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Surface-sandwich segregation in Pt-Ni and Ag-Ni alloys:
Two different physical origins for the same phenomenon
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We show that a simple mean-field approach, including simultaneously a correct size effect (treat-
ed atomistically), a surface-tension term and the alloy effect, is sufficient to account for the surface-
"sandwich" segregation observed on the (111)faces of Pt-Ni and very dilute Ag:Ni alloys. We show
that this phenomenon does not have the same physical origin in both cases.

I. INTRODUCTION

The study of the surface composition of binary alloys is
interesting for many purposes. Actually, it has long been
known experimentally that the concentration near the sur-
face is usually different from the one in the bulk. The
fundamental questions raised by these experiments are the
following:

(i) existence or nonexistence of a superficial enrichment;

(ii) in the affirmative, nature of the segregating element;
(iii) number of layers affected by the segregation;
(iv) concentration profile (monotonous, oscillating);
(v) influence of temperature and bulk concentration;
(vi) and finally, possible anisotropy of these phenomena

with the crystallographic orientation of the surface.
Most of the theoretical studies have been devoted to the

prediction of a possible surface segregation and to the
knowledge of the segregating element. The various calcu-
lations have put in evidence the influence of three
predominant factors the differences in size and surface
tension between the components and their mixing energy.
On the other hand, the concentration profile has been re-
lated to this last term: monotonous (oscillating) profile
when the alloy tends to segregate (to order) in the bulk. '

For many authors, the first two effects are the most im-
portant; consequently they have established structural
maps defining, as a function of the surface tensions and
sizes of the two elements, the domains where surface
segregation occurs. In most cases, the surface tension ar-
gument is sufficient to explain the observed behavior. In
one particular case (Fe-Zr) the size effect prevails unambi-
guously. However, this kind of map is too schematic to
account for the experimental data collected for two partic-
ular systems: Pt-Ni (in the whole range of concentration)

(Ref. 3) and Ag-Ni (in the limit of very small concentra-
tions of Ni).

In the first case, the segregation of Pt at any concentra-

tion can be explained neither by the difference in surface
tension (quite negligible) nor by the elastic treatment of
size effect which leads always to the segregation of the
solute. In the other case, the strong enrichment of the
surface sublayer in Ni associated with an almost pure Ag
surface plane for a bulk concentration in Ni of some
ppms, is out of the scope of this simple framework. The
aim of this paper is to give a quantitative interpretation of
the experimental results for these two systems using a
mean field approximation in which the size effect is treat-
ed within a microscopic model.

II. FORMALISM
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The quantity ~„can be related to the difference in sur-
face tension between 2 and B metals whereas V„ is the

Let us consider an alloy A,Bl, described by the sim-
ple Ising Hamiltonian

2 g enmpnpm
n, m, i,j

where c'~ is the interaction energy between an atom of
type i at site n and an atom of type j (i,j=A, B) at site
m. p„' is the occupation number which is equal to 1 (0) if
the site is (not) occupied by an atom of type i For a.
binary alloy, p„"+p„=1, so that Eq. (1) can be written in
terms of only one variable, pn =p„":

H=Hp+ gp„g (r„—V„)+ g p p V„, (2)
n m(~n) n, m

(m&n)
with
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where K is the bulk modulus of the solute, G the shear
modulus of the solvent and ro and r& are appropriate ra-
dii for solvent and solute, respectively. Such a formula
leads always to a segregation of the solute, not dependent
on the sign of the mismatch. This can be criticized since
it assumes that the surface part of the size mismatch van-

ishes; more generally, the use of elasticity to evaluate the
size mismatch energy is doubtful. These drawbacks can
be avoided using simultaneously an atomistic model and a
relaxation process to minimize the strain energy of one
impurity successively in the bulk and at the surface of the
solvent matrice. Like Tornanek, we use the model pro-
posed by Ducastelle' to write the total energy as a sum of
an attractive d band term and a repulsive semiempirical

pair interaction which characterizes the tendency of the
system to order or not. Let us note that we have assumed
here that the energy could be written as a sum of pair in-
teractions. This is not really justified for transition metal
alloys. In fact, it has been shown that such a development
is valid for the configuration dependent part of this ener-

gy [i.e., the term quadratic with respect to p„ in Eq. (2)].5

Therefore the remaining problem lies in the coefficient of
p„ in the linear term of (2). We will detail this point in
the practical calculations. Moreover, we will consider
only in Eq. (2) the interactions between first neighbors
which is well justified for the fcc structure of Pt-Ni and
Ag-Ni, assuming in addition no modification of the in-
teraction at the surface: ~„=w and V„=V. Then, we
can write

H =H, + (r V) ~„Z—„+V g p„p (3)
n n, m

(m&n)

where Z„ is the coordination number of site n.
Let us note that, with our sign convention, V & 0 ( &0)

indicates a tendency of the alloy to order (segregate) in the
bulk whereas r & 0 ( &0) means that the A (8) element
has a surface energy lower than that of the other com-
ponent.

The equation (3) does not account for a possible size ef-
fect. It can be done by introducing a third term AH„. A
first evaluation of this term has been given by McLean,
in the dilute case, assuming that the elastic energy associ-
ated with a solute atom vanishes when this atom in the
bulk is exchanged with a solvent one at the surface. It
gives:

one. The former is calculated in the tight-binding frame-
work using densities of states exact up to the second mo-
ment. "The latter is assumed, as usual, of the Born-Mayer
type. ' We use here the same parameters as in Ref. 8.
The resulting energies for Pt-Ni and Ag-Ni alloys are
shown in Table I. We can now introduce this term into
Eq. (3):

H =Ho+(i —V)~„Z„+V g p„p + gbH,",p„. (5)
n n, m n

(m&n)

Let us consider a disordered alloy: for T sufficiently
high compared with the critical temperature T„a mean-
field approach is fully justified. In this case, the average
of the two site correlation functions (p„p ) factorizes
into the product of one site correlation functions
(p„)(p ). We can write (p„)=c„and (p„p ) =c„c

In an infinite crystal, c„does not depend on n: c„=c.
In presence of a surface, the concentration can be dif-
ferent for planes parallel to this surface. Therefore one
must define p-plane concentrations cP [p =0 (surface),
p = 1 (first underlayer), , p = oo (bulk plane)] so that

Vnep plane c„=cp .

The internal energy is obtained by averaging the Hamil-
tonian (5) over all configurations:

(H ) =Ho+N(~ V) g cP(—Z+ZP++ZP+ +ZP +ZP )

P

+NV QCP(ZCP+ZP+CP+~+ZP cP &+ZP +cP+2
P

+ZP cP p)+N g bHP, cP,
P

in which AH,"„as c„, only depends on the index of the
plane p where the site n lies; X is the number of atoms
per plane; Z, ZP+ (ZP +), ZP (ZP ), are the numbers
of first neighbors of a site n in the plane p, respectively, in
the same plane, in the plane(s) "below" and the plane(s)
"above. " Averaging the entropy in the same way, we ob-
tain the free energy:

F= (H ) +Nk T g [cP1ncP + ( 1 —cP )ln( 1 —cP ) ]—N pc p,
P P

(7)

where p is the chemical potential. Note that we have
neglected the vibrational entropy. The minimization of
the free energy (dF/dcP =0,

VCP ) leads to the following
system of coupled equations:

CP = expI —p[(r —V)(Z+ZP++ZP+++ZP +ZP )+ V(2ZcP+ZP+cP+)+ZP++cP+2+ZP cP p+ZP+, cP+,
P

P+ P+ P P — P P-— —

From a practical point of view, we let the concentrations vary on the three first planes (co,c~,c2) assuming
c3 —c4 — ——c . This point, which could be criticized if cz—and to a less extent c~ (in the case Z3 ——Z )+ ~0
only) —is very different from c~, will be discussed in more details in the following sections. Then, Eqs. (8) reduce to
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three nonlinear equations which must be solved self-consistently:

Cp

1 —cp

cg

1 —cg
exp( —)33I —(Z'+Z")(r —V)+ 2 V[Z (cp —cs ) +Z'(c ) 2c—s )+Z"(cz —2cs )]+bH, , I ),

C) cg

1 —c~ 1 —c~
exp( —PI —Z"(r—V)+2 V[Z (c ~

—cz ) +Z'(c2+co —2c~ ) —Z "c~]+bH,', j ),

1 —cz

Cg

1 —cg
exp( —/3I 2 V[Z (c2 —cs ) +Z'(c

&

—cz ) +Z "(co—cz )]+AH „I ),

in which Z' (Z")=Z~+ (Z~ )=Z~ (Z~ ) for p&2.
Let us recall that the values of AH,', given in Table I

have been obtained for cs~0(1). For intermediate con-
centrations, we have used a sinusoidal shape to interpolate
between these limits:

ZL H~ = —,
'

I ( AH ~] bH Q )

sin�[�(

c———, )77] + ( b H [ +bH o ) I,
where AH~z (1) is given in Table I for an impurity in the p
plane (p =0 surface), for c~O (1). The corresponding
curves for PtNi are given in Fig. 1 where they are com-
pared to the elastic term, interpolated in the same way.
One sees that, when the size of the impurity is larger than
that of the solute ( c~0) in Fig. 1, both approaches give
similar results. On the contrary, when the impurity is the
smallest, the sign of AH„can be reversed. This shows
the importance of an atomistic treatment of the size ef-
fect. It is obvious from Table I that AH„ is negligible for
@+2.

III. APPLICATION TO Pt-Ni

Let us first recall the existing experimental data con-
cerning the surface segregation of PtNi alloys. By means

TABLE I. Energy of the size mismatch effect for Pt-Ni and
Ag-Ni (in units of eV/at. ) for the three low-index surfaces (111),
(100), and (110). AH~ is the energy of segregation due to the
size effect on the p plane [p =0 (surface), p =1 (first under-
layer), and so on] in the limit Ca~0 (i =0) or Cz~1 (i =1),
C~ being the bulk concentration of Pt (in Pt-Ni) or Ag (in Ag-
Ni). In bracket is the nature of the segregant element.

of low-energy electron diffraction (LEED), Gauthier
et al. and Baudoing et al. have put in evidence a short-
wave large-amplitude composition oscillation across three
layers at the (111) surface of Pt5oNi, o, PtzsNizz, and
Pt&pNi9Q at 850'C. More precisely, they observed a we11-

developed Pt-Ni sandwich with platinum on top. The
strong Pt enrichment of the first plane on the whole range
of concentration has been confirmed by ion-scattering
spectroscopy. ' This oscillating behavior can be easily un-
derstood from the tendency of this alloy to order ( V & 0).
It has been the subject of a previous paper' in which the
authors used a simple nearest- neighbor interaction model
which was not able to account for the Pt enrichment of
the topmost plane. The surface composition was then
selected from the experimental data. Our model does not
suffer from this limitation since it takes into account, not
only the ordering effect, but also the size effect (the sur-
face tension effect being negligible for PtNi).

The respective effects of the size mismatch
(&=0, V=O) and of the ordering term (r=O, bH'„=0)
are exhibited in Fig. 2, for the three low index faces of
Pt-Ni. The va1ue of V has been derived from the critical
temperature of Pt-Ni ( T, =635 C) in the mean-field ap-
proximation ( V= —,

' kT, =0.038 eV, for an ordering of the
I. lo type). The mismatch effect is strongly asymmetric:
it produces a strong Pt enrichment on the topmost plane
for a concentration of Pt less than 70/o. For larger con-
centration, this effect is weaker and even changes sign on
the (110) face. Moreover, on that last face, it leads to a

hH (ey)se'
Surface Energy of segregation
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FICx. 1. Interpolation of the size mismatch energy between its
extremal values (see Table I) as a function of Pt bulk concentra-
tion (ca) for a Pt-Ni alloy [see formula (10)]. For the sake of
comparison we have also plotted the prediction of elasticity
theory [see formula (4)] which is face independent ( —.——)
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FIG. 2. Variation of the Pt concentration at the surface (co, ), on the first (c~, ———) and second (c2, ~ ~ ~ ) underlayers
as a function of the Pt bulk concentration (c~) for the three low index faces of Pt-Ni at T =850'C: upper part, size effect alone;
lower part, alloy effect alone.

segregation of Pt on the first underlayer. The ordering ef-
fect is symmetric with respect to c~ ———,

' and always
favors the segregation of the majority species at the sur-
face; it oscillates with depth.

When both effects are taken into account simultaneous-
ly in Eq. (9), the oscillating behavior is reinforced for the
(111)and (100) faces (see Fig. 3). Moreover we obtain, in
the whole range of concentrations, a strong Pt enrichment
of the surface, a significant depletion on the first under-

layer and again a slight enrichment on the second sub-
layer. This oscillation is much more damped for the (111)
face than for the (100) one. These results are in qualita-
tive agreement with the experiments but the amplitude of
the oscillation is underestimated in the calculation. The
case of the (110) face is very exciting. Actually, essential-
ly due to the size effect, one predicts an enrichment of Pt
on the whole range of concentration for the first under-
layer, the depletion appearing only for the second sub-

(i00) (i i0j
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u Q6
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LJ ot
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0 G2 0.4 0.6 0.8 1 0 0.2 0.4 0. 6 Q8 1 0 0.2 0.4 0.6 O. B 1

FIG. 3. Variation of the Pt concentration at the surface (co, ), on the first (c&, ———) and second (c2, - . -) underlayers
as a function of the Pt bulk concentration (cz) for the three low index faces of Pt-Ni at T= 850'C, when size and alloy effects are
taken into account simultaneously.
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layer. On the topmost plane, the Pt segregation is less im-
portant than for the other faces particularly on the Pt-rich
side for which this Pt segregation almost vanishes. This
amazing behavior of the (110) face would deserve some
experimental attention.

o.(,

IV. APPLICATION TO Ag-Ni
Q2

The equilibrium segregation in AgNi (111) dilute solid
solutions was studied using radiotracers Ni, over the
temperature range 500—700'C. In view of the very low
solubility of Ni in solid Ag ( &2X10 at /at. ), t. he ex-
periments were performed for some ppm of Ni ~ In these
conditions, the authors found that Ni strongly segregates
on silver with a very peculiar surface structure: the top-
most layer consists purely of solvent (Ag), Ni being locat-
ed under this layer in "sandwich" between silver planes.
This original configuration presents some analogy with
the "surface sandwich" observed in Pt-Ni and described in
the preceding section. However, whereas the oscillating
behavior of Pt-Ni was due to positive V (tendency to or-
der), it is well known that Ag-Ni tends to segregate in the
bulk ( V&0). It is therefore very interesting to elucidate
the origin of the phenomenon in this case.

As for Pt-Ni, we use the model developed in Sec. II, but
in the present case the surface tension effect is no longer
vanishing. The corresponding value of w has been ob-
tained by averaging over the cohesive energies and surface
tensions of Ag and Ni. ' This leads to ~=0.08 eV. This
procedure is not fully justified since it is known that these
energies are not really pairwise' but is nevertheless suffi-
cient for the semiquantitative treatment of interest here.
As for the alloy parameter V, its determination from T,
is more difficult than for Pt-Ni, due to its high value. We
have then chosen to derive V from Miedema's tables, '

which gives

VAg-Ni 3 VPt-Ni 0 ] ~ 5 eV

a2 o~ o6 o8 to o2

Cg

06 08

FIG. 4. (a) Variation of the surface (eo) Ag concentration as
a function of the Ag bulk concentration ( c~ ) for Ag-Ni (111)at
T=5000 C: , size effect alone; ———,surface tension
effect alone. (b) Variation of the Ag concentration at the sur-
face ( co, ), on the first ( c&, ———) and second ( c2, ~ - )

underlayers as a function of the bulk Ag concentration ( c& ) for
Ag-Ni (111) at T=5000'C when only the alloy effect is con-
sidered.

other peculiarity of Fig. 4(b) is the nonmonotonous
behavior of c~, cq, c3 as a function of cs, compared to
the monotonous one for very small V or very high tem-
peratures. ' We then have to vary the temperature between
5000 and 10000'C. This is illustrated in Fig. 5. We
indeed observe for a temperature of about 7500'C, a kind
of phase transition induced by the surface which is
characterized by a change in the behavior of co versus c~
for 0.3&c~ &0.7 The characterization of this transition
would require more extensive calculations which are
beyond the scope of this paper since we are interested here
in studying the dilute limit (cs ~1).

%'e have then introduced the three effects simultane-
ously. This leads to the curves of Fig. 6 showing the vari-

Finally, the size effect is obtained with the same interpo-
lation as for Pt-Ni, from Table I.

The respective effects of the size mismatch and surface
tension are illustrated in Fig. 4(a). We have chosen a high
value of the temperature to be sufficiently above the criti-
cal temperature ( T, =2000 C) to be consistent with our
mean-field approach. One sees that both effects lead to a
segregation of Ag on the surface plane for the whole
range of concentration. On an other hand, they do not
lead to any significant variation of concentration on the
underlayers. Note that the size effect is similar to that
obtained for Pt-Ni but is damped by temperature.

Let us now consider the alloy effect. We have plotted
in Fig. 4(b) the variation of the concentration on the three
first planes due to this factor alone (r=0, 6&„=0). The
most striking feature is the strong segregation of the
minority species on these planes contrasting with previous
results for V~ 0. One can wonder whether the large
difference between cz and cz is consistent with our as-
sumption to fix c3 ——c~. We have checked that our results
for co, c&, and c2 are not changed if, instead of c3 —cg,
we assume c3 ——c2 which is the opposite assumption. The

0.2 0.(

FIG. 5. Variation of the surface (co) Ag concentration as a

function of the Ag bulk concentration ( c~) for Ag-Ni (111) at

different temperatures when only the alloy effect is taken into

account.
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ation of co and c& as a function of cz, and of the tem-
perature. Except for T=5000'C (which can be compared
to Fig. 5), the curves are presented only for small Ni con-
centrations. In this domain we note two important
features when the temperature is lowered. (i) The Ag
segregation increases at the surface, the surface layer be-
ing of pure Ag for T & 2000 C.

(ii) on the contrary, a dramatic depletion is observed on
the first underlayer leading, for T & 2000'C, to an almost
pure Ni plane.

This spectacular behavior is differently illustrated in
Fig. 7 in which co and c~ are plotted as a function of the
temperature for cz ——0.9 (for numerical stability reasons,
it was difficult to mimic strictly the experiments with
cz ——0.99999. . . , but our results can be extrapolated up
to this limit). This confirms that, below a "critical" tem-
perature T,'-4000 C for cz ——0.9, the surface layer tends
to a pure-Ag plane whereas the first underlayer tends to a
pure-Ni plane. We have also plotted in Fig. 7 the corre-
sponding curve for the second underlayer (c2). One sees
that the value of c2 is very close to that of cz. This is an
important point to justify our procedure of determining
co, c &, and c2 with the boundary condition c3 ——c~, which
could be questionable, as mentioned by the referee, if c2 is
very different from cz. Actually, it is obvious from Eq.
(8) that, for a (111) face (Z3 ——Z&

+ ——0), c3 only de-
pends on c2, and not on c& so that cz-cz implies c3 cg.
It remains to check if our result (c2-cz, see Fig. 7 does
not depend on our assumption of fixing c3 —cg ~ To
answer this question, we have changed this boundary con-
dition into c3 ——cz. As in the previous case, c2 is found to
be almost equal to cz. This proves that the curves plotted
in Fig. 7 are indeed meaningful. From the extrapolation
of these curves up to the experimental temperature and
concentration, we then obtain a "sandwich" structure in
which a pure-nickel plane (first underlayer) is placed be-
tween two silver planes (topmost and second underlayer).

0.8—

~ 06—

C&

y ~ I
I

l
l
I
I
I
I
I

I
I

I
I

I

2000 4000

Ag N i (111)

C()

I------c,
~ ii. ....c

I

6000 8000

T(c}

FIG. 7. Variation of the Ag concentration at the surface
(co, ), on the first underlayer (c&, ———) and second
(c2, ~ ) underlayers for a given bulk concentration of Ag
(cq ——0.9, —.—- —) as a function of temperature, for Ag-Ni
(111).

V. CONCLUSION

One can wonder to what extent this phenomenon de-
pends on the face orientation. We have then performed
preliminary calculations indicating the same tendency for
the (110) face with two small differences: T,' is lower and
the topmost plane is not strictly a pure-Ag plane, some Ni
segregation existing also at the surface [the first under-
layer being of pure Ni as in the (111)case].

LJ
C)u 04

0.2

0.4

ce
0.8

FIG. 6. Variation of the Ag concentration at the surface
(co, ) and on the first underlayer (c&, ———) as a func-
tion of the Ag bulk concentration (c~) in Ag-Ni (111) for dif-
ferent temperatures when size, surface tension, and alloy effects
are taken into account simultaneously.

We have shown here that a simple mean-field approach,
including simultaneously a correct size effect (treated
atomistically), a surface tension term and the alloy effect,
is sufficient to account for the surface-sandwich segrega-
tion observed on the (111) faces of Pt-Ni (Ref. 3) and
Ag-Ni (Ref. 4) alloys. This model allows us to show that
this phenomenon has not the same physical origin in both
cases. For Pt-Ni, it is due to an oscillating behavior in-
duced by the tendency of this alloy to order in the bulk,
the nature of the first plane (strong Pt enrichment) being
mainly determined by the size effect. For very dilute
Ag-Ni, the tendency of the alloy to segregate in the bulk
induces a strong segregation of Ni near the surface which
is counteracted by surface tension and size mismatch ef-
fects. Taking into account all these effects indeed leads to
the structure proposed by Rolland et al. , i.e., a pure-Ni
plane placed between two silver planes. From this point
of view, the term of "surface sandwich" is more suited to
Ag-Ni than to Pt-Ni.

Finally, let us suggest two experiments which could be
interesting: (i) The study of the (110) face of Pt-Ni for
which we predict a segregation of Pt on the first under-
layer whereas the Pt enrichment is reduced at the surface
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and almost vanishing for the Pt-rich alloy, the Pt de-
pletion occuring on the second sublayer. (ii) A study of
the influence of temperature on the surface sandwich
structure of Ag-Ni, which is expected to disappear for a
critical temperature which depends on the bulk concentra-
tion.
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