on-top sited® This is in very good agreement with
we propose that the feature at 287.0 eV is a shake-up due tbe values2090-2120 cm?') we obtain for the CO species
the on-top species of the same kind as for CO on 1 MLin the linear/on-top configuration on the supported Pd par-
Pd/Mo(110, but with a shake-up energy that is approxi- ticles. HREELS results for CO/1 ML Pd/M®10) show a
mately 0.2 eV lower. single peak at about 2050—-2080 chin the coverage re-

Concerning the presence of satellites at higher energiegime where the {3 /3)R30° overlayer is observed This
we find for the (2<2) structure a weak and broad feature atis also well in line with our IRAS data.
a binding energy of 292 eV. Its intensity relative to the main  Next we will discuss the intensities in the regime of the
lines (hollow+on-top is much lower than observed for the bridge- and on-top-bonded species. Relating IR intensities to
pure on-top situation for CO/1 ML Pd/Mb10). However, if  coverage is, however, not straightforwaffdr details, see
this feature is mainly related to the on-top species, just as thBef. 27, so the following discussion can be considered as
peak at 287 eV could be, the intensity should instead beery qualitative. In the lower part of Fig. 4 the relative in-
related only to the on-top main line. Thus, it cannot be ex-tensity ratio is plotted versus the average particle size. It is
cluded that there is an on-top species present in(2x2)  found that the amount of on-top bond CO rapidly increases

The next system to be considered is CO adsorbed on
small Pd particles supported by a thin alumina film grown
upon NiAl(110). The characteristics of this system are exten-
sively discussed elsewhet®;** so here we will limit our-

Ives to a brief description: Palladium was vapor deposited
to the oxide film, which leads to the formation of poorly
ofdered three-dimensional islands. Estimates of the average
island sizes were obtained using spot-profile-analysis low-
%nergy electron diffractioff In order to study the CO ad-
sorption properties, TDS was first appliiHeating of the

1. Vibrational spectroscopy results
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2. Core-level photoemission results

Pd/ALO,/NiAl ; _ : ; ;
IRAS JNIAI(110) 201 CO at 90 K The above-mentioned findings make it particularly inter-
Pd-deposition at 90K Pd-deposition at 300 K i issi
average island size: 25 A average island size: 70 A| €SN to compare the Cslphotoemission spectra recorded

for CO on the supported Pd clusters with the Cspectra for
the two other systems: Fig. 3 shows spectra for 20 L CO

300 K adsorbed at 90 K on two different Pd exposures, i.e., Pd
W islands of different sizeshvy=380 e\). The Pd deposition

temperature was 90 K and the average island diameters for

8 ) the two situations are 265 and 5-2 A, respectively.
g 1987cm For CO adsorbed on the supported islands at 90 K, it is
§ readily observed that the Csispectrum in both cases dis-
s 90 K plays a significant intensity close to the main line at the
ANN\\ high-binding-energy side. In the casé®A islands, a fea-
1953cm’” 204em’l tyre is discernible about 1.9 eV above the main line, whereas
Io,z% 1879¢m” Io 29 a broad shoulder centered roughly 0.9 eV above the main
’ 1994cm’” line is observed for the 20-A islands. In the latter case, we
1800 1900 2000 2100 2200  Energy [om’] 780019002000 21002200 also show the result after heating to 300 K, a procedure that
=6 520 leads to desorption of about 60% of the CO. As compared to
Tl -4 the 90-K situation, this spectrum has a main line that is
S %1-5 1 shifted about 0.3 eV towards lower BE and it has no trace of
£ E ' a shoulder.
% 1 %1 0 It easy to realize that the CO/PdAI,/NiAl (110 system
g24 ® o B . has a high degree of complexity, and there are two obvious
£, ® o . 2081 . effects that could give rise to a multitude of features in the
g g * CO core-level photoemission spectra; a distribution of Pd
Eo T T T Eo0 T T T . . S . . .
o 20 40 60 0 so 60 70 island sizes and a distribution of CO species. The island-size
Average particle size [A] Average particle size [A] distribution is expected to give rise to a significant line

broadening that becomes more pronounced for smaller is-

FIG. 4. Top: IRAS results for CO adsorbed on Pd deposits OnIands, but the contribution is expected to be rather symmetric

AlL,O4/NiAl (110 at 90 K and after heating to 300 K. The behavior a_nd co_ntinuo_us. An asymmet_ric in_tensity (_jist_ribution with
for two different Pd deposition temperatures, 90léft) and 300 k  discernible discrete peaks might instead indicate that the
(right), are compared. Bottom: Intensity ratio of the two bonding Présence of different CO species is the dominating effect.

sites(terminal vs bridge-bonded O@s a function of island size for Consequently, based on the above-mentioned IR data, we
Pd growth at 90 K(eft) and 300 K(right). expect that the Cdlspectrum should consist of contributions
from on-top- and bridge-bonded CO after dosing 20 L at 90

. o . K. Heating to 300 K essentially leads to d ti f th
with decreasing island size for both growth temperat(@€s on-top slpgcies leaving bridg;e—)t/)ondez C()O.esorp lon ot the

and 300 K. Apparen@ly, on small particles there is a Igrge In the case of the smallest particled~5 A), the C
number of sne; available, where CO can be bognd in aRpectrum recorded after dosing 20 L CO at 90 K is so
on-top adsorption geometry, whereas on the relatively We”strongly dominated by the on-top speciese Fig. 4that the
ordered and Rd11)-dominated surface of larger particlés  assignment of the features at 290 and 294 eV as due to sat-
particular those grown at 300)Konly low concentrations of ellites seems straightforward. For the 20 A Pd particles, the
on-top CO can be obtained. The observation that for thexmounts of on-top- and bridge-bonded CO at 90 K are com-
low-temperature deposits the on-top/bridge-ratio levels off aparable, which complicates the interpretation of the £ 1
a higher value might again be attributed to the heterogeneitgpectrum. However, the spectrum measured after heating to
and roughness under such growth conditions. The on-top CQ00 K is, according to the IR data, mainly associated with
appears to be more weakly bound to Pd so it can be seletridge-bonded CO. The negligible shake-up intensity in this
tively desorbed by annealing. As shown in Fig. 4 this is thespectrum makes an assignment to CO adsorbed in bfatge
case for Pd particles of all sizes: After annealing to 300 Khollow) sites feasible, as concluded from the observations for
most of the on-top bound CO has vanished and absorption i8O on Pd single crystal&Sec. Il B). In a first approxima-
the region of bridge-bonded CO strongly dominates the spedion, subtraction of the 300-K spectrum from the 90-K spec-
tra. That the CO overlayer after heating consists of CO irtrum gives the spectral shape of the on-top species and the
more highly coordinated sites has also been suggested previsult of this procedure is also shown in Fig. 3. We find that
ously, based on x-ray absorption spectroscopy and NRR. the difference spectrum has intensity in the binding-energy
Thus, the CO adsorption behavior on the small Pd islandgegions associated with the main line and the satellite for CO
may in many ways resemble CO/1 ML Pd/Md40); i.e., the on-top on 1 ML Pd/M¢110. The intensity distribution,
amount of more weakly bound CO and CO in on-top sites ishowever, deviates somewhat from the CO/Pd/Md®) case.
substantially larger than for the Pd single-crystal surfacesA reason for this is that the on-top species partly converts
Apparently, CO adsorbs much more weakly on-top than ininto the bridge species upon heating, as shown by the IR
the more highly coordinated sites. intensities. Such an effect has also been observed for CO
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adsorbed on Rh particles on the same substfdfehe over- INITIAL STATE FINAL STATE
estimation in the amount of bridge-bonded CO in the 90-K

spectrum is taken into account, the difference spectrum is % 8 9 antibonding & 89
likely to become even more similar to the CO/PdA¥b0) on d .

4
situation. Based on the IR data, the desorption temperature, __ Ad AO_
and the result of the subtraction procedure of thesGgdec-
tra, we therefore propose that the on-top-bonded CO on the & 98 bonding & 9 8

Pd particles exhibits a pronounced € datellite of a nature
similar to the one observed for CO adsorbed on-top on 1 ML

Pd/Ma(110. Hence, to summarize the results for the differ- & 8 9 antibonding &8 0
ent CO/Pd-systems we find the following:

(a) Adsorption of CO on Pd in an on-top site is associated Pd 2n 4d
with the appearance of a pronounced satellite 1-2 eV above >oo 4d 2m
the main peak. The appearance of the low-energy satellite is Pd
furthermore accompanied by an enhancement of a feature g 9 §  bonding 3@ 9 S
about 6 eV above the main line.

(b) The preferential adsorption site is on-top on 1 ML  FIG. 5. Schematic illustration of the COr2Pd 4l hybrid lev-
Pd/Ma(110 and a clear tendency for increased adsorption irels formed upon adsorption in different sites before and after core
on-top sites occurs also on small Pd clusters. This is in conionization of the adsorbate.
trast to the single-crystal surfaces, where CO in more highly

coordinated sites is predominant. where \If%’& is the lowest-energy configuration of the ion,
(c) The adsorption of CO in the on-top site is character-i.e., with no valence excitation. Consequently, there will ap-
ized by a decreased CO-Pd interaction strength. pear satellites with a total intensity equal to
1- (P egl TP @

IV. DISCUSSION

From this we can infer that a large difference between the

It is obvious that the possibility for a strong satellite close : : :
- . ; ; west-energy configuration of the ion and the ground state
to the main line can severely complicate the interpretation of . : . ) -
ives a large shake-up intensity. As in Ref. 12, we will in the

adsorbate core-level spectra. There are thus two issues that : . .
must be clarified in the case of CO on Pd: First, the proper_urther discussion consider only the states formed upon hy-

. ; - bridization between the COs2orbital and the metadl band
ties of the satellite and how it is correlated to the CO adsorp- . . C o T
. s (or, more generally, in the manifold). This simplification is
tion geometry and, second, how the distribution of adsorpfeasible since one can assume that changes in thé1€0-
tion sites occupied by CO depends on the properties of the y ST . .
palladium. hteraction are reflected ma|nlly in this part and it has been

demonstrated that local excitations within the adsorbate-
substrate complex dominate the adsorbate core-level
shake-up spectrur.

Starting with the satellite properties, it can be considered In Fig. 5 we schematically illustrate how the properties of
as well established that weakly chemisorbed CO exhibitéhe CO 2r—Pd 4 hybrid states before and after adsorbate
pronounced core-level satellites. A basic understanding as t@ore ionization vary depending on adsorption site. Starting
why the satellite intensity increases for decreasing adsorptiowith CO on-top(the two top panels this adsorption geom-
strength can be obtained by using the arguments presentedéiry is characterized by a weak chemisorption bond. The low
Ref. 12. The satellites can be described as due to valenaegree of mixing results in a bondingr2id level (27,)
excitations in the core-ionized state, i.e., they represent mordominated by d and an antibonding 24d level (27,)
highly excited core-ionized states. Starting with a more for-dominated by #, respectively. Upon core ionization of the
mal treatment using a one-electron picture, it can be show@O molecule, the 2 level is pulled down by the Coulomb
that the relative intensity of each peak in the core-level specpotential. The z-4d states for the final state will thus
trum is given by change their character; the bonding combination is now

Py = (TN wRY]2 1) dor_ninated by Z whereas the antibonding combination is of
_ ik ik ’ mainly 4d character. Consequently, if we compare the bond-
where\lf}‘j’,i1 represents the eigenstates of the ion with a holdng levels in the initial statélS) and the final statéFS), we
in core levelk and with a valence electron excitation from find that the properties are substantially different. Since oc-
level j to i. WR represents the ground-state wave functionscupation in the bonding level constitutes the lowest-energy

for all electrons except the core electron. Sic forms a  configuration, Eq(4) yields that a large shake-up intensity is
Complete orthonormal Set, the fo"owing sum rule app"es: eXpeCted. If we instead consider CO coordinated to more Pd

atoms(lower two panels in Fig.  we find in principle the
> Pijc=1. (2)  same type of changes in the character of the4d states.
(0.1 However, due to the stronger interaction in the IS, leading to
7R much higher degree of mixing, thelative difference be-
tween the 1S bonding level and the FS bonding level is con-

_ siderably smaller. Hence a lower satellite intensity is ex-
(Vond TR #1, (3 pected.

A. The adsorbate core-level satellites

If we assume that the system relaxes upon core ionizatio
then
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As previously mentioned, the on-top CO on Pd desorbdhe possible origins of this feature: It has previously been
between 200-300 K depending on the Pd systeth®® interpreted as a 2,— 2, shake-up satellit?* 1" Recent
Even though it is not straightforward to correlate satellitelNDO/CI calculations of the C 4 spectrum for M@CO) ¢
intensity to desorption temperature, it is tempting to make &how that the zr,— 27, excited state splits into states of
comparison with a CO adsorption system with similar prop-singlet and triplet parentage due to the exchange interaction
erties. A good candidate is the COACQ0) c(2X2) system, between the two open valence shells, leading to peaks posi-
which consists only of CO in on-top sites, and where desorptioned at about 2 and 6 eV above the main line,
tion of CO takes place at about 200°KThe C sand O 5 respectively’® However, in these calculations only the-2l
spectra both show strong satellites, of which the most promihybridization is considered. Although this interaction might
nent ones appear at shake-up energies of 2.5 and 7(&LeV pe dominating, it cannot be excluded that the CO®@bital
1s) and 2.3 and 6.9 YO 1s)."> Thus, like in the case of CO  a150 mixes withMe s states, which would give rise to new
adsorbed in on-top sites on Pd, the €shtellite spectrum is  groyps of states and lead to additional satellite features. If we
dominated by two features, but their intensities and energyeyrn to our data, we see in Fig. 3 that the general behavior
separation relative to the main line are larger for CO/qf e g eV satellite” follows that of the first satellite. One

Cu(100. could therefore argue that this supports &,2- 2, origin,

T_he_next ISSue concerns t_he |dent|f|ca_t|o_n of the satellltesom we do not find this conclusive enough to give a certain
As indicated in the discussion above, it is commonly as-

sumed that the satellite that is found closest to the main ”ngsmgnment. . . . .
is associated with the promotion of an electron from the The comparison with theoretical and experimental results
f

bonding to the antibondingz2d level, since this excitation or carbonyls is of particular interest for CO on the smallest
requires least energisee Fig. 5.12-1417|t has also been Pd islands, i.e., those with a diameter of about 5 A. It has

proposed that this excited state gains intensity when the cd2€en found that no charge-transfer screening of the supported
Me interaction strength decreas@d® This can be under- Pd islands occurs upon core ionizatfdriThe response upon
stood qualitatively when noting the similarity between the [SCOre ionization is therefore strongly dependent on the island
bonding level and the FS antibonding level in the top panel§ize. Whereas CO on larger islan@® A and aboveexhibit
of Fig. 5. properties similar to a metallic adsorbate system, the CO/5-A
If we turn to the exact position of the first satellite, studiescase is more comparable to a molecular, carbonyl-like sys-
of CO on Ni, Cu, Ag, and Au show that the position dependstem. The most notable result of this is the increased binding
on the substrat®* For these systems, the shake-up energyenergy of the main peak due to the reduced screefsag
of the first satellite peak in the Csland O 5 spectra was Fig. 3). In addition to this, we note three things in the € 1
found to increase in the order Ni-Cu, Au-Ag. Thus, the po-spectrum for CO on the 5-A islands: The main peak is
sition of the satellite closest to the main line appears to béroader, the shake-up energy for the first sate(lit® eV) is
correlated to the position of the substratdand, which can larger than in any of the other studied CO/Pd systems, and
be taken as further evidence for the assignment of this strughe satellite intensity relative to the main line appears to have
ture as due to excitations involving the COr2Me d  diminished. We believe that the increased linewidth can be
states:™'“ However, the relation between the satellite posi-attributed mainly to the island size distributi$hScreening
tion and theMe d band is not straightforward since the gffects related to the alumina film may also play a fSl&he
hybridization strength and the subsequent splitting of thgpseryations concerning the shake-up energy and the satellite
bonding and antibondingz2d levels does not solely depend nensity are well in line with previous results for carbonyls:
on the energy dlﬁerences between te d and CO Zr a low-energy satellite has been observed in thesGpectra
states prior to adsorption. of Mo(CO) g and CKCO)¢ at 1.7 and 2.3 eV above the main

. With this in ”."'”d we can return to our C.O/Pd datg. In line, respectively, and the satellite intensity observed for the
view of the previous studies, we assign the first satellite for

CO adsorbed on-top on Pd as due tom,2> 27, shake-up. carbonyls is also comparable to CO on the 5-A Pd islands.

It should, however, be noted that the main line satellite sepaThe onvered”satelhte |ntenS|ty.|s an effect of the reduced
creening ability of the electronically isolated carbonyl com-

ration varies between the different situations; the shake-u lex_leading to d d relaxati fd2iEhe i d
energy changes from 1.9 eV for CO on the 5-A islands to 0. ex, leading 1o decreased relaxation € € Increase
shake-up energy of the first satellite is most probably a con-

eV’ for CO/1 ML Pd/Mo(and CO on the 20-A islanilsif the sequence of the properties of the Pd, which is expected to

interpretation of the CO/R@11) situation discussed in Sec. . R
[l B is correct, the shake-up energy has decreased to 0.7 e@_pproaoh those of the isolated atom for decreasing island
' size. This will, for instance, be manifested in a more discrete

However, the properties of the Pdl dand may differ sig- k
nificantly between the situations, as further discussed beIO\/\fh"’“""Cter of the 2-4d hybrid levels.
Hence, this effect can be related to the previously observed
shake-up energy variations for CO adsorbed on metals with
differentd-band propertie$>

The interpretation of the second satellite appearing typi-
cally 6-7 eV below the main peak is more nebulous. A sat- We will now proceed by discussing the adsorption sites
ellite in this region has been observed for numerous CO adeccupied by CO. It seems reasonable to assume that the ad-
sorption systems and it has been given different assignmentsorption behavior depends on theband properties of the
Although our data do not provide any conclusive support formetal. It is therefore interesting to compare with Rh, which
a particular interpretation, we would like to briefly discussis theZ-1 element to Pdthed occupancy has only decreased

B. The CO site occupancy
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by one and where extensive studies on the CO adsorptiowalence photoemission spectroscopy. For 1 ML Pd on Nb,
properties have been undertaken, e.g., Refs. 30, 33, and 49¥, and Ta, which like Mo are refractory metals, the Pd-
52. derived 41 states typically appear at binding energies be-
If we compare CO/RHL11) with CO/Pd111), we find tween 2 and 4 eV;~®*whereas thed states for 1 ML Pd on
that the CO site occupancy at saturation coverage appearsA¢/(111) are characterized by a peak at 1.5 eV with a tail
be similar: The overlayer on Rh11) consists of CO in hol- stretching down td& .°’ Since the molecular CO2level is
low and on-top sites with a ratio 2%2:335152The same site Situated betweeR and the vacuum levdty, a shift of the
distribution has been proposed for CO{PHI), see Sec. Pd 4l states to higher binding energies reduces the overlap
Il B and Refs. 35—-37. However, the adsorption processe@nd weakens thes2d hybridization. This in turn changes
leading to the saturated overlayers are different. At low covihe CO adsorption energies for the different sites in favor of
erages, CO adsorbs on-top on(®hl), 333 whereas the hol- the on-top adsorption.
low sites are initially occupied on PHL1).°-3" At a CO The adsorption on the small islands is more complicated.
coverage of 0.5 ML on RH11), a dramatic increase in the There are both significant electronic and geometrical effects
population in hollow sites takes place, after which furtherto take into account. Going from bulk Pd to the Pd atom
CO adsorption leads to a hollow/on-top ratio approachingnvolves characteristic changes of tidestates. First, the
two. Adsorption of increasing amounts of CO on(PHl), on  bandwidth decreases, simply due to the reduced number of
the other hand, has been proposed to result in a successilgeracting atoms. Second, the valence configuration for the
compression of the overlayer where on-top sites becomatom isd'®whereas somedi—5(sp) promotion takes place
populated only at coverages exceeding 0.6 ™13’ An ex-  when forming the solid. Since the Pd atoms have a high
planation for this behavior is that the relative differences inoccupation, the band narrowing will result in an increased
adsorption strength depending on site are much smaller fg@nergy separation between the highest occupietéviel and
CO/RN111) than for CO/P@L11). According to theory, this the CO 2r orbital prior to adsorption. Using the same argu-
could be related to the energy differences between the metatents as above, this may result in a decreased tendency for
d configurations needed to form the different bonding geomadsorption in more highly coordinated sites. On the other
etries; these differ significantly less depending on CO site fohand, since the on-top adsorption involves mixing with oc-
Rh than for Pd® TDS data for CO/RH.11) show desorption cupied metal states a§p character, the decreased-sp
maxima at around 500 K at low coverages and between 400promotion would be expected to decrease the ability for on-
500 K at high coverage¥.The behavior at high CO cover- top coordinatior’® However, calculations show that states of
age is in contrast to CO/PHL1), where desorption takes Sp character become populated already for the Pd drther.
place in a much wider temperature regime and the firsthis would indicate that thedtband narrowing is the domi-
maxima are observed already at 200-300 K for highnating electronic effect for the small islands.
coverages!>®The strong CO-Rh interaction for all adsorbed =~ The geometrical effects might be at least as important as
species is consistent with the absence of strong satellitthe electronic effects, as indicated in Sec. Il A1. The sur-
peaks in the C 4 spectra on Rf111).2>% Thus, elements face structure of the small, three-dimensional islands is not
with only a small difference ind population can give comparable to the surface of the single crystals. New sites on
strongly deviating CO adsorption behavior. edges and corners are available and the diffusion of the ad-
One can furthermore imagine that changes indieand  sorbate may furthermore be limited as compared to the flat
properties of the same element can dramatically influence theurface. Thus, the preferential adsorption sites can still be the
adsorption properties. This is the aspect that will be considmore highly coordinated ones, but the geometrical conditions
ered when discussing CO on the different Pd systems. Thgield a site occupancy with a higher fraction in “on-top-
tendency for increased CO adsorption in on-top sites for Péike” sites (i.e., including corners, etcafter dosing large
monolayers on M@10) [and probably also Ta10)], has amounts of CO. An indication for this is that a more strongly
been interpreted in terms of a depletion of thedPdccupa-  interacting species remains on the islands after heating to
tion due to the interaction between the Pd layer and the urB00 KZ**A more thorough investigation of the CO adsorp-
derlying substrate(which in these cases have less tion as a function of coverage would probably solve this
electron$.?®%5 The Pd 41 depletion has a stronger effect on question.
the CO adsorption energy for the sites that involve the larg-
estd backdonation, i.e., bridge and hollow sites, and thus the
on-top position becomes more favorable. An alternative view
is that a depletion of the Pdddoccupancy makes the valence
electronic structure of Pd more Rh-like, which increases the To summarize, we have observed strong satellite struc-
probability for on-top adsorption since, as mentioned abovetures for CO adsorbed on Pd. The occurrence of the satellites
CO initially adsorbs on-top on Rh11). is established for the CO/1 ML Pd/Nibl0) system at a cov-
This can be compared with the experimental findings forerage where CO adsorbs exclusively on-top. That the satel-
CO on Pd monolayers on Alll) and RKH111), respec- lites become pronounced only for CO adsorbed on-top on Pd
tively, where no or very little 4 depletion is expected. On is supported by comparisons with CO adsorbed on single-
these surfaces, CO adsorbs largely in the same fashion as orystal surfaces and small supported Pd particles. No com-
Pd111), i.e., more highly coordinated sites are populated aparable feature is found for CO in more highly coordinated
low coverages’:>® sites. The enhanced satellite intensity is correlated to the sig-
A way to get a more quantitative measure of the valencenificantly reduced CO-Pd interaction strength upon on-top
band effects is to look at the position of thd #and with  adsorption. Thus, this behavior can be used to get further

V. CONCLUSION
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