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For the first time the lattice energies (Urp) for multi-crystalline specimens of perovskite system,
Cay,Cu3z_,TigO1, with x = 0.0 — 1.0, have been calculated using mean sound velocity data by employing
Kudriavtsav’s approach. The observed decrease in Urp as a function of Ca* substitution has been described
considering the structural and microstructural parameters. Using four different estimation models lattice
energy (ULs) values for mono—crystalline counterparts have been calculated. The difference between Uy p and
Urs (Urs > Urp) has been discussed based on grain boundary and grain contribution and the existence of
voids and micro-cracks in multi-crystalline ceramics. A straightforward method proposed to determine Uy g
for multi-cationic oxide systems founded on the oxide additivity rule was adequate.
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1. Introduction

Calcium-copper-titanate (CaCusTigO1y) belongs to the
quadruple perovskites with the general formula, AA;B4O15.
The crystallographic sites, the dodecahedral (A-) sites,
square-planner (A’-) sites, and octahedral (B-) sites, cor-
respond to cubic perovskite structure (space group Im3 No.
(204) and point group 7;) [1, 2]. For more than two and
half decades pure and substituted calcium-copper-titanate
(CaCusTisO17)- based materials and their isostructural sys-
tems have been extensively researched for potential use in a
wide range of applications. Materials may be in single crys-
talline, polycrystalline, nanocrystalline, nanocomposites,
thin film forms. They were found suitable for promising
applications such as supercapacitors, varistors, gas-sensors,
humidity sensors, photocatalytic and photoelectrochemi-
cal materials, rectification etc., [3]. From the fundamental

research point of view, understanding the nature and the
factors that affect binding forces within polycrystalline ma-
terials through elastic properties and lattice energy helps
in deciding the applicability of the material for a specific
application [4].

In ionic solids, the bond strength is measured by the lattice
potential energy (Ur) value. The characteristics, reactiv-
ity, and structure of solids are elucidated by this lattice
energy. The Uy is mentioned as a prominent parameter
for the manifold thermodynamic evaluation of steadiness
and the existence of intricate ionic alloys. It is a very
tough task to determine U experimentally. This is be-
cause the crystalline material is set apart into atoms and
not into gaseous ions, as needed in the Uy determination.
Of course, the Born-Haber-Fajans thermodynamic cycle [5]
can be employed using supplementary thermodynamic data,
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to determine an experimental value of Ur. Consequently,
in the area of contemporary materials science, alternate
ways of experimental determination of Uy, or theoretical
computation of Uy, are subjects of prime attentiveness. At
the outset of the 1990s, many theoretical estimation meth-
ods such as the Born-Lande and Born-Mayer equations
(https://en.wikipedia.org/wiki/lonization_energy) are avail-
able in the literature that can be used to determine U;. The
limitation of these methods is that they apply to binary
ionic solids only. Later on, in 1956 Kapustinskii [6] devel-
oped an equation that allows the evaluation of Uy, for any
simple ionic crystal. This expedites a path for spanning
the evaluation of Uy, to several scientific studies [7]. Be-
cause of the complexity of inorganic compounds, hardly
any research articles on the Quantitative Structure Prop-
erty Relationship (QSPR) are available. Earlier, Mu et al.
[8] designed a few QSPR models with the aid of several
model parameters to approximate the lattice energy values
of ionic compounds. The recent calculation methods need
particulars regarding the cell edge parameters, the coordi-
nation number of ions as well as force field. During the
explicit lattice potential energy computation process [9]
solid’s lattice energy is produced in the course of its mod-
eling. Besides, the determination of Uy, from the quantum
mechanical procedure is cuambersome and thus worthy for
the simpler systems only. On the contrary, in the literature,
several exceptionally expeditious methods for the determi-
nation of Uy, of ionic crystals are available. This includes
(i) Kapustinski’s equation [6] relies on ionic charge and
radii of ions involved (ii) Glasser and Jenkins model [9]
based on the ionic strength (iii) lattice energy determina-
tion from connectivity and converse indices given by Mu et
al. [8] (iv) determination of lattice- potential energy from
chemical hardness proposed by Kaya and Kaya [10], and
(v) Oxide additivity rule founded on the work of Shanon et
al. [11]. The implementation of these models is relatively
easy. These five distinct theoretical models have been em-
ployed in the present investigation. Besides, there are many
other models available in the literature used to determine
lattice potential energy (ULs) for single crystalline materials
including Born—Mayer, Varshani-Shukla and Ls (logarithm)
models [12]. The determination of Ug from the quantum
mechanical procedure is cumbersome and thus worthy for
the simpler system only. The empirical method based on the
chemical bond theory proposed by Liu et al. [13] requires
detailed crystallographic information and elaborate compu-
tation. These models are hinged on atom-atom pair potential
calculations and atomistic computational modelling [14]. In
short, implementation of such models is not straightforward
for complex/multi-cationic oxide systems as in the present
case.

Unexpectedly, in the literature, very few reports are avail-
able on the lattice energy value of polycrystalline oxide sys-
tems for comparison. Subrahmanyam et al. [15] reported
the lattice energies of NaCl-structured alkaline earth oxides,
MgO (Urp =~ —24.61 eV) and SrO (Urp =~ —20.21 eV). Be-
sides, for alkali fluorides, CaF, (Urp ~ —23.32 ¢V), BaF,
(Urp = —20.73 eV), and CdFe; (ULp =~ —29.28 eV) lattice
energy values are reported. They all are multi-crystalline.
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By, contrast lattice energies for their monocrystalline coun-
terpart (Urs) are found to be —39.33 eV for MgO, —33.34
eV for SrO, —27.47 eV for CaF,, —24.26 eV for BaF, and
—30.44 eV for CdF; [9]. It is concluded that U;g > Uy p
is for different reasons. Quantum mechanically calculated
lattice energies for a large number of ABO3-type perovskite
compositions where A = trivalent La, Tb, Ce, Dy, Nd, Ho,
Sm, Er, Eu, Pr, Nd, Yb, Gd, Lu, and B = trivalent Al, Cr,
Fe, Ga, In and Sc are reported by Levy [16]. Accordingly,
the lattice energy is weakly structure sensitive and a large
value of lattice energy suggests better structural stability.
A few years back, the lattice potential energies of a total
of 38 polycrystalline oxide compositions of spinel ferrites,
garnets, superconductors, and manganite perovskites were
determined. The Uy, of monocrystalline counterparts was
calculated using four estimation models [17]. Zhang and
his co-workers [18-24] carried out a study on the lattice
potential energy of different cation-anion bonds (not the
lattice energy of the composition as a whole) present in a
large class of ceramics, ZnZr (Nb;_,R,),0g (R = Ta, Sb)
(x =0.02, 0.04, 0.06, 0.08 and 0.10), Nd (Nb;_,Sb,)204 (x
=0.00, 0.02, 0.04, 0.06, 0.08 and 0.10), Ca;_,Sr,WO4 (x
=0.00, 0.02, 0.04, 0.06, 0.08 and 0.10), La (Nb;_,Ta,)O4
(x=10.00 — 0.10), MgZrNb;, ,Og12 5, (—0.08 < x < 0.08),
(Nd;_,La,) NbO4 and LaNbOy4, based on complex bond
theory. Similar investigations have been performed on lat-
tice energy determination of bonds involved in ceramic
materials, BaCu,_,Co,Si, 07 [25], Ta-substituted 0.15ZnO-
0.15Nb05-0.55TiO; [26] and Ba;_,Sr,Cu,SirO7 [27].

It is intriguing to investigate the substitution effect of large
cations, for example, Ca?* ions with an ionic radius equal
to the threshold value ~ 1 A for Cu2t (0.73 A) in the
CaCusTigO13. Thus, structural properties are expected
to influence to a greater extent. Secondly, the replace-
ment of paramagnetic (magnetic moment 1 ug) Jahn—Teller
Cu”* ions with non-magnetic Ca>* ions in the series,
Caj+xCu3_, TigO, expected to affect magnetic properties
as well. In short, the substitution of Ca%* ions for Cu?* ions
eventually influences other physical properties. The ionic ra-
dius of Ca”* ions is too large compared to the ionic radius of
Cu?* ions. Thus, there is a substitution or accommodation
limit in the crystallographic structure without disturbing the
cubic perovskite structure of pristine CaCu3Ti4O1, (space
group Im3 No. (204) and point group 7). Earlier we found
that in the investigated series, Caj4,Cuz_,TisO12 x = 0.0,
0.1, and 0.2 compositions possess single-phase structures.
Besides x = 0.5 and 1.0 compositions are bi-phasic. They
possess respectively ~ 83% and 77% of the CaCu3TisO1,
phase and ~ 17% and 23% of orthorhombic CaTiO3z-phase
[2]. According to the literature Ca;Cu,TisO12 (x = 1.0)
composition of the series, Caj,Cuz_,TisO12, demonstrates
mixed-phase characteristics [28, 29]. The composition pos-
sesses ~ 67% of CaCusTigO1, cubic perovskite phase and
~ 33% of orthorhombic CaTiO3 phase. Our finding is con-
sistent with the reported one. Interestingly, x = 2.0 composi-
tion, CazCuTizO17, exhibits a mono-phase cubic perovskite
structure similar to that of CaCu3sTisO12 (x = 0.0) compo-
sition. The extreme composition of the series, CasTisO12,
with x = 3.0 is fundamentally nothing but 4 x CaTiO3 with
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a single-phase orthorhombic structure. Thus, there is no
substitution limit except phase change and its influence on
various physical properties.

Till today determination of lattice potential energy for ionic
crystals is an important area of research. As far as we know,
no research reports on lattice energies of multi-crystalline
and mono-crystalline quadruple perovskite systems in gen-
eral and Caj;,Cuz_,TizsOq; series with x = 0.0, 0.1, 0.2,
0.5, and 1.0, in particular, are available in the literature. No
details are accessible on the comparative investigation deals
with the lattice potential energy of multi-crystalline (Ugp)
oxides and their mono-crystalline (Urs) counterparts, the
factors influencing Uy, and the factors causing the differ-
ence between the two (Urp and Uyg).

In the recent past, we have investigated the distribution
of cations, and the evolution of magnetic ordering in
Caj4+,Cu3_,TisO12 (x = 0.0 — 1.0) perovskites [1]. The
defect structural modifications in Caj,Cu3_,TizO1, have
been investigated by positron annihilation lifetime spec-
troscopy and supplementary techniques [2]. The electron
spectroscopy for chemical analysis was employed to explore
the impact of Ca™*2- substitution on the electronic structure
of CaCusTigO1; [30]. Very recently, we have investigated
the elastic properties of Caj;,Cuz_,Ti4O13 (x =0.0—1.0),
by ultrasonic pulse echo selection technique [4].

The dearth of systematic in-length lattice potential energy
determination studies on pure and substituted quadruple
perovskite CaCuzTig4Oq, stimulates the present investiga-
tion. The principal objective of the current study is to figure
out the lattice energy values for the polycrystalline oxide
series, Caj4,Cuz_,TigO, (x = 0.0 — 1.0), whose lattice po-
tential energies have not been cited. Based on Kudriavtsev’s
theory, an average sound velocity resolute by employing
an ultrasonic pulse-echo selection method and corrected to
the void-free state [4] has been used to calculate the lattice
potential energies (Urp) of polycrystalline ceramics. Four
different theoretical and semi-empirical approaches have
been used to calculate lattice energies of monocrystalline
(ULrs) counterparts. The difference observed between the
two, Urp and Uypg, has been explained in length. Eventually,
the suitability of the oxide additivity rule for Urs determi-
nation has been examined.

2. Experimental details

In our preceding reports [1, 2, 30] the experimental particu-
lars regarding the fabrication of five multi-crystalline speci-
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mens of Ca;;,Cu3_,TisO12 system with x = 0.0, 0.1, 0.2,
0.5, and 1.0, through standard double sintering solid state
reaction route are well discussed. This synthesis technique
is easy to operate with the advantages of simple processes
such as synthesis, high yield, high selectivity, high purity,
uniform particle size distribution, controllable size, high
potential for scalability, possibility for tonnage production
and less pollution (minimum waste generation due to no sol-
vent usage). Further, this technique can synthesize materials
with unique properties that may not be achievable through
solution-based methods (soft-chemical routes). Finally, said
method is particularly suitable for the preparation of com-
plex and multi-cationic oxide systems. The Rietveld refined
X-ray diffraction profiles indicate that the compositions
with x = 0.0 — 0.2 retain mono-phasic characteristics whilst
the compositions with x = 0.5 and 1.0 have mixed—phase
characteristics. They possess CaCusTizO1, as a primary
phase and CaTiOs as a secondary phase in different propor-
tions. The structural parameters, molecular weight (My ),
lattice constant a (nm), molecular volume (V,;), and X-ray
density (py), thus determined are summarized in Table 1 to
facilitate the further discussion on the dependence of lattice
energy on Ca”>"-content in the system. Besides, the techni-
cal details of the ultrasonic pulse-echo selection technique
are described in [31]. The measurements are carried out
at T = 300 K by keeping the frequency of the transducer,
fa=1MHz.

3. Results and discussions

The values of the lattice parameter, a (nm), hence resolved
are in turn used to compute the unit cell volume, Ve = a
(nm3). The molecular volume, V,,,, can be estimated from
Vin = Veen/Z, where Z is the number of unit cells per for-
mula unit, i.e. Z =2 for cubic perovskite structure. Besides,
the p, has been computed with the help of the standard for-
mula: p, = My /(N4 - V), where Ny is Avogadro’s number
given by 6.02 x 103 molecules/mol. The computed values
of Veen, Vin and p, for all the compositions are given in
Table 1.

The velocity of longitudinal wave (V;) and velocity of shear
wave (V;) determined experimentally for multi-crystalline
bulk samples from ultrasonic pulse-echo selection tech-
niques [31] are corrected to zero-porosity (Vig, Vyo). These
are further used to calculate the non-porous value of mean
sound velocity using the known relation [32, 33], V,,,0 (m/s)
= [3(V}3-V3)/(Va +2V3)]'/3, for the investigated compo-

Table 1. Molecular weight (My ), molecular volume (V,,,), X-ray density (py), meansound velocity (V;,0), and lattice energy (U p) (Kudrivatsav’s theory)
for polycrystalline compounds.

Ca2*- concentration (x) My (kg) x 103 a (nm) Vpn (nm)? Px (g/cm3) Vo (m/s)  -Urp (eV)
0.0 614.33 0.73965(5) 0.2023 5.043 1700.7 552.25
0.1 611.98 0.74074(2) 0.2029 5.001 1627.3 503.67
0.2 609.64 0.74228(8) 0.2045 4.950 1540.9 449.88
0.5 602.60 0.73770(10) 0.2007 4.824 1495.9 419.13
1.0 590.86 0.73809(22) 0.2010 4.686 1535.2 432.75
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sitions, x = 0.0, 0.1, 0.2, 0.5, and 1.0 of Ca;,Cuz_,TisO1,
series. Table 1 summarizes these values.

3.1 Determination of lattice potential energy from V,,
for multi-crystalline materials

Founded on Kudrivatsav’s theory [34] and using the V0
data, the lattice potential energy values of various ionic
crystals have been computed successfully. The theory was
found successful in approximating the lattice energy of
divalent metal chalcogenides even if sufficient covalency
is present [15]. Earlier, the temperature depends on the
lattice energy of AB>— type crystals, alkali halides, alkaline
earth oxides, ammonium bromide, heavy metal halides, and
ammonium chloride were investigated [15], and not only
that, details concerning to change of phase were obtained.
A few years ago, this theory was employed to evaluate
the lattice energy of various polycrystalline oxide systems
[32, 33, 35, 36].

Following Kudrivatsav’s theory, supposing the additivity of
internal energy depends on temperature (7 (K)), My (kg),
and potential energy (Up (eV)) of the material, is stated by

'RT
_nmy YRT

V2=
U M

ey
where the constants, n, and m, signifying that the potential
energy function relies on the lattice structure, 7y serves as the
ratio of molecular heat capacities (Cp/Cy), (for the majority
of the ionic solids, ¥ is roughly equal to unity) and R is the
gas constant. In equation (1) for ionic solids, Uy can be put
back by the lattice potential energy of the polycrystalline
material (Urp), the 1 = 3 settles worthy for numerous spinel
structured ferrites, crystals with bcc garnet structure, and
several solids [32, 33, 35, 36].

Taking the above points into consideration, lattice energy
(Urp) in its simplistic form is presented by:

Urp (eV) = —3.108(My - V2,) x 107> (2)

where V is replaced by V0 (Table 1). In Table 1 the Up
values calculated for the investigated samples are also in-
cluded. Customarily, the lattice energy of a crystalline solid
is defined as the crystal formation energy from infinitely
separated ions, and as a consequence, the lattice energy is
always negative.

At this point, it would be engrossing to study the variation
of Urp with Ca>*- content (x). The elastic constants and
their pressure derivatives are evocative of the short-range
contribution to the Uy. Thus, the factors tailoring the mag-
nitude of elastic constants are also indirectly responsible
for governing the strength of bonding (i.e., lattice energy).
We have attempted to describe the variation of lattice po-
tential energy as a function of Ca®*- substitution (x) in the
best possible way considering the different structural and
microstructural parameters.

It is well-established fact that the non-magnetic metallic
cations with an entirely filled outermost orbit such as Li!*
(1s?), Mg** (2p%), Ga*>* (3d'0), etc., are highly stable as
compared to the highly magnetic cations with a half-filled
outermost orbit like Fe3™ (3d°) and Mn2* (3d°) as well as
cations having incomplete or partially filled outermost orbit
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such as Co*™ (3d7), Cr** (3d°), Mn*" (3d°), etc. [17, 37].
In the series, Caj4,Cu3_,Ti4O12, magnetic Cu?t S=1/2,
1 up) ions with the partially filled outermost orbit (34°)
are replaced by non-magnetic Ca>* (0 ug) ions with the
filled outermost orbit (3p®) and that do not participate in
active bonds formation. Besides, the replacement of Cu?t
ion with ionic radios of 0.73 A by quite larger Ca>* ion
having an ionic radius of 1.00 A gives rise to lengthened
bond-length that weakens the bond strength. Consequently,
combining the above two aspects, with Ca?" - substitution
in the system, Upp is expected to fall off.

The observed enhancement in lattice energy (Urp) value
for x = 1.0 composition can be described as follows. Ear-
lier, Solunke et al. [38] reported that Ag!™ ions doped in
Bi-2212 superconducting series, inhabit the grain bound-
aries. Later on, according to Rajmi et al. [39] in MgTiO3-
doped CaCu3TisO1, materials, MgTiOj3 inhabits at the grain
boundary and contributed to the inter-grain strengthening
effect. In the present system also secondary CaTiOz— phase
is supposed to reside at the grain boundary. This is antic-
ipated to obstruct dislocation motion (strain). Thus, the
inter-atomic bonding strength (lattice energy) is enhanced
as observed.

de Boer et al. [40] referring to the AB,O4— type ferrites
showed that the electrostatic share to the lattice energy is
increased for ferrites in which the octahedral (B-) site is
occupied with different metallic cations (inverse spinels)
(e.g. NiFe,04) as compared to ferrite materials in which
the B- site is occupied by only one type of cation (normal
spinels) (e.g. ZnFe;O4). On a similar line of argument,
in the series under investigation, Caj;,Cu3_,TisOy>, for
a pristine composition (x = 0.0), A, A/, and B- sites are
fully occupied by only one type of cation such as Ca>*,
Cu**, and Ti** respectively. With Ca>* on Cu?*- site (4'-
site), for x = 0.1 and x = 0.2 compositions A’ site is occu-
pied by three distinct cations, Ca>*, Cu*, and Ti**, with
different concentrations, and on the B-site along with the
majority of Ti**- ions small amount of Cu?*- ions are also
present. Besides, for x = 0.5 and 1.0 compositions, Ca>™,
and Cu®*, ions reside the A’- site while the B-site is fully
occupied by Ti** ions only. Thus, for x = 0.1 to 1.0 com-
positions electrostatic contribution and accordingly lattice
energy value should increase as compared to the parent com-
position. But this is not the case. It seems that in the present
study electrostatic contribution is not a governing factor
or contribution may be insignificant to the lattice potential
energy value. Similarly, based on a careful study, it also
concluded that the grain size reduction, 4.9 um (x = 0.0)
to 4.2 um (x = 0.2) and decrease in porosity value, 23.12%
(x=10.0) t0 9.2% (x = 0.5) [20, 24] are also not deciding
parameters to the lattice energies. In our previous study [17]
all these three factors were found important in explaining
the compositional dependence of lattice energy values for
different oxide systems.

3.2 Determination of lattice potential energy with the
help of Kapustinskii’s equation

When comprehensive structural data of an ionic crystal is
not available, the lattice potential energy (Urs) can be de-
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termined from Kapustinskii’s equation [6]. Besides, experi-
mental determination of Uy is quite difficult. This approach
is referred to as the most successful for estimating the lat-
tice energy values for an extensive range of ionic crystals.
The factors (i) thermo-chemical radii, wherein the ions are
regarded as a sphere of the bonded ions, and (ii) the charge
of the ion, contribute to the magnitude of Urs. Accordingly,
Uys in terms of cationic charge (Z), anionic charge (Z™),
the cationic radius (1), the radius of the anion (+~) and g,
the number of ions in the chemical formula (i.e. ¢ = 20 for
Caj1xCu3_,TigO1; series) is given by:

0.345

Urs = —1202.5 x g
LS q 4

rt—+r

wx {1_ } 3)

The r~ is 1.32 A while Z~ is (—2) for oxygen anion. To
calculate r and Z*, we have considered the weighted av-
erage of ionic radii and ionic charge of cations involved in
the composition. Before applying Kapustinskii’s equation
for the determination of U values for the different compo-
sitions of the series, Caj4,Cuz_,TisO12, the validity of this
equation has been tested by calculating the Uyg values for
the related compounds whose lattice energy values are avail-
able in the literature. The comparison is made between com-
puted values and reported values. Based on atomistic sim-
ulations, Mather et al. [41] reported a lattice energy value
(—150.88) eV per formula unit for CaTiO3. Besides, based
on atomistic computer simulation Donnerberg and Catlow
[42] determined a lattice energy value of (—142.5) eV for
a monocrystalline YFeO3; compound while for Y4Fe4O1,
the value is reported to be (—567.6) eV. The lattice po-
tential energy values calculated based on equation (3) are
found to be (—147.52) eV for CaTiOs, (—149.82) eV for
YFeOs3, and (—599.27) eV for Y4Fe4O;,. A reasonable
agreement between the two is seen. This confirms the valid-
ity and allows the applicability of Kapustinskii’s equation
for lattice energy determination for the perovskite series
under study. Further, compared to the lengthy computer
simulation process this methodology proved to be straight-
forward for lattice energy determination. The values of Urg
thus obtained for x = 0.0 — 1.0 compositions are in kJ/mol,
however, for comparison purposes, they are given in eV
(Table 2).

3.3 Lattice potential energy determination for complex
ionic solids

According to Glasser and Jenkins [9] the limiting relations
given below can be used to calculate the Urg of complex
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ionic solids.

m

1
21\ 3
zmzA(V) @)

1
Na x2I* x A3\ 3
Px X Na X 2I* x ) )

1021 X MW

where A is a usual term of electrostatic conversion having a
value equal to 121.39 kJ/mol/nm, the factor 10?! is used to
convert cubic nanometers to cubic meters and / is the term
related to the ionic strength is defined as:

Uss :AI<

1

=3 Y. (nz) ©)
Here n; is the number of ions of type i per formula unit and
Z; is the corresponding charge. The summation is extended
over all ions involved in the formula unit.
For instance, [ for x = 0.5 composition
(Ca?5CulETijT0,7) of the series, Caj.,Cuz_TisO12, can
be calculated as:

1= %[1.5(2)2 +2.5(2)% +4(4)> +12(2)?] = 64 (Table2)

For all the compositions / is going to remain the same as
Ca and Cu possess the same ionic charge of +2. In Table 3
Ups values calculated for all the compositions are depicted.

3.4 Determination of lattice potential energy from con-
nectivity and converse indices

Tonic crystals possess anions as well as cations and strong
interactions take place between these nearest negative and
positive ions. The lattice energy contribution chiefly comes
out from these interactions. The sum of lattice energies of
those interacting ion pairs is influenced by factors such as
electro-negativity (X;), ionic radius (r;), and ionic charge
(gi). According to Mu et al. [8], g;, the ionic polarization
force parameter is defined as:

~ {(1 +q}-7><xi>°-3} -
T 147

It is important to note that g; will be different for ions of
different atoms and ions of the same atom with different
charges. The values of X;, ¢;, r;, and g; for different ions
under investigation are included in Table 4.

Centered on the adjacency matrix of molecular graphs, the
connectivity index ("G) and its converse index ("G’) are
described in this way [8]:

"G=Y(gi-gjgk )" (3

Table 2. The aggregate radius of the cations (r;rv), cationic charges (Z;:,), and lattice energies (Uys) (Kapustinskii’s equation) for Ca;,Cuz_,TizO12
quadruple perovskite series.

CaZT - concentration (x) rh (A) 28 —ULs (eV)
0.0 0.70 3 613.66
0.1 0.71 3 612.79
0.2 0.71 3 609.80
0.5 0.72 3 609.56
1.0 0.74 3 605.56
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Table 3. Computed values of / and Uy (Glasser and Jenkins model for complex ionic solids) for Caj,Cuz_,TisO1; system.

CaZT- concentration (x) Ji —ULs (eV)
0.0 64 691.24
0.1 64 690.23
0.2 64 688.75
0.5 64 685.51
1.0 64 573.44

Table 4. Charge number (g;), electro-negativity (X;), ionic radius (7;), and ionic polarization parameter (g;) for different ions from connectivity and
converse indices.

Element |gil X; ri (A) 8i
CaZt 2 1.00 1.00 2.13
Cu?t 2 1.90 0.73 2.98
Ti*t 4 1.54 0.61 8.02
0+ 2 3.44 1.32 2.65
"G = Z( gigigk) 0 (9) 3.5 Determination of lattice potential energy from the

where m is the order of the molecular connectivity index.
The °G, 'G, °G’, and ' G’ are defined as follows:

°G =Y (e (10)
'G=Y(gi-¢))" (11)
°G' =Y (&)’ (12)

'G'=Y (i-g)" (13)

In equations (10)-(13) ¥ is the sum of an atom of the com-
position and the sum of the chemical single bonds of the
chemical formula. For each ion, the number of chemical
single bonds bonding to other ions is equal to the charge
numbers. In Table 5 %G, 'G, °G/, and ' G’ values for all
the compositions are summarized. These values are further
used to calculate Urg applying the non-linear regression
analysis-based model given by:

Ups = (—315.953) 4+ 831.216('G) "% + 44,576 (°G) 04 —
140.712('G')*1 + 110.096(°G') 14}’

In Table 5 lattice potential energies thus calculated are given.
The values are unfairly sound agreement with those deter-
mined by employing alternative models.

chemical hardness

Kaya and Kaya [10] demonstrate a novel method to deter-
mine Urg for inorganic ionic crystals from chemical hard-
ness. In the work, lattice energies of simple inorganic ionic
compounds and alkali halides have been determined. Ac-
cording to density functional theory [43], chemical hardness
(n) is the second derivative of electronic energy (E) con-
cerning a number of electrons (N) at a constant external
potential (v(r)) [44]. Thus,

01 (25)
2\oN% )

The chemical hardness of molecules (737) can be calculated
by the equation [10]:

5)

2yN b
=y 1 (16)
i=1 2

In equation(16) N is the number of atoms present in the
molecule, and the a; and b; parameters are delineated con-
cerning ionization energy (Ig) and electron affinity (Ej4)
along these lines:

o — Ig +Ey
=
2
= (17)
2

Table 5. Molecular weight (My ), molecular volume (V,,,), X-ray density (py), meansound velocity (V;,0), and lattice energy (U p) (Kudrivatsav’s theory)
for polycrystalline compounds.

Ca2*- concentration (x) el Ye; e lg/ —Uprg (eV)
0.0 37.3839 948114 11.2516 6.4870 631.53
0.1 37.3571  94.7247 11.2623  6.5001 630.61
0.2 37.3303 94.6380 11.2729 6.5133 629.70
0.5 37.2499 943777 113049 6.5528 626.94
1.0 37.1159 939440 11.3581 6.6186 622.33
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The equation for estimation of Uyg of ionic crystal in terms
of My is given by:
Nm

Ups =21 [GW +b]
The constants a and b rely on the stoichiometry of the com-
pound. The values of a; and b; have been estimated for
constituent atoms, Ca, Cu, and Ti, considering the litera-
ture values of /g and Ey4 into account (https://en.wikipedia.
org/wiki/lonization_energy, https://en.wikipedia.org/wiki/
Electron_affinity). The 1, for all the compositions of the
quadruple perovskite series, Caj;,Cuz_,TisO1, have been
evaluated considering the values of a; and b; (Table 6) adopt-
ing the calculating methodology discussed in [10]. The
illustrative calculation of the un-substituted composition,
CaCusTigO1y (x = 0.0), is given below.

(18)

NCaCu3Tis0p, =

3.0458 3.2466 3.3774 6.0795
2[1 X 306as +3 X 7706 +4 X 37504 + 12 X F5503]

19)

T 3 3 [
30668 T 34796 T 34504 T 75405
4.8554 eV

It is worthwhile to note that the parameters a, b, and 1, lo-
cated in equation(18) are related to the empirical constant &
(which has a value close to that of A) and f discussed in [9].
The value of a so computed is ascertained 25 kJ/nm/mol/eV,
whilst the b is settled to be ~ 248.18 kJ/mol for the pristine
composition, CaCusTi4O12 (x = 0.0). That was further used
to calculate the U of all other compositions and the same
is included in Table 7. The values of Uy are in accord with
those computed based on other models. The inclusion of
influences extending the abscissa scale and a bit refines the
correlation coefficient, making the new equation somewhat
superior.

3.6 Oxide additivity rule

Earlier, Shanon et al. [11] successfully employed the oxide
additivity rule to evaluate the electronic polarizability and
dielectric polarizability of multi-cationic oxide composition.
Later on, we extended the applicability of this rule to evalu-
ate the lattice energy of spinel ferrites [17]. The relevancy
of this rule for approximating the lattice energy values of
the system under study has been tested. For the said purpose
the lattice energy of constituent oxides [8], CaO, CuO, and
TiO, (ULs (CaO) = (—3401) kJ/mol, Urs (CuO) = (—4050)
kJ/mol and U (TiO,) = (—12054) kJ/mol are taken into
account and according to [38]:

Uprs(Caj+,Cu3_,Tis012)(x = 0.0 — 1.0) = (1 +x)U.s(CaO)

+ (3 =x)ULs(CuO) +4U.5(TiO) (20)
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For example, Upg for x = 0.2 (Ca; ,Cuy g Ti4O12) composi-
tion can be calculated as:

Urs (Caj 2Cuy gTisO12) (x =0.2) = (1.2) Urs (—3401 kJ/-
mol) + (2.8) Urs (—4050 kJ/mol) + 4 Urs (—12054 kJ/mol)
= —63,637.2 kJ/mol = —659.53 eV (as 1 eV = 96.486 kJ/-
mol)

The lattice energy (Urs) values for the studied composi-
tions computed based on the above formula (20) are given
in Table 8. The outcome is consistent with the Ug val-
ues obtained from the other standard semi-empirical and
theoretical models. In the literature no lattice potential
energies determined experimentally or theoretically for mul-
ticrystalline and mono-crystalline CaCu3TisO; are avail-
able. Mather et al. [41] reported a lattice energy value
(—150.88) eV per formula unit for CaTiO3 based on atom-
istic simulations. Calcium-copper-titanate, CaCuzTizO1»,
is a derivative of CaTiO3. In 4 x CaTiO3 (= CasTizOq)
when 3Ca?" is replaced by an equal amount of Cu”* that
results in CaCu3TisO2. Thus, one can expect a lattice
energy value of 4 x (—150.88) eV (= —603.52 eV) for
CaCu3TigOy,. This value of lattice energy is consistent
with Urg values determined from the different approaches
with a 10 — 15% variation. Furthermore, the lattice energy
value for CaTiOj3 calculated using an oxide additivity rule
is found to be (—160.17) eV matches well with the reported
one. This advises that the oxide additivity rule can be a
better option for cumbersome evaluation methods such as
atomistic simulations as far as lattice energy determination
has concerned. This also confirms the authenticity of the
oxide additivity rule. The observed decrease in Urs with
concentration (x) suggests structural stability is distorted
with Ca?*- substitution. This finding is consistent with the
finding of other characterizations. While lattice energies of
complex oxide compounds are not at hand such methodol-
ogy is very useful.

The examination of Tables 1, 2, 3, 5, 7, and 8 suggests that
for all the compositions Urs > Urp. As discussed in sec-
tion 1, this condition is observed for alkaline earth oxides
and alkali fluorides [9, 15]. In the case of spinel-structured
ferrite, bce-structured garnets, superconductors, and man-
ganite perovskites also the same relationship was found.
This advises that the influencing factors to the lattice poten-
tial energy values of multi-crystalline materials and mono-
crystalline counterparts are dissimilar and may be structure
sensitive. Of course, the difference between Uy g and U;p is
relatively small for alkali fluorides while it is comparatively
substantial for alkaline earth oxides. For the system under
study, the difference between Urs and Uy p is as small as
10% and as large as 25% depending on the model used.
The lower values of Urp as compared to Urg can be de-
scribed along these lines. Multi-crystalline materials are

Table 6. Ionization energy (Ig), electron affinity (E4), and a; and b; values for constituent atoms from Kaya and Kaya model based on chemical hardness.

Atom Ig (eV) E4 (eV) a; b;

Ca 6.1126 0.021 3.0668 3.0458
Cu 7.7261 1.233 4.4796 3.2466
Ti 6.8277 0.073 3.4504 3.3774
(0] 13.62 1.461 7.5405 6.0795
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Table 7. The 1y, and lattice potential energies (Urs) values for all the compositions (Kaya and Kaya model based on chemical hardness).

CaZT- concentration (x) Nm —ULs (eV)
0.0 4.8554 604.00
0.1 4.8463 602.60
0.2 4.8372 601.52
0.5 4.8102 601.68
1.0 4.7662 599.05

made up of small crystals or grains that have different crys-
tallographic arrangements and are segregated by a grain
boundary. There is a certain kind of atomic inconsistency
inside the region of grain boundary (which is possibly a
few atomic distances wide) in a passage from the crys-
talline arrangement of one grain to that of a neighboring
one. Among bordering grains, different degrees of crystal-
lographic imperfect alignment are feasible. On the edge
of the grain boundary, the atoms are bounded not so much
as systematically as bound angles are longer and, accord-
ingly there is a grain boundary energy or interfacial energy
which depends on the order of misorientation, being larger
for high-angle boundaries [45]. The long-distance interac-
tions are restricted by these grain boundaries. Therefore,
the lattice potential energy or strength of multi-crystalline
material is lower than its mono-crystalline counterpart.

The lattice potential energy (Urp) value ascertained from
the average sound velocity is highly influenced not only by
percentage porosity but also by morphology of pores (pore
shape, pore size, the way pores are distributed, connectiv-
ity of pores, etc.) grain and grain boundary contributions,
an isotropic thermal stress-produced occurrence and evo-
lution of micro cracks, number of cracks per unit volume
(crack-density), shapes of cracks (circular, long rectangular,
ellipsoidal, etc.), as discussed [45]. According to Goktas
and his co-workers [46] in polycrystalline manganites the
grain boundary effects greatly influence their magnetoresis-
tance properties. The exceedingly interrelated pores lead to
a weakened structure. Besides, the valleys that form among
grains will come up with sites of large stress concentrations
and, therefore, large deformation. Conversely, pores with
spherical shapes furnish large stiffness for a given porosity.
At the same time, ellipsoidal-shaped pores tend to weaken
a structure more than pores with spherical shapes caused
by a combination of a less well-connected solid phase, and
greater stresses and deformation near the high curvature
regions of the ellipsoidal [45]. The oxygen content and
related some sorts of defects also play a decisive role in
controlling the bond strength (lattice energy). A short while
ago, Shi et al. [47] investigated the influence of oxygen

vacancy on bond ionicity, and lattice energy of Yb3*- sub-
stituted CeO, ceramics. An oxygen vacancy within a crys-
tal lattice directly affects the lattice energy by introducing
structural distortion and disrupting the electrostatic inter-
actions between ions, generally leading to a decrease in
the overall lattice energy. The electronic structure study of
Caj;,Cuz_,TigyOy; series (x = 0.0 — 1.0) employing X-ray
photoelectron spectroscopy has demonstrated an observable
shift for x = 0.5 and x = 1.0 compositions as compared to
the compositions with x = 0.0, 0.1, 0.2. This shift could be
partially attributed to the formation of oxygen vacancy de-
fects [47] as evident from the positron annihilation lifetime
and Doppler broadening spectroscopy measurements [2].
Thus, on increasing Ca?"- substitution, oxygen vacancy
increases result in a decrease in lattice energy as observed.
When an oxygen atom is removed, the surrounding cations
tend to relax inwards, creating a localized strain field that
can affect the stability of the lattice. The upturn of the resis-
tance observed at low temperatures (< 49 K) for LaBaMnO
films produced by dip-coating on a quartz substrate was
attributed to the strong structural disorder due to large lat-
tice mismatch and strain relaxation [48]. In the present
case, the compressive strain obtained from lattice constant
values increases from 1.47 x 1073 for x = 0.1 composition
t0 3.56 x 1073 for x = 0.2 composition. Thus, the lattice
potential energy decreases with increasing Ca>* - substitu-
tion in the system. The same is the case with dislocation
density obtained from grain size values. The dislocation
density increases from 4.2 x 10~'* m~2 for x = 0.0 com-
position to 9.7 x 10~!* m~2 for x = 1.0 composition and
as a result lattice potential energy is expected to decrease
with ca-substitution. All such empirical parameters are not
included in theoretical models employed in the present in-
vestigation, for the determination of lattice potential energy
of ionic crystals. These lead to observed differences in the
magnitude of lattice energy values.

4. Conclusion

The applicability of an experimental approach and five
theoretical models in evaluating the lattice energies of oxide

Table 8. Lattice energies (Ups) for Caj4,Cus_,TisO;, perovskite series from oxide additivity rule.

CaZT- concentration (x)

—ULs (eV)

0.0
0.1
0.2
0.5
1.0

660.87
660.19
659.52
657.50
654.14
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compounds in multi-crystalline and mono-crystalline forms
respectively is the highlight of the present investigation.
With the anticipated difference, the theoretically estimated
values of lattice energy for mono-crystalline counterparts
have a good analogy with the experimentally determined
values for polycrystalline materials. The change in inter-
atomic distances and electronic configuration are governing
parameters for the reduction in inter-atomic bonding
strength and lattice energy values with Ca>* substitution in
the series, Caj4,Cu3_,TisO1,. This also suggests some sort
of distortion from structural stability on Ca?" substitution.
Besides, contributions from grain boundary and grain,
pore morphology, and the subsistence and evolution of
micro-cracks are principal factors for the lower values of
lattice energy corresponding to multi-crystalline materials
in contrast with mono-crystalline counterparts. The lattice
potential energy of constituent oxides can be used to
ascertain the lattice energy of complex oxide systems.
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