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A B S T R A C T

This study provides crucial information on the fundamental physical characteristics of Ba2NbBO6 (B = As, Sb,
and Bi) double perovskites with rhombohedral structure. These compounds are thermodynamically stable in
their rhombohedral shape over a pressure range of − 20–30 GPa. Electronic structure calculations revealed that
Ba2NbAsO6, Ba2NbSbO6, and Na2NbBiO6 are semiconductors with energy bandgaps of 2.101 eV, 1.71 eV, and
2.813 eV, respectively. By analyzing the calculation results from the quantum theory of atoms in molecules, it is
expected that the Nb-O and As/Sb/Bi-O bonds to have covalent features. In contract, Ba–O and Ba–As/Sb/Bi
bonds exhibit ionic characteristics. We also determined the real and imaginary parts of the dielectric function,
absorption coefficient, optical conductivity, loss energy function, reflectivity, refractive index, and extinction
coefficient as function of the incident light energy.

1. Introduction

Double perovskites, denoted by the chemical formula A2BB′X6, are a
group of minerals distinguished by the existence of two different cations,
B and B′, which occupy the octahedral positions in the crystal lattice. The
A-site is usually filled with a monovalent cation, while X denotes an
anion, often a halide or oxide that coordinates with the B-site cations.
The configuration and characteristics of these materials result in a
diverse array of adjustable attributes. Therfore,double perovskite ma-
terials are very interesting because they could be used in many fields,
including renewable energy, optoelectronics, magnetism, photovoltaics,
photocatalysis, transistors, electrochemical energy storage in high-
storage capacitors, and mechanical devices [1–6].

The A2BB′X6 double perovskites have been extensively studied in
both experimental and theoretical research. In terms of efficiency, the
utilization of Cs2AgBiBr6, Ba2FeMoO6, and Cs2AgInCl6 compounds in
solar cells achieves rates that vary between 5 % and 8 % [7–11].
Although the rates may be lower compared to the efficiency of certain

simple perovskites, they exhibit favorable structural and chemical sta-
bility. The compounds Cs2AgBiBr6 and Cs2AgInCl6havedemonstrated
exceptional appropriateness for use in light-emitting devices, achieving
a high light-emitting efficiency [12–14]. In experimental conditions, the
compound Sr2CrWO6 exhibited a significant level of electron mobility,
rendering it appropriate for utilization in microelectronic circuits and
high-performance transistors [15,16]. Sr2FeMoO6 displays diverse
resistance when exposed to a magnetic field, along with robust electron
mobility and electrical and magnetic properties [17–19]. Two specific
double perovskite materials, Ba2FeMoO6 and La2NiMnO6, have
demonstrated a significant response to certain gases such as hydrogen
and NO2. Therefore, these materials have the potential to be used as gas
sensors [20,21]. The chemical compositions Sr2FeMoO6 and Ba2BiNbO6
have been proven to efficiently absorb carbon dioxide, with an efficiency
exceeding 15 % [17,22–26]. Essaoud et al. [27] showed that the
monoclinic structure of the double perovskite Dy2CoMnO6 is a ferro-
magnetic compound with a consistent total magnetic moment of around
12μB within the pressure range of − 25–45 GPa. Additionally, this double
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perovskite displays semiconductor characteristics in both spin states and
shows a high figure of merit (ZT) >0.5 for temperatures above 500 K.
Some investigations have been conducted on the magnetic, thermo-
electric, optical, mechanical, and thermal properties of halogenated
perovskites, including Cs2AgXBr6 (X = S, Te, Se) and X2AgBiBr6 (X = Li,
Na, K, Rb, Cs) [28,29]. A theoretical investigation conducted by Assi-
ouan et al.[30]on the compounds Rb2AuBiX6 (X= Br, Cl, F) showed that
these compounds exhibit significant light absorption (~5x05 cm− 1) and
a remarkable reflectivity (~38 %)in the visible region.Studies on the B-
site structured Gd2CuTiO6 have proven its effectiveness as a basic ma-
terial used in magnetic cooling. Gd2CuTiO6 exhibits good magneto-
thermal behavior due to the exchange interaction between the Gd-4f
and Cu-3d sublattices when the magnetic field is changed by 0–7 T
[31]. The maximum change in magnetic entropy (− ΔSTmax) of Gd2Cu-
TiO6 oxide reaches 51.4 J⋅kg− 1.K− 1 (378.2 mJ⋅cm− 3.K− 1), which is
much larger than the commercial magnetic coolant Gd3Ga5O12, which is
38.3 J⋅kg− 1.K− 1 (271.2 mJ⋅cm− 3.K− 1), and is also superior to most
standard cryogenic magnetocaloric material models reported recently
[31]. Additionally, other studies have been conducted on oxygenated
perovskites such as Ba2MgReO6, Ba2YMoO6 [32], Ca2FeMoO6 [33],
Ba2MnReO6, Ba2NiReO6, and Sr2MnReO6 [34], Sr2TiFeO6 [27–29]
La2NiMnO6 [35,36], Ca2FeMoO6 [37–39], and Sr2FeMoO6 [40–42].

The intriguing results obtained from the studies mentioned above
prompted us to conduct this study, which aimed to investigate some
fundamental physical properties of the unexplored rhombohedral
structure of double perovskite compounds Ba2NbBO6 (B = As, Sb and
Bi) using first-principles calculations. This study mainly focuses on the
structural stability of the studied compounds in a particular pressure
range, as well as the electronic characteristics of these compounds, the
nature of the chemical bonds that bind their constituent atoms, and how

these compounds react to light incident on them.

2. Calculation settings

The explored physical properties of Ba2NbBO6 (B = As, Sb, and Bi)
double perovskites in the rhombohedral phase were investigated using
two complementing first-principles techniques. The structural proper-
ties of the compounds were estimated using the first-principles pseu-
dopotential plane wave method (PP-PW), implemented in the quantum
espresso package [43]. The PBEsol version of the generalized gradient
approximation (GGA) functional [44] was used to treat the exchan-
ge–correlation interactions. In order to obtain precise computations of
the structural parameters, a plane wave set with a kinetic energy cutoff
of 60 Rydberg was utilized for the wave function developments (Ecutwfc)
and a cutoff of 480 Rydberg was used for the charge density de-
velopments (Ecutrho). Additionally, 170 special k-points were employed
for the integration over the Brillouin zone (BZ).

The optoelectronic properties were calculated using the full-
potential linearised augmented plane wave (FP-LAPW) method, as
implemented in the WIEN2k code [45]. The exchange–correlation in-
teractions were modelled using the Tran-Blaha modified Becke-Johnson
(TB-mBJ) potential [46]. The threshold value for the plane wave set
utilized in generating the function waves in the interstitial space is
RMTKmax = 9, where RMT represents the minimum radius of the Muffin-
Tin spheres and Kmax denotes the maximum wave vector in the recip-
rocal lattice. The properties of bonds and the effective charge of each
atom were analyzed using CRITIC2 [47] and Bader codes [48–50],
which are based on the quantum theory of atoms in molecules (QTAIM)
[50,51].

Fig. 1. The rhombohedral structure of double perovskite compounds Ba2NbBO6 (B = As, Sb and Bi).
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3. Results and discussion

3.1. Structural characteristics

A unit cell of the rhombohedral structure of Ba2NbBO6 (B = As, Sb,
and Bi) double perovskite compounds is displayed in Fig. 1. The esti-
mated equilibrium structural parameters, including the lattice parame-
ters (a andc) and atomic position coordinates as well as the bulk
modulus B are listed in Table 1.The data provided in this table show that

all three of the compounds under investigation have good ability to
withstand the change in volume resulting from the effect of external
pressure (see Fig. 2).

The enthalpy of formation (ΔHfor) was determined within a pressure
range of − 20–30 GPa using the following expression:

ΔHfor =
EBa2NbBO6
tot − (nBaEBasolid + nBEBsolid + nNbENbsolid + nOEOGas)

nBa + nB + nNb + nO

In this context, EBa2NbBO6
tot represents the total energy of an unit cell of

the compound Ba2NbBO6, EBasolid, E
B
solid, and E

Nb
solid denote the total energies

per atom of the solid form of the pure elements Ba, B (As/Sb/Bi)and Nb
respectively, and EOGas denotes the total energy per atom of the gaseous
state of the oxygen atom. The curves showing the enthalpy of formation
(ΔHfor) as a function of pressure (ΔHfor(P)) indicate that all three com-
pounds are very stable since they have negative enthalpies of formation
in the pressure range from − 20 to 30 GPa. Moreover, the
relation:ΔHBa2NbBiO6 > ΔHBa2NbSbO6 > ΔHBa2NbAsO6 indicates the influence
of the B atom’s characteristics on thermodynamic stability – the ther-
modynamic stability increases when arsenic (As) is substituted with
antimony (Sb) and when antimony (Sb) is substituted with bismuth (Bi).

We analysed the phonon dispersion spectra of the compounds under
study to evaluate their dynamical stability. This study used the finite
displacement method as implemented in the CASTEP code [52].
Figure F3 illustrates the resulting phonon dispersion diagrams for the
considered materials. Fig. 3 demonstrates the presence of soft modes
(also called imaginary modes, characterised by negative frequencies) in
the studied compounds. Theoretically, materials are considered
dynamically stable when their phonon dispersion contains no soft modes
and dynamically unstable when they do. These soft modes are recog-
nised for triggering lattice instability, which may result in structural
phase transitions. Furthermore, their presence may indicate that syn-
thesising the compound under standard conditions could be difficult. It
is essential to highlight the complex implications arising from negative
frequencies in the phonon dispersion curves of materials. In certain in-
stances, presence of soft modes in the phonon dispersion curve of a
material does not definitively indicate that the crystal structure of this
material possess an intrinsic instability. Many stable synthesised mate-
rials exhibit soft vibrational modes [53], which demonstrate that a
material can maintain dynamic stability despite these soft modes.
Consequently, soft modes in the materials Ba2NbAsO6, Ba2NbSbO6, and
Ba2NbBiO6 should not be hastily construed as evidence against the
feasibility of their synthesis. Further research is needed to determine the
prerequisites for the synthesis and stabilization of the materials
concerned.

Table 1
Computed fractional coordinates of ground state atomic positions, structural
parameters (a and c, in Å), and bulk modulus (B, in GPa) for double perovskite
compounds. Ba2NbBO6 (where B represents As, Sb, and Bi).

Ba2NbAsO6 Ba2NbSbO6 Ba2NbBiO6

Ba (0.7502, 0.7502,
0.7502)

(0.7488, 0.7488,
0.7488)

(0.7479, 0. 7479, 0.
7479)

Nb (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)
B (0, 0, 0) (0, 0, 0) (0, 0, 0)
O (0.7554, 0.7252,

0.2600)
(0.6815, 0.7837,
0.2708)

(0.6693, 0.7894,
0.2761)

a 5.844 6.004 6.076
c 14.293 14.544 14.626
B 160.5 148.4 144.9

Fig. 2. Variation of formation enthalpy values (ΔH) as a function of pressure
for double perovskite compounds Ba2NbBO6 (B = As, Sb and Bi).

Fig. 3. Phonon dispersion spectra for for double perovskite compounds Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6.
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3.2. Chemical bonding nature

Examining and analyzing the nature of bonding in compounds is
essential due to its relationship with the material’s hardness and other
fundamental physical properties. In this context, the quantum theory of
atoms in molecules (QTAIM) [50,51], integrated into the Bader [48,50]
and CRITIC2 [47] programs, was employed to evaluate the character-
istics of atomic bonds at the bond’s critical point (BCP), utilizing the
topology of the charge distribution within the crystal space between
atoms.

The effective charge (Qeff ) values of the constituent atoms in

Ba2NbBO6 (B = As, Sb, and Bi), presented in Table 2, were computed
using Bader software. The effective charge of an atom in a molecule is
calculated as the difference between the atomic number (Z) and the
Bader charge (QBader), which is the number of electrons in the Bader area
(Ω): Qeff = Z − QBader = Z −

∫

Ω ρ(r)dr, where ρ(r)denotes the electron
density at a location defined by the vector position rwithin Bader’s area
(Ω). The Bader area of an atom is delineated between its nucleus and the
critical regions. The critical points (CP) arelocations where the electron
density gradient is zero;∇ρ(r) = 0, indicating the absence of the electric
field generated by positive nuclei acting on negative charges. The crit-
ical points are the positions between atoms where electrons experience
balanced attractive forces from the nuclei of adjacent atoms; they
represent the limits of atomic effect on the charges present in their vi-
cinity. From Table 2, the data obtained imply a transfer of electric
charges from the atoms Ba, Nb, and As/Sb/Bi to the oxygen atom. An
additional finding from these data indicates that the transferred charge
levels are not precisely integers, implying that the bond type may be a
mixture of ionic and covalent. The principal factors affecting charge
transfer between atoms are their interatomic distance and electronega-
tivity difference. Table 3 presents the values of the distance and elec-
tronegativity difference between the atoms Ba, Nb, As/Sb/Bi, and the
oxygen atom. The results indicate that the interatomic distance exerts
the most significant effect on charge transfer, with the largest charge
migrating from the Nb atom to the oxygen atom due to this distance
being less than 2 Å and the shortest compared to other interatomic

Table 2
The calculated effective charge (Qeff ), distance between the nucleus of the atom and the nearest critical point (dN− CP, in Å), and total volume of the Bader region (ΩBader ,
in Å3) for the constituent atoms of double perovskite compounds Ba2NbBO6 (B = As, Sb and Bi).

Ba2NbAsO6 Ba2NbSbO6 Ba2NbBiO6

Atom Qeff dN− CP ΩBader Qeff dN− CP ΩBader Qeff dN− CP ΩBader

B +1.646 1.761 76.517 +1.817 1.953 102.983 +1.837 2.088 115.159
Ba +1.574 2.695 147.020 +1.564 2.554 153.002 +1.599 2.552 155.634
Ba +1.573 2.692 146.978 +1.563 2.554 152.945 +1.598 2.551 155.622
Nb +2.660 1.706 61.688 +2.674 1.715 62.419 +2.694 1.702 62.616
O − 1.24 1.523 86.447 − 1.269 1.596 91.772 − 1.274 1.604 93.741

Table 3
Difference in electro-negativity (Δη) and distance (d, in Å) between the con-
stituent atoms of double perovskite compoundsBa2NbBO6(B=As, Sb and Bi).

Electro-negativity
difference

Ba2NbAsO6 Ba2NbSbO6 Ba2NbBiO6

ΔηO− As = 1.26
ΔηO− Sb = 1.39
ΔηO− Bi = 1.47
ΔηO− Ba = 2.55
ΔηO− Nb = 1.84

d(O-As) =
2.14665 Å
d(O-Ba1) =
2.92152 Å
d(O-Ba2) =
3.01140 Å
d(O-Nb) =
1.98743 Å

d(O-Sb) =
2.28298 Å
d(O-Ba1) =
3.03449 Å
d(O-Ba2) =
2.69968 Å
d(O-Nb) =
1.99157 Å

d(O-Bi) =
2.34135 Å
d(O-Ba1) =
2.96909 Å
d(O-Ba2) =
2.68018 Å
d(O-Nb) =
1.99304 Å

Table 4
Topological and QTAIM descriptors at the bond critical points (BCP) for Ba2NbBO6 (B = As, Sb and Bi) compounds calculated with including spin–orbit coupling (Full
relativistic). E1 and E2 are the bond ends. r1 (in Å) is the distance from the first atom (E1) to the BCP, and r2 is the distance from the second atom (E2) to the BCP.α̂ =

E1 - BCP - E2 is the angle between the two atoms (E1 and E2) and the BCP. ρb is the electron density (in e.Å
− 3 unit).∇2ρb is the Laplacian of the electron density (in e.

Å− 5 unit). Vb is the potential electronic energy density (in a.u unit). Gb is the kinetic electronic energy density (in a.u unit). Hb is the density of the total electronic
energy (in a.u unit).

System Bond (E1-E2) BCP coordinates QTAIM descriptors

x y z r1 r2 r1/r2 α̂ ρb ∇2ρb Gb Vb |Vb|/Gb Hb

Ba2NbAsO6 Nb–O
As–O
Ba–O
Ba–O
Ba–O
Ba–O
Ba–As

0.623 0.369 0.640 1.704 2.052 0.830 179.990 0.114 0.510 0.162 − 0.197 1.215 − 0.035
0.143 0.865 0.127 2.105 1.952 1.078 179.980 0.074 0.170 0.066 − 0.090 1.358 − 0.024
0.025 0.491 0.742 2.949 2.409 1.224 178.190 0.024 0.081 0.019 − 0.018 0.943 0.001
0.034 0.749 0.733 3.028 2.494 1.214 177.440 0.021 0.067 0.016 − 0.015 0.936 0.001
0.749 0.733 0.485 3.028 2.494 1.214 177.390 0.021 0.066 0.016 − 0.015 0.936 0.001
0.262 0.520 0.957 3.110 2.584 1.204 176.020 0.018 0.054 0.013 − 0.012 0.935 0.001
0.128 0.128 0.128 3.303 3.444 0.959 180.000 0.015 0.033 0.008 − 0.008 0.992 0.000

Ba2NbSbO6 Na–O 0.401 0.345 0.625 1.708 2.056 0.831 179.960 0.113 0.505 0.160 − 0.194 1.211 − 0.034
Sb–O 0.171 0.116 0.855 2.310 2.005 1.152 179.920 0.066 0.167 0.058 − 0.075 1.285 − 0.017
Ba–O 0.737 0.511 0.008 2.279 2.823 0.807 179.530 0.030 0.110 0.027 − 0.025 0.961 0.001
Ba–O 0.763 0.490 0.710 3.067 2.534 1.211 177.810 0.019 0.060 0.014 − 0.013 0.929 0.001
Ba–O 0.289 0.238 0.963 3.132 2.604 1.203 177.570 0.017 0.051 0.012 − 0.011 0.925 0.001
Ba–Sb 0.869 0.869 0.869 3.592 3.310 1.085 180.000 0.015 0.029 0.007 − 0.008 1.020 0.000

Ba2NbBiO6 Nb–O 0.342 0.622 0.408 2.057 1.709 1.204 179.960 0.112 0.503 0.159 − 0.192 1.209 − 0.033
Bi–O 0.884 0.152 0.818 2.434 1.990 1.223 179.890 0.064 0.194 0.061 − 0.075 1.213 − 0.013
Ba–O 0.005 0.734 0.517 2.805 2.260 1.241 179.670 0.031 0.115 0.028 − 0.027 0.964 0.001
Ba–O 0.703 0.765 0.493 3.073 2.539 1.210 177.600 0.019 0.059 0.014 − 0.013 0.927 0.001
Ba–O 0.040 0.705 0.763 2.657 3.183 0.835 177.110 0.016 0.045 0.010 − 0.010 0.922 0.001
Ba–Bi 0.868 0.868 0.868 3.332 3.636 0.916 180.000 0.014 0.027 0.007 − 0.007 1.020 0.000
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distances. This occurs despite the electronegativity difference of 1.84
between Nb and O(ΔηO− Nb = 1.84), while the electronegativity differ-
ence between the oxygen and barium atoms is the most significant
(ΔηO− Ba = 2.55). Taking into account the distance between the atomic
nucleus and the nearest critical point (dN-CP), as well as the total volume
of the Bader region (ΩBader) for the constituent atoms of the Ba2NbBO6
(B = As, Sb, and Bi) double perovskite compounds, the results indicate
that the vicinity surrounding the Ba atoms exhibits a low electron
density.

To validate the findings concerning the transfer of charge from an-
ions to cations and to elucidate the characteristics of the bonds between
them, we analyzed the Attractor connectivity matrix for each compound
and descriptors of the QRAIM at the bond critical points (BCP) using the
CRITIC2 program. The calculated values are presented in Table 4.

The attractor connectivity matrix aids in determining the interaction
frequency of each atom with other atoms in the compound. The
Attractor connectivity matrix values for the three compounds indicate
that the oxygen atom exhibits a stronger interaction with the barium
atom, while interacting to a lesser and equal degree with the Nb and As/
Sb/Bi atoms.
⎛

⎜
⎜
⎜
⎜
⎝

As Ba Nb O
As 0 2 0 6
Ba 1 0 0 12
Nb 0 0 0 6
O 1 4 1 0

⎞

⎟
⎟
⎟
⎟
⎠

⎛

⎜
⎜
⎜
⎜
⎝

Sb Ba Nb O
Sb 0 2 0 6
Ba 1 0 0 9
Nb 0 0 0 6
O 1 3 1 0

⎞

⎟
⎟
⎟
⎟
⎠

⎛

⎜
⎜
⎜
⎜
⎝

Bi Ba Nb O
Bi 0 2 0 6
Ba 1 0 0 9
Nb 0 0 0 6
O 1 3 1 0

⎞

⎟
⎟
⎟
⎟
⎠

Attractor connectivity matrix
The primary descriptor employed to determine the bond type is the

charge density at the critical points (BCP). The charge density data
indicate that the bonds As–Ba, Sb–Ba, Bi–Ba, and Ba–O exhibit low
charge density, whereas the bonds Nb–O, As–O, Sb–O, and Bi–O
demonstrate significantly higher electron density. Fig. 4 shows the
charge density distribution among the atoms. The charge density values

found are consistent with the information in Table 4.
Although the values of charge density in the bonds are known, the

critical parameters for determining and comprehending the nature of
the bond include the kinetic electronic energy density (Gb), potential
electronic energy density (Vb), and total electronic energy density (Hb),
which are defined as follows:

Vb(r) =
1
2

∫ ρ(rʹ)
|r − ŕ |

dŕ

Gb(r) =
1
2

∑occupied

i
|∇ψi(r)|

2

Hb = Vb +Gb

1
4

∇2ρb(r) = Vb(r) +2Gb(r)

In this context, ρ(r) represents the electron charge density at a point
defined by the position vector r, ψi(r) denotes the orbital wave functions
of the occupied electrons at the point r, and ∇ψi(r) signifies the spatial
gradient of these functions.

Numerous sources examining atomic bond characteristics indicate
that QTAIM descriptors can be utilized to ascertain the nature of these
bonds. An ionic bond is defined by a reduction of local charges along the
essential band path. The ionic bond is distinguished by certain QTAIM
descriptors: a low electron density (ρb) at the BCP, a positive Laplacian
of the electron density (∇2ρb > 0), a positive density of the total elec-
tronic energy (Hb > 0) and a negative potential electronic energy den-
sity (Vb < 0) with an absolute value comparable to the kinetic electronic
energy density (Gb); |V|b ≈ Gb. A covalent bond is generated through the
accumulation of localized charges. A covalent bond is characterized by
elevated electron density (ρb) at the BCP, a positive Laplacian of the

Fig. 4. The electron charge density distribution map ofdouble perovskite compounds Ba2NbAsO6, Ba2NbBSbO6, and Ba2NbBiO6.
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electron density (∇2ρb < 0), a negligible density of the total electronic
energy (Hb≪0), a negative potential electronic energy density (Vb < 0)
with a substantially lower absolute value compared to kinetic electronic
energy density (|Vb|≫Gb) [54–56].

The analysis of the QTAIM descriptors presented in Table 4 reveals
that the Nb–O, As–O, Sb–O, and Bi–O bonds are covalent (Vb > Gb,
and Hb < 0), whereas the Ba–O, Ba–As, Ba–Sb, and Ba–Bi bonds are
of ionic nature (Hb > 0, and |Vb |

Gb
≈ 1).

Furthermore, the ratio R = r1/r2, where r1 represents the distance
from the first atom (E1) of the bond to the critical point (BCP), and r2
denotes the distance from the second atom (E2) of the bond to the
identical critical point, can be used to characterize the charge distribu-
tion in the bond (E1-E2). If the ratio R = r1/r2 exceeds one, it indicates
that the critical point of the bond is nearer to atom E2, signifying that the
charge density in the region between the critical point and atom E2

along the bond is greater than that in the region between the critical
point and atom 1.

The angle between the two atoms (E1 and E2) and the bond critical
point (BCP) provides insights into the spatial geometry of molecular
bonds. An angle of 180 degrees indicates that the critical point is posi-
tioned in a straight line between the two atoms, signifying a linear bond.
If its value deviates from 180 degrees, this signifies that the critical point
does not align perfectly in a straight line between the two atoms, indi-
cating a non-linear bond. Our observations (shown in Table 4) indicate
that all bonds in the compounds are linear, with the exception of the
Ba–O link, which is nonlinear.

3.3. Electronic structure

Fig. 5 shows the energy band dispersions of the double perovskites
Ba2NbAsO6, Ba2NbSbO6 and Na2NbBiO6along the high symmetry lines

Fig. 5. Band structure spectra for the double perovskite compounds Ba2NbAsO6, Ba2NbSbO6 and Na2NbBiO6 calculated using the TB-mBJ potential.

Fig. 6. Total density of states (TDOS) and partial density of states (PDOS) curves for double perovskite compounds Ba2NbAsO6, Ba2NbSbO6 and Na2NbBiO6
calculated using the TB-mBJ potential.
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calculated using the FP-LAPW method with the TB-mBJ potential. Fig. 5
highlights that the three compounds have semiconducting behavior with
an indirect bandgap (L-Z). Ba2NbSbO6 has the lowest bandgap value
(1.7 eV), Na2NbBiO6 has the highest bandgap value (2.81 eV), and
Ba2NbAsO6has an intermediate band gap value (2.1 eV). These bandgap
values are close to those of materials used in photovoltaic devices.

The analysis of total density of states (TDOS) and l-decomposed
atom-projection density of states (PDOS) curves facilitates the

prediction of the electrical conductivity characteristics (conductor,
insulator, or semiconductor) of materials. It also enables the identifi-
cation of the origins of electronic orbitals within the energy bands,
particularly those involved in chemical bonding (valence electrons
beneath the Fermi level) and those responsible for conduction and
charge transfer (conduction electrons above the Fermi level).

Fig. 6 illustrates the total density of states (TDOS) and partial density
of states (PDOS) curves for the compounds Ba2NbAsO6, Ba2NbSbO6, and
Na2NbBiO6, computed using the Tran-Blaha modified Becke-Johnson
(TB-mBJ) potential. The TDOS curves indicate the absence of elec-
tronic states inside the barrier bands of 2.101 eV for Ba2NbAsO6, 1.71 eV
for Ba2NbAsO6, and 2.813 eV for Na2NbBiO6, respectively. This vali-
dates the semiconductor properties of the examined substances. The
examination of the PDOS curves for the three compounds indicates that
the d orbitals of the Nb atoms significantly contribute to the creation of
the conduction band in the energy ranges of 2.0–3.0 eV for Ba2NbAsO6,
1.9–3.0 eV for Ba2NbSbO6, and 2.8–3.5 eV for Ba2NbBiO6. The d orbitals
of Nb atoms, p orbitals of Bi atoms, and d orbitals of Ba atoms contribute
to the conduction band with energies exceeding 3.5 eV. The valence
band, spanning from − 2.0 eV to the Fermi level, comprises the s orbitals
of As/Sb/Bi atoms, while the p orbitals of O atoms and the d orbitals of
Nb atoms constitute the valence band stretching from − 7.0 to − 3.5 eV.

Besides the impact of the B atom’s characteristics in the double
perovskite compounds Ba2NbBO6 (B= As, Sb, and Bi) on the energy gap
value, we evaluated the effects of applied pressure within a range of
− 20–20 GPaon the energy band gap. Fig. 7 illustrates that the applica-
tion of pressure to the Ba2NbBO6 compounds (where B = As, Sb, and Bi)
results in a reduction in the energy gap value. The band gap value di-
minishes linearly with increasing pressure, attributable to the reduction
of atomic distances induced by the applied pressure, resulting in altered

Fig. 7. Pressure dependence of the energy band gap of Ba2NbAsO6, Ba2NbSbO6
and Na2NbBiO6compounds.

Fig. 8. Real and imaginary parts (ε1(ω), and ε2(ω)) of the dielectric function, absorptioncoefficient α(ω)and optical conductivityσ(ω)forBa2NbBO6 (X = As, Sb
and Bi).
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interatomic potential.

3.4. Optical characteristics

Comprehending the optical characteristics of substances provides
essential insights into their interactions with light, hence enhancing our
understanding of their potential uses in optoelectronic devices. To
effectively utilize materials in optoelectronic devices including solar
cells, lasers, energy storage systems, and diodes, a comprehensive un-
derstanding of their optical properties is essential. This study system-
atically examines the optical characteristics of Ba2NbBO6 (B = As, Sb,
and Bi) utilizing the FP-LAPW method with the TB-mBJ potential. The
linear optical functions of the considered materials were calculated for
two polarizations of the electric field vector of the incident electro-
magnetic waves ( E→) along two major crystallographic directions
( E→//[100] and E→//[001]) throughout the energy range of 0–18 eV.

The complex dielectric function ε(ω)(ε(ω) = ε1(ω) + iε2(ω)) char-
acterizes a medium’s response to incident electromagnetic radiation.
The real part of the dielectric function (ε1(ω))denotes the dispersion of
electromagnetic radiation within the material, whereas the imaginary
part of the dielectric function (ε2(ω)) signifies the absorption of elec-
tromagnetic radiation by the substance. The optical functions charac-
terizing the optical characteristics of material can be obtained from the
complex dielectric function through established connections [57–59].
The spectra of the real and imaginary components of the dielectric
function (ε1(ω), and ε2(ω)) for incident electromagnetic waves polarized
along the [100] and [001] crystallographic directions were calculated
using the optical properties computational package in the WIEN2k code,
with the results displayed in Fig. 8. The plasma frequency is the limit
above which materials demonstrate dielectric characteristics (ε1 > 0),
and below which they exhibit metallic qualities (ε1 < 0) [60].

The static dielectric function (ε(0)), equivalent to ε1(ω→0), is
measured 4.4 for Ba2NbAsO6, 4.6 for Ba2NbSbO6, and 3.9 for Ba2Nb-
BiO6. ε(0) is a crucial optical parameter that is inversely related to the
energy bandgap value [61], which is 2.101 eV for Ba2NbAsO6, 1.710 eV
for Ba2NbSbO6, and 2.813 eV for Ba2NbBiO6. Fig. 6 demonstrates that
the curve of ε1(ω) ascends from its initial value ε1(ω→0), attaining a
maximum of 9 at 5 eV for Ba2NbAsO6, 7 at 5.1 eV for Ba2NbSbO6, and
7.8 at 7 eV for Ba2NbBiO6. Within the energy ranges of 12–13 eV and
13.5–14.5 eV, the examined compounds Ba2NbBO6 (where B = As, Sb,
and Bi) exhibit negative values, decreasing to about − 1 for all three
compounds. Within this frequency range, the compounds demonstrate
metallic characteristics, exhibiting low light transmission and high
reflection [62].

Fig. 8 shows that the spectra ε2(ω) for the two polarizations of the
incident electromagnetic radiations have nearly identical shapes for
Ba2NbBO6 (B= As, Sb, and Bi) compounds, indicating the isotropy of the
optical properties of the considered materials. Some differences emerge
around 7.5 eV where the main peaks for E→‖a and E→‖c for Ba2NbSbO6
and Ba2NbBiO6are slightly shifted. The semiconductors Ba2NbBO6 (B =

As, Sb, and Bi) are characterized by a rapid increase of the B curves
around 4.0 eV, which likely is due to transitions between more distant
energy bands.

The spectra of the absorption coefficient α(ω) are also illustrated in
Fig. 8. The α(ω) curve exhibits a steep ascent from the absorption
threshold to around 5 eV, thereafter maintaining a somewhat stable
level up to 7.5 eV. Within the 8–9 eV region, the α(ω) spectrum exhibits
a minor decrease prior to an increase, culminating in a peak value of
175× 104cm− 1 at 12 eV. This highest value of the absorption coefficient
is a little lower than the highest value of the absorption coefficient in
simple perovskite compounds such as BaHfO3 [63].

Fig. 9 illustrates the energy loss function L(ω), reflectivity R(ω),

Fig. 9. The calculated spectra of the loss energy L(ω),reflectivity R(ω),refractive index n(ω), and extinction coefficient k(ω)for Ba2NbBO6 (B = As, Sb and Bi).
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refractive index n(ω), and extinction coefficient k(ω) throughout a broad
photon energy spectrum for the three compounds Ba2NbBO6, where B =

As, Sb, and Bi. The R(ω) values do not converge to unity as energy ap-
proaches zero, signifying that these compounds demonstrate semi-
conducting characteristics. We note that the maximum values of the
reflectivity coefficient of the studied double perovskite compounds are
close to the maximum values of some simple perovskite compounds such
as CsPbX3 (X = Br, Cl and I) [63].

The electron energy loss function L(ω) is an essential metric that
characterizesthe energy loss of a high-velocity electron traversing a
material. Peaks in the L(ω) spectra are related to plasma resonance, with
the accompanying frequency referred to as the plasma frequencyωP. The
maxima in L(ω) align with the trailing edges of the reflection spectra; for
instance, the peak of L(ω) for Ba2NbBO6 (B = As, Sb, and Bi) is observed
at approximately 15 eV, coinciding with the sharp decline in the R(ω)

curve. The static refractive index n(ω) values are as follows: n(0) = 2.13
for Ba2NbSbO6, 2.09 for Ba2NbBiO6, and 1.95 for Ba2NbAsO6. The
extinction coefficient, k(ω)(the imaginary component of the complex
refractive index) exhibits a pronounced peak at approximately 8 eV.

4. Conclusion

This study employed first-principles computational methods to
examine the structural, electronic, and optical properties of the com-
pounds Ba2NbAsO6, Ba2NbSbO6, and Ba2NbBiO6. The findings disclose
substantial information regarding these compounds and their proper-
ties. These compounds exhibit exceptional structural stability under
pressures up to 30 GPa. Ba2NbAsO6, Ba2NbSbO6, and Na2NbBiO6
demonstrate semiconductor properties, with band gap values of 2.101
eV, 1.71 eV, and 2.813 eV, respectively. Moreover, through the appli-
cation of the quantum theory of atoms in molecules (QTAIM), we ana-
lysed the charge density distribution among atoms, alongside the
computation of effective charges for each atom and various descriptors
of chemical bonds at critical points. This analysis shows that the Nb–O
and As/Sb/Bi–O bonds exhibit covalent characteristics, whereas the
Ba–O and Ba–As/Sb/Bi bonds are ionic in nature. Analysis of the
spectral responses of the examinedmaterials to incident electromagnetic
radiation indicates that these compounds exhibit significant absorption
in the ultraviolet spectrum and possess a high refractive index in the
visible light spectrum.
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