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Structural Properties and Phase Transition
of Lithium/Copper Oxides, Depending on
Cu,Li;_,O (x =0, 1, 2) System — Ab Initio Study
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Structural properties of Cu,Liz—,O (x =0, 1, 2) system at ambient conditions were presented together
with phase transition under high pressure from a cubic cuprite-type (C3) to an antifluorite-type (C1)
structure of CuzO compound (z = 2). The calculations were performed using the full potential linear
muffin-tin orbitals approach based on the density functional theory. For the exchange-correlation po-
tential term, we applied the local density approximation. For both the C; and Cs phases, the lattice
constants versus copper concentration (x) were found to deviate slightly from the linear relationship
of Vegard’s law. It was found that the phase transition from the Cs to the C; structure for the Cu2O
compound occurs at 82 GPa.
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1. Introduction

The lithium oxide (Li»O) material, also called
lithia, is one of the main components of high-
resistant or conducting glasses (e.g., LioO + B2Os3)
in which the alkali oxide lowers the melting point of
silica [1]. Lithium oxide was also proposed as a ma-
terial for breeder blankets in deuterium-tritium fu-
sion reactors of the future. It also plays an im-
portant role in reducing the work function and
thus enhancing the electrical current of photocath-
odes, and in promoting catalytic reactions and ox-
idation enhancement of various semiconductor sur-
faces. Lithium oxide was found to be crystallizing
in the cubic antifluorite-type (C4) structure (space
group no. 225) [2]. The details of the antifluorite
crystal structure can be found in [3].

Lithium oxide is a key battery material. It is
also used in nuclear industry. At low pressures,
it normally crystallizes in the antifluorite struc-
ture of space group F'm3m, which contains octa-
hedral voids. LioO exhibits super-ionic conductiv-
ity at temperatures above 1200 K in which diffus-
ing Lit ions carry electrical current by hopping
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from one void to another. The oxygen atoms, in
turn, remain within a rigid framework [4].

Copper oxides exist in a stable form in the bulk
phase. They are transition metal compounds, in
general, and the high-T" superconductors in partic-
ular [5]. Recently, copper (Cu)-based nano-ink has
been studied extensively for several electronic ap-
plications [6, 7]. The stability of copper nanopar-
ticle in air appears robust because the surface of
metal copper oxidized into CusO, and the composi-
tions of the oxides vary with exposure time. Kunc
et al. [1] have investigated the structural phase tran-
sition in Li; O, from the antifluorite to the antico-
tunnite structure, using the angle-dispersive syn-
chrotron X-ray powder diffraction. The studies
were supported by ab initio calculations. Another
very recent study was carried out by Yadav et al. [§]
on physical properties of the CusO material, espe-
cially the structural parameters, electronic band-
structure and magnetic properties.

Based on these previous studies, we are interested
in the structural parameters and the phase transi-
tion of ternary alloys constructed from these two
binary compounds (LizO and Cuz0).
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TABLE I

Plane wave number NPLW, muffin-tin radius RMT [a.u.], k-point mesh and the energy cut-off Ecu: [Ry] used in

our calculation.

The antifluorite (C1) structure The cuprite (C3) structure

Parameters

Cu20 LiCuO Li.O Cu20 LiCuO Li; O
total NPLW 5064 5064 5064 38910 38910 38910
RMTS (O) 2.099 1.72 1.844 1.537 1.526 1.707
RMTS (Cu) 2.099 2.189 1.771 1.721
RMTS (Li) 2.189 1.807 1.721 1.491
k-point (225 22;22) (22;22;22) (22;22;22) (78;78;78) (78;78;78) (78;78;78)
Ecut 163 139 121 223 194 229

Therefore, we have investigated the structural pa-
rameters and the phase transition under high pres-
sure of Cu,Lis_,O (hereafter, 0 < x < 2 denotes
the molar fraction of Cu). We performed ab ini-
tio calculations based on the full-potential linear
muffin-tin orbital (FP-LMTO) within the density
functional theory (DFT). This paper is organized as
follows: A brief description of the computational de-
tails and methodology is given in Sect. 2. The the-
oretical results and discussion concerning the struc-
tural parameters and the phase transition are given
in Sect. 3. Finally, we conclude in Sect. 4.

2. Computational details

In this study, the first-principles calculations are
applied using the FP-LMTO-PLW method [9] aug-
mented by a plane wave basis (PLW) based on the
DFT [10, 11] — as implemented in the Lmtart code
(Mindlab) [12, 13]. The exchange and correlation
potential calculation include the local density ap-
proximation (LDA) as parameterized by Perdew
and Wang [14]. The charge density and the po-
tential are represented inside the muffin-tin spheres
(MTS) by spherical harmonics up to lpax = 6.
The integration of k above the Brillouin zone was
taken a 22 x 22 x 22 and 78 x 78 x 78 grids accord-
ing to the tetrahedron method for the C7 and Cj

Fig. 1. Cubic crystals of CuyLiz2,zO (z = 0, 1, 2)
system in both C7 and C3 structures.
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structures, respectively. Self-consistent calculations
are considered to be converged when the total en-
ergy of the system is stable within 107® Ry. In order
to avoid the overlap of atomic spheres, the muffin-
tin spheres radius for each atomic position is taken
to be different for each case. The muffin-tin radius
values (RMTS), the number of plane waves (NPW)
and the total cut-off energies used in our calcula-
tion are summarized in Table I. The calculations
for Cu,Liz—,O (0 < z < 2) were obtained for two
structures: for the antifluorite (C;) as well as for
the cuprite (C3) phases.

The cubic antifluorite C; structure (point group:
O3; space group: Fm3m |#225]), comprises a face-
centered cubic sublattice of anions (0?7) with
cations (Cu?*, Li?*) on the tetrahedral sites, as
shown in Fig. 1.

The cuprite C3 phase has a high symmetry struc-
ture (point group: Of; space group: Pn3m [#224])
which is a simple cubic unit cell with two molecules
in it. This means only that Cs has six atoms per
unit cell: the two oxygen atoms form a bcc lat-
tice, i.e., one at the corner and another at the
body center, while the metal atoms (Cu, Li) are on
the vertices of a tetrahedron around each oxygen
atom (see Fig. 1).

Each copper atom is two-coordinate with two
oxygen atoms. Since both phases have a cubic sym-
metry, they have only one structural parameter (the
lattice constant a) which is used to describe the
unit cell.

The positions of different atoms into the unit cell
as well as the space group for each of the considered
structures of the Cu,Lis_,O (z = 0, 1, 2) system
are summarized in Table II.

3. Results and discussion

3.1. Equation of state parameters

The structural parameters in the ground state
were determined by calculating the total energy at
different volumes around the equilibrium state for
the binary compounds: LisO and CusO and their
alloy CuLiiO. For all the cases, the C7 and C3 struc-
tures were considered. Next, the calculated total
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TABLE II
Location of different atoms and the space group of the C1 and C3 structures of the CuzLio—,O (z = 0, 1, 2)
system.
Structure type The antifluorite (C1) structure The cuprite (C3) structure
Space group Fm3m [#225] Pn3m [#224]
z=0 r=1 rT=2 =0 =1 T=2
1st atom (0,0,0)/Li (0,0,0)/Cu (0,0,0)/Cu (0,0,0)/Li | (0,0,0)/Cu| (0,0,0)/Cu
adatom | (LLAH/L | (LA DL | (A D/Cu | (0.5 5)/L](0.4,2)/Cu| (0.4,2)/Cu
Brd atom | (—2,—3,~1)/O| (-1, 3, ~1)/0 | (-1, =1, ~1)/0 | (.0, 5)/Li| (2.0.5)/Li | (4,0.4)/Cn
4th atom (3,3,0)/Li| (3,5,0)/Li | (3,3,0)/Cu
5th atom (L350 (Lo (o
6th atom G250 3390|3110
TABLE IIT

Structural parameters (equilibrium lattice constants ao), bulk modulus By and pressure derivatives of the bulk
modulus B(l) for the C1 and C3 phases for the CugLi2—zO (z =0, 1, 2) system.

Phase | a [A] v [A%) B [GPa] B B [oV]
type Exp. | Theor. Exp. Theor. Exp. Theor.
P 05.130 | 4.619% | 4.61¢ | 33.76 | 156.89 | 81.76° 1034 3.64 | —91926.67
B 4.606° | 4.573° 92.6°
=iS 4.6114° | 4.573f 94.67
ST 14776 27.24 | 106.55 3.64 —47183.18
E 2| 4.417 21.55 | 88.76 3.40 —91926.67

0|4.374 83.71 | 188.56 2.88 —91926.38
£ 1]4.293 79.134 | 138.06 3.20 —47182.72
535 | 2| 4228 |4.26069 | 4.30" | 7559 | 91.92 | 1127 108" |2.83 | 4.5% | 4.6-4.8' | —2440.36
2 4.28' 110-112F | 93¢

104-137"

“Ref. [2], ®Ref. [19], °Ref.
FRef. 23], 'Ref. [29].

energy values were fitted to the Murnaghan equa-
tion of state (EOS) [15-18] and the results were
plotted in Fig. 2. Now, one can clearly see that at
ambient conditions, the antifluorite-type C7 struc-
ture has lower energy than the cuprite-type C5 for
z = 0 and x = 1 concentrations (i.e., lower by
1.96 eV for = 0 and 0.462 eV for x = 1). It
means that for the considered concentration, the
C: structure is more stable than C3. Further, Cj5
is more stable for concentration x = 2 since it has
lower energy than the Cy structure (by ~ 1.66 eV).
The calculated structural parameters, such as the
equilibrium lattice constant ag, the bulk modulus
By and the bulk modulus pressure derivative B’,
for C; and Cj structures, are listed in Table III.
Some of the available experimental [2, 19-23] and
other theoretical results [24-29] are also included.
Our results for lattice constants a for the Cj
and Cj structures of the binary compounds (CuyO
and LiyO) and the ternary alloy (CuLiO) are listed
in Table III. Only the results of the lattice con-
stant of LisO in the C; phase appear to be higher
than the experimental results [2, 19, 20]. In general,
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[20], “Ref. [24], °Ref. [25], fRef. [26], 9Ref. [21], "Ref. [27], ‘Ref. [28], TRef. [22],

however, our results of CusO in the C5 phase agreed
well with other values known from the literature.
The lattice constant (4.228 A) of CuyO in the
C5 phase is only 0.97% less than the experimen-
tal result (4.2696 A) [21]. Tt is also noticeable
that our result for the lattice constant of CuyO
in the C3 phase is slightly lower than theoretical
results (4.30) and (4.28) reported in [27] and [28],
respectively.

Our result (91.92 GPa) regarding By for the Cj
phase of the CuyO binary material is in reasonable
agreement with the result (93 GPa) of [28]. The
difference does not exceed the value of 1.2%. To the
best of our knowledge, there are no data available in
the literature for the C'; structure of this material.

Usually, in the treatment of alloys, such as
LiCuO, when the experimental data are scarce, it is
assumed that the atoms are located at the ideal lat-
tice sites. Then, the lattice constant varies linearly
with composition x according to the so-called Veg-
ard law [30]:

a(A;B1-,C) = zaac + (1 — z)agc, (1)
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Fig. 2. Total energy versus volume for different

structures of CuyLiz—-O (z =0, 1, 2) system.

where apc and aap are the equilibrium lattice con-
stants of the binary compounds AC and AB, re-
spectively, and a(AB;_,C,) is the alloy lattice con-
stant. Vegard’s law (1) assumes that the alloy’s lat-
tice constant varies linearly with the composition.
Deviation, however, usually occurs in semiconduc-
tor alloys, as was observed both experimentally and
theoretically. Therefore, the alloy’s lattice constant
should be rewritten as
a(AB1_,C;) = zaac + (1 — z)aas — (1 — z)b.
(2)
Here, in the quadratic term, b is the bowing
parameter.

As shown in Fig. 3, the lattice constant decreases
with increasing Cu composition (z). This is due
to the fact that the Cu atom is smaller than the
Li atom. Figure 3 shows that the calculated lattice
constants for different alloy concentrations of the C
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and Cj3 structures obey Vegard’s law with a slight
upward bowing parameter of the value —0.002 A
and +0.01 A, respectively. This indicates that the
deviation from Vegard’s law is much more pro-
nounced for the Cj5 structure. The bowing param-
eters were obtained by fitting the calculated values
of a with the following polynomials of second order,
namely:

a(r)c, = 5.13 — 0.352 4 0.00222, (3)

a(z)c, = 4.375 — 0.0.09z + 0.00832>. (4)

In Fig. 4, the bulk modulus as a function of com-
position x is presented. The decreasing behavior
of B with the increase of Cu concentration (from
x =0 to x = 2) indicates, on the other hand, that
the alloys become more compressible then. To ob-
tain the bulk modulus fits, the following polynomi-

als of second order were used:
B(z)c, = 159.54 — 9.15x — 12.3227, (5)

B(z)c, = 188.56 — 52.68z + 2.182x2. (6)
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lowest energy of Cu,Liz—,O (z = 0, 1, 2) in Ci
and Cs phases.

There is a small deviation from the linear concen-
tration dependence with an upward bowing param-
eter of —12.32 GPa in the C] structure and down-
ward bowing parameter of +16.26 GPa in the Cj
structure.

For materials with cubic structure, the melting
point Ty, (in K) correlates with the bulk modulus B
(in GPa) by the following linear expression [31, 32]:

Tn =607+ 9.3B. (7)
Now, we could introduce the values of the bulk
modulus into (7) in order to calculate the melting
point T}, of the Cu,Lis_,O (x = 0, 1, 2) system.
For the antifluorite C; phase, the values obtained
were found at around 2066, 1598, and 1432 K, for
x = 0, 1 and 2, respectively. For the cuprite Cj
phase, the values obtained were found at around
2091, 1891, and 1462 K, for x = 0, 1 and 2, respec-
tively. The melting temperature T, = 1462 K of
the cuprite C3 phase of CusO is in reasonable agree-
ment with the experimental result equal to 1508 K
(1235°C) [21]. The deviation between these two
values is around 3%.

Figure 5 shows a linear variation of the difference
of the lowest energy between the antifluorite-type
(C1) and the cuprite-type (C3) phase of the two
structures, versus composition x. It is clearly seen
that the Cu,Lis_,O ternary alloy changes its most
stable crystal structure from the C; to the C3 phase
when z is larger or equal to 1.287.

3.2. Phase transition

It is well known that high pressures influence the
crystal packing of solid and its electronic structure.
Thus, pressure plays an important role, affecting
the materials properties in a super-conducting phe-
nomenon, the elastic and thermal properties and
structural phase transition [33, 34]. In order to get
more information about the pressure-induced phase
transition of crystals, we have to calculate the Gibbs
free energies G of different considered phases. The
following expression can be used [35, 36]:

G=FE+PV-TS. (8)
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Here E, P, V, T, and S symbolize the total in-
ternal energy, pressure, volume, temperature, and
entropy, respectively. Since our calculations were
performed at T' = 0 K, the last term 7'S becomes
null, and consequently, the Gibbs free energy be-
comes equal to the enthalpy H, i.e., H=FE + PV.
For the CuyO material, the transition pressure (F;)
between the C3 configuration and the C; phase
was calculated using the enthalpy difference AH as
a function of the pressure. The results were plotted
in Fig. 6 with respect to the Cj structure. This men-
tioned method, installed in the Mindlab program,
has given excellent results [37-40].

Note that the transition from the C5 phase to the
C1 phase may occur at the pressure value of 82 GPa,
as shown in Fig. 6. At this pressure, the enthalpies
of both structures become equal, while the enthalpy
differences become null. To the best of our knowl-
edge, there are no other data existing in the liter-
ature on the pressure-induced phase transition for
Cu0O. Our findings regarding the pressure phase
transition of CusO may be used as a reference for
future works.

4. Conclusion

In this work, we have investigated the equilib-
rium structural parameters of LioO, CusO and their
alloy CuLiO in the antifluorite-type (C7) and the
cuprite-type (C5) configurations. For this, we used
the ab initio FP-LMTO method, within the LDA
approximation. In general, our results agreed well
with other data available in the literature, indicat-
ing that the used theoretical approach is reliable for
the prediction of structural properties of the consid-
ered materials.

The results of the present studies concerned with
the possibility of phase transition at high pressure
show that CuyO material transforms from Cs to C;
at the pressure of around 82 GPa.

We have also found that the CuLiO alloy can
change its most stable crystal structure from the
antifluorite-type (Cp) to the cuprite-type (Cs)
phase at the concentration value of x = 1.287.
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