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Origin of the complex wetting behavior in Co-Pt alloys

Y. Le Bouar, A. Loiseau, and A. Finel
Laboratoire d’Etude des Microstructures (LEM), ONERA-CNRS, BP72, 92322 Chaˆtillon Cedex, France

~Received 9 July 2003; published 18 December 2003!

In the Co-Pt system, a simple cooling experiment can drive a sample ordered in the tetragonal L10 structure
~CuAu type! close to the two-phase region involving L10 and the cubic L12 (Cu3Au type! structure. Using
transmission electron microscopy observations, we show that interfaces in the L10 structure are decorated:
orientational domain walls are wetted by a single layer of L12 structure whereas three macroscopic layers
(L12 /L10 /L12) appear at the antiphase boundaries. We then analyze this complex behavior in the framework
of the Ising model with interactions limited to first and second nearest neighbors. This approach is generic in
the sense that it is the simplest one that reproduces the L10 and L12 ground states, without the specificities of
the model with first nearest-neighbor interactions only. The finite-temperature properties of the various
L10 /L10 interfaces are computed with a low-temperature expansion and cluster variation method calculations
in the inhomogeneous tetrahedron-octahedron approximation. The results are in full agreement with our ex-
perimental observations concerning the wetting of interfaces.

DOI: 10.1103/PhysRevB.68.224203 PACS number~s!: 61.30.Hn, 68.37.Lp, 68.35.Rh
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I. INTRODUCTION

Wetting of antiphase boundaries~APB’s! by the disor-
dered solid solution has been a focus of intensive resea
both theoretically1–5 and experimentally6–8 ~for general re-
views see Refs. 9 and 10!. Much less is known concernin
wetting by an ordered phase, where new features are
pected due to the degeneracy of the ordered structures
deed, in all generality, if wetting occurs, the system m
display either one or several variants of the same orde
phase along the wetted interface.

Wetting of antiphase boundaries by an ordered phase
been recently studied in the Co-Pt system.11 In the platinum-
rich side of the phase diagram~see Fig. 1!, Co-Pt alloys are
chemically disordered on a fcc lattice at high temperat
and ordered at low temperature according to either a cu
L12 structure (CoPt3) or a tetragonal L10 structure~CoPt!.
Depending on the temperature and the alloy concentra
there is a narrow concentration range where the two orde
phases coexist at equilibrium. Using this topology of t
phase diagram, samples were first ordered in the cubic2
structure, then cooled and annealed close to the two-p
region involving L12 and the tetragonal L10 structure~arrow
1 in Fig. 1!. Using transmission electron microscopy, it w
shown that the APB’s in the L12 structure are decorated b
the L10 structure and that the L10 variant formed during this
wetting process is related to the characteristics of the AP
through a simple rule: the L10 tetragonal axis is normal to
the displacement vector of the APB’s and the translatio
variant ensures the continuity of the platinum-rich cub
planes between the bulk and the wetting structure. This w
ting phenomenon was analyzed theoretically using bot
mean-field model and a Landau approach. Theoretical res
showed that wetting of L12 APB’s by a L10 layer does occur,
with the same geometrical characteristics as the ones
served experimentally. Finally, the influence of the wetti
phenomenon on the consequent microstructural evolu
was studied in detail. Because the lattice parameters and
symmetries of the L10 wetting layer differ from those of the
0163-1829/2003/68~22!/224203~18!/$20.00 68 2242
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parent L12 structure, coherency elastic strains are genera
in the sample. The accommodation of the elastic stra
transforms the initially isotropic wetting layer into either
plateletlike12 or a sawtoothlike microstructure.13

The present work is also devoted to the wetting of int
faces by an ordered phase in the Co-Pt system. However
focus here on the transformation path corresponding t
sample initially ordered in the L10 structure. When the
samples are cooled and annealed close to the L101L12 two-
phase region~arrow 2 in Fig. 1!, we expect the formation o
L12 layers along the interfaces in the L10 phase. However,
the situation is more complex in the present study than
Ref. 11, because ordering in the tetragonal L10 structure
leads to the formation of two kinds of interfaces: trans
tional domain walls, also called APB’s, and orientational d
main walls ~ODW’s!. In the first part of the paper, we us
different electron microscope techniques to study the wet
of APB’s and ODW’s in the L10 structure. We show tha

FIG. 1. Experimental Co-Pt phase diagram, determined by L
oux et al. ~Ref. 14! and slightly modified using transmission ele
tron microscopy~TEM! observations of a Co45Pt55 sample~Ref.
22!. Arrows 1 and 2 designate the annealing procedure used in
11 and in the present work, respectively.
©2003 The American Physical Society03-1
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both kinds of interfaces are decorated but that the wet
phenomenon is qualitatively different. In particular, we w
see that whereas the wetting of ODW’s is rather simple,
wetting of APB’s is not. As an example, surprisingly enoug
the APB wetting layer consists of three consecutive sub
ers of macroscopic thickness, instead of the usual sin
layer. In order to fully understand the experimental obser
tions and to test the generic aspects of this complex beha
we develop a theoretical approach based on a simple I
model. We use the simplest Hamiltonian needed to stab
L10 and L12 as ground states and we analyze the thermo
namical properties of the different interfaces along
L10 /L12 coexistence line, from 0 K up to thedisordered
phase. For this purpose, we develop simultaneously l
temperature expansions and inhomogeneous cluster vari
method~CVM! calculations.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The procedure followed for the sample preparation is
same as that used in previous works on Co-Pt alloys.14,15

Alloys containing 59.5 or 60 at. % Pt were prepared by m
ing pure Co and pure Pt in an arc furnace in the form
small ingots which were homogenized during two days
1000 °C under partial He pressure. Thin sheets (150mm
thick! were obtained by rolling and disks where punched
of the sheets, sealed in evacuated quartz tubes under p
He atmosphere, annealed at 930 °C to remove strains
duced by rolling, and water quenched. The disks were t
annealed according to the following procedure: They w
first heated up to 740 °C and then slowly cooled at a rate
10 or 40 °C/24 h down to the temperature of interest, a
finally maintained at this temperature during 2–4 weeks
quenched. As shown by Lerouxet al.,14 this procedure pro-
duces large ordered domains of the different phases at
temperature. Finally, the samples were thinned to elec
transparency by Ar ion thinning and the surfaces w
cleaned in aqua regia to remove the damaged areas prod
by the ion bombardment. The microstructure studies w
performed by TEM with a Jeol 4000FX working at 400 ke

B. Structures and imaging conditions

1. Structures

The Co-Pt binary compounds are ordered at low temp
ture on the fcc lattice according to either the simple cu
L12 structure (Cu3Au type! or the tetragonal L10 structure
~CuAu type!. In the perfect L12 structure~see Fig. 2!, the Co
atoms occupy the vertices of the cube and the Pt atom
face centers. This structure displays four translational v

FIG. 2. Sketch of the L12 and L10 structures. The arrow desig
nates the fourfold axis of the L10 structure.
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ants. The L10 structure is formed by alternating~100! planes
of cobalt and platinum. The structure is tetragonal and th
orientational variants can be formed with two possible tra
lational variants for each of them.

The fcc lattice can be decomposed into tetrahedra buil
nearest neighbors. A conventional two-dimensional~2D! rep-
resentation of this lattice is a projection along the@001# di-
rection of two successive~001! atomic planes. The firs
nearest-neighbor tetrahedra are then represented by squ
All possible tetrahedra are listed in Fig. 3.

2. Order parameter for the L12 and L10 structures

Since the L12 and L10 structures are, respectively, fou
fold and sixfold degenerated, the description of the dom
walls requires a multidimensional order parameter. A ve
convenient method consists in introducing the concentra
wave formulation which takes advantage of the superstr
ture periodicity.16 If c denotes the concentration of the m
nority species at siteR of the binary alloy, one can write

cR5c1 (
KÞ0

cKexp~ iK •R!, ~1!

wherec is the mean concentration andK is a vector of the
reciprocal lattice vector belonging to the first Brillouin zon
of the fcc structure. To describe the L12 and L10 structures,
only the K vectors of type@100# need to be considered, s
that17

cR5c1hxcos~kx•R!1hycos~ky•R!1hzcos~kz•R!,
~2!

where kx5(2p/a)@100#, ky5(2p/a)@010#, and kz
5(2p/a)@001#. Here h5(hx ,hy ,hz) is the three-
dimensional order parameter. BecausecR has to be positive
and smaller than 1,h should belong to the polyhedron de
fined by the following inequalities:

2c<hx1hy1hz<~12c!,

2c<hx2hy2hz<~12c!,

2c<2hx1hy2hz<~12c!,

2c<2hx2hy1hz<~12c!. ~3!

In this formalism, the origin (h50) represents the disor
dered phase, where all sites are occupied with the same p
ability. The six possible L10 variants correspond to the si
cubic semiaxes:h56h@100#, 6h@010#, 6h@001#. Simi-

FIG. 3. Projection of the first nearest-neighbor tetrahedra~a!
L12 and ~b!–~d! L10 with a fourfold axis along@100#, @010#, and
@001#, respectively.
3-2
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ORIGIN OF THE COMPLEX WETTING BEHAVIOR IN . . . PHYSICAL REVIEW B68, 224203 ~2003!
larly, the four translational variants of the L12 structure~with
the same stoichiometryA3B) are represented byh
5h@111#,h@11̄1̄#,h@ 1̄11̄#, and h@ 1̄1̄1# in h space.4,18 A
representation of the L10 and L12 variants in the~long-
range-order! parameter space is shown in Fig. 4.

One can therefore describe the variants of L10 and L12
structures within the same formalism using the thr
dimensional order parameterh. As we will see, this formal-
ism is very useful to explain the wetting process observed
our Co-Pt samples.

3. Imaging conditions

The L12 and L10 structures can be distinguished in tran
mission electron microscopy by using the dark-field te
nique in two-beam conditions involving superstructure
flections. The method is here shortly recalled. More det
can be found in Refs. 14 and 15. For all the observations,
foil was oriented with a@001# cube axis nearly parallel to th
incident beam. This orientation is very convenient since
corresponding zone axis displays the different kinds of
perstructure reflections produced by both L12 and L10 struc-
tures: namely,~100!, ~010!, and~110!. Three different dark-
field ~DF! images were obtained with the~120!, ~210!, and
~110! reflections. Here~120! and~210! reflections were used
instead of~100! and~010! since they are more easily attaine
in two-beam conditions.8,14

In the kinematic approximation, the DF intensity corr
sponding to a given structure is proportional to the squar
the structure factor. Except for a weak variation of the fo
factor between the~120!, ~210! beams and the~110! beam,
these three beams have similar structure factors in the2
phase. On the other hand, for a given orientation varian
the L10 structure, the specific form of the structure fact
gives rise to extinctions for two beams and the structure
tor of the third one is larger than those of L12. As a conse-
quence, for a given~120!, ~210!, or ~110! DF, a L10 zone
appears either black or brighter than the L12 zones, depend
ing on the orientation of the tetragonal axis. As shown
Table I, this contrast rule allows us to distinguish betwe
the different L10 orientational variants and the L12 phase.
For convenience, we have introduced in Table I three lev
of illumination: black ~extinction!, gray (L12), and white
(L10). This contrast rule has been successfully used to c
acterize the microstructures of the two-phase L121L10
Co-Pt alloys.14,15

High-resolution electron microscopy~HREM! images of
the structures projected along the@001# cubic axis have been
used in addition to the dark-field images. Since the latt

FIG. 4. Three-dimensional representation of the long-ran
order ~LRO! parameter for the L12 ~a! and L10 ~b! structures.
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parameter of both L10 and L12 is about 3.8 Å, we were
limited to superstructure images obtained by selecting
$100% and$110% superstructure reflections with an objectiv
aperture of 9 nm21. TheEMS code19 has been used to simu
late the patterns corresponding to our imaging conditions.
shown in Ref. 11, for wide ranges of thickness~4–20 nm!
and ~negative! defocus~60–120 nm!, the HREM image of
the L12 structure consists of a pattern formed by inten
bright dots located on the Co-rich columns. HREM imag
of a L10 structure with a fourfold axis normal to the incide
beam show regularly spaced fringes normal to the fourf
axis and located above the Co-rich planes for the same ra
of thickness and defocus. This type of HREM images p
vides therefore a direct analysis of both the structure and
type of variant.

III. EXPERIMENTAL RESULTS

The phase diagram determined by Lerouxet al.14 and
shown in Fig. 1 was used to choose the alloy concentrati
and annealing temperatures. Numerous samples with
atomic concentration of platinum of 59.5% or 60% were p
pared and first ordered in the L10 state. The annealing tem
perature was then progressively reduced down to a temp
ture close to the limit of the L121L10 stability region.
Therefore, the final temperatures described in Sec. II A w
chosen between 600 and 690 °C.

Images of a typical microstructure are shown in Fig.
The microstructure consists of alternating L10 platelets of
two orientational variants. The platelets are parallel to$110%
planes. Such a geometry is widely observed after cohe
ordering of a tetragonal structure because the associ
volume-dependent part of the elastic energy is zero.16,20,21

However, as clearly shown by the white contrast in Fig. 5~a!,
the interfaces between the L10 domains are decorated.

A. Wetting of ODW’s

Consider first the orientational domain wall~ODW!. By
comparing the three dark fields~110!, ~210!, and ~120! in a
@001# zone axis, we see that the ODW are decorated b
small layer with a contrast obeying exactly the rules for L2
ordering. Between two platelets, the width of the layer
about 3 nm. Near the ends of the platelets, the L12 layer
becomes thicker and transforms into a triangular-shaped
main ~seea,b,c in Fig. 5!. This specific shape is due to th
relaxation of the elastic strain energy as shown elsewhe22

To fully characterize the L12 layer, we have also to deter
mine which one among the four possible translational va

-

TABLE I. Contrasts in dark-field images using superstructu
reflections in a@001# zone axis.

L10 structure L12
h 6100 6010 6001 any

~120! DF white black black gray
~210! DF black white black gray
~110! DF black black white gray
3-3
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Y. Le BOUAR, A. LOISEAU, AND A. FINEL PHYSICAL REVIEW B68, 224203 ~2003!
ants is formed. A very convenient way to get such an inf
mation is to make HREM images of the decorated OD
with the foil normal oriented along the@001# direction. An
example of a HREM image is presented in Fig. 6. Followi
Ref. 11, we have compared our images with simulation p
terns obtained with theEMS code. The result of our analysi
is that the translational variant of the L12 structure formed
during the wetting process is such that its platinum-rich
bic planes are also platinum-rich planes in the two L10 do-
mains. The atomic structure of a wetted ODW is sketched
Fig. 6~b!, where the platinum-rich cubic planes are point
out by dashed lines.

The observed selection rule of the L12 translational vari-
ant can also be conveniently visualized using the 3D or
parameter presented above. As can be seen in Fig.~a!,
among the four possible L12 variants~dashed arrows!, the
observed LRO parameter of the layer is always character
by a positive scalar product with the LRO parameters of
neighboring L10 domains. It can also be pointed out that t
LRO parameter of the L12 layer always provides the shorte
path in the 3D LRO parameter space between the LRO
rameters of the L10 bulk domains~solid arrow!. This point
can be rationalized by studying the shape of the free ene

FIG. 5. Dark-field images of wetted interfaces in the Co40Pt60

alloy aged at 690 °C:~110!, ~b! ~210!, and~c! ~120!.
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hypersurface as a function of the components of the L
parameter~for example, see Refs. 11 and 23!, but this study
is beyond the scope of the present paper.

B. Wetting of APB’s

We have found that the APB’s in the L10 structures are
also wetted. However, the wetting process of the antiph
boundaries is qualitatively different from that of the ODW
Indeed, as can be seen in Fig. 5 and in the close-up in Fig
three new layers have appeared: two new L12 layers with a
new L10 layer in between. These layers are only a few n
nometers thick. The dark-field technique allows us to sh
that the fourfold axis of the new L10 layer is always normal
to that of the L10 domains forming the APB. More precisely
as can be seen in Fig. 8, the fourfold axis of the new L0
layer is that of the neighboring L10 platelet. The formation
of three new layers is a rather surprising phenomenon
implies that the sum of the four L10 /L12 interfacial energies
is lower than the interfacial energy of the initial APB.

It is most interesting to point out that the formation of th
three layers (L12 /L10 /L12) transforms the initial APB into
two successive ODW’s which are both wetted by the L2

FIG. 6. ~a! HRTEM image of a wetted ODW in the Co40Pt60

sample aged at 600 °C. The LRO parameters corresponding to
bulk L10 domains and to the L12 layers are indicated above. In th
L12 region bright dots are located on the Co-rich columns and
the L10 regions white fringes are located on the Co-rich planes.~b!
Sketch of the corresponding atomic configuration. The dashed l
indicate the platinum-rich cubic planes common to the L12 and L10

structures.

FIG. 7. Sketch of the 3D profile of the LRO parameters acros
wetted ODW~a! and a wetted APB~b!.
3-4



s
f
th

s

o
F
ox
n
he
b-
n
n
ge
th
p

er
ic
he

ha
ce
tic
w
tu
ra

ys
th
b

ng

up
gy

lt
ver
d

est
the

se

ed
nt

e

.

av-
we
en-
are

on-

hich
The
te
m-
ro-
the
face
al-
a in

axi-
.
a

th

e fcc

ORIGIN OF THE COMPLEX WETTING BEHAVIOR IN . . . PHYSICAL REVIEW B68, 224203 ~2003!
structure. Therefore the criterion presented above for the
lection of the L12 translational variant during the wetting o
an ODW can be applied here to deduce the selection of
translational variants of the L12 layers formed during the
wetting of APB’s. The profile of the LRO parameters acro
a wetted ODW is sketched in Fig. 7~b!.

Finally, wetted APB’s have different orientations. Some
them are imaged with a sharp contrast as those shown in
8. They are edge on, flat, and present a deviation of appr
mately 5.5° with thê 110& directions. More precisely, eve
if APB’s are globally flat, they may contain ledges at t
atomic scale. This point could be clarified with HREM o
servations and simulations. However, the CVM calculatio
presented below show that the peculiar wetting phenome
observed here is not linked to the existence of atomic led
In brief, we did not undertake any precise analysis of
possible ledges because, as explained below, they do not
any pertinent role in the wetting phenomenon studied h
Note also that in Fig. 5 we observe diffuse contrasts wh
are related to APB’s which are inclined with respect to t
electron beam.

IV. THEORETICAL MODELING

In this section, we present the theoretical framework t
we have used to study the wetting behavior of interfa
observed in the Co-Pt system. We first detail the energe
model and its bulk ground-state configurations. Then
present the cluster variation method and the low-tempera
expansion that are used in the following sections to cha
terize the wetting at finite temperature.

A. Ising model at 0 K with interactions up to second nearest
neighbors

The Ising model applies quite naturally to binary allo
where the two-valued spin variable denotes the nature of
atom at each site. The choice of such a Hamiltonian can
justified from the electronic structure of the alloy by usi
the so-called generalized perturbation method.18,24 Our ap-
proach is limited to a perfect fcc lattice with interactions
to second nearest neighbors. The grand-canonical enerE
can then be written as

FIG. 8. 110 dark-field image of wetted interfaces in the Co40Pt60

alloy aged at 690 °C. The LRO parameters corresponding to
bulk L10 domains and to the L12 layers are indicated.
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1

2
J1(

n,m
snsm1

1

2
J2(

n,m
snsm2h(

n
sn , ~4!

wheresn51 when siten is occupied by an atom of coba
andsn521 otherwise. The first and second sums run o
the first and second nearest neighbors, respectively, anh
plays the part of a chemical potential difference.

Within our simple approach limited to second near
neighbors, the occurrence of a phase diagram involving
L10 and L12 phases~as observed in the Co-Pt system! re-
quires a positiveJ1 and a negativeJ2. The homogeneous
ground states of this model are well known~see, for ex-
ample, Ref. 18!. The results are recalled in Fig. 9. Becau
we are only interested in the L121L10 stability region, the
chemical potentialh should be equal tohc54J1.

In fact, theJ12J2 model is the simplest approach adapt
to our experimental situation. If we do not take into accou
J2 , L10 and L12 would still be ground states, but th
L10 /L12 equilibrium point at 0 K would be infinitely degen-
erated, with a finite residual entropy~see, for example, Ref
25!. As a consequence, the thermodynamics of the L10 /L12
interfaces would be very specific to the model.

B. Cluster variation method and the tetrahedron-octahedron
approximation

We need now to investigate the finite-temperature beh
ior of the different interfaces that we observed or that
may anticipate. Quite naturally, we expect that the free
ergy differences between the different configurations
very small. Indeed, as shown below~see, e.g., Table III!, the
free energy difference between the competitive interface c
figurations may be as small as 1025J1 per site of the inter-
face. Therefore we need a very accurate approach w
should, moreover, handle inhomogeneous situations.
simplest solution would probably consist in using the Mon
Carlo method. However, this approach is very time consu
ing for large systems and, more importantly, does not p
vide a straightforward way to compute free energies with
precision needed here to predict the more stable inter
configurations. Therefore, we used the CVM which has
ready been used to study wetting and pinning phenomen
fcc systems.2,26The CVM is a variational theory in which the
correlations which extend beyond the size of selected m
mum clusters are neglected~see, for example, Refs
18,27,28!. In other words, the total entropy is written as
linear combination of the entropies of the finite clusters:

e

FIG. 9. Ground states and associated energies per site for th
lattice (J1.0, J2,0).
3-5
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SCVM5( 8
a

aaSa , ~5!

Sa52kB(Ca

ra~Ca!ln@ra~Ca!#,

whereSa is the entropy of clustera and ra(Ca) the prob-
ability of clustera being in configurationCa . The prime in
the first sum means that we consider only the clusters tha
included in at least one maximum cluster and the coefficie
aa are geometric constants that take into account the o
lapping of the clusters. An important point is that the pro
abilities ra(Ca) are not independent. For the purpose of t
minimization procedure it is best to expand the cluster pr
abilities in terms of linear combinations of independent va
ables, the so-called correlation functions:

ra~$sn ,nPa%!5
1

2uau F11 (
b,a

S )
nPb

snD K )
nPb

snL G ,
~6!

where the indexn is used to label the sites,uau is the number
of sites in clustera, ^X& represents the ensemble average
X, and^)nPbsn&5^sb& is the correlation function of cluste
b. The CVM free energy is then given by

FCVM$^sb&%5
1

2
J1(

n,m
^snsm&1

1

2
J2(

n,m
^snsm&

2h(
n

^sn&2TSCVM~$^sb&%!, ~7!

where the internal energy defined byU5^E& has been ex-
pressed in the specific case of Eq.~4!. The free energy is thus
a functional of all the correlation functions^sb& of the clus-
ters b that are included in at least one of the preselec
maximum clusters. Of course, the first and second nea
neighbor correlation functions are among them, as the m
mum clusters should obviously contain the interactions t
we want to consider.

The equilibrium state is obtained by the minimization
Eq. ~7!. Considering only first and second neighbor intera
tions, it is well known that the minimum CVM approxima
tion that can be used is the tetrahedron-octahedron
~CVM-TO!.29–31

To investigate the thermodynamic properties of the int
faces, we must first determine the equilibrium phase diag
for the homogeneous phases. Using the CVM-TO, the ph
diagram that we have obtained whenJ2 /J1520.2 is pre-
sented in Fig. 10. For temperatures aboveT52.88J1 /kB , the
only stable structures are L10 , L12, and the disordered fcc
Because we are only interested here in inhomogeneous C
calculations at temperature aboveT52.88J1 /kB , we did not
need to determine the stability region of theL8 structure
which may appear at lower temperature~see, for example
Refs. 18 and 25!. Note that when the temperature increas
the domain of stability of the L12 phase grows at the expens
22420
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of that of the L10 phase. This point is confirmed by a low
temperature expansion of the L10 and L12 free energies~see
below!.

Our aim is to analyze the finite-temperature behavior
the interfaces. Therefore, we need to consider inhomo
neous situations. This increases dramatically the numbe
variational parameters. In order to keep the computation t
table, we will consider that the system is translationally
variant along the directions parallel to the interface plane
inhomogeneous along the remaining perpendicular direct
This means that we do not take into account the fluctuati
along the interface. In other words, we suppose that the t
perature is below any roughening transition temperature
that the interface is flat. As shown in Fig. 5, this point
consistent with the experimental behavior in the Co
samples. In any case, if a roughening process were ta
place, it would not be possible to reproduce it with the a
proach used here. Indeed, as explained above, the CVM
variational approach which consists in neglecting the co

FIG. 10. Grand-canonical and canonical CVM-TO phase d
grams withJ2 /J1520.2. The dashed line is thê100& ordering
spinodal. The triple point, where the disordered L10 and L12 phases
meet, is given bykT.2.994620J1 andh.1.681507J1.
3-6
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ORIGIN OF THE COMPLEX WETTING BEHAVIOR IN . . . PHYSICAL REVIEW B68, 224203 ~2003!
lation that extend beyond a given finite range. Therefore,
long-range fluctuations responsible for the roughening tr
sition are not taken into account. As a result, even if
interface was embedded into a three-dimensional simula
box, the variational procedure would lead to a fl
interface.44

The inhomogeneous system we have used is of the f
1313n in units of fcc cubes, along the cubic direction
with n ranging from 100 to 300. Largen values are neede
because we intend to reproduce multiwall equilibrium sta
that incorporate wetting phenomena. As a result, even tho
we have reduced the dimensionality of the calculation b
the number of variational parameters is still important
there are 120 correlation functions per fcc cube. In orde
handle any kind of interface configuration, we used two
dependent mirror boundary conditions along the direct
perpendicular to the interface.

We now comment on the minimization procedure that
have used. Even though the number of independent va
tional parameters is huge~a few 104), we used a second
order algorithm, which needs the computation of the Hess
of the free energy—i.e., the matrix of the second derivati
of FCVM$^sb&%. Taking advantage of the band structure
the Hessian and, most importantly, of the fact that we h
an explicit analytical formula for the second derivatives,
found that this algorithm does not require a large memory
a huge CPU time.

A second-order algorithm is in fact required to reach
precision needed here. As we will see below~for example, in
Table III! a typical interface free energy is of the order of
few 1022J1 and can be as small as a few 1024J1 ~per site of
the interface plane!. We want to compare different interfac
configurations. As each interface energy is calcula
through the difference between two configurations whose
tal free energies are of the order of a few 103J1, the relative
precision needed for each total free energy minimization
of the order of 1028. This precision can only be reached wi
a minimization scheme that ensures a quadratic converg
and, due to the huge number of variational parameters
we must handle here, whose number of iterations does
depend explicitly on the dimension of the parameter spa
These two conditions are fulfilled with the second-order
gorithm used here.

For all the CVM calculations presented below, the init
configuration for the minimization procedure is always a p
fectly abrupt interface between two bulk phases previou
equilibrated at the values of the temperature and of
chemical potential that we want to consider. Of course,
must wonder whether the equilibrium state that is reache
a global minimum. This will not be guaranteed, in particul
if layering effects due to the discrete character of the lat
are present. However, as we will see below, any individ
interface that appears in the various APB’s or ODW’s a
lyzed here is relatively large: a typical thickness is of t
order of ten fcc cubes. This is due to the fact that we cons
relatively high temperatures, which are close to the spino
temperature of thê100& concentration wave. As a result, th
correlation lengths are large. This leads to broad interfa
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and, consequently, to a weak pinning on the lattice and,
deed, we did not observe any layering effects.

C. Low-temperature expansion

As we will see below, the stability analysis of interfaces
0 K sometimes leads to several configurations associ
with the same energy. The CVM in its inhomogeneo
implementation will be able to lift the degeneracy and t
results will be in agreement with experimental observatio
However, the CVM analysis consists in a closed-form mi
mization scheme which does not provide with a simple w
to understand the origin of the stabilization of a particu
interface configuration. Thus we have found most usefu
complete our CVM analysis with a low-temperature expa
sion of the free energy,32,33 in which the local mechanism
responsible for the finite-temperature stabilization is clea
identified.

Low-temperature expansions have already been propo
to analyze the thermodynamical properties of interfaces
the fcc lattice.34,35However, the method used in these ana
ses differs from the one proposed here, in that we control
expansions by ordering the excitation energies in ascen
order instead of using the number of spin flips involved
the excitations.

We now briefly sketch the underlying formalism. Suppo
that the ground state for a particular valuehc of the chemical
potential is degenerated between two configurations, lab
1 and 2. The ground-states energies are thus equal foh
5hc :

E1~hc!5E2~hc!. ~8!

At finite but low enough temperature, we expect that t
equilibrium state corresponds to a small perturbation of o
of the ground states. This point, which has been rigorou
proved when the number of degenerated ground states
nite, requires the two following properties: any two grou
states must differ by an infinite number of lattice site co
figurations and the excess energyDE(C h

i ) of a finite pertur-
bation ~defined below! of one of the ground state configura
tions must increase with the size of the perturbation. A fin
perturbationC h

i of the ground statei is defined as the proces
of flipping simultaneously the occupancy of all the sit
within a finite clusterCh embedded into the ground statei.
These two conditions ensure that, at low enough tempera
and in the limit of an infinite system, the low-temperatu
expansions that we define below converge and that the
free energy corresponds to the smallest of the expansi
We may then proceed as follows. We first introduce the f
energy expansion linked to a given ground statei by

Fi~h,T!5Ei~h!2kT(
C k

i
exp@2bDE~C k

i !#, ~9!

where the sum runs over the excitationsC k
i of the ground

statei. Now we collect together all the perturbations whic
have the same excitation energy and write Eq.~9! as
3-7
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Fi~h,T!5Ei~h!2kT(
n

mn
i exp~2bDEn!, ~10!

where the indexn labels the different excitation energies a
mn

i is the degeneracy~per site! of excitationn in the ground
statei and whereFi(h,T) andEi(h) are the free and ground
state energies~per site! of ground statei. The calculation of
the coefficientsmn

i is not always simple, as it may involv
connected as well as nonconnected clusters~two atoms are
connected if they are linked by an interaction!. However, an
important exact simplification arises when we are interes
only in free energy differences between two ground state
say, states 1 and 2: the degeneraciesmn

i of the first excitation
energyDEn that differentiates between two states~i.e., the
smallest one for whichmn

1Þmn
2) differ only by the number of

connectedclusters. This simplifies greatly the identificatio
of the equilibrium state at finite temperature.

In the present situation, we want to analyze the stability
different interface configurations in the wetting regime—i.
when we approach the L10 /L12 equilibrium line at finite
temperature. Therefore, we first need to locate this line in
(h,T) plane. This amounts to performing a low-temperatu
expansion of the two bulk phases L10 and L12 in the neigh-
borhood of the point (hc54J1 ,T50). As a result, Eq.~10!
tells us that, if DEn0

is the first excitation withmn0

L10

Þmn0

L12, the equilibrium lineh(T) is, to the lowest order in

kT, the solution of

EL10
~h!2EL12

~h!5kT~mn0

L102mn0

L12!expS 2
DEn0

kT
D .

~11!

It happens here that, whenJ2,0, the first excitation energy
whose degeneracies differ in L10 and L12 structures corre-
sponds to a single spin flip. In Table II, we display all t
single-spin-flip energies in L10 and L12 structures, togethe
with their degeneracies: at the L10 /L12 equilibrium point
(hc54J1), the lowest excitation energy isDEn0

5212J2. In

fact, as long as we are only interested by the L10 /L12 equi-
librium line, we just need to estimate the excess energies
h5hc . Indeed, we may anticipate that, at finite but low te
perature, the shiftDh(T)5h(T)2hc of the equilibrium
chemical potential from itsT50 K value will decrease ex
ponentially with 2DEn0

/(kT) because the left-hand sid

~LHS! of Eq. ~11! is linear inDh. As a result, we can neglec
theT dependence ofh(T) in the RHS of Eq.~11! and replace

TABLE II. Contribution to the ground-state energy per s
Eg.s. , energy increaseDE when flipping the site occupancy, an
degeneracym of each type of site in the L10 and L12 structures.

Eg.s. DE m

sL10
2h22J113J2 16J1212J2 1/2

dL10
1h22J113J2 212J2 1/2

sL12
2h12J113J2 212J2 3/4

dL12
1h26J113J2 16J1212J2 1/4
22420
d
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e
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h by hc . In the present situation, the ground-state energie
the L10 and L12 phases may be computed with the inform
tions given in Table II, and we get

Dh~T!5h~T!2hc52
kT

2
expS 12J2

kT D . ~12!

The L10 /L12 equilibrium line is thus bended towards th
low h values. In other words, ath5hc and finite temperature
L12 is more stable than L10 because it contains more low
energy excitations than L10. This is in agreement with the
low-temperature shape of the phase diagram calcula
within the CVM-TO ~see Fig. 10!.

Finally, we note that the precision of the expression
the equilibrium line given in Eq.~12! is governed by the nex
lowest excitation energy whose degeneracies in L10 and L12
differ. It is easy to convince oneself that this excitation e
ergy is DEn1

5220J2. Therefore, the relative precision o

Dh(T) in Eq. ~12! is of the order of exp(8J2 /kT). We con-
clude that Eq.~12! is valid providedkT/J1!8uJ2u/J1;1.6
~with the ratioJ2 /J1520.2 used here!.

V. WETTING OF ODW’S IN THE L1 0 STRUCTURE

In the following sections, we detail the predictions of o
theoretical approach for the wetting of interfaces in the L0
phase. The present section is devoted to the ODW’s.
multiple-layer wetting behavior of APB’s will be studied i
the next two sections.

A. TÄ0 K

Let us first consider an ODW between two L10 variants
wetted by the L12 structure. As observed experimentally~see
Fig. 5!, we consider a flat ODW oriented in a$110% plane.
The question is to know which L12 variant provides the
minimum energy for a given ODW.

As shown in Fig. 11, we have introduced a slice of L2
between two L10 domains. We have then calculated the e

FIG. 11. Excess energy cost at 0 K of different ODW’s wetted
by the L12 structure. The 3D LRO parameter is indicated on the
of each domain. The dashed lines in~a! point out the continuity of
the majority atom planes between the structures.
3-8
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ORIGIN OF THE COMPLEX WETTING BEHAVIOR IN . . . PHYSICAL REVIEW B68, 224203 ~2003!
ergies of the two L10 /L12 interfaces. All the possibilities for
the L12 variant and for the position of the APB have be
investigated. Only a few examples are shown in Fig. 11. I
easy to find a lower bound for the excess energy. Inde
each L12 /L10 interface induces an energy cost of at lea
2J2 per site of a~110! plane parallel to the APB. The tota
energy of an APB is then higher than22J2. A complete
enumeration of the different configurations shows that t
minimum is attained for a single configuration. An examp
of such a configuration in shown in Fig. 11~a!, where it can
be seen that the cubic planes formed by the majority ato
of the L12 structure belong to the neighboring L10 domains
@see the dashed lines in Fig. 11~a!#. In other words, using the
3D LRO parameter formalism, our study proves that
lowest-energy configuration at 0 K is obtained when the sca
lar product of the LRO parameter of the L12 layer with that
of the neighboring L10 domains is positive. This result is i
full agreement with our experimental observations of
ODW’s in the Co-Pt system. Finally, we have checked t
the above result still holds when the interfaces are oriente
a cubic plane.

B. Finite temperature

To investigate the wetting behavior of ODW’s at fini
temperature, we use the inhomogeneous CVM-TO descr
in Sec. IV B. We have selected the temperatureT
52.88J1 /kB which is well below the triple point and th
ordering spinodal. The chemical potential ish
52.5553922J1 to be exactly on the L101L12 coexistence
line.

As explained above, our inhomogeneous CVM progr
only deals with flat interfaces parallel to a cubic plane, a
@100# conveniently denotes the direction normal to the int
faces. Using the symmetry of the L10 structure, we have to
consider only two inequivalent ODW’s, where the LRO p
rameters of the bulk domains are either@100#/@001# ~ODW of
the first kind! or @010#/@001# ~ODW of the second kind!.

The calculation starts with a flat and abrupt ODW para
to a ~100! plane between two L10 domains. For the two
kinds of ODW’s, the minimization of the grand-canonic
free energy leads to the splitting of the ODW into two inte
faces with a L12 layer in between. This result proves that t
wetting of the ODW by the L12 structure is energetically
favored. The LRO parameter of the L12 structure is along
@111#. It means that the selected L12 variant is the one char
acterized by a positive scalar product with the LRO para
eters of the L10 bulk domains. This result is in agreeme
with our experimental observation in the Co-Pt system a
consistent with the results obtained atT50 K. The equilib-
rium profile obtained atT52.88J1 /kB for the first kind of
ODW is presented in Fig. 12.

Note that the two L10 /L12 interfaces are not equivalen
as seen in Fig. 12. Indeed, two components of the LRO
rameter are equal across the left-hand side interface, whi
not the case for the other interface. This is due to the s
metry invariance of the left-hand-side interface with resp
to the~011! plane. In the concentration-wave formalism@see
Eq. ~2!#, this symmetry operation is equivalent to the e
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changeh2↔h3. On the contrary, for the right-hand-side in
terface, even if the bulk domains remain unchanged by
plication of the symmetry with respect to the~110! plane, the
@100# direction of the normal to the interface is change
Therefore, the~110! plane is not a symmetry plane for th
right-hand-side interface. This qualitative difference betwe
the two interfaces is a sign of the anisotropy of the L12 /L10
interfaces in our model. This anisotropy can be estima
using the energies given in Table III. The L12 /L10 interfa-
cial energy is 9.824031023J1 for the left-hand-side inter-
face, which is more than 8% above the energy of the rig
hand-side interface (8.978531023J1). We have not studied
in further details the anisotropy of the interfaces in our s
tem. A very convenient approach to do so would be to us
Ginzburg-Landau formalism~see, for example, Refs. 11 an
23!.

C. Triple point

We have seen that along the L101L12 coexistence line,
the ODW’s are wetted by the L12 structure at T
52.88J1 /kB . We now examine if this wetting phenomeno
persists up to the triple point. As we will see, our calculatio
show that the wetting behavior of the ODW’s is qualitative
different when considering the first or second kind of OD
In other words, the wetting behavior of ODW’s at the trip
point is sensitive to the orientation of the interface.

The relaxed profile obtained for the ODW of the first kin
is shown in Fig. 13. It is clear that a large layer of L12
structure with a LRO parameter along@111# was formed dur-
ing the minimization procedure. This result suggests that
equilibrium configuration is a macroscopic wetting of th
interface by the L12 structure. To confirm this point we hav
to compare the energy obtained at the end of the minim
tion procedure (DF57.129631023J1), to the sum of the
two individual L10 /L12 interface energies. Using Table II
the energy of a macroscopic wetting by the L12 structure
(DF57.09931023J1) is confirmed to be the most stab
configuration. It means that, along the L101L12 coexistence
line, the wetting of the first kind of ODW by the L12 struc-
ture persists up to the triple point. Finally, note that the LR
parameter of the L12 structure is very small at the triple
point (h50.03128), meaning that the L12 /fcc phase transi-
tion is only weakly of the first order.

FIG. 12. LRO parameter profile across a wetted ODW of
first kind at T52.88J1 /kB . The fourfold axis of the right- and
left-hand-side L10 domains are@001# and@100#, respectively. Posi-
tions are given in lattice parameters of the underlying fcc lattice
3-9
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TABLE III. Equilibrium structures and energies of flat interfaces normal to the@100# direction. The first
column indicates the direction of the LRO parameters of the two bulk domains before the energy min
tion. Energies are given inJ1 units per site of a~100! plane.

T52.88J1 /kB T5Tc

LRO Structure Energy Structure Energy
001/100 L10 /L12 /L10 1.880231022 L10 /L12 /L10 7.10031023

001/001̄ L10 /L12 /L10 /L12 /L10 3.591431022 L10 /fcc/L10 4.75831023

100/1̄00 L10 /L12 /L10 /L12 /L10 3.760531022 L10 /L12/fcc/L12 /L10 9.85931023

111/100 L12 /L10 9.824031023 L12 /L10 4.70631023

111/001 L12 /L10 8.978531023 L12 /L10 2.39331023

111/1̄00 L12 /L10 /L12 /L10 2.778131022 L12 /fcc/L12 /L10 5.15331023

111/001̄ L12 /L12 /L10 2.693931022 L12 /fcc/L10 2.60131023

111/11̄1̄ L12 /L12 1.796131022 L12 /L12 3.97831024

111/1̄1̄1 L12 /L10 /L12 1.795731022 L12 /fcc/L12 4.46831024

000/111 fcc/L12 2.23431024

000/100 fcc/L12 /L10 4.92931023

000/001 fcc/L10 2.37931023
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The wetting behavior of the second kind of ODW can
obtained by comparing the interfacial energies shown
Table III. The energy of a macroscopic wetting by the L2
structure—i.e., the 010/111/001 LRO parameter profile—
small (4.78631023J1). However, the energy of a macro
scopic wetting by the fcc solid solution is a little les
(4.75831023J1). We conclude that the wetting of the se
ond kind of ODW qualitatively changes betweenT
52.88J1 /kB andT5Tc . We thus predict the existence of
transition temperature, below which complete wetting by
L12 structure is favored. Above this transition temperatu
the ODW is only partially wetted by the disordered pha
and the width of the interface diverges when reachingTc . At
the triple point a macroscopic wetting by the fcc solid so
tion is thus predicted. However, considering the very sm
energy difference between the wetting profiles atTc (L12 or
fcc! we suspect that the transition temperature may be
close toTc to be experimentally observed.

VI. WETTING OF NONCONSERVATIVE APB’S

We now consider the equilibrium structure of APB’s
the L10 structure. For simplicity, we focus on APB’s parall

FIG. 13. LRO parameter profile across a wetted ODW atTc .
Positions are given in lattice parameters of the underlying
lattice.
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to cubic planes. Depending on the orientation of the fourf
axis of the L10 domains, two kinds of APB’s have to b
distinguished. The APB is called a ‘‘nonconservative APB
when the fourfold axis is perpendicular to the interface b
cause an excess concentration is created at the interface@see
Fig. 14~b!#. On the other hand, the APB is called a ‘‘conse
vative APB’’ when the fourfold axis is contained in the in
terface plane@see Fig. 14~a!#. The present section is devote
to the wetting behavior of the nonconservative APB. Cons
vative APB’s will be studied in Sec. VII.

A. Introduction

The wetting of nonconservative APB’s in the L10 struc-
ture by thedisordered fcc solid solutionhas been studied by
Mazauric and Nasu4,36 using a microscopic model with inter
actions limited to first nearest neighbors. Using the CVM
the tetrahedron approximation, the authors show that
equilibrium profile is very sensitive to the temperature.
low enough temperature, the nonconservative APB’s diss
ate and a new L10 layer is formed. Above a critical tempera
ture ~prewetting temperature! the equilibrium structure of the
APB is a direct profile between the L10 bulk domains. Fi-
nally, as the temperature increases up to the bulk L10 /fcc
transition, a complete wetting by the fcc solid solution of t
nonconservative APB is observed.

c

FIG. 14. Interfacial energies at 0 K in the L10 structure in a
second nearest-neighbor interaction model:~a! conservative APB,
~b! nonconservative APB,~c! ODW of the first kind, and~d! ODW
of the second kind. The LRO parameters of the L10 domains are
indicated above. Energies are given per site of a~100! plane parallel
to the interface.
3-10
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Considering the above prediction of a dissociated str
ture of the APB’s at low temperature, we have examined
detail the APB’s in the L10 stability region of the Co-Pt
system. As shown in Ref. 14, APB’s are not dissociated
Co-Pt samples. A similar conclusion can be drawn in m
systems such as Cu-Au~Ref. 37! or Fe-Pd~Ref. 38!. The
absence of dissociation of the APB’s is probably due to
high elastic energy that would follow the creation of the n
L10 layer. This point is also supported by a study of TiA
based alloys where the formation of a new L10 layer along
the APB’s was observed and where the width of the la
was directly related to the value of thec/a ratio in the L10
structure.39,40

B. TÄ0 K

As explained above and contrary to Ref. 36, we us
J12J2 model to study the thermodynamical properties of
nonconservative APB’s in the L10 phase. AtT50 K, the
computed interfacial energies in the L10 phase are presente
in Fig. 14. Using these results, it is easy to show that, wit
the L10 stability region~i.e., whenh is between 0 and 4J1),
nonconservative APB’s are not stable atT50 K. Indeed,
because their energy is greater than twice that of the OD
the equilibrium configuration is obtained by introducing
new L10 layer along the APB. We thus recover the resu
obtained in Ref. 36 with a model limited to the first neare
neighbor interactions.

We now consider the equilibrium structure of a nonco
servative APB whenh54J1—i.e., when L10 and L12 struc-
tures are simultaneously stable. By comparing the ener
of the L10 /L10 and L10 /L12 interfaces, it can be easil
shown that the minimum energy is obtained when the APB
wetted by three new layers: two L12 layers with a L10 layer
in between~see Fig. 15!. At 0 K, these layers have arbitrar
widths. Note that all the L10 /L12 interfacial energies ob
served in this equilibrium configuration are due to the sec
nearest-neighbor interactions and that the ground-state
ergy of the nonconservative APB is24J2 per site of a~100!
plane parallel to the APB. Finally, in the ground-state co
figuration of the nonconservative APB, one can recogn
two successive ODW’s, each one being wetted by the2
structure~see Fig. 15!. Therefore, the variant of each L12
layer is related to the fourfold axis of the surrounding L0
domains by the rules detailed above for the wetting of
ODW.

C. Finite temperature

To investigate the wetting behavior of the nonconser
tive APB’s at finite temperature, we use the inhomogene

FIG. 15. Wetting structure of the nonconservative APB’s at 0
in the L10 structure with a second nearest-neighbor interact
model. The rounded curves point out the unfavorable sec
nearest-neighbor pair responsible for the interfacial energies.
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CVM-TO at the temperatureT52.88J1 /kB . The chemical
potential ish52.5553922J1 to be exactly on the L101L12
coexistence line.

The calculation starts with an abrupt and flat interfa
parallel to a~100! plane, between two L10 domains charac-
terized by the LRO parameters 100 and 10̄0. As shown in
Fig. 16, the minimization procedure leads to the formation
three new layers: two L12 layers with a L10 layer in be-
tween. This result is in full agreement with our experimen
observation in the Co-Pt system and consistent with the
sults obtained atT50 K. As explained above, the equilib
rium structure of the wetted nonconservative APB can
described by the succession of two ODW’s. Moreover, as
the case of the wetting of ODW’s, we observe two inequiv
lent types of L10 /L12 interfaces.

D. Triple point

We have seen that along the L101L12 coexistence line,
the nonconservative APB’s are wetted by three new lay
L12 /L10 /L12 both at T50 K and at T52.88J1 /kB . We
now examine if this peculiar wetting phenomenon persists
to the triple point.

As shown in Table III, whenT5Tc , only five interfaces
between the equilibrium L10 , L12, and fcc structures are no
dissociated. Using the computed energies for these in
faces, we predict that the equilibrium structure of t
L10 /L10 nonconservative APB at the triple point is a we
ting by three new layers: L12 /fcc/L12. The corresponding
LRO parameter profile is presented in Fig. 17. This pro
was computed using two calculation boxes with the b
domains given by the LRO parameters 100/111 a
111/001̄. Indeed, due to the multiple-wall structure of th
APB and to the large value of the correlation length in t
fcc solid solution, our calculation box size was too sm
to stabilize the complete multilayer structure in a uniq
calculation.

E. Dewetting transition

As we have shown in the preceding sections, the wett
behavior of the nonconservative APB’s qualitatively chang
between T52.88J1 /kB (L10 /L12 /L10 /L12 /L10) and T
5Tc (L10 /L12 /fcc/L12 /L10). We need now to character

n
d

FIG. 16. Wetting of a nonconservative APB in the L10 structure
when T52.88J1 /kB . Positions are given in lattice parameters
the underlying fcc lattice.
3-11
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ize the transition between these two regimes. To do so,
sufficient to study the three inner layers—i.e., the wett
behavior of an antiphase boundary between two L12 do-
mains. For a given nonconservative APB in the L10 phase
and in the case of a wetting by a sequence L12 /L10 /L12,
four equivalent possibilities exist for the middle L10 layer.
Only one of these need to be considered. To simplify
notation, we consider in the following that the equilibriu
LRO parameter profiles is the one drawn in Fig. 15—i.
100/111/010/1̄11̄/1̄00. In other words, we have to study th
wetting behavior of the APB in the L12 structure between
two bulk domains characterized by the LRO parameters
and 1̄11̄.

The wetting of APB in the L12 phase by the L10 structure
has already been studied experimentally in the Co
system.11 Near the L121L10 two-phase stability region
APB’s in the L12 structure are wetted by a layer of L10
structure, and the LRO parameter characterizing the new0
structure is situated in the middle of the LRO parameters
the two L12 bulk domains. Then the authors developed d
ferent theoretical approaches based on the Ising model.11 Us-
ing a mean-field approximation, their model was able to p
dict the wetting of the APB in the L12 phase by the sam
L10 variant as observed experimentally. However, beca
the topology of the mean-field phase diagram is inaccur
the authors were unable to investigate the wetting beha
of APB in the L12 phase near the triple point.

As already mentioned, the CVM-TO correctly predicts
triple point at finite temperature~see Fig. 10!. We have thus
been able to study the wetting behavior of the APB in
L12 phase up to the triple point. As can be guessed fr
Figs. 16 and 17, the APB between the two bulk doma
characterized by the LRO parameters 111 and 11̄1̄ is wetted
by the L10 structure atT52.88J1 /kB and wetted by the fcc
solid solution at the triple point. We have studied the tran
tion between these two regimes by comparing the config
tion obtained after relaxation of a sharp APB and the wett
by the L10 structure. First, we have found that aboveT
52.9717J1 /kB the relaxation of the sharp APB leads to
LRO parameter profile with a finite thickness~see Fig. 18!.
For convenience, we call this profile the dewetted configu
tion. The thickness of the profile increases with increas

FIG. 17. Wetting of a nonconservative APB in the L10 structure
when T5Tc . As noted by the vertical line, the LRO paramet
profile shown here has been obtained by the concatenation of
independent calculation boxes.
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temperature and finally diverges when reaching the tri
point where the wetting by the fcc solid solution is the eq
librium configuration.

To determine whether the dewetted profile is the equi
rium one, we have compared the energy obtained after re
ation with that of a perfect wetting by the L10 structure—
i.e., with twice the L10 /L12 interfacial energy. The result
presented in Fig. 19, shows clearly the existence of a tra
tion temperature close toT52.971734J1 /kB below which
the wetting by the L10 is the equilibrium configuration and
above which the dewetted profile is favored. The crossing
the two curves indicates that the transition is of the fi
order. Note that, whenJ2 /J1520.2, this dewetting tem-
perature is only 1% below the triple-point temperature.
detailed study of the influence of the choice ofJ2 /J1 on the
value of the transition temperature would be important to t
the generality of this phenomenon.

F. Conclusion

Our calculations both atT50 K and at finite temperature
indicate that, if we are not too close to the triple point, t
nonconservative APB’s in the L10 structure are wetted by
three layers L12 /L10 /L12. In other words, the APB splits
into two ODW’s which are both wetted by the L12 structure.
This point is consistent with our observations in the Co
system~see Figs. 5 and 8!. Above the critical temperature

o

FIG. 18. Evolution of the LRO parameters across a noncon
vative APB in the L12 structure atT52.985J1 /kB .

FIG. 19. Measurement of the dewetting temperature of the n
conservative APB in the L12 structure. The solid line is the energ
of the dewetted profile (L12 /L12) and the dashed line is twice th
L12 /L10 interfacial energy.
3-12
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T52.971734J1 /kB , our CVM-TO calculations predict tha
the equilibrium profile of the nonconservative APB in th
L10 structure is a wetting by two L12 layers. The LRO pa-
rameter profile between these two L12 layers has a finite
thickness which increases with increasing temperature
finally diverges when reaching the triple point. Therefore,
the triple point, the nonconservative APB in the L10 struc-
ture is wetted by the three layers L12 /fcc/L12.

VII. WETTING OF CONSERVATIVE APB’S

We now consider the equilibrium structure of the cons
vative APB’s in the L10 structure; i.e., we only conside
APB’s which are parallel to a cubic plane and where
fourfold axis of the bulk domains is contained in the inte
face plane@see Fig. 20~a!#.

A. TÄ0 K

With our second nearest-neighbor interaction model,
ground state of the conservative APB in the L10 structure is
degenerate whenh54J1—i.e., when the L10 and L12 struc-
tures are simultaneously stable. Indeed, we have found
qualitatively different profiles associated with the lowest e
ergy. This interfacial energy is24J2 per site of a~100! plane
parallel to the APB and is then equal to the ground-st
energy of the nonconservative APB. The six ground-st
configurations are drawn in Fig. 20 where the unfavora
second nearest-neighbor pair responsible for the interfa
energy are pointed out.

B. Low-temperature expansion

We introduced above a low-temperature analysis of
phase diagram to analyze the competition between the

FIG. 20. Equilibrium structures at 0 K of the conservative APB
in the L10 structure with a second nearest-neighbor interact
model. The rounded curves point out the unfavorable sec
nearest-neighbor pair responsible for the interfacial energies.
exited states of lowest energy are obtained by changing the ch
cal nature of one of the atoms designated by an asterisk~see text for
explanation!.
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L10 and L12 phases. Now, we can use the same approac
investigate the equilibrium configuration of an interfa
when the interface ground state is degenerated atT50 K
andh5hc .

To compare the relative stabilities at finite temperature
these ground-state configurations, we first have to determ
the lowest excitation energyDEn0

8 whose degeneraciesmn0

i

are not the same in the different configurations. According
Eq. ~10!, the free energy difference between two groun
state configurations 1 and 2 will then be given by, to t
lowest order inkT,

F2~h,T!2F1~h,T!5E2~h!2E1~h!2kT~mn0

2 2mn0

1 !

3exp~2bDEn0
8 !, ~13!

where the free energyFi , the internal energyEi , and the
degeneracymn0

i are expressed per site of a plane parallel

the interface. Of course, ifh is kept fixed athc , Eq.~13! tells
us that, at low enough temperature, the equilibrium interf
configuration corresponds simply to the one with the high
number of excitations of energyDEn0

8 .

In the present situation, we want to analyze the interfa
configuration along the L10 /L12 equilibrium line: the inter-
nal energy differencesE2(h)2E1(h) do not vanish any-
more. Therefore, we need to estimate the free energy di
ences when the chemical potentialh is related to the
temperatureT by Eq. ~12!. In Eq. ~12!, the temperature de
pendence ofh is linked to the lowest exitation energyDEn0

,
which differentiates the two bulk phases. As we will s
next, the lowest excitation energyDEn0

8 that separates the

interface configurations is smaller thanDEn0
. As a conse-

quence, the temperature dependence of the chemical po
tial h(T) can be neglected in Eq.~13! and we finally get, to
the lowest order inkT,

F2„h~T!,T)…2F1„h~T!,T…

52kT~mn0

2 2mn0

1 !exp~2bDEn0
8 !. ~14!

As a result, at finite but low enough temperature,even along
the L10 /L12 equilibrium line, the equilibrium configuration
of the interface is still the ground-state configuration asso
ated with the highest degeneracy of the lowest-energy e
tation.

We now proceed to the identification ofDEn0
8 . As can be

seen in Fig. 20, all the ground-state configurations can
obtained by the formation of one or several L12 or L10 lay-
ers between the two bulk domains. As we consider only
situation along the L10 /L12 equilibrium line, we may sup-
pose that the widths of these layers are infinite@more pre-
cisely, provided that each layer involves at least four~100!
planes, the competition between the configurations does
depend on the respective lengths of the intermediate laye#.
By studying the configurations sketched in Fig. 20, we ha
found that the lowest excitation energy isDEn0

8 528J2 and

that the exited states of lowest energy are obtained by ch
ing the chemical nature of one of the atoms designated b

n
d
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i-
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asterisk in Fig. 20. We first note that, as announced ab
DEn0

8 is smaller than the lowest bulk excitation energ

Therefore, the competition between the different interface
indeed governed by Eq.~14!. Second, it is clear that th
degeneracy ofDEn0

8 is maximum for the configurationsd

ande: mn0

d 5mn0

e 58. Using Eq.~14!, we conclude that at low

but finite temperature, the most stable configuration is n
essarilyd or e. It implies that the most stable configuration
a wetting by three new layers L12 /L10 /L12. This result,
which is similar to that obtained for the nonconservat
APB, is in agreement with the experimental observations
the Co-Pt system.

We would like to emphasize that this result is highly no
trivial: the most stable configuration is also one of the m
complex ones, as it consists of a sequence of four cons
tive interfaces. It is also worth pointing out that a simp
J12J2 model does reproduce this complexity.

Finally, we mention that with our low temperature expa
sion, even when considering the higher-order excitation
ergies212J2, we were not able to differentiate the free e
ergies of the configurationsd ande. Note that, next to thed
ande configurations, the most stable one isf —i.e., a wetting
by two L12 layers. As we will see next using a CVM analy
sis, this configuration becomes the most stable one at hi
temperature. In this respect, we report in the Appendi
detailed analysis of the excess interface free energies of
figurationse and f along the equilibrium line, up to the nex
lowest excitation energy (212J2) ~this is required if we
want to take into account the temperature dependenceh
along the equilibrium line!.

C. Finite temperature

To determine the equilibrium profile of the conservati
APB at higher temperature, we have performed CVM-T
calculations atT52.88J1 /kB . Using the interfacial energie
gathered in Table III, we predict that the equilibrium co
figuration is a wetting by three layers L12 /L10 /L12, where
the tetragonal axis of the new L10 layer is parallel to the
interface plane~configuratione in Fig. 20!. The correspond-
ing LRO profile is presented in Fig. 21. This result is co
sistent with our low-temperature expansion presented ab
However, atT52.88J1 /kB we predict that the interfacial en
ergy of configurationd is higher than the one of configura
tion e: Fd2Fe51.6931023J1 per site of a~100! plane par-
allel to the interface.

At T52.88J1 /kB , the interfacial free energy of the con
figurationf is only slightly above that of the configuratione:
F f2Fe5431026J1. We may therefore suspect that at
higher temperature, the configurationf may become the mos
stable configuration. We have confirmed this point by co
puting the interfacial energies at a higher temperature. W
T52.971734J1 /kB ~and h51.9799713J1), our CVM-TO
calculations show that the free energy differenceF f2Fe is
equal to22.3931023J1, implying that the configurationf
becomes the most stable configuration for the conserva
APB. We have not tried to obtain a precise value for t
transition temperatureTe/ f between the low-temperature st
22420
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bility region of the configuratione and the high-temperatur
stability region of the configurationf. However, given the
extremely low value ofF f2Fe at T52.88J1 /kB , we expect
that Te/ f is only slightly aboveT52.88J1 /kB .

D. Triple point

At the triple point, using the interfacial energies gather
in the Table III, we conclude that the equilibrium configur
tion of the L10 /L10 conservative APB is a wetting by th
disordered solid solution. The corresponding LRO profile
shown in Fig. 22. Moreover, our CVM-TO calculations sho
that the configurationf ~which is the equilibrium configura-
tion at T52.971734J1 /kB) is metastable at the triple poin
The transition between these two configurations is thus
first order. We did not try to determine neither the value
this transition temperature nor its evolution with the ran
and value of the interaction energies of our model.

Note that the metastability of the configurationf at the
triple point is a direct consequence of the stability of t
conservative APB in the L12 structure. In other words, the
conservative APB’s in the L12 structure are not wetted at th

FIG. 21. Wetting of a conservative APB in the L10 structure
when T52.88J1 /kB . Positions are given in lattice parameters

the underlying fcc lattice. The LRO parameter goes from 001¯ to
001. As noted by the vertical lines, the LRO parameter pro
shown here has been obtained by the concatenation of four i
pendent calculation boxes.

FIG. 22. Wetting of a conservative APB in the L10 structure
whenT5Tc . Positions are given in lattice parameters of the und

lying fcc lattice. The LRO parameter goes from 001¯ to 001. The
first and second components of the LRO parameters are zero
noted by the vertical line, the LRO parameter profile shown h
has been obtained by the concatenation of two independent c
lation boxes.
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triple point. This result illustrates the fact that the wetting
not unavoidable when the relevant order parameter is m
dimensional.

E. Conclusion

As a conclusion, when increasing the temperature al
the L12 /L10 coexistence line, we predict the following evo
lution for the equilibrium configuration of the conservativ
APB in the L10 structure. At low temperature, the conserv
tive APB is wetted by three layers L12 /L10 /L12, where the
tetragonal axis of the new L10 layer is parallel to the inter-
face plane~configuratione in Fig. 20!. We recall that this
nontrivial result has been obtained with two different me
ods ~low-temperature expansion and CVM analysis! based
on the simplest Ising model. All together, this emphasizes
generic aspects of this complex situation.

We also analyzed the situation close to the triple point.
a temperature slightly aboveT52.88J1 /kB , the equilibrium
structure of the conservative APB in the L10 structure be-
comes a wetting by two L12 layers separated by a conserv
tive APB ~configuration f in Fig. 20!. Finally, below the
triple-point temperature, we predict a first-order transiti
between thef configuration and a direct profile between t
two L10 bulk domains. The width of this profile is finite, bu
diverges when reaching the triple point where a perfect w
ting by the disordered solid solution is obtained.

VIII. SUMMARY AND CONCLUSION

The present paper supplements and enlarges the pre
results obtained on the wetting phenomenon of interfa
in ordered alloys during solid-solid phase transfo
mations.1–4,6–8,11Most studies were dedicated to the wetti
of interfaces by the disordered solid solution. In the pres
paper, we studied the wetting by anordered phase, where
new features are expected because of the degeneracy o
ordered structure. More precisely, we studied the behavio
interfaces in a L10 sample with a composition close t
Co40Pt60. Due to the topology of the Co-Pt phase diagram
simple cooling experiment drives the L10 sample near the
L101L12 two-phase stability region, and we thus expect
formation of L12 phase in the sample. Using different tran
mission electron microscopy techniques, we showed that
deed, the above thermal treatment leads to the formatio
L12 layers along the L10 /L10 interfaces. However, ODW’s
and APB’s behave very differently: ODW’s are wetted by
single layer of L12 whereas the wetting of APB’s leads to th
formation of three new macroscopic layers L12 /L10 /L12.
This behavior is most surprising because the wetted A
contains four consecutive L10 /L12 interfaces, which seems
at first sight, an unfavorable configuration in comparison t
single L10 /L10 interface.

To explain this peculiar phenomenon, we used an Is
model with interactions limited to first and second neare
neighbor atoms. This approach is generic in the sense th
is the simplest one that reproduces the observed L10 and L12
ground states, without the specificities of the model with fi
nearest-neighbor interactions only. To investigate the beh
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ior of interfaces fromT50 K up to the triple-point tempera
ture, we first analyzed the interface ground states, and
used two different finite-temperature techniques: lo
temperature expansions and the inhomogeneous clu
variation method in the tetrahedron-octahedron approxim
tion. The results of all these approaches are in agreem
with our experimental observations in the Co-Pt syst
when considering the wetting of both ODW’s and APB’s. W
point out that the complexity of the observed wetting ph
nomena, in particular the wetting of APB’s with three ma
roscopic layers, is explained using a very simple model o
rigid lattice, with pair interactions limited to second neare
neighbors atoms.

It is, however, important to test the validity of our resu
when increasing the range of the interaction energies. If
consider small interaction energiesJ3 and J4 between third
and fourth nearest-neighbor atoms, preliminary results sh
that only the value ofJ3 can change the relative stability o
the relevant interface configurations. For example, wh
considering the conservative APB in the L10 phase,J3 lifts
the degeneracy of the ground-state configurations detaile
Fig. 20 for a model limited toJ1 andJ2. In particular, when
J3.0, the ground-state configuration is similar to the expe
mental observations, with the formation of the three lay
L12 /L10 /L12.

It would also be very interesting to model interfaces w
arbitrary orientations that are not flat. This could be do
relatively easily through Monte Carlo~MC! simulations.
However, as discussed in the paper, the free energy di
ences involved here in the competition between the differ
interface configurations are extremely small and out of re
of the precision that MC simulations can afford. This is w
we opted for a closed-form formalism~the CVM!, which is,
from the numerical point of view, very precise even for i
homogeneous configurations. Unfortunately, the price to
is that we need to reduce the dimensionality of the probl
in order to decrease the number of variational parameters
other words, we had to restrict the interface to a simple cr
tallographic orientation. In particular, we did not take in
account the possible atomic ledges along the interfa
Moreover, we chose the~100! orientation, whereas the ex
perimental interfaces are very close to~110! planes. Even
though these are not the same, the calculated interface
figurations present the same sequence of layers as the
served one. This shows that the results are generic and ro
and justifies the calculation modeling.

The CVM calculation results obtained in the present stu
illustrate the complexity of the wetting phenomena when,
is the case here, the relevant LRO parameter is multidim
sional and the equilibrium structures are ordered. Indeed
have observed situations where wetting of interfaces d
not occur~e.g., for conservative L12 /L12 APB’s! and situa-
tions where several macroscopic layers are formed simu
neously~e.g., for L10 /L10 APB’s!. Moreover, our calcula-
tions near the triple point show that the wetting behavior o
given interface may changequalitativelywith its orientation.
For example, conservative APB’s in the L10 structure at the
triple point are wetted by the disordered solid solution wh
they are in a conservative orientation and by three lay
3-15
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L12 /fcc/L12 in a nonconservative orientation.
Note also that, when increasing the temperature along

L10 /L12 coexistence line, the wetting behavior of an inte
face may change, as is clearly illustrated with the nonc
served APB in the L10 structure. Indeed, from 0 K up to the
triple point, we observe the following successive equilibriu
structures for the APB: L10 /L12 /L10 /L12 /L10 ,
L10 /L12 /L12 /L10 , L10 /L10, and then finally
L10 /fcc/L10. We also emphasize that we have been able
study the wetting phenomenon of interfaces up to the dis
dered phase because the CVM-TO predicts a correct to
ogy of the phase diagram with a triple point at finite te
perature. However, the position of the triple point may not
correctly reproduced. This has been discussed in the lit
ture when the interactions are limited to the first neighb
only ~see, for example, Refs. 28 and 41!. Therefore, the tran-
sitions observed close toTc may be sensitive to the thermo
dynamical model and to the value of the interaction energ
In that respect, the results obtained with our CVM calcu
tions at the triple point may be less generic than the o
predicted at lower temperature, using simultaneously lo
temperature expansions and CVM calculations.

Finally, we would like to point out that our theoretica
model does not take into account the elastic energy that
pears during the coherent coexistence of structures diffe
in symmetry and lattice parameters, as is the case with0
and L12 structures. It proves that the complex wetting ph
nomenon of APB’s in the L10 structure is due to the shor
range chemical interactions only. More precisely, when c
sidering a flat interface, it is easy to show that the cohere
elastic energy is proportional to the width of the wetti
layer. Therefore, our theoretical model on a rigid lattice
valid during the initial stage of the wetting phenomeno
when the width of the wetting layer is thin enough so that
elastic energy is negligible in front of the interfacial energ
arising from the short-range chemical interactions. At la
stages, the competition between elastic and interfacial e
gies may induce microstructural changes~see, for example
Refs. 12 and 13!, but this point is beyond the scope of th
present paper.
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APPENDIX

In this appendix, we present how to determine precis
the low-temperature expression of the free energy differe
between two competitive interfaces. As an example, we
cus on the configurations labelede and f in Fig. 20. As
shown above, the two configurations lead to the same in
facial energy24J2 per site of a~100! plane and have the
same lowest excitation energy isDEn0

8 528J2. We recall

that we want to express this free energy difference in
wetting regime—i.e., along the L10 /L12 equilibrium line. In
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this appendix, we show how to perform the low-temperat
expansion up to the order exp(212bJ2)—i.e., beyond the
contribution of the lowest excitation energyDEn0

8 528J2.

Because we are interested in the free energy differe
between the configurationse andf, we only need to conside
the sites which differ between the two configurations. The
sites, listed in Fig. 23, are labeled I and II for the configu
tionse andf, respectively. The corresponding single-spin-fl
excitation energies are detailed in Table IV.

Obviously, all the single-spin-flip excitation energiesDE
528J2 and DE5212J2 should enter our analysis. It i
clear that there is no other excitation of energyDE528J2
than those displayed in Table IV. However, it is not
simple for the excitation energyDE5212J2, because there
are connected clusters whose excitation energies are
equal toDE5212J2. Indeed, these clusters are all the se
ond nearest-neighbor pairs parallel to the interfaces
whose sites have an excitation energy equal toDE528J2
~the excitation energy of a pairn,m is given by DEnm
5DEn1DEm14Jnmsnsm , where theDEn and DEm are
the spin-flip interaction energies of siten andm andJnm the
interaction between the sites!. This involves the second
nearest-neighbor pair parallel to the interface that origin
from sites 6,8,13,15,22,24 in configuratione and from sites
4,10,13,15 in configurationf. It is easy to convince onese
that all other clusters have excitation energies larger t
DE5212J2.

Finally, using Eq.~9!, a simple counting of the informa
tion collected in Table IV, together with the incorporation
the second nearest-neighbor pairs that we have just ide
fied, leads to the following excess free energy expansions
site of the~100! plane:

DFI„h~T!,T…5 1
2 $26h~T!224J1166J226kT exp~8bJ2!

218kT exp~12bJ2!224Feq~T!%

1O„exp~16bJ2!…, ~A1!

DFII „h~T!,T…5 1
2 $26h~T!28J1142J224kT exp~8bJ2!

214kT exp~12bJ2!216Feq~T!%

1O„exp~16bJ2!…, ~A2!

FIG. 23. Configurations I and II and the labeling of each si
Configurations I and II correspond to the configurationse and f in
Fig. 15.
3-16



tate

ORIGIN OF THE COMPLEX WETTING BEHAVIOR IN . . . PHYSICAL REVIEW B68, 224203 ~2003!
TABLE IV. Energy increaseDE when flipping the site occupancy and contribution to the ground-s
energy per site,Eg.s. , of each site of configurations I and II. The site labeling is presented in Fig. 23.

Configuration I Configuration II

Site Eg.s. DE Eg.s. DE
1 2h12J113J2 0J1212J2 2h12J113J2 0J1212J2

2 1h24J113J2 8J1212J2 1h26J112J2 16J128J2

3 2h22J113J2 16J1212J2 2h12J113J2 0J1212J2

4 1h22J113J2 0J1212J2 2h12J112J2 0J128J2

5 2h22J113J2 16J1212J2 2h12J113J2 0J1212J2

6 1h22J112J2 0J128J2 2h10J113J2 8J1212J2

7 2h10J113J2 8J1212J2 2h22J113J2 16J1212J2

8 2h12J112J2 0J128J2 2h22J113J2 16J1212J2

9 2h12J113J2 0J1212J2 2h12J113J2 0J1212J2

10 2h12J113J2 0J1212J2 2h12J112J2 0J128J2

11 2h10J113J2 8J1212J2 2h12J113J2 0J1212J2

12 2h22J113J2 16J1212J2 1h26J112J2 16J128J2

13 2h12J112J2 0J128J2 2h12J112J2 0J128J2

14 2h10J113J2 8J1212J2 1h24J113J2 8J1212J2

15 1h22J112J2 0J128J2 1h22J112J2 0J128J2

16 2h22J113J2 16J1212J2 1h22J113J2 0J1212J2

17 1h22J113J2 0J1212J2

18 2h22J113J2 16J1212J2

19 1h24J113J2 8J1212J2

20 2h12J113J2 0J1212J2

21 1h26J113J2 16J1212J2

22 2h12J112J2 0J128J2

23 1h24J113J2 8J1212J2

24 1h22J112J2 0J128J2
con-
whereFeq(T) is the free energy expansion~per site! up to
the order exp(12bJ2) of either L10 or L12 along the equi-
librium line. Using Eq.~10! and the information displayed in
Table II, we easily find that

Feq~T!522J113J22
kT

2
exp~12bJ2!1O„exp~16bJ2!….

~A3!

Inserting Eq.~A3! into Eqs. ~A1! and ~A2!, and using the
expression ofh(T) given in Eq.~12!, we get

DFI„h~T!,T…523J223kT exp~8bJ2!2
3kT

2
exp~12bJ2!

1O„exp~16bJ2!…, ~A4!
22420
DFII „h~T!,T…523J222kT exp~8bJ2!2
3kT

2
exp~12bJ2!

1O„exp~16bJ2!…. ~A5!

As a result, the excess free energy difference between
figurationse and f ~defined in Fig. 15! is, per site of a~100!
plane,

dF~h~T!,T!52kT exp~8bJ2!1O„exp~16bJ2!….
~A6!

Of course, we recover that configuratione is more stable
than configurationf, as discussed in the text.
n
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