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a b s t r a c t

The present work reports on a thermodynamic modeling of the Co–Pt system with ordered fcc phases
of L10 and L12 structures by means of the CALPHAD method. The liquid, hcp and fcc phases have been
modeled as substitutional solutions where the interaction parameters are composition dependent in the
formof the Redlich–Kister polynomial. The disordered andordered fcc phases have beenmodeled in terms
of the compound energy formalism with a single Gibbs energy function. The obtained phase equilibria
and activities of Co and Pt agree well with the available experimental data. First-principles calculations
are performed to obtain the enthalpies of formation for the ordered fcc phases at 0 K. These calculated
enthalpies of formations for the ordered phases are less negative than the enthalpies of the disordered
state at low temperatures determined from the CALPHADmodeling. The Fe–Pt and Ni–Pt systems exhibit
the same feature as that in the Co–Pt system, which is discussed in terms of the total magnetic moment
of ordered fcc phases.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cobalt–platinum compounds have been used for their extraor-
dinary catalysis properties in chemical reactions [1–3]. The L10
CoPt alloy has been studied for the development of ultrahigh den-
sity magnetic storage media [4,5]. The cobalt–platinum system
is also an important component of the nickel based superalloy
database such as in TTNI8 [6].

The cobalt–platinum system exhibits an order/disorder trans-
formation in the fcc solid solution,where the disordered (A1) phase
at high temperatures orders into the L10 structure near 50 at.% Pt
and the L12 structure near 25 and 75 at.% Pt. This phenomenon
is found in many binary systems between platinum and transi-
tion metals such as Ni and Fe [7,8]. A method for describing such
fcc order/disorder transformations within the CALPHAD approach
and the compound energy formalism has been developed using a
four sublattice model [9]. The four sublattice model, as the name
implies, uses four sublattices to describe the four sites in the fcc
tetrahedron, distinguishing the A1, L12, and L10 structures. With
thismethod, experimental thermodynamic data for the disordered
state such as the enthalpy of mixing and those for the ordered
states such as enthalpies of formation and enthalpies for the dis-
ordered to ordered phase transformation can be used to evaluate
the model parameters.
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Integrating first-principles predictions for the thermodynam-
ics of phases into the CALPHAD approach has been proven to be
very useful in investigating systems with limited experimental
data [10]. However, using a combined first-principles/CALPHAD
approach in the four sublattice model for the Ni–Pt system [8]
has been shown to be problematic. In particular, the enthalpies of
formation predicted by first-principles for the L12 and L10 struc-
tures are less negative than the enthalpies of the disordered state
at low temperatures determined from the CALPHAD modeling for
the Ni–Pt system [8].

In this paper, the fcc order/disorder transformation in the
Co–Pt system is modeled using the CALPHAD approach and
the four sublattice model. Experimental phase equilibria and
thermochemical data are used to evaluate the model parameters.
First-principles calculations for the enthalpies of formation of the
ordered Co–Pt compounds, Co3Pt, CoPt, and CoPt3, are performed
and shown to have similar issues with those found in the
Ni–Pt system. The first-principles results of both the Ni–Pt and
Co–Pt systems are compared with the corresponding CALPHAD
modeling, where it is shown that the metastability of the ordered
compounds increases with their total magnetic moments. The
enthalpies of formation of the Fe–Pt ordered compounds are also
calculated and shown to have the same issue.

2. Co–Pt literature review

The cobalt–platinum system contains an fcc solid solution
from pure cobalt to pure platinum, with an order/disorder
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transformation. An hcp solid solution is also present at cobalt-
rich compositions. The activity of cobalt in liquid platinum was
measured at 1850 K using the Knudsen effusion method by Alcock
and Kubik [11]. The liquidus and solidus form a narrow two-phase
region which was examined at Co-rich compositions by Gebhardt
and Koster [12] and Nemilow and Anorg [13]. The enthalpy of
mixing of the disordered fcc phase has been reviewed by Cyr
et al. [14]. The enthalpies of formation for the L10 and CoPt3 L12
phasesweremeasured byOriani andMurphy [15] at 914K. Barmak
et al. measured the enthalpies of transformation from disordered
phase to L10 for CoPt thin films [16]. The fcc Curie temperature has
been reported by several studies [12,17–20], showing its decrease
with Pt content with a slightly positive deviation from linearity.
Phase equilibrium data for hcp to fcc transformation has been
reviewed by Zhao [21], where it was theorized that large scatter
in the data is due to metastable martensitic transformations.
Zhao analyzed the cooling and heating transformation-start
temperature based on the fcc/hcp phase boundary assessed from
the electron probe microanalysis (EPMA) results and found that all
the cooling data are below the obtained fcc/(fcc + hcp) transus
from EPMA results. Zhao concluded, therefore, when only cooling
and heating data are available for a system such as Co–Pt system,
the highest cooling data can be considered the most accurate
data since the fcc/(fcc + hcp) phase boundary should be above
all cooling data. From this consideration, the data of Newkirk
et al. [22] was found the most reliable, although new experiments
were recommended. Order/disorder transformations for the L10
and L12 phases have been reported by Leroux et al. [19], Newkirk
et al. [22,23], and Gebhardt and Koster [12]. The long-range
order (LRO) parameter for L10 was crystallographically determined
from the lattice parameters by Rudman and Averbach [24]. Only
one experimental report about the stability of Co3Pt L12 by
Inden [25] was found in the literature. The short-range order
(SRO) parameters for Co3Pt, Co65Pt35 and CoPt3 alloys were
experimentally determined from diffuse intensity measurement
by Capitan et al. [26] and Kentzinger et al. [27], respectively.

The system has been previously modeled using the CALPHAD
approach by Oikawa et al. [28], with a focus on the disordered
fcc phase and its melting behavior, but the hcp phase and
order/disorder transformation were not considered.

3. First-principles calculations

First-principles calculations based on density functional theory
are performed with the Vienna Ab initio Simulation Package
(VASP) [29,30]. Calculations are performed on the L10 and L12
ordered fcc structures for the Co–Pt, Fe–Pt and Ni–Pt systems.
Pseudopotentials with the projector augmented wave method
(PAW) [31] are employed and the exchange and correlation
energy is determinedwith the generalized gradient approximation
method of Perdew–Burke–Ernzerhof (PBE) [32] with an constant
energy cutoff of 350 eV. The atomic arrangements are relaxed using
the Methfessel–Paxton method [33] and at least 5000 k-points per
reciprocal atom based on the Monkhorst–Pack scheme [34] for the
Brillouin-zone sampling is used. All degrees of freedom are fully
relaxed and the total energies and volumes are converged towithin
less than 1 meV and 0.1 Å3 per atom, respectively. All calculations
are carried out with spin polarized.

The calculated total energies and lattice parameters of pure
elements Co, Fe, Ni and Pt in fcc phase are listed in Table 1, showing
good agreements with those calculated byWang et al. [35] and the
experimental lattice parameters [36]. Enthalpies of formation for
the ordered phases with respect to the pure elements in the fcc
structure are determined by the following equation:

1fHord = Eord − xXEX
FCC − xPtEPt

FCC (1)
where 1fHord is the enthalpy formation for the ordered phase
(either L10 or L12), Eord is the total energy of the ordered phase,
Table 1
Calculated total energies (E) and lattice parameters for fcc Co, Fe, Ni and Pt.

Pure elements (fcc structure) E (eV/atom) a (Å) Reference

Co
−7.0916 3.501 This work
−6.9696 3.518 [35]
– 3.545 [36]

Fe
−8.1522 3.448 This work
−8.1872 3.446 [35]
– 3.647 [36]

Ni
−5.5708 3.498 This work
−5.3902 3.517 [35]
– 3.523 [36]

Pt
−6.0537 3.964 This work
−6.0451 3.985 [35]
– 3.923 [36]

EX
FCC and EPt

FCC are the total energies of the element X (Co, Fe
and Ni) and Pt in the fcc structure, respectively, and xX and xPt
are the mole fractions of elements X and Pt, respectively. The
calculated lattice parameters, enthalpies of formation, and total
magneticmoments are given in Tables 2–4 for the Co–Pt, Fe–Pt, and
Ni–Pt ordered L10 and L12 compounds, respectively. The difference
in the crystallographic parameters between first-principles and
experiment is less than 1% for all compounds. The enthalpies of
formation and total magnetic moments are in good agreement
with other calculations and experimental data in the literature.

4. Thermodynamic modeling

The Gibbs energy descriptions for hcp, fcc, and liquid phases
of pure Co and pure Pt are taken from the SGTE PURE element
database [37]. The liquid, hcp, and fcc phases are described as
substitutional solutions. Themolar Gibbs energy for the disordered
solution, Gdis

m , is defined by:

Gm = xCoG0
Co + xPtG0

Pt + RT (xCo ln xCo + xPt ln xPt)

+
EGm +

magGm (2)
where xCo and xPt are the mole fractions of Co and Pt, respectively,
G0
Co and G0

Pt are the Gibbs energies of pure Co and Pt in the phase of
interest, and R is the gas constant. The excess Gibbs energy, EGm, is
defined with the Redlich–Kister polynomial [38]:

EGm = xCoxPt
n−

i=0

iL (xCo − xPt)i (3)

where iL is the ith order interaction parameter between Co and Pt
in the solution phase. The term magGm is a magnetic contribution
to the Gibbs energy, expressed by the following equation [39]:
magGm = RT ln (β + 1) f (τ ) (4)

where β is the average magnetic moment and the function f (τ ) is

f (τ ) = 1 −
1
A

[
79τ−1

140p
+

474
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
1
p

− 1
 

τ 3

6
+

τ 9
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+

τ 15
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]
τ < 1

f (τ ) = −
1
A


τ−5

10
+
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315
+

τ−25
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
τ ≥ 1 (5)

with

A =
518
1125

+
11692
15975


1
p

− 1


(6)

where p is the ratio of the long-range order and short-range order
contributions which depends on the structure and was introduced
as an empirical constant with the value of 0.28 for fcc Co and Ni
and 0.4 for bcc Fe by Inden [40]. τ is defined as τ = T/TC where TC
is the Curie temperature.
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Table 2
Summary of first-principles results and experimental data for the ordered Co–Pt compounds. The reference states for the enthalpies of formation and mixing are the pure
elements in the fcc structure.

Co3Pt CoPt CoPt3 Reference

a (Å)
3.654 3.809 3.885 FP (This work)
3.664 [26] 3.811 [19] 3.857 [56] Exp
– 3.806 [56] – Exp

c (Å)
– 3.708 – FP (This work)
– 3.694 [19] – Exp
– 3.684 [56] – Exp

µB/atom

1.402 1.131 0.736 FP (This work)
1.455 [57] 1.15 [57] 0.735 [57] Other calculations
– – 0.7 [58] Exp
– – 0.618 [58] Exp
– – 0.69 [60] Exp
– 1.06 [59] 0.68 [61] Exp
– 1.08 [59] 0.61 [62] Exp

1Hf (kJ/mol-atom)
−6.635 −9.550 −6.494 FP(This work)
– −12.265 −11.205 CALPHAD at 914 K (This work)
– −13.6 ± 0.7 [15] −12.8 ± 1.63 [15] Exp (at 914 K)

1Hmix at 300 K (kJ/mol-atom) −8.651 −11.229 −8.039 CALPHAD (This work)

Difference (1Hf − 1Hmix) (kJ/mol-atom)
2.016 1.679 1.545 1Hf (0 K FP)−1Hmix (300 K) (This work)
– −3.1 ± 0.2 – Exp at 783 K [16]
– −3.303 – From present modeling at 783 K
Table 3
Summary of first-principles results and experimental data for the ordered Fe–Pt compounds. The reference states for the enthalpies of formation and mixing are the pure
elements in the fcc structure.

Fe3Pt FePt FePt3 Reference

a (Å) 3.737 3.855 3.911 FP (This work)
3.730 [19] 3.861 [56] Exp

c (Å) 3.757 FP (This work)
3.788 [56] Exp

µB/atom
2.118 1.640 1.094 FP (This work)
2.14 1.69 1.235 Other calculations [63]
2.16 [64] 1.64 [65] 0.883 [66] Exp

1Hf (kJ/mol-atom) −19.361 −30.924 −23.233 FP (This work)

1Hmix at 300 K (kJ/mol-atom) −44.250 −65.250 −48.938 CALPHAD [7]

Difference (1Hf − 1Hmix) (kJ/mol-atom)
24.889 34.326 25.704 1Hf (0 K FP)−1Hmix (300 K) (This work)
– −10.2 ± 2.1 – Exp at 673 K [16]
– −8.748 – From CALPHAD [7] at 673 K
The four sublatticemodel is employed to describe the fcc phase,
which is disordered A1 structure at high temperatures and be-
comes ordered in the L10 and L12 structures at lower temperatures.
The four sublattice description represents the four atoms that form
a tetrahedron in the fcc primitive cell. For the Co–Pt system, the
sublattice model is (Co, Pt)0.25(Co, Pt)0.25(Co, Pt)0.25(Co, Pt)0.25 in
per mole of atoms and can reproduce the ordered fcc Pt composi-
tions at 25%, 50%, and 75%with the end-members (Co)(Co)(Co)(Pt),
(Co)(Co)(Pt)(Pt), (Co)(Pt)(Pt)(Pt), respectively. The Gibbs free en-
ergy for the fcc phase, GFCC

m , is given by:

Gm = Gdis
m (xi) + 1Gord

m (ysi ) (7)

where Gdis
m (xi) is the molar Gibbs energy of the disordered fcc

phase, and 1Gord
m (ysi ) the molar ordering energy with ysi being the

mole fraction of element i in sublattice s, often referred to as site
fraction, and xi themole fraction of element i. The ordering energy,
being zero when the phase is disordered, is expressed as:

1Gord
m = G4sl

m


ysi


− G4sl

m


ysi = xi


. (8)
The Gibbs energy expression of the four sublattice compound
energy formalism [9] is

G4sl
m


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
=

−
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i ln(y(s)

i ) +
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m (9)

where the first term describes themechanicalmixing of all the sto-
ichiometric compounds, i.e. end-members, defined by the model,
with 0Gi:j:k:l being the Gibbs energy of an end-member compound
ijkl; the second term is the random mixing in each sublattice, and
the last term is the excess term EGord

m shown as follows:
EGord

m =

−
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Table 4
Summary of first-principles results and experimental data for the ordered Ni–Pt compounds. The reference states for the enthalpies of formation and mixing are the pure
elements in the fcc structure.

Ni3Pt NiPt NiPt3 Reference

a (Å) 3.659 3.844 3.880 FP (This work)
– 3.873 [67] – Exp

c (Å) – 3.625 – FP (This work)
– 3.589 [67] – Exp

µB/atom
0.606 0.525 0.279 FP (This work)
0.50–0.62 [68] 0.51 [69] 0.28 [69] FP (Other calculations)
0.43 [70] 0.2 [70] 0 [70] Exp

1Hf (kJ/mol-atom)

−7.383 −9.701 −6.790 FP (This work)
−8.27 −11.42 −8.4 FLMTO + CWM [71]
−8.75 −11.76 −11.98 LMTO + CPA [72]
−6.57 −7.64 −6.31 VASP (no relaxation) [8]
– −8.98 – VASP (relaxation) [8]
– −9.27 – Exp (at 298.15 K) [73]

1Hmix at 300 K (kJ/mol-atom) −7.643 −9.343 −5.814 CALPHAD [8]

Difference (1Hf − 1Hmix) (kJ/mol-atom) −0.097 −1.032 −1.427 1Hf (0 K FP)−1Hmix (300 K) (This work)
In the above equation, comma separates interacting constituents
in the same sublattice, and column separates the sublattices. The
first summation describes the interaction parameters in one sub-
lattice, Li1,i2:j:k:l, which represents interactions between i1 and i2 in
the first sublatticewhen the other three sublattices are occupied by
constituents j, k and l, respectively. The sameapplies to interactions
in the second, third, and fourth sublattices. The second summation
is related to the reciprocal parameters which describe simultane-
ous interactions of i1 and i2 in the first sublattice and j1 and j2 in
the second sublattice, while the other two sublattices (3rd and 4th)
are occupied by constituents k and l, respectively. These are the pa-
rameters that describe the contribution to the Gibbs energy due to
the short-range ordering as presented by Sundman et al. [9]. The
number of possible interaction parameters is very large, but many
have very similar values due to the symmetry in Gibbs energy
function.

5. Results and discussion

The PARROT module of Thermo-Calc [41] is employed to eval-
uate the model parameters in Gibbs energy function from the
experimental thermochemical and phase equilibria data. The ac-
tivity data of Alcock and Kubik [11] in liquid and Hultgren [42]
in fcc, the solidus data of Gebhardt and Koster [12] and Nemilow
and Anorg [13], the Curie temperature of the fcc phase [12,17–20],
and the thermodynamic data of Cyr et al. [14] are used to evalu-
ate the interaction parameters in the fcc phase. The calculated re-
sults are compared with the experimental data from Figs. 1 to 5,
respectively, showing that all experimental data are well repro-
duced by the current model parameters. It should be mentioned
that themodel parameters for the disordered fcc and liquid phases
are nearly identical to those determined by Oikawa et al. [28] as
the same datasets were used to evaluate these interaction param-
eters for these phases. The composition dependence of the Curie
temperature in hcp is assumed to be the same as that in fcc due to
the lack of experimental data.

The fcc/hcp phase equilibria data of Newkirk et al. [22] is
used to determine the parameters and the calculated phase
boundaries are shown in Fig. 6. As we mentioned in Section 2,
the experimental data are somewhat scattered due to metastable
martensitic transformation. The open symbols represent the
transformation starting temperatures on heating and the closed
symbols the transformation starting temperatures on cooling. It
should be noted that the CALPHAD predicted fcc/(fcc+hcp)phase
Fig. 1. Activity of Co and Pt in the liquid phase at 1850 K with experimental
data [11]. The reference states for Co and Pt are the pure elements in liquid.

Fig. 2. Activity of Co and Pt in the fcc phase at 1273 K with experimental data [42].
The reference states for Co and Pt are the pure elements in fcc.

boundary is above all cooling data. The experimental data between
650–750 K on cooling were considered to be the martensitic
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Fig. 3. Calculated liquidus and solidus of the Co–Pt phase diagram with
experimental data (squares [12], triangles [13]).

Fig. 4. Enthalpy of mixing in fcc phase at 1173 K with reviewed data [14].

Fig. 5. Calculated Curie temperature of the fcc phase with experimental data
(diamonds [12], squares [17], triangles [18], circles [19], reverse triangles [20]).

transformation-start temperature in Zhao’s analysis [21], which
are not used in the present modeling.
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The order/disorder transformation temperatures for L10 and
L12 from Leroux et al. [19], Newkirk et al. [22,23], and Gebhardt
and Koster [12] are used to determine 1fHord and 1f Sord for
orderedCo3Pt, CoPt, andCoPt3, and the interactionparameters. The
resulting phase equilibria are shown in Fig. 7. The complete phase
diagram for the Co–Pt system from the present CALPHADmodeling
is shown in Fig. 8 with the superimposed experimental data. Co3Pt
is predicted to be stable up to about 822 K. This behavior is similar
to that measured by Inden [25] with a congruent temperature of
approximately 840 K. The calculated enthalpies of formation of
CoPt and CoPt3 at 914K from the CALPHADmodeling are compared
with the available measurements [15] in Table 2, showing a good
agreement. The calculated enthalpy for the disordered fcc phase
to L10 transformation in CoPt compound at 783 K from the current
modeling is−3.303 kJ/mol-atomwhich is also in a good agreement
with the experimental data (−3.1 ± 0.2 kJ/mol-atom) in the
literature [16].

The Bragg–Williams LRO parameter, η [43–45], is expressed by

η =
p(a)
A − cA
1 − ν

(11)
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Fig. 9. Calculated LRO parameter for the L10 CoPt as a function of normalized
temperature along with experimental data [24].

where p(a)
A is the probability of the occupation of a sublattice by

an A atom which is unity in a completely ordered alloy, cA the
concentration of A component in the alloy, and ν the concentration
of a sublattice site. In the case of the CoPt phase with L10 structure
in the presentwork, Eq. (11)will be changed to the following form:

η =
yICo − 0.5

0.5
(12)

where yICo is the site fraction of Co in the first sublattice of
L10 CoPt. The calculated LRO parameter for L10 according to
Eq. (12) is plotted in Fig. 9 along with the experimental data [24]
with the temperature normalized by the order/disorder transition
temperature of the L10 CoPt phase of 1104 K, showing a good
agreement.

The Warren–Cowley SRO parameter, εWC , is given by

εWC = −ε/xCoxPt (13)

where ε is the SRO in the nearest neighbor shell which is defined
as follows for the disordered fcc phase according to Abe and
Sundman [46]:

p(k,l)
i:i = y(k)

i y(l)
i − ε (14)

p(k,l)
i:j = y(k)

i y(l)
j + ε (15)
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Fig. 10. Estimated Warren–Cowley SRO parameter for the disordered fcc phase
with experimentally determined SRO parameters for the first nearest neighbor
shell. (circle-848 K [26], triangle-923 K [26], reverse triangle-1084 K [27]).

where p(k,l)
i:j is an i–j pair probability between k and l sublattices,

and y(k)
i the site fraction of i on the sublattice k. Using the reciprocal

parameters, 0LCo,Pt:Co,Pt:∗:∗, the SRO parameter in the disordered fcc
phase in the Co–Pt system can be given by

ε = x2Cox
2
Pt


−

20LCo,Pt:Co,Pt:∗:∗

RT

0.5

(16)

where thewild card * stands for any atoms.With Eqs. (13) and (16),
the Warren–Cowley SRO parameter, εWC , becomes

εWC = −xCoxPt


−

20LCo,Pt:Co,Pt:∗:∗

RT

0.5

. (17)

The estimated Warren–Cowley SRO parameter for the disordered
fcc phase using Eq. (17) from the present modeling is shown in
Fig. 10 with experimentally determined SRO parameters for the
first nearest neighbor shell [26,27]. Compared with experimental
data, the calculated SRO parameter is more negative since it
contains not only the first nearest neighbor shell but also the higher
order shells. This behavior is also found in the Cu–Pt system using
the four sublattice model for the fcc phase [47].

The enthalpies of formation for the ordered Co3Pt, CoPt,
and CoPt3 from first-principles calculations are not used in the
modeling as these values are less negative than the enthalpies
of mixing for the disordered fcc phase. Lu et al. [8] encountered
similar problems in the Ni–Pt system. To investigate the possible
magnetic nature to this issue, the enthalpies of formation of the
Ni–Pt ordered fcc compounds are recalculated in the present work
to obtain their magnetic moments. The Fe–Pt ordered compounds
are calculated as well and compared with a previous CALPHAD
assessment [7], where, again, first-principles predictions for the
enthalpies of formation of the ordered fcc compounds in Fe–Pt
are much less negative than those for the disordered fcc phase.
The energy difference between the CALPHAD predicted enthalpy
of mixing of the disordered fcc phase and the first-principles
predicted enthalpies of formation for the L10 and L12 structures
for Co–Pt, Fe–Pt, and Ni–Pt systems are given in Tables 2–4,
respectively, and are plotted against the total magnetic moment in
Fig. 11. For the Ni and Co compounds, it is shown that the enthalpy
differences increases with the total magnetic moments of the
ordered compounds. This suggests that the disagreement between
first-principles and CALPHAD is due, in part, to the magnetic
properties of the system.
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Fig. 11. Difference between the first-principles predicted enthalpies of formation
of the ordered fcc compounds and the CALPHAD predicted enthalpies of mixing
of the disordered fcc phase at 300 K versus the calculated total atomic magnetic
moment of the ordered compounds.

Table 5
CALPHAD thermodynamicmodeling parameters for the phases in the Co–Pt system,
in J/mol-atom.

Phase Evaluated parameters

Liquid
0LliqCo,Pt = −54724
1LliqCo,Pt = −3619

hcp

0LhcpCo,Pt = −48399
1LhcpCo,Pt = −6149
0TchcpCo,Pt = 565
1TchcpCo,Pt = −59

fcc-A1(disordered
part of fcc)

0LfccCo,Pt = −49694
0Tc fccCo,Pt = 565
1Tc fccCo,Pt = −59

Ordered fcc

GCo:Co:Co:Pt = · · · = GPt:Co:Co:Co = −18344 − 1.575 × T
GCo:Co:Pt:Pt = · · · = GPt:Pt:Co:Co = −25678 − 2.586 × T
GPt:Pt:Pt:Co = · · · = GCo:Pt:Pt:Pt = −21867 + 1.020 × T
0LCo,Pt:Co,Pt:∗:∗ = −6394 + 1.873 × T

In the case of the Cu–Pt system [47], which is a non-magnetic
system having a continuous fcc solid solution phase and ordered
phases at low temperature, the first-principles calculated en-
thalpies of formation for the stable L10/L12 compounds are more
negative than the CALPHAD predicted enthalpies of mixing for
the disordered fcc phase, as expected. We also calculated the en-
thalpies of formation of L12–AlPt3 and L12–InPt3, which are stable
ordered fcc phases in Al–Pt [48] and In–Pt [49] systems, respec-
tively, and compared with the CALPHAD predicted enthalpies of
mixing for the disordered fcc phase. It is also found that the first-
principles calculated enthalpies of formation of those compounds
are more negative than the CALPHAD predicted enthalpies of mix-
ing from the Al–Pt and In–Pt systems, respectively, as expected.
This supports the argument that the disagreement between first-
principles and CALPHAD for Co–Pt, Fe–Pt, and Ni–Pt systems are
related the magnetic properties of the system.

In the present work, the vibrational contribution is not con-
sidered for ordered compounds since it is expected to be negli-
gible. van de Walle et al. [50] studied the vibrational entropy of
ordered and disordered Ni3Al through the first-principles calcu-
lations and they found a remarkably small value of vibrational
entropy difference between ordered and disordered Ni3Al, which
is around 0.05 kB/atom. Recently, Shang et al. [51] also studied
the vibrational properties of ordered and disordered Ni1−xPtx al-
loys from first-principles calculations and they showed that the
vibrational entropy difference between ordered and disordered
NiPt is around 0.13 kB/atom from 200 to 1000 K, which corre-
sponds about 300 J/mol-atom at 300 K. This difference also agrees
well with the value between the ordered and disordered CuAu [52]
and its contribution is even smaller in the case of L12 phase. Shang
et al. [51] pointed out that the configurational entropy is more im-
portant than the vibrational entropy. Thus, we assume that the vi-
brational contribution for Co–Pt system is also small and it does
not significantly affect the calculated phase stability between or-
dered and disordered phases in the presentwork because enthalpy
differences between ordered and disordered phases for the Co–Pt
system is on the order of kJ/mol-atom.

For the Fe–Pt system the energy difference is larger by an order
ofmagnitude than that in the Co–Pt system. It should be noted that
the thermodynamic modeling of the Fe–Pt system employed no
experimental enthalpies of mixing for the disordered fcc phase [7],
whereas such data were used in the Co–Pt and previous Ni–Pt
modeling. Although a larger enthalpy difference is expected due
to the higher magnetic moment in the Fe–Pt compounds, the large
jump in the difference suggests that the CALPHADprediction of the
enthalpy ofmixing in Fe–Ptmay be inaccurate, whichwas noted by
Fredriksson and Sundman [7]. Nevertheless, further investigations
are needed to bridge the gap between first-principles calculations
and CALPHAD modeling for magnetic phases. The recent works in
our group [53–55] may point to the right direction to pursue.

The thermodynamic parameters for the Co–Pt system obtained
in the present work are listed in Table 5.

6. Summary

In the present work, a thermodynamic description of the Co–Pt
system,which has an order/disorder transformation in the fcc solid
solution, is obtained using the CALPHAD approach. The ordered
fcc phases are modeled by using a four sublattice model. The cal-
culated phase diagram and thermodynamic properties agree well
with the available experimental data in the literature. The temper-
ature dependence of long-range order parameter for L10 structure
and the composition dependence of the short-range order param-
eter in the disordered fcc phase are calculated and compared with
available experimental data. The first-principles calculations are
performed to obtain the enthalpies of formation for the ordered
fcc phases at 0 K in order to assist the thermodynamic modeling
but those results are not used in the modeling since they are less
negative than the enthalpies of the disordered state at low tem-
peratures determined from the CALPHADmodeling. The Fe–Pt and
Ni–Pt systems also show the same feature at that in the Co–Pt sys-
tem. The energy difference between the CALPHAD predicted en-
thalpy ofmixing of the disordered fcc phase and the first-principles
predicted enthalpies of formation for the L10 and L12 structures for
the Co–Pt, Fe–Pt, and Ni–Pt systems increase as increasing the total
magnetic moment of their ordered fcc compounds. It suggests that
this disagreement between first-principles and CALPHAD is par-
tially due to the magnetic properties of the system.
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