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This work investigates the magnetic stability, structural, electronic and optical properties of the double perov-
skite compound NbFePb,04.The PBE-GGA function is used to evaluate the structural parameters and verify the
magnetic stability among ferromagnetic, paramagnetic and antiferromagnetic states. The compound exhibits
ferromagnetic behavior with negative formation enthalpy and positive cohesive energy. The investigation further
reveals the compound’s semiconducting character with a direct band-gap of 3.40 eV (L-L) in the spin-up state,

and an indirect band-gap of 1.87 eV (I'-X) in spin-down state. The study extends to the compound’s response to
light incidence, encompassing the calculation of the real and imaginary parts of the dielectric function, the
absorption coefficient, the reflectivity and refractivity coefficients, as well as the optical conductivity. The
comprehensive analysis yielded results that underscore the compound’s suitability for photovoltaic applications,
attributable to its semiconducting nature and the optical properties it exhibits.

1. Introduction

Conventional energy sources, including coal and gas, are fast
depleting and expected to be completely depleted by 2050 [1]. Scientists
are developing technology to produce renewable energy from natural
resources to meet rising demand and limited availability. Thermal waste
and solar radiation are being studied as potential alternatives to existing
energy sources like fossil fuels. Solar cell technology is a cost-effective
renewable energy source due to its high power conversion efficiency
(PCE) [2-6].

In order to fully utilize all energy sources in solar and thermoelectric
systems, robust, economical, and ecologically friendly solutions are
being developed. Studying photovoltaic operation and thermal electric
conversion techniques (Seebeck and Peltier effect) is therefore essential
[7,8]. Finding appropriate compounds and conducting in-depth inves-
tigation to assess their potential for energy conversion is the primary
problem.

High power conversion efficiencies can be achieved in solar cells
using hybrid perovskites containing both organic and inorganic cations
[9,10]. These perovskites’ long diffusion length, strong charge carrier
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mobility, and capacity to alter the band gap with various anions make
them perfect for use in solar applications [11]. They are regarded as
appropriate for this use because they can achieve high power conversion
efficiencies as a result [12-14]. Despite the exceptional properties of
these materials, their potential uses are restricted because of their un-
stable structure and the presence of environmentally dangerous
poisonous Pb [15-20].

A wide range of material characteristics could be obtained from
double perovskites [21,22]. ApBB’X¢ has a variety of physical attributes
and unique qualities. Li, Na, K, Rb, and Cs can replace A and B, trivalent
metals (Bi, Sb, Y, In, Sc, Tl, Ga) can occupy B, and halogen ions can be
represented by X [23-25]. Perovskites based on alkali metals have
exceptional optical and transport qualities, which make them perfect for
use in solar cells and other energy-related applications [26-28].The
possibility of lead-free perovskites based on alkali metals has been
investigated recently for a variety of uses. Al-Aqtash et al. [29]high-
lighted the excellent optoelectronic and thermoelectric properties of
CspAgXBrg, where X stands for S, Te, and Se, by an ab-initio investiga-
tion. AoRIrOg’s magnetic susceptibilities (where A = Ba, Sr and R = Lu,
Sc, La, Y) show paramagnetic properties as low as 4.5 K [30]. Mossbauer
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spectroscopy and magnetic susceptibility measurements were employed
to investigate the electron distribution and magnetic behavior of
A FeNbOg perovskites. Peaks in magnetic susceptibility were noted at
approximately 25 K [31] AyXReOg (A = Ba and X = Mn, Ni) was
investigated by Saad et al. [32] for energy conversion applications.
Outstanding light-absorbing properties have been demonstrated by the
creation, characterization, and demonstration of a stable nanocrystal of
CsoCuSbClg [33]. With a total magnetic moment of 2.0 pB, SraCaOsOg
demonstrates half-metallic ferromagnetism via TB-mBJ-GGA potential
[34].

An ab initio investigation was conducted on the mechanical,
magneto-electronic, and thermoelectric properties of cubic double pe-
rovskites based on BasMgReOg and BapYMoOg [35]. AsLiGalg (A = Cs,
Rb) [36] and RbyInBiXg (X = Cl, Br) [37], two previous theoretical in-
vestigations on yttrium-based perovskites, suggest that they may be used
for green energy consumption. The physical properties of a number of
combinations have been studied, including Cs;AgSbXg (X = Cl, Br, D),
RbyCuSbXg (X = Cl, Br, I), NapCuMXg (M = Sb, Bi; X = Cl, Br), CsoCuBiXg
(X = Cl, Br, I), and RbyXInBrg (X = Na, K) [38-42].The results validate
the wide-ranging uses of Cs and Rb-based perovskite. The importance of
Y and Cu for structural stability and physical characteristics is high-
lighted in this discussion. The crystal lattice structure is strengthened by
the addition of Y and Cu at sites B and B. Make sure the material’s
composition and physical state do not change in different situations. The
optical and transport properties of the material can be impacted by the
addition of Y and Cu.

The development of spintronics devices that use spin instead of
charge to transmit, process, and store information [43] was the main
reason for studying magnetic compounds in the double perovskite oxide
family. This work aims to improve understanding of how the Nb-based
double perovskite compound NbFePbyOg can be used in solar cells.
Certain perovskites are not the subject of any theoretical or experi-
mental investigation at this time. The most effective density-functional
theory will be used to analyze the compounds according to their phys-
ical characteristics. This current research may provide insightful infor-
mation for next experiments and simulations.

2. Computational details

For determining the physical properties, the current work used the
Wien2k software, which is based on the FP-LAPW method and density
functional theory [44]. Structural properties were assessed and opti-
mized using the PBE-GGA approach [45]. For optoelectronic devices to
perform properly, accurate band gap estimation is essential. The preci-
sion of the band gap is underestimated by the PBE-GGA; yet, precision is
crucial for electronic and optical analysis calculations. By using the TB-
mBJ potential to modify the band gaps, the entire potential strategy has
been changed. Within the reciprocal lattice framework, the input factors
Gmax and 7 are designated as 12 and 10, correspondingly. Up to eight can
be found by multiplying the lowest radius of an atomic sphere (Rpi,) by
the largest absolute value of the inverse vector (Kpax). The self-
consistent field (SCF) computations were accomplished using a
convergence criterion for the total energy of 10~ Ry. The atomic po-
sitions are relaxed using force minimization scheme [46] and were
adjusted until the force acting on each atom was less than 5 x 10~ Ry/
Bohr. The integration over the first Brillouin zone (BZ) was replaced by a
summation on a selected 10 x 10 x 10 k-point mesh. By reducing
muffin-tin sphere overlap, an appropriate MT radius makes it possible to
calculate electron density and potential precisely. The muffin-tin radii of
the atoms constituting the compound under study were 2.0, 1.8, 2.4, and
1.6 (a.u.) for Nb, Fe, Pb, and O, respectively. The optical properties were
estimated after calculating the complex dielectric function, indicated as
e(w), which uses to describe response of matter to incident electro-
magnetic waves, particularly in its linear optical characteristics [47].
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3. Results and discussion
3.1. Structural properties

The geometric stability of any compound plays a key part as all the
essential properties are based on the stability of the material [48]. The
structural configuration provides valuable information for compre-
hending the precise positioning of atoms inside the unit cell of the
crystal’s framework. The formula NbFePb2Og consists a cubic perovskite
with space group Fm3-m (#225) as shown in Fig. 1 through of four
separate parts (Nb, Fe, Pb, and O) in a proportion of 1:1:2:6. Within this
structure, Nb, Fe, Pb and O atoms occupy 8c (0,0,0), 4a (0.5, 0, 0), 4b
(0.25, 0.25, 0.25), and 24e (0.5, 0, x) sites, respectively. Notably, the
variable x takes positions at 0.2508 and 0.7491. The optimized lattice
parameters is 7.7869 A.

This determines the exact geometric configuration of the finished
materials, assigning each atom to the appropriate spot as needed.
Moreover, the periodic or geometric arrangement of atoms offers an
even more advantageous opportunity to study the overall ground state
energy of these alloys. Several structural characteristics were obtained
by fitting the total energy vs. Unit cell volume graph using the Murna-
ghan equation of state [49]. NbFePbyOg’s stability is explained by
optimization, which brings its atoms closer together and produces the
maximum electron density and energy release. The reason for this is that
the system would rather keep its potential lower. Basic ideas imply that
bond formation is an exothermic process since it releases energy. As seen
in Fig. 2, the obtained energy validates that these compound has stable
ground state energies, increasing their energetic stability. Furthermore,
Table 1 provides information on a number of ground state properties,
including bulk modulus By (GPa), lowest energy Ey (Ry), pressure de-
rivative B, and volume V, (a.u®).

Meanwhile, the cohesion energy and the formation enthalpy are
computed using the formula [50], as follows:

(Enb + Ere 4+ 2Epy, 4+ 6Eo) — Enprepbyo,
10

Econ = 1)
Enb, Ere, Epp, and Eg denote the energy measurements for the ele-
ments Nb, Fe, Pb, and O, respectively, whereas Enprepp206 denotes the
total computed energy of the material.
Also, The enthalpy of formation (AHj,) of NbFePbyOg in para-
magnetic (PM), antiferromagnetic (AFM) and ferromagnetic (FM) states
was determined the following expression:

AH. — Enbrepb,05 — (EsnlidNb + Flidg 4 2polidy, 4 6EG“ZO)
for —
10

(2)

Enbrepby0, T€Presents the total energy of the Exprepb,0, Unit cell, E*dy;,
and F*lg, and F*!}, denote the total energies per atom of the solid form
of the pure elements Nb, Fe and Pb respectively, whileEQ . denote the
total energies per atom of the gaseous state of the oxygen atom.

From Table 1, the positive values obtained for the cohesive energy of
NbFePb,yOg in the three magnetic states indicate that the ferromagnetic
state is more cohesive than the paramagnetic state. In addition, the
values obtained for the negatively valued NbFePbyOg enabled the
thermodynamic stability of the compound to be proven.

In order to ascertain the most stable state for the studied compound,
the energy-volume curves for paramagnetic (PM), antiferromagnetic
(AFM) and ferromagnetic (FM) states were plotted in Fig. 2. It is evident
from the figure that the ferromagnetic state has a lower energy than
antiferromagnetic and paramagnetic states.

The microscopic magnetic behavior in matter expresses the quantum
exchange interactions which are related to atoms’ magnetic moments,
the distance between them, and the external magnetic field to which
they are subjected [51,52]. These interactions were modeled using the
effective spin Hamiltonian of Heisenberg given by:
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Fig. 1. (a): Crystal Cubic structure of NbFePb,Os compound, (b): Polyhedral view along an axis.
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Fig. 2. Total energy versus volume calculated using GGA functional
for NbFePb,Og.

Table 1

The calculated equilibrium lattice constants, bulk modulus, cohesive energy,
and formation enthalpy for NbFePb,O¢ compound obtained by using GGA-PBE
approximations in both magnetic states (PM and FM).

a (;\) B(GPa) Econ(eV/atom) AHf,r(€V/atom)
M 7.787 261.698 5.942 —3.826
PM 7.844 200.911 5.935 —-3.811
AFM 7.479 185.468 5.788 -3.671
— = ——
Hpog = > JjSiSj+ > gipgh Si 3)
i i

i

Here, uB is the Bohr magneton, gi is the magnetic ratio, S”i is the spin
operator, h~~ is the external magnetic field, and Jij is the exchange
coupling constant (which depends on the distance between the two
atoms).

As shown in Fig. 3, the changes in the total magnetic moment of the
compound are clearly affected by the change in volume, as its value
decreased from 5 to 1 pp due to the change in volume resulting from the
compound being subjected to external pressure. This is in contrast to
some other compounds that are known to be magnetically stable even
under the influence of external pressure, such as Dy,CoMnOg [51],
Bas;MnReOg, BapNiReOg and SroMnReOg [32]. The magnetic behavior of
this compound can be explained by the magnetic exchange interaction,
where by studying the distribution of the density of states of the atomic
orbitals in the compound, it becomes clear that the d orbital’s of the iron
and niobium atoms close to the Fermi level contribute to the excitation
and interaction of the electrons in the p orbitals of oxygen due to their
presence within a strong internal potential, and the resulting interaction
leads to the arrangement of the spins of the electrons in the d orbitals in a
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Fig. 3. Total and partial magnetic moment variations as function of volume
for NbFePb,Og.

parallel manner, which gives the compound a magnetic moment.

3.2. Electronic properties

Double perovskite compounds have promising uses in energy con-
version, catalysis, and electronic devices. Understanding the electrical
properties of double perovskite materials is crucial for improving their
functionality and enabling new applications.

The energy band structure of the studied material was calculated at
high-symmetry points within the first Brillouin zone. Fig. 4 demon-
strates semiconductor, exhibiting a direct band-gap of 3.40 eV (L-L) in
the spin-up state and an indirect band-gap of 1.87 eV (I'-X) in spin-down
state.

The analysis of the total and partial state density curves in Fig. 5
validated the conclusions obtained from the energy band structure
curves, as we observe in both spin directions, the presence of a bandgap
with a zero density of states near the Fermi level, separating the con-
duction bands from the valence bands. According to Fig. 5, the PDOS
curves demonstrate that the electrons of the atoms forming the com-
pound NbFePb,Og¢ are distributed as follows: the electrons of the Pb
atom have two clear contributions in both spin states where the first is
due to the electrons of the s orbital in the energy range [—8 eV; -6 eV]
from the valence region and the electrons of the p orbital in the energy
range [+5 eV; +8 eV] from the conduction region. In the case of the
electrons of the d orbital of the iron atom, the contribution of the elec-
trons in the spin-up state was moderately strong in the formation of the
valence bands extending from —7 eV to Fermi level, and strongly sig-
nificant in the formation of the conduction bands extending from +2 eV,
to +4 eV. In the case of the Nb atom, it has been demonstrated that the
electrons of the d orbit contribute effectively to the formation of certain
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Fig. 4. Band structure curves for NbFePb,Og within the TB-mBJ approximation.

conduction bands, which are confined from +3 eV to +4.5 eV. On the
other hand, the contribution of the p orbital electrons of the oxygen
atom in both spin states was located at the valence bands in the energy
range [—3 eV;0 eV].

We can conclude from the analysis of the atoms’ partial density of
states curves that the origin of this compound’s magnetic behavior is the
obvious displacement between the spin-up and spin-down spin states of
the partial density of electrons in each of the iron (Fe) and niobium (Nb)
atoms’d orbitals. This displacement causes a magnetic moment to be
generated as a result of the asymmetry in the distribution of the density
of states between spin up and down states, which in turn increases the
polarization of electrons in these orbitals.

3.3. Optical properties

The compound’s optical characteristics are estimated for photovol-
taic applications with photon energies ranging from 0 to 8 eV. The op-
tical properties of a material are determined by its complex dielectric
function, which includes both real and imaginary parts [53].

G

Where are ¢;real and e;imaginary parts of the dielectric function.
The material’s degree of polarization under the influence of an external
electric field is represented by &;whereas the material’s absorption
behavior is associated with &,Fig. 6 shows the computed &;and
£5(values)

The electronic polarizability of the double perovskite compound is
revealed by ¢; (w), which also shows how electromagnetic (EM) radia-
tion disperses upon them. The static values for the compound progres-
sively rise to it maximum value at 3.22 eV, indicating that these
compound exhibit strong electrical polarization behavior within the
visible light range. As photon energy rises, the value is seen to slightly
decrease.

The response of the developing electromagnetic radiation on the
materials is captured by the &3 (w)component, which clarifies state
transitions from the unoccupied conduction band to the occupied
valence band. High absorption in the visible region is indicated by our
compound’s &, (@) peak value, which is observed at 3.38 eV and is
followed by a notable reduction in the imaginary part e (w) of the
dielectric function.

The calculated results for the above mentioned optical parameters
are shown in Fig.6 (c) and (d) where presents the curves for the
refractive index n(w) and extinction coefficient k(w) of NbFePb2Og. The
k(w) represents the dissipation of electromagnetic waves within the
material. When the trends of n(®) and k(®) for the compound closely
follow the trends of their ¢; (w)and €2 (), respectively. This indicates
that the calculated results align well with the established relationships

e=¢(w) +fsz(w)

between these optical parameters. The static refractive indices 7(0)are
2.96, which correspond to £1(®) based on the below mentioned relations
[54].

w0 = (5) Ve @ re @ co @] ®
k(@) = (%){ e 2(@) F & 2(@) — &1 (w)]l/z ©)

To further understand the optical properties of NbFePbyOg, other
important optical parameters such as the optical absorption coefficient
a(w), conductivity 6(w) and reflectivity R(w) can be deduced from &;(w)
and e5(w) using the following Egs. [55]:

o) = 22 | [RTEOTE) o

o(w) = — (%{) e(w) (®
_[n- 1]2 + k2

RO = s ©

Additionally, Fig. 7(b) illustrates the o(w)spectra of the incident
photon, which correspond to the conduction of photo-electrons under
radiation energy. The o(w) of NbFePbyOg begins to increase beyond
3.23 eV and reaches a maximum value of 27,941.51Q ! cm 'at3.38eV.
Fig. 7(a) as a function of the incident photon energy displays the varying
absorption coefficient a(w). Generally, a(w) represents the amount of
incident light energy absorbed per unit thickness of the material. A
higher absorption coefficient value indicates more efficient electron
transport from the valence band (VB) to the conduction band (CB). The
results demonstrated a broad absorption range from visible (vis) to ul-
traviolet (UV) light, with a maximum value of 178.66 x 10*/cm at 3.38
eV for NbFePbyOg. By establishing a correlation between the outcomes
of the absorption curve and the partial density of states curves (Fig. 5), it
becomes evident that the upper absorption peak situated within the
energy range of 3.5 to 4 eV can be attributed to the interband excitation
of electrons from the p orbital of the oxygen atom to the d orbital of the
Nb atom.

Based on Fig. 7(a), a(w)was nearly zero in the same region where the
optical conductivity, o(w) was also zero. The findings revealed that
o(w) reached its maximum value when the absorption was at its peak. In
the Fig.6(c), the zero-frequency reflectivity limit of NbFePb,Og is found
to be 0.25. High reflex peaks are observed 0.83 at energy 3.82 eV for the
compound corresponding to the negative values of ¢; (w). Therefore, the
results of this study demonstrate the suitability of NbFePb,Og for use in
vis and UV-based optoelectronic devices.
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Fig. 5. The calculated total and partial density of states for both NbFePb,Ogwithin the TB-mBJ approximation.

4. Conclusion ferromagnetic phase was confirmed, and its thermodynamic stability
was proven by calculating the enthalpy of formation.

The structural, electronic, optical and magnetic properties of The compound in its magnetic phase showed a magnetic moment

NbFePby0Og compound were investigated using ab initio calculations. that increases with the increase in the size of the crystal cell of the

The structural parameters were optimized using the generalized compound, and it showed semiconductor behavior in its most stable

gradient approximation (PBE) where the stability of the compound in its state with a direct band-gap of 3.40 eV (L-L) in the spin-up state, and an
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indirect band-gap of 1.87 eV (I'-X) in spin-down state.

The response of the compound to the incident electromagnetic ra-
diation was studied, as the compound showed good absorption of light
in the visible light range, which is a candidate for being a light detector
or sensor.
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