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Abstract. The present scanning tunneling microscopy (STM) study describes the
growth of silver—palladium heterostructures at room temperature, with ab—initio
simulations of ordered AgPd phases supporting the interpretation of STM images.
First, the growth of Pd on a Ag(111) surface proceeds in a multilayer mode, leading to
the formation of a columnar structure. Then, upon Ag deposition on this structure, Ag
and Pd partially mix and form a two-dimensional AgPd alloy on top of the columns.
Finally, an atomically flat Ag(111) surface is restored, and two-dimensional growth
continues. An interpretation of this peculiar growth mode including interfacial alloying
is proposed based on thermodynamic and kinetic arguments.
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The phase diagrams of bulk alloys are governed by their electronic structure and
the size of their constituents. The thermodynamical equilibrium of thin film alloys may
differ strongly from that of the bulk. Indeed, as a result of minimization of surface
and interface strains and energy, new ordered phases may appear|[l, 2], alloying between
immiscible elements is allowed[3, 4], and demixing between miscible elements might be
observed[5]. Further, the structure of a film epitaxially grown at room temperature is
not directly related to the situation at equilibrium. Due to kinetically limited processes
(nucleation, diffusion, segregation, coalescence...), the structure of a multilayer film
reflects the history of the deposition process and the partial minimization of the total
energy (including surface and interface contributions) all along the growth. As a result,
it is relatively difficult to predict or to interpret the structure of such a film.

The AgPd system is one of the most studied alloy systems, showing very different
phases, either in the bulk and in thin films at equilibrium, or in epitaxial Ag—Pd
multilayers: in the bulk, Ag and Pd are fully miscible and form ordered phases over
the whole composition range[6], while a Ag concentration close to 90% is often reported
at the surface of AgPd alloys|7, 8, 9, 10| and demixing in AgPd thin films grown on Ru
is observed upon annealing[5]. Strikingly, while Ag and Pd seem to present a strong
tendency to order at equilibrium, Ag—Pd superlattices grown at room temperature show
sharp interfaces[11, 12, 13, 14].

In the present work, we will show that such interfaces are not due to an extreme
stability but result from the high mobility of Ag and Pd during the growth process. It
is commonly accepted that Pd(111) and Ag(111) homoepitaxies both proceed through
an island growth mode[15, 16]. Concerning heteroepitaxy, Pd (resp. Ag) grows
pseudomorphically on Ag(111) (resp. Pd(111))[17, 18, 19, 20, 21, 22]. However, while
Ag grows layer-by-layer on Pd(111)[23], a columnar structure (i.e. islands with almost
vertical edges) is formed upon Pd deposition on Ag(111)[19, 20]. This shows that the
stacking of Ag and Pd layers in a well ordered superlattice with sharp interfaces is
not straightforward: if a columnar Pd structure is formed during the growth of Ag/Pd
superlattices, it must be reconstructed upon Ag deposition. This hypothesis is supported
by a previous work[19] in which we described the growth of a Ag/Pd/Ag(111) trilayer by
means of X-ray Photoelectron Spectroscopy (XPS) and Low Energy Electron Diffraction
(LEED). In agreement with Ref. [20] we observed that the LEED pattern fades out upon
deposition of Pd but then is quickly restored upon deposition of the top Ag layer. In
addition, this top Ag layer is pseudomorphic to the Pd lattice.

The aim of the present study is to identify the mechanisms leading to the formation
of a two-dimensional pseudomorphic Ag layer on top of a columnar Pd layer. We follow
the growth of a (Agie/Pdjg)system on a Ag/mica substrate. In order to understand
the growth mode of this heterostructure, the deposition of the Ag and Pd layers is
divided into small steps, between which the morphology of the surface is characterized
by STM. Ab-initio simulations of various ordered AgPd alloy surfaces are performed
to help interpret the STM images. Based on this analysis, a model is proposed that
explains the growth of AgPd heterostructures.
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In the following Section (1) we describe the experimental methods used to grow and
characterize the (Agis/Pdi0/Ag/mica) system and the ab-initio simulations. Section (2)
describes the STM images and their interpretation based on the ab-initio simulations.
A growth model for the AgPd heterostructure is then proposed. Section (3) contains
our conclusions.

1. Method

1.1. Ezperimental methods

The Ag/Pd heterostructure is deposited on a Ag(111) buffer layer grown on a Muscovite
mica substrate. The Ag and Pd are evaporated from 99.99% pure materials. A 300 nm
thick Ag layer is grown at a rate of 3 nm/sec on a freshly cleaved Muscovite mica
substrate held at 200°C under Ultra High Vacuum (UHV). A post growth annealing at
200°C is then performed for 1 hour in order to improve the short-range order of the
Ag film. These Ag(111) substrates are prepared in a separate chamber and thus briefly
exposed to air prior to the growth of the Ag/Pd heterostructure. Therefore, in order
to remove the adsorbed contamination, the samples are again annealed to 200°C before
deposition of the first Pd layer. Auger electron spectroscopy and STM show that this
procedure provides cleaner and smoother Ag substrates than those commonly obtained
from Ag(111) single crystals (see Ref. [24] for additional information). In particular,
sulfur segregation from the bulk is avoided.

During the deposition of the Ag/Pd heterostructure, the Ag/mica substrate is left
at room temperature. Ag and Pd are evaporated at 1 and 0.2 pm/sec respectively from
0.25 mm diameter wires rolled around coiled 0.5 mm tungsten wires. The thickness 6 of
the layers is measured with a quartz crystal thickness monitor calibrated on the basis of
STM images. The pressure is about 2.5-1071Y Torr before the evaporations, and about
2:1078 Torr (resp. 2-1072 Torr) during the growth of the thick Ag layer (resp. of the
heterostructure).

STM images are recorded with a VP2 STM from Park Scientific Instruments in
constant current mode and at room temperature with electrochemically etched and
vacuum—annealed W tips. All images are raw data except for the removal of a linear
background in order to take into account the piezoelectric drift perpendicular to the
surface.

1.2. Computational methods

First-principles DFT calculations are performed using the ABINIT|[25] plane-wave (PW)
code. Norm-conserving, separable, Troullier-Martins[26] pseudopotentials are used to
describe the interactions between atomic cores and valence electrons. Calculations are
performed in the generalized-gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof[27]. A PW kinetic energy cutoff of 50 Ha is necessary to converge the
lattice parameters to within 0.01%. The pseudopotentials are tested on bulk silver and
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palladium. The GGA cubic lattice constants obtained are 420 and 397 pm, i.e. 2.7%
and 2.1% above the 409 and 389 pm experimental values, respectively. The integrations
in the Brillouin Zone of reciprocal space were carried out with 8 x8 k-point grids in the
full monolayer cases. For the larger unit cells with 4x1 and 8x1 surface unit cells we
used 1x4 grids of k-points. A vacuum of 1.8 nm was left between periodic images of the
slabs, to ensure that they do not interact and that the wavefunction decay away from
the surface was accurately reproduced (within the DFT-GGA approximations).
Simulations of STM images

The main contributions of ab—initio calculations to our study are 1) the theoretical
validation of the chemical differentiation of Ag and Pd atoms in STM images and 2) the
distinction between STM corrugation due to alloying and that due to Friedel oscillations,
which allows to identify pure metal surfaces. In order to simulate scanning tunneling
microscopy images, we employ the Tersoff-Hamann method[28, 29], modeling the STM
tip as a delta function (with s-symmetry) and neglecting tip-surface interactions. The
result is thus sensitive to the density of electrons at a given point which are due to
wavefunctions whose energy is between the Fermi level and the sample bias voltage:

I(E) ~ > |,(ro)?0(Er + E — E,)0(E, — Er) (1)

where [ is the current for sample bias E, 1, is the wavefunction for state v of energy
E,, and EF is the Fermi energy.

2. Results and Discussion

2.1. Ab-initio simulations of STM images, and their interpretation

We first discuss the qualitative trends expected in STM images, on theoretical grounds.
According to the very simple model introduced by Tersoff and Hamann[28, 29], the
tunneling current I should depend exponentially on the local workfunction ¢, according
to

I ~exp—(1.0254/¢d) (2)

where ¢ is in eV, and d is the sample-tip distance in Angstrém. The workfunction of
Pd(111) (5.6 V) is about 1 V larger than that of Ag(111)[30]. This simple relation shows
that in constant-current mode, at a set-point current of 0.2 nA, the apparent height for
Ag should be 85 pm above that for Pd if the two elements are at the same geometrical
height. Trontl et al. confirmed this trend under different tunneling conditions. They
indeed observed that the apparent height of a single monolayer Ag island is 20 pm above
that of a Pd single monolayer terrace[23].

The difference between the values expected from the model and experimental
observation (e.g. from Trontl) is due to the fact that the apparent height of Ag and
Pd atoms on STM images is not only determined by the local tunneling barrier (local
workfunction) but also by the local density of states (LDOS) of the materials and by the
geometric position of the atoms in a given monolayer (relaxations and reconstructions).
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The polarity of the bias at the tip/surface junction can then be crucial: under positive
(resp. negative) sample bias the empty (resp. filled) state LDOS is probed.

Because of its nearly filled d band, the LDOS at the Fermi level is larger above Pd
atoms than Ag atoms. This has been confirmed by Wouda et al.[10] who investigated
the structure of (111) and (100) surfaces of AgPd alloys using STM. They observed a
height difference of 25 pm for a Pd atom in a (111) Ag surface, using negative sample
bias.

The balance between the three factors (LDOS, geometry, and local ¢) establishes
the relative corrugation of Ag and Pd structures on the STM images and is strongly
determined by the lateral extension of these structures, i.e. by the degree of intermixing
of the two metals. The workfunction ¢ enters exponentially, but differences are strongly
reduced by alloying effects. The LDOS is multiplicative, but is slightly less affected by
alloying. Globally, Pd is more electrophilic, and takes electrons out of the s band of
Ag (putting them into the almost filled d band of Pd). As a result, the states near the
Fermi level are of mixed s-d nature (see Ref. [31]), and the difference between Ag and
Pd is reduced by alloying. Ab—initio calculations can provide a sounder, more detailed
estimation of the chemical differentiation with STM, the effect of ¢ showing up in the
rate of decay of the full wavefunctions of the alloy as we depart from the surface, and
the precise effects of the DOS being accounted for in a self-consistent manner.

Various AgPd surface arrangements were simulated in both positive and negative
bias, viz. complete monolayers, and alternated Ag and Pd stripes 1 (a “perfect” alloy in
one direction), 2 or 4 atom wide, on (111) surfaces. The distance between atoms in the
(111) plane is 285 pm for a Pd substrate. The distance is 303 pm when a Ag substrate
is used. Both values are relaxed DFT-GGA interatomic distances.

The calculations employ 5-layer slabs as substrates, covered by one monolayer of
the AgPd alloy (on both sides of the slab in order to eliminate electrostatic potential
jumps between neighboring unit cells). The two surface layers are allowed to relax fully,
except in the largest case of AgdPd4, which was too heavy computationally, and did
not contribute sufficiently to our analysis to warrant the expense of computer time.

The lines on the simulated images represent base-10 logarithmic isodensities of the
current defined in Eq. 1. Establishing the connection to a physical current would impose
making a number of hypotheses regarding the tip structure, DOS, and other properties.
We will instead compare heights on a given isodensity line.

In all cases that we have calculated, the isoline height difference is relatively
constant beyond a certain distance (typically 0.2-0.4 nm above the surface). This also
determines in each case the tip distance which would be needed for atomic resolution
of the surface, which we will not consider in depth in this study: in experiments the
STM tip usually hovers around 0.6 to 1 nm above the surface, but can be approached
by increasing the current and decreasing the bias voltage (as we have done below to
obtain atomically resolved images).

Single metal monolayers
The simulation of full monolayers of Ag and Pd on Pd slabs gives an interesting reference
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Figure 1. Isodensity height profiles of Ag2Pd2 striped surface alloy, on a Pd
substrate. Top: +1.0V sample bias Bottom: -1.0V sample bias. An apparent
height difference of +10 to +20 pm in favor of Ag is visible for both bias
voltages.

point for the surface alloys: in this case there are none of the edge or alloying effects
which appear near the junction between the Ag and Pd surface regions. The Ag
monolayer appears systematically higher, in both positive and negative bias, and at
biases of 0.5 and 1.0V. The apparent height difference A (which should correspond to that
between large islands of surface Pd and Ag) is measured with respect to an underlayer
which is kept fixed in the structural relaxation. The value of h which is calculated
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or observed experimentally will depend on the isocurrent line which is followed (ie the
chosen value of the current, for the given bias). For the isolines which are around 300 pm
from the surface, h is between 80 and 140 pm in favor of Ag, depending on bias and
distance from the surface. Further from the surface the difference is more variable.

This result is expected from the classical analysis based on bulk work functions,
and suffices to explain most of our STM images, providing the islands of Ag or Pd are
sufficiently wide. We now go on to examine different configurations representative of
surface alloys and the features to be expected for isolated atoms or boundaries between
Ag and Pd regions.

AgPd alloy monolayers
We call “AgPd alloy monolayer” a perfect AggsPdg 5 alloy in one direction, where each
stripe of Pd (resp. Ag) is surrounded exclusively by Ag (resp. Pd) stripes in the surface
plane. This structure is relevant because it could be the surface of the so called L1;
phase, the most stable AgPd bulk alloy|6].

From images (not shown) of 1-1 alloys, alternating 1 row of Ag with 1 of Pd on
either Ag(111) or Pd(111), it is apparent that the substrate determines the global decay
rate of wavefunctions away from the surface in such intimately alloyed cases. For the
Pd substrate the decay is rapid and for Ag it is slower. Height differences, however,
depend now on the prefactor before the exponential decay. In this configuration (1ML
of 1:1 surface alloy in stripes) a Pd atom appears higher by at most 5 pm (which is
close to our simulation error, even without taking tip and other effects into account),
except in the case of positive sample bias on Ag, where an apparent height difference
of 20 to 40 pm can be observed, depending on the tip height above the surface. The
wavefunctions are much more extended than for a Pd substrate or a negative bias, and
the apparent height difference is much greater.

Two atom stripes
Fig. 1 displays ab-initio simulations of STM images of 2 atom wide Ag and Pd stripes
on Pd(111), in both positive and negative bias. In Fig. 1 the apparent height difference
in favor of Ag is between 10 and 20 pm, in both biases. This is the combination of two
effects: first the relaxation of the atomic positions, which raises Ag atoms by ca. 16 pm,
and a variable “chemical” contribution, depending on the local density of electrons on
each atom and the (s-like or d-like) nature of the wavefunctions. An unrelaxed surface
confirms the very small chemical differentiation in this configuration, with a maximum
of 2 to 5 pm in favor of Pd.

Four atom stripes
For four-atom-wide stripes, the height difference between Ag and Pd is larger, both for
positive and negative bias. In our calculations, for a sample bias of -0.5V the apparent
height difference is ~ 50 pm in favor of Ag. For positive bias the Pd atom is about
20 pm higher. The decay rates are similar, but for Pd one can begin to see a difference
for positive and negative bias. The isodensity curves vary smoothly as one passes over
the two surface regions, and a true plateau is not yet established over the Ag and Pd
“islands”.
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Fermi wavevectors and Friedel oscillations
In order to estimate the wavelengths expected for Friedel oscillations observable in our
STM images, we have calculated the Fermi surfaces of Ag and Pd in bulk and slab
geometries. The wavelength A of Friedel oscillations is related to the inverse of the
Fermi wavevector kp: Appiedel = 7/kp. The Fermi surface of bulk Ag and Pd is quite
simple, albeit not spherical. For bulk Pd, A should vary between 0.29 and 0.37 nm,
whereas for Ag it should vary between 0.19 and 0.33 nm.

We have calculated the Fermi surface for a 5 ML thick Pd slab. Examining the
extent of the corresponding wavefuntions in real space, there is no simple separation
of the surface states from the bulk. We can assert that the full band structure is far
from that of a 2D electron liquid, and Friedel oscillations can be expected with different
wavelengths on this surface. The largest wavelengths (from the k nearest to I') come
from a band which appears roughly isotropic. They are calculated to be ~ 1.8 nm,
which compares in order of magnitude with the oscillations found at low temperature in
Ref. [32] (3 nm). The Fermi surface structure for a monolayer of Ag on a Pd substrate
is much simpler, with the main band corresponding to A = 0.74 nm.

Analyzing the spatial extent of the wavefunctions for given k-points provides
precious complementary information. Most states near the Fermi surface extend into the
bulk as well as on the surface (for both Ag and Pd overlayers). This confirms (in the case
of Pd) a hypothesis which is often invoked, that the quantum well states corresponding
to surface electronic waves also hybridize with bulk electrons. However, around the (1/2,
1/2) point of the surface Brillouin zone, the Fermi Surface state is strongly localized
on the surface of the slab. Transitions between these F'S points corresponds to a A for
charge density waves of roughly 0.5 nm (the uncertainty is linked to the size of the FS
pockets around (1/2 1/2)).

Summary of the theoretical characterization
From the above simulations the following conclusions can be drawn: in dilute alloys,
i.e. in the case where Ag (resp. Pd) atom are surrounded by Pd (resp. Ag) atoms, Pd
atoms should appear significantly brighter under positive sample bias and if the alloy is
grown on Ag(111). In the case of partial alloys grown on Pd(111), Ag aggregates should
appear brighter than Pd ones under negative bias and under most positive biases as
well. However, this conclusion is valid only if the lateral size of these aggregates is
large enough (more than 2 atoms in each direction). Otherwise the wavefunction decay
rate is homogeneous; the height differences will be minimal and depend on alloying and
sublayer effects.

Friedel type oscillations and electron standing waves can be expected for different
wavelengths and directions, but for pure Pd surfaces the principal should be the low
k-vector (A ~ 1.8 nm), whereas for the surface states of Ag monolayers on Pd, at either
A ~ 0.5 (the state which does not couple to the bulk) or 0.74 nm.
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Figure 2. STM images of the surface after 0.25 ML Pd deposition on the
Ag/mica system demonstrating the presence of a Pd lattice gas, I;= 0.5 nA,
Vs =-0.03 V (a) First stable image showing monolayer high islands. (b) Image
after several sweeps: the islands have been swept away and aggregated to the
Ag(111) step edges. (c) Image taken after changing the scan direction: Pd is
detached from the step edges perpendicular to the scan direction. (d) image
after several sweep in the same scan direction as (c).

2.2. Experimental results

2.2.1. Growth of Pd on Ag A silver (111) buffer layer is grown on a mica substrate. The
surface is atomically flat over terraces larger than 30 nm, as has been found in many
other studies. The step edges have threefold symmetry which arises from the (111)
orientation of the system. The terraces are separated by monoatomic steps having a
height of 0.24 nm £.01 nm. The tabulated distance between Ag(111) planes is .236 nm,
so this value confirms the proper calibration of our scanner in the direction normal to
the surface. Upon deposition of 0.25ML of Pd, a lattice gas is formed on the surface
which becomes very unstable under STM imaging. According to Fig. 2, monolayer high
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Figure 3. STM images of the Pd/Ag/mica system (a) 1 ML of Pd deposited
on Ag/mica. (b) 8 ML of Pd. (c¢) 16ML of Pd: STM image and line profile
along the dotted line. The Ag surface has wide atomically flat surfaces. The
deposition of Pd on top forms columns which grow vertically and coalesce very
slowly.

islands are formed but they can easily be wiped away by the STM tip. Upon deposition
of 1 ML of Pd (Fig. 3 (a)), the surface is stable again and a two dimensional network
is observed. After deposition of 8 ML of Pd (Fig. 3 (b)), the density of islands remains
constant. The islands present irregular edges and are not connected to each other. As
seen on Fig. 3, for § = 16 ML, larger islands form through a coalescence process. The line
profile of Fig. 3 (c) shows that, similarly to Pd homoepitaxy at room temperature[15],
three-dimensional growth with no coarsening occurs. Indeed, up to 16 ML deep grooves
separate columns, whose size is essentially increasing by the coalescence of neighboring
islands. Although the STM tip does not allow us to probe the full depth of the grooves,
they are a confirmation of the Zeno effect[33], i.e. the formation of mounds whose slope
increases with their height, leading to columnar islands.

2.2.2. Growth of Ag on Pd/Ag We now consider the effect of the deposition of Ag on
top of the columnar structures of Pd. Differing behaviors appear for 0.25 ML coverage,
three quarter coverage, and coverages of more than one ML.

Ag thickness of 6 = 0.25 ML
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Figure 4. (a) STM image of 0.25 ML Ag deposits on a Pdigrrr/Ag/mica
substrate and (b) height profile along the dotted line drawn on the STM image.
;= 1.5 nA, V, = 0.5 V. Lighter areas are attributed to Ag decorating the Pd
terrace tops.

Upon deposition of 0.25 ML of Ag on 16 ML Pd (Fig. 4 (a)) darker areas appear on the
top surface of the columns. As shown on the height profile of Fig. 4 (a), the edge around
the shaded area has an apparent height of 110 pm. According to ab-initio simulations the
edge could be described as Ag atoms in the same layer as the neighboring Pd terraces.
Ag thickness of 6 = 0.75 ML

Upon deposition of 0.75 ML of Ag, clusters with a diameter around 1 nm accumulate
on top of the columns (Fig. 5 (a)), but do not coalesce. Moreover, they do not nucleate
on island tops narrower than 10 nm. The height profile (Fig. 5 (b)) along the horizontal
line on the STM image is rather similar to that of PA16ML/Ag (Fig. 3 (d)) with 3 ML
deep grooves between the columns. The oscillations on the central columns are due to
the clusters.
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Figure 5. (a) STM image of 0.75 ML Ag deposits on a Pdigar,/Ag/mica
substrate and (b) height profile along the dotted line drawn on the STM image.
Ii=1nA, V, =-1.5 V. Small 1nm sized clusters of Ag form on Pd column top
layers, but do not coalesce.

Fig. 6 shows a closer look at an aggregate of clusters on top of a column. The
clusters are at the same level as the surface of the columns but appear brighter. As seen
on the height profile Fig. 6, the separation between the clusters as well as their width
is near 1 nm, while their height is on the order of 0.2 nm. In the following, based on
the conclusions of the ab initio calculations on monolayers, we will attribute the bright
protrusions on STM images to Ag clusters and stripes, and dark areas to Pd ones.

Due to the relatively higher electrophilicity of Pd, there will be a charge transfer
from Ag to Pd. The charge transfer could be responsible for the very high corrugation
between Pd and Ag clusters observed in Fig. 6 (150 pm) but it might also be caused by
a preferential “chemical” interaction (repulsive or attractive) between the tip and Ag or
Pd clusters [34].

In between and around the clusters, wavelike patterns are visible, with a wavelength



Demizing processes in AgPd superlattices 13

b) 020

0.15]

£0.10

[} L
0.05}
0.00

Figure 6. (a) STM image of 0.75 ML Ag deposits on a Pdigyr,/Ag/mica
substrate and (b) height profile along the dotted line drawn on the STM image.
;= 1.5 nA, V, =-0.015 V. Zoom of Fig. 5 at lower bias voltage.

of 0.5-0.7 nm. The patterns follow step edges and make coronas around circular holes,
and probably come from Friedel-like oscillations of the electronic density (as in Ref. [32])
— the wavelength corresponds well to those calculated ab initio for a full Ag ML on Pd.
Our simulation of Ag;Pd; striped surface alloys have a similar wavelength (0.49 nm) but
should be more directional on the (111) surface. From the theoretical discussion above
it is clear that the surface must be IML Ag on Pd, and can not be pure Pd (several
layers of Ag would be improbable given the amount deposited).
Ag thickness of 0 > 1 ML

Upon deposition of 1.25 ML of Ag, the surface appears smoother, and deep grooves are
less numerous. This trend is confirmed on the image of 3 ML of Ag on Fig. 8: although
some 5 ML deep holes still appear, atomically flat terraces extend over more than 80
nm and are separated by monoatomic steps. In addition, between 1 and 3 ML, the
surface of some islands is covered by stripes (Fig. 7) growing parallel and stacked in
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Figure 7. STM image of 1.25 ML Ag deposits on a Pdigpz/Ag/mica substrate
I;= 0.5 nA, V5 = 1. V. a) Line profile along the dotted line in the image b).

domains rotated by 120°. As seen on the height profile of Fig. 7-b, the distance between
the stripes is around 0.9 nm, so about 3 atoms. The stripes seem to be embedded in
the surface plane and their height is less than 0.1 nm. Apart from image resolution
considerations the presence and the arrangement of the stripes is not affected by the
bias voltage between -1.5 and 1.5 V. The ab-initio simulations of 2 atom wide stripes
(2 Ag then 2 Pd etc...) are the closest to the spacings seen by STM (1 nm). This case
shows very small corrugations, with slightly higher (0.05A) Pd atoms. We attribute the
features to alternating Ag and Pd stripes: the wavelength here is clearly larger than
that expected for Friedel oscillations.

After deposition of 1.25 to 3 ML the surface becomes smoother. The islands are
covered by Ag, and in some cases appear to be bordered by alternating Ag and Pd
stripes.

Ag thickness of 3 ML <60 < 10 ML
Terraces of the 3ML Ag/Pd16ML/Ag/mica samples extend over more than 100 nm
(Fig. 8). However, their surface is not absolutely flat and maintains a sub-monolayer
roughness appearing as lighter and darker regions on the terraces. Approaching the tip
closer to the surface by choosing very high current (10 nA instead of 2 nA) for quite low
bias voltage (0.1 V, previously around 0.5 V) we could obtain atomically resolved images
of the 3 ML of Ag on Pd16ML/Ag. On Fig. 9 (left) a wavy sub-monolayer pattern is
observed, often exhibiting triangular shapes. Although this pattern is not periodic,
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Figure 8. STM image of 3 ML Ag deposits on a Pdigarr,/Ag/mica substrate I;= 1
nA, V, = 0.2 V.

0 10 20 nm 0 2 4 6 nm

Figure 9. Atom-resolved STM images showing stress release after deposition
of 3 ML of Ag on Pdigprr,/Ag/mica substrate. I;= 10 nA, V, = 0.1 V. (Left)
Moiré patterns enhanced by white triangles. (Right) Observation of a triangular
dislocation loop arising from stress release.

and is disturbed by step edges and defects, it can be related to a way to release the
stress created by the lattice mismatch between Ag and Pd. As the thickness of the
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Figure 10. (a) Atom-resolved STM image of 3 ML Ag deposits on a
Pdigarr/Ag/mica substrate. Pd atoms appear 80 pm higher than the Ag
lattice. (b) Line profile. I;= 10 nA, Vs = 0.1 V.

Ag layer as well as the area of the terraces increase, the energy cost of pseudomorphic
growth becomes too high. To bring the interatomic spacing closer to that of bulk Ag,
buckling of atoms out of the plane in a triangular pattern occurs. In other regions
of the surface, another type of triangle was observed as seen in Fig. 9 (right). In
this case the triangles are much better delimited and clearly appear at a lower level
than the rest of the surface. These two types of defects have already been observed
in other heteroepitaxial systems like Ag/Cu(111) (Ref. [35, 36] and references therein),
Co/Pt(111)[37], and Au/Ni(111)[38]. Such superstructures relieve the surface stress
due to the lattice mismatch between Ag and Pd. Apart from the intrinsic interest of
studying these defects, they show clearly that the Ag is growing pseudomorphically and
needs to be relaxed.

As seen in Fig. 10, the presence of some traces of Pd can not be totally excluded.
The STM image shows brighter atoms (Pd) having a corrugation about 80 pm higher
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than the surrounding Ag atoms. This trend, confirmed by our ab initio is quantitatively
comparable to the enhancement of 25 pm observed by Wouda et al.[10] of Pd atoms at
the surface of a dilute AgPd alloy.

0 100 200 300 400nm

< B = N X

0 100 200 300 400nm

Figure 11. STM image (a) of the bare Ag surface, (b) of Pdignr/Ag/mica,
with columnar structure, (¢) Agioarr/Pdisnarr/Ag/mica, where the Ag overlayer has
induced a subsurface reconstruction, and restored a surface with low roughness.

Fig. 11 shows STM images of the bare Ag/mica, the Pdjgp/Ag/mica and the
Agionrn/Pdignrn/Ag/mica systems. The surface roughness decreases strongly upon
increasing the overlayer Ag thickness. Starting with islands having a diameter around 20
nm on the Pdygy,/Ag/mica, we end up, after 10 ML of Ag, with flat terraces extending
over hundreds of nanometers, yet still separated by 2 nm deep grooves.

2.3. Growth model

Pd growth

In the previous sections, we showed that columnar structures (Fig. 12 (a)) are formed
upon deposition of Pd on Ag. This case is similar to the homoepitaxy of Pd(111) and
is explained by the high ratio between the step-edge (or Ehrlich-Schwoebel) and the
in-plane diffusion barriers on Pd(111), which prevent any downward mass transport
during the growth. After deposition of Ag onto this columnar structures, atomically
flat surfaces and a two-dimensional growth mode are restored. In this section, we aim
to explain how this transition from three- to two-dimensional growth mode is achieved.

Sub-monolayer growth of Ag
Upon deposition of Ag on the columnar Pd structure, Ag firstly wets all the step edges
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Figure 12. schematic representation of the proposed growth mode of Ag
(black) on Pd (gray) columns for thickness of 0.25, 0.75 and from 1.25 to 3
ML respectively.

until the whole surface is covered by one monolayer of Ag except for the top Pd layer
(Fig. 12 (b-c)). A similar behavior was observed by Trontl[23] in the case of Ag growth
on an atomically flat Pd(111) surface. Trontl also showed that Ag was weakly bound
to the Pd substrate and followed a layer-by-layer step-flow growth mode thanks to the
high mobility of Ag on Pd(111).

In our case, additional Ag does not seem to nucleate on the top (uncovered) Pd
layer. Instead, a AgPd mixture constituted of nanometer sized Ag and Pd clusters
is formed. Such incomplete mixing has been observed in the heteroepitaxy of Ag on
Pt(111)[3] after annealing at 630 K. According to Tersoff et al.[39] such partial mixing
results from a balance of the strain energy cost of the 5% misfit of Ag in Pt with the line
tension energy of the Ag/Pt boundary length. In addition Massobrio and Blandin[40]
showed that Ag clusters of 7, 10 and 12 atoms adsorbed on Pt(111) were particularly
stable (the smallest clusters with threefold coordination at the entire cluster perimeter).
The AgPd system is very similar to the AgPt system: Ag has a much lower surface energy
(1.25 J/m?) than both Pd (2.05 J/m?) and Pt (2.48 J/m?, all values from Ref. [41]),
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and negative heats of solution make Ag miscible with Pd and Pt. Pd and Pt, being in
the same column of the periodic table, have similar electronic structure. Their lattice
parameter is also similar (apg = 389 pm ap; = 392 pm). Finally, Pt and Pd have equal
electronegativity and similar workfunctions. Nevertheless, while the partial mixing of
Ag with atomically flat Pt and Pd surfaces must be activated by annealing at 630 K and
600 K (respectively in Ref. [3] and [22]), spontancous mixing occurs at room temperature
on the columnar Pd surface.

The additional driving force on the columnar structure is the lack of step edges.
On a standard Pd(111) surface, step flow can proceed whatever the thickness of the
Ag film, on the columnar Pd structure, step flow ends as soon as the Ag layer reaches
the edge of the column. At this point the top surface of the column is constituted by
a Pd core and a Ag brim and nucleation of Ag islands should occur on top of the Pd
core in order to decrease the surface free energy. Nevertheless, as shown in a previous
publication[42] the interface energy between a pseudomorphic Ag layer and Pd is around
-90 meV per (111) surface unit cell. Therefore, in order to reduce both the surface and
interface energy of the top layer, the incoming Ag atoms progressively exchange places
with the top Pd core atoms until a full Ag layer is formed (Fig. 12 (d-e)). Following
this mixing/demixing process, the expelled Pd atoms diffuse down the columns thanks
to their very high mobility which was already observed for sub-monolayer Pd deposits
on the bare Ag(111) surface (Fig. 2) and fill the valleys where they get systematically
buried under Ag atoms (Fig. 12 (d-e-f)). Indeed, as shown by Ruban et al.[43], Ag
single impurities in a Pd host have a slightly negative segregation energy towards the
(111) surface (-0.26 eV /atom) indicating a moderate tendency to segregate towards the
surface of AgPd alloys. This argument should not be blindly transposed to the case of
concentrated alloys, but Ag enrichment up to 92% has been predicted at the surface of
AgPd random alloys at room temperature (due to Ag segregation[8]).

As seen through the observation of striped alloyed phases, the situation is probably
more complicated. The final Ag surface is also not perfect and Pd imputities can
be found. Nonetheless, the above picture sketches how the Pd columnar structure
progressively changes into a flat Ag(111) surface.

Strained Ag growth
For 3 ML thick Ag layers, a strained Ag surface was imaged. This leads to the conclusion
that intermixing between the two metals must be very low and thus that the stress
cannot be released at the interface. The demixing process that would occur at the
completion of the Ag layer in contact with the Pd substrate is thus very effective and
leads to a sharp Ag/Pd interface. One should now wonder why the Ag surface that is
created is not growing three-dimensionally as is the case for Ag(111) homoepitaxy[16],
due to a high Ehrlich-Schwoebel barrier. In fact, the three-dimensional growth observed
for Ag and other noble metals is related to the presence of a free-electron like surface
state. This surface state decreases the diffusion barrier along terraces by reducing the
corrugation of the attractive potential for diffusing adatoms. Moreover, the step-edge
barrier increases due to scattering of electrons from this surface state at the step-edge.
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The main difference between Ag(111) homoepitaxy and our system is that here Ag is
submitted to a compressive strain inducing pseudomorphic growth on Pd as shown by
our previous LEED analysis[19]. Similarly to the layer-by-layer growth of up to 6 layers
of Ag on Pt(111) observed by Roder et al.[44], the main effect of strain is to depopulate
the free-electron-like surface state. This depopulation decreases the step-edge barrier
and increases the in-plane diffusion barrier, leading to layer-by-layer growth.

3. Conclusions

In the present paper we aimed to explain how the columnar structure obtained from
the deposition of Pd on Ag(111) is changed into an atomically flat surface after Ag
deposition onto this structure. Various properties of the Ag/Pd system are involved in
this transition. First of all Ag and Pd weakly interact with each other. As a result, a high
atomic mobility is observed. Ag does not nucleate on top of Pd terraces and aggregates
at step edges. Secondly, the interface energy between a pseudomorphic Ag layer and a
Pd(111) substrate is relatively large and negative (90 meV per atom). Therefore, partial
mixing between Ag and Pd is preferred rather than the nucleation of Ag islands on the
top Pd terrace of the columns. This solution reduces the surface free energy of the system
without increasing too much the interface energy. Thirdly, the segregation energy of Ag
toward the surface of a AgPd alloy is negative. Therefore most of the Pd atoms on the
surface are systematically buried under Ag. Finally, two-dimensional growth of Ag(111)
is allowed as soon as compressive strain depopulates the free electron like surface states
characteristic of most noble metals. The strained Ag layers formed according to the
three preceding arguments allow the two-dimensional growth of the following layers.
The present work not only explains how Ag/Pd superlattices with sharp interfaces can
be formed but also illustrates how the many thermodynamic and kinetic arguments at
surfaces may interplay and allow the growth of unexpected structures.
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