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Abstract: In this paper, theoretical work has been done on series of cubic perovskites RbVF;, RbMnF;, RbFeF;, RbCoF;, RbNiF;, RbCuFs,
and RbZnF;. The main focus is on to compute structural, elastic, and mechanical properties of cubic materials. All subjected computational
results are collected by using full-potential linearized augmented plane wave method using the density functional theory. The calculated
structural parameters including initial geometry optimization, energy minimization calculations, and total energy values reasonably agree
with the previous work. The elastic properties contain C;; (for length), Ci, (for volume), and C,4 (for shape). These constants are used
for calculations of different parameters to discuss mechanical properties. The results show that series of RbMF; (V, Mn, Fe, Co, Ni, Cu,
and Zn) contains metallic bonding and anisotropic behavior. The temperature increases from RbVF; to RbZnF;. These materials are
ductile by nature. However, among all materials, RbZnF; is the hardest material and also contains the highest melting temperature.
Hence, by calculating these useful elasto-mechanical results, they can be applicable in various devices for technological benefits, so the

current investigation signifies that these calculations provide a baseline for new researchers to establish further work.
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1. Introduction

The screening of large sets of materials has been possible by
machine learning techniques and ab-initio calculations using density
functional theory (DFT), though search for new materials for specific
applications is attaining huge momentum due to their use in various
technologies. Research is conducting on many systems including
fluoroperovskites, and investigation results have been reported in
recent years through various techniques of DFT (Askar & Shankar,
2016; Attfield et al., 2015; Azulay et al., 2018). The compounds
which have general chemical composition of ABF; are known as
fluoroperovskite compounds. In ABF; composition, A and B are
cations while (Fluorine) F is an anion. These compounds form an
interesting class of materials with mechanically stable crystal
structure. These compounds have received much attention in recent
years due to their technological importance as scintillation materials,
lens material in optical lithography, and radiation dosimeters as well
in semiconductor industry. Owing to such broad applications, these
compounds are widely examined experimentally and computationally
(Ashari-Astani et al., 2019; Adinolfi et al., 2016; Fisher et al., 2004).

These materials are suitable for the fabrication of nanocrystals,
nanorods, nanowires, and nanoparticles and are able to be altered to
suit various constructions. As a result, technology based on perovskites
is estimated to be more cost-effective and appropriate than silicon-
based technology (Ablitt et al., 2018; Erum et al., 2021). The cubic
material RbMF; (V, Mn, Fe, Co, Ni, Cu, and Zn) has been studied by
keeping in mind their importance. Generally, series RbMF; (V, Mn,
Fe, Co, Ni, Cu, and Zn) crystals crystallize themselves in ideal
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structure of cubic perovskite that have been experimentally confirmed
by Lee et al. (2003) and Burzlaff & Zimmermann (2009). Shafer
(1969) investigates unique ferrimagnetic configurations in RbMgF;—
RbCoF; system where Co?* is the only magnetic transition metal ion.
Yang et al. (2014), theoretically, explores phenomenon of d-states
correlation in potassium-based perovskites KFeF; and KCoF;. It can
be inferred from previous work that RbCoF; compounds possess
advantageous elasto-mechanical aspects.

Elastic properties are highly sensitive to elasto-mechanical
parameters, and therefore, accurate calculations of these properties
are required in the theoretical studies of the thermoelectric materials
for their logical and rational results for practical applications. This
paper will dedicate to contribute under cover elasto-mechanical
aspects of RbMF; (V, Mn, Fe, Co, Ni, Cu, and Zn) because as per
previous literature review there is inadequate earlier investigation to
explore said compounds, so the following compounds require
additional research that encourages us to investigate them in detail.
In order to accomplish ultimate scientific applications and
technological benefits, this paper is organized as follows: Section 1
is devoted to explore few of fundamental aspects of materials as
well as their associated applications. Section 2 explains
computational method for calculated work, whereas Section 3
represents detailed results plus potential considerations for
numerous aspects, and where data available, it is compared with
preceding studies. Lastly, conclusion is attained to clarify the
upcoming prospective of the research.

2. Computational Methodology

Methods of DFT are often considered be the starting point for
determining the electronic structure, even although one uses a
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function that is commonly found in artistic information, which is
appropriate — electron gas bonds, calculation of rare or more
complex gases more complex level methods. In this paper, DFT is
used to evaluate structural, elastic, and mechanical properties of
rubidium-based cubic perovskites material RoMF; where M = V,
Mn, Fe, Co, Ni, Cu, and Zn. The entire calculations were executed
by using Wien2k code self-consistent full-potential linearized
augmented plane wave method within DFT framework to solve
Kohn—Sham equations (Blonco et al., 2004; Erum et al.,, 2022;
Yang et al., 2014; Tran & Blaha, 2009). The exchange and
correlation potentials employed in DFT were calculated using local
density approximation and generalized gradient approximation
(GGA) method (Erum et al., 2022; Tran & Blaha, 2009).

The volume optimization was achieved by studying the total
energy in terms of symmetry elements. In the irreducible wedge of
the Brillouin zone, the total energy optimization has been done with
mesh containing 10 X 10 X 10 k-points. In WIEN2K package,
valence electron treatments have been done semirelativistically,
although core electrons are treated fully relativistically. However,
for convergence in basis size, a cut-off value of RMTK ., = 8.0 is
used. The self-consistent field convergence was reduced up to
0.00001 Ry. The value of maximum angular momentum Ilmax was
adjusted at 7. Furthermore, energy and charge convergence
standards were set to 0.0001 and 0.001 Ry individually (Francisco
et al., 1998; Ayad et al., 2020).

3. Results and Discussions

This section is dedicated to cover detailed structural, elastic, and
mechanical parameters of RbMF;, where M =V, Mn, Fe, Co, Ni, Cu,
and Zn are perovskite compounds. Further, all current investigation
is compared with the previously available data of the related series of
perovskite compounds.

3.1. Structural properties

To determine the ground state parameters of the
fluoroperovskite RbMF; where (M = V, Mn, Fe, Co, Ni, Cu, and
Zn) different volumes around the equilibrium cell volume are
calculated using total energy values. Calculated equilibrium lattice
parameters are presented in Table 1. It could be inferred from
Table 1 that DFT as well as analytical calculations of lattice
constants shows few deviations between 4% and 5%. There are
many reasons for these deviations. The empirical relations to
calculate the VJ method (lattice constant) depend on the average
of ionic radii. On the other hand, observed relations to calculate
the above method depend on each electron while error can be due
to constants K (2.45) and S (0.09) that contained in this
relationship (Reuss & Angew, 1929). So, it means we can
conclude that empirical relation given by VJ method can adjust
improvement to get accurate values of lattice constants. The bond
length parameter is important to calculate the bonding nature. This
is the other aspects to calculate or know the structural properties
of fluoroperovskites. The length of bond reduces as we go from
vanadium to zinc because size reduces from vanadium to zinc.

3.2. Elastic properties

Elastic aspects of a material clarify many mechanical
parameters which are influence of crystal to external forces like,
strength, mechanical stability, acoustic phonon frequencies,
ductility, or brittleness Debye temperature. The explanation of the
mechanical behavior of crystalline solids is given by elastic
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properties. Using the elastic properties, the phenomena of solid state
can be discussed or explained, for example, equation of state and
intra-traditional mechanical and cubic stability condition P =0
GPa which can be described by the relation: C;;-C, > 0, C;; >
0, C44 > 0, C;; +2Cy, > 0 (mechanical stability condition), and

The Voigt Reuss Hill method is used to describe bulk modulus
and shear modulus. The shear modulus G is used to measure the
resistance to reversible deformation by using the following
relation (Pettifor, 1992):

Ci; < B < Cy; (cubic stability condition). In general, these Gy = 1/5(Cyy — Ciy 4 3Cu) (1)
relationships help us to know about mechanical stability and cubic
stability, respectively. Table 2 shows that elasticity in length C

Y P y Yy g 11 GH — (GV + GR)/2 (2)

is the highest for zinc-based perovskites RbZnF;, but it is the
lowest for RbVF; because size reduces from vanadium to zinc
and I-e radius increases from vanadium to zinc due to increase in
mass number (A) as per periodic table. The elasticity in volume is
explained by Cj,. The present calculations show that RbMF; has
a trend of increase of C;, from vanadium to zinc. Shape elasticity
could explain by well using elastic constant C,4. Thus, the current
result shows RbMF; has a trend of increase of C,44 from
vanadium to zinc as shown in Table 3 (Jenkins & Khanna, 2005).

3.3. Mechanical properties

The elastic constants have been utilized to calculate important
mechanical properties. For example, thermos-elastic stress and strain
(internal) are very important for mechanical properties in case of
industry. The GGA approximations are used to calculate
mechanical properties, as shown in Tables 2 and 4, respectively.

The bulk modulus B is calculated by using the following relation:
B=1/3(Cyy +2Cy,) (3)

This table shows that RbZnF; contains the highest values and has
smallest value RbVF; of both bulk and shear modulus. By
calculations, RbZnFj3 is the hardest and remaining compounds are
less hard as compared to it.

The linear strain of materials is described by Young’s modulus
“Y” with its relation. There is also another important factor called
Pugh’s index of ductility or B/G. B/G < 1.75 and B/G > 1.75 are
used to describe brittle and ductile behavior of materials,
respectively. The RbMF; series of compounds shows ductile
behavior because this series obeys condition for Pugh’s index of
ductility.

Table 2
Calculated values of bulk modulus B, Voigt’s shear modulus Gy, Reuss shear modulus Gg, Hill’s shear modulus Gy, Young’s
modulus Y, and Pugh’s index of ductility B,/Gy

Sr. no. Parameters RbVF; RbMnF; RbFeF; RbCoF;3 RbNiF; RbCuF; RbZnF;
1 B,(GPa) 61.1 67.37 69.36 74.2 90.83 98.26 106.49
2 Gv(GPa) 25.44 26.47 28.103 29.04 33.62 38.20 41.59
3 Gr(GPa) 24.13 25.58 27.49 28.90 33.20 38.10 41.58
4 Gu(GPa) 24.785 26.02 27.79 28.97 33.41 38.15 41.58
5 Y(GPa) 65.5 69.15 73.54 76.90 89.28 101.33 110.37
6 B,/Gy (GPa) 2.46 2.589 2.495 2.56 2.71 2.575 2.561
Table 3
Calculated values of elastic constants C;;, C3, C44, for RbOMF; (M =V, Fe, Co, Mn, Cu, Zn, and Ni) compounds
Sr. no. Parameters RbVF; RbMnF; RbFeF; RbCoF3 RbNiF; RbCuF3 RbZnF;
1 Ci1 (GPA) 104.9 11091 113.85 116.2 141.9 152.30 162.67
2 Cy, (GPA) 39.2 45.60 47.126 53.2 65.3 71.24 78.40
3 Cy4 (GPA) 20.2 22.36 24.597 27.4 30.5 36.65 41.23
Table 4

Calculated values of shear constant (C’), Cauchy’s pressure (C'’), Poisson’s ratio, (v), anisotropy constant (A), Kleinman’s parameter
(&), Lame’s coefficients (A and u), and melting temperature (T,,)

Sr. no. Parameters RbVF; RbMnF; RbFeF; RbCoF;3 RbNiF; RbCuF; RbZnF;
1 C’ 32.85 32.65 33.36 31.5 388.3 40.53 42.14

2 c’ 18.7 23.24 22.529 25.8 34.8 34.59 37.17

3 v (GPa) 0.32 0.3285 0.32 0.327 0.336 0.3280 0.3270
4 A (GPa) 0.92 0.68 1.10 1.30 1.19 0.90 0.97

5 &(GPa) 0.64 0.69 0.70 0.766 0.77 0.78 0.80

6 A 44 .46 49.97 49.52 57.049 68.45 72.76 78.61

7 M 43.26 26.02 27.85 51.023 59.63 38.15 41.58

8 Tm(K) 1730.23 1788.54 1807.05 1852.06 2006.72 2075.81 2152.35
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3.4. Calculations of Cauchy’s pressure and shear
constant

The angular behavior can be described by Cauchy’s pressure. 2500 —

Its relation is (Pugh, 1954) [ 2006 2075
@ 2000 | 17%
3

C"=Cj — Cy (4) £ 1500 |

Q

The compounds with negative values of Cauchy’s pressure have high g 1000 r

angular behavior in bonding. But compounds with positive values of |

Cauchy’s pressure have metallic bonding nature. The condition of £
s o . . . . . .

B/G >1.75 and C” > 0 shows that RbMF3; materials are ductile by
nature. Its relation is

C'= 1/2(C11 - CIZ) (5)

It can be evaluated that Table 5 shows that RbMF; contains high
values for shear constant. So, they retain dominant metallic bonding.

3.5. Calculations of Poisson’s ratio and elastic
anisotropy

Figure 1

The melting temperature (T,,) vs elastic constant in length (C,;)

Melting temperature

104.9 11091 113.85 116.2 1419 1523 162.67

Elastic constant in length (C,,)

Figure 2

Melting temperature (Tm) vs increase of bulk modulus

Melting temperature

B
. . s . 2 o 20752152
The finding revealed that Poisson’s ratio expresses the ratio of % 500 1730 1788 1807 1852 200
compression to relative expansion. According to the relation (Majid :;: 2000 - _’—/
et al., 2010): S 1500 1
2 1000 |
£
v = (3B — 2GH)/2(3B- + GH) (6) 2 500 |
[-11]
c
. . L . 0
According to Gu and his colleagues, the upper and lower limits are E 611 67.37 6936 742 90.83 98.26 106.49

0.25 and 0.5. On the other hand, Hainces with his research helpers
stated that it is less than 0.1 for ionic materials, resisting greater to
ionic behavior and lesser to covalent behavior. Thus, it is resulted
from many mechanical properties that RbMF; compounds contain
superior to covalent behavior. The elastic anisotropy factor (A)
has vital role in manufacturing process. Its relation is

Bulk modulus (B,)

as compounds of type RbMF; change. The temperature increases
from RbVF; to RbZnF; because bond length decreases and

modulus increases from RbVF; to RbZnF;. Figure 2 shows that
the melting temperature (T,,) increases with the increase of bulk
modulus (B,). It is shown from figure that RbVF; has low
melting temperature due to its smaller bulk modulus (B,). It can
be seen that melting temperature has smaller difference from
RbVF; to RbCoF;. After RbCoF; melting temperature has more
difference for compounds. Graph shows that melting temperature
increases from RbVF; to RbZnF; due to increase in stability.
Figure 3 shows that the melting temperature (T,,) increases with
the increase of Young’s modulus (Y). It is shown from figure that
RbVF; has low melting temperature due to its smaller elastic
constant in length which shows that melting temperature has

A =2Cyu/(Cy — Ci) (7)
The crystals which are completely isotropic, they have A=1 but
value is deviated from A=1 if micro-cracks are found in crystals.
Then, degree of deviation gives elastic anisotropy. However, A<1
for RbMF; shows the anisotropic behavior of these perovskite
compounds. The addition of cations with smaller atomic size leads
to reduce in anisotropy.

3.6. Calculations of melting temperature and
Kleinman’s parameter

This work is sponsored the temperature above which solid state
is changed to liquid state is called melting temperature (T,,). This
property of RbMFj is calculated now as (Erum & Igbal., 2017):

T,, = 607 + 9.3B- + 555 (8)

Figure 3
Melting temperature (T,,) vs increases with the increase of
Young’s modulus (Y)

Melting temperature

Figure 1 shows that the melting temperature (T,,) increases with the E 2500 30062075252
increase of elastic constant in length (Cy;). It is shown from graph S j000 | 1730 1788 1807 1852
that RbVF; has low melting temperature due to its smaller elastic § ’—’/
constant in length. Graph shows that melting temperature has g 1500
smaller difference from RbVF; to RbCoF;. After RbCoF; melting E- 1000 |
temperature has more difference for compounds. Graph shows K
that melting temperature increases from RbVF; to RbZnF; due to o 00 1
increase in stability. '% 0 : : : L L L
The GGA calculations of melting temperature are actually s 65.5 69.15 73.54 76.9 89.28 10133 110.37

dependent on behavior of compounds. This temperature changes

Young's Modulus (Y)
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smaller difference from RbVF; to RbCoF;. However, melting
temperature increases from RbVF; to RbZnF; due to increase in
stability. Figure 4 shows anisotropic constant (A) deals with the
deviation of bonding. If A =1, the compound is called isotropic.
However, if A is not equal to 1, then it is called anisotropic.
Degree of deviancy of A from 1 decides elastic anisotropic
constant. The graph in Figure 4 shows that RbFeF; has values of
A more near to 1. The anisotropic behavior decreases from left to
right. RbMnF; > RbNiF; > RbCuF; > RbVF; > RbCoF; =
RbZnF; > RbFeF; RbZnF; and RbCoF; have same degree of
deviation from 1 that has same behavior for anisotropy.

Figure 4
Anisotropic constant (A) vs elastic constant in length (Cy;)

Anisotropy constant

<

w15 i1 13 .49

s 0.92 09 087
@ 1 0.68

S

> 05 |
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2 1049 11091 113.85 116.2 1419 1523 162.67
c

< Elastic constant in length (C,,)

One of the other parameters () given by Kleinman
quantitatively describes behavior of materials about bonding, that
is, deviation in bonding. If bond deviation or stretching is
minimum, then Kleinman’s parameters will be £=1, and if
materials have minute values of bond bending or stretching or
deviation, then & =0.

The relation is as follows:

&= (Cyy +8Cyp)/(7Cy — 2Cyy) 9

Figure 5 reveals Kleinman’s parameter Vs increases then
melting temperature also increases. Kleinman’s parameter is
maximum for RbZnF; and minimum for RbVF;. Melting
temperature more increases for RbNiF3;, RbCuF; and RbZnFj;.
Kleinman’s parameter is highest for RbZnF; and lowest for RbVFs;.

Figure 5
Kleinman’s parameter vs melting temperature

Melting temperature
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~— 1500
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Melting temperature
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Kleinman parameter (§)

3.7. Calculations of melting temperature and
Kleinman’s parameter

The authors by taking two constants named as A and g Lame’s

constants then we can study stress to strain. The expression of these
constants is in the form:

28

A=yu/(1+v)(1-2v) (10)

w=y/2(1+v) (11)

These relations show that A and p are related to Y. Our
calculated values do not obey condition A = Ci; and p = C’ for
isotropic compounds. So, RbMFj is series of anisotropic materials
which is result as that of calculation. Hence, the increase in
anisotropic behavior is as RbVF; to RbNiF;.

4. Conclusion

The nature of bonding changes from material to material. So,
theoretical simulation is used as computations of approximations to
the bonding. The work is done in this paper using theoretical
simulation. The main focus is on to compute structural, elastic, and
mechanical properties of cubic perovskite materials. The cubic
materials are RbVF3;, RbMnF;, RbFeF;, RbCoF5, RbNiF;, RbCuFs;,
and RbZnF3. The calculation for these materials is done using DFT
by using WIEN2K method. The melting temperature (T,,) increases
with the increase of elastic constant in length (Cq;). RbVF; has low
melting temperature due to its smaller elastic constant in length.
The melting temperature has smaller difference from RbVF; to
RbCoF;. After RbNiF;, RbCuF;, and RbZnF;, melting temperature
has more difference among compounds. The melting temperature
(Tm) increases with the increase of bulk modulus (Bo). RbVF; has
low melting temperature due to its smaller bulk modulus (B,). The
melting temperature has smaller difference from RbVF; to RbCoFs;.
The melting temperature (T,,) increases with the increase of
Young’s modulus (Y). RbVF; has low melting temperature due to
its smaller elastic constant in length. The melting temperature has
smaller difference from RbVF; to RbCoF;. After RbCoF;, melting
temperature has more difference for compounds. RbFeF; has values
of A more near to 1. So, it is less isotropic. RbMnF; has more
deviation from 1. So, it means RbMnF; is a more anisotropic
compound. The degree of deviation is due to cracking problem in
structure. As Kleinman’s parameter increases, the melting
temperature also increases. Kleinman’s parameter is maximum for
RbZnF; and minimum for RbVF;. Melting temperature more
increases for RbNiF;, RbCuF;, and RbZnF; while Kleinman’s
parameter is highest for RbZnF; and lowest for RbVF;.
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