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Experimental determination of pair interaction energies in a CoPt3 single crystal
and phase-diagram calculations
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and Léon Brillouin Laboratory (CEA-CNRS), CE-Saclay, 91190 Gif sur Yvette, France

B. Beuneu
Laboratoire des Solides Irradie´s, CEA–Ecole Polytechnique, 91128 Palaiseau, France
and Léon Brillouin Laboratory (CEA-CNRS), CE-Saclay, 91190 Gif sur Yvette, France

~Received 18 November 1999!

The short-range order in a CoPt3 single crystal at 1083 K was measured using neutron diffuse scattering in
the ~100! and ~110! reciprocal planes. The data were used in conjunction with the inverse cluster variation
method in order to extract the first four and the sixth effective pair interaction energies. The interactions
obtained from the experimental short-range order intensities are used to calculate the Pt-rich side of the phase
diagram using the cluster variation method, the order-disorder transition temperature at the stoichiometric
composition by Monte Carlo simulations, and the unrelaxed antiphase boundary energies. The agreement with
experimental data is excellent. Comparison of the CoPt3 pair energies with those similarly obtained in Co3Pt
by other authors shows an important dependence of the nearest-neighbor pair interaction with concentration.
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I. INTRODUCTION

The calculation of binary alloy phase diagrams requi
the implementation of accurate electronic structure calc
tions in order to obtain pair and multisite atomic interactio
combined with statistical mechanics techniques such
Monte Carlo simulations or the cluster variation meth
~CVM!. Recently the CVM was reformulated to take in
account the contribution of atomic displacements from latt
points,1 and much attention has been devoted to the con
bution of the vibrational entropies to phase stability.2–7

Parallel to the theoretical studies, significant effort h
been invested in the experimental determination of the ef
tive interactions, static displacements and vibrational en
pies in metallic alloys. For the first two quantities, studies
elastic neutron diffuse scattering have focused on the exa
nation of single crystals in thermodynamic equilibrium f
systems where the phase diagram is well known or relativ
simple such as Ni-V,8–10 Pd-V,8,9,11 Pt-V,11,12 Ni-Cr,13–16

Fe-V,17 Fe-Al,18–21 Cu-Au,22,23 and Ni-Al.24 With regard to
vibrational entropies, inelastic neutron scattering and cr
genic calorimetry were used in both single a
polycrystals.25–28

The system investigated here, Co-Pt, offers some inter
ing aspects. First, its phase diagram, as the classical Au
diagram, is a prototype one, theL12- and L10-ordered
phases extending aroundAB3 and AB concentrations,29–34

with a notable asymmetry in the stabilities of the Co3Pt and
CoPt3 phases. Secondly, Co-Pt is strongly ferromagnetic
PRB 610163-1829/2000/61~22!/14975~9!/$15.00
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the Co-rich side. The presence of magnetism has long b
considered as responsible for the asymmetry of the o
disorder transitions. The Co-Pt phase diagram was pr
ously calculated35 in the tetrahedron approximation of th
CVM, that included pair and many-body interactions a
magnetic exchange interactions that are sensitive to the l
chemical environment. A good agreement with the expe
mental phase diagram was obtained, with multiplet inter
tions found to play an important role in the asymmetry of t
phase diagram. This phenomenological model assumes
centration independent chemical interactions. An alterna
approach is to include the effect of multiplet interactions a
concentration dependence in the pair interactions. Electro
structure calculations in transition metal alloys reveal t
these pair interactions are strongly dependent on the filling
the d band.36 Thus, measurement of diffuse intensity in a
loys in thermodynamic equilibrium at several stoichiom
etries, from which concentration dependent pair interacti
can be obtained, is a subject of considerable practical
theoretical interest.

Two groups have undertaken this long and delicate m
surement at two compositions: the LURE-CECM group u
ing synchrotron radiation diffuse scattering37 at the Co3Pt
stoichiometry and our group through neutron diffuse scat
ing at the CoPt3 stoichiometry. Moreover, inelastic neutron
scattering measurements were also performed on ano
CoPt3 single crystal to get the phonon dispersion spectra
various temperatures in both ordered and disordered s
with the aim to determine the contribution of the vibration
14 975 ©2000 The American Physical Society
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14 976 PRB 61E. KENTZINGERet al.
entropy to phase stability and to calculate the atomic mig
tion enthalpies.38,39

In this paper we describe high-temperature neutr
diffuse-scattering measurements. Inelastic-scattering m
surements is the subject of a forthcoming publication. F
we present a brief summary of the experimental proced
~Sec. II!, followed by a description of the results in terms
short-range-order~SRO! parameters~Sec. III!. In Sec. IV,
the effective pair interactions are calculated using the inve
cluster variation method. The results are then used to ca
late the Pt-rich side of the equilibrium phase diagram us
the CVM. Monte Carlo simulations are also carried out at
stoichiometric composition~Sec. V!. The energy of ideal
~unrelaxed! conservative antiphase boundary energies al
@100# and@111# planes are calculated in Sec. VI. Concludi
remarks are given in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The CoPt3 single crystal, lent to us by Professor Coh
~Evanston, Illinois, USA!,40 consisted of a portion of a
sphere, 4.1360.14 mm in diameter and 5.1260.07 mm
high, oriented approximately along the@551# direction. Its
composition, determined by chemical analysis, is
61 at.% platinum. The uncertainty on the composition
due to a composition gradient along its growth direction.

The diffuse intensity measurements were carried out
the G44 two-axis spectrometer at Le´on Brillouin Laboratory
~CEA-CNRS, Saclay-France!. The detection device is com
posed of 64 He3 individual detectors : 48 detectors~50 mm
in diameter! placed every 2.5° and 16 smaller ones~10 mm
in diameter! placed every 0.625°. By rotating the sample
steps ofDv54°, a large region of the scattering plane
scanned. We used an incident wavelength of 0.259 nm.
scanned region is then contained between the circles of
0.2 and 2.8 reciprocal lattice units~RLU! (1 RLU52p/a).
The measurements were carried out on the~100! and ~110!
planes by tilting the single crystal revolution axis from t
vertical by223.2° and 21.8° respectively. This leads to r
spectively a sampling mesh of 1400 and 1800 measurem
points in these planes.

The measurements were taken at 1083 K using a h
temperature furnace located at the center of a 80 cm diam
vacuum vessel. Placing the crystal under vacuum result
significant reduction of the background intensity. At the te
perature investigated, which falls above both the ord
disorder and the Curie temperatures of the alloy, thermo
namic equilibrium is reached within one second.41

Phonon annihilation processes play an important role
neutron scattering. An energy analysis is necessary in o
to reject their contribution to the measured intensity. It w
performed using a time of flight system. Due to the lar
incident wavelength~i.e., the low neutron energy!, the domi-
nant process is phonon annihilation and the spectra s
inelastic scattering essentially on the high-energy side,
cept in the close vicinity of the Bragg peaks. To get t
elastic contribution, we have used the method reported
Barberis in his Ph.D. thesis.42 It is based on a deconvolutio
of the time-of-flight spectra from the impulse response of
spectrometer. The result of the deconvolution is a lin
combination of a Dirac peak and gaussians to approxim
-
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the elastic and inelastic contributions respectively. The
pulse response was obtained by measuring a vanadium p
at room temperature. This method is an improvement w
respect to the one used before at IPCMS-GEMME~Ref. 17!
as it allows the separation of the elastic contribution at wa
vectors closer to the Bragg peaks, where the inelastic s
tering results essentially from the interaction with low
energy acoustical phonons.21

The scattering cross sections were deduced from
weight of the elastic contribution with standard correctio
for instrumental background~empty furnace!. In order to
calibrate the detector response, the scattering cross se
by a vanadium sample having the same shape, dimens
and position in the furnace was measured at room temp
ture. Some detectors gave erratic results near the polyc
talline peaks of the furnace and, therefore, the correspon
data points were eliminated.

The multiple scattering corrections have been calcula
according to Blech and Averbach formulas,43 the integration
inside the portion of a sphere being obtained by a Mo
Carlo method. As cobalt and platinum strongly absorb
neutron flux, and cobalt and vanadium have large incohe
cross sections, these correction factors are very strong
anisotropic. They had thus to be evaluated accurately.
absorption corrections for CoPt3 and vanadium have bee
calculated by a Monte Carlo method considering all poss
paths of a neutron inside the volume@sabs

Co

553.56(6) b, sabs
Pt 514.84(3) b, sabs

V 57.32(6) b#. For
our CoPt3 sample, the transmission coefficient ranges
tween 0.20~1! and 0.37~4!.

The Debye-Waller attenuation corrections have be
evaluated for CoPt3 and vanadium at their respective me
surement temperatures. The vanadium Debye-Waller co
cient at room temperature (BV50.0046 nm2) is deduced
from its Debye temperature44 using the Krivoglaz method.45

The CoPt3 Debye-Waller coefficient at 1083 K@BCoPt3
50.0108(6) nm2# has been deduced from Berg and Coh
x-ray measurements on the same sample at ro
temperature,40 using an harmonic approximation. The devi
tion between the real Debye-Waller factor and this rou
estimate has been deduced from the adjustment of the da
a second step~Sec. III!.

The incoherent scattering of the sample and of the va
dium was calculated using s inc

Co54.8(3) b, s inc
Pt

50.13(11) b, ands inc
V 55.08(6) b for the incoherent sca

tering cross sections of Co, Pt, and V, respectively.46 Hence,
for the alloy, we gets inc

alloy51.30(16) b. The Laue cross se
tion is 4pFLaue51.19(9) b whereFLaue is the usual normal-
ization factor given byFLaue5c(12c)(bCo2bPt)

2, with c
the cobalt concentration, andbCo andbPt the coherent scat
tering lengths of Co and Pt, respectively. The incoher
scattering is thus expected to be 1.09(24) in Laue u
(1 LU54pFLaue).

III. SHORT-RANGE ORDER PARAMETERS

The experimental cross sections in the two planes inv
tigated are displayed on Fig. 1. SRO is still important
1083 K. The measured intensity is mostly concentrated n
@100# and equivalent points, reaching 5.5 LU at these poin
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PRB 61 14 977EXPERIMENTAL DETERMINATION OF PAIR . . .
This very strong modulation means that the transition te
perature is not far. The@100# location of the SRO intensity is
the signature of a highly stableL12 phase. The static dis
placements give rise to a weak asymmetry of the diffu
peaks.

The cross sections were analyzed using the Borie
Sparks47 formulation. With corrections for temperature a
tenuation given by the Debye-Waller factorBCoPt3

, the cor-
rected intensity in Laue units is written

FIG. 1. Corrected experimental intensities atT51083 K and
reconstructed ones in the@100# ~a! and @110# ~b! planes. In each
sub- figure, the reconstructed map~down left! has to be compared
to the measurement, taking into account the symmetries of
plane.
-

e

d

I corr~kW !5
1

NFLaue
F ds

dV
~kW !e(BCoPt3

k2/8p2)G , ~1!

whereN is the total number of atoms in the beam.
Up to first order in the atomic displacementsuW p at lattice

site RW p5a/2(p1 ,p2 ,p3), wherep stands for the set of inte
gers (p1 ,p2 ,p3), the corrected intensity at the reciproc
space pointkW52p/a(h1 ,h2 ,h3) is given by

I corr~kW !5a~kW !1(
i 51

3

hiQi~kW !1I inc , ~2!

wherea(kW ) is the SRO contribution, theQi(kW ) are related to
the Fourier transform of the atomic displacements andI inc is
the incoherent scattering per atom in Laue units.

The SRO intensity is given by the Fourier transform
the Warren-Cowley SRO parametersap :48

a~kW !5(
p

ap cos~kW•RW p! ~3!

with the Warren-Cowley SRO parameters defined by

ap5
^sosp&2^so&

2

12^so&
2 , ~4!

whereso andsp are occupation operators at the origin a
sitep, respectively. These occupation operators take value
or 21 if the lattice site is respectively occupied by Co or
atoms, and the brackets^ & stand for configurational aver
ages. Equation~3! contains thea0 term whose theoretica
value is 1.

The quantitiesQW (kW )5@Q1 ,Q2 ,Q3# in Eq. ~2! are given
by the first order displacement parametersgW p :

QW ~kW !5(
p

gW p sin~kW•RW p!. ~5!

In turn, the displacement parametersgW p are defined by

gW p52
2p

a (
ss8

bsbs8
FLaue

r2,p~ss8!^DuW p
ss8& , ~6!

where^DuW p
ss8& is the average relative displacement betwe

atoms of types ands8 ~i.e., Co or Pt! separated byRW p , and
wherer2,p(ss8) is the probability of finding atomss and
s8 at a distanceRW p . We note that these probabilities arec2

1c(12c)ap , (12c)21c(12c)ap, and c(12c)2c(1
2c)ap for CoCo, PtPt, and CoPt pairs, respectively.

A set of Warren-Cowley SRO parameters and of fir
order displacement parameters were fitted to the corre
data using a least squares procedure with a weight inver
proportional to the square of the experimental errorDI .
Thus, the residual error to be minimized is

x25(
~ I measured2I calculated!

2

Nfreedom•DI 2 , ~7!

whereNfreedom5Npoints2Nvariablesis the number of degrees o
freedom of the fit,Npoints is the number of experimenta
points ~around 3000!.

e
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14 978 PRB 61E. KENTZINGERet al.
We have varied the number of shells for the SRO para
eters up to 16, and those for the displacements up to 10.
sensitivity of the results to the number of SRO parameter
to the number of displacement parameter shells is shown
Fig. 2. Above 14 SRO parameters, the residual error does
vary significantly and all the calculated cross sections
qualitatively the same, indicating that the parameters
stable. With regard to the displacement parameters, all
sults are stable above 7 shells. We discuss now the re

FIG. 2. ~a! Sensitivity of the SRO parametersan , the constant
contribution a0I and the residual errorx to the number of SRO
parameters in the fit.~b! Sensitivity of the displacement paramete
gn , the constant contributiona0I and the residual errorx to the
number of displacement parameters in the fit.
-
he
or
on
ot
e
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e-
lts

analyzed with 14 shells for the SRO parameters and 7 sh
for the displacement parameters.

As already mentioned, the Debye-Waller factor used i
tially is very rough since we have extrapolated the va
measured by Berg and Cohen at room temperature in
harmonic approximation to estimate the value ofBCoPt3

at the
SRO measurement temperature. Moreover, it is expected
the attenuation of the diffuse scattering and of the Bra
peaks are not equal in the presence of static displacem
since the sign in front of the static Debye-Waller contrib
tion is different in the two cases~decreasingB for SRO!.49

To take into account a possible difference between the
plied correction and the real Debye-Waller attenuation (dB),
we added in Eq.~2! a term of the formd0k2 @expansion to
first order indB of the terme(Bk2/8p2) of Eq. ~1!# and fitted
d0 to the experimental data. The Debye-Waller factor w
corrected until the value ofd0 resulting from the fit was zero
~Fig. 3!. The corresponding value ofBCoPt3

is very near to

the initial estimate@BCoPt3
50.0109(3) nm2 compared to

0.0108(6) nm2#, despite the expected deviation from th
harmonic law at this temperature, which is significan
higher than the CoPt3 Debye temperature. Thus, we conclu
that the effect of static displacements and the effect of
deviation from the harmonic law compensate each other
most exactly.

The constant contribution to the cross section,a0I , is the
sum of thea051 term and the sample incoherent contrib
tion. Its expected value is thus 2.09(24) LU. We obta
1.97(2) LU, which is smaller than the expected value b
factor of 1.06, but remains within the error bar. Oth
authors8,9 also observed a discrepancy between the exp
mental and theoretical values ofa0I . They attributed it to
errors in the evaluation of the number of atoms in the bea
and proceeded to renormalize all the data. In our case, s
differential dilatation of the sample holder and the slit hold
could be the source of a partial displacement of the sam
out of the beam. Since the sample is small, one half m
meter shift would explain such a discrepancy. As this corr
tion is linear and totally independent from the others, we a
renormalized the data and, thus, the values of thean ~Fig. 4!
andgn that are given in Tables I and II are corrected by th
factor 1.06.

FIG. 3. Sensitivity of thedO parameter to the Debye-Walle
factor.
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PRB 61 14 979EXPERIMENTAL DETERMINATION OF PAIR . . .
In absolute values, the largest parameters area2 anda4,
with a strong attractive order between second and fou
neighbor like atoms. Up to the eighth neighbors, the sign
the SRO parameters are in agreement with the nature o
pairs observed in theL12 ordered phase~inset, Fig. 4!, i.e.,
heterochemical first, third, fifth and seventh neighbor pa
and homochemical second, fourth, sixth and eighth neigh
pairs ~all evenlmn).

Thegn values are much smaller than those determined
similar systems as VPt3 Ref. 12 or Ni-V.10 This is surprising
as the relative difference of atomic volume is higher in t
Co-Pt system~36%! than in Pt-V~5%! and Ni-V ~8%!.

The cross sections reconstructed using Eq.~2! are shown
on Fig. 1. Taking into account the experimental errors~0.2
LU on average!, the results of the adjustment are in go
agreement with the experimental data. The diffuse inten
is nearly symmetrical around the@100# points, which is also
indicative of small displacement contributions.

FIG. 4. Variation of the Warren-Cowley SRO parameters w
the distance in CoPt3 ~present work! and Co3Pt ~Ref. 37!. In inset:
theL12 ordered phase with the different atomic occupations on
four sublatticesa to d.

TABLE I. Experimental short range order parameters, pair
teraction energies, and corresponding error bars on the o
disorder critical temperature calculated in Sec. V B.

i lmn a i Da i Vi (meV) DVi (meV) DTCO(K)

1 110 20.0444 0.0034 3.76 0.70 24
2 200 0.1110 0.0052 27.73 1.07 56
3 211 20.0240 0.0025 1.11 0.43 30
4 220 0.0635 0.0030 23.17 0.76 79
5 310 20.0050 0.0023
6 222 0.0345 0.0033 20.29 0.80 56
7 321 0.0011 0.0016
8 400 0.0293 0.0046
9 330 0.0136 0.0028
10 411 20.0057 0.0020
11 420 0.0241 0.0022
12 332 0.0027 0.0020
13 422 0.0191 0.0020
14 431 0.0007 0.0014
th
f

he

,
or

in

ty

IV. EFFECTIVE PAIR INTERACTIONS

In order to extract the effective pair interactions from t
experimental values of the Warren-Cowley SRO paramet
we consider a simple Ising Hamiltonian for the alloy
which the magnetic moments are localized on the Co ato

H05
1

2 (
p,p8

Vpp8
c spsp82

1

8 (
p,p8

Jpp8~11sp!~11sp8!SpSp8,

~8!

whereSp561 is the spin at siteRW p . In Eq. ~8!, Vpp8
c and

Jpp8 are, respectively, effective chemical and exchange in
actions between sitesRW p andRW p8 . Averaging over the mag-
netic degrees of freedom, the interacting part of the al
Hamiltonian can be written as

H25
1

2 (
p,p8

Ṽpp8spsp8, ~9!

where the effective pair interaction is

Ṽpp85Vpp8
c

2
1

4
Jpp8^SpSp8&. ~10!

As observed in our previous study of the Fe-Al syste
where the interplay between chemical and magnetic SRO
also present,20 the effective pair interactions vary appreciab
with temperature near the Curie temperature. However
the limit of high temperatures, theṼn tend to Vn

c as the
magnetic SRO parameters^SpSp8& become negligible. The
temperature investigated here (1083 K) is very high co
pared to the Curie temperature (Tc5288 K) ~Refs. 29,30! of
the CoPt3 alloy. Thus, the effect of magnetic SRO on the p
interactions should be small. Note that in terms of the int
action energies between different chemical species, the e
tive interactions are given by

Ṽpp85
1

4
@Ṽpp8

CoCo
1Ṽpp8

PtPt
22Ṽpp8

CoPt
#. ~11!

In order to extract the effective interactions from the e
perimental diffuse scattering, we fitted the Warren-Cow
SRO parameters using the inverse cluster variation met
~CVM! algorithm proposed by Gratias and Ce´nédèse.50 The
CVM approximation used in the inverse method includ
two maximum clusters: the face-centered cube and the
point cubo-octahedron.51 In this approximation, which we

TABLE II. Displacement parameters~for i .7 the values are
within the error bar!.

i g ix Dg ix g iy Dg iy g iz Dg iz

1 0.0615 0.0023 0.0615 0.0023
2 20.0088 0.0056
3 0.0108 0.0019 0.0135 0.0015 0.0135 0.001
4 20.0111 0.0026 20.0111 0.0026
5 0.0063 0.0023 0.0039 0.0021
6 20.0037 0.0021 20.0037 0.0021 20.0037 0.0021
7 0.0068 0.0014 20.0003 0.0014 20.0007 0.0014

e

-
er-
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14 980 PRB 61E. KENTZINGERet al.
will refer to as the 13-14 approximation, we are able to co
pute the first four and the sixth effective interactions in t
fcc lattice. The results of the inverse CVM applied to CoP3
are presented in Table I and Fig. 5.

One point to be noticed is that, whereas the transit
temperature is quite high in this compound~978 K!, the
value of the first neighbor pair interaction energyV1 is very
small. This can be explained by the fact that the signs of
pair interactions are such that they favor the correct site
cupation of theL12 ordered phase~inset of Fig. 4!: negative
Vlmn for all even lmn, positive Vlmn otherwise. Thus, the
interactions at all distances reinforce the order and there i
competition between the different pairs.

On Fig. 5 are also plotted the results obtained by
LURE group in the Co3Pt system.37 We can see that the mai
difference is a factor of 3 between the first neighbor p
interaction values. The signs and amplitudes of the other
interactions are very similar otherwise. As the Co3Pt system
has been measured in the ferromagnetic state~the Curie tem-
perature in this system is higher than the order-disorder c
cal temperature!, the magnetic contribution to the effectiv
pair interaction diminishes the first pair interaction energy
that the chemical part of interactions in Co3Pt should be even
higher than the value measured by the LURE group in
ferromagnetic state. Thus an important dependence of
first neighbor pair interactions with concentration is observ
in the Co-Pt system.

The concentration dependence of pair interactions and
fact thatV1 is smaller thanV2 can be explained by the elec
tronic structure calculations of multiatom interactions
transition metal alloys of Bieber and Gautier.36 These calcu-
lations predict an oscillating behavior of the interactions w
the d-band filling and, therefore, one might expect thatV1
andV2 may be of the same magnitude near the nodes ofV1.
Likewise, the calculations predict a strong concentration
pendence of the interactions.

V. CALCULATIONS OF THE ORDER-DISORDER
TRANSITION TEMPERATURES

A. CVM calculation of the phase diagram

The Pt-rich side of the phase diagram was calculated
ing the CVM approximation described in Sec. IV, in whic

FIG. 5. Pair interaction energies in CoPt3 compared to those in
the Co3Pt alloy ~Ref. 37!.
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the two maximum clusters are the face-centered cube and
13-point cubo-octahedron. The same portion of the ph
diagram was also calculated in the Bragg-Williams appro
mation. The results are given in Fig. 6 for the concentrat
range between 15 and 35 % cobalt.

The figure also contains all the available experimen
data in this concentration range obtained using magnetiza
and resistivity measurements for increasing temperature29–32

and neutron-diffraction measurement for decreas
temperature.34 The discrepancy between both sets of data
be explained by the hysteresis of the order-disorder transi
and by kinetics effects.

The agreement between the experimental data and the
culated transition temperatures in both approximations
very good. In this regard, we note that the uncertainty in
calculated transition temperatures due to errors in the
interactions is at least 100 K~it can be estimated using th
Clapp and Moss formula, see next section!.

The theoretical phase diagram does not reproduce
congruent point where the two-phase region is reduced
one point and the order-disorder transition reaches a m
mum temperature. Nevertheless, the general agreemen
tween experiments and calculations is quite satisfactory, s
cially in view of the difficulty of the experiment~high
absorption of Co! and in view of the many approximation
inherent to our CVM model which neglects,~i! the concen-
tration dependence of the pair interactions,~ii ! the multiplet
interactions,~iii ! the effect of static displacements, and~iv!
the contribution of vibrational entropies. A calculation takin
into account a concentration variation of these interactio
or some multiplet interactions, should improve qualitative
this aspect. The important point is that, at the measurem
stoichiometry, the agreement is very good.

B. Monte Carlo calculation

The pair interaction energies obtained experimenta
have been used to calculate the order disorder transition

FIG. 6. Comparison of calculated and experimental phase
grams on the Pt-rich side.
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perature at the stoichiometry CoPt3 ~notedAB3) by a Monte-
Carlo simulation of the disordering process of the orde
state. The model used has been described in details in p
ous papers.52–54 The configuration energy is describe
through the Ising Hamiltonian of Eq.~9! with five energies
~first, second, third, fourth, and sixth nearest neighbors!. We
have assumed the relationVi j

AA5Vi j
BB52Vi j

AB5Vi j

51/4@Vi j
AA1Vi j

BB22Vi j
AB# since it simplifies the algorithm

and does not modify the transition temperatures.52 In order to
get the order-disorder critical temperature, we calculate
time dependence of the long-range order parameter@hT(t)#
at various temperatures. The model is based on a vaca
atom exchange mechanism between nearest neigh
which has been proven to be dominant in metals at
temperatures.55 The jump probability is given by a Glaube
algorithm as a function of the energy change between
initial and final statesDE. We have neglected the interactio
energies between the vacancies and their neighboring a
since, as shown previously,53,54,21 such interactions have
negligible effect onTC when the vacancy concentration
small ~as it is the case in the CoPt3 system29,41!.

The crystal contains 323 L12 cells with periodic boundary
conditions~the upper face atoms being considered as ne
bors of the lower face atoms for example!. The simulation
starts with a perfectL12 ordered crystal in which one of th
sublattices~sublatticea) is occupied by cobalt atoms and th
other three by platinum atoms~inset of Fig. 4!. Ten vacan-
cies are introduced at random in the crystal. The vaca
concentration is kept constant during the simulation for
temperatures since we are only interested in the final e
librium value of the long-range order parameter.

A Monte-Carlo step consists of the following: a vacan
and one nearest-neighbor site to this vacancy are chose
random. If there is an atom on it, the energy change co
sponding to the exchange between the vacancy and that
ticular atom is calculated and the jump is performed if t
Glauber probabilityP(DE)5@11exp(DE/kBT)21# is larger
than a random number between 0 and 1. This correspond
averaging the result over a large number of reversal ju
attempts, the sum of the probabilities of the jump and
reversal being equal to 1.

The long range order parameter is calculated at reg
time intervals by counting the A atoms on the four differe
sublattices:h54/3(4NA

a2NA)/(Nsites2Nvacancies). For each
temperature, the evolution of the order parameter is follow
as long as it is necessary to reach equilibrium. The obse
kinetics can be explained by the sum of two exponential la
~Fig. 7!. The shorter relaxation time is almost constant a
equal to 23106 Monte-Carlo steps whereas the longer rela
ation time varies between 53106 and 23108 Monte Carlo
steps~the high value is indicative of a slowing down close
the order-disorder transition, see the inset of Fig. 7!. We
consider that equilibrium is reached when the simulat
time is at least six times larger than the long relaxation tim
We verify that the three other sublattices remain equivale
to ensure that no large antiphase domain has appeared.
the critical temperature, large fluctuations of the order
rameter are indeed observed but, within the normal fluct
tions due to the limited size of the sample, they remain eq
for the three equivalent sublattices.
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The variation of the equilibrium order parameter as
function of temperature is shown on Fig. 8 by open squa
The transition seems to be very slightly of first order, taki
place between 987.5 and 990 K, a temperature range m
smaller than the one obtained in CVM. The method used
calculate the long range order parameter, which does not
into account the antiphase domains, only gives an estima
the transition temperature.

The uncertainty in the critical temperature due to the
perimental error in the pair interaction energyV1 has been
estimated by doing the simulation with allVi ’s unchanged
except forV1 that was increased byDV1 ~filled circles in
Fig. 8!. We thus get an increment of the critical temperatu
of 23 K.

These results can be compared to the results of the C
and Moss formula,56 which is the simplest statistical mode
that can be used to describe these order-disorder phenom
In this model, the critical temperature is given bykBTC5
24c(12c)V(100) wherekB is the Boltzmann constant,c
the concentration.V(100) is the value of the Fourier trans
form of the pair interactions taken at the@100# reciprocal
point, which is the superstructure peak of theL12 ordered

FIG. 7. Kinetics at 925 K and its simulation with two relaxatio
times. Inset: temperature dependence of the longer relaxation t

FIG. 8. Temperature variation of the long range order param
h obtained by Monte Carlo simulations for the pair interactions
Table I and withV1 replaced byV11DV1. The two phase range
from CVM ~bold line! is also represented.
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phase. In this manner, we obtain the expression:kBTC5
24c(12c)(24V116V228V3112V418V6) which leads
to TC5962 K. This value is quite close to the value o
tained by the Monte-Carlo simulations, which is expected
be a much better estimate.

The uncertainty in the critical temperature due to the
rors in the pair interaction energies can be easily estima
using the Clapp and Moss formula. ForV1 we get 24 K,
which is similar to the value found by the Monte Carlo sim
lation. We have estimated the other contributions to the e
bar onTC by this method and the results are given in Ta
I. The cumulative error is 118 K, assuming that the ene
measurements are independent and that their squared e
can be added. Finally, we can give for the critical tempe
ture TC59906120 K, which compares well with the ex
perimental value ofTC597868 K ~disordering process, se
Fig. 6!.

VI. CALCULATION OF ANTIPHASE BOUNDARY „APB…
ENERGIES

The knowledge of the pair interaction energies gives
cess to the APB energies counting the associated chang
the number of different pairs. We have focused on conse
tive antiphase boundaries~translation between the two do
mains parallel to the APB plane!. In Ni3V, that is ordered in
the DO22 structure, Barrachinet al.10 have shown that the
energy of the conservative APB in the DO22 ~100! plane is
given by j(100)DO22

52V228V318V418V6 limiting the
development to the sixth nearest neighbors.

The same calculation gives the opposite of the~100! APB
energy in theL12 phase, up to the sixth neighbors, as t
L12 and DO22 structures are related by the introduction
~100! APB’s and contain otherwise the same atomic envir
ments:j(100)L12

522V218V328V428V6. With this for-

mula, we get for CoPt3 : j(100)L12
552610 meV per site of

the APB. In the DO22 phase, Barrachinet al. obtained
j(100)DO22

525 meV in Ni3V whereas Solalet al. obtained

j(100)DO22
52.2 meV in Pd3V. The small value of the latte

is in agreement with the degeneracy ofL12 and DO22 struc-
tures in the Pd3V compound. The high and positive value w
.

o

-
d

or

y
rors
-

-
of

a-

-

obtain in CoPt3 is consistent with the high stability of th
L12 phase in this system, in agreement with the strong S
intensity measured around the@100# point.

Similarly, we got the expression for a conservative AP
along the most compact~111! planes in theL12 phase,
counting the pair interaction energy changesj(111)L12

5V1

23V214V326V416V526V6. Assuming thatV5 is negli-
gible we obtain for CoPt3 : j(111)L12

55268 meV per

APB site. This value is very close toj(100)L12
. This isot-

ropy of the antiphase boundary energy explains why
CoPt3 the APB’s are not facetted@a wavy shape of APB’s
has been observed by TEM in Co30Pt70 ~Ref. 32!#.

VII. CONCLUSION

Diffuse scattering experiments provide a powerful expe
mental tool to study atomic interactions in alloys and, fro
them, phase stability as a function of temperature and c
position.

In the present study, the neutron diffuse scattering res
for the paramagnetic phase of a CoPt3 alloy indicate rela-
tively weak effective pair interactions (,10 meV) that ex-
tend to at least the fourth neighbor pairs. Neverthele
strong statistical correlations are present even at high t
peratures which, for all practical purposes, preclude
analysis of the SRO diffuse intensity by means of the c
ventional Krivoglaz-Clapp-Moss formula. Here we ha
used a 13-14 approximation of the CVM which allows us
extract up to sixth neighbor interactions minus the fifth on
The calculated Pt-rich side of the phase diagram, the or
disorder transition temperatures and the antiphase bound
energies deduced from these interactions are in gen
agreement with experimental data. The important differe
between the first pair interaction energy in Co3Pt and CoPt3
is attributed to a difference ind-band filling.
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