
VOLUME 54, NUMBER 17 PHYSICAL REVIEW LETTERS 29 APRIL 1985
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The order-disorder transition at the surface of binary alloys with fcc structure is studied within
the Landau theory. The interplay of spatial order and segregation leads to results that provide a dif-
ferent mechanism for the bulk first-order phase transition characteristic of these systems. The sur-
face transition may be of first or second order. A new instability temperature towards phase separa-
tion, regulated by the surface, is obtained.
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Semi-infinite systems which undergo a first-order
phase transition in the bulk have been the subject of
recent research. '2 Novel results for the order-
parameter profile near the surface have been ob-
tained. ' In particular, in the continuous Landau
theory of phase transitions, it has been found that
under given circumstances the surfaces may undergo a
second-order phase transition. In that case it was also
found that near the bulk transition temperature T„a
disordered surface region of macroscopic dimensions
is formed.

Here we present a more general theory where, in ad-
dition to the minimization of the free energy with
respect to the order parameters, constraints on the
semi-infinite system variables are used. That is the
case for order-disorder transformations in fcc binary
alloys A„B» (y = 1 —x), where, in addition to the sur-
face order parameters, the equilibrium surface concen-
trations have to be determined. We find that the in-
terplay of spatial order and segregation produces new
effects not obtained before. In particular, by change of
the composition in the surface-disordered phase, the
system does not allow the disordered region to diverge as
one gets near the order-disorder temperature T, .

We investigate the general features of the surface
phase transition by performing a Landau expansion of
the free energy calculated in the Bragg-Williams (BW)
approximation. 3 It is known that to obtain the correct
phase diagram for fcc alloys the entropy has to be cal-
culated at least in the tetrahedron approximation.
However, it is expected that our main results hold also
in more accurate theories, where the coefficients of
the Landau expansion might adopt a different form.

The order-disorder phase transition in the bulk is

described by subdivision of the lattice into two non-
equivalent sublattices n and P, such that the number
of ot and P sites are —,

' and —,
' of the total number of

sites N, respectively. Thus, there are four different
single-site probabilities, pf (v = n, P; I= A, B) and the
phase transition is described by the order parameter

(1)
Given the assumption that the contributions to the
internal energy are only the nearest-neighbor pair en-
ergies Uzz, Uzz, and Uzz, the free energy per atom
can be written

f= r/N =f(0)+ —,
' a&' —,' l»'+ ,' c&4,——

where
(

a= — —8, 6=3 kT 3 x2 —y kT,
4 4xy, ' 64 x2y2

with

t

7 +p
256 x3y3

(2)

(3)

O'= U„„+U~tt —2U„it. (4)
The temperature T, and the order parameter at that

temperature are

and

3 1 (x2 y2)2
x3+y3 (5)

'ri0 =
7 xy(x —y )/(x +y ).

From Eq. (6) we see that the transition is of first order
(7i~ 0) in the whole range of concentrations except for
x =y = 0.5, a characteristic of the BW approximation. 3
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Two other transition temperatures might be con-
sidered, 7 i.e., (i) the temperature T d at which, in ad-
dition to the absolute minimum at q&Q, a relative
minimum at q = 0 appears (the state with Yi = Q is me-
tastable for temperatures T, & T & T~, T d is called
instability temperature of the disorder phase),

kTmd = 4 8'xy, (7)
and (ii) the temperature T, at which a relative
minimum at 1l&0 develops in addition to the absolute
minimum at q =0 (for T, & T & T, the state with
g~0 is metastable),

112xy (x3+y3) W ()
25x2 —22xy + 25y2

We consider now the (111) surface of the fcc lattice
and subdivide the crystal into planes parallel to the
surface. Each plane contains 3%~~/4 and W~~ /4 sites of
type o. and P, respectively. In a way similar to the bulk
order parameter q we define at the ith plane the order
parameter
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FIG. 1. Temperature dependence of the long-range order
parameters at the surface, 7i, (i = 0, 1, . . . , 6), and the bulk,
q&, for the case xo = xI =. . . = x = 0.75.

1i—= pw, i pgi. i=0, 1, 2, (9)
In terms of these parameters the free energy can be written

f= f(0, 0, . . . ) + X ( ,' a«g,~ ——,'—, Wg;q;+i —,' b;;q,3+—,'
c;;ri; )—,

i=0
where

a«= ,' (kT/2x;y; —W—), b = —'[(x y)/x. y2]kT—, c«= „', [(x, +y,. )/x, . y,. ]kT,
aild

(10)

(12)

4) and vary xp but keep
le to obtain for the sur-

on. The phase diagram is
shown in Fig. 3(a). The surface undergoes a first-
order phase transition mainly for high values of x. In
that case, two situations might be distinguished: (i)
T„=T, and (ii) T„& T„where T„ is the surface
transition temperature. In the shaded area of the
phase diagram case (i) occurs. The condition leading
to Tog ~~ T0 Is given by

tlf/tip, = 0, i = 0, 1, 2, . . . ,

df/Bx;=df/dx=p„, i =0, 1, 2, . . . . (14)

First, we ignore Eq. (14) and study the case of no
segregation, ' i.e., xo=x, =. . . =x. The results for
the temperature dependence of the order parameters
g, for the different layers and for x =0.75 are shown
in Fig. 1. The order parameter in the bulk qb is also
shown. The surface undergoes a second-order phase
transition. This is more evident in Fig. 2 where the
long-range-order profile near the surface is shown for
temperatures near T, . In the lower part of the same
figure one observes that the difference b, 7i =7i;+ t

—q;
has a maximum at a distance X that diverges as

3 2 boo 8 b
xpyp —+ — ~ xy 1 +

i

The dashed line marks the values where no segrega-
tion occurs.

The system is in equilibrium only when Eq. (14) is
fulfilled. Under those conditions, the phase diagram
gets modified, as shown in Fig. 3(b). There we see
that the first-order phase transition region present in
the previous case gets considerably reduced. We ob-
serve that now the curves marking the regions T„=T,
and T» & T, join at a point xa1.0. This is because for

(15)
The inset shows the concentration dependence of P at
0.999 9999T, . We see that the disordered region
diverges also as one gets to the second-order phase

f(0, 0, 0, . . . ) = 3W X [xP+x,x;+i+ —,
' (5 —1)(3x;+x;+i)+kT(x; lnx;+y;lny;)],

&=0

with b, = ( U~~ —U~~)/ W. Here we have assumed that
the concentrations at the different planes x; may differ transition point, x =0.5.
from the bulk value x. Secondly, if we ignore (1

The equilibrium values of 1l; and x; are obtained xi=x2=. . . =x, it is possib
from the two sets of equations face also a first-order transiti
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FIG. 2-. The long-range order parameters at the surface
(upper figure) and the difference 57t = g, +i —

q& (lower fig-
ure) for several temperatures and for the same parameters
as those used in Fig. 1. The inset figure contains the con-
centration dependence of A. (0.9999999T, ).

FIG. 4. Temperature dependence of the surface long-
range order parameter gp for 5 = —1.5, —1.0, —0.55, and 0
when surface segregation is included. The temperature
dependence of gp without the chemical-potential constraint
is also plotted (dashed line).
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those parameters the equilibrium value for the concen-
tration in the second layer saturates to 1.0, thereby
decoupling the surface layer from the rest of the solid
and thus behaving as a two-dimensional system. An
additional region of first-order transitions is also ob-
tained. This region does not depend on xp and is regu-
lated by the bulk chemical potential.

The key parameter for surface segregation is A. In
the completely disordered state (qp=gi=. . . =p
= 0) the element A gets segregated to the surface for
values of 6 ) b, ,= 1 —2x; otherwise the surface gets
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enriched in element 8. We show in Fig. 4 the tem-
perature dependence of qp for 5 = —1.5, —1.0, —0.55,
and 0 for x = 0.75. Two important features can be no-
ticed: (i) The transition temperature is smaller than
the one given by the bulk and (ii) T„ for this value of
x is independent of surface segregation. One can
understand this behavior by looking to the concentra-
tion profile shown in Fig. 5. It exhibits the typical os-
cillatory behavior near the surface (see inset), but
then, to achieve the chemical-potential constraint, the
system accumulates atoms of type A in the disordered
region, compensating therefore the lack of spatial or-
der. The reduction in the transition temperature is
driven by this surface phase with concentration xD
greater than the bulk x. As one gets nearer T„A.
starts to increase and the disordered region grows.
However, A. cannot diverge since the system cannot
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FIG. 3. The phase diagram in the parameter space xp vs
x: (a) refers to the case where x, = x,=. . . =x and xo is
changed arbitrarily, and (b) refers to the equilibrium values
of all xI. The dashed line marks the case where no segrega-
tion occurs.
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FIG. 5. The surface concentration profile of the A3B alloy
for several temperatures and b =0. The inset figure shows
the concentration profile in layers i = 0 to 4.
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supply an infinite number of type-2 atoms. Instead,
the ordered bulk phase will change its concentration to
a value x„smaller than X. This mechanism is similar
to the one in clustering alloys, in which two phases
with different concentrations coexist below a given
transition temperature. In our case, the two phases
with different concentrations are the bulk-ordered and
the surface-disordered phases. It is worth noticing that
the temperature T„ is a new characteristic temperature
at which the bulk transformation starts, different from
Tmd, Tp, and Tmp

The first-order region for 0.5 ) x ~ 0.66 in the
phase diagram 3(b) is dictated by the bulk chemical
potential, since in this case the constraint produces a
depletion of type-3 atoms in the surface-disordered re-
gion and thereby behaving like a system with higher
Tp e

In conclusion, we have presented a Landau theory
of surface effects on the phase transformation of alloys
with a bulk first-order phase transition. This is an ex-
tension of previous work where only the minimiza-
tion of the free energy with respect to the order
parameters was studied. The additional constraint on
the chemical potential brought the following new
results: (i) By change of the composition in the bulk-
ordered and the surface-disordered phases, the system
does not allow the disordered region (A. ) to diverge.
(ii) For values of x = 1 (or 0), surface segregation may
saturate the second layer to 1 (or 0), i.e. , qt 0,
decoupling thereby the surface layer. It behaves then
as a two-dimensional system with a T„ that depends
only on xo and that might be smaller or larger than T, .
(iii) The phase transformation in the solid starts at the

surface and evolves by a mechanism similar to the
phase separation in clustering alloys. (iv) The surface
gives rise to a new instability temperature towards
phase separation.
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