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We have studied ultrathin palladium films vacuum deposited onto a Pt(111) substrate utilizing Auger-
electron spectroscopy (AES), low-energy electron diffraction, and x-ray photoelectron spectroscopy. The
AES results fit well to a layer-by-layer growth deposition. Below a coverage of 4 monolayers, the
electron-diffraction data only show a (1X1) structure of palladium adatoms on the Pt(111) substrate,
supporting the Frank —van der Merve growth mechanism. In contrast to two-dimensional palladium
clusters and palladium bimetallic systems, the Pd 3d core-level binding energy of palladium on Pt(111)
shifts toward lower binding energy relative to the value of bulk palladium with decreasing palladium
overlayer coverage. This negative binding-energy shift of a surface adatom core level results mainly
from the initial-state band-narrowing effect predicted by Citrin, Wertheim, and Baer. Also, the absence
of the final-state effect after creating a core hole in the Pd/Pt(111) system indicates that efficient screen-
ing or very fast relaxation occurs, and that hybridization of the valence bands of the palladium adlayer
and the platinum substrate plays an implortant role in the negative surface-atom binding-energy shift of
the Pd 3d core level.

I. INTRODUCTION

Surface properties of ultrathin metal films deposited on
foreign metal substrates are usually quite different from
those of bulk substrate and deposit materials. ' There-
fore, various admetal-substrate metal composites have
been investigated in the search for new effective catalysts
and corrosion protective option. ' Palladium —as a de-
posited material —has attracted considerable research in-
terest because of the prospects for catalysis enhancement
and the potential for advancing our understanding of vac-
uum deposition processes per se. ' For instance, sub-
monolayer palladium films alter the electronic structure
of chemisorbed carbon monoxide, as referenced to its
properties on the surfaces of solid palladium. ' This
promises a new catalytic reactivity of such films toward
organic compounds.

The deposition of palladium on the Pt(111) surface has
also been carried out in electrolytic solutions. "' The
morphology and position of two narrow voltammetric
peaks at 0.22 and 0.45 V (vs reversible hydrogen elec-
trode), assigned to hydrogen adsorption/desorption,
reAect electrode mechanisms that are not yet understood.
Neither are the surface sites engaged in hydrogen adsorp-
tion nor the hydrogen surface coordinations known.
These uncertainties must be cleared using a molecular-
level approach. We begin to seek answers to the origin of
the voltammetry and the electrode properties of the pal-
ladium films by studying Uacuum prepared palladium de-
posits on the Pt(111) substrate. We believe that the re-
sults presented below will be transferable to electrochemi-
cal situations, which we are investigating in parallel.

Data on the electronic states and structures involved in
formation of the Pd/Pt(111) interface by x-ray photoelec-
tron spectroscopy (XPS) have not previously been report-
ed. Studies with Pt(110) by field ion microscopy provided

information on palladium adatom diffusion and on the
thermal stability of the (1X1) palladium overlayers. '

Palladium growth has also been investigated on several
other noble-metal single-crystal substrates: Au(111), ' '
Ag(111), and Ag(100). ' Likewise, thin films of
palladium-platinum alloys on a quartz substrate have
been studied using Auger-electron spectroscopy. ' On
the other hand, excessive effort has been devoted to inves-
tigations of palladium clusters deposited on inert carbon
substrates. ' The main objective of the cluster studies
was to understand the size-dependent electronic structure
of the supported metal clusters for application in ca-
talysis and to follow the transitions of electronic states
from the isolated atoms to the bulk metal. ' The ori-
gin of the binding-energy shift of the Pd 3d core level was
studied in Refs. 3, 17, and 18. The core-level binding-
energy shift was attributed to an initial-state band nar-
rowing of surface atoms ' ' and/or the final-state relax-
ation effect after creating a photoelectron. ' '

Since surface atoms have fewer neighbors than bulk
atoms, the surface valence-band width which rejects the
degree to which electrons are delocalized, should be nar-
rower than the valence-band width of the bulk phase.
Figure 1 shows schematically the band-narrowing effect
on the surface-atom valence band. That is, the hybri-
dized valence bands of nd and (n +1)s (n =3, 4, and 5)
are considered under the assumption of a constant densi-
ty of states. Since the electronic charge tends to maintain
neutrality even at the surface, i.e., same number of occu-
pied electronic states per atom, the valence-band centroid
shifts toward the Fermi level as the bandwidth narrows.
As a consequence of the initial-state valence-band nar-
rowing, a negative core-level binding-energy shift of the
surface adatom is predicted for metallic elements with
the valence band more than half filled as shown in Fig.
1(a) 25, 26
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The negative binding-energy shift of the surface-atom
core level with respect to the bulk value due to the
initial-state band narrowing has been confirmed for pure
elemental metals such as palladium and some other noble
metals. ' To distinguish between the spectral weight
contributions to the core-level spectra from the surface
and the bulk atoms, angle-dependent x-ray photoelectron
spectra or high-resolution photoemission spectra excit-
ed by synchrotron radiation has been used. The similar
negative core-level binding-energy shifts of the adatom
have previously been seen for other bimetallic systems
such as Cu/Rh(100), Cu/Ru(0001), Ni/Ru(0001), and
Au/Pt(100). This shift has been interpreted as originat-
ing from the changes in the initial states caused by the
variations in the coordination number, ' and has been
used to understand the properties of CO chemisorbed on
bimetallic systems.

On the other hand, the photoexcited final state of sam-
ples in the XPS is not always fully relaxed to the ground
state of the X —1 system after a creating core hole. Al-
though there are several definitions of the final-state
effect, we define the final-state contribution to the core-
level binding-energy shift as the total energy of the final
state referenced to the fully relaxed ground state of the

(a) Ratio of filled stotes = 10/12 (Greater than half filled)

—Wide Band (Bulk)
Narrow Band (Surface)

photoexcited X —1 system. It has been found that many
palladium clusters on various substrates and bimetallic
systems display a core-level binding-energy (BE) shift to-
ward higher BE compared to the bulk value. '
Such a shift of the band-narrowed surface atoms has been
shown for small palladium clusters, ' palladium thin-
film bimetallic systems, ' and binary alloys. ' This
was mainly explained as a result of poor screening of the
photoexcited core hole in the final state. ' '

In this work, we aim at obtaining an insight into the
electronic and chemical properties of ultrathin palladium
films vacuum-evaporated on the Pt(111) substrate. We
have focused on the core-level binding-energy shift as a
function of palladium coverage. With decreasing cover-
age, the palladium core-level binding energy shifts toward
the lower binding energy, as compared to the bulk value.
This result is in a clear contrast to the binding-energy
data obtained with palladium clusters deposited on inert
substrates, ' as well as with the earlier mentioned
bimetallic systems. We note that the sign and
amount of the core-level binding-energy shift are closely
related to the width and the occupation of the valence
band, and to the excited states of the deposit/substrate
configurations. We discuss the meaning of the negative
binding-energy shift of the Pd 3d core level in detail. Be-
cause of our parallel electrochemical focus, we believe
that this study is a promising beginning of a combined
understanding of ultrathin palladium deposits in electro-
chemistry and surface science.
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FICx. 1. Schematic explanation of the band-narrowing effect.

The centroid of the narrowed surface-atom valence band shifts
toward the Fermi level, i.e., (a) to the lower binding energy in
the greater than half filled case and (b) to the higher binding en-

ergy in the less than half filled case.

II. EXPERIMENT

A disk-shaped platinum single crystal with a diameter
of about 8 mm was polished and oriented in the (111)
crystallographic plane to within 1', as determined by
Laue x-ray diffraction. Palladium was deposited on the
Pt(111) crystal at room temperature by an evaporator
made by wrapping 0.1-mm palladium wire around a
0.25-mm tungsten wire, and placed about 25 cm from the
sample for uniform deposition. Heating the tungsten
wire with 20 W resulted in a palladium deposition rate of
about 1 ML/min. Between the dopings, the palladium
source was kept hot but below the sublimination temper-
ature, to secure a clean deposit. The base pressure of the
UHV system was maintained at less than 3X10 torr.
We cleaned the sample surface by repeatedly sputtering
and annealing. Crystal structure and surface cleanliness
were verified by low-energy electron diffraction (LEED)
and Auger-electron spectroscopy (AES). The cleaning
was done to the point where the amount of carbon deter-
mined by AES was less than 0.03 ML, and a clear hexag-
onal (111) crystal-face low-energy-electron diffraction
pattern was shown. The x-ray photoelectron spectra
were recorded with the Surface Science Instruments M-
Probe ESCA system with the high-resolution spherical
capacitor analyzer under fixed analyzer transmission
(constant pass energy) mode. The source was a mono-
chromatic Al Ka line with 150-W power and was focused
on an area with a 1-mm-diam spot size. The pass energy
was 100 eV for the shallow core level (or valence band)
and Pt 4f spectra, and 150 eV for the Pd 3d and Pt 4d3/p
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spectra. Since metals usually show a very sharp drop in
the number of occupied states at the Fermi level, the
binding energies were calibrated by referencing the
valence-band spectra to a step function at the Fermi level
convoluted by a Gaussian function due to the instrumen-
tal broadening. The binding energy of Pt 4f core level of
the Pt(111) single crystal was 71.0 eV and the instrumen-
tal resolution of 0.9 and 1.3 eV (FWHM) for the pass en-
ergies of 100 and 150 eV, respectively.

Auger-electron measurements were taken using a Per-
kin Elmer AES system equipped with a cylindrical mirror
analyzer using 5-keV primary electrons. The signals were
measured as the peak-to-peak amplitude of the Pd(330
eV) feature and were normalized with the amplitude of
the Pd(330 eV) peak for polycrystalline bulk palladium
under the same experimental conditions. LEED mea-
surements were performed using Reverse View LEED
equipment from Princeton Applied Research, Inc.

III. RESULTS AND DISCUSSION
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FIG. 2. (a) Plot of Auger-electron intensity, normalized Pd
(330 eV) peak-to-peak amplitude, vs palladium deposition time.
Solid lines are guides to the eye. (b) Auger-electron intensity of
Pd (330 eV) (open dots) and a layer-by-layer growth model hne
(filled dots and solid line).

Figure 2(a) shows the plot of the Pd(330 eV) Auger-
electron intensity versus deposition time. The palladium
signal increases linearly with the deposition time until
t =44 sec, when the first deviation from the linearity is
shown. This discontinuity corresponds to completion of
the first monolayer of the deposit. As shown in Fig. 2(b),
the data may be interpreted using a layer-by-layer growth
model with the inelastic mean free path (IMFP) of A, (Pd
330 eV) =8.1 A. We have assumed here that the growth
of the Pd(111) planes occurs with the same density as in
the crystal palladium. The IMFP value of the Pd(330 eV)
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0
electron, 8.1 A, agrees well with the calculated values
A,(Pd 330 eV)=8.4 (Ref. 35) and 8.0 A (Ref. 36). In
agreement with the layer-by-layer growth model, we have
not found fractional LEED spots that would correspond
to registries other than those of the (1 X 1) palladium de-
posits.

Figure 3 shows x-ray photoelectron spectra of Pd 3d
and Pt 4d3/2 core levels at palladium coverages Opd=0,
0.1, 0.3, 0.5, 1.0, 1.8, 2.1, and 4.0 ML. Pt 4f core-level
spectra are shown in Fig. 4 for the saxne coverages. To
interpret these data, one should recall that the x-ray pho-
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FIG. 3. X-ray photoelectron spectra of the Pd 3d and Pt
4d3/2 core levels for palladium adlayers deposited on Pt(111)
with Opd =0, 0.1, 0.3, 0.5, 1.0, 1.8, 2.1, and 4.0 ML.
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toelectron spectra of metals are described by the joint
density of states between the initial X-body ground state
and the final states of the (X—1) body after the creation
of a photoelectron. The common factors governing the
line shape and the energy position of the core-level x-ray
photoelectron spectra are the photoionization cross sec-
tion of the core level, the lifetime of the photoexcited
core hole, the relaxation energy and screening of the
final-state core hole, the energy-loss features created as
the photoelectron travels through the solid and excites
plasmons, low-energy excitons at around the Fermi level,
and shakeup satellites. Influential here also are different
chemical states at similar energies due to the inhomo-
geneity of the sample surface and the difference in the
chemical states between the surface and bulk atoms. Fi-
nally, the instrumental broadening should be considered
including the finite width of the photon source and the
phonon broadening at room temperature, as well as the
inelastic-scattering background.

Considering the lifetime broadening and creation of
low-energy electron-hole pairs (excitons) under the as-
sumption of constant density of states (DOS) at around
the Fermi level, Doniach and Sunjic have obtained an
expression for the XPS line shape of the form
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where E is the energy from the center position of the
peak, I the gamma function, 2y the full width at half
maximum (FWHM) of the core-hole Lorentzian line
shape, and a the asymmetry parameter (singularity index)
due to creation of low-energy excitons at the Fermi sea.
This Doniach-Sunjic shape has proven successful for the
core levels of many simple metals. ' However, for some
metals such as Pd and Pt, Eq. (1) is not fit well since a
sharp change of the DOS at around the Fermi level
breaks the approximations involved.

To separate efticiently the contributions from the Pd 3d
and Pt 4d3/p core levels to the x-ray photoelectron spec-
tra in the same energy region, we have obtained a Pt
4d3/2 line shape using a pure platinum core-level spec-
trum by convoluting a Doniach-Sunjic function and a
Gaussian form due to instrumental broadening, as shown
in Fig. 5(a). Here, we set the Gaussian, the Lorentzian,
and the asymmetry parameters free to improve the fitness
in y -minimization procedure. The fit is good as is
demonstrated by the coincidence of the experimental
data (dotted line) and the calculated result (solid line), as
well as by the residual (dashed line) shown in Fig. 5. To
deconvolute the Pd 3d spectra overlapping with the Pt
4d3/2 peak we have used this Pt 4d3 /2 line shape by fixing
all its characteristic parameters except the peak height
and the energy position.

Figure 5(b) shows an example of the x-ray photoelec-
tron spectrum of Pd 3d and Pt 4d3/2 core levels and its
numerical analysis results at Opd= 1.0 ML. In the course
of the y fitting procedure the following free parameters
were involved: the intensity ratio of Pd 3dz/2 and Pd
3d3/2 photoelectron lines together with their binding en-

FIG. 5. X-ray photoelectron spectra (dots) of the Pt 4d3/2
and Pd 3d core levels and their fitted curves (solid lines) for (a) a
pure Pt(111) and (b) the palladium adlayers deposited on the
Pt(111) with Opd=1. 0 ML. The residuals (five times) are shown
with dashed lines.

ergies and intensities, the Lorentzian natural linewidth,
the asymmetry parameter as characterized in Eq. (1), and
the Gaussian (instrumental) broadening. The instrumen-
tal broadening was 1.3+0. 1 eV (FWHM), comparable
with the value obtained from the Fermi edge broadening.
The Lorentzian natural linewidths were 0.30+0. 15 eV
(FWHM) at coverages below 0.4 ML, and 0.5+0. 1 eV
elsewhere. The theoretical value of 0.35+0.05 eV (Ref.
30) is in accord with the former value, while the latter is
somewhat higher. We will discuss this change of the
peak width in more detail later. At present, we note that
the Pd(3d3&2)/Pd(d~&2) intensity ratio of 0.7 is slightly
higher than the expected value of —', . One of the reasons
for this deviation is the 4d electron shakeup process.
Since the Pd 3d3 /2 electron is more strongly bound than
the Pd 3d5/z one, another possibility to account for our
observation is the Coster-Kronig decay of the 3d3/2 hole
into a 3d»2 hole and a simultaneous 4d valence-electron
excitation (M4M5 V). ' The spin-orbit splitting energy
between Pd 3d5/2 and Pd 3d3/2 varied from 5.30 eV at
0=4.0 ML to 5.25 eV at the lowest coverage, which is in
agreement with the literature values. ' This slight vari-
ation may be related to the change of chemical states be-
tween full and submonolayer coverage regions on the
Pt(111) substrate. The asymmetry parameter a decreases
from 0.08 at 0=4.0 ML to 0.06 at the lowest coverage.
This parameter rejects the extent of screening of the core
hole by valence-band electrons. ' The decrement of
this value indicates that the Pd 4d valence band is nar-
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FIG. 6. (a) The full width at half maximum values and (b)
binding energies of the Pd 3d5/2 core level as a function of the
coverage for palladium adlayers on Pt(111). The dashed lines
are introduced to guide the eye. The error analysis is given in
the text.

rowed and filled, and the DOS at the Fermi level is re-
duced as the palladium coverage decreases.

It is crucial to determine the change of the core-level
binding energy and the peak width at the palladium cov-
erage varies. To do so, we have fixed the asymmetry pa-
rameter to an intermediate value of 0.07. Since the
change of the asymmetry parameter associated with the
peak-position variation is less than 0.03 eV, and the
change of peak width below 0.06 eV is negligible, the
above simplification may be justified. Figure 6 represents
(a) the peak widths and (b) the binding energies of the Pd
3d~&z core level. The peak width was determined as the
FWHM of the fitted Pd 3d5&2 spectrum and includes the
instrumental broadening as well as the natural line
broadening. We allowed deviations of fitting parameters
within a 95%%uo confidence limit of the y value and
displayed them as the vertical bars at the data points in
Fig. 6. The dashed lines are introduced to guide the eye.

The results give a Pd 3d»2 core-level binding energy of
334.9 eV at coverages below 0.4 ML. This increases by
0.2 eV and Aattens at higher coverages until about two
monolayers of palladium is obtained. At 4.0 ML cover-
age, the binding energy increases to 335.3 eV. Note that,
at coverages below 0.4 ML, the Pd 3d core level has ap-
parently a lower binding energy and a smaller peak
width. We may ascribe the narrower peak to a single
component of the surface adatoms at coverages below 0.4
ML. It is natural that the lifetime of the core level de-
crease as the cluster size increases due to a faster decay of
the core hole in larger size clusters with an efficient

screening effect. And also different chemical states of
outermost surface and full covered layers might make a
core-level line shape broaden. In our case, the core-level
width (inversely proportional to the lifetime of photoex-
cited core hole) jumped up to a higher value at the cover-
ages higher than 0.4 ML as shown in Fig. 6(a). This indi-
cates that adatom clusters may start to agglomerate at
this coverage and form a somewhat large dimension of
two-dimensional adatom islands even in submonolayer
region. The peak widths at higher coverages probably
represent a mixed contribution from different chemical
states of outermost surface and full covered adatom lay-
ers.

The electron core-level binding energy in metallic clus-
ters usually increases upon decreasing the coordination
number due to a poorly screened final-state effect. '
This was established experimentally for predominantly
Oat, small palladium clusters on carbon. ' Due to the
latter findings, one could expect that during palladium
deposition on the Pt(111) substrate, the palladium core-
level binding energy should be the highest at the lowest
coverage. This would result in a binding-energy decrease
with the increase in palladium coverage. Unexpectedly,
the results of our study show the opposite trend: the
lower the palladium coverage, the lower the Pd 3d bind-
ing energy [Fig. 6(b)]. This negative binding-energy shift
at the low coverages or on the surface compared to the
bulk value has been investigated for elemental noble met-
als and interpreted as purely an initial state origin by
Wertheim and Citrin. Wertheim' has suggested that
the 4d valence and 5s conduction bands of palladium
should narrow and separate from each other with de-
creasing size of the palladium clusters. As a net result,
the intra-atomic charge transfer from the 5s band to the
4d band should occur to move the system toward the Pd
atomic configuration. It is obvious that the exact 4d ' 5s
configuration of the isolated palladium atom is not at-
tained, even for a few-atom cluster. If the centroid of the
valence band was not changed, the narrowing of the al-
most filled 4d band would move the top edge of the
valence band away from the vacuum level, and make ini-
tially unoccupied states filled. Due to the fact that each
atom tends to keep the same number of occupied elec-
tronic states per atom for charge neutrality, the centroid
of the valence band as well as the surface-atom core levels
move towards vacuum level as shown in Fig. 1(a).
Since the binding energy is determined by the energy dis-
tance from the Fermi level, one can expect a negative
binding-energy shift at the low coverage, or on the sur-
face atoms compared to the bulk value, due to the purely
initial-state origin. ' ' The negative core-level binding-
energy shift of surface palladium atoms on a bulk palladi-
um due to the initial-state origin has recently been
confirmed by Nyholm et al. for the Pd(100) single-crystal
system.

As mentioned in the Introduction, the same core-level
binding-energy shifts of the adatom have previously been
seen for some other bimetallic systems. ' Somorjai
et ah. noticed that the portion of adatom-cluster edges in-
creases as the gold coverage goes to zero for the
Au/Pt(100) system. Since the edge atoms have lower
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coordination number and narrower bandwidth, the nega-
tive binding-energy shift at the lower coverage was inter-
preted as the effect of coordination-number change of the
top-layer atoms due to the initial-state origin. ' There-
fore, the binding-energy shift for the Pd/Pt(111) system
with palladium coverage observed by us can be under-
stood in terms of the decrease of the coordination num-
ber of the overlayer atoms and the concomitant band nar-
rowing of the overlayer adatom system.

The positive binding-energy shift for many palladium
clusters and bimetallic systems has been ex-
plained by the final-state effect. Note that the final-state
effect on the other systems is attributed to the poor
screening of the core hole after creating the photoelec-
tron. The difference of the Pd 3d»2 binding energy be-
tween the lowest (0.09 ML) and the highest (4.0 ML) cov-
erages examined in this work is about 0.4 eV. This is
close to the surface-atom core-level shift of 0.44 eV for
the Pd(100) surface investigated recently. Since the
valence-band electrons in elemental metals usually are
strongly hybridized by themselves, the final-state core
hole in these materials is efficiently screened. As a result,
no final-state effect is expected in the XPS core levels of
elemental metals. Since the Pd/Pt(111) system shows
also no final-state effect after creating a core hole, the
efficient screening or very fast relaxation may occur in
this system. This is strikingly different from the other
palladium bimetallic systems and palladium clus-
ters' in which the final-state effect may compensate
for the initial-state contribution to the core-level shift.
Therefore, the absence of the final-state effect in the
Pd/Pt(111) system indicates that hybridization of the
valence bands of the palladium adlayer and the platinum
substrate plays an important role in the negative surface-
atom binding-energy shift of the Pd 3d core level.

IV. CONCLUSIONS

The results of the AES analysis are well fit by a layer-
by-layer growth model, and yield an inelastic mean free

path (IMFP) of A, (Pd 330 eV)=8. 1 A. This is in good
agreement with the calculated values of A, =8.4 and
8.0 A. The LEED patterns showed no other than the
(1X 1) structure of palladium adatoms on Pt(111) in the
studied coverage range ((4 ML), supporting the
Frank —van der Merve growth mechanism.

In contrast to many palladium clusters and palladium
bimetallic systems, the 3d core-level binding energy of
palladium deposited on Pt(111) substrate shifts with de-
creasing palladium coverage (or the coordination num-
ber) toward the lower binding energy. This shift results
mainly from the initial-state band-narrowing effect pre-
dicted by Citrin, Wertheim, and Baer, and can be under-
stood in terms of the coordination number change and
the concomitant band narrowing of the overlayer ada-
toms.

The Pd 3d core level has a lower binding energy and a
narrower peak width at coverages below 0.4 ML. We as-
cribe the narrower peak to the single component of the
surface adatoms at coverages below 0.4 ML. Adatom
clusters may start to agglomerate at this submonolayer
coverage and form a somewhat large dimension of two-
dimensional adatom islands. The peak widths at higher
coverages represented a mixed contribution from
different chemical states of outermost surface and full
covered adatom layers.
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