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A comprehensive study of the structural, cohesive and electronic properties of several stable, metastable
and non-stable intermetallic phases (IPs) of the Ni-In and Ni-Sn systems have been performed by ab ini-
tio density-funcional-theory (DFT) methods. Using the projector augmented wave method we have per-
formed systematic spin polarized calculations with the exchange and correlation functions of Perdew and
Wang in the generalized gradient approximation (GGA), as well as those by Ceperley and Alder in the
local-density-approximation (LDA). Structural properties, the energy-of-formation (EOF) from the ele-
ments and the cohesive properties of the various phases have been established by minimizing the inter-
nal structural parameters. We present trends at 0K in the composition dependence of the molar
volumen, bulk modulus and its pressure derivative, electronic density of states, magnetic moments
and the EOF of several stable and metastable IPs reported in the Ni-In and Ni-Sn systems as well as var-
ious non-stable (hypothetical) compounds which are relevant in connection with the thermodynamic
analysis of the Ni-In and Ni-Sn systems using Gibbs energy models and the so-called CALPHAD tech-
niques. The results are compared with the available experimental data and with previously reported the-
oretical results. The present study of the thermodynamic and cohesive properties of Ni-In/Sn
intermetallic phases should contribute to the understanding of the phase-stability systematics in the
Ni-In-Sn system and the design of new soldering alloys.
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1. Introduction

The environmental demand for Pb-free soldering systems has
motivated a systematic search for candidates to replace the Pb-
Sn alloys. In particular, considerable research efforts have been de-
voted to the study of alloys based on the In-Sn system. More spe-
cifically, the In-48 at.%Sn eutectic alloy has been considered
attractive because it presents a low liquidus temperature, good
wettability and might form various intermetallic phases (IPs) at
the interconnection zone [1]. The properties of these IPs, which
are formed between the solder alloy and the usual contact materi-
als, determine the final properties of the joints. Although Cu is the
most commonly used contact material in electronic devices, Ni is
also used as a substrate, since in comparison with Cu it presents
a slower kinetics of interfacial reaction with the solder. This pre-
vents the excessive intermetallic growth which is known to have
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undesirable effects on the mechanical reliability of the joints [2].
Because of this interesting combination of properties, various stud-
ies have been devoted to the properties of the IPs occurring in the
Ni-In-Sn system [3,4]. However, in spite of the long-standing prac-
tical interest in these compounds, there is a need for additional
information, to be used with two main theoretical and practical
purposes. In the first place, the experimental data available does
not allow a comparative study of the properties of the stable IPs
and to establish trends in the composition and structure depen-
dence of the molar volume and other equation-of-state (EOS)
parameters. These quantities are also of interest, i.a., as variables
in various types of correlations involving other elastic and vibra-
tional properties. Secondly, there is a need for information on the
phase diagram and thermodynamic quantities used to describe
the relative stability of the IPs. The phase-stability problem in mul-
ticomponent systems has often been treated by applying the CALP-
HAD [5] modeling and extrapolation techniques. When applying
such methods, the boundaries of the phase-stability fields in, e.g.,
a ternary system, might be calculated using descriptions of the
Gibbs energy function (G) which are based on a suitable combina-
tion of the G contributions of the binary subsystems. In many
cases, the binary G functions are determined by fitting the
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parameters in the models to the experimental data available. How-
ever, the modeling of ternary compounds in the Ni-In-Sn system
using, in particular, the Compound-Energy Formalism (CEF) [6]
would involve information concerning binary Ni-In and Ni-Sn
compounds which are not stable. Therefore, a useful thermody-
namic database for the Ni-In-Sn system should also include reli-
able information on the structural and EOS parameters, as well
as the relative stability of the non-stable phases which are hypoth-
esized in standard CALPHAD models such as the CEF. The general
purpose of the present work is to rely upon ab initio methods to de-
velop such a database for the Ni-In and Ni-Sn subsystems of the
ternary. The new theoretical information will be used to study
trends in the cohesive, electronic and phase-stability properties
of various stable and metastable stoichiometric IPs, as well as the
hypothetical compounds involved in the thermodynamic modeling
of the key non-stoichiometric Ni-In and Ni-Sn phases. To this end,
extensive density-functional-theory (DFT) calculations have been
performed of the 0 K lattice-parameters, molar volume, bulk mod-
ulus and its pressure derivative, electronic density of states, mag-
netic moments and the energy of formation from the elements of
several stable and non-stable Ni-In and Ni-Sn compounds. In the
remainder of the present section we review the experimental
and theoretical information on the Ni-In and Ni-Sn systems and
explain the specific motivations and aims of the work.

The phase diagram of the Ni-In system [7] presents eight stable
solid phases: NisIn (hexagonal hP8), Ni,In (hexagonal hP6), Ni;3lng
(monoclinic mC44), Niln (hexagonal hP6 with CoSn prototype
structure) and NiyIn; (hexagonal hP5), and Niygln,, (cubic cI52 or
cl40) are stable at low temperature, whereas ¢-NiyIn (hexagonal
hP4) and 5-Niln (cubic cP2) non-stoichiometric phases are stable
only at high temperatures. In thin films and at high pressures the
cubic cP4 AuCus prototype structure has been observed [8]. In a la-
ter revision of the Ni-In phase diagram [9] based on X-ray diffrac-
tion (XRD) data only the NisIn hP8 structure could be confirmed.
For the other phases, like the low temperature Niln and Ni,Ins
ones, the calculated XRD spectra do not precisely fit the observed
X-rays data. For the composition range around NiyIn recent exper-
imental investigations indicate that the ideal, fully occupied Ni,In-
hP6 structure, does not exist as a stable room-temperature phase
but completely dissociates into the previosuly unreported Ni;Ins;
and Nislns stoichiometric compounds [10]. The compound NiIns
(triclinic aP40) is isostructural with CusIns, a B8 superstructure
phase with ordered In vacancies. The phase with composition Nis_
In3 (monoclinic mC32) is isostructural with NisGes, which in turn
is a Ni deficient B8 superstructure relative to Ni,In. In a later work
it was reported that the compound Nislns is not stable at the
annealing temperature of 400 °C, which is 80 °C below the reported
transition temperature from NisIns to the high temperature Niy.In
phase [11]. Instead it forms a two-phase mixture of Ni;In; and
Ni;slng. Although it is possible that the NisIns phase exists in the
Ni-In system, it might be a metastable compound or a phase stable
at temperatures different from the one studied in Ref. [11]. In spite
of these new findings no changes in the phase relationships were
introduced by these authors to the phase diagram previously
established by Singleton and Nash [7] and Durussel et al. [9].

Ab initio methods have previously been applied to some se-
lected phases of the Ni-In system. The electronic structure,
mechanical and magnetic properties of NisIn has been studied by
Guo et al. [12,13] using the full-potential linear augmented plane
wave (FP-LAPW) [14] method and the generalized gradient
approximation (GGA) potentials of Purdew, Burke and Ernzerhof
(PBE) [15]. The ferromagnetic cP4 phase is reported to be the
ground state with respect to the hP8, the known stable phase at
low temperature, and the tetragonal tI8 phase [13]. The calculated
lattice parameters are in good agreement with experiments, and
both cP4 and hP8 phases are predicted to be weak ferromagnets

with magnetic moments of 0.5 and 0.7 pg/cell, respectively. Hsu
et al. [16] measured the X-ray absorption near-edge spectroscopy
(XANES) spectra at the Ni K-, In L3-, and In K-edge of NisIn and Nis_
Ing, and compared with theoretical XANES spectra and site- and
momentum-decomposed partial DOS derived from first-principles
FP-LAPW calculations. The theoretical XANES spectra of NisIn cal-
culated for the hP8 structure resembles the corresponding experi-
mental spectra much better than those calculated for the cP4 and
tI8 structures. However, the calculated spectra for the Ni;slng
phase, modeled as an orthorhombic structure with 22 atoms in
the unit-cell instead of the monoclinic mC44 structure reported
for this compound [8] agreed poorly with the experimental data.
Also to note is that in these previous works no relaxation of the
internal coordinates in the unit cell was allowed for. In a very re-
cent work using the same spin polarized FP-LAPW method and
GGA approximation, and taking into account the full relaxation
of internal coordinates, Deluque Toro et al. [17] established that
the hexagonal NisIn (hP8), NiyIn (hP6), Niln (hP6) and NijIns
(hP5) phases are thermodynamically stable with respect to the ele-
ments, and that the Niln (hP6) phase is the one with the lowest en-
ergy. Only for the NizIn compound a permanent magnetic moment,
with a calculated value of 1.13 pg/cell, was determined. The Niln
CoSn-type intermetallic has been studied both experimentally
and by first-principles calculations by Mikhaylushkin et al. [18].
They used the projector augmented wave method [19] and the
GGA [20]. The structural parameters for the ground state structure
agree well with the experimental data. Niln is reported to be para-
magnetic. High-temperature multianvil experiments indicate that
Niln transforms into a CsCl-type high-pressure phase, in accord
with the theoretical prediction.

In the present ab initio study we will treat the low-tempera-
ture stable phases NisIn, NiyIn, NisIng, Niln, NizInz and Nislns.
Moreover, we will study the new compounds Ni,Inz and NisIns,
which are not included in the phase diagram but have been de-
tected around the NiyIn composition range [10]. In addition to
these stable and metastable stoichiometric phases, the non-stable
(“hypothetical”) compounds involved in the CALPHAD modeling
of the Nij3Ing, é-NiyIn and §-Niln non-stoichiometric phases using
sublattice models (see below) will be treated. With this new
information a comprehensive ab initio account of the Ni-In sys-
tem, involving stable, metastable and hypothetical, model-gener-
ated compounds, will be presented for the first time. In addition,
the Ni-In results will be compared with the corresponding prop-
erties of the closely related Ni-Sn system, which is reviewed in
the following.

Three intermetallic phases are included in the accepted Ni-Sn
phase diagram [21]: Ni3Sn, NisSn,, and NisSng. The NisSn com-
pound occurs in two forms, viz., the high temperature (HT) cubic
cF16 and the low temperature (LT) hexagonal hP8 forms. Two
other structures of NisSn have also been reported: the cubic cP4
type, stable at high pressures, and the orthorhombic oP8 type,
which forms by a martensitic transformation of the NisSn (HT)
phase [22]. There are also two forms of Ni3Sn, in the phase dia-
gram, viz., the Ni3Sn, (HT), a Ni,In/NiAs B8,/B8; type structure, sta-
ble between 873 and 1540 K, and the Ni3Sn, (LT) structure stable
below 873 K [21]. Three forms of Ni3Sn, (LT) have been identified,
one commensurate and two incommensurate ones [23-27]. The
commensurate phase, stable between 39.3 and 40.8 at.%Sn, has
an orthorhombic 0P20 structure and lies between the two incom-
mensurate phases, Ni3Sn, (LT’) with orthorhombic symmetry and
NisSn, (LT”) with unknown crystallographic characteristics. Only
the commensurate phase will be studied in this work. The NizSny
compound has a monoclinic mC16 symmetry, isostructural with
CoGe, but with partial occupation of Ni 2c sites to fit with the com-
pound stoichiometry [28]. Previous works reported a monoclinic
structure with fully occupied mC14 symmetry [8]. Metastable
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crystalline phases have also been reported for this system. In stud-
ies of interfacial reactions in Ni/Sn using diffusion couples, Boettin-
ger et al. [29] detected the NiSn,4 phase in solder joints subjected to
thermal cycles. This phase, isomorphous to AuSn,, presents the
orthorhombic 0C20 symmetry. At the same composition Watanabe
et al. [30] identified a tetragonal phase in Ni-Sn thin films obtained
by electrodeposition. The cohesive properties of various stable,
metastable and hypothetical (“virtual”) Ni-Sn intermetallics have
been studied by Ghosh using first principles DFT calculations,
ultrasoft pseudopotentials (US-PP) and both the LDA and GGA for
the exchange-correlation functional [31]. The ground state struc-
tures are found to be consistent with experimental observations.
The metastable compound NiSns-0C20, observed in Ni/Sn reaction
couples, is predicted to be a ground state structure and its mechan-
ical stability was corroborated by calculating the single-crystal
elastic constants. Since a tetragonal phase is also observed in Ni-
Sn thin films [30] the NiSns-tP10 structure was also treated by
Ghosh [31]. Its thermodynamic stability is predicted to be similar
to that of NiSny-0C20. For the ground state compounds the energy
of formation calculated using US-PP and LDA agree better with
calorimetric data than those calculated using US-PP and GGA.
The experimental lattice parameters of the stable and metastable
phases are found to lie between those calculated using LDA and
GGA. In several cases, the values obtained by GGA agree within
1% with the measured ones. A similar trend has recently been ob-
served in ab initio calculations performed in the closely related Cu-
In and Cu-Sn systems [32].

Some of the compounds treated by Ghosh [31] were included in
the present work, for two reasons. A first reason, a general one, is
that we aim at establishing and comparing the trends in the calcu-
lated properties of the Ni-In and Ni-Sn stable and metastable com-
pounds. Such comparison requires that both systems are treated
using the same computational scheme and level of approximation.
The second reason, a more specific one, is that the present work is
conceived as a first step in the development of a thermodynamic
database to be used as a complement of the CALPHAD-type assess-
ment (“optimization”) procedures [33]. To this end the properties
of the stable and non-stable phases hypothesized in the CALPHAD
models for Ni-Sn compounds (see below) should also be calculated
using the same computational scheme and level of approximation.
For these reasons, the low-temperature stable phases Ni3Sn, Nis_
Sny, NisSny, the metastable NiSng phase and the hypothetical
phases involved in the most recent CALPHAD analysis of the Ni-
Sn system, were included in the present study.

A key purpose of the present work is to produce thermody-
namic information of direct interest for the thermodynamic mod-
eling of binary and ternary IPs using the CEF, a rather general

Table 1
Crystallographic data and typical composition of the stable and metastable Ni-In and
Ni-Sn phases treated in the present work.

System Phase (typical composition) Pearson symbol

Ni-In NisIn (25 at.% In) cP4
Nisln (25 at.% In) hP8
NizIn; (30 at.% In) aP40
NizIn (33.33 at.% In) hP6
NisIn; (37.5 at.% In) mC32
Niq3Ing (40.9 at.% In) mC44
Niln (50 at.% In) hP6
NizIn; (60 at.% In) hP5
NisIn; (70 at.% In) cl40

Ni-Sn NisSn (25 at.% Sn) cF16
Ni3Sn (25 at.% Sn) hP8
Ni5Sn (25 at.% Sn) cP4
Ni3Sn, (40 at.% Sn) oP20
Ni3Sny (57.14 at.% Sn) mC14
NiSny (80 at.% Sn) 0C20

modeling scheme that involves the identification of the sublattices
where the mixing of the alloying elements takes place [6]. In par-
ticular, Waldner and Ipser [34] treated the §-Niln phase of the Ni-
In system using the two-sublattice model (Ni, Va);(In,Ni); whereas
the {-NiyIn and {-Ni;3Ing phases were described using the three-
sublattice schemes (Ni);(Ni,Va);(In,Ni); and (Ni);(Ni,Va);(In);,
respectively. In these formulas, the elements in parentheses substi-
tute for each other in the given sublattice and “Va” represents va-
cant crystalline sites. When applying the CEF [6] with these
sublattice schemes it is necessary to determine the thermody-
namic properties of the hypothetical “end-member compounds”
(EMC) which are generated by assuming that each sublattice is
fully occupied by one of the mixing elements (Ni, In and Sn) or
by Va. The EMC for the Waldner and Ipser model for {’-Ni;3Ing cor-
respond to the sublattice occupations (Ni);(Ni);(In);, usually repre-
sented as “Ni:Ni:In”, and interpreted as a compound with formula
“NiyIn”; and to the sublattice occupations (Ni);(Va);(In);, i.e., Ni:-
Va:In, which represent a “Niln” compound. In current CALPHAD
work the energy and entropy parts of the Gibbs energy of forma-
tion of the EMC are usually determined by fitting the CEF equations
to various types of experimental data. As an alternative, the energy
of formation of these hypothetical compounds will be calculated in
the present study and critically compared with the values obtained
by Waldner and Ipser [34] for the Ni-In system and by Liu et al.
[35] for the Ni-Sn system using CALPHAD techniques. On this ba-
sis, a discussion will be presented of the possible use of theoretical
methods to complement the thermodynamic optimization tech-
niques with ab initio information on Ni-In and Ni-Sn IPs, and to

Fig. 1. Structures of the Ni-In intermetallic phases treated in the present work. From left to right: NisIn (hP8), Ni;In3, NiyIn, NisIns, Ni;3Ing, Niln, NiyIns, NisIn;. Black and light

gray spheres represent Ni and In atoms, respectively.
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Fig. 2. Structures of the Ni-Sn intermetallic phases treated in the present work. From left to right: Ni3Sn, Ni3Sn,, NisSng, NiSny. Black and dark spheres represent Ni and Sn

atoms, respectively.

gain insight upon the effect of the approximations involved in the
estimation procedures adopted in current CALPHAD modeling
work.

The crystallographic data corresponding to the stable and meta-
stable Ni-In and Ni-Sn IPs studied in this work are summarized in
Table 1. The corresponding structures are shown in Figs. 1 and 2.
The hypothetical EMC included in the present work are discussed
in Section 3.5.

2. Theoretical method

Spin polarized total energy DFT calculations were performed using the projector
augmented-wave method (PAW) [19] and the VASP code [36].

For the exchange-correlation energy we adopted the generalized gradient
approximation due to Perdew and Wang (GGA-PW91) [20] and the local density
approximation due to Ceperley and Alder [37]. It is expected that these approxima-
tions will give different results for the cohesive and structural properties of solids.
The LDA, which is valid for systems with slowly varying electronic densities, it is
known to overbind the atoms in the solid, predicting lattice-parameters (LPs) that
are typically understimated while the cohesive energies and elastic moduli are typ-
ically overestimated [38]. The GGA includes a electronic density gradient term in
the LDA exchange-correlation energy, greatly improving the accuracy for the cohe-
sive properties of solids, especially for binding energies [39]. However, it very fre-
quently overcorrects LDA results yielding LPs and bulk moduli that are
overestimated and underestimated respectively [40]. When comparing predictions
of the energy of formation from the elements (EOF), it has been found in previous
calculations for systems related to the present ones that switching from GGA to
LDA leads to a decrease of (i.e., to a more negative) EOF by a few kj/mol. As a con-
sequence, the LDA predictions of the EOF are in better agreement with experiments
[32,45,46,48]. In the present work we will critically compare the results of the spe-
cific LDA and GGA exchange-correlation energy functions adopted to calculate the
cohesive and structural properties for the Ni-In and Ni-Sn IPs. For the PAWs we
considered 10 valence electrons for Ni (3d®4s?), 3 for In (5s%p') and 4 for Sn
(5s%p?). The kinetic energy cut-off for the plane wave expansion of the electronic
wavefunction was 330 eV. In order to test the effect of this choice for the cutoff en-
ergy upon the total energies and the energy of formation of the compounds, (Sec-
tion 3.4) calculations were performed using a cut-off energy of 450 eV for the
NisIn (hP8) compound and the corresponding elements. The changes in the total en-
ergy are less than 10 meV/atom (1 kJ/mol), and the energies of formation are con-
verged within 2 meV/atom (0.2 kJ/mol) when adopting a cut-off energy of 330 eV.

We used the Monkhorst-Pack k-point meshes [41] and the Methfessel-Paxton
technique [42] with a smearing factor of 0.1 for the electronic levels. The conver-
gence of the k-point meshes was checked until the energy converged with a preci-
sion better than 1meV/atom. In this way the k-meshes considered were
15 x 15 x 19 for NizIln and NisSn, 3 x 3 x 5 for NiyIn3, 19 x 19 x 15 for Ni,In,
7 x 13 x 13 for Nislnz, 5 x 9 x 7 for Ni3lng, 17 x 17 x 19 for Niln, 17 x 17 x 15
for NiyIns, 7 x 7 x 7 for NisIny; 11 x 15 x 9 for Ni3Sn,, 3 x 9 x 7 for NisSn, and
7 x 7 x 3 for NiSn,. These values implied up to 432 k points in the irreducible Brill-
ouin zone (IBZ), depending on the structure. The criterion for the self-consistent
convergence of the total energy was 0.1 meV. The structures were optimized with
respect to the lattice-parameters and the internal degrees of freedom compatible
with the space group symmetry of the crystal structure, until the forces were less
than 30 meV/A and the energy variations with respect to the structural degrees of
freedom were better than 1 meV/atom.

The total energy (E) and external pressure (P) were calculated for values of vol-
ume (V) varying slightly around the equilibrium (up to +5%), relaxing all external
and internal coordinates of the system. The bulk modulus and its pressure deriva-
tive were obtained by fitting the calculated pressure-volume values to the P vs. V
EOS due to Vinet et al. [43]. This equation is the one adopted in our previous ab ini-
tio work on Cu-In compounds [44], in the work by Ghosh and Asta on the Cu-Sn
system [45] and by Ghosh on Ni-Sn [31] compounds.

The energy of formation (EOF) of the IPs was calculated as

a b

1 y
b, ~ g p Nt g pE )

AE? (NigMy) = ot

where AE? is the EOF per atom of the Ni;M, (with M =In, Sn) compound with the
structure ¢, Eﬁ‘,iuMb the corresponding total energy, Eﬁ,,-is the total energy per atom
of Ni in its equilibrium phase 6 (fcc), and EJ, is the total energy per atom of In or
Sn in their equilibrium structure v ( = tI2 for In and tl4 for Sn, see below). This
choice of the reference states allows a direct comparison of the theoretical AE? with
the results of calorimetric experiments and with the values derived in the CALPHAD
modeling of phase diagrams. A negative EOF means that the compound is thermody-
namically stable with respect to the elements a 0 K. This is the expected behavior of
the IPs which are observed as stable phases at very low temperatures in the phase
diagram.

3. Results and discussion
3.1. Cohesive properties of the elements

In Table 2 we summarize the results for the elements Ni, In and
Sn in their known equilibrium structures, i.e., fcc for Ni, tI2 for In
and tl4 for Sn. We report the LPs, the equilibrium volume (V,),
the bulk modulus (B,) and its pressure derivative (B;).

The LPs are underestimated by less than 2.4% by the LDA, and
overestimated by less than 2.2% in GGA calculations. The present
LPs agree very well with previous ab initio results based on US-
PP [31] and FP-LAPW [17] calculations. In general, the calculated

Table 2

Calculated structural, equation-of-state parameters and magnetic moments for pure
elements Ni, In and Sn at 0 K. The lattice parameters are given in A, the equilibrium
volume (V,) in A3/atom, the bulk modulus (B,) in GPa, the magnetic moment in g/
atom.

Pure PS. V, a,c B, B, M Aprox.
Ni cF4 10.044 3425 2579 5.6 0.586 LDA
(10.141  3.436 2514 45 0.594)
(10.016  3.422 2558 5.0 0.56)°
10931  3.523 1862 59 0.607 GGA
(11.026  3.533 1970 67 0.651)
(10.940 3.524 2014 36 0.59°
3.510° 187.6¢ 53¢  0.604°
3.5158 48°  0615"
In tl2 24769  3.178,4.905 513 5.2 0.0 LDA
(24513 3.191,4.813 506 5.4)°
27505  3.305,5.036 365 6.3 GGA
(27.417 3.318,4979 357 5.3)°
26.020  3.245,4.9421 418 4.8
Sn tl4 26193  5794,3.121 615 5.1 0.0 LDA
(26.173  5.780,3.134  59.8 5.0)
28348  5948,3.204 486 5.9 GGA
(28.443 5947,3218  46.0 43)
26.886  5.820,3.175' 579  6.01°¢
4.96°
2 Ab initio US-PP [31].
b

Ab initio FP-LAPW [17].

Experimental data extrapolated at 0K [53].
Experimental data based on Cj; at 0 K [54].
Reported data at 298 K [55].

Experimental data at 0 K [56].
Experimental data extrapolated to 0 K [57].
Reported data at 0 K [58].

Experimental data [8].

Experimental data at 293 K [59].
Experimental data at 4.2 K [60].

F S~ L
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Table 3
Structural and elastic properties for Ni-In intermetallic phases at 0 K. The lattice parameters are given in A, the equilibrium volume (V) in A*/atom, the bulk modulus (B,) in GPa.
Phase P.S. Vo ab,c o By B, B, Aprox.
Stable
NisIn hP8 13.188 5.367, 4.229 149.6 6.6 GGA
(13.128 5.357, 4.227 1489 49)
(13.154 5314, 4303 156.0)°
12.130 5.216, 4.119 191.4 6.6) LDA
(12.060 5.207, 4.109 192.7 5.4)*
(13.031 5.332, 4.234)° Exp.
NisIn cP4 13.152 3.747 151.1 6.6 GGA
(13.107 3.743 1524 5.0)*
12.075 3.642 193.6 7.2 LDA
(12.052 3.640 197.1 48y
(13.184 3.750)¢ EXp.
Ni;In3 aP40 13.826 11.147, 11.129, 6.600 138.3 6.6 GGA
126.37°, 61.35°, 119.47°
12.718 10.847, 10.838, 6.415 173.6 6.4 LDA
126.45°, 61.58°, 118.89°
13.606 11.098, 11.097, 6.572¢ Exp.
126.59°, 61.15°, 119.58°
NiyIn hP6 14.158 4314, 5.271 143.6 6.1 GGA
(14.183 4.317,5.273 1359 2.9)*
(13.556 4.265, 5.163)°
12.967 4,193, 5.110 171.9 6.5 LDA
(12.980 4.196, 5.106 1744 5.0)*
Nislns mC32 14.793 12.549, 7.207, 6.658, 124.3 7.3 GGA
51.83°
13.625 12.207, 7.015, 6.479 162.0 5.8 LDA
51.80°
Niy3lng mC44 15.078 14.862, 8.464, 9.120 1314 5.0 GGA
35.33°
13.839 14.448, 8.220, 8.860 157.4 5.6 LDA
35.36°
(14.400 14.646, 8.329, 8.977 Exp.
35.35°)
Niln hP6 17.635 5.282, 4.379 99.5 7.7 GGA
(17.571 5274, 4376 107 4.7y
(17.683 5.287, 4.383 102)°
(16.230 5.139, 4.257 1319 5.1) LDA)?
(16.192 5.130, 4.267 132.1 5.1)7
(17.267 5.244, 4.350 153 4.0)f Exp.
NiIn; hP5 18.278 4.443, 5.345 94.5 5.8 GGA
(18.277 4.453, 5.321 93.2 51)*
16.786 4.314, 5.207 121.2 6.0 LDA
(16.708 4.306, 5.203 1231 5.5)*
(17.358 4.390, 5.200)¢ Exp.€
Nisln, cl40 20.090 9.297 771 6.7 GGA
18.377 9.025 102.0 6.1 LDA
(19.340 9.180)¢ Exp.

Ferromagnetic (FM) FP-LAPW GGA-PBE and LDA-PW calculations including relaxations of internal coordinates [17].
FM FP-LAPW GGA-PBE calculations (without relaxations of internal coordinates) [12,13].

Experimental data [10,11].

a
b
¢ Experimental data [8].
d
e PAW GGA-PWO1 [18].

B, show larger discrepancies with experiments, and the GGA calcu-
lated values are closer to the experimental ones than those given
by the LDA. Specifically, the GGA underestimates B,, and the largest
deviations amount to —16% for Sn and —13% for In. The LDA calcu-
lated B, values are larger than the experimental ones. This corre-
lates with the smaller LPs indicating that the LDA predictions
show a typical overbinding effect. In particular, deviations of up
to 38% are obtained in the case of Ni. Acceptable agreement with
experimental values (i.e. within 31%) is obtained for the B,. The
present B, and B are also in good agreement with other reported
values from US-PP [31] (for B, within 3% for LDA and 6% for
GGA) and FP-LAPW (for B,, less than 2% for LDA and 8% for GGA)
[17] calculations. It should be mentioned that no significant

differences are found between the present spin-polarized results
for In and Sn and those obtained in our previous work using a
slightly lower value for the energy cut-off (314 eV) [32].

3.2. Structural and EOS parameters for Ni-In and Ni-Sn compounds

The structural and EOS parameters for the Ni-In and Ni-Sn
compounds studied in the present work are listed in Tables 3
and 4, respectively, together with other information to be dis-
cussed in the following. The present values for the unit-cell
internal coordinates of Ni-In and Ni-Sn compounds are given in
Table 5. In Fig. 3 we compare the present GGA (circles) with
the LDA (triangles) values for V, and B, for Ni-In (3a and c) and
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Table 4
Structural and elastic properties for Ni-Sn intermetallic phases at 0 K. The lattice parameters are given in A, the equilibrium volume (V,) in A3/atom, the bulk modulus (B,) in GPa.
Phase PS V, ab,c o By B, B, Aprox.
Stable
NisSn hP8 13.021 5.317,4.255 166.7 6.3 GGA
(13.106 5.326, 4.268 162.0 5.1)
12.065 5.181, 4.153 209.4 5.7 LDA
(12.104 5.185, 4.137 204.8 4.8(°
(12.890 5.295, 4.247)°
NisSn cF16 13.086 5.938 162.0 6.0 GGA
(13.179 5.952 161.2 5.2)
12.108 5.786 2041 6.0 LDA
(12.170 5.7961 203.6 4.7)?
(13.379 5.982)°
NisSn, oP20 15.381 7.164, 5.228, 8.213 132.1 5.7 GGA
(15.473 7.185, 5.234, 8.226 128.1 4.9)*
14.217 6.985, 5.094, 7.991 164.2 4.4 LDA
14.296 7.002, 5.100, 8.004 161.5 4.92
(15.091 7.125, 5.195, 8.154)¢
Ni3Sny mC14 18.304 12.312, 4.087, 5.266 101.8 3.0 GGA
104.78°
(18.460 12.324, 4.110, 5.284 96.7 5.0)?
105.1°
16.971 12.024, 3.988, 5.131 127.5 5.7 LDA
105.1°
(17.032 12.013, 4.000, 5.145 123.0 4.9)*
105.3
(18.104 12.215, 4.060, 5.291)
105.0°¢
Metastable
NisSn cP4 13.030 3.735 163.6 5.8 GGA
(13.120 3.744 163.4 4.9)*
12.055 3.640 208.5 6.4 LDA
(12.116 3.646 204.5 4.7)?
(13.057 3.738)°
NiSny 0oC20 23433 6.341, 6.383, 11.579 57.5 6.4 GGA
(23.558 6.347, 6.369, 11.660 55.5 4.7)?
21.577 6.177, 6.218, 11.236 73.7 6.6
(21.623 6.171, 6.199, 11.296 7.3 5.4)* LDA
(23392 6397, 6.426, 11.381)°
2 Ab initio US-PP [31].
b Ref. [61].
¢ Ref. [8].
4 Ref. [26].
€ Ref. [29].

Ni-Sn (3b and d) and with the experimental data for V, (crosses).
The dashed lines are only to guide the eye. In Fig. 4, the present
GGA (filled circles) and LDA (filled triangles) for V, (4a and b)
and B, (4c and d) for Ni-Sn compounds are compared with the
results by Ghosh [31] using GGA (empty circles), LDA (empty trian-
gles) and with experiments (crosses).

In most of the cases, the GGA values for the LPs of Ni-In and Ni-
Sn deviate positively from experiments, with a difference less than
3%. Some negative deviations which are smaller in magnitude are
also observed. The corresponding LDA values are smaller than
the experimental ones by less than 3.5%. Concerning B, and B,
we remark that a comparison with experiments is possible only
for Niln (hP6). In this case the LDA leads to deviations of 14% and
27%, respectively, whereas the GGA differences are about 3 times
larger. Similar GGA calculations [18] give comparable deviations
for B,. In general, for Ni-In compounds, the typical differences
for B, between the present and the FP-LAPW LDA and GGA results
[17] are less than 2%, except for NiyIn (hP6) where the difference
amounts at 6%.

According to Fig. 3 the GGA calculations slightly overestimate V,
of most of the stable Ni-In and Ni-Sn compounds, as found for
other systems (see, e.g., Refs. [46,47]), whereas the LDA calculated
V, values are systematically smaller than the experimental ones

with a more important discrepancy. A similar behavior has been
found for other intermetallic systems [17,31,48]. Also in accord
with the expected trends, the theoretical B, values for Ni-In
(Fig. 3¢) and Ni-Sn (Fig. 3d) compounds obtained with the GGA
are smaller than those obtained with the LDA. The comparisons
in Fig. 4 indicate that similar trends in the comparison with exper-
iments emerge from the US-PP results by Ghosh [31] using LDA
and GGA calculations.

The present results for Ni-In and Ni-Sn indicate a smooth var-
iation of V, and B, with composition. In particular, the ab initio cal-
culated V, values for the Ni-In and Ni-Sn compounds deviate
negatively from those that would yield a linear interpolation be-
tween the results for the elements. For B, negative deviations
are suggested by the LDA results, whereas the GGA values show
smaller deviations of both signs. The present results support the
observation that a negative deviation from linearity in the compo-
sition dependence in V, (or B,) does not necessarily imply a posi-
tive deviation in B, (or V,), as generally expected [31].

3.3. Electronic and magnetic properties of intermetallic phases

In this section we discuss the electronic and magnetic proper-
ties of some selected Ni-In and Ni-Sn IPs. In particular, we focus
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Table 5

Unit cell internal coordinates of NizIn, Ni;Ins, NisIns, Ni;3Ing, NizIns, NizIn,, Ni3Sn, NisSn,, Ni3Sny and NiSny4 calculated ab initio in the present work and experimental data [8,11].
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Phase

Site

Internal coordinates

(x, y, z): Calculated

(x, y, z): Calculated

(x,y, z): EXp.

Ni-In
NisIn

Ni;In3

NisIns

Ni;3lng

Ni,Ins

Nisln;

Ni-Sn
NisSn

Nis3Sn;

Ni3Sny

NiSny

Ni:6h
In:2c
Ni:1a
Ni:2i
Ni:2i
Ni:2i
Ni:1d
Ni:2i
Ni:2i
Ni:2i
Ni:2i
Ni:2i
Ni:2i
Ni:2i
Ni:2i
Ni:2i
Ni:2i
In:2i
In:2i
In:2i
In:2i
In:2i
In:2i
Ni:4c
Ni:4c
Ni:4c
Ni:4c
Ni:4c
In:2a
In:2b
In:4c
In:4c
Ni:2c
Ni:4f
Ni:4g
Ni:4i
Ni:4i
Ni:8j
In:2d
In:4i
In:4i
In:8j
Ni:2d
In:1a
In:2d
Ni:12e
In:12d
In:16f

Ni:6h
In:2c
Ni:4c
Ni:8d
Sn:4c
Sn:4c
Ni:2a
Ni:4i
Sn:4i
Sn:4i
Ni:4a
Sn:8b
Sn:8b

GGA

0.844, 0.688, 0.250
0.333, 0.666, 0.250

0.000, 0.000, 0.000
0.303, 0.458, 0.005
0.134, 0.713, 0.017
0.420, 0.147, 0.999
0.500, 0.000, 0.500
0.936, 0.146, 0.506
0.224, 0.576, 0.502
0.352, 0.302, 0.500
0.163, 0.002, 0.162
0.664, 0.144, 0.240
0.750, 0.982, 0.260
0.284, 0.766, 0.343
0.438, 0.455, 0.262
0.864, 0.589, 0.251
0.915, 0.232, 0.248
0.056, 0.527, 0.256
0.365, 0.996, 0.251
0.513, 0.710, 0.261
0.186, 0.267, 0.234
0.895, 0.840, 0.273
0.627, 0.365, 0.215

0.089, 0.149, 0.249
0.410, 0.186, 0.251
0.750, 0.167, 0.250
0.172, 0.998, 0.494
0.323, 0.333, 0.006
0.000, 0.034, 0.000
0.000, 0.800, 0.500
0.358, 0.982, 0.986
0.142, 0.352, 0.513

0.000, 0.000, 0.500
0.250, 0.250, 0.500
0.000, 0.263, 0.000
0.260, 0.000, 0.000
0.453, 0.000, 0.269
0.804, 0.258, 0.732
0.000, 0.500, 0.500
0.709, 0.000, 0.748
0.176, 0.000, 0.765
0.960, 0.211, 0.7771

0.333, 0.666, 0.141
0.000, 0.000, 0.000
0.333, 0.666, 0.646

0.355, 0.000, 0.000
0.250, 0.000, 0.500
0.161, 0.161, 0.161

0.841, 0.688, 0.250
0.333, 0.666, 0.250

0.908, 0.250, 0.128
0.236, 0.004, 0.876
0.607, 0.250, 0.596
0.560, 0.250, 0.096

0.000, 0.000, 0.000
0.215, 0.000, 0.336
0.428, 0.000, 0.688
0.172, 0.000, 0.812

0.000, 0.000, 0.000
0.177, 0.324, 0.123
0.323, 0.176, 0.877

LDA

0.844, 0.687 0.250
0.333, 0.666, 0.250

0.000, 0.000, 0.000
0.303, 0.458, 0.005
0.134, 0.713, 0.018
0.420, 0.147, 0.999
0.500, 0.000, 0.500
0.936, 0.146, 0.506
0.224, 0.576, 0.502
0.352, 0.302, 0.500
0.163, 0.002, 0.165
0.664, 0.144, 0.240
0.750, 0.982, 0.260
0.284, 0.765, 0.341
0.438, 0.456, 0.264
0.864, 0.589, 0.252
0.916, 0.233, 0.247
0.056, 0.527, 0.257
0.365, 0.997, 0.251
0.513, 0.710, 0.261
0.187, 0.267, 0.233
0.895, 0.839, 0.272
0.628, 0.365, 0.213

0.090, 0.148, 0.249
0.410, 0.187, 0.251
0.750, 0.167, 0.250
0.172, 0.998, 0.494
0.328, 0.333, 0.006
0.000, 0.034, 0.000
0.000, 0.800, 0.500
0.359, 0.982, 0.986
0.142, 0.353, 0.514

0.000, 0.000, 0.500
0.250, 0.250, 0.500
0.000, 0.265, 0.000
0.260, 0.000, 0.001
0.454, 0.000, 0.270
0.804, 0.259, 0.732
0.000, 0.500, 0.500
0.710, 0.000, 0.746
0.175, 0.000, 0.765
0.960, 0.210, 0.7771

0.333, 0.666, 0.141
0.000, 0.000, 0.000
0.333, 0.666, 0.646

0.355, 0.000, 0.000
0.250, 0.000, 0.500
0.161, 0.161, 0.161

0.841, 0.681 0.250
0.333, 0.666, 0.250

0.908, 0.250, 0.127
0.235, 0.004, 0.876
0.607, 0.250, 0.596
0.561, 0.250, 0.096

0.000, 0.000, 0.000
0.216, 0.000, 0.336
0.427, 0.000, 0.688
0.171, 0.000, 0.811

0.000, 0.000, 0.000
0.176, 0.326, 0.123
0.324, 0.174, 0.877

0.833, 0.666, 0.250?
0.333, 0.666, 0.250

0.000, 0.000, 0.000°
0.295, 0.454, 0.001
0.134,0.711, 0.013
0.419, 0.146, 0.996
0.500, 0.000, 0.500
0.932, 0.144, 0.514
0.231, 0.575, 0.495
0.348, 0.301, 0.483
0.162, 0.001, 0.166
0.663, 0.143, 0.239
0.749, 0.982, 0.258
0.283, 0.762, 0.335
0.440, 0.458, 0.266
0.866, 0.584, 0.248
0.918, 0.236, 0.248
0.056, 0.534, 0.269
0.370, 0.992, 0.258
0.520, 0.711, 0.268
0.170, 0.267, 0.218
0.895, 0.846, 0.277
0.633, 0.372, 0.216

0.000, 0.000, 0.500*
0.250, 0.250, 0.500
0.000, 0.248, 0.000
0.248, 0.000, 0.010
0.445, 0.000, 0.275
0.807, 0.251, 0.731
0.000, 0.500, 0.500
0.701, 0.000, 0.762
0.172, 0.000, 0.760
0.957, 0.227, 0.768

0.333, 0.666, 0.135?
0.000, 0.000, 0.000
0.333, 0.666, 0.641

0.335, 0.000, 0.000*
0.250, 0.000, 0.500
0.159, 0.159, 0.159

0.833, 0.666, 0.250?
0.333, 0.666, 0.250

0.909, 0.250, 0.127°
0.240, 0.006, 0.877
0.593, 0.250, 0.647
0.576, 0.250, 0.128

0.000, 0.000, 0.000*
0.215, 0.000, 0.337
0.429, 0.000, 0.686
0.172, 0.000, 0.812

0.000, 0.000, 0.000
0.173, 0.327, 0.125
0.327, 0.173, 0.875

@ Ref. [8].
b Ref. [11].

on the effect upon the electronic density of states (DOS) of the
changes in the In (or Sn) content. In Fig. 5 we plot the GGA calcu-

lated DOS for the NisIn (hP8), Niln (hP6) and NisIn; (cI40) phases of
the Ni-In system, and in Fig. 6 the results for the Ni3Sn (hP8),
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Table 6

Total and site decomposed density of states at the Fermi level N(Ef) (in units of states/
eV/f.u.) of NisIn and Ni;Sn, in the hP8 structures. I (in units of eV) denotes the Stoner
parameter. NM and FM denote the nonmagnetic and ferromagnetic states,
respectively.

Ni3Sn,(0P20) and NiSny(0C20) phases of the Ni-Sn system. The
partial DOS of the Ni-4s and Ni-3d electrons as well as for the In/
Sn-5s and In/Sn-5p are also plotted.

In the first place, we discuss some common features and differ-
ences of the DOS of the Ni-In and Ni-Sn phases treated here, for

Fases P Nel) Miso(E) NualBr) I(eV) Ne(Edf which not only their In/Sn composition changes but also their
IF\IK;IE;\]M hpg gégg; g'(])égg 3?3;? 01457 1.337 structures do. Therefore both composition and structural changes
FM-DN 47739 0.0993 14711 will affect in the resultlpg shape of the DOS. The DOS is Flommated
Ni.Si-NM~ hP8 22706 0.1520 0.6085 01084 0246 by a Ni-3d band extending between the Fermi level, which falls on
F;j{}p 1'1239 0'0722 0'2281 ' ' the upper edge of the band, and 3 eV below. For the compounds
FM-DN 11239 00722 02281 with higher In/Sn content the Ni-3d bands are slightly narrower
and are shifted to lower energies with respect to the Fermi level,
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Fig. 3. Thermophysical properties of the Ni-In and Ni-Sn intermetallic phases calculated

Atomic % Sn

in the present work as functions of the atomic composition of In and Sn: (a and b)

volume (V,) per atom; (c and d) bulk modulus (B,). Filled symbols correspond to values calculated in this work using GGA (circles) and LDA (triangles). Crosses correspond to

experimental values [8]. The dashed lines are only guides to the eye.
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Fig. 4. Thermophysical properties of the Ni-Sn intermetallic phases calculated in the present work as functions of the atomic composition of In and Sn, compared with the ab

initio US-PP results of Ghosh [31]: (a and b) volume (V,) per atom; (c and d) bulk modulus
and LDA (triangles). Empty symbols correspond to the US-PP values calculated in Ref. [31]
to the eye.

(Bo). Filled symbols correspond to values calculated in this work using GGA (circles)
and crosses correspond to experimental values [8]. The dashed lines are only guides
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Fig. 5. Total and partial electronic density of states (DOSs) for Ni-In compounds: (a) NisIn-hP8, (b) Niln-hP6 and (c) NisIn,-cI40. The partial DOS of the Ni-4s and Ni-3d
electrons as well as for the In-5s and In-5p are also plotted. The origin of the energy scale corresponds to the Fermi level.
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Fig. 6. Total and partial electronic density of states (DOSs) for Ni-Sn compounds: (a) Ni3Sn-hP8, (b) Ni3Sn,-oP20 and (c) NiSns-0C20. The partial DOS of the Ni-4s and Ni-3d
electrons as well as for the Sn-5s and Sn-5p are also plotted. The origin of the energy scale corresponds to the Fermi level.

as compared with the compounds with lower In/Sn content. There
is mixing of the Ni-3d band with the broad free-electron-like In/Sn-
5p band with a minor contribution of In/Sn-5s states. At lower
energies the free-electron type contribution of the In/Sn-5s elec-
trons dominates, increasing their importance for the compounds
at higher In/Sn content. The DOS per atom (given in states eV~! -
atom') at the Fermi level is relatively low but finite in all cases,
indicating metallic character of the studied Ni-In and Ni-Sn IPs.
Below -3 eV approximately the main contribution to the DOS
comes mainly from dispersive Ni-s and In/Sn-s/p states. Above
the Fermi level, the bands are extended and result from the hybrid-
ization between Ni-3d and In/Sn-5p orbitals. The contributions of

the Ni-4s and In/Sn-5s electrons to the conduction band are negli-
gibly small. The total occupied (conduction) bandwidth is 10 eV
approximately.

Second, we compare the electronic behavior of the Ni-In and
Ni-Sn systems by focusing on the DOS of NizIn and NisSn
(Figs. 5a and 6a), i.e., two compounds with the same formula and
structure (hP8). It is observed that the Ni-3d and In/Sn-5p hybrid-
ization effect is stronger for the Ni-Sn phase. This might be related
to the fact that Sn has a larger number of p electrons (4) than In (3).
In turn, this stronger hybridization effect, and the associated stron-
ger bonding, might be correlated with the larger values for B, and
the relatively higher thermodynamic stability (measured by the
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Table 7
Energy of formation (As) (in kJ/mol-atom) for Ni-In intermetallic phases obtained by ab initio calculations at 0 K, Calphad assessments [34] and experiments [62] at 298.15 K.
Reference states are Ni (fcc) and In (tI2).

Phase PS Ab Initio AE AE AE

Ni-In PAW-LDA PAW-GGA Calphad assessments Experimental

Stable

Ni3In hP8 -11.702 -8.182 -13.116 -11.732
-10.309° -6.326%

Ni3In cP4 -9.604 -5.921
—7.964* —4.232°2

Ni7In3 aP40 —14.450 -10.392

Ni2In hP6 -9.012 —4.703 -16.381 -17.339
-5.992¢ —1.432°2

Ni5In3 mC32 -17.961 -13.158

Ni13In9 mC44 -18.816 —13.846 -19.157

Niln hP6 —25.224 —20.808 —22.531 —23.681
—23.148° -17.5172

Ni2In3 hP5 —24.426 -17.951 —-25.603 -20.718
—22.434° —15.441°

Ni3In7 cl40 —20.689 —15.194 -19.751 -17.681

2 FM FP-LAPW GGA-PBE and LDA-PW calculations including relaxations of internal coordinates [17].

Table 8
Energy of formation (As) (in kJ/mol-atom) for Ni-Sn intermetallic phases obtained by ab initio calculations at 0 K, Calphad assessments (data at 298.15 K) and experiments.
Reference states are Ni (fcc) and Sn (tI4).

Phase PS Ab Initio AjE AE AE

Ni-Sn PAW-LDA PAW-GGA Calphad assessments Experimental

Stable

NisSn hP8 —24.157 -19.627 -26.882° —23.442°
—23.452? ~-18.052° —26.657° —24.400"

NisSn cF16 -19.119 ~15.324 —21.745° —21.000f
-17.787° —~13.253° ~26.538¢

Ni3Sn, oP20 —-33.139 —-27.781 —36.989¢ —38.5008
~31.758° —25.994°

NisSny mC14 -29.427 -24.857 -26.138° -25.330"
—28.155° —-23.279° —25.409° —24.000'

Metastable

NisSn cP4 —-23.986 ~19.679
—23.366° —18.206°

NiSn, 0C20 ~13.985 —12.480
—~13.460° -11.819°

2 Ref. [31].

b Ref. [35].

¢ Ref. [63].

d Ref. [64].

¢ Ref. [66].

f Ref. [65].

2 Ref. [67].

' Ref. [68].

i Ref. [69].

-@-GGA

\ —[0J- Calphad
\\® X Exp

AE, (kJ/mol-atom)

220 4 ’ ) !
= ad
GGA o
30 4 b d 4 \\ / J
—J- Calphad \
40 X B a) Ni-In R b) Ni-Sn |
0 20 40 60 80 100 20 40 60 80 100
Ni Atomic Fraction In Atomic Fraction Sn

Fig. 7. Composition dependence of the energy of formation (EOF) from the elements of the Ni-In (a) and Ni-Sn (b) stable and metastable compounds studied in the present
work. Filled symbols correspond to values calculated in this work using GGA (circles) and LDA (triangles). Empty squares correspond to values obtained in the CALPHAD
assessments of Waldner and Ipser for Ni-In [34] and Liu et al. for Ni-Sn [35]. Crosses represent experimental data from the references listed in Tables 7 and 8.
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Table 9

Ab initio EOF of the end-member-compounds (EMC) corresponding to the thermodynamic sublattice models proposed for Ni-In [34] and Ni-Sn [35] phases. In the first column we
indicate the phase, the model and the Wyckoff crystallographic positions chosen for each crystallographic sublattice. When more than one possibility exists the results are
indicated on the left and right of the corresponding row. In the last column we indicate the differences between the 0 K ab initio and CALPHAD (at 298.15 K) results. The ab initio

EOF are referred to Ni (fcc) in the magnetic state. The values referred to Ni (fcc) in the paramagnetic state are indicated in italics.

Phase (Pearson symbol) Sublattice model Subl.
Wyckoff positions

Sublattice occupation scheme

EMC formula Energy of formation (kJ/mol)

Present Study CALPHAD work Difference
{-NipIn (hP6) (Ni);(Ni,Va);(In), Ni:Ni:In “Ni,In” —-4.70 -16.31 +11.61
(2a; 2d; 2¢)
-7.92 +8.39
Ni:Va:In “Niln” -7.22 -13.30 +6.08
-9.64 +3.66
Ni:Ni:Ni “Nis” +11.75 +17.56 -5.79
+6.91 —10.63
Ni:Va:Ni “Niy” +49.98 +17.56 +32.42
+45.13 +27.57
{’-Niy3lng (hP6) (Ni);(Ni,Va);(In), Ni:Ni:In “Ni,In” -4.70 -16.37 +11.67
(2a; 2d; 2¢)
-7.92 +8.45
Ni:Va:In “Niln” -7.22 —22.50 +15.28
-9.64 +12.86
§-Niln (B2) (Ni,Va);(In), Ni:In “Niln” -10.17 -16.74 +6.57
(1b; 1a)
—12.59 +4.15
Ni:Ni “Niy” +9.09 +8.71 +0.38
+4.25 —4.46
Va:In “In” +8.37 +43.04 —34.67
Va:Ni “Ni” +64.84 +171 —106.16
+60.00 —111
Ni3Sn_HT (cF16) (Ni,Sn);(Ni,Sn);(Ni), Ni:Ni:Ni “Niy” +8.38 0 +8.38
(4a; 4b; 8c)
+3.53 +3.53
Ni:Sn:Ni “Ni3Sn” -15.12 -21.74 +6.62
—18.75 +2.99
Sn:Ni:Ni “SnNisz” -15.13 +13.56 —28.69
—18.76 -32.32
Sn:Sn:Ni “SnNi” -0.70 -24.07 +23.37
-3.12 +20.95
Ni3Sn,_LT (0P20) (Sn);(Ni,Sn),(Ni), Sn:Sn:Ni “Sn3Niy” -9.01 -12.29 +3.28
(4Csn1; 4Csn2 + 4cir; Sdniz)
(4Csn2; 4Csn1 + 4cnit; 8dniz)
—10.95 +1.34
Sn:Ni:Ni “SnNiy” +2.44 +2.38 -8.26 +10.70 +10.64
—1.43 —1.50 +6.83 +6.76
Ni3Sn,_HT (hP6) (Ni);(Ni,Sn);(Sn), Ni:Ni:Sn “Ni,Sn” -17.39 —22.45 +5.06
(2a; 2d; 2¢)
(2d; 2a; 2¢)
-20.62 +1.83
Ni:Sn:Sn “NiSn,” +49.48 +19.40 -4.94 +54.42 +24.34
+47.87 +17.79 +52.81 +22.73
Ni3Sns (mC16) (Ni){(Ni,Sn);(Sn), Ni:Ni:Sn “NiSn” —25.61 -26.14 +0.53
(4inis;2ani + 2Cni2;4isn1 + 4isn2)
(2ani + 2Cniz;4inis;4isnt + 4isn2)
-28.03 —1.89
Ni:Sn:Sn “NiSnsz” —4.61 -2.85 +7.61 -12.22 —10.46
-5.82 —-4.07 —13.43 —11.68

magnitude of the EOF, see below) of Ni3Sn compared with NisIn.
It is also observed that the main Ni-3d band is wider for NisSn
than for the NisIn compound, which might be correlated with
the larger nearest neighbor distances of the latter, as reflected
in the larger atomic volume, viz., 13.188 A3/atom found for NisIn
compared with 13.021 A3/atom for NisSn. The total DOS at the
Fermi level for NisSn (0.56 states/eV/atom) is lower than for NizIn
(1.37 eV/states/atom), a fact that correlates with the paramag-
netic behavior predicted for this compound, as discussed below
in terms of the Stoner criterion. It should be remarked that NisIn
is the only IP among all Ni-In and Ni-Sn phases studied here that
shows a permanent magnetic moment; its value being 0.49 pg/f.u.
This result might be explained by applying the Stoner criterion
for itinerant magnetism and its multiband extension to com-

pounds [49,50]. This approach neglects the effects of localized,
fluctuating moments, which may be present in this system.
According to this theory the magnetic susceptibility becomes fer-
romagnetically unstable when N,(Ep)I > 1, with N{EF) given by the
total density of states per unit cell of the non-magnetic solution
at the Fermi level, and I the Stoner parameter for the compound,
given by:

1= "l I = S Ni(Er) /N (Er)
j I

where Nj(EF) is the [ partial density of states per atom at the Fermi le-
vel, and J; the exchange integral for [ orbitals, n; the number of atoms
of type j in the unit cell. Since the magnetism in the Ni-In/Sn
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Fig. 8. Comparison between the ab initio and CALPHAD energy-of-formation (EOF) values for: (a) the Ni-In and Ni-Sn end-member-compounds involved in the
thermodynamic models presented in Ref. [34] and [35], respectively; (b) the Ni-In and Ni-Sn end-members representing non-stable structures of the elements Ni, In and Sn.

The EOF values are given in kJ/mol.

compounds is dominated by the 3d electrons of Ni, only these are
considered to evaluate the Stoner parameter I. The exchange integral
] for the Ni-3d electrons is 0.503 eV [49] and as a first approximation
it is considered as independent of the crystalline structure and spe-
cific compound. In Table 6 we present the calculated Stoner factors
for the NizIn and NisSn hP8 compounds. The Stoner factor is >1 for
NizIn but <1 for Ni3Sn. The ferromagnetic instability predicted for
the NizIn compound might be related to its larger DOS at the Fermi
level. For the remainder of the IPs studied here the DOS at the Fermi
level has a relatively lower value, which is consistent with the fact
that they are found to be paramagnetic.

3.4. EOF of stable and metastable stoichiometric compounds

The EOF of the stable and metastable Ni-In and Ni-Sn com-
pounds studied in the present work are listed in Tables 7 and
8, respectively, together with other information to be discussed
in the following. In Fig. 7 the composition dependence of the
EOF of the Ni-In (7a) and Ni-Sn (7b) compounds, according to
the present GGA (circles) and the LDA (triangles) 0K calcula-
tions, is compared with experimental data (crosses) and with
the values obtained in CALPHAD assessments (empty squares)
at 298.15 K.

In agreement with the fact that NislIn, Ni,In, Ni;3Ing, Niln, NiIns
and Nisln; occur as stable low-temperature phases in the accepted
equilibrium diagram, they are found to be thermodynamically sta-
ble with respect to the elements Ni and In (Fig. 7a). Concerning the
NisIn compound and the relative stability between the hP8 and cP4
structures, we find in GGA and LDA calculations where the internal
coordinates are allowed to relax, that the hP8 structure is more sta-
ble than the cP4 one by approximately 2 kj/mol. This result agrees
with experiments and a previous ab initio study [17]. When the
internal coordinates are fixed at the experimentally reported posi-
tions [8] we find, in agreement with [13], that the relative stability
is reversed, and the cP4 structure is predicted as more stable than
the hP8, with an energy difference of 0.8 kJ/mol. The present study
also indicates that the compounds Ni,Ins and NisIns, which are not
included in the accepted phase diagram but have been detected
around the NiIn composition range are thermodynamically stable
with respect to the elements at 0 K. The Ni3Sn, Ni3Sny, NizSny
phases occurring at low temperature in the Ni-Sn phase diagram,

as well as the metastable NiSn, compound are found to be thermo-
dynamically stable (Fig. 7b).

Contrasting with the satisfactory qualitative agreement con-
cerning the phase occurrence systematics, differences are found
in the present work between the ab initio calculated EOF at 0 K
and the finite temperature experimental values reported in the
Ni-In (Fig. 7a) and Ni-Sn (Fig. 7b) systems. In particular, for the
Ni-In compounds, the GGA leads to positive differences between
the calculated and the experimental EOF varying between 2.5
and 12.6 kJ/mol. When the LDA is adopted, positive and negative
deviations are obtained but they decrease in magnitude with val-
ues up to 8.3 kJ/mol, which represent a significative improvement
of the agreement with experiments. For the Ni-Sn compounds, the
differences between the present ab initio EOF and the experimental
ones are smaller in magnitude, viz., the GGA yields positive differ-
ences up to 10.8 kJ/mol, which decrease in magnitude by about
5.4 kJ/mol when the LDA is adopted. It should be emphasized that
similar trends both in the comparison between ab initio and exper-
imental EOFs and between LDA and GGA values have been re-
ported for related systems. Specifically, for the stable phases of
the Cu-In system the present authors recently reported discrepan-
cies of about 7.4 kJ/mol obtained with the GGA, which decreased to
4.9 kJ]/mol when the LDA was adopted [32]. Moreover, the EOF for
Ni-Sn and Pd-Sn intermetallics calculated by Ghosh using US-PP
and LDA were more negative by up to 5.5 kJ/mol and 4 kj/mol,
respectively, than those obtained with US-PP and GGA [31].

In closing the present comparison of the ab initio EOF calculated
at 0 K with experimental high-temperature data and with CALP-
HAD extrapolations at 298.15 K, we would like to emphasize that
an even more accurate assessment of the discrepancy should take
into account the effect of temperature upon the measured heats of
formation. To this end, the temperature-dependent quantity AG,
which measures the variation in heat-capacity (C,) associated to
the formation of the IPs from the elements should be integrated
between 0 and 298.15 K. Such correction might not be large, but
also not small enough to be neglected. Unfortunately, there is a
serious lack of C, data for the present IPs, and no experimental
information allowing an estimation of their low-temperature AG,
vs. T function was found in the present work. In fact, the most re-
cent thermodynamic assessments of the Ni-In [34] and Ni-Sn [35]
systems included C, data only for the Niln and LT Ni;Sn phases in
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the high-temperature range. For the remaining IPs the high-tem-
perature C, was estimated using Neuman-Kopp’s rule which corre-
sponds to assuming AGC,=0, ie, by assuming that the heat of
fornation is independent of temperature. The use of ab initio meth-
ods to estimate low-temperature heat capacities of the Ni-In and
Ni-Sn phase was beyond the scope of the present investigation,
but will be the matter of a specific study by the present authors.

3.5. EOF of compounds involved in CALPHAD modeling of non-
stoichiometric phases

In addition to the stable and metastable stoichiometric IPs var-
ious compounds involved in the CALPHAD modeling of Ni-In and
Ni-Sn non-stoichiometric phases using the CEF [6] have been trea-
ted. In particular, ab initio calculations were performed for the EMC
involved in the CEF treatment of the §-Niln, {-Ni,In and {’-Ni;3lng
phases of the Ni-In system [34] and the Ni3Sn, Ni3Sn,, Ni3Sny
phases of the Ni-Sn system [35]. In Table 9 we present the ab initio
calculated EOF for the EMC referred to above. Since in CALPHAD
work the EOFs are sometimes referred to the elements in a hypo-
thetical non-magnetic state, in addition to the EOF for Ni com-
pounds referred to pure magnetic Ni, the values corresponding to
Ni in the paramagnetic state are also reported in Table 9 using ital-
ics. However, the following discussion will be based on the values
referred to magnetic Ni. Some of the EMC included in Table 9 cor-
respond to the elements Ni, In and Sn in various hypothetical crys-
tal structures; these will be considered in Section 3.6. The
remaining values presented in this Table represent binary Ni-In
and Ni-Sn compounds. The present treatment of the EMC involved
in the sublattice models proposed in Ref. [34] for phases of the Ni-
In system, and in Ref. [35] for the Ni-Sn system, was based on cor-
relating the thermodynamic-model sublattices of the CEF with the
actual crystallographic sublattices defined by sites sharing the
same symmetrical Wyckoff positions. In particular, for the three-
sublattice models used in Ref. [34] to describe the Ni,In and Nijs.
Ing phases, viz., (Ni);(Ni,Va);(In,Ni); and (Ni);(Ni,Va);(In);, respec-
tively, we adopted the basic hP6 structure and identified the
crystallographic sublattices comprising the Wyckoff sites 2a, 2d
and 2c with the thermodynamic sublattices 1, 2 and 3, respec-
tively, of the Gibbs energy models. For the other IPs considered
in this section the details on how the symmetrical Wyckoff posi-
tions are assigned to each sublattice in the corresponding thermo-
dynamic model are indicated in the first column of the Table 9. For
the Ni3Sn, we considered the alternative mC16 structure proposed
in the literature [8], since for this structure it is easier to identify
the crystallographic sublattices. In the Ni-Sn system there are
phases like Nis3Sn, (LT) (oP20), NisSn, (HT) (hP6) and NisSny
(mC16) for which we tested at least two possibilities for the selec-
tion of the sublattice sites; these are indicated in two different
rows below each description of the sublattice model. The EOF cor-
responding to these alternatives are indicated on the left and right
of the same row in Table 9. It should be recognized that other pos-
sibilities might exist for identifying the crystallographic sites with
the thermodynamic sublattices. In this study we focussed upon
those that are closer to the experimentally reported structure. In
general, in those cases for which different crystallographic options
were tested, the ones with the lower number of Sn-Sn bonds were
the most stable. However, only for Ni3Sn, (HT) (hP6) the difference
between the energies for the two possible occupation alternatives
was found to be significant. In particular, in one case, the sites 2a
were chosen for the (Ni,Sn); thermodynamic sublattice; in the
other, this sublattice was identified with the sites 2d.

In the following the theoretical results are used to critically ana-
lyze various predictions and estimations for non-stable com-
pounds produced by CALPHAD techniques. A first question
concerns the quantitative agreement between the ab initio and

CALPHAD EOF values for the EMC of the quoted Ni-In and Ni-Sn
models. The comparison presented in Fig. 8a indicates that for
most of the compounds the difference is less than +15 kJ/mol.
Two other issues of interest are the quantitative account of the
structure dependence of the EOF and the effect of different sublat-
tice occupation schemes upon the EOF for the non-stable phases.
These two effects will be characterized by performing various com-
parisons based upon the results in Table 9.

Considering in the first place EMC with the same structure and
formula, the CALPHAD method correctly yields almost the same
EOF values for the “NiyIn” compound originated by the sublattice
occupation Ni:Ni:In involved in the CEF models for the {-NiyIn
(hP6) and {’-Niy3lng (hP6) phases. However, for the “Niln” com-
pound with the (hP6) structure, generated by the sublattice occu-
pation Ni:Va:In in the same CEF models, the CALPHAD
optimization led to EOF differing by about 9.2 kJ/mol, i.e., a signifi-
cative energy difference. A second comparison concerns the ab ini-
tio and CALPHAD predictions for the EOF of Ni-In and Ni-Sn
compounds with the same formula but different structure. Accord-
ing to Table 9, the EOF of the “Niln” compound in the (hP6) and the
B2 structure differ by about 3 kJ/mol, whereas the CALPHAD differ-
ence is 8 kJ/mol. Another case to analyze involves the “SnNi” (cF16)
and the “NiSn” (mC16) compounds originated by the sublattice
occupations Sn:Sn:Ni and Ni:Ni:Sn, respectively. The ab initio EOF
of these two compounds differ by 25 k]J/mol, whereas the differ-
ence between the CALPHAD results is only 2 kJ/mol. The next com-
parisons concern compounds with the same formula but different
sublattice occupation. The first case involves the “NisSn” and the
“SnNis” EMC originated by the sublattice occupations Ni:Sn:Ni
and Sn:Ni:Ni of the model for NisSn (HT) (cF16). The ab initio cal-
culated EOF for these compounds are almost identical, whereas
the CALPHAD approach yield values differing by more than 35 K]/
mol. A second case involves the “NiSn,” phase originated in the
Ni:Sn:Sn occupation scheme of the model for the Ni3Sn, (HT)
(hP6) phase. As stated before, calculations were performed in the
present work for two alternative identifications of the thermody-
namic with the actual crystallographic sublattices, which yield
EOF values of about 20 and 50 kj/mol, with reference to Ni in the
magnetic sate. On the other hand, the CALPHAD optimization
yields for this phase a single value, viz., —5 kJ/mol, which is consid-
erably smaller than both theoretical results.

3.6. Structural energy differences (“lattice-stabilities”) for Ni and In

Motivated by the long-standing interest in the comparison be-
tween ab initio and CALPHAD-generated energy differences be-
tween the non-stable and stable structures (often called “lattice-
stabilities” [5]) of the elements (see e.g., Wang et al. [51] and refer-
ences therein), we focus in the following upon the EOF for those
EMC representing non-stable structures of the elements Ni and
In. In the first place, a general comparison is presented in Fig. 8b
between the ab initio (at 0 K) and CALPHAD (at 298.15 K) EOF val-
ues for these non-stable structures. Most of the CALPHAD gener-
ated values fall in a scatter band of +35 kJ/mol around the ab
initio results. Starting the discussion of such a difference, we re-
mark, in the first place, that the magnitude of the scatter band in
Fig. 8b is comparable to the differences found by Wang et al. [51]
when comparing the PAW-GGA ab initio results for the lattice sta-
bilities of the fcc, bcc and hep structures of 78 pure elements and
the CALPHAD generated values included in the SGTE database.
They found differences of up to 50 kJ/mol for the stability differ-
ence between bcc and fcc [51]. In the second place we note that
in the quoted CALPHAD works [34,35] the EOF were determined
by two complementary procedures. The first one consists on treat-
ing these quantities as free parameters, to be determined by
searching for the best fit to the experimental data in a CALPHAD
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optimization. The second procedure involves estimations based
upon various kinds of comparisons with related structures. The
optimization procedure was applied by Walder and Ipser [34] to
treat the end-members “Ni3z” and “Ni,” in their three-sublattice
model for {-NiyIn (hP6), further requiring that the EOF per mole
of atoms on Ni should be the same, as well as to the end-member
“In” in their model for the §-Niln (B2) phase. Alternatively, the esti-
mation procedure was applied by them to the end-members “Ni,”
and “Ni” of the two-sublattice model for §-Niln (B2), and by Liu
et al. [35] to the end-member “Ni,” of the three-sublattice model
for NisSn_HT (cF16). According to Table 9, the smallest discrepan-
cies between the CALPHAD values and the ab initio results are
found for the optimized EOF of “Ni3” in the model for {-NiyIn
(hP6) (+5.8 kJ/mol), for the estimated EOFs of “Ni,” in the model
for 6-Niln (B2) (—0.38 kJ/mol) and of “Nis” in the model for Ni3Sn
(HT) (cF16) (—8.38 kJ/mol), whereas the largest deviation, viz.,
about 100 kJ/mol corresponds to the estimated EOF for the non-
stable B2 structure of Ni. It is interesting to note that for the latter,
the CALPHAD value was taken by Waldner and Ipser [34] from the
modeling of the B2 phase in the Ni-Al system reported by Ansara
et al. [52].

4. Summary and conclusions

The general purpose of this work is to contribute to the
knowledge of the equilibrium structural, cohesive and electronic
properties of several stable, metastable and non-stable interme-
tallic phases (IPs) of the Ni-In and Ni-Sn systems. Using the pro-
jector augmented wave method and the exchange and
correlation functions of Perdew and Wang in the generalized
gradient approximation (GGA), as well as those by Ceperley
and Alder in the local-density approximation (LDA), we deter-
mined the lattice-parameters (LPs), molar volume (V,), bulk
modulus (B,) and its pressure derivative (B,), the electronic den-
sity of states (DOS) and the energy of formation (EOF) from the
elements of several Ni-In and Ni-Sn IPs. Specifically, the Nisln,
NiyIn, Niyslng, Niln, NiInz and Nisln; stable phases and the
new compounds Ni;Insz and Nislns, occurring around the NiIn
composition range were included. Moreover, the low-tempera-
ture stable phases Ni3Sn, Ni3Sn,, NisSny and the metastable
NiSn, phase of the Ni-Sn system were treated. In addition, sev-
eral non-stable (“hypothetical”) compounds involved in the most
recent CALPHAD modeling of the Ni-In and Ni-Sn phase dia-
grams were studied. The calculated values are compared with
experimental data and theoretical results from the literature.
The key findings of the work are summarized in the following.

The GGA (LDA) calculations overestimate (underestimate) V, of
most of the stable Ni-In and Ni-Sn compounds The theoretical B,
values for Ni-In and Ni-Sn compounds obtained with the GGA
are smaller than those from the LDA. The V, and B, values for com-
pounds vary smoothly with composition. The calculated V, values
for Ni-In and Ni-Sn deviate negatively from a linear interpolation
between the elements. For B, the LDA yields negative deviations
from linearity and the GGA yields smaller deviations of both signs.

The calculated DOS of the Ni-In and Ni-Sn compounds show
similar characteristics and indicate metallic behavior. The main
contribution comes from the Ni-3d electrons. This band narrows
slightly and shifts to lower energies for the compounds with
increasing In/Sn content at their equilibrium structures. There is
mixing of this Ni-3d band with the In/Sn-5p band with a minor
contribution of In/Sn-5s states. At lower energies the free -
electron type contribution of the In/Sn-5s electrons dominates.
Above the Fermi level, there is an hybridization between Ni-3d
and In/Sn-5p orbitals. Since Sn has a larger number of p electrons
(4) than In (3) the hybridization effect is expected to be stronger
for the Ni-Sn IPs.

A comprehensive ab initio account of the Ni-In system, involv-
ing stable, metastable and hypothetical, model-generated com-
pounds have been presented for the first time. The phases Nisln,
Ni,In, Nij3Ing, Niln, NiyIn; and NizIn; occurring at low-temperature
in the phase diagram and the new compounds NiIn3; and Nislns
are found to be thermodynamically stable with respect to the ele-
ments Ni and In. Both GGA and LDA calculations indicate that the
hP8 structure of the NisIn compound is more stable than the cP4 by
approximately 2 kJ/mol, if the internal coordinates are allowed to
relax. If they are fixed at the experimentally reported positions
the relative hP8/cP4 stability is reversed. The phases Ni3Sn, NisSnj,
NisSny4 occurring at low-temperature in the phase diagram, as well
as the metastable NiSn, compound are found to be thermodynam-
ically stable with respect to the elements Ni and Sn.

Systematic differences are found between the 0 K ab initio cal-
culated EOFs and the experimental data at finite temperature for
both binary systems. For Ni-In compounds, the differences be-
tween the calculated and the experimental EOF vary between 2.5
and 12.6 kJ/mol when the GGA is adopted, which decrease in mag-
nitude with values of up to 8.3 kJ/mol with the LDA. For the Ni-Sn
compounds, differences of 10.8 kJ/mol are found using the GGA,
which decrease by about 5.4 kj/mol when the LDA is adopted.

Calculations of the EOF were also performed for the end-mem-
ber compounds (EMC) involved in the CALPHAD modeling of the
6-Niln, ¢{-NiyIn and {’-Nij3lng phases of the Ni-In system and the
NisSn, Ni3Sn,, NisSny phases of the Ni-Sn system. The ab initio
0K values are used to compare with the results of the modeling
work at 298.15 K and to characterize various key features of the
CALPHAD predictions and estimations for non-stable compounds.
For most of the EMC representing binary Ni-In and Ni-Sn com-
pounds, the ab initio method leads to differences of +15 kj/mol
with the CALPHAD values for EOF. In the case of the EMC repre-
senting non-stable structures of Ni and In, the typical difference
might be as high as +35 kJ/mol. However, for the B2 structure of
Ni the difference amounts at 100 kJ/mol.

The new theoretical information is used to study the structure
dependence upon the EOF, and the effect upon this quantity of dif-
ferent occupation schemes of the crystallographic sites consistent
with the thermodynamic sublattices. The present discussion
should be useful in attempts to complement the thermodynamic
optimization techniques with ab initio values, and to gain insight
on the effect of the approximations involved in the estimation pro-
cedures adopted in current CALPHAD modeling work.
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