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a b s t r a c t

This paper presents a systematic and comparative study of the composition and volume dependence of
the cohesive properties for a large group of Me–X intermetallic phases (IPs) with Me¼Cu,Ni and X¼ In,
Sn, which are of interest in relation with the design of lead-free soldering (LFS) alloys. The work relies
upon a database with total-energy versus volume information developed by using projected augmented
waves (PAW) calculations. In previous papers by the current authors it was shown that these results
account satisfactorily for the direct and indirect experimental data available. In the present work, the
database is further expanded to investigate the composition dependence of the volume (V0), and the
composition and volume dependence of the bulk modulus (B0) and cohesive energy (Ecoh). On these
bases, an analysis is performed of the systematic effects of replacing Cu by Ni in several Me–X phases
(Me¼Cu,Ni and X¼ In,Sn) reported as stable and metastable, as well as various hypothetical compounds
involved in the thermodynamic modeling of IPs using the Compound-Energy Formalism. Moreover, it is
shown that the cohesion-related quantities (B0/V0)½ and (Ecoh½/V0) can be correlated with a parameter
expressing the number of valence electrons per unit volume. These findings are compared in detail with
related relations involving the Miedema empirical electron density at the boundary of the Wigner–Seitz
cell. In view of the co-variation of the cohesive properties, Ecoh is selected as a key property and its
composition and structure dependence is examined in terms of a theoretical view of the bonding which
involves the hybridization of the d-states of Cu or Ni with the s and p-states of In or Sn, for this class of
compounds. In particular, a comparative analysis is performed of the DOS of various representative, iso-
structural Me–X compounds. Various effects of relevance to understand the consequences of replacing
Cu by Ni in LFS alloys are highlighted and explained microscopically for the first time.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A long-standing challenge of the research work in the physics
and chemistry of materials is the accurate account of the theore-
tically and practically relevant properties for metallic alloys and
compounds. This problem has stimulated the development of
specific databases with information on various types of properties,
in particular, those involved in the design of new materials. In
principle, information about the structural, cohesive and
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thermodynamic quantities might be obtained from direct mea-
surements. However, a fully experimental characterization is
usually produced only for some selected compositions and con-
ditions of temperature and pressure. As a consequence, there has
been considerable interest in the design and testing of phenom-
enological and theoretical methods to produce and systematize
the information on the thermophysical properties of technically
interesting systems.

The theme of the present study is the application of ab initio,
density-functional-theory techniques, to study the structural and
cohesive properties of the intermetallic phases (IPs) occurring in
alloys of the Cu–In, Cu–Sn, Ni–In and Ni–Sn systems. These sys-
tems have been investigated in connection with the design of lead-
free soldering (LFS) alloys and are here studied to provide
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Table 1
Calculated cohesive energy, equilibrium atomic volume and bulk modulus for the
elements Cu, Ni, In, and Sn. The cohesive energy is given in kJ/mol, the equilibrium
volume (V0) in Å3/atom and the bulk modulus (B0) in GPa. The valence electron
density (nVED) and the electron density at the boundary of the Wigner–Seitz cell
(nWS) are given in units of 4.6 1022 electrons cm�3, following Miedema's approach.

Phase Ecoh V0 B0 nVED nWS

Ni (cF4) 495.126 (10.931 186.2)a 19.888 5.36
428.000b (11.026 197.0)c

(10.940 201.4)d

187.6e

Cu (fcc) 338.938 (12.020 142.3)f 19.894 3.18
336.000b 11.625g 142.0h

In (tI2) 233.096 (27.505 36.5)a 2.371 1.6
243.000b (27.417 35.7)d

26.020i (41.8)j

Sn (tI4) 309.382 (28.348 48.6)a 3.067 1.9
303.000b 26.886i 57.9k

a Ab initio PAW GGA calculations [5].
b Experimental data at 0 K [47].
c Ab initio US-PP GGA calculations [37].
d Ab initio FP-LAPW GGA calculations [38].
e Experimental data at 0 K [39].
f Ab initio GGA calculations [40].
g Experimental data extrapolated at 0 K [41,42].
h Experimental data at 0 K [43].
i Experimental data [44].
j Experimental data at 293 K [45].
k Experimental data at 4.2 K [46].

Table 2
Calculated cohesive energy, equilibrium atomic volume and bulk modulus for
stable, metastable, ideal and hypothetical Cu–In intermetallic phases. The cohesive
energy is given in kJ/mol-atom, the equilibrium volume (V0) in Å3/atom and the
bulk modulus (B0) in GPa. The valence electron density (nVED) and the electron
density at the boundary of the Wigner–Seitz cell (nWS) are given in units of 4.6 1022

electrons cm�3, following Miedema's approach.

Phase at% In Ecoh V0 B0 nVED nws

Stable
Cu7In3 (aP40) 30 308.620 (15.096 99.3)a 12.384 2.524

14.695b

Cu9In4 (cP52) 30.8 306.353 (15.143 101.1)a 12.258 2.509
14.477b

Cu10In7 (mC68) 41 297.280 (16.841 86.2)a 9.947 2.319
16.251c

Cu11In9 (mC20) 45 292.330 (17.369 81.5)a 9.262 2.248
16.697b

CuIn2 (tI12) 66.7 268.738 (20.506 62.6)a 6.007 1.925
19.782d

Ideal
Cu2In (hP6) 33.3 296.265 (15.534 92.1)a 11.662 2.461
CuIn (hP4) 50 283.772 (19.415 76.3)a 7.838 2.165
CuIn2 (hP6) 66.7 253.332 (22.131 49.9)a 5.566 1.925
Hypothetical
Cu4In (cF16) 20 308.916 14.514a 13.480 2.722
Cu3In (oP8) 25 311.949 14.488a 13.504 2.622
Cu5In4 -η1 (mP36) 44.44 293.170 17.873a 9.055 2.258
Cu5In4 -η2 (mC54) 44.44 293.017 17.889a 9.047 2.258
Cu6In5 -η (mC44) 45.45 291.800 18.144a 8.823 2.241

a Ab initio PAW GGA calculations [4].
b Experimental data [44].
c Experimental data [13].
d Experimental data [11].

Table 3
Calculated cohesive energy, equilibrium atomic volume and bulk modulus for
stable, metastable, ideal and hypothetical Cu–Sn intermetallic phases. The cohesive
energy is given kJ/mol-atom, the equilibrium volume (V0) in Å3/atom and the bulk
modulus (B0) in GPa. The valence electron density (nVED) and the electron density at
the boundary of the Wigner–Seitz cell (nWS) are given in units of 4.6 1022

electrons cm�3, following Miedema's approach.

Phase at% In Ecoh V0 B0 nVED nws

Stable
Cu4Sn (cF16) 20 326.030 (14.726 99.6)a 13.655 2.755

14.312b

Cu10Sn3 (hP26) 23 331.739 (14.506 109.4)a 14.064 2.703
14.074b

Cu3Sn (oP8) 25 331.900 (14.701 104.2)a 13.678 2.670
(13.590 132.2)c

14.052b

Cu3Sn (oP80) 25 331.750 (14.683 101.8)a 13.695 2.670
(14.607 133.4)d

14.266b

Cu5Sn4 -η1 (mP36) 44.44 328.971 (18.220 81.7)a 9.413 2.388
18.282 81.7)e

17.309f

Cu5Sn4 -η2 (mC54) 44.44 328.620 (18.239 81.1)a 9.403 2.388
(18.323 81.5)e

17.303f 84.6g

Cu6Sn5 -η (mC44) 45.45 329.057 (18.428 80.9)a 9.223 2.374
(18.512 79.6)e

17.777f 84.4g

Ideal
Cu2Sn (hP6) 33.3 315.368 (16.366 87.9)a 11.512 2.540

(16.352 88.0)e

CuSn (hP4) 50 329.061 (19.335 75.1)a 8.432 2.319
(19.350 76.5)e

CuSn2 (hP6) 66.7 304.334 (23.413 50.2)a 5.880 2.144
(23.406 49.4)e

Hypothetical
Cu3Sn (hP8) 25 331.900 14.628 106.8 13.747 2.670
Cu7Sn3 (aP40) 30 327.904 15.622 12.385 2.590
Cu10Sn7 (mC68) 41 323.132 17.628 10.011 2.432
Cu11Sn9 (mC20) 45 320.551 18.39 9.280 2.380
CuSn2 (tI12) 66.7 317.460 21.566 6.384 2.144

a Ab initio PAW GGA calculations [4].
b Experimental data [44].
c Ab initio calculations [48].
d Ab initio calculations [49].
e Ab initio US-PP GGA calculations [50].
f Experimental data [16].
g Experimental data [50].
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complementary information and analysis that can be useful for
practical and theoretical aims.

The experimental data available at present is insufficient and
does not allow a comparative study of the thermodynamic prop-
erties of stable intermetallic phases in these systems, as well as to
analyze trends and correlations based on their compositions. Ad-
ditionally, theoretical information obtained can be of value in
connection with the problem of relative stability of the stable IPs
and the prediction of phase diagrams of multicomponent systems
usually treated by the CALPHAD (i.e., “Calculation of Phase Dia-
grams”) method [1]. Within this method, the modeling of IPs using
sublattice models within the Compound Energy Formalism (CEF),
usually requires thermodynamic data of non-stable, hypothetical
phases, for which ab initio methods can be of great value.

Also, there is a need for methods to systematize and interpret
in microscopic terms the information provided by experiments, by
phenomenological or empirical methods such as that developed
by Miedema and collaborators [2,3], while obtaining reliable pre-
dictions of quantities which are poorly known from experiments
or correspond to non-stable structures.

The general purpose of the present work is to present and
analyze a theoretical database with the mentioned characteristics
for a specific class of materials. Previous works by the current
authors have been devoted to the theoretical calculation of the
thermodynamic properties and the energy of formation (EOF) of
various binary IPs occurring in systems usually considered as
candidates for LFS applications, viz., the Cu–In and Cu–Sn com-
pounds of the Cu–In–Sn system [4], and the Ni–In and Ni–Sn
compounds of the Ni–In–Sn system [5].

In these previous studies, detailed comparisons were presented



Table 4
Calculated cohesive energy, equilibrium atomic volume and bulk modulus for
stable, metastable, ideal and hypothetical Ni–In intermetallic phases. The cohesive
energy is given in kJ/mol-atom, the equilibrium volume (V0) in Å3/atom and the
bulk modulus (B0) in GPa. The valence electron density (nVED) and the electron
density at the boundary of the Wigner–Seitz cell (nWS) are given in units of 4.6 1022

electrons cm�3, following Miedema's approach.

Phase at% In Ecoh V0 B0 nVED nWS

Stable
Ni3In (hP8) 25 437.589 (13.188 149.6)a 13.599 4.283

(13.128 148.9)b

(13.154 156.0)c

13.031d

Ni3In (cP4) 25 435.339 (13.152 151.1)a 13.636 4.283
(13.107 152.4)b

13.184d

Ni7In3 (aP40) 30 426.723 (13.826 138.3)a 12.421 4.055
13.606e

Ni2In (hP6) 33.33 412.307 (14.158 143.6)a 11.772 3.897
(14.183 135.9)b

13.556d

Ni5In3 (mC32) 37.5 409.859 (14.793 124.3)a 10.838 3.695
Ni13In9 (mC44) 40.9 401.256 (15.078 131.4)a 10.289 3.530

14.400d

NiIn (hP6) 50 384.792 (17.635 99.5)a 8.013 3.102
(17.571 107.0)b

(17.683 102.0)f

(17.267 153.0)g

Ni2In3 (hP5) 60 355.758 (18.278 94.5)a 6.898 2.681
(18.277 93.2)b

17.358d

Ni3In7 (cI40) 70 326.732 (20.090 77.1)a 5.519 2.326
19.340d

Hypothetical
Ni3In2 (oP20) 40 404.890 15.482 10.110 3.574
NiIn (hP4) 50 371.338 (17.942 95.2)h 7.876 3.102
NiIn (hP4) 50 336.034 (21.734 64.3)i 6.501 3.102
Ni3In4 (mC14) 57 358.192 18.553 7.030 2.800
NiIn4 (oC20) 80 290.855 23.392 4.089 2.037

a Ab initio PAW GGA calculations [5].
b FP-LAPW GGA-PBE [38].
c FP-LAPW GGA-PBE calculations (without relaxations of internal coordinates)

[51,52].
d Experimental data [44].
e Experimental data [53,54].
f PAW GGA-PW91 [55].
g Experimental data [55].
h Ab initio PAW GGA calculations [6]; NiIn (hP6) with Ni vacancies on sites

2d.
i Ab initio PAW GGA calculations [6]; NiIn (hP6) with Ni vacancies on sites 2a.

Table 5
Calculated cohesive energy, equilibrium atomic volume and bulk modulus for
stable, metastable, ideal and hypothetical Ni–Sn intermetallic phases. The cohesive
energy is given in kJ/mol-atom, the equilibrium volume (V0) in Å3/atom and the
bulk modulus (B0) in GPa. The valence electron density (nVED) and the electron
density at the boundary of the Wigner–Seitz cell (nWS) are given in units of 4.6 1022

electrons cm�3, following Miedema's approach.

Phase at% In Ecoh V0 B0 nVED nWS

Stable
Ni3Sn (hP8) 25 468.121 (13.021 166.7)a 14.191 4.126

(13.106 162.0)b

12.890c

Ni3Sn (cF16) 25 463.817 (13.086 162.0)a 14.121 4.126
(13.179 161.2)b

13.379d

Ni3Sn2 (oP20) 40 448.457 (15.381 132.1)a 10.742 3.502
(15.473 128.1)b

15.091e

Ni3Sn4 (mC14) 57 413.737 (18.304 101.8)a 7.805 2.888
(18.460 96.7)b

18.104d

Metastable
Ni3Sn (cP4) 25 468.173 (13.030 163.6)a 14.181 4.126

(13.120 163.4)b

13.057d

NiSn4 (oC20) 80 358.961 (23.433 57.5)a 4.824 2.273
(23.558 55.5)b

23.392f

Hypothetical
Ni2Sn (hP6) 33.33 450.606 14.115 12.321 3.773
Ni7Sn3 (aP40) 37.5 449.107 14.117 12.627 3.602
Ni13Sn9 (mC44) 40.9 441.295 15.090 10.870 3.467
NiSn (hp6) 50 426.385 17.612 8.640 3.125
NiSn (hP4) 50 429.943 (17.514 114.0)g 8.689 3.125
NiSn (hP4) 50 395.500 (21.374 73.8)h 7.120 3.125
Ni2Sn3 (hP5) 60 392.962 19.486 7.140 2.794
Ni3Sn7 (cI40) 70 374.571 21.057 5.988 2.511

a Ab initio PAW GGA calculations [5].
b Ab initio US-PP GGA calculations [37].
c Experimental data [56].
d Experimental data [44].
e Experimental data [25].
f Experimental data [26].
g Ab initio PAW GGA calculations [6]; NiSn (hP6) with Ni vacancies on sites

2d.
h Ab initio PAW GGA calculations [6]; NiSn (hP6) with Ni vacancies on sites 2a.
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between the theoretical values and experimental data as well as
other indirect information. In view of the satisfactory agreement
shown by those comparisons, it seems appropriate to go on one
step further and focus on the relations between cohesive proper-
ties, electronic structure and chemical bonding effects. Specifically,
in the present work we rely upon the total-energy versus volume
values determined in our previous studies [4–6] by ab initio pro-
jected augmented waves (PAW) calculations [7,8] using the VASP
code [9], to determine the cohesive energy of Me–X phases
(Me¼Cu, Ni and X¼ In, Sn). We also treat several hypothetical IPs,
involved in the use of the CEF to model the Gibbs energy of non-
stoichiometric phases [1].

These present results are used to establish, for the first time,
the systematic effects upon the cohesive energy, bulk modulus and
volume of replacing Cu by Ni in a key group of compounds of
interest in relation with the design of LFS alloys. Moreover, we
establish new correlations between the cohesive properties of the
Me–X phases (Me¼Cu, Ni and X¼ In, Sn) and a single parameter
describing the valence electron density. These correlations should
be useful in the assessment of the available data and the
estimation of unknown quantities, e.g., the properties of non-
stable structures. For the present purpose we consider all the
phases and structures studied previously [4,5] which involve all
the stable and metastable IPs of the accepted phase diagrams of
the Cu–In [10–13], Cu–Sn [14–19], Ni–In [20,21] and Ni–Sn [22–27]
systems.

Finally, using the electronic density of states also calculated in
the present work, we develop a microscopic interpretation of the
trends in cohesive properties for this family of IPs. The possibilities
of a study of this type were highlighted by Gelatt, Williams and
Moruzzi in a pioneering work on compounds formed by a transi-
tion metal and a non-transition element [28], by Freeman and
coworkers on IPs with Al [29–31] and by other authors [32]. In the
present work we show, in particular, how the systematics of co-
hesive properties can be understood in terms of a theoretical
picture of the underlying bonding trends in the present class of
materials.
2. Theoretical method

The total-energy values relied upon in the present work were
obtained by spin polarized total energy DFT calculations, per-
formed using the PAW method [7,8] and the VASP code [9].



Fig. 1. Volume per atom (V0), bulk modulus (B0) and cohesive energy (Ecoh) for stable, metastable, ideal and hypothetical Cu–In and Cu–Sn (1(a), 1(b) and 1(c)) and Ni–In and
Ni–Sn (1(d), 1(e) and 1(f)) intermetallic phases, as functions of the atomic fraction of X (¼ In, Sn). Filled symbols refer to stable phases, half-filled symbols to metastable
phases and empty symbols to non-stable phases (ideal and hypothetical).
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Detailed accounts of the calculation method have been given
elsewhere [4,5]. In the following we summarize only the points of
relevance for the present study.

For the exchange-correlation energy we adopted the general-
ized gradient approximation due to Perdew and Wang (GGA-
PW91) [33]. We considered 11 valence electrons for Cu (3d104s1),
10 valence electrons for Ni (3d84s2), 3 for In (5s2p1) and 4 for Sn
(5s2p2). The maximum kinetic energy for the expansion of plane
waves was 314 eV for the Cu–X compounds and 330 eV for Ni–X
compounds, X¼ In, Sn. The choice of the cutoff energy was tested
until the changes in the total energies and in the cohesive energies
were less than 10 meV/atom and 2 meV/atom, respectively.

The Brillouin zone integration was mapped on well-converged
(within 1 meV/atom) Monkhorst–Pack k-point meshes [34] and
the Methfessel–Paxton technique [35] with a smearing factor of
0.1 for the electronic levels. The criterion for the self-consistent
convergence of the total energy was 0.1 meV. The unit cell and
ionic degrees of freedom were optimized until Hellman–Feynman
forces on the ions were lower than 30 meV/Å and the energy
variations due to changes in the structural degrees of freedom
were lower than 1 meV/atom.

To calculate the cohesive energy (Ecoh) per atom of the MeaXb

compound (Me¼Cu, Ni and X¼ In, Sn), we followed the usual
procedure [6,36], which requires additionally, the calculation of
the total energies of the isolated Me¼Cu,Ni and X¼Sn,In atoms.
For the present study we considered the stable, metastable and
hypothetical IPs described in our previous studies for the Cu–In
and Cu–Sn [4], Ni–In and Ni–Sn [5] systems. The various phases
studied in the present work, 56 in total, are listed in Tables 2 to 5.
3. Ab initio database and systematics of cohesive properties

3.1. Calculated properties

In Table 1 we list the values of cohesive energy (Ecoh), valence
electron density (nVED) and electron density at the boundary of the
Wigner–Seitz cell (nWS) of the elements Cu, Ni, In and Sn in their
known equilibrium structures obtained in the present study. The
electron density parameters will be defined latter in this section.
In addition, and only as an aid in the discussions of trends, we also
include in the Table the volume per atom (V0) and bulk modulus
(B0) values for these elements, presented and compared elsewhere
[4,5] with the available experimental data. It has been shown in
those previous works that the present results for the equilibrium
volume and bulk modulus compare very well with the available
experimental data and with other ab initio calculations. Such an
agreement adds to the confidence of the present theoretical
technique. The cohesive energies show the typical DFT over-
binding effect.

The full thermophysical database with new results for the Cu–
In, Cu–Sn, Ni–In and Ni–Sn IPs is presented in Tables 2–5. There we
list the calculated Ecoh, reported here for the first time, the nVED
and nWS for all the Cu–In, Cu–Sn, Ni–In and Ni–Sn IPs considered.
These include stable, metastable and non-stable (i.e., “hypothe-
tical”) compounds involved in CALPHAD-type modeling work of



Fig. 2. Volume per atom (V0), bulk modulus (B0) and cohesive energy (Ecoh) for stable, metastable, ideal and hypothetical Cu–In and Ni–In ((a), (b) and (c)) and Cu–Sn and Ni–
Sn ((d), (e) and (f)) intermetallic phases, as functions of the atomic fraction of X (¼ In, Sn). Filled symbols refer to stable phases, half-filled symbols to metastable phases and
empty symbols to non-stable phases (ideal and hypothetical).
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these type of systems. We also include in these Tables the V0 and
B0 values for these compounds, presented and compared else-
where [4–6] with the available experimental data. In the following
section we establish and analyze the composition and volume
dependence of the remaining cohesive properties.

3.2. Composition dependence

The composition dependence of the calculated volume per
atom (Vo), bulk modulus (B0) and cohesive energy (Ecoh) of the Cu–
In and Cu–Sn IPs are compared in Fig. 1(a), (b) and (c), respectively.
The corresponding comparisons for the Ni–In and Ni–Sn IPs are
presented in Fig. 1(d), (e) and (f). According to Fig. 1, V0 and B0 of
the Cu–In and Cu–Sn IPs show very close values. A similar trend is
shown by V0 and by B0 of the Ni–In and Ni–Sn IPs. These results
suggest that V0 and B0 of the Cu–X or the Ni–X (X¼ In,Sn) com-
pounds mainly depends upon the content of the X element, and
that the substitution of In by Sn in a given Me–X group of IPs
(Me¼Cu,Ni) does not influence significantly the values of these
properties. On the other hand, this substitution does affect Ecoh. In
fact, Fig. 1(c) and (f), indicate that in both the Cu–X and the Ni–X
group of compounds, Ecoh for X¼Sn is larger than for X¼ In.

The effects of substituting Cu by Ni in each group of Me–X
compounds are studied in Fig. 2. According to Fig. 2(a) V0 of the
Me–In compounds decreases when changing Me¼Cu by Me¼Ni.
Fig. 2(b) and (c) indicates that such a decrease is associated, re-
spectively, with an increase in B0 and Ecoh, as generally expected. A
similar trend is shown by Fig. 2(d), (e) and (f), viz., V0 of the Me–Sn
compounds decreases, and B0 and Ecoh increases when changing
Me¼Cu by Me¼Ni.

3.3. Volume dependence

The volume dependence of B0 and Ecoh for the Me–X com-
pounds is studied in Fig. 3. B0 of the Cu–X (X¼ In,Sn) compounds
decreases with the increase in V0, and the B0 vs. V0 relation cor-
responding to X¼ In, is very similar to that for X¼Sn (Fig. 3(a)).
Analogous trends are shown by the Ni–X compounds (Fig. 3(c)).
These results suggest that in both, the Cu–X group and the Ni–X
group (X¼ In,Sn) B0 is mainly determined by V0 of the compounds.

The variation of Ecoh with V0 shows some similarities and dif-
ferences. As expected, Ecoh for both the Cu–X (Fig. 3(b)) and Ni–X
(Fig. 3(d)) groups (X¼ In,Sn) decreases with the increase in V0.
However, in each of these groups Ecoh also depends upon the X
element; specifically, for a given V0, Ecoh of the Cu–X and of the Ni–
X compounds increases when changing X¼ In by X¼Sn, as already



Fig. 3. Bulk modulus (B0) and cohesive energy (Ecoh) for stable, metastable, ideal and hypothetical Cu–In and Cu–Sn ((a) and (b)) and Ni–In and Ni–Sn ((c) and (d)) in-
termetallic phases, as functions of the volume per atom (V0). Filled symbols refer to stable phases, half-filled symbols to metastable phases and empty symbols to non-stable
phases (ideal and hypothetical).
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found when discussing Fig. 1.
4. Electron-density correlations for cohesive properties

In the remainder of the present paper we will analyze the
present results by adopting two complementary strategies. First,
we will show in the present Section that the systematics of B0 and
Ecoh established in the preceding one can be described in terms of
a single parameter related to the density of valence electrons.
Next, we will develop (Section 5) a microscopic interpretation of
the bonding trends in the Me–X phases (Me¼Cu, Ni and X¼ In,
Sn).

4.1. Background

The use of variables related to the electronic density to sys-
tematize and predict cohesive properties of elements and com-
pounds is an issue of long-standing empirical and theoretical in-
terest in solid-state and materials science. A semi-empirical ap-
proach was presented long ago by Miedema, de Boer and de Chatel
[57]. They suggested that a key contribution to the energetics of
binary metallic alloys originates in the difference between the
electron densities at the boundary of the Wigner–Seitz cell (nWS)
of the pure elements. Since no direct experimental information
was available on nWS they adopted an empirical approach based on
combining: (i) theoretical band-structure results for Cu, Fe and Al,
with (ii) estimates for Li, Na, K, Rb and Cs, based on assuming that
in these metals the conduction electrons have an approximately
uniform density throughout the atomic cell. Furthermore, Miede-
ma et al. [2,3] established that these nWS values correlated linearly
with the experimental quantity (B0/V0)1/2, and relied upon such
correlation to estimate nWS for transition metals and other ele-
ments. The so obtained nWS for the elements were empirically
adjusted in later works in order to improve the agreement with
thermodynamic data on alloys [58]. Very recently, Li, Wu and
collaborators proposed an empirical interpolation method to cal-
culate nWS for multicomponent IPs and showed that the resulting
values also correlate linearly with the available (B0/V0)1/2 of a large
class of binary [59] and ternary [60] intermetallic alloys and
compounds. Their interpolation method will be applied to calcu-
late the nWS of the present IPs, and the (B0/V0)1/2 vs. nWS plot based
on the present results will be compared with an alternative re-
presentation, which was inspired on the following theoretical
arguments.

Some theoretical insight on the microscopic origin of the
Miedema correlations was presented in the pioneering study by
Moruzzi et al. [61]. They showed that B0 of the elements can be
correlated with the interstitial charge density obtained in self-
consistent band-structure calculations. Later on, the interstitial
electron density (and the related bonding valence) was used by
Rose, Shore and collaborators as a key parameter of a uniform
electron gas model which accounts, in particular, for the trends in
Ecoh and B0 of the transition, noble and simple metals [62]. Re-
cently, Gilman et al. [63], showed that B0 of the elements can, in
fact, be correlated with the valence electron density (nVED) given
by the ratio between the number of valence electrons per atom
and the atomic volume. The possibilities of this, remarkably simple
approach, will be explored in the following.

4.2. New correlations for B0 and Ecoh

The key features of the present analysis are as follows:
(i) following Gilman et al. [63] we use the parameter nVED
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Fig. 6. Density of states (DOS) for (a) Cu2X (hP6), (b) CuX (hP4) and (c) CuX2 (hP6) structure compounds, with X¼ In (solid lines) and X¼Sn (dashed lines). The atomic
decomposed partial DOS are shown on the right panel (d–f). The origin of the scale corresponds to the Fermi level.
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describing the number of valence electrons per unit volume; (ii)
nVED for the IPs is calculated by assuming for the elements the
same number of valence electrons considered in our PAW calcu-
lations (viz. 11 valence electrons for Cu, 10 for Ni, 3 for In and 4 for
Sn); (iii) in addition to stable phases, the results for metastable and
non-stable (i.e., ideal or hypothetical) ones are included; and, (iv)
two correlations involving combinations of the quantities V0, B0,
and Ecoh and the nVED parameter are established.

In Fig. 4 we plot the theoretical (B0/V0)½ vs. nVED values for the
Cu–In (Fig. 4(a)), Cu–Sn (Fig. 4(b)) Ni–In (Fig. 4(c)) and Ni–Sn
(Fig. 4(d)) intermetallics. The nVED parameter is expressed in units
of 4.6 1022 electrons cm�3. In order to compare with the Miedema
approach, the plotted values of the quantity (B0/V0)½ are expressed
in arbitrary units as {10�6 [GPa]/ [m3 mol�1]}1/2. For comparisons
we plot the same (B0/V0)½ values vs. the nWS obtained by applying
to the Miedema values for the elements the interpolation method
for alloys developed by Li and Wu [59]. These graphics demon-
strate that: (i) a reasonably well defined correlation between (B0/
V0)½ and nVED for the Cu–In, Cu–Sn, Ni–In and Ni–Sn intermetallics
is found; (ii) the scatter of the (B0/V0)½ vs. nVED correlation is, in
general, comparable to that of the (B0/V0)½ vs. nWS representation;
(iii) the (B0/V0)½ vs. nVED relation deviates negatively from linearity
when approaching Cu (Fig. 4(a) and (b)) and Ni (Fig. 4(c) and (d)).

It should be emphasized that in order to approach the
correlation based on the Miedema parameters while keeping the
theoretical V0 and B0 results, it would be necessary to assume for
Cu and Ni nVED values corresponding approximately to 2 and
3 valence electrons, respectively. These numbers are significantly
smaller than those included in the PAWs, but comparable to the
usual chemical valence of these elements [64].

The cohesive energy Ecoh was not included in the correlations
by Li and Wu [59] or by Li et al. [60]. However, guided by the co-
variation of cohesive properties demonstrated in Figs. 2 to 4, and
noting that on purely dimensional grounds the (B0/V0)½ quantity
corresponds to the (Ecoh½/V0) ratio, we will study the effect of
changes in nVED upon the later quantity.

In Fig. 5 we plot vs. nVED the theoretical (Ecoh½/V0) values for
Cu–In (Fig. 5(a)), Cu–Sn (Fig. 5(b)), Ni–In (Fig. 5(c)) and Ni–Sn
(Fig. 5(d)) compounds. The plotted values of the latter
quantity correspond to the following choice of units
([kJ mol�1])1/2/[m3 mol�1]. These graphics demonstrate that re-
markably well defined linear correlations can be established be-
tween the theoretical (Ecoh½/V0) values and the valence electron
density parameter nVED. Indeed, linear correlations can also be
established between (Ecoh½/V0) and the nWS parameter based on
the Miedema approach. In view of the comparable accuracy of
both correlations, it seems justified to conclude that the use of
empirically generated nWS parameters is, in fact, not necessary.



Fig. 7. Density of states (DOS) for a) Ni3X (cP4), b) Ni3X (hP8), c) Ni2X (hP6) compounds, with X¼ In (solid lines) and X¼Sn (dashed lines). The atomic decomposed partial
DOS are shown on the right panel (d–f). The origin of the scale corresponds to the Fermi level. Positive (negative) values correspond to spin up (down) contributions.
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5. Electronic structure and interpretation of bonding trends

5.1. General considerations

In view of the co-variation of cohesive properties suggested by
the results of the previous section we will study the electronic
structure and develop a microscopic interpretation of the key sys-
tematic features emerging from the comparisons in the previous
section. To this end we will select a number of iso-structural com-
pounds of Cu and Ni with In and Sn and compare the various
contributions to the electronic density-of-states (DOS) and the
chemical bonding. In such analysis we will rely mainly on the
theory by Gelatt, Williams and Moruzzi [28]. Other studies of the
relations between the DOS and the properties of the IPs will also be
considered [29–31,65]. There are two main contributions to the
electronic structure for this class of compounds [28]. One is the
lattice expansion effect due to the insertion of an sp element in a
transition metal lattice, and the second is the interaction between
the valence d shell of the transition metal with the valence sp shell
of the non-transition element (In or Sn for the presently studied
compounds). The largest contribution to the cohesive energy comes
from the formation of a d band from the atomic d transition metal
orbitals. By the insertion of a sp element the lattice expands, and
the d band-width decreases therefore reducing the stability of the
lattice. The second ingredient in the electronic structure behavior is
the covalent hybridization of the atomic states in which the d states
of a transition metal hybridize with the p states of the non-transi-
tion element to form a bonding hybrid, more tightly bound than
either of the states from which it originates. These two ingredients
will be considered in the following analysis to establish correlations
between the electronic structure and cohesive properties [28].

5.2. Comparisons of Me–In and Me–Sn compounds with Me¼Cu,Ni

The results in Section 3 indicate that in each Me–X group of
compounds (Me¼Cu,Ni) Ecoh decreases with the increase in the X
content, while for a given X content, Ecoh for the IPs with X¼Sn is
larger than when X¼ In. Seeking an electronic-structure explana-
tion for these regularities we will perform two series of
comparisons.

In the first place we will compare the DOS and Ecoh of three
pairs of Cu–X compounds based on the ideal Ni2In–NiAs type
structures, viz., Cu2X (hP6), CuX (hP4) and CuX2 (hP6). The calcu-
lated DOS are presented in Fig. 6(a), (b) and (c), respectively. As
discussed in previous works, the DOS are mainly determined by
the Cu 3d electronic states, with minor contributions of 5s and 5p
In or Sn orbitals with the bottom of their bands lying deeper in
energy with respect to the Fermi level. The s-band appears at



Fig. 8. (a) Density of states (DOS) for the Me7In3 (aP40) structure compounds with
Me¼Cu (solid lines) and Me¼Ni (dashed lines); b) the atomic decomposed partial
DOS. The origin of the scale corresponds to the Fermi level.

Fig. 9. (a) Density of states (DOS) for the Me3Sn (hP8) structure compounds, with
Me¼Cu (solid lines) and Me¼Ni (dashed lines); (b) the atomic decomposed partial
DOS. The origin of the scale corresponds to the Fermi level.
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lower energies and is clearly separated from the p-band, which
extends to energies higher than the Fermi level. Another im-
portant feature of the DOS contributing to bonding in this type of
compounds is the presence of hybridization effects between the
Cu-3d electronic orbitals and 5p-electrons of In or Sn. Fig. 6 in-
dicates that with the increase of the X-content in the compound,
the main band in the DOS moves towards the Fermi energy and
decreases its width. This band-narrowing effect can be correlated
to the reduction in the number of Cu–Cu bonds and the increase in
the atomic volume with increasing the X-content for these com-
pounds (Fig. 1(a)). In addition, the separation between bonding
and anti-bonding states, seemingly corresponding to the valley in
the two-peak DOS structure of Cu2X, gets more diffuse. The re-
duction of the d band-width also suggests, in turn, that the d-
states in the compounds with the largest X content are less hy-
bridized [66]. Both effects would lead to a decrease in the cohesion
of the Cu–X compounds with the increase in the X content, as
established in the present work. We also note that the width of the
main band for each of the Sn compounds is slightly larger than
that of the corresponding In compounds. This behavior correlates
with the smaller atomic volume of the former ones (see Fig. 1(a)),
and explains their higher cohesion.
In the second place, we will compare the DOS and Ecoh of three
pairs of Ni–X compounds with X¼ In,Sn, viz., Ni3X (cP4), Ni3X
(hP8) and Ni2X (hP6). The calculated DOS are presented in Fig. 7
(a), (b) and (c), respectively. The main features discussed above for
the DOS of the Cu–In and Cu–Sn compounds (Fig. 6) are observed,
in general, for the Ni–In and Ni–Sn compounds (Fig. 7). One of the
most important differences is, however, the fact that the main
band lies closer to the Fermi level. Only the Ni3In compound is
ferromagnetic. For the three non-magnetic compounds (Ni3Sn cP4
and hP8) and Ni2In and Ni2Sn (hP6) the Fermi level is located at a
deep of the DOS, on the right border of the main bonding band. In
all the structures and compounds considered in Fig. 7, the Ni–Sn
compounds have smaller atomic volumes (see Tables ), a fact that
is reflected in the larger band-widths observed for Ni–Sn com-
pounds; the stronger cohesion and bonding of these compounds
can be related to this fact.

When comparing the relative stability of both, the cP4 and
hP8 phases, one can see that the relatively more stable hP8 phase
has a DOS whose band-width is larger, with electronic states
extending to lower energies at the left side of the main band in
the DOS.
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5.3. Comparisons of Cu–X and Ni–X compounds with X¼ In,Sn

Another key result of Section 3 is that in each group of Me–X
compounds (X¼ In,Sn) the substitution of Me¼Cu by Me¼Ni leads
to an increase in Ecoh. In order to provide an electronic-structure
explanation for this regularity we will perform two series on
comparisons.

In the first place, we choose the Me7In3 (aP40) structure and
compare the DOS and Ecoh of the compound with Me¼Cu with
that for the IP with Me¼Ni. The calculated DOSs are presented in
Fig. 8. We note that both DOSs are qualitatively similar in shape,
and that the substitution of Cu by Ni leads to a shift of the DOS
towards the Fermi energy. In both cases the expected anti-bonding
states corresponding to the highest energy part of the DOS, are
almost completely occupied in the Cu–In compounds, but partially
and less occupied for the Ni compound.

In the second place, we choose the Me3Sn (hP8) structure and
compare the DOS and Ecoh of the compound with Me¼Cu with
that for Me¼Ni. The calculated DOS are presented in Fig. 9. This
comparison suggests that the effects of substituting Cu by Ni in
this structure are analogous to those observed in the Me7In3

(aP40) compounds.
6. Summary and concluding remarks

The theme of the present work is the use of systematic ab initio
calculations to study the volume per atom (V0), bulk modulus (B0),
cohesive energy (Ecoh) and the electronic density of states (DOS) of
a large group of Cu–In, Cu–Sn, Ni–In and Ni–Sn intermetallic
phases (IPs). To this end, an extensive database with total-energy
versus volume values progressively developed by the current au-
thors-by means of projected augmented waves (PAW) calculations
using the VASP code-is expanded by incorporating the cohesive
energy and the electronic density of states.

The expanded database is used, in the first place, to establish
trends in the composition dependence of V0, the composition and
volume dependence of B0 and Ecoh for several Me–X phases
(Me¼Cu,Ni, X¼ In,Sn) reported as stable and metastable, as well as
various hypothetical compounds involved in the thermodynamic
modeling of IPs using the Compound-Energy Formalism.

In the second place, the following systematic effects of re-
levance for the design of lead-free soldering alloys are highlighted
for the first time: (i) V0 and B0 of the Cu–X or the Ni–X (X¼ In,Sn)
IPs mainly depend upon the content of the X element; (ii) in each
Me–X group of compounds (Me¼Cu,Ni) Ecoh is larger when X¼Sn
than for X¼ In; (iii) in both the Me–In and Me–Sn compounds V0

decreases while B0 and Ecoh increases when changing Me¼Cu for
Me¼Ni; and, (iv) in both the Cu–X and the Ni–X compounds
(X¼ In,Sn) B0 is mainly controlled by V0.

Moreover, two correlations expressing the variation of the
quantities (B0/V0)½ and (Ecoh½/ V0) with the valence electron den-
sity are demonstrated, and compared in detail with analogous
correlations involving an empirical parameter related to the elec-
tron density at the boundary of the Wigner–Seitz cell proposed in
the Miedema approach.

Finally, an analysis is performed of the DOS of various re-
presentative iso-structural Me–X compounds (Me¼Cu,Ni, X¼ In,
Sn) by considering the interaction between Cu or Ni d-electrons
and In or Sn s and p-electrons. In this way, a microscopic inter-
pretation is provided of the trends in cohesive properties estab-
lished in the current work.
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