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Layer-by-layer versus surfactant dissolution modes in heteroepitaxy
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Dissolution of a thickA film into a B substrate during metal heteroepitaxy (A/B) obeys general trends which
are described here in the case where the correspondingAB alloy presents a tendency to bulk phase separation
and toB surface segregation~e.g.,A5Ni, B5Ag). Using the kinetic tight-binding Ising model, either in the
mean-field or in the Monte Carlo framework, we findlayer-by-layerdissolution modes which, depending on
the annealing temperatureT, are preceded (T.Tk) or not (T,Tk) by the rising of cappingB monolayers
burying an almost intactA film ~surfactantlikeeffect!. Tk is found to decrease as the tendency to surface
segregation of the substrate element increases, which can be understood in terms of local equilibrium at both
the surface and the interface of the deposit. The model gives access to the main kinetic laws which are obeyed
in the two dissolution modes, i.e., the total quantity of deposit matter decreases linearly with the square root of
time. @S0163-1829~99!00243-X#
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I. INTRODUCTION

During metal-on-metal heteroepitaxy, some interdiffusi
can occur at intermediate temperatures between the de
ited and substrate elements, which remains limited in
surface selvedge. This can lead to the formation of me
stable surface alloys or to some unusual dissolution mo
complementary to the usual growth ones.1 These clearly non-
Fickian modes are tightly linked to the main features of
surfaces of the alloyed systems made of the two elem
~deposit and substrate!, namely, to the tendency of either th
deposit or the substrate species to segregate at the su
and of the bulk system to either form ordered phases o
phase separate. Thus, when the ‘‘deposit-substrate’’ co
presents a tendency to bulk ordering, the dissolution can
blocked on ordered compounds, similar or not to the b
ones but confined near the surface.

When the couple presents a tendency to bulk phase s
ration, different situations can occur, depending on the t
dency of either the deposited or the substrate element to
regate at the surface and on the number of depos
monolayers. When the deposited element has a strong
dency to segregate~for example Ag/Cu!, and in the case of a
thin deposit~1 ML!, it has been shown experimentally2 and
theoretically3 that the concentration of the deposited elem
at the surface decreases linearly with the square root of t
The same system has been studied theoretically for a thi
deposit~10 ML!.4 The study has shown that the dissoluti
occurs layer-by-layer, i.e., each deposit layer dissolves
cessively starting from the layer at the deposit-substrate
terface.

On the other hand, when the substrate element ha
strong tendency to segregate~for example Ni/Ag!, the kinet-
ics may reveal a ‘‘surfactantlike’’ behavior which consists
the climb of the substrate element through the deposit to
surface.5 Thus, the deposit layers can be buried below so
floating monolayers, and this surfactant effect can also p
PRB 600163-1829/99/60~19!/13890~12!/$15.00
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sist during the growth as has been shown experimenta
Numerous experimental and theoretical studies have b
devoted to systems which are candidate to present su
surfactantlike behavior. For example, a thin initial depo
~1–2 ML! of Cu on Pb~Ref. 6! or Ni on Ag ~Refs. 5, 7, and
8! has given rise to the formation of embedded clusters
mersed under one or two capping substrate monolayers
this case, the thickness of the initial deposit plays a cru
role on the kinetics and in particular on the microstructu
obtained for the encapsulated deposit. For instance, re
experimental results have shown that the annealing of a t
deposit may lead to the climbing of substrate atoms to
surface which seems to leave the morphology of the bu
film intact @Rh/Ag,9 Fe/Cu,10 Co/Cu ~Refs. 11 and 12!#.

The aim of this work is to study this latter situation b
considering the dissolution modes of a thick deposit~10 ML!
for systems which present a phase-separation tendenc
size mismatch, and a surface energy difference that do
retain the deposit at the surface, so that they should prese
surfactantlike effect. We will focus on systems with the f
structure and a~100! surface orientation.

All these behaviors can be modeled in the framework
the kinetic tight-binding Ising model~KTBIM !,13,14 which
takes into account the main driving forces of the phenome
These driving forces include a termV,0 which gives the
strength of the phase separation and a termDt which gives
the tendency of either the substrate element (Dt.0) or the
deposit one (Dt,0) to segregate to the surface. This latt
term corresponds to a global contribution related to both
difference in surface energy and in lattice parameter betw
the two elements.

For the sake of clarity of the paper, and in order to e
phasize its main contribution, before presenting details of
calculations we will give in the following section~Sec. II! an
outline of the essential trends so-derived in a qualitat
form.
13 890 ©1999 The American Physical Society
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FIG. 1. Schematic time evolution of the dissolution of a thick 10 ML deposit as a function of the temperature; theA deposit layers are
in gray and theB substrate ones in white. The upper sketch~a! represents the surfactant-layer-by-layer mode observed forT.Tk . At the
beginning of the dissolution the images are spaced linearly int and then linearly inAt. The lower sketch~b! corresponds to the layer-by-laye
mode occurring forT,Tk . Again each image represents a snapshot taken at constant steps inAt.
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II. QUALITATIVE SURVEY OF THE MAIN TRENDS

Following the terminology used by Panditet al. in Ref. 15
for multilayer adsorption phenomena, one can similarly d
tinguish three broad classes of systems:Dt@Dtk corre-
sponding tostrong-segregationsystems; 0,Dt,Dtk which
we shall callintermediate-segregationsystems; andDt;0
which we shall callweak-segregationsystems.Dtk is a criti-
cal value of the surface segregation term equal to2Z8V in
the terminology of Ref. 15. We will also show in the follow
ing thatDtk52(Z81Z)V01ZV, if a different valueV0 of
the parameter controlling the phase separation strengt
used near the surface. HereZ8 is the number of first-
neighbors broken bonds at the surface,Z the number of first
neighbors in the same plane@Z5Z854 for the fcc~100! ori-
entation#, and in this paper we will consider only the ca
V,V0,0. Let us note that the terms strong, weak, or int
mediate qualify the surface segregation of the substrate
oms ~majority elements! with respect to the deposit one
~minority ones!. The reason for using this convention inste
of the usual one, qualifying the segregation of the minor
element, will be clear in Sec. IV B 2.

Figures 1 show the schematic dissolution modes of a
ML deposit of anA element on aB substrate as a function o
the annealing temperature and for a fixed value ofDt in the
intermediate regime. The simulations put in evidence the
istence of a critical temperatureTk that delimits two distinct
dissolution domains, namely, asurfactant-layer-by-layer
mode forT.Tk and alayer-by-layerone forT,Tk .

In the high-temperature domainT.Tk @see Fig. 1~a!#,
starting from a$A/A/ . . . /A/B/ . . . % profile, we rapidly ob-
tain a surface enrichment inB giving rise to a
$B/B/A/A/ . . . /A/B/ . . . % profile ~surfactantlike effect!.
During this short stage the loss ofA matter into the bulk is
negligible. Then, the dissolution occurs layer-by-layer alt
nately from the top or the bottom of the deposit until
$B/B/B/B/B/A/A/B/ . . . % profile is reached. Finally, the
last two A layers disappear in the bulk much more rapid
than the previous ones. Using both mean-field and Mo
Carlo simulations, we recover the same features for the e
-
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lution of the dissolution mode. In particular, both metho
predict for a thick deposit that the surfactantlike effect p
ceeds by conserving abruptA/B interfaces.

In the low-temperature domainT,Tk @see Fig. 1~b!#, the
dissolution mode is drastically changed. Starting again fr
a $A/A/ . . . /A/B/ . . . % profile, we do not observe anyB
enrichment at the surface. The dissolution obeys a layer
layer mode nowonly located at the deposit/substrate inte
face. Finally when a$A/A/B/B/ . . . % profile is achieved, the
two remainingA layers are immersed under two cappingB
layers and then are dissolved rapidly.

Even though these dissolution modes are clearly n
Fickian, we will show that the different stages illustrated
Fig. 1 are in fact driven by some very small concentratio
of the order of the bulk solubility limitca and that they
follow the Fick’s equations. This observation will allow us
derive the kinetic laws obeyed during the different stag
namely, the surfactant behavior occurring at the hig
temperature regime, and the layer-by-layer modes tak
place either after this stage or in the low-temperature regi
A full understanding of the kinetic behaviors~dissolution
modes, kinetic laws, and the critical temperatureTk) as a
function of the nature of the system requires to invoke
local equilibriumconcept,16 i.e., the existence of a ‘‘derm’’
~whose thickness has to be defined! which remains in equi-
librium with the surface planes during the kinetics of surfa
segregation or dissolution. Thus the kinetics may be co
pletely or partly driven by this surface region in local equ
librium ~the derm! in which metastable branches can have
dominant role. This local equilibrium concept can be a
used to show that the enrichment of the surface inB elements
when the surfactant effect takes place is linear with the ti
t,17 and that during the layer-by-layer dissolution the to
loss ofA matter obeys aAt law:

M ~ t !5M ~0!22caA t

pt0
, ~1!



k

e
-
e
t

in
in
at
in

on

u
w

ac
e
t

ve
-

tiv
la
d
e

if

m-

n

e
ncy

, the

y
pure

en

hed
nt

hen
to
hat,
in-

rity
ce

hen
more

-
he

s
r

e-

nte
the

sso-

-

loy
ar-
:

iss
t

om

s

13 892 PRB 60ROUSSEL, SAÚL, TRÉGLIA, AND LEGRAND
whereM (0) is the initial number of monolayers in the thic
deposit,t05d2/D, D the diffusion coefficient, andd the in-
terplanar distance.17

Finally, we will present qualitatively the influence of th
surface driving forcesDt on the value of the critical tem
perature delimiting the dissolution domains. As defin
above,Dt gives the tendency of the substrate element
segregate (Dt.0) or not (Dt,0). Figure 2 gives the main
trends derived from the simulations. We find that decreas
Dt leads to an increase of the critical temperature delimit
the two dissolution domains. In addition, we will show th
theTk line is lower in Monte Carlo than in mean field, but
both cases it reaches the same critical valueDtk ~at Tk50)
giving the boundary between the intermediate and the str
regime. Thus, in the strong regime, only thesurfactant-layer-
by-layermode is observed. The kinetic transition atTk will
be described in detail and explained in terms of local eq
librium as a coupling between the surface isotherms sho
in Sec. IV A and the shape of the deposit/substrate interf
Thus the above-mentioned ‘‘derm’’ will have to include th
A/B interface. The same feature is found from the Mon
Carlo simulations and detail of the corresponding (Dt,T)
structural map will be developed in Sec. IV C.

III. MODEL

A. Hamiltonian

Since the basis of the model has been described in se
articles,13,14 only a brief survey will be given here. The en
ergetics used in the kinetic model is based on an effec
Ising Hamiltonian derived from electronic structure calcu
tions ~TBIM ! for surface segregation problems. The gran
canonical Hamiltonian of a semi-infinite alloy within th
TBIM can be written as

H̃TBIM5(
n

pnH Dhn
eff1DHn

size2 (
mÞn

Vnm2mJ
1 (

n,mÞn
pnpmVnm , ~2!

FIG. 2. Schematic map describing the dependence of the d
lution modes as a function of the annealing temperature and
driving forces for the surface segregation of the substrate at
(Dt). The dottedTk line delimits the two domains andDtk refers
to the boundary between intermediate and strong segregation
tems~see text!.
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wherepn is the spinlike occupation variable equal to 1 or 0
the siten is occupied by an atomA or B, respectively, andm
is the difference in chemical potentials. The energetic para
eters are as follows.

~i! Vnm which is the effective pair interaction betwee
atoms at sitesn and m. For fcc structures it is negligible
beyond first neighbors:Vnm5V if n,m are first neighbors
and Vnm50 if not.18 V is directly related to the bulk phas
diagram of the system considered. Its sign gives the tende
to ordering (V.0) or phase separation (V,0). It is worth
noticing that when at least one site belongs to the surface
interaction V is enhanced.V051.5 V for the ~100! fcc
surface.19

~ii ! Dhn
eff which is a surface contribution: it is found ver

close to the difference in surface energies between the
constituents if the siten belongs to the surface~that we will
denoteDh0

eff in the following! and to vanish otherwise.
~iii ! DHn

sizewhich accounts for the size-mismatch betwe
the two constituents: it also vanishes except ifn belongs to
the surface~we will call it DH0

size in the following!, in which
case it is calculated by means of a tight-binding quenc
molecular dynamics using a ‘‘second mome
potential.’’20,21 In this schemeDH0

size is calculated as the
size-dependent part of the segregation energy involved w
a single impurity is moved from the totally relaxed bulk
the totally relaxed surface. Such a calculation shows t
contrary to usual elasticity theory, the size effect should
duce the segregation of the impurity at the surfaceonly if it
is the largest. Note, however, that the use of such an impu
calculation can be criticized in the case of strong surfa
segregation or of dissolution. Indeed in this latter case, w
the deposit thickness increases, substrate atoms behave
and more as minority atoms in the deposit, while theDH0

size

term still refers to deposit elements~which are minority ones
with respect to the substrate!. In the present work, we will
then allow thisDH0

size term to vary. In practice we will con-
sider the sumDt5Dh0

eff1DH0
size as a global surface contri

bution, the sign of which gives the tendency of either t
substrate element (Dt.0) or the deposit one (Dt,0) to
segregate to the surface.

Let us recall that theH̃TBIM is equivalent to the lattice ga
Hamiltonian or the spin-12 Ising one. For nearest-neighbo
interactions only,H̃TBIM gives the whole phase diagram r
flection symmetry in the lineDt50, m50. In conjunction
with the above-mentioned energetics, mean-field and Mo
Carlo descriptions have been developed in order to study
surface segregation and the kinetics of segregation or di
lution.

B. Mean-field method

The grand-canonical free energy~G! is obtained by aver-
aging both the Hamiltonian~2! and the entropy over all con
figurations. The simplest~mean-field! approximation is to
express the two-site correlation functions^pnpm& as the
product of one-site correlation functions^pn&^pm&. Assum-
ing that, in presence of a surface and for a binary al
AcB12c , the concentrations can be different for planes p
allel to this surface, one can definei-plane concentrations
;nP i plane,cn5^pn&5ci . The mean value ofG can then
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be written ^G&5^H̃TBIM&2T^S&, where ^S& is the mean
value of the entropy calculated in the Bragg-Williams a
proximation. Its minimization (d^G&/dci50,; i ) leads to the
following system of coupled nonlinear equations:

ci

12ci
5

c

12c
expH 2

DHi

kT J . ~3!

Herec is the bulk concentration,DHi is the segregation en
ergy for thei plane, which is the energy needed to exchan
an atomB in the i plane by an atomA from the bulk,

DH05Dt1V~Z12Z8!2V0~Z1Z8!12Z~V0c02Vc!

12Z8~V0c122Vc!,

DH15~V2V0!Z812ZV~c12c!12Z8~V0c01Vc222Vc!,

DHi52ZV~ci2c!12Z8V~ci 111ci 2122c!. ~4!

Equations~3! and~4! are written in concentration of the m
nority element, i.e., theA deposit. Thus we see that the te
dency of the substrate to segregate (c0,c) corresponds to a
positiveDt. In Sec. IV A we analyze the equilibrium prop
erties inside the deposit, where the minority elements are
substrateB atoms. We will work in that section in concen
tration of B and, consequently, the same equations~3! and
~4! are used but withDt replaced by2Dt. The complete
resolution of Eq.~3! using standard numerical methods giv
access to the whole possible concentration profiles, includ
stable, metastable, and unstable solutions. Some simple
cedures discussed in a previous work3 allow us to reach the
metastable and stable branches only, which are the perti
ones in our study.

The kinetics of dissolution is described within the kine
tight-binding Ising model~KTBIM !. This kinetic extension
of the TBIM also assumes homogeneous concentrations
plane parallel to the surface and ensures that the steady-
concentration profile corresponds to the equilibrium pro
given by Eq.~3!. The time dependence of the mean conc
tration ci(t) is calculated as a detailed balance between
coming and outcoming fluxes,22

]ci

]t
5

1

t0
F ~12ci !H g i 21ci 211

ci 11

g i
J

2ci H ~12ci 21!

g i 21
1g i~12ci 11!J G . ~5!

g i is proportional to the transition probability for an e
change between anA atom in planei and aB atom in plane
i 11 and it is related to the instantaneous segregation e
gies,

g i~ t !5expS DHi~ t !2DHi 11~ t !

2kT D . ~6!

To each concentration profile satisfying the equilibriu
segregation equations~3! corresponds a constant chemic
potential referring to the bulk concentrationc and equal to

m52~Z12Z8!V~122c!1kT ln
c

12c
. ~7!
-
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During the kinetics, a chemical potential gradient appe
close to the surface. One may then define instantane
chemical potentials peri plane,

m0~ t !5Dt2~Z1Z8!V012V0@Zc0~ t !1Z8c1~ t !#

1kT ln
c0~ t !

12c0~ t !
,

m1~ t !52~Z1Z8!V2Z8V012Z8V0c0~ t !

12V@Zc1~ t !1Z8c2~ t !#1kT ln
c1~ t !

12c1~ t !
,

m i~ t !52~Z12Z8!V12V$Zci~ t !1Z8@ci 11~ t !1ci 21~ t !#%

1kT ln
ci~ t !

12ci~ t !
. ~8!

This will allow us to write the following sufficient condition
to describe a local equilibrium driven by Eq.~3!, betweenn
layers during a periodDt:

;tPDt, m0~ t !'m1~ t !'•••'mn~ t !. ~9!

C. Monte Carlo method

The Monte Carlo method can also be used in conjunct
with the energetics provided by the TBIM to study equili
rium surface segregation and the dissolution kinetics bey
the mean-field approximation. Its realization is perform
using the standard Metropolis algorithm, in both canoni
and grand-canonical ensembles for equilibrium propert
By varying the chemical potential and for different initia
configurations, one can follow the hysteresis~stable and
metastable branches! that occurs, for instance, in a first-orde
layering transition. The canonical calculation which consi
in controlling the number ofB atoms in a closed system
allows us to have a continuous description of the transit
with respect to the surface concentration and to determ
the critical bulk concentration giving the transition. Th
method was discussed in detail in a previous work.3

By allowing exchanges between first-neighboring ato
only, one can simulate an effective diffusion process a
describe the dynamical evolution of the system. For the d
solution of a thick deposit the initial condition mimics th
experimental starting condition: a given number of full la
ers of ~minority! A atoms are placed over a substrate
~majority! B atoms. We perform simulations in a box o
( l 3 l 3m) fcc unit cells with periodic boundary conditions i
the directions parallel to the surface plane. In the direct
perpendicular to the surface, a free~100! surface is consid-
ered on one side while on the opposite side the bound
condition differs according to the type of simulations. F
equilibrium ones, to estimate the number ofA neighbors out-
side the simulation box of a givenA atom located in the
bottom plane we use the same procedure as in Ref. 3.
suppose that the ‘‘virtual’’ plane in contact with the simul
tion box will have the same concentration as the bott
region of the simulation box. Thus, from the last planes
calculate a tentative bulk concentrationcbottom, and anA
atom located in the bottom plane will have a probability
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2cbottom)
Z8 to have noA first neighbors in the ‘‘virtual’’

plane, a probabilityZ8cbottom(12cbottom)Z821 to have one
neighboringA atom, etc. Finally we periodically update th
tentative cbottom concentration during the simulation. Fo
dissolution kinetics simulations each atom arriving to t
bottom plane is removed simulating acm50 boundary con-
dition. In this case the choice of them value could become
crucial for thick deposit dissolution. If, for example, the pe
etration length ofA atoms is greater thanm, this boundary
condition will tend to accelerate the kinetics. However, at
bottom of the simulation box theA concentration is very low
and the kinetics is well described using the classical Fic
equations, allowing us to solve this problem. The solut
consists of increasing the interlayer distances in orde
mimic an effective Fickian region deeper than the pene
tion length of A atoms. This leads to a correction on th
exchange probability proportional to the new effective int
layer distance. In the present work, forl'20 andm'20 the
equilibrium results in the grand-canonical ensemble are
dependent of the size box. The equilibrium simulations in
canonical ensemble require boxes of larger size:l'60 and
m'20. To avoid any drawback due to the finite size of t
box in dissolution kinetics, one must use system sizes s
that l'60 andm'1000. For such dimensions the computi
times become too large for performing systematic simu
tions. We then use lowerl values (l 510,24), which allows
us to extrapolate the results for the larger size.

IV. RESULTS

A. Stable and metastable surface segregation

In this section we explore surface equilibrium behavior
a function of theB bulk concentrationc and the surface
driving forceDt for systems presenting a bulk phase se
ration ~AgNi-like: V520.053 eV) and with a reinforced
surface interaction termV051.5 V.

Before studying finite-temperature cases, let us perfor
simple T50 K analysis, which can be carried out exac
and brings already significant qualitative results. This cal
lation will give the conditions onDt for the occurrence of
the stable surface layering sequences. It consists in com
ing the ground-state energies of simple configurations wh
only differ by their number of completedB layers lying on
top of theA surface. As we work in concentration ofB, the
energies are calculated using Eq.~2! with Dt replaced by
2Dt. The energies forn segregated layersEn(m) are

E0~m!50, E1~m!52Dt2Z8V02m,

En>2~m!52Dt2Z8V2nm. ~10!

The linearm dependence guarantees that then50 state is
preferred for all sufficiently negativem. Moreover, if a
nth-layer transition (n21 layers goes ton layers! occurs, it
takes place at am value for whichEn21(m)5En(m). Thus,
asm increases tom50 @phase separation~PS!# the layering
sequence can be
-

e

s
n
to
-

-

-
e

ch

-

s

-

a

-

ar-
h

~a! ~0,1,2,PS! when Dt.Z8~V22V0!,

~b! ~0,2,PS! when Z8~V22V0!>Dt.2Z8V,

~c! ~0,PS! when 2Z8V>Dt. ~11!

Note that in terms of multilayer adsorption,Dt52Z8V is
equivalent to the so-called wetting adatom-substrate inte
tion uw ~Ref. 15! at T50 K.

The main conclusions found atT50 K remain relevant
when performing simulations atT.0 K. This is illustrated
in Fig. 3, in which we plot for the~100! orientation the sum
of the surface and the subsurface concentrationsc01c1, is-
sued from both mean-field and Monte Carlo simulations, a
function of the bulk concentrationc for three values ofDt,
the other parameters being fixed:V520.053 eV, V0
51.5 V, andT51200 K. In Fig. 3~a!, we show the stable
branches as theB bulk concentrationc increases from 0 to
the solubility limit ca'exp@(Z12Z8)V/(kT)#50.0021. It can
be calculated as the bulk concentration form50 in Eq. ~7!.

~i! The caseDt50.50 eV corresponds to the layerin
sequence~a! predicted atT50 K in Eq. ~11!. This case has
been extensively discussed in a previous work.3 Note that, at
T51200 K, the surface and the subsurface layers pre
first-order transitions in mean-field approximation only. L
us recall that in mean-field approximation, the surface fir

FIG. 3. Equilibrium segregation isotherms in mean field~lines!
and Monte Carlo~circles!. Sum of the surfacec0 and the subsurface
c1 B concentrations versus the bulk concentrationc in logarithmic
scale atT51200 K forV520.053 eV and different values ofDt
for the ~100! orientation.~a! Stable states forDt50.50, 0.35, and
0.22 eV.~b! Metastable and unstable states forDt50.22 eV. The
inset shows the lower part of the metastable branches, and th
rows indicate the terminations of these branches wherec
5cl ,meta

0 .
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order transition occurs when the temperature is less thanTl
0

52ZV0/2k51845 K, and the subsurface one when t
temperature is less thanTl

152ZV/2k51230 K. In Monte
Carlo these critical temperatures (Tl

0 andTl
1) are lowered by

a factor 0.57 for a~100! surface.23 In addition, the critical
bulk concentrations@cl

0(T) andcl
1(T)# for which these tran-

sitions appear can be also derived. AtT50 K and from Eq.
~10!, the first transition takes place whenE0(m)5E1(m)
which gives m5m l

052Dt2Z8V0, and the critical bulk
concentration can be derived from Eq.~7!, cl

0(T)
'ca exp@ml

0/kT#. Similarly when E1(m)5E2(m), m5m l
1

5Z8(V02V) andcl
1(T)'ca exp@ml

1/kT#.
~ii ! The calculations forDt50.35 eV and 0.22 eV cor

responds to case~b! in Eq. ~11!. In terms of critical bulk
concentration the case~b! happens whencl

0(T) becomes
greater thancl

1(T) in agreement with theDt condition es-
tablished atT50 K. The surface and the subsurface laye
go simultaneously from an almostA concentration to an al
most B concentration within a first-order transition both
mean-field and in Monte Carlo calculations.

~iii ! The latter case corresponds to the absence of laye
transitions and is observed whenDt<Z8V50.212 eV.

Let us emphasize that the picture presented here takes
account the stable states only. However, in experiments,
ticularly at low temperatures where first-order transitio
take place, metastable states may dominate the observe
havior. Taking into account the metastable states, we obs
the same layering sequences. Nevertheless, theDt condi-
tions and the concentration domains of these sequences
fer strongly from stable ones and depend on the initial c
centration conditions. More precisely, starting from
homogeneous profile, the occurrence of the layering tra
tions is shifted towards higher bulk concentrations, wh
extends the range of existence of layering transitions. Th
fore, the exploration of the bulk concentration becom
much larger since a solid solution can remain in a metast
state up to the spinodal concentrationcsp ~above which a
bulk phase separation is observed in the simulations!. In
mean field from the explicit equations for the spinodal lin

kT522~Z12Z8!Vcsp~12csp!, ~12!

and for the solubility limit

kT5~Z12Z8!V
122ca

log$ca /~122ca!%
~13!

we obtain atT51200 K, csp'503ca and we estimate nu
merically in Monte Carlocsp'2.753ca . In Fig. 3~b! we
plot the metastable branches occurring at this temperatur
Dt50.22 eV. Starting from a solid solution and by increa
ing c we find metastable solutions developed into the mis
bility gap. For c5ca no significant surface enrichment
observed. At the end of the metastable branches one
define critical bulk concentrations analogous tocl

0 and cl
1

mentioned above. AtT51200 K we find in Fig. 3~b!
cl ,meta

0 '4.63cl
0 in mean-field andcl ,meta

0 '1.33cl
0 in Monte

Carlo.
Similarly to the stable states study we recover the th

possible layering sequences of Eq.~11! but they now depend
on the relative values ofcl ,meta

0 and cl ,meta
1 . In mean-field
s
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approximation a complete picture describing the metasta
transitions can be formulated, if we note that the end of
branches corresponds to precise saddle points occurrin
the nonlinear equations@Eq. ~3!#. For example, the critica
metastable concentration for the surface layer is the m
mum value ofc for c0P@0,0.5#:

dc

dc0
U

c5c
l ,meta
0

50. ~14!

We will just give here the expression ofcl ,meta
0 since it

helps to understand the kinetic phenomena. From Eqs.~3!
and ~14! we obtain

cl ,meta
0 .

Tl
0

T H 12A12
T

Tl
0J 2

expH 2
Tl

0

TA12
T

Tl
0J cl

0 .

~15!

B. Kinetics and local equilibrium in mean-field approximation

This section aims to give a more quantitative descript
of the kinetic behaviors that we have already qualitativ
described in Figs. 1 and 2. The dissolution modes are h
described using kinetic mean-field simulations. This sim
approach is instructive in that it gives a global picture a
brings valuable quantitative information for guiding Mon
Carlo simulations. In Sec. IV B 1 the critical temperatureTk
delimiting the dissolution domains is determined and the
netic aspects of the dissolution modes are detailed. In S
IV B 2 the Tk line is explained in terms of local equilibrium
which allows a quantitative understanding of the pheno
enon.

1. Dissolution modes for intermediate-segregation systems

As defined above, the intermediate-segregation syst
correspond to systems for which 0,Dt;Dtk , where the
difference in both surface energies and atomic radius lead
a segregation ofB substrate elements, through theA deposit,
up to the surface. This is illustrated in Fig. 4 where we p
the dissolution profiles until the complete dissolution of t
deposit into the substrate for 10 MLA/B ~100! with V5
20.053 eV andDt50.35 eV ~which corresponds to the
Ag-Ni system in the Ni-dilute limit!, for two different tem-
peratures below and aboveTk . The main difference betwee
the two regimes concerns the behavior ofc0(t) and c1(t),
which either remains close to unity~layer-by-layermode! or
vanishes at the beginning of the dissolution process~surfac-
tant effect!. Therefore, atT51200 K in Fig. 4~a!, the A
surface concentrationc0(t) oscillates around 0.9, giving a
dissolution which proceeds without any significantB enrich-
ment at the surface, while atT51250 K in Fig. 4~b!, c0(t)
andc1(t) decrease rapidly, resulting into two pure cappingB
monolayers. Note, however, that during this short stage
loss ofA matter into the bulk is negligible since the decrea
of c0(t) and c1(t) is almost perfectly compensated by a
increase ofc10(t) andc11(t). Then at both temperatures, th
concentrations per plane go one by one from pureA to pure
B following the sequences described in Fig. 1. Therefo
Fig. 4~a! corresponds to the layer-by-layer mode and F
4~b! to the surfactant-layer-by-layer one.
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In addition, it is clear from Fig. 4 that the distance b
tween any two successive layer transitions is constant inAt
scale. This phenomenon was previously found for the st
of 10 ML Ag/Cu,4 in which case it has been shown tha
except for the two surface layers, the loss of deposit matte
driven by the solubility limit and follows aAt law. This
behavior was explained by the fact that the instantane
deposit/substrate interface formed during the dissolution
very close to the equilibrium profile found in an interface
limiting concentrations 12ca andca , whereca is the solu-
bility limit. Here again, we observe the same feature eve
the evolution of the concentration profile can be much m
complicated, due to the presence of twoA/B interfaces in the
surfactant-layer-by-layer mode. This phenomenon is sho
in Fig. 5 where we plot the quantity ofA matterM (t) in the
first 15 layers as a function of the square root of time. T
resulting curve oscillates around the one derived for a th
deposit@Eq. ~1!# with M (0)510. The validity of such an
equation comes from the observation that far from the s
face region,A atoms follow a Brownian motion. The flux in
A matter from the surface region to the bulk is driven by
particular average concentration@c15(t) in the present case#.
When one layer near the surface goes from pureA to pureB,
c15(t) oscillates around a constant value which is close to
solubility limit since the instantaneousA/B interface is close
to the equilibrium one. Note that the law given by Eq.~1! is

FIG. 4. A layer concentrationscp versusAt/t0 during the mean-
field dissolution of 10A ML deposited on aB substrate forV5
20.053 eV, Dt50.35 eV, and~a! T51200 K ~below Tk) and
~b! T51250 K ~aboveTk). p50: surface layer;p51: subsurface
layer, . . . .
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due to the strong tendency to phase separation and is i
pendent on surface parameters. This is no longer the
when only two A layers remain close to the surface~see
Sec. I!.

2. Local equilibrium at Tk

The mean-field simulations have put in evidence the
istence of a critical temperature (1200 K,Tk,1250 K for
V520.053 eV andDt50.35 eV) that delimits two dis-
tinct dissolution modes. To explain this transition, we w
show in the following that two factors play an important ro
at the critical temperature:~i! the phenomenon is driven by
local equilibrium between the surface and the depo
substrate interface, and~ii ! the movement of the interfac
induces a criticalB concentration into the deposit leading
a B surface layering transition. Let us now analyze these t
points in more detail.

~i! The beginning of the dissolutions shown in Figs. 4 a
reported in Fig. 6. AtT51200 K,Tk , c9(t) decreases mo
notonously whereasc0(t) reaches a minimum@see Fig. 6~a!#
while atT51250 K.Tk it is c9(t) that reaches a minimum
whereasc0(t) decreases monotonously@see Fig. 6~c!#. Thus
a signature of the transition may be obtained from the p
ticular evolution ofcn(t) for the two layers which delimit the
deposit, namely,n50 ~surface! andn59 ~interface!. In this
sense it is only after a specific time corresponding to
occurrence of either one or the other of these minima that
can conclude on the occurrence of the dissolution mode.
understand this behavior atTk we also plot in Figs. 6~b! and
6~d! the evolution of the chemical potentials per plane, c
culated using Eq.~8! from the profiles of Figs. 6~a! and 6~c!.

From Fig. 6~b! (T,Tk) and whenc0(t) presents a mini-
mum, we observe that the chemical potentials per plane
equal which means, according to Eq.~9!, that the kinetics
obeys the local equilibrium equations@Eq. ~3!#. More pre-
cisely, except for the very beginning of the kinetics, the
first surface layer concentrations are in local equilibrium d
ing the whole interface layer dissolution, i.e., during the d
crease ofc9(t).

From Fig. 6~d! (T.Tk), the same conclusions are val
during the first dissolution stage; namely, the chemical
tential remains almost homogeneous before the minimum

FIG. 5. Sum of the 15A layer concentrations close to the su
faceM (t) versusAt/t0 from the dissolution kinetics in Fig. 4~solid
lines!. Comparison of the law from Eq.~1! ~dotted lines!.
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FIG. 6. A concentrationscp and chemical potentialsmp per plane versusAt/t0 at the very beginning of the dissolutions shown in Fig.
~a! and ~b! at T51200 K, ~c! and ~d! at T51250 K.
ob
s

te
ce

l

at

th
u
ur
th

io

b
t
th
m
tit
us

e
r

ul
et
ra
l
ie

c
so

o-
wo

-
der
of

nly
-
:

ela-
net-
e

van
ur-

n-

gh

in

-
the

arp
of
ndi-
to
ling

tra-
e.
c9(t) is reached. Then, once this minimum has been
tained, and during theB enrichment of the first two plane
~decrease ofc0 and thenc1 down to 0!, we notice a large
chemical potential gradient into the deposit which separa
two regions remaining in local equilibrium, i.e., the surfa
(c0 ,c1 ,c2), and the interface (c9 ,c10,c11). Finally, once the
third surface layer becomes rich inB elements, the chemica
potentials are equalized which means that the buriedA film
returns into local equilibrium. We can then conclude th
even if theB capping~surfactant effect! appears in an off-
equilibrium way, the process that initiates this stage and
different layer-by-layer modes are clearly due to a local eq
librium between the deposit layers, including both the s
face and the interface regions.Therefore a way to predict
dissolution mode would come from the numerical resolut
of the complex system in Eq.~3!. By making an exhaustive
list of the possible equilibrium profiles, one should then o
serve, as a function of temperature, the occurrence or
disappearance of a particular solution corresponding to
surfactantlike profile. Practically, in order to reduce the nu
ber of equations, it can be performed by fixing the quan
of A matter in an adequate finite medium with a judicio
choice of the boundary conditions.24

~ii ! An additional observation will allow us to simplify th
problem and to describe this transition in a more gene
way, in terms of surface segregation with a particular b
concentration due to the interface movement. In the kin
range driven by local equilibrium equations and for tempe
tures above and belowTk , the homogeneity of the chemica
potential means the absence of a concentration grad
within the deposit:c3(t).c4(t).•••.c8(t). This allows us
to separate the deposit in two distinct regions where the lo
equilibrium applies: one region controlled by the surface i
therms~discussed in detail in Sec. IV A! and the other con-
trolled by the interface only. Thus, if the whole kinetic pr
file looks like the above-mentioned profiles of these t
-
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separated regions atT5Tk , then the transition may be un
derstood. This local equilibrium concept leads us to consi
the instantaneous kinetic profile as formed by the profiles
two systems almost in equilibrium connected through o
one concentration (c3). We can then plot the two equilib
rium isotherms, at the surface:c0(c3) and at the interface
c9(c3), in order to see if the kinetics follow them or not.

In Fig. 7~a!, we show the equilibriumB surface concen-
tration c0 versus the concentration of the fourth planec3

from the surface segregation isotherm compared to the r
tion between these two concentrations issued from the ki
ics at a temperature belowTk . Figure 7~c! presents the sam
comparison for a temperature aboveTk . At both tempera-
tures, we notice that the surface isotherms present the
der Waals loop related to a first-order transition at the s
face. At T,Tk in Fig. 7~a!, c3(t) is lower thancl ,meta

0 and
therefore no strongB surface enrichment takes place. Co
versely atT.Tk in Fig. 7~c!, c3(t) is larger thancl ,meta

0

giving the surfactantlike effect. Nevertheless, even thou
the relative positions ofc3(t) and cl ,meta

0 indeed give the
signature of the phenomenon and allow us to relateTk to
cl ,meta

0 , we have not yet explained how the concentration
theB element in the depositc3(t) can be greater thancl ,meta

0

and also greater thanca . It requires us to look at what hap
pens at the other limit of the deposit, i.e., to consider
local equilibrium induced by the interface.

To calculate the interface isotherms, one builds a sh
interface by starting from an initial condition consisting
two pure separated blocks. We impose two boundary co
tions ci5ci 11 on each side far from the interface region
ensure that no concentration gradient occurs. By control
the concentration of the first plane rich inA at the interface,
representing here the tenth planec9 in the dissolution kinet-
ics, the system is then equilibrated and constant concen
tions cf and (12cf) are found at each side of the interfac
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FIG. 7. Mean-field equilibrium surface segregation and interphase isotherms~dotted lines! compared to the dissolution kinetics~solid
lines! shown in Fig. 6.~a! c0 vs c3 from the surface isotherms atT51200 K, ~b! c9 vs c3 from the interface isotherms atT51200 K, ~c!
c0 vs c3 from the surface isotherms atT51250 K, and~d! c9 vs c3 from the interface isotherms atT51250 K. The vertical dotted lines
show the position ofcl ,meta

0 andca . All the concentrations are in elementB.
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This constant concentrationcf which depends onc9 leads us
to an equilibrium relationc9(cf). This relation will be com-
pared to the kinetic relationc9(c3). In this sense we report in
Figs. 7~b! and 7~d! the resultingc9 versuscf curves at both
temperatures, below and aboveTk . The usual way to calcu
late the interface profile is to keep the boundary conditio
constant and equal toca and 12ca . Here by fixingc9, we
impose the position of the interface on the discrete lattice
stabilization may give stable and metastable profiles
which the concentration far from the interfacecf may differ
from ca . In Figs. 7~b! and 7~d! we observe that whenc9
goes from pureA to pureB ~here from 0 to 1!, cf oscillates
around the solubility limitca . This curve points out well-
known results concerning the equilibrium discrete shape
planar interface. Indeed, we recover here the two well-kno
profiles corresponding tocf5ca . One of these solutions i
reached when the concentrations per plane are symme
with respect to 0.5 so thatc9512c8 ~or c9512c10), the
other one whenc950.5. However when the center of th
interface is located between these two particular discrete
files (0.2,c9,0.5), cf presents a maximum valuecf

max

greater than the solubility limitca .
Let us now examine the kinetics at the light of these eq

librium results. AtT51200 K in Fig. 7~b!, we notice that
the relationc9(c3) derived from the kinetics follows the re
lation c9(cf) derived from the equilibrium. During the layer
by-layer modec9(t) increases continuously from 0 to 1. Th
s

ts
r

a
n

cal

o-

i-

displacement of the interface induces important oscillatio
of concentration inB elements in the deposit@c3(t)# which,
however, are not sufficient to provoke theB surface enrich-
ment. In terms of local equilibrium, it can be formulated b
the relationcf

max(c9),cl ,meta
0 . At T51250 K in Fig. 7~d!

we obtain thatcf
max(c9) is greater thancl ,meta

0 . This gives a
c3(t) value greater thancl ,meta

0 and therefore an irreversibl
B surface enrichment. Then, oncecl ,meta

0 has been reached
the kinetics follows an off-equilibrium path consistently wi
the previous chemical potential analysis. As a conclusi
the change of the dissolution mode occurs at a critical te
perature corresponding to the equilibrium relation

cf
max~c9!5cl ,meta

0 . ~16!

In Fig. 8 we show results of systematic mean-field sim
lations of 10-ML dissolution in order to determine theTk
line as a function ofDt for V520.053 eV~which corre-
sponds to the Ag-Ni system!. Also reported on this graph is
the curve for which the (Dt,T) couple satisfies numerically
the equilibrium condition of Eq.~16! for the same value ofV.

At low temperature, it is possible to deal with Eq.~16!
and to derive an approximate analytical expression ofTk vs
Dt. From this expression we can also calculateDtk which
delimits the frontier between the intermediate segrega
regime and the strong one where only the surfactant-la
by-layer mode occurs. From Eq.~3!, we can estimate
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cf
max(c9) by assuming that at low temperature the interface

very sharp andc81c10'1. This givescf as a function ofc9
only. Differentiatingcf with respect toc9 we obtain

cf
max~c9!5

Tl
1

T H 12A12
T

Tl
1J 2

expH 2
Tl

1

TA12
T

Tl
1J ca .

~17!

Then from Eqs.~15!, ~16!, and~17! we get

2Dt

2kT
5 ln HATl

02ATl
02T

ATl
12ATl

12T
J 1

Tl
0

T H Z8

Z
1A12

T

Tl
0J

2
Tl

1

T HA12
T

Tl
1J . ~18!

In Fig. 8 we show that this expression fits very well t
numericalTk line up to 700 K. As mentioned above, we ca
calculate from Eq.~18! for T50 K the limiting value of the
surface segregation term:Dtk52(Z81Z)V01ZV. The
mean-field approach is exact atT50 K; this latter result
should also be relevant in the Monte Carlo simulations.

C. Kinetics and local equilibrium in Monte Carlo simulations

Kinetic Monte Carlo simulations allow us to take in
account thermal fluctuations which are neglected in
mean-field approximation. These fluctuations tend to dis
der the system and then to reduce the temperature at w
the transition occurs. Thus, from the considerations on
face segregation in Sec. IV A one can expect the same
netic phenomena in a temperature range reduced by a fa
0.57 for the~100! orientation.23

1. Dissolution modes for intermediate-segregation systems

The Monte Carlo map for the different modes of disso
tion is shown in Fig. 9 for a deposit of 10 ML and forV5
20.053 eV. We recover qualitatively the same picture

FIG. 8. Mean-field map showing the critical temperatureTk ver-
susDt that separates the regions where the two dissolution mo
occur. The filled circles (d) correspond to simulations where th
layer-by-layer dissolution mode occurred and the open circless)
to simulation presenting a surfactantlike dissolution mode. T
solid line is the numericalTk(Dt) line calculated using Eq.~16!
and the dashed line is the low-temperature derivation of theTk(Dt)
line @Eq. ~18!#.
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tablished from the mean-field calculations. However theTk
line is now lowered and depends on the lateral sizel of the
simulation box. Forl 510 and l 524, the computing times
are still reasonable to allow the determination of the dis
lution mode in a wide range of temperatures. We find t
increasing the lateral size of the box tends to lower the
sition of theTk line. The asymptotic value is also shown
Fig. 9, as calculated in the next section.

2. Local equilibrium at Tk

The mean-field analysis ofTk in terms of local equilib-
rium can be extended to interpret the Monte Carlo resu
However, an additional problem arises here related to
size box dependence of the kinetic results. To understand
kinetic transition it is necessary to perform surface equil
rium simulations depending also on the lateral size of
box l. We have performed these simulations in the canon
ensemble as described in Sec. III C. Thus, by analogy w
the mean-field approach and for a givenl we compare con-
centrations per plane obtained from the equilibrium simu
tions in the canonical ensemble and from the kinetics. In F
10 we plotc0 versusc4, above and belowTk , for a ~100!
surface withl 524, V520.053 eV, andDt50.27 eV. At
both temperatures the surface isotherms present metas
branches that penetrate into the miscibility gap. When
concentration inB elements in the depositc4(t) reaches the
termination of these branchescl ,meta

0 , three-dimensional
~3D! B clusters grow rapidly in the first surface planes un
they cover the deposit by pureB capping layers. When
c4(t),cl ,meta

0 the surface kinetics remains in a metasta
state consisting of very small two-dimensional~2D! B is-
lands formed in the surface plane only@c0(t).0.04 at T
51100 K#. Regarding thel dependence ofcl ,meta

0 , one can
estimate the ‘‘real’’Tk line. From equilibrium simulations
we note that whenl increasescl ,meta

0 decreases. In othe
words, the critical size of the 2DB germs giving the surfac-
tant effect decreases for larger lateral size. Consequently
necessary value forc4(t), and therefore the correspondin

es

e

FIG. 9. Monte Carlo map showing the critical temperatureTk

versus Dt that separate the regions where the two dissolut
modes occur. The solid lines correspond to theTk lines obtained
from the kinetic Monte Carlo simulations for two different later
sizes of the simulation boxl. The open (s) and filled (d) circles
delimit the region where we estimate the occurrence of theTk line
for l 5` ~see text!. The dotted line is the numericalTk(Dt) line
calculated using Eq.~16!.
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temperature, to obtain the transition is lowered. This gi
Tk( l 510).Tk( l 524).Tk( l 5`) as observed in Fig. 9. Th
mechanism of the transition being clearly identified, we c
now search theTk(Dt) line corresponding tol 5`. We use
the surface equilibrium results obtained in the grand can
cal from Sec. IV A where no size box effect takes place. F
a given temperature, the maximum value ofDt@Tk( l 5`)# is
chosen so thatcl ,meta

0 5ca , which ensures the occurrence
the surfactant-layer-by-layer mode. Concerning the m
mum boundary below where we should observe a layer-
layer mode only, we have takenDt@Tk( l 5`)# so that
cl ,meta

0 .3ca for 600 K,Tk( l 5`),1200 K. This estima-
tion is valid for the equilibrium mean-field interface~see
Sec. IV B 2! and it is also consistent with kinetic resul
obtained forl 510 andl 524. The resultingTk( l 5`) region
as a function ofDt is plotted in Fig. 9. It is relatively con-
fined and presents the interesting property to converge
wardsDtk derived atT50 K from the mean-field analysis

V. DISCUSSION AND CONCLUSION

In this paper we have studied the dissolution of a thickA
metal film into aB metal substrate in the case where t
correspondingAB alloy presents a tendency to bulk pha
separation and toB surface segregation. The energetic mo
used in this work is an Ising Hamiltonian whose paramet
were obtained from semiempirical tight-binding calculation
This energetic model allowed us to obtain the equilibriu
segregation properties of the alloy. The same energetic
rameters were used to study the kinetic behavior, which
obtained using an extension of this model, the kinetic tig
binding Ising model. Either in the mean-field or in the Mon
Carlo framework, we have found layer-by-layer dissoluti
modes which, depending on the annealing temperatureT, are
preceded (T.Tk) or not (T,Tk) by the rising of cappingB
monolayers burying an almost intactA film ~surfactantlike
effect!. We have found thatTk decreases as the tendency

FIG. 10. Monte Carlo equilibrium surface segregation~solid
lines! compared to the dissolution kinetics~circles! for two different
temperaturesT51100 K,Tk and T51200 K.Tk . l 524, V5
20.053 eV, andDt50.27 eV. Surface concentrationc0 vs the
concentration of the fifth layerc4.
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surface segregation of the substrate element increases~more
positiveDt). We have succeeded in explaining this behav
in terms of local equilibrium at both the surface and t
interface of the deposit. We have also found that the quan
of deposit matter decreases linearly with the square roo
time, during both dissolution modes, and that in the hig
temperature mode, the surface enrichment in substrate
ment increases linearly with time.

In the modelDt is defined as the resulting contribution o
both the difference in surface energiesDh0

eff and the possible
size mismatch between the two constituentsDH0

size. The cal-
culation of theDH0

size term shows that the size effect shou
induce a segregation of the impurity at surface only if it
the largest. The value of such a term has been previo
discussed~see Ref. 25! for phase separation systems wh
the impurity is the largest element. The authors have pu
evidence that the size effectDH0

size strongly depends on the
surface concentrationc0 and thus can drastically modify th
first layering transition in the segregation process. More p
cisely, they found for the segregation of Ag on Cu~111! that
DH0

size is strongly reduced when the stress is partially relax
by the formation of a (939) superstructure. We are awa
that the present model, which relies on a rigid lattice assum
tion, does not take into account in a proper way these ato
displacements. Accounting for this effect requires one to
velop a kinetic Monte Carlo algorithm allowing atomic di
placements, estimated by using a realistic interatomic po
tial. This is an important task which will be the subject of
future work. Nevertheless, we think that the simple rig
lattice model used in this work can give access to valua
information on the microstructure of the metastable profil
For example, in what concerns the influence of the dep
thickness for ‘‘Ni/Ag-like’’ systems, we expect that a critica
deposit size should give rise to either a clustering as p
dicted in a previous work8 ~thin deposit case! or to planar
interfaces as mentioned here~thick deposit case!.

Moreover, in what concerns the general result shown
Fig. 2, it can be directly compared to experimental wor
performed on systems of the Ni/Ag type, but which presen
significantly lower size-mismatch. This is the case, for
stance, of the Fe/Cu system which, according to its energ
parameters, should be classified in the intermediate segr
tion regime. Indeed, using low-energy ion scattering, Det
and Memmel10 have recently analyzed the change of surfa
composition as a function of temperature and of the initial
film thickness. For a Fe coverage greater than 6 ML,
authors do not notice any modifications in the surface co
position for annealing temperatures below 420 K. Howev
at slightly higher values, they detect a drastic increase of
Cu surface concentration corresponding to at least
monolayers. These experimental results can then be dire
connected to the transition shown in the present paper.
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