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1. Introduction

The physico-chemical properties of the intermetallic phases in the Cu-In system have been a matter
of considerable theoretical and experimental interest in connection with, i.a., the application of In-Sn
alloys as lead-free micro-soldering alloys. Recently, a new binary compound with the chemical formula
Cujolny has been detected in a study of the m-phase field. The structure of the Cujoln; phase has been
determined as closely related to that of the Cuy1Ing compound occurring in the phase diagram, but
no experimental or theoretical information on its electronic structure, thermodynamic and equation-
of-state properties has yet been reported. In the present work we report the lattice parameters, bulk
modulus, energy of formation from the constituent elements and the electronic structure of the new
phase, calculated by applying an ab initio density-functional-theory method. Our calculation technique
uses the projector augmented wave potentials and the exchange-correlation functions of Perdew and
Wang in the generalized gradient approximation. The present results for the Cu;oln; phase are compared
with the experimental data available, and with the trends in structural and thermodynamic properties
emerging from ab initio calculations also performed in the present study for various structurally related
and neighboring compounds in the Cu-In phase diagram, viz., the ideal B8,-Cu,In, B8;-Culn, B8,-Culn;
phases and the Cu;1Ing compound.

© 2010 Elsevier B.V. All rights reserved.

binary subsystems [4] of the Cu-In-Sn system, with equilibrium
structures based on the B8 NiAs/Ni,In family. In the Cu-In system

The physico-chemical properties of the intermetallic phases
(IPs) occurring in the Cu-In phase diagram have been the subject
of recent theoretical and experimental studies in connection with
the design of lead-free materials based on the Cu-In-Sn system
to be used in diffusion soldering methods [1]. The investigation of
the properties of the IPs formed at the interconnection zone is of
great importance for defining the final properties of the joints. In
particular, considerable effort has been devoted to the characteri-
zation of the m phase, which is one of the technologically relevant
phases detected at the joint in diffusion couples [2]. The m phase
is a common equilibrium phase of both the Cu-In [3] and Cu-Sn
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m has an extended stability range both in composition (33-38 at.%
In) and in temperature (up to T=940K) [3] and it is accepted that
it involves at least two structures (Section 2).

Recently, a new phase with composition described by the for-
mula Cuqgln; has been detected by Piao and Lidin [5] when
investigating the Cu-In m-phase field. By X-ray diffraction anal-
ysis they determined that the Cujgln; compound belongs to the
monoclinic system and reported its lattice parameters and other
structural data. However, no information is available about its
electronic structure, the thermodynamic properties or the stabil-
ity with respect to the neighboring Cu-In compounds that have
been considered as stable phases in the Cu-In phase diagram. The
general purpose of the present work is to provide such structural
and thermodynamic information for the Cu;gln; compound using
predictive theoretical methods.

When lacking reliable experimental data, ab initio methods
become a very useful tool to gain information on the properties
of stable, metastable or hypothetical phases of interest for the
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Fig. 1. Structures of the Cu-In intermetallic phases calculated in the present work: the monoclinic C2/m. (a) CujoIns (41 at.% In) and (b) Cuy;Ing (45 at.% In) structures, and the
ideal (c) B8,-CuyIn (33 at.% In), (d) B8;-Culn (50 at.% In) and (e) B8,-Culn, (67 at.% In) phases. Light grey and dark grey spheres represent In atoms and Cu atoms respectively.

understanding and the modelling of complex systems. In partic-
ular, ab initio methods might help to establish reliable trends in the
frequently meager information on structural and phase stability
properties of various kinds of compounds. In the present paper we
report new ab initio calculations based on the density-functional
theory (DFT) and the projector augmented-wave method (PAW)
using the VASP code. Using these methods we study the structural
and cohesive properties of the Cu;gln; phase and of various struc-
turally related and neighboring compounds, viz., the ideal phases
B8;-Culn and B8,-Cu;In related to the m phase and the Cuy;Ing
phase.

In particular, for the Cu;gIn; phase we report the electronic den-
sity of states, lattice parameters, bulk modulus and its pressure
derivative, and the energy of formation. These results are compared
with the values obtained ab initio for the ideal B8, -Cu,In, B8 -Culn,
B8,-Culn, phases and the Cuy1Ing compound. The present paper
also includes a discussion of various open problems emerging from
the suggestion that Cu;gln; might be a stable phase in the Cu-In
phase diagram.

2. Phases and structures

The structures of the key compounds considered in this work
are summarized in Fig. 1. Cujglny (Fig. 1a) is a monoclinic struc-
ture with C2/m symmetry group, consisting in a large cell with
40 Cu atoms and 28 In atoms. We adopted the experimental
unit cell parameters: a=13.8463 A, b=11.8462 A, c=6.7388 A, and
B=91.063°, and the atomic coordinates reported in [5] as input data
in our calculations.

Piao and Lidin [5] noted that the structure of the Cu;¢ln; com-
pound is closely related to that of CuyiIng (Fig. 1b), which in
addition is one of the two neighboring phases of the new compound
in the Cu-In phase diagram. These facts suggest that Cu;1Ing should
also be included, as a reference, in an ab initio study of the recently
discovered phase. CujqIng belongs to the monoclinic system C2/m,
with a unit cell containing 20 atoms (i.e., 11 Cu atoms and 9 In
atoms) and lattice-parameters a=12.814A, b=4.3543 A, c=7.353 A
and B=54.49° [6]. A detailed comparison of these structures was
presented in Ref. [5]. Here we will only emphasize that in the new
phase all the positions are fully ordered while in Cu;Ing the atomic
sites at Wyckoff positions 2(d) have a mixed occupancy of Cuand In
atoms. This feature was taken into account by us, when performing
what seems to be the first ab initio study for the Cuq;Ing phase. As a
first approximation, the Cu;1Ing phase was treated in a hypotheti-
cal, ordered state in which the 2(d) Wyckoff positions are occupied
by one Cu atom and one In atom, respectively. Consequently, the
translational (1/2, 1/2,0) symmetry of the original C2/m point sym-
metry group is broken, and the actual symmetry of the compound
as modelled here is reduced to P2/m point symmetry group.

Another natural reference to compare with the Cu;gln; results
would indeed be the m phase, i.e., the other neighboring phase of the
new compound in the Cu-In phase diagram. However, the actual
m-phase field shows a considerable structural complexity. In fact,
a detailed description of the equilibrium structures of the m phase
field in the Cu-In system has not yet been reported, although it is
accepted that it involves at least two phases, viz., a high temper-
ature phase (HT-m or m’) and a low temperature phase (LT-n or
simply m) [3]. The HT-nj and LT-m phases have also been studied
in the Cu-Sn binary subsystem [4]. These phases are monoclinic,
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with known superstructures based on the NiAs-NiyIn parent lat-
tices [7]. Furthermore, it is also accepted that for the Cu-In system
the NiAs-Ni,In type structures are the basic arrangements upon
which the complex superstructures observed are formed. At low
temperatures even modulated structures have been detected for
the m phases of the Cu-In system [8].

In view of the various problems involved in a realistic treatment
of the actual Cu-In m phase, we included other reference structures
in the present comparative ab initio study of the Cu;gln; phase, viz.,
the Cu-In phases belonging to the ideal B8 NiAs/Ni,In family. These
compounds (Fig. 1c-e) constitute an important family of structures
common to IPs formed between a transition metal element (T) and
an element (B) of the groups III-VI in the Periodic Table [9], cov-
ering the whole range of compositions which goes from TB to T, B.
The basic B8; (P3/mmc) structure consists of an hexagonal com-
pact lattice (Wyckoff positions 2(c): (1/3, 2/3, 1/4)) of the principal
element (B) compressed along the c axis, with octahedral intersti-
tial sites (2(a): (0, 0, 0)) occupied by the transition metal (T). In the
variant B8, with higher content of T atoms, also trigonal bipyramid
interstices are filled (sites 2(d): (1/3, 2/3, 3/4)). Both B8; and B8,
structures are closely connected, in the B8; type the 2(d) sites are
empty, while in the B8, these sites are completely filled. Super-
structures are formed by incorporating ordered vacancies at the
In(2c) and Cu(2d) positions in the B81-B8, structures. The prop-
erties of the ideal B8,-Cu;In, B8;-Culn, B8,-Culn, phases and the
Cuy1Ing compound were studied ab initio in the present work.

3. Theoretical method

Total energy DFT calculations were performed using the pro-
jector augmented-wave method (PAW) [10] and the VASP code
[11]. We adopted the generalized gradient approximation for the
exchange-correlation energy due to Perdew and Wang (GGA-
PW91)[12]. The kinetic energy cut-off for the plane wave expansion
of the electronic wavefunction was 314eV. For the PAWs we
considered 11 valence electrons for Cu (3d'%4s!) and 3 for In
(5s2p!). We used Monkhorst-Pack k-point meshes [13] and the
Methfessel-Paxton technique [14] with a smearing factor of 0.1 for
the electronic levels. The convergence of the k-point meshes was
checked until the energy has converged with a precision better than
1 meV/atom. In this way the k-meshes considered were 7 x 7 x 11
for Cuqglny, 3 x9 x5 for Cuyqlng, 17 x 17 x 13 for the B8,-Cu;In
and B8;-Culn ideal phases, and 19 x 19 x 11 for the B8,-Culn,
phase. These reciprocal lattice grids implied up to 286 k points in
the irreducible part of the Brillouin zone (IBZ), depending on the
structure. The criterion for the self-consistent convergence of the
total energy was 0.1 meV. Taking the experimental unit cell data as
input, the various structures studied in this work were fully relaxed
with respect to their lattice parameters and the internal degrees of
freedom compatible with the space group symmetry of the crystal
structure, until the forces were less than 8 meV/A and the energy
variations with respect to the structural degrees of freedom was
better than 1 meV/atom.

The energy of formation of the IPs was calculated as

m .9 n -y
EZ + E
m+n U mypn

(1)

AE)?(Cumlnn) - %54’

+n Cumlng -

where AEJ?5 is the energy of formation per atom for the Cupyln,

compound with the structure ¢, E*(CupIn,) is the corresponding

total energy, Egu is the total energy per atom for pure Cu in its

equilibrium phase 6 (fcc), and Eh"; is the total energy per atom for
pure In in its equilibrium phase v (tI2).

We calculated the total energy (E) and external pressure (P) for
values of volume (V) varying slightly around the equilibrium (up
to +£5%), relaxing all external and internal coordinates of the sys-

tem. The bulk modulus (B,) and its pressure derivative (B’) were
obtained by fitting the calculated values to the Pvs. Vrelation given
by the equation of state due to Vinet et al. [15], expressed as:

P =3Box%(1 — x)exp|[ x(1 — X)] ()

with x=(V/V,)!13, V, being the equilibrium volume, and x=3/2
(B —1).

4. Results and discussion

In Table 1 we summarize the ab initio results for the constituent
elements Cu and In in their known equilibrium structures, i.e., fcc
for Cu and tI2 for In, the ideal phases B8,-Cu,In, B8;-Culn and
B8,-Culn,, and for the IPs Cu;gln;, CujqIng. We report the lattice
parameters, equilibrium volume, the bulk modulus and its pres-
sure derivative, and the energies of formation with respect to the
constituent elements. The present results for the elements are com-
pared with available experimental data (see references listed at
the footnote of Table 1), as well as our previously calculated val-
ues obtained using the DFT full potential linearized augmented
plane wave (FP-LAPW) method as implemented in the Wien2k
code [16]. The latter calculations were performed considering the
GGA approximation and the Perdew-Burke-Ernzerhof-96 (PBE96)
exchange-correlation functions [17]. For Cu we also include the
results reported by Ghosh and Asta [18], calculated using ultra-
soft pseudo potentials (US-PP) and the GGA approximation for
exchange and correlation energy due to Perdew and Wang [19].
For In we also compare with the recent full-potential linear-muffin-
tin-orbital (FP-LMTO) results reported by Sin’ko and Smirnov [20].
Although better agreement is found for other exchange-correlation
functions tested in their work [20], in Table 1 we include their GGA-
PW91 values, corresponding to the same exchange-correlation
functions used in this work.

4.1. Cohesive properties of Cu and In

Our results for the lattice parameter and bulk modulus of Cu
agree within less than 2% with the values from experiments [21-23]
and with other calculated values (FP-LAPW and US-PPs). The cal-
culated pressure derivative of the bulk modulus (B’) is close to the
corresponding US-PP reported value [18], although both theoreti-
cal predictions deviate appreciably from the FP-LAPW result, which
presents the best agreement with the experimental values [24]. In
the case of In it is found that the energy difference between the fcc
and tI2 lattices is extremely small [16,25]. A k-point mesh larger
than for the other systems considered in this work was required to
favor the tI2 structure over the fcc one. Actually, by considering up
t0 2092 k points in the IBZ, the tI2 structure is stabilized with respect
to fcc by only 0.4 meV/atom. The ab initio calculated lattice parame-
ters of In agree within less than 2% with the experimental results at
291K, and the calculated c/a ratio 1.524 compares excellently with
the experimental value 1.523. However, the relative discrepancy
between the theoretical and experimental B values for In is larger
than for the other calculated properties, and we note that a similar
trend in the discrepancy is found for the values calculated by using
the FP-LAPW method in [16] and the FP-LMTO method in [20]. On
the other hand, the B’ value predicted here for In agrees well with
the experimental result [26] and with the value obtained by using
the FP-LMTO method in [20].

4.2. Structural parameters for the compounds

The structural parameters of the B8,-CuyIn, B8;-Culn and
B8,-Cu,In phases obtained in the present DFT PAW calculations
are in very good agreement with the results of our previous FP-
LAPW work [16]. The agreement for the lattice parameters is better
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Calculated energies of formation, structural and elastic properties for Cu, In and Cu-In intermetallic phases at 0K. The lattice parameters are given in A, the equilibrium
volume (V,) in A3/atom, the bulk modulus (B, ) in GPa and the formation energies (obtained using Eq. (1)) in k]/mol.

Phase Space group Vo Lattice parameters Bo B AE;
Cu-fcc Fm3m 12.020 3.636 142.3 3.6 -
(12.093) 3.644 139.1 (2.42)p
(11.932) 3.627 141.75 (5.17)°
3.596¢ 1424 (5.48,5.04)°
In-tI2 [4/mmm 27.512 a=3.305, c=5.036 36.4 4.7 -
(27.553) 3.259,5.190 349 (1.5)°
(27.395) 3.301,5.028 36.7 (4.5)f
26.0208 3.245,4.942¢ 41.8" 481"
CuyIn-B8, P63 /mmc 15.534 a=4.471,c=5.384 92.1 4.7 7.631
(15.513) 4.476,5.364 102.9 3.1 (8.720)°
(4.269, 5.239)' (4.292, 5.276)
Culn-B8; P63/mmc 19.415 a=4.250, c=4.965 76.3 4.8 2.420
(19.442) 4.260, 4.949 69.5 6.2 (4.387)°
Culn,-B8; P63 /mmc 22.131 a=4.606,c=7.228 49.9 3.0 15.150
(22.116) 4.605,7.226 43.5 24 (16.772)°
Cuyolny C2/m 16.841 a=14.000, b=12.047, c=6.790, B=90.00° 86.2 6.5 -1.744
(16.251) (13.845, 11.846, 6.739; 91.06)
CuyIng C2/m 17.369 a=13.027, b=4.406, c=7.460 = 54.22° 81.5 6.7 —-0.825
(16.697) (12.814, 4.354, 7.353; 54.49)'

3 Ab initio US-PP, GGA-PW91 [18].

b Ab initio FP-LAPW, GGA-PBE96 [16].

¢ Experimental data extrapolated to 0K [21,22].
d Experimental data at 0K [23].

¢ Experimental data at 298 K [24].

f Ab initio FP-LMTO, GGA-PW91 [20]. The lattice parameters indicated here are deduced from their reported data.

¢ Experimental data at 291K [6].
h Experimental data at 293 K [26].
I Experimental data for a sample at 35.6at.% In [6].

I X-ray diffraction experimental data for a 36 at.% In sample, annealed at 773 K for 30 days [27].

k Experimental data for a sample annealed at 583 K for 9 months [5].
I Sample annealed at 553 K for 15 days [6].

than about 0.5%, although we note a larger discrepancy between the
ab initio values for B differing up to 15% for the Culn,-B8, phase.
The lattice parameters for B8,-Cu,In are compared with experi-
mental values listed in Ref. [6] for a sample with a composition of
35.6 at.% In, and with the data obtained in our group [27]. Although
the difference between theoretical and experimental values might
be considered as acceptable also for this compound, we emphasize
that the ideal B8,-Cu,In structure adopted in the calculations does
not correspond to the actual structure of the n phase of the Cu-In
phase diagram.

Our results show a very good agreement between theory and
experiments for the lattice parameters of the Cu;gln; and CuyqIng
compounds. As expected, the ab initio GGA values tend to overesti-
mate the lattice parameters of both compounds, with discrepancies
between theoretical and experimental values of less than 2%.
According to these results the optimum structure of the Cuygln;
compound, as obtained by globally relaxing the initial monoclinic
structure, is closer to an orthorrombic lattice rather than to a mon-
oclinic one, although the difference in the 8 angle is very small
(less than 2%). In Tables 2 and 3 we present the optimized internal
atomic coordinates of Cuygln; and CuyqIng, respectively. Whereas
in Table 3 we reproduce the original experimental symmetry infor-
mation of the Cuy1Ing compound, the actual internal coordinates
here reported are splitted as a consequence of the symmetry break-
ing originated in the occupation of atomic sites 2d assumed in the
calculation (Section 2). Even though the difference in the relax-
ations that take place for the splitted atomic positions is very small,
strictly speaking, the actual point symmetry group of the modelled
compound is P2/m.

In Fig. 2a and b, the volume per atom (V,) and the bulk modu-
lus (B,) values obtained for the various compounds studied in the

present work are plotted as a function of the In content. Results for
the constituent elements are included as well as those for the ideal
B8,-Cu;In, B8;-Culn and B8,-Culn, phases previously calculated
by us using the FP-LAPW [16] method (the three crosses in the fig-
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Fig. 2. Thermophysical properties of the Cu-In intermetallic phases calculated in
the present work as functions of the atomic concentration of In: (a) the volume
(Vo) per atom; (b) bulk modulus (B,). Filled squared symbols correspond to values
calculated in this work; the crosses correspond to the FP-LAPW results of Ref. [16].
The dashed lines are only guides to the eye.
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Table 2
Cuyoln; unit cell internal coordinates (in A) obtained from our ab initio calculations and experimental data from X-ray diffraction experiments for a sample annealed at 583 K
(51
Phase Space group Internal coordinates
Atom Wyck. (x,y, 2): calculated (x,y, z): experiment
In1 4i 0.16644, 0.00000, 0.49801 0.16663, 0.00000, 0.49713
In2 4i 0.53476, 0.00000, 0.28229 0.53474, 0.00000, 0.28431
In3 8j 0.69144, 0.22520, 0.19733 0.06864, 0.22601, 0.19841
In4 4i 0.23688, 0.00000, 0.06623 0.23676, 0.00000, 0.06677
In5 8j 0.34435, 0.22360, 0.38474 0.34438, 0.22418, 0.38721
Curolny C2/m Cul 8j 0.89279, 0.11029, 0.15463 0.89301, 0.11156, 0.15295
Cu2 4e 0.25000, 0.25000, 0.00000 0.25000, 0.25000, 0.00000
Cu3 8j 0.40484, 0.11276, 0.05941 0.40579, 0.11333, 0.06112
Cu4 8j 0.70472,0.11363, 0.27521 0.70448, 0.11267, 0.27500
Cu5 4h 0.00000, 0.11107, 0.50000 0.00000, 0.11139, 0.50000
Cu6 4i 0.35148, 0.00000, 0.39369 0.35125, 0.00000, 0.39244
Cu7 4i 0.04883, 0.00000, 0.16516 0.04917, 0.00000, 0.16712

ures). The present results for the five studied compounds indicate
a roughly linear variation of these thermophysical properties with
the atomic concentration of In.

4.3. Electronic structure for the Cujgln; and CuyqIng intermetallic
phases

In Fig. 3a and b we present the total and partial calculated elec-
tronic density of states (DOS) for Cuygln; and Cuq1Ing, respectively.
The DOS of both compounds looks very similar although the struc-
ture of peaks in the Cujgln; main bonding band is rather more
diffuse with respect to the corresponding one in the Cuy1Ing phase.
Both compounds show metallic behaviour at the Fermi level. The
DOS per atom (given in states eV~! atom~!) at the Fermi level is
relatively low for both phases, viz., 0.25 for Cujgln; and 0.21 for
Cuglnq;.

The most prominent bonding band of the DOS comes from Cu-d
states, with a band width of approximately 2.5 eV which is com-
pletely occupied and located between —5 and —2eV below the
Fermi level. This band is around 1 eV narrower than the correspond-
ing band in pure Cu (not shown here), a fact that can be attributed
to the reduction of the number of Cu-Cu bonds and changes in the
nearest-neighbor interatomic distances in the IPs with respect to
those in the fcc Cu structure. In fact, considering a limiting dis-
tance of approximately 3 A (between first and second neighbors
of the Cu fcc lattice), the average coordination numbers (CNs) for
both Cuygln; and CuqqIng compounds are similar, 10.80 and 10.91,
respectively; and lower than the value (CN=12) corresponding to
the Cu fcc lattice. For Cuygln; the average number of Cu-Cu and

Table 3

Cu-In bonds are both equal to 5.40; while for CujqIng these num-
bers are 4.73 and 6.18, respectively. The average nearest-neighbor
distances are also very similar for both IPs, viz., 2.77 A for Cu;oIn;
and 2.74 for CuyqIng. These values are larger than the Cu-Cu near-
est neighbor distance of the Cu fcc lattice which is 2.57 A. At lower
energies, between —10 and —6 eV approximately, the DOS has a
free electron character, determined mainly by the contribution of
Cu-s and In-s states that have a parabolic shape partial DOS. As
the energy raises an increasing mixing of Cu-p and In-p states is
observed.

In all the compounds studied here the Cu-In interactions shift
the centroid of the d-band towards a higher binding energy
(~3.7eV) in comparison with pure Cu.

4.4. Thermodynamic trends

The results in Table 1 indicate that the recently discovered
monoclinic Cujglny compound and the Cu;1Ing compound are ther-
modynamically stable with respect to the elements Cu and In
in their stable structures at 0K. The ideal B8,-CuyIn (33 at.% In),
B81-Culn (50 at.% In) and B8,-Culn; (67 at.% In) phases are shown
to be thermodynamically unstable with respect to Cu and In at 0K,
in qualitative agreement with the results of our previous FP-LAPW
calculations [16] also included in Table 1. The B8; phase, although
unstable, is relatively more stable than the B8, structure. This is
an interesting common trend found in ab initio studies of other
closely related systems belonging to the B8 family of compounds,
in particular, in the Cu-Sn [16,18] and Ni-In [16] systems. These
trends are shown in Fig. 4, where the energy of formation obtained

CuyqIng unit cell internal coordinates (in A) obtained from our ab initio calculations and experimental data from X-ray diffraction experiments for a sample annealed at 583 K
[6]. Note that for the atomic site occupations assumed in the present work for Wyckoff positions (2d), the original translational symmetry (1/2, 1/2, 0) of the structure is
broken (Section 2). The actual point symmetry group of the relaxed modelled compound reduces to P2/m.

Phase Internal coordinates
Calculated Experiment
Space group Site x,¥,2) Space group Site x,¥,2)
In1:2m 0.13958, 0.00000, 0.16588 .
In2:2n 0.65885, 0.50000, 0.14381 In1:4i 0.1494,0.0000, 0.1543
In3:2m 037533, 0.00000, 0.23792 >
In4:2n 0.88780, 0.50000, 0.25193 In2:4i 0.3825,0.0000, 0.2457
Cul:la 0.00000, 0.00000, 0.00000 .
Cuin p2/m cu2:1e 0.50000, 0.50000, 0.00000 o/ Cul:2a 0.0000, 0.0000, 0.0000
e ! Cu3:2m 0.24987,0.00000, 0.72139 Cuz-ai 0.2553. 0.0000. 07138
Cu4:2n 0.76321, 0.50000, 0.71001 u2:4i 2553, 0.0000, 0.
Cu5:2m 0.11458, 0.00000, 0.54408 »
Cu6:2n 0.61970, 0.50000, 0.55281 Cu3:4i 0.1138, 0.0000, 0.5477
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Fig.3. Total and partial electronic density of states (DOS) for (a) CuyoInz and (b) Cuy1Ing. The site decomposed DOS with their angular momentum, s, p and d band contributions,

are plotted. The origin of the energy scale corresponds to the Fermi level.

for the various compounds studied in the present work are plotted
as a function of the In content. For comparison, we include in this
plot the FP-LAPW values for the ideal B8,-Cu;In, B8;-Culn and
B8,-Culn, phases [16], as well as those for the Cu-Sn phases in
the same composition range presented in Ref. [18]. Fig. 4 indicates
that Cu-In compounds thermodynamically stable with respect to
the constituent elements at 0K should be expected to occur in a
composition region extending from about 40 at.% In up to 45 at.%
In. A similar trend is suggested by the Cu-Sn results [18], with the
composition range for the thermodynamically stable compounds
shifted to higher Sn contents.

4.5. Open problems on the stability of the Cujgln; phase
The present study has made extensive use of DFT total energy

calculations to establish trends in the relative stability of various
Cu-In compounds with respect to the constituent elements at 0 K.

On the other hand, the Cu;gIn; compound was detected in exper-
iments performed at 583K, i.e., a temperature at which the new
phase is expected to coexist with other structures in the Cu-In
phase diagram. There is no information available on the thermo-
dynamic properties of the new phase which would allow, e.g., a
Gibbs energy analysis of the corresponding relative phase stabil-
ity. In fact, the only source of information on the stability of the
new phase relative to its neighboring phases is the work by Piao
and Lidin [5]. In view of this general lack of information, it seems
appropriate to close the present paper by discussing some of the
questions emerging from assuming that the Cu;gln; compound is
a stable phase in the Cu-In phase diagram.

In the first place, we note that the new phase might be related
to the old ¢ phase (42 at.% In) which was included in an earlier
version of the Cu-In phase diagram [28], but later replaced by the
“line compound” Cuy1Ing. However, to the best of our knowledge
no further reference to the ¢ phase has been made in the most
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recent versions of the experimental Cu-In phase diagram [3].

The second issue concerns the relative stability of the various
phases reported in the composition region of interest in the present
study, i.e., 30<at.% In<50. According to the most recent version
of the Cu-In phase diagram three IPs are stable in that composi-
tion range, viz., 8-CuzIn3 (30at.% In), m-phase (33-38 at.% In) and
Cuq1Ing (45at.% In), whereas the composition of the new phase
(41.2 at.% In) falls between the m-phase field and the Cuy;Ing com-
pound. The new phase was detected by Piao and Lidin [5] in a
sample with a nominal composition of 35.6at.% In, annealed at
583 K for 9 months. By relying on the previously accepted phase
diagram one would predict both m and Cu;iIng to be found in
their experimental sample. However, this expectation is contra-
dicted by two key observations reported by Piao and Lidin [5].
First, the Cuy1Ing phase was not detected in the experimental alloy,
and second, the Cujgln; compound was found coexisting with
small amounts of the neighboring 8-Cu;In3 rather than with the
7 phase.

The first observation together with a consideration of the sim-
ilarities between Cuqgln; and CuqiIng led Piao and Lidin [5] to
suggest that Cu;1Ing might not be a stable phase in the Cu-In phase
diagram. In their view, the more disordered CuyiIng compound
might form first as a metastable phase, transforming into the more
ordered Cuyglny; compound after long-time annealing. We note that
in the current Cu-In phase diagram, based on the work by Bolcav-
ageetal.[29], the Cuy1Ing compound is considered as a stable phase
down to room temperature.

The second observation by Piao and Lidin [5] opens up other
questions about the stability of Cujgln; relative to the m phase.
In the first place, assuming that r is a stable structure in the Cu-In
phase diagram remains to be understood why this structure was not
detected after such a long-time annealing. A possible explanation
is that the Gibbs energy of the v phase is higher than the one deter-
mined by the chemical potentials defined by the 8-Cu7In3 + Cuyglny
two-phase equilibrium. Alternatively, by taking into account the
structural complexities of the m phase, which have been referred
to before (Section 2), it seems reasonable to consider the possibility
that Cuyplny is not a distinct structure but belongs to the ) phase
field of the Cu-In phase diagram.

Various experimental and theoretical studies are in progress in
our group which are aimed at clarifying these questions. In particu-
lar, starting with the phase stability trends at 0K, the composition

range treated in the present work (Section 4.4) will be extended
down to 30 at.% In by performing new ab initio calculations for the
CuyInz (d-phase) compound. We close this section by emphasiz-
ing that in order to further correlate the ab initio results with the
experimental phase stability observations made at finite tempera-
tures, the vibrational entropy contribution to the Gibbs energy of
the various Cu-In compounds should be accounted for.

5. Summary and conclusions

Using ab initio density functional calculations we have stud-
ied the structural, electronic and thermodynamic properties of the
Cuygln; compound, with a crystalline structure closely related to
that of the CuqiIng phase, which has recently been detected in
a study of the m-phase field in the Cu-In phase diagram. With
the ab initio density functional theory method, the PAW (pro-
jector augmented wave) potentials and the exchange-correlation
potentials of Perdew and Wang in the generalized gradient approx-
imation (GGA-PW91), we have calculated the lattice parameters,
bulk modulus and its pressure derivative, the total energy, the
electronic DOS and the energy of formation of Cuygln; relative to
the constituent elements. In addition, in order to study trends in
the thermodynamic properties and the relative phase stability in
the Cu-In system we have calculated the structural and thermo-
dynamic properties of the CuyiIng compound and various ideal
hexagonal B8 NiAs/InNi, type phases, which are the base structures
of those reported in the Cu-In m-phase field.

For the recently reported monoclinic Cu;gln; compound we cal-
culate an energy of formation of —1.74 kJ/mol, indicating that the
new phase is thermodynamically stable with respect to the con-
stituent elements at OK. The Cu;1Ing compound, as modelled in
the present work, is also thermodynamically stable with respect
to the constituent elements at 0K, with an energy of formation
of only 0.92 kJ/mol higher than the corresponding value for the
Cuygln; compound. For both intermetallic compounds the calcu-
lated structural parameters are in excellent agreement with the
experimental information. According to our results the optimum
structure for Cuyglny is closer to an orthorrombic lattice rather than
to a monoclinic one.

We found that the B8,-CuyIn, B8;-Culn and B8,-Culn, ideal
phases are thermodynamically unstable with respect to the con-
stituent elements at 0K, with the B8;—Culn being relatively more
stable that the B8,-Cu;In and Culn, phases. This trend has also
been observed in B8 compounds of other related systems, e.g., in
the Cu-Sn [16,18] and Ni-In [16] systems.

Concerning the electronic properties, the Cujgln; and CuyqIng
compounds studied in the present work show metallic behaviour.
For both intermetallic phases the band width of the total DOS is nar-
rower by approximately 1eV than the corresponding band width
for pure Cu. This effect is attributed to both structural and chemical
effects in the nearest neighbor atomic distributions. In all the com-
pounds investigated, the presence of Cu-In interactions produces
a shift of the centroid of the d-band towards higher binding energy
(~ 3.7 eV) with respect to that band in pure Cu.
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