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Dissolution modes of Fe/Cu and Cu/Fe deposits
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Using a kinetic model that includes bulk and surface driving forces, we study the different modes occurring
during the kinetics of dissolution of thifl or 2 ML) and thick(10 ML) deposits of Cu on Fe and Fe on Cu.
For a thin deposit, due to the lower surface energy of Cu, the dissolution kinetics is slower for the Cu on Fe
case than for Fe on Cu. In the first case the Cu remains at the surface up to the total dissolution. For the inverse
deposit a surfactant effect takes place where the deposit is buried by one or two planes of the substrate element.
Before the total dissolution and depending on the temperature and the deposit thickness the kinetics can slow
down due to the appearance of quasistationary configurations that corresponds to equilibrium solutions of an
equivalent finite system having the same instantaneous quantity of matter. For a thick deposit of Cu on Fe the
deposit also remains at the surface and the dissolution takes place following a layer by layer dissolution mode,
which corresponds to the successive dissolution of each precipitate plane, starting from the plane at the
interface between the deposit and the substrate. The shape of this interface corresponds to the equilibrium
interface between two semi-infinite phases having the bulk solubility limit concentrations. For the inverse
deposit, first a surfactant effect occurs, leading to a copper bilayer floating on the surface. Then, two layer by
layer dissolution modes take place, which correspond to the dissolution either from the bottom or from the top
of the precipitate. These layer by layer dissolution modes are linked to the large miscibility gap of the phase
diagram. We use a “local equilibrium” concept that allows us to compare all the configurations obtained
during the kinetics of dissolution to concentration profiles of “stable” or “metastable” solutions of related
equilibrium situations[S0163-182@08)04147-7

[. INTRODUCTION these surface alloys remain near the surface, their sequence
of apparition, and their spatial extension can depend strongly
The structure and features of epitaxially grown ultrathinon the temperature and on the difference in surface energy
films have drawn much attention since the development obetween the deposit and the substrate. For systems with
new magnetic materials3 In some cases, it has become phase separation tendency, before the ineluctable total disso-
possible to stabilize new metastable structures near the suution, the depositedd atoms will try to form clusters or
face, which exhibit magnetic properties that differ from thelayers in order to minimize the number of heteroatomic
bulk ones. The problem is, of course, more general and comeighbors. These clusters or layers can either remain at the
cerns not only magnetic materials but also other metallicsurface or be embedded by subst@tiyers depending on
alloys presenting interesting propertigsactivity for cataly- the sign of the difference in surface energy.
sis, for examplethat depend on their surface structure and The aim of this paper is the study of the dissolution
composition. The general problem is very complicated andnodes for systems with a phase separation tendency, as a
can depend on many factors: the chemical properties of thiinction of the deposit thickness, the temperature, and the
binary system, the temperature, the deposit thickness, thegn of the difference in surface ener@lissolution ofAin B
quality of the substrate surface, the surface orientation, et@r B in A). The results presented here concern the FeCu
Moreover, if the deposition is made at a temperature asystem, but can also be applied to other systems that present
which the interdiffusion is also active, the structures obtainedh tendency to phase separation and a strong surface segrega-
will also depend on the deposition flux. tion (NiAg, CuAg, AuNi, CoAu, AgRh. . .). We will show
The study of the dissolution modes, i.e., the differentthat the different dissolution modes are indeed mainly due to
ways a perfecA deposit dissolves on a semi-infiniBesub-  these two features. Many experimental studies were devoted
strate at a given temperature, can teach us about the impaoe the understanding of the growth mode of Fe thin films
tance of at least three important factors: the chemical propdeposited on Cu, especially at low temperature in order to
erties(the tendency of the binary system to order or to phasevoid interdiffusion. However, this interdiffusion takes place
separate, and the difference between surface engrgfies even at room temperature, the strong surface segregation of
temperature, and the deposit thickness. In systems with ocopper being at the origin of such behaiof.
dering tendency(CuPd,PtSp. . .), recent studiés have The theoretical model used here takes into account the
shown the stabilization at the surface of quasistationanpulk driving forces for phase separation, and the driving
structures that do not exist in the bulkurface alloysthat forces for surface segregation as well. The study was made
precedes the total dissolution of the deposit. The time thabn the bcc crystallographic structure and the compato)
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surface orientation. We are aware that, in the temperature The coherence between the kinetiKTBIM) and the
range that we consider, the iron is bcc but the copper is fceequilibrium model(TBIM) appears at this point because we
Nevertheless, we think that the main results presented hererite the instantaneous segregation energies as the sum of
do not depend strongly on the structure, because some tfiree term¥ as in the equilibrium model:

these results were obtained similarly for the NiAg system _ |
(both metals are foc AH;=Ah;+Ah??®+ AH?Y. (3

This paper is organized as follows. In Sec. Il, we give . . . N
brief description of the theoretical model used. Section lﬁWe will bneﬂy summarize the significance of these thr.ee
terms and their relative importance for the FeCu system:

presents the results of the kinetics, in Sec. lll A for Cu de- . . X . .
posited on Fe, and in Sec. Il B for Fe deposited on Cu. (i) Ah; is rel_ated to the difference in surface energy and it
Finally, in Sec. IV, we analyze the physical origin of the is generally different from zero only for the surface plane

various dissolution modes obtained during the kinetics via 4' =0). The dlffergnce in surface energy between Fe and Cu
“local equilibrium” concept. or the (110 face in the bcc structure favors a strong copper

segregationAhy=7¢c,— 7ge= —0.272 eV/at™®
(i) AhP*®accounts for the contribution to the segregation
Il. ENERGETIC AND KINETIC MODELS energy due to the difference in size of the alloy

tight-binding Ising model(TBIM),*° the energetic param- surface and first underlayer planes. The size mismatch be-
eters of which come from a tight-binding description of the tween Cu and Fe is very small, less than 1%, amg“®can
electronic structure. It had been originally developed to study€ Qgglecteﬂd. . .
equilibrium surface segregation in transition- and noble- (i) AH{™ is the alloying effect:
metal alloys. The kinetic extension of the TBIM is the ki-
netic tight-binding Ising mode(KTBIM) that is a simple alloy_ 7/ 497 (CaeC)+ 27 (Cn—
one-dimensional mean-field modéi*? It assumes homoge- AHo 1:21,2 Vilzj+2zj(coc)+2zj(cr—20)] (4)
neous concentrations per plane parallel to the surface and
ensures that the steady-state concentration profile corr@nd
sponds to the same one given by the TBIM.

In the KTBIM framework, the time dependence of the AHEY= > 2V[Z;(ci—c)
mean concentrations;(t) per plane parallel to the surface j=12
are calculated as a detailed balance between incoming and , .
outgoing fluxes: ) +Zj(CiatCiya—20)], >0, 5)

Z; andZJ-’ are the number of nearegt=t 1) and next-nearest

aco_ZiD Cy (j=2) neighbors in the same plane and in the adjacent
ot 2 _CO)%_COVO(l_Cl) , planes(below or abovg respectively. For the b¢t10) ori-
entation all these neighbors are located in the same plane or
in the adjacent planes aity =4, 2;=2,2,=2,Z,=2.Cis
s, ZID j p it 1 2 2

Ci+l] the bulk concentration and let us note that we have chosen to

work always in concentration of the minority element, ice.,
andc; represent the concentration of Cu when studying dis-
solution of Cu on Fe, and the concentration of Fe in the Fe
on Cu caseV; andV, are the effective pair interactions
between nearest and next-nearest neighbors:

e ?{(1—00{ Yi-1Ci-1F

_Ci[w . i>0, (1

i—1

+7i(1_Ci+1)]

wherei=0 is the surface planeg=2.86 A is the lattice

parameterZ; the number of first neighbors of a site in the 1 cor cuc FeC i

adjacent planes, anD =D yexp(—Q/KT) the bulk diffusion Vizi(vj © e+Vi - 2V 9, j=12 ©
coefficient'® with D,=300 cnf/s and Q=2.94 eV/at for _

diffusion of Cu impurities in Fé# They characterize the bulk tendency to order or to phase

For anA.B;_. alloy if ¢;(t) is the instantaneous concen- separate {<0, accounts for tendency to phase separation
tration of A in planei, y(t) is related to the instantaneous For the bcc structure, the atomic interaction parameters de-
transition probability to exchange a@atom in plane with  crease in such a way thit is roughly equal to/,/2." We
aB atom in pland + 1. In the KTBIM model,y;(t) depends have used this relation and the vaMg= —0.036 eV/at to
on the instantaneous segregation enerdies(t) as follows: ~ reproduce the experimental solubility linfit.

The system(1) is worked for a finite numbeN of equa-
AH;(t)—AH; . 1(1) tions using adimensional time=t/t,, wherety,=2;D/a?.
Vi(t):exr< 2kT ' (2 For the dissolution kinetics ¥l monolayers ofA on B the
initial conditions arec;(t=0)=1, i=0, M—1 and c;(t
whereAH;(t) is the energy needed to exchangB atomin  =0)=0, i=M, N—1. The boundary conditiorty(t)=0
the planei with an A atom from the bulk. Then, the differ- represents the contact with a pBéulk. To integrate the set
ence appearing in Eq2): AH;(t)—AH,,,(t) is the energy of Egs.(1) we use a fourth-order Runge-Kutta algorithfn.
needed to exchangeBiatom from pland with an A atom A large number of equations &priori needed in order to
from planei + 1. get a dynamics independent of the system size. In order to
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minimize the number of equations, we take advantage that
far from the surface regioftypically 50 planesthe concen-
trations are very low;<1 and the nonlinear system of Egs.
(1) can be approximated by the discrete classical Fick's
equation :

JC;i D
i g(ci+1+ci71_20i),

(@)

where d=a/Z; is the interplane distance. We can then
modify the discretization of Eq47):

Jc 2D [Cio1—=Ci Cit1—C
gt di+di_g| diy d;

8
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and use, for example, a monotonically increasing distance FIG. 1. Kinetics of dissolution of one Cu monolayer or(FE)
di=1.2d;_, fori =509t allows us to typically decrease the atT=1100 K. The surface and first underlayer Cu concentrations

number of equations from 10000 to 100.

lll. RESULTS

Co(t) andcy(t) are plotted vsyt/t,.

tions as follows. First, we assume that the concentratjon

of the k plane under the surface remains constant during the

In this section we present the results of dissolution kinet-
ics for deposits of Cu on Fe and of Fe on Cu. In both case
we will show results for thin(1 or 2 ML) and thick(10 ML)
deposits. We will present results for only one temperatur
(T=1100 K), or two temperaturesTE700 K and T
=1100 K when an appreciable qualitative difference in
function of the temperature occurs.

In the Cu on Fe case the element of lower surface energy
is already in the surface and the dissolution modes are sim-
pler than in the inverse case.

The dissolution of Fe deposited on Cu shows a com-
pletely different behavior because the element of higher sur:
face energy is now initially on top. We will show in the
following that this feature leads to a new behavior for bot
the thin(1 and 2 ML and thick(10 ML) dissolution kinetics.
We will first study the thin deposit case at low temperature,

[t
Co(t)WCO(O) - 2Ck 7T_to

700 K, and high temperature, 1100 K, and then the thickchange the slope value.

deposit one only at 1100 K.

The bulk solubility limits within the mean-field approxi-
mation arec,=0.0014 and 0.017 af=700 K and T
=1100 K, respectively.

A. Cu deposited on Fe
1. 1 ML of Cu on Fe(110)

We consider here the dissolution kinetics of one mono-
layer of Cu deposited on a F&10 substrate. In Fig. 1, we
report the copper concentration of the surfageand first
underlayerc, planes as a function oft/t,. We clearly ob-
serve a linear behavior of the surface concentratipmvith
Jt/to in the major part of the kinetics. During the dissolution
of Ag deposited on Gd11), which is similar in many as-
pects with the dissolution of Cu on A4.0 (the bulk clus-
tering tendency and strong tendency to surface segregate for
the deposited element Auger electron spectroscopy
experiment®?! show a similar behavior for the evolution of
the Ag concentration.

o

2.10 ML of Cu on Fe(110)

dissolution. Second, i€, <1 the system of Eqq1) for the
egion i=k can be reasonably well approximated by the
ick's equation. Then the analytical solution of the concen-
ration profile for this regiort;(t) =c.erfd (i — k) yto/4t] al-
ows us to estimate the flux of matter coming from the sur-
face jo(t) =c, /ity and consequently the decrease of the
copper concentration at the surfe@é?

9

We will show in Sec. IV A thatc,(t) remains constant dur-
ing the dissolution due to the local equilibrium. Equat({®h
hWith the constant value of, gives a slope ofy(t) as a
function of \t that differs only 15% of the one from Fig. 1.
Let us add that the role of the temperature is essentially to

The dissolution kinetics of 10 ML of Cu on Fe is shown
in Fig. 2. The deposit undergoes a layer by layer dissolution

1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, c
CO B
0.8 c
c 1
c 2
0.6 c |3
4
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0.4 S
C
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FIG. 2. Kinetics of dissolution of 10 ML of Cu on FELQ) at

This linear behavior with/t is known to happen experi- T=1100 K. The Cu concentration of the 11 planes near the surface
mentally in cases of strong segregation. It can be found thegc;(t), i=0,10] is plotted vs\t/t,. ¢, andc, are the bulk solu-
retically as the approximate solution of the KTBIM equa- bility limits (dotted line.
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starting from the plane at the interface between the deposit 1
and the substrat€.Each deposit plane initially pure in cop- 0
per reaches rapidly the solubility limit; (the Cu-rich ong
then the copper atoms leave each deposit plane successively,
the concentrations of these planes decreasing rapidty, to
(the solubility limit of the Fe-rich phagelt leads to &, /cg
interface that moves towards the surface. We can see that the
planes 8 to 2 show exactly the same behavior spaced out
from a constant value in/t. Moreover, the dissolution of
these planes takes place while the concentrations of the
planes below remain constant at a value closejto

We can use the same argument than above assuming that 0 5 10 15 20
the concentration of some plane below the deposit remains 12
constant during the dissolution to find that the total quantity (t/ t0)
of copperm(t) must decrease as

Fe

FIG. 3. Kinetics of dissolution of one Fe monolayer on(CL0)
M—1 at T=700 K. The Fe concentration of the five planes near the
m(t)= E ci(tH)~M—2c, /_t (10) surface[ c;(t), i=0,4] is plotted vsyt/t,.
i=0
solution mode, the deposited element dissolves while it is

where N is the total number of Cu planes initially pjeq pelow one or two monolayers of the substrate.
deposited* Then, the delay between the dissolution of two For the dissolution of 2 ML of Fe on G1110), the kinetics

successive planes can be estimatady/t/to) =va/(2¢,) s more complicatedsee Fig. 4 First (\t/ty<4), the sur-

~52, in good agreement with the spacing shown in Fig. 2. It,ce plane enriches in copper, leading to the appearance of a
the last stage of the dissolution/to>350), the segrega- copper monolayer floating on the deposit, i.e., the Fe concen-
tion effect tends to slow down the dissolution of the last two

planes.

At lower temperatures the same layer by layer dissolution
mode is observed but a lower solubility lifit, decreases
as exp(Z;V,+2Z,V,)/KT] at low temperatude can signifi-
cantly slow down the process. Another effect due to the tem-
perature is that the instantaneays'c interface that moves
to the surface becomes more abrupt at lower temperatures.

Fe

Finally, let us mention that the standard diffusion theory 0.4
based on Fick’s description cannot give the same results as
the KTBIM model? In Fick’s description the flux of matter 02! 11
is proportional to the concentration gradient, all the planes G
will then react together in order to minimize this gradient 0 LA e
and they will dissolve almost simultaneously. 0 5 10 15 20 25 30 35 40
@ (t/to)m

B. Fe deposited on Cu

1.1 and 2 ML of Fe on Cu(110)

T=700K. The Fe concentration of the five layers close to
the surface vs the square root of time for the dissolution of 1
ML of Fe on CyY110 is shown Fig. 3. In a first time, the
strong copper segregation leads to an immediate surface en-
richment in coppefcy(t) decrease rapidly from 1 to]OThis
rapid enrichment takes place via atom exchanges between
the first two planes, the planes labeled 2 and 3 playing only
a minor role. Then the plane labeled 1 enriches in copper,
whereas the iron atoms spread between planes 2 and 3, form-
ing a mixed bilayer. These planes have almost the same con- 0180 181 182 183 184 185 186
centration, and we call this situation configuratiasy (C3).

We introduce here a notation that will be useful in the fol- b (t/to)
lowing: when most of the precipitate is located in the two

consecutive planek andk+1 we will call it configuration FIG. 4. Kinetics of dissolution of two Fe monolayers on
(ck.Ck+1). This (c;,c3) configuration takes place fort/t;  Cu(110 at T=700 K. (a) Fe concentration of the four planes near
from 5 to 12 and after this time it leads to a Fickian disso-the surfacq c;(t), i=0,3] vs \t/t, at the beginning of the disso-
lution of all the planes under the surfa@be surface being lution kinetics, (b) Fe concentration of the five planes near the
always pure coppgrThat is what we call the surfactant dis- surface[c;(t), i=0,4] vs \lt/t, at longer time.

Fe

12
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1 one at 700 K(Fig. 3). The Fe surface concentration decreases
rapidly and reaches nearly zero-#t't,=2. This copper en-
0.8 < richment of the surface plane occurs via atom exchanges
between the first three plandsee the increase of the Fe
o 0610 |~ concentration ofc; and c, while ¢, decreases Then, ¢,
S kg decreases its Fe content at the expense of the planes below,
0.4 ‘ they finally dissolve via a classic Fickian dissolution type.
; We do not observe at this temperatureca,€;) configura-
0.2 € tion corresponding to the precipitate located in the planes 2
€ - and 3 as we have seen at 700 K.
0 C N T — For the dissolution of 2 ML of Fe on Cu there are also
0 ) 6 8 10 differences at 1100 K with respect to the 700 K case. At 700

K we have found the appearance of@ (c,) configuration
followed by a (,,c3) one. At 1100 K only the second qua-

sistationary configuration appedisee Fig. 6. Let us com-
pare this kinetics to the one at 700 K in Fig. 4. First, the
usual rapid copper enrichment at the surface takes place as at
lower temperature. However the,(,c,) metastable configu-

. ] ) ration does not appear, tlog concentration increases while
tration of the first three planes t=0, ¢;=1, andc,=1 as ¢, remains constant and then this concentration decreases at
can be seen in Fig.(4). This situation of a Cu monolayer ipe expense ot,;. Next, a €,,c3) configuration occurs,
floating above two mixed planes, &(c,) configuration,  starting with concentration€,~c,~0.7, and decreasing
corresponds to a quasistationary solution of the system cg|ow|y with time. At T=700 K, the €,,cs) configuration
equations(1) that slow down significatively the kinetics. started from lower concentrations=c,=0.5, the differ-
That is the reason why we have only presented the first pagnce petween the two cases is the previous stage of the dis-
of the kinetics in Fig. 4a) and a zoom at a longer time in gq|ytion.

Fig. 4(b). For the part of the kinetics not showr/i(t, be- Moreover, let us compare the time scale of thede-
tween 40 and 18the Fe concentration of the planes labeledcrease in the case of 1 ML Cu/REig. 1) and 1 ML Fe/Cu

1 and 2 decrease slowly and monotonously. Then the FéFig. 5 kinetics atT=1100 K. In Fig. 1, the surface con-
concentration of the first layer under the surface)(sud-  -entration of copper reaches 0.1 whel/ty=200. In the
denly decreases and a new configuration formed by a floatingzse of 1 ML Fe/Cu deposit, the decrease of the surface
Cu bilayer above two mixed planes takes place. Thisds)  concentration in iron is very fast, ang almost vanishes at
configuration then disappears fgt/to> 184 giving rise to a Jt/ty=2. This difference points out the strong segregation
Fickian dissolution for all the planes except for the surfaceeffect, which leads either to a trapping of copper at the sur-
plane, which is always pure Cu as in the end of kinetics Oface for 1 ML Cu/Fe deposit, or to a fast enrichment of

the 1 ML Fe on Cu case. We will see in Sec. IV how we cancopner at the surface in the caseaol ML or 2 ML Fe/Cu
link these quasistationancy,Cy.1) configurations to meta- geposit.

stable solutions of the equilibrium equations describing the
segregation in FeCu thin films.
T=1100K. The same study at 1100 K is shown in Fig. 5 2. 10 ML of Fe on Cu(110)
for 1 Fe monolayer deposit on CLLO) and in Fig. 6 for 2 Fe In the case of a thick deposit of Fe on Cu, we can expect
ML. For 1 ML, the beginning of the kinetics is similar to the a competition of two behaviors described before. First, be-
cause the element of highest surface energy is now on top,

FIG. 5. Kinetics of dissolution of one Fe monolayer on(C10)
atT=1100 K. Fe concentration of the five planes near the surfac

[ci(t), i=0,4] vs \lt/t,.

1 r we can wonder if the surface segregation effect, which leads
—— to the surfactant effect for 1 and 2 ML Fe/Cu, would be
0.8 ) strong enough to allow the climb of the copper atoms
k e through the deposit. Second, as in the case of the dissolution
0.6 1c - 1 kinetics of thick deposits of Cu on Fe, we can expect to
e |0 obtain the particular layer by layer dissolution mode that is
© controlled by the immiscibility of the constituents.
04 2 k In Fig. 7(a) we show the dissolution kinetics of 10 ML of
Fe deposited on Cu dt=1100 K. We schematize the main
0.2 features of the kinetic evolution in Fig(l). We can see that
J in spite of the deposit thickness, the strong segregation leads
00 miia to a rapid Cu enrichment of the surface, the deposit being

buried under the surface. This surfactant effect occurs via
effective atom exchanges between the plane 0 and the plane
10, which was the first pure copper plane under the deposit.
FIG. 6. Kinetics of dissolution of two Fe monolayers on At this stage of the dissolutidabeled Il in Fig. Tb)], there
Cu(110 at T=1100 K. Fe concentration of the six planes near theis no loss of iron matter in the substrate. Then a competition
surface[c;(t), i=0,5] vs Vt/t,. between two types of layer by layer dissolution modes takes
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FIG. 7. Kinetics of dissolution of 10 ML of Fe on CLL0 at T=1100 K. (a) Fe concentration of the 12 planes near the surface
[ci(t), i=0,17] vs Jt/ty. (b) Schematic representation of the deposit evolution.

place: a new one from above and the other from the bottonthat because of the strong segregation the near surface kinet-
of the deposit. The first one to happen is from ab@abeled ics is faster than the bulk diffusion, and we can then expect
Il because, for energetic reasons, the Fe precipitate prefetise appearance of a local equilibrium in the surface
to move away from the surface, i.e., thg/cg interface is  selvedge® Thus, for example, the dissolution kinetics of a
more constrained close to the surface than in the bulk Thery thin deposit can be linked to the equilibrium segregation
next two are from the bottortiV) and from aboveV) and  jsotherm® This idea can be generalized to cases where there
finally from stages VI-IX, a layer by layer mode from the js somewhere a more rapid diffusion establishing a local
bottom takes place, as in the 10 ML Cu/Fe case. equilibrium situation in comparison with the diffusion phe-
nomena settling the global thermodynamic equilibrium. As
IV. LOCAL EQUILIBRIUM we will shov_v belqw this is also so for the Qissolqtion of a
thick deposit during the layer by layer dissolution mode
We have seen in the preceding sections that the dissolwvhere a local equilibrium also occurs. In this casert#iated
tion of a deposit on a substrate can give rise to the appeaequilibrium situationis the metastable equilibrium interface
ance of quasistationary configurations that slow down thef the deposit confined in a finite region close to the surface
dissolution significantly. In this section we will show how but in contact with the volume.
these configurations can be linked to “stable” or “meta- The idea is therefore to compare the kinetics obtained
stable” solutions ofrelated equilibrium situations using the KTBIM to the equilibrium profiles of thiselated
The idea was first introduced, to our knowledge, byequilibrium situations The different choice of these equilib-
Lagles and Domandgto study dissolution and segregation rium situations allows us to define two different ways of
kinetics in cases of strong segregation. They have suggesteepresenting the local equilibrium.
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First local equilibrium representatiofLE;): In this case 1
the related equilibrium situationsre the isotherm equilib-
rium segregation profiles as a function of the bulk concen- 0.8 1
tration c. To calculate the equilibrium profile of a semi-
infinite binary alloy, we must minimize the total free energy 0.6 ]
of the systentGgy With respect to the layer concentrations g
c;, which gives the following nonlinear coupled system of <
equations® 0.4 ]

. (C: G 0.2 .
Ci ZLGX[{—AHI(CI_l,CI’CH—l,C) . (11)
l-¢ 1-c KT , . |

It is easy to see that the steady-state concentration profile of 0.0001 0.001 0.01 0.1
the kinetics equationfEq. (1)] is solution of this system of (a) ¢,
equations. The equilibrium profilgcy(c), cq(c), c,(c),
etc] is obtained by means of a Newton-Raphson procédure 1 0.1
for a given bulk concentratiow and using the boundary A
conditioncy, ., =cy for someM> 1. 0.8 c / 10.08

In practice in the (LE) we compare, for example, the 0
function cy(c,) obtained by eliminating the bulk concentra- 0.6. / lo.06
tion from the segregation equilibrium profilecy(c) and - » ’
c,(c)] to the functioncy(c,) obtained by eliminating the © /
time from the kinetic§ cy(t) andc,(t)] obtained using the 0.41 g c F o0
KTBIM. 1427 !

Second local equilibrium representatighE,): In some 0.2 . 0.02
cases, the kinetics describes a situation that does not corre- // <
spond to the equilibrium segregation for any bulk concentra- 0% , : —"

. . . . 0 0.05 0.1 0.15 0.2 0.2
tion. It is clearly the case for thecf,c,, 1) configurations
observed during the dissolution of 1 or 2 ML of Fe on (b) CETL

Cu(110 (Sec. Il B1). However, the condition mentioned
above is also fulfilled; i.e., the deposited matter quits the [, g, Local equilibrium during the dissolution of one mono-
surface and forms these quasistationary configurations vefyyer of Cu on F&L10) at T=1100 K. (a) LE, representation. The
fast compared to the time the system takes to dissolve comyyrface concentration of Cie) is plotted vs the Cu concentration
pletely the deposit. It suggests that during this configurationgn the third planed,). Comparison between kinetics resulslid
the deposit is in local equilibrium in a finite regidextended line) and the equilibrium isotherrtcircles. The arrows show the
over M planes$ close to the surface that is also in contacttime evolution.(b) LE, representation. The Cu concentrations of
permanently with the rest of the volume. The configurationghe first four planesq;, i=0,3) are plotted v€g, . Comparison
appearing during the kinetics must then correspond to theetween dissolution kinetics resul¢solid lines and equilibrium
equilibrium ones obtained from a finite system or “equiva- solutions in an ETL of four planeircles.
lent thin layer” (ETL) of the same sizéM, containing the
same mean concentrati@:r,_ and in contact at every time of equations are equivalent. The use of the LfEthese cases
with a bulk plane having the instantaneous concentratiomarely gives additional information. The utility of the second
given by the kineticg® representation is more useful when the kinetic profiles do not
To prove if the second representation of the local equilib-correspond to any equilibrium segregation solution of the
rium is satisfied and represented by an ETLMfayers, we  system of equationd 1), in particular when the average con-
extract at every time during the dissolution kinetics the con-centrationCg, lies in the miscibility gap.
centration of thevl +1 planecy,(t) and the average concen-
tration over the firstM layersCgy. . Using this values we

. | . A. Cu deposited on Fe
solve the following coupled nonlinear system of equatiths:

1. 1 ML of Cu on Fe(110)

G Cm-at) exp[ _ AHi_AHMl] i—OM—2 For one monolayer of Cu deposited on Fe both the LE
1-c 1-cy-1(t) KT ' ’ " and LE representations can be used to follow the kinetics
(12 near the surface. In Fig(& we show the applicability of the
LE, representation by plotting the copper surface concentra-
M-1 . . .
1 tion ¢y versus the concentration of the third plane We
Ceru(t)= MZB Ci (13 can see that apart from the rapid variation at the beginning
(co going from 1 to 0.9 whilec, going from 0 to 0.00B6the
and compare the profile obtained in this ETL with the onelocal equilibrium is satisfied. It is clear from this figure that
obtained in the dissolution kinetics. C, remains almost constant during the kinetics, one condition
Let us mention here that if the first representation, LE necessary to explain th¢t behavior of the surface concen-
applies the second one LEBlIso does because both systemstration that we have mentioned in Sec. lll A 1. The reason
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TABLE I. Summary of the quasistationary configurations that

appear during the dissolution of 1 and 2 Fe ML on(Ti0) at 700
0.8 K and at 1100 K.
1 ML 2 ML
- 0.6 9
e 700 K (c2,c3) (c1,¢2) and (c;,C3)
0.4 1100 K (c2.c3)
0.2 . . . .
/ c again a constant spacing @g 1, for the dissolution of each
/’, , A layer similar to the spacing iR't/ty found in Fig. 2. The
01 02 03 04 05 06 07 08 reason_is that from Eq$10) and(13), we can see tha g1,
C has a linear dependence q/ty:
(a) ETL
N v m(t) 1
leosmomo= }o ° €, =065 CETLZ %3 21—3(10— an\ t/’tho) (14)
A & €, =047
0.8 . O Cpy=030 The comparison of the kinetics curves with three equilibrium
®  bulkinterface solutions of an ETL of thirteen plangsircles in Fig. 9a)]
= 06 shows that the local equilibrium is clearly satisfied. The re-
Ex : gion Cg1.<1/13 concerns the dissolution of the surface
@ 04 layer and in this case both representations of the local equi-
librium can be used. The use of the L, Hor example, would
0.2- 4 give the same curves that we have already presented for the
o dissolution of 1 ML of Cu on Fe in Fig.(@), proving that the
0 w5 & surface region also is in local equilibrium. The only differ-
ence is that the kinetic curves will now transverse the figure
(b) x (planes)

coming from the higtc, region.

o _ . From Fig. 9a) and also from Fig. 2 we can see that this
FIG. 9. Local equilibrium for the dissolution of 10 ML of Cuon |yer by layer dissolution mode consists of a continuous dis-

Fe(110 at T=1100 K. (&) LE, representation. The Cu concentra- nj3cement of an interface towards the surface. The envelope

tions of the first 11 planesc(,i=0,10) are plotted v&er . COM- ot thig interface does not evolve while approaching the sur-

parison between dissolution kineti¢solid lineg and equilibrium face and corresponds to the equilibrium interface between
solutions in an ETL of 13 plandggircles. (b) Comparison between fwo regions of limiting concentrations, and 1— ¢ 23*30[see
(23

the instantaneous concentration profiles at three different timei‘ii 9b)]
(empty markerswith the equilibrium interface profile in the bulk at 9. )
equilibrium (full circles).
B. Fe deposited on Cu
for that is the strong segregation responsible for a very 1.1 and 2 ML of Fe on Cu(110)

abrupt segregation equilibrium isothefthe surface concen-
tration going from 0 to 1 whilec,=0.003) and the validity

of the local equilibrium. quasistationary configurationscy(,cy+;) summarized in
L ; 1Ck+1
In the LE, representatiofFig. 8b)], we consider an ETL Table I.

of four planes. The comparison between the kinetic curves T—700K. We will first concentrate on the dissolution of

(Ssoehljj do“-n“etaina-‘lr; d eiweatiﬁ/réc(ej?ér;g?]?sﬂn?:é:::e? Zrifcr:;;h'SZ ML where two quasistationary configurations exisee
P y Pty Table ). To show that these configurations are well de-

§hows that_ the local equilibrium in this second representatlogCribed using the local equilibrium, we show in Fig.(40
is also satisfied.

the LE, representation with and ETL of five planes. Let us
note that the time evolution in this figure occurs from right to
2. 10 ML of Cu on Fe(110) left: the maximum value of the mean concentrat@gy, for
During the dissolution of 10 ML of Cu on Fe where the an ETL ofM layers and a deposit of 2 ML occurstat0 and
layer by layer dissolution mode takes place we can wondeis equal to Cgr (t=0)=2/M, the final value isCgr(t
what the spatial extension of the local equilibrium is. Is the=%)=0 corresponding to the total dissolution of the de-
interface between the deposit and the substrate included posit. It is easy to distinguish in this figure the two gquasista-
this extension, or is the local equilibrium only restricted totionary configurations: the first one{,c,) that appears for
the surface? 0.40>Cg7.>0.22, and the second one&,(c3) for Ceq,
For the interface we can use the JEepresentation, with <0.22. It also interesting to point out that at the beginning of
an ETL of a number of planes greater than the size of th¢he dissolution, the decrease of the surface concentragon
deposit. We show in Fig.(8) the concentration of the first occurs at constar€z1, =0.40, showing that the surface en-
11 planes from the kinetic dissolution in function of the in- richment in copper takes place via atom exchanges between
stantaneous average concentrati@olid lineg. We find  the first planes. The filled circles in Fig. () represent the

In this section we will show how the use of the 4 Eep-
resentation allows us to understand the appearance of the
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Fe

ETL

@ ETL
FIG. 11. LE representation of the local equilibrium for the

dissolution of a thin Fe deposit on Qui0 at T=1100 K. Com-
parison between the dissolution kinetics of(dointy and 2 ML
(lines). The kinetics concentration profiles are at local equilibrium
in the whole range of concentration in a ETL of five planes. The Fe
concentrations of the first three sublayers plangsiE1,3) are
plotted vsCgr, -

0.8

0.6

C
Fe
—
=
s
()
=
A\

0.4

L
N

configuration beginning &g+ =0.35 that evolves slowly to

a more Fickian dissolution when the average concentration
decrease below 0.25. This value is higher than the maximum
: : average concentration for 1 MCg1, (0)=0.2 explaining
why only the Fickian dissolution mode is seen in this case.

0.2

S

(b) ETL
2. 10 ML of Fe on Cu(110)
FIG. 10. LE representation of the local equilibrium for the . o
dissolution of a thin Fe deposit on Cili0) atT=700 K. (a) 2 ML . AS, we have seen |.n Sec. Ill B 2, at the beginning of the
of Fe on C@110. The Fe concentrations of the first five planes kinetics, the segregation effect leads to the appearance of a

(c;, 1=0,4) are plotted V€7, . Comparison between dissolution floating layer of copper at the surface, the deposit being bur-
kinetics (lines) and equilibrium solutions in an ETL of five planes i€d under the surface. Then, two different modes of layer by
(full circles). (b) Comparison between the dissolution kinetics of 1 layer dissolution compete corresponding to the dissolution of
(points and 2 ML (lines) of Fe on C¢110. The Fe concentrations the precipitate starting either from one extremity of the pre-
of the first three sublayers planes (i =1,3) are plotted V&g, . cipitate or from the other.

The copper enrichment of the surface at the beginning can
equilibrium profiles. They correspond perfectly to the kineticbe seen as a segregation kinetics, the surface copper concen-
curves in the two quasistationary configurations. Another im+{ration going from 0 to 1 while the copper concentration
portant point is that at each average concentration, there igside the Fe deposit is very low. If one represents the sur-
only one solution of the system of equatiofi®) and (13). face copper concentration versus the concentration in the Fe-
Then, the transition between the quasistationary configuradch region not far from the surface, one will find that the
tions corresponds, via the local equilibrium, to equilibrium kinetics curve follows the equilibrium LErepresentation of
phase transitions in a finite systefthe equivalent thin Fig. 8@). The main difference with respect to the kinetic
layer). curve given in Fig. &) is that in the present case the kinetic

For the dissolution of 1 ML at this temperature we havecurve will follow the equilibrium also in the highy and
seen in Sec. Il B 1 that there is only one quasistationarhigh-c, values(going from the lower left corner to the upper
configuration(see Table). The comparison between the LE right one. It means that during this part of the kinetics the
representation for 1 ML and 2 ML using an ETL of five surface is in local equilibrium.
layers is shown in Fig. 1@). It is easy to understand why Further in time the LE representation is no longer ad-
the (c4,C,) configuration does not appear in this case. Theequate and as for the 10 ML Cu on Fe dissolution we use the
average concentration required for the existence of this cor-E, representation with a 13 planes ETéee Fig. 12 The
figuration is at least 0.22 and for 1 ML the maximum value equilibrium profile calculated aE¢1,=0.68 is the only so-
of the mean concentration Gg1((t=0)=0.2. lution to the system of Eq$12) and(13) and corresponds to

T=1100K. At T=1100 K, there is ac,,c3) configura- the stage labeled Il in Fig.(B). At lower Cc1 we find two
tion for the dissolution of 2 ML and no quasistationary con-possible solutions for the equilibrium profileircles and
figurations for the 1 ML case. The comparison between thequares in Fig. 2 one that corresponds to the actual kinetic
LE, representations in these cases for an ETL of five layergrofile and the other to a profile that would appear if the
is shown in Fig. 11. For 2 ML we can recognize ths (c3) layer by layer dissolution happened in the opposite extremity
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sponds to the equilibrium interface between two semi-infinite
phases having the bulk solubility limit concentratiorg, (
andcyg), the stiffness of the interface being due to the large
miscibility gap. For the 10 ML dissolution both the near
surface and the interface regions are in local equilibrium.
For Fe deposited on Cu, the deposit has a higher surface
energy and the substrate element climbs through the deposit
to reach the surface. This leads to the formation of a copper
layer or bilayer floating on the Fe-rich precipitate. For low
temperatures and depending on the number of deposited
monolayers, the Fe precipitate spreads essentially between
two planes forming quasistationary configurations that slow
down the dissolution considerably. These configurations cor-
respond to equilibrium profiles for a finite system with the
same instantaneous quantity of matter. In the case of thick
FIG. 12. Local equilibrium for the dissolution of 10 ML of Fe deposit(10 ML Fe/Cu, the surface undergoes also a copper
deposited on GW10 at T=1100 K. The Fe concentrations of the €nrichment in the first stage of dissolution. Then a competi-
first 12 planes ¢; ,i=0,11) are plotted v€gr,. Comparison be- tion between two layer by layer dissolution modes takes
tween dissolution kineticésolid lineg and equilibrium solutions in ~ Place: the dissolution occurs either from the top or from the
an ETL of 13 planegcircles and squargs bottom of the precipitate. On one hand, the system tends to
favor the dissolution from the top for energetic reasons. The
of the precipitate. Work is in progress to clarify the reasondop interface is constrained by the presence of the surface

Fe

for the occurrence of one or another mode. giving a small energetic preference to move the precipitate
down into the bulk. On the other hand, due to the diffusion
V. CONCLUSION length, it is easier for the precipitate to dissolve itself from

the bottom. The alternation between these two modes during

Within an energetic and a kinetic model taking into ac-kinetics depends on the deposit thickness and the tempera-
count the phase separation tendency in the bulk and the suare. Using similar mean-field and also Monte Carlo simula-
face segregation effects, we have studied the different dissa@ions, the study of the temperature influence on this compe-
lution modes that occur during the dissolution of thlnor 2 tition is under progress for the NiAg systeiin the case of
ML) and thick(10 ML) deposits of Fe on Cu and of Cu on thin deposit, the Monte Carlo simulations show the forma-
Fe. tion of small clusters under the surface in contrast to the

For Cu deposited on Fe the strong Cu surface segregatianean-field results presented here. We can wonder if this be-
leads to the trapping of the deposit at the surface. For havior would appear in the case of thick deposit, and what is
monolayer we found a linear decrease of the surface coppeie deposit critical size driving the formation of small clus-
concentration withy't that can be related to the equilibrium ters.
segregation isotherm: the dissolution takes place while the Finally, we want to underline the usefulness of the local
surface region is in local equilibrium. In the case of a thickequilibrium concept to understand the reasons for the slow
deposit(10 ML), a layer by layer dissolution mode takes down of the kinetics, the transitions between different qua-
place starting from the plane at the interface between theistationary configurations, and the shape of the instanta-
deposit and the substrate. The shape of this interface correeous interfaces.
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