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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 heteroepitaX/B) obeys general trends which
are described here in the case where the correspordinglloy presents a tendency to bulk phase separation
and toB surface segregatiofe.g.,A=Ni, B=Ag). Using the kinetic tight-binding Ising model, either in the
mean-field or in the Monte Carlo framework, we fitayer-by-layerdissolution modes which, depending on
the annealing temperatuig are precededT>T,) or not (T<T,) by the rising of cappind®@ monolayers
burying an almost intach film (surfactantlikeeffect). T, 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. [S0163-182699)00243-X

[. INTRODUCTION sist during the growth as has been shown experimentally.
Numerous experimental and theoretical studies have been
During metal-on-metal heteroepitaxy, some interdiffusiondevoted to systems which are candidate to present such a
can occur at intermediate temperatures between the depasdrfactantlike behavior. For example, a thin initial deposit
ited and substrate elements, which remains limited in th€1—2 ML) of Cu on Pb(Ref. 6) or Ni on Ag (Refs. 5, 7, and
surface selvedge. This can lead to the formation of meta8) has given rise to the formation of embedded clusters im-
stable surface alloys or to some unusual dissolution modespersed under one or two capping substrate monolayers. In
complementary to the usual growth orteéEhese clearly non-  this case, the thickness of the initial deposit plays a crucial
Fickian modes are tightly linked to the main features of therole on the kinetics and in particular on the microstructure
surfaces of the alloyed systems made of the two elemenigbtained for the encapsulated deposit. For instance, recent
(deposit and substratenamely, to the tendency of either the experimental results have shown that the annealing of a thick
deposit or the substrate species to segregate at the surfagéposit may lead to the climbing of substrate atoms to the
and of the bulk system to either form ordered phases or tQyrface which seems to leave the morphology of the buried
phase separate. Thus, when the “deposit-substrate” couplgmn intact [Rh/Ag? Fe/Cu®® Co/Cu(Refs. 11 and 19
presents a tendency to bulk orderir?g,. the dissolution can be Tha aim of this work is to study this latter situation by
blocked on O(dered compounds, similar or not to the bu“%onsidering the dissolution modes of a thick deptiat ML)
ones but confined near the surface. for systems which present a phase-separation tendency, a
_\Nhen_ the couple p_resents a tendency o b.UIk phase se 8ze mismatch, and a surface energy difference that do not
ration, different situations can occur, depending on the ten-_ " :
dency of either the deposited or the substrate element to ser(?taln the (_jeposn at the sur_face, so that they ShOL."d present a
regate at the surface and on the number of deposite urfactantlike effect. We will chus on systems with the fcc
monolayers. When the deposited element has a strong teRtucture and &100 surface orientation.
dency to segregatéor example Ag/Cy and in the case of a AII_the_se _beha\{|or_s can_be modeled in thelgl‘rﬁmeyvork of
thin deposit(1 ML), it has been shown experimentdlignd  the kinetic tight-binding Ising modelKTBIM ), which
theoretically that the concentration of the deposited element@kes into account the main driving forces of the phenomena.
at the surface decreases linearly with the square root of timd.hese driving forces include a termi<0 which gives the
The same system has been studied theoretically for a thick&trength of the phase separation and a térmwhich gives
deposit(10 ML).* The study has shown that the dissolution the tendency of either the substrate element$0) or the
occurs layer-by-layer, i.e., each deposit layer dissolves suaeposit one 4 7<<0) to segregate to the surface. This latter
cessively starting from the layer at the deposit-substrate interm corresponds to a global contribution related to both the

terface. difference in surface energy and in lattice parameter between
On the other hand, when the substrate element has the two elements.
strong tendency to segregdfer example Ni/Ag, the kinet- For the sake of clarity of the paper, and in order to em-

ics may reveal a “surfactantlike” behavior which consists of phasize its main contribution, before presenting details of our
the climb of the substrate element through the deposit to thealculations we will give in the following sectidi®ec. I) an
surface® Thus, the deposit layers can be buried below som@utline of the essential trends so-derived in a qualitative
floating monolayers, and this surfactant effect can also perform.
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FIG. 1. Schematic time evolution of the dissolution of a thick 10 ML deposit as a function of the temperatukedepesit layers are
in gray and theB substrate ones in white. The upper sketahrepresents the surfactant-layer-by-layer mode observed>dF, . At the

beginning of the dissolution the images are spaced lineatlpi then

linearly inyt. The lower sketclib) corresponds to the layer-by-layer

mode occurring folf <T, . Again each image represents a snapshot taken at constant stéps in

Il. QUALITATIVE SURVEY OF THE MAIN TRENDS

Following the terminology used by Panéital.in Ref. 15
for multilayer adsorption phenomena, one can similarly dis
tinguish three broad classes of systems:>Ar7, corre-
sponding tcstrong-segregatiosystems; 8<A 7<<A 7, which
we shall callintermediate-segregatiogystems; and\ 7~ 0
which we shall callveak-segregatiosystemsA 7, is a criti-
cal value of the surface segregation term equat@'V in
the terminology of Ref. 15. We will also show in the follow-
ing thatA7,=—(Z2' +Z)Vy+ 2V, if a different valueV, of
the parameter controlling the phase separation strength
used near the surface. He#® is the number of first-
neighbors broken bonds at the surfagghe number of first
neighbors in the same plahg=Z’'=4 for the fc¢100) ori-
entatior], and in this paper we will consider only the case

lution of the dissolution mode. In particular, both methods
predict for a thick deposit that the surfactantlike effect pro-
ceeds by conserving abrupiB interfaces.

In the low-temperature domaifi<T, [see Fig. 1b)], the
dissolution mode is drastically changed. Starting again from
a {A/A/.../AIBI ...} profile, we do not observe an
enrichment at the surface. The dissolution obeys a layer-by-
layer mode nowonly located at the deposit/substrate inter-
face. Finally when 4A/A/B/B/ . . .} profile is achieved, the
two remainingA layers are immersed under two cappiBg
lgyers and then are dissolved rapidly.

Even though these dissolution modes are clearly non-
Fickian, we will show that the different stages illustrated in
Fig. 1 are in fact driven by some very small concentrations
of the order of the bulk solubility limitc, and that they

V,V<0. Let us note that the terms strong, weak, or inter-follow the Fick’s equations. This observation will allow us to

mediate qualify the surface segregation of the substrate agterive the kinetic laws obeyed during the different stages,

oms (majority elements with respect to the deposit ones namely, the surfactant behavior occurring at the high-

(minority ones. The reason for using this convention insteadtemperature regime, and the layer-by-layer modes taking

of the usual one, qualifying the segregation of the minorityp|ace either after this stage or in the low-temperature regime.

element, will be clear in Sec. IV B 2. _ A full understanding of the kinetic behaviofslissolution
Flgures_ 1 show the schematic dissolution modes_ ofal odes, kinetic laws, and the critical temperatdig as a

ML deposit of anA element on & substrate as a function of ¢ n¢ion of the nature of the system requires to invoke a

the annealing temperature and for a fixed valué efin the local equilibrium concept® i.e., the existence of a “derm”
intermediate regime. The simulations put in evidence the ex R

st ¢ il t t that delimits two distinct (whose thickness has to be defihethich remains in equi-
IStence of a critical tempera urig that delimits two distinc librium with the surface planes during the kinetics of surface
dissolution domains, namely, aurfactant-layer-by-layer

segregation or dissolution. Thus the kinetics may be com-
mode forT>>Ty and alayer-by-layerone forT<T. pletely or partly driven by this surface region in local equi-
In. the high-temperature domafﬁ>T.k [see F'g,' )], librium (the derm in which metastable branches can have a
starting from &A/A/ ... IA/B/ ... .} profile, we rapidly ob-  yominant role. This local equilibrium concept can be also
tain a surface enrichment inB giving rise to a

, . used to show that the enrichment of the surfacB elements
1B/ B/ Al A,/ ... IAIBI ...} profile (surfactgntllke effe«)t_ when the surfactant effect takes place is linear with the time
During this short stage the loss Afmatter into the bulk is

ole Then. the dissolut | v I t,1” and that during the layer-by-layer dissolution the total
negligible. Then, the dissolution occurs layer-by-layer altery, oot matter obeys aft law:

nately from the top or the bottom of the deposit until a
{B/B/B/B/B/A/AIB/ ...} profile is reached. Finally, the
[t
M(t)=M(0)—2c,\/—,
7Tt0

last two A layers disappear in the bulk much more rapidly
than the previous ones. Using both mean-field and Monte
Carlo simulations, we recover the same features for the evo-

@
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wherep,, is the spinlike occupation variable equal to 1 or O if
the siten is occupied by an atorA or B, respectively, ang.

is the difference in chemical potentials. The energetic param-
eters are as follows.

(i) V,m which is the effective pair interaction between
atoms at sitesr and m. For fcc structures it is negligible
beyond first neighborsV,,,=V if n,m are first neighbors

andV,,=0 if not!® V is directly related to the bulk phase
Layer-by-layer mode diagram of the system considered. Its sign gives the tendency
. to ordering >0) or phase separatio’VO0). It is worth
- noticing that when at least one site belongs to the surface, the
0 Am interaction V is enhancedV,=1.5 V for the (100 fcc
Ar surfacet®
] . ) (i) Ahﬁff which is a surface contribution: it is found very
FIG. 2. Schematic map describing the dependence of the dissqq,q 1 the difference in surface energies between the pure

lution modes as a function of the annealing temperature and thgonstituents if the site belongs to the surfacghat we will
driving forces for the surface segregation of the substrate atoma noteAhe" in the foll wing gnd to vanish otherwi

(A 7). The dottedT, line delimits the two domains ardi 7, refers e 0 eAHosize h'eho 0 6; ho a S ,O e hSS'

to the boundary between intermediate and strong segregation sys- (il ) AHy“"which accounts for the size-mismatch between

tems(see text the two constituents: it also vanishes except tbelongs to
the surfacewe will call it AHZ*®in the following), in which

whereM (0) is the initial number of monolayers in the thick case it is calculated by means of a tight-binding quenched
deposit,to=d?D, D the diffusion coefficient, and the in-  Molecular  dynamics using a “second moment
terplanar distanc¥. potential.”**?! In this schemeAH3 is calculated as the
Finally, we will present qualitatively the influence of the size-dependent part of the segregation energy involved when
surface driving forces\  on the value of the critical tem- a single impurity is moved from the totally relaxed bulk to
perature delimiting the dissolution domains. As definedthe totally relaxed surface. Such a calculation shows that,
above,Ar gives the tendency of the substrate element tecontrary to usual elasticity theory, the size effect should in-
segregate{ 7>0) or not (A 7<0). Figure 2 gives the main duce the segregation of the impurity at the surfeody if it
trends derived from the simulations. We find that decreasindg the largest. Note, however, that the use of such an impurity
A leads to an increase of the critical temperature delimitingtalculation can be criticized in the case of strong surface
the two dissolution domains. In addition, we will show that Segregation or of dissolution. Indeed in this latter case, when
the T, line is lower in Monte Carlo than in mean field, but in the deposit thickness increases, substrate atoms behave more
both cases it reaches the same critical valug (at T,=0)  and more as minority atoms in the deposit, while tegj*®
giving the boundary between the intermediate and the strontgrm still refers to deposit elemerfishich are minority ones
regime. Thus, in the strong regime, only tafactant-layer- ~ with respect to the substratdn the present work, we will
by-layer mode is observed. The kinetic transitionTat will then allow thisAH3”®term to vary. In practice we will con-
be described in detail and explained in terms of local equisider the sum\ T=Ah8“+AHS'Ze as a global surface contri-
librium as a coupling between the surface isotherms showbution, the sign of which gives the tendency of either the
in Sec. IV A and the shape of the deposit/substrate interfac&ubstrate elementA(r>0) or the deposit oneA7<0) to
Thus the above-mentioned “derm” will have to include the segregate to the surface.
A/B interface. The same feature is found from the Monte | gt ys recall that thél ™M is equivalent to the lattice gas

Carlo simulations and detail of the correspondingr(T)  Hamiltonian or the spirk Ising one. For nearest-neighbor
structural map will be developed in Sec. IV C.

Surfacta,nt-laéfer-by-la,yer
mode

Temperature

interactions onlyH™™ gives the whole phase diagram re-
flection symmetry in the lind7=0, x=0. In conjunction

. MODEL with the above-mentioned energetics, mean-field and Monte
Carlo descriptions have been developed in order to study the

surface segregation and the kinetics of segregation or disso-

Since the basis of the model has been described in sevengkion.
articles®®* only a brief survey will be given here. The en-
ergetics used in the kinetic model is based on an effective

Ising Hamiltonian derived from electronic structure calcula- B. Mean-field method

tions (TBIM) for surface segregation problems. The grand- The grand-canonical free ener¢@) is obtained by aver-
canonical Hamiltonian of a semi-infinite alloy within the a4ing poth the Hamiltoniat®) and the entropy over all con-

A. Hamiltonian

TBIM can be written as figurations. The simplestmean-field approximation is to
express the two-site correlation functiokp,p,) as the
FTEM Ahef+ A HSiZe_ V. — product of one-site correlation functioip,){Pm) - Assum-

; Pn| &fn " ngn nm— M ing that, in presence of a surface and for a binary alloy

A:B;_., the concentrations can be different for planes par-
n 2 PPV 2) allel to this surface, one can defimnglane concentrations:
nen oo Vnei plane,c,=(p,)=c;. The mean value o6 can then
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be Written<G>:<'|:|TBlM>_T<S> where (S) is the mean During the kinetics, a chemical potential gradient appears
value of the entropy calculated in the Bragg-Williams ap_close.to the su.rface.. One may then define instantaneous
proximation. Its minimizationd(G)/dc;=0Yi) leads to the ~Cchemical potentials perplane,

following system of coupled nonlinear equations: fo(D) = AT— (Z+2Z" )Wt 2Vo[ Zo(t) + Z'co(D)]

Ci C p[ AHl]
T T T A8XP T = (3 CO(t)
1-¢ 1-c KT +kT|n—1—co(t)’

Herec is the bulk concentratiom\H; is the segregation en-

ergy for thei plane, which is the energy needed to exchange  u4(t)=—(Z+Z')V—=2Z'Vy+2Z'Vycy(t)
an atomB in thei plane by an atornA from the bulk, ®
c

, 1
AHo=A7+V(Z+2Z')~Vo(Z+Z')+2Z(VoCo—VC) F2VIZe(h+ 27 (O] +KTIng— 7
ez Voo, —2ve), ()= = (Z+ 22" W+ 2V(Z () + 2[00 +6;_ (D]}

AH,=(V—=V)Z' +2ZV(c,—¢) +2Z' (VoCo+ Ve, — 2V0), 6i(t)
+ kT|n1_I—t
AH,=2ZV(c,—C)+2Z'V(Cis1+C;_1—2C).  (4) ci(t)
Equations(3) and (4) are written in concentration of the mi- This will allow us to write the following sufficient condition
nority element, i.e., thé deposit. Thus we see that the ten- t0 describe a local equilibrium driven by E(), betweem

dency of the substrate to segregatg<c) corresponds to a ayers during a periodt:
positive A 7. In Sec. IV A we analyze the equilibrium prop-

®

erties inside the deposit, where the minority elements are the VteAt,  po(O)=pa(t)=---~un(1). ©
substrateB atoms. We will work in that section in concen-
tration of B and, consequently, the same equati@sand C. Monte Carlo method

(4) are used but withA 7 replaced by—A 7. The complete
resolution of Eq(3) using standard numerical methods gives
access to the whole possible concentration profiles, includin

The Monte Carlo method can also be used in conjunction
with the energetics provided by the TBIM to study equilib-

stable. metastable. and unstable solutions. Some simple rﬂym surface segregation and the dissolution kinetics beyond
' ' ' P'€ P'fle mean-field approximation. Its realization is performed

cedures discussed in a previous whakiow us to reach the u§ing the standard Metropolis algorithm, in both canonical

metastable and stable branches only, which are the pertinen . B, )
: and grand-canonical ensembles for equilibrium properties.
ones in our study.

The kinetics of dissolution is described within the kinetic By varying the chemical potential and for different initial

e . o . configurations, one can follow the hysteregsable and
tight-binding Ising modelKTBIM). This kinetic extension metastable branchethat occurs, for instance, in a first-order

of the TBIM also assumes homogeneous concentrations per " o ; X . )
ering transition. The canonical calculation which consists
plane parallel to the surface and ensures that the steady-sta o

) . - - in"controlling the number oB atoms in a closed system
concentration profile corresponds to the equilibrium profile : _— .

) : allows us to have a continuous description of the transition
given by Eq.(3). The time dependence of the mean concen- . . )
tration ¢,(t) is calculated as a detailed balance between inWIth respect to the surface concentration and to determine

S . the critical bulk concentration giving the transition. This
coming and outcoming fluxes,

method was discussed in detail in a previous work.

gc, 1 Ciit By allowing e_xchanges betwee_n firs_t-ne_ighboring atoms
- = (1—ci){yi1cil+ ] only, one can simulate an effective diffusion process and
at o i describe the dynamical evolution of the system. For the dis-
(1-ci—y) solution of a thick deposit the initial condition mimics the
—ci[_—l+ yi(l—ciﬂ)] . (5) experimental starting condition: a given number of full lay-
-

ers of (minority) A atoms are placed over a substrate of
v; is proportional to the transition probability for an ex- (majority) B atoms. We perform simulations in a box of
change between ah atom in pland and aB atom in plane (I XIxm) fcc unit cells with periodic boundary conditions in
i+1 and it is related to the instantaneous segregation enethe directions parallel to the surface plane. In the direction

gies, perpendicular to the surface, a fréE00) surface is consid-
ered on one side while on the opposite side the boundary
AH;(t) —AH;,4(1) condition differs according to the type of simulations. For
y(t)zexr{ 2kT ) ©6) equilibrium ones, to estimate the numberfofieighbors out-

side the simulation box of a giveA atom located in the
To each concentration profile satisfying the equilibriumbottom plane we use the same procedure as in Ref. 3. We
segregation equation@) corresponds a constant chemical suppose that the “virtual” plane in contact with the simula-
potential referring to the bulk concentratiocrand equal to  tion box will have the same concentration as the bottom
c region of the simulation box. Thus, from the last planes we
_ ' _ s calculate a tentative bulk concentraticgyiom, and anA
B (2+22)V(1=2¢)+kTln 1-c’ @ atom located in the bottom plane will have a probability (1
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2

_Cbotton)Z/ to have noA first neighbors in the “virtual”

plane, a probabilityZ’ Cporon(1— Chottom)> * to have one
neighboringA atom, etc. Finally we periodically update the L5
tentative c,qiom CONcentration during the simulation. For
dissolution kinetics simulations each atom arriving to the ¢ ¢,
bottom plane is removed simulatingcg=0 boundary con-

dition. In this case the choice of the value could become

crucial for thick deposit dissolution. If, for example, the pen- 0.5
etration length ofA atoms is greater tham, this boundary
condition will tend to accelerate the kinetics. However, at the
bottom of the simulation box th& concentration is very low
and the kinetics is well described using the classical Fick’s
equations, allowing us to solve this problem. The solution 2
consists of increasing the interlayer distances in order to

mimic an effective Fickian region deeper than the penetra-

tion length of A atoms. This leads to a correction on the 15

exchange probability proportional to the new effective inter-

layer distance. In the present work, fer20 andm= 20 the Co+Cr 1

equilibrium results in the grand-canonical ensemble are in-

dependent of the size box. The equilibrium simulations in the

canonical ensemble require boxes of larger size60 and 0.5

m~20. To avoid any drawback due to the finite size of the

box in dissolution kinetics, one must use system sizes such 0

thatl ~60 andm~1000. For such dimensions the computing 0.0001 0.001 0.01
times become too large for performing systematic simula- c

tions. We then use lowdrvalues (=10,24), which allows

) FIG. 3. Equilibrium segregation isotherms in mean fidides)
us to extrapolate the results for the larger size.

and Monte Carldcircles. Sum of the surfacey and the subsurface
¢, B concentrations versus the bulk concentratidn logarithmic
scale aff=1200 K forV=-0.053 eV and different values afr
for the (100) orientation.(a) Stable states foA r=0.50, 0.35, and
0.22 eV.(b) Metastable and unstable states for=0.22 eV. The
inset shows the lower part of the metastable branches, and the ar-
In this section we explore surface equilibrium behavior asows indicate the terminations of these branches where
a function of theB bulk concentrationc and the surface =c? ..
driving force A 7 for systems presenting a bulk phase sepa-
ration (AgNi-like: V=—0.053 eV) and with a reinforced (a)
surface interaction teriy=1.5 V.
Before studying finite-temperature cases, let us perform a (b)
simple T=0 K analysis, which can be carried out exactly
and brings already significant qualitative results. This calcu- (c) (0,PS when (13)

lation will give the conditions om\ = for the occurrence of Note that in terms of multilayer adsorptio,r= —Z'V is

fche stable surface Iayerlng_ sequences. It consists in Compa&quivalent to the so-called wetting adatom-substrate interac-
ing the ground-state energies of simple configurations which

only differ by their number of completeB layers lying on tion u,, (Ref. 15 atT=0 K.
. . The main conclusions found d@=0 K remain relevant
top of theA surface. As we work in concentration Bf the

energies are calculated using E@) with A~ replaced b when performing simulations 8t>0 K. This is illustrated
9 ) 9 T rep Y in Fig. 3, in which we plot for thé¢100) orientation the sum
—Ar. The energies fon segregated layeis,(«) are

of the surface and the subsurface concentrat@nsc,, is-
sued from both mean-field and Monte Carlo simulations, as a
function of the bulk concentratioa for three values ofA 7,

the other parameters being fixed/=—0.053 eV, V,
=1.5 V, andT=1200 K. In Fig. 3a), we show the stable
branches as thB bulk concentratiorc increases from 0 to
the solubility limit c,~exd (Z+22")V/(kT)]=0.0021. It can

be calculated as the bulk concentration for0 in Eq. (7).

IV. RESULTS

A. Stable and metastable surface segregation

(0,1,2,P$ when Ar>Z'(V—2V,),
(0,2,PS when Z'(V-2Vy)=A7>-Z'V,

—Z'V=Ar.

EO(M):O! El(/'L):_AT_Z,VO_Iu‘v

Enzo(u)=—A7=Z'V—npu. (10

The linearu dependence guarantees that theO state is
preferred for all sufficiently negative.. Moreover, if a
nth-layer transition i—1 layers goes tm layer9 occurs, it
takes place at & value for whichEg,,_1(x)=E,(u). Thus,
as u increases tqu=0 [phase separatiofPS] the layering
sequence can be

(i) The caseAr=0.50 eV corresponds to the layering
sequencéa) predicted aff=0 K in Eqg.(11). This case has
been extensively discussed in a previous woNote that, at
T=1200 K, the surface and the subsurface layers present
first-order transitions in mean-field approximation only. Let
us recall that in mean-field approximation, the surface first-
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approximation a complete picture describing the metastable

= —ZV,y/2k=1845 K, and the subsurface one when thefransitions can be formulated, if we note that the end of the

temperature is less thait=—ZV/2k=1230 K. In Monte
Carlo these critical temperature‘ﬁ,o(andTll) are lowered by
a factor 0.57 for a100) surface’® In addition, the critical
bulk concentrationgc?(T) andci'(T)] for which these tran-
sitions appear can be also derived. A&t 0 K and from Eq.
(10), the first transition takes place whefy(u)=E(u)
which gives u=u’=—A7-2'V,, and the critical bulk
concentration can be derived from Eq7), c(T)
~c, exdul/kT]. Similarly when E;(u)=Ey(u), w=pui
=Z'(Vo—V) andc}(T)~c, exd u/kT].

(ii) The calculations foA7=0.35 eV and 0.22 eV cor-
responds to casé) in Eq. (11). In terms of critical bulk
concentration the casé) happens Wherc,O(T) becomes
greater tharci(T) in agreement with the\ 7 condition es-

branches corresponds to precise saddle points occurring in
the nonlinear equation€Eq. (3)]. For example, the critical
metastable concentration for the surface layer is the maxi-
mum value ofc for cye[0,0.5]:

e

6Cq

0.

(14)

_A~0
C=C meta

We will just give here the expression ofmeta since it
helps to understand the kinetic phenomena. From Ejs.
and(14) we obtain

, T 1% [T° T ,
Cl,meta:T 1— l—ﬁ ex 2? l—ﬁ C/.

tablished aff=0 K. The surface and the subsurface layers (15

go simultaneously from an almo#t concentration to an al-
most B concentration within a first-order transition both in
mean-field and in Monte Carlo calculations.

(iif) The latter case corresponds to the absence of Iayeringf

transitions and is observed whanwr<7'V=0.212 eV.

Let us emphasize that the picture presented here takes in
account the stable states only. However, in experiments, pal

\B;mgs valuable quantitative information for guiding Monte

ticularly at low temperatures where first-order transition
take place, metastable states may dominate the observed

havior. Taking into account the metastable states, we obser

the same layering sequences. Nevertheless Athecondi-

tions and the concentration domains of these sequences d
fer strongly from stable ones and depend on the initial con
More precisely, starting from a
homogeneous profile, the occurrence of the layering transi®
tions is shifted towards higher bulk concentrations, which

extends the range of existence of layering transitions. There-

centration conditions.

B. Kinetics and local equilibrium in mean-field approximation

This section aims to give a more quantitative description
the kinetic behaviors that we have already qualitatively
scribed in Figs. 1 and 2. The dissolution modes are here
g_gscribed using kinetic mean-field simulations. This simple
approach is instructive in that it gives a global picture and

arlo simulations. In Sec. IV B 1 the critical temperatiie

elimiting the dissolution domains is determined and the ki-

etic aspects of the dissolution modes are detailed. In Sec.
IV B 2 the Ty line is explained in terms of local equilibrium
which allows a quantitative understanding of the phenom-
non.

1. Dissolution modes for intermediate-segregation systems

fore, the exploration of the bulk concentration becomes As defined above, the intermediate-segregation systems
much larger since a solid solution can remain in a metastableorrespond to systems for which<Q\ 7~A 7, where the

state up to the spinodal concentratiog), (above which a
bulk phase separation is observed in the simulajiots
mean field from the explicit equations for the spinodal line

KT=—2(Z+2Z")Vcsp(1—Csp), (12
and for the solubility limit
1-2c,
kT=(Zz+2Z")V (13

log{c,/(1-2c,)}

we obtain aff =1200 K, cs,~50X¢c, and we estimate nu-
merically in Monte Carlocs,~2.75Xc,. In Fig. 3b) we

difference in both surface energies and atomic radius leads to
a segregation oB substrate elements, through tAaleposit,

up to the surface. This is illustrated in Fig. 4 where we plot
the dissolution profiles until the complete dissolution of the
deposit into the substrate for 10 MA/B (100 with V=
—0.053 eV andA7=0.35 eV (which corresponds to the
Ag-Ni system in the Ni-dilute limit, for two different tem-
peratures below and aboifg. The main difference between
the two regimes concerns the behaviorcgft) and c,(t),
which either remains close to unitlayer-by-layermode or
vanishes at the beginning of the dissolution prodsssfac-
tant effecy. Therefore, atT=1200 K in Fig. 4a), the A

plot the metastable branches occurring at this temperature f@furface concentrationg(t) oscillates around 0.9, giving a
A7=0.22 eV. Starting from a solid solution and by increas-dissolution which proceeds without any signific&enrich-
ing ¢ we find metastable solutions developed into the misciment at the surface, while @t=1250 K in Fig. 4b), c,(t)

bility gap. Forc=c, no significant surface enrichment is

andc,(t) decrease rapidly, resulting into two pure cappig

observed. At the end of the metastable branches one cafonolayers. Note, however, that during this short stage the

define critical bulk concentrations analogousdb and ¢!
mentioned above. AfT=1200 K we find in Fig. &)
CP meta~4.6x ¢ in mean-field ana? ..~ 1.3x ¢ in Monte
Carlo.

loss of A matter into the bulk is negligible since the decrease
of co(t) and c4(t) is almost perfectly compensated by an

increase oft(t) andcq4(t). Then at both temperatures, the

concentrations per plane go one by one from pAite pure

Similarly to the stable states study we recover the thre® following the sequences described in Fig. 1. Therefore,

possible layering sequences of Efjl) but they now depend
on the relative values of{qix @nd G et IN Mean-field

Fig. 4(a) corresponds to the layer-by-layer mode and Fig.
4(b) to the surfactant-layer-by-layer one.
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FIG. 5. Sum of the 15A layer concentrations close to the sur-

N &5 faceM (t) versusyt/t, from the dissolution kinetics in Fig. &olid
®) lines). Comparison of the law from Edq1l) (dotted lines.
| due to the strong tendency to phase separation and is inde-
o ol pendent on surface parameters. This is no longer the case
» 7| ce| % when only twoA layers remain close to the surfa¢see
] Sec. ).
\ i 2. Local equilibrium at Ty
! . " The mean-field simulations have put in evidence the ex-
0 500 1000 1500 2000 2500 istence of a critical temperature (1200<K,<1250 K for
Vt/to V=-0.053 eV andA7=0.35 eV) that delimits two dis-

tinct dissolution modes. To explain this transition, we will
FIG. 4. Alayer concentrations,, versusy't/t, during the mean-  show in the following that two factors play an important role

field dissolution of 10A ML deposited on & substrate foV= at the critical temperaturéi) the phenomenon is driven by a
—0.053 eV,A7=0.35 eV, and(@ T=1200 K (below T)) and  |ocal equilibrium between the surface and the deposit/
(b) T=1250 K(aboveT,). p=0: surface layerp=1: subsurface g pstrate interface, an@i) the movement of the interface
layer, ... . induces a criticaB concentration into the deposit leading to

a B surface layering transition. Let us now analyze these two

In addition, it is clear from Fig. 4 that the distance be-points in more detail.

tween any two successive layer transitions is constantfn a (i) The beginning of the dissolutions shown in Figs. 4 are
scale. This phenomenon was previously found for the studyeported in Fig. 6. AT=1200 K<T,, cg(t) decreases mo-
of 10 ML Ag/Cu;* in which case it has been shown that, notonously whereasy(t) reaches a minimurfsee Fig. 6a)]
except for the two surface layers, the loss of deposit matter ig/hile at T=1250 K>T, it is cg(t) that reaches a minimum
driven by the solubility limit and follows a/t law. This whereascy(t) decreases monotonouglyee Fig. 6c)]. Thus
behavior was explained by the fact that the instantaneoua signature of the transition may be obtained from the par-
deposit/substrate interface formed during the dissolution isicular evolution ofc,(t) for the two layers which delimit the
very close to the equilibrium profile found in an interface of deposit, namelyn=0 (surface andn=9 (interface. In this
limiting concentrations *c, andc,, wherec, is the solu- sense it is only after a specific time corresponding to the
bility limit. Here again, we observe the same feature even ibccurrence of either one or the other of these minima that we
the evolution of the concentration profile can be much morecan conclude on the occurrence of the dissolution mode. To
complicated, due to the presence of tw®B interfaces in the understand this behavior @ we also plot in Figs. @) and
surfactant-layer-by-layer mode. This phenomenon is showi(d) the evolution of the chemical potentials per plane, cal-
in Fig. 5 where we plot the quantity & matterM (t) in the  culated using Eq(8) from the profiles of Figs. @) and Gc).
first 15 layers as a function of the square root of time. The From Fig. &b) (T<T,) and whency(t) presents a mini-
resulting curve oscillates around the one derived for a thicknum, we observe that the chemical potentials per plane are
deposit[Eqg. (1)] with M(0)=10. The validity of such an equal which means, according to E§), that the kinetics
equation comes from the observation that far from the surebeys the local equilibrium equatiofgq. (3)]. More pre-
face region A atoms follow a Brownian motion. The flux in cisely, except for the very beginning of the kinetics, the 12
A matter from the surface region to the bulk is driven by afirst surface layer concentrations are in local equilibrium dur-
particular average concentratipo,s(t) in the present cage ing the whole interface layer dissolution, i.e., during the de-
When one layer near the surface goes from pute pureB, crease ofcy(t).
C15(t) oscillates around a constant value which is close to the From Fig. &d) (T>T,), the same conclusions are valid
solubility limit since the instantaneoudd B interface is close during the first dissolution stage; namely, the chemical po-
to the equilibrium one. Note that the law given by Ef). is  tential remains almost homogeneous before the minimum of
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FIG. 6. A concentrationg, and chemical potentialg,, per plane versugt/t, at the very beginning of the dissolutions shown in Fig. 4.
(@) and(b) at T=1200 K, (c) and(d) at T=1250 K.

Co(t) is reached. Then, once this minimum has been obseparated regions d=T,, then the transition may be un-
tained, and during th& enrichment of the first two planes derstood. This local equilibrium concept leads us to consider
(decrease ot, and thenc; down to O, we notice a large the instantaneous kinetic profile as formed by the profiles of
chemical potential gradient into the deposit which separatesvo systems almost in equilibrium connected through only
two regions remaining in local equilibrium, i.e., the surfacegne concentrationcg). We can then plot the two equilib-
(Co,C1,C2), and the interfaceds,C10,C11). Finally, once the  rium isotherms, at the surfacey(cs) and at the interface:
third surface layer becomes rich Bielements, the chemical ¢ (¢, in order to see if the kinetics follow them or not.
potentials are equalized which means that the bulidiim In Fig. 7(a), we show the equilibriunB surface concen-

returns into local equilibrium. We can then conclude that'tration Co Versus the concentration of the fourth place
even if .theB capping (surfactant e_ffgc}tappegrs in an off- from the surface segregation isotherm compared to the rela-
eqwhbnum way, the process that initiates this stage and th'talon between these two concentrations issued from the kinet-
c_jn‘f_erent layer-by-layer mod_es are cle_arly due to a local €AU%es ata temperature below, . Figure 1c) presents the same
librium between the deposit layers, including both the Sur'comparison for a temperatLlre aboVg. At both tempera-
fe}ce anq the interface regions. Therefore a way to predict thfaures we notice that the surface isofherms present the van
dissolution mode would come from the numerical resolutionder Waals loop related to a first-order transition at the sur-
qf the complex. system.|'n !E(ﬁ3). By. making an exhaustive face. ALT<T, in Fig. 7(a), ca(t) is lower thanc?® and

list of the p055|ble_ equilibrium profiles, one should then ob- eréfore no I;tron@?'surfa’cesenrichment takesl’n]gtge Con-
serve, as a function of temperature, the occurrence or thté1 L ) P o
disappearance of a particular solution corresponding to thé€rsely atT=T in Fig. 7(c), cs(t) is larger thancy mea
surfactantlike profile. Practically, in order to reduce the num-91Ving the surfactantlike effect. Neovertht_aless, even though
ber of equations, it can be performed by fixing the quantityth® relative positions o€s(t) and ¢y e, indeed give the

of A matter in an adequate finite medium with a judiciousSiogna'fure of the phenomenon and allow us to refgteto
choice of the boundary conditiof3$. Cl metar W€ have not yet explained how the concentration in

(i) An additional observation will allow us to simplify the the B element in the deposii;(t) can be greater tharﬂmeta
problem and to describe this transition in a more genera&nd also greater thar, . It requires us to look at what hap-
way, in terms of surface segregation with a particular bulkpens at the other limit of the deposit, i.e., to consider the
concentration due to the interface movement. In the kinetidocal equilibrium induced by the interface.
range driven by local equilibrium equations and for tempera- To calculate the interface isotherms, one builds a sharp
tures above and beloWw,, the homogeneity of the chemical interface by starting from an initial condition consisting of
potential means the absence of a concentration gradietwvo pure separated blocks. We impose two boundary condi-
within the depositc;(t)=c,(t)=- - - =cg(t). This allows us tionsc;=c;,; on each side far from the interface region to
to separate the deposit in two distinct regions where the locansure that no concentration gradient occurs. By controlling
equilibrium applies: one region controlled by the surface isothe concentration of the first plane rich Anat the interface,
therms(discussed in detail in Sec. IV)fand the other con- representing here the tenth platgin the dissolution kinet-
trolled by the interface only. Thus, if the whole kinetic pro- ics, the system is then equilibrated and constant concentra-
file looks like the above-mentioned profiles of these twotionsc and (1—c;) are found at each side of the interface.
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FIG. 7. Mean-field equilibrium surface segregation and interphase isothdotied line$ compared to the dissolution kineti¢solid
lines) shown in Fig. 6(a) ¢y vs c3 from the surface isotherms @t=1200 K, (b) cq vs c; from the interface isotherms @t=1200 K, (c)
Cp Vs ¢ from the surface isotherms @t=1250 K, and(d) cq vs c3 from the interface isotherms at=1250 K. The vertical dotted lines
show the position obﬁmeta andc, . All the concentrations are in elemet

This constant concentratian which depends ong leads us  displacement of the interface induces important oscillations
to an equilibrium relatioreg(c;). This relation will be com-  of concentration irB elements in the depodits(t) ] which,
pared to the kinetic relatioty(c3). In this sense we report in  however, are not sufficient to provoke tBesurface enrich-
Figs. 1b) and 7d) the resultingcy versusc; curves at both ment. In terms of local equilibrium, it can be formulated by
temperatures, below and aboVg. The usual way to calcu- the relationc?‘ax(c9)<cﬁmeta. At T=1250 K in Fig. 71d)

late the interface profile is to keep the boundary conditionsve obtain that["®(c,) is greater tham:?,meta' This gives a
constant and equal to, and 1-c,. Here by fixingcs, Wwe  c4(t) value greater thao; .., and therefore an irreversible
impose the position of the interface on the discrete lattice. It§ syrface enrichment. Then, Oncg,meta has been reached,
stabilization may give stable and metastable profiles fogne kinetics follows an off-equilibrium path consistently with
which the concentration far from the interfacemay differ  the previous chemical potential analysis. As a conclusion,
from ¢, . In Figs. 1b) and 7d) we observe that whens  the change of the dissolution mode occurs at a critical tem-

goes from pureA to pureB (here from O to 1, ¢ oscillates  perature corresponding to the equilibrium relation
around the solubility limitc,. This curve points out well-

known results concerning the equilibrium discrete shape of a (i (Y, (16)
planar interface. Indeed, we recover here the two well-known '
profiles corresponding to;=c,. One of these solutions is In Fig. 8 we show results of systematic mean-field simu-

reached when the concentrations per plane are symmetriciitions of 10-ML dissolution in order to determine tig
with respect to 0.5 so thatg=1—cg (0r cg=1—C1g), the line as a function ofA r for V=—0.053 eV (which corre-
other one whercy=0.5. However when the center of the sponds to the Ag-Ni systemAlso reported on this graph is
interface is located between these two particular discrete prahe curve for which the A 7,T) couple satisfies numerically
files (0.2<cy<0.5), c; presents a maximum value!"®  the equilibrium condition of Eq16) for the same value of.
greater than the solubility limic,, . At low temperature, it is possible to deal with EG.6)

Let us now examine the kinetics at the light of these equi-and to derive an approximate analytical expressiof o¥s
librium results. AtT=1200 K in Fig. 1b), we notice that Ar. From this expression we can also calculatg which
the relationcg(c3) derived from the kinetics follows the re- delimits the frontier between the intermediate segregation
lation cg(c¢) derived from the equilibrium. During the layer- regime and the strong one where only the surfactant-layer-
by-layer modecg(t) increases continuously from 0 to 1. This by-layer mode occurs. From Ed3), we can estimate
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FIG. 8. Mean-field map showing the critical temperatUigever- FIG. 9. Monte Carlo map showing the critical temperatlige

susA 7 that separates the regions where the two dissolution modegsrgus A+ that separate the regions where the two dissolution
occur. The filled circles @) correspond to simulations where the \04es occur. The solid lines correspond to Thelines obtained

layer-by-layer dissolution mode occurred and the open cireles (  fom the kinetic Monte Carlo simulations for two different lateral
to simulation presenting a surfactantlike dissolution mode. The,i,ag of the simulation bok The open O) and filed @) circles

solid line is the numerical (A7) line calculated using Eq16)  gejimit the region where we estimate the occurrence offthéne
and the dashed line is the low-temperature derivation oT ¢4 7) for |= (see text The dotted line is the numerical (A7) line

line [Eq. (18)]. calculated using Eq(16).

c"*(co) by assuming that at low temperature the interface igapjished from the mean-field calculations. However The

very sharp anetg + ¢~ 1. This givesc; as a function oty jine is now lowered and depends on the lateral $ipéthe
only. Differentiatingc; with respect tacy we obtain simulation box. Fol =10 andl =24, the computing times
N 2 L are still reasonable to allow the determination of the disso-
ma T T Ti T lution mode in a wide range of temperatures. We find that
Ct ch)=?[ 1=y 1~ T_Il] exp{ 2\ 1~ T_Il] Ca- increasing the lateral size of the box tends to lower the po-

(17) sition of theT, line. The asymptotic value is also shown in

Fig. 9, as calculated in the next section.
Then from Eqs(15), (16), and(17) we get

2. Local equilibrium at T,

0 [0 0 ’
__AT: In \/T_'_ =T n T_' Z_+ ; /1_ l The mean-field analysis df, in terms of local equilib-
2kT \/T—Il— VTE=T] T Z T rium can be extended to interpret the Monte Carlo results.
However, an additional problem arises here related to the
T} T size box dependence of the kinetic results. To understand the
T 1- T_|l . (18 kinetic transition it is necessary to perform surface equilib-

rium simulations depending also on the lateral size of the
In Fig. 8 we show that this expression fits very well the Pox|. We have performed these simulations in the canonical

numericalT, line up to 700 K. As mentioned above, we can €nsemble as described in Sec. Ill C. Thus, by analogy with
calculate from Eq(18) for T=0 K the limiting value of the ~the mean-field approach and for a giviewe compare con-
surface segregation termAr,=—(Z'+2Z)Vo+ZV. The qentrgtlons per plgne obtained from the eqwhpnum smu[a—
mean-field approach is exact &=0 K; this latter result tions in the canonical ensemble and from the kinetics. In Fig.
should also be relevant in the Monte Carlo simulations. 10 We plotc, versusc,, above and belowl, for a (100
surface withl =24, V=—-0.053 eV, andA7=0.27 eV. At
both temperatures the surface isotherms present metastable
branches that penetrate into the miscibility gap. When the
Kinetic Monte Carlo simulations allow us to take into concentration irB elements in the deposit,(t) reaches the
account thermal fluctuations which are neglected in theermination of these branches’ ..., three-dimensional
mean-field approximation. These fluctuations tend to disor(3D) B clusters grow rapidly in the first surface planes until
der the system and then to reduce the temperature at whighey cover the deposit by purB capping layers. When
the transition occurs. Thus, from the considerations on Surc4(t)<c?meta the surface kinetics remains in a metastable
face segregation in Sec. IV A one can expect the same Kitate consisting of very small two-dimensior(@D) B is-
netic phenomena ir_1 a tempearature range reduced by a factg{nds formed in the surface plane orlg,(t)=0.04 atT
0.57 for the(100) orientatior: =1100 K]. Regarding thé dependence of} .., ONe can
estimate the “real” T, line. From equilibrium simulations
we note that wherl increasescﬁrneta decreases. In other
The Monte Carlo map for the different modes of dissolu-words, the critical size of the 2B germs giving the surfac-
tion is shown in Fig. 9 for a deposit of 10 ML and for= tant effect decreases for larger lateral size. Consequently the
—0.053 eV. We recover qualitatively the same picture esnecessary value fot,(t), and therefore the corresponding

C. Kinetics and local equilibrium in Monte Carlo simulations

1. Dissolution modes for intermediate-segregation systems
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1 : T R — surface segregation of the substrate element incréasa®
: : o positiveA 7). We have succeeded in explaining this behavior
T=12008 in terms of local equilibrium at both the surface and the
Do interface of the deposit. We have also found that the quantity
: ; D of deposit matter decreases linearly with the square root of
06 C  Cimeta Ca Dmer time, during both dissolution modes, and that in the high-
Co ; : ° temperature mode, the surface enrichment in substrate ele-
04l : ° ] ment increases linearly with time.
: : : In the modelA 7 is defined as the resulting contribution of
02l : E A both the difference in surface energiebS" and the possible
: & size mismatch between the two constituehts;“°. The cal-
#"/—a& culation of theAHF*®term shows that the size effect should
(3001 0.0015 0 0'02 0.0025 induce a segregation of the impurity at surface only if it is
o ’ the largest. The value of such a term has been previously
discussedsee Ref. 2bfor phase separation systems when

FIG. 10. Monte Carlo equilibrium surface segregati@olid  the impurity is the largest element. The authors have put in

lines) compared to the dissolution kineti@srcles for two different evidence that the size effeatH Sz strongly depends on the
temperaturesT=1100 K<T, and T=1200 K>T,. =24, V= 0

- , surface concentratiocy and thus can drastically modify the
go(:]'é):rf’traet\igna(;dﬁ;igf; 2:‘ Surface concentratiary vs the ;o layering transition in the segregation process. More pre-
yeLs. cisely, they found for the segregation of Ag on(C1) that

temperature, to obtain the transition is lowered. This give Hp s strongly reduced when the stress is partially relaxed
T, (1=10)>T,(I =24)>T,(I =) as observed in Fig. 9. The y the formation of a (X 9') sup.erstructur.e.' We are aware
mechanism of the transition being clearly identified, we carfat the present model, which relies on arigid lattice assump-

now search tha, (A7) line corresponding td=oc. We use tion, does not take into account in a proper way these atomic

the surface equilibrium results obtained in the grand canonidiSPlacements. Accounting for this effect requires one to de-

cal from Sec. IV A where no size box effect takes place. FoP’FIOp a kinetic Monted%arlo glgorlthmllal!ov_vmg atomic dis-
a given temperature, the maximum valuedaf] T (I=c)] is ?allc?_rr?ents, egtlmat(te t): uilngha Lea -ﬁttljc Trt]eratobmlctpc;ten—
chosen so that? ,,...=C., which ensures the occurrence of 1al. This 1S an Important task which witl be the subject of a

’ : . future work. Nevertheless, we think that the simple rigid
the surfactant-layer-by-layer mode. Concerning the mini_ : ) . .
lattice model used in this work can give access to valuable
mum boundary below where we should observe a layer-by- . . ;

= information on the microstructure of the metastable profiles.

layer mode only, we have takeAr[ T, (I==)] so that

. . For example, in what concerns the influence of the deposit
O J— L

f."me!a> 3C|Faf(f)r 6&0 K< leg ._°°)<1200f. }Td TTS festlma- thickness for “Ni/Ag-like” systems, we expect that a critical
lon 1s valid for the equilibrium mean-field in er_ac(eee deposit size should give rise to either a clustering as pre-
Sec.. IVB2 and it is also consistent with kinetic r_esults dicted in a previous wofkithin deposit caseor to planar
obtained fol =10 andl =24. The resultind (I =) region interfaces as mentioned heftick deposit case

as a function ofA 7 is plotted in Fig. 9. It is relatively con-

. , . Moreover, in what concerns the general result shown in
fined and presents the interesting property t0 CONVerge Q=g 5 it can be directly compared to experimental works
wardsA 7, derived atT=0 K from the mean-field analysis.

performed on systems of the Ni/Ag type, but which present a
significantly lower size-mismatch. This is the case, for in-
V. DISCUSSION AND CONCLUSION stance, of the Fe/Cu system which, according to its energetic

In this paper we have studied the dissolution of a thick parameters, should be plassified in the. intermediqte segrega-
metal film into aB metal substrate in the case where thellO" regime. Iondeed, using low-energy ion scattering, Detzel
correspondingAB alloy presents a tendency to bulk phaseand Memmél have reqently analyzed the change Of. ;qrface
separation and tB surface segregation. The energetic modelCOMPosition as a function of temperature and of the initial Fe
used in this work is an Ising Hamiltonian whose parameteré'lm thickness. For_ a Fe coverage _grea_ter than 6 ML, the
were obtained from semiempirical tight-binding Calculations.au”_"_)rS do not notice any modifications in the surface com-
This energetic model allowed us to obtain the equilibriumpos'FIon for.anneallng temperatures below 420 K. However,
segregation properties of the alloy. The same energetic p it slightly higher vaIues,' they detect a d_rastlc increase of the
rameters were used to study the kinetic behavior, which i£Y Surface concentration corresponding to at least two
obtained using an extension of this model, the kinetic tightnonolayers. These experimental results can then be directly
binding Ising model. Either in the mean-field or in the Monte connected to the transition shown in the present paper.
Carlo framework, we have found layer-by-layer dissolution
modes which, depending on the annealing temperaiuage
preceded T>T,) or not (T<T,) by the rising of cappin® It is a pleasure to thank S. Delage and F. Soig8RMP,
monolayers burying an almost intaét film (surfactantlike = CEA Saclay for very valuable discussions on the different
effech. We have found thal, decreases as the tendency tolayer-by-layer dissolution modes and on the surfactant effect.
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