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Surface segregation in alloys should present drastic modifications near a bulk phase transition. In par-
ticular, when the phase diagram exhibits a miscibility gap, one can wonder to what extent surface segre-
gation could be viewed as the first step towards bulk phase separation. We show, in the particular case
of very dilute Cu(Ag) alloys, that the actual situation is even more complex. More precisely, using
simultaneously an energetic model based on the electronic structure (tight-binding Ising model) and a
mean-field approximation formulated as an area-preserving map, we found evidence of incomplete wet-
ting, i.e., a Pnite succession of layering transitions from almost pure Cu to almost pure Ag planes when
the bulk Ag concentration approaches the solubility limit. This theoretical result compares satisfactorily
with the experimental surface segregation isotherms derived from kinetics studies using Auger-electron
spectroscopy, which indeed exhibit, at least, the first (surface) layering transition. Moreover, the experi-
mentally observed hysteresis between the segregation and dissolution isotherms can be interpreted by
taking into account the dependence of the size effect with respect to the surface concentration.

I. INTRODUCTIQN

Surface segregation, i.e., the variation of the composi-
tion of an alloy near the surface at thermodynamical
equilibrium, has been studied for a long time in relation
to its important technological implications (corrosion, ca-
talysis, etc.).' From the experimental point of view, the
most commonly used tool was Auger-electron spectrosco-
py (AES) which gives information averaged among the
first planes near the surface. Only recently, more sophis-
ticated techniques such as low-energy difFraction
(LEED), ion scattering (IS), or time-of-flight (TOF) atom
probe have given access to a more detailed knowledge of
the concentration profile, i.e., the variation of concentra-
tion in planes parallel to the surface. On the other hand,
from the theoretical point of view, most of the authors
used empirical models, based on a description of the ener-

gy in terms of phenomenological pair interactions and
only recently have models been developed, derived from
the tight-binding formalism, which allow a treatment of
surface segregation from the electronic structure.

It is worth pointing out that the great majority of these
segregation studies has been performed at a sufticiently
high temperature to get a solid solution in the whole
range of concentration. This allows a determination of
the surface concentration for several finite bulk concen-
trations at a given temperature in order to draw the equi-
librium segregation isotherm giving the surface concen-
tration versus the bulk one. Such a systematics is not

possible when the two components of the alloy present
very low mutual solubilities. This explains why, except in
a few cases, less efFort has been devoted to systems for
which the phase diagram exhibits a large miscibility gap.
Actually, the equilibrium surface segregation must not be
confused with a phase precipitation predictable from the
phase diagram if the concentration exceeds the solubility
limit. In other words, surface segregation can be dis-
tinguished unambiguously from phase precipitation for
an unsaturated solid solution only, which makes experi-
mental work very dificult when the range of concentra-
tion for the solid solution is less than l%%uo. However,
these drawbacks can be counterbalanced by two interest-
ing peculiarities of such systems. The first one is theoret-
ical. On the analogy of adsorption, ' one easily imagines
that surface segregation should vary drastically when the
bulk concentration approaches the limit of the miscibility
gap. In particular, one can wonder to what extent sur-
face segregation could be viewed as the first step towards
bulk phase separation. Similar precursor phenomena
have already been observed in the case of surface melt-
ing"' or in the case of the wetting by a disordered film
of the antiphase boundary between coexisting variants of
the ordered structure just below the order-disorder criti-
cal temperature. ' ' The second peculiarity of these low
solubility systems is that, experimentally, the systematics
with respect to bulk concentration can be replaced by a
clever derivation of the equilibrium segregation isotherm
from kinetics studies performed for one dilute concentra-
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II. THEORETICAL MODEL

A. Energetic model: TBIM

A proper electronic structure treatment of surface
segregation in transition- and noble-metal alloys would
require one to calculate the band grand-canonical energy:

A, ([p„'])=—f dE f(E)f dE'n(E', [p„']),

where f(E) is the Fermi function, n(E, [p„'] ) is the elec-
tronic density of states corresponding to a given
configuration [p„'] where p„' is the occupation number
which is equal to 1 or 0 depending on the site n to be oc-
cupied by an atom of type i or not. The very complex
configuration dependence of the density of states would
then forbid one to make statistical mechanics starting
from (1). Fortunately, it has been shown recently that the
configuration-dependent part of Q, could be isolated and
written as an effective Ising Hamiltonian:

HTBIM —y ihi + i yi Vij ipj
n, i n, m, i,j

(2)

tion only, due to the existence of a local equilibrium in
the selvedge of the surface. '

Such an experimental work has been performed to
study in the same way the segregation of Ag in a very di-
lute solid solution of Cu(Ag) and the dissolution of an Ag
monolayer in a Cu matrix. ' Both resulting isotherms
present, in a very narrow range of temperature, one
abrupt step revealing a first-order transition between an
almost pure Cu surface and an Ag-rich one. We will
show here that a microscopic model based on the elec-
tronic structure of the alloy [tight-binding Ising model
(TBIM), Sec. II A] (Ref. 7) coupled with a mean-field sta-
tistical approach, formulated either as an area-preserving
map (APM, Sec. II 8) (Ref. 17) or in terms of an effective
local field (Sec. IIB2) (Ref. 18), leads in fact to a finite
succession of layering transitions' ' ' from (almost)
pure Cu to (almost) pure Ag planes when approaching
the miscibility gap limit (Sec. III A). In other words, we
predict an incomplete Ag wetting of Cu(Ag) by surface
segregation, the first step of which (surface layering tran-
sition) is indeed confirmed by experiments (Sec. III B).
On the other hand, the experiments also showed an unex-
pected hysteresis between the segregation and the dissolu-
tion isotherms and conclude in the appearance of a
(9X9) superstructure when the surface is pure Ag. ' We
will show, using molecular dynamics in a tight-binding
scheme (Sec. IV A), that this superstructure is indeed
found as energetically the most stable for an Ag surface
monolayer (Sec. IVB). Moreover, using an improved
treatment of the size-mismatch energy as a function of
surface concentration, we can interpret the experimental
hysteresis.

Here EF is the Fermi level, c' the atomic d level for i
atoms and A, , iu, the spin-orbital indices (1~1,, iLt

~ 10).
G„"(E) is the matrix element ( n, A,

~
G~ m, )M) of the

Green function in the disordered state characterized by
the self-energy o.„described within the coherent-
potential approximation' (CPA); t„' is the corresponding
t matrix:

e' —cr„(E)
t„'(E)=

1 —[s' —o.„(E)]g G„„(E)/10

The prime in Eq. (2) means that the summation in-
volves sites mAn, with m restricted to first neighbors of
n, as previously justified in bulk fcc alloys.

For the binary alloy Cui, Ag, (p„=p„=1 —p„"):
H B™=gp„h„—g' V„+g'p„p V„, (6)

n, m

where the p-layer field (h„,n Hp layer) and effective pair
interaction ( V„)are given by

T

h„=h„—h„+—,
' g' V""—V (7)

m

The main results of TBIM of practical importance here
are the following. First, the difference in layer field be-
tween a site belonging to a plane p parallel to the surface
(p =0 for the surface layer; p =1 for the first underlayer,
etc.) and a bulk site is numerically identical to the
difference in p-layer tensions between pure Ag and pure
Cu:

~g Cu~~p n Eplanep n Ebulk 'p p (9)

For the (111)surface, it is negligible except in the surface
plane where it is given by the difference in surface ten-
sions. It is well known that surface tensions are some-
what underestimated by the tight-binding calculations.
To palliate this drawback, we will use here the
semiempirical —but reliable —values of Ref. 21. Note,
however, that in the particular case of Ag-Cu, both ap-
proaches (semiempirical, ' tight binding ) lead to the
same numerical value of H~

who ———ros —ro"= —110 meV,

hh )l-——0. (10)

In the same spirit, the effective pair interaction V„ is
derived from the regular solution parameter, '

V„=V= —32 meV,

V'j = ——Im f dE t„'(E)tj (E)g G„&(E)G"„(E).
A, , JM

(4)

with

1
h„' =—Im f dE g in[1 —(e' —o „)G„„(E)], (3) V„=Vo=1.5 V, (12)

if sites n and m are bulk sites. According to our TBIM
calculations, it is enhanced at the surface,
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WE= gp„WE, (13)

if site n or site m belongs to the (111)surface.
It is important to note that the tight-binding Ising

Hamiltonian (2) has been derived on a rigid lattice,
neglecting any off-diagonal disorder (for instance, due to
size effects). In the presence of a significant size misfit (as
it is the case between Cu and Ag), a third contribution
has to be introduced which can be written

bGo=hho+~o —(Z+Z') Vo+2VO(Zco+Z'c, ),
b, G, =b,hi+~i —(Z'Vo+ZV+Z'V)

+2(Z'Voco+ZVc, +Z'Vc2),

b.G„= (Z—+2Z') V+ 2 V(Z'c~ i+Zcz+ Z'c~+, ),
and the chemical potential given by

(18)

p ~ z n Ep~ane p ~ c n Ebu

For the (111)face of Cu(Ag), one finds that

(14)

bJFO = —220 meV,
E 0

Then the grand-canonical free energy 0 is obtained by
averaging the Hamiltonian [(6)+(13)]and the entropic
term over all configurations. Using the mean-field
approximation and assuming that concentrations
only vary for planes p parallel to the surface
((p„)=c~ Vn Hplane p ), one gets

fI —( H TBIM ) + (~E )

+kTQN~[c~lnc +(1—c )ln(1 —c )]
P

in which W is the change in energy when a Cu atom is
replaced by an Ag atom at a site n of the Cu&, Ag, alloy,
assuming that Ag and Cu only differ by their atomic ra-
dii. This term can be calculated in Cu(Ag) =Cu(Ag),
i.e., for an Ag impurity in a Cu matrix, by minimizing the
strain energy at site n by means of a relaxation process
using a quenched molecular dynamics in a tight-binding
potential. ' As a result, the segregation energy due to
the size mismatch in a plane p parallel to the surface is
given by the difference in strain energy between a site pf
this plane and a bulk site:

—(Z+ 2Z') V(1 —2c )+kT ln
p— 1 c

0 for T~T, ,

for T~ T,
(19)

T, being the critical temperature of phase separation and
Z and Z' the numbers of first neighbors of a site in a
given bulk layer parallel to the surface in the same plane
and in the first plane below (above) respectively. Here,
for a (111)face, Z =2Z' =6.

One has then to solve the system (17), which can be
done by using either an area-preserving mapping of the
mean-field approximation' ' or a "local-field" relaxation
algorithm. '

1. Area-preserving mapping

The APM technique has been popularized in the field
of magnetism by Pandit and Wortis. ' Nevertheless, its
extension to the case of surface segregation with specific
boundary conditions (here two, due to the enhancement
of V at the surface) is not yet in the current patrimony of
surface scientists. This technique has, however, unique
abilities when concerned in surface segregation near bulk
phase transitions. In particular, it allows one to deter-
mine all the solutions of system (17) and then the possi-
bility of surface phase transition from one solution to
another.

The idea is to keep c +i from the right-hand side of
Eq. (17) to express it in terms of c,c,. This gives

—p+N (c~ —c),
P

(16)
Z 11— Cz' ' z

where X is the number of sites in a p plane and p is the
chemical potential.

B. Statistical mechanics

, (co),

cj, +, =fp +, (cr, ) ci,
—V0 —1 (c~,——,')5q i,

(20)

The problem is now to determine the p-plane concen-
trations c . This is achieved by minimizing the grand-
canonical free energy 0 whatever c (Vp, BQ/Bc~ =0),
which leads to the following system of coupled nonlinear
equations:

1
f&' '=2Z V

kT ln —2VZx+(Z—+2Z') V
1 —x

the f function being defined from

&p, =exp[ —[b,G~(c~ „c~,c~+, ) —p]/kT],
1 cp

—b,h, —bJPE, +p (21)

with

(17) and the p label being irrelevant for p ~ 1 since
b, h o, =~&&,=0 [see Eqs. (10)—(15)]:
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—kT ln —2VZx
I x

+ (Z+2Z') V+ p, (22)

Therefore Eq. (21) defines the following two-dimensional
mapping ~:

cp+1

Cp

f(c ) —c„ i

Cp

Cp

Cp
(23)

subject to the appropriate boundary condition(s):

cl —
g 1(co )

and if, as usual, VWVo,

c2 =go(c, )

(24)

=f(c, ) —g, '(c, )— Vo —1 [g, '(c, ) ——,'] .

c i ( T)=-exp[(Z+2Z') V IkT] . (25)

T + ()
(yt C Cp

ab c
6 t

1
(a)

0 I

0 OQ 0.4 0.6 OB
C

le'

I ~ I
-e&

I ~t'~~C
p

(~) eg A

f +Eg
t
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c

The bulk thermodynamics at equilibrium can be de-
scribed in an elegant way from the number and topologi-
cal nature of the fixed points of the two-dimensional (2D)
mapping defined by (23). ' Let us schematically illus-
trate in Fig. 1 the changes of the corresponding phase
portrait cz+&(cz) when the concentration increases, at a
given temperature T, up to the solubility limit c I '( T )

which, in a dilute case, can be obtained from Eq. (19):

First [Fig. 1(a)] when c is sufficiently small compared to
c

&
', the bulk concentration is the only fixed point

B(c,c ) of the transformation (23). It is called hyperbolic
since linearizing (23) around it leads to real positive ei-
genvalues A. „A2 such as A, ,A2=1 (X&WAz). The eigenvec-
tors associated to A, &( & 1) and A.2( ) 1) are respectively
the slopes of the inflowing orbits (insets) and outtlowing
orbits (outsets) following the definition given in Ref. [17].
Then [Fig. 2(b)], increasing c, one reaches a value c*,
which for c'& ' &(1 is given by Ref. 24:

c*(T)—=cI '(T)[ —2c'i '(T)inc'i '(T)] &c'i (T),
(26)

beyond which two new fixed points B',E appear in addi-
tion to B(c,c) which remains the single thermodynami-
cally stable point. B'(c',c') corresponds to a second
minimum (less stable than B) in 0: it is also hyperbolic
and develops a homoclinic orbit around the elliptic point
E which is a local maximum in Q. Then when c ap-
proaches much more the solubility limit c', ', c' does the
same with respect to 1 —

c& ', still remaining less stable
but with an energy diA'erence decreasing to almost zero.
In the same time, the homoclinic orbit of B almost
touches the B' point and "horseshoes"' ' develop
around B'. Finally [Fig. 1(c)], c and c' reach cI ' and
1 —c'& ', respectively, with the same value of 0 and the
alloy separates into two phases of concentration c'&

(Cu-rich phase) and 1 —cI" ' (Ag-rich phase).
We are now able to get the equilibrium concentration

profile near the surface from the intersection of the
in Bowing orbit to B with the boundary condition
cz=gz{c, ) [Eq. (24)], by keeping its part {c„cz,. . . , c )

between the intersection and B and then adding the sur-
face concentration: co=gi '(ci). The APM technique
therefore allows an easy and physical visualization of the
possible existence of multiple solutions in which case the
one with the lowest value of 0 should be chosen, a phase
transition occurring when a variation of external parame-
ter (c, T, . . ) swit. ches the minimum value of 0 from one
solution to the other. Even though one has to keep in
mind that such a variation of c changes in the same time
the boundary condition c2=gz(c, ) and the insets of B,
one imagines from the trends displayed in Fig. 1 that
such phase transitions could be easier in the vicinity of
the solubility limit. In particular, whether the boundary
condition intersects the inset of B in its part which is
close to B, or that which is close to B', one can get a con-
centration profile almost without segregation or with a
minority rich region located near the surface, even for
concentration lower than the solubility limit. In the
latter case, surface segregation could be a precursor step
for bulk phase separation.

FIG. 1. Left-hand side, bulk phase diagram of an alloy
A, B&, with negative first-neighbor interactions in the mean-
field approximation, illustrating the main regions at a given
temperature T: (a) (c & c*), (b) (e & c & c'i" ' ), (c) (e()" ' & c ).
Right-hand side, schematic phase portraits corresponding to
these main regions.

2. Local fteld relaxation algorit-hm

In spite of the appealing character of the APM tech-
nique, it could be that, in some very peculiar situations,
finding all the possible intersections between the bound-
ary condition and the inset becomes a very tedious task.
This should be the case, for instance, in the very vicinity
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FIG. 2. Phase portraits of Cu&, Ag, (111) including the fixed points, their insets ( . - ) and the boundary condition c2=g2(c& )

( ) as a function of the bulk concentration at T=750 K: (a) c=0.00001, (b) e=0.00005, (c) c=0.00025, (d) c=0.00050, (e)
e =0.0010, (Q c =0.0020 [let us recall that c',"'(750 K)=0.0025]. For convenience, we have also plotted the relation co=g, '(c& )

( ———). The corresponding concentration profiles are shown in (g) —(l).
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of c '& ', when the boundary condition intersects the
horseshoes near B' leading to an infinite number of possi-
ble solutions corresponding to p = 1,2, . . ., 00 planes
quasipure with respect to the minority element. One has
then to imagine a complementary method to compare
their relative energies. This is the aim of the local-field
relaxation algorithm in which, instead of extracting c + &

from the right-hand side (rhs) of Eq. (17), we choose to
extract c from its left-hand side (lhs):

c =
I 1+exp[6,G (c „cp,cp+, ) p]l—kT] (27)

Thus the relaxation process consists in starting from a
given initial set of concentration [c' '], then to recalcu-
late all the c~" in their "local field" EG~(c~"' „c„' ', c~+', )

or, more generally, at the kth step of the iterative
scheme, c'"' in its local field b, G (c' ', ,c~" ",c~+&" ) up
to the convergence: c„'"'=c~" ', V~. '

III. EQUILIBRIUM CONCENTRATION PROFILE
FOR Cu&, Ag, WHEN c~0

A. Theory: incomplete wetting

The evolution of the calculated phase portraits when c
increases up to c', ', at the temperature of experiments
[T=750 K (Ref. 16)] is shown in Fig. 2. Here, contrary
to the schematic description of Fig. 1, we have only plot-
ted the insets of the fitted points, the outsets being not
useful for our purpose. One can see that the variation in
number and topological nature of the fixed points and of
their insets as a function of c indeed follows the trends
schematically described in Fig. 1. Let us now discuss in a
more precise way the behavior of the boundary
condition(s) cz=g2(c, ) and co=g, '(c, ) and of the de-
rived intersections with the inset of B. First, when the
concentration is sufficiently lower than the solubility limit
[c «c'& '(750 K)=0.0025 according to Eq. (25)] the
boundary condition intersects the insets of B only once
[Fig. 2(a)], the intersection corresponding to
cz =—c&=-co-=c, i.e., almost no segregation [Fig. 2(g)].
Then, increasing the concentration while remaining in
the range where only one fixed point exists one observes
drastic modifications of the boundary condition [see Fig.
2(b)] leading to three intersections: two local minima and
one local maximum. The intersections associated with
the minima essentially differ by the value of co since
c, =—c2 —-—c for both of them, whereas co =—0 in one case
and co =—1 in the other case. This leads to the concentra-
tion profiles exhibited in Fig. 2(h). This bistability
remains in a very narrow range of concentration [see
Figs. 2(b), 2(h), 2(c), and 2(i)], the stablest solution switch-
ing by a first-order transition from the Cu-rich surface to
the Ag-rich one for c—=0.0001. Then, still increasing c
beyond c *, the second (less stable) fixed point
B' ( —1, —1) appears while the boundary conditions still
change: in particular, co=—1 whatever c, as can be seen
in Fig. 2(d). Now, two groups of intersections are found
related to B and B', respectively. However, we have to
consider the B group only since the other corresponds to
a metastable bulk state. This B group reduces to only

c(")
t

(a)

0—
0.0001 0.01 0.1

FIG. 3. Theoretical segregation isotherms (O=co+c& as a
function of c) of Cu&, Ag, (111) at diferent temperatures: (a)
T=750 K, (b) T=1000 K, (c) T=1500 K, (d) T=2000 K.

one profile which is illustrated in Fig. 2(j): a Cu matrix
terminated by an Ag surface plane. Then, for larger
values of c, the boundary condition intersects three times
the insets of B leading to two local minima and one local
maximum. The two minima only differ by the value of
c, ( —1 or -0) since in both cases co =—1 [see Fig. 2(e)],
leading to the concentration profiles of Fig. 2(k): one
with two almost pure Ag planes and the other one with
only one Ag layer. Here again, the stablest solution
switches by a first-order phase transition from the previ-
ous solution (one Ag layer) to the new one (two Ag lay-
ers) in the concentration range =—0.001 —0.002. Then for
0.002&c &c', '(750 K), one sees in Fig. 2(f) that only
the latter intersection remains up to the very vicinity of
c&

' where the boundary condition intersects the hor-
seshoes near B' leading to multiple intersections with
co =—c& —= . —=c„—= 1 for n =2, 3, . . . , 00, which are al-
most impossible to separate due to problems of numerical
accuracy.

These two first-order transitions can be better visual-
ized by means of segregation isotherms in which we plot,
at a given temperature, the quantity of Ag spread in the
first two planes: O=co+c, as a function of bulk concen-
tration up to the solubility limit. This is the aim of Fig. 3
in which we put in evidence the strong inAuence of tem-
perature on the existence of such surface phase transi-
tions. Actually, it can be seen that at sufficiently high
temperature, the segregation isotherm does not exhibit
any first-order transition but instead presents a continu-
ous behavior corresponding to a progressive enrichment
of the first two planes with silver. Then decreasing the
temperature, the isotherm successively exhibits only one
first-order transition (surface layer) and then two such
transitions (surface plus first underlayer) as already dis-
cussed for T=750 K.

In view of this progressive enrichment of the selvedge
of the surface by the Ag-rich planes which will phase
separate in the bulk beyond the solubility limit, one can
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wonder to what extent surface segregation in Cu(Ag)
could be viewed as a first step towards bulk phase separa-
tion. In other words, is there an Ag wetting of the
Cu(Ag) surface, i.e., infinite succession of layering transi-
tions from (almost) pure Cu to (almost) pure Ag planes
when getting closer and closer to the miscibility gap lim-
it? To answer such a question, one has to solve the nu-
merical problem which arises when the boundary condi-
tion intersects the horseshoes of the B inset. In practice,
this can be done within the local-field relaxation algo-
rithm described in Sec. II B2. Indeed, the idea is to start
from different initial configurations ( co =c i

= 1,
c2= c =1, c~+,= . =c) for different values of
p (p ~ 2) and to inquire whether the algorithm keeps a
parent configuration as the equilibrium solution. As a re-
sult what we find is that for T sufficiently low and c
sufficiently close to c &, the concentration profile with
c2 =—1 becomes stabler than the one with c2 —=0, indeed
leading to a third layering transition. On the contrary,
even though other concentration profiles with c &3 -——1

become metastable solutions when getting closer and
closer to the miscibility gap limits, the energies of these
profiles remain always larger than the energy of the c3 —=0
profile. As a consequence, one can conclude that what
our calculation puts in evidence for Cu(Ag) is an incom-
plete wetting, i.e., a finite succession of layering transi-
tions (three) from (almost) pure Ag planes when getting
closer and closer to the miscibility gap limits. These lay-
ering transitions are visualized as new transition lines in
the bulk diagram of Fig. 4. Let us now compare these
theoretical results to the existing experimental data. '

B. Experiments

We will just briefly summarize the experimental
method since it is described in detail elsewhere. ' The
main idea is that the equilibrium isotherms (co versus c)
can be derived from kinetics studies of segregation or dis-
solution assuming that there exists some local equilibri-
um between the surface layer and its selvedge. ' The ex-
periments have been performed at T—=730 K by Auger-
electron spectroscopy to follow on the one hand the ki-
netics of segregation of Ag from a solid solution Cu(Ag)
(111)and on the other hand the kinetics of dissolution of
a monolayer of Ag on Cu(111). The resulting isotherms
are shown in Fig. 5. They both exhibit a first-order phase
transition which is indeed a layering transition for the
dissolution isotherm whereas it is rather a "partial layer-
ing transition" for the segregation isotherm. This hys-
teresis could be understood if one of the driving forces for
the Ag enrichment was strongly reduced during the
segregation process when the surface concentration
reaches a critical value (co=—0.5 according to the break-
ing in Fig. 5) while it was not affected during the dissolu-
tion. From this point of view it is important to note that
LEED studies' have put in evidence both at the begin-
ning of the dissolution and at the end of the segregation
(i.e., for an Ag monolayer at the surface) the existence of
a (9X9) superstructure corresponding to a close-packed
Ag monolayer on Cu(111).

One can expect, with increasing Ag surface concentra-
tion, a decreasing of the size effect term ~o which ac-
counts for most of the segregation energy when co~0
(see Table I). Such a possible gradual loss as a function of
co has never been considered up to now. We will show in
the following that it can indeed explain the hysteresis of
Fig. 5.
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FICJ. 5. Experimental isotherms co =f(c ) derived from
segregation and dissolution kinetics at T=—730 K.
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TABLE I. cp dependence of the segregation energy EHp, separated into its three components according to (A3).

Structure

(1X1)
(1X1)
(9X9)
(9X9)

Cp

0
c,'=0.4
cp =0.4i

1

0
0.4

1

Ahp (meV)

—110
—110
—110
—110
—170
—170
—170

(meV)

—220
—40

—350
—370
—160
—160
—160

AHp " (meV)

50
—180
—180
—530
—90

—250
—480

EHp (meV)

—280
—330
—640

—1010
—420
—580
—810

Ref.

this work
this work
this work
this work

33
33
33

IV. MICROSCOPIC TREATMENT
OF THE SIZE EFFECT AS A FUNCTION
OF THE SURFACE CONCENTRATION

A. Model

Up to now, we have been able to calculate the
dilference in size-mismatch energy ~0 [Eqs. (13)—(15)]
only in the case where both the surface and the bulk are
dilute with respect to the impurity. As a consequence,

does not depend on surface concentration so that
we will miss any saturation of size effect with co if it ex-
ists. This assumed co independence of ~z is probably
incorrect when the solute radius (r; ) is significantly
larger ( ) 10% ) than the solvent one (r „)and when sur-
face segregation is sufficiently important to lead to a sur-
face almost pure in the minority element. Indeed, naively
speaking, one easily imagines that a big atom is less
compressed at the surface than in the bulk when it is sur-
rounded by small atoms but that its situation becomes

I

less and less favorable when the concentration of big
atoms increases at the surface. This could even change
the sign of WHO when co is varied beyond a critical sur-
face concentration. These arguments probably apply to
Cu&, Ag, (c~0) since r& -=1.13rc„and as discussed in
the preceding section (Sec. III), the two main factors for
surface segregation (b,ho, ~o ) lead to an almost pure
Ag surface plane at the experimental temperature when
c )0.0001. It should then be of prime importance in our
case to account for a possible co dependence of ~0 in a
proper way. This can be done by extending to the case of
a finite Ag-surface concentration the microscopic treat-
ment we previously developed for one impurity only.

Let us recall that the tight-binding Ising Hamiltonian
(1) has been derived assuming a rigid lattice. To go
beyond this assumption, we can add to the band energy
(1) a repulsive term E„, of the Born-Mayer type, which
was omitted up to now since it is negligible at equilibri-
um. The total energy can then be written

E'"( Ip„' I ) =0, ( Ip„' J )+—,
' g' p„'p 2; exp —p; —1

n, m, i,j L
IJ

(r,"&r )

where A; and p," are the usual Born-Mayer parameters
determined from the knowledge of the lattice parameter
and elastic constants. r," is the interatomic distance be-

IJ
tween an atom of type i and another of type j whereas r;.
is the sum of the atomic radii. The cutoff radius r, is tak-
en as an intermediate value between the second-and
third-neighbor distances in the matrix. Using then a
second moment approximation for the local electronic
density of states (which is known to be sufficient in the
presence of strong bond relaxation) the band energy in
(28) can be rewritten

n, l m~J
(r,"&r )

where

I
'r,,

P;J =g,&exp —
q,

' —1

rlJ

is the effective hopping integral between atoms of type i
and j defined in Refs. 18 and 22, q," is fitted to experimen-
tal results in the same way as p; .

In order to simulate a pure size effect, the cohesive en-
ergy of the solute is taken equal to that of the solvent.
The size-mismatch energy W for an impurity located in
the p plane is then obtained from a quenched molecular-
dynamics procedure and ~ is given by Eq. (14). Such
a calculation for an Ag impurity in a Cu matrix led to the
result given in Eq. (15).

In order to characterize a possible dependence of ~o
with respect to the local concentration co (when c~O)
we have used the same tight-binding quenched molecular
dynamics to simulate various sizes of Ag clusters in the
surface plane, the Ag additional impurity being located
first at the surface, then in the bulk. Note that in this
framework, the size effect energy should be written in a
more general way as in Eq. (13):

(30)
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B. Formation of the (9X9) superstructure
through the expulsion of atoms induced by size mismatch

where E„, is the energy of a crystallite with Xc„Cu
atoms and XAg Ag ones, X being the number of atoms in
a bulk plane parallel to the surface. F.,',h is the cohesive
energy of the i metal. In the present case, y„can be writ-
ten explicitly as

0.50-

0.00 0.25 ; 0.5 0.75

- 0.50-

FIG. 6. Surface concentration dependence of the size-
mismatch energy ~os in the dilute bulk concentration limit
for a [Cu, ,Ag, (111)], 0 surface presenting either a (1X1)or
(9X9) structure. The solid line is for the stable structure,
whereas the dashed hne is for the metastable one.

In order to allow the relaxation process to stabilize at
completion (pure Ag surface) a surface structure in which
the Ag atoms could recover their bulk interatomic dis-
tances (r« /rc„c„—=—', ), the molecular dynamics has
been performed using k =6 mobile (111)layers (on a fixed
Cu substrate), each one containing 100 atoms, and the
usual periodic conditions. The resulting co dependence
of ~o is nontrivial, as can be seen in Fig. 6. As expect-
ed from the previous naive arguments, ~~0 ~

decreases
monotonously up to a critical surface concentration
c0 =0.4. At this concentration, the simulation shows
spontaneous jumps of Ag atoms from the surface towards
adatom positions. These limited expulsions, which occur
when the stress reaches a critical value, re Acct the
dificult coexistence between "big" and "small" atoms at
the surface. As can be seen in Fig. 7(a), this size-
mismatch-induced limited expulsion (SMILE) effect al-
lows the remaining Ag surface atoms to reconstruct to-
wards a local superstructure. When the Ag surface con-
centration is increased, more and more adatoms are ex-
pelled from the surface, leading at completion to a full
(9X9) superstructure. However, one can wonder to
what extent this superstructure, which is indeed the ex-
perimental one, ' ' could be an artifact due to the size of
the box used for the simulation. We have checked that
this is not the case and that (9X9) superstructure is the
stablest epitaxial structure of an Ag monolayer deposited
on a Cu(111) substrate. To do that, we have compared
the relative stabilities of the different possible (n Xn ) su-
perstructures for n =5 to 15, the stablest one minimizing
the generalized surface energy y„:

(31)

(bj

FIG. 7. Theoretical superstructures derived from the numeri-
cal simulation for [Cu, ,Ag, (111)], o and two surface concen-
trations: (a) co -=0.25 and (b) co = 1: , Cu atoms; o, Ag atoms.

y„=[E,"„(k—l)(n+—1) E„"h nE—„g]/(n+ I)

(32)

where E,"„ is the total energy of the relaxed structure
with (k —1) mobile Cu layers of (n+ I) atoms and an
Ag surface of n atoms. As a result, the structure which
minimizes y„ is indeed the (9X9) one, the minimum be-
ing rather flat: y&o——-y9. This good agreement with ex-
perimental results could be felt as fortuitous in view of
the smallness of the energy differences between competi-
tive structures ( —10 eV/at) and of the apparent sim-
plicity of the energy expression (28), which adds to the
tight-binding band term an empirical repulsive one. In
fact, this result illustrates once again the surprising
predictive ability of this model, already checked in the
subtle case of transition-metal surface reconstructions.

Once being granted that the (9X9) superstructure is
the stablest surface at completion, one can wonder what is
its range of stability as a function of the Ag surface con-
centration, i.e., beyond which critical co is the super-
structure stabilized with respect to the (1 X 1) surface.
To answer this question we have compared the relative
stabilities of these two structures for the same number of
Ag surface atoms using (31). As a result, the (1 X 1) sur-
face is found the stablest up to the critical concentration
co at which the SMILE effect begins, the (9 X 9 ) structure
being favored as soon as co &co. This effect can then be
identified as the atomic mechanism responsible for pseu-
doepitaxial dislocation formation. This structural infor-
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mation being obtained, we have calculated ~0 for both
(1X1) and (9X9) structures, even in the concentration
range where they are only metastable. This is illustrated
in Fig. 6 where the solid line corresponds to the stable
structure [(1X1)for co (cIi, (9X9) for co) ct] and the
dashed line to the metastable one. As can be seen, in the
(9 X 9) structure, ~0 takes values almost independent
of co similar to those obtained for the dilute
(c0 ~0)( 1 X 1 ) surface.

After completion of this manuscript, we became aware
of a paper by Liu and Wynblatt ' which reports on em-
bedded atom method (EAM) —Monte Carlo simulations
performed on the same system. These authors observed
that "large Ag atoms are squeezed into previously unoc-
cupied adatom sites, " in complete similarity with the
present SMILE effect.

C. Hysteresis between segregation and dissolution
isotherms

In view of the previous results, one has then to revisit
the theoretical segregation isotherm of Cu(Ag), taking
into account the co dependence at equilibrium of the size
effect displayed in Fig. 6. Assuming that the
(1X1)~(9X9) phase-transition mechanism is of nu-
cleation and growth type, one expects (due to the kinet-
ics) the actual co dependence to difFer from the equilibri-
um one, depending on the initial state. In practice, this
can be roughly modeled by keeping the metastable parts
of the two curves even beyond the critical concentration
c0. This leads to the S curve for the segregation process
[(1X 1) structure] and to the D curve for the dissolution

process [(9X 9) structure ] (see Fig. 6). As can be seen in
Fig. 8, whereas the D curve leads to an almost unchanged
first layering transition, the S one strongly affects this
transition. The influence of the S-type size effect is illus-
trated in the phase portraits of Fig. 9. The most striking
difference with Figs. 2(a) —2(d) comes from the boundary
condition (co versus c, ) which jumps from -0.1 to -0.3
instead of from -0 to —1 [compare Fig. 9(c) to Fig.
2(c)]. As a consequence, the first layering transition is
only partial (see Fig. 8), i.e., changes an almost pure Cu
surface plane to a mixed Cu-Ag surface which is then
progressively enriched with Ag up to co=0.6. The re-
sulting theoretical hysteresis between segregation and dis-
solution depicted in Fig. 8 is in good agreement with the
experimental one shown in Fig. 5 concerning the ampli-
tudes of the transitions. The apparent discrepancy be-
tween the critical bulk concentrations (i.e., the concentra-
tions for which the transitions occur) is due to the treat-
ment of the experimental data. In fact, as detailed by
Eugene, Aufray, and Cabane in Ref. 16, the relative posi-
tions of the isotherms in both processes strongly depend
on the precise values of the diffusion coefficients and the
authors have chosen to fix this coefficient in order to ob-
tain the same critical bulk concentration for both pro-
cesses. In view of the present results, this assumption has
to be considered with caution.

Finally, let us note that the dependence of the size
effect ~ with local concentration c should be con-
sidered to model the pth layering transition. This could
lead to a decrease of the transition amplitude, and even to
a disappearance of the transition. Some work is currently
in progress in this direction.

V. CONCLUSION

0.50-

0.00
0.00001 0.0001 0.001

C
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FIG. 8. Theoretical isotherm (co as a function of c) for
Cu&, Ag, (111)at T=750 K calculated using (a) the co depen-
dence of the size-mismatch energy illustrated as the D curve
(dissolution) in Fig. 6; (b) the co dependence of the size-
mismatch energy illustrated as the S curve (segregation) in Fig.
6; (c}a co independent size-mismatch energy as in Fig. 3.

Let us summarize the main results of this paper devot-
ed to the theoretical study of surface segregation in dilute
Cu(Ag) when the bulk concentration approaches the solu-
bility limit.

(i) Using the TBIM-APM approach in its initial version
(i.e., where the size effect does not depend on the local
concentrations), we have found (when the temperature is
not too high) a finite succession of layering transitions
(the pth transition switching the pth layer from almost
pure Cu to almost pure Ag). This finite character leads
to an incomplete wetting of Cu by Ag even at very low
temperature. It is worth noticing that such a succession
of layering transitions, even though it is now well docu-
mented in the adsorption field, was up to now ignored (at
least to our knowledge) in classical surface segregation
studies. This has to be related to the extensive use, first
of monolayer segregation models, then of "trial-error"
type methods for solving the set of coupled nonlinear
equations. This is one essential advantage of APM to
overcome these difficulties.

(ii) In view of the importance of the size effect in
Cu(Ag) segregation, we have modeled the dependence of
this effect with respect to local concentration, at least for
the surface plane. To this aim, we have performed
molecular-dynamics simulations which have put in evi-
dence the atomic mechanism which allows one to accom-
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modate the stress which increases during the segregation
of big atoms (Ag) at the surface. Beyond a critical value
of the surface concentration, some big atoms are expelled
from the surface plane towards adatom positions. This
SMILE efFect leads, at the Ag surface completion, to the
formation of a (9 X 9) superstructure.

(iii) Introducing this co dependence in the TBIM-APM
treatment drastically modifies the first layering transition
in the segregation process. This transition is now found
partial (from a quasipure Cu surface to a mixed Cu-Ag
one) and asymmetric with respect to co =0.5. Let us note
that such an asymmetry, which comes from the non-
linearity of the co dependence of the size eject, cannot be
predicted by usual models.

(iv) The experiments' performed on this system com-
pare fairly well with our theoretical predictions. First a
(9X9) superstructure is indeed observed at the Ag com-
pletion of the surface. Then, a first layering transition is
put in evidence, which presents a partial and asymmetric
character in the segregation process. On the other hand,
the experimental hysteresis between the segregation and
dissolution processes is attributed to the structural
(1 X 1)~(9X9) transformation induced by the size effect.

Finally, this study confirms the unique abilities of the
simultaneous use of a suitable electronic structure model
(TBIM), a powerful method (APM) to solve the set of
mean-field nonlinear equations and realistic simulations
(tight-binding molecular dynamics) to treat surface segre-
gation, as previously shown in the cases of Cu-Ni, Ag-
Ni Pt-Ni zs and Pt-Rh.

ACKNOWLEDGMENTS

The authors gratefully acknowledge F. Ducastelle, A.
Khoutami, A. Senhaji, J. Cabane, M. Lagues, and J. P.
Biberian for fruitful discussions. They also thank Profes-
sor P. Wynblatt for sending them his results before pub-
lication.

APPENDIX: EXPRESSION OF THE SEGREGATION
ENERGY WITHIN TBIM

The segregation energy hH of Ag in the plane p of
Cu, ,Ag, is defined by
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cIJ

1 —c
JJ

exp
1 —c

(A 1)

Following Eq. (18) of the main text:

hH =b G~+(1—2c )(Z+2Z') V . (A2)

At the surface, the segregation energy EHO is given by
the sum of three terms:

bHo =hh o+~o ( co ) +bH o
'", (A3)

+2 Vo( Zco+Z' c, ) (A4)

which, when interested in the first transition only
(c,c& —+0), can be rewritten:

b Ho
'" =(Z+Z')( V—Vo )+Z' V+ 2 VoZco

= V( —1.5+ 18co )

=+48—576co (in meV) . (A5)

where the first term has been proved to be analogous to
the usual surface tension effect, the second term is the
surface concentration dependent size effect calculated in
Sec. IV and the third term is related to the classical mix-
ing energy:

bHo '" =(1—2c )(Z+2Z') V —(Z+Z') Vo

The respective weights of the three contributions are ana-
lyzed in Table I and compared to values used in previous
studies.

As can be seen, in the lower part of the segregation iso-
therm the size effect contribution is the predominant fac-
tor when co~0 and almost vanishes when
cp ~co (co (co ). Then in the upper part of the isotherm
it becomes once again predominant with respect to the
surface-tension term. On the other hand, the mixing
term, which is negligible at the beginning of the segrega-
tion, becomes the leading one near the Ag completion.
Concerning the comparison with Ref. 33, it is important
to point out that ~o in this case has been assumed co
independent and calculated when co~0 using the linear
continuum elasticity theory. ' It is amusing to note
that b,ho+~o has the same numerical value in Ref. 33
and in the present work when co~0 even though each
term separately is different due to their different
definitions in both theories.

Finally, the experimental value derived from the low
part of the isotherm leads to b,Ho" '—= —390 meV (Ref.
33) in good agreement with our theoretical results and in
contrast with other calculations performed on this sys-
tem ' which overestimate this value. This could be
due, at least in Ref. 33, to the fact that the surface en-
chancement of the effective pair interactions [Eq. (12)]
has been missed.
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