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Experimental determination of pair interaction energies in a CoPt single crystal
and phase-diagram calculations
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The short-range order in a CgRingle 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 g@Rir energies with those similarly obtained in£0
by other authors shows an important dependence of the nearest-neighbor pair interaction with concentration.

[. INTRODUCTION the Co-rich side. The presence of magnetism has long been
considered as responsible for the asymmetry of the order
The calculation of binary alloy phase diagrams requiredisorder transitions. The Co-Pt phase diagram was previ-
the implementation of accurate electronic structure calculasusly calculate®f in the tetrahedron approximation of the
tions in order to obtain pair and multisite atomic interactionsCVM, that included pair and many-body interactions and
combined with statistical mechanics techniques such amagnetic exchange interactions that are sensitive to the local
Monte Carlo simulations or the cluster variation methodchemical environment. A good agreement with the experi-
(CVM). Recently the CVM was reformulated to take into mental phase diagram was obtained, with multiplet interac-
account the contribution of atomic displacements from latticgions found to play an important role in the asymmetry of the
points® and much attention has been devoted to the contriphase diagram. This phenomenological model assumes con-
bution of the vibrational entropies to phase stabfity. centration independent chemical interactions. An alternative
Parallel to the theoretical studies, significant effort hasapproach is to include the effect of multiplet interactions as a
been invested in the experimental determination of the effeceoncentration dependence in the pair interactions. Electronic
tive interactions, static displacements and vibrational entrostructure calculations in transition metal alloys reveal that
pies in metallic alloys. For the first two quantities, studies ofthese pair interactions are strongly dependent on the filling of
elastic neutron diffuse scattering have focused on the examthe d band3® Thus, measurement of diffuse intensity in al-
nation of single crystals in thermodynamic equilibrium for loys in thermodynamic equilibrium at several stoichiom-
systems where the phase diagram is well known or relativelgtries, from which concentration dependent pair interactions
simple such as Ni-\V¥;1° pd-v891 pt-y 1112 Nj-Cr, 13- can be obtained, is a subject of considerable practical and
Fe-V Fe-Al*3-21 Cu-Au?22% and Ni-Al?* With regard to  theoretical interest.
vibrational entropies, inelastic neutron scattering and cryo- Two groups have undertaken this long and delicate mea-
genic calorimetry were used in both single andsurement attwo compositions: the LURE-CECM group us-
polycrystals®>~28 ing synchrotron radiation diffuse scatteriicat the CaPt
The system investigated here, Co-Pt, offers some interesstoichiometry and our group through neutron diffuse scatter-
ing aspects. First, its phase diagram, as the classical Au-Grg at the CoPRf stoichiometry. Moreover, inelastic neutron-
diagram, is a prototype one, thiel,- and L1j-ordered scattering measurements were also performed on another
phases extending aroun&iB; and AB concentration$)™**  CoP4 single crystal to get the phonon dispersion spectra at
with a notable asymmetry in the stabilities of thes@band  various temperatures in both ordered and disordered states
CoPt phases. Secondly, Co-Pt is strongly ferromagnetic owith the aim to determine the contribution of the vibrational
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entropy to phase stability and to calculate the atomic migrathe elastic and inelastic contributions respectively. The im-
tion enthalpies®3° pulse response was obtained by measuring a vanadium probe

In this paper we describe high-temperature neutronat room temperature. This method is an improvement with
diffuse-scattering measurements. Inelastic-scattering meaespect to the one used before at IPCMS-GEMWREf. 17)
surements is the subject of a forthcoming publication. Firsis it allows the separation of the elastic contribution at wave
we present a brief summary of the experimental procedurgectors closer to the Bragg peaks, where the inelastic scat-
(Sec. 1)), followed by a description of the results in terms of tering results essentially from the interaction with low-
short-range-ordetSRO parametergSec. Il). In Sec. IV, energy acoustical phonofs.
the effective pair interactions are calculated using the inverse The scattering cross sections were deduced from the
cluster variation method. The results are then used to calcweight of the elastic contribution with standard corrections
late the Pt-rich side of the equilibrium phase diagram usindor instrumental backgroundempty furnacg In order to
the CVM. Monte Carlo simulations are also carried out at thecalibrate the detector response, the scattering cross section
stoichiometric compositior{Sec. \j. The energy of ideal by a vanadium sample having the same shape, dimensions,
(unrelaxedl conservative antiphase boundary energies alon@nd position in the furnace was measured at room tempera-
[100] and[111] planes are calculated in Sec. VI. Concluding ture. Some detectors gave erratic results near the polycrys-
remarks are given in Sec. VII. talline peaks of the furnace and, therefore, the corresponding

data points were eliminated.
The multiple scattering corrections have been calculated
Il. EXPERIMENTAL PROCEDURE according to Blech and Averbach formufghe integration

The CoPj single crystal, lent to us by Professor Coheninside the portion of a sphere being obtained by a Monte
(Evanston, lllinois, USA* consisted of a portion of a Carlo method. As cobalt and platinum strongly absorb the
sphere, 4.130.14 mm in diameter and 5.30.07 mm neutron qu_x, and cobalt and v_anad|um have large incoherent
high, oriented approximately along tfi651] direction. Its ~ Cross sections, these correction factors are very strong and
composition, determined by chemical analysis, is 75@nisotropic. They _had thus to be evaluate_d accurately. The
+1 at.% platinum. The uncertainty on the composition is @Psorption corrections for CoPand vanadium have been
due to a composition gradient along its growth direction. calculated by a Monte Carlo method considering all possible

The diffuse intensity measurements were carried out o@ths  of & neutron inside the volume[ogy,
the G44 two-axis spectrometer atdreBrillouin Laboratory ~ =53.56(6) b, ohp=14.84(3) b, 03,=7.32(6) . For
(CEA-CNRS, Saclay-FranteThe detection device is com- our CoP§ sample, the transmission coefficient ranges be-
posed of 64 Hindividual detectors : 48 detectofSO mm  tween 0.201) and 0.374).
in diametey placed every 2.5° and 16 smaller or{é® mm The Debye-Waller attenuation corrections have been
in diametey placed every 0.625°. By rotating the sample in evaluated for CoRtand vanadium at their respective mea-
steps ofAw=4°, a large region of the scattering plane is Surement temperatures. The vanadium Debye-Waller coeffi-
scanned. We used an incident wavelength of 0.259 nm. Theient at room temperatureB(=0.0046 nni) is deduced
scanned region is then contained between the circles of radiiom its Debye temperatutéusing the Krivoglaz methot
0.2 and 2.8 reciprocal lattice uni(RLU) (1 RLU=2m/a). The CoPj§ Debye-Waller coefficient at 1083 KBcopy
The measurements were carried out on (@0 and (110  =0.0108(6) nri] has been deduced from Berg and Cohen
planes by tilting the single crystal revolution axis from the x-ray measurements on the same sample at room
vertical by —23.2° and 21.8° respectively. This leads to re-temperaturd? using an harmonic approximation. The devia-
spectively a sampling mesh of 1400 and 1800 measurementisn between the real Debye-Waller factor and this rough
points in these planes. estimate has been deduced from the adjustment of the data in
The measurements were taken at 1083 K using a higha second stefSec. Il)).
temperature furnace located at the center of a 80 cm diameter The incoherent scattering of the sample and of the vana-
vacuum vessel. Placing the crystal under vacuum results idium was calculated using o50=4.8(3) b, ol
significant reduction of the background intensity. At the tem-=0.13(11) b, andfi\écz 5.08(6) b for the incoherent scat-
perature investigated, which falls above both the ordertering cross sections of Co, Pt, and V, respectif&ence,
disorder and the Curie temperatures of the alloy, thermodysoy the alloy, we getr21%=1.30(16) b. The Laue cross sec-
namic equilibrium is reached within one Se‘?él']'d- _tion is 47F 4= 1.19(9) b wherd |, is the usual normal-
Phonon ann!hllauon processes pla}y an important _role Nzation factor given byF | ,,e=Cc(1—c)(bey—bp)?2, With ¢
neutron scattering. An energy analysis is necessary in ordgfe cohalt concentration, arik, and by, the coherent scat-
to reject their contribution to the measured intensity. It WaSering lengths of Co and Pt, respectively. The incoherent

performed using a time of flight system. Due to the largeg attering is thus expected to be 1.09(24) in Laue units
incident wavelengttii.e., the low neutron energythe domi- &,1 LU=47F .0
aue/ -

nant process is phonon annihilation and the spectra sho

inelastic scattering essentially on the high-energy side, ex-

cept in the close vicinity of the Bragg peaks. To get the IIl. SHORT-RANGE ORDER PARAMETERS

elastic contribution, we have used the method reported by

Barberis in his Ph.D. thesfé.It is based on a deconvolution The experimental cross sections in the two planes inves-
of the time-of-flight spectra from the impulse response of theligated are displayed on Fig. 1. SRO is still important at
spectrometer. The result of the deconvolution is a linead083 K. The measured intensity is mostly concentrated near
combination of a Dirac peak and gaussians to approximatgL00] and equivalent points, reaching 5.5 LU at these points.
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aue

(a) 100 plane

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

site ﬁp=a/2(p1,p2,p3), wherep stands for the set of inte-
gers (1.p2,p3), the corrected intensity at the reciprocal

space poink=2m/a(h;,h,,hs) is given by

3
Iw4@=mb+g;mq&wmm, )

wherea(K) is the SRO contribution, th®;(k) are related to
the Fourier transform of the atomic displacements gpds
the incoherent scattering per atom in Laue units.

The SRO intensity is given by the Fourier transform of
the Warren-Cowley SRO parameterg:*®

(k)= Epl ap cog K- ﬁp) 3

with the Warren-Cowley SRO parameters defined by

37 _<0'00'p>_<0'o>2

BT (0)? @
whereo, and o, are occupation operators at the origin and
sitep, respectively. These occupation operators take values 1
or —1 if the lattice site is respectively occupied by Co or Pt
atoms, and the brackets) stand for configurational aver-
ages. Equatior{3) contains thea, term whose theoretical
value is 1.

The quantities(f)(l?)=[Ql,Q2,Q3] in Eq. (2) are given
by the first order displacement parameté,;s

(b) 110 plane

©®=§§ﬁwﬁmy (5)

In turn, the displacement parametejr,§are defined by

- 27T bo'bo" , S ool
B3 A - 'yp:_? 2 FL p2,p(0-a- )(Aup ) ) (6)
oo’ aue

where(AJg"') is the average relative displacement between

atoms of typer ando’ (i.e., Co or P separated bﬁp, and
where p,(oc’) is the probability of finding atoms and

FIG. 1. Corrected experimental intensitiesTat 1083 K and 4’ at a distanceﬁp. We note that these probabilities are
reconstructed ones in tHd00] () and[110] (b) planes. In each 4 c(1—c)a,, (1-c)2+c(1—C)a, and c(l1—c)—c(l
sub- figure, the reconstructed méagown lefy has to be compared iy P ;

: -eH ! —C)a, for CoCo, PtPt, and CoPt pairs, respectively.

to the measurement, taking into account the symmetries of the A set of Warren-Cowley SRO parameters and of first-
plane. order displacement parameters were fitted to the corrected
data using a least squares procedure with a weight inversely
proportional to the square of the experimental eridr.
Thus, the residual error to be minimized is

This very strong modulation means that the transition tem
perature is not far. ThEgLOO] location of the SRO intensity is
the signature of a highly stablel, phase. The static dis-
placements give rise to a weak asymmetry of the diffuse (1 | 12

eaks. 222 measured ! calculate (7)
p . . . X N AI2 ’

The cross sections were analyzed using the Borie and freedom

Sparké7 formulation. With corrections for temperature at- whereN;,ee doni= Npoints— NyariabiesiS the number of degrees of
tenuation given by the Debye-Waller factBgopy, the cor-  freedom of the fit,Npuys i the number of experimental
rected intensity in Laue units is written points (around 300D
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FIG. 3. Sensitivity of thedy parameter to the Debye-Waller

0.75- X\O\O_O factor.
0.70 - analyzed with 14 shells for the SRO parameters and 7 shells

for the displacement parameters.

As already mentioned, the Debye-Waller factor used ini-
tially is very rough since we have extrapolated the value
measured by Berg and Cohen at room temperature in an

10 12 14 16
(@ number of a parameter shells

14 o parameter shells harmonic approximation to estimate the valuegfp, at the
0.07- Y SRO measurement temperature. Moreover, it is expected that
' I\I\I—g_;\i_;_‘;’_i the attenuation of the diffuse scattering and of the Bragg
0.06 1 peaks are not equal in the presence of static displacements,

since the sign in front of the static Debye-Waller contribu-

0.015+ %11 tion is different in the two case&ecreasing3 for SRO.*°
0.0107 % To take into account a possible difference between the ap-
0.0054 ¥ 211 plied correction and the real Debye-Waller attenuatioB)

0 00=: we added in Eq(2) a term of the formsyk? [expansion to

first order in&B of the terme®</87) of Eq. (1)] and fitted
-0.034 Y200 dp to the experimental data. The Debye-Waller factor was

- , , , , corrected until the value af, resulting from the fit was zero

2.00 - (Fig. 3. The corresponding value cBCc,pgg is very near to
1.95 - E/E E E E § E i § the initial estimate[BCoP%:0.0109(3) nm compared to
1.90 Oy, 0.0108(6) nrf], despite the expected deviation from the

harmonic law at this temperature, which is significantly
0.751 higher than the CoRDebye temperature. Thus, we conclude

X that the effect of static displacements and the effect of the
0.701 . . . . . deviation from the harmonic law compensate each other al-
5 4 6 8 10 most exactly.

The constant contribution to the cross sectieg,, is the
(o) number of y parameter shells sum of theay=1 term and the sample incoherent contribu-

FIG. 2. (8 Sensitivity of the SRO parametess,, the constant  tON. Its expected value is thus 2.09(24) LU. We obtain
contribution ap, and the residual errog to the number of SRO  1.97(2) LU, which is smaller than the expected value by a

parameters in the fith) Sensitivity of the displacement parameters factor Og 1.06, but remains within the error bar. Other
va, the constant contributiorg, and the residual errog to the  author§® also observed a discrepancy between the experi-

number of displacement parameters in the fit. mental and theoretical values of,, . They attributed it to
errors in the evaluation of the number of atoms in the beam,

We have varied the number of shells for the SRO paramand proceeded to renormalize all the data. In our case, some
eters up to 16, and those for the displacements up to 10. Thdifferential dilatation of the sample holder and the slit holder
sensitivity of the results to the number of SRO parameters ocould be the source of a partial displacement of the sample
to the number of displacement parameter shells is shown oout of the beam. Since the sample is small, one half milli-
Fig. 2. Above 14 SRO parameters, the residual error does naheter shift would explain such a discrepancy. As this correc-
vary significantly and all the calculated cross sections ar¢ion is linear and totally independent from the others, we also
qualitatively the same, indicating that the parameters areenormalized the data and, thus, the values ofathéFig. 4)
stable. With regard to the displacement parameters, all reand y,, that are given in Tables | and Il are corrected by this
sults are stable above 7 shells. We discuss now the resulfactor 1.06.




PRB 61 EXPERIMENTAL DETERMINATION OF PAR . .. 14 979

T T T T TABLE Il. Displacement parameterdor i>7 the values are
222 Lt
02l -@ @~ Co il evenlnn within the error bap.
;10 Pt:?:vd::a]:; [ Yix Avyix Yiy A'yiy Yiz Ay,
01t o ¥ 1 0.0615 0.0023 0.0615 0.0023
222 2 —0.0088 0.0056
o O 400 420 422 3 0.0108 0.0019 0.0135 0.0015 0.0135 0.0015
00 ) 4 —-0.0111 0.0026 —0.0111 0.0026
’ 321 g3y 332 431 5 0.0063 0.0023 0.0039 0.0021
41 6 —0.0037 0.0021 —0.0037 0.0021 —0.0037 0.0021
7 . .0014 —O0. .0014 -o0. 7 .0014
0.1F —=—CoPt, 0.0068  0.00 0.0003 0.00 0.0007 0.00
--0--Co,Pt
1 "1 '5 IV. EFFECTIVE PAIR INTERACTIONS
shell radius (R __ in a/2) In order to extract the effective pair interactions from the
mn

experimental values of the Warren-Cowley SRO parameters,

FIG. 4. Variation of the Warren-Cowley SRO parameters withwe consider a simple Ising Hamiltonian for the alloy in
the distance in CoRt(present workand CaPt (Ref. 37. Ininset:  which the magnetic moments are localized on the Co atoms:
theL1, ordered phase with the different atomic occupations on the
four sublatticesy to 8. 1 c 1

Ho=5 2’ Vip 70~ g E’ Jppr (1+ ) (1+05)S,Sy,

In absolute values, the largest parametersagrand a, il PP ®)
with a strong attractive order between second and fourth
neighbor like atoms. Up to the eighth neighbors, the signs OWheresz +1 is the spin at sitef{p. In Eq. (8), V;p, and
the SRO parameters are in agreement with the nature of th‘;ep o are, respectively, effective chemical and exchange inter-
pairs observed in thel, ordered phasénset, Fig. 4, i.e., actions between sitd§p and ﬁp, . Averaging over the mag-

heterochemical first, third, fith and seventh neighbor pairs ;i £t he i : f the all
and homochemical second, fourth, sixth and eighth neighbq['(;trlﬁilsoen?;iezaﬁ b;e\i?i?tr;r’l ;Se Interacting part of the alloy

pairs (all evenimn).

The vy, values are much smaller than those determined in 1 _
similar systems as VPRef. 12 or Ni-V° This is surprising Hy=5 > Vo 00y, €)
as the relative difference of atomic volume is higher in the p.p’
Co-Pt systen(36%) than in Pt-V(5%) and Ni-V (8%). where the effective pair interaction is
The cross sections reconstructed using @gare shown
on Fig. 1. Taking into account the experimental err(@< ~ c 1
LU on averagg the results of the adjustment are in good Vppr =V — ZJpp'<SpSp'>- (10)
agreement with the experimental data. The diffuse intensity
is nearly symmetrical around tj¢00] points, which is also As observed in our previous study of the Fe-Al system,
indicative of small displacement contributions. where the interplay between chemical and magnetic SRO is

also present? the effective pair interactions vary appreciably

TABLE I. Experimental short range order parameters, pair in-_ . . .
) . ; with temperature near the Curie temperature. However, in
teraction energies, and corresponding error bars on the order-

disorder critical temperature calculated in Sec. V B. the limit of high temperatures, th¥, tend toVy as the
magnetic SRO paramete(S,S,) become negligible. The

i Imn a; Aa; Vi (meV) AV; (meV) ATco(K) temperature investigated here (1083 K) is very high com-
pared to the Curie temperaturé, =288 K) (Refs. 29,30 of

1 110 -0.0444 0.0034 3.76 0.70 24 the CoPj alloy. Thus, the effect of magnetic SRO on the pair

2 200 01110 00052 —7.73 1.07 56 interactions should be small. Note that in terms of the inter-

3 211 -0.0240 0.0025  1.11 0.43 30 action energies between different chemical species, the effec-

5 310 —0.0050 0.0023

6 222 0.0345 0.0033 -0.29 0.80 56 ~ 1 - ~ ~

7 321 00011 0.0016 Viopr =7 [Vopr V=2V, (1)

8 400 0.0293 0.0046

9 330 0.0136 0.0028 In order to extract the effective interactions from the ex-

10 411 —0.0057 0.0020 perimental diffuse scattering, we fitted the Warren-Cowley

11 420 0.0241 0.0022 SRO parameters using the inverse cluster variation method

12 332 0.0027 0.0020 (CVM) algorithm proposed by Gratias and riédese® The

13 422 0.0191 0.0020 CVM approximation used in the inverse method includes

14 431 0.0007 0.0014 two maximum clusters: the face-centered cube and the 13-

point cubo-octahedrott. In this approximation, which we
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FIG. 5. Pair interaction energies in CgRompared to those in CVM calculation

the CqPt alloy (Ref. 37. — — - Braggs-Williams calculation

) ) ] X Monte-Carlo calculation
will refer to as the 13-14 approximation, we are able to com-  ...... experimental phase diagram (guide for the eye) from :
pute the first four and the sixth effective interactions in the ® , O resistivity measurement at increasing T [29-32]
fcc lattice. The results of the inverse CVM applied to GoPt ¢ 2-phase point ; magnetization measurements [29-30]
are presented in Table | and Fig. 5. ® , O neutron diffraction at decreasing T [34]

One point to be noticed is that, whereas the transition ) ) )

temperature is quite high in this compour@78 K), the FIG. 6. Comparison of calculated and experimental phase dia-

value of the first neighbor pair interaction eneigyis very ~ 9rams on the Ptrich side.

small. This can be explained by the fact that the signs of thene two maximum clusters are the face-centered cube and the
pair interactions are such that they favor the correct site 0ct3-point cubo-octahedron. The same portion of the phase
cupation of thel 1, ordered phasénset of Fig. 4: negative  diagram was also calculated in the Bragg-Williams approxi-
Vimn for all evenlmn, positive V|, otherwise. Thus, the mation. The results are given in Fig. 6 for the concentration
interactions at all distances reinforce the order and there is n@nge between 15 and 35 % cobalt.
competition between the different pairs. The figure also contains all the available experimental
On Fig. 5 are also plotted the results obtained by thedata in this concentration range obtained using magnetization
LURE group in the CgPt systent’ We can see that the main and resistivity measurements for increasing temper%?ttﬁ"e
difference is a factor of 3 between the first neighbor pairand neutron-diffraction measurement for decreasing
interaction values. The signs and amplitudes of the other pafemperaturé” The discrepancy between both sets of data can
interactions are very similar otherwise. As the;Bbsystem  P€ explained by the hysteresis of the order-disorder transition
has been measured in the ferromagnetic stageCurie tem-  @nd by kinetics effects. ,
perature in this system is higher than the order-disorder criti- | "€ @greement between the experimental data and the cal-

cal temperature the magnetic contribution to the effective CUlated transition temperatures in both approximations is
pair interaction diminishes the first pair interaction energy so’e good. In th'.s. regard, we note that the uncertainty in the_
that the chemical part of interactions in {&t should be even _calculat.ed transition temperatures due to errors in the pair
higher than the value measured by the LURE group in th interactions is at least 100 Kt can be estimated using the

: . lapp and Moss formula, see next section
ferromagnetic state. Thus an important dependence of the 114 theoretical phase diagram does not reproduce the

first neighbor pair interactions with concentration is observeq:ongruent point where the two-phase region is reduced to
in the Co-Pt system. one point and the order-disorder transition reaches a maxi-
The concentration dependence of pair interactions and thgum temperature. Nevertheless, the general agreement be-
fact thatV, is smaller tharV/, can be explained by the elec- tween experiments and calculations is quite satisfactory, spe-
tronic structure calculations of multiatom interactions incially in view of the difficulty of the experimenthigh
transition metal alloys of Bieber and GautféThese calcu- absorption of Cband in view of the many approximations
lations predict an oscillating behavior of the interactions withinherent to our CVM model which neglect$) the concen-
the d-band filling and, therefore, one might expect tfat tration dependence of the pair interactiofib, the multiplet
andV, may be of the same magnitude near the nodég,of interactions(iii) the effect of static displacements, afid)
Likewise, the calculations predict a strong concentration dethe contribution of vibrational entropies. A calculation taking

pendence of the interactions. into account a concentration variation of these interactions,
or some multiplet interactions, should improve qualitatively
V. CALCULATIONS OF THE ORDER-DISORDER this aspect. The important point is that, at the measurement
TRANSITION TEMPERATURES stoichiometry, the agreement is very good.
A. CVM calculation of the phase diagram B. Monte Carlo calculation

The Pt-rich side of the phase diagram was calculated us- The pair interaction energies obtained experimentally
ing the CVM approximation described in Sec. 1V, in which have been used to calculate the order disorder transition tem-
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perature at the stoichiometry CgRhotedAB;) by a Monte- 1.0
Carlo simulation of the disordering process of the ordered
state. The model used has been described in details in prev
ous papers?>* The configuration energy is described
through the Ising Hamiltonian of Eq9) with five energies
(first, second, third, fourth, and sixth nearest neighbdahge
have assumed the relationVj*=V:P=—ViB=V;
=14V +ViEB—2Vi®] since it simplifies the algorithm
and does not modify the transition temperatu¥es. order to
get the order-disorder critical temperature, we calculate theg 6
time dependence of the long-range order paranjeié¢t)]
at various temperatures. The model is based on a vacancy
atom exchange mechanism between nearest neighbor: ' 10 ' 20 ' 30
which has been proven to be dominant in metals at low
temperatures® The jump probability is given by a Glauber
_al_g_orlthm E_‘S a function of the energy change l_)etweer_l the FIG. 7. Kinetics at 925 K and its simulation with two relaxation
initial and final states\E. We have neglected the interaction gimes. Inset: temperature dependence of the longer relaxation time.
energies between the vacancies and their neighboring atoms
since, as shown previousk*# such interactions have a  The variation of the equilibrium order parameter as a
negligible effect onT¢c when the vacancy concentration is function of temperature is shown on Fig. 8 by open squares.
small (as it is the case in the CoPsystend®*. The transition seems to be very slightly of first order, taking
The crystal contains 321, cells with periodic boundary place between 987.5 and 990 K, a temperature range much
conditions(the upper face atoms being considered as neighsmaller than the one obtained in CVM. The method used to
bors of the lower face atoms for exampl&he simulation calculate the long range order parameter, which does not take
starts with a perfedt 1, ordered crystal in which one of the into account the antiphase domains, only gives an estimate of
sublatticegsublatticex) is occupied by cobalt atoms and the the transition temperature.
other three by platinum atongset of Fig. 4. Ten vacan- The uncertainty in the critical temperature due to the ex-
cies are introduced at random in the crystal. The vacancperimental error in the pair interaction energy has been
concentration is kept constant during the simulation for allestimated by doing the simulation with ali’s unchanged
temperatures since we are only interested in the final equiexcept forV; that was increased bV, (filled circles in
librium value of the long-range order parameter. Fig. 8. We thus get an increment of the critical temperature
A Monte-Carlo step consists of the following: a vacancyof 23 K.
and one nearest-neighbor site to this vacancy are chosen at These results can be compared to the results of the Clapp
random. If there is an atom on it, the energy change correand Moss formul&? which is the simplest statistical model
sponding to the exchange between the vacancy and that pahat can be used to describe these order-disorder phenomena.
ticular atom is calculated and the jump is performed if theln this model, the critical temperature is given kyT.=
Glauber probabilityP(AE)=[1+exp@AE/ksT) 1] is larger —4c(1—c)V(100) wherekg is the Boltzmann constant,
than a random number between 0 and 1. This corresponds the concentrationV(100) is the value of the Fourier trans-
averaging the result over a large number of reversal jumporm of the pair interactions taken at tti&00] reciprocal
attempts, the sum of the probabilities of the jump and itspoint, which is the superstructure peak of th&, ordered
reversal being equal to 1.

T, (n 10° MC steps)

200 | 7,=210° MC steps

100 |

- _:_'\

900 950 T (K) 1000

time in 10° Monte-Carlo steps

The long range order parameter is calculated at regular 1.0
time intervals by counting the A atoms on the four different n 1
sublattices:7p=4/3(4Nz—Na)/(Ngites— Nyacancie}- FOr each 0.8-
temperature, the evolution of the order parameter is followed
as long as it is necessary to reach equilibrium. The observed 1 ﬂﬂﬁ‘...
kinetics can be explained by the sum of two exponential laws 0.6 DUI:IDE...
(Fig. 7). The shorter relaxation time is almost constant and °
equal to 2 10° Monte-Carlo steps whereas the longer relax- 0.4- @
ation time varies between>510° and 2x 168 Monte Carlo : \.\.
steps(the high value is indicative of a slowing down close to | —DO— average Vs from Table 1
the order-disorder transition, see the inset of Fiy. ile 021 —@— idem excerr')t V,= 4.46 meV ‘
consider that equilibrium is reached when the simulation | == 2-phase range from CVM \
time is at least six times larger than the long relaxation time. LN 1
We verify that the three other sublattices remain equivalent, 0 900 ' 950 T(IK) 1000

to ensure that no large antiphase domain has appeared. Near

the critical temperature, large fluctuations of the order pa- FIG. 8. Temperature variation of the long range order parameter
rameter are indeed observed but, within the normal fluctuay obtained by Monte Carlo simulations for the pair interactions in
tions due to the limited size of the sample, they remain equatable | and withV; replaced byV;+AV;. The two phase range
for the three equivalent sublattices. from CVM (bold line) is also represented.
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phase. In this manner, we obtain the expresskyc=  obtain in CoPj is consistent with the high stability of the

—4c(1—c)(—4V,+6V,—8V;3+12V,+8Vs) which leads |1, phase in this system, in agreement with the strong SRO

to Tc=962 K. This value is quite close to the value ob- intensity measured around th00] point.

tained by the Monte-Carlo simulations, which is expected to = Similarly, we got the expression for a conservative APB

be a much better estimate. along the most compactlll) planes in thelL1, phase,
The uncertgir_lty in the critical f[emperature du_e to the ercounting the pair interaction energy Chan@@ll)LlZ:Vl

rors in the pair interaction energies can be easily estimated 3V,+4V3— 6V, + 6Vs— 6V, Assuming thals is negli-

using the Clapp and Moss formula. Fu; we get 24 K, ible we obtain for CoRt £(111) . =52+8 meV per
which is similar to the value found by the Monte Carlo simu- g Rt &(111)s, u P

lation. We have estimated the other contributions to the errof*r B Sité- This value is very close #(100) 1, This isot-
bar onTc by this method and the results are given in Tablefopy of the antiphase boundary energy explains why in
. The cumulative error is 118 K, assuming that the energyCoPt the APB’s are not facettefa wavy shape of APB'’s
measurements are independent and that their squared err}@s been observed by TEM in &Bt;, (Ref. 32].

can be added. Finally, we can give for the critical tempera-

ture Tc=990+120 K, which compares well with the ex- VIl. CONCLUSION
perimental value oT :=978+8 K (disordering process, see
Fig. 6). Diffuse scattering experiments provide a powerful experi-

mental tool to study atomic interactions in alloys and, from

VI. CALCULATION OF ANTIPHASE BOUNDARY  (APB) them, phase stability as a function of temperature and com-

ENERGIES position. | .
In the present study, the neutron diffuse scattering results

The knowledge of the pair interaction energies gives acfor the paramagnetic phase of a CpRtloy indicate rela-
cess to the APB energies counting the associated change wely weak effective pair interactions{(10 meV) that ex-
the number of different pairs. We have focused on conservaend to at least the fourth neighbor pairs. Nevertheless,
tive antiphase boundariggranslation between the two do- strong statistical correlations are present even at high tem-
mains parallel to the APB planein NizV, that is ordered in  peratures which, for all practical purposes, preclude the
the DOy, structure, Barrachiret al'® have shown that the analysis of the SRO diffuse intensity by means of the con-
energy of the conservative APB in the PJ100) plane is  ventional Krivoglaz-Clapp-Moss formula. Here we have
given by £(100)p0,,=2V,—8V3+8V,+8Vs limiting the  used a 13-14 approximation of the CVM which allows us to
development to the sixth nearest neighbors. extract up to sixth neighbor interactions minus the fifth one.

The same calculation gives the opposite of th@)) APB  The calculated Pt-rich side of the phase diagram, the order-
energy in theL1, phase, up to the sixth neighbors, as thedisorder transition temperatures and the antiphase boundaries
L1, and DQ, structures are related by the introduction of energies deduced from these interactions are in general
(100 APB'’s and contain otherwise the same atomic environ-agreement with experimental data. The important difference
ments:£(100) 1, = — 2V, +8V;3—8V,—8Vg. With this for- between the first pair interaction energy ingBband CoPRt

mula, we get for CoRt £(100) ;,=52+10 meV per site of is attributed to a difference id-band filling.

the APB. In the D@, phase, Barrachiret al. obtained

¢(100)p0,,=25 meV in NV whereas Solaét al. obtained ACKNOWLEDGMENT

£§(100)p0,,=2.2 meV in PgV. The small value of the latter  \ve gratefully acknowledge D. Stoeffle(IPCMS-

is in agreement with the degeneracyldf, and DG, struc- GEMME) for providing us with a routine to obtain the in-
tures in the Pg/ compound. The high and positive value we tensity maps in Fig. 1.
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