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The tight-binding Ising model coupled with a mean-field approximation formulated as an area-
preserving map is applied to surface segregation of Pt, Ni&, alloys. It allows us to reproduce the
striking experimental data available for the low-index faces and in particular the face-related segre-

gation reversal observed when going from the (111) to the (110) face. Moreover, it predicts some

spectacular phase transitions of the concentration profiles as a function of temperature and bulk
concentration.

I. INTRODUCTION

In the present paper the tight-binding Ising model'
(TBIM) is used to describe from their electronic structure
the energetics of atoms in surface-segregation phenomena
for transition-metal alloys. Then, it is necessary to model
the equilibrium state of the alloy by a given statistical ap-
proach. We use here the mean-field theory, which pro-
vides a useful first approximation. In this framework,
surface segregation can be regarded as a one-dimensional
problem in nonlinear dynamics with appropriate bound-
ary conditions and formulated as an area-preserving
map (APM}. The corresponding phase portraits allow
an easy and physical visualization of all possible solutions
that can occur in a mean-Geld approximation —even in
rather complex situations. These methods (TBIM-APM)
are applied here to platinum-nickel alloys (Pt, Nii, ),
which are exceptions to simple phenomenological criteria
for surface segregation. Actually, the segregation of Pt
at any concentration of the disordered alloy observed in
low-energy electron diffraction (LEED) experiments on
the (111) surface6 and its spectacular reversal on the
(110) face at c =0.5 (strong Ni segregation) can be ex-
plained neither by the diff'erence in surface tension (quite
negligible) nor by the elastic treatment of the size effect,
which always leads to the segregation of the solute. Ini-
tial progress was made by the simultaneous use of an
atomistic model and a relaxation process to minimize the
strain energy calculated in a second-moment tight-
binding framework. ' As a result, the authors indeed
found a surface sandwich with Pt on top whatever the
concentration for the (111) and (100) faces, in good
agreement with experiments. " Moreover, contrary to
the usual trends derived from phenomenological theories,
they put in evidence a surprisingly smaller Pt enrichment
for the (110) face. Unfortunately, the effect was not
strong enough to lead to an Ni enrichment as in experi-

ments. A further improvement was to take into account
a primary consequence of TBIM calculations, namely the
enhancement at the surface of the effective pair interac-
tions (analogous to the mixing energy in phenomenologi-
cal models'2}. This led the same authors to conclude an
actual surface segregation reversal for the (110) face, i.e.,
a surface sandwich with Ni on top for c &0.5, the con-
centration profile remaining siinilar to that of the (111)
face for c &0.5. ' Although the former results are in
good agreement with the corresponding experiments on
Pto 5Nio 5, the latter appear to be conflicting with very re-
cent experiments on Pto &Nio 9 for which an Ni surface
enrichment was found again. ' A very similar study per-
formed in the framework of the semiempirical embedded
atom method (EAM) led to essentially the same con-
clusions as ours a surface sandwich with Pt on top
whatever the concentration for the (111) and (100) faces
and a sandwich with Ni(Pt) on top for c )0.6 (c &0.3).
An interesting finding of the EAM study was a possible
coexistence of both profiles for 0.3 &c &0.6 in Pt-
Ni(110). Unfortunately, according to the author himself,
a fundamental problem remained. The strongly oscillat-
ing concentration profile was not damped, even deep in
the bulk. This illustrates the important and subtle prob-
lems related to the in-bulk termination of the concentra-
tion profile. We will show here that the use of phase por-
trait techniques provides an unambiguous way of solving
this problem. In particular, it will allow us to reconcile
experimental results and TBIM calculations and to solve
the problem of the undamped oscillations in the EAM
study. Moreover, it will bring to light the wide variety of
concentration profiles and their possible modifications
and phase transitions with temperature, bulk concentra-
tion, and crystallographic orientation.

The paper is organized as follows. In Sec. II we de-
scribe the TBIM formalism and in Sec. III the area-
preserving mapping technique. We present in Sec. IV our
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results for the surface segregation at the three low-index
faces of Pt, Ni, , alloys and their evolution with temper-
ature. Finally, in Sec. V, we discuss our results in rela-
tion to available experimental data and predict some
spectacular phase transitions of the concentration
profiles.

n, i n, m, i,j n, i

where p„' is the occupation number which is equal to 1 (0)
if the site n is (not} occupied by an atom of type i and
prime means mAn.

The first term in (I) is expressed in terms of the local
field:

Im EF
h„' = f dE g in[1 (s'—cr„—)G„„(E)].

The second term in (1) is written in terms of the e+ectiue
pair interactions:

E
V„'j = — I dE t„'(E)tj (E)g G„~(E)G"„(E), (3)

7T
A, ,p

in which EF is the Fermi level, s the atomic d level for i
atoms, and A, ,p the spin-orbital indices (1&A,,@~10).
G„" is the matrix element (n, A, ~G~m, p) 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:

s' —o„(E)
t„'(E)=

1 —[s'—o„(E)]—,
' g G„„(E)

A.

(4)

It is worth noticing that this derivation indeed preserves
local charge neutrality. ' The third term accounts for a
possible size effect: Hn ' is calculated using simultane-
ously the atomistic tight-binding model and a relaxation
process to minimize the strain energy of an atom i at site
~ 9, 10

In the particular case of a binary alloy A,B,
(p„"=1 —p„=p„),Eq. (1) is written up to a constant:

HTB™ gp 'g yi V
n m

II. THE TIGHT-BINDING ISING MODEL (TBIM)

Let us summarize the main features of the TBIM. '

From the electronic structure of the disordered alloy, one
can derive an effective Ising Hamiltonian for segregation
processes at surfaces of transition-metal alloys:

yp~ii~ + ~ y~ p~pj VV + yp~H~

In our surface problem, the relevant energetic quanti-
ties (as will be seen in Sec. III) are the differences between

hn, H„ for sites n belonging to a p plane parallel to the
surface (p =0: surface p =1: first underlayer. . .} and to
the bulk:

hp
=hn ~p plaIIe hn Ebulk

~Hp Hn 6p plane Hn Ebulk

We give in Table I the values of b,H~" in the dilute lim-

its (c~0 or 1), from which bH~" is interpolated for inter-
mediate concentrations. Let us note that hH" vanishes
for p ~2.

By analogy with the phenomenological models, ' bh
plays a role equivalent to the difference in p-layer tensions
between pure constituents b,r =r"—

H~, the p-layer ten-
sion r' being defined as the difference in energy between
an atom in the p plane parallel to the surface and a bulk
atom in the pure metal i. On the other hand, for a pair of
bulk atoms, V„ is strictly equivalent to the alloying en-

ergy Q. The two major features of TBIM are that hh„ is
quasiconcentration independent and that the effective
pair interaction V„ is enhanced at the surface. More
precisely, limiting the summation in (5) to first-neighbor
interactions (which is justified from the electronic struc-
ture for fcc alloys' ) and referring to the pair interactions
V„as V if n and m are bulk atoms and as V0 if n or m is
at the surface, one finds

Vo=—2 V for the (110) face,

V0-=1.5 V for the (111)and (100) faces .

This variation may be important as will be illustrated
in the following for Pt, Nil, . Let us point out, however,
that Pt-Ni is a very peculiar system from the point of
view of the general trends of order effects in transition-
metal alloys. Actually the chemical disorder parameter
(s"—s ) vanishes in that case and cannot explain the ten-
dency of this alloy to exhibit ordered phases at low tern-
perature. Then, it is necessary to put forward another
type of disorder, related to the presence of spin-orbit cou-
pling interactions on Pt atoms and not on Ni ones. '

More precisely, the effective pair interactions due to
spin-orbit effects present the same dependence with d
band filling as those due to chemical disorder, but with
the opposite sign, which leads to V & 0 for Pt-Ni. Unfor-
tunately, the calculated value is somewhat underestimat-
ed compared to the experimental value of order-disorder

with

+g' p„p V„+g p„HS',
n, m

—
h A $8+ & ~i ( VAA VBB)

n n n 2 ~ nm nm

(5) TABLE I. Energy of the size mismatch effect for Pt-Ni in
units of meV/at. for the three low-index surfaces. EHp is the
segregation energy due to the size effect on the p plane (p =0:
surface, p =1: first underlayer) in the limits c~0 (i =0) and
c~1 (i =1).

and

Hs =H~'a —H 'a
n n n

V l( VAA+ VBB 2VAB)

(111)
(100)
(110)

WHO

—260
—280
—270

AH,'

—40
+20
+90

bH',

0
0

—110

AH l

+20
+30
—20
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temperature. Therefore, taking advantage of the previ-
ously mentioned analogy between b,h and b,r, and V

and 0, we will use here the experimental values of 67 p

(Refs. 19 and 20) and 0 (or equivalently T, ) to determine

who and V Aho=Ah] = . =0 eV, which is consistent
with the almost equal surface tensions of Pt and Ni
V =84 meV, which gives the correct critical temperature
for the L lo ordered phase (T, =-900 K) in exact thermo-
dynamical calculations but a too large one ( T; -=1970 K}
in the mean-field approximation (T, =0.45T,'); ' Vo/V
is deduced from (9).

III. AREA-PRESERVING MAPPING (APM)
IN THE MEAN-FIELD APPROXIMATION

—N g (cz —c)p,
P

(10)

where N is the number of atoms per plane (constant in
the absence of reconstruction) and p is the chemical po-
tential. The minimization of the free energy with respect
to the layer concentration leads to the following system
of coupled equations:

lation functions (p„)(p ). Assuming that, in presence
of a surface, the concentration can be different for planes
parallel to this surface, one can define p-plane concentra-
tions: V n Ep plane (p„)=cz. Averaging the entropy in
the same way, we obtain the free energy:

F=(H)+XkTQ [c inc +(1—cz)ln(1 —c~)]
P

The internal energy is obtained by averaging the Ham-
iltonian (5) over all configurations. The simplest (mean-
field) approximation is to factorize the two-site correla-
tion functions (p„p ) into the product of one-site corre-

cp c
Vp = exp

1 —c 1 —c

where the segregation energy per plane EH"s is written

EHos =who+(Z+Z')(V —Vo)+Z'V+2[Z( Voco —Vc)+Z'( Voci —2Vc)]+WHOM

bH'i's =Eh, +Z'( V —Vo)+2[ZV(c, —c)+Z'( Voco+ Vc2 2Vc))+—bH';,
BH s=2[ZV(c —c)+Z'V(c, +c +, —2c)],

(12)

where Z and Z' are the numbers of first neighbors of a site in a given bulk layer parallel to the surface in the same plane
and the first plane below (above), respectively. Let us point out here that these equations are valid when the coupling is
between first-neighbor planes only. From the numerical point of view the nonlinear system [Eqs. (11}and (12)] can be
rewritten

1

2Z' Vo
I

CO—kT ln —2ZVoco+(Z+Z') Vo
—

who
—&Ho'+p =fi(co),

1 CO

1
2 2ZIV

c)—kTln —2ZVc, —2Z'Voco+(Z+Z') V+Z'Vo —hh, bH, +p =—fz(co, c, ),
1 ci

(13)

1

2Z'V
CpkT ln ——2ZVc —2Z'Vc i+(Z+2Z'}V+@ =f (cz &, cz },

1 —
cp

where the chemical potential p, is determined by the bulk
concentration in the disordered state c:

p, = —(Z+2Z') V(1 —2c)+kT ln
1 —c

(14)

It is worth noticing that most of the surface-
segregation studies were performed by assuming that the
concentration only varies at the surface (coAc,
c, =c2 = . . =c). This is obviously a too crude approxi-
mation which only becomes rigorous when
V Vo lal hp o LaEHp 0

=0. To go further, the usual
procedure is to start from trial values of co, from which
one can deduce c], then c2, . . . , CP. The procedure is
stopped when one reaches a p plane for which ~c~

—c~ is
small, up to an arbitrary accuracy. This method has been
used in particular in the previous studies of Pt-Ni segre-
gation. ' ' Even though such a termination seems to be
almost perfect for a drastic accuracy ( ~c —c~ ( 10 ), it
suffers from a major drawback which can be seen in Fig.

cp

Cp

cp

cp+, =f (ci, , ci, }

In this framework, the bulk concentration is the only
fixed point of the transformation C (at least, for V &0).
The linearization of C around the fixed point (; ) charac-
terizes its topological nature. In the disordered state, the

1(a): if one allows the profile to go beyond this termina-
tion, instead of hitting exactly the bulk concentration, the
iterations carry us far away. This is due to the inherent
mathematical instability of the fixed point (c) of the itera-
tion (to be distinguished from its physical stability). To
avoid this serious trouble, which can be put some big
question marks even on the first part of the profile, we
will use here an area-preserving mapping formulation of
the mean-field theory. ' The main idea is to remark
that (13) can define the following two-dimensional map-
ping:
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FIG. 1. (a) Concentration profiles of Pto,Nio, (100) at
T=2000 K obtained by the usual "trial and error" iteration
method. (b) Phase portrait of Pto 5Nio 5(100) at T =2000 K in-

cluding the fixed point B, its inset and outset ( ———), and the
open trajectories (, o ) corresponding to the concentration
profiles, --, respectively, in (a).

corresponding eigenvalues A, X2 are real, negative, and
such that A, „A,2+ —1 and A, ,A,2=1. This is a so-called hy-
perbolic point with reflexion. The eigenvectors associat-
ed to A, , (IA, , I &1) and A,z (IA,zI & 1) are the slopes of the
insets (inflowing orbits) and outsets (outflowing orbits) of
the fixed point, respectively. From a practical point of
view, the outset is obtained after only a few iterations of
8 starting from any line passing through the fixed point
(except its inset). On the other hand, the inset is drawn
by iterations of C ' (when the map is invertible) or
equivalently as the symmetric of the outset under the
transformation:

Cp

cp+1

cp+ i

Cp

Such an inset is exhibited in Fig. 2(a) in the case of
Pt, Ni, , (100} for c =0.5 and T &T,. The reflexive
character of the fixed point means that two successive
iterations give points on both sides of it on its inset. This
is related to the tendency of the alloy to order in the bulk,
i.e., V & 0: more precisely, a given plane interacting with
its adjacent layers only, an enrichment on the former
with respect to one species will be followed by a depletion
on the latter.

FIG. 2. Phase portraits of Pto &Nio 5(100) including the fixed

point(s) 8(t 2), their insets ( ), and the boundary condition
c2=g(c&) { ) for Vo/V=1. 5. (a) T=2000 K: (cp cp+l)
mapping. (b) T=1200K: (Cp, Cp+&) mapping.

The situation is more intricate when the bulk is or-
dered, below the critical temperature. Actually, if this
ordered phase (characterized by the long range order pa-
rameter rl) can be viewed as an alternate stacking of pure
planes at T=O [cz =c(1+rl); c2 +, =c(1—g) for
T, & T &0] along a given direction (for instance for L 10
phase along [100] or [110]directions), and if the bulk is
also described along this direction in (13)—(15), the fixed
point (, ) becomes elliptic, i.e., numerically stable but
physically unstable. Actually, it is the fixed pair

c (1+rl ) c (1—
rl )

c(1—r)} ' c(1+rl)

which is now physically stable. A well suited transforma-
tion to change this fixed pair into two fixed points is the
following:

c ~C =( —1) (2c —1) .P P P

Then the phase portrait of the (C,C +, ) map presents
one elliptic point (o) and two simple (without reflection)
hyperbolic ones (:„"),("„). The corresponding insets are
shown in Fig. 2(b). Note that the two (thermodynamical-
ly stable} fixed points are joined by two heteroclinic tra-
jectories, the inset of one point being the outset of the
other one. Moreover, the central elliptic point (0) has no
inflowing or outflowing orbits. This phase portrait ap-
proach becomes of great use in the presence of a surface
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since it identifies the solutions of the mean-field equation
c +,=f (c i, c } subject to the appropriate boundary
conditions: c, =f, (co) and cz=fz(co, c, ) [see Eq. (13)].
In practice, the equilibrium concentration profile near the
surface is obtained from the inflowing orbit which inter-
sects the boundary condition cz =fz(f, '(c, ),c, }=g(c,)

by keeping its part (c„cz, . . . , c~) between the intersec-
tion and the fixed point, then adding the surface concen-
tration: co=f, '(c, ) (see Fig. 2). The main advantages
of this technique are the following:

(i} It avoids the previously mentioned explosion which
was due to the numerical impossibility to hit the fixed
point exactly. Then, in the first part of the profile shown
in Fig. 1(a), the open trajectory was getting near the fixed
point along the inflowing orbits then went around it be-
fore running away in the second part along the
outflowing orbits, which gives rise to the explosion [see
Fig. 1(b}].

(ii) It allows an easy and physical visualization of the
possible occurrence of multiple solutions [see Fig. 2(b)] in
which case the one with the lowest value of the free ener-

gy functional should be chosen. A phase transition can
occur when a variation of external parameters (T, . . . )

lead to a switching of the minimum value of the free ener-

gy from one solution to another.
Let us now. illustrate the potentialities of a simultane-

ous use of TBIM and APM first to interpret the puzzling
experimental data concerning the surface segregation on
the low-index faces of Pt-Ni alloys ' ""and then to pre-
dict some spectacular phase transitions in concentration
profiles with temperature.

IV. APPLICATION TO SURFACE
SEGREGATION IN Pt-Ni ALLOYS

Let us briefly resume the experimental situation on the
low-index faces of Pt, Ni, , The first studied surface
was the (111) one for which a surface sandwich with Pt
on top was found on the whole concentration range. '"
Then a spectacular reversal of this concentration profile
was observed on the (110) face, namely a surface
sandwich with Ni on top, at least for c =0.5 (Ref. 7} and
c =0.1.' In the latter case, a surprising bump' was ex-
hibited in the curve c0 versus c. Note that all these ex-
periments were performed at about 1200 K, in the disor-
dered state, well above the maximum critical temperature
(T, —=900 K at c =0.5). The following sections will give
a physical insight on these striking phenomena.

A. Pt-Ni(111}

A previous theoretical study in which (13) was solved
by the usual "trial and error" method led to an oscillating
profile with a Pt enriched surface, in agreement with ex-
periments. This result, which is not strongly affected by
a realistic variation of V at the surface, ' is due to the
competition between a predominant size effect and an or-
dering efFect driven by the efFective pair interaction V for
c &0.5 and to the synergy between these effects for
c &0.5. Let us recall that the linear term b,h, which
has been proven to be very close to the surface tension

Cp~]
I,
'a',

I

~ ~ ~ ~ ~ ~
~ ~ ~ ~

0-
0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g ~ ~ ~ ~ ~ ~ ~

0

0.8

0.4

0.2

02 0.4 0.6 0.8 c
FIG. 3. (a) Phase portrait of Ptp 5Nip 5(111) at T =1200 K

for Vp/V =1.5. The notations are the same as in Fig. 2(a). (b)
Variation of cp ( ), c& ( ———), and c& (. ~ ~ ~ ) as a func-
tion of c for Pt, Ni&, (111)at T = 1200 K for Vp /V = 1 ~ 5.

effect' (generally the leading term in surface-segregation
processes), vanishes for Pt-Ni. One can wonder to what
extent the explosive character of the concentration profile
(Fig. 1), which was not observed in the previous
works ' ' ' due to the limited number of planes where
the concentration was allowed to vary, could put some
doubt on these results. In fact, they are fully confirmed
by our TBIM-APM technique. Actually, at the experi-
mental temperature (T-=1200 K) the phase portrait ex-
hibits one solution only whatever the concentration [see
Fig. 3(a} for c =0.5]. This remains true for any tempera-
ture. Let us emphasize that in our representation
(c~,cz+ i },the stacking of (111)planes does not "see" any
of the ordered structures stabilized with first-neighbor in-
teractions (Llo,Llz). ' In other words, the fixed point
(', ) keeps its hyperbolic (with reflection) character up to
T=O K. A description of the ordered state, which is
beyond the scope of this section, would require the intro-
duction of intra-(111)-plane sublattices. The resulting

cz o i z versus c curves are shown in Fig. 3(b) for the
values of hh, V0, V, and hH" defined in Sec. II and
Table I. They are very similar to our previous re-
sults ' ' in spite of a difFerent value of V (which was pre-
viously fitted to T, within the mean-field approximation
and then underestimated ') and to the RAM results. '

The agreement with experiments is qualitative, the oscil-
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latory behavior being somewhat underestimated by the
calculations. ' ' '

B. Pt-Ni(100)

10 20 30 p
]'"1 i l i & ]'&
~l ll

l I l ) l
g l

g l g lll l i' l lI li l l l I I
I06 ~ t,' l, ts i ~ II ll

lt li l I

O
g l &l il gl

l g (k g.4 ~
&

e&,'1 il l g tl
\ 'l &'l &1 i l JL

g l I
1 g

a a a I a I

2 I 6 8

(b)

From the electronic structure point of view, the (100)
face appears very similar to the (111) one. The ratio
Vo/V is equal to 1.5 and the size efFect always favors the
segregation of Pt, mainly for c &0.5. However, our map-
ping (C,C +,} allows us now to describe the Llo or-
dered phase at c =0.5. Thus, as explained in Sec. III,
there is only one hyperbolic fixed point (o) above T,
whereas three fixed points are presented below: (o) which
becomes elliptic (physically instable} and 2("„)which are
hyperbolic [see Fig. 2(b)]. Let us recall that using an ex-
act value of V and the mean-field approximation for a
stacking along the [100] direction, one finds T, =1968 K
for c =0.5 and T, =708 K for c =0.1 or 0.9. In the
disordered state, one still finds one solution only over the
whole range of temperature whereas in the ordered L 1O

phase, one sees in Fig. 2(b) that multiple solutions may
occur. Two of them are true local minima S and M, the

third one being a saddle point SP which then does not
correspond to an equilibrium configuration. The concen-
tration profiles corresponding to the unique minimum for
T & T, and the two local minima for T & T, are shown in
Fig. 4 for c =0.1, 0.5, and 0.9. Once more in the disor-
dered state, they confirm our previous results: a strong
Pt enrichment at the surface followed by an oscillatory
concentration profile the more rapidly damped as T is
high (p =2 for c =0.1 or 0.9 at T=1200 K) as can be
seen from Figs. 4(b) and 4(c). Let us now comment on
the behavior in the L lo ordered state analyzed along the
variant built as an alternate stacking of pure planes. The
corresponding concentration profiles are shown in Fig.
4(b) for the two local minima: S and M label, respective-
ly, the stable and metastable solutions, their difference in
free energy being of -90 meV at T =1200 K. The stable
solution corresponds to a termination of the bulk alter-
nate stacking of planes with concentration c(1+i})by a
Pt-type surface plane, the metastable one being terminat-
ed by an Ni-type plane. We are faced here with a subtle
semantic problem. In the usual surface-segregation ter-
minology, the stable solution leads to a strong Pt enrich-
ment of the surface (co =0.89 & c =0.5) whereas in terms
of ordered structure it can be considered as a slight de-
pletion in Pt of the surface with respect to an ideal Pt-
type bulk termination (co=0.89(cia=0.95}. There ex-
ist no experimental data available in this ordered state, at
least to our knowledge, but we can predict in view of the
significant difference in free energy between the two solu-
tions that only the stable one (S) should be observed.
However, due to the presence of a quasipure Pt surface
plane, the possibility of occurrence of a reconstruction
analogous to the (5 X 20) one in pure Pt cannot be ruled
out. Its inhuence on the surface composition should re-
quire a simultaneous treatment of reconstruction and
segregation which is currently in progress. To conclude
with the (100) face, it is worth noticing that our results al-
low us to elucidate the "strange way in which the concen-
trations of layers far from the surface behave" in
Lundberg's work. ' Actually, the undamped oscillations
he finds are due to his underestimation of T, (calculated
from an exact value of the heat of solution but within the
mean-field approximation —see Sec. III and Ref. 21).
Therefore his calculation at 1200 K is performed uninten-
tionally in the ordered state.

C. Pt-Ni(110)

.6-
I

10 20 30 p
FIG. 4. Concentration profiles in Pt, Ni, ,(100) at three

temperatures (a: 2000 K, b: 1200 K, c: 710 K) and three con-
centrations c =0.1 ( ), 0.5 ( ———), 0.9 ( ) for
V0/V =1.5.

The (110) face presents, from the experimental point of
view, the most intricate, and then the most interesting be-
havior. Moreover, from the theoretical point of
view, ' ' no study has been able up to now to account
for the Ni enrichment observed both at c =0.5 (Ref. 7)
and c =0.1.' From the electronic structure point of
view, the (110) face strongly divers from the two previous
close-packed faces. In particular the size effect—which
indeed favors in this case the segregation of Pt for c (0.7
and on the contrary that of Ni for c )0.7 at the surface,
associated with a segregation of Pt whatever the concen-
tration in the first underlayer (see Table I)—competes
with the ordering effect on the whole angle of concentra-
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tion. On the other hand, the ratio Vo/V is stronger
(—=2) than for the other close-packed faces. ' These two
effects allowed us to predict a segregation reversal {sur-
face sandwich with Ni on top) for c &0.5 in the disor-
dered state. Unfortunately, this calculation predicted a
more usual behavior (i.e., surface sandwich with Pt on
top) for c (0.5, which was very recently invalidated by
experiments performed at T =1200 K and c =0.1. It is
worth noticing that the theoretical results obtained
simultaneously on the same face by Lundberg within the
EAM (Ref. 15) were very similar to ours and therefore
cannot explain the experimental observations at c =0.1.
A remarkable result of the EAM study is the existence of
two equilibrium profiles, a sandwich with Ni on top or at
the opposite with Pt on top, with almost the same ener-
gies for 0.3 (c &0.6, the former solution being consistent
with experiments and then called the stable one. Unfor-
tunately this result, being obtained as for the {100)sur-
face at 1200 K but in the ordered state (as shown by the
similar undamped oscillations of concentration), cannot
interpret experimental data collected at T =1200 K but
in the disordered state. It is then of prime importance to
be able to perform the calculation both below and above
T, to check to what extent this multisolution character of
surface segregation needs ordering in the bulk. The
APM allows us to answer such a question, as previously
illustrated for the (100) face. In the case of the (110) sur-

face, one layer being coupled with the two below (above)
adjacent planes, the mapping should become a four-
dimensional one, then losing its appealing properties of
easy visualization. In practice, this mapping can be ap-
proximated by a two-dimensional one by using effective
interplane coordination numbers leading to the same crit-
ical temperature for L10 ordering, the electronic quanti-
ties of the TBIM (b,h~, b,H, Vo, V) being calculated for
the exact geometry. This gives for the (110) face
Z'=3, Z"=0 instead of Z'=4, Z"=1 (Z": number of
first neighbors two planes above or below), when the L 10
phase is analyzed along the variants built as alternate
stackings of pure (110) planes. Thus, the critical temper-
atures are the same as for the (100) stacking: T, =1968
K (708 K) for c =0.5 (c =0. 1 or c =0.9). The corre-
sponding phase portraits are exhibited in Fig. 5 above T,
for the three concentrations (c =0.1, 0.5, and 0.9) and
below for c =0.5. Note that, for the sake of clarity, only
the insets and the boundary conditions (for Vo/V = 1 and
Vo/V =2) are represented. Moreover, to make easier the
comparison between ordered and disordered bulk state,
we show a (C~, Cz+ &) mapping whatever the temperature
at c =0.5 whereas a (cz, cz+&) mapping is used for
c =0. 1 and 0.9. The most striking feature is that the
enhancement of the effective pair interaction involving
one surface site at least, derived from TBIM ( Vo =2 V), is
essential to stabilize a second concentration profile above
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FIG. 5. Phase portraits of Pt, Ni&, (110) for three concentrations c =0.1 (a,b), 0.5 (a',b',c'), and 0.9 (a",b"), as a function of tem-
perature. Only the insets (. ~ -) of the fixed point 8(») are shown with the boundary condition c2=g (c& ) for Vo/V=2 ( )
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T, [Figs. 5(b}, 5(b'), and 5(b"}]. More precisely, in a given

range of temperature above T„ the boundary condition
for Vo/V =2 intersects the insets three tiines (instead of
only once for Vo/V =1) leading to two local minima and
one saddle point (SP). The minimum free-energy cri-
terion determines which of the minima is the stable one
(S}or the metastable one (M). As a function of increas-
ing temperature, the true minimum free energy may
switch from one point to the other leading to phase tran-
sition before M vanishes at higher temperature [Figs.
5(a), 5(a'), and 5(a")]. In the ordered Llo phase [Fig.
5(c')] two minima exist also for Vo/V =1, which means
that even usual phenomenological theories can predict
such bistabilities. The two additional intersections occur-
ring for Vo/V =2 are nothing but saddle points. A more
physical insight on the problem requires the knowledge
of the concentration profiles corresponding to these mini-
ma. They are given in Fig. 6 for the same temperatures
and concentrations. Let us discuss for each concentra-
tion the evolution of the concentration profile with tem-
perature.

1. c=0.5

At sufficiently high temperature one recovers our pre-
vious results ' whatever Vo/V, i.e., a slight Pt enrich-
ment on the first two layers followed by the usua1 rapidly
damped oscillations [Fig. 6(a')], mainly due to the size

effects on these two planes. Decreasing the temperature
up to the critical temperature, the behavior for Vo/V =2
becomes drastically different from that for Vo/V=1
which evolves only slightly. Actually, in this range of
temperature (2175 K~1968 K), two different concentra-
tion profiles (S and S' in phase opposition), quasi-
indiscernible from the energetics point of view

(Fs Fs.= —2. 10 —eV—), appear for Vo/V=2, namely
two sandwiches with Ni(S) or Pt(S') on top, respectively,
presenting slowly damped oscillations up to -10 layers,
the former being the most stable. Finally, below T„ the
two types of profiles (S,M) coexist (now even for
Vo/V =1) but the oscillation is undamped since the bulk
is ordered. Once more, we are faced with the terminolog-
ical problem previously mentioned in Sec. IVB. These
profiles exhibit surface enrichments co =0.94 (0.16} with
respect to the disordered bulk concentration but surface
depletions compared to their counterparts in the ordered
bulk: ci =0.95 (0.05). This confirms that the EAM cal-
culation performed at T=1200 K unintentionally in
the bulk ordered state is improperly used to describe sur-
face segregation in the bulk disordered state. Concerning
the free energies, the two possible concentration profiles
can be strongly distinguished: F& —FM=——10 eV but
now S corresponds to the sandwich with Pt on top. To
summarize, our main result at c =0.5 is the coexistence
at T & T, of the two concentration profiles: sandwich
with Pt on top and with Ni on top. Let us recall that
only one solution is found for T )T, when Vo/V = l.
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2. c=O.I

The most striking features are essentially the same as
for c =0.5, namely the appearance for Vo/V =2 of two
equilibrium profiles in phase opposition in a wide range
of temperature (710-1200 K) above T, (708 K), contrary
to the only one observed profile for Vo/V= 1, as can be
seen in Fig. 6(b) for instance. More precisely, between
710 and 1140 K the stable equilibrium profile (S}is the
sandwich with Ni on top and a very strong Pt enrichment
in the first underlayer. Then between 1140 and 1250 K,
the minimum switches to the sandwich with Pt on top
which becomes the unique solution at higher temperature
[see Fig. 6(a) for T =1500 K]. In this latter case, the con-
centration profile on the first three layers becomes mono-
tonous which is an unusual behavior for alloys such as
V & 0 (ordering tendency) and is only possible due to the
enhancement of V at the surface.

3. c=0.9

Once more two oscillating solutions in phase opposi-
tion coexist in a narrower range of temperature above T„
for Vo/V=2. Contrary to the previous cases, they
significantly differ in free energy in this whole range of
temperature. As a consequence the stable solution
remains always the same, evolving continuously to the
unique solution at higher temperature. The correspond-
ing concentration profile is characterized by a strong Pt
depletion in the first underlayer, the surface concentra-
tion varying only slightly around the bulk concentration
(0.85 & co & 1.00 when 1200 K & T & 710 K).

V. PHASE TRANSITIONS OF
THE CONCENTRATION PROFILES

sequence of surface enrichments as a function of the bulk
concentration:

(i) 0&c &0.35: The solution is unique with Pt enrich-
ment.

(ii) 0.35 & c &0.5: There is bistability of two solutions,
the previous solution becoming metastable and the most
stable one being the new one which is Ni enriched. As a
consequence, there is a jump of surface concentration at
c =0.35.

(iii) 0.5 & c & 1: There is a new jump at 0.5 towards the
first solution (Pt enriched), the Ni-enriched one becoming
metastable up to c =0.6 where it vanishes. Then one ob-
serves a continuous crossover of the now unique solution
which is Pt enriched up to c =0.7 and Ni enriched for
0.7&c &1.

These essential features are unchanged at lower tem-
perature, only the limits of the previous domains being
changed. These variations of the concentration limits
lead to phase transitions with temperature which are il-
lustrated in Fig. 8. More precisely, considering (co —c)
as an order parameter, we predict a first order transition
at about 1140 K for c =0. 1 which should not be observed
in usual phenomenological theories in which Vo = V. The
situation is more complex for c =0.5. Decreasing the
temperature we first have a unique solution (Pt enrich-
ment) which switches to an Ni-enriched one after a
second order phase transition at 2175 K, the free energies
of both profiles remaining comparable ( ~

b,F~ & 2. 10 eU}
in a wide range of temperature (2175 K~1968 K). Let
us emphasize that this surface phase transition occurs
significantly above the bulk order-disorder transition.
Then, at the critical bulk temperature (T, =1968 K} a

Let us now develop the main consequence of the varia-
tion with temperature of the concentration profiles men-
tioned in Sec. IV C. Complementary information can be
derived from Fig. 7 in which the surface concentration
(co) is plotted as a function of the bulk concentration at
two temperatures. These curves deserve some comments.
At high temperature (1900 K) we observe the following
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FIG. 7. Variation of c0 as a function of c for Pt, Nil, (110)
at T=1200 K (a) and T=1900 K (b) for V0/V=2. The stable
solution is labeled ( ) and the metastable one ( ———).
Note that in (a), only the points corresponding to c =0.5 have
been calculated in the ordered region.

1500 2 500
T(Kj

FIG. 8. Variation of c0 considered as a surface order parame-
ter as a function of temperature in Pt, Nil, (110)for three con-
centrations: c =0.9 (a), 0.5 (b), and 0.1 (c).
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strongly first order surface phase transition occurs, lead-

ing to a surface enriched with Pt at lower temperature.
Let us recall that these phenomena are due to the
enhancement of V at the surface. Finally, the variation of
c0 versus T at c =0.9 presents a third kind of behavior.
Actually, no first order transition is expected but only a
crossover within the same solution from a Ni-enriched
solution (T & 1150 K) to the Pt-enriched one ( T & 1150
K). A funny consequence of this behavior is an increase
of the Ni enrichment with increasing temperature in the
range 1150-2000 K, which is not to be related to the vi-
brational entropy arguments used by some authors to ex-
plain the apparent increase of Pt surface concentration
with temperature at Pt-Rh alloy surfaces.

To conclude this section, let us compare our results to
the very detailed LEED experimental data available on
Pt-Ni surfaces. Let us first recall that we reproduce (sem-
iquantitatively) the surface sandwich with Pt on top ob-
served at T =1200 K in the whole range of concentration
for the (111) surface. Moreover, we do not predict any
phase transition with temperature on this face, at least in

the disordered bulk state. These conclusions remain val-
id for the (100) face. However, the problem of a possible
reconstruction is set up and experiments on this face
should be of interest. From the experimental point of
view, the (110) face presented a spectacular face-related
segregation reversal at about 1200 K for c =0.5 (Ref. 7)
and c =0.1, ' leading to a sandwich with Ni on top. This
is indeed what we find in the disordered state. However,
for c =0.5 we must keep in mind the necessary scaling in
temperature due to the mean-field approximation, which
prevents us from a direct quantitative comparison with
experiments at T=1200 K. This scaling would require
us to use instead our results at T =1900 K [see Fig. 7(b)],
which obviously decreases the Ni enrichment of the sur-

VI. PHYSICAL ORIGIN OF THE
SURFACE-SEGREGATION REVERSALS

In view of the complexity of concentration profile be-
haviors illustrated in Fig. 8, one can wonder about their
physical origin, i.e., on the respective roles of the
diferent factors involved in the segregation energies
b,HD s, b,H, . . . [Eq. (12)]. Let us first point out that the
peculiarity of the Pt-Ni system originates from the van-
ishing of the surface local field hh0 [Eqs. (6) and (7)]. Ac-
tually, when hh0 is not negligible, it is generally the most
important term and leads to the segregation of the most
tension-active element. In the present case, the segrega-
tion energy reduces to the combination of the size
mismatch term AH and the ordering term b,H~":

hH ~=AH" +AH
P P p

with

(16)

face, and therefore the amplitude of the oscillation.
When our calculations can be directly compared with ex-
periments, i.e., for c =0. 1 at T=-1120 K, one finds

c0 =0.11,c, =0.48, and c2 =0.02 in almost perfect agree-
ment with the corresponding LEED data
c0=0.06+0.04, c& =0.52+0.02, and c2 =0.10+0.10.
Moreover, the c0 versus c curve shown in Fig. 7(a) exhib-
its an unusual bump at c =—0. 1, which has indeed been ob-
served in LEED experiments. ' It can be useful to point
out the origin of the difFerence between our present re-
sults and our previous ones ' concluding in a Pt enrich-
ment for c &0.5. This was due to our iterative procedure
which converged always to one of the possible multiple
solutions, and not necessarily to the most stable one.
This is obviously a major advantage of the present APM
technique to avoid this drawback.

PHD' =2V0[Z(c0 —c}+Z'(c, c)]+EH()"—
bH =2[ V Z'(c —c)+ VZ(c, —c)+ VZ'(c c)]+AH " r, —

hH" =2[VZ'(c, —c)+ VZ(c —c)+VZ'(c, c)]+AH"" r', —
(17)

and

AH0'" ~ =(1—2c)[(Z+Z')( V —VD)+Z'V],

bH)'" "=(1—2c)Z'( V —V0),
gHasymP 0p&2

(18)

The competition between hH" and hH is at the origin
of the variety of behaviors as a function of the surface
orientation, the bulk concentration, and the temperature.

Let us first mention that the size mismatch energy
hH calculated within the atomistic tight-binding model
detailed in Refs. 9 and 10 is bulk concentration depen-
dent as in the elastic treatment. However, contrary to
the elasticity result, this dependence is strongly asym-
metric. Due to the anharmonic properties of the intera-
tomic interactions, the impurity segregates at the surface,

the more as it is the biggest. Moreover, AH0' is now
orientation dependent. In particular, the asymmetry of
the c dependence of EHD decreases from the close-
packed to the open surfaces, due to larger surface relaxa-
tions in the latter case (see Table I).

The role of the ordering term AH" is more complex
due to its dependence with local concentrations
c „c,c~+). This is illustrated in Eq. (17) in which we
have separated the part of hH" which depends on
5c =(c —c),5c~ „5c +, from the asymptotic part (18)
corresponding to the limit T~ oo (5c =O, V ). Howev-
er, some general trends can be put forward in the frame-
work of the usual phenomenological approaches' in
which VD/V=1. In that case, for V)0, 6Hz' favors
segregation of the majority element in the absence of oth-
er factors (EH0 =b,h0=0}; in the presence of another
factor (here EH0 %0), b,H0 tends to reduce the segre-



4432 BERNARD LEGRAND, GUY TREGLIA, AND FRANCIS DUCASTELLE 41

Z +2Z'
z+z' (19)

which leads to ( Vo/V), =1.33 and 1.5 for the (111)and
(100) faces and 1.7 for our approximate (110) face. The
TBIM derived values (9) are somewhat larger (1.5, 1.5,
and 2, respectively) indicating that the sign of THOS" i' in
the present work is opposite to that obtained in the
empirical approaches.

In fact, it is clear that the ordering effect cannot be iso-
lated in the same way as the size effect; 6Hz" is deter-
mined by the equilibrium concentration profile and then
indirectly depends on the size effect 5Hz~, hH~~. It is

gation due to this factor; the ordering efFect leads to an

oscillating concentration profile, at least if
bH, =b,h, =0, as usual in empirical models.

Unfortunately, electronic structure calculations' have
shown that Vo/V%1, which could invalidate the above
assertions. This can be seen on the asymptotic values (18)
which change sign when Vo/V increases. In particular,
some critical values of this ratio can be derived from the
vanishing of 500'" P.

then important to keep in mind this coupling when
analyzing the variations with temperature of hH" and
/! H" (p =0, 1) which are illustrated in Figs. 9 and 10 for
the (111)and (110)orientations, respectively.

Let us first discuss the case of the (111) face of
Pt, Ni&, . One sees in Fig. 9 that, whatever the concen-
tration, the size effect (b,HO &0) always favors surface
segregation of Pt (the big atom) especially in the dilute
hmit (c~0), its contribution being almost negligible on
the first underlayer (b,HMi——-0). In the almost whole
range of temperature, the ordering effect at the surface
(b,HO' ) plays against the size effect as in phenomenologi-
cal theories. In the asymptotic regime of high tempera-
ture, 5co, 5c, ~0 so that the ordering effect [which
reduces to its asymptotic value (18)] is indeed decoupled
from the size effect. In this case, EHO =b,HO'" t' favors
segregation of the minority species, contrary to phenome-
nological theories. Let us recall that this is due to the
TBIM value of Vo/V=1. 5 [&(Vn/V), =1.33]. On the
first underlayer, the ordering effect b H &' for T
suSciently low tends to impose an oscillating profile by
reacting to surface segregation. In the higher tempera-
ture regime, the asymptotic part of bH'i'd becomes
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preponderant. Remarking that hH " =EHo" for
the TBIM values of Vo/V, one then recovers on the first

underlayer a tendency to segregation of the minority ele-
ment. This can lead even to a monotonous profile (co,ct )

as in the case c =0.1, T )2000 K, which is completely
unusual in ordering alloys. '

Let us now analyze the puzzling behavior of co with T
exhibited in Fig. 8. To this end, we report in Fig. 10 the
corresponding variation of hH" and b,H . First, one
recovers a change of sign of the size effect EHO with bulk
concentration (at c —=0.6) as in elasticity but with a very
different physical origin. Actually, due to the important
surface relaxation (contraction of the first interlayer dis-
tance' ) of the (110) face, the surface plane is a zone in
compression which favors segregation of the small atom
(Ni) when the minority element. For the same reason,
due to the oscillatory character of the relaxation profile,
the first underlayer is a zone in dilatation which attracts
the big atoms leading to a segregation of Pt whatever c.
This illustrates how it is essential to properly account for
surface relaxation effects in surface-segregation studies.

As for the (111) face, the ordering term b,Ho' plays
against the size effect in the disordered state in a range of
temperature sufficiently far from the asymptotic regime
and in the latter case favors segregation of the minority
element. Similarly, b,H &' forces the profile to be oscillat-
ing up to the asymptotic regime in which one recovers
the tendency to segregation of the minority element
(b,Ht'r r =1.56Ho'" t'). On the contrary, below T, for
c =0.5 there is a synergy between ordering and size
effects, which is quite natural when the ordered structure
can be described as an alternate stacking of pure planes
parallel to the surface. Indeed, in that case, two termina-
tions coexist when only the ordering effect is present:
pure surface with respect to one element or the other.
When another effect (here size effect) is added, the ter-

mination which insures the synergy between both effects
is favored. Finally, the first order character of the sur-
face phase transition at T, for c =0.5 and the existence
of a surface phase transition in the disordered state for
c =0. 1 is only due to the enhancement of V at the surface
( Vo/V =2) as previously illustrated by Fig. 6.

VII. CONCLUSION

Since our TBIM-APM calculation gives a correct
description of all the existing and amazing experimental
results concerning surface segregation in Pt-Ni alloys, we
have reasons to believe that our predictions are
sufficiently well grounded and spectacular to deserve new
experiments on Pt-Ni (110)as a function both of tempera-
ture and concentration. In particular, the Ni enrichment
should switch to a Pt enrichment by studying the (110)
face, either for c =0.05 at T =1200 K, or at c =0.10 at
T ~ 1500 K. Moreover, the behavior for alloys rich in Pt
(c & 0.6) should exhibit a crossover from an Ni enrich-
ment (c~1) to a Pt enrichment (for instance c =0.9 at
T=1200 K). Finally, experiments in the ordered bulk
phase should be of great interest to illustrate the competi-
tion between surface and bulk phase transitions and the
relation between the surface structure of ordered alloys
and surface segregation in disordered alloys. Let us add
one last remark. Going beyond the mean-field approxi-
mation could induce some changes in the precise values
of the above derived critical temperatures and concentra-
tions and in the predicted order of the phase transitions.
Thus Monte Carlo simulations are currently in progress.
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