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ab-initio calculations are employed to determine the structural, mechanical, elastic, electronic and thermody-
namic properties of perovskite oxides XTcO3 (X = K, Rb). From the computed structural properties, KTcO3 and
RbTcO3 are found to be stable with equilibrium lattice constants; 7.3943 Bohr and 7.4909 Bohr, respectively.
From electronic structure results, a metallic character is remarked for both compounds. The determined elastic
constants (Cj3, Ci2, C44) have indicated the mechanical stability of XTcOs (X = K, Rb) compounds that is

confirmed by the phonon spectra. In addition, KTcOs is found to be isotropic and KTcOs is nearly isotropic
according the anisotropic constant A values. B/G ratio has indicated the brittleness of both compounds.
Furthermore, the Helmholtz free energy (F), entropy (S) and heat capacity (Cy) are determined using QHA (Quasi
harmonic Approximation). Our computational indicates that XTcO3 (X = K, Rb) compounds can be used as new
materials for solid oxide fuel cells and related applications.

1. Introduction

Perovskite materials have received much attention both theoretically
and experimentally due to their wide range of properties, such as op-
toelectronic, electronic, ionic conductivity, piezoelectricity, supercon-
ductivity, ferroelectricity and half-metallicity [1-4]. Today, researchers
are looking for perovskite materials that are able to boost modern
technology that is priority in material science. For example, halide pe-
rovskites are proved to have a high performance materials for solar cells
applications [5]. They can be metals, insulators, semi-conductors or
half-metallic materials based on the electronic behavior [6].

Perovskite oxides ABO3 have gained particular interest of re-
searchers for the last years and still being studied continuously for their
properties including anti-ferromagnetism (LaMnOs) [7], ferroelectricity
(BaTiO3) [8], ferro-elasticity (SrTiO3) [9], anti-ferroelectricity (KIO3)
[10], ferromagnetism (YTiO3) [11], half-metal ferromagnets and their
importance in modern technology. ABO3 compounds commonly crys-
tallize in a cubic structure with a space group Pm-3 m, where A cations

are located at eight corners, oxygen anions occupy six face centers of
cube, and body center is occupied by B cation. Lead-based oxide pe-
rovskites like PbTiO3 [12], PbZrO3 [13], PbMgOs [14], PbMoOg [15]
have been proved to have good ferroelectric and piezoelectric charac-
ters, however, lead compounds are not stable under ambient conditions
and, therefore, decompose into substances that are harmful and toxic to
the environment [16,17]. To limit the negative influence of lead element
to the environment, the proposed strategy is to substitute lead element
by another substance. Therefore, investigating efficient lead-free pe-
rovskites [18] for solar cells and optoelectronic devices is essential.
Perovskites with a cubic structure have showed a good contribution to
ionic conductors and topological insulators [19].

In looking for potential perovskite materials with specific properties
for particular applications, computational tools are extensively used
these days to predict the properties of materials. Density Functional
Theory (DFT) is one of the most accurate and widely used computa-
tionally. DFT has been utilized to investigate the properties of rhenium-
based perovskite materials XReO3 (X = Rb, Cs, and Ti) [20], XReO3(X =
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Li, Be) [21], NaReO3 and KReO3 [22]. Motivated potential of oxides
perovskites, we have investigated the elastic, mechanical and thermo-
dynamic properties of technetium-based perovskites XTcO3 (X = K, Rb),
which are not available in the literature right now.

This work is divided into the following: section 2 presents the
computational details. In section 3, the results of structural, electronic,
elastic, mechanical, and thermodynamic of XTcO3 (X = K, Rb) perov-
skites are analyzed. Finally in section 4, conclusions are outlined.

2. Computational details

Quantum ESPRESSO code [23-25], which is based on
planewave-pseudopotential method [26] is used to investigate the
properties of XTcOs (X = K, Rb) perovskites. Generalized gradient
approximation (GGA) [27] with Perdue-Burke Ernzerh (PBE) [28] is
used in ab-initio calculations for the exchange and correlation energy,
adopting the Projected Augmented Wave (PAW) [29] pseudopotential
from (SSSP) library. The kinetic energy cut off for the wave function is
set to 50 Ry and charge density is 400 Ry. Thresholds are set to 10~°
Ry/Bohr on force and 1071° Ry on total energy. To describe the recip-
rocal k-space, a dense mesh grid of 10 x 10 x 10 k points in the irre-
ducible Brillouin zone according to Monkhorst Pack scheme. Phonons
are computed using density functional perturbation theory (DFPT).
Thermo_pw package [30] as integrated in Quantum Espresso package is
used to obtain the structural stability for computing the elastic con-
stants. Furthermore, thermodynamic properties are calculated using the
quasi-harmonic approximation [31]. The valence electronic configura-
tion of different elements is as follows: K (5s1), Rb (5s1), Tc (4d55s2), and
0 (2s%2p™.

3. Results and discussion
3.1. Structural and electronic properties

The structure of perovskite compounds XTcOs (X = K, Rb) represents
a cubic structure with space group Pm-3m (N° 221), where atoms are
located as X (0,0,0), Tc (0.5,0.5,0.5) and O (0,0.5,0.5), (0.5,0.5,0)
(0.5,0,0.5) sites. To explore the structural stability of XTcO3 (X =K, Rb),
we have calculated total energy with respect to volume, then the
equation of states (EOS) proposed by Murnaghan [32] is used to obtain
the fitted curve of energy versus volume as shown in Fig. 1. So, the
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equilibrium lattice constants values; 7.3943 Bohr and 7.4909 Bohr for
KTcOs3 and RbTcOs, respectively are gotten. The calculated ground state
structural results at equilibrium are presented in Table 1 such as bulk
modulus (By) and pressure derivative of bulk modulus (B').

To further verify the thermodynamic stability, we have computed the
formation energy [33] defined as Ey, = E(K,Rb)TcO3™ — (Ejulk 4 pbulk
+3Eo, /2) where EK, Rb)Tc04"" is total energies for KTcO3 and KTcOs,
respectively, Efik | EBUK represent bulk energies of Tc and K/Rb,
respectively. Eq, is energy of O, molecule. The computed formation
energies for XTcOs (X = K, Rb) compounds are given in Table 1. The
negative values indicate that both materials are thermodynamically
stable and therefore can be synthesized experimentally.

The phonon spectra are computed in the first Brillouin zone with
Quantum Espresso by using DFPT [34], the computed phonon results are
plotted in Fig. 2. Both figures illustrate the dynamical stability of XTcO3
(X = K, Rb) compounds.

Band structures results of XTcO3 (X = K, Rb) materials have been
calculated within GGA and drawn along the high symmetry Brillouin
zone as presented in Fig. 3 for XTcOs (X = K, Rb), respectively. It is clear
that these compounds present a metallic nature because few bands cross
the Fermi level and therefore, there is no gap can be observed.

To understand more about the electronic behavior, we have calcu-
lated and plotted total and partial density of states for both compounds
as depicted in Fig. 4. The DOS results are nearly the same for both
compounds, confirming their metallic character. This behavior is found
due to contribution of Tc and O atoms at Fermi-level in both compounds,
originating from Tc-d and O-p states. K and Rb states are primarily found
in the valance band. Therefore, from Fig. 4, we conclude that all the
studied materials present a metallic character, have attributed to pres-
ence of Tc-d and O-p states at Fermi level in both compounds.

Table 1

Computed equilibrium lattice parameter ao in (Bohr), bulk modulus in (GPa)
derivative of bulk modulus with respect to pressure B’ and formation energy in
(Ry) of XTcO3 (X = K, Rb) Compounds.

ag B B’ Efor
KTcO3 7.3943 1836.539 4,731 -0.172
RbTcO3 7.4909 1765.301 4.765 -0.176
b
761.326 ®)
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Fig. 1. Energy versus volume optimization curve of (a) KTcO3 and (b) RbTcO3 compounds.
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Fig. 2. Phonon dispersion curves of (a)KTcO3 and (b) RbTcO3 compounds.
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Fig. 3. Electronic band structure (a) KTcO3 and (b) RbTcO3 compounds.

3.2. Elastic and mechanical properties

Calculating the elastic constants of materials is crucial to understand
the main features of elastic and mechanical properties by providing
important information as far as the mechanical stability, ductility and
anisotropy. The obtained values of elastic constants (Cy1, C12, C44) are
computed with Quantum Espresso as presented in Table 2.

The calculated elastic constants for both compounds are found to
respect the stability criteria for cubic structure [35,36]: Ci; > O,
(C11-C12) > 0, (Cq1 + 2C13) > 0, C12< B< Cq1, C44> 0. Furthermore, the
mechanical parameters like Young’s modulus (Y), shear modulus (G),
anisotropic factor (A), bulk modulus (B) and Poisson’s ratio for both
materials are determined from the elastic constants values. From (Cq1,
Ci2, C44), one obtains Hill’s shear modulus (G), determined from the
(GR) Reuss and (Gy) Voigt approximation as follows:

3 / N
;,d
5]
=
4
8 E—
R r X M r
_ Gy + Gg, _Ci —Cpp+3Cy _ 5Cu(Ch —Cn)
G= ; Gy = ; Gr= (@)
2 5 4Cy +3(C11 — C2)

Ductility of these materials has been investigated from the ratio (B/
G), that is the bulk modulus divided by the shear modulus, the Pugh’s
criteria states that a material behaves in ductile manner if B/G > 1.75,
otherwise it is brittle [37,38], B/G are found to be 1.54 and 1.62 for
XTcOs3 (X = K, Rb), respectively. Thus, from B/G values it is shown that
both compounds behave as brittle. In addition, Poisson’s ratio is used to
learn about the type of bonding that exists in a material [39]. For less
than 0.10, the bonding type is covalent, metallic if v is greater than 0.33
and ionicity v is included between 0.25 and 0.33. According to our re-
sults, the value of Poisson’s ratio is quite near to 0.25 for both KTcO3 and
RbTcOs; hence, ionic bonding is dominant in both compounds. The
Poisson’s ratio relation is given by:
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Fig. 4. Total and partial density of states of (a) KTcOszand (b) RbTcOscompounds.

Table 2

Values of elastic constants C;j(GPa), bulk modulus B (GPa), shear modulus G
(GPa), Young’smodulus E (GPa), Poisson’s ratio (v), Pugh ratio B/ G ,Shear
anisotropy factor (A) Cauchy pressure Cp(GPa),sound velocities in (m/s), Debye
temperature Op (K) and melting temperature T, (K) of KTcO3 and RbTcO3
compounds.

Material Property KTcO3 RbTcO3

Cn1 393.764 318.332

Ciz 78.358 105.373

Cas4 99.059 111.407

B 183.494 176.604

G 119.437 109.334

E 294.4 271.893

v 0.232 0.2434

B/ G 1.54 1.62

Cp 315.406 212.959

A 0.628 1.046

v 8173.549 7228.012

Ve 4824.979 4209.308

Vi 5318.319 4668.940

6p(K) 691.989 599.635

Tm(K) 2860.5 +300K 2434.66 +£300K
o= 9BG 2

3B+ G

The computed values of E are found to be 294.4 (271.893) GPa for
KTcO3 and RbTcOj3, respectively. Thus, the values of E indicate that
KTcOs is stiffer compared to RbTcOsg, E is written as:

_ 3B-2G

“2(3B+0G) @

We have also determined the value of Bulk modulus for both mate-
rials. Bulk modulus B values are found to be 183.494 GPa and 176.604
GPa, respectively for KTcO3 and RbTcOj3, respectively. Both Young’s
modulus and bulk modulus values indicate that our compounds enough
stiffness. Hence, both compounds may be used to construct electrode
materials for fuel cells [20].

_Ci +2Cp
I

B (€3]
The anisotropy factor A is used to describe the elastic anisotropy
[401, A is calculated using the following equation:

2Cy

“hdd ()
C—Cn

If A equals one, the material is perfectly isotropic, else the material is
anisotropic and A is different from unity [41,42]. Our results show that
A for KTcO3 equals to 0.628, while for RbTcO3A equals to 1.046 as

presented in Table 2. These values indicate the anisotropic behavior
KTcO3 and a nearly isotropic behavior for RbTcOs.

Another useful method for investigating other anisotropic behavior
of any compound is the three-dimensional (3D) surfaces visualization of
Bulk modulus B, Shear modulus G and. Young modulus E. The me-
chanical moduli depend on crystallographic directions for a cubic sys-
tem that are computed using the following expressions [43,44].

1

5= (S +250) ([ +5+15) (6)
1 1 272 272 272
E:S” —2( 811 =S 75544 (B +LE+ L) )

1 1
Gk 4(311 — S — 5544) (Sin* @ Cos* 0+ 0.125 x Sin* 6) (1 — cos 4 )
(®)

where I; = sin 0 cos ¢, I, = sin 0 sin ¢ and I3 = cos § denote the direc-
tion cosines along x-axis, y-axis, and z-axis, respectively and Sj is
compliance matrix constants. The values of Si;, S12 and S44 equal to
0.0027192 (0.0037651), —0.0004513 (—0.0009388), 0.00100958
(0.0089761) for KTcOs (RbTcOs), respectively. The 3D surfaces spher-
ical shapes of Bulk modulus B, Young modulus E and Shear modulus G
indicate the material’s isotropy, whereas the non-spherical shape indi-
cate its anisotropy. The three-dimensional surfaces with their 2D pro-
jections of elastic moduli on different planes [100], [001] and [010], G
for KTcO3 and RbTcOs compounds as illustrated in Figs. 5 and 6,
respectively.

The 3D plot of bulk moduli exhibits a perfect spherical shape for both
compounds revealing an isotropic character for B. Also, the two-
dimensional projections of bulk on (100), (001) and (010) planes
show an isotropic character for B. As can be seen from Figs. 5, 6 and 3D
surfaces of shear moduli and Young’s moduli are not spherical KTcOs3,
but these surfaces are nearly spherical for RbTcO3. Consequently, KTcO3
has anisotropic character and RbTcOs3 has nearly isotropic character.
The Cauchy pressure Cp, [45] values are positive for both compounds
that prove the existence of metallic non-directional bonding in these
compounds.

The Debye temperature is an important parameter, which is related
to many physical properties, such as thermal expansion, specific heat
and melting temperature. One of the methods to estimate Debye tem-
perature 6p is from elastic constants data, calculated Debye temperature
values 0p are 691.989 K and 599.635 K for KTcO3 and RbTcOs,
respectively. So, 6p is expressed by:

1
h[ 3]
Op=- . 9

’ kﬁ[4nvj " ©
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Fig. 5. 3D-directional representation of (a) Bulk modulus B, (b) Young modulus E and Shear (¢) modulus G and (d) their projections in different planes (100), (010)

and (001) of KTcO3 compound.

where v,, is average wave velocity defined by following relation:

T I a0

30v?  vP

where v, and v; are the transverse the longitudinal elastic wave velocities
expressed by the following equations:

: !
v,:(g) ,v,:(3G+4B) an
P 3p

Furthermore, we have computed the melting temperature (Tp,) of XTcO3
(X = K, Rb). Using the equation: T,,(K) = [553(K) + (5.911)C11]=+ 300.
The melting temperature is determined using the elastic constants values
and given in Table 2. For both materials, T;, value is sufficiently high.

3.3. Thermodynamic properties

Thermodynamic properties of XTcO3 (X = K, Rb) have been
computed using the quasi-harmonic approximation (QHA) model. Heat
capacity Cy, Helmholtz free energy F, and entropy S are expressed by the
following equations:

ho(ky)
0E ho(k,v)\*> e kaT
=(—=) = 12
& (aT)V Z:kB( ks T ) (J“’(k’”/ a2

keT — 1)

1 -
F=—kTnZ=g+2> ho(ky)+ kT ln(lfe otk
ky ky

)/kBT) (13)
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Fig. 6. 3D-directional representation of (a) Bulk modulus B, (b) Young modulus E and Shear (c¢) modulus G and (d) their projections in different planes (100), (010)

and (001) of RbTcOscompound.

__9F_1 ho(k,v)\ _ (ho(k,v)
S= aT—ZTkahw(k,u)coth( T ) kB;ln(Zsznh< T
a4

Under quasi harmonic approximation, the temperature dependency
of Cy, F and S are shown in Fig. 7. The thermodynamic properties of
XTcO3 (X = K, Rb) are computed in temperature range changing from
0 to 1000 K, because it is known that quasi-harmonic Debye model is
totally valid, if the temperature changes from 0 to 1000 K. We can see in
Fig. 7 that at extremely low temperatures, Cy is proportional to T
following the famous Delong petit law, then after T = 300K, Cy in-
creases rapidly with temperature and for higher temperatures, it con-
verges to a constant. Helmholtz free energy F gradually decreases from

positive to negative values that indicates the stability of our compounds
However, S increases with raising temperature that suggests that
increasing temperature causes a presence of more intense oscillations
that influence the crystal plates.

4. Conclusions

The structural, electronic, elastic, mechanical, and thermodynamic
properties of the cubic perovskite XTcO3 (X = K, Rb) compounds were
investigated from first-principles calculations. The computed elastic
constants as well as phonon spectra, demonstrated that both compounds
XTcO3 (X =K, Rb) are found to be mechanically stable. In addition, both
compounds exhibited brittle behavior with anisotropic character for
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Fig. 7. Temperature dependence of heat capacity Cy, entropy S, Helmholtz-free energy F of (a)KTcO3 and (b) RbTcO3 compounds.

KTcOg3 and nearly isotropic character for KTcOs. The examination of
electronic properties reveals a metallic nature inherent in the analyzed
compounds, substantiated by comprehensive assessments of both band
structure and density of states. Finally, the thermodynamic properties
including free energy, entropy, heat capacity and thermal expansion
behavior were also computed using the quasi-harmonic approximation.
Hence, our work has shown that XTcO3 (X = K, Rb) compounds can be
used as innovative materials suitable for solid oxide fuel cells and linked
functionalities.
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