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The nanostructuration of Ag thin films deposited on the MgO�100� substrate is simulated by classical
molecular dynamics using a tight-binding many-body potential for the metal-metal bonds and a potential fitted
to ab initio calculations for the metal–oxide ones. Due to the lattice mismatch between the Ag deposit and the
MgO�100� substrate, the silver film is strained. The stress is partially released by the introduction of misfit
dislocations at the interface. These dislocations form a network with a periodicity of about 10 nm, which varies
for ultrathin films according to the film thickness. The strain induced by the interfacial dislocation cores
propagates across the silver film up to the surface driving to the nanostructuration of the surface. The atomistic
results are compared to the predictions of the elasticity theory. The theoretical results are in a nice agreement
with recent experiments obtained by grazing incidence small angle x-ray scattering revealing a self-
organization of Co clusters adsorbed on a thin film of Ag/MgO�100� �F. Leroy, G. Renaud, A. Letoublon, R.
Lazzari, C. Mottet and J. Goniakowski �unpublished��. We show that the preferential Co adsorption site is
obtained on top of tensile surface sites and that the periodicity of the clusters’ self-organization can be tuned by
the Ag film thickness.
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I. INTRODUCTION

Nanostructuration of surfaces used as templates for the
self-organized growth of clusters is a subject of intensive
research. The aim is to achieve ordered, homogeneous size
and shape, and high density clusters. Such a collection of
nanoclusters can present very interesting properties, either in
microelectronics as quantum dots,2 or in magnetism3 and
also in catalysis.4 The self-organization and homogeneity of
the clusters’ distribution result from the nanostructuration of
the substrate due to long-range interactions that extend far
beyond the range of typical interatomic interactions.5 Many
observations of self-organization have been reported con-
cerning a large variety of systems. Among them, we can
distinguish pure surfaces involving surface reconstruction,6,7

heteroepitaxial systems driving to misfit dislocations
networks,8,9 chemisorption on metallic surface,10 or both of
the two last processes involved in the same system.5 There
have been a lot of studies on the �111�-oriented lattice-
mismatch heterogeneous metallic systems. Moiré superstruc-
tures have been predicted theoretically on the Ag/Cu�111�
system11 before to be experimentally observed on various
systems, such as Ag/Pt�111�,12 Au/Ni�111�,13 and
Ag/Cu�111�.8,14,15 In the last two cases, triangle dislocation
loops in the underlying substrate surface were observed by
scanning tunneling microscope and confirmed by atomistic
simulations as a possible alternative to relax the stress in-
duced by the misfit. In any case, the periodic variation of the
strain/stress area due to such superstructures leads to a varia-
tion of adatom binding energy and makes them feasible can-
didates for island nucleation network.16

Strain-relief patterns induced by misfit dislocation net-
works are mostly observed on metallic16,17 and

semiconductor18,19 systems, but usually less in metal–oxide
ones.20 An Ag–MgO�100� interface, is a model system that
has given rise to a large number of theoretical21–30 and ex-
perimental studies.31–37 It is now well established, from ex-
tended x-ray-absorption fine structure analysis32 and grazing-
incidence x-ray-scattering �GIXS� and grazing-incidence
small-angle x-ray scattering �GISAXS� experiments33–35 that
the epitaxial growth follows the cube-on-cube epitaxy with
respect to MgO�100� with preferential adsorption of Ag at-
oms on top of oxygen sites, in agreement with most of the
theoretical studies.23–25,27 Moreover, the GIXS have shown
that the lattice mismatch leads to a misfit dislocation network
with interfacial misfit dislocations oriented along the �110�
direction.33,35 Even in such a case of particularly small misfit
�3%�, we will see using atomistic simulations that the re-
sidual strain stored in the Ag layer, after the formation of
interfacial misfit dislocations, leads to a nanostructuration of
the Ag free surface. Such a surface strain field modulation
due to the buried incoherent interface has been described in
the framework of the elasticity theory.38,39 It is notably found
that for a lattice-mismatch heterogeneous system with misfit
f = �asubs−alayer� /alayer and interfacial dislocation network of
period �=b / f , where b is the Burger’s vector amplitude, a
periodic strain field is created at the free surface which varies
as h−1 in the vicinity of the core dislocation �film thickness
h��� and as hexp�−h� for h��. In the present study, we
will compare quantitatively the atomistic results with the
predictions of the classical theory of elasticity following the
development proposed by Bonnet and Verger-Gaugry38,
Bourret39 and Willis et al. 40

The smaller the misfit �3%�, the larger the interfacial dis-
location network �about 10 nm square in the �110� direction�,
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so that the atomistic description of the Ag/MgO�100� inter-
face involves a large number of atoms �about 1000 atoms in
each plan�, as well as a complex set of inhomogeneous
atomic relaxations. This disables the direct use of ab initio
methods which are the best ones to take into account the
precise electronic structure and energetics of the system. In-
stead, we propose a many-body approach which couples a
many-body potential based on the second-moment approxi-
mation �SMA� for metal–metal interactions and a many-body
potential energy surface �PES� fitted to ab initio calculations
for the metal–oxide interaction.41 Indeed, whereas many-
body potential is widely used in metallic systems, so far
there is no reliable potential able to take into account the
electronic nature of metal–oxide interactions. First-principles
calculations based on the density functional theory �DFT� in
the generalized gradient approximation �GGA� have proved
to be reliable in the prediction of the preferential adsorption
site �oxygen sites� and in a correct estimation of principle
features of adsorption energetic.42

Static and dynamical properties are studied in microca-
nonical or canonical ensemble using molecular dynamics
with a quenched procedure �microcanonical� to find the en-
ergy minimum at 0 K and at finite constant temperature �ca-
nonical� to display a dynamical effect in order to better com-
pare with experimental results.

The paper is organized as follows: The energetic model
together with the simulation method and elasticity theory
elements are described in Sec. II; the results on the Ag film
patterning are presented in Sec. III, and the results of Co
preferential nucleation in Sec. IV. Conclusions are given in
last section.

II. THE MODEL

A. Atomistic approach

The energetic model couples a tight-binding SMA poten-
tial for metal–metal interactions and a PES approach fitted to
ab initio results for metal–oxide interactions.

The SMA many-body potential proposed by Rosato,
et al.43 is a many-body potential comparable to the well-
known embedded atom method developed by Daw and
Baskes.44 Here, the attractive part of the cohesion energy is
derived analytically from the band energy in the framework
of the tight-binding model, assuming a rectangular density of
states fitted to the second moment of the actual density of
states. Such a model is particularly well suited to model tran-
sition and noble metals where the cohesion is governed by
the d electrons band.45 The attractive many-body term com-
ing from the band energy for an atom at site n is given by

En
b = − � �

m,rnm�rc

�2 exp	− 2q
 rnm

r0
− 1��1/2

. �1�

The stability of the system is ensured by adding a phenom-
enological core-repulsion term of the Born–Mayer type:

En
r = �

m,rnm�rc

A exp	− p
 rnm

r0
− 1�� . �2�

and En
Met=En

b+En
r . In these expressions, rnm is the distance

between atoms n and m, rc is the cutoff radius of the inter-
actions �in the following calculations, we use the above form
of the potential up to the second-neighbor distance, and
smoothly link the potential to zero at the third-neighbor dis-
tance�, and r0 is the first-neighbor distance. The parameters
�, q, A, and p are fitted on bulk cohesive energy,46 lattice
parameter and elastic constants.47 They are given in Table I.

There is no simple and reliable semiempirical potential of
the same type as the one described just before for the metal–
oxide interaction. First-principle calculations based on the
DFT have been used in order to better characterize the elec-
tronic structure and thus the energetics of the Ag/MgO�100�
interface.23–27 In light of these studies, we know that the
interaction is rather weak �physisorption type�, with a weak
charge transfer �less than 0.1 electron� and with a preferential
adsorption on top of the oxygen atoms. As the quantitative
values do not always converge between the different meth-
ods �Hartree–Fock approach,24,26,27 local density approxima-
tion �LDA�,23,25 and generalized gradiant approximation
GGA�25 we performed systematic DFT calculations in the
frame of full potential-linear augmented plane wave �FP-
LAPW��Ref. 48� scheme with the LDA and GGA treatment.
As the GGA is better suited to describe the separated mate-
rials, we choose it for the interface. The potential has been
fitted on a series of model pseudomorphic structures �0.25, 1,
and 5 ML� varying the adsorption site �on top of the oxygen
atom, on top of the magnesium atom or in the hollow sites�
as a function of the separation distance between the Ag and
MgO surfaces. The corresponding curves are displayed in
Fig. 1. The adhesion energy for the perfect pseudomorphic
interface is 0.26 eV/atoms=0.46 J /m2. The analytical form
of the potential energy surface has been described in Ref. 41.
It counts 27 different parameters listed in Ref. 49. The inter-
action of the metal with the MgO support is limited to the
first monolayer of the metal in contact with the oxide. The
adhesion energy varies in the range from 0.05 to
0.45 eV/atoms depending on the adsorption site and metal
coverage, respectively, for one or more monolayers adsorbed
on top of Mg atoms and 0.25 of monolayer adsorbed on top
of the O atoms. The interfacial distance ranging, respec-
tively, from 3.39 to 2.46 Å. The Ag/MgO�100� interface
energy presents the particularity to evolve not monotonically
with the coverage as in the case of Pd/MgO�100�.42 Indeed,
a minimum binding energy is obtained for the deposition of
one monolayer on top of oxygen, but the energy difference is
rather small and could be at the limit of the accuracy of the

TABLE I. Parameters of the SMA potential.

Metal ��eV� A�eV� q p

Ag 1.19402 0.10433 3.190 10.790

Co 1.84297 0.17569 2.975 9.210

Ag–Co 1.47756 0.14436 3.085 10.001
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DFT approximation for that system. Anyway, in the follow-
ing, we will consider only silver layers of more than one
monolayer, i.e., a coordination Z�8.

Finally, the total energy on N metal atoms is the sum of
the contributions of the metal–metal and metal–oxide inter-
actions :

Etot = �
n=1

N

En
Met + En

Met−MgO. �3�

There are three remarks on the model.
First, although the two contributions are simply added as

in a pairwise interaction model, the many-body effects in-
duced by the adsorption on the oxide are taken into account
effectively by the Z-dependent fit to the ab initio adsorption
energies.

Second, the molecular dynamics simulations are per-
formed on metal atoms whereas the oxide surface is frozen.
The approximation of a frozen MgO surface comes from
experimental observations of very small atomic relaxation in
the MgO�100� substrate34 and has already been justified in
the case of larger misfit interfaces.41 However, the case of
three-dimensional �3D� growth and two-dimensional �2D�
interface is evidently different since the interfacial area in the
first case represents only a fractional part of the total inter-
face area of the second case. It is to be noted that contrary to
homogeneous metallic or semiconducting interfaces, the het-
erogeneous metal–oxide interface is a particular case where
the elastic tetragonal distortion induced by the misfit costs
less energy in the metal than in the oxide part.50

Third, it has to be noted that in the DFT calculations, the
MgO lattice parameter is optimized with the value of 4.25 Å.
However, in order to reproduce the experimental misfit of the
Ag/MgO system �3%�, we take the experimental value �4.21
Å� in the atomistic simulations.

Quenched molecular dynamics is performed in the micro-
canonic ensemble in order to look for the minimum energy
superstructures at the interface and to analyze the local
atomic stress �n at site n in the silver layer. The atomic stress
is given by the trace of the stress tensor �ij equal to the
opposite of the isostatic atomic pressure pn written as

�n =
1

3�
i=1

3

�ii = − pn =
1

3

dEn�rnm�
drnm

rnm. �4�

Dynamical properties are described by canonical molecu-
lar dynamics at constant temperature. The phonon energy
exchange between adsorbate and substrate is ensured by the
Andersen thermostat51 involving stochastic collisions at the
interface that simulate the cluster-surface phonon coupling.
The MgO surface plays the role of the heat bath at a specific
temperature. The system being in a vacuum, cluster surface
atoms do not exchange heat with an external medium but
with the oxide substrate. Such a technique has already been
used in the melting of Pd nanoclusters on MgO�100�
surface.52

B. Analytical expression of stress distribution
due to periodic misfit interfacial dislocation given

by the theory of elasticity

It is interesting to compare the atomistic numerical results
with the analytical predictions given by the classical theory
of elasticity. Various frameworks adequate for a description
of interfacial misfit dislocations and their effects on the strain
in a finite-thickness film have already been reported in the
past.38–40 Notably Bonnet and Verger-Gaugry38 gave the gen-
eral expressions of the stress field associated with a thin film
epitaxially deposited on a substrate with regularly spaced
misfit dislocations at the interface. It takes into account the
lattice mismatch and different elastic constants for the two
materials. However, such an expression is rather complex
and requires a numerical resolution. It can be greatly simpli-
fied in the case of equal elastic constants of the substrate and
the film, as proposed by Bourret.39 In the case of a single
direction dislocations system, parallel to the y axis ��110�
direction in our system�, the stress distribution is y indepen-
dent and the only nonzero stress components at the surface
are �11

I and �33
I =	�11

I . Using the dimensionless coordinates
X=2
x /�, Z=2
z /�, and H=2
h /�, with z perpendicular
to the surface, the stress field is written as:39

�11
I �X,Z� =

�f

�1 − 	��n=1

�

exp�− n�2H + Z��cos�nX�

 ��nZ − 2�exp�2nH� + �n�2nH − 1�Z

− 2�nH − 1�2�exp�2nZ�� . �5�

Taking into account the analytical form for the different
summations:

S1�X,H� = �
n=1

�

exp�− nH�cos�nX�

= −
cos�X� − cosh�H� + sinh�H�

2�cos�X� − cosh�H��
, �6�

FIG. 1. �Color online� Adsorption energy of Ag deposited on
MgO�100�: The points represent the DFT-LAPW calculations, the
curves represent the analytical form of the PES. Full, dashed, and
dot-dashed lines represent, respectively, 5, 1, and 0.25 monolayer
Ag coverages, whereas circle, triangle, and square represents the
adsorption on top of oxygen, magnesium, and hollow sites.
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S2�X,H� = �
n=1

�

n exp�− nH�cos�nX� =
− 1 + cos�X�cosh�H�
2�cos�X� − cosh�H��2 ,

�7�

S3�X,H� = �
n=1

�

n2 exp�− nH�cos�nX�

= sinh�H�
2 − cos�X��cos�X� + cosh�H��

2�cos�X� − cosh�H��3 , �8�

we obtain the analytical form:

�11
I �X,Z� =

�f

�1 − 	�
�− 2S1�X,Z� + ZS2�X,Z� − 2S1�X,2H − Z�

+ �4H − Z�S2�X,2H − Z�

+ 2H�Z − H�S3�X,2H − Z�� , �9�

where � and 	 are, respectively, the shear modulus and Pois-
son ratio ��=28 GPa and 	=0.37 for Ag� and f = �aMgO

−aAg� /aAg=0.03. At the surface, Z=H and expression �9�
can be simplified as follows:

�11
I �X,H� =

2f�

�1 − 	��cos�X� − cosh�H��2  �H�cos�X�cosh�H�

− 1� + �cos�X� − cosh�H���cos�X� − cosh�H�

+ sinh�H��� �10�

Moreover, in the particular case of the surface, we can
evaluate the complete stress in 2D dislocation arrays �x and y
directions�, which is given by the relations:

�11�X,Y,H� = �11
I �X,H� + 	�11

I �Y,H� ,

�33�X,Y,H� = �11
I �Y,H� + 	�11

I �X,H� . �11�

Along the diagonal of the pattern we have X=Y so that
the complete stress at the surface writes: �surf=2�1
+	��11

I �X=Y ,H� and is quantitatively comparable to the one
calculated by numerical simulation as given in Eq. �4�.

We will calculate, in the following, �surf and the ampli-
tude of the stress modulation across the film ��11

I

= ��11
I �0,Z�−�11

I �
 ,Z�� between the two extrema located on
top of the dislocation core and in between. Finally, it is worth
noting that as the free-standing layer is chosen as the refer-
ence lattice, there is no residual uniform misfit stress in the
film, as compared to numerical simulation results where the
periodicity of the simulation box imposes uniform strain in
the Ag film.

III. ATOMIC STRUCTURE OF THE Ag LAYER
ON MgO(100)

The semiempirical energetic model described before en-
ables one to go beyond the model interfaces in perfect
pseudomorphy as described by first-principle methods. When
the system displays a lattice mismatch �such as Ag and MgO
with 3%� the pseudomorphy imposes to dilate the Ag deposit

in order to adopt the same lattice parameter than the
MgO�100�. In realistic epitaxial conditions, at the beginning
of the growth, small clusters are partially strained as ob-
served by high-resolution transmission electron microscopy
on Pd clusters on MgO�100� �Ref. 53� or by x-ray absorption
spectroscopy on Ag clusters on MgO�100�,37 and confirmed
theoretically by our model.41 Beyond a critical size, the elas-
tic stress is released50 via the introduction of misfit interfa-
cial dislocations. These dislocations form a square network
observed by GISAXS �Ref. 54� with a periodicity related to
the misfit. The same result has been found for the
Ag/MgO�100� system.1,33,35 The end of the coalescence of
the 3D clusters takes place above 30 ML and the interfacial
edge dislocations oriented along the �110� direction reorga-
nize into an ordered network with a period of about 9.7 nm
�Ref. 33� to 10.95 nm �Ref. 1� depending on the preparation
mode and on particular annealing conditions �higher tem-
perature in the second case�.

Although the larger part of the misfit induced stress
�around 90%�, if compared to pseudomorphy, is released by
the introduction of interfacial dislocations, there is a residual
stress associated with the dislocations cores that propagates
across the film from the interface up to the free silver sur-
face. This has been described in the framework of elasticity
theory by Bonnet and Verger-Gaugry38 and observed experi-
mentally notably by GIXS on Si.55 We propose here an ato-
mistic description issued from quenched molecular dynamics
simulation that allows one to describe, in detail, all of the
atomic displacements, even in the core dislocations, going
beyond the classic elastic theory. By comparing the results of
the two kind of approaches, we get a nice qualitative agree-
ment. We will see that they converge quantitatively at a suf-
ficiently large distance from the core dislocation but differ
sensibly in the vicinity of the lattice defect.

A. Effective misfit induced by thin-film effect

By quenched molecular simulations, we determined the
minimum energy structure of a Ag film of 5 to 40 monolay-
ers thickness. We found that the optimized periodicity ��� of
the buried dislocation network changes significantly with the
thickness of the film between 7 and 10 nm �i.e., 26 to 34
rows of silver atoms� as can be seen in Fig. 2. The energy
differences are small �less than 1 meV� since they are related
to a very small variation in the atomic positions. However,
the variation of the dislocation network lattice, as a function
of the film thickness, is relevant for an effective misfit effect
related to the modification of the lattice parameter of the free
thin silver film itself. Indeed, the optimized atomic structure
of a free thin silver film with less than 40 monolayers shows
a lateral lattice contraction of 1 to 2% so that the effective
parameter of a film of 10 monolayers is only 4.05 Å instead
of 4.09 Å in the bulk �value reached for the 40 monolayers
thickness�. The fact that the Ag–MgO�100� interaction is
weak makes this finite-size effect more pronounced. It would
disappear in the case of stronger interaction between the de-
posit and the support. It is important to notice however that
these optimizations are performed at 0 K and could be influ-
enced by thermic dilation at finite temperature. In the follow-
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ing, we will see the effect of the temperature on the structure
of the film.

B. Stress distribution profile across a 34 monolayers silver film
on MgO(100)

The stress distribution across a film of 34 Ag monolayers
is displayed in Fig. 3. The stress profile of a cross-section of
the film �Fig. 3�a�� is qualitatively similar to the one de-
scribed by the elastic theory.39 In the vicinity of the interface,
we can distinguish a compressive �negative stress� zone on
top of the misfit dislocations crossing �middle of the picture�.
The tensile �positive stress� zones are located at the border,
between the dislocation cores. Around these areas, the stress
is equal to the residual uniform stress per monolayer, i.e.,
less than 0.2% of GPa except at the surface and interface,
where it is respectively 4.96 and 4.65 GPa, because of the
metal bonds breaking. In Figs. 3�b�–3�e�, we have plotted the
modulation of the stress, plane by plane �perpendicular to the
interface�, to give a more precise view of the stress pattern
and its evolution across the film. We can clearly see the
central compressive zone �on top of the dislocations cross-
ing� which is bounded by neutral zones and tensile zones on
the corners. Then, moving from the interface toward the sur-
face �from Figs. 3�b�–3�e��, we notice that the compressive
area increases at the expense of the tensile ones. At the 28th
layer, it splits into four compressive areas in the corners,
driving to the opposite pattern as compared to the interfacial
plane. This propagation of the stress and the pattern reversal
are very comparable to that obtained in the framework of the

elasticity theory.39 We can conclude here that from a quali-
tative point of view, the elasticity theory gives a good esti-
mation of the stress propagation in the vicinity of misfit in-
terfacial dislocation even if such a theory is a priori only
valid at sufficient long-range distance. In the following, we
will focus on thinner films and quantitatively compare the
two approaches.

C. Surface patterning of the Ag/MgO„100… structure
as a function of the Ag film thickness

We just have seen that the propagation of the stress per-
pendicularly to the interface leads to an inversion of the ten-
sile and compressive areas near the surface. Now, we can ask
if such a profile is conserved at the surface for Ag deposits of
different thicknesses. The surface patterns of silver films of
5, 7, and 20 monolayers are displayed in Fig. 4. As men-
tioned before, the stress at the surface is strongly in tension
due to the lack of bonds in the direction perpendicular to the
surface. Its mean value has been suppressed in order to keep
only the lateral modulations of the surface stress. The 20
monolayers deposit presents a surface pattern which remains
essentially the same also for thicker deposits. As compared
to the 34 monolayers deposit, the main variation consists of
an additional extension of the tensile zone in the center �Fig.
3�e��. It is accompanied by an increase of the surface stress

FIG. 2. Top graph: Average energy per atom as a function of the
lateral periodicity � of the misfit dislocation network for different
film thicknesses: 5 �circles�, 10 � squares�, 20 �diamonds�, and 40
monolayer �triangles� . �E represents the energy difference with
respect to the minimum. Bottom graph: Calculated evolution of the
periodicity � as a function of the Ag film thickness.

FIG. 3. �a� Atomic stress map in the cross section of the silver
film perpendicular to the �010� direction for a �343434� Ag
structure ��=9.82 nm�. The dark zones correspond to sites in com-
pression �negative stress�, whereas bright ones correspond to sites
in tension �positive stress�. The atomic stress map is displayed also
layer by layer: �b�–�e�, respectively, for the 1st, 24th, 28th, and for
the 34th �surface layer� perpendicular to the �001� direction to il-
lustrate the inversion of compressive/tensile zones between the Ag-
MgO interface and the Ag surface.
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amplitude, as will be seen in the following. Below 20 mono-
layers, the pattern design changes. Starting from the inter-
face, where the compressive zones are located on top of the
dislocation cores and tensile zones at the corners of the motif
�see Fig. 3�b�, the 5 monolayers deposit represents a small
extension of this pattern, but with the separation of the cen-
tral compressive zone and the emergence of a tensile zone in
the middle of it �see Fig. 4 for 5 monolayers�. The corre-
sponding stress curve along the diagonal of the pattern ��100�
direction� shows a small bump in its middle. By increasing
the thickness of the deposit, the central zone extends and
changes sign to form a periodicity which is one-half of the �
one �see Fig. 4 for 7 monolayers�. Then, the tensile zone in
the center increases driving to the inversed pattern as ob-
served in thicker films.

As compared to elasticity theory results, we notice a nice
qualitative agreement: We observe the same inversion of the
surface pattern as the thickness increases and for thin films,
there is a periodic pattern with periodicity � /2. We find a
quantitative agreement for the thicker films �20 monolayers�
and far from the dislocation core �x=0 or x=�� in the thin
films �5 and 7 monolayers�. The main difference between the

two approaches concerns the thinnest films in the direct vi-
cinity of the dislocation core. The central zone under tension
is much more localized and of larger amplitude in the elastic
model than in the atomistic one �see the maximum of �surf at
x /�=0.5 for the 5 and 7 monolayers films�. Not surprisingly,
the elasticity theory overestimates the stress in that region
whereas the atomistic model is certainly more reliable in the
description of the atomic structure of the dislocation core.

D. Evolution of the stress modulation across the film
as a function of film thickness

We now focus on the variations of the stress modulation
across films of different thicknesses. The amplitude modula-
tions for different film thicknesses are reported in Fig. 5. The
stress profile is oscillating in the vicinity of the interface and
of the surface. This effect corresponds to a typical relaxation
profile characteristic of metallic surfaces,43 and is not ac-
counted for by the elastic model. We notice also that the
maximum of the modulation amplitude is reached in the first
silver plane in contact with the MgO substrate, then, after
small oscillations, it reaches a monotonic regime where it is

FIG. 4. Top panel represents the
map of the surface atomic stress �same
color code as in Fig. 3� for different
film thicknesses: 5, 7, and 20 monolay-
ers �1st, 2nd, and 3rd column, respec-
tively�. Bottom panel gives the corre-
sponding atomic surface stress
�surf�GPa� and displacements, parallel
�ux� and perpendicular �uz� to the sur-
face �Å�, calculated along the �100� di-
rection �x=y�. Circles represent the ato-
mistic calculations whereas full lines
represent the elastic theory
calculations.
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damped before to be reinforced at the vicinity of the surface.
The behavior of the stress amplitude is well reproduced by
the elasticity theory, except the small oscillations near the
interface. The minimum of ��, for films thicker than 10
monolayers, corresponds to the inversion of the pattern be-
tween interface and surface as detailed before. If the general
behavior is similar in the two approaches, there are some
clear differences in the vicinity of the interface. In the elastic
model, the amplitude has the tendency to diverge �as 1/h�,
whereas it is clearly delimited in the atomistic approach. This
is a consequence of the localized character of tension zones
on top of the dislocation core produced in the elasticity treat-
ment, as shown before.

In Fig. 6, we have plotted the surface stress as a function
of the thickness h /� for the two approaches, as well as the
fits for h�H in 1 /h and for h�� in h exp�h� �the exponen-
tial already fits the curve for h /��0.5�. Once more, we can
see that the two models give similar results for thick films
�following the exponential behavior�, but there is a clear dis-
crepancy for thin films. In the intermediate region, the ato-
mistic model displays a remarkable bump in order to link the
two different regimes which is much more smooth in the
elastic model. However, from h /�=0.4 �20 monolayers�,
there is a remarkable agreement between the two different
approaches.

E. Finite temperature results

Some simulations have been performed at finite tempera-
ture, in canonical ensemble, in order to check the stability of
the structures described above. By performing molecular dy-
namics from 500 K to 700 K, a structure has emerged. It

presents �111� stacking faults induced by two sliding �111�
planes forming a prismatic structure �illustrated in Fig. 7�, as
already obtained on Pd nanoclusters using a similar model.41

This mechanism of strain relief has also been observed on a
metallic heterostructure of Cu/Ni�100� by Müller et al.56

who called it “internal �111� faceting”. Constant temperature
simulations show that such a structure is systematically ob-
tained in one or two directions and is stable in a quite large
temperature range �before the surface disordering�. By
quenching it, we can compare its internal energy with that of
structures described before, and we find it systematically by
about 1 meV/atoms lower. Taking into account the approxi-
mations of our model, notably the weak stacking fault energy
in the metal �around 0.5 meV/atoms�, a more detailed com-
parison with experimental results would be welcome.

IV. COBALT ADSORPTION ON THE PATTERNED
Ag/MgO„100… SUBSTRATE

There has recently been some experimental evidence of
self-organization of Co clusters on the Ag/MgO�100� pat-
terned substrate1 by in situ GISAXS. The buried dislocation
network consisted of a 5 nm-thick Ag film �about 25 ML� on
a MgO�100� substrate.

We have calculated the variations of the adsorption energy
of one atomic Co along the �100� direction of the patterned
silver surface for different film thicknesses. The adsorption
energy is defined as :

Eads
Co = EAg/MgO

Co − EAg/MgO − Eat
Co, �12�

where EAg/MgO
Co and EAg/MgO are the total energies of one Co

atom on the Ag/MgO�100� substrate and the substrate alone.
Eat

Co is the atomic energy of a Co atom in gas phase �chemical
potential� equal to zero in our model. The Co–Ag interaction

FIG. 5. Stress amplitude modulation across Ag films : ��surf

= ��max−�min� obtained in the atomistic model �upper graph� and the
same, expressed as ���11

I � within the elasticity theory �lower graph�
across Ag films of different thicknesses: 5, 10, 20, 30, 35, and 40
monolayer. The 30, 34, and 40 monolayer are zoomed in the insert.

FIG. 6. �Color online� Stress amplitude modulation at the Ag
film surface as a function of the film thickness �h /��: Atomistic
model �full circles� and elasticity theory �empty circles�. Regions
corresponding to short-range �1/h� and long-range �h exp�−h�� be-
havior are indicated.
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is described within the SMA potential �Sec. II�. The � and A
parameters are fitted to the solubility energies of one Co
impurity inside a silver bulk and vice versa. As the lattice
parameters of the two metals differ by 13%, the fitting pro-
cedure takes into account the atomic relaxations around the
impurity. The q and p parameters are simple averages of the
corresponding parameters of pure elements. The values are
given in Table I.

We have verified, using ab initio calculations within the
DFT and the GGA, the adsorption energy of one Co atom on
the perfect Ag�100� surface. Namely, using the VASP code57

with the ultrasoft Vanderbilt pseudo-potentials58 and a plane
wave basis set, and taking into account the spin polarization,
we found Eads

Co =−3.18 eV, as compared to −3.27 eV given by
the SMA potential.

It is worth noting that surface substitution can be in con-
currence with adsorption on this surface. Surface substitution
consists of substituting one Ag surface atom by the Co atom,
and putting the Ag atom in adatom with the same expression
as for the adsorption energy. In the SMA model, the surface
substitution is nearly the same �surface adsorption is 10 meV
more favorable than substitution�. Unlike the adsorption, the
substitution is much more sensitive to the atomic relaxation
around the impurity. This can be seen by comparing the un-
released energy of the two systems adsorption/substitution
within the SMA model: The substitution is lower in energy
by about 200 meV, whereas at the end of the relaxation, the
difference is about 10 meV in favor of the adsorption. As a
consequence, the use of too small a box size in ab initio
calculations can lead to the wrong result. We have performed
the calculations for a box of variable sizes: Nine atoms by
layer, and three or five layers. The results are, respectively,
−3.57 eV and −3.13 eV so that with the larger box, the result
is qualitatively in agreement with the SMA model favoring
the adsorption energy by 50 meV �compared to 10 meV in
SMA�.

Results of the adsorption of one Co atom on the patterned
Ag/Mg0�100� substrate of different silver thicknesses are

illustrated in Fig. 8. We can notice that the adsorption is
systematically favored on top of sites under tension, with
laterally dilated interatomic distances. This is in nice agree-
ment with ab initio calculations of Co adsorption on strained
Pt�111� surface.59 We further notice that the adsorption curve
accurately follows the stress curve so that the surface stress
is the driving force in the Co adsorption.

The present picture is considerably more simple than the
adsorption of Co on the gold reconstructed �111� surface.60

FIG. 7. �Color online� Internal
�111� faceting structure for a 10
monolayer thick Ag film on
MgO�100� substrate: Top view
�Ag surface�, bottom view �Ag in-
terfacial plane�, and side view.

FIG. 8. �Color online� Surface stress �upper graph� and Co ad-
sorption energy ��Eads

Co being the difference between the adsorption
energy on the Ag/MgO�100� patterned substrate and on the perfect
Ag�100� surface� �lower graph�, for different Ag thicknesses: 7 �full
circles�, 20 �empty squares�, and 40 monolayers �stars with the
verical scale on the right�.
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In that case, the adsorption is driven by the local surface
relaxation, and the gold segregation tendency which creates
pseudo-bridge sites with an effective four-fold coordination
instead of the three-fold one expected on the �111� surface.
However, the two systems Co/Au and Co/Ag display the
same tendency to Au or Ag surface segregation, so that Co
atom can easily be incorporated in the bulk. The preferential
position is the subsurface site where the smaller atomic ra-
dius of the Co �as compared to Au or Ag� releases the strain
in the subsurface. This region is usually compressed because
of surface relaxation.

In the case of substitution of a surface Ag atom by Co, in
the nanostructured silver film, the tendency is the opposite of
the adsorption. The Co atom being smaller, it prefers to in-
corporate in sites under compression as to relax locally the
stress. In the 20 monolayer film, taking the definition of the
energy balance as in Fig. 8, we find �Esubs

Co =−40 meV for
x /�=0 and �Esubs

Co =20 meV for x /�=0.5.
In order to bridge our results to the experimentally ob-

served self-organization of Co clusters on the nanostructured
Ag surface,1 we have to make the assumption that the first
adatom adsorption �or substitution� determines the position
of nucleation center for the following cluster growth. Such a
hypothesis has been confirmed by kinetic Monte Carlo simu-
lations on Co self-organization on periodically strained
Pt�111� surfaces.59 As a consequence, also in the present
case, the Co preferential adsorption/substitution sites may
determine the Co cluster network. For Ag films thicker than
20 ML, the Co network will have the periodicity given by
the Ag–MgO misfit. For the 7 to 10 monolayer Ag films, we
may expect to obtain a Co cluster network periodicity two
times smaller. But this has not been observed up until now.
The comparison between the model and the experiments re-
quires also that the roughness of the interface should be
rather low �large surface terraces� and no impurity which can
be achieved in real time in situ GISAXS experiments as per-
formed by Leroy et al.1

Our assumption, that the cluster nucleation is controlled
by the adsorption �or substitution� of the first adatom, dis-
agrees partially with the elasticity theory. In fact, the elastic
model predicts the nucleation rather in the region of com-
pressive stress �in the middle of the dislocation squares�.39

This result is related to the misfit between the island and the
substrate: In the case of aisland�alayer, it is expected that the
cluster prefers zones where interatomic distances are con-
tracted in order to minimize the elastic strain in the island.
This may signify that whereas adsorption of the first few
atoms is indeed determined by Eads, it is not necessarily the
good criterion for a larger cluster. This raises the problem of
kinetic effects �with nucleation and growth� compared to
thermodynamic equilibrium driven by the minimization of
elastic strain inside the island. These questions go beyond the
scope of the present study and works are currently in
progress in that direction.

V. CONCLUSIONS

The characterization of an heteroepitaxial silver film on
MgO�100� substrate with buried misfit interfacial disloca-
tions has been performed by atomistic simulations and com-
pared to the predictions of the elasticity theory. The agree-
ment is satisfying on sufficiently thick films ��20
monolayers�, and partially good for thin films of less than 10
monolayers. Surprisingly, for these thin films, we still get
reasonably good agreement far from the dislocation core �at
the center of the dislocations network�. In the vicinity of the
dislocation cores, the elasticity theory comes to its limits of
validity and the atomistic simulation gives a more realistic
picture of the structure. The calculated adsorption �respec-
tively substitution� energy of Co atoms on the nanostructured
Ag surface shows a preferential adsorption on top of zones
under tensile �respectively compressive� stress. This could be
a first indication of stress-driving self-organization on this
surface. Works are still in progress in that direction to better
describe the self-organization process.
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