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Core-level binding energy shifts �CLSs� and surface CLS �SCLSs� are determined by experiment and theory
for ultrathin Pd as well as for PdCu and PdAg surface alloys which vary in thickness from 1 to 4 monolayers
�MLs�, supported on Ru�0001�. Experimentally, the binding energies of Pd and Ag 3d5/2 are measured by
photoelectron spectroscopy using synchrotron radiation, and in the case of Cu 2p3/2 by x rays �XPS� from a Mg
K� radiation source. The calculations are based on first-principles techniques together with the complete
screening picture, including initial and final state effects directly in the same scheme. Dimensional as well as
temperature effects are observed and reproduced theoretically, with a good agreement between the calculated
CLS and the experimentally observed values. Further it is demonstrated how the layer composition profile of
a 4 ML thick PdAg film can be followed by comparing theoretical layer specific CLSs with the measured ones
and combine this with the observed intensities of the Ag 3d5/2 photoelectrons.
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I. INTRODUCTION

Synthesis and characterization of bimetallic alloys are of
importance for a number of technological applications like
for example catalysis, sensors on the microscopic scale, and
electronics on the nanometerscale. Studies of the electronic
and geometrical structures of ultrathin bimetallic films in-
cluding PduPdxCu1−x and PdxAg1−x—are motivated by the
need to obtain a better understanding of their alloying con-
ditions, low-dimensional effects, and catalytic properties. Ul-
trathin bimetallic films can have electronic and geometrical
structures which differ quite radically from those of the bulk
structure, something that can substantially alter their elec-
tronic and chemical properties. These changes are reflected
in the binding energies of the core electrons, as they are
sensitive to the local chemical environment.

Photoelectron spectroscopy �PES� based on application of
synchrotron radiation with the possibility of tuning the pho-
ton energy and standard x-ray sources in combination with
high-resolution electron energy analyzers is well suited to
study the electronic structures in the different layers via mea-
surements of the binding energies, in this 0 to 1 nm thick-
ness regime. Parallel to this experimental possibility, calcu-
lations of CLSs and SCLSs can be performed, where the
geometrical structure of the overlayers, and even different
compositions in the various layers, can be modeled.

The bulk CLSs over the whole composition range for the
Cu 2p3/2, Pd and Ag 3d5/2 in the fcc random PdCu and PdAg
alloys were recently calculated ab initio using the complete
screening picture, which includes initial state �core-electron
energy eigenvalue� and final state �screening of the core
hole� effects in the same scheme.1,2 Comparisons were made

with experimental CLS results for PdCu �Refs. 3–5� and
PdAg alloys,6 in which the samples were prepared as disor-
dered solid solutions by melting high purity component met-
als under an Ar ion arc furnace followed by rapid quenching,
with homogeneity obtained by reorienting and remelting.
The agreement between theory and experiment was found to
be very good. An alternative way of producing bimetallic
samples, and which is explored in this work, is to codeposit
the two metals on a substrate where no interdiffusion be-
tween the components of the overlayer and the substrate
takes place. Hereby ultrathin films, surface alloys, can be
produced. A possible consequence of this synthesis of two
metals “from bottom up” is that the structure of the film may
vary in the first few layers �numbered from the interface
between the surface of the substrate and the first layer�
through the next bulk layer�s�, and the surface layer of the
film. Thus, the properties of three-layer thick films can differ
due to different coordination numbers in the layers.

The “bottom up” principle used in the formation of the
films makes it possible to follow low-dimensional effects in
the first overlayer, which is in fact two-dimensional, pro-
vided that the two components mix in a lateral way. In a
recent experimental study of this three-component system it
was demonstrated7 that for the PdxCu1−x alloy the CLSs of
Cu 2p are different in two- and three-dimensions. Alloying
takes place above 525 K and it is experimentally possible to
distinguish between Pd 3d5/2 core electrons originating from
atoms in the very surface and the subsurface layer�s�. Pro-
nounced changes in the valence band energy distribution
curves �EDCs�, both in the two-dimensional and the several
layers thick films, are due to a strong mixing of the constitu-
ent Pd and Cu atoms. This conclusion is confirmed by recent
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STM observations mentioned in Ref. 8. An extensive study
of the conditions for surface alloying for AuuAg on
Ru�0001� as a substrate was made earlier by Bzowski et al.9

In the present report we investigate, theoretically and ex-
perimentally, the binding energy shifts in ultrathin films of
pure Pd, PdxCu1−x, and PdxAg1−x on a Ru�0001� substrate in
the thickness range from 1 to 4 ML for a variety of compo-
sitions of the surface alloys. The complete screening picture
is used to calculate all the shifts. It is shown how the layer
composition profile of a four-layer thick PdxAg1−x film,
formed by successive deposition of Ag and Pd on Ru�0001�,
and its evolution with increasing temperature can be fol-
lowed by combining the theoretical modeling with experi-
mentally determined Ag 3d5/2 CLSs and photoelectron inten-
sities.

Concerning the lattice matching between the three metals,
Ru, Pd, and Ag, then the Ag�111�-Ru�0001� faces have the
highest mismatch, �7%. In the submonolayer range, Pd
forms pseudomorphic islands on Ru�0001�, the Pd inter-
atomic distances being isotropically compressed, whereas
those of submonolayer Ag islands on Ru�0001� are only
uniaxially compressed. Further, Ru has the highest and Ag
the lowest surface energy. Also, it is well known10 that Pd
and Ag form alloys in the bulk, thus the mixing energy
should not prevent mixing of Ag and Pd in films on
Ru�0001�. For the purpose of analysis and discussion a num-
ber of characteristic parameters for the substrate Ru�0001�
and the overlayer components, Ag, Cu, and Pd, are collected
in Table I. The parameters include the lattice parameter, the
surface free energy, F, the desorption temperature of 1 ML,
Td1, multilayers, Td2, and the stoichiometry of compounds
according to the phase diagrams. References are given in the
table and the ones with relevance to the morphology of the
metal/Ru�0001� interfaces are given in the last column of the
table.

The paper is organized as follows. In Sec. II the experi-
mental conditions, primarily the parameters for the measure-
ments of photoelectron spectra, are given. Section III intro-
duces the theory behind the calculations of the layer-specific
CLS. Results and discussion are collected in Sec. IV, with
subsections for the different metal and surface alloy systems.
Finally, conclusions are given in Sec. V.

II. EXPERIMENTAL

The experiments were performed at the storage ring,
ASTRID, Aarhus University, at a beam line equipped with a
spherical grating monochromator and a SCIENTA hemi-

spherical concentric analyzer with a 20 cm radius and a
channelplate as detector. Highly resolved 3d5/2 core-level
spectra of Ru, Pd, and Ag were recorded with photon ener-
gies of 350, 400, and 437 eV, respectively, and a total instru-
mental resolution of better than 200, 250, and 300 meV, re-
spectively. Cu 2p core electrons were excited with photons
from a Mg K� x-ray tube. The facilities of the endstation and
the preparation of the Ru�0001� surface have been described
in an earlier report.7 The evaporation source was loaded with
three metal samples, Ag, Cu, and Pd. Overlayers of Cu and
Ag were prepared by evaporation from an electron bom-
barded crucible and Pd was evaporated from a tip of a thin
Pd wire heated by direct electron bombardment. For the pur-
pose of calibration a quartz crystal microbalance could be
inserted in the line of sight between the respective evapora-
tors and the Ru�0001� single crystal. Similar to the calibra-
tion of the Pd and Cu overlayers, based on recording of the
3d and 2p core-level spectra, respectively, the assessment of
the 1 ML Ag coverage could be performed by measurement
of the Ag 3d growth curve. Typically, the depositions were
carried out with the Ru substrate kept at 550 K in order to
prevent CO from sticking to Ru and Pd. Possible contamina-
tions of the films with CO and O during the experiments
were checked carefully by measuring the C 1s energy region
and the valence band energy region from the Fermi edge to
15 eV binding energy. Possible presence of CO and/or O can
easily be detected due to the energy positions of CO orbitals
and O-2p. The time scale for the recording of the photoelec-
tron spectra was kept below uptake of CO and/or O as
judged from the nonpresence of any impurity signals in the
energy intervals of relevance. The homogeneity and struc-
tures of the thin films were checked by recording of LEED
patterns.

The analysis and fitting of the core level spectra were
based on a Doniach-Sunjic line shape28 convoluted with a
Gaussian distribution.29 Essential line-shape parameters are
the asymmetry parameter � and the full width half maxi-
mum, �. One instance is the Ag 3d5/2 core-line spectrum for
1 ML Ag on the Ru�0001� substrate fitted at room tempera-
ture with �=0.58 eV and �=0.005.

III. THEORY

First-principle calculations according to the complete
screening picture are here used to determine the layer spe-
cific core-level binding energy shifts in the investigated
metal and random surface alloys on Ru�0001�. The complete
screening picture was first used to calculate the CLS of an

TABLE I. Characteristic experimental parameters for the substrate Ru�0001� and overlayer components Ag, Cu, and Pd.

Element
Lattice parameter

�Å�
Td1

�K�
Td2

�K�
F �Ref. 11�
�J /m2� Compounds �Ref. 10�

References
metal/Ru

Ru 2.70 3.4

Ag 2.89 1030 �Refs. 17 and 18� 890 1.1 Ag1−xPdx Ag/Ru �Refs. 12–16�
Cu 2.56 1220 �Ref. 9� 1130 1.9 CuPd, Cu3Pd Cu/Ru �Refs. 17–23�
Pd 2.75 1420 �Ref. 24� 1250 2.0 Pd/Ru �Refs. 14 and 24–27�
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atom in a metal, with the free atom as a reference,30 and has
thereafter been successfully applied for example for studies
of CLS in disordered alloys1,2 and at surfaces.31–33 Recently
the approach was extended to calculations of Auger kinetic
energy shifts and applied to a study of the L3M45M45 shift in
fcc random PdAg alloys, with excellent agreement between
the theory and experiment.34 While there are many factors
which can contribute to binding energy shifts, such as intra-
and interatomic charge transfer, core hole relaxation, and the
redistribution of charge due to bonding and hybridization,35

all of these factors are incorporated into the complete screen-
ing picture, as the initial and final state effects are simulta-
neously included in a calculational scheme which only use
the total energies of the studied systems.

The initial state contribution is readily given from the
difference in electron energy eigenvalues referenced to the
Fermi level and can be used as a first approximation to CLS.
The final state effects are, however, not always negligible
and may give a large contribution to the total shift, and even
change its sign. The origin of the final-state effect is the
relaxation in energy upon the presence of a core hole, which
effectively acts as an extra proton and is screened by con-
duction charge as the core electron excites. The difference in
relaxation is pronounced if the character of the screening
charge is changed, e.g., from a d orbital in the reference
system to an sp orbital in the studied material.

Our calculations use the generalized thermodynamic
chemical potential �GTCP� of core-ionized atoms, �, which
corresponds to the ionization energy of a single core-
electron,

� = � �Etot

�c
�

c→0
. �1�

Etot is the total energy of a system with a concentration c of
core-ionized atoms of an element. The fully screened core
hole is modeled by promoting the ionized electron into the
valence band. In addition to the initial state �c=0% �, com-
putations are made for systems with c=2% ionized atoms.
The BE shifts are in turn given by

�X−ref = �i
X − �i

ref; �2�

here �i
X denotes the GTCP for a core level i in an atom

situated at a specific layer X in the considered system. In
other words the theoretical CLS, �X−ref, is layer dependent,
and GTCPs are obtained separately for each layer. As a ref-
erence in Eq. �2�, �i

ref, we choose the GTCP obtained for 1
ML metal on Ru�0001�, to make a direct connection with the
presented experimental results.

All calculations are done within the density functional
theory �DFT� and the local spin density approximation
�LSDA�36,37 with a parametrization of the one-electron ex-
change correlation potential and energy functional according
to Perdew et al.38 To calculate the GTCP in Eq. �1� we use
the interface Green’s function technique and the Korringa,
Kohn and Rostocker method within the atomic sphere ap-
proximation �KKR-ASA�,39 in combination with the coher-
ent potential approximation �CPA�.40,41 The basis set of spd
muffin-tin orbitals was employed. For theoretical consistency

only calculated Ru lattice parameters are used. The lattice
parameter is fixed which means that no surface or local lat-
tice relaxations are allowed. In earlier studies good theoreti-
cal results were obtained for the bulk CLS in fcc random
PdCu and PdAg alloys.1,2 Using the same computational
methods as in the present work, Pd 3d5/2 layer-resolved
CLSs for the systems Pd�100�, 1 ML Mn/Pd�100�, and three
selected PdMn structures on Pd�100� were compared to ex-
perimental results. While the agreement with experiment was
good for the Pd�100� and 1 ML Mn systems, the experimen-
tal PdMn structure could in addition be determined by a
direct comparison between calculated and experimental
CLSs.31

In the present work a number of different metal and sur-
face alloys on Ru�0001� are investigated. This includes 1 ML
Cu, Ag, and Pd, 2 ML and 4 ML Pd metals on Ru, as well as
PdxCu1−x and PdxAg1−x surface alloys of different composi-
tions and number of total layers on the Ru substrate. The
studied systems on Ru�0001� are modeled as a continuation
of the hcp�0001� stacking sequence ABAB. . .. In reality the
overlayers can be stacked as ABCABC. . ., corresponding to
the fcc structure of the corresponding bulk alloys �in �111�
direction�. However, because of the similarity of the stack-
ings, and rather small thickness of the overlayers, the differ-
ence in CLS calculated for the model and for the possible
real surface structure is expected to be small in most of the
cases. As a simple test of the structural dependence of the
CLS, calculations were made for 4 ML uniformly random
equiatomic PdAg alloys on Ru assuming hcp�0001� and
fcc�111� structure for the whole system. A resulting variation
in the layer-specific shifts was very small, between 3 and
20 meV.

IV. RESULTS AND DISCUSSION

A. Pd 3d5/2 CLS for Pd on Ru(0001)

In Table II the calculated, layer-resolved, CLS and SCLS
for the proposed hcp structure of Pd on Ru�0001� are com-
pared with the experimental results for two overlayer cover-
ages, 2 and 4 ML Pd/Ru�0001�. In the experiments,7 distinct
LEED patterns with well-focused spots were observed con-
firming the epitaxial growth of Pd on Ru�0001�. The layer
notation subML, IF, and S correspond to the submonolayer
�coverage �1 ML�, interface, and the surface components,
respectively. For the 4 ML thick Pd film, the calculated CLSs
of the Pd atoms, which are fully surrounded by Pd atoms,
differ between the two “bulk” layers, which accordingly are
denoted B1 and B2, with B1 corresponding to the layer closer
to the substrate. The differences in BEs demonstrate thin
film, surface, and substrate effects on the Pd 3d5/2 core-level.
Notice that a negative shift corresponds to a lower BE as
compared to the reference.

The theoretical layer-specific shifts relative to 1 ML
Pd/Ru�0001� are listed in the third column. The experimen-
tally determined BEs are given in column 4. It is seen that
the BE values for the subML differ slightly for the three
films, which represent different experiments. The scattering
reflects the experimental uncertainty, less than 20 meV. In
column 5 follows the corresponding CLSs for the 1 ML case,
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�X−1. As reference BE the subML from 4 MLs is used. Thus
a direct comparison can be made between the calculated CLS
and the experimental results.

1. Comments on 2 ML Pd/Ru„0001…

The experimental BE values are determined from the de-
composition of the Pd 3d5/2 energy distribution curve �EDC�
for a 2 ML thick Pd film7 in two components with BE�S�
=334.74 eV and BE�IF�=335.27 eV. The theoretically deter-
mined SCLS, for S, relative to the subML component, is in
good agreement with the experimental value. The difference
is only 51 meV. Experimentally the shift between the S and
IF components, �IF−S=0.53 eV, is slightly lower than the
corresponding theoretical value, 0.60 eV. Finally, the theo-
retically determined shift of the IF component, �IF−1
=0.23 eV, lies inside the range of the experimentally found
value, taking the uncertainty into consideration. It is con-
cluded that there is a very good agreement between the cal-
culated and experimentally determined core level shifts for
the 2 ML Pd/Ru�0001� interface.

2. Comments on 4 ML Pd/Ru„0001…

The BEs listed in Table II, column 4, are determined by
fitting of the Pd 3d5/2 spectrum published in Ref. 7 with the
experimentally found shifts �S−1=−0.32 eV and �IF−1
=0.21 eV between the subML and the S and IF components
�see Table II�, respectively. Theoretically �Table II�, the B1
and B2 shifts were found to be −0.11 and −0.19 eV, respec-
tively. From thickness considerations it is expected that the
B2 component will dominate the collective bulk contribution
to the measured spectrum from a four-layer Pd film due to
the attenuation caused by the overlayers. The experimentally

found value of the “bulk” shift relative to the subML com-
ponent is −0.22 eV, which deviates 0.04 eV from the domi-
nant B2 value. Similar for the S component, a 0.11 eV de-
viation between theory and experiment is found. A
reasonable agreement between theory and experiment for the
Pd 3d5/2 CLS in a four-layer thick Pd film on Ru�0001� is
obtained. It should be noted that the signs of the shifts from
the different layers are reproduced.

B. Cu 2p3/2 CLS in two- and three-dimensional
PdxCu1−x /Ru„0001…

In this section the possibility of investigating an PdxCu1−x
alloy in two and three dimensions by means of SCLS and
CLS, both theoretically and experimentally, is demonstrated.
The experimentally determined correlations between the
core-level shifts of Cu 2p3/2 and the compositions of the
PdxCu1−x alloys in two and three dimensions are displayed in
Figs. 1 and 2, respectively. As a reference energy the BE of 1
ML of Cu on Ru�0001� is chosen. That is, the reference value
for the experimentally found BEs is the �constant� BE mea-
sured for 0–1 ML Cu coverage on Ru�0001�.17,22 The over-
layers were annealed at 1000 K before measurements. Cor-
respondingly, the theoretical CLS is referenced to 1 ML
Cu/Ru�0001�. Since the graphs involve two experimentally
determined coordinates, there is an uncertainty regarding the
ordinate around 25 meV, and an estimated accuracy of 0.05
on the stoichiometry. There is a very good agreement be-
tween theory and experiment in the two-dimensional case as
shown in Fig. 1. Assuming a linear relation between �S−1 and
the atomic concentration of Cu, both theory and experiments
give an inclination equal to 0.34 eV/unit concentration.

TABLE II. Calculated and experimental CLSs of Pd 3d5/2 are
presented for 2 and 4 ML Pd/Ru�0001�, using the 1 ML
Pd/Ru�0001� as reference ��X−1�. The layers are denoted IF for the
interface layer, B1 and B2 stand for the first and second layer from
the IF layer, respectively; S is the surface layer. The experimentally
determined BEs are given in the fourth column, including results
for experimental coverages less than 1 ML �subML�. The experi-
mental reference BE to obtain CLS is the subML for 4 MLs. The
energy unit is eV.

Ltot Layer
Theory
�X−1

Experiment
BE �Ref. 7� �X−1

1 subML 335.08

2 subML 335.09

S −0.37 334.74 −0.32

IF 0.23 335.27 0.21

4 subML 335.06

S −0.43 334.74a −0.32

B2 −0.19 334.84 −0.22

B1 −0.11

IF 0.27 335.27a 0.21

aThe BEs for the 4 ML components S and IF are kept fixed from the
2 MLs thick film.

FIG. 1. Theoretically and experimentally determined Cu 2p3/2

core-level shifts as a function of the composition of the bimetallic
alloy PdxCu1−x in two dimensions, a single overlayer on the tem-
plate Ru�0001�. The composition of the two-dimensional surface
alloy is expressed by at. % Cu. The total coverage of Cu and Pd is
1 ML and the overlayers have been annealed to 1000 K. The theo-
retical results are indicated with an open square and the experimen-
tal points are indicated as filled circles. As reference for CLS the Cu
2p3/2 BE for 1 ML Cu is chosen. The full drawn line represents the
best linear fit to the experimental points.
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Keeping the same reference level, 1 ML Cu/Ru�0001�,
the experimental and calculated shifts are shown in Fig. 2 for
the three-dimensional PdxCu1−x alloys. These overlayers
were annealed at 765 K. A series of LEED patterns demon-
strating the homogeneity and structure of the PdxCu1−x alloys
was published recently in Ref. 7. The experimental Cu 2p3/2
BE shifts are measured from 2–4 ML thick films. Due to the
mean free path of the photoelectrons the measurements
record two or several layers. The same linear relation, having
an inclination of 0.840 eV/unit concentration, fits all experi-
mental points. The theoretical values displayed in Fig. 2 are
calculated assuming homogeneous concentration profiles
�which is not necessarily the case in experiment� and repre-
sent the Cu 2p3/2 BE shift of Cu atoms at the surface of
different alloys. The overlayer thickness is varied from two
to four layers. Again good agreement is observed between
theoretical and experimental values. It should be noted that
theoretical calculations �not shown in Fig. 2� indicate that the
shifts for Cu atoms at the interface are similar to the two-
dimensional case, while the layers between the surface and
the interface are smaller than, though closer to, �S−1 for the
Cu atoms in the surface layer. From Figs. 1 and 2 the fol-
lowing derivative ratios for the linear correlations are read:
the theoretical derivative ratio, f th=�3 /�2=0.695/0.345
=2.0, with �3 from 2 ML systems, and the experimental
derivative ratio, fex=0.840/0.331=2.5. It is concluded that
�i� there exists, to a good approximation, a linear relationship
between Cu 2p3/2 binding energy shifts and the Cu concen-
tration in both two- and three-dimensional PdxCu1−x surface
alloys and �ii� there is a very good agreement between theory
and experiment.

C. Pd 3d5/2 CLS in PdxCu1−x /Ru„0001…

A direct comparison between theory and experiment7 for
Pd 3d5/2 CLSs can be performed for a two-layer thick,

mixed, Pd50Cu50 film deposited at 550 K with Cu as the first
deposit. The same spectrum is observed after annealing to
1000 K.7 There are only two different Pd components in the
film, one from the surface with a BE=334.81 eV and one
from the interface layer with BE=335.42 eV. Thus, the Pd
3d5/2 BE difference �IF−S can be studied. The experimentally
determined shift, 0.61 eV, is in excellent agreement with the
result from the complete screening picture, 0.62 eV. As pre-
sented in Ref. 7 the same experimental value is found for the

FIG. 3. �a� Left column shows Ag 3d5/2 PES spectra. The lower
spectrum represents a 0.43 ML Ag/Ru�0001� interface, with Ag
deposited at a temperature of 550 K, recorded for a photon energy
of 437 eV. Subsequently 0.40 ML Pd was deposited at 550 K. The
following spectra represent the same interface after annealings for
5 min at the temperatures indicated, 660 K and 765 K. �b� Corre-
sponding Pd 3d5/2 PES spectra from the 0.40 ML Pd/0.43 ML
Ag/Ru�0001� interface recorded for a photon energy of 400 eV,
lower spectrum, and subsequently annealed at 660 K and 765 K.

FIG. 2. Theoretically and experimentally determined Cu 2p3/2

core-level shifts, as a function of the composition of the bimetallic
alloy PdxCu1−x in three dimensions. The three-dimensional bimetal-
lic overlayers, with total coverages above 1 ML, were annealed at
765 K. Theoretical CLSs �S−1 from 2 to 4 ML systems are indi-
cated as open squares, open triangles, and “x,” respectively; the
experimental points are shown as filled circles. The full drawn line
represents the best linear fit to the experimental points.
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opposite sequence of deposition, Pd before Cu, followed by
annealing at 660 K.

D. Pd and Ag 3d5/2 CLS in PdxAg1−x /Ru„0001…

In the present experiments it was found that the growth of
Ag on Ru�0001� at 550 K is characterized by a constant
BE=367.91 eV for Ag 3d5/2 for coverages below 1 ML, fol-
lowed by an increase of 0.14±0.10 eV at a coverage of 2
ML.

Two different depositions of Pd and Ag on Ru�0001� at
550 K were performed with total coverages representing
0.83 and 4.0 ML. EDCs of the 3d5/2 core electrons from Ag
and Pd for the total coverage of 0.83 ML are shown in Figs.
3�a� and 3�b�, recorded for photon energies of 437 and
400 eV, respectively. Deposition of 0.40 ML Pd on the 0.43
ML Ag/Ru�0001� interface at 550 K causes, see Fig. 3�a�, a
decrease of −0.25 eV in the BE of Ag 3d5/2 and a small
reduction, 6%, of the intensity. The last observation indicates
a planar distribution of the two metals. The FWHM increase
of Ag 3d5/2 after deposition of 0.40 ML Pd is ascribed to core
level disorder broadening in agreement with the observation
and interpretation of core photoelectron linewidth broaden-
ing in AgPd alloys.42 The evolution of the spectra with suc-
cesive annealings to 765 K is characterized by �i� a very
small negative BE shift, −50 meV, and a 8% intensity de-
crease of the Ag 3d5/2 electrons and �ii� no changes in the BE

and intensity of the Pd 3d5/2 electrons. Thus, the bimetallic
two-dimensional PdAg overlayer, formed at 550 K, is stable
at higher temperatures; a conclusion which is confirmed by
the constancy of the valence band EDCs.43 By applying the
complete screening picture described in Sec. III to an ideal
system 1 ML Ag50Pd50/Ru�0001�, the corresponding theoret-
ical shifts are −0.20 eV for Ag and 0.04 eV for Pd, which
agree very well with experiment �−0.25 and 0.00 eV, respec-
tively�.

Ag and Pd 3d5/2 EDCs obtained for a 4 ML film are
shown in Figs. 4�a� and 4�b�. The lowest spectrum in Fig.
4�a� represents a 2.05 ML thick Ag overlayer, deposited at
550 K, on Ru�0001� with a residual Pd coverage estimated to
be 0.15 ML. A LEED pattern, Fig. 5�a�, for this film is taken
for normal incidence and with a primary electron beam en-
ergy of 115 eV. A hexagonal structure is observed. Deposi-
tion of 1.8 ML Pd at 300 K results in a Ag 3d5/2 negative BE
shift, −0.43 eV, and a strong reduction of the peak intensity
to 25%. As demonstrated in the LEED pattern, Fig. 5�b�,
recorded for a primary beam energy of 148 eV, the film still
exhibits a hexagonal pattern. According to the valence band
spectra there is a weak interdiffusion between the layers even
at this temperature. Taking the penetration depth into consid-
eration, roughly three atomic layers, and assuming homoge-
neity in these layers, the above-measured BE shift corre-
sponds to a 20% Ag concentration in the top layers. Pd is
lying on top of the two Ag layers with a smaller amount of

FIG. 4. �a� Left column: Ag 3d5/2 PES spectrum recorded for a photon energy of 437 eV from 2.05 ML Ag deposited on 0.15 ML
Pd/Ru�0001� surface at 550 K, lower spectrum. The next spectrum is recorded after deposition of 1.8 ML Pd at room temperature. They
subsequently represent the same spectrum after annealing at the given temperatures. At 870 K Ag has desorbed. �b� Corresponding Pd 3d5/2

PES spectra taken with a photon energy of 400 eV. Fitting curves, representing contributions from surface and subsurface components, are
shown for 2.2 ML Pd and for the alloy at T�550 K.
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interdiffusion. Also, the Ag 3d5/2 feature is very broad with a
full width half maximum �FWHM� equal to 0.9 eV. These
observations show that a sandwich consisting of �2 ML Ag
with �2 ML of Pd, with some mixing, is formed. The reason
for the large Ag 3d5/2 CLS after deposition of Pd is found in

the Ag positioned at the interface and a pronounced change
in the centroid of the Ag 4d valence electron distribution.43

The large FWHM is ascribed to the distribution of Ag over
several layers and types of sites.

1. Evolution of the Pd+Ag sandwich with temperature

Annealing at 435 K for 5 min results in a 60% increase of
the Ag intensity, an unchanged BE, and a 12% reduction of
the total FWHM. These changes are ascribed to enhanced
diffusion of Ag into the two uppermost layers. Further an-
nealing at 550 K causes a segregation of Ag to the surface, a
220 meV increase of the Ag 3d5/2 BE to 367.78 eV, a reduc-
tion of the FWHM to 0.6 eV, and an increase of the Ag
intensity with 100%. A reorganization of the PdAg sandwich
takes place. The structure of the four-layers thick film is
conserved as demonstrated in the LEED patterns, Fig. 5�c�,
with Ep=148 eV. The film composition remains at a tem-
perature of 765 K. Complete removal of Ag is observed at a
temperature of 870 K. This evolution with temperature is
mirrored in the Pd 3d5/2 EDCs, Fig. 4�b�, with a 60% inten-
sity reduction from the initial state at 300 K to the minimum
intensity at 660 K, changes in the intensity balance between
the high- and low-BE parts of the Pd feature, and 35% varia-
tion of the FWHM over the temperature interval. The drawn
curves are the results of fitting with two peaks with equal
Gaussian widths and the following constants: Lorentzian
width LW=0.4 eV and �=0.11. Based on the EDCs in Figs.
3 and 4 experimental CLS can be determined. The results
obtained from the 4 ML experiment are collected in the case
of Ag 3d5/2 in Table III and for Pd 3d5/2 in Table IV together
with the layer-resolved theoretical CLSs for different con-
centration profiles for a 4 ML equiatomic PdAg system on
the Ru substrate. The content and results presented in Table
III and IV are discussed in the following two subsections.

2. Comments on Ag 3d5/2 CLS

The experimental information is, besides the CLSs, the
intensity changes of Ag 3d5/2 and Pd 3d5/2, and the FWHMs.
It should be added that, with the chosen photon energies, the
information depth is limited to roughly 3 ML with an expo-
nential decaying intensity from the surface layer to the third
layer. Another constraint in comparison between experiment
and theory includes the “single peak” structure of the ob-
served Ag 3d5/2 spectrum, which represents mainly an over-
lap of two to three components from the upper layers while
the theoretical modeling gives CLSs for the individual lay-
ers. The theoretical shifts are also derived from four com-
plete layers with a total equiatomic concentration of Ag and
Pd.

The results compiled in Table III start with the initial
system of 2 ML Ag with the residual 0.15 ML Pd. Note that
the theoretical shifts in the concentration profile containing
Pd is closer to the experimental value compared to the case
of 2 pure ML Ag. In Table III six different composition pro-
files a–f are considered for the 4 ML system. Based on the
intensity evaluations and the VB density of states,43 the first
composition profiles are chosen as dominated by Pd in the
top two layers with a substantial amount of Ag. Profile a

FIG. 5. LEED patterns for normally incident primary electrons
of energy Ep, �a� 2.05 ML Ag deposited on 0.15 ML Pd/Ru�0001�
at 550 K, Ep=115 eV; �b� 1.8 ML Pd+2.05 ML Ag on Ru�0001�,
Pd deposited at 300 K, Ep=148 eV; and �c� the last overlayer after
annealing at 550 K for 5 min, Ep=148 eV.
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corresponds to the case that the deposited Pd stays on top
with no intermixing with Ag, while in profile b Pd dominates
on the surface, with some mixing of Ag. Profile c represents
the ideal homogeneous case with Pd50Ag50 in every layer and
is given as a reference for the other concentration profiles.
Finally, in the 550 K annealed state, the Ag dominance in the
S and B2 layers roughly corresponds to the concentration
profile d with a 70% and 60% Ag dominance, in the respec-
tive layers. In profiles e and f the amount of Ag has increased
and is dominating in the surface and near-surface region, S
and B2. It is interesting to compare the two distinct Ag 3d5/2
CLSs observed in Fig. 4�a� with theory. The �X−1

exp shifts
amount to �i� −0.43 eV when 2 ML Pd is deposited and to
�ii� −0.21 eV when the PdAg sandwich is annealed at 550 K,

an increase of +0.22 eV. The theoretical calculations show a
similar trend upon increasing the amount of Ag at the sur-
face.

In order to provide an additional basis for comparisons
between theoretical and experimental results for the four-
layer thick film, core-level spectra have been modeled on the
basis of a template spectrum, the calculated CLSs, a reason-
able choice of attenuation coefficient, and then compared
with the experimental spectra. In the following paragraphs,
the model is outlined and the results are displayed in Figs. 6
and 7 together with the original measured spectra.

First, a template spectrum representing a fit of the line
shape and BE to an experimental photoelectron spectrum
from one complete layer of Ag 3d5/2 is generated. A resulting

TABLE III. Calculated and experimental CLSs of Ag 3d5/2 for 2 and 4 ML PdAg systems on Ru referenced to 1 ML Ag/Ru�0001�, �X−1.
The layers are denoted as in Table II. Experimental BEs are given for specific annealing temperatures with corresponding shifts. Theoretical
layer resolved shifts of Ag are given for concentration profiles �S:B2:B1: IF� a–f for 4 ML equiatomic PdAg-systems, the same as in Table
IV. The concentration profiles corresponding to the 2 ML system are given explicitly in the table in terms of at. % Pd �S:IF�. The energy unit
is eV.

Ltot Layer
Theory
�X−1

Experiment
BE �X−1

2 �0:0� �0:15� T=550 K

S 0.22 0.18 368.14 0.14

IF 0.30 0.23

4 Profilea Profileb Profilec Profiled Profilee Profilef T=300 K T=550 K

S −0.57 −0.40 −0.20 −0.12 −0.03 367.57 −0.43 −0.21

B2 −0.43 −0.43 −0.28 −0.15 −0.10 −0.04

B1 0.00 −0.18 −0.23 −0.27 −0.29 −0.30

IF 0.13 0.02 −0.12 −0.20 −0.23 −0.25

aConcentration profile �S:B2:B1: IF�; Pd: Pd85Ag15:Ag:Pd15Ag85, �100:85:0:15�.
bPd80Ag20:Pd60Ag40:Pd50Ag50:Pd10Ag90 �80:60:50:10�.
cPd50Ag50, �50:50:50:50�.
d�30:40:60:70�.
e�20:40:60:80�.
f�10:40:60:90�.

TABLE IV. Calculated and experimental CLSs of Pd 3d5/2 for 4 ML PdAg systems on Ru referenced to 1 ML Pd/Ru�0001�, �X−1. The
layers are denoted as in Tables II and III. Experimental BEs are given for specific annealing temperatures with corresponding shifts.
Theoretical layer resolved shifts of Pd are given for different concentration profiles a–f defined in Table III for 4 ML equiatomic PdAg-
systems. Table III displays the corresponding results for Ag. The energy unit is eV.

Theory
�X−1

Experiment
BE �X−1

Ltot Layer Profilea Profileb Profilec Profiled Profilee Profilef T=300 K T=435 K T=660 K

4 S −0.45 −0.44 −0.44 −0.34 −0.29 −0.23 334.70 −0.36 −0.41 −0.31

B2 −0.16 −0.22 −0.17 −0.11 −0.06 −0.02 335.17 0.11

B1 −0.06 −0.08 −0.07 −0.07 −0.07

IF 0.38 0.32 0.29 0.28 0.28 0.28

aConcentration profile �S:B2:B1: IF�; Pd: Pd85Ag15:Ag:Pd15Ag85, �100:85:0:15�.
b�80:60:50:10�.
c�50:50:50:50�.
d�30:40:60:70�.
e�20:40:60:80�.
f�10:40:60:90�.
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Ag 3d5/2 template spectrum, derived from a spectrum mea-
sured at an interface with a coverage of 0.9 ML Ag on
Ru�0001�, has the following line-shape parameters: FWHM
=0.58 eV and �=0.005. The corresponding parameters for
Pd are FWHM=0.60 eV and �=0.07. Hence, their widths
are comparable, but where the Pd template spectrum exhibits
an appreciable asymmetry, the one of Ag 3d5/2 is practically
symmetric. With kinetic energies of 65 eV, an attenuation
length, �, corresponding to 1.7 layers is chosen that gives
rise to a 55% attenuation of a signal from a certain layer for
each layer it passes through. Next, the signal is scaled down
with a factor according to the relative amount of atoms
present in the layer, and, finally, the signal is shifted �X−1
along the BE axis in accordance with the results of the CPA
calculations. The generation of a model spectrum is complete
by summarizing the contributions from the respective layers.

Model Ag 3d5/2 spectra are displayed in Fig. 6, where the
intensity relative to the intensity from one uncovered Ag

layer is plotted as a function of BE. The five experimental
spectra are compared with a span of model spectra with at. %
Pd concentrations in the S:B2:B1: IF layers listed to the right
in the figure. It is seen that the 2 ML Ag spectrum is well
reproduced by a model spectrum with 100% and 85% Ag in
the S and IF layers, respectively. Interesting enough, the ad-
dition of 2 ML Pd at 300 K is well reproduced, both in terms
of the large BE shift and the intensity, by model spectrum
“13,” consisting of the Pd concentrations: 80:60:50:10 �b in
Table III�. Thus, the model confirms a smaller diffusion of
Ag in the top layers. The evolution of the spectrum with
increasing annealing temperatures, characterized by the three
close-lying experimental spectra in the temperature range
550–765 K, is reproduced in model spectrum “10” where
the Pd concentrations in the four layers are 20:40:60:80 �e in
Table III�. The above-mentioned observed two distinct Ag
3d5/2 CLSs, −0.43 and −0.21 eV, can thus be accounted for
in a satisfactory way. Thus a model based on an experimen-
tally determined template Ag 3d5/2 spectrum and an attenua-
tion coefficient with theoretically determined CLSs gives in-
formation on the composition of the individual layers and the
evolution of the four-layer thick, mixed film with tempera-
ture. These trends are in accordance with the calculated CLS
for Ag 3d5/2 in random PduAg alloys.2

3. Comments on Pd 3d5/2 CLS

As mentioned before, the BE=335.06 eV is used as the
constant for Pd 3d5/2 in the submonolayer range on Ru�0001�
and this value is also found for the 0.40 ML Pd+0.43 ML
Ag/Ru�0001� interface. As demonstrated in Fig. 4�b�, the Pd
structure for the 4.1 ML case at 300 K can be resolved into
two peaks with a dominant intensity of the component at
BE=334.70 eV and a low-intensity component at BE
=335.17 eV. The low-BE peak is assigned as the surface
peak and the high-BE peak is the subsurface peak. From
these values the relative shift �X−S is determined to 0.47 eV.
The corresponding results for Pd 3d5/2 for the different con-
centration profiles a–f are collected in Table IV. Note that
changes of the CLS at Pd atoms between different profiles
are substantially smaller than in the case of Ag. As a matter
of fact, this is in agreement with experiment, and it also
corresponds to a weaker concentration dependence of Pd
CLS, as compared to Ag, in bulk AguPd alloys.2

Concerning the Pd 3d5/2 spectra, see Fig. 7, then the BE-
shifts of the peak maxima are comparatively much smaller
than in the case of Ag 3d5/2. The simplest spectrum is the one
of the final state after annealing at 870 K where Ag has de-
sorbed and only 2 ML of Pd is present. Two peaks, repre-
senting the S and IF peaks, are distinguishable in the model
spectrum “f0,” that reasonably fits the measured spectrum.
From a consistency point of view the earlier found best
model spectra in the case of Ag 3d5/2, with the layer specific
concentrations of Pd, should be applicable to the Pd spectra.
It means that the model spectrum “10” should fit the three
close-lying experimental Pd spectra in the range 550–765 K.
As observed in Fig. 7, however, only the high-BE side is
reproduced in the model spectrum while the low-BE contri-
butions have too strong intensities with the consequence that
the peak maximum is shifted −200 meV. In the modeling of

FIG. 6. Model �full lines� and experimentally recorded �separate
points� Ag 3d5/2 core-level spectra for 4 MLs of Pd and Ag depos-
ited on Ru�0001�. The experimental spectra are identical to the ones
shown in Fig. 4�a�. The Pd concentration profiles, in all 15 different
model cases, for the four bimetallic overlayers are listed to the right
in the figure.

FIG. 7. Model �full lines� and experimentally recorded �separate
points� Pd 3d5/2 core-level spectra for 4 MLs of Pd and Ag depos-
ited on Ru�0001�. The experimental spectra are identical to the ones
shown in Fig. 4�b�. The Pd concentration profiles, in all 15 different
model cases, for the four bimetallic overlayers are listed to the right
in the figure.
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the Pd spectra several not included factors may cause the
deviations between the model spectra and the measured spec-
tra. Possible diffraction effects that modify the relative con-
tributions from each layer are not considered. Another factor
is that the submonolayer-like line shape used as the contri-
bution from each layer might be a not adequate approxima-
tion since the Pd density of states close to the Fermi level is
sensitive to the composition of the alloy.

V. CONCLUSIONS

First-principle calculations of layer specific core-level and
surface core-level binding energy shifts in metal Pd, Ag, and
surface alloy thin films PdxCu1−x and PdxAg1−x on Ru�0001�
have been performed and compared with experimental val-
ues of the same films. There is a good agreement between the
complete screening picture and experiments. Further, it was
demonstrated that CLS and SCLS can be used as indicators
for the composition of the alloys and calculated shifts follow
the trend as the overlayers are annealed at different tempera-
tures. The dimensionality effect observed in the Cu 2p3/2

CLS for two- and three-dimensional PduCu random alloys
over the compositions is closely reproduced in the calcula-
tions. The Cu SCLSs for the three-dimensional PdxCu1−x al-
loy are twice as big as the shifts for the two-dimensional
alloy, with the same stoichiometry, due to the different coor-
dination numbers.

The layer composition profile of a four-layer thick
PduAg film, formed by successive deposition of Ag and Pd
on Ru�0001�, and its evolution with temperature, was deter-
mined by generation of model spectra that are compared with
the experimental spectra. The best agreement is obtained for
Ag 3d5/2.
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