
PHYSICAL REVIEW B, VOLUME 65, 245411
Theoretical study of the atomic structure of Pd nanoclusters deposited on a MgO„100… surface
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Using a mixed approach: a semiempirical potential for the metal bonding within the cluster, and a potential
fitted to ab initio calculations for the metal-oxide interaction, we have studied Pd clusters deposited on the
MgO~100! surface. Focusing our attention on the experimentally observed pyramidal form of the Pd deposits,
we have analyzed the evolution of their morphology and atomic structure as a function of cluster size. In
agreement with the experimental results, we find the ‘‘flattened’’ pyramids with truncated edges being ener-
getically the most stable. We also observe a systematic tetragonal deformation of Pd at the interface, consisting
of a lateral dilation of the lattice parameter~matching the lattice parameter of the substrate!, accompanied by
a reduction of the vertical separation between the Pd layers. As the size of Pd cluster increases, the lattice
mismatch is no longer perfectly accommodated by the dilation of the Pd deposit, and a series of subsequent
structural transitions within the deposit release partially its strain, driving to relatively well localized small
zones where Pd atoms do not coincide with the preferential adsorption site of Pd on the MgO~100! surface.
They can be seen as dislocation precursors giving a clear superstructure pattern at the interface.

DOI: 10.1103/PhysRevB.65.245411 PACS number~s!: 68.35.2p, 68.47.Jn, 61.46.1w
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I. INTRODUCTION

Whereas metallic, semiconducting, or oxide surfaces h
given rise to a large amount of theoretical studies, there e
no standard and reliable methods for modeling the interfa
between materials of different character, in particular
metal-oxide ones. Indeed, most fundamental questions
cerning the electronic structure, charge-density redistri
tion, or interface reactivity~interdiffusion of atoms acros
the interface! in these systems still remain unanswered1,2

and the character of interactions at the interface is still li
known. Therefore, systematic theoretical studies based
approximations at a different level, and experimental inv
tigations are necessary in order to better understand the b
microscopic mechanisms responsible for the cohesion
metal-oxide interfaces1–5 ~see Refs. 6 and 7 for a review!.

Among these systems, Pd-MgO~100! is one of most
largely used models of nonreactive metal-oxide interfac
and it has given rise to many detailed experimental6–22 and
theoretical23–34 studies. Although some of them have be
motivated by the specific catalytic properties of the depos
metal,7,35–37 on a more fundamental level, the analysis
substrate-induced modifications of the cluster morpholo
and atomic structure remains the principal tool toward
better understanding of interaction on the metal-oxide in
face. Valid description of the latter seems possible within
ab initio methods that, contrary to most of existing sem
empirical models,23,25reproduce the basic adsorption chara
teristics: the preferential adsorption site and the adsorp
energy,26,27as reported in recent experimental studies.18–20,22

However, if first-principle calculations have been able
furnish data that agree well with some experimental resu
the computational effort needed to model systems of a r
istic size limits their field of application to model structur
~pseudomorphy and periodic interfaces with very limited
laxation!. It is still impossible to use them directly for studie
on more complex interface geometries~inhomogeneous re
0163-1829/2002/65~24!/245411~9!/$20.00 65 2454
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laxations at the interface, reconstructions, dislocations, e!
that have been observed experimentally. This fact com
cates considerably any comparison between experime
and computational results~necessary to validate the em
ployed approximations!, limits seriously the practical interes
of this kind of approaches, and shows the necessity to
velop effective energetic models, able to treat more comp
systems~larger sizes, lower symmetry, and systematic rel
ation procedure!, and better suited to reproduce the expe
mental complexity.

From this point of view the Pd/MgO~100! system seems
particularly promising. On one hand, the Pd-MgO~100! in-
teraction is relatively strong@contrary to what can be found
e.g., for Ag-MgO~100! ~Refs. 38,39!#, so that the energetic
model is expected to be less sensitive to the approximat
employed. On the other hand, the electron transfer at
Pd-MgO~100! interface is relatively small@contrary to what
can be found, e.g., for metal-MgO~111! ~Refs. 40–42!#, so
that cohesion of the metal deposit is expected to be only l
modified by the substrate. Finally, in the case of the P
MgO~100!, the existing experimental evidence is particula
rich: the grazing incidence x-ray scattering results by Ren
and Barbier6,18–20and the high resolution transmission ele
tron microscopy~HRTEM! results by Graouiet al.16,17 and
Lu and Cosandey43 give a relatively complete set of struc
tural and energetic data, which can be used to validate
model. According to this experimental evidence, Pd partic
prepared by UHV condensation and annealing are in cu
on-cube epitaxy on MgO~100! and present an octahedr
shape limited by eight~111! faces and truncated by~001!
facets on top and at the corners. The lattice parameters o
smallest Pd particles are dilated and accommodated to
MgO substrate. In larger ones this dilation is limited to
least three atomic layers at the interface. As the particle
increases, the strain is released by the introduction of m
dislocations, which further organize into an ordered netwo
similar to what is found for bulk Pd-MgO interface.
©2002 The American Physical Society11-1
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The goal of our paper is twofold. On one hand, we p
pose a simple energetic model to describe the Pd-MgO~100!
interface and confront its results with the existing expe
mental data. This comparison is used to check the validity
the model, to detect its deficiencies, and contributes dire
to the general understanding of the microscopic mechani
responsible for the cohesion on the metal-oxide interface.
the other hand, we propose a systematic and detailed stu
the evolution of both the equilibrium morphology and t
equilibrium atomic structure of deposited Pd clusters a
function of their size. Going beyond the accuracy of exist
experimental characterization, they give a wide basis for
cussion and interpretation of the experimental data and
gest keys to relate the specific reactivity properties of dep
ited Pd clusters to their size and morphology. They a
furnish the basis necessary for any future study of Pd gro
properties.

The paper is organized as follows. In Sec. II, we descr
the energetic model~metal-metal and metal-oxide intera
tions! and the geometry optimization method~quenched mo-
lecular dynamics!. The results concerning evolution of clu
ter morphology and of the atomic structure at the interface
a function of the cluster size are detailed in Sec. III. In t
same section we present the results on calculated adhe
energies. Sec. IV is devoted to a discussion of the results
to conclusions.

II. ENERGETIC MODEL

A study of the atomic structure and morphology of su
ported metallic nanoclusters requires the determination
atomic configurations that minimize the total energy of t
system. The existing minimum-search techniques, base
either quenched molecular dynamics or Monte Carlo
proach, remain computationally very time consuming, a
up to now they cannot be coupled withab initio techniques
of total energy calculations. For this reason, the present s
relies on a semiempirical energetic model, in which we s
ply the relatively well established second moment appro
mation~SMA! potential derived from the electronic structu
of the metal-metal interactions in the framework of the tig
binding model, with an analytical form of metal-MgO pote
tial, which is obtained by fitting a set of modelab initio
calculations.

A. Metal-metal interaction: Second moment approximation
„SMA…

The SMA many-body potential has been widely used
metallic surface and cluster studies.44–49Within this model,50

the band energy of each metal atom is proportional to
square root of the second moment of the local density
states, leading to the many-body character of the poten
The total energy of a cluster ofN atoms is written as a sum
of two terms: the band energy term~attractive part!, and the
repulsive term of the Born-Mayer type,
24541
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EPd-Pd

5(
i

N H 2Aj2(
j

e22q(r i j /r o21)1A(
j

e2p(r i j /r o21)J ,

~1!

wherej is an effective hopping integral,r i j is the distance
between the atoms at sitesi and j, r o is the first-neighbor
distance in the metal. The summation goes over all
neighbors up to the cutoff distancer c . The parameters
(j,A,q,p) are fitted to different experimental values: bu
cohesive energy (eB), lattice parameter (a),51 and elastic
constants (B, C44, C8! ~Ref.52! of the metal. For Pd the
parameters arej51.702 eV,A50.171 eV,q53.794, and
p511.0. It is well known, not only in the SMA framework,50

but also within similar methods such as the embedded-a
method,53 or the corrected effective medium theory,54 that
fitting the value of the cohesive energy leads to undere
mated values of the surface energy. In fact, within the pres
parametrization the energy of the Pd~100! surfaces100 is
equal to 0.8 J/m2, which is about one half of the experimen
tal value (1.64 J/m2).55 Although not as precise as theab
initio methods,56,57the SMA approach describes correctly th
relaxation and/or reconstruction of the low index surface44

Additionally, although the surface energies differ from t
experimental estimations, the SMA approach gives a g
anisotropy factor between the most compact surfaces. T
latter, more than the absolute value of surface energy, is
sential for the present study. In our cases100/s11151.16,
which can be compared toab initio results: 1.14~Ref. 56!
and 1.01~Ref. 57! and to experimental estimation: 1.16.16,17

More generally, it has also to be kept in mind, that sin
the fitting procedure concerns principally the bulk charact
istics, the representation of low-coordinated metal ato
~surfaces, clusters corners or edges! within the SMA poten-
tial is less good. In these cases, comparison of calculated
experimental results, e.g., for a Pd dimer, shows a tende
to overestimate the bond energy and underestimate the b
length.

B. Pd-MgO„100… interaction: Fit to ab initio results

The ab initio calculations used for the parametrization
the Pd-MgO potential were performed within the densi
functional theory based on full-potential linearize
augmented-plane wave~FPLAPW! method.58 They are based
on the hypothesis that the palladium-induced deformation
the substrate can be neglected.59 In order to improve the
description of the interaction energetics, we have use
gradient-corrected form of the exchange-correlat
potential.60 Further details on the computational settings us
in the ab initio calculations are given in Ref. 34.

We have chosen to describe the interaction of the Pd c
ter with the MgO substrateEPd-MgO as a sum of contribu-
tions coming from all Pd atoms in the cluster. For each
atom i, its interaction with the substrate depends on its ho
zontal position (x,y) with respect to the MgO lattice, and o
its elevationz above the MgO surface. In order to take in
account the many-body effects responsible for the weaken
of interactions as a function of an increasing number
1-2
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THEORETICAL STUDY OF THE ATOMIC STRUCTURE . . . PHYSICAL REVIEW B 65 245411
neighbors, for each considered Pd atom we have inclu
explicitly the dependence of the Pd-MgO interaction on
number of its nearest Pd neighborsZ,

EPd-MgO5(
i 51

N

Ei~x,y,z,Z!, ~2!

whereN is the number of Pd atoms in the cluster.
We have used a simple analytical formula to describe

dependence of theEi(x,y,z,Z) term on the elevationz of the
Pd atom,

Ei~x,y,z,Z!5a11e22a2(z2a3)22e2a2(z2a3). ~3!

As explained below, parametersai contain the information
on dependence of the interaction energy on (x,y) andZ.

Results ofab initio calculations show clearly that the in
teraction of Pd adatoms with MgO substrate depends on
Pd coverage.29 As expected, it is the strongest in the case
adsorption of isolated adatoms and decreases progress
as a function of the growing number of Pd-Pd neighbors
order to take into account this dependence in the interac
potential we have performedab initio calculations for three
model Pd deposits: isolated Pd atoms, epitaxial Pd mo
layer, and epitaxial Pd bilayer, which correspond to
nearest-neighbor numbers of 0, 4, and 8, respectively,
thus cover in an uniform manner the coordination numb
going from isolated adatoms up to the fully constituted P
MgO~100! interface.34 A three-point interpolation formula
describing the dependence of the interaction energy on
coordination of the Pd atomZ used in the parametrizatio
reads

ai~x,y,Z!5bi11bi2e2Z/bi3, ~4!

where parametersbi j are further dependent on (x,y).
The MgO~100! surface has a square lattice with two a

oms per unit cell. Due to its symmetry, the periodic surfa
unit cell can be constructed from eight irreducible triangl
each of them expanded over a surface oxygen, a sur
magnesium, and a surface hollow site. Theab initio calcula-
tions show that regardless of the metal coverage the oxy
site is the most energetically favorable for adsorption of
~minimum in the potential energy surface!, the magnesium
site is the less energetically favorable~maximum in the po-
tential energy surface!, the hollow site being intermediat
~saddle point in the potential energy surface!.27 By preserv-
ing the model epitaxial geometry of the deposits in the p
odic ab initio calculations, we were able to relate the calc
lated adsorption energetics to particular surface adsorp
sites. A three-parameter interpolation from these three h
symmetry points to all intermediate (x,y) positions of the Pd
atom is taken as a linear combination of trigonometric fu
tions preserving the symmetry of the surface unit cell,

bi j ~x,y!5ci j 11ci j 2@cos~x!1cos~y!#

1ci j 3@cos~x1y!1cos~x2y!#. ~5!

In this way, we obtain a 27 parameters analytical form
which interpolates between about 100 points issued fr
24541
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ab initio calculations. Figure 1 resumes the calculated po
and the fitted dependences.

A comment on the parametrization of the Pd-MgO~100!
interaction seems necessary. The adsorption energies
tracted from theab initio calculations correspond to the tot
energy difference between the constituted system@Pd-
MgO~100!# and the two separated components@floating Pd
deposit and clean MgO~100! surface#. This procedure has the
advantage to include not only the energy of the direct P
MgO interaction, but also the contribution due to th
adsorption-induced changes of cohesion in both subst
and adsorbate. Since in our present parametrization
Pd-Pd potential is not modified as to account for t
adsorption-induced decohesion in the Pd deposit,31 we may
thus underestimate the expected dilation of the Pd in
atomic distances.

III. RESULTS

We use quenched molecular dynamics~QMD! algorithm61

to relax the atomic structure of the cluster towards its ene
minimum. The quenching procedure in which the velocity
the atoms is canceled when it opposes the force acting on
atom leads to the minimization of the potential energy of
system at 0 K.62

As explained above, the MgO substrate is kept rigid d
ing the minimization.

A. Evolution of cluster morphology
as a function of cluster size

All the UHV results on Pd deposition on the MgO~100!
surface agree on a three-dimensional growth~Volmer-Weber!
involving nucleation, growth and coalescence of clusters
lowing the cube-cube pseudomorphy.6–21. For that reason,
we have focused our attention on deposition of truncated
octahedra,17 oriented as to satisfy the@100#Pd//@100#MgO

FIG. 1. Dependence of the adsorption energy of Pd on
MgO~100! surface on the Pd coverage, and on the position of
sorbed Pd atoms. Circles represent the results ofab initio FPLAPW
calculations, the lines represent the fitted analytical expression
the Pd-MgO interaction.
1-3
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W. VERVISCH, C. MOTTET, AND J. GONIAKOWSKI PHYSICAL REVIEW B65 245411
epitaxy relation. In fact, for clusters sizes considered in
present study, we have never stabilized any disori
ted structure, and always recovered the perfect cube-c
pseudomorphy.

In order to analyze the modifications of the morpholo
as a function of cluster size, we have considered vari
clusters, as defined by the set of four parameters illustrate
the inset of Fig. 2. Namely, for each size of the cluster ed
n, we have considered several different cluster heightsp,
corner truncationst, and number of reentering atom
layersp8.

For the sake of a synthetic analysis of the evolution
cluster morphology and atomic structure as a function
their size, we have chosen two different series of clus
corresponding to two particular morphologies. The first o
is simply a series of perfect pyramids, with no truncati
(p5n,t5p850). The second one is the series in which,
eachn we have chosen the form that minimizes the clus
energy. In the following we will refer to this series as th
‘‘minimum energy’’ one. The corresponding values of then,
p, t, andp8 parameters are represented in Fig. 2. Both th
choices may seem somewhat arbitrary, but since the two
ries represent clusters with drastically different stabilities
is interesting to see if the calculated deposit properties
pend on the detailed morphology and to what extent the c
clusions of the present study are general.

Looking at Fig. 2 we can distinguish two regimes in t
evolution of the truncations (n2p) and t as a function ofn:
at small sizes~less than 4 nm!, the most favorable structur
corresponds to a half truncated pyramid@(n2p) increases
linearly with n with a slope of 1/2 corresponding to the a
pect ratio#, and only the lateral corner atoms are missing (t is
constant and equal to 1 or 2!. Such a morphology has effec
tively been observed experimentally for the smallest si
~1–3 nm!.17 As the size increases, the lateral truncatiot
increases in parallel to (n2p). Such an evolution is typically
in accordance with the Wulff theorem and is in good agr

FIG. 2. Inset,n, p, t, and p8 parameters used for cluster mo
phology characterization. The truncations (n2p) ~empty circles!
and t ~squares! and the number or reentering layersp8 ~empty tri-
angles! are given as a function of the edge sizen.
24541
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ment with the experimental results for sizes larger than
nm.17 Finally, starting from a relatively small size, a sing
reentrant layer appears to stabilize energetically the de
ited clusters. Contrary to what could be expected, we do
observe any evolution ofp8 as a function of the cluster size
This can be explained by an effect of local coordinati
number. Indeed, the introduction of the reentrant layer
creases the coordinations of the atoms at the cluster e
from Z55 to Z57. As observed experimentally,17 for larger
sizes, one could expect an extension of the reentrant fac

B. Evolution of the clusters atomic structure
as a function of cluster size

In order to better characterize the structure of the dep
ited clusters and to analyze efficiently their dependence
the cluster size we have used two parameters: the ave
nearest neighbor distance between the Pd atoms within
i th atomic layer parallel to the substrate (i 51 for the inter-
facial Pd layer!: ^di&

i , and the average nearest neighbor d
tance between atoms in two subsequent Pd atomic lay
^d'& i . Figure 3 shows the substrate-induced modifications
these two parameters with respect to the corresponding
~unsupported! clusters in the case of (n,p,p8,t)5(12,8,1,3)
and ~26,17,1,7!.

Two main points have to be noticed. On one hand,
deposition-induced effects correspond to what can be ca
a tetragonal deformation, and consist in an horizontal d
tion of the average Pd-Pd distances (;2%) accompanied by
a contraction of the vertical interlayer spacing (;3%). The
dilation of the horizontal interatomic distances compensa
partially the lattice mismatch between the two materi

FIG. 3. Substrate-induced modifications of structural para
eters: D i

i 5(^di&sup.
i 2^di& f ree

i )/^di& f ree
i and D'

i 5(^d'&sup.
i

2^d'& f ree
i )/^d'& f ree

i as a function of the layer indexi. Filled circles
correspond to the~12,8,1,3! cluster and empty circles to th
~26,17,1,7! cluster. i 51 corresponds to the interfacial Pd lay
and i 59 or i 518 to the ~100! upper facets of the two clusters
respectively.
1-4
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~8%!. The tetragonal character of the deformation resu
from the well-known tendency of metals to conserve th
atomic volume upon a deformation. On the other hand,
substrate-induced deformation is the strongest for ato
layers in direct contact with the substrate and decreases
idly as the layer indexi increases. Whereas the small clus
is deformed in its whole volume, the big cluster recovers
bulk lattice parameter in its core. As a consequence, the
per facet of the small cluster is still significantly perturbed
the substrate.

Such an expansion of the palladium lattice parameter
been observedex situby HRTEM9 or by grazing incidence
x-ray scattering19 and confirmedin situ by surface electron
energy-loss fine-structure spectroscopy.12 The authors17 show
additionally that for small sizes~less than 2–3 nm! the whole
cluster is strained whereas for bigger sizes~4–6 nm! the
deformation is localized near the interface in the first th
layers.

In Fig. 4 we present the calculated evolution of the def
mation parametersD i

1 andD'
1 as a function of cluster size, a

obtained for both the ‘‘minimum energy’’ series and for th
perfect pyramids. The variation of theD i

1 andD'
1 is charac-

terized by regions in which the tetragonal deformation
creases slowly as a function of cluster size, separated b
abrupt reduction, which we will associate with transitio
between different atomic structures of the Pd-MgO~100! in-
terface. Very clearly, these transitions occur at different si
for clusters of different morphology: for the edge lengthsn
of 9–10 ~i.e., around 2.6 nm! and 22–23~6.2 nm! for the
perfect pyramids, and for the edge lengthsn of 12–13~3.4
nm! and 26–27~7.3 nm! for the ‘‘minimum energy’’ series.
It is, however, to be noticed that in the size range stud
here, regardless of the considered cluster morphology,

FIG. 4. Evolution of the structural parametersD i
1 andD'

1 as a
function of the cluster size, as given by the cluster edge len
~nm!. Results for both perfect pyramids~full circles! and
‘‘minimum-energy’’ structures~empty circles! are shown.
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two transitions are separated by about 3 nm, which can
seen as a signature of a periodic superstructure at the i
face.

It is interesting to relate the modifications of the atom
structure of the clusters to that of the Pd-MgO~100! interface.
In order to do this we have calculated the epitaxy param
LPd /dMgO2(n21) ~whereLPd is the edge length of the P
cluster anddMgO5aMgO /A253.01 Å is the distance be
tween two oxygen adsorption sites on the rigid MgO su
strate!. This parameter quantifies the matching of the tw
lattices: it is equal to zero for a coherent epitaxy~pseudo-
morphy!, and it varies linearly as a function of cluster siz
for an incommensurate interface. The results obtained for
two considered series are given in Fig. 5. The two se
display a similar behavior: regions of constant slope~inter-
mediate between pseudomorphic and incommensurate s
tures!, separated by abrupt drops, which can be associ
with the structural transitions mentioned above~see Fig. 4!.
The former correspond to the progressive dilation of Pd
interatomic distances, whereas the latter indicate Pd st
release, the dilation of Pd lattice vanishing.

C. Local structure at the interface:
Characterization of the structural transitions

The above analysis is based on average structural pa
eters, and does not account for local modifications at
interface, which are responsible in the strongly nonmo
tonic evolution of the tetragonal deformation as a function
the cluster size.

In order to elucidate the mechanism responsible for
transitions we have calculated the local atomic pressur
each of the Pd atomic sites in the interfacial layer. Su
quantity can be defined as63

th

FIG. 5. Calculated evolution of the epitaxy parameter betwe
the Pd and MgO lattices as a function of the edge lengthLPd for the
‘‘minimum-energy’’ structures~empty circles!, for the perfect pyra-
mids ~full circles!, and for an incommensurate interface~dashed
line!.
1-5
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Pi
Pd52

d~EPd-Pd1EPd-MgO!

d ln Vi
, ~6!

whereVi is the atomic volume at sitei. A positive/negative
sign indicates a compressive/tensile strain. Although
quantity is not directly comparable with experimental me
surements, it has proven64 to be a useful tool for a qualitative
analysis of the nature and localization of strain states and
prediction of structural modifications~e.g., misfit disloca-
tions! in order to release the strain.

The pressure maps@Fig. 6~a!, along a cutting plane per
pendicular to the substrate# display three interesting effects
First, the deformation induced by the substrate concerns
sentially a few Pd planes in the neighborhood of the int
face, then the cluster core recovers a bulklike pressure, i.
near zero pressure. Second, the surface of the cluster is
bally in tension, although the interatomic distances are c
tracted, because the surface sites are less coordinated. In
perpendicular to the cluster surface, one recovers an osc
ing profile with contraction/dilation of interatomic distanc
in the same way as the infinite surfaces.44 Finally, for n
512, the interface is nearly pseudomorphic~11 Pd rows per
11 surface oxygen rows!, whereas forn513 the pseudomor
phy vanishes~12 Pd rows per 11 surface oxygen rows! re-
sulting in an incommensurate interface~cf. Fig. 5!. As a con-
sequence, the interface Pd layer is in tension in then512
cluster~related to the substrate-induced expansion of Pd
distances! and exhibits a small zone of compression in t
center in then513 cluster~related to the fact that Pd atom

FIG. 6. Pressure maps on the atomic sites across the Pd cl
along a cutting plane perpendicular to the substrate~a!, on the in-
terfacial Pd layer~b! and ~c!. The left-hand column corresponds
clustersn512 ~a, b! and n526 ~c!, the right-hand column corre
sponds to clustersn513 ~a, b! and n527 ~c!. Dark zones corre-
spond to high positive pressure~compression! whereas bright zones
correspond to no or to negative pressure~tension!.
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are on top of surface Mg atoms! @cf. Fig. 6~b! right-hand
column#. This zone corresponds to the crossing of two ad
tional ^110& and^11̄0& Pd rows, which could be considere
as dislocation precursors, and can be clearly distinguishe
bigger cluster size (n526) @cf. Fig. 6~c!, left-hand column#.
At n527, the second structural transition introduces n
compression zones@cf. Fig. 6~c!, right-hand column#, related
to a network of such precursors, which can be associa
with the Burgers vector of typeb5aPd/2^110&. This is in
agreement with experimental results obtained for la
clusters17,19 and for infinite interface.43

We have limited our study to the appearance of the sec
transition but it can be expected that the system will disp
subsequent transitions leading to a (10310) superstructure
at the interface. The corresponding lattice parameter is so
what smaller than the spacing between the dislocation li
given by aMgO /(aMgO2aPd)ubu,43 what can be associate
with the finite cluster size.

Very clearly, the interface structure cannot be reduced
simple pseudomorphy or to an incommensurate structure
presents a superstructure related to the size mismatch
tween the two materials.

D. Adhesion energy of the interface:
Origin of the structural transitions

In order to identify the physical origin of the observe
transitions of the atomic structure at the interface, we h
analyzed in some details the evolution of the Pd-MgO~100!
adhesion energy as a function of the cluster size. In our c
the Pd-MgO contact area being finite, we define the adhe
energy of the Pd cluster on the MgO substrate as

Eadh5
1

Nint
~Esup

Pd-MgO2Ef ree
Pd 2Eclean

MgO !, ~7!

whereEsup
Pd-MgO is the optimized energy of a Pd cluster d

posited on the MgO surface,Ef ree
Pd and Eclean

MgO are, respec-
tively, the energies of the free cluster~of the same morphol-
ogy as the one deposited but with relaxed atomic distan!
and of the MgO substrate.Nint is the number of Pd atoms in
the interfacial layer. SinceEsup

Pd-MgO is a sum of contributions
due to Pd-Pd interactionsEsup

Pd-Pd and to metal-substrate in
teractionEPd-MgO andEf ree

Pd 5Ef ree
Pd-Pd , the above expression

can be rewritten in order to separate these two terms,

Eadh5
1

Nint
~Esup

Pd-Pd2Ef ree
Pd-Pd!1

1

Nint
~Esup

Pd-MgO2Eclean
MgO !.

~8!

The first term of this equation calledEadh
Pd-Pd represents the

energy loss related to the substrate-induced structural de
mation of the Pd cluster, the second term calledEadh

Pd-MgO is
the energy gain related to the interaction with the MgO~100!
surface. The evolution of the total adhesion energy and o
two components as a function of the cluster size is depic
in Fig. 7 for the perfect pyramids and for the ‘‘minimum
energy’’ series.

ter
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As expected, theEadh
Pd-Pd component is always positive

which in the present sign convention, corresponds to a t
that acts against the adhesion. It can be related to the en
loss due to the deposition-induced deformation of the ato
structure of the clusters. Additionally, its evolution along t
series follows directly the deformation strength, as illustra
in either Fig. 4 or Fig. 5. Both structural transitions tend
reduce the average deformation of the cluster and reduce
related Pd-Pd energy expense. Not surprisingly, theEadh

Pd-MgO

is in all cases negative and represents the stabilizing ef
Its evolution along the series reflects the changes in the
cupation of the preferential adsorption sites by the Pd ato
in the interfacial layer. For all cluster sizes it is theEadh

Pd-MgO

contribution that dominates the overall deposition energet
the contribution related to the relaxation of the Pd depo
being by one order of magnitude smaller.

When looking at the ‘‘minimum-energy’’ series at sma
sizes, we can notice a first drop of theEadh around 2 nm
edge size. This is induced by the reentrant atomic layer c
ing out, which by eliminating the most undercoordinated
oms in the cluster, improves significantly the epitaxial re
tion.

Variations of Eadh as a function of cluster size becom
weaker for larger cluster sizes and we observe a converg
towards the value of0.39 eV/Pd atom (0.83 J/m2), which
is in good agreement with the experimental estimation
Graouiet al.17 (0.75–0.91 J/m2) obtained for large particles
~10–15 nm!. One could expect that at larger sizes, wh
edge effects are no longer predominant, the cluster morp
ogy verifies the Wulff-Kaishev theorem.17,65 In fact, our as-
pect ratiop/n;0.5 is consistent with the fact thatW;s100
in our model. Due to the underestimation ofs100 in our

FIG. 7. Adhesion energyEadh ~a! for the perfect pyramids~full
circles! and the ‘‘minimum-energy’’ series~empty circles! decom-
posed into:Eadh

Pd-MgO ~b! andEadh
Pd-Pd ~c! as a function of cluster size

The two structural transitions between clustersn512 andn513,
and betweenn526 andn527, are marked with arrows.
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model as mentioned in Sec. II A, our aspect ratio is som
what smaller than the experimental estimation~0.7!.17

E. Alternative structure: dislocated Pd clusters

In a relatively narrow range of cluster sizes, an extens
search of energy minima has produced an another typ
interesting atomic structure on which we would like to foc
in the following. This structure, represented schematically
Fig. 8, shows clearly a local mismatch adjustment at
interface. The first Pd plane separates in its middle into t
less dilated domains, leading to an almost missing Pd^110&
row. In order to fill this empty space, Pd atoms move alo
the two sliding~111! planes forming a prismatic structure.

This new atomic structure becomes energetically the m
favorable around the first structural transition, where nond
located clusters suffer the weakest stability~around n
512–13). As the size of cluster and their adhesion increa
it quickly becomes metastable.

Although for the small sizes the brief appearance of t
alternative structure may be considered as somewhat a
dotical, it reveals the existence of an alternative way to
commodate the interface misfit. Although, not easy to
found by the QMD runs, for larger cluster sizes it could
seen as an extension of the dislocation precursor that
been discussed in the preceding section.

IV. CONCLUSIONS

Using a semiempirical potential for the metal bondi
within the cluster, and a potential fitted toab initio calcula-
tions for the metal-oxide interaction, we have studied
equilibrium atomic structure of small Pd clusters deposi
on the MgO~100! surface as a function of their size.

In agreement with the experimental results we find
‘‘flattened’’ pyramids with truncated edges energetically t
most stable and observe systematically a tetragonal defo
tion of Pd at the interface. It consists of a lateral dilation
Pd lattice parameters~to match the lattice of the substrate!,
accompanied by a contraction of the vertical separation
tween the Pd layers~to keep constant the volume/atom in th
metal!. For small particles this deformation is relative
strong and propagates within all the cluster. For bigger siz
while a precursor of a misfit dislocation appears at the in
face, the tetragonal deformation becomes weaker and m
localized to the interfacial region. As the size of cluste
increases, a series of subsequent structural transitions re

FIG. 8. Schematic representation of the dislocated clu
structure.
1-7
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partially the strain, introducing a network of@110# disloca-
tion precursors. The resulting (10310) superstructure at th
interface is characteristic of the bulk Pd-MgO~100! interface.
Adhesion energy decreases as the cluster size increases
lowing closely the occupation of the preferential adsorpt
sites. The strain-induced energy of Pd deposit is in all ca
small.

Our study brings also details of atomic structure that
beyond the current experimental evidence. This concerns
appearance of first interface misfit dislocation precursor
the presence of a single reentrant atomic layer already
relatively small clusters. This second effect can be one fa
determining the peculiar reactivity of Pd atoms at the clus
edges. By taking fully into account the relaxation within d
posited clusters, our investigations go beyond the exis
es

hy

ys
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A
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theoretical studies on model pseudomorphic metal-oxide
terfaces. This allows us to propose mechanisms of strain
lease at the interface, and to give a new insight into
coupling between the nature of interaction and the ato
structure of the interface.
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