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In terms of first-principles phonon calculations and quasiharmonic approach, the structural,
vibrational, and thermodynamic properties have been investigated for the ordered and disordered
Ni; 4Pty alloys with the main focus being on the disordered NiysPtys. To gain insight into the
disordered alloys, we use special quasirandom structures (SQS’s) and demonstrate their
capabilities in predicting (i) the bond length distributions, (ii) the phonon spectra, and (iii) the
elastic stiffness constants of the disordered alloys. It is found that the Pt-Pt atomic pairs possess
the longest bond lengths relative to the Ni-Pt and Ni-Ni ones in the disordered alloys, the
predicted force constants indicate that the Pt-Pt bond is stiffer when compared to the Ni-Pt and
the Ni-Ni ones for both the ordered and disordered alloys, and the phonon density of states of the
disordered alloys are similar to the broadened versions of the ordered cases. Based on the results
of the ordered and disordered alloys, a slightly positive deviation from Vegard’s law is found for
the volume variation of Ni;4Pts, and correspondingly, a negative deviation is predicted for the
change of bulk modulus. With increasing Pt content, the bulk modulus derivative relative to

pressure increases approximately linearly, whereas the magnetic moment decreases. In addition,



the SQS predicted relative energies (enthalpies of formation) for the disordered Ni, Pty are also
compared to cluster expansion predictions. As an application of the finite temperature
thermodynamic properties, the phase transition between the ordered L1, and the disordered
NigsPtys is predicted to be 755 + 128 K, which agrees reasonably well with the measurement
around 900 K, demonstrating that the driving force of the phase transition stems mainly from the

configurational entropy rather than the vibrational entropy.

PACS numbers: 63.50.Gh, 65.40.G-, 62.20.D-, 71.20.Be



I. INTRODUCTION

Thermal barrier coating (TBC) systems are widely used to increase further the operating
temperatures of gas turbine engines (increasing ~ 150 K, thereby improves the efficiency of
energy conversion) and to protect metal components such as turbine blades and vanes from the
hot combustion gases.'” It is believed that the life time of the TBC systems is ultimately limited
by the failure of the bond coat within, i.e., the development of cracks caused by oxidation of the
bond coat.™™ The Ni-Pt system is crucial in the development of bond coat alloys, such as the Pt
modified B-NiAl,' and the one recently developed based on the two-phase mixture of y-Ni+y'-
NizAl in the Ni-Al-Pt based system by Gleeson et al.”® Besides the technologically important Ni-
Pt system for bond coat, Ni;4+Pty is a well studied disordered alloy both experimentally and
theoretically due to its simple fcc structure over a wide composition range,’” and can be grown
easily at nearly any concentration. In order to design novel bond coat for the TBC systems and in
particular to probe the theoretical methodology for the disordered alloys, the present work
investigates the structural, phonon, and thermodynamic properties of the ordered and disordered

Ni; 4Pt alloys through first-principles calculations.

Despite years of research efforts, structural/theoretical model of the substitutionally disordered
(random) alloy still remains one of the least explored issues in first-principles community due to
the uncertainty about atomic occupations, such as the positions of A and B atoms in a disordered
A1xBy alloy. Currently three approaches stand out among first-principles models for disordered
alloys.® Each has its own advantages and disadvantages. The first approach is the coherent
potential approximation (CPA),” where the average occupations of A and B atoms are assumed

in a structureless uniform average medium."® Therefore, local structural relaxations are excluded
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in CPA, which contrasts with the experimental observations because distances between A-A, B-
B, and A-B atoms are generally different.""™ The second approach is the cluster expansion
method (CEM),"”" which is driven from statistical lattice theory about the one-to-one
correspondence between a given structure and a set of correlation functions. The configuration-
dependent properties of ordered and disordered alloys are determined from the correction
functions of the phase of interest and the effective cluster interactions (ECI’s). It is worth
mentioning that the ECI’s are estimated from a variety of ordered structures, but are useable for
both ordered and disordered structures. Note that the truncated error in determining ECI’s is
unavoidable (see the present Ni-Pt case below), and the local structural information of the
disordered structure is also excluded in CEM. The third approach is the special quasirandom
structure (SQS) proposed by Zunger et al.,'® which is driven from the same origin as in the CEM
approach, i.e., a given structure can be characterized by a set of correlation functions. Essentially,
SQS is an ordered supercell with a few (e.g., 4~32) atoms that mimic the most relevant pair and
multisite correlation functions of the disordered phase. In contrast to the global and nonstructural
natures of CPA and CEM, SQS is a local structural model, giving one of the down-selected
microstates of disordered phase. Regarding the first-principles research on the disordered Ni; 4Pty
alloys, attempts have been made using CPA and the itinerant CPA methods to study the phonon
properties.'®!” However, the CPA-type methods are excluded herein because they are incapable
of capturing the intrinsic nature of disordered alloys. Instead, CEM and SQS method will be used
in the present work with most of the focus on the SQS calculations. Previously, the SQS method
was used extensively to study the electronic structures and thermodynamic properties of the
disordered alloys (see such as Refs. 8, 10, 18-21). Using the SQS method, studies have also been

performed to calculate the phonon properties of disordered alloys, e.g., Pd;V,”” NizAl> In,Ga,.
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N,** and GagslngsP.” However, < 8 random atoms were included in these SQS phonon
calculations, and a detailed analysis of phonon properties was absent. In an effort to gain insight
into the properties of the disordered Ni; Pt and to demonstrate the capabilities of the SQS
method, the present work primarily uses the first-principles SQS method to predict (i) the bond
length distributions, (ii) the phonon properties, and (iii) the elastic constants of the disordered
Ni;xPtx. Together with the results from the ordered alloys (compounds), the regularities of the
structural, vibrational, and thermodynamic properties of the Ni; Pt alloys are investigated and

compared with experimental data when possible.

The remainder of this paper is organized as follows. In Sec. II, we present the ordered
compounds and disordered SQS structures used for the fcc based Nij Pt alloys and the details
of the first-principles and phonon calculations. In Sec. III, we discuss the predicted properties of
Ni;«xPtx alloys, including (i) the bond length distributions of the disordered Ni;«Pty, (iii) the
elastic constants of the disordered NigsPtys, (iii) the equilibrium structural properties including
volume, bulk modulus, the pressure derivative of the bulk modulus, magnetic moment, and
relative energy for ordered and disordered Ni;«Pty, (iv) the phonon density of states and force
constants of the ordered and disordered NijsPtyos, and (v) the phase transition between the
ordered L1, and the disordered NijsPtys structures. Finally, in Sec. IV the conclusions of the

present work are given.

II. THEORY AND METHODOLOGY

A. Disordered and ordered structures



As mentioned in Sec. I, there exists a one-to-one correspondence between a given structure and a

10, 13-15 In the

set of correlation functions, which is the key for both the CEM and SQS methods.
case of a binary alloy, the correlation function Iy, for a figure (cluster) f(k,/) with k vertices and

separated by an ™ neighbor distance is defined as follows,"

1
Eq. 1 ,=—)>Y 00,0,

koo (k)
where oy is a spin-like variable which takes the value of +1 or -1 depending on whether the
atomic site is occupied by an A or B atom. The sum is over all of the f{(k,/) clusters with Ny,

being the total number of such clusters. For a disordered alloy of A;4Bx, Eq. 1 reduces to

I, , =(2x - 1)*. In order to generate the SQS for a given number of atoms, we need to find an

ordered structure from all the possible structure configurations, where the obtained ordered
structure (i.e., SQS) has the most relevant pair and multisite correlation functions of the
disordered phase.'” Therefore, the essence of SQS is to use an ordered structure to mimic the
properties of the corresponding disordered structure. For fcc based binary systems, the SQS’s
have been reported for the 8-atom (SQS-8),?! 16-atom (SQS-16),° 32-atom (SQS-32),** and
even 48-atom (SQS-48)*’ cases. We argue that the reported SQS-32 structures are in fact near-
SQS’s rather than SQS’s, since the authors™?” did not search all of the possible configurations
(note that we did not check the reported SQS-48’s). For the near SQS-32’s with compositions x =
0.25 and 0.5 reported by Ghosh et al.,® the pair correction functions are equal those of the
disordered cases from the first to the forth-nearest neighbor only. For the near SQS-32 (x = 0.25)
reported by Ruban et al.,”” only the first and second pair correction functions are equal to those
of the disordered cases. Using the ATAT code (improved by present author YW),*® we search all

the possible configurations and generate the fcc based 8-, 16-, and 32-atom SQS’s with the
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compositions x = 0.25 and 0.5 (see Appendix for the structure details). In Table 1, the pair
correction functions I1,; (/ up to the 11™ nearest neighbor) of these fcc based SQS’s generated in
the present work are reported. For SQS-32 with x = 0.25, the I, ;’s mimic the disordered ones for
[ =1~7; and / = 1~8 for SQS-32 with x = 0.5. Clearly, based on the criterion of pair correlation
functions, the SQS-32 structures generated in the present work are closer to the disordered case

than the ones previously reported in the literature.® *’

For the fcc based ordered structures, we employ all of the A;,,B, structures withm, n=0, 1, ..., 4,
and m + n < 4, with the total number of structures being 29. Note that these structures are
generated by the ATAT code.®® In addition, we also choose 8 A, B, structures with 5 < m+n < 8,
i.e., the mC10, D1, D1/D7, and the ACS structure.” The structure details and the commonly

used names™"' for these 37 structures are given in the Appendix.

B. First-principles and phonon calculations

3233 .
with

In the present work the first-principles calculations are performed using the VASP code,
the jon-electron interaction described by the projector augmented wave (PAW) method.** The
selection of the PAW method rather than the ultrasoft pseudo-potential is due to the fact that the
PAW method combines the accuracy of all-electron methods with the efficiency of pseudo-
potential ***> Regarding the exchange-correction functional, the generalized gradient

3738 since

approximation (GGA)*® is used instead of the local density approximation (LDA),
GGA describes Ni and Ni-based alloys well (see Sec. III for more details). In the VASP

calculations, the samplings of k-points are at least 10,000 per reciprocal atom for ordered

structures, and at least 5,000 for SQS structures employing the Monkhorst-Pack scheme.*” The
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energy cutoff of the wave function is taken as 350 eV, which is 1.3 times higher than the highest
default value. The energy convergence criterion of the electronic self-consistency is chosen as
107 eV per atom for all the calculations. The reciprocal-space energy integration is performed by
the Methfessel-Paxton technique®® for structure relaxations. For the final calculations of total
energies, electronic densities of state (DOS’s), and stresses, we adopt the tetrahedron method
incorporating a Blochl correction.” Due to the ferromagnetic (FM) nature of Ni, all the
calculations are performed within the spin-polarized approximation except for fcc Pt. For the
purpose of test, first-principles calculations are also performed for nonmagnetic (NM) structures

of entries 1-29 (see Appendix).

The phonon calculations are performed by the supercell method* as implemented in the ATAT
code,” with VASP used as the computational engine. In the present work, supercells with at least
32 atoms are used, and displacements of 0.1 A are adopted for the independent atoms in the
perturbed supercells. In the VASP calculations, we use at least 2,000 k points per reciprocal atom
and the Methfessel-Paxton technique® to calculate the forces acting on the atoms in the
perturbed supercells. After the VASP calculations are complete, at least 4 A is used as the cutoff
range to fit the force constants and to get the phonon results by using ATAT. For more details of

phonon calculations using the supercell method, see e.g. Refs. 44-46.

In order to fit the first-principles calculated energy vs. volume (£-V) data points, we use the four-

parameter Birch-Murnaghan equation of state (EOS) in its linear form given by,*

Eq. 2 EWV)=a+bV>"  +cV 7 +dv™



where a, b, c, and d are fitting parameters. The equilibrium properties estimated from this EOS
include the volume (V)), energy (Ep), bulk modulus (By) and its pressure derivative (By).*
Conversely, based on the fitted equilibrium properties, the fitting parameters can be determined

easily.*® In the present work, usually six data points are used for the EOS fitting of each structure.

In order to estimate the finite temperature thermodynamic properties of a given phase of interest,
we use the first-principles quasiharmonic approach to describe the Helmholtz free energy F(V,T)
4547

at volume V" and temperature 7,

Eq. 3 FWV,T)=E(V)+F, (V,T)+F

clo (Vs T)

where E(V) is the static energy at 0 K without the zero-point vibrational energy, i.e., Eq. 2.
Feoe(V, T) represents the thermal electronic contribution at V' and 7, which is particularly
important for metal systems due to the non-zero electronic density at the Fermi level. F\;,(V, T) is

the vibrational contribution determined by phonon calculations in the present work. For more

details of the first-principles quasiharmonic approach, see e.g. Refs. 45-47.

ITII. RESULTS AND DISCUSSIONS

In this Section, we show firstly the reasons to choose the GGA potential instead of the LDA
potential, and then the predicted properties for the disordered Ni; <Pty, including the bond length
distributions and elastic constants (see Sec. III A), the equilibrium properties calculated by EOS
fittings for both ordered and disordered Ni; 4Pty (see Sec. III B), and the predicted phase
transition temperature between the ordered L1, structure and the disordered NiysPtys (see Sec.
IIT C). Note that without special mention, the present work discusses only the properties of FM

Ni Pty alloys.



Table 2 summarizes the EOS predicted lattice parameters and bulk moduli for fcc Ni and fcc Pt
in comparison with experiments.48'50 Clearly, the GGA (rather than LDA) describes the fcc Ni
very well, but the LDA (instead of GGA) is better for describing fcc Pt albeit the LDA is still not
a good choice for Pt. The GGA potential is selected since the main focus of the present work is

Ni and Ni based alloys.

A. Disordered Ni;Pt,: Bond length distributions and elastic properties

Since an SQS is an ordered structure with low symmetry (usually a monoclinic structure)
designed to mimic the corresponding disordered structure, the relaxation of an SQS makes its
cell shape and atomic positions deviate locally the ideal lattice. In order to examine the
deviations of SQS’s from the ideal fcc structure (taking NipsPtys as example), Fig. 1 plots the
average radial distribution functions (RDF’s) for the fully relaxed SQS’s in comparison with the
RDF of a pristine fcc structure, where the lattice parameter of the pristine fcc structure is
calculated based on the average volume of SQS-8, SQS-16, and SQS-32. The RDF, used
commonly to depict the liquid structure,’’ describes how, on average, the atoms in a system are

radially packed around each other. The RDF is defined by,

Eq. 4 g(r)=n(r)(p4m’Ar)

where n(r) is the mean number of atoms in a shell of width Ar at distance », and p the average
density of atoms in the system. Fig. 1 shows that the RDF’s of SQS’s, especially the ones of

SQS-16 and SQS-32, are similar with the normal fcc case, indicating the fully relaxed SQS’s for

Ni 5Pty s accurately represent fcc-like structures.
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In order to probe the fluctuations of atomic positions in the disordered Ni;Ptx alloys, Fig. 2
illustrates the bond length distributions in the first nearest neighbor region (2.7+0.3 A) predicted
by SQS’s with compositions x = 0.25, 0.5, and 0.75. Concerning the bond length distributions,
there are no significant differences between SQS-8, SQS-16, and SQS-32, and a deviation up to
0.25 A away from the average bond length is shown for the disordered Ni,..Pt, alloys. With
increasing Pt content, the average bond length increases due to Pt being a larger atom (see Table
2). Within each SQS structure, the bond lengths of Ni-Ni, Ni-Pt, and Pt-Pt are distinctly different.
Most of the SQS’s show that the Pt-Pt possesses largest average bond length, whereas the Ni-Ni
has the smallest one, and the bond length of Ni-Pt is closer to Ni-Ni (the results from SQS-32’s
are shown in Fig. 2). It should be mentioned that the distinct bond length distributions are given

by the SQS-32’s instead of the SQS-16’s and especially the SQS-8’s.

The RDF’s and the bond length distributions mostly give local information of the disordered
alloys. In an effort to test the capability of SQS’s to predict the global properties, we calculate
the elastic stiffness constants (c;;’s) by using an efficient first-principles strain-stress method with
strains of £0.01 (see details in Refs. 49, 52-53). Table 3 shows that the predicted c;;’s of Nig sPto s
from the SQS-8, SQS-16, and SQS-32 structures. The following mean values of the c;j’s are
reported: (i) ¢;; from the average of c¢;, 22, and ¢33, (ii) c44 from the average of caq, 55, and ceg,
and (iii) c1» from the average of c¢;;’s with i#j, and i, j = 1, 2, and 3. The uncertainties, defined as
the fluctuations of ¢;j’s, are also given in Table 3 based on the calculations of the average c;’s. It
is found that c;; has the largest uncertainty with respect to ci» and ca4, especially for SQS-8. In
comparison with the c;’s obtained from fcc Ni and fcc Pt according to Vegard’s law (the

predicted c;’s of the pure elements were reported in Ref. 49), the calculated ci; directly from
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SQS’s for the disordered NigsPtys is similar with the one from the Vegard’s law. On the other
hand, c12 (SQS) < ¢12(Vegard), and ca4 (SQS) > c44 (Vegard), with the differences around 10 GPa.
The relationships between the aggregate properties of bulk modulus (B) and shear modulus (G)
predicted from Voigt’s approach and ¢;;’s are found to be Bvoigt < Bvegard and Gvoigt > Gvegard. The
predicted Bv,ig’s are slightly larger by ~ 1-4 GPa than the Bros’s from EOS fittings, agreeing
with the previous observations for these two kinds of methods (cj’s vs. EOS)** and the trend is
due to the cell shape relaxations included in the EOS fitting but not in the determinations of the
cii’s. Based on the above analysis, we conclude that the SQS’s can be used to predict the elastic
properties of the disordered alloys, and the uncertainties for the predicted elastic properties can

be estimated.

B. Equilibrium properties from EOS fittings
Based on the ordered and disordered structures shown in the Appendix, the EOS (using Eq. 2)

fitted properties for FM Ni, Pt are shown in Table 4, including Vs, By, Bo’, AE) (i.e., the relative

enthalpy AH) due to the zero external pressure used herein), and the magnetic moment (MM,).

7173455 when available, and the pair correction

In Table 4, we also list the experimental data
functions for the disordered and ordered structures up to the fourth nearest neighbor. For the
convenience of discussion, we plot these properties of FM alloys as a function of Pt content in
Fig. 3. With increasing Pt concentration, Fig. 3 shows that both the equilibrium volume and the
equilibrium bulk modulus increase. The variation of bulk modulus vs. volume is opposite to the
common observation, i.e. the larger the volume the smaller the bulk modulus,*’ due to the large

volume and large bulk modulus of fcc Pt with respect to those of fcc Ni (see Table 2). From Fig.

3, we find that the variation of volume shows a slight positive deviation from Vegard’s law for
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Ni; Pty (e.g., the deviations of 0.13 ~ 0.37 A/atom for NigsPtyos), and correspondingly, a
negative deviation is predicted for the change of bulk modulus (e.g., the deviations of -5.3 ~ -
10.2 GPa for Nip 5Pty s). Fig. 4 shows the variations of the derivative of bulk modulus relative to
pressure (By’) and the magnetic moment (MM,) for Ni;Pt;. With increasing Pt content, By’
increases roughly linearly in the range of 4.9 ~ 5.5, whereas the MM, decreases with a shallower
slope than experimental measurements,”* but agrees with previous first-principles predictions.™
Regarding the values of V), By, By’, and MM, of the SQS’s, the properties are roughly located in

the middle of the results for ordered structures (see Fig. 3 and Fig. 4).

Fig. 5 shows the first-principles calculated relative energies of the ordered compounds and
disordered (i.e., SQS’s) Ni; Pty alloys at 0 K in comparison with the experimental data at room
temperature,” with the reference states of fcc Ni and fcc Pt. The CEM predicted curve for the
disordered phases are based on the results of ordered structures, and the predicted curve for the
disordered phases by Redlich-Kister (R-K)*’ polynomial are based on the SQS results. Regarding
the CEM predictions, 34 distinct ECI’s according to cross-validation'’ are used, including the
constant and point terms that have no effect on the results, 25 pair interactions, and 7 triplet
terms. The R-K polynomial, commonly used in the CALPHAD modeling,58 is given by,

Eq. 5 E(x)=xixj(L0 + L, (x, —xj))

where x; is the mole fraction of Pt, and x; = 1- x; the mole fraction of Ni. The two-parameter form
(Lo and L) is adopted in the present work with the fitted Ly = -185.09 and L, = 23.56 in units of
meV/atom. When x = 0.25, Fig. 5 shows that the ground state of NizPt at 0 K is the
ferromagnetic phase with D0y, structure instead of the common belief of L1, structure (see the

detailed analysis in Ref. 59). Regarding the CEM predicted adaptive crystal structure (ACS) of
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NiPt; by Sanati et al.,” our calculation shows that its formation energy with respect to L1,-NiPt3
and fcc Pt is almost zero, indicating ACS-NiPt; is not an energeticly favorable structure, in
agreement with first-principles predictions and experimental measurements by Schonfeld et al.*
In the lower Pt region, the formation energies are scattered and some structures have higher
energies, e.g., o, Vi, and Z; structures, making the CEM predicted energies for the disordered
phases less accurate due to the truncated errors when determining ECI’s, and they are also higher
than the predictions by the R-K polynomial. For instance, Fig. 5 indicates the CEM predicted
energy are quite high for fcc Ni due to the truncated errors especially in the lower Pt region. The
truncated error is one of the major issues of CEM, we therefore believe more the SQS
predictions instead of CEM results for disordered phase, at least for the present Ni; Pty alloys.
For the SQS predicted energies, the results are close to each other for SQS-16’s and SQS-32’s,
but the result of SQS-8 is deviates from the results of SQS-16, SQS-32, the CEM predictions,
and the R-K polynomial approximation. Note that there are nine 8-atom structures with pair
correction functions for the first and the second nearest neighbors that match the disordered case,
and in the present work we pick one of them as SQS-8 based on the pair correction function of
the third nearest neighbor (see Table 1). The calculated relative energies for these 9 structures
locate in a large range of -62 to -27 meV/atom. Based on the results shown in Fig. 5 and also Fig.
1, we conclude that SQS-8 is less accurate to describe the energy of the disordered phase in
comparison with SQS-16 and SQS-32. In principle, Fig. 5 also shows that the closer the
correction functions to the disordered phase, the closer their energies relative to the disordered
phases (e.g., B1 and Y; structure), but we also find an exception with 3, (see Fig. 5 and Table 4).
In addition, good agreement is also found between the predicted ground state line and the

experimental data.>
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As ancillary tests, the EOS fitted properties (Vo, Bo, Bo’, and AE)) for NM Ni, Pty are also shown
for entries 1-29 in Table 4. As expected, the NM phases of Ni; 4Pt have higher energies relative
to the corresponding FM Ni, Pt with the differences of 7~54 meV/atom, indicating the FM
states are ground states for NijxPty. Therefore, the results of FM Ni; 4Pty are presented mainly
and discussed in the present work. Regarding the equilibrium volumes of Ni;4Pty, the NM states
possess smaller values in comparison with the corresponding FM ones with the differences
around 0.1 A*/atom due to the effect of magnetism. Accordingly, the NM states of Ni; 4Ptx have
larger bulk moduli with respect to the corresponding FM states. It is worth mentioning that the
present predictions of V), By, and AEj are in perfect agreement with the previous first-principles
results, e.g., the work of Che et al..%! for both FM and NM Ni, Pt,. For example, the AEy’s of
NizPt (FM, L1,), NiPt (L1o, FM), and NiPt; (FM, L1,) are -69, -93, and -64 meV/atom,
respectively (see Table 4), correspondingly the values from Che et al.® are -71, -92, and -65

meV/atom, respectively.

C. Phonon and finite temperature thermodynamics

In the present work, we calculate the phonon properties for all the structures listed in the
Appendix of NigsPtos. As examples, Fig. 6 illustrates the phonon DOS’s for three low energy
structures of L1y, “40”, and W,, and two SQS structures of SQS-8 and SQS-16, as well as the
generalized phonon DOS (GDOS) derived from incoherent inelastic scattering.’* Note that (i) all
the phonon DOS’s have the same integral values compared to each other, and (ii) the
experimental GDOS is only shown for reference, since there exists big difference between the

normal phonon DOS and the GDOS. Here, the GDOS can be represented by
15



GDOS = Z(O',. /M, )pDOS, , where o;, M;, and pDOS,; are the atomic scattering cross section,

the atomic mass, and the partial phonon DOS of atom i, respectively.” The normal phonon
DOS’s are presented in this work, since they can be used directly to predict thermodynamic
properties. Fig. 6 indicates that the maximum frequencies from the predictions in this work are
less than the measured one due to the fact that the GGA predicts weaker bonding than reality
which is represented through a smaller bulk modulus (see Table 2). In general, the ordered
structures have sharper peaks than the disordered ones (SQS’s), indicating that the disordered
phonon DOS’s are similar to those of the ordered cases but with more spread in their peaks,
agreeing roughly with the measured shape in high frequency region (see Fig. 6). To gain insight
into the bonding nature of NigsPtys, Fig. 7 shows the stretching and bending force constants for
all the structures at their equilibrium volumes (see Table 4), together with the force constants of
fcc Ni and fcc Pt for comparison. It is found that all the NigsPtos structures are stable or
metastable ones except for the L1, structure due to its negative force constants in the second and
especially third nearest neighbor regions (the structure instability caused by the negative force
constants was reported in e.g. Refs. 44, 64-65). In general, the force constants for all the
structures examined herein, including the pure elements, possess a similar regularity of bond
length vs. bond stiffness. Fig. 7 indicates that the bonds in order of decreasing strength are the
Pt-Pt, the Ni-Pt, and finally the Ni-Ni atomic pairs for both the ordered and disordered alloys.
The main contributions of force constants are the ones in the first-nearest neighbor region

(2.7+0.3 A), with the exception being the unstable L1, structure.
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As an application of the phonon DOS’s, the Helmholtz free energies of the L1, and SQS-16
structures are predicted for Nig sPty s by using the quasiharmonic approach described in Eq. 3. In
Fig. 8, we plot the relative thermodynamics properties of SQS-16 under external pressure P =0
with the L1, structure as the reference state. Regarding the configurational entropy of the
disordered phase, we use the point approximation, also known as the Bragg-Williams
approximation,

Eq. 6 Son (¥) = k5 [xlog x + (1 - x) log(1 - x)]

where x is the mole fraction of Pt, and &z the Boltzmann constant. With the contribution of only
the relative vibrational entropy (ASyib), the relative Helmholtz free energy (AF) decreases slowly
due to the small contribution from AS,;, (around 0.13 &z per atom from 200 ~ 1000 K). Note that
the presently predicted AS,j, of NiPt agrees well with the value between the ordered and
disordered CuAu.” With the contribution of only the relative configurational entropy (ASconf), AF
decreases more quickly, resulting in a phase transition temperature of 905 K, that agrees with the
experimental value around 900 K (the reported temperatures are 876 and 918 K with the latter
one being more accurate7). With the contributions of both AS.j, and AS..,y, the predicted phase
transition temperature is 755 K, which is much lower than the experimental value. It should be
mentioned that the predicted order-disorder phase transition temperature is sensitive to the
energy difference at 0 K. Table 4 (see also Fig. 5) shows that the relative energy (AE) of
NigsPtyps between L1, and SQS-16 structures is 54.1 meV/atom without the zero-point
vibrational energy. From consideration of the predicted AE’s of SQS-8 and SQS-32, the energy
uncertainty is estimated to be = 9.15 meV/atom, resulting in an uncertainty of = 128 K for the

phase transition temperature. Therefore, the predicted phase transition temperature between L1,
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and the disordered NigsPtys is 755 £ 128 K with considerations from ASyi, and ASconr. The
temperature agrees reasonably well with the experimental value around 900 K,” wherein the
driving force of phase transition is mainly due to the configurational entropy instead of the
vibrational entropy. It is worth mentioning that the less accurate phase transition temperature
predicted in the present work may related to (i) the less accurate density functional theory,
especially the exchange-correction functional for Pt (see Table 2), and (ii) the omission of
magnetic phase transition in Ni;xPtx alloys. We think the first is the major effect, while the later
is the minor one, because we treat both the L1, and SQS structures on an equal footing by using
the FM structures, the magnetic contributions to thermodynamics for both ordered and
disordered phases therefore can be cancelled to some extent. Regarding the longstanding issue of
magnetic contribution to finite temperature thermodynamics, it is beyond the scope of the present
work and has not been resolved completely, although we are on the way to the solution by using
first-principles partition function method.'* 7 It is also worth mentioning that the high
temperature paramagnetic (PM) phase is not the simple NM phase, instead, PM is a disordered
FM phase with the zero total magnetic moment. For the sake of simplicity, the complete

consideration of magnetic phase transition in each phase is omitted in the present work.

IV. CONCLUSIONS

By using the first-principles and phonon calculations, we study the structural, vibrational, and
thermodynamic properties of the ordered and disordered Ni; Pty alloys with the main focus on
the disordered NigpsPtys. In order to describe the disordered alloys, special quasirandom
structures (SQS’s) are adopted, and we demonstrate their capabilities to predict local and global

properties of disordered alloys including bond length distributions, phonon spectra, and elastic
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stiffness constants. For both the ordered and disordered Ni; 4Pty alloys, it is found that (i) the Pt-
Pt bond is stronger than the Ni-Pt and the Ni-Ni bonds according to the force constants; (ii) a
slight positive deviation from Vegard’s law is predicted for the volume variation of Ni;Pt,, and
correspondingly, a negative deviation is obtained for the change of bulk modulus; (iii) with
increasing Pt content, the derivative of bulk modulus relative to pressure increases roughly
linearly, while the magnetic moment decreases. For the disordered Ni; Pty alloys, the analysis of
the bond length distributions is more accurate with greater number of atoms in the SQS,
particularly the SQS-32 case, the Pt-Pt atomic pairs possess the longest bond lengths relative to
the Ni-Pt and Ni-Ni ones in the disordered alloys, and the phonon density of states of the
disordered alloys are like broadened-peak versions of the ordered cases. In addition, the SQS
predicted enthalpies of formation (relative energies) for the disordered Ni; Pty are also compared
with the predicted relative energies by the cluster expansion method. As an application of the
finite temperature thermodynamic properties, the phase transition temperature is predicted to be
755 = 128 K between the ordered L1, and the disordered NijsPtys. The predicted transition
temperature agrees reasonably well with the measurement around 900 K, and the driving force of

phase transition is mainly due to the configurational entropy instead of the vibrational entropy.
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APPENDIX

See Table Al and Table A2 for the fcc based ordered and disordered SQS structures used in the
present work.

Table Al.

Structural details for all independent, fcc based A,,B, structures with m, n =0, 1, ..., 4, and m+n < 4
(entries 1-29) and a few fcc based structures with 8 > m+n > 5 (entries 30-37), where (i) the lattice
parameter of fcc structure is set as unity, (ii) “Name” indicates the Strukturbericht designation or the
commonly used one in the literature,”””" and (iii) “SG” represents the space group.

Entry Formula Name SG Primitive vectors  Atoms Atomic/Wyckoff sites
1(2) A Al Fm3m (0, 1/2, 1/2) A* (4a) (0,0,0)
(B) (#225) (12,0, 1/2)
(1/2,1/2,0)
3 AB L1, R3m (1,1/2,1/2) A (la) (0,0,0)
(#166) (12,1, 1/2) B (1b) (1/2,1/2, 1/2)
(1/2,1/2, 1)
4 AB L1, P4/mmm  (1/2,-1/2,0) A (la) (0,0,0)
(#123) (172, 1/2, 0) B (1d) (172, 1/2, 1/2)
(0,0, 1)
5(6) AB o P3ml (-1/2,0, -1/2) A (la) (0,0,0)
(AB,) (o) (#164) (0,-1/2,1/2) B (2d) (1/3,2/3, 1/3); (2/3, 1/3, 2/3)
-1, 1,1
7(8) AB T Immm (-1/2, 172, -1) A (2a) (0,0,0)
(AB») () #71) (-1,-1/2,-1/2) B (4g) (173, 1/3, 0); (2/3, 2/3, 0)
(1/2,1/2, 1)
9(10) A,B B 14/mmm  (0,-1/2,-3/2) A (2a) (0,0,0)
(AB>) (B2) (#139) (0, 1/2,-3/2) B (4e) (173, 1/3, 0); (2/3, 2/3, 0)
(12,0, 3/2)
11(13) AsB Vi R3m (-3/2, 1, 3/2) A (la) (0,0,0)
(AB3) (V3) (#166) (-1, 3/2,3/2) B (1b) (1/2,1/2, 1/2)
(-3/2,3/2, 1) B (2¢) (1/4, 1/4, 1/4); (3/4, 3/4, 3/4)
12 AB; V, A (2¢) (0,0,0); (1/4, 1/4, 1/4)
B (2¢) (172,172, 1/2); (3/4, 3/4, 3/4)
14 (16) A;B W, C2/m (-1,-1/2,-1/2) A (2a) (0,0,0)
(AB3) (W) #12) (-1/2,-1/2,-1) B (2d) (172,172, 1/2)
(172, -1, 1/2) B (41) (1/4, 1/4, 3/4); (3/4, 3/4, 1/4)
15 AyB, W, A (4i) (0,0, 0); (1/4, 1/4, 3/4)
B (4i) (1/2,1/2,1/2); (3/4, 3/4, 1/4)
17 (18) AsB L1; Cmmm (1,1/2,1/2) A (2a) (0,0,0)
(AB3) (#65) (-1, 1/2,1/2) B (2b) (172, 1/2, 0)
(0,-1/2,1/2) B (4f) (1/2,0, 1/2)
(0,172, 1/2)
19 (21) AsB DO0,;, 14/mmm  (-1,-1/2,1/2) A (2a) (0,0,0)
(AB;) (#139) (-1, 1/2,-1/2) B (2b) (172, 1/2,0)
(1,-1/2,-1/2) B (4d) (1/4,3/4, 1/2); (3/4, 1/4, 1/2)
20 A:By 40 141/amd A (4a) (0,0,0); (1/4, 3/4, 1/2)
B (4b) (1/2,1/2,0); (3/4,1/4, 1/2)
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(#141)

22 (24) AsB Y, Pmmm 0,-1/2,-1/2) A (la) (0,0,0)
(AB») (Y3) (#47) (-1,0,0) B (l¢) (0,0, 1/2)
0,1,-1) B (2t) (172,172, 1/4); (1/2, 1/2, 3/4)
23 A;B, Y, Pmmn A (2a) (0,0,0); (1/2,1/2, 1/4)
(#59) B (2a) (0,0, 1/2); (1/2,1/2, 3/4)
25(27) AsB Z, P4d/mmm  (-1/2,-1/2,0) A (la) (0,0,0)
(AB») (Z3) (#123) (1/2,-1/2,0) B (1b) (0,0, 1/2)
0,0,2) B (2h) (172,172, 1/4); (1/2, 1/2, 3/4)
26 AsB, Z, P4/nmm A (2¢) (0,0,0); (1/2,1/2, 1/4)
(#129) B (2¢) (0,0, 1/2); (1/2, 1/2, 3/4)
28 (29) AsB L1, Pm3m (1,0,0) A (la) (0,0,0)
(AB») #221) 0,1,0) B (3¢) (1/2,1/2,0); (1/2, 0, 1/2)
(0,0, 1) (0,1/2,1/2)
3031) A4B mC10°  C2/m (3/2,0,-1/2) A (2a) (0,0,0)
(AB,) #12) (3/2,1/2,0) B (41) (1/5, 1/5, 3/5); (4/5, 4/5, 2/5)
(-1,-1, 1) B (4i) (2/5, 2/5, 1/5); (3/5, 3/5, 4/5)
32(33) A4B D1, 14/ m (-172,-1,1/2) A (2a) (0,0,0)
(ABy) (#87) (172, 1, 1/2) B (8h) (1/5, 2/5, 3/5); (4/5, 3/5, 2/5)
(-1, 1/2,-1/2) (3/5, 1/5, 4/5); (2/5, 4/5, 1/5)
34(35) AB Dl Fm3m 0,1, 1) A (4a) (0,0,0)
(AB») (D7) (#225) (1,0, 1) B (4b) (172,172, 1/2)
(1,1,0) B (244) (172, 0, 0); (0, 1/2, 0)
(0,0, 1/2); (1/2, 1/2, 0)
(1/2,0, 1/2); (0, 1/2, 1/2)
36 (37) AsB ACS!? I[4/mmm  (-2,-1/2,1/2) A (2a) (0,0,0)
(AB) (#139) (-2, 1/2,-1/2) B (2b) (1/2,1/2,0)
(2,-1/2,-1/2) B (4e) (1/4, 1/4, 0); (3/4, 3/4, 0)
B (8g) (1/8, 5/8, 1/2); (3/8, 7/8, 1/2)

(5/8, 1/8, 1/2); (7/8, 3/8, 1/2)

* Atoms are given for one of the structures.

® Wyckoff letter with multiplicity.
¢ Pearson symbol.
4 Reference 29.
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Table A2

Lattice vectors and atomic positions (fractional coordinates) for fcc based SQS structures with 8, 16, and
32 atoms. Note that (i) the lattice parameter of fcc structure is set as unity, (ii) all the available structures
are tested by using the ATAT code improved by the present author YW.*®

SQS-8 (A4B,)*

Lattice vectors:

(1, 1/2,-1/2)

(1/2,1/2,-1)

(-1,2,1)

A atoms: (0, 0, 1/2); (1/2, 1/2, 1/4)
(3/4, 3/4, 5/8); (3/4, 3/4, 1/8)

B atoms: (0, 0, 0); (1/4, 1/4, 7/8)
(1/4, 1/4, 3/8); (1/2, 1/2, 3/4)

SQS-16 (AgBs)®

Lattice vectors:

,-1/2,-1/2)

0, 1,-1)

(1,3/2,3/2)

A atoms: (1/4, 1/4, 1/4); (1/4, 3/4, 1/4)
(3/4, 172, 1/4); (1/4, 0, 3/4); (0, 1/4, 1/2)
(1/2, 3/4, 0); (0, 1/2, 0); (0, 0, 0)

B atoms: (1/2, 1/2, 1/2); (3/4, 0, 1/4)
(1/2,0, 1/2); (1/4, 1/2, 3/4); (0, 3/4, 1/2)
(3/4, 1/4, 3/4); (3/4, 3/4, 3/4); (1/2, 1/4, 0)

SQS-32 (A6Bi6)°

Lattice vectors:

0,1,-3)

(-1,-5/2,3/2)

0, 3,-1)

A atoms: (1/16, 1/2, 1/16); (3/16, 1/2, 3/16)
(5/8, 0, 1/8); (1/16, 1/2, 9/16); (0, 0, 0)
(11/16, 1/2, 3/16); (9/16, 1/2, 1/16)

(716, 1/2, 7/16); (13/16, 1/2, 5/16); (1/2, 0, 0)
(9/16, 1/2, 9/16); (5/16, 1/2, 13/16); (1/4, 0, 1/4)
(15/16, 1/2,7/16); (1/8, 0, 5/8); (3/4, 0, 1/4)

B atoms: (3/16, 1/2, 11/16); (5/8, 0, 5/8)
(5/16, 1/2, 5/16); (0, 0, 1/2); (7/8, 0, 7/8)

(1/8, 0, 1/8); (11/16, 1/2, 11/16); (3/4, 0, 3/4)
(3/8, 0, 3/8); (13/16, 1/2, 13/16); (1/2, 0, 1/2)
(1/4, 0, 3/4); (15/16, 1/2, 15/16); (7/8, 0, 3/8)
(3/8, 0, 7/8); (7/16, 1/2, 15/16)

SQS-8 (A,Bg)*

Lattice vectors:

1/2,-1,-1/2)

(1/2,-1, 1/2)

(-2,0,0)

A atoms: (0, 0, 0); (3/4, 3/4, 1/8)

B atoms: (1/4, 1/4, 7/8); (1/2, 1/2, 3/4); (3/4, 3/4, 5/8)
(0,0, 1/2); (1/4, 1/4, 3/8); (1/2, 1/2, 1/4)

SQS-16 (A4B12)"

Lattice vectors:

(1/2,1/2,-1)

0, -372,-1/2)

(-2, 1/2,-1/2)

A atoms: (3/4, 5/16, 3/16); (1/4,7/16, 1/16)
(0, 3/4, 1/4); (3/4, 1/16, 7/16)

B atoms: (1/2, 7/8, 1/8); (1/4, 3/16, 5/16)
(0, 172, 1/2); (172, 5/8, 3/8); (1/2, 3/8, 5/8)
(1/4, 11/16, 13/16); (0, 0, 0); (0, 1/4, 3/4)
(1/4, 15/16, 9/16); (3/4, 9/16, 15/16)

(1/2, 1/8, 7/8); (3/4, 13/16, 11/16)

SQS-32 (AgBa4)°

Lattice vectors:

0, -1, -1)

(-2,0,0)

0,2,-2)

A atoms: (1/2, 1/2, 1/2); (1/4, 3/4, 3/8)
(1/4, 3/4, 1/8); (0, 1/2, 1/4); (1/2, 0, 1/4)
(1/4, 1/4, 1/8); (1/2, 0, 0); (3/4, 3/4, 5/8)
B atoms: (0, 0, 0); (0, 1/2, 0); (0, 1/2, 1/2)
(3/4, 3/4, 1/8); (1/2, 1/2, 0); (1/4, 3/4, 5/8)
(3/4, 3/4, 3/8); (1/2, 1/2, 1/4); (0, 0, 3/4)
(374, 1/4, 3/8); (1/4, 1/4, 3/8); (0, 0, 1/4)
(374, 3/4, 7/8); (1/4, 3/4, 7/8); (0, 0, 1/2)
(0, 1/2,3/4); (3/4, 1/4, 5/8); (1/4, 1/4, 5/8)
(1/2,0, 1/2); (3/4, 1/4,7/8); (1/2, 1/2, 3/4)
(1/4, 1/4,7/8); (1/2, 0, 3/4); (3/4, 1/4, 1/8)

* See also the SQS-8’s reported in Refs. 20-21.
® The same as the ones reported in Ref. 26.
¢ The present work.
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Tables and Table captions

Table 1. Pair correction functions IT,, (n up to the 11™ nearest neighbor) for the random (disordered)
structures and the fcc based SQS structures (see Appendix for the structure details).

Structure I, I, Ilhs 4 I, [ Il Ig Tl [0 Ik,
Random (A 5Bys) 0 0 0 0 0 0 0 0 0 0 0
SQS-8 (A4By) 0 0 124 -1/12  1/12 0 -1/8 -172 1/12 0 0
SQS-16 (AgBs) 0 0 0 0 0 0 0 -1 0 0 0
SQS-32 (A6B1s) 0 0 0 0 0 0 0 0 -1/12  -1/6 0
Random (A 25Bo.75) 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4
SQS-8 (A;By¢) 1/4 1/3 1/4 0 1/6 0 1/3 2/3 1/4 1/12  1/3
SQS-16 (A4B12) 1/4 1/4 1/4 5/24 11/48 1/8 19/96 1/4 19/48 1/4 1/6
SQS-32 (AgBy4) 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/3 1/6 1/6 1/4

Table 2. First-principles EOS calculated lattice parameters and bulk moduli of fcc Ni and fce Pt by GGA
and LDA, where the percent errors between the predictions and the experiments are shown in the
parentheses.

Lattice parameter (A) and error Bulk modulus (GPa) and error
Element GGA LDA Expt.* GGA LDA Expt.”
fce Ni 3.521 (0.1%) 3.425 (-2.8%) 3.525 195.7 (4.7%)  255.6 (-36.7%) 187
fcc Pt 3.986 (1.6%) 3.907 (-0.4%) 3.922 2429 (15.7%) 304.7 (-5.8%) 288

?References 48-49.
®References 49-50.

Table 3. First-principles calculated elastic properties (GPa) for the disordered NigsPtys, including the

elastic constants (c;;’s), bulk modulus (By.ig approach from c;;’s and Bgos from EOS fitting), and shear
modulus (Gvyigt)-

Structure Ci1 Ci2 Cyq4 Bvoigt Beos Goigt
SQS-8 280 £ 26 179 £2 102 £2 213 £ 10 211 82+ 6
SQS-16 287+ 14 181 £1 101 £3 216 £5 212 82+4
SQS-32 279+ 14 183 £5 99 +3 215£8 212 78 £3
(Ni+Pt)/2* 286 193 89 224 72

Based on the predicted elastic constants of pure elements® and Vegard’s law.
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Table 4. Pair correction function (/4,,,) for the random (disordered) alloy, and the pair correction
functions (I1,,) up to the fourth nearest neighbors for fcc based ordered structures (entries 1-37)
and SQS structures (entries 38-46), together with the first-principles properties at 0 K fitted by
Birch-Murnaghan EOS, including the equilibrium volume ¥, (A’/atom), relative energy AE,
(meV/atom) with the reference states of fcc Ni (FM state) and fcc Pt (NM state), bulk modulus
By (GPa) and its pressure derivative By’, and the magnetic moment MM, (Lp/atom). As examples,

calculated results for NM states are also shown for entries 1-29.

Entry* Name®  Formula® 77, I, I, I3 I, State Vo AE, B By MM,

1 Al Ni I 1 1 1 1 FM 1092 0.0 1957 495 0.61
NM 10.85 543  199.7 4.95
FM 10.95° 187° 0.62°

2 Al Pt I 1 1 1 1 NM 1583 0.0 2429 551 0.00
NM 15.08° 288°

3 LI, NiPt 0 0 10 1 FM 1371  -52.9 2133 522 051
NM 13.61 -22.5 2193 527

4 L1, NiPt 0 13 1 1301 FM 13.53  -933 2133 524 051
NM 1342 -77.9 2207 526
FM 13.46°  -96° 0.22°

5 o Ni,Pt 19 13 -13 0 13 FM 1294 3.5 2057 5.16 0.54
NM 12.84 433 2105 5.17

6 o NiPt, 19 13 -13 0 13 FM 1447 -463 2187 532 048
NM 1437 -27.1 2260 5.51

7 T Ni,Pt 19 -19 19 13 -1/9 FEM 12.74  -688 2056 5.14 0.57
NM 12.64 -33.8 2113 5.16

8 T NiPt, 19 <19 19 13 -1/9 FEM 1441 -42.0 2209 539 047
NM 1432 293 2260 5.36

9 B, Ni,Pt 19 19 59 -1/3 19 FEM 1273 379 2041 5.13 0.53
NM 1261 -12.5 2107 5.14

10 B> NiPt, 19 19 59 -1/3 1/9 FEM 1431 -724 2222 534 047
NM 1421 -58.7 2281 536

11 v, Ni;Pt 74 12 0 /4 12 FM 1251 266 2020 5.11 0.55
NM 1243 685 2067 5.12

12 V, Ni,Pt, 0 12 0 0 0 FM 13.74 32 2114 522 048
NM 13.65 302 2173 531

13 Vs NiPts 74 12 0 /4 12 FM 1481 -32.7 2229 551 037
NM 1474 223 2306 5.51

14 W, Ni;Pt 14 16 0 /4 12 FM 1234 426 2024 511 0.56
NM 1225 -41 2083 5.12

15 W, Ni,Pt, 0 -1/6 0 0 0 FM 13.56  -67.7 209.1 531 0.53
NM 1345 -447 2147 527

16 Wi NiPts 14 16 0 /4 12 FM 1481 -36.1 2268 547 040
NM 1474 238 2308 5.41

17 L1, Ni;Pt 14 16 0 /6 1 FM 1238 -40.1 2024 5.08 0.55
NM 1228 49 2092 5.12
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18

19

20

21

22

23

24

25

26

27

28

29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

L1,

D0y,

“40”

D022

Y,

Y:

Y;

Z,

Z,

73

L1,

L1,

mC10
mC10
DI,
DI,

D1

D7
ACS
ACS
SQS-8
SQS-8
SQS-8
SQS-16
SQS-16
SQS-16
SQS-32
SQS-32
SQS-32

NiPt;

NizPt

Ni,Pt,

NiPt;

Ni;Pt

Ni,Pt,

NiPt;

Ni;Pt

Ni,Pt,

NiPt;

Ni;Pt

NiPt;

Ni Pt
NiPt,
Ni Pt
NiPt,
Ni;Pt
NiPt;
Ni;Pt
NiPt;
NiPt,
NiPt,
Ni Pt
Ni,Pt,
NigPtg
NigPt;,
Ni,,Ptg
NijPtys
NigPt),

1/4

1/4

1/4

1/4

1/4

1/4

1/4

1/4

1/4

9/25
9/25
9/16
9/16
9/25
9/25
9/16
9/16
1/4

1/4
1/4

1/4
1/4

1/4

1/6

-1/3

1/6

1/6

173

1/3

1/3

173
1/3
1/2
1/2

1/2
1/2
1/4

1/4
1/4

1/4
1/4

1/4

2/3

1/3

2/3

1/3

-1/3

1/3

2/3

1/3

2/3

1/6

173

173

1/3

1/6

1/6

-1/3

1/3
1/3
1/2
1/2

1/2
1/2
1/4
1/24
1/4
1/4

1/4
1/4

1/4

173

-1/3

1/3

1/3

-1/3

1/3

1/3

-1/3

1/3

FM
NM
FM
NM
FM
NM
M
NM
M
NM
M
NM
M
NM
M
NM
M
NM
M
NM
M
NM
M
M
NM
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

14.83
14.77
12.27
12.18
13.57
13.48
14.76
14.70
12.32
12.22
13.63
13.53
14.79
14.72
12.31
12.19
13.50
13.40
14.70
14.62
12.29
12.17
12.12f
14.73
14.69
14.53"
12.07
14.99
12.01
14.99
11.67
15.34
11.61
15.30
12.32
13.56
14.76
12.33
13.65
14.78
12.33
13.63
14.79

-46.7
-27.4
-71.6
-35.4
-71.3
-48.7
-44.9
-38.4
-40.2
-4.8

-46.9
-19.6
-30.1
-23.6
-13.8
11.9

-34.2
-16.6
-53.5
-43.4
-69.4
-394

-64.3
-53.7

-27.8
-27.6
-54.3
-33.2
-24.8
-29.5
-25.8
-32.2
-28.5
-57.5
-39.0
-29.8
-39.2
-35.2
-32.7
-42.6
-30.0

227.2
231.3
203.6
2104
214.0
220.0
224.2
231.8
202.2
207.9
212.5
217.2
221.0
230.5
200.6
207.9
209.3
218.2
223.8
231.9
201.8
210.6

228.9
233.1

200.1
226.1
202.3
226.1
198.9
234.9
199.5
2343
202.9
210.7
223.1
202.5
211.8
2249
201.6
211.8
224.6

541
541
5.06
5.12
5.25
5.27
5.38
543
5.08
5.13
5.27
5.29
5.21
5.40
5.05
5.09
5.10
5.30
5.20
541
4.92
5.11

5.48
5.44

5.10
5.38
5.10
543
5.00
5.51
5.05
5.45
5.10
5.27
5.22
5.11
5.28
541
5.10
5.27
5.53

0.36

0.59

0.53

0.35

0.58

0.54

0.39

0.53

0.45

0.42

0.59

0.43°
0.27

0.57
0.33
0.57
0.32
0.59
0.23
0.59
0.21
0.56
0.49
0.41
0.56
0.50
0.36
0.57
0.50
0.35
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* See Appendix for the structure details, the m+n in Ni,,Pt, indicates the independent atoms in the
primitive cell.

® Experimental data, see Table 2 for details.

¢ Experimental data.>*

4 Experimental data.”

¢ Experimental data at 298 K.”

" Experimental data.'”
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Figure captions

Fig. 1 (Color online) Average radial distribution functions (RDF’s) for the SQS structures and
the i1deal fcc structure of FM Nig 5Ptg s.

Fig. 2 (Color online) Bond length distributions in the first nearest neighbor region of the
disordered FM Ni; Pty alloys predicted by first-principles SQS calculations. The dotted line
indicates that the average bond length (mean value of SQS-8, SQS-16, and SQS-32) is equal to
the bond length distribution. The solid lines indicate the average Ni-Ni, Ni-Pt, and Pt-Pt bond
lengths according to SQS-32.

Fig. 3 (Color online) First-principles calculated equilibrium volumes (upper triangle) and bulk
moduli (lower triangle) of the ordered and disordered (SQS’s) FM Ni, Pty alloys, see Table 4 for
details.

Fig. 4 (Color online) First-principles calculated derivatives of bulk modulus relative to pressure
(above panel) and magnetic moments (low panel) of the ordered and disordered (SQS’s) FM Ni;.
«Ptx alloys, see Table 4 for details. The experimental data are taken from Ref. 54.

Fig. 5 (Color online) First-principles calculated relative energies (i.e., formation enthalpies) of
the ordered and disordered (SQS’s) FM Ni, Pty alloys when considering the FM contributions,
see Table 4 for details. Note that the reference states are fcc Ni and fcc Pt, the dotted line links
the ground states, the solid line is the CEM predicted results for disordered alloys based on the
results of the ordered structures, the dashed line shows the fitted results by R-K polynomial for

disordered alloys based on the SQS results, and the experimental data are from Ref. 55.
Fig. 6 (Color online) First-principles calculated phonon DOS’s for the ordered and disordered

(SQS’s) FM NigsPtys alloys. The experimental data are derived from incoherent inelastic

.62
Scattering.
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Fig. 7 (Color online) First-principles calculated stretching and bending force constants of the
ordered and disordered (SQS’s) FM Niy 5Pty s, together with the results for fcc Ni and fcc Pt (see

Table 4 for the ordered structures used herein).
Fig. 8 (Color online) Predicted relative Helmholtz free energy (AF) and relative entropy (AS) of

FM Nij 5Pty s between the ordered L1, and the disordered SQS-16 structures, with L1, being the

reference state.
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Fig. 3.

} t } } .
-7 240
Volume 6
154+ | © Ordered A SQS-8 QJ,J‘.
¢ SQS-16 O SQS-32 g,r
—_ 8 e F230 @
E A IS ES
o144+ . ' a
5] .
o g . 8_
< E s L 220 €
- c
g13t o . @
2 O.-” l Q)
Q T
> a ° -210 £
12T @ 4 Bulk modulus
8 e ' ® Ordered A SQS-8
g @ & SQS-16 m SQS-32| 200
11 "" : : | |
0.0 0.2 0.4 0.6 0.8 1.0
Ni Mole fraction of Pt Pt
Fig. 4.
1 1 I 1
" | © Ordered o S
54| & SQS-8 o '&0.— _
a | | & SQS-16 s |
= B SQS-32 e
o
T 52 g <] -
fn i o o |
50F..-~0 B' A
(7] L0 | | |
1 1 I 1
O@' O = -
| °°B g MM |
£ i o
2 04} " 8 -
*-_m i @ |
=2 # o
2 o2 o 8 -
"| # Expt of MM| o -
0.0 ' L ! ! &
0.0 0.2 0.4 0.6 0.8 1.0
Ni Mole fraction of Pt Pt

31



Fig. 5.
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Fig. 7.
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Fig. 8.
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