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Abstract
We systematically analyzed the elastic, thermodynamic, and directional thermoelectric properties of a set of double perovs-
kites, specifically Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6. We investigated the dependence of volume, bulk modulus, 
thermal expansion coefficient, Debye temperature, entropy, isobaric and isochoric heat capacities, and lattice thermal con-
ductivity on temperature and pressure using the quasi-harmonic Debye model. We analyzed the thermoelectric parameters, 
including the Seebeck coefficient, thermal and electrical conductivity of holes and electrons, figure of merit, and power fac-
tor, in the xx, yy, and zz directions, through the quasi-classical Boltzmann model. The findings demonstrate a figure of merit 
exceeding 0.8 across a wide range of charge carrier concentrations and a Seebeck coefficient greater than 0.9 mV/K, making 
Ba2NbAsO6, Ba2NbBiO6, and Ba2NbSbO6 compounds promising candidates for heat-to-electricity conversion applications. 
We assessed the mechanical stability and characteristics, including bulk modulus, shear modulus, Young’s modulus, Pois-
son’s ratio, Debye temperature, and the velocities of longitudinal, transverse, and average sound propagation, derived from 
the single-crystal elastic constants Cij, which were evaluated numerically using the strain-stress technique.

Keywords  Double perovskites · Ab initio calculations · Thermodynamic characteristics · Directional thermoelectric 
features

1  Introduction

The pivotal role of energy resources in vital economic and 
environmental areas has elevated the importance of investing 
in the quest for alternative energy sources. To accomplish 

this objective, theoretical and experimental research pro-
vided all of the data, experimental results, and theoretical 
coefficients necessary to improve and increase the quality of 
the most energy-oriented applications. This is particularly 
evident when manufacturing semiconductors with different 

 *	 Saber Saad Essaoud 
	 saber.saadessaoud@univ-msila.dz

 *	 Abdelmadjid Bouhemadou 
	 abdelmadjid_bouhemadou@univ-setif.dz; 

a_bouhemadou@yahoo.fr

1	 Laboratory of Materials and Renewable Energy, Department 
of Physics, Faculty of science, University of M’sila, 
University Pole, Road Bordj Bou‑Arreridj, 28000 M’sila, 
Algeria

2	 Laboratory of Physics of Experimental Techniques and Their 
Applications (LPTEAM), University of Medea, Medea, 
Algeria

3	 Laboratory for Developing New Materials and their 
Characterizations, Department of Physics, Faculty 
of Science, Ferhat Abbas University - Setif 1, 19000 Setif, 
Algeria

4	 Department of Electronics, Faculty of Technology, 
University of M’sila, University Pole, Road Bordj 
Bou‑Arreridj, 28000 M’sila, Algeria

5	 Faculty of Technology, University of M’sila, University Pole, 
Road Bordj Bou‑Arreridj, 28000 M’sila, Algeria

6	 Laboratoire de Physique Quantique de la Matière et de 
Modélisation Mathématique (LPQ3M), Université de 
Mascara 29000, Mascara, Algeria

7	 College of Health and Medical Techniques, Al-Bayan 
University, Baghdad, Iraq

8	 Nanotechnology and Catalysis Research Center 
(NANOCAT), University of Malaya, 50603 Kuala Lumpur, 
Malaysia

9	 Department of Mechanical Engineering, Faculty 
of Engineering, Piri Reis University, Eflatun Sk. No: 8, 
34940 Tuzla, Istanbul, Turkey

http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-025-06981-0&domain=pdf


	 Journal of Superconductivity and Novel Magnetism          (2025) 38:142   142   Page 2 of 17

specifications and characteristics for photovoltaics, solar 
panels, thermoelectric generators, control devices, electrical 
transformers, optical and thermal sensors, etc. The experi-
ments carried out to improve the performance of photo-
voltaic and thermoelectric devices have, in fact, given us 
important indications on how to choose the semiconductors 
used in these devices [1–6]. Double perovskite materials 
are among the materials that have shown semiconducting 
behavior with energy bandgaps and features that make them 
suitable for use as thermoelectric converters or in photovol-
taic applications. X-ray diffraction (XRD), Fourier transform 
infrared (FTIR), and energy-dispersive spectroscopy (EDS) 
tests on Pb0.5Ba1.5BiNbO6 show that this material has an 
orthorhombic structure and is a pure compound without any 
other particles. It exhibits a high dielectric constant and sem-
iconducting behavior, with an optical band gap of 2.08 eV, 
making it suitable for blue LED applications [7]. Kai-qi et al. 
[8] reported that the maximum limited spectroscopic effi-
ciency is approximately 31.9% for the lead-free Cs2AgInBr6 
and about 32.45% for the lead-free Cs2AgGaBr6. This effi-
ciency was achieved at a thickness of 1.5 µm and an elec-
tron mobility up to 160.8 cm2V-1s-1, which is comparable 
to that of MAPbI3 (165 cm2V-1s-1). Additionally, some 
research showed that certain perovskite compounds exhibit 
enhanced performance in photo-thermal catalysis[9]. An 
experimental study conducted by Matli et al. [10] enabled 
the synthesis of La2MMnO6 ceramics (M = Ni or Co) using 
microwave fast sintering, which improved the magnetic and 
dielectric properties of the prepared compounds. Moreover, 
Lu et al. [11] synthesized the double perovskite compound 
Sm0.7Sr0.3BaCo2O5+δ at low cost by using the sol-gel method 
and high-temperature annealing. This makes this material 
affordable and possible to make on a large scale. The results 
of this work demonstrated that the double perovskite com-
pound Sm0.7Sr0.3BaCo2O5+δ exhibits a broad absorption of 
the solar spectrum, reaching up to 93%with low thermal 
radiation loss compared to conventional carbon absorbers 
[11]. Furthermore, the use of this compound in an evapora-
tor recorded an evaporation efficiency of 86% at a light den-
sity of 2 W/cm2, which highlights its capacity to efficiently 
convert solar energy into thermal energy and enhances its 
suitability as a potential alternative to conventional materi-
als in solar evaporation systems [11]. Ishfaq et al. demon-
strated the efficacy of various double perovskite materials 
in thermoelectric conversions [12]. The results indicated 
that Sr2LaTaO6 and Sr2LuTaO6 had a figure of merit (ZT) 
value of 0.8 at or above ambient temperature [12], and other 
compounds, such as Ba2CeSnO6 and Ba2CePtO6, showed 
elevated Seebeck coefficients (S) of 170 and 221 µV/K at 
room temperature, respectively [13].

In addition to experimental investigations, many theo-
retical studies [14–24] have also focused on the study 
of double perovskite compounds, highlighting a wide 

range of materials in this family with a variety of crystal 
structures and intriguing properties such as optical, ther-
mal, thermoelectric, mechanical, dynamic, and magnetic 
characteristics.

By applying the sate-of-the-art pseudopotential plane 
wave (PP-PW) and full-potential linearized augmented 
plane wave (FP-LAPW) methods, we performed an exten-
sive predictive analysis of the elastic, thermodynamic, and 
directional thermoelectric characteristics of three double 
perovskites, Ba2NbBO6 (B = As, Sb, and Bi). We structure 
the paper as follows: in addition to this introduction, we 
briefly describe and explain the subtleties of the calculations 
before presenting and analyzing all the properties sought and 
concluding with a general summary.

2 � Computational Approaches and Settings

First-principles calculations were performed using two 
complementary methods: the pseudopotential plane wave 
(PP-PW) method included in the quantum espresso package 
[25] and the full-potential linearized augmented plane wave 
(FP-LAPW) implemented in the WIEN2k code [26].

The explored compounds Ba2NbAsO6, Ba2NbSbO6, and 
Ba2NbBiO6 exhibit a rhombohedral crystallographic struc-
ture (Fig. 1) characterized by the symmetry group R3 (No. 

Fig. 1   A visual depiction of the rhombohedral configuration of the 
unit cell for the Ba2NbXO6 (X = As, Sb, and Bi) double perovskite 
materials using the VESTA software [39]
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148).The equilibrium lattice parameters (a, c) determined 
using the PP-PW method with the GGA-PBEsol functional 
[27] are as follows: (5.844 Å, 14.293 Å) for Ba2NbAsO6, 
(6.004 Å, 14.544 Å) for Ba2NbSbO6, and (6.076 Å, 14.626 
Å) for Ba2NbBiO6 [28]. Additionally, the thermodynamic 
stability of the three compounds was verified within a pres-
sure range of -20 to 30 GPa, and their semiconductor proper-
ties were established with energy band gap values of 2.101 
eV, 1.71 eV, and 2.813 eV for Ba2NbAsO6, Ba2NbSbO6, and 
Ba2NbBiO6, respectively [28]. The PP-PW calculations were 
performed using the following computational parameters: (i) 
a plane wave basis set with a cut-off energy of 480 eV, and 
(ii) a Brillouin zone sampling of 10 × 10 × 10 k-points. The 
numerical evaluations of the elastic constants were accom-
plished using the energy-strain technique in combination 
with the FP-LAPW as implemented in the WIEN2k code. 
The FP-LAPW calculations were executed utilizing specific 
computational parameters: (i) the GGA-PBEsol functional 
when calculating the elastic constants, (ii) the Tran-Blaha 
modified-Becke-Johnson (TB-mBJ) potential [29] when 
calculating the thermoelectric properties, (iii) a plane wave 
basis set cut-off parameter Rmin

MT
K
max

= 8 , and (iv) a Brillouin 
zone sampling with a 10 × 10 × 10 k-point configuration.

The temperature dependence of the crystal thermal con-
ductivity along the [100], [010], and [001] crystal directions 
was calculated using the phono3py program [30].

The Boltzmann transport model implemented in the 
BoltzTraP2 program [31] was combined with the FP-LAPW 
method to study the thermoelectric properties of the materi-
als under consideration. The calculations employed a relaxa-
tion time of 10-14 s, the standard value used by the Boltz-
TraP2 program and widely accepted in numerous studies that 
utilize this software [31–36].

The quasi-harmonic Debye approximation incorporated 
in the GIBBS2 program [37, 38] was combined with the 
PP-PW method for the purpose of computing the thermo-
dynamic characterizations.

3 � Results and Discussion

3.1 � Thermodynamic Characteristics

Based on quasi-harmonic Debye model, temperature and 
pressure dependencies of some macroscopic physical prop-
erties, namely the unit cell volume (V), bulk modulus (B), 
isochoric and isobaric heat capacities (CV and CP), entropy 
(S), volumetric thermal expansion coefficient (α), Debye 
temperature (TD), and lattice thermal conduction (kl) of the 
three examined compounds Ba2NbBO6 (B = As, Sb, and Bi) 
were predicted.

The temperature dependence of the unit cell volume 
(V) and bulk modulus (B) for Ba2NbAsO6, Ba2NbSbO6, 

and Ba2NbBiO6 over a temperatures range of 0–1000 K 
at constant pressures of 0, 20, and 40 GPa are illustrated 
in Fig. 2. Firstly, we notice a minor effect of tempera-
ture on these two quantities. Secondly, B rises gradu-
ally and in a linear manner as pressure increases, while 
V decreases slightly and in a linear manner increasing 
pressure. Pressure seems to exert a more substantial 
influence on both quantities examined than the impact 
of temperature. When the materials considered are 
subjected to a pressure of 20 GPa, the bulk moduli of 
Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 increase by 
about 50 GPa, and their unit cell volumes decrease by 
about 80 a.u3 (a.u: atomic unit).

Figure 2 illustrates the temperature dependence of the 
coefficient of volumetric thermal expansion (α) for the 
materials Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 over 
the range of 0–1000 K at constant pressures of 0, 20, and 
40 GPa. The temperature dependence of the thermal expan-
sion coefficient (α) for the studied compounds mirrors the 
behavior of the isochoric heat capacity (CV). Both quanti-
ties are directly proportional to the number of thermally 
activated vibrational modes, which increase with tempera-
ture. At low temperatures (below the Debye temperature, 
TD), α and CV scale proportionally to T3, as dictated by 
the Debye TD law. Beyond TD, the thermal expansion coef-
ficient continues to rise gradually, while the heat capacity 
asymptotically approaches a constant value, the so-called 
Dulong-Petit limit. This divergence reflects the distinct 
temperature-dependent contributions of vibrational modes 
to each property above the Debye regime. The volumetric 
thermal expansion coefficient values for the materials under 
investigation at 600 and 900 K surpass those of the double 
perovskites Ba2MgWO6 (3.56 × 10-5 K-1) and Sr2MgWO6 
(3.96 × 10-5 K 1), which were calculated within the tempera-
ture range of 298 to 1473 K [40].

The Slack model [41] was used to numerically evaluate 
the lattice thermal conductivity (kl) for the materials under 
consideration. In the Slack model, the lattice thermal con-
ductivity (kl) is given as follows:k

l
=

AmV1∕3TD
3

�2na
2∕3T

 . In this con-
text, A = 2.43 × 10−8∕(1 − 0.514∕� + 0.228∕�2) , m is the 
average atomic mass, na is the number of atoms in the primi-
tive unit cell, V is the volume per atom, γ is the Grüneisen 
parameter, and TD is the Debye temperature. When subjected 
to identical temperature and pressure, the lattice thermal 
conductivity values of Ba2NbAsO6, Ba2NbSbO6, and 
Ba2NbBiO6 are nearly equivalent. The lattice thermal con-
ductivities of these compounds decrease considerably with 
increasing temperature, reaching values that do not exceed 
0.2 W.m-1.K-1 for temperatures above 300 K at zero pressure. 
Unlike its temperature-dependent behavior, the lattice ther-
mal conductivity increases with pressure. The lattice thermal 
conductivity of the three compounds considered increases 



	 Journal of Superconductivity and Novel Magnetism          (2025) 38:142   142   Page 4 of 17

to about 3.0 W.m-1.K-1 at a temperature of 300 K and a pres-
sure of 40 GPa.

Figure  3 illustrates the temperature dependence of 
the isochoric (CV) and isobaric (CP) heat capacities, 
entropy (S), and Debye temperature (TD) for Ba2NbAsO6, 
Ba2NbSbO6, and Ba2NbBiO6 over a temperature range of 
0–1000 K at constant pressures of 0, 20, and 40 GPa. Fig-
ure 3 illustrates a prompt rise in the CV and CP values as 
the temperature increases within the 0–300 K range. The 
CV increase rate begins to slow down for temperatures 
above 300 K, tending towards the Dulong-Petit limit [42], 
which is equal to 250 J.mol-1.K-1. CV nearly reaches this 
limit when the temperature exceeds 600 K. It is important 
to note that CP does not converge to the Delong-Petit limit; 
it continues to increase even at temperatures exceeding 600 
K. The effect of pressure on CV and CP is the opposite of 
the effect of temperature; CV and CP decrease with increas-
ing pressure. This phenomenon is explained by the fact 
that pressure limits the movement and vibration of atoms, 

thus reducing their capacity to absorb energy. Among 
the three compounds under study, Ba2NbSbO6 exhibits a 
greater capacity for absorbing thermal energy due to its 
larger heat capacity than Ba2NbAsO6 and Ba2NbBi6.

The Debye temperature of a material is a key thermal 
parameter related to various critical material characteristics, 
such as hardness, thermal insulation, electrical insulation, 
thermal conductivity, thermal stability, thermal expansion, 
and flexibility [43, 44]. The obtained Debye temperature 
value at 300 K for Ba2NbAsO6 was greater than those of the 
Sr2-xLaxCoNbO6 compounds (x = 0.4 and 0.6), which were 
experimentally determined to be 353 K [45].

Figure 3 illustrates that the Debye temperatures (TD) 
of Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 decrease 
slightly with rising temperature but increase significantly 
with increasing pressure. For instance, when the pressure 
is raised to 20 GPa, the Debye temperatures of the men-
tioned compounds increase by approximately 90 K. Based 
on the TD values, Ba2NbAsO6 demonstrates greater stiffness, 

Fig. 2   Temperature dependency of the bulk modulus (B), unit cell volume (V), thermal expansion coefficient (α), and lattice thermal conductiv-
ity (kl) of Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 compounds at constant pressures of 0, 20, and 40 GPa
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diminished flexibility, advantageous thermal and electrical 
conductivities, and lower sound insulation efficiency than 
Ba2NbSbO6 and Ba2NbBiO6.

Thermal entropy is an important measure that indicates 
the potential configurations of atoms within a substance. 
This thermal coefficient is closely related to many other 
coefficients. Figure 3 shows that as temperature increases, 
entropy increases due to the enhanced vibrational modes 
of atoms. Conversely, entropy decreases when pressure 
increases. The thermal entropy values of the three materi-
als examined, especially Ba2NbBiO6, suggest their appli-
cability for acoustic and thermal insulation, as their values 
are comparable to those of established materials such as 
aerogel, polyurethane, and fiberglass [46–49]. The fact that 
Ba2NbSbO6’s thermal entropy is somewhat greater than that 
of the other two compounds proves that it is more stable 
under both static and dynamic conditions.

Grüneisen constant (γ) is a temperature coefficient used to 
describe the change in the vibrational frequencies of atoms 

of a material due to a change in pressure or temperature. 
It has a direct relationship with the volumetric expansion 
behavior, thermal conductivity, and dynamic stability of 
materials. The larger this Grüneisen constant is, the more 
volumetric expansion, less dynamic stability, and less 
thermal conductivity of the material. The Grüneisen con-
stant values obtained for Ba2NbAsO6, Ba2NbSbO6, and 
Ba2NbBiO6 (Table 1) are somewhat close and constant with 
temperature variation. The moderate value of γ for the con-
sidered compounds suggests that the three compounds are 
thermodynamically stable with moderate thermal expansion 
and a low coefficient of thermal conductivity.

Figure 4 illustrates the simultaneous temperature and 
pressure dependencies of the bulk modulus (B), unit cell 
volume (V), thermal expansion coefficient (α), and lattice 
thermal conductivity (kl) for Ba2 NbAsO6, Ba2 NbSbO6, 
and Ba2NbBiO6 across a temperature range of 0–1000 and 
a pressure range of 0–30 GPa. Across a temperature range 
of 0–1000 and a pressure range of 0–30 GPa, Figure 5 shows 

Fig. 3   Temperature dependency of the isochoric and isobaric heat capacities (CV and CP), Debye temperature (TD), and thermal entropy (S) for 
the compounds Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 at constant pressures of 0, 20, and 40 GPa
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the simultaneous temperature and pressure dependencies of 
the following parameters: the isochoric and isobaric heat 
capacities (CV and CP), Debye temperature (TD), and thermal 
entropy (S) for Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6.

Finally, the values of isochoric and isobaric heat capaci-
ties (CV and CP), entropy (S), Debye temperature (TD), volu-
metric thermal expansion (α), Grüneisen parameter (γ), and 
lattice thermal conductivity (kl) for the three compounds 
calculated at zero pressure and constant temperatures of 300, 
600, and 900 K are gathered in Table 1.

3.2 � Elastic Qualities

3.2.1 � Single‑Crystal Elastic Qualities

Elastic constants (Cij) form a basic characterization of the 
mechanical properties of materials, which are essential to 
their technological applications. These parameters could be 
calculated trough ab initio energy-strain calculations. The 
elastic constants provide essential information about a wide 
variety of material characteristics, such as their structural 
stability, interatomic energy potential, forces between atoms, 
phase transitions properties, hardness, and stiffness [50]. For 
a rhombohedral system, only seven elastic constants (Cij) 
are independent among the 21 elastic constants characteriz-
ing the elastic characteristics of a triclinic structure. Table 2 
shows the calculated values of the Cij parameters for the 
compounds considered in this work. The literature does not 
contain previously reported data on the Cij parameters of the 
studied materials; therefore, our results represent the first 
theoretical prediction of their elastic constants.

Based on the calculated values of the Cij parameters, we 
can observe the following:

	 (i)	 The materials considered are much more resistant to 
unidirectional compressive deformation than to shear 
deformation, as evidenced by the fact that the elastic 
constants C11 and C33 are significantly larger than the 
other elastic constants, C12, C13, C44, and C15.

	 (ii)	 C11 is somewhat larger than C33, indicating that the 
materials considered will exhibit some elastic anisot-
ropy. Furthermore, it is suggested that the material 
compresses somewhat more easily along the [001] 
direction than along the [100] direction since C11 and 
C33 evaluate the compressive strength along the “a” 
and “c” axes, respectively.

	 (iii)	 The mechanical stability of a crystal depends on its 
ability to resist external stresses. This stability requires 
that the elastic constants meet the Born-Huang 
requirements. The double perovskites Ba2NbXO6 (X 
= As, Sb, Bi) are mechanically stable in the rhom-
bohedral arrangement as their Cij values satisfy the 
mechanical stability requirements for a rhombohedral 
structure [51]:(C

11
− C

12
) > 0 , C

33
> 0 , C

44
> 0 , 

(C
11
+ C

12
) > 0  ,  

(

(C
11
+ εC

12
)C

33
− 2C

2

12

)

> 0

, 
((

C
11
− C

12

)

C
44
− 2C

2

14

)

> 0.

3.2.2 � Polycrystalline Elastic Qualities

Polycrystalline aggregates, which are collections of ran-
domly oriented single crystals, are more common in prac-
tice than bulk single crystals. Therefore, materials in their 
polycrystalline state must have their mechanical and elastic 
properties defined. Isotropic elastic moduli, such as iso-
tropic shear modulus (G), bulk modulus (B), Poisson’s ratio 
(σ), and Young’s modulus (E), are used to characterize the 
elastic properties of the polycrystalline phase of a mate-
rial. According to theory, the isotropic elastic moduli given 
above can be obtained from the individual elastic constants 
Cij using the Voigt-Reuss-Hill approximations [52–54]:

B
V
=

2

9
(C

11
+ C

12
+ 2C

13
) + C

33

G
V
=

2

30

[

C
11
+ C

12
+ 2(C

33
− 2C

13
) + 12(C

44
+ C

66
)
]

   

B
R
=

(C11+C12)C33−2C
2

13

C11+C12+2C33−4C13

 ; G
R
=

5

2

[

(C
11
+C

12
)C

33
−2C2

13

]

C
44
C
66

3B
V
C
44
C
66
+
[

(C
11
+C

12
)C

33
−2C2

13

]

(C
44
+C

66
)
 

B
H
= (B

V
+ B

R
)∕2 ; G

H
= (G

V
+ G

R
)∕2 

Table 1   Lattice thermal 
conductivity (kl, in W.m-

1.K-1), thermal expansion 
coefficient (α, in 10-5/K), 
Debye temperature (TD, in 
K), isochoric and isobaric 
heat capacities (CV and CP, 
in J.mol-1.K-1), and thermal 
entropy (S, in J.mol-1.K-1), 
and Grüneisen parameter (γ, 
dimensionless) for Ba2NbXO6 
(X = As, Sb, Bi) materials 
calculated at fixed temperatures 
T of 300, 600, and 900 K

Compounds T CP CV S TD α γ kl

Ba2NbAsO6 300 227.76 222.37 239.86 460.36 3.687 2.190 0.570
600 255.88 242.60 408.63 448.48 4.164 2.190 0.264
900 267.82 246.53 514.78 436.05 4.379 2.190 0.162

Ba2NbSbO6 300 240.09 234.23 310.13 338.63 3.854 2.163 0.259
600 259.03 245.70 483.68 329.85 4.178 2.163 0.120
900 268.88 247.85 590.65 320.84 4.357 2.163 0.074

Ba2NbBiO6 300 237.88 232.17 294.53 362.06 3.798 2.160 0.369
600 258.35 245.17 467.19 352.78 4.144 2.160 0.171
900 268.46 247.63 573.94 343.22 4.326 2.160 0.105
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The subscripts V, R, and H refer to the employed approx-
imation, respectively, V for Voigt, R for Reuss, and H for 
Hill. The Voigt approximation produces the upper bounds 
(BV and GV) of the bulk and shear moduli. The Reuss 
approximation yields the lower bounds (BR and GR). The 
Hill approximation yields the effective values (BH and GH). 
From B and G, the following relationships [55]:E =

9BG

(3B+G)

; � =
(3B−2G)

(6B+2G)
 can be used to determine Young’s modulus 

(E) and Poisson’s ratio (σ).The predicted values of BV, BR, 
BH, GV, GR, GH, EH, and σH for the explored materials are 
gathered in Table 3.

A number of conclusions can be drawn from the informa-
tion presented in Table 3:

Fig. 4   Maps of the temperature and pressure simultaneous dependen-
cies of the bulk modulus (B), unit cell volume (V), thermal expansion 
coefficient (α), Debye temperature (TD), and lattice thermal conduc-

tivity (kl) for Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 over temper-
ature range of 0–1000 and pressure range of 0–30 GPa
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	 (i)	 The values of B, E, and G, which determine the resist-
ance of solids to external deformations, decrease in the 
sequence Ba2NbAsO6→Ba2NbSbO6→Ba2NbBiO6. This 
trend indicates a decrease in the hardness of these com-
pounds when the nature of the X atom in the compound 
Ba2NbXO6 changes from As to Sb and then to Bi.

	 (ii)	 Using Pugh’s empirical criterion [56], a mate-
rial can be distinguished as ductile (or brit-
tle) if the B/G ratio is greater than (or less than) 
1.75. One classifies Ba2NbAsO6, Ba2NbSbO6, 
and Ba2NbBiO6 as ductile compounds because 

Fig. 5   Maps of the calculated temperature and pressure simultane-
ous dependencies of the isochoric and isobaric heat capacities (CV 
and CP) and thermal entropy (S) for the compounds Ba2NbAsO6, 

Ba2NbSbO6, and Ba2NbBiO6 over temperature range of 0–1000 and 
pressure range of 0–30 GPa

Table 2   The calculated values 
of the elastic constants (Cij, in 
GPa) for the double perovskites 
Ba2NbXO6 (X = As, Sb, Bi) in 
their rhombohedral arrangement

Compound C11 C12 C13 C33 C14 C15 C44

Ba2NbAsO6 238.2 97.2 105.7 219.5 5.7 4.2 72.6
Ba2NbSbO6 176.8 126.3 95.7 137.4 3.2 18.7 62.0
Ba2NbBiO6 206.1 108.0 99.3 163.3 3.1 18.0 62.8

Table 3   The predicted Voigt, Reuss, and Hill bulk moduli values (BV, BR, and BH, in GPa), shear moduli (GR, GV, and GH, in GPa), Young’s 
modulus (EH, in GPa), and Poisson’s ratio (σH, dimensionless) for Ba2NbXO6 (X = As, Sb, Bi) materials

Compounds BR BV BH GR GV GH BH/GH EH σH

Ba2NbAsO6 145.9 145.9 145.9 68.0 68.9 68.45 2.13 177.6 0.297
Ba2NbSbO6 119.6 125.2 122.4 28.3 41.4 34.82 3.51 95.4 0.370
Ba2NbBiO6 129.7 132.1 130.9 46.9 52.9 49.89 2.62 132.8 0.330
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B∕G > 1.75 . The ductility increases in the sequence: 
Ba2NbAsO6→Ba2NbBiO6→Ba2NbSbO6.

	 (iii)	 Poisson’s ratio (σ) provides information on the bond-
ing properties and allows determining the stability of 
a crystal under shear stress. σ is about 0.1 in cova-
lent materials and 0.25 in ionic materials [57, 58]. A 
strong ionic component in the bond is indicated by 
an σ greater than 0.25 for the materials studied.

	 (iv)	 The Debye temperature (TD) is closely related to sev-
eral thermodynamic parameters, including specific 
heat, thermal conductivity, thermal expansion, and 
melting point. TD can be calculated using the follow-
ing formulas [59]:

V
L
= ((3B + 4G)∕3�)1∕2 ; V

T
= (G∕�)1∕2; V

m
= ((V−3

L
+ 2V

−3
T
)∕3)

−1∕3

; T
D
= (h∕k

B
)((3nN

A
�)∕(4�M))1∕3V

m

Within this framework, VT, VL, and Vm denote the trans-
verse, longitudinal, and average isotropic sound velocities, 
respectively. In addition, the symbol h represents Planck’s 
constant, NA is Avogadro’s number, kB is Boltzmann’s con-
stant, ρ is the mass density, n is the number of atoms in the 
molecule, M is the molecular weight, B is the bulk modu-
lus, and G is the shear modulus. The anticipated values for 
mass density ρ, Debye temperature TD, and isotropic sound 
velocities VL, VT, and Vm for Ba2NbXO6 (where X = As, 
Sb, Bi) are shown in Table 4. The sound wave velocities of 
these compounds at absolute zero temperature and atmos-
pheric pressure show an increasing trend from Ba2NbSbO6 
to Ba2NbBiO6 and then to Ba2NbAsO6, which is associated 
with the improvement in thermal conductivity and stiffness.

A comparison was made between the elastic character-
istics of the compounds under consideration and those of 
other double perovskite compounds. The Young’s modu-
lus of Ba2NbSbO6 is lower than that of the considered two 
compounds and other double perovskites like Ba2MgReO6, 
Ba2YMoO6, Ba2MnReO6, Ba2NiReO6, and Sr2MnReO6 
[19, 23]. This suggests that Ba2NbSbO6 is not as stiff as the 
other double perovskites. Bulk moduli values for Ba2NbXO6 
(X = As, Sb, Bi) materials show that they are more resist-
ant to volume change than Sr2MnReO6 and Ba2MnReO6, 
when subjected to hydrostatic pressure. When compared 
to Ba2NbAsO6, Ba2NbBiO6, Ba2MgReO6, Ba2YMoO6, 
Ba2MnReO6, Ba2NiReO6, and Sr2MnReO6, the shear defor-
mation resistance of Ba2NbSbO6 is the lowest. Furthermore, 

the findings demonstrate that Ba2NbSbO6 possesses the low-
est sound velocity due to its lowest values of the bulk and 
shear moduli, whereas Ba2NbAsO6 outperforms other com-
pounds, including Ba2MnReO6 and Ba2NiReO6, in terms of 
average sound velocity.

3.2.3 � Elastic Anisotropy Phenomenon

A material is elastically anisotropic when its elastic qualities 
depend on the crystal directions. While parameters such as 
Young’s modulus, shear modulus, and Poisson’s ratio are 
uniform in all directions in isotropic materials, anisotropic 
materials exhibit different elastic responses depending on 
the direction of applied stress. This phenomenon is impor-
tant in crystals, composites, and biological tissues, where 
structural arrangements control mechanical behavior. Under 
load, elastic anisotropy can affect material stability, stress 
distribution, microcrack apparition, and wave propagation. 
Thus, it is important to characterize the elastic anisotropy 
of crystals. Some theoretical and experimental metrics have 
been developed to evaluate the extent of elastic anisotropy 
in crystals [60]. In this study, we used four different metrics 
to characterize the elastic anisotropy of the materials under 
study.

	 (i)	 For a rhombohedral structure, the shear anisot-
ropy factors A1 and A2 are defined as follows [61]: 
A
1
= 2C

66
∕(C

11
− C

12
) for the {100} or {010} shear 

plane and A
2
= 2C

44
∕(C

11
+ C

33
− 2C

13
) for the 

{001} shear plane. In an isotropic crystal, A1 and A2 
are equal to one; therefore, the extent of divergence 
from one indicates the degree of elastic anisotropy 
within the crystal. The anisotropy factors presented 
in Table  5 suggest that the three rhombohedral 

Table 4   The calculated molecular weight (M, in g.mol-1), density of mass (ρ, in g.cm-3), longitudinal, transverse, and average sound velocities 
(VL, VT, and Vm, in m.s-1), and Debye temperatures (TD, in K) for the Ba2NbXO6 (X = As, Sb, Bi) polycrystals

Compound M ρ Vl Vt Vm TD

Ba2NbAsO6 538.48 6.35 6109.7 3282.4 3665.0 452.0
Ba2NbSbO6 585.32 6.43 5123.5 2327.0 2623.4 315.9
Ba2NbBiO6 672.54 7.17 5245.5 2637.0 2957.3 352.7

Table 5   Numerical evaluations of the shear anisotropic factors (A1, 
A2), percentages of anisotropy in compressibility (AC) and shear (AS), 
and universal elastic anisotropy factor (AU) for the double perovskites 
Ba2NbXO6 (X = As, Sb, Bi) in their rhombohedral arrangement

Compound A1 A2 AC (%) AS (%) AU

Ba2NbAsO6 1 0.092 0.023 0.70 0.070
Ba2NbSbO6 1 0.104 2.27 18.88 2.374
Ba2NbBiO6 1 0.072 0.92 5.96 0.652



	 Journal of Superconductivity and Novel Magnetism          (2025) 38:142   142   Page 10 of 17

Ba2NbXO6 (X = As, Sb, Bi) exhibit little anisotropy 
on the {001} plane, while demonstrating greater isot-
ropy on the {100} or {010} planes.

	 (ii)	 The percentages of anisotropy in compressibility (AC) 
and in shear (AS) are defined as follows [62]:

 A
C
=

((BV−BR))

((BV+BR))
× 100 , and A

S
=

(GV−GR)

(GV+GR)
× 100 are usu-

ally used to the elastic anisotropy in compression and 
shear of crystals. Here, B and G are the bulk and shear 
moduli, respectively, and the indices V and R represent 
the Voigt and Reuss limits. The values of AC and AS 
can vary from zero to 100%. The values of AC and AS 
show that the shear anisotropy is relatively more pro-
nounced than the elastic compression anisotropy for 
the three compounds.

	 (iii)	 A third approach to quantify elastic anisotropy is the 
universal index [54] AU(AU = 5

GV

GR

+
BV

BR

− 6 ), which 
incorporates both compression and shear contribu-
tions. In isotropic crystals, AU is zero, and conse-
quently, the magnitude of divergence of AU from zero 
indicates the level of elastic anisotropy. The calcu-
lated values of AU further suggest the existence of 
elastic anisotropy in the analyzed crystals.

	 (iv)	 Three-dimensional (3D) and two-dimensional (2D) 
representations of the crystal direction dependence 
of a crystal’s elastic modulus are widely used to 
visualize the extent of elastic anisotropy in crystals. 
The dependence Young’s modulus (E) on the crys-
tal direction in a trigonal system is expressed in the 
spherical coordinate system as follows [55]:
1

E
= (1 − l

2

3
)S

11
+ l

4

3
S
33

+ (2S13 + S44)l2
3
(1 − l

2

3
) + 2S

14
l
2
l
3
(3l2

1
− l

2

2
)

.
In this context, the Sij parameters are the components of 

the compliance matrix, and l1, l2, and l3 are the direction 
cosines of a direction in the spherical coordinates. An iso-
tropic elastic modulus has a uniform magnitude in all direc-
tions of the crystal. Therefore, in a 3D representation, it is 
depicted as a closed surface of an ideal spherical shape, and 
in a 2D representation, it is illustrated as a perfect circular 
shape. The degree of anisotropy of the represented elastic 
modulus correlates with the extent to which the configura-
tion of this closed surface deviates from a spherical shape. 
Figure 4 illustrates the 3D representations of Young’s modu-
lus (E), as well as its 2D representations in the (001), (010), 
and (001) crystal planes for the three materials analyzed. 
The 3D representations (2D representations) of Young’s 
modulus E diverge considerably from the spherical shape 
(circular form). This means that this property is considerably 
anisotropic for all three substances examined. The minimum 
values of E (Emin) are 153 GPa for Ba2NbAsO6, 55 GPa for 
Ba2NbSbO6, and 101 GPa for Ba2NbBiO6, and the maxi-
mum values of E (Emax) are 200 GPa for Ba2NbAsO6, 162 

GPa for Ba2NbSbO6, and 191 GPa for Ba2NbBiO6. There 
is a large difference between the highest value of E (Emax) 
and the lowest value of E (Emin), indicating the considerable 
anisotropy of this feature.

From Fig. 6, it is worth noting the significant anisotropy 
of the Young’s modulus in Ba2NbSbO6 and Ba2NbBiO6 in 
comparison to Ba2NbAsO6. Below is a breakdown of poten-
tial reasons for this difference in anisotropy among the con-
sidered materials:

1.	 Atomic size and ionic radius differences:

•	 As, Sb, and Bi belong to the same group (Group 
15) but have increasing ionic radii (As3+≈0.59 A°, 
Sb3+≈0.84 A°, Bi3+≈1.03 A°).

•	 Substituting As with larger Sb or Bi ions disrupts 
lattice symmetry, causing anisotropic strain in the 
crystal structure. This strain likely manifest as direc-
tional differences in bond strength or coordination 
geometry, resulting in pronounced anisotropy in the 
elastic moduli.

2.	 Bonding and electronic structure:

•	 Heavier elements such as Bi (and, to a lesser extent, 
Sb) display relativistic effects that distort bonding 
character. This may lead to directional variations in 
covalency or ionicity, affecting stiffness differently 
along crystal axes.

•	 The electronic configurations of Sb and Bi (com-
pared to As) might also induce local structural dis-
tortions that further enhance anisotropy.

3.3 � Thermoelectric Properties

Temperature influences not only atomic vibrations but also 
the mobility of charge carriers, including electrons and 
holes. The semi-classical Boltzmann model allows us to 
estimate this effect by calculating the relationship between 
temperature and the Seebeck coefficient (S) and thermal and 
electrical conductivities (ke, σ).

Figures 7, 8, and 9 illustrate the correlation between the 
Seebeck coefficient (S)—which characterizes the potential 
difference across a material subjected to a temperature gra-
dient—and the concentrations of holes and electrons along 
the three principal crystallographic axes, namely the [100], 
[010], and [001] crystal directions, at constant temperatures 
of 300, 600, and 900 K for Ba2NbAsO6, Ba2NbAsO6, and 
Ba2NbAsO6. The Seebeck coefficient values for electrons 
exceed those for holes in all three considered substances. 
In all three considered compounds, the Seebeck coefficient 
values for electrons and holes increase with increasing tem-
perature and decrease with increasing charge carrier con-
centration. It is worth noting that the Seebeck coefficient 
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values in the three crystallographic directions are close when 
calculated at the same temperature and concentration. At a 
temperature of 300 K and an electron concentration of 1017 
cm-3, the value of the Seebeck coefficient for Ba2NbAsO6 is 
about 1.0 mV/K and about 0.8 mV/K for Ba2NbBiO6 and 
Ba2NbSbO6.

Figures 7, 8, and 9 show that as the concentration of 
charge carriers increases, both the electronic thermal con-
ductivity (ke) and electrical conductivity (σ) increase. The 
electronic thermal conductivity increases as the temperature 
increases, but the electrical conductivity decreases as the 
temperature increases. Holes play a more important role in 

thermal and electrical conductivities than electrons. In addi-
tion, the thermal and electrical conductivities of electrons as 
well as those of holes are almost the same in the three crys-
tallographic directions [100], [001], and [010], highlighting 
the isotropy of these features. Figures 7, 8, and 9 show that 
Ba2NbBiO6 and Ba2NbSbO6 have comparable thermal and 
electrical conductivities, which somewhat exceed those of 
Ba2NbAsO6.

To compute the figure of merit (ZT) expressed as 
ZT = �ST∕(k

e
+ k

l
) along the [100], [010], and [001] crystal 

orientations, we initially assessed the temperature depend-
ence of lattice thermal conductivity (kL) in these three 

Fig. 6   3D visualizations of 
Young’s modulus, as well as its 
2D visualization in the ab, ac, 
and bc planes for Ba2NbXO6 (X 
= As, Sb, Bi) materials
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crystalline directions as shown in Fig. 10. To achieve this 
objective, we utilized the phono3py software, which oper-
ates on the Boltzmann transport equation (BTE) principles. 
Figure 5 illustrates the variation of kl for the compounds 
Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6 with tempera-
ture in the range of 300–1000 K along the [100], [010], and 
[001] crystallographic directions. Notably, the lattice ther-
mal conductivity rapidly declines with increasing tempera-
tures across the three crystallographic orientations examined 
for the three substances. The results indicate that the lattice 

thermal conductivity in the [001] direction surpasses that of 
the other two orientations.

Figures 7, 8, and 9 show the variations of ZT along the 
[100], [010], and [001] crystal orientations as a function of the 
charge carrier concentration at fixed temperatures of 300, 600, 
and 900 K for the compounds Ba2NbAsO6, Ba2NbBiO6, and 
Ba2NbSbO6. We must mention that we established the relaxa-
tion time (τ) at a standard value of 10-14 s. Some conclusions 
can be drawn from Figs. 7, 8, and 9: for identical charge carrier 
concentration and temperature, the ZT figures of merit along 

Fig. 7   Seebeck coefficient (S), electronic thermal conductivity (ke), electrical conductivity (σ), and figure of merit (ZT) as a function of charge 
carrier concentration (n) at fixed temperatures of 300, 600, and 900 K for Ba2NbAsO6. τ is the relaxation time
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the [100] and [010] crystal orientations are somewhat more 
significant than along the [001] direction, suggesting a weak 
anisotropy of this property. The maximum ZT value reached 
at a fixed temperature for electrons is more significant than 
that for holes in Ba2NbAsO6 and Ba2NbSbO6, indicating that 
n-type doping is more favorable for thermoelectric efficiency 
than p-type doping in these compounds. The compounds 
Ba2NbAsO6 and Ba2NbBiO6 have a figure of merit slightly 
lower than that of Ba2NbAsO6 when measured at the same 
temperature and charge carrier concentration. In Ba2NbBiO6, 

the maximum value of ZT at a fixed temperature for electrons 
is nearly equal to that for holes. ZT increases with rising tem-
perature for a fixed charge carrier concentration. Conversely, 
at a constant temperature, ZT rises with increasing charge 
carrier concentration until it reaches a maximum and begins 
declining. In Ba2NbAsO6, ZT attains a maximum value of 
approximately 0.87 for an electron concentration of approx-
imately 5 × 1020 cm-3 at 900 K along the [100] and [010] 
directions and approximately 0.83 for an electron concentra-
tion of approximately 8 × 1020 cm-3 at 900 K along the [001] 

Fig. 8   Seebeck coefficient (S), electronic thermal conductivity (ke), electrical conductivity (σ), and figure of merit (ZT) as a function of charge 
carrier concentration (n) at fixed temperatures of at 300, 600, and 900 K for Ba2NbSbO6. τ is the relaxation time
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direction. In Ba2NbSbO6, ZT achieves a maximum of about 
0.89 for an electron concentration of around 3.5 × 1019 cm-3 
at 900 K along the [100] and [010] directions, and about 0.81 
for an electron concentration of around 8 × 1019 cm-3 at 900 
K along the [001] direction. In Ba2NbBiO6, ZT achieves a 
maximum value of 0.83 for an electron concentration of about 
8 × 1019 cm-3 at 900 K along the [100] and [010] directions 
and approximately 0.8 for an electron concentration of about 
1 × 1020 cm-3 at 900 K along the [001] direction.

4 � Conclusion

We have comprehensively analyzed the elastic, thermody-
namic, and thermoelectric characteristics of Ba2NbBO6 (B = 
As, Sb, and Bi) double perovskites in rhombohedral configu-
ration using the strain-energy technique, the quasi-harmonic 
Debye model, and the semi classical Boltzmann transport 
theory, respectively, combined with first-principles PP-PW 
and FP-LAPW methods. The main conclusions are as follows:

Fig. 9   Seebeck coefficient (S), electronic thermal conductivity (ke), electrical conductivity (σ), and figure of merit (ZT) as a function of charge 
carrier concentration (n) at fixed temperatures of at 300, 600, and 900 K for of Ba2NbBiO6. τ is the relaxation time
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1.	 Monocrystalline and polycrystalline elastic moduli and 
associated characteristics were predicted. Monocrystal-
line elastic constants support the mechanical stability of 
the materials considered. All three compounds exhibit 
moderate hardness, decreasing slightly from Ba2NbBiO6 
to Ba2NbSbO6 and then to Ba2NbAsO6. All three mate-
rials studied exhibit significant elastic anisotropy.

2.	 Maps visualizing the temperature and pressure depend-
encies of some macroscopic physical parameters, includ-
ing unit cell volume, bulk modulus, volumetric thermal 
expansion, isochoric and isobaric heat capacities, and 
Debye temperature, have been predicted over wide tem-
perature ranges from 0 to 1000 K and pressure ranges 
from 0 to 30 GPa.

3.	 The low thermal conductivity at room temperature, mod-
erate coefficient of thermal expansion, and Grüneisen 
constant values of the three compounds show that they 
are suitable for use as thermal insulators.

4.	 A figure of merit exceeding 0.8 over a large charge 
carrier concentration, a Seebeck coefficient greater 
than 0.9 mV/K, and high electrical conductivity make 
Ba2NbAsO6, Ba2NbBiO6, and Ba2NbSbO6 compounds 
suitable potential candidates for use in heat-to-electricity 
conversion.
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