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We study the structural properties of ultrathin AgxPd1−x films on top of a Ru�0001� substrate. Effective
interatomic interactions, obtained from first-principles calculations, have been used in Monte Carlo simulations
to derive the distribution of the alloy components in a four-monolayer �4-ML� Ag-Pd film. Though Ag-Pd
alloys show complete solubility in the bulk, the thin film geometry leads to a pronounced segregation between
Ag and Pd atoms with a strong preference of Ag atoms toward the surface and Pd atoms toward the interface.
The theoretical prediction of this double-segregation effect is strongly supported by photoelectron spectroscopy
experiments carried out for 4-ML thin films. We also show, in an additional experiment, that even in the case
where initially 1 ML Ag is buried under 6 ML Pd, the whole Ag ML segregates to the surface.
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I. INTRODUCTION

Thin films grown on top of a substrate often possess new
intriguing physical features. The electronic structure of thin
films can differ quite radically from the bulk one due to the
reduced dimensionality, surface relaxations, induced strain,
etc. This leads to novel properties of the materials, which can
be beneficial, e.g., in catalysis, for electronics and sensors. It
is worth noticing that similar to bulk alloys one often speci-
fies a nominal composition of the thin film alloy, tacitly as-
suming a uniform composition of the film. At the same time,
several studies carried out for thin films consisting of metals,
immiscible in their bulk forms, reported spontaneous forma-
tion of ordered domain patterns in the surface plane.1–3 Ng
and Vanderbilt4 explained, using continuum elasticity mod-
els, that periodic surface structures could be stabilized
through periodic stress domains. Another model was recently
presented in Ref. 5 to describe structures with nanometer
periodicity.

In this paper we study the opposite limit of thin film al-
loys by considering well-miscible elements: namely, AgPd
on top of Ru�0001�. AgPd systems are of interest by diverse
applications, often related to the ability of Pd to adsorb high
amounts of H2, which, for instance, can be used to separate
H2 from a mixture of gases.6 Ag and Pd have very small size
mismatch ��5% �, and in the bulk they mix over the whole
concentration interval. We use a theoretically consistent way
of determining the internal structure for the four-monolayer
�4-ML� film by employing Monte Carlo simulations with
effective interatomic interactions calculated from first prin-
ciples. In order to check theoretical predictions, we carry out
photoemission experiments on thin AgPd alloy films. We
show that even in the case of alloys with complete solubility
in the bulk the distribution of the alloy components in the
thin film nanostructures may in general be nonuniform due to

the double segregation of the different components toward
the surface and the interface, respectively.

II. THEORETICAL METHODOLOGY AND DETAILS
OF CALCULATIONS

Our theoretical technique is an extension of the method
used with great success for the determination of the concen-
tration profiles at alloy surfaces7,8 towards the thin film al-
loys. The configurational part of the total energy in the finite-
temperature statistical mechanics simulations is given by the
Ising-type Hamiltonian, which in the case of an inhomoge-
neous �layered� system may be written as

H = �
i�

V�
�1��i� +

1

2 �
i�;j��

V���;p�ij�
�2�

�i�� j�� + ¯ . �1�

Here �i� are spin variables, describing the alloy configura-
tion and taking on values 1 if site i in the � layer is occupied
by Ag and −1 by Pd. V�

�1� are the on-site interactions �chemi-
cal potentials� in layer � proportional to the segregation en-
ergies in the corresponding layer in a homogeneous random
equiatomic alloy; V

���;p�ij�
�2� are the effective pair interactions

of type p between � and �� layers and lattice positions i and
j in the corresponding layers.

In this work we assume that V�
�1� are concentration inde-

pendent, since the concentration dependence of the surface
segregation energy in AgPd is very weak.9 In this case the
on-site interactions can be determined from the total energy
of the equiatomic homogeneous random alloy as V�

�1�

=�Etot /���. The effective pair interactions have been ob-
tained by an ab initio screened version of the generalized
perturbation method10–12 �SGPM�, which is a qualitative im-
provement on the earlier implementations of this theory.13–15
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All the electronic structure calculations were performed
within the density-functional theory16,17 �DFT� using the
Green’s function technique18–20 based on the method accord-
ing to Korringa, Kohn, and Rostocker21,22 �KKR� within the
atomic sphere approximation23,24 �ASA�. The disorder ef-
fects were treated by means of the coherent potential
approximation25–31 �CPA�. The KKR-ASA-CPA technique
used in this work is described in detail in Ref. 18. The self-
consistent solutions to the Kohn-Sham equations were car-
ried out within the local density approximation �LDA�, pa-
rametrized according to Perdew, Burke, and Ernzerhof,32

using a basis set of s, p, d, and f �lmax=3� muffin-tin
orbitals.23,24 The multipole moment correction to the ASA
Madelung one-electron potential and total energy20,33 �ASA
+M� have been used throughout all calculations. The
AgxPd1−x thin films are modeled by a continuation of the
Ru�0001� stacking. In the simulations we also keep the sites
of the underlying crystal lattice fixed to their ideal positions
and we use the experimental lattice parameter of bulk Ru
�2.70 Å�. Based on earlier works carried out for the AgPd
system,19,34–36 we do not expect that the overall trends
should be influenced by neglect of lattice relaxation effects.
For the Monte Carlo simulations the 4-ML AgPd film has
been modeled by a slab with periodic boundary conditions
parallel to the surface and we have excluded the possibility
of intermixing between the film and the substrate. This can
be justified from the Ru-Ag and Ru-Pd phase diagrams,37

both systems showing phase separation behavior up to very
high temperatures. Besides, the surface segregation energy of
Ru on the surface of Ag and Pd is very large,18,38 and there-
fore it is very unlikely to have segregation of Ru atoms to-
ward the surface.

We observed a strong dependence of the pair interactions
on the concentration profile. In Fig. 1 we show the nearest-
neighbor effective pair interactions within the surface layer,
as well as the interaction between the surface layer and the
deeper layers for four different arbitrarily chosen concentra-
tion profiles of the thin film. This is a quantum mechanical
effect reflecting the sensitivity of the electronic structure to
the local alloy composition, which is extremely difficult to
model using a concentration-independent form of the Ising
Hamiltonian. Therefore, we recalculate interactions during
statistical thermodynamic simulations. We employ two meth-
ods to obtain the surface concentration profile, which we
refer to as the self-consistent approach and the stepwise ap-
proach. The self-consistent method starts from choosing a
concentration profile—for example, equiatomic composition
in each surface layer �. The interactions are then extracted
from first-principles calculations and thereafter used in the
Monte Carlo simulation to obtain a new profile. A mix of the
old and new profiles is used as a new starting configuration
to extract new pair interactions, rerun Monte Carlo simula-
tions, and continue the procedure until self-consistency is
achieved. The complementary method, the stepwise ap-
proach, starts from the same concentration profile—i.e.,
where there is no segregation—and runs Monte Carlo simu-
lations for a high temperature down to a lower temperature
where segregation starts to be significant. By monitoring the
relative change in concentration for each layer while decreas-
ing the temperature we obtain the dependence of the concen-

tration profile on temperature, c��T�. When �c�=c��T��
−c��T��5%, for any �=1, . . . ,4 and T��T, the pair inter-
actions are recalculated. This approach is slightly more time
consuming since it relies on the previous temperature,
whereas the self-consistent approach allows one to study
concentration profiles at several different temperatures si-
multaneously. Both methods are schematically shown in Fig.
2. Note that although bulk Ru is absent in the statistical
mechanics simulation of the concentration profile, the on-site
and pair interactions are extracted in the presence of the Ru
substrate. In our simulations we allow 8000 Monte Carlo
steps per atom and collect and average physical quantities
such as the total energy and concentration profiles over the
last 5000 steps. The difference in energy between exchang-
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FIG. 1. Effective pair interactions between atoms in the surface
layer �=1 and nearest atoms in layer �� are calculated for four
different, arbitrarily chosen, concentration profiles c of the 4-ML
AgPd film �given in the inset, with compositions from the surface
toward the Ru interface�. In addition we present the bulk values for
a Ag50Pd50 random alloy, which correspond to pairs of atoms, con-
nected by the same vector as in the case of the film. For the sake of
comparison we assume hcp structure for the bulk alloy.
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FIG. 2. Schematic illustration of the two computational ap-
proaches used to determine the concentration profiles for systems
with concentration-dependent effective cluster interactions. The
self-consistent and stepwise approaches are given in the left- and
right-hand parts, respectively. See text for detailed discussion.
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ing two atoms was used, according to the asymmetric Me-
tropolis algorithm.39

III. RESULTS AND DISCUSSION

A. Theoretical simulations

In Fig. 3 we show simulated concentration profiles ob-
tained for a 4-ML AgPd film, with nominal equiatomic com-
position, deposited at a Ru�0001� substrate. Here we only
show results obtained using the self-consistent approach,
since the difference in the resulting concentration profile be-
tween the two approaches is less than 3 at. % Ag for all
layers at all temperatures. We see an inhomogeneous distri-
bution of alloy components across the film: a strong ten-
dency of Ag segregation towards the surface and a similarly
strong enrichment of Pd at the interface. Calculated effective
cluster interactions of the Ising Hamiltonian, Eq. �1�, clearly
demonstrate that the structure of the 4-ML film is mainly
determined by the chemical potential �on-site term�. The en-
richment at the surface can be explained by the difference in
surface energies between Ag and Pd �the latter is higher than
the former�.18,40 Indeed, V1

�1�=−7.40 mRy �relative, say,
to V2

�1�=0.00 mRy� is approximately equal to the surface
energy difference of Ag and Pd. On the other hand, V4

�1�

=17.27 mRy is proportional to the interface energy differ-
ence of Ag /Ru�0001� and Pd /Ru�0001�. The lower value of
the latter is due to much stronger interaction between Pd and
Ru atoms than between Ag and Ru. Indeed, the Ag d band is
almost completely occupied and therefore it cannot strongly
participate in the bonding with d electrons of the substrate.
On the contrary, unoccupied Pd d states can hybridize with
Ru d electrons. This explains the enrichment of Pd at the
interface.

At the same time the segregation energies in the two
middle layers are small. Consequently, as seen from Fig. 3,
the surface and the interface layers are almost saturated with

Ag and Pd atoms, respectively, over the temperature range
300–1000 K �note that in the experiment Ag desorbs at tem-
peratures above 870 K�. Considering the two middle layers
�denoted �=2 and 3� we see an almost equiatomic distribu-
tion of Ag and Pd at high temperatures. When the tempera-
ture decreases, Pd atoms start to segregate to the subsurface,
while the Ag concentration in the third layer increases. This
indicates a tendency to form alternating layers with Ag en-
richment of the surface layer and a strong dominance of Pd
at the interface.

Such a behavior reflects ordering trends present in the
Ag50Pd50 system, which has a tendency to form the L11
structure as has been recently demonstrated in Refs. 9 and
41. Indeed, all variety of ordering behavior in alloys, isoelec-
tronic to Ag-Pd, can be qualitatively understood from the
results of the first two to three effective pair interactions. The
main driving force for the L11 type of ordering in the bulk
alloys is a weakening of the nearest-neighbor �NN� intralayer
interaction �0.58 mRy in our case� and a relatively strong
and positive NN interlayer interaction �1.08 and 1.19 mRy
for NN and next-NN interactions, respectively�. This se-
quence of interactions favors a tendency to form alternating
Ag and Pd �0001� hcp or �111� fcc planes. To illustrate the
difference on the ordering trends between the alloy surface
and thin film alloy, we carried out self-consistent simulations
of the segregation profile for the �111� surface of a fcc Ag-Pd
alloy using the same setup and technique as for the Ag-Pd
film deposited at the Ru�0001� surface. Note that exchange
between atoms in the bulk and atoms at the surface �the four
topmost layers� is permitted, and therefore the result shows a
quantitative picture of the alloy surface concentration profile.
Nevertheless, our simulations show that for the fcc �111�
surface of Ag50Pd50 the surface-induced ordering takes place,
with almost complete Ag occupation of the surface layer and
Pd occupation of the subsurface layer up to 600 K, in agree-
ment with earlier works.42,43 Figure 4 shows the simulated

FIG. 3. �Color online� Surface concentration profiles for a 4-ML
AgPd film supported by Ru�0001� as a function of temperature. �
=1, . . . ,4 denote the layers counted from the surface layer toward
the interface layer. The distribution of the atoms at 660 K is shown
in the inset �Ag, red; Pd, yellow�.
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FIG. 4. �Color online� Self-consistent simulation of the segrega-
tion profile for the �111� surface of a fcc Ag-Pd alloy using the same
setup and technique as for the Ag-Pd film. The notation is the same
as in Fig. 3.
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concentration profile of the alloy surface. One could expect
that this ordering tendency increases in the thin film, because
the observed double-segregation effect provides natural
boundary conditions to form an ordered sequence of alternat-
ing Ag and Pd layers similar to a stacking of �111� planes in
the L11 structure. However, Fig. 3 shows that this does not
happen. Note that if one is not careful, one might think that
the concentration profiles for the film and for the alloy sur-
face are the same or very similar to each other. But as a
matter of fact, the segregation profiles are qualitatively dif-
ferent between the surface of the alloy and the alloy film, as
layers 2 and 4 are interchanged in Fig. 4, as compared to Fig.
3. This indicates that the surface-induced ordering of the L11
type, present at the alloy surface, is suppressed in the film. If
we compare the same pair interactions as above for the film
at 550 K �in mRy� �V11;1=2.66, V12;1=3.20, V12;2=1.45;
V22;1=1.00, V23;1=1.10, V23;2=0.91; V33;1=0.28, V34;1=
−0.48, V34;2=0.40�, we observe that the interactions are
damped through the layers and that the NN interlayer inter-
action V34;1 even changes sign. We conclude that the nano-
scale thickness of the Ag-Pd alloy film is essential for the
ordering behavior of the system, which differs drastically
both from the bulk systems with complete solubility between

Ag and Pd and from the surfaces of bulk alloys with a strong
tendency toward L11-surface-induced order.

B. Comparison to experiment

In order to compare theory and experiment, thin Ag-Pd
films were deposited on a Ru�0001� substrate and the core
and valence band �VB� spectra were studied by photoelec-
tron spectroscopy. Experimental data are based on the use of
synchrotron radiation, from the storage ring ISA at Aarhus
University, for measurements of the core-level shifts �CLSs�
of the 3d5/2 electrons of Ru, Pd, and Ag. The photon energy
was 40 eV for excitation of valence band electrons. The
beamline is equipped with a spherical grating monochro-
mator and a SCIENTA hemispherical concentric analyzer.
Photons were incident at an angle of 40° with respect to the
surface normal, and photoelectrons were collected by the
200-mm-mean-radius energy analyzer along the surface nor-
mal. The opening angle of the analyzer was �9° and the
total instrumental resolution was better than 0.2 eV and
0.1 eV for the 3d5/2 core electrons and valence band elec-
trons, respectively. It was ensured that the kinetic energies of
the emitted 3d electrons, around 60 eV, correspond to infor-
mation from the first three to four atomic layers according to
the exponential decay of the intensity with increasing depth.
The facilities of the end station and the preparation of the
Ru�0001� surface have been described earlier in Ref. 44.
Calibrations of the Ag and Pd evaporation sources were
based on photoelectron intensities, CLSs, and variations in
the full widths at half maximum �FWHMs�. The evaporation
rate was in the order of 0.14 monolayers /min. Concerning
the geometrical structure, low-energy electron diffraction
�LEED� demonstrated the hexagonal patterns from the over-
layers.

The 4-ML-thick AgxPd1−x binary alloy film of the nomi-
nal composition Ag50Pd50 was formed by successive deposi-
tion of 1 ML of either Ag or Pd at 300 K on the Ru�0001�
surface. In order to ensure that the films were as close as
possible to the thermodynamic equilibrium extended anneal-
ing periods, of 30 min duration for temperatures below
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FIG. 5. �Color online� Comparison between �a� experimental
valence band �VB� spectra and �b� theoretical VB density of states
�DOS�. �a� VB spectra of the Pd�2.0�/Ag�2.1�/Ru, Ag�1�/Pd�1�/
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500 K and 20 min for higher temperatures, were applied. It
was also investigated whether the initial state of the film,
which means the layer sequence, influences the final state.
Consequently, three deposition sequences have been ana-
lyzed. Two of them, Ag�1�/Pd�1�/Ag�1�/Pd�1�/Ru�0001� and
Pd�1�/Ag�1�/Pd�1�/Ag�1�/Ru�0001�, are opposite in deposi-
tion sequence, and the third sandwich, studied in Ref. 45,
Pd�2.0�/Ag�2.1�/Ru�0001�, represents deposition of first 2.1
MLs of Ag followed by 2.0 MLs of Pd.

The nonpresence of Pd in the first layer is strongly sup-
ported by the VB energy distribution curves where the Ag 4d
signal dominates the spectra at high temperatures; see Fig. 5.
It is assessed that, inside the experimental uncertainty, the
final states of the films are nearly the same. Further, the
CLSs for the Ag 3d5/2 electrons are very close to each other
comparing the different films. Valence band spectra of 4-ML-
thick AgPd films with different deposition sequences, re-
corded at room temperature, are displayed in Fig. 5�a�. It
should be mentioned that the 4d cross sections for the two
neighbor elements Pd and Ag are close lying.46 It is observed
that the two VB spectra of the Pd�1�/Ag�1�/Pd�1�/Ag�1�/Ru
and Pd�2.0�/Ag�2.1�/Ru interfaces are almost identical with
considerable intensity both in the low-binding energy range,
with the Pd contribution, and in the Ag region around
5–8 eV binding energy, whereas the VB of the Ag�1�/Pd�1�/
Ag�1�/Pd�1�/Ru film is dominated by the Ag 4d signal inten-
sity even at 300 K. At temperatures around 650 K the VB
energy distribution curves, Fig. 5�a�, are strongly dominated
by the Ag 4d signal and the Pd contribution in the first layer
is distinctly reduced. Thus the theoretical prediction, the non-
presence of Pd in the first layer, is supported by the experi-

ment. In Fig. 5 we also compare theoretical VB-DOS from
the profile at 660 K to experimental VB spectra. Very good
agreement is found for the binding energy �BE� positions of
the DOS peaks of Ag, the span of the d band, and the con-
tribution from Pd, which is observed close to the Fermi level,
particularly for the film produced by the original deposition
of Ag /Pd /Ag /Pd /Ru, which is the one closest to the theo-
retically predicted equilibrium structure. The Pd contribution
originates from deeper layers as seen from the calculated
layer-resolved DOS. Thus, this confirms our main theoretical
predictions that Ag segregates toward the surface and Pd
diffuses to the subsurface layers. On the other hand, strong
evidence for the accumulation of Pd at the interface comes
from the Ru 3d5/2 spectra as demonstrated in Fig. 6. The
lower curve represents Ru 3d5/2 core electrons, transmitted
through the overlayers, from the Pd�1�/Ag�1�/Pd�1�/Ag�1�/
Ru�0001� sample after annealing at 645 K. It is clearly seen
that the spectrum, with BE equal to 279.96 eV, line shape,
and FWHM=0.49 eV, among the three possible interfaces
included in the figure, fits with the Ru 3d5/2 core electrons
from the Pd�1.3�/Ru�0001� interface. Further evidence comes
from the Pd 3d5/2 spectrum that exhibits a distribution of
several components. All CLSs in the following are refer-
enced to 1 ML of the corresponding metal. Theoretical Pd
3d5/2 CLSs, calculated according to the complete screening
picture,34–36,47 gave −0.10 eV at �=2 and �=3—i.e., they
are very close lying—and 0.29 eV at the interface with Ru.
Experimentally, two peaks are observed at −0.33 eV and at
0.26 eV for the films around 650 K. Even though the CLSs
differ somewhat for the Pd atoms in the middle layers, the Pd
intensity, as deduced from experiment, is concentrated in lay-

FIG. 7. Evolution of the Ag 3d5/2 intensity as a function of temperature for the Pd�6�/Ag�1�/Ru�0001� film. The insets show a schematic
evolution of the concentration profile of Ag with temperature. At 430 K a smaller amount of Ag has diffused into the probing depth of the
photoemission process. A substantial part of Ag has moved to the upper three layers at 670 K and primarily to the surface �concluded on the
basis of the reduced Pd 3d5/2 signal, CLS of Ag, and VB-DOS�. The maximum intensity, at 830 K, represents the segregation of Ag. The
CLS of Ag shows a constant value in this temperature range, indicating a maximum Ag coordination number for the Ag atoms. Desorption
of Ag takes place for T�870 K and no silver is observed for T�940 K.
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ers 2, 3, and 4, in good agreement with theory.
In order to prove that the main driving force in forming

nonuniform structures in thin Ag-Pd films on top of Ru is the
strong layer dependence of the chemical potential of the al-
loy components, we carry out an additional experiment
where initially, at room temperature, 1 ML Ag was buried
under 6 MLs of Pd. Figure 7 shows the evolution of the
intensity of the Ag 3d5/2 signal as a function of temperature.
The determination of the intensity of the Ag 3d5/2 line is
based on a fit with one peak. The BEs of surface and sub-
surface Ag 3d5/2 electrons �of clean Ag� are so close lying
that they cannot be resolved. Since no change in the penetra-
tion depth of the electrons with temperature was observed for
the 4-ML-thick AgxPd1−x films, it is assumed that the probing
depth is constant. Further, with a 70 eV kinetic energy of the
emitted Ag 3d electrons, a maximal surface sensitivity is
obtained. Accordingly, the intensity variation with tempera-
ture reflects the Ag occupation in the surface. Three distinct
temperature regimes are observed. Diffusion of Ag takes
place for temperatures between 590 K and 670 K. Then an
approximately constant intensity level, the segregation state,
is observed for temperatures up to 830 K. The third tempera-
ture regime, the desorption region, lasts to 940 K where all
the Ag atoms have desorbed. Only in the diffusion region can
a broader FWHM of the Ag 3d peak be observed, indicating
the strongly varying coordination number of Ag through the
layers. It is noted that some Ag signal is observed even at
room temperature, although the layer-by-layer deposition of
Pd should quench the Ag signal due to attenuation. In a ki-

nematic description the buildup of Ag in the uppermost three
layers can be described as “an impulse” of silver moving
toward the surface with increasing temperature, illustrated in
the inset in Fig. 7, where the three sandwiches show, in a
schematic way, the evolution of the concentration profile of
silver with temperature.

IV. SUMMARY

To summarize we have shown that, in contrast to the com-
plete solubility between Ag and Pd which takes place in the
bulk alloys, the alloy components are distributed nonuni-
formly across the growth direction in the thin film, with the
strong double segregation of Ag and Pd toward the surface
and the interface, respectively, and suppressed surface-
induced L11 ordering, present at the surface of bulk alloys.
We suggest that the double-segregation phenomenon is gen-
eral for thin alloy films between elements which form solid
solutions in the bulk, but have a large difference in surface
energies.
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