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Theoretical study of the atomic structure of Pd nanoclusters deposited on a MgQO00) 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 paramet@natching the lattice parameter of the subsireaecompanied 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 th&Q@gsurface.

They can be seen as dislocation precursors giving a clear superstructure pattern at the interface.
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I. INTRODUCTION laxations at the interface, reconstructions, dislocations) etc.
that have been observed experimentally. This fact compli-
Whereas metallic, semiconducting, or oxide surfaces haveates considerably any comparison between experimental
given rise to a large amount of theoretical studies, there exisind computational resultéhecessary to validate the em-
no standard and reliable methods for modeling the interfacesloyed approximationslimits seriously the practical interest
between materials of different character, in particular forof this kind of approaches, and shows the necessity to de-
metal-oxide ones. Indeed, most fundamental questions cowelop effective energetic models, able to treat more complex
cerning the electronic structure, charge-density redistribusystemglarger sizes, lower symmetry, and systematic relax-
tion, or interface reactivityinterdiffusion of atoms across ation procedurg and better suited to reproduce the experi-
the interface in these systems still remain unanswetéd, mental complexity.
and the character of interactions at the interface is still little From this point of view the Pd/MgQO00 system seems
known. Therefore, systematic theoretical studies based oparticularly promising. On one hand, the Pd-MdQo0 in-
approximations at a different level, and experimental invesiteraction is relatively stronfrontrary to what can be found,
tigations are necessary in order to better understand the basiqg., for Ag-MgQ100) (Refs. 38,39, so that the energetic
microscopic mechanisms responsible for the cohesion atodel is expected to be less sensitive to the approximations
metal-oxide interfacés® (see Refs. 6 and 7 for a review employed. On the other hand, the electron transfer at the
Among these systems, Pd-M¢@O is one of most Pd-MgQ100 interface is relatively smallcontrary to what
largely used models of nonreactive metal-oxide interfaceszan be found, e.g., for metal-Md@QL1) (Refs. 40—42], so
and it has given rise to many detailed experiméntdland  that cohesion of the metal deposit is expected to be only little
theoreticad®~3 studies. Although some of them have beenmodified by the substrate. Finally, in the case of the Pd-
motivated by the specific catalytic properties of the depositedMgO(100), the existing experimental evidence is particularly
metal’**~3" on a more fundamental level, the analysis ofrich: the grazing incidence x-ray scattering results by Renaud
substrate-induced modifications of the cluster morphologyand Barbie?*®-?°and the high resolution transmission elec-
and atomic structure remains the principal tool towards aron microscopy(HRTEM) results by Graouet al'®” and
better understanding of interaction on the metal-oxide interLu and Cosandéy give a relatively complete set of struc-
face. Valid description of the latter seems possible within theural and energetic data, which can be used to validate the
ab initio methods that, contrary to most of existing semi- model. According to this experimental evidence, Pd particles
empirical model€®?°reproduce the basic adsorption charac-prepared by UHV condensation and annealing are in cube-
teristics: the preferential adsorption site and the adsorptionn-cube epitaxy on MgQ@00 and present an octahedral
energy?®?’ as reported in recent experimental studfeg€®??>  shape limited by eight111) faces and truncated b§001)
However, if first-principle calculations have been able tofacets on top and at the corners. The lattice parameters of the
furnish data that agree well with some experimental resultssmallest Pd particles are dilated and accommodated to the
the computational effort needed to model systems of a reaMgO substrate. In larger ones this dilation is limited to at
istic size limits their field of application to model structures least three atomic layers at the interface. As the particle size
(pseudomorphy and periodic interfaces with very limited re-increases, the strain is released by the introduction of misfit
laxation. It is still impossible to use them directly for studies dislocations, which further organize into an ordered network,
on more complex interface geometriéshomogeneous re- similar to what is found for bulk Pd-MgO interface.
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The goal of our paper is twofold. On one hand, we pro-gPd-Pd
pose a simple energetic model to describe the Pd-\MQ0Q N
interface and confront its results with the existing experi- B \/ 2 —2q(r; Irg—1 —p(rii Irg—1
mental data. This comparison is used to check the validity of _Ei [ £ 2 e 2l /fo )+A$ e PUij/ro=1) 4
the model, to detect its deficiencies, and contributes directly
to the general understanding of the microscopic mechanisms (1)
responsible for the cohesion on the metal-oxide interface. OWhere¢ is an effective hopping integrat;; is the distance
the other hand, we propose a systematic and detailed study Bgtween the atoms at sitésandj, r, is the first-neighbor
the evolution of both the equilibrium morphology and the distance in the metal. The summation goes over all the
equilibrium atomic structure of deposited Pd clusters as eighbors up to the cqtoff dlstanaec_. The paramgters
function of their size. Going beyond the accuracy of existing g,A,q,p) are fitted to d|fferent expenmenstf\I values: t.)u”(

) S . . . .-“cohesive energy «g), lattice parameter&),”> and elastic
experimental characterization, they give a wide basis for dis- ,
cussion and interpretation of the experimental data and su constants B, Cqq, C') (Ref.59 of the metal. For Pd the

- - . 3>arameters aré=1.702 eV,A=0.171 eV,q=3.794, and
gest keys to relate the s_pec.|f|c reactivity properties of depos- _ 11.0. Itis well known, not only in the SMA framewofX,
ited Pd clusters to their size and morphology. They alsq, + ai5 within similar methods such as the embedded-atom
furnish .the basis necessary for any future study of Pd growttﬁqethods,s or the corrected effective medium theéf‘ythat
properties. _ _ fitting the value of the cohesive energy leads to underesti-

The paper is organized as follows. In Sec. II, we describgnated values of the surface energy. In fact, within the present
the energetic mode{metal-metal and metal-oxide interac- parametrization the energy of the PH00) surfacec o is
tions) and the geometry optimization methéglienched mo-  equal to 0.8 J/fy which is about one half of the experimen-
lecular dynamics The results concerning evolution of clus- tal value (1.64 J/f).%° Although not as precise as trab
ter morphology and of the atomic structure at the interface aitio methods®°>’the SMA approach describes correctly the
a function of the cluster size are detailed in Sec. Ill. In therelaxation and/or reconstruction of the low index surfdtes.
same section we present the results on calculated adhesigaiditionally, although the surface energies differ from the
energies. Sec. IV is devoted to a discussion of the results arekperimental estimations, the SMA approach gives a good
to conclusions. anisotropy factor between the most compact surfaces. This

latter, more than the absolute value of surface energy, is es-
sential for the present study. In our casgyfoq11,=1.16,

Il. ENERGETIC MODEL which can be compared tab initio results: 1.14(Ref. 56
and 1.01(Ref. 57 and to experimental estimation: 1.1%"

A study of the atomic structure and morphology of sup-  More generally, it has also to be kept in mind, that since
ported metallic nanoclusters requires the determination ofhe fitting procedure concerns principally the bulk character-
atomic configurations that minimize the total energy of theistics, the representation of low-coordinated metal atoms
system. The existing minimum-search techniques, based dsurfaces, clusters corners or edgegthin the SMA poten-
either gquenched molecular dynamics or Monte Carlo aptial is less good. In these cases, comparison of calculated and
proach, remain computationally very time consuming, ancexperimental results, e.g., for a Pd dimer, shows a tendency
up to now they cannot be coupled wiél initio techniques to overestimate the bond energy and underestimate the bond
of total energy calculations. For this reason, the present studgngth.
relies on a semiempirical energetic model, in which we sup-
ply the relatively well established second moment approxi-
mation(SMA) potential derived from the electronic structure ~ The ab initio calculations used for the parametrization of
of the metal-metal interactions in the framework of the tight-the Pd-MgO potential were performed within the density-
binding model, with an analytical form of metal-MgO poten- functional theory based on full-potential linearized
. . . . - L 58
tial, which is obtained by fitting a set of modab initio ~ @ugmented-plane wavePLAPW) method:® They are based
calculations. on the hypothesis that the palladium-induced deformation of

the substrate can be neglect€dn order to improve the
description of the interaction energetics, we have used a
A. Metal-metal interaction: Second moment approximation gradient-corrected form of the exchange-correlation
(SMA) potential® Further details on the computational settings used
} ] in the ab initio calculations are given in Ref. 34.

The SMA many-body potential h?gs been widely usg(()j for - we have chosen to describe the interaction of the Pd clus-
metallic surface and cluster stud®és*°Within this modeP ter with the MgO substrat&pg w0 @ @ sum of contribu-
the band energy of each metal atom is proportional to thgions coming from all Pd atoms in the cluster. For each Pd
square root of the second moment of the local density ohtomi, its interaction with the substrate depends on its hori-
states, leading to the many-body character of the potentiakontal position k,y) with respect to the MgO lattice, and on
The total energy of a cluster & atoms is written as a sum its elevationz above the MgO surface. In order to take into
of two terms: the band energy terg@ttractive pant and the  account the many-body effects responsible for the weakening
repulsive term of the Born-Mayer type, of interactions as a function of an increasing number of

B. Pd-MgO(100 interaction: Fit to ab initio results
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neighbors, for each considered Pd atom we have included
explicitly the dependence of the Pd-MgO interaction on the
number of its nearest Pd neighbats 0.0
N S
EPHMIO= Ei(xy.2,2), 2 ¢
=1 S
g 051
whereN is the number of Pd atoms in the cluster. § 2
We have used a simple analytical formula to describe the § O @ Sovgensie
dependence of thE (X,y,z,Z) term on the elevatior of the 3 ol \\\Q\’Q//O S & magnesium site
Pd atom, .\ s 025 ML
— 1.00ML
Ei(X,y,z,Z)=a;+e 2222733 — g~ 22233, (3 \\_.//,/ <<<<<<<<<<<<< 2.00ML
As explained below, parameteas contain the information -15 . : .
1.6 2.0 25 3.0 3.5

on dependence of the interaction energy ®ryJ andZ.
Results ofab initio calculations show clearly that the in-

teraction of Pd adatoms with MgO substrate depends on the FIG. 1. Dependence of the adsorption energy of Pd on the

Pd coveragé® As expected, it is the strongest in the case 0fMgO(100) surface on the Pd coverage, and on the position of ad-

adsorption of isolated adatoms and decreases progressivedgrbed Pd atoms. Circles represent the resulgbahitio FPLAPW

as a function of the growing number of Pd-Pd neighbors. |realculations, the lines represent the fitted analytical expression for

order to take into account this dependence in the interactiof'e Pd-MgO interaction.

potential we have performeab initio calculations for three

model Pd deposits: isolated Pd atoms, epitaxial Pd moncab initio calculations. Figure 1 resumes the calculated points

layer, and epitaxial Pd bilayer, which correspond to Pdand the fitted dependences.

nearest-neighbor numbers of 0, 4, and 8, respectively, and A comment on the parametrization of the Pd-M¢Q0

thus cover in an uniform manner the coordination numberdnteraction seems necessary. The adsorption energies ex-

going from isolated adatoms up to the fully constituted Pd-tracted from theab initio calculations correspond to the total

MgO(100 interface3* A three-point interpolation formula energy difference between the constituted systgpa-

describing the dependence of the interaction energy on thgO(100] and the two separated componefftsating Pd

coordination of the Pd ator# used in the parametrization deposit and clean MgQO0 surfacd. This procedure has the

reads advantage to include not only the energy of the direct Pd-

MgO interaction, but also the contribution due to the
ai(x,y,Z)=bj;+bj,e”%Pis, (4) adsorption-induced changes of cohesion in both substrate

and adsorbate. Since in our present parametrization the

where parameters;; are further dependent om,fy). Pd-Pd potential is not modified as to account for the
The MgQ100 surface has a square lattice with two at- adsorption-induced decohesion in the Pd degdsite may

oms per unit cell. Due to its symmetry, the periodic surface,s underestimate the expected dilation of the Pd inter-
unit cell can be constructed from eight irreducible triangles.;iomic distances.

each of them expanded over a surface oxygen, a surface
magnesium, and a surface hollow site. &ieinitio calcula-
tions show that regardless of the metal coverage the oxygen . RESULTS

site is the most energetically favorable for adsorption of Pd  \y/s se quenched molecular dynamigaD) algorithr*
(minimum in the potential energy surfgcéhe magnesium , ro|ay the atomic structure of the cluster towards its energy
site is the less energetically favoratifeaximum in the po-  inimum. The quenching procedure in which the velocity of

tential energy surfage the hollow site being intermediate e a1oms s canceled when it opposes the force acting on the
(saddle point in the potential energy surfateBy preserv-  ;m jeads to the minimization of the potential energy of the
ing the model epitaxial geometry of the deposits in the pe”'system at 0 K2

odic ab initio calculations, we were able to relate the calcu- As explained above, the MgO substrate is kept rigid dur-
lated adsorption energetics to particular surface adsorptiomg the minimization.

sites. A three-parameter interpolation from these three high-

symmetry points to all intermediate.fy) positions of the Pd

Pd-surface distance (A)

atom is taken as a linear combination of trigonometric func- A. Evolution of cluster morphology
tions preserving the symmetry of the surface unit cell, as a function of cluster size
All the UHV results on Pd deposition on the MmO
bij (X,y) = Cij1+ Cjjo[ cOLX) +cogy)] surface agree on a three-dimensional groiimer-Webey
+cija[cogx+y) +cogx—y)]. (5) involving nucleation, growth and coalescence of clusters fol-

lowing the cube-cube pseudomorpghyl For that reason,
In this way, we obtain a 27 parameters analytical formulawe have focused our attention on deposition of truncated Pd
which interpolates between about 100 points issued fronoctahedrd! oriented as to satisfy thg100|Pd/[100]MgO

245411-3



W. VERVISCH, C. MOTTET, AND J. GONIAKOWSKI PHYSICAL REVIEW B55 245411

20 : , . 4 T . .
3% 3L 4
0©
o
| ~ 2t .
g 15 OOo g
- 00° o1t 1
°a 00°
< o 0
£ 10 + 00 |
o 5 ° D\O\o\o
3 o© amm ; ; ;
[ O HER
E 0o© 1T st
E 5 B OOO | | | - 0
Q o [ ] ]
8 EEE EEE R i
O mmmm mmm 5
mEUVVVVVVVVVVVVVVVVVVVVVV ool |
0 vvﬁ I L L < =
0 2 4 6 8
edge size (nm) -3 r ]
FIG. 2. Insetn, p, t, andp’ parameters used for cluster mor- 5 5 10 15 20
phology characterization. The truncations—(p) (empty circleg layer index
andt (squaresand the number or reentering layqrs (empty tri-
angles are given as a function of the edge size FIG. 3. Substrate-induced modifications of structural param-

eters: i A\i\:((di\|>isup_(d\|>ifree)/<dH>ifree and Aij_:(<d¢>isup
. . . . . —(d /{d as a function of the layer indexFilled circles
epitaxy relation. In fact, for clusters sizes considered in them(rrgggg;)d( tg>f{ﬁ&12 81,3 cluster andy empty circles to the

present study, we have never stabilized any disorienryg 17,17 cluster.i=1 corresponds to the interfacial Pd layer
ted structure, and always recovered the perfect cube-cubgqi=9 or i=18 to the(100 upper facets of the two clusters,
pseudomorphy. - respectively.

In order to analyze the modifications of the morphology

as a function of cluster size, we have considered variougent with the experimental results for sizes larger than 4
clusters, as defined by the set of four parameters illustrated igm 17 Finally, starting from a relatively small size, a single
the inset of Fig. 2. Namely, for each size of the cluster edggeentrant layer appears to stabilize energetically the depos-
n, we have considered several different cluster heights jted clusters. Contrary to what could be expected, we do not
corner truncationst, and number of reentering atomic gpserve any evolution g’ as a function of the cluster size.
layersp’. . _ . This can be explained by an effect of local coordination

For the sake of a synthetic analysis of the evolution ofyymper. Indeed, the introduction of the reentrant layer in-
cluster morphology and atomic structure as a function ofreases the coordinations of the atoms at the cluster edges
their size, we have chosen two different series of clustergom z=5 to Z=7. As observed experimentafff/for larger

corresponding to two particular morphologies. The first onesizes, one could expect an extension of the reentrant facets.
is simply a series of perfect pyramids, with no truncation

(p=n,t=p’=0). The second one is the series in which, for
eachn we have chosen the form that minimizes the cluster
energy. In the following we will refer to this series as the
“minimum energy” one. The corresponding values of the In order to better characterize the structure of the depos-
p, t, andp’ parameters are represented in Fig. 2. Both thes#éed clusters and to analyze efficiently their dependence on
choices may seem somewhat arbitrary, but since the two sé¢he cluster size we have used two parameters: the average
ries represent clusters with drastically different stabilities, itnearest neighbor distance between the Pd atoms within the
is interesting to see if the calculated deposit properties deith atomic layer parallel to the substrate=(1 for the inter-
pend on the detailed morphology and to what extent the corfacial Pd layey. (d))', and the average nearest neighbor dis-
clusions of the present study are general. tance between atoms in two subsequent Pd atomic layers:
Looking at Fig. 2 we can distinguish two regimes in the(d, )'. Figure 3 shows the substrate-induced modifications of
evolution of the truncationsn(—p) andt as a function oh: these two parameters with respect to the corresponding free
at small sizegless than 4 nm the most favorable structure (unsupporteficlusters in the case ofh(p,p’,t)=(12,8,1,3)
corresponds to a half truncated pyranjigh—p) increases and(26,17,1,7.
linearly with n with a slope of 1/2 corresponding to the as- Two main points have to be noticed. On one hand, the
pect ratid, and only the lateral corner atoms are missing( deposition-induced effects correspond to what can be called
constant and equal to 1 oy.2Such a morphology has effec- a tetragonal deformation, and consist in an horizontal dila-
tively been observed experimentally for the smallest sizesion of the average Pd-Pd distancesZ%) accompanied by
(1-3 nm.Y" As the size increases, the lateral truncation a contraction of the vertical interlayer spacing §%). The
increases in parallel to(- p). Such an evolution is typically dilation of the horizontal interatomic distances compensates
in accordance with the Wulff theorem and is in good agreeypatrtially the lattice mismatch between the two materials

B. Evolution of the clusters atomic structure
as a function of cluster size
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FIG. 4. Evolution of the structural parametet$ andA} as a “minimum-energy” structuresempty circleg, for the perfect pyra-

function of the cluster size, as given by the cluster edge lengthyiys (full circles), and for an incommensurate interfatdashed
(nm). Results for both perfect pyramidgfull circles) and line).

“minimum-energy” structuregempty circleg are shown.

two transitions are separated by about 3 nm, which can be

0 i . o .
(8%). The tetragonal character of the deformation resuIFSSeen as a signature of a periodic superstructure at the inter-
from the well-known tendency of metals to conserve thelraCe

atomic volume upon a deformation. On the other hand, this It is interesting to relate the modifications of the atomic

substrate-induced deformation is the strongest for atomig,.  ture of the clusters to that of the Pd-M@00) interface

layers in direct contact with the substrate and decreases "ap; order to do this we have calculated the epitaxy parameter
idly as the layer index increases. Whereas the small cIusterL 4/dyao— (N—1) (WhereL py is the edge length of the Pd
¢]

. - . =]
is deformed in its Wholg \{olume, the big cluster recovers theCluster anddygo=aygo/V2=3.01 A is the distance be-
bulk lattice parameter in its core. As a consequence, the up-

per facet of the small cluster is still significantly perturbed by ween twq oxygen adsorptlon .Sltes on the r_|g|d MgO sub-
the substrate stratg. This parameter quantifies the matching of the two

. . . lattices: it i | to zero for heren i -
Such an expansion of the palladium lattice parameter ha:‘s”ltt ces: it is equal to zero for a coherent epitapseudo

X N morph nd it varies linearl function of cluster siz
been observeex situby HRTEM® or by grazing incidence f orp » and it varies hea fy as_?h une OI ObC us Z fs eh
x-ray scatterin and confirmedn situ by surface electron oran mcpmmensur_ate Inter ace. 1he resu s obtaine or_t ©

: two considered series are given in Fig. 5. The two series
energy-loss fine-structure spectroscdpyhe authors’ show

.S . display a similar behavior: regions of constant sldjpeer-
add|t|onglly thf?‘t for small sizeess _than 2_.3 nirthe whole mediate between pseudomorphic and incommensurate struc-
cluster is strained whereas for bigger siZds-6 nnm the

tureg, separated by abrupt drops, which can be associated

lc;?;)rr;nanon is localized near the interface in the first threeWith the structural transitions mentioned abdsee Fig. 4

In Fi. 4 we present the calculated evolution of the deforThe former correspond to the progressive dilation of Pd-Pd
1 Fg. 4 wep Sl 1 u evoluti , interatomic distances, whereas the latter indicate Pd stress
mation parameterdj andA; as a function of cluster size, as

) L i release, the dilation of Pd lattice vanishing.
obtained for both the “minimum energy” series and for the
perfect pyramids. The variation of the' andA? is charac-
terized by regions in which the tetragonal deformation in- C. Local structure at the interface:
creases slowly as a function of cluster size, separated by its Characterization of the structural transitions
abrupt reduction, which we will associate with transitions The above analysis is based on average structural param-
between different atomic structures of the Pd-M8@) in-  oters, and does not account for local modifications at the
terface. Very clearly, these transitions occur at different sizegterface, which are responsible in the strongly nonmono-
for clusters of different morphology: for the edge lengths  tonic evolution of the tetragonal deformation as a function of
of 9-10(i.e., around 2.6 npmand 22—-23(6.2 nm for the  the cluster size.
perfect pyramids, and for the edge lengthsf 12-13(3.4 In order to elucidate the mechanism responsible for the
nm) and 26—-27(7.3 nm) for the “minimum energy” series. transitions we have calculated the local atomic pressure at
It is, however, to be noticed that in the size range studiecgtach of the Pd atomic sites in the interfacial layer. Such
here, regardless of the considered cluster morphology, thguantity can be defined s
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are on top of surface Mg atomsgcf. Fig. 6b) right-hand
column]. This zone corresponds to the crossing of two addi-

tional (110) and(110) Pd rows, which could be considered
as dislocation precursors, and can be clearly distinguished at
bigger cluster sizern(=26) [cf. Fig. 6(c), left-hand columih
At n=27, the second structural transition introduces new
compression zondsf. Fig. 6(c), right-hand columf related
to a network of such precursors, which can be associated
with the Burgers vector of typb=apy/2(110). This is in
agreement with experimental results obtained for large
clusterd”®and for infinite interfacé®

We have limited our study to the appearance of the second
© : transition but it can be expected that the system will display
: subsequent transitions leading to a X11D) superstructure
at the interface. The corresponding lattice parameter is some-
‘ what smaller than the spacing between the dislocation lines
£8 : given by aygo/(amgo—apd)|b|,*® what can be associated
with the finite cluster size.

Very clearly, the interface structure cannot be reduced to a
simple pseudomorphy or to an incommensurate structure but
presents a superstructure related to the size mismatch be-

FIG. 6. Pressure maps on the atomic sites across the Pd (:Iustte\:’lveen the two materials.

along a cutting plane perpendicular to the substtateon the in-
terfacial Pd layefb) and(c). The left-hand column corresponds to D. Adhesion energy of the interface:
clustersn=12 (a, b andn=26 (c), the right-hand column corre- Origin of the structural transitions
sponds to clustera=13 (a, b andn=27 (c). Dark zones corre-
spond to high positive pressufeompressionwhereas bright zones
correspond to no or to negative press(temsior).

S PUPP PP
R e e L £
D g g
PR R R RR RS
PR R R R R e
RN R SR SR R R R R R S
A D o d
R S R R R R A
PR POV OLSwLS e
E R S el f L
PFrresrerg

(b)

e

$ e s sy,
AP e b

In order to identify the physical origin of the observed
transitions of the atomic structure at the interface, we have
analyzed in some details the evolution of the Pd-Ntf)
J(EPGPdL EPAMGO adhesion energy as a function of the cluster size. In our case,
pPd_ _ (E +E ) ©6) the Pd-MgO contact area being finite, we define the adhesion

P dinV, ’ energy of the Pd cluster on the MgO substrate as
whereV; is the atomic volume at site A positive/negative 1 Pd-MgO_ Pd MgO
sign indicates a compressive/tensile strain. Although this Eadh__Nmt(ES“p ~EfreeEciean) @)

quantity is not directly comparable with experimental mea-
surements, it has prov&ho be a useful tool for a qualitative \yhere EPAMIO js the optimized energy of a Pd cluster de-
analysis of the nature and localization of strain states and foﬁosited on the MgO surfac&fd, and EM9O

_ P e free clean are, respec-
predlc_tlon of structural modlflcayonée.g., misfit disloca- tively, the energies of the free clust@f the same morphol-
tions) in order to release the strain.

) i ogy as the one deposited but with relaxed atomic distances
The pressure magd$ig. 6(a), along a cutting plane per-

. ) , ! and of the MgO substratd;,,; is the number of Pd atoms in
pendicular to the substrdtdisplay three interesting effects. the interfacial layer. SincEF%M9° is a sum of contributions
First, the deformation induced by the substrate concerns es- o B .

X . : .~ _~due to Pd-Pd interactionS,, - and to metal-substrate in-
sentially a few Pd planes in the neighborhood of the inter- pd P pypd

_ _ i EPd-MgO _ :
face, then the cluster core recovers a bulklike pressure, I_e”tgracbtlonE it _and gffeftﬂ free 't tht(:] abO\t/e e;<pre55|on
near zero pressure. Second, the surface of the cluster is gl63" P€ rewrtten in order {o separate these two terms,

bally in tension, although the interatomic distances are con-

tracted, because the surface sites are less coordinated. In fact _ 1 (EPG-PA_EPaPd) 1 (EP#MIO_ gMgO
perpendicular to the cluster surface, one recovers an oscillat- 294" N, —sup free /7 N~ SuP clean’:
ing profile with contraction/dilation of interatomic distances (8

in the same way as the infinite surfadésFinally, for n

=12, the interface is nearly pseudomorptid Pd rows per The first term of this equation called?%"9 represents the

11 surface oxygen rowswhereas fon= 13 the pseudomor- energy loss related to the substrate-induced structural defor-
phy vanisheg12 Pd rows per 11 surface oxygen rows-  mation of the Pd cluster, the second term caligd;"9° is
sulting in an incommensurate interfa@é. Fig. 5. As a con-  the energy gain related to the interaction with the Mb@D)
sequence, the interface Pd layer is in tension inrtkel2  surface. The evolution of the total adhesion energy and of its
cluster(related to the substrate-induced expansion of Pd-Ptvo components as a function of the cluster size is depicted
distances and exhibits a small zone of compression in thein Fig. 7 for the perfect pyramids and for the “minimum-
center in then=13 cluster(related to the fact that Pd atoms energy” series.
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% -045 1 i FIG. 8. Schematic representation of the dislocated cluster
2 structure.
] ! ! ! . . . -
& © model as mentioned in Sec. Il A, our aspect ratio is some-
0.04 | l l 1 what smaller than the experimental estimatiorv).!’
0.02 8 E. Alternative structure: dislocated Pd clusters
In a relatively narrow range of cluster sizes, an extensive
0] 3 5 7 search of energy minima has produced an another type of

edge size (hm) interesting atomic structure on which we would like to focus
in the following. This structure, represented schematically in
Fig. 8, shows clearly a local mismatch adjustment at the
interface. The first Pd plane separates in its middle into two
less dilated domains, leading to an almost missing P

row. In order to fill this empty space, Pd atoms move along
the two sliding(111) planes forming a prismatic structure.
Pd-Pd . . This new atomic structure becomes energetically the most
As expected, thee;q, ~ component is always positive, ¢,y qrable around the first structural transition, where nondis-

which in the present sign convention, corresponds to a tery.ated clusters suffer the weakest stabilitground n
that acts against the adhesion. It can be related to the enerqy;5_13) s the size of cluster and their adhesion increase,
loss due to the deposition-induced deformation of the atomig quickly becomes metastable.

structure of the clusters. Additionally, its evolution along the Although for the small sizes the brief appearance of this

series follows directly the deformation strength, as iIIustrateqmemaﬁVe structure may be considered as somewhat anec-
in either Fig. 4 or Fig. 5. Both structural transitions tend t0gotical, it reveals the existence of an alternative way to ac-

reduce the average deformation of the cluster and reduce the .\ \odate the interface misfit Although, not easy to be
i :MgO ' '
related Pd-Pd energy expense. Not surprisingly B£i"¢ found by the QMD runs, for larger cluster sizes it could be

is in all cases negative and represents the stabilizing effecteen as an extension of the dislocation precursor that has
Its evolution along the series reflects the changes in the 0¢een discussed in the preceding section.

cupation of the preferential adsorption sites by thedF':Ad gtoms
in thq mtgrfaual Iayer.. For all cluster sizes it is tRES MY _ V. CONCLUSIONS
contribution that dominates the overall deposition energetics,
the contribution related to the relaxation of the Pd deposit Using a semiempirical potential for the metal bonding
being by one order of magnitude smaller. within the cluster, and a potential fitted &b initio calcula-
When looking at the “minimum-energy” series at small tions for the metal-oxide interaction, we have studied the
sizes, we can notice a first drop of tlgy, around 2 nm  equilibrium atomic structure of small Pd clusters deposited
edge size. This is induced by the reentrant atomic layer comen the Mg@100) surface as a function of their size.
ing out, which by eliminating the most undercoordinated at- In agreement with the experimental results we find the
oms in the cluster, improves significantly the epitaxial rela-“flattened” pyramids with truncated edges energetically the
tion. most stable and observe systematically a tetragonal deforma-
Variations of E 4, @s a function of cluster size become tion of Pd at the interface. It consists of a lateral dilation of
weaker for larger cluster sizes and we observe a convergen¢®l lattice parameter@o match the lattice of the substrate
towards the value 00.39 eV/Pd atom (0.83 J/f), which  accompanied by a contraction of the vertical separation be-
is in good agreement with the experimental estimation bytween the Pd layer@o keep constant the volume/atom in the
Graouiet all” (0.75-0.91 J/rf) obtained for large particles meta). For small particles this deformation is relatively
(10-15 nm. One could expect that at larger sizes, whenstrong and propagates within all the cluster. For bigger sizes,
edge effects are no longer predominant, the cluster morphotwhile a precursor of a misfit dislocation appears at the inter-
ogy verifies the Wulff-Kaishev theoreM:®° In fact, our as-  face, the tetragonal deformation becomes weaker and more
pect ratiop/n~0.5 is consistent with the fact tha/~o,o,  localized to the interfacial region. As the size of clusters
in our model. Due to the underestimation a@fy, in our  increases, a series of subsequent structural transitions release

FIG. 7. Adhesion energf.q4y, (a) for the perfect pyramidgfull
circles and the “minimum-energy” serie¢empty circle$ decom-
posed intoELSMIC (b) andELSPY (c) as a function of cluster size.
The two structural transitions between clustars12 andn=13,
and betweem=26 andn=27, are marked with arrows.
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partially the strain, introducing a network pf10] disloca- theoretical studies on model pseudomorphic metal-oxide in-
tion precursors. The resulting (¥@0) superstructure at the terfaces. This allows us to propose mechanisms of strain re-
interface is characteristic of the bulk Pd-M@l00) interface.  lease at the interface, and to give a new insight into the
Adhesion energy decreases as the cluster size increases, febupling between the nature of interaction and the atomic
lowing closely the occupation of the preferential adsorptionstructure of the interface.
sites. The strain-induced energy of Pd deposit is in all cases
small.

Our study brings also _details of _atomic structure that go ACKNOWLEDGMENTS
beyond the current experimental evidence. This concerns the
appearance of first interface misfit dislocation precursor, or We thank C. Noguera, S. Giorgio, G. i@, B. Legrand,
the presence of a single reentrant atomic layer already foand C. Henry for their interest and stimulating discussions.
relatively small clusters. This second effect can be one factoFhe most time consuming calculations were performed on
determining the peculiar reactivity of Pd atoms at the clustethe NEC-SX5 computer at IDRIS, under Project No. 960732.
edges. By taking fully into account the relaxation within de-We are grateful for a generous allocation of time on the
posited clusters, our investigations go beyond the existingnachine.
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