First-Principles Calculation of Phase Stability and Cohesive

Properties of Ni-Sn Intermetallics

G. GHOSH

The cohesive properties of Ni-Sn intermetallics (stable, metastable, and virtual), hitherto
unexplored by density-functional theory (DFT) methods, are reported. Specifically, the total
energies and cohesive properties of Ni, Sn, and 27 Ni-Sn intermetallics are calculated from first-
principles, using ultrasoft pseudopotentials (USPP) and both local-density approximation
(LDA) and generalized-gradient approximation (GGA) for the exchange-correlation functional.
Among the intermetallics considered, the ground-state structures are consistent with experi-
mental observations; however, not all of them are registered in the equilibrium-phase diagram.
An important result of this systematic study, using both USPP-LDA and USPP-GGA, is that
0C20-NiSny is predicted to be the ground-state structure. Only recently, this phase has been
observed as a product of the interfacial reaction in Ni/Sn diffusion couples. In addition, we find
that the thermodynamic stability of a tetragonal phase, tP10-NiSn4, is very similar to that of
0C20-NiSny. The elastic stability of both #P10-NiSny and 0C20-NiSny4 is confirmed by calcu-
lating their single-crystal elastic constants. The calorimetric data for the enthalpy of formation
of stable intermetallics show an agreement that is better for those calculated with USPP-LDA
than those calculated with USPP-GGA. In general, the experimental lattice parameters of stable
and metastable phases are found to lie between those calculated using USPP-LDA and those
calculated using USPP-GGA; however, in several cases, the values calculated using USPP-GGA
agree to within 1 pct of the experimental data. The Ni3Sn,(ht) = Ni3Sn,(It) transformation is
discussed in terms of supergroup-subgroup relations. The bonding between the Ni and the Sn is

discussed based on the analyses of the density of states (DOS) and the charge densities.
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I. INTRODUCTION

THE factors controlling the reliability of modern
solder interconnects in electronic packages constitute a
very active area of current research. This is primarily
driven by the increasingly dense arrays of interconnects,
the miniaturization of electronic packages, the require-
ment of new packaging technology, and the use of lead-
free solders. The critical issues in microelectronic solder
interconnects that affect reliability are the dynamics of
the wetting behavior, the interfacial reaction with the
underlying base metal governing the microstructure
evolution during processing and in the service of devices,
and electromigration.

Due to the decreasing size of modern solder joints, the
intermetallic layer continues to be proportionately
thicker. In addition to the intrinsic properties of solder,
the strength and reliability of solder joints are deter-
mined by the interfacial intermetallic(s), the interfacial
properties (between solder and intermetallic), and the
microstructural coarsening of solder. The phases that
form in electronic and optoelectronic interconnects
during fabrication and under normal service conditions
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may affect the reliability of the devices through the
following intrinsic properties: the coefficient of thermal
expansion, the ductile/brittle transition (due to a change
in composition and temperature), the elastic constants,
the inelastic behavior, the heat capacity, and the thermal
conductivity. While the formation of a thin intermetallic
layer is desirable for achieving a good metallurgical
bond, excessive intermetallic growth may have a dele-
terious effect on the mechanical reliability of the solder
joints. The importance of some of these issues has been
discussed in several recent reviews.' > The intermetal-
lics in solder interconnects may become the “weakest
link,” if they are inherently brittle.

Under-bump metallurgy (UBM) ranging from pure
Ni to Ni-Cu, Ni-Pd, Ni-P, Ni-Ti, and Ni-V alloys is
either used or is currently being developed for use in
microelectronics packaging.'® ' Even though Cu is the
most commonly used solderable surface finish in a
printed circuit board, Ni or a suitable Ni-base alloy is
considered a better candidate, because the kinetics of the
interfacial reaction between Ni and solder is much
slower than that between Cu and solder. When used as
UBM, the Ni layer should be thick enough to prevent
its complete consumption to form Ni-Sn and other
Ni-containing intermetallic(s) during reflow and during
the lifetime of a device that may experience a range of
temperatures. The evolving microelectronic soldering
technology requires a quantitative understanding of
processing-microstructure-property-performance links;
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hence, it has become necessary to generate new knowl-
edge about thermodynamics, kinetics, and the thermo-
physical properties of relevant phases.

In addition to their importance in soldering technology
for electronic packaging, Ni-Sn intermetallics are attrac-
tive alternatives to graphite as an anode material in
rechargeable Li-ion batteries.'>'”) Some of the key
properties of interest include their charge-storage capac-
ity, cyclic charge-discharge performance, and electronic
conductivity. In a recent development, a nanostructured
Ni3Snyelectrode has achieved a capacity of 500 mA h g_l,
with no decay over 200 cycles.!'”!

The results we present here are only a part of our
larger study on the phase stability and elastic and
inelastic properties of intermetallics relevant to micro-
electronic packaging. Specific to this article, as a part of
our effort to create a reliable multicomponent thermo-
dynamic database to facilitate the calculation of stable
and metastable phase diagrams and a diffusion-path
analysis of modern solder interconnects, we present the
results of a comprehensive study of the energetics and
equilibrium cohesive properties of Ni-Sn intermetallics
using ab-initio computational techniques. Understand-
ing the thermodynamic stability of Ni-Sn intermetallics
is very important in understanding phase stability and
phase equilibria in ternary and multicomponent systems
containing Ni and Sn.

The plan for the remainder of the article is as follows.
In Section II, we briefly review experimental data for
Ni-Sn intermetallics. In Section III, we present the
computational methodology. In Section IV, we present
the calculated equilibrium structural and cohesive prop-
erties of the intermetallic compounds; these include the
formation energies, bulk moduli, lattice parameters, and
degrees of freedom (when applicable) for atomic posi-
tions. The calculated cohesive properties of selected
intermetallics are compared with the corresponding
experimental data. In Section V, we discuss the results
of ab-initio total energy and electronic structure calcu-
lations. The conclusions are summarized in Section VI.

II. LITERATURE REVIEW
A. Crystal Chemistry

Earlier experimental information on Ni-Sn phases has
been assessed from time to time.l'® 2! More recently,
several reports on the crystal chemistry of intermetal-
lics have appeared in the literature.**!1 The crystallo-
graphic data for Ni-Sn intermetallics considered in this
study are summarized in Table I.

The intermetallics in Table I are conveniently classi-
fied as stable, metastable, and virtual. We consider the

Table I. Crystallographic Data of Ni-Sn Intermetallics Considered in This Study

Pearson Structurbericht Space

Phase Symbol Designation Group (No.) Prototype Reference
Stable B
Ni;Sn(ht) cF16 DO Fm3m (225) BiF3 19, 21
Ni;Sn(lt) hP8 DOy P63/mmc (194) NisSn 21, 32-34
Ni;Sny(ht) hP4 B8, P63/mmc (194) NiAs 18, 21, 37
Ni;Sn,(1t) oP20 — Prnma (62) Niz;Sn, 21, 37
Ni;Sny mCl14 D7, C2/m (12) Ni;Sny 21
Metastable
Ni;Sn oP8 DO, Pmmn (59) p-CusTi 35
NizSn cP4 L1, Pm3m (221) AuCu; 33
NiSn oP32 — Pbam (55) NiSn 94
Ni;Sny mC16 — C2/m (12) CoGe 39
NiSn, 0C20 D1, Aba2 (41) AuSny 22
Virtual
Ni;Sn t18 DO», 14/mmm (139) ALTi a
NizSn tI16 DOy 14/mmm (139) AlZr a
Ni,Sn hP6 B8, P63/mmc (194) InNi, a
NisSns mCl4 D7, C2/m (12) Ni;Sny a
NiSn cP2 B2 Pm3m (221) CsCl a
NiSn hP4 B8, P63/mmc (194) NiAs a
NiSn oP4 BI19 Pmma (51) p-AuCd N
NiSn tP4 Ll, P4/mmm (123) AuCu-I 4
NiZSn3 0P20 — Pnma (62) Ni3Sn2 @
NiSnz hP6 BSZ P63/mmc (194) Il’lNiz a
NiSn; cP4 Ll, Pm3m (221) AuCu; #
NiSnj t18 DO», 14/mmm (139) Al Ti 4
NiSn; t116 DOy I4/mmm (139) Al;Zr #
NiSnj cF16 DOy Fm3m (225) BiF; 4
NiSn; oP8 DO, Pmmn (59) p-Cu;Ti a
NiSn3 hP8 D019 P63/mmc (194) Ni3Sn a
NiSny tP10 Dly P4/nbm (125) PtPb, #

“This study.
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stable phases as those present in the assessed equilib-
rium-phase diagram,?" or the temperature or compo-
sitional ranges of stability.

Three intermetallics, Ni3Sn, NizSn,, and NisSny, have
been accepted in the assessed Ni-Sn phase diagram.*!
However, earlier studies of bulk alloys reported other
phases such as NiySn and NiSn that were not confirmed
in subsequent investigations.

In the equilibrium-phase diagram, there are two forms
of NisSn: the high-temperature form (DOs-BiF5 type),
Ni;Sn(ht), stable between 1123 and 1447 K.Y and the
low-temperature form (DO;o-type), N13Sn(1t) stable
below 1250 K.1*'3?! It has been argued that the transfor-
mation of NizSn(ht) to Ni3;Sn(lt) is an order-disorder type.
However, two other structures of Ni;Sn have also been
reported: a cubic (L1,-AuCus type) athl%h ressurel** and
an orthorhombic (DO, Cu3T1 type).2¥ 3¢ Pak er alP®
suggested that DO,-NisSn is the result of a martensitic
transformation of Ni3zSn(ht) upon rapid quenching.

In the equilibrium-phase diagram, Ni3;Sn, is shown is
to have two forms: the high-temperature form (InNiy/
NiAs, B8,/B8;-type NizSn,(ht), stable between 873 and
1540 K),”'3" and the low- temperature form, NisSny(It),
stable below 873 K.1*!7) However, in recent years, the
solid-state phase equilibria around 40 at. pct Sn have
been reinvestigated in great detail. References 24
through 27 and 29 through 31 identify three different
forms of Ni3;Sn,, one commensurate and two incom-
mensurate phases. The commensurate phase, stable
between 39.3 and 40.8 at. pct Sn, has an orthorhombic
structure (Pearson symbol: 0P20; space group: Pnma),
and it is a lock-in phase between the two incommensu-
rate phases, NisSn,-LT” and Ni3Sn,-LT”. The former
has an orthorhombic symmetry and is stable between
40.8 and 42.5 at. pct Sn; the latter is stable at a Sn
content less than 39.2 at. pct Sn, but the crystallo-
graphic details are not known. These incommensurate
phases are not considered in our first-principles
calculations.

Even though the existence of equlhbrlum ?hase
Ni3;Sny has been confirmed many times,? the
reported structural details differ. For example, Furuseth
and Fjellvagl®” confirmed the monoclinic symmetry of
Ni;Sny, but claimed that it is isotypic with CoGe; thus,
the ideal stoichiometry should correspond to NiSn
rather than to Ni3Sng.

Metastable phases are usually transient in nature;
during annealing/heat treatment they eventually under-
go transformation to stable phases, as governed by the
equilibrium-phase diagram. The metastable phases may
form during nonequilibrium processing such as mechan-
ical alloying, rapid solidification, or vapor deposition;
they also sometimes form during solid-solid phase
transformations, solid-solid (liquid) interfacial reactions
in diffusion couples, thin-film reactions, and the crys-
tallization of amorphous phases. Metastable phases may
also be stabilized by extraneous effects such as the
impurity elements in an otherwise pure alloy. Some-
times, the intermetallics that are thermodynamically
metastable in a binary system may become stable in
ternary and higher-order systems. This may have a
significant influence on the phase diagrams, diffusion
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paths, and interfacial microstructure in diffusion couples
of multicomponent systems.

The formation of metastable crystalline phases has
been reported in at least two distinct experiments: (1)
durin § the interfacial reaction in Ni/Sn diffusion cou-
plest? and (2) in electrodeposited thin films.[*"
Watanabe er al*!! observed two metastable phases,
M, and M,, in electrodeposited Ni-Sn thin films: single-
phase M, in the range of 29 to 56 at. pct Sn and M,
forms in the composition range of 75.5 to 90 at. pct Sn.
The latter was reported to have a tetragonal structure
with @ = 0.623 nm and ¢ = 0.577 nm. Haimovich*”!
reported the formation of NiSn; during the solid-state
aging of Ni/Sn diffusion couples at 160 °C or below, but
its structure was not determined. Very recently, Boett-
inger et al.*? reported the formation of NiSn, in solder
joints involving electroplated layers of Ni and Sn that
were subjected to thermal cycling between —40 °C
and +130 °C; the NiSny is reported to have ortho-
rhombic symmetry (isotypic with AuSny), as determined
by the electron backscattered diffraction method in a
scanning electron microscope.

Based on the extrapolated liquidus and solidus
boundaries of the equilibrium-phase diagram, Liu
et al*? ruled out the possibility of amorphous-phase
formation in Ni-Sn system. However, amo [phous phases
have been prepared by mechanical alloying!** and Vapor
quenching methods.***! Tianen and Schwarz!*? pre-
pared single-phase amorphous alloy at 25 at. pct Sn,
through the mechanical alloying of Ni and Sn powders at
240 K. Geny et al* prepared amorphous Ni;_,Sn,
0.57 £ x £0.73 thin films through the codeposition of
elemental vapors on substrates at 77 K. Amorphous
phases at Ni3Sng.g9 and NizSnj.q4 compositions have also
been prepared through the electron-beam evaporation of
pure elements on silicon substrate with a spincoated film
of polymethylmethacralate.*>) Of course, the noncrys-
talline structures are not considered in our first-princi-
ples calculations.

The concept of a virtual phase is a mathematical one
in the context of the calculation of phase diagrams
(CALPHAD) modeling of intermetallics with a finite
homogeneity range, using a sublattice model.l**! For
example, NizSn, (0P20) and Ni;Sny (mC14) are stable
phases, while Ni,Sn; (0P20) and NiySn; (mC14) are
virtual phases in the Ni-Sn system. The energetics of
virtual phases is important in understanding the site
occupancy of third elements and defect energetics in
binary intermetallics. We have considered several virtual
phases that are ordered structures based on simple
lattices, such as (1) bee-based ordered structures (B2 and
DO3), (2) fcc-based ordered structures (Ll,, DOy,
DO»3, and Ll,), and (3) hcp-based ordered structures
(B19, DOy, and DO,). A tetragonal phase tP10-NiSny,
which is prototypical of the 1P10-AuSn, observed in the
Au/Sn thin-film reaction,*” is also considered as virtual.

B. Calorimetry Data

The heats of formation (A/H) of Ni-Sn 1ntermetalhcs
have been measured by both solutlon calorimetry!** %
and direct-reaction calorimetry.*** Hultgren ez al.>
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assessed the data of Korber and Oelsen,” who carried

out the direct-reaction calorimetry by pouring liquid Ni
and liquid Sn near 293 K. Hultgren et al. noted that both
the attainment of equilibrium and the final state of the
alloys were very uncertain; therefore, their assessed data
for NizSn(It) and NizSny(It) should be regarded as
tentative. Subsequent investigations carried out solution
calorimetry using liquid Sn as a solvent, to determine the
heats of formation of the following intermetallics:
Ni;Sn(ht),”” Ni;Sno(ht),*¥ % and NizSn,.*>" Very
recently, two sets of calorimetric data have been reported.
Vassilev er al.®¥ carried out direct-reaction calorimetry
to determine the enthalpies of the following intermetal-
lics: NisSn(ht), NisSn(lt), NizSn,(ht), Ni3Sn281t), and
Ni;Sny. On the other hand, Flandorfer er al.? carried
out solution calorimetry using liquid Sn in a Calvet-type
microcalorimeter and reported the standard enthalpy of
formation of NisSn(It), NizSn,(ht), and NizSng.

C. CALPHAD Modeling of Phase Stability and Phase
Diagram

The CALPHAD modeling of the phase stability®®>”
and phase equilibria of the Ni-Sn system has been
reported by four different groups.’***°% Nash er a/.°¥
treated all intermetallics as line compounds and did not
make a distinction between high- and low-temperature
forms of Ni3Sn,. The first comprehensive modeling of
phase stability and phase equilibria was carried out by
Ghosh.’”'  Subsequently, Miettinnen'®”  presented
another thermodynamic assessment of the Ni-Sn system,
using simplified models of NizSn and Ni3;Sn, phases.
For example, Miettinnen treated cF16-NisSn(ht) as a
solid-solution phase and did not distinguish between the
high- and low-temperature forms of Ni;Sn,. Later, Liu
et al*? reassessed the phase stability and phase equi-
libria of the Ni-Sn system.

III. COMPUTATIONAL METHODOLOGY
A. Ab-initio Total Energy Calculations

The ab-initio calculations presented here are based
on the electronic density-functional theory (DFT) and
have been carried out using the ab-initio total-energy
program known as the Vienna Ab-initio Simulation
Package (VASP).®""%! The current calculations make
use of fully nonlocal Vanderbilt-type ultrasoft pseudo-
potentials (USPP),[*” as implemented in VASP,[* to
describe the electron-ion interaction and an expansion
of the electronic-wave functions in plane waves with a
kinetic-energy cutoff of 314 eV, which is at least 30 pct
more than the recommended default value. The USPPs
used in this work explicitly treat ten valence electrons
for Ni (3d4'°) and 14 valence electrons for Sn (4d'°5s%p?).
All calculated results were derived using spin polarized
Hamiltonian, using both local-density approximation
(LDA), and generalized-gradient approximation (GGA)
for the exchange-correlation functional. As implemented
in VASP, the LDA calculations use the Ceperly—
Alder’® form of exchange-correlation (xc) energy, as
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parametrized by Perdew and Zunger.[*”! For the GGA
calculations, the exchange-correlation functional used is
due to Perdew and Wang,®®! with the Vosko—Wilk—
Nussairl® interpolation of the correlation energy.

Brillouin zone integrations were performed using
Monkhorst—Pack!”” k-point meshes, and the Methfes-
sel-Paxton!’" technique, with the smearing parameter of
0.1 eV. Tests were carried out using different k-point
meshes, to ensure the absolute convergence of the total
energy to a precision of greater than 1.0 meV/atom
(=~0.1 kJ/mol-atom). For example, the k-point meshes
for NisSn (¢F16), NisSn (hPS), NizSn,(0P20), and
NisSny (mC14) were 10 x 10 x 10, 8 x 8 x 10,
8 x 11 x 7, and 3 x 8 x 6, respectively. Depending
on the structure of the phases listed in Table I, up to
324 k points were used in the irreducible Brillouin zone.
All calculations are performed using the “high” setting
of precision within the VASP code. The total energy was
converged numerically to less than 5 x 107° eV/atom,
with respect to the electronic, ionic, and unit-cell degrees
of freedom; the latter two were relaxed, using the
Hellman—Feynman forces with a preconditioned conju-
gate gradient algorithm. After structural optimization,
the Hellman—Feynman forces (when permitted by the
space group symmetry) were less than 4 meV/A in
magnitude. With the chosen plane-wave cutoff and
k-point sampling, the reported formation energies are
estimated to be converged to a precision of greater than
2 meV/atom (=0.2 kJ/mol-atom).

The cohesive properties of pure elements and selected
intermetallics are also calculated using pseudopotentials
constructed by the projector-augmented wave (PAW)
method,’? as implemented in VASP.* In the PAW
method, which retains the all-electron character, a plane-
wave basis set is used to express the auxiliary description
of the electron density, which is transformed into full
density by projectors that add the effect of the local
atomic density. In practice, this loosely corresponds to a
frozen-core approximation, with a plane-wave expansion
of the valence electrons. The frozen-core approximation
is not strictly necessary; in fact, very recently, a relaxed-
core PAW method has been proposed’* that yields
results with an accuracy comparable to the FLAPW
(full-potential  linearized augmented plane-wave)
method.”” The PAW method includes a nonlinear core
correction, accounts for core-core overlap, and is free of
any shape approximation for both the charge density and
the electronic potential. Therefore, PAW pseudopoten-
tials are an improvement over Vanderbilt-type USPP.
The valence configurations of PAW pseudopotentials
and the exchange-correlation functional were the same as
in USPP; however, a kinetic-energy cutoff of 350 eV was
used for the expansion of the electronic-wave functions
in plane waves.

B. Equation of State and Formation Energy

As described in a previous publication,”” we take the

formation energy (A/E) at zero temperature and zero
pressure, and without the zero-point motion of an
intermetallic Ni,Sn,, in which p and ¢ are integers, as a
key measure of the relative stability of competing
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structures (¢, ¢, ¢s...). The formation energy per atom
of Ni-Sn intermetallics is evaluated relative to the
composition-averaged energies of fcc Ni and A5-Sn (or
p-Sn).

For most of the intermetallics, we calculated the total
energy (E) as a function of the volume (7). Then we
used the zero-temperature equation of state (EOS) due
to Vinet er all’”! to define the equilibrium volume (V)
and the corresponding total energy (E,), and the bulk
modulus (B,) and its derivative (B,’), with respect to the
hydrostatic pressure (P).

C. Single-Crystal Elastic Constants of Pure Elements

To check the accuracy of the computational procedure,
we have calculated the single-crystal elastic constants of
the pure elements for which reliable and low-temperature
experimental data are available. In particular, we are
interested in comparing the calculated values with the
experimental data, to assess the role of the exchange-
correlation functional and the type of pseudopotential.
Generally, the single-crystal elastic constants can be
obtained by ab-initio electronic-structure methods, by
calculating the total energy as a function of the appro-
priate lattice deformations. Depending on the crystal
system and the type of imposed lattice deformation, the
curvature of the total energy vs strain curves defines either
a particular elastic constant or a combination of elastic
constants.

For a phase with cubic lattice symmetry, there are
three single-crystal elastic constants, Cyj, Cjo, and Caa.
For a tetragonal phase, there are six single-crystal elastic
constants, C11, Clz, C13, C33, C44’ and C(,6. Mehl et al.[78]
summarized the lattice deformations needed to derive
the C; in both cubic and tetragonal crystal systems.
Accordingly, we have calculated total energies by
imposing appropriate strains up to £3 pct at a 0.5 pct

interval. The total energies vs strain were fit with the
functional forms provided by Mehl et al.,[78] to extract
the elastic constants.

IV. RESULTS
A. Lattice Stability and Cohesive Properties of Ni and Sn

The lattice stability of pure elements is very important
in the CALPHAD method of modeling phase dia-
grams,’%>" which begins with the Gibbs energy descrip-
tion of pure elements with different structures. We have
calculated the total energies of Ni and Sn as a function
of volume for the following structures: fcc (A1 or cF4),
bee (A2 or ¢l2), hep (A3 or hP2), diamond cubic (44 or
cF8), and tetragonal (45 or t/4 and A6 or t12). The
resulting zero-temperature cohesive properties of Ni are
compared with the available experimental data in
Table II. A detailed discussion of the lattice stability
and cohesive Eroperties of Sn may be found in an earlier
publication.!”

The lattice parameter of fcc Ni at 0 K is obtained by
the extrapolation of the experimental data®®3! at higher
temperatures. The experimental bulk moduli of fec Ni®*!
are based on the extrapolated values of C;; and C, to
0 K, with B, = (C;; + 2Cy,)/3. The extrapolated lattice
parameter of fcc Ni and its B,agree very well with those
calculated using USPP-GGA; they differ by only 0.4 and
S pet, respectively. The calculated magnetic moment of
fcc Ni also shows %ood agreement with the experimental
values at 0 K.1%3%% On the other hand, the USPP-LDA
values manifest the effect of overbinding, causing a
smaller lattice parameter and a higher bulk modulus by
approximately 2.3 and 25 pct, respectively.

The experimental B,values of fcc Ni, listed in Table 11,
are at 298 K. It has been pointed out® that,
depending on the measurement technique (ultrasonic

Table II. Calculated Structural and Elastic Properties of Ni at 0 K as Defined by the Equation of State
USPP-LDA (This Study) USPP-GGA (This Study)
Structure Lat. para. v, B, B, M Lat. para. v, B, B, M
c2 (W) a = 0.23725 10.201 23.27 4.09 0.447 a = 0.28129 11.128 18.92 3.86 0.569
c¢F4 (Cu) a = 0.34359 10.141 25.14 445 0.594 a = 0.35331 11.026 19.70 6.74 0.651
a = 0.35103" 18.76°  5.26°  0.604¢
a = 0.35152° 4.76°  0.615"
hP2 (Mg) a = 0.24260 10.560 24.94 5.08 0.573 a = 0.24929 11.049 19.04 5.12 0.620
¢ = 0.39936 ¢ = 041014
¢F8 (C) a = 0.49476 15.139 11.49 2.19 0.760 a = 0.51108 16.687 8.95 5.27 0.811
t14 ($-Sn) a = 0.43383 11.103 19.59 4.11 0.584 a = 0.44734 12.148 15.73 4.67 0.683
¢ = 0.23583 ¢ = 0.24286
tI2 (In) a = 0.28741 10.242 24.03 4.50 0.561 a = 0.29625 11.154 18.98 4.84 0.615
¢ = 0.24819 ¢ = 0.25394

Note: The units of lattice parameter, V, and B,, are nm, 1073 nm3/at0m, and 10" N/mz, Respectively. The term M is the magnetic moment (in
Bohr magneton) at V,,. The calculated values are compared with the available experimental data. The relevant properties of Sn may be found in an

earlier publication.””!
*Experimental data of Kohlhaas et /¥ extrapolated to 0 K.
®Based on reported Cjat0 K.
°Reported data at 298 K15
dAt 0 K5V
“Experimental data of Bandopadhay and Gupta
fReported data at 0 K.Y

[81]

extrapolated to 0 K.
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resonance) vs the initial slope of the locus of the
Hugoniot states in shock-velocity particle-velocity coor-
dinates, the values of B,may differ, even though, ideally,
they should be the same.

An important issue in the theoretical study of phase
stability is the elastic stability of crystals, which can be
assessed from knowledge of the single-crystal elastic
constants. The calculated single-crystal elastic constants
are compared with the experimental data in Table III.
The requlrements of elastic stability in a cubic crystal
dr€86 Ci1 >0, Cip>0, (Cll — C12) >0, and Cyy > 0.
The calculated values of Cysatisfy these criteria, for both
fcc Ni and A4-Sn.

In addition, as shown in Table III, the calculated
values of Cj; of fcc Ni made using USPP-GGA and
PAW-GGA agree within 5 pct of the experimental
values,® while those made using USPP-LDA are
overestimated by as much as 35 pct of the experimental
values. Furthermore, our calculated values for the Cj;
of fcc Ni made using USPP-GGA and PAW-GGA
show a very good agreement with those made using
FLAPW-GGA.®*7

We have also calculated the values C;; of 45-Sn; the
results are listed in Table III. The requlrements of elastic
stability in a tetragonal crystal are®®™® C;; >0, C;» > 0,
C13>0 C33>0 Cys >0, Cgs>0, (Cll—C12)>O
(Cll + C33 — 2C13) > O, and (2C11 + C33 + 2C12*4C13)
> (. Our calculated values demonstrate that they satisfy
the criteria of the elastic stability of 45-Sn. The calculated
values of C;;made using USPP-LDA agree within 6 pet of
the experimental values,®™® while those made using
USPP-GGA and PAW-GGA dre underestimated by
as much as 55 pct. Adkim e al.®” reported the calcu-
lated values of Cj; of both 44- and A5-Sn using the
tight-binding method; their results are summarized in
Table III. As seen, while their results for 44-Sn agree
reasonably well with our calculated values made using
USPP-LDA, the agreement for 45-Sn is very poor, with
both the experimental data and our calculated values.

Table 111.

The calculated lattice stabilities of Ni at 0 K are
compared with those from the Sc1ent1ﬁc Group Ther-
modata Europe (SGTE) datdbdse I'as provided in the
Thermo-Calc software packagel® in Table IV. The
corresponding properties of Sn may be found in an
earlier publication.”” Our calculated lattice stabilities of
Ni involving bcec, fce, and hcp structures based on
USPP-GGA, listed in Table IV, are in very good
agreement (w1th1n 0.5 kJ/mol-atom) with recently
reported values.”® For simple structures, such as bcc,
fce, and hep, the quantitative dlfferences between our
calculated values and the SGTE database are approx-
imately 1 kJ/mol-atom; thus, the agreement should be
considered as good.

Dinsdale® (also the SGTE database) and Wang
et al®¥ did not report the lattice stabilities of Ni and Sn
in A4, A5, and A6 structures. These lattice stabilities are
important in the thermodynamic modeling of Sn-based
binary and ternary phase diagrams.

B. Phase Stability and Cohesive Properties of Ni-Sn
Intermetallics

There are many important aspects of an investigation
of the phase stability and cohesive properties of solids
using DFT methods. These include an understanding of
the electronic structure and bonding mechanisms; a
search for the ground-state structures; calculation of the
thermodynamic properties of stable phases, which may
be compared with the experimental data (when avail-
able) and with the properties of the metastable and
virtual phases that cannot be accessed experimentally;
calculation of the electronic, magnetic, structural, phys-
ical, and thermophysical properties (when possible); an
exploration of the roles of LDA and GGA for the
exchange-correlation functional on the calculated pro-
perties, etc. In the case of alloy systems hitherto
unexplored using electronic DFT methods, it is difficult
to predict whether the calculated cohesive properties

Comparison between Calculated (at 0 K and Zero Pressure) Slngle Crystal Elastic Constants of Ni and Sn;

the Unit of Cj; is 10 Nm™2

Ab Initio (This Study)

Element (Pearson Symbol) Cy USPP-LDA USPP-GGA PAW-GGA Ab Initio (Previous) Experiment
Ni (cF4) Cyy 34.740 27.574 27.164 28.7% 26.120°
Ciy 20.341 15.762 15.791 15.5 15.080
Cyy 15.731 12.397 12.507 15.0 13.170
Sn (¢14) Cn 8.421 6.296 6.265 12.2° 8.274¢
Cip 6.225 5.120 5.156 6.7 5.785
Ci3 3.540 2.568 1.504 —-2.4 3.421
Cs; 10.417 7.987 8.722 21.0 10.310
(om 2.534 2.029 1.643 2.2 2.695
Ces 2.808 2.326 2.559 3.8 2.818
Sn (cF3) Cn 6.703 5.348 5.601 6.77° —
Cip 3.418 2.692 2.559 3.01 —
(om 2.949 2.637 2.604 3.8 —
*FLAPW-GGA "]
PAt 0 K.
‘TB-LDA.P”
At 4.2 K.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Table IV. A Comparison of Lattice Stabilities (in J/Mol Atom) of Ni

Ab Initio (This Study)

Ab Initio (Previous Studies) SGTE Database!!')

Property USPP-LDA USPP-GGA PAW-GGA xc-LDA xe-GGA
AEAI>A2 10,203.7 9.365.5 8,864.4 9,134.2¢ 7,948.4
9,845.3
AEAI>A3 2,399.2 2,582.3 2,322.1 2,100.5% 1,046
2,625.4°
Al>Ad 132,176.7 111,557.2 111,749.9 — ¢
EAI>AS 49,255.5 42,713.2 43,840.9 - ¢
AEAI>A6 8,498.3 7,390.3 7,236.1 — ¢

Note: The corresponding properties of Sn may be found in an earlier publication.’””) For direct comparison with the calculated results, lattice-

stability values from the SGTE database®! are also reported at 0 K.
PpAW P
"FLAPW.F7!
“Not provided.

using LDA or GGA will yield better agreement with the
experimental data, and also to what extent the proper-
ties calculated using LDA and GGA will differ with each
other.

In the preceding Section A, we showed that the
cohesive properties of fcc Ni (the lattice parameter, bulk
modulus, and C;) calculated using USPP-GGA agree
very well with the corresponding experimental data,
while those of 45-Sn (or -Sn) calculated using USPP-
LDA agree very well with the experimental data
(Table III). These findings warrant calculation of the
cohesive properties of Ni-Sn intermetallics using both
USPP-LDA and USPP-GGA. Consequently, these
results are presented here.

The results of ab-initio calculations for Ni-Sn inter-
metallics are summarized in Tables V through VIII and
are plotted in Figures 1 and 2. The calculated A/ using
USPP-LDA and USPP-GGA are plotted in Figures 1(a)
and 2(a), respectively, as a function of Sn content. In
both cases, the ground-state convex hull is asymmetric
and skewed toward the Ni side, with a minimum in A/E
at NizSn,. Among all the phases considered (Table I),
our calculations using USPP-LDA vyield a ground-state
convex hull defined by the following phases: NizSn
(hP8), NizSn, (0P20), NiSn (hP4), NizSny (mC14), and
NiSny4 (0C20). In other words, these are the structures
(of the 27 intermetallics considered) that are predicted to
be stable alloy phases at zero temperature. When USPP-
GGA is used, the same phases, with the exception of
NisSn (¢P4) instead of NisSn (4P8), also define the
ground-state convex hull. Consistent with the expected
behavior, the A/E values computed using USPP-LDA
are consistently more negative than those obtained using
USPP-GGA. Similarly, the equilibrium volumes com-
puted using USPP-LDA are consistently smaller than
those computed using USPP-GGA (Figures 1(b) and
2(b)), while the reverse is the case for the computed bulk
moduli (Figures 1(c) and 2(c)).

It is important to note that the ground-state structures
predicted by our first-principles calculations (both LDA
and GGA) have been experimentally observed, but not
all of them are registered in the assessed phase dia-
gram.”"! Four different structures of Ni;Sn have been
reported. While the high-temperature form is believed to
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be the DO; type,?! the reported structures of low-
temperature Ni3Sn are the DOy, DO, and L1, types.[zu
As presented in Table VI, the structural energy differ-
ence between the latter three structures is very small. In
particular, the structure energy difference between
L1,-NisSn and DO;9-Ni;3Sn is predicted to be less than
0.2 kJ/mol-atom. Experimentally, these three structures
have been observed at room temperature, and it is not
clear whether impurities have played any role in their
stability. The Ni;Sn,(ht) phase, which is prototypical of
NiSn (h#P4), has been observed at high temperature.
While the phases NiiSn, (0P20)*'" and NisSng
(mC14)P138] were established long ago, only recently
has NiSny (0C20) been identified as a product of the
interfacial reaction in Ni/Sn diffusion couples:*? its
equilibrium relations with other phases in the Ni-Sn
phase diagram, however, are yet to be established.

Both the USPP-LDA and the USPP-GGA calcula-
tions show that the formation energy of the metastable
phases NisSn (0P8),7* 3¢ NiSn (0P32),”* and Ni;Sny
(mC16)*” lie approximately 1 kJ/mol-atom above
the ground-state convex hull (Figures 1(a) and 2(a)
and Table VI). On the other hand, the formation
energies of the virtual phases considered in Table I lie
several kJ/mol-atom above the ground-state convex
hull (Figures 1(a) and 2(a)). The only exception is
tP10-NiSny. Both the USPP-LDA and USPP-GGA A/E
values show that /P10-NiSny is only slightly less stable
than 0C20-NiSny; their formation energies differ by less
than 1 kJ/mol-atom.

The available calorimetric data for the enthalpies of
formation show a better agreement with those calcu-
lated using USPP-LDA than with those calculated
using USPP-GGA. In particular, the A calculated
using USPP-LDA for NisSn(ht) (¢F16) and NizSn(It)
(hP8) agree well with the corresponding calorimetric
AH 981515354 yalues. The enthalpy of formation of
Ni;Sn,(It) (0P20) reported by Predel and Rugel*”! could
not be reproduced in a later investigation." In the
direct-reaction  calorimetry  experiment, Vassilev
et al®™ noted an incomplete reaction; thus, their
Aszg&ls value should be considered as approximate.
In the case of NisSny (mCl14), both the solution
calorimetry™®®->! and direct-reaction calorimetry?®*

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table V. Calculated Equilibrium Cohesive Properties, as Defined by the Equation of State, at 0 K of Ni-Sn Intermetallics Listed
in Table I

xc-LDA (This Study) xc-GGA (This Study)

Phase Pearson Symbol Space Group (No.) V, B, B, v, B, B,
Stable ~
NisSn(ht) cF16 Fm3m (225) 12.170 20.36 4.73 13.179 16.12 5.17
Ni;Sn(lt) hP8 P63/mmc (194) 12.104 20.48 4.79 13.106 16.20 5.09
Ni;Sn,(It) oP20 Pnma (62) 14.296 16.15 4.89 15.473 12.81 4.89
Ni;Sny mCl14 C2/m (12) 17.032 12.30 4.9 18.455 9.67 5.03
Metastable
Ni;Sn oP8 Pmmn (59) 12.102 20.54 4.72 13.104 16.30 4.95
Ni;Sn cP4 Pm3m (221) 12.116 20.45 4.74 13.120 16.34 4.89
(12.045 20.35 4.71)* (13.065 16.26 4.79)*
NiSn oP32 Pbam (55) 15.743 14.12 445 17.057 10.98 5.12
Ni;Sn§ mC16 C2/m (12) 15.748 14.06 5.72 17.056 11.02 6.12
NiSny 0C20 Aba2 (41) 21.623 7.26 5.39 23.558 5.55 4.65
Virtual
NisSn tI8 I4/mmm (139) 12.135 n.d. n.d. 13.136 n.d. n.d.
NisSn t116 14 /mmm (139) 12.139 n.d. n.d. 13.171 n.d. n.d.
Ni,Sn hP6 P63/mmc (194) 13.098 18.22 491 14.189 14.45 4.44
NiySn; mC14 C2/m (12) 16.297 n.d. n.d. 17.768 n.d. n.d.
NiSn cP2 Pm3m (221) 15.261 13.38 4.98 16.627 10.24 5.17
NiSn hP4 P63/mmc (194) 16.336 13.88 5.13 17.666 10.86 4.79
(16.199 13.74 4.76)* (17.548 10.93 4.95)*
NiSn oP4 Pmma (51) 15.312 11.67 5.51 16.752 9.45 9.05
NiSn tP4 P4/mmm (123) 15.263 13.33 5.00 16.636 10.33 4.87
Ni,Sn; oP20 Pnma (62) 18.655 n.d. n.d. 19.654 n.d. n.d.
NiSn, hP6 P63/mmc (194) 20.050 7.42 7.10 21.909 5.52 3.92
NiSn; cP4 Pm3m (221) 20.843 7.82 5.16 22.749 6.06 4.81
20.735% n.d. n.d. 22.627% n.d. n.d.
NiSn; t18 14 /mmm (139) 20.749 n.d. n.d. 22.624 n.d. n.d.
NiSn; t116 14 /mmm (139) 22.191 n.d. n.d. 24.243 n.d. n.d.
NiSn; cF16 Fm3m (225) 20.947 n.d. n.d. 22.834 n.d. n.d.
NiSn; oP8 Pmmn (59) 20.943 n.d. n.d. 22.901 n.d. n.d.
NiSnj3 hP8 P63/mmc (194) 23.071 n.d. n.d. 25.232 n.d. n.d.
NiSny tP10 P4/nbm (125) 21.719 7.17 4.09 23.634 5.66 4.58

Note: The units of ¥, and By are 10° nm?/atom and 10'® N/m™2, respectively; the calculated values are compared with the experimental data

when available.

*Based on alternate USPP description of Sn with four valence electrons (55%p?).

PActual composition is equiatomic (Table VIII).
n.d.: not determined.

values of AH>*"> show an agreement with the A/E
calculated that is better when using USPP-LDA than
when using USPP-GGA.

All the results discussed here were obtained using the
USPPs described in Section III-A. In addition, several
calculations at the LDA and GGA levels for a few stable,
metastable, and virtual phases were also performed with
alternative settings, to gage the overall accuracy of the
our results. Specifically, additional calculations were
performed using PAW-GGA pseudopotentials in the
case of Ni3Sny (mC14) and NisSn (¢P4); an alternative
USPP was used for Sn, in which four electrons, 5s2p2,
were explicitly treated as valence (i.e., they did not
include semicore 4d states as valence) in the case of
Niz;Sn (¢P4), NiSn (hP4), and NiSn; (cP4). The effects of
the alternative pseudopotentials on A/E are compared in
Table VI. It is seen that the calculations for the AE of
Ni3Sny (mC14) and NisSn (¢P4) done using USPP-
GGA and PAW-GGA agree within approximately

METALLURGICAL AND MATERIALS TRANSACTIONS A

1 kJ/mol-atom. Similarly, the calculations for the A/
of Ni3Sn (¢P4), NiSn (hP4), and NiSn; (¢P4) done using
two different USPPs of Sn (valence configuration:
4d"%55°p* vs 55°p*) also agree within approximately
1.5 kJ/mol-atom, at both LDA and GGA levels.

Tables VII and VIII present detailed comparisons of
the calculations and measurements for lattice parame-
ters and atomic positions, respectively. As shown in
Table VII, the lattice parameters of both the stable and
metastable phases measured at ambient temperature lie
between the lattice parameters calculated using
USPP-LDA and USPP-GGA. However, we note that,
in many cases, the experimental lattice parameters are
much closer to those calculated using USPP-GGA than
to those calculated using USPP-LDA. Specifically, the
lattice parameters of Ni3sSn (cP4), Ni3Sn (cF16), NizSn
(hP8), NizSn, (0P20), and NizSny (mC14) calculated
using USPP-GGA agree to within 1 pct of the experi-
mental data at ambient temperature.
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Table VI. Ab-Initio Energy of Formation (A/E, in kJ/Mol Atom) of Ni-Sn Intermetallics Listed in Table I

Ab InitioA/E (This study) AHPED
Phase Pearson Symbol Space Group (No.) USPP-LDA USPP-GGA Experiment Calphad
Stable
Ni;Sn(ht) ¢F16 Fm3m (225) —17.787 —13.253 —21.000 £ 0.400% —27.495°
—26.538°
—21.745¢
Ni;Sn(lt) hP8 P63/mme (194) —23.452 —18.052 —23.442 4 0.189° —30.638°
—26.310 & 0.28° —26.657°
—24.400 + 1.200° —26.882¢
_ _ —24.900 £ 1.000" —26.4008
Ni;Sn,(ht) hP4 P65/mme (194) —24.4101 —19.885' —31.395 + 4.189° —28.977¢
—31.778 £ 0.500° —25.070¢
—34.200 £ 1.700%
—35.000 £ 0.200%
—34.600 + 1.000"
Ni;Sn,(1t) 0P20 Pnma (62) —31.758 —25.994 —38.570 & 0.770} —36.989°
Ni;Sny mCl4 C2/m (12) —28.155 —23.279 —29.682% —34.263°
—24.453! —21.318 £ 0.556" —25.409°
—28.760™ —26.138¢
—25.784 + 1.000% —25.6808
—24.000 £ 1.000"
Metastable
NisSn 0P8 Pmmn (59) —22.691 —17.339
NisSn cP4 Pm3m (221) —23.366 —18.206
—24.919" —19.249"
—19.498!
NiSn oP32 Pbam (55) —29.821 —24.291
Ni;Sn§ mCl16 C2/m (12) —29.532 —24.079
NiSn, 0C20 Aba2 (41) —13.460 —11.819
Virtual
Ni;Sn (18 T4/mmm (139) —21.159 —16.163
Ni;Sn 116 I4/mmm (139) —20.359 —15.383
Ni>Sn hP6 P63/mme (194) —20.574 —15.490
NisSns mCl4 C2/m (12) —7.068 —5.738
NiSn hP4 P65/mme (194) —30.602 —26.160
—32.447" —27.427"
NiSn oP4 Pmma (51) 0.212 0.173
NiSn P4 P4/mmm (123) —2.630 0.366
Ni>Sn; 0P20 Pnma (62) —7.988 —6.120
NiSn, hP6 P63/mmc (194) 12.047 10.143
NiSn; cP4 Pm3m (221) 27.403 23.534
27.039" 23.151"
NiSn; 118 T4/mmm (139) 26.294 22.773
NiSn; t16 14/mmm (139) 18.769 15.845
NiSn; cF16 Fm3m (225) 29.869 25.837
NiSn; 0P8 Pmmn (59) —5.454 —4.889
NiSn; hP8 P63 /mme (194) 1.638 —0.015
NiSny (P10 P4/nbm (125) —12.651 —11.414

Note: The ab-initio values are compared, when available, with the experimental standard heat of formation (A;H***'%) and the calculated values
based on Calphad model parameters. The reference states are fcc-Ni and tetragonal 45-Sn (f-Sn).

Wassilev et alP¥

°Nash ez al.¥

Ghosh.*")

ILiu er al*?

°Korber and Oelson,” and also Hultgren et al.

'Predel and Vogelbein.”

EMiettinen.[”

"Flandorfer et al.5?

'Obtained by interpolating A(E of Ni,Sn (2P6) and NiSn (hP4).

Predel and Ruge.[*¥!

XDannohl and Lukas.*”!

'Based on PAW-GGA pseudopotentials;

MTorgersen et al.®!!

"Based on alternate USPP description of Sn with four valence electrons (55°p?).

°Actual composition is equiatomic (Table VIII).

[55]
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Table VII. Ab Initio Calculated Lattice Parameters (in nm) of Ni-Sn Intermetallics Listed in Table I; the 4b Initio Values
Are Compared with the Experimental Data When Available

USPP-LDA (This Study) USPP-GGA (This Study) Experiment
Phase (Pearson Symbol) albjc of/By alb/c o/By alb/c o/Bly
Stable
Ni;Sn(ht) (¢F16) a = 0.57961 a = 0.59521 a = 0.59820"
Ni;Sn(lt) (2P8) a = 0.51853 a = 0.53255 a = 0.52950°
¢ = 041368 ¢ = 0.42685 ¢ = 0.42470
Ni3Sny(1t) (0P20) a = 0.70017 a = 0.71846 a = 0.71241°
b = 0.50998 b = 0.52341 b = 0.51970
¢ = 0.80037 ¢ = 0.82257 ¢ = 0.81563
a = 0.71247¢
b = 0.51954
¢ = 0.81540
Ni;3Sny (mC14) a = 1.20133 a = 123242 a = 1.22146°
b = 0.39998 p = 105.331° b = 0.41102 p = 105.147° b = 0.40602 p = 105.010°
¢ = 0.51445 ¢ = 0.52844 ¢ = 0.52913
Metastable
Ni;Sn (oP8) a = 0.52119 a = 0.53541 a = 0.52750°
b = 041728 b = 0.42864 b = 0.46000
¢ = 0.44515 ¢ = 045674 ¢ = 0.42540
Ni;Sn (cP4) a = 0.36459 a = 0.37439 a = 0.37381¢
NiSn (0P32) a = 2.44337 a = 2.51656 a = 2.44528"
b = 0.51069 b = 0.52394 b = 0.52002
¢ = 0.40367 ¢ = 0.41388 ¢ = 0.40912
NiSn (0P32) a = 2.44337 a = 2.51656 a = 2.44528"
b = 0.51069 b = 0.52394 b = 0.52002
¢ = 0.40367 ¢ = 041388 ¢ = 0.40912
Ni;Sny (mC16) a = 1.25063 a = 1.28625 a = 123712
b = 0.40411 p = 102.094° b = 0.41391 p = 102.027° b = 0.40691 p = 104.060°
¢ = 0.50979 ¢ = 0.52418 ¢ = 0.52101
NiSny4 (0C20) a = 0.61711 a = 0.63466 a = 0.6397¢
b = 0.61993 b = 0.63694 b = 0.64260
¢ = 1.12961 ¢ = 1.16601 ¢ = 1.13810
Virtual
NisSn (¢18) a = 0.37203 a = 0.38206
¢ = 0.70141 ¢ = 0.71992
NisSn (¢116) a = 0.36816 a = 0.37809
¢ = 1.43304 ¢ = 147139
Ni,Sn (11P6) a = 0.41963 a = 0.43056
¢ = 0.51539 ¢ = 0.52988
NiSn (¢P2) a = 031252 a = 0.32157
NiSn (hP4) a = 0.38950 a = 0.40006
¢ = 0.49679 ¢ = 0.51022
NiSn (oP4) a = 0.44612 a = 0.48750
b = 0.31294 b = 0.31461
¢ = 0.43763 ¢ = 043612
NiSn (tP4) a = 0.44271 a = 0.45499
¢ = 0.32136 ¢ = 0.32150
Ni,Sn3z (0P20) a = 0.48190 a = 0.49439
b = 0.80178 b = 0.82471
¢ = 0.93863 ¢ = 0.96407
NiSn, (hP6) a = 0.42759 a = 0.43886
¢ = 0.76047 ¢ = 0.78848
NiSnj (cP4) a = 0.43686 a = 0.44979
NiSnj (¢18) a = 0.44656 a = 046189
¢ = 0.83237 ¢ = 0.84833
NiSnj3 (1116) a = 041923 a = 0.43448
¢ = 201913 ¢ = 2.04322
NiSnj (¢F16) a = 0.69462 a = 0.71488
NiSnj3 (0P8) a = 0.59534 a = 0.61798
b = 0.33048 b = 0.33718
¢ = 0.85157 ¢ = 0.87927
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Table VII. Continued
USPP-LDA (This Study) USPP-GGA (This Study) Experiment
Phase (Pearson Symbol) alb/c o/Bly alblc o/Bly alb/c o/ By
NiSn; (hP8) a = 0281738 a = 0.84428
¢ = 0.31899 ¢ = 0.32702
NiSny (P10) a = 0.61559 a = 0.63252
¢ = 0.57265 ¢ = 0.59014

aSchubert et al'82!
*Lyubimtsev e al.P?
“Pak et al.’%
ILeineweber er al.P%
‘Jeitschko and Jaberg.
'Shadangi er al®™
£Cannon !
"Bhargava and Schubert.”]
'Actual composition is Ni3.39Sn4
TBoettinger et al??

[38]

[39]

in experiment, while it is equiatomic in the calculation.

V. DISCUSSION

A. Phase Stability of Ni-Sn Intermetallics

This is the first study of the cohesive properties of
Ni-Sn intermetallics that uses DFT methods. Based on
the results presented in Table VI, we find that the
formation energies of stable and metastable phases
obtained using USPP-LDA are more negative by up to
5.5 kJ/mol-atom than those obtained by USPP-GGA.
The effect of LDA and GGA on the formation energy of
many metallic systems is well established in the litera-
ture; however, usually the difference tends to be a few
kJ/mol-atoms, with LDA giving more negative values.
In this study, we find that the quantitative difference is
somewhat larger than expected.

To establish a trend, we have carried out several test
cases of intermetallics involving Sn and another
transition element; we also carry out test cases
involving Sn and a filled d-shell element. Specifically,
several test cases are carried out for Pd-Sn (because
Pd is in the same group as Ni, but is nonmagnetic),
Ag-Sn, Au-Sn, and Cu-Sn intermetallics in the com-
position range of 25 to 50 at. pct Sn, using both
USPP-LDA and USPP-GGA. For this purpose, rela-
tively simple structures among the stable and metasta-
ble phases listed in Table I are selected. In the case
of Pd-Sn intermetallics, we find that the LDA- and
GGA-based formation energies differ by approxi-
mately 4 kJ/mol-atom. On the other hand, when
similar calculations are carried out for Ag-Sn, Au-Sn,
and Cu-Sn intermetallics, we find that the LDA- and
GGA-based formation energies differ by 2 kJ/mol-
atom or less. Therefore, these calculations suggest that
the somewhat large differences between the LDA- and
GGA-based formation energies reflect a limitation in
the LDA/GGA methods in DFT while dealing with
transitional metal-Sn (TM-Sn) systems, in which the
TM is a transition element.

As seen in Table I, we have considered two phases at
80 at. pct Sn, 1P10-NiSn, and 0C20-NiSny; their struc-
tural models are shown in Figure 3. It is interesting
to note the following computational results: (1) the

14—VOLUME 40A, JANUARY 2009

thermodynamic stability of zP10-NiSny and 0C20-NiSny
is very similar; the latter is only slightly more stable
(Table VI) and (2) the lattice parameters of tP10-NiSny
calculated wusing USPP-LDA, «a = 0.61559 nm and
¢ = 0.57265 nm, are in reasonably good agreement with
those of “‘a tetragonal phase” having ¢ = 0.623 nm and
¢ =0.577 nm observed in the electrodeposited Ni-Sn
alloy.*!

In discussing the thermodynamic stability of #P10-
NiSny, it is relevant to examine the phase stability in the
Au-Sn system. An in-situ study of the Au/Sn thin-film
reaction has shown that the formation of tP10-AuSny
precedes that of 0C20-AuSn,.* However, such a
formation sequence is yet to be established in the Ni-Sn
system. Nevertheless, our computational results warrant
the additional structural characterization of solid phases
at Niy,Sngy. Midgley er al*”! have proposed a possible
mechanism of transformation from a P10 to a 0C20
structure. It involves a shift of one Sn layer by a 1/2-unit
cell, with respect to the other Sn layer in the 7P10
structure, leading to a small orthorhombic distortion
and a concurrent doubling of the c-axis lattice param-
eter. This would be a first-order reconstructive phase
transformation, because these two structures are not
related by a maximal supergroup/subgroup.

An additional important result of our systematic
study is the identification of energetically low-lying, but
slightly above the ground-state convex hulls, structures
that may be both metastable and virtual types. In the
present case, the low-lying structures include o P8-NisSn,
0oP32-NiSn, mC16-Ni3Sny, and 7P10-NiSny. One or
more of these may become stable phase(s) in ternary
and higher-order systems containing Ni and Sn. For the
case at hand, we note that the metastable 0P8-Ni3Sn
becomes stable in the Cu-Ni-Sn system. Its homogeneity
range is described as Cu,Nig_ Sn, with 0.8 < x <
141,596 it is present in both 240 °CP”*% and
200 °CP?! isothermal sections. We also find that
the experimental Ilattice parameters of CuNisSn,,
a = 0.538, b = 0.4285, and ¢ = 0.4495 nm,” are very
close to those of 0P8-Ni;Sn calculated using USPP-
GGA (Table VII).
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Table VIII.

Ab-Initio Calculated Atomic Positions (or Wyckoff Positions) of Ni-Sn Intermetallics Listed in Table I Having

Degree(s) of Freedom; the 4b Initio Values Are Compared with the Experimental Data When Available

Phase Site USPP-LDA: (x, y, 2)* USPP-GGA: (x, y, 2)* Experiment: (x, y, z)
Stable
Ni;Sny(1t) (0P20) Nil: 4¢ 0.90807, 0.25, 0.12739 0.90784, 0.25, 0.12806 0.909, 0.25, 0.127°
Ni2: 84 0.23417, 0.00451, 0.12466 0.23507, 0.00402, 0.12429 0.248, 0.000, 0.119
Snl: 4¢ 0.59694, 0.25, 0.64154 0.59667, 0.25, 0.64089 0.593, 0.25, 0.647
Sn2: 4¢ 0.55997, 0.25, 0.09515 0.55998, 0.25, 0.09518 0.576, 0.25, 0.128
NisSny (mC14) Nil: 2a 0.0, 0.0, 0.0 0.0, 0.0, 0.0 0.0, 0.0, 0.0°
Ni2: 4/ 0.21614, 0.0, 0.33570 0.21639, 0.0, 0.33551 0.2147, 0.0, 0.3369
Snl: 4i 0.42743, 0.0, 0.68668 0.42754, 0.0, 0.68643 0.4286, 0.0, 0.6864
Sn2: 4i 0.17155, 0.0, 0.81334 0.17177, 0.0, 0.81215 0.1718, 0.0, 0.8123
Metastable
Ni3Sn (0P3) Nil: 2b 0.0, 0.50, 0.30507 0.0, 0.50, 0.30499
Ni2: 4f 0.24809, 0.0, 0.16779 0.24807, 0.0, 0.16876
Sn: 2a 0.0, 0.0, 0.66898 0.0, 0.0, 0.67018
NiSn (0P32) Nil: 2a 0.0, 0.0, 0.0 0.0, 0.0, 0.0 0.0, 0.0, 0.0¢
Ni2: 2¢ 0.0, 0.5, 0.0 0.0, 0.5, 0.0 0.0, 0.5, 0.0
Ni3: 4¢g 0.10586, 0.22749, 0.0 0.10599, 0.22713, 0.0 0.107, 0.206, 0.0
Ni4: 4h 0.25493, 0.22781, 0.50 0.25501, 0.22929, 0.50 0.255, 0.211, 0.50
Ni5: 4h 0.14282, 0.50750, 0.50 0.14294, 0.50885, 0.50 0.139, 0.500, 0.50
Snl: 4¢g 0.09004, 0.72998, 0.0 0.08998, 0.72973, 0.0 0.086, 0.717, 0.0
Sn2: 4¢g 0.21080, 0.46146, 0.0 0.21095, 0.46301, 0.0 0.210, 0.449, 0.0
Sn3: 4h 0.16046, 0.01049, 0.50 0.16062, 0.01131, 0.50 0.160, 0.000, 0.50
Sn4: 4h 0.03888, 0.25754, 0.50 0.03877, 0.25751, 0.50 0.036, 0.235, 0.50
Ni;Sny (mC16) Nil: 2a 0.0, 0.0, 0.0 0.0, 0.0, 0.0 0.0, 0.0, 0.0°
Ni2: 2¢ 0.0, 0.0, 0.5 0.0, 0.0, 0.5 0.0, 0.0, 0.5
Ni3: 4i 0.21138, 0.0, 0.34039 0.21104, 0.0, 0.33922 0.21259, 0.0, 0.3387
Snl: 4i 0.42256, 0.0, 0.70239 0.42268, 0.0, 0.70283 0.42633, 0.0, 0.69266
Sn2: 4i 0.18006, 0.0, 0.82447 0.17999, 0.0, 0.82391 0.17480, 0.0, 0.81794
NiSny (0C20) Ni: 4a 0.0, 0.0, 0.0 0.0, 0.0, 0.0 0.0, 0.0, 0.0"
Snl: 8b 0.17645, 0.32448, 0.12341 0.17749, 0.32275, 0.12293 0.173, 0.327, 0.125
Sn2: 8b 0.32355, 0.17552, 0.87659 0.32251, 0.17725, 0.87707 0.327, 0.173, 0.875
Virtual
Ni;Sn (2716) Nil: 4¢ 0.0, 0.50, 0.0 0.0, 0.50, 0.0
Ni2: 4d 0.0, 0.50, 0.75 0.0, 0.50, 0.75
Ni3: 4e 0.0, 0.0, 0.37582 0.0, 0.0, 0.37851
Sn: 4e 0.0, 0.0, 0.12636 0.0, 0.0, 0.12640
NiSn (oP4) Ni: 2¢ 0.25, 0.0, 0.24991 0.25, 0.0, 0.25284
Sn: 2f 0.25, 0.50, 0.75000 0.25, 0.50, 0.75161
NiygSnz (mC14) Nil: 4i 0.49962, 0.0, 0.72943 0.50135, 0.0, 0.72982
Ni2: 4i 0.10200, 0.0, 0.51860 0.10134, 0.0, 0.51536
Snl: 2a 0.0, 0.0, 0.0 0.0, 0.0, 0.0
Sn2: 4i 0.28330, 0.0, 0.27568 0.28350, 0.0, 0.27905
Ni,Sn;3 (0P20) Nil: 4¢ 0.59911, 0.25, 0.63976 0.60127, 0.25, 0.64051
Ni2: 4¢ 0.43463, 0.25, 0.07424 0.43357, 0.25, 0.07424
Snl: 4¢ 0.93368, 0.25, 0.12999 0.93279, 0.25, 0.12875
Sn2: 8d 0.38054, 0.93931, 0.13948 0.37886, 0.93927, 0.13916
NiSn; (¢716) Ni: 4e 0.0, 0.0, 0.17658 0.0, 0.0, 0.17767
Snl: 4¢ 0.0, 0.50, 0.0 0.0, 0.50, 0.0
Sn2: 4d 0.0, 0.50, 0.75 0.0, 0.50, 0.75
Sn3: 4e 0.0, 0.0, 0.37943 0.0, 0.0, 0.38004
NiSn; (0P8) Ni: 2a 0.0, 0.0, 0.68023 0.0, 0.0, 0.68188
Snl: 2b 0.0, 0.50, 0.44983 0.0, 0.50, 0.45159
Sn2: 4f 0.24643, 0.0, 0.16101 0.24564, 0.0, 0.16274
NiSny (P10) Ni: 2a 0.0, 0.0, 0.0 0.0, 0.0, 0.0
Sn: 8m 0.18549, 0.68549, 0.25310 0.18706, 0.68706, 0.25275

“This study.

®Fjellvag and Kejkshus.?”

‘Jeitschko and Jaberg.
9Bhargava and Schubert.’¥

°Actual composition is Ni3.30S045” in experiment, while it is equiatomic in the calculation.

TBoettinger er all*
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Fig. 1-—Calculated cohesive properties, using LDA exchange correlation, of Ni-Sn intermetallics: (a) the formation energy (A/E), (b) the equilib-
rium volume (V,), and (¢) the bulk modulus at equilibrium volume (B,). In (a), the solid line defines the ground state convex hull, and in (b) and
(c), the solid line is drawn through the same structures that form the ground state convex hull in (a).

In comparing the heat of formation from first-
principles calculations, calorimetry, and CALPHAD
model parameters, we see a spread of several kJ/mol-
atom (Table VI). The spread in the experimental data
may originate from incomplete reactions in the calo-
rimetry and may also be due to intrinsic factors
associated with the solution and direct-reaction calo-
rimetry techniques. The accuracy of the CALPHAD-
based model parameters relies heavily on the accuracy of
the experimental thermodynamic parameters; it also
relies on the judgments made by the assessors in
optimizing the thermodynamic model parameters.

Negative heats of formation imply strong Ni-Sn
bonds. Normally, this is expected to cause a decrease
in the equilibrium atomic volume and an increase in the
bulk modulus relative to a concentration-weighted
average of the pure-element values. Indeed, as shown

16—VOLUME 40A, JANUARY 2009

in Figures 1(b) and 2(b), there is a decrease in the
equilibrium atomic volume relative to the concentra-
tion-averaged value. However, there is a ““decrease” in
the bulk modulus, in general, relative to a concentra-
tion-weighted average of the pure-element values, as
shown in Figures 1(c) and 2(c). Our observation is true
irrespective of whether the comparison is made based on
LDA- or GGA-based calculated values. In a previous
study of the Cu-Sn system, we observed a similar
trend.”

Our observations of an increase in the equilibrium
atomic volume and a concomitant decrease in the bulk
modulus are consistent with the earlier first-principles
results of bee Fe;_Ge,and Fe;_,Sn.alloys, using coher-
ent potential approximation.!'”” Both Ge and Sn increase
the atomic volume of the bce solid solution of Fe; they
also decrease the bulk modulus. This was attributed to
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Fig. 2—Calculated cohesive properties, using GGA exchange correlation, of Ni-Sn intermetallics: (a) the formation energy (A/E), (b) the equilib-
rium volume (V,), and (c¢) the bulk modulus at equilibrium volume (B,). In (a), the solid line defines the ground state convex hull, and in (b) and
(c), the solid line is drawn through the same structures that form the ground state convex hull in (a).

the increasing number of p-{) and p-d bonds with the
addition of Ge and Sn in Fe.!'""”’ Taking L1,-Ni;Sn as a
prototypical case, in Section B, we show that the bonding
mechanism is dominated by p-d hybridization.

Finally, it is worth noting that our calculated values
of A/E using USPP-GGA and those predicted by
Miedema’s model'®! agree fairly well. This is merely a
coincidence, as there are many limitations inherent in
Miedema’s model for deriving accurate values for heats
of formation.!'°” This issue has been discussed in detail
elsewhere.l76:103!

B. The Ni3;Sn,>(ht) = Ni3Sn,(Ilt) Phase Transformation
In recent years, there have been several studies on the

stability of NisSny(ht) and NisSny(It) forms,>* 2"

METALLURGICAL AND MATERIALS TRANSACTIONS A

including the kinetics and mechanism of NisSn,(ht) =
Ni;Sn,(It) transformation,*>** 3% and the diffusion
mechanism in Ni;Sn,(ht).B%1%4195] [ the following, we
examine the stability of NizSn,(ht) and Ni;Sn,(It) forms,
based on our calculated results.

Due to its composition, the structure of NizSn,(ht)
falls between the prototypical structures of BS8;-NiAs
and B8,-InNi,. In an ideal B8,-NiSn, the Sn atoms from
packed layers in hexagonal-stacking BC and Ni atoms
on site A are located at the center of all octahedral
interstices in the Sn layers. The Ni has six Sn neighbors
and the Sn is surrounded by six Ni in a right-trigonal
prism. The Sn octahedra share faces normal to the ¢
axis, so that the Ni atoms are direct neighbors along the
[001] direction; the ratio of Ni:Sn atoms is then 1:1.
There are tetrahedral interstices, two of which are
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Fig. 3—Structural models of (a) 1P10-NiSn, and (b) 0C20-NiSny.

connected to a double tetrahedral interstice, due to a
low ¢/a compared to an ideal hcp lattice. A significant
departure from the ideal composition may be caused by
a high degree of filling of double tetrahedral interstices
by Ni atoms that may occupy Sn sites as antistructure
defects.

The BS, structure is an important type, because of the
many defects and filled-up structures derived from it. In
an ideal B8,-Ni,Sn, the Sn atoms also have a hcp BC
stacking sequence; Ni(1) atoms are located at the centers
of octahedral holes in this array, so they form trigonal
prisms surrounding the Sn atoms. The Ni(2) atoms
occupy the centers of the other Ni(l) trigonal prisms
(or tetrahedral positions). The NizSny(It) is considered
to be the superstructure derived from the high-temper-
ature ‘““disordered” B8,-Ni,Sn. The Ni(2) atoms have
ordered sites; the other atoms are displaced slightly from
their sites of the B8,-Ni,Sn.

The formation energies of the NizSn,(ht) and related
structures are plotted in Figure 4. Both the LDA- and
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metallics to demonstrate the driving energy (A(A/E)) for Ni,Sn/NiSn-
type (hP6/hP4) to Ni;Sn, (0P20) transformation.

GGA-level calculations show that the driving energy for
the NizSn,y(ht) — NizSn,(lt) transformation is approx-
imately —3 to —3.5 kJ/mol-atom.

The NisSn,(ht) = Ni3Sn,(It) transformation has been
treated both as a second-order™ and a first-order!*?
type in the CALPHAD modeling of the Ni-Sn phase
diagram. In the former treatment, Ghosh®® assumed the
validity of the second-order transformation, as implied
in the assessed Ni-Sn phase diagram.?"'° However, Liu
et al** treated Ni;Sn,(ht) = Ni;Sny(lt) as a first-order
phase transformation. Because the second-order nature
of the NizSn,(ht) = Ni3Sn,(It) transformation was never
justified in the assessed Ni-Sn phase diagram,*"'°®! we
further consider the nature of this transformation in light
of the supergroup/subgroup analysis.

The Landau theory of phase transitions is based
on the assumptions that the symmetry of the product
phase is a subgroup of the parent phase and that the
structures of these phases can be related by a set of order
parameters. For a given space group, the maximal
group/subgroup relations and the chains of maximal
subgroups via an intermediate structure the space group
of which is either a supergrouga of both structures or a
subgroup of both structures!'® can be obtained from a
suitable crystallographic database.'®” Figure 5 shows
the chain of maximal subgroups, which involves the
space groups P6sz/mmc (194) and Pnma (62); this is
relevant to the NizSn,(ht) = Ni3Sn,(It) transformation.
Also shown in Figure 5 is the index, [r], defined by the
ratio of the number of symmetry elements in the
supergroup and subgroup. In the Landau theory, an
odd index leads to a first-order transition, while an even
index is compatible with either a first- or a second-order
character.

In Figure 5, we note that the space group of the
NizSny(It) (Pnma, 62) is not a maximal subgroup of

[107]
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Fig. 5—Group-subgroup symmetry relations involving P6s/mmc
(194) and Pnma 862) relevant to Ni3Sn, (ht) = Ni3Sn, (It) phase
transformation.' The index (1) defines the ratio of the number of
symmetry elements in the supergroup and subgroup.

NisSns(ht) (P63/mme, 194). Therefore, from a symmetry
perspective (i.e., group-subgroup criteria) and at the
mean field level, the Ni3Sn,(ht) = NizSn,(It) is a first-
order phase transition. Theoretically, if fluctuations are
considered at a renormalization level, this can be a
continuous, or second-order, phase transition. However,
consistent with our group-subgroup argument, we have
also observed the latent heat associated with the
Ni;Sno(ht) = Ni;Sno(It) transformation,!' ' further con-
firming its first-order nature.

C. Elastic Stability of tP10-NiSn, and 0C20-NiSny

As discussed in Section IV-B, and as shown in
Figures 1(a) and 2(a), an important result of our
systematic study is the prediction that NiSny (0C20) is
the ground-state structure. Only recently has this phase
been identified as the product of the interfacial reaction
in Ni/Sn diffusion couyles thermally cycled between
—40 °C and +130 °C.*" In addition, we also find that
the thermodynamic stability of #P10-NiSng is very
similar to that of 0C20-NiSny.

In considering the relative thermodynamic stability of
competing stable and metastable phases, it is instructive
to verify the elastic stability in their bulk form. This
issue of elastic stability can be assessed by calculating
the single-crystal elastic constants. In addition, the
elastic constants of solids are closely related to many
fundamental solid-state properties, such as the EOS,
specific heat, thermal expansion, Debye temperature,
Griineisen parameter, melting point, efc. Also, from the
elastic constants, one can obtain valuable information
about the binding characteristic between adjacent atom-
ic planes and about the anisotropic character of the
bonding and structural stability.

We have calculated the C; of tP10-NiSn, and 0C20-
NiSny by the stress-tensor method. For this purpose, we
have used the generalized Hooke’s law (due to Cauchy),
o; = Cyg;, at small deformations, to account for the
multiaxial loading conditions and the elastic anisotropy.
Starting with the fully optimized geometry of the 0C20-
NiSny unit cell at zero pressure, we have applied the
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Table IX. Calculated (at 0 K) Single-Crystal Elastic
Constants of 1P10-NiSn4 and 0C20-NiSny; the Unit of C;;
is 10" Nm™2

tP10-NiSny 0C20-NiSny

C; USPP-LDA USPP-GGA USPP-LDA USPP-GGA

Cyy 12.848 9.964 13.812 10.336
Ciy 4.892 4.320 5.088 3.854
Cis 5.766 3.992 4.190 3.640
Cx 14.356 11.368
Co3 4.654 3.574
Cs3 7.448 7.628 10.868 7.696
Cuys 1.720 1.589 2.556 1.996
Css 1.520 1.385
Ceo 2.268 1.760 4.064 2.872

following four deformations: (1) & = 9, (2) & =4, (3)
&3 =0, and (4) y4 = 75 = y¢ = 0. In the case of tP10-
NiSny, we have used the first, third, and fourth
deformations. For each type of deformation, we have
used strains (6) of £0.25 and +0.5 pct; the unlisted
strains are set to zero.

Subsequently, the stresses are calculated after opti-
mizing the atomic positions; the calculations for the Cj;
are then extracted by a least-square method.!''""!"? For
geometry optimization and the calculation of stresses,
we have used a k mesh of 14 x 14 x 15 and
13 x 13 x 7 for tP10-NiSny and 0C20-NiSny, respec-
tively. When the crystal symmetry is conserved, these k
meshes correspond to 224 and 196 k points in the
respective irreducible Brillouin zone. All calculations are
performed using the high setting of precision within the
VASP code. The calculations for the C; using USPP-
LDA and USPP-GGA are listed in Table IX.

The requirement that a tetragonal phase in its bulk
form be stable against any homogeneous lattice defor-
mation places restrictions on the elastic constants. The
necessary conditions for elastic stability in an tetragonal
crystal are!®®

C11>0; C33>0; C44>0; C66>0;
(C1 — C12)>O§
(C11 + C33 —2C13) > 0;

and

(2C11 + C33+2C12 +4C13)>0

Similarly, the necessary conditions for elastic stability
in an orthorhombic crystal are!®®

Ci1>0; Cnn>0; C33>0; Cag>0; Cs5>0; Cop>0;

(Cii + Cyp —2C1)>0;

(Ci1 + C33 = 2C13) > 0;

(Cyp + C33 —2Cy3) > 0; and

(Cii+ C+ C33+2C12 +2C13+2C23) >0

The calculated zero-temperature elastic constants in
Table IX satisfy the criteria for the elastic stability of
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both #P10-NiSny and 0C20-NiSny, suggesting that their
bulk form is experimentally accessible. However, so far,
0C20-NiSny has been observed only as an interfacial
phase in Ni/Sn diffusion couples.

D. Electronic Structure and Bonding Mechanism
in L]z-Ni3SI’l

Negative formation energies of the stable phases in
Table VI are indicative of strong bonding tendencies
between the constituent atoms. To obtain additional
insight into the nature of the bonding, we present the
electronic density of states (DOS) and the charge
density in L1,-Ni;Sn that have been experimentally
observed in its bulk form.”¥! In the following, we
present both total and partial DOS; the latter quan-
tities were computed using projections into site-
centered atomic spheres, each with radii equal to half
the nearest-neighbor distance. We also present the total
and bonding-charge densities. The latter, also called
the deformation-charge density, is defined as the
difference (point-by-point, using an identical fast
Fourier transform grid) between the self-consistent
charge density of the intermetallic and a reference
charge density constructed from the superposition of a
noninteracting atomic-charge density at the crystal
sites. Both the DOS and the charge densities are
calculated using PAW pseudopotentials.

Total and partial spin-polarized DOS are shown in
Figure 6. An important feature of the DOS in Figure 6
is the presence of a dip approximately 0.25 eV above the
Fermi level. Such pseudogap features have been exten-
sively discussed in the context of the bonding in TM
trialuminides, where they are associated with the
hybridization between TM-d states and Al-p states
(references cited by Ghosh er al'®!). The total DOS
at the Fermi level is rather low: 0.27 states/eV/atom. The
Fermi level lies at the left edge of the pseudogap
minimum in the DOS, i.e., the bonding states are almost
completely occupied. When comparing the up and down
DOS, both total and partials, we find that they are
symmetric in the entire energy range. Both this and the
very low DOS at the Fermi level imply that L1,-Ni3Sn is
nonmagnetic. Divis!''® reported the band structure and
electronic DOS of ¢F16-NisSn (DOs3), using a tight-
binding Hamiltonian, while the DOS at the Fermi level
was observed to be very small. Consequently, cF16-
NisSn was predicted to be paramagnetic.

The partial DOS in Figure 6 provide direct evidence
for hybridization processes. From the Fermi level to
about 2.5 eV below, the s and p states of Sn exhibit
hybridization with Ni-d, but their contributions are
relatively small. The contributions due to the Ni-s and
Ni-p states are very small. However, it is seen that at
approximately 3.1 eV below the Fermi level, pro-
nounced peaks of Sn-p exhibit strong hybridization
with Ni-d. The pseudogap can thus be interpreted as
separating bonding and antibonding states associated
with such hybridizations. The antibonding states (or the
unoccupied conduction region) beyond the Fermi level
are the result of delocalized Ni-d states, with only a
small contribution from Sn-p states. The Ni-s, Ni-p,
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Fig. 6—Angular momentum and site decomposed electronic density
of states, n(E), for L1,-Ni3Sn calculated (spin polarized) using
all-electron PAW pseudopotentials.

Sn-s, and Sn-d contributions to the conduction band are
negligibly small.

Figure 7(a) shows a total-charge density and
Figure 7(b) shows a bonding-charge density (also
referred to as the deformation-charge density) in the
(001) plane in which Ni and Sn are the nearest
neighbors. In Figure 7(b), while there is the delocal-
ization of the bonding charge in the interstitial region
that resembles metallic bonding, there is also evidence
of the directionality of the electron density along the
[110] direction, which may contribute to covalent
character. The distribution of the bonding-charge
density is clearly asymmetric; the maximum is located
along the Ni-Sn bond but toward the Ni site. The
presence of the covalent character is further supported
by the fact that the energy interval for bonding is much
larger than for antibonding, as seen in Figure 6. In
Figure 7(b), it is interesting to note that the bonding-
charge-density (dp) isocontour lobes are oriented per-
pendicular to the Ni-Sn bonding direction. Combining
the angular-momentum-resolved DOS and the bond-
ing-charge-density plot, it may be concluded that the
mechanism of cohesion is dominated by the short-
range band mixing between the Ni-d and Sn-p states,
along with the long-range charge-transfer (electrostatic)
effect. A somewhat similar distribution of the bonding-
charge density in #P8-NizSn (DO;9) has been reported
to be the primary bonding mechanism.
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Fig. 7—Electronic structure of L1,-NizSn calculated (spin polarized)
using all-electron PAW pseudopotentials showing the distribution of
(a) total and (b) bonding (or deformation) charge density in the (001)
plane. The total charge density ranges from 0.149 (pp;n) to 13.983
(Pmax) €/A°, while the bonding charge density ranges from —0.367
(depleted region: dp(—)) to 0.032 (enhanced region: dp(+)) e/A3.
In each case, the contour lines are drawn at a constant interval.

VI. CONCLUSIONS

A systematic and comprehensive study of the phase
stability of the intermetallic phases in the Ni-Sn system
is carried out using DFT methods. Specifically, the
phase stability and cohesive properties of Ni, Sn, and 27
Ni-Sn intermetallic phases are calculated using a
Vanderbilt-type USPP in combination with both LDA
and GGA for the exchange correlation functional. In
addition, the fidelity of our results is demonstrated by
calculating the cohesive properties of Ni, Sn and selected
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intermetallics, using pseudopotentials constructed by
the PAW method. The following conclusions are drawn.

1. We have calculated the lattice stabilities and cohe-
sive properties of Ni and Sn with six structures, A1
(cF4), A2 (cI2), A3 (hP2), A4 (cFB), A5 (t14), and
A6 (t12), using both USPP-LDA and USPP-GGA.
Whenever possible, our calculated results are com-
pared with the previously reported ab-initio results
and with the experimental data.

2. Single-crystal elastic constants, C;, of Ni and Sn
are calculated using USPP-LDA, USPP-GGA,
and PAW-GGA. In the case of fcc Ni (41, cF4),
the experimental data agree very well with those
calculated using both USPP-GGA and PAW-
GGA, while in the case of tetragonal-Sn (45, t/4),
the experimental data agree very well with those
calculated using USPP-LDA.

3. The formation energies (A/E) of Ni-Sn intermetal-
lics are calculated using both USPP-LDA and
USPP-GGA. The calorimetric data for the enthal-
pies of formation of Ni-Sn intermetallics show a
better agreement with those calculated using
USPP-LDA than with those calculated using
USPP-GGA.

4. In general, we find that the experimental lattice
parameters of both stable and metastable phases
measured at ambient temperature lie between
those calculated using USPP-LDA and those cal-
culated using USPP-GGA; however, in several
cases, the values calculated using USPP-GGA
agree to within 1 pct of the experimental data.

5. The ground-state structures based on USPP-LDA
and USPP-GGA calculations are essentially the
same. Even though the ground-state structures
have been experimentally observed, not all of them
are registered in the assessed Ni-Sn phase diagram.

6. An important result of our systematic study is the
prediction that oC20-NiSng is the ground-state
structure (using both USPP-LDA and USPP-
GGA). A related phase, tP10-NiSny, is found to
have a very similar thermodynamic stability. Only
recently, 0C20-NiSn, has been identified as the
product of the interfacial reaction in Ni/Sn diffu-
sion couples. The calculation of the C; confirmed
the elastic stability of both the 1P10-NiSny and the
0C20-NiSny. Additional experiments are needed
for the structural characterization of these two
intermetallics and for their presence in bulk alloys.

7. Contrary to what is shown in the assessed Ni-Sn
phase diagram,?"1° it is argued that Ni;Sn,(ht) =
Ni3Sny(It) is a first-order phase transformation.

8. The DOS calculations of L1,-Ni3Sn show the pres-
ence of a pseudogap. The site and angular-momen-
tum decomposed DOS show that the bonding
mechanism between Ni and Sn is dominated by
p-d hybridization.

9. The 0P8-NisSn is a metastable phase in the binary
Ni-Sn system, but it is a stable phase in the ternary
Cu-Ni-Sn system. In the ternary regime, the homo-
geneity range of this phase is represented as Cu,
Nig_,Sn, with 0.8 < x < 141, i.e., the composition
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range of stability is very close to the Ni-Sn binary
edge. The present study clearly demonstrates the
importance of a systematic study of binary inter-
metallics using first-principles methods in under-
standing the origin of the stability of a ternary
phase. Additional low-lying, but metastable, struc-
tures are also identified; these may become stable
in ternary and higher-order systems containing Ni
and Sn.

10. The lattice stability of Ni and Sn and the A/ val-
ues of the Ni-Sn intermetallics presented here may
be integrated within CALPHAD formalism™®>7 to
create a reliable thermodynamic database to facili-
tate the calculation of the stable and metastable
phase diagrams of binary and multicomponent sys-
tems containing Ni and Sn.
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