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Microstructure of the surfactantlike effect in Ni/Ag „100… and „111…

Jean-Marc Roussel, Andre´s Sau´l, and Guy Tre´glia
CRMC2-CNRS, Campus de Luminy, Case 913, 13288 Marseille Cedex 9, France
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~Received 20 December 1996!

Recent experiments on Ni/Ag systems have shown that the growth mode can be a floating monosubstrate or
bisubstrate layer burying the deposited film. We study this surfactant effect by both mean-field and Monte
Carlo kinetic approaches. The kinetic tight-binding Ising model in mean-field approximation gives quasisteady
profiles consistent with local equilibrium concepts. In this framework, we find two and one capping Ag
monolayers for Ag~100! and Ag~111!, respectively, on a mostly pure Ni monolayer. Monte Carlo simulations
reveal that this Ni ‘‘sandwich’’ structure is in fact made of embedded Ni precipitates with low interface energy
regular polyhedra shapes. The cluster distribution is found to be larger for the less compact surface@i.e., ~100!#
and to obey the ‘‘Ostwald ripening’’ law.@S0163-1829~97!01116-8#
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I. INTRODUCTION

The study of metal film deposited on a metal substra
which has considerably developed with the appearance o
near-field microscopy, has shown a large variety of structu
behaviors. If experiments are performed at an intermed
temperature giving rise to an interdiffusion limited to som
planes close to the surface then a metastable surface
may be formed during the kinetics of dissolution.1 When the
corresponding bulk alloy of the two elements~deposit and
substrate! has a tendency to form an ordered phase, the
perficial compound is usually also ordered but could dif
strongly from the equilibrium ones. On the other hand, wh
the type of chemical bonding of the atomic species is p
erentially homoatomic~phase separation case!, one observes
two distinct situations depending on the tendency of the
posit element to segregate or not at the surface. In the
case, the deposited monolayers remain at the surface
may give rise to a layer-by-layer dissolution at t
interphase.2 In the second case, the kinetics may revea
‘‘surfactantlike’’ behavior that consists of the climb of su
strate elements (B) through the deposit (A) to the surface.3

Thus, theA deposit layers can be buried below someB float-
ing monolayers and can then persist during the growth or
dissolution.4–16

Many ingredients can be responsible for these clea
non-Fickian dissolution modes. Apart from the temperat
and the surface orientation of the substrate one has to
into account a possible size mismatch between the two c
stituents, the difference in surface energies, and the tend
of the alloy to either form ordered phases or to phase se
rate. Remembering that the equilibrium state of such a s
tem is the complete dissolution of the deposit and there
an infinitely dilute solid solution, it is necessary to use
kinetic model consistent with the thermodynamic equil
rium near the surface and containing the driving forces m
tioned above. In this sense, from mean-field models to Mo
Carlo simulations, different degrees of approximations h
550163-1829/97/55~16!/10931~7!/$10.00
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been proposed to describe local order in these surface
nomena.

Auger spectroscopy results have shown that a depos
one Ni monolayer on Ag~100! at room temperature leads
after an annealing at 620 K, to the formation of an Ag bilay
burying the Ni atoms.3 Many other cases showing this ‘‘sur
factantlike’’ effect have been found for systems such
Rh/Ag,6–8 Cr/Ag,9 Fe/Ag,10 Co/Cu,11,12 Fe/Cu,13 Ni/Cu,14

Pt/Au,15 and Fe/Au,16 which present a strong tendency
phase separation and a significant difference between the
components’ surface energies favoring the substrate segr
tion.

The purpose of the present work is to investigate the d
solution modes of 1 ML Ni/Ag as a function of the crysta
lographic orientation of the substrate:~100! and ~111!. This
paper is organized as follows: in Sec. II, we formulate t
kinetic tight-binding Ising model~KTBIM !, after a brief
sketch of its origin.17–20 The homogeneous mean-field a
proximation used in the KTBIM prevents the study of bo
the nucleation phenomena and microstructure shapes oc
ring during surface phase transition. Therefore, to go bey
this average method we employ a kinetic Monte Carlo al
rithm based on the same energetic model. In Sec. III,
present the results of simulation of 1 Ni ML on Ag~100! and
~111! at 620 K using the two methods mentioned abo
Both approaches predict the occurrence of a quasistead
sandwich structure during the kinetics of dissolution. T
Monte Carlo simulation gives more detail concerning t
local order of this structure and predicts the existence
embedded Ni clusters close to the surface. We discuss
shape, the mobility, and the size evolution of these clus
and consider the influence of the surface orientation on
coarsening sequences. Discussions and conclusions are
in Sec. IV.

II. THE NUMERICAL MODEL

Let us summarize the main aspects of the tight-bind
Ising model~TBIM ! developed to study equilibrium surfac
10 931 © 1997 The American Physical Society
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10 932 55ROUSSEL, SAÚL, TRÉGLIA, AND LEGRAND
segregation in concentrated transition and noble metal al
AcB12c . From the electronic structure of the disordered
loy one can derive an effective Ising Hamiltonian.17,18 The
internal energy of the Ising model can be written as

HTBIM5(
n

pnH Dhn
eff1DHn

size2 (
mÞn

VnmJ
1 (

n,mÞn
pnpmVnm , ~1!

wherepn is the spinlike occupation variable equal to 1~0! if
the siten is occupied by an atomA (B), and the following is
true.

~i! Vnm is the effective pair interaction between atoms
sitesn andm:

Vnm5 1
2 ~Vnm

AA1Vnm
BB22Vnm

AB!. ~2!

For fcc structures it is negligible beyond first neighbo
Vnm5V if n,m are first neighbors andVnm50 if they are
not. The sign ofV gives the tendency to order (V.0) or
phase separation (V,0) of the system. When at least on
site belongs to the surface, the interactionV is enhanced and
is denoted byV0.

~ii ! Dhn
eff is generally different from zero only for th

surface~and sometimes first underlayer! plane. In that case
Dh0

eff is very close to the difference in surface energies
tween the pure constituents.

~iii ! DHn
sizeaccounts for a possible size effect; this term

calculated by means of tight-binding quenched molecu
dynamics21–23and is only significant close to the surface.
this schemeDH0

size is calculated as the size-dependent par
the total energy involved when a single impurity is mov
from the totally relaxed bulk to the totally relaxed surface

This model has been used to study equilibrium segre
tion of binary alloys using either a mean-field23–25 descrip-
tion or a Monte Carlo one.26

In the mean-field approximation for a binary allo
AcB12c and in the presence of a surface, one usually defi
i -plane concentrationsci parallel to the surface (i50: sur-
face; i51: first underlayer, etc.;i5`: bulk plane! in order
that;nP ( i -plane!, cn5^pn&5ci . This mean-field approxi-
mation, which neglects the short-range correlations, redu
the internal energy to a one-dimensional problem. The m
value of the grand-canonical free energy
^G&5^HTBIM&2T^S&2m^NA& where ^HTBIM& is the mean
value of the internal energy from Eq.~1!, T is the tempera-
ture, ^S& the mean value of the entropy calculated in Bra
Williams approximation,m the chemical potential, and
^NA& the mean number ofA atoms in the system. Its mini
mization (dG/dci50,; i ) leads to the following system o
coupled nonlinear equations:

ci
12ci

5
c

12c
expH 2

DHi

kT J ; ~3!

herec is the bulk concentration,DHi is the segregation en
thalpy for thei plane, that is, the energy needed to excha
an atomB in the i plane by an atomA from the bulk:
ys
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DH05DH0
size1Dh0

eff1V~Z12Z8!2V0~Z1Z8!

12Z~V0c02Vc!12Z8~V0c122Vc!,

DH15DH1
size1Dh1

eff1VZ82V0Z812ZV~c12c!

12Z8~V0c01Vc222Vc!,

DHi52ZV~ci2c!12Z8V~ci111ci2122c!. ~4!

Z andZ8 are the numbers of first neighbors in the same a
adjacent planes, respectively.

One can also use a Monte Carlo approach to study e
librium by using, for example, the standard Metropo
algorithm:27 rejecting and accepting configurations accordi
to the internal energy given by the Ising Model@Eq. ~1!#.

For the Ag12cNi c system the values in Table I are used24

for the above-mentioned energetic quantities and the
surface orientations. The values of the effective pair inter
tion areV520.053 eV andV051.5 V.

A. Mean-field kinetics

To be able to follow the kinetic path from a given initia
condition, one can also use a simple one-dimensional mo
consistent with the equilibrium model. This kinetic extensi
of the TBIM @the KTBIM ~Refs. 19 and 20!# also assumes
homogeneous concentration per plane parallel to the sur
and ensures that the steady-state concentration profile c
sponds to the equilibrium profile given by Eq.~3!. The time
dependence of the mean concentrationci(t) is calculated as a
detailed balance between incoming and outcoming fluxe28

]ci
]t

5
D

d2 F ~12ci !H g i21ci211
ci11

g i
J

2ci H ~12ci21!

g i21
1g i~12ci11!J G , ~5!

whereD5D0exp(2Q/kT) is the bulk diffusion constant and
d the interplanar distance.g i is the transition probability for
an exchange between anA atom in planei and aB atom in
plane i11 and it is related to the instantaneous segrega
energies:

g i~ t !5expS DHi~ t !2DHi11~ t !

2kT D . ~6!

The dynamics of the system is found by iterating the s
tem of Eqs.~5! using a constant time step algorithm. A larg
enough number of equations (N) is needed in order to get
dynamics independent of the system size. For the dissolu
kinetics of k monolayers we start the simulation with th

TABLE I. Surface specific energetic parameters~in eV/atom!
used in this work~see text! for the ~100! and ~111! surfaces of the
Ag~Ni! system.Z andZ8 are the numbers of first neighbors in th
same and adjacent planes, respectively.

Z Z8 DH0
size Dh0

eff DH1
size Dh1

eff

100 4 4 20.04 0.39 20.02 0
111 6 3 0 0.30 -0.02 0
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55 10 933MICROSTRUCTURE OF THE SURFACTANTLIKE EFFECT . . .
initial condition ci(0)51 for i50,k21; ci(0)50 for
i5k,N and the boundary conditioncN11(t)50 in order to
mimic a highly dilute volume.

Let us mention that, when all the energetic forces van
in Eqs. ~5!, we recover the discrete version of the classi
Fick’s equation

]ci
]t

5
1

t0
~ci111ci2122ci !, ~7!

wheret05d2/D.
For the Ag12cNi c system the prefactor and activation e

ergy for diffusion were taken from Ref. 29:D0515 cm2/s
andQ52.256 eV.

B. Monte Carlo kinetics

A Monte Carlo realization of the kinetic process can
modeled using the standard Metropolis algorithm in conju
tion with the energetics provided by the TBIM. By allowin
exchanges only between first neighboring atoms, one
simulate an effective diffusion process and describe the
namical evolution of the system. We are aware that such
algorithm should be inefficient when exchange probabilit
are very small~low-temperature cases!. The computing times
being not too large for the simulations performed, we use
method that was discussed in more detail in a previ
work.26

We perform simulations in a system box
(603603100) fcc unit cells with periodic boundary cond
tions in the directions parallel to the surface plane. In t
way, we ensure that no size effect modifies the average
ues calculated in the following section. The initial conditio
simulates the experimental starting condition: a given nu
ber of full layers of~minority! Ni atoms are placed over
substrate of~majority! Ag atoms.

III. RESULTS

A. Mean-field results

Experimental results have shown that a deposit of one
monolayer on Ag~100! at room temperature leads, after a
nealing at 620 K, to the formation of an Ag bilayer buryin
the Ni deposit.3 This structure that is obtained after 10 min
T5620 K, does not evolve subsequently, at least in sev
hours, even if the thermodynamical equilibrium state is
complete dissolution. A previous KTBIM study3 in mean-
field approximation of a very rapid deposit~flash! of one
monolayer at room temperature followed by an annealing
620 K led to an Ag/Ag/AgNi/AgNi/Ag••• profile after 8 min,
in very good agreement with the experimental results. It w
estimated that this profile remains for more than one mo
before complete dissolution. Moreover, by using an ext
sion of the KTBIM we have examined a possible compe
tion between the incoming deposit flux of Ni and the clim
of Ag. This study came to the conclusion that the depth a
spatial extension of the buried film could depend strongly
the speed of the incoming flux.30 Therefore, it is worth no-
ticing that to avoid this flux dependence the following sim
lations correspond to the experimental initial conditions
scribed before.
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The KTBIM kinetics of dissolution in the mean-field ap
proximation of one Ni monolayer deposited on Ag~100! and
~111! substrates atT5620 K are shown in Fig. 1. In both
cases, Ni almost instantaneously disappears from the sur
but, instead of dissolving into the substrate~Fickian dissolu-
tion case!, it occupies the third and fourth underlayers, form
ing a Ag/Ag/AgNi/AgNi/Ag••• profile for ~100! whereas it
is confined in the third one~Ag/Ag/Ni/Ag/Ag••• profile! for
~111!. The depth of two Ag monolayers capping the N
monolayers differs from the results in Ref. 5 where a Ag/N
Ag/Ag••• profile for Ni/Ag~100! was proposed. In our cas
it is easy to see that this difference is a consequence of
enhancement of the effective pair interaction at the surfa3

However, this single Ag capping monolayer has been a
observed using our model for a Ni deposit beyond 1 ML a
a particular range of incoming flux.30

Notice that for both orientations, the kinetics reveal a n
too strong time dependence for the occurrence of the m
stable Ni buried monolayer: 10 min for~100! and 15 min for
~111!. For the~100! surface, most of the Ni matter crosse
rapidly the first two surface planes. For the~111!, the disso-
lution occurs in two steps, first the Ni monolayer com
down almost instantaneously from the surface to the fi
underplane and then migrates more slowly to form
above-mentioned quasisteady profile. The main differenc
then that Ni spreads over two planes for~100! and one plane
for ~111!.

FIG. 1. Ni layer concentrationscp(t) vs time during the KTBIM
dissolution of 1 Ni ML deposited on~a! Ag~100! and ~b! Ag~111!
substrates and annealed atT5620 K. p50: adsorbate layer,
p51: substrate surface;p52: substrate first underlayer, etc.
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10 934 55ROUSSEL, SAÚL, TRÉGLIA, AND LEGRAND
As long as the quantity of Ni can be considered as co
centrated in the first four planes, we can use energetic ar
ments to understand these kinetic stabilizations~local
equilibrium25!. If we consider that the 1 Ni ML is spread
between the third and fourth layers, we can write the fr
energy of the system as depending on one parameter o
the Ni concentration in the fourth planec2512x,c35x:

F~x!52V@x~x21!~Z2Z8!2Z8#

12kT@xlnx1~12x!ln~12x!# ~8!

In Fig. 2 we plot the free energyF(x) versusx for both
orientations.F(x) presents only one minimum atx50.5 for
the ~100! orientation and two minima atx50.935 and 0.065
for the ~111! direction. These values ofx for the free-energy
minima are numerically equal to the quasisteady concen
tion of the third plane found kinetically.

One can wonder about the actual validity of this diffe
ence between the two orientations since the third or fou
layers can be considered as bulklike. One should then
cover the same three-dimensional behavior in both cas
This is not true here; because of artifacts of the mean-fi
approximation, the separation between an interlayer (Z8) and
an intralayer (Z) number of neighbors is no longer relevan
here.

B. Monte Carlo results

Strictly speaking, the mean-field approximation mak
sense only in the limit of a long-range interaction or a ve
dilute situation and therefore it does not bring any local ord
information.

In Fig. 3 we show the Ni concentrations per plane vers
time t for the annealing of 1 Ni ML on Ag~100! and~111! at
620 K using the Monte Carlo method described in Sec. II
Starting from a full surface monolayer of Ni, we observe
rapid decrease of the Ni concentration of the surface a
subsurface planes leading to two practically pure Ag capp
monolayers. Then, the major difference with the previo
mean-field case is that the Ni matter now expands amo
about 6–7 layers instead of only 1 or 2~notice the change in

FIG. 2. Free energy of a 0/0/12x/x/0/0 profile, i.e., 1 Ni ML
confined in the third and fourth~with concentrationx) underlayers
of Ag~100! and ~111! substrates atT5620 K. Thex values at the
F minima correspond to the quasisteadyc3(t) concentrations ob-
tained kinetically in Fig. 1.
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vertical scale between Figs. 1 and 3!. By performing many
random paths and for different box sizes, we ensure that
profiles~concentrations per plane! are identical and therefore
correspond to the same quasisteady state. One can then
der what is the structural arrangement of the Ni atoms wh
the same quantity of matter~1 ML! is spread over a larger
depth. Figure 4 displays an example of microstructural ev
lution of a Monte Carlo simulated 1 ML Ni/Ag~111! during
thermal annealing at 620 K at two different theoretical tim
before (t'2600) and after (t'80000) stabilization. Instead
of forming a pure Ni monolayer parallel to the surface, th
simulation gives rise to floating Ni clusters under some A
pure surface planes. These observations lead us to formu
the following questions: What is the morphology of thes
buried Ni clusters with respect to the substrate orientatio
What is the evolution of the number of clusters and of t
cluster size distribution with time?

Concerning the first question, we observe pure Ni clust
presenting~111! and~100! facets~see Fig. 4!. Such a picture
is in agreement with equilibrium shapes of free fc
clusters.31,32 To get more insight, we report the
configuration-dependent part of the interfacial energy of ea
cluster in a simple broken bond model, written as

FIG. 3. Ni layer concentrationscp(t) vs time during the Monte
Carlo dissolution of 1 Ni ML deposited on~a! Ag~100! and ~b!
Ag~111! substrates and annealed atT5620 K. p50: adsorbate
layer; p51: substrate surface;p52: substrate first underlayer, etc
The simulation box contains 603603100 fcc unit cells for the
~111! orientation and 843843100 for the~100! one.
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Eint5(
i

Zi
Z12Z8

, ~9!

wherei sums over all the atoms of the cluster andZi is the
number of Ag first neighbors of thei th Ni atom. In Figs. 5~a!
and 5~b!, we plot the instantaneous interfacial energies of
clusters shown in Figs. 4~a! and 4~b! ~corresponding to times
before and after the stabilization, respectively! and we com-
pare them with the interfacial energies of some regular
polyhedra.31 Figure 5~b! confirms then our observation sinc
the Ni precipitate interfacial energies are very close to
cubo-octahedral and Wulff polyhedral energies, which
known to be the most stable atom arrangements in fcc st
ture. However, the thermal and kinetic fluctuations allow
clusters to take octahedral and dodecahedral shapes. Th
sult is therefore a combination of these morphologies giv
rise to buried Ni clusters presenting essentially~111! and
~100! facets at the quasisteady state. Concerning the snap
taken before the stabilization in Fig. 5~a!, the main difference
comes from the dispersion in energy values, which is lar
due to a strong coagulation regime.

Let us now focus on the question of the time evolution
the number of clustersnc(t,l ) and of the average cluster siz
^s(t,l )&, where l is the lateral size of the simulation box
The number of clusters observed in one simulation fo
given value ofl does not have any physical meaning.
t50 there is only one cluster, i.e., the deposited layer, t
nc(0,l )51 and^s(0,l )&5 l 2, the number of atoms in the su
face of the simulation box@more preciselyl 2/2 for the~100!
orientation andl 2 for the ~111! one#. For t.0 the low solu-
bility of Ni on Ag at this temperature prevents the diffusio
of the Ni atoms into the bulk and therefore practically all t
deposited atoms remain near the surface forming clus
The average cluster size is in this case very close to
inverse of the number of clusterŝs(t,l )&. l 2/nc(t,l ).
Moreover we have found that, forl>60, the number of clus-
tersnc(t,l ) at t@0 is proportional to the number of depo

FIG. 4. Two snapshots from the Monte Carlo simulation of 1
ML on Ag~111! at T5620 K: ~a! before (t52600) and~b! after
(t580 000) the stabilization time. Only Ni atoms are shown a
from the surface plane~white! to the eighth plane~dark grey!, the
grey scale color of the atoms represents the depth of the p
measured from the surface.
e
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ited atomsl 2. It therefore implies the independence of th
^s(t,l )& function with respect tol .

In Fig. 6 we show the average cluster size^s(t)& for both
orientations. We observe identical features concerning t
general evolution of the kinetics. After a practically instan
taneous initial decrease of the number of Ni atoms per clu
ter, we see a rapid increase of the average volume^s(t)& and
therefore a strong decrease of the cluster population. Fro
this early stage of the dissolution it results that a conside
able precipitate coagulation regime occurs, which confirm
the preceding conclusion from Fig. 5~a!. The main difference
between the two orientation kinetics comes from the ve
beginning of the dissolution. Indeed, we notice the cruci
influence of the surface orientation on the initial cluste
population. Att'0 the energy difference for one Ni atom to
leave a full Ni surface monolayer is

DE52Dh0
eff2DH0

size1DH1
size1Dh1

eff1~2Z82Z22!V0

2~Z1Z8!V, ~10!

which is positive for the~111! surface and negative for the
~100!, yielding atT5620 K a Metropolis exchange probabil-
ity equal to 1 for the~100! orientation and 0.0026 for the
~111!. It leads to a cluster germ distribution greater for th

i

ne

FIG. 5. Interfacial energies of the Ni clusters (d) shown in Fig.
4, ~a! before (t52600) and~b! after (t580 000) the stabilization
time, compared to some regular fcc polyhedra: octahedron (L),
dodecahedron (1), and cubooctahedron (h). The cluster interfa-
cial energies are calculated from Eq.~9! ~see text!.
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10 936 55ROUSSEL, SAÚL, TRÉGLIA, AND LEGRAND
less compact surface~see Fig. 6!. This difference remains
during the kinetics since we found an average cluster s
larger for the~111! substrate.

For larger time, at the quasisteady state,^s(t)& exhibits a
linear growth with time. This stage can be interpreted
terms of ‘‘Ostwald ripening,’’ i.e., a coarsening regim
where the interfacial energy is the only driving force an
where the rate of development is governed by lattice diff
sion. The system evolves in such a way as to minimize
interfacial area, the physical process being due to high
solubility of small particles~Gibbs-Thompson!, which in-
duces a solute flow from the smaller to the larger cluste
That phenomenon has been analyzed at various levels of
phistication, from a spherical precipitate description33–35to a
more extended theory taking into account volume fractio
effects.36 All these assumptions lead to a linear time depe
dence for the average cluster size in agreement with our
sults. The proportionality constant is predicted to increa
when the concentration gradients around adjacent partic
interplay,36 which is our case according to concentrations p
plane in Fig. 3.

IV. DISCUSSION AND CONCLUSION

We have shown here that a simple kinetic mean-field a
proach could bring valuable information for guiding Mont
Carlo simulations. This assertion is verified for the dissol
tion of a very thin 1 Ni ML deposit on Ag. The KTBIM
enables one to describe the general kinetic behaviors, in p
ticular the depth and the time occurrence of the floating A
bilayer. By performing kinetic Monte Carlo simulations we
have deepened these points and we have shown that Ni c
ters are confined in a few planes parallel to the surface un
two Ag monolayers. We have seen a strong influence of t
surface orientation on the number of germs explained by
different values of the initial exchange probabilities. Finally
we have found that the steady stage of the surface ph
separation follows the predicted Ostwald ripening law fo
collective behavior of a precipitate population.

It should be noticed that some physical effects have n
been taken into account in our simulations. In metallic a

FIG. 6. Average cluster sizês(t)&, in number of Ni atoms vs
time ~points! for two different Monte Carlo simulations and two
surface orientations~100! and~111!. The simulation box lateral size
is l584 for the~100! surface andl560 for the~111! one. The solid
lines are a guide for the eye only.
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loys, the diffusion proceeds via vacancy jumps towa
nearest-neighbor atoms. The process we have used is th
effective exchange as a consequence of two vacancy-a
exchanges. A more realistic model would be to use a
quency of vacancy jumps in place of the effective exchan
rate used in this work. This sophistication could favor e
change at the surface due to vacancy segregation and t
fore modify the kinetics. However, the presence of the s
face and the very small vacancy concentration at
temperature considered forbid a simple computing modifi
tion for taking into account this mechanism. This point
worth future study. Moreover, we are aware that the pres
model, which relies on a rigid lattice assumption, does
take into account in a proper way the atomic displaceme
due to the large size mismatch of about 14% between Ag
Ni. We also plan to focus on this effect in a future work. Th
requires one to derive potentials~i.e., from tight-binding or
embedded-atom method! coupled with a kinetic Monte Carlo
algorithm allowing atomic displacements. Details presen
in this work should be also relevant for systems with neg
gible size mismatch, which present coherent precipitation
Ni/Cu ~Ref. 14! or Co/Cu.11,12

In summary, the main driving forces of this surfacta
effect are unambiguously the surface energies of the
constituents. Both on experimental and theoretical sides
results converge to the evidence of this original grow
mode. For the capping substrate overlayer a thickness of
or two atomic layers is reported for systems showing a gr
deal of analogy with the Ni/Ag system in terms of therm
dynamic parameters. This concerns systems such
Rh/Ag,7,8 Ni/Cu,14 Co/Cu,11,12 and Pt/Au,15 which present a
phase separation tendency, a size mismatch, and surface
sion difference that do not retain the deposit at the surf
and a fcc/fcc structure. For systems presenting the same
quence of energetic parameters but where only the cry
type of the deposit film differs, similar growth features ha
been also observed. This is the case for Fe/Cu,13 Fe/Ag,10

Cr/Ag,9 and Fe/Au,16 where the structure of the deposit film
is bcc. Finally we emphasize that the surface enrichmen
substrate atoms during the dissolution is not specific only
phase separation systems but can happen with some diffe
features for systems with bulk order tendency,37 e.g.,
Au/Ag.38,39

If the surface enrichment is clearly due to the differen
in surface energies, a large variety of geometries must e
for the encapsulated structure depending on the thicknes
the initial deposit, on kinetic limitations related to the tem
perature, on the possible size mismatch, and on the tend
of the alloy to bulk order or not. Regarding the influence
deposit thickness and for a Ni/Ag-like system, we expect t
a critical size should give rise to either a clustering as p
dicted in the present work~very thin deposit case! or a planar
interphase as mentioned in experimental works6,11,12 ~thick
deposit case!. Calculations are under way to check this a
sertion. The original Ni clustering under some Ag layers p
sented in this paper could be experimentally checked
grazing-x-ray analysis coupled with Auger charact
ization.40

On the theoretical side, fromab initio calculations38,41 to
semiempirical models,5,8 static simulations have brought ou
the energetic preference of a planar sandwich layer bu
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under one or two substrate atomic layers compared to a
nar surface adlayer. No other static morphologies have b
simulated or considered to our knowledge and moreover
have seen here that a dynamical description of the diss
tion is necessary to obtain the quasisteady profile. In Re
molecular dynamics is used within the corrected effect
medium method for describing Rh penetration into the
substrate. The description of the first stage of the dep
migration has been possible. A more realistic simulation
still very demanding in computing time, which did not allo
the authors to explore the dissolution until the kinetic me
f,
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stabilization. Recently~see Ref. 15! a molecular dynamics
investigation of the early growth mode of Pt/Au~100! has
been reported. It is found that the replacement mechan
appears in conjunction with a local corrugation of the reco
structed Au~100! substrate, which thus governs the very fir
stage of the incorporation. In order to be able to account
the actual atomic mechanisms~exchange, diffusion, vacan
cies! while following the complete dissolution, we plan t
take advantage of the ability of molecular dynamics to qu
tify the various activation barriers that we will then use f
our kinetic Monte Carlo simulations.
,
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