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Abdelkrim Sellidj and Bruce E. Koel
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482
(Received 1 March 1993)

We present a study of the electronic and CO chemisorption properties of ultrathin Pd films on
Au(111). Using ultraviolet photoemission spectroscopy (UPS) we examined the valence-band electronic
structure of Pd films for different thicknesses. The UPS spectrum of a Pd monolayer on Au(111) shows a
narrow Pd 4d density of states at 1.6 eV below the Fermi level and a reduced density of states near the
Fermi level. The valence-band spectra of a Pd monolayer annealed to increasing temperatures was also
examined. As a result of Pd-Au interdiffusion, the Pd density of states is seen to sharpen and shift closer
to the Fermi level. In the valence spectra of a Pd monolayer annealed above 300 K we identified a
feature near 3.5 eV which we attribute to a Pd-Au hybrid state. Using UPS, temperature programmed
desorption (TPD), and high-resolution electron-energy-loss spectroscopy (HREELS), we also examined
the CO chemisorption properties of ultrathin Pd films on Au(111). From CO TPD experiments we esti-
mate that the activation energy for CO desorption from a Pd monolayer on Au(111) is 32 kcal/mol.
HREELS spectra of CO adsorbed on a Pd monolayer on Au(111) show that CO occupies threefold
bridge sites at low CO coverage and both the twofold bridge and atop sites at saturation CO coverage.
From these results we conclude that the CO chemisorption properties of a Pd monolayer on Au(111) are
very similar to those of Pd(111) surfaces, which is striking in view of the large differences between the
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valence-band electronic structure of these two surfaces.

I. INTRODUCTION

A great deal of recent attention has focused on the
physics and chemistry of Pd thin films on several metal
single-crystal surfaces, owing to the significant differences
in the structural, electronic, and chemical properties be-
tween these films and bulk Pd. Pd films are of particular
interest in these studies since the observed changes in the
CO chemisorption properties are greater than those ob-
served on Ni or Pt. For example, a comparison of CO
desorption from Ni, Pd, and Pt monolayer films support-
ed on W(110) to that from bulk Ni, Pd, and Pt(111) sam-
ples shows that the CO desorption temperature decreases
by 50 and 60 K for the Ni (Ref. 1) and Pt (Ref. 2) mono-
layer films, respectively, but a surprising 180-195 K for
the Pd monolayer.>* The electronic structure of Pd
monolayers on different substrates has also been observed
to be considerably different than that of bulk Pd, showing
a low density of states at the Fermi level (Eg) charac-
teristic of the group 1B (Cu, Ag, and Au) metals. This al-
teration of the electronic structure is not strongly depen-
dent on the choice of the substrate, with similar changes
seen for Pd thin films on Ta(110),%°® Nb(110), " w(110),°
Cu(111)," Ag(111),"" Au(111),'? and AI(111).'>'* This is
most striking in view of the proposed reasons why these
alterations should occur, such as lowered Pd-Pd overlap
(proposed for the highly strained Pd-Nb system,!’ but
inapplicable to the almost unstrained Pd-Ag and Pd-Au
systems), d-state covalent interactions between the sub-
strate and adsorbate [also proposed for Pd-Nb (Ref. 16)],
or charge transfer. !’

Much of the previous work on CO chemisorption on
Pd thin films was done with refractory, early transition
metals as substrates. These metals exothermically alloy
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with Pd,!® indicating interaction between the Pd d states
and those of the substrate. Owing in part to the lower
free energy of surfaces of bulk Pd than that of the single-
crystal surfaces of refractory metals, Pd forms thermally
stable monolayers even at high temperatures.!~ 2} The
refractory metal substrates have a bcc crystal structure,
and the structural differences between the bcc substrate
and Pd (which in the bulk has a fcc crystal structure) re-
sult in Pd monolayers exhibiting considerable lattice
strain. The most common refractory metal surface plane
used in these studies is (110), which resembles the
closest-packed fcc(111) face except with a change in the
apex angle from 120° to 108°, and induces a lattice strain
on the order of 15-20 % in the pseudomorphic Pd mono-
layer. This lattice strain has been invoked as a possible
cause of the alteration of the Pd electronic structure,
since Pd-Pd overlap in the adlayer is lessened with
respect to bulk Pd.!> However, ultraviolet photoemission
spectroscopy (UPS) studies of a Pd monolayer of fcc(111)
structure which forms with almost no lattice strain on the
Ta(110) surface shows a very similar electronic structure
to that of the highly strained pseudomorphic Pd mono-
layer.$ Also, CO (Refs. 24 and 25) and H, (Ref. 26) chem-
isorption properties have been shown to be essentially the
same for these two different structures of the Pd mono-
layers on Ta(110). This rules out lattice strain as the ma-
jor cause for the alterations in the chemical properties of
Pd monolayers on single crystals of refractory metals, a
result consistent with those on other strained metal over-
layer systems. !

The characteristics of Au(l111) are almost diametrical
to those of the refractory metal substrates commonly
used to support Pd films. Au and Pd form almost ideal,
substitutionally random alloys at all concentrations.?’ Pd
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and Au share the fcc crystal structure, with bulk lattice
constants differing by less than 5% [indeed, there is evi-
dence that the Au(111) surface undergoes a reconstruc-
tion that relaxes the surface mesh to almost exactly coin-
cide with that of Pd (Ref. 28)]. So lattice strain is not ex-
pected to be a large driving force for altering the proper-
ties of a Pd monolayer on Au(111). Also, the work func-
tion (¢) and the electronegativity () of Au (¢=5.3 eV,
x=1.4) are closer to Pd (¢=5.6 eV, y=1.4) than some
of the early transition metals, e.g., Ta [¢=4.8 eV for
Ta(110), y=1.3]. Moreover, x-ray photoemission spec-
troscopy (XPS) measurements of the Pd 3d and Au 4f
core levels for a Pd monolayer on Au(111) and Pd/Au al-
loys?® show very small shifts ( <0.2 eV for Pd relative to
bulk Pd, and no shift for Au) indicating small perturba-
tions in the charge density near Pd or Au. In contrast,
Pd monolayers on refractory metals surfaces such as Ta,
W, and Mo, where the chemical properties of the Pd
monolayer are dramatically altered, have fairly large Pd
3d core-level shifts.’® Based on these observations one
expects less significant alterations in the chemisorption
properties of a Pd monolayer on Au(111). Surprisingly,
Shen et al.’! reached different conclusions. From high-
resolution electron-energy-loss spectroscopy (HREELS)
and UPS studies of CO adsorption on Pd deposited on
Au(111) at 300 K, they concluded that a Pd monolayer
on Au(l1l) is inert to CO adsorption due to a reduced
density of Pd d states near Ep, much like Pd monolayers
on refractory metal substrates. We have recently reinves-
tigated the growth and film structure of Pd deposited on
Au(111), and concluded that a Pd monolayer cannot be
formed at 300 K (Ref. 29) due to alloying. It is thus ap-
propriate to make new and additional studies of CO
chemisorption on well-characterized Pd films on Au(111),
especially on Pd films deposited at low temperature
where it was shown that pure Pd films can be formed.”
Our results, which will be discussed herein, clearly show
that the Pd monolayer exhibits CO chemisorption prop-
erties similar to those of the (111) surface of bulk Pd,
even though the photoemission valence spectra still show
a reduced density of states near Ef.

II. EXPERIMENTAL METHODS

The experiments were performed in a UHV system de-
scribed in detail elsewhere.*? This system has an opera-
tional base pressure less than 1X107'° torr, and is
equipped with a double-pass cylindrical mirror analyzer
(CMA) for Auger-electron spectroscopy (AES), a quadru-
pole mass spectrometer (QMS) for temperature pro-
grammed desorption (TPD), a four-grid low-energy
electron-diffraction (LEED) optics, and a HREELS spec-
trometer for vibrational spectroscopy. The Au(111)
single-crystal (Atomergic, SN purity) was mounted on a
rotatable stage with provisions for cooling to 125 K or
resistive heating to 1200 K, and was cleaned by Ar™
sputtering (5X 107> torr, 800 V) and subsequent anneal-
ing to 1000 K until no contaminants were detected by
AES.

Palladium deposition was carried out by resistively
heating a 0.25-mm-diameter tungsten wire that had a
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0.1-mm Pd (Alfa, 99.997%) wire wrapped around it. The
Pd films on the Au(111) surface were removed by sputter-
ing the crystal with Art (5X 1077 torr, 800 V) at 125 K
for typically 10 min, followed by annealing to 1000 K in
UHYV for 10 min. The complete loss of the intense Pd
(330 eV) Auger transition assured complete removal of
Pd from the surface region. Pd films were deposited at
125 or 300 K. During Pd evaporation the UHV pressure
remained below 2 X 107 '° torr.

CO doses were all made using a microcapillary array
doser. CO exposures carried out to achieve saturation
coverage required less than 1 L (L=10"° torrs) for all
the Pd films studied.

CO TPD measurements used a 7 K/s temperature
ramp. The UPS experiments were performed using a
differentially pumped He resonance lamp, and the spectra
were recorded by using a CMA with a resolution of 0.40
eV for He 11 spectra and 0.24 eV for He I spectra.
HREELS spectra were taken with a primary beam energy
of 5.8 eV and an energy resolution of 90 cm~!. Count
rates at the elastic peak were on the order of 1-10X10°
counts/s.

ITII. RESULTS

For all of the experiments discussed herein, the intensi-
ties of the Pd (330 eV) and Au (69 eV) Auger transitions
were monitored as a function of Pd deposition time, and
the Auger uptake curves derived from these intensities
were used to determine the appropriate Pd film thickness.
We have recently reported our studies of Pd deposition
on Au(l111) in which the growth properties and surface
concentrations of Pd films on Au(111) were addressed in
detail.?? Pd adlayers with nearly uniform thickness of
one, two, or three monolayers can be prepared by deposi-
tion of Pd on Au(111) at 125 K. Overlayer coverages 0p4
are defined relative to the Au(111) surface-atom density
which is equal to 1.39X 10" atoms/cm?. Annealing the
clean films at temperatures exceeding 220 K causes alloy-
ing to occur and results in significant surface concentra-
tions of Au.

A. UV photoemission

1. Pd overlayers on Au(111)

He 1 (21.2 eV) and He 11 (40.8 eV) UV photons were
used to investigate the electronic properties of the
Pd/Au(111) surface. Photoelectrons emitted from the
valence bands of Pd and Au have kinetic energies of
10-15 eV for He I excitation and 30-35 eV for He I
light. These kinetic energies correspond to electron mean
free paths of 4-2 Pd monolayers and one Pd monolayer,
respectively.** The shorter mean free path for photoelec-
trons excited by He II light makes the He II spectra much
more surface sensitive.

Figure 1 displays several angle-integrated He I spectra
taken from Pd films of various thicknesses deposited on
Au(111) at 125 K. The spectrum from clean Au(111) ex-
hibits peaks at —2.7, —4.3, —5.0, —6.3, and —7.3 eV.
These peaks stem from the 5d bands of Au. The flat re-
gion in the spectrum between — 1.7 eV and the Fermi lev-
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FIG. 1. He 1 UPS spectra obtained from Pd films of various
coverages that have been vapor deposited on Au(111) at 125 K.

el corresponds to photoelectron emission from the Au s-p
band (also referred to as the s-p plateau). Figure 2 shows
angle-integrated He 1I spectra taken from several similar
Pd films on Au(111). The clean Au(111) He II spectrum
exhibits less structure and different peaks than the He 1
photoemission spectrum due to cross-section changes.
With He 11, peaks stemming from the Au 5d bands were
seen at —2.7, —3.1, —6.3, and —6.6 eV. The s-p plateau
was also visible near the Fermi level. The He I and He 11
spectra for clean Au(111) are consistent with electron en-
ergy distribution curves (EDC’s) derived from a band-
structure calculation by Christensen and Seraphin,** and
with angle-resolved photoemission measurements by
Mills et al.®

In the He I spectra, the addition of Pd to the Au(111)
surface up to a monolayer induces a single photoemission
peak at —1.6 eV which is derived from the Pd 4d valence
band. Deposition of Pd films thicker than one monolayer
increases photoelectron emission near the Fermi edge and
also gives rise to very broad features at higher binding en-
ergies extending up to —5.0 eV. This is clearly seen in
the He I spectrum following deposition of two mono-
layers of Pd. We note that after deposition of only 0.3
monolayer of Pd, the photoemission peaks associated
with the Au 5d valence electrons are attenuated more
strongly than is expected from the electron mean free
paths of 2—4 monolayers. It is possible that this attenua-
tion arises from angle-dependent blocking effects or
diffraction by the Pd adatoms of photoelectrons emitted
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FIG. 2. He 11 UPS spectra obtained from Pd films of various
coverages that have been vapor deposited on Au(111) at 125 K.

from the Au atoms.

In the He 11 spectra, deposition of Pd up to one mono-
layer induces a Pd peak at —1.6 eV, a shoulder at —0.4
eV, and an attenuation of the Au-derived peak at —3.1
eV. Deposition of Pd films thicker than a monolayer in-
crease photoelectron emission near the Fermi level and
induce broad features extending from 0 to —5 eV. In or-
der to better show the contribution of the Pd 4d band to
the photoemission spectra, the He II spectrum from clean
Au(111) was subtracted from the He II spectrum of the
Pd monolayer. The resulting difference spectrum® is
shown in Fig. 3. This spectrum clearly shows that the
contribution from the Pd monolayer to the surface elec-
tronic density of states is limited to a relatively narrow
peak centered at —1.6-eV binding energy, and that the
electron density near the Fermi level is drastically re-
duced compared to that for thick Pd films.

Figure 4 illustrates the variation of the work function
of these surfaces as a function of Pd coverage. The value
of the work function is obtained as the difference between
the photon energy and the energy interval separating the
low-energy photoemission cutoff and the Fermi level.
The clean Au(111) surface yields a work function of 5.43
eV, which is slightly greater than the work-function value
of 5.3 eV reported by Potter and Blakeley.3” The work
function decreases sharply by approximately 0.3 eV fol-
lowing Pd deposition of only 0.3 monolayer, and then
remains constant around 5.25 eV for Pd coverages up to
one monolayer. The work function decreases again to
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FIG. 3. The Pd DOS near E; derived from the He 11 UPS
spectra for a 6pg=1 Pd film (full curve) and a 6,3=0.5 Pd film
(dotted curve).
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FIG. 4. The work function of Pd films vapor deposited on
Au(111) at 125 K.
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5.06 eV at py=1.4, and then it increases to 5.2 eV at two
monolayers of Pd. Finally the work function reaches a
maximum value of 5.5 eV at five monolayers of Pd, which
is close to the work-function value of 5.6 eV measured on
clean Pd(111). %

The rapid drop of the work function after deposition of
only 0.3 monolayer of Pd is attributed to the so-called
Smoluchowski effect®® commonly seen on rough surfaces.
At this coverage, Pd atoms are relatively dispersed on the
Au(111) surface with little Pd-Pd interaction allowing for
a decompression of the electron charge density away
from the isolated Pd atoms. The work function stabilizes
over the range 0.5 <60p4 <1, which we attributed to the
formation of two-dimensional (2D) islands of Pd. The
drop in work function between 1.0 and 1.4 monolayers of
Pd is again associated with roughness or a small amount
of highly dispersed second-layer Pd atoms on top of the
first Pd layer.

2. Annealed Pd monolayer on Au(111): Pd/Au alloy

Figure 5 displays a series of He II spectra obtained
from a monolayer of Pd after annealing to increasing
temperatures. The Pd layer was initially deposited at 125
K. One can follow the changes in the Pd and Au elec-
tronic structures as various alloy compositions are
achieved near the surface. We chose to concentrate on
the He II spectra because of the relatively small escape
depth of He 11 photoelectrons electrons emitted from the
valence bands of Pd and Au.

25+
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FIG. 5. He 11 UPS spectra obtained after annealing a mono-
layer Pd film deposited on Au(111) at 125 K.
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In Fig. 5 the Pd 4d resonance at — 1.6 eV sharpens and
slightly shifts to —1.5 eV after annealing to 300 K. At
400 K a new peak develops at —3.5 eV, and its intensity
increases as the sample is annealed to higher tempera-
tures, while the Pd 4d resonance continues to sharpen
and shift slowly to lower binding energy. At 600 K this
latter peak has shifted to a maximum value of —1.4 eV
and is clearly separated from the Au peak at —2.5 eV.

3. CO chemisorbed on Pd/Au(111)

In Fig. 6 we show the He I1 photoemission spectrum
obtained from a monolayer of Pd exposed to 1-L CO to
give a saturation coverage of chemisorbed CO. Pd depo-
sition and the subsequent CO exposure were carried out
at a substrate temperature of 125 K. The spectra in Figs.
6(b) and 6(c) show the usual double-peak structure at
—11.4 and —8.4 eV associated with emission from the
40 and 50 + 17 orbitals, respectively, of molecularly ad-
sorbed CO. The spectra also show a strong reduction in
the intensity of the Pd-induced peak at —1.6 eV, and the
Au-derived peak at —3.1 eV. It is well known that the
CO chemisorption bond to most metal surfaces involves a
synergistic charge donation from the 50 orbital to the
metal d band and back donation from the metal d band to
the 27* orbital of CO. With a larger charge transfer to
the 27* orbital through backbonding, this corresponds to
a net charge transferred from the metal to CO. The
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FIG. 6. (a) He 11 UPS spectra obtained from a monolayer Pd
film deposited on Au(111) at 125 K. (b) The same Pd film after a
saturation exposure of 1-L CO at 125 K. (c) Difference spec-
trum (b)—(a) with no scaling.

strong attenuation of the —1.6-eV peak is consistent with
such a process after assignment of this peak to the Pd
monolayer 4d band.

B. Temperature programmed desorption (TPD)
of CO on Pd/Au(111)

It is critically important to ascertain the adsorption en-
ergy of CO on these Pd films. TPD is often a convenient
method for making this determination. The interpreta-
tion of CO TPD results from Pd thin films on Au(111) are
complicated by the continuous changes in the surface
composition due to alloying that are likely to take place
during TPD experiments. CO desorption continues until
well above the onset of Pd diffusion in the absence of CO,
and therefore TPD measurements may not give a reliable
estimate of the different types of CO present on the Pd
films and may only give a lower bound on the CO desorp-
tion activation energy (since CO desorption may be in-
duced by Pd interdiffusion and loss of adsorption sites).

Figure 7 shows the results of CO TPD experiments
conducted on several Pd films deposited at 125 K. The
Pd films were exposed to 1-L CO, which gave a satura-
tion coverage of CO. The CO TPD spectrum from a
0pg=0.5 film shows three broad desorption features at
240, 350, and 440 K. This TPD spectrum exhibits much
less CO desorption above 400 K than what it is usually
observed from the (111) surface of bulk Pd (the CO TPD
spectrum from Pd(111) near saturation CO coverage*®*!
has a peak at 480 K and closely resembles the spectrum

180
CO on Pd/Au(111) at 125 K
160 -
140

120

100 -

CO Pressure (arb. units)

204 1.0
0.5

0 -
100 200 300 400 500 600 700

Temperature (K)

FIG. 7. CO TPD spectra obtained from Pd films of various
coverages, deposited and exposed to 1-L CO at 125 K.
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in Fig. 7 for 6p4=2.0). We believe that this result for
0p4=0.5 is principally due to the lack of two-dimensional
islands, which was inferred from the work-function mea-
surements discussed earlier in this section. Pd atoms are
relatively dispersed on Au(111) at 125 K, preventing the
formation of threefold, and to a lesser degree, twofold
sites on which CO is known to be highly stable on the
(111) surface of bulk Pd. This assumes, of course, little
perturbation in the chemical nature of Pd due its interac-
tion with the Au atoms. Furthermore, changes in the
surface composition due to alloying, which was shown to
begin at 240 K (Ref. 29) in vacuum (but may begin at a
higher temperature in the presence of CO) may also cause
CO to desorb at temperatures lower than expected as a
result of Au interdiffusion with the Pd film.

A CO TPD spectrum from a 6p;=1.0 film on Au(111)
is also shown in Fig. 7. In this case the spectrum shows
broad features at 260, 310, 400, and 480 K. There is a
large increase in CO desorption near 480 K which indi-
cates that this Pd overlayer has extensive two-
dimensional order, and with it the highly stable twofold
and threefold CO adsorption sites. Using Redhead
analysis*? the activation energy of CO desorption was es-
timated from the desorption peak at 480 K to be ~32
kcal/mol (a preexponential factor of 10" s™' and first-
order kinetics were assumed), which is in the range of
32-35 kcal/mol (Refs. 40, 41, and 43) determined for the
activation energy of CO desorption from Pd(111). Thus
the adsorption energy of CO on the Pd monolayer is simi-
lar to that on the (111) surface of bulk Pd.

The CO TPD spectrum from a 6p3=2.0 film shows a
development of more distinct CO TPD peaks and a fur-
ther increase in the desorption of CO near 480 K (com-
pared to that from 6p3=1.0). Peaks at 220, 360, and 510
K are now clearly resolved in the spectrum. In compar-
ison to the CO TPD peaks observed on a Pd monolayer,
these peaks are relatively sharper. Alloying, which
reduces the Pd concentration at the surface, is more ex-
tensive for the Pd monolayer in the temperature range of
CO desorption,” and this can explain the broader
desorption peaks of CO from the Pd monolayer. Finally,
Fig. 7 shows a CO TPD spectrum obtained from a
0pq=5.0 layer where much sharper features at 250, 380,
and 490 K can be seen. In this case the CO desorption
peaks at low temperatures (7" <400 K) are much more
pronounced than those seen on the (111) surface of bulk
Pd. This could be due to surface roughness on this Pd
layer or to changes in the Pd film composition.

In order to understand the effects of alloying and to
connect our measurements to the experiments conducted
by Shen et al.,’! we also conducted CO TPD experi-
ments on selected Pd films which were deposited at 300
K. The results of these experiments are shown in Fig. 8.
We still see an appreciable amount of CO desorption
from the monolayer, indicating that the effect of alloying
at 300 K on the CO uptake on the Pd monolayer is not as
drastic as concluded in the work of Shen et al.’! The
trend from our CO TPD spectra is the same as was seen
on the Pd films deposited at 125 K, namely an increase of
high-temperature CO desorption with increasing Pd cov-
erage.
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FIG. 8. CO TPD spectra obtained from Pd films of various
coverages, deposited and exposed to 1-L CO at 300 K.

C. HREELS of CO chemisorbed on Pd/Au(111)

The vibrations of CO adsorbed on Pd(111) have been
investigated using infrared reflection absorption spectros-
copy (IRAS). Different vibrational frequencies for the
C-O stretching mode were found as a function of CO cov-
erage.* At 6.o=1, a band appears at 1849 cm ™' and
then shifts to 1918 cm ™! at 6o =1. At 6,=0.60 this
band shifts further to 1951 cm ™!, and at higher CO cov-
erages a second band appears at 2097 cm~'. By compar-
ison to C-O stretching frequencies in metal carbonyl clus-
ters, the band at 1849 cm ™! was assigned to CO adsorbed
in the threefold hollow sites of the Pd(111) surface. The
bands in the 1918—-1951-cm ! range were attributed to
CO adsorbed in twofold bridge sites, and the band at
2097 cm ™! was attributed to CO adsorbed in atop sites.

In what follows we describe HREELS results for CO
adsorbed on a monolayer Pd film on Au(111), and the
CO-induced vibrational losses are assigned based on the
above-mentioned IRAS studies.

Figure 9 illustrates HREELS spectra from a monolayer
of Pd deposited at 125 K, following 0.1- and 1.0-L CO ex-
posures. The spectrum at 0.1-L CO corresponds to a
small coverage of CO on this Pd film. The loss peak at
1850 cm ™! is associated with the C-O stretch frequency
of CO bonded in threefold sites. The threefold site is
therefore the most stable site for CO adsorbed on the Pd
monolayer. The HREELS spectrum from a Pd mono-
layer following a saturation dose of 1-L CO shows a
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FIG. 9. HREELS spectra of two CO coverages on a mono-
layer Pd film deposited on Au(111) at 125 K.

strong loss at 1910 cm™!, and a weaker loss at 2090

cm~!. These losses correspond to CO adsorbed in two-
fold bridge and atop sites, respectively. These results
again point to the similarity of the Pd monolayer CO
chemisorption properties to those of the Pd(111) surface.

In order to probe the changes in the CO adlayer that
occur during TPD for a monolayer Pd film on Au(111),
HREELS spectra were recorded as a function of anneal-
ing temperature. The sample was annealed for about 1
min at each temperature and then was allowed to cool
down to 125 K before a HREELS spectrum was record-
ed. The results are summarized in Fig. 10. Annealing
the sample to 300 K caused the disappearance of the
2090-cm ! loss peak associated with CO in atop sites. At
this temperature, the spectrum shows a prominent loss
peak at 1910 cm ™! which is associated with CO adsorp-
tion in twofold bridge sites. This peak appears to have
some contribution from a shoulder near 1820 cm ™!, cor-
responding to CO adsorbed in threefold bridge sites. De-
creasing CO concentration on the surface with increasing
annealing temperature increases the relative intensity of
this feature as CO adsorbed in twofold bridge sites is re-
moved and the loss peak shifts to 1850 cm ™! after anneal-
ing to 410 K. At 440 K this peak shifts further to 1820
cm™! and its intensity is significantly reduced. Finally
the 1820-cm™! loss peak disappears after annealing to
500 K.

In Fig. 11 we display HREELS spectra obtained from
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FIG. 10. HREELS spectra from a monolayer Pd film on
Au(111) after exposure to 1-L CO to give a saturation CO cover-
age and annealing to increasing temperatures.

0p3=35.0 and 1.0 films deposited at 300 K which were
subsequently exposed to a 1-L CO saturation dose. The
saturation coverage of CO on the thick Pd film
(8pg=>5.0) yields a narrow loss peak at 1890 cm ™! which
is attributed to CO adsorbed in twofold bridge sites. In
contrast, spectra for CO saturation coverage on a mono-
layer of Pd shows a much broader loss feature, attributed
to two peaks at 1820 and 1870 cm~!. These loss peaks
are attributed to the C-O stretching frequencies of CO
adsorbed in threefold and twofold bridge sites, respective-
ly. The intensity of the loss peak at 1820 cm ™! is compa-
rable to that of the 1870-cm ! loss peak, which indicates
that an appreciable amount of CO is adsorbed in three-
fold sites on the Pd monolayer at CO saturation cover-
age. This is in contrast to the thick Pd film where CO
populates the twofold bridge sites more exclusively.

IV. DISCUSSION

The valence-band spectrum of a Pd monolayer on
Au(111) is clearly much different from that of a thick Pd
film surface. The Pd 4d band has a maximum located at
—1.6 eV below the Fermi level and has a relatively nar-
row profile. In addition, the Pd density of states (DOS)
near the Fermi level is strongly reduced. The reduced
number of Pd nearest neighbors from nine at the (111)
surface of bulk Pd to six in the monolayer can explain the
narrow band structure of the Pd monolayer, as demon-
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FIG. 11. HREELS spectra of CO on 6p4=1 and 5 films de-
posited on Au(111) at 300 K after exposure to 1-L CO to give a
saturation coverage of CO.

strated by local density of states (LDOS) calculations for
unsupported Pd(111) performed by Kumar and Ben-
nemann® using a self-consistent tight-binding scheme.
The LDOS is shown to broaden extensively as the Pd lay-
er thickness is increased from one to two layers, which
was attributed to increased Pd-Pd 4d overlap as a conse-
quence of an increased coordination number for the Pd
atoms.

For an unsupported Pd monolayer, the calculations of
Kumar and Bennemann yield a relatively broad 4d band
(=4 eV), which is dominated by two peaks separated by
~1.4 eV. In contrast, the valence-band spectra of a Pd
monolayer on Au(111) show a relatively narrow Pd 4d
band. The Pd monolayer 4d band width is determined
from the full width at half maximum (FWHM) to be
~1.2 eV (see Fig. 3). This comparison simply indicates
that Pd-Au(l11) interactions should not be neglected in
order to understand these differences, as one might in-
correctly assume from the relatively inert chemical prop-
erties of Au surfaces.

There is clear evidence from the valence band spec-
trum in Fig. 2 for a monolayer of Pd on Au(111) that the
Au valence band is altered significantly near —3.1 eV.
The attenuation of the photoemission peak at —3.1 eV
(and to a lesser degree at —6.6 eV) suggests that some
Pd 4d — Au 5d interaction which removes some d charac-
ter from the Au 5d states induces a hybrid state. While
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the spectra in Fig. 2 do not clearly show the presence of
such a state for the monolayer, the spectra in Fig. 5 show
the appearance of photoemission peak at —3.5 eV after
annealing the Pd monolayer above 400 K which could be
attributed to a Pd-Au hybrid state associated with Pd-Au
alloying. The Pd-Au interaction in the alloyed structure
and Pd monolayer must be similar, except that in the
latter configuration this interaction is reduced (due to the
reduced number of Au-Pd nearest neighbors) and there-
fore the hybrid state contribution in the photoemission
spectra is diminished.

The electronic structure of Au alloys has been the sub-
ject of several investigations. The most surprising results
have been the Au Mdgssbauer isomer shift (attributed to
increased negative charge density at Au) and the in-
creased Au 4f binding energy (associated with reduced
charge density at Au).* ™% These apparently conflicting
results have led to a charge-compensation model:* Au
loses 5d electron density through hybridization upon al-
loying, but this loss is largely compensated for by a gain
of conduction electrons (s-p electrons) so that charge
neutrality is maintained. The validity of this model has
been recently confirmed by Sham and co-workers®"*? in
an experiment where the unoccupied Au 5d levels were
detected using x-ray absorption near-edge structure
(XANES) measurements.

The photoemission spectrum of a Pd monolayer on
Au(111) shows an increased electron density near the
Fermi level (at ~ —0.4-eV) relative to the clean Au(111)
surface. This could be due to the Pd 4d band, but alter-
natively it could be due to increased Au sp electron densi-
ty which would compensate for the attenuation in the Au
5d density of states at —3.1 eV. Support for this alterna-
tive assignment comes from examining the photoemission
spectra of the CO-covered Pd monolayer shown in Fig. 6.
The adsorption of CO induces a strong attenuation of the
Pd 4d peak at —1.6 eV, but the shoulder at —0.4-eV
remains strong. This indicates that the —0.4-eV feature
is probably not due to a Pd 4d resonance since it is not at-
tenuated as a consequence of the Pd-CO interaction
(which involves the strong 4d-27* backbonding), but is
rather due to an increased population of the Au sp band.

It appears from XANES measurements that the com-
pensation mechanism also applies to Pd alloys and in-
termetallic compounds.> The possibility that Pd sp, or
simply s, orbitals might be occupied, and the Pd 4d band
character reduced should not be overlooked. Thus, the
—0.4-eV feature can also be explained by the increased
density of s electrons at the Pd atoms.

In conclusion, we can state that the Pd-Au interaction
involves Au5d -Pd4d bonding which generates a state
that lies deep below the Fermi level (—3.5 eV). This
state is located within the Au 5d band, and this suggests
that the state retains a strong Au 5d character. This, on
the other hand, implies that the Pd 4d band loses some of
its d character, and that the charge density involved in
the Pd-Au bond is concentrated mostly at the Au atom.
Within this picture, d-to-s charge compensation is prob-
ably negligible for Au, but not for Pd. As mentioned pre-
viously, the Pd monolayer valence band is narrower than
predicted by the calculations of Kumar and Bennemann
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on an isolated Pd layer, and this cannot be solely associ-
ated with the reduced coordination number of Pd. The
narrowing of the Pd valence band for the monolayer is
probably associated with the presence of Pd s electrons
which increase the screening of the Pd 4d electrons and
thus reduce the overlap of the Pd 4d orbitals.

Sharpening of the Pd 4d band near the Fermi level was
observed upon deposition of Au on Pd(111) in a UPS
study by Weissman-Wenocur et al.?® This sharpening
was considered as an unusual phenomenon by these au-
thors. The type of Pd-Au interaction discussed above
might account for this observation. Weissman-Wenocur
et al. also examined the changes in the electronic struc-
ture of the Au/Pd system upon alloying. Their data
show a feature near —4.0 eV which they attribute to a
Pd-Au hybrid state.

We find that the Pd 4d band sharpens and shifts closer
to E upon alloying of Pd with Au (see Fig. 5). In this
case the narrowing of the band is attributed largely to re-
duced Pd 4d orbital overlap, and the shift to lower bind-
ing energy is associated with increased screening (mostly
by Au sp electrons) of the Pd 4d holes formed by the pho-
toemission process.

The structure of the CO TPD spectra changes
significantly when the Pd film thickness is varied. Most
of the CO adsorbed on a monolayer of Pd on Au(111) was
seen to desorb at temperatures higher than 400 K. The
desorption energy of CO from this monolayer was es-
timated to be 32 kcal/mol, which is comparable to the
desorption energy of CO from Pd(111) of 32-35
kcal/mol. “443 However, by measuring the areas under
the CO TPD curves, the saturation coverage of CO on
the Pd monolayer at 125 K is 45% smaller than that of
CO on a thick Pd film. This indicates that the Pd mono-
layer does not possess the full chemical properties of the
Pd(111) surface. The adsorption of CO on a particular
Pd site induces local changes in the electronic structure
of the Pd monolayer which can extend to neighboring
sites and therefore affect their chemical properties.
Strong adsorption of CO molecules on metals reduces the
electronic charge at surface metal atoms through
metal (d)-CO(27*) backbonding. On the Pd(111) surface
these alterations are probably not severe because of the
ability of the Pd substrate to compensate for this effect.
On the other hand, for the Pd monolayer on Au(111) this
charge compensation is probably limited because of the
weaker Pd-Au interaction. Evidence for this compensa-
tion can be inferred from the photoemission spectra in
Fig. 6. The adsorption of CO on a Pd monolayer also
produces an attenuation in the Au electronic density of
states near —3.1 eV. However, this compensation, which
stabilizes the Pd monolayer, is not enough to restore the
local electronic properties in the Pd monolayer near the
CO adsorption sites.

The vibrational spectra of CO adsorbed on a Pd mono-
layer on Au(111) deposited at 125 K and the Pd(111) sur-
face are very similar. At low CO coverage, the threefold
sites are the most stable, and CO populates mostly the
twofold bridge sites at higher coverages. A small amount
of CO is also adsorbed in atop sites at these high CO cov-
erages.
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The saturation coverage of CO on a monolayer of Pd
deposited at 300 K is 60% less than that of CO on a thick
layer deposited at 300 K. At this temperature the reduc-
tion in the saturation coverage of CO is more dramatic
than that of CO on a monolayer Pd film deposited at 125
K. This is due to a reduction in the Pd concentration
from alloying that was shown to take place at 300 K. 3!

For a saturation coverage of CO on a Pd monolayer
deposited at 300 K, the HREELS spectrum shows that
CO populates both the threefold and twofold bridge sites
in contrast to the thick Pd film [which exhibits the physi-
cal and chemical properties of the Pd(111) surface] where
CO populates the twofold bridge sites exclusively. These
results can be related to the availability of “pure” twofold
bridge sites on the Pd monolayer, i.e., sites with no adja-
cent Au atoms which are present at the surface of a Pd
monolayer after alloying at 300 K. Local electronic al-
terations can explain the reduced stability of twofold
bridge sites after an adjacent Pd atom is substituted by an
Au atom.

Based on the CO TPD experiments and the HREELS
results we can state that the chemisorption properties of
the Pd monolayer on Au(111) are fairly close to those of
the (111) surface of bulk Pd. This is in stark contrast to
the situation for Pd monolayers on refractory metal sur-
faces such as Ta(110) (Refs. 24 and 25) and Mo(100),%*
where the CO chemisorption properties are greatly al-
tered (strongly reduced CO desorption energies and de-
stabilization of the CO bridge-bonding sites). However,
we have seen that the Pd monolayer on Au(111) shows a
reduced density of states near the Fermi level which is
similar to the Pd monolayers on the refractory metal sur-
faces. For a Pd monolayer on Au(111), the Pd d band is
much closer to the Fermi level (—1.6 eV) than for Pd
monolayers on refractory metal surfaces (about —2.5 eV
or lower). Since CO chemisorption on metals is known to
require a strong metal(d)-CO(27*) interaction, the
strength of the CO chemisorption bond is strongly relat-
ed to the position of the Pd d states relative to the Fermi
level. Evidently, the dependence of the CO bond strength
on the Pd d band-binding energy is not initially very
strong [since a Pd monolayer on Au(111) and the Pd(111)
surface have very similar chemistry], but clearly a strong
effect is triggered if the Pd d band falls below 1.6 eV to
2.5 eV below E;. Thus we believe that the fundamental
differences between the Pd monolayer on Au(111) and on
the surfaces of refractory metals lies in the position of the
Pd d band below Ep. The Pd-substrate interaction is
governed by the overlap of the Pd 4d and substrate metal
d states which affects the Pd d band-binding energy rela-
tive to the Fermi level. Strong bonding interactions of Pd
with the early transition-metal substrates, similar to those
that occur in the intermetallic compounds formed by
these metals with Pd, cause larger shifts in the Pd d
bands than occur on the Au(111) surface. An additional
variable may also be active in controlling CO bonding on
the Pd monolayers. The filling of the Pd s band is highly
dependent on the position of the Fermi level with respect
to the vacuum level, and so for metal surfaces of low
work function such as the (110) surfaces of refractory
metals the overlap of the Pd s states with the d states of
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the substrate metal below the Fermi level may result in
an altered electronic configuration for Pd. It is possible
that the highly repulsive nature of the Pd s orbital and
the change in the occupancy of this band for the Pd
monolayer on different substrates plays an important role
in destabilizing CO on the Pd monolayer. For example,
recent calculations by Smith and Carter®® show that CO
binds weakly with Pd if the metal valence s orbital is oc-
cupied.
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