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Abstract: Perovskite materials have emerged as one of the most promising classes of
compounds in recent years due to their unique combination of electrical, dielectric, and
magnetic properties, which make them ideal candidates for a wide range of advanced
technological applications. This comprehensive review explores the latest developments
in the electrical, dielectric, and magnetic behavior of perovskites, providing an in-depth
analysis of the underlying mechanisms and their potential for improving device perfor-
mance. The review covers the fundamental aspects of charge transport, polarization, and
magnetic interactions in perovskite structures including the impact of crystal symmetry,
ion migration, and external stimuli on their properties. Moreover, it highlights the various
strategies used to tailor these properties through compositional engineering, doping, and
structural modifications, resulting in enhanced efficiency, stability, and multifunctional-
ity in applications such as photovoltaics, capacitors, dielectric resonators, and spintronic
devices. Additionally, the paper addresses the challenges associated with the practical
implementation of perovskite materials including stability issues under harsh environ-
mental conditions and scalability for industrial applications. The review concludes with
an outlook on future directions, emphasizing the need for further research to overcome
these challenges and unlock the full potential of perovskite materials in next-generation
electronics, energy storage, and magnetic devices.

Keywords: perovskite; sol-gel route; impedance complex; electrical conductivity; dielectric
relaxation; magnetic properties

1. Introduction

Perovskite materials, named after the mineral calcium titanate (CaTiO3), have gar-
nered immense attention due to their extraordinary structural versatility and remarkable
functional properties. With a general formula of ABX3, where ‘A’ and ‘B’ represent cations
of differing sizes and ‘X’ is an anion, typically oxygen or halide, perovskites exhibit a wide
range of tunable properties that are invaluable for modern technological applications. The
flexibility of the perovskite structure, stemming from the diverse choices for A, B, and
X components, allows for intricate tailoring of their electrical, dielectric, and magnetic
properties, making them a cornerstone in materials science research [1-6].

The general formula for perovskites is ABX3, where ‘A" and ‘B’ are cations of differing
sizes and ‘X’ is an anion that bonds to both. Typically, ‘A’ is a larger cation such as a rare-
earth or alkaline-earth metal, ‘B’ is a smaller transition metal cation, and ‘X’ is an anion like
oxygen [7-11]. This structure allows for a vast array of elemental substitutions, resulting
in a rich variety of physical properties including notable magnetic behaviors [11-15]. The
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perovskite structure is characterized by a three-dimensional framework of corner-sharing
BX¢ octahedra, with the “A’ cations occupying the interstitial sites [14-19]. This unique
architecture not only stabilizes the structure, but also enables diverse magnetic interactions,
driven by the intricate electronic correlations between the ‘A’ and ‘B’ site cations and
anions [20-22]. The flexibility in the perovskite composition allows for the fine-tuning
of these interactions, leading to phenomena such as ferroelectricity, magnetoresistance,
magnetocaloric effects, and spintronics applications.

The structural and chemical aspects of perovskites play a critical role in dictating their
physical properties. The ability to accommodate various ions in the A and B sites results in
a vast library of perovskite compounds with distinct features. Structural distortions, such as
tilting of the BX¢ octahedra, influence key parameters such as bandgap, ferroelectricity, and
magnetic interactions. Furthermore, advancements in synthesis techniques have enabled
precise control over compositional engineering, defect management, and nanostructuring,
opening avenues for enhancing their performance in practical applications [23-25]. Since
then, the study of perovskites has evolved significantly, particularly in the latter half of the
20th century with the advent of high-resolution characterization techniques and advanced
synthesis methods. These advancements have enabled researchers to unravel the complex
magnetic behaviors exhibited by perovskites, spurring a wave of innovations in both
fundamental research and practical applications.

In terms of electrical and dielectric properties, perovskites have shown unprecedented
potential in applications such as capacitors, energy storage devices, and piezoelectric sen-
sors. Their ability to exhibit high dielectric constants, ferroelectricity, and ion conductivity
makes them highly versatile for both fundamental research and industrial applications.
The interplay between structural features and electronic behavior, including ion migration
and polarization dynamics, has been a central theme in understanding and optimizing
these properties. Similarly, perovskites have demonstrated unique magnetic properties,
including ferromagnetism, antiferromagnetism, and spin-glass behavior, which are highly
dependent on their composition and structural ordering. These properties are critical
for spintronic applications, magnetic sensors, and data storage devices. The coupling
between magnetic ordering and other functionalities, such as ferroelectricity in multiferroic
perovskites, provides exciting opportunities for multifunctional device integration [26-28].

Ferroelectricity: Ferroelectric perovskites, such as BaTiOs, exhibit spontaneous electric
polarization that can be reversed by the application of an external electric field. This
property is intimately linked with the material’s crystal structure, where the displacement
of the B-site cation relative to the anions creates a dipole moment [29-34]. The coupling
between ferroelectricity and magnetism in certain perovskites has led to the discovery of
multiferroic materials, which hold promise for novel electronic devices that exploit both
electric and magnetic orderings.

Magnetoresistance: The phenomenon of magnetoresistance, where a material’s electri-
cal resistance changes in response to an applied magnetic field, is particularly pronounced
in perovskite manganites [35—41]. This colossal magnetoresistance (CMR) effect is a conse-
quence of the interplay between the electronic structure and magnetic ordering, driven by
the double exchange mechanism. CMR materials are being explored for their potential in
magnetic field sensors and spintronic devices.

Magnetocaloric effect: The magnetocaloric effect (MCE), which refers to the change in
temperature of a material upon the application or removal of a magnetic field, is another
intriguing property of perovskites. Materials exhibiting a large MCE are of great interest for
magnetic refrigeration technologies, which offer an energy-efficient and environmentally
friendly alternative to conventional gas-compression refrigeration. Perovskites such as
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La(Fe, Si)13-based compounds have shown significant potential in this area, prompting
ongoing research into optimizing their MCE for practical applications [42—46].

Spintronics and magnetochemistry: Spintronics, or spin-based electronics, represents
a burgeoning field where the spin of electrons, in addition to their charge, is utilized
for information processing. Perovskites play a crucial role in this domain due to their
ability to exhibit spin-polarized currents and giant magnetoresistance. The interplay
between the spin degrees of freedom and the lattice structure in perovskites enables the
development of spintronic devices with enhanced functionality and performance [47-52].
Magnetochemistry, which explores the chemical aspects of magnetic materials, benefits
greatly from the study of perovskites. The tunable nature of the perovskite structure
allows for systematic investigations into how chemical substitutions and modifications
affect magnetic properties. This understanding is crucial for designing materials with
specific magnetic behaviors tailored for applications in catalysis, sensing, and magnetic
data storage [53-57].

Applications and future directions: The diverse magnetic properties of perovskites
have led to their incorporation into various applications. In addition to the aforemen-
tioned uses in sensors, memory devices, and refrigeration, perovskites are being explored
for use in energy conversion and storage [58-61] as well as in biomedical applications
such as magnetic resonance imaging (MRI) contrast agents and targeted drug delivery
systems [59-69]. Despite the significant progress made in understanding and utilizing the
magnetic properties of perovskites, several challenges remain. These include improving the
stability and reproducibility of perovskite materials, enhancing their performance at room
temperature, and developing scalable synthesis methods for industrial applications. Future
research efforts are likely to focus on addressing these challenges as well as exploring new
compositions and structures to unlock further potential in this versatile class of materi-
als. The study of magnetic properties in perovskite materials is a dynamic and rapidly
evolving field, driven by the unique structural characteristics and tunable nature of these
compounds. Figure 1 illustrates the trends in publications related to perovskite materials,
highlighting significant growth in the fields of electrical, dielectric, and magnetic properties.
The data showed a consistent increase in research activity across all categories, under-
scoring the growing interest and advancements in these key areas of perovskite material
applications. In addition to their diverse applications in sensors, memory devices, energy
conversion, and biomedical fields, perovskite-based materials also show great promise for
next-generation optoelectronic applications, particularly in light-emitting devices, which
are expected to drive future innovations in the field [70].

This review aims to provide a comprehensive overview of the recent advances in the
study of perovskite materials, with a focus on the structural and chemical aspects that
underlie their diverse functional properties. It delves into the structural and chemical fun-
damentals of perovskites, discussing their crystalline frameworks, chemical tunability, and
defect management and highlights their electrical and dielectric properties, emphasizing
the mechanisms of charge transport, polarization, and dielectric behavior. It explores the
magnetic properties of perovskites, discussing the key factors influencing their magnetic
ordering and their implications for technological applications. The review concludes with
a discussion of the challenges and future directions in the field, aiming to inspire further
research into the design and application of perovskite materials.
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Figure 1. Trends in publications on perovskite materials highlighting electrical, dielectric, and
magnetic properties.

2. Structural and Chemical Aspects of Perovskites

Perovskite materials, characterized by their ABXj crystal structure, exhibit a remark-
able diversity in their chemical compositions and structural variations. Understanding the
structural and chemical aspects is fundamental to elucidating their magnetic properties
and exploring their potential applications across various fields (Figure 2).

Crystal structure and symmetry: The perovskite crystal structure consists of a three-
dimensional network of corner-sharing BX¢ octahedra, where ‘B’ cations occupy the octahe-
dral centers and ‘X’ anions reside at the vertices (Figure 3) [71,72]. The ‘A’ cations occupy
the larger cubic sites between the octahedra. This arrangement gives rise to the general
formula ABX3, where ‘A’ is typically a larger cation (e.g., La, Ba) occupying the A-site,
‘B’ is a smaller transition metal cation (e.g., Ti, Mn) at the B-site, and ‘X" is an anion (e.g.,
O, F) bonding to both “A” and ‘B’. The cubic perovskite structure (space group Pm3™ m)
is stable under ambient conditions for many materials but can undergo distortions and
phase transitions under different temperatures, pressures, or upon chemical substitution.
These structural variations are crucial as they strongly influence the material’s magnetic
and electrical properties.

A-site and B-site cation substitutions: One of the defining features of perovskites is
their ability to substitute both the “A” and ‘B’ cations, leading to a vast array of materials with
tailored properties. Substituting ‘A’-site cations can influence lattice parameters, stability,
and sometimes introduce charge carriers through doping. For instance, replacing La with
Ca in LaMnOj3 can modify the material’s magnetic and electronic properties. Similarly,
B’-site cation substitutions can alter magnetic interactions and electronic configurations
within the octahedral framework. This flexibility allows researchers to fine-tune properties
such as magnetism, ferroelectricity, and conductivity. For example, replacing Mn with Fe
or Co in perovskite manganites can significantly affect the magnetic ordering and magneto
resistive behavior due to changes in the electronic structure and spin configurations. To
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gain deeper insights into charge generation and transfer within perovskite crystals, ultrafast
laser transient absorption spectroscopy (TAS) serves as a valuable figure of merit tool. This
technique is crucial for understanding the dynamics of charge carriers, which strongly
correlate with the performance of perovskite-based devices [73,74].

Influence of anion (X) variations: The choice of anion in perovskite compounds also
plays a critical role in determining their properties. Oxygen (O) is the most common anion
in traditional perovskites, but other halides (e.g., F, Cl) or mixed anions can be incorporated
to modify properties such as bandgap, conductivity, and magnetic ordering. Mixed-
anion perovskites, like BaZr(; _y) TixO3 or LaMnO;_Fy, exhibit intriguing properties that
combine the characteristics of their constituent anions, offering new avenues for material
design and applications.

Synthesis methods and techniques: The synthesis of perovskite materials is a pivotal
aspect in controlling their structural and chemical properties (Figure 4). Various synthesis
techniques, including solid-state reactions, sol-gel methods, chemical vapor deposition
(CVD), and hydrothermal synthesis, offer different levels of control over particle size,
crystallinity, and composition. Characterization techniques such as X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and spectro-
scopic methods (e.g., X-ray photoelectron spectroscopy, Raman spectroscopy) are essential
for elucidating the crystal structure, phase purity, and chemical composition of perovskite
materials [75]. These techniques provide insights into how structural and chemical modifi-
cations impact the magnetic behaviors and overall performance of perovskite-based devices.
The structural and chemical aspects of perovskite materials are pivotal in understanding
their magnetic properties and tailoring them for specific applications. By manipulating the
composition, doping, and synthesis conditions, researchers can unlock new functionalities
and enhance the performance of perovskite materials in fields ranging from electronics
and magnetism to energy conversion and beyond. Future research efforts will continue to
explore novel compositions and synthesis strategies to further expand the capabilities of
perovskite-based materials in emerging technologies.
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Figure 2. (a) Crystal structure of 3D perovskite ABX; with Cs*, MA*, or FA* cations. (b) Tolerance
factors (t) of 3D halide perovskites. (c) Structure derivation of layered 2D perovskite with long cations
cutting the 3D perovskite along the (100), (110), and (111) planes. Reproduced with permission
from [76]. Copyright © 2019, Springer Nature.
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Figure 3. Structural and morphological insights into perovskite materials and solar cells. Reprinted
with permission [77]. Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 4. Synthesis (sol-gel) of perovskites. Reprinted with permission from Duan, Y., Wang, D., and
Costa, R. D [78]. Copyright © 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Characterization Techniques

Characterizing perovskite materials is essential for understanding their structural,
optical, electrical, and magnetic properties. Key characterization techniques include X-ray
diffraction (XRD), which determines the crystal structure and phase purity of perovskite ma-
terials. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
provide detailed morphological and microstructural information at the nanoscale. Spectro-
scopic techniques including UV-Vis spectroscopy, Fourier-transform infrared spectroscopy
(FTIR), and Raman spectroscopy analyze optical and vibrational properties. Electrical and
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magnetic measurements, such as Hall effect measurements, electrical conductivity, and
magnetization measurements, probe electronic and magnetic properties [79-90].

3. Electrical and Dielectric Properties

Perovskite materials exhibit a fascinating array of electrical, dielectric, and magnetic
properties, which are central to their widespread application in diverse technological
fields. This section explores these properties in detail and discusses the role of impedance
spectroscopy in understanding their complex behavior [91-95].

3.1. Electrical Properties

Perovskite materials demonstrate a wide range of electrical behaviors, spanning from
insulation to metallic and superconducting states. This variability arises from the ability to
finely tune their electronic structure through doping, compositional variations, and defect
engineering. Understanding and controlling the electrical conductivity of perovskites
are crucial for applications in electronic devices such as transistors, sensors, and energy
storage systems. Recent breakthroughs in perovskite solar cells (PSCs) highlight their
potential for achieving high efficiency and stability, promising advancements in renewable
energy technologies. Achary et al. [96]. conducted a comprehensive study on the structural,
electrical, and dielectric properties of two lead-free double perovskites, BiHoZnZrOg
(BHZZR) and BiHoCuTiO4 (BHCTO), synthesized using a cost-effective solid-state reaction
technique. Their research revealed that substituting the pair of elements Zn and Zr with Cu
and Ti induces a structural transition from a monoclinic to an orthorhombic crystal system
(Figure 5). Microscopic imaging and energy-dispersive spectra confirmed the homogeneous
distribution of grains and the formation of the desired compounds in both perovskites.
Detailed impedance spectroscopy studies highlighted that the dielectric and electrical
properties of these materials are significantly influenced by frequency and temperature
variations [97-100].

It was observed that the grains, grain boundaries, and electrodes profoundly impact
these properties, providing insights into the electrical conduction mechanisms and mi-
crostructural behaviors. Equivalent circuit models were developed tog extract electrical
parameters such as bulk and grain boundary resistance and capacitance, facilitating a
detailed comparison of the AC conductivity, electrical modulus, and transport properties
of BHZZR and BHCTO. In examining the dielectric properties, the study focused on the
dielectric loss (tan 5), which is the ratio of the real and imaginary parts of a capacitor’s
impedance at a given frequency. A higher tan $ indicates substantial dielectric absorp-
tion [101-104]. For capacitors constructed with lossy dielectrics, capacitance (C) changes
more significantly with frequency, whereas good dielectric materials exhibit slower changes
in C. The dielectric constant (¢;) was defined as the ratio of a capacitor’s capacity with
BHZZR as the dielectric medium to that with a vacuum as the dielectric medium. The
dielectric constant is temperature and frequency-dependent and was calculated using
the formula ¢; = Cp/Cp, where C,, is the parallel capacitance obtained from impedance
analysis, and Cy is determined from the physical dimensions of the sample [105]. For
instance, with a pellet diameter of 1.191 cm and thickness of 0.2295 cm, the calculated area
was 1.113508 x 10~* m?, resulting in a Cy value of 0.43 pF. Using this value, the dielectric
constant was computed from the Cp, data derived from the impedance results. The plots
of dielectric constant versus frequency for BHZZR and BHCTO showed that the er was
initially high but decreased with increasing frequency for both samples. This behavior
is influenced by interfacial, dipolar, ionic, atomic, and electronic polarizations. At lower
frequencies, dipoles struggle to align with the alternating electric field, leading to higher
dielectric constants. However, at higher frequencies, electronic polarization predominates,
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causing the dielectric constant to decline. This study elucidates the complex interplay be-
tween structural modifications and the resulting electrical and dielectric properties, offering
valuable insights for the development and optimization of perovskite-based materials in
various technological applications [106].
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Figure 5. (a) The plot of dielectric constant with frequency for BHZZR. (b) The plot of dielectric con-
stant with frequency for BHCTO. Reprinted with permission from Achary, P. G. R. et al. (2018) [106].
Copyright © 2018 Springer Science Business Media, LLC, part of Springer Nature.

In addition, Nassar et al. [107]. conducted an in-depth investigation into the AC
electrical conductivity and dielectric properties of the double perovskite oxide BiBaFeZnOg
(BiBFZO), synthesized using the sol-gel method. Their structural analysis revealed that
BiBFZO crystallizes in a thombohedral system with the R-3C space group, confirming its
single-phase nature. The study employed impedance spectroscopy to examine the dielec-
tric behavior and physical phenomena of the material over a temperature range of 200 to
380 K and frequencies up to 1 MHz. Nyquist diagrams at various temperatures displayed
a flat semi-circular arc, modeled using an equivalent circuit comprising an RC element
and an RQ element. The frequency-dependent behavior of the imaginary component of
impedance (Z") indicated a relaxation process, while electrical conductivity analysis, based
on Jonscher’s law, enabled the calculation of activation energy [108-110]. The results vali-
dated the non-overlapping small polaron tunneling (NSPT) model as a suitable explanation
for the electrical conduction mechanism in BiBFZO. Electrical conductivity exhibited two
distinct regions: a low-frequency region where conductivity remained constant, and a
high-frequency region where the conductivity increased with frequency. The temperature-
dependent variation in conductivity showed a linear behavior, indicative of a thermally
activated transport mechanism. The dielectric properties of BIBFZO were also temperature
and frequency-dependent (Figure 6). The complex impedance spectra showed a single
flat semi-circular arc, which was interpreted using an equivalent circuit model comprising
a constant phase element impedance (RQ element) and a parallel resistance-capacitance
network (R1-CPE; and R,-Cy). Activation energy values obtained from both electrical con-
ductivity and complex impedance measurements were found to be very similar, suggesting
that the relaxation mechanism is attributable to the same type of charge carriers [111-115].
The temperature dependence of the exponents provided further insight into the conduc-
tion mechanism, supporting the NSPT model as the most appropriate for explaining the
electrical conduction phenomena in BiBFZO.
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Figure 6. Frequency dependency of conductivity o, for BiBaFeZnOg. Reprinted with permission
from Nassar, K. I et al. [107]. Copyright © 2021 The Author(s), under exclusive license to Springer
Science Business Media, LLC, part of Springer Nature.

Furthermore, K. Iben Nassar and colleagues [116] conducted an in-depth investigation
into the structural and electrical properties of the double perovskite oxide LaPbFeTiOg,
synthesized using the sol-gel method. X-ray diffraction analysis revealed that LaPbFeTiOg
crystallizes in the thombohedral system with the space group R3C. The chemical com-
position and morphology of the grain size were confirmed through energy-dispersive
spectroscopy (EDS) and scanning electron microscopy (SEM), respectively. Electrical con-
ductivity and dielectric characterizations were performed as functions of frequency and
temperature (ranging from 200 to 380 K) using impedance spectroscopy. Their results
indicated that the dielectric constant of LaPbFeTiOg increased with temperature. In their
study of AC conductivity, the frequency dependence was found to adhere to Jonscher’s
power law, where o(w) = opc + Aw®, with w being the angular frequency, opc is the DC
conductivity, A is a constant, and s represents the interaction between mobile ions and
surrounding lattices. The conductivity curves showed two distinct regions: a low-frequency
plateau representing DC conductivity, and a high-frequency region where AC conductivity
increased with frequency. This behavior suggests a thermally activated charge carrier
hopping process, which intensifies with temperature [4,117-120]. The high-frequency
conductivity variation, attributed to the relaxation phenomenon, is due to the mobility of
charge carriers, implying their displacement from their original positions to new sites.

The experimental data fitting, performed using ORIGIN 8.0 software, confirmed
these observations and indicated that LaPbFeTiOg behaves as a semiconductive material.
Additionally, the temperature dependence of DC conductivity followed Arrhenius behavior,
where the activation energy (E,) was derived from the linear relationship between Ln(opc)
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and the inverse of temperature (1000/T) (see Figure 7). This analysis provided insights into
the thermal activation energies and the conduction mechanisms in this material.
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Figure 7. Temperature dependences of the charge carrier mobilities and the exponent s of LaPbFeTiOg.

Reprinted with permission from Nassar, K. I. et al. (2021). Applied Physics A: Materials Science &

Processing [116]. Copyright © 2021 The Author(s), under exclusive license to Springer-Verlag GmbH,
DE, part of Springer Nature.

Indeed, Hasan, Z., Rahman, M.A., Das, D.K. et al. [121] conducted a comprehensive
first-principles investigation into the structural, electronic, optical, and mechanical proper-
ties of the pure BaTiO3; and Ca-doped BaTiO3 (Ba;_xCaxTiO3 with x = 0.125, 0.25, 0.375,
0.500, 0.625) perovskites, aiming to evaluate their potential for optoelectronic, photore-
fractive, and photovoltaic applications. Utilizing density-functional-theory calculations,
the study revealed significant modifications in the properties of BaTiO3; upon Ca doping.
The geometrically optimized structures showed a phase transition from cubic to another
crystal phase at a doping level of x = 0.25. The electronic band structure analysis indicated
a change from an indirect to a direct band gap upon Ca doping, with a shift in the con-
duction band toward higher energy levels. The bandgap for pure BaTiO3 was found to
be 1.729 eV, which increased slightly with Ca doping, reaching 1.749 eV at x = 0.125 and
1.775 eV at x = 0.25, demonstrating a direct band gap at these doping levels. This direct
band gap characteristic is crucial for optoelectronic and photovoltaic applications, as it
enhances the material’s efficiency in light absorption and emission processes [122-125].
The optical properties, including absorption, reflectivity, refractive index, extinction coeffi-
cient, conductivity, dielectric function, and loss function, were extensively studied over an
energy range from 0 to 30 eV. The results highlighted a prominent absorption peak and
significant optical activity in the UV light energy region, suggesting that Ca-doped BaTiOs
is highly suitable for UV photo detectors and other optoelectronic devices. The mechanical
properties were also analyzed, showing increased Debye temperatures with higher Ca
doping levels, indicating enhanced thermal stability. The elastic constants confirmed the
mechanical stability and the presence of covalent bonds in the compounds. Overall, the
modification of BaTiO3 by Ca doping significantly improved its structural, electronic, and
optical properties, making it a multifunctional material with potential applications in vari-
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ous advanced technologies. The study provides a solid foundation for further experimental
and theoretical research to optimize and utilize Ca-doped BaTiOj3 in practical applications.
Extra, Md. Azizur Rahman, and their team [126] conducted an extensive study on the
impact of A-cations (Ba, St, and Ca) on the structural, electronic, optical, mechanical, and
solar cell performance of novel A3NCl3 perovskites using DFT and SCAPS-1D (version
3.3.10) simulation software. This research aimed to investigate lead-free halide perovskites,
known for their excellent optical absorption, tunable band gap, and high carrier mobility.
The study revealed that these perovskites exhibit a semiconducting nature with a direct
band gap and mechanical stability, confirmed by phonon studies. The direct band gap
values for BagNClg3, Sr3NCljz, and CazNCl3 were found to be 0.58(1.20), 1.258(1.75), and
1.683(2.30) eV, respectively, using PBE(HSE) functionals, indicating a decrease in bandgap
as the A-cation changed from Ba to Sr to Ca. This trend is attributed to the increase in the
cation radius, which weakens electrostatic interactions between the cations and Cl atoms,
reducing the energy needed for electron transition from the valence band to the conduction
band. The solar cell performance analysis, using the structure Al/FTO/SnS,/A3sNCl3/Au,
showed that BazNCls-based cells achieved the highest power conversion efficiency (PCE)
of 28.81%, with a JSC of 38.26 mA /cm?, FF of 79.91%, and VOC of 0.94 V. In contrast, cells
with Sr3NCl3 and CaszNCl; had PCEs of 18.11% and 8.54%, respectively. The electronic
band structures indicated a transition from an indirect to a direct bandgap, essential for
photovoltaic and optoelectronic applications [126]. The study also examined the partial
density of states, revealing hybridization of the Ca, Sr, Ba, and N states with Cl, indicating
ionic bonding between these elements. The valence band maximum (VBM) was mainly
influenced by the Cl-2p orbital, while the conduction band minimum (CBM) was deter-
mined by the N-2p and A (Ca, Sr, Ba)-p orbitals. This comprehensive analysis provides
valuable insights into the experimental development of efficient A3NCls-based perovskite
solar cells (Figure 8).
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Figure 8. (a) BazNCl3, (b) Sr3NCl3, and (c) CazNCl; electronic band structures using the PBE and
HSE functions of inorganic novel A3NClj3 perovskites. Reprinted with permission from Rahman, M.
A. etal. (2024). Energyfuels.3c03175 [126]. Copyright © 2024 American Chemical Society.

Nassar, K.I., Benamara, M., Kechiche, L., and their colleagues [127] studied the struc-
tural, microstructural, and electrical properties of bismuth and niobium-doped LaNiO3
perovskite synthesized via the sol-gel technique for potential electronic device applica-
tions. The X-ray diffraction analysis with Rietveld refinement indicated a monoclinic phase
with a Py1/,, space group at room temperature. Scanning electron microscopy revealed
closely packed grains with high density and minimal porosity. The dielectric relaxation
phenomenon analyzed using the Cole-Cole model and the complex impedance data were
modeled with an equivalent circuit comprising a resistance and a constant phase ele-
ment [128]. The frequency-dependent conductivity followed Jonscher’s power law, while
an Arrhenius-type conduction mechanism with an activation energy of 0.168 eV was iden-
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tified. Notably, the electrical properties remained stable across different temperatures,
highlighting the material’s potential for thermally stable capacitor applications. The ac
conductivity study showed two plateaus in the spectra, indicating the presence of two
distinct processes contributing to the bulk conduction behavior, with one relaxing in the
high-frequency region and the other appearing as a plateau at high frequencies (Figure 9).
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Figure 9. Variation in the conductivity oac as a function of temperature and frequency. Reprinted
with permission from Nassar, K. I. et al. (2024). Indian Journal of Physics [127]. Copyright © 2024
Indian Association for the Cultivation of Science, published by Springer Nature.

3.2. Dielectric Properties

The dielectric properties of perovskite materials are equally significant, particularly for
their applications in capacitors, tunable dielectrics, and memory devices. Many perovskite
compounds exhibit high dielectric constants combined with low dielectric losses, making
them ideal candidates for advanced electronic components. The frequency-dependent
behavior of dielectrics in perovskites, including dielectric relaxation and polarization mech-
anisms, plays a critical role in optimizing their performance across various applications.
In their study, Iben Nassar, K., et al. [129] explored the dielectric properties of the poly-
crystalline sample LaBaFej ;Mng gO¢ synthesized via the sol-gel method. X-ray diffraction
confirmed the sample’s single-phase formation in a rhombohedral crystal system with the
RC space group. Detailed dielectric and impedance spectroscopy analyses over various
temperatures revealed a relaxation phenomenon. The real part of the dielectric permittivity
(¢/) was found to increase with temperature and decrease with frequency. A notable shift
in the maximum permittivity curves was observed as the temperature rose from 300 K to
620 K, indicating a dielectric relaxor behavior. The permittivity increased up to a transition
temperature (Tq) of 425 K, beyond which it decreased, suggesting a metal-semiconductor
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transition. Additionally, the analysis of dielectric loss showed almost negligible dissipation
at low temperatures, which increased significantly around 400 K and then decreased with
higher frequencies at elevated temperatures, consistent with the Debye model (Figure 10).
This behavior suggests that charge carriers are unable to follow the applied electric field
at high frequencies, leading to reduced dielectric dissipation in this range. These findings
underscore the material’s potential for applications requiring high permittivity and low
dielectric loss such as capacitors.
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Figure 10. Temperature variation in the real part of permittivity (¢') at several frequencies (a) and the
temperature variation in the loss tangent (tan) at several frequencies of the sample (b). Reprinted
with permission from Nassar, K. I. et al. [129]. Copyright © 2022 Indian Association for the Cultivation
of Science, published by Springer Nature.

The study by Tayari et al. [130] delved into the dielectric and electrical conductivity
properties of the Bag 75Nig 25 Teg ssMngp 1203 (BNTMO) perovskite ceramic, synthesized us-
ing the sol-gel method. Structural analysis via X-ray diffraction confirmed a single-phase
cubic structure with a Pm-3m space group, while scanning electron microscopy showed
a well-defined morphology with an average particle size of 243 nm. Dielectric studies
revealed that the real part of the complex permittivity (¢') increased with temperature and
decreased with frequency, suggesting a dielectric polarization mechanism. This behavior,
primarily due to interfacial polarization, aligns with observations in similar perovskite
and metallic oxide materials. The dielectric loss also decreases with increasing frequency,
attributed to relaxation time distribution and charging carrier density. These properties
indicate the material’s potential for energy storage applications [131]. The consistent activa-
tion energy values from various analyses further support the coherence of the charge carrier
relaxation process in BNTMO, making it a viable candidate for advanced technological
applications (Figure 11).
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Figure 11. (a) Evolution of the real part of the permittivity and (b) the variation in dielectric loss
as a function of frequency at various temperatures. Reprinted with permission from Tayari et al.
(2024). Journal of Sol-Gel Science and Technology [130]. Copyright © 2024 The Author(s), published
by Springer Nature.

The study by Kumar, A., Kumar, V., and Kumar, A. et al. [132] examined the dielectric
and electrical properties of a Bis Yb301, (BYO) ceramic material synthesized via a chemical
route. X-ray diffraction (XRD) and Le Bail fitting confirmed the single-phase formation of
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a BYO ceramic with a cubic crystal system and space group Fm-3m. X-ray photoelectron
spectroscopy (XPS) verified the oxidation states of the elements, while energy-dispersive
X-ray spectroscopy (EDS) determined the elemental composition. The dielectric constant
of the BYO ceramic reached a peak value of 337 at 382 K and 1 kHz, and its lowest value
was 238 at 523 K and 1 kHz, with a tangent loss (tan §) of 0.2 at 293 K and 1 kHz, and
0.37 at 293 K and 1 MHz The dielectric constant (¢/) and dielectric loss (tan §) of the BYO
ceramic were studied over various temperatures and frequencies, showing that the dielec-
tric constant was higher at low frequencies due to contributions from various polarization
types, such as electronic, ionic, dipolar, and interfacial, and decreased with increasing
frequency, where electronic polarization dominated. Additionally, temperature influenced
the dielectric constant, which initially increased but decreased beyond a certain point,
reflecting the material’s relaxation behavior. Factors like material thickness and moisture
content also affect the dielectric constant. This behavior aligns with the Maxwell-Wagner
and Koop models, describing ceramic materials as having highly conducting grains and
less conducting grain boundaries. The dielectric loss decreases with increasing frequency,
indicating the material’s relaxation dynamics and charge carrier density contributions.
The study highlights BYO ceramic’s potential for technical applications, particularly in
capacitors, due to its high permittivity and low dielectric loss, providing insights into its
suitability for electronic devices and energy storage applications (Figure 12).

In their study, Suresh et al. [133] explored the structural, optical, and dielectric proper-
ties of nanostructured Laj _4SrxMnOs3 perovskites synthesized via the combustion method
using citric acid as fuel. X-ray diffraction (XRD) confirmed the formation of the desired
compositions, revealing that increasing the Sr doping concentration reduced the crystal-
lite size from 30 nm to 14 nm. Scanning electron microscopy (SEM) displayed a spongy,
porous structure in the samples. Optical analysis showed good absorbance in the UV and
higher wavelength regions, with the optical bandgap energy increasing. In their study,
Jabarov et al. investigated the dielectric and electrical properties of LagsBagsMnO3 and
Lag.97Bag 03MnOs3 perovskites over a temperature range of 25-225 °C and a frequency range
of 20-10° Hz. Their analysis revealed that the electrical conductivity of these compounds
increased with temperature and frequency, and a semiconductor-metal phase transition
occurred at around 140 °C. The dielectric constant and losses were characterized, showing
a stable real part of the dielectric constant under varying temperature and frequency, while
the imaginary part of the dielectric constant decreased with frequency. For Lag 5sBagsMnOs3,
the imaginary part stabilized after approximately 5 x 10> Hz, and significant dielectric
losses were noted at lower frequencies due to the charge carrier dynamics. The temperature-
dependent behavior of the imaginary part of the dielectric constant indicated the presence
of impurities or radicals, influencing its increase below 90 °C and resonant interactions
between 90 and 160 °C. In contrast, Lag 97Bag g3MnO3 showed a clear increase in dielectric
constant up to 140 °C, followed by a decrease, indicative of the phase transition. The find-
ings underscore the significance of these perovskites in applications requiring controlled
dielectric and conductive properties, highlighting their potential in electronic and catalytic
processes. From 1.4 eV to 2.5 eV, as the Sr doping concentration increased, the dielectric
analysis highlighted that Lag 35rp 7MnOj3 exhibited a high dielectric constant at ambient
temperature and low frequencies, attributed to interfacial dislocations, charge defects,
oxygen vacancies, and grain boundary effects as explained by the Maxwell-Wagner model
(Figure 13). The dielectric constant decreased with increasing frequency but increased
with higher Sr doping concentrations, making these materials suitable for supercapacitor
applications. The study also noted that ac conductivity followed Johnscher’s universal
power law at high frequencies, with electrode polarization effects evident from the log o
log f plot. The dielectric loss tangent (tan 0) decreased with increasing frequency, indicating
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tan &

higher resistivity at the grain boundaries compared with the grains. The behavior of tan 6,
which decreased with increased doping, suggests its suitability for high-frequency device
applications. Moreover, in their study, Jabarov et al. [134] investigated the dielectric and
electrical properties of Lag5Bag5sMnO3 and Lag gyBag ;3MnOj3 perovskites over a tempera-
ture range of 25-225 °C and a frequency range of 20-106 Hz. Their analysis revealed that
the electrical conductivity of these compounds increased with temperature and frequency,
and a semiconductor-metal phase transition occurred at around 140 °C. The dielectric
constant and losses were characterized, showing a stable real part of the dielectric constant
under varying temperature and frequency, while the imaginary part of the dielectric con-
stant decreased with frequency. For Lag5BagsMnQOjs, the imaginary part stabilized after
approximately 5 x 10% Hz, and significant dielectric losses were noted at lower frequencies
due to the charge carrier dynamics. The temperature-dependent behavior of the imaginary
part of the dielectric constant indicated the presence of impurities or radicals, influencing
its increase below 90 °C and resonant interactions between 90 and 160 °C. In contrast,
Lag 97Bag03MnO3 showed a clear increase in dielectric constant up to 140 °C, followed by
a decrease, indicative of the phase transition. The findings underscore the significance of
these perovskites in applications requiring controlled dielectric and conductive properties,
highlighting their potential in electronic and catalytic processes.
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Figure 12. (a,b) Temperature and frequency dependent variation in dielectric constant (¢;) and
(c,d) temperature and frequency-dependent variation in tangent loss (tan §) of BYO sintered at 1123 K
for a duration of 8 h. Reprinted with permission from Kumar, A. et al. (2024). Journal of Materials
Science: Materials in Electronics [132]. Copyright © 2024 The Author(s), under exclusive license to
Springer Science Business Media, LLC, part of Springer Nature.
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Figure 13. Variation in loss factor tan & of LaMnOj3, Lag7Sro3MnOj3, LagsSrgsMnOj3;, and
Lag 3Srg7MnO3 nanoparticles with frequency. Reprinted with permission from Suresh, S. et al.
(2023). Materials Today Communications [133]. Copyright © 2023 Elsevier, published by Materials
Today Communications.

Similarly, the study by Algahtani et al. [135] explored the structural, optical, and
microwave dielectric properties of SryFeq,xNb;_,Og ceramics synthesized via a solid-state
route. Their investigation employed X-ray powder diffraction (XRD), scanning electron
microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, impedance analysis,
and photoluminescence (PL) spectroscopy. XRD analysis confirmed a single-phase tetrag-
onal structure with space group 14/m across the SryFe;xNb;_Og composition range of
0.015 < x < 0.030. The findings indicated enhanced structure stability with increasing x.
Impedance analysis revealed that increasing frequency enhanced carrier hopping and mo-
bility, impacting conductivity. The dielectric constant showed variations with the frequency
and relative densities, indicating a rise with increasing density but was affected by the
impurity phases at microscopic levels. Dielectric loss, decreased with increasing frequency,
was attributed to the reduced power loss from current leakage in the capacitor configuration.
PL analysis highlighted an excitation energy suitable for green light lasers. Overall, the
research underscores the potential of SrpFeq,xNb;_4Og ceramics in microwave applications,
emphasizing their structural stability and favorable dielectric properties across varying
compositions and densities.

4. Magnetic Properties

Perovskite materials display diverse magnetic properties, ranging from ferromag-
netism and antiferromagnetism to complex magnetic ordering phenomena. These prop-
erties are essential for applications in spintronics, magnetic storage, and multifunctional
materials that integrate magnetic and electronic functionalities [136]. The interplay between
the structural, electronic, and magnetic characteristics of perovskites offers fertile ground
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for exploring new physical phenomena and developing innovative technologies. The
magnetic properties of RE;NiCrOg (RE = Ce, Pr, and Nd) double perovskite oxides were
thoroughly investigated using experimental and theoretical approaches in the study by
Irfan et al. [137]. The compounds were synthesized via the hydrothermal method, and their
structural, electronic, and magnetic properties were characterized. X-ray diffraction con-
firmed the orthorhombic structure, while SEM images displayed well-formed particles, and
EDS mapping verified the elemental composition of Ce, Pr, Nd, Ni, Cr, and O in appropriate
proportions. Density functional theory calculations using the FP-LAPW method revealed
the half-metallic nature of these compounds, with the spin-polarized electronic structures
and density of states indicating ferromagnetic coupling between the Ni and Cr ions. The
magnetic properties were further elucidated through magnetization measurements at room
temperature, as depicted in Figure 14a—c. The presence of hysteresis loops with residual
magnetization and coercivity confirmed the ferromagnetic behavior of the RE,NiCrOg
compounds. According to the Goodenough-Kanamori rule, this ferromagnetic order arises
from the virtual electron transfer between transition metal ions. The experimentally cal-
culated values of magnetic saturation (Ms), coercivity (Hc), and retentivity (Mr) had Ms
values of 5.96 emu/g, 7.93 emu/g, and 9.95 emu/g for the Ce, Pr, and Nd compounds,
respectively. These values correlated well with the theoretical predictions and highlight
the potential of RE;NiCrOg double perovskite oxides for applications in spintronics due to
their robust ferromagnetic properties and half-metallic character [137].
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Figure 14. (a-c) Magnetization curves of (a) CepNiCrOg, (b) PryNiCrOg, and (c¢) Nd;NiCrOg double
perovskite oxides. Reprinted with permission from the author(s) (2023). Physica E: Low-dimensional
Systems & Nanostructures [137]. Copyright © Elsevier, published by Elsevier BV.
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The investigations conducted by Marouane et al. [138] looked at the impact of potas-
sium (K) substitution at the A-site on the structural, magnetic, and magnetocaloric proper-
ties of brownmillerite oxides La;_yKxSrMn;Os,.5 (0.1 < x < 0.3). Synthesized via solid-state
reaction at high temperatures, the compounds were found to crystallize in the orthorhombic
system with a Pnma space group, as revealed by structural analysis. Magnetic measure-
ments, including Arrott’s analysis, identified a second-order ferromagnetic phase transition
in all samples, where the Curie temperature (Tc) decreased with increasing potassium
content. Specifically, Tc values were observed at 357 K, 354 K, and 350 K for x = 0.1, 0.2,
and 0.3, respectively. This reduction in T¢ with higher K substitution can be attributed
to changes in the Mn3* and K3* concentrations, influencing super exchange interactions.
The magnetocaloric effect, quantified by the isothermal magnetic entropy change |ASM I,
indicated values of 1.2 J kg=! K1, 1.08 Jkg=! K1, and 0.8 J kg~ ' K~! for x = 0.1, 0.2,
and 0.3, respectively. Overall, these findings underscore the tunability of magnetic and
magnetocaloric properties in La;_y K SrMn,Os, 5 through controlled potassium substi-
tution, highlighting their potential for magnetic refrigeration applications (Figure 15).
Similarly, S. Belhamra et al. [84] studied the structural, electronic, magnetic properties, and
magnetocaloric effects of LaRO3 (R = Mn, Cr, Fe) perovskite oxides using first-principles
calculations and Monte Carlo simulations. Their research revealed that these materials
exhibited intrinsic weak ferromagnetism at room temperature, attributed to the unique
structural arrangements of transition metal ions and oxygen octahedra. The temperature-
dependent magnetization curves indicated broad peaks in magnetic entropy change (AS)
around room temperature: 137 K for LaCrO3 350 K for LaMnOj3, and 785 K for LaFeO3.
Furthermore, the comparative analysis of magnetic hysteresis loops showed distinctive co-
ercive fields (hC) and remanent magnetizations (Mr) among the compounds, with LaCrO3
displaying superparamagnetic behavior and LaMnO3 and LaFeOj3 exhibiting typical ferro-
magnetic characteristics. These findings underscore the potential of LaROj3 perovskites as
efficient materials for magnetic refrigeration applications due to their competitive relative
cooling powers.
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Figure 15. (a) Temperature dependence of the magnetization at H = 0.005, TH = 0.005 T
for La;_yK«SrMn;Os5,6 and (b) Curie temperature dependence as a function of xx for
La;_yK«SrMn,0s5,6 with x = 0.1, 0.2, 0.3, x = 0.1, 0.2, 0.3. Reprinted with permission from Mo-
hamed, M. et al. (2022). Indian Journal of Physics [138]. Copyright © 2022 Indian Association for the
Cultivation of Science, published by Springer Nature.

The study by Quanli Hu et al. [139] investigated the electrochemical and mag-
netic properties of perovskite type rare earth manganite nanofibers, specifically LaMnQO3,
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NdMnOj3, and SmMnQOs, fabricated via electrospinning. The structural characterization
revealed a rhombohedral structure for LaMnOj3 and orthorhombic structures for NdMnOQOj3,
SmMnQO3, and EuMnQO3 NFs. The RMnO3; were examined for their electrochemical behav-
ior as supercapacitor electrodes, demonstrating promising specific capacitances and cycle
stability, despite some needing improvement. Regarding magnetic properties, the NFs
exhibited paramagnetic behavior at room temperature. At low temperatures, LaMnO3 and
NdMnOj3; NFs displayed a transition to ferromagnetic states, while SmMnO3 and EuMnOs3
NFs exhibited transitions to antiferromagnetic states. Magnetic hysteresis loops at 10 K
indicated ferromagnetic behavior for LaMnO3; and NdMnOs3 NFs, with saturation magneti-
zations of 44.58 and 69.81 emu/g, respectively. In contrast, SmMMnO3 and EuMnO3; NFs
showed weak ferromagnetic components within antiferromagnetic phases. The coercivity
of EuMnOj3; NFs was notably high at 3915 Oe. These findings underscore the multifaceted
applications of RMnOs3 NFs in both the electrochemical and magnetic fields, warranting
further exploration into enhancing their performance for advanced energy storage and
magnetic device applications. In the same context, in their study, Idrissi et al. [140] explored
the structural, electronic, and magnetic properties of the rare earth-based solar perovskites
GdAIO;3, DyAlOj3, and HoAlOs by using density functional theory implemented in Quan-
tum Espresso. The research focused on optimizing the unit cells of these materials to
assess their stability and ferromagnetic behavior. They found that cubic HoAlO3 exhib-
ited the highest stability among the studied compounds, with DyAlO3; being more stable
than GdAlO; within this structure. Electronic structure analysis via band structure and
density of states revealed that GAAIO3 behaved as a semiconductor, while DyAlO; and
HoAIOj; displayed a half-metallic ferromagnetic character. The spin-polarized magnetic
moments calculated for these materials indicate a clear ferromagnetic nature, with magnetic
moments of 7.02 pg for GAAIO3, 5.00 pp for DyAlOs;, and 4.00 pp for HoAlOs. These find-
ings suggest that these perovskite materials hold promise for applications in spintronics,
optoelectronics, and potentially as photovoltaic materials. The study underscores their
potential in advancing next-generation electronic and energy technologies. Extra, Yaiza
Asensio et al. [141] discussed the magnetic properties of layered hybrid organic-inorganic
metal-halide perovskites (HOIPs), specifically focusing on how different compositions and
perovskite phases influenced these properties. It highlighted the role of transition metals in
the crystal structure as crucial for inducing magnetic behavior. The study compared vari-
ous systems with Cu?* ions, detailing their temperature-dependent magnetization (M(T))
curves and magnetic hysteresis loops (M(H)s). For example, in PEA,CuCly RP crystals,
long-range ferromagnetic (FM) order is observed with a Curie temperature (T¢c) around
12 K, attributed to intralayer Cu—Cu spin interactions and weak interlayer interactions.
Conversely, EA;CuCly RP crystals exhibited FM behavior at Tc ~ 11 K, with stronger
interlayer antiferromagnetic (AFM) contributions due to a shorter interlayer distance. The
text further explored DJ phase HOIPs like PEAACuCly and EDACuCly, noting shifts in
TC and magnetization saturation fields (HS) due to changes in crystal structure and inter-
layer distances. In Mn2?* HOIPs, such as PEA;MnCly RP crystals, the magnetic behavior
was dominated by intralayer AFM interactions with a weak FM component arising from
spin-canting effects due to crystal structure distortions. Overall, the discussion under-
scores how structural variations in HOIPs influence their magnetic properties, impacting
their potential applications in spintronics and related fields. Furthermore, Yaiza Asensio
et al. [142] investigated the impact of La doping on the structural and magnetic properties
of Caj_yLaxFeys5Mng503_;5 perovskites synthesized via the solid-state method.

Using X-ray diffraction and magnetic measurements, they explored these materials
across a doping range (0.05 <x < 0.15). Their structural analysis revealed that all phases
crystallized in the cubic system with a Pm-3m space group. Electron density studies high-
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lighted the formation of partial covalent and ionic bonds involving Mn/Fe-O and Ca/La-O
units, alongside an ordered arrangement of oxygen vacancies. Magnetic investigations
indicated a paramagnetic to antiferromagnetic transition as the temperature decreased,
with a decrease in Neel temperature (Ty) attributed to enhanced ferromagnetic interactions
due to La doping. Furthermore, they observed weak ferromagnetism at room temperature,
as evidenced by non-null magnetization and magnetic hysteresis loops. Below Ty, complex
magnetic responses including antiferromagnetic, ferromagnetic, and ferrimagnetic ordering
were observed, influenced by exchange interactions and antiphase boundaries. This study
underscores the potential technological relevance of these materials, particularly their
observed exchange bias effect and ambient temperature ferromagnetism (Figure 16) [143].
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Figure 16. Thermal variation in the ZFC and FC magnetization of Ca;_xLaxFeys5Mng503_s
(0.05 < x < 0.15) ceramics in an applied magnetic field of 0.2 T. Reprinted with permission from
Selmi, R. et al. [143]. Copyright © 2022 The Author(s), under exclusive license to Springer-Verlag
GmbH, DE, part of Springer.

In their study, Zheng et al. [144] investigated the effects of titanium (Ti) substitu-
tion on the magnetic properties and magnetocaloric effect (MCE) of Gd;CoMnOg double
perovskites. These materials are of interest for magnetic refrigeration due to their poten-
tial in achieving enhanced MCE at cryogenic temperatures. The researchers synthesized
Gd;CoMn; _TixOg samples (x = 0-1.0) using a solid-state reaction method and char-
acterized them for their crystal structure, surface morphology, magnetic behavior, and
magnetocaloric properties.

The researchers proposed a mechanism attributing this enhanced cryogenic magne-
tocaloric effect to the magnetic phase transition behavior influenced by Ti substitution.
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They conducted detailed magnetic field dependence studies (M vs. H) at 5 K and 50 K
to analyze the magnetization behavior. At5 K, the M vs. H curves displayed antiferro-
magnetic characteristics with negligible hysteresis, indicating the potential for excellent
MCE performance at low temperatures [145-147]. In contrast, at 50 K, hysteresis behaviors
were observed in the M vs. H curves, reflecting weakened ferromagnetic interactions
with increasing Ti content. Overall, the comprehensive investigation by Zheng et al. un-
derscores the effectiveness of Ti substitution in enhancing the magnetocaloric properties
of Gd;CoMnOg perovskites, making them promising candidates for advanced magnetic
refrigeration technologies.

Furthermore, in their study on La;_4RxFeO3 (R = Co, Al, Nd, Sm) [148] perovskite
nanomaterials synthesized via the sol-gel method, Fang Yang et al. investigated the struc-
tural and magnetic properties across different doping compositions. They employed X-ray
diffraction, thermogravimetric analysis-differential thermal analysis (TG-DTA), and a vi-
brating sample magnetometer (VSM) to characterize these materials. For La;_CoFeOs,
increasing the Co?* content led to a shift in diffraction peaks toward larger angles, ac-
companied by an increase in grain size (50.7 nm to 133.5 nm) and enhanced magnetic
loop area and magnetization. Conversely, doping with AI** in La;_,AlFeOs resulted in a
reduction in grain size (down to 17.9 nm) and an increase in magnetization, although the
material exhibited weakened ferromagnetic properties possibly due to altered sintering
conditions. Nd** and Sm3* doping improved magnetization and particle refinement, with
Lag g5Cop 15FeO3 showing increased magnetization with longer calcination times. The mag-
netic hysteresis loops confirmed saturation magnetization at 8000 Oe for the Laj_CoxFeOs
samples, reinforcing the influence of doping on magnetic behavior. These findings un-
derscore the role of controlled doping in tailoring structural and magnetic properties of
perovskite nanomaterials, crucial for optimizing their performance in various applications.
Significant advancements have been made in the study of magnetic properties, leading
to novel insights and potential applications. Veliu et al. [149] elucidated the intricate dy-
namics of antiferromagnetically coupled sublattices, revealing the occurrence of two-step
spin-crossover transitions.

These findings underscore the complex equilibrium and nonequilibrium behaviors
inherent in such systems, thereby enhancing our understanding of magnetic phase transi-
tions and their applications in advanced magnetic materials. Meanwhile, Thach et al. [150]
conducted a comparative analysis of domain wall motion driven by spin transfer torque
(STT) and spin orbit torque (SOT) in ferrimagnetic GdFeCo wires. Their research high-
lights the distinct mechanisms and efficiencies of STT and SOT in manipulating magnetic
domains, which is crucial for the development of next-generation spintronic devices.

In their study, Su et al. [151] investigated the electrochemical and magnetic properties
of PrFeO3 and EuFeO; nanofibers synthesized using a straightforward fabrication method.
Both types of nanofibers exhibited uniform, continuous morphologies with orthorhombic
perovskite structures and average diameters of 233 nm for PrFeO3; and 176 nm for EuFeOs.

The electrochemical performance, characterized by specific capacitances of 123 F g~
and 143 F g ! at 1 A g~! for PrFeO3 and EuFeO3, respectively, was attributed to the
redox reactions involving Fe3* /Fe*" and Fe(CN)g3/Fe(CN)gs. Magnetic measurements
revealed distinct behaviors: PrFeO3; nanofibers demonstrated stable antiferromagnetic
properties without spin-glass behavior or magnetic phase transitions, whereas EuFeOj3
nanofibers exhibited inhomogeneous magnetic properties with a transition from paramag-
netic to ferromagnetic states at low temperatures, confirmed by a bifurcation in the ZFC
and FC magnetization curves below 10 K. Both materials showed strong local short-range
ferromagnetic interactions at 5 K, transitioning to paramagnetic states at 300 K. These
findings suggest potential applications of these nanofibers in supercapacitors and con-
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densed matter physics, leveraging their unique electrochemical and magnetic properties.
Hossain et al. [152] synthesized Nd;Nij_xCoxMnOg_5 (0.2 < x < 0.5) perovskite oxides
using the citric-nitrate method and investigated their structural, optical, and magnetic
properties. X-ray powder diffraction (XRD) and Rietveld analysis revealed that the unit
cell parameters and volume increased with cobalt doping. Optical studies using UV-Vis
spectroscopy showed an absorption peak around 330 nm, with a slight influence on the
energy band gap due to Co doping. Magnetically, the partial substitution of Ni with Co at
the B-site led to a decrease in Curie temperature (Tc) and increased the irreversibility be-
tween zero-field cooled (ZFC) and field-cooled (Fc) states below Tc. Magnetization studies
as a function of external magnetic field at various temperatures confirmed the presence of
ferromagnetic and paramagnetic phases, with saturation magnetization derived from the
law of approach to saturation. At 2 K, the remanence saturation ratio increased with Co
doping but decreased at higher temperatures (165 K and 200 K), and the coercivity increased
monotonically with Co concentration due to magnetic domain wall pinning effects. The
study suggested that Co doping increased the concentration of mixed Mn3* /Mn** and
Ni%*/Co%* ions, and the observed magnetic moments were lower than expected due to
antiferromagnetic interactions and diamagnetic low-spin Co>* ions. This led to magnetic
frustration, aligning with the temperature-dependent ZFC and FC data, highlighting the
combined magnetic effects of NdNi (Co)Os_5 and NdMnOs_5.

In addition, Dzara et al. [153] investigated the influence of the rare earth cation on the
magnetic properties of 12R-Bag;M**Mn301, (M = Ce, Pr) perovskites, focusing on cluster
magnetism in the Mn3Oy; trimers and the role of the bridging MOy octahedron. The
study confirmed the frustrated antiferromagnetic ground state of 12R-BayPrMnz 01, below
TN =~ 7.75 K. The Pr#* cation caused more complex magnetic properties than Ce*", with
12R-BasPrMn; 01, exhibiting a sharp antiferromagnetic transition at T, ~ 12.15 K and an
additional transition at T; ~ 200 K, likely related to canted antiferromagnetic order. In
contrast, 12R-Ba;CeMn301, showed no hysteresis or net moment at low temperatures.
The study demonstrated that the magnetic properties of these materials could be tuned by
varying the rare earth cation, highlighting the role of Pr** in introducing complex magnetic
interactions and potential for material design within the hexagonal, layered perovskite
family (Figure 17).

Magnetic properties play a pivotal role in perovskite materials, influencing their ap-
plications across various technological domains such as spintronics, data storage, and
magnetic refrigeration [154]. Perovskite oxides, with their versatile crystal structures
and tunable magnetic behaviors, have attracted significant research interest due to their
potential for high-performance magnetic and electronic devices. Perovskites exhibit a
rich spectrum of magnetic phenomena including ferromagnetism, antiferromagnetism,
ferrimagnetism, and even complex magnetic orders such as spin glass and frustrated mag-
netism. For instance, the compound LaMnO3; demonstrates colossal magnetoresistance
due to its strong electron-lattice interactions, making it promising for next-generation
memory devices. Moreover, LaMnOs is a fascinating compound within the perovskite
family, known for its intricate magnetic properties and diverse applications. It crystallizes
in the orthorhombic perovskite structure (space group Pbnm), where La and Mn occupy
the A and B sites, respectively, and O fills the X site. The magnetic behavior of LaMnOs
is primarily governed by the electronic configuration and the coupling between the mag-
netic moments of Mn ions. At ambient conditions, it typically exhibits antiferromagnetic
ordering, where neighboring Mn spins align antiparallelly within the crystal lattice. This
antiferromagnetic phase arises from the super exchange interactions mediated by oxygen
ions between adjacent Mn ions, leading to a Néel temperature around 140 K.
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Figure 17. (a,b) Magnetization (M) as a function of the applied field for (a) 12R-BCM and (b) 12R-
BPM. (c) Magnified low-field view of M vs. applied field for 12R-BPM. (d) DC susceptibility (x) of
12R-BCM in low applied fields. (e,f) x of 12R-BPM in low applied fields. The dashed lines denote the
approximate position of each material’s low-temperature transition. ZFC signifies zero-field-cooled,
and FC signifies field-cooled. Reprinted with permission from Dzara, M. J. et al. Chemistry of
Materials, 36(6) [153]. Copyright © 2024 American Chemical Society.

Below TN, the spins order in a manner that minimizes the magnetic energy, resulting
in a unique magnetic structure that influences its physical properties. It is also known to
display complex magnetic behaviors under different conditions such as the application of
external fields or doping with other ions. For instance, upon doping with divalent ions like
Ca?*, the material can exhibit ferromagnetic or ferrimagnetic behavior, depending on the
doping concentration and the nature of the substituting ions [155]. This tunability makes
LaMnOs a versatile platform for studying magnetic phase transitions and for potential
applications in spintronics and magnetic memory devices. On the other hand, materials
like SrFeO3_s exhibit high-temperature antiferromagnetism, essential for stable magnetic
data storage applications. SrFeOs_g, another intriguing perovskite compound, exhibits
complex magnetic properties that have made it a subject of intensive research for various
technological applications. This material crystallizes in the perovskite structure, where Sr
and Fe occupy the A and B sites, respectively, and O fills the X site. The magnetic behavior
of SrFeO3_s is influenced by its oxygen deficiency, which can vary and affect its electronic
and magnetic structure.

Perovskite-based magnetic refrigerants offer an alternative to conventional refrig-
erants like fluorocarbons, addressing environmental concerns while improving energy
efficiency. Magnetochemistry in perovskites explores the interplay between magnetic ions,
crystal structure distortions, and electronic states, which collectively dictate their magnetic
properties. For example, doping LaFeO3 with various transition metals alters its magnetic
structure, affecting its magnetic and electrical transport properties. Understanding these
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relationships is crucial for tailoring perovskite materials with the desired magnetic func-
tionalities for specific applications. Furthermore, the discovery of multiferroic perovskites,
exemplified by BiFeOs, where magnetic and ferroelectric orders coexist and couple, opens
new avenues for multifunctional device integration [156]. Such materials exhibit promising
characteristics for spin-electronics and novel sensor technologies, leveraging the coupling
between magnetic and electrical properties. In the realm of entropy and magnetic per-
ovskites, the study of magnetic entropy changes provides insights into their potential
for magnetocaloric applications. Materials exhibiting large magnetic entropy changes,
such as Lag 7Cag 33MnQO;3, are studied for their efficiency in magnetic refrigeration cycles.
This research area bridges fundamental thermodynamics with material science, aiming to
optimize cooling efficiency and minimize environmental impact. Overall, the magnetic
properties of perovskite materials represent a dynamic field of research with profound
implications for both fundamental science and technological innovation. Continued ad-
vancements in magnetochemistry, entropy effects, and magnetic refrigeration will further
expand the scope of perovskite applications in emerging technologies. The comprehen-
sive understanding of these properties enables the design and development of advanced
materials tailored for next-generation magnetic devices and sustainable cooling solutions.

5. Conclusions and Perspectives

Perovskite materials stand at the forefront of advanced material research due to their
extraordinary electrical, dielectric, and magnetic properties, coupled with their structural
flexibility and compositional tunability. This review has outlined the critical advancements
in understanding and optimizing these properties for diverse technological applications
including energy storage, spintronics, and magnetic refrigeration. Despite the immense
progress achieved, several challenges remain. These include the need for improved stability
under environmental stress, enhanced reproducibility in synthesis, and scalable manu-
facturing processes for industrial applications. Addressing these issues will be pivotal in
transitioning perovskite technologies from research to commercial viability.

Future research should focus on developing novel compositions and hybrid systems
that combine perovskites with other material classes to achieve multifunctionality and
enhanced performance. Additionally, integrating machine learning and advanced char-
acterization techniques could accelerate the discovery of new perovskite materials and
provide deeper insights into their behavior. The field of perovskite materials research
continues to expand rapidly, driven by the growing demand for high-performance, sustain-
able, and multifunctional materials. By addressing existing challenges and leveraging new
technologies, perovskites have the potential to revolutionize a wide range of applications,
paving the way for innovative solutions in energy, electronics, and beyond.

6. Challenges and Future Directions

Despite the remarkable advancements in perovskite materials, several challenges
hinder their full-scale application. Stability under environmental conditions such as mois-
ture, temperature, and radiation remain a critical issue, particularly for photovoltaics and
sensors. Additionally, scalable and cost-effective synthesis methods that maintain high
quality, coupled with reproducibility in material properties, are essential for industrial
adoption. Many perovskite materials demonstrate optimal performance under specific
conditions, such as low temperatures, limiting their practical use at ambient environments.
Furthermore, the integration of perovskites into complex device architectures without
compromising their functionality poses significant challenges. Addressing these issues
requires innovative approaches including advanced compositional engineering to enhance
stability and multifunctionality as well as the use of machine learning to accelerate material
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discovery and optimization. This is summarized in Table 1, which shows the challenges

and strategies in perovskite device implementation. Hybrid systems that combine per-

ovskites with polymers or nanocomposites offer potential solutions to overcome these

limitations. Advanced characterization techniques are critical for understanding and fine-

tuning the structural, electrical, and magnetic properties of perovskites. Moreover, focusing

on eco-friendly synthesis methods and recyclable device designs aligns with the global

sustainability goals. Overcoming these challenges will unlock the full potential of per-

ovskites in transformative applications, such as renewable energy, advanced electronics,

and next-generation magnetic devices, paving the way for a sustainable and technologically

advanced future.

Table 1. Challenges and strategies in perovskite device implementation.

Challenge

Current Strategies

Future Directions

Stability under harsh conditions

Scalability for industrial use

Efficiency limitations

Material defects and
grain boundaries

Interfacial issues with electrodes

Protective coatings (e.g.,
encapsulation with polymers or
inorganic layers)

Optimized synthesis methods
(e.g., controlled temperature and
humidity during deposition)

Use of stabilizers and additives to
enhance material stability in air
and moisture

Solution-processing methods (e.g.,
spin coating, spray coating)

Roll-to-roll printing for large-scale
perovskite film production

Large-area deposition techniques
for uniform films

Doping (e.g., metal ion doping for
conductivity improvement)

Compositional engineering (e.g.,
tuning the A-site or B-site cation
for desired properties)

Light management techniques
(e.g., photonic structures, light

trapping)
Grain boundary engineering (e.g.,

post-deposition annealing,
additive treatments)

Use of surfactants to reduce

defects and improve crystallinity

Use of electron and hole transport
layers (e.g., TiO,, Spiro-OMeTAD)

Optimized electrode materials to
reduce charge recombination

Development of more robust
materials (e.g., stable perovskite
variants)

Advanced encapsulation
techniques (e.g., hybrid materials
for better protection)
Engineering new perovskite
formulations for better resistance
to environmental factors

Improved scalability of synthesis
methods (e.g., continuous
processing methods)
Automation in production to
reduce cost and improve
efficiency

Optimization of material
deposition techniques for
seamless large-area integration
Development of new perovskite
compositions with improved
intrinsic properties

Hybrid perovskite materials
combining organic and inorganic
components for better
performance

Integration with other energy
conversion technologies for
improved performance (e.g.,
tandem solar cells)

Creation of defect-free perovskite
materials via novel synthesis
methods

Development of self-healing
perovskite materials to address
defects in the crystal structure
Development of new interface
engineering methods to improve
charge transport across the
interface

Use of transparent conductive
materials for better electrode
performance in devices
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Table 1. Cont.

Challenge

Current Strategies

Future Directions

Cost of materials

Environmental concerns of
lead-based perovskites

Long-term stability and
operational lifetime

Device architecture design

Use of low-cost precursors and
solution-based processing
methods

Use of cheaper substrates and
simplified fabrication techniques

Development of lead-free
perovskites (e.g., tin-based
perovskites, halide perovskites)

Encapsulation techniques to
reduce the risk of lead leakage

Use of multi-layer structures to
protect perovskites from
degradation over time

Improvement of moisture,
temperature, and UV stability
through composite films

Development of optimized cell
architecture (e.g., monolithic,
tandem solar cells)

Advanced interlayer design to
facilitate charge transport

Research into more abundant and
less expensive perovskite
materials

Development of scalable
fabrication techniques to lower
production costs

Continued research into the safe
disposal or recycling of
lead-based materials
Development of environmentally
friendly materials and processes
for perovskite devices

Research on perovskite longevity,
focusing on reducing degradation
during operation

Integration with advanced
weather-resistant coatings or
coatings that repair themselves
over time

New perovskite-based device
architectures for higher efficiency
and performance

Hybrid device configurations
combining perovskites with other
materials for energy applications
(e.g., perovskite-silicon tandems)
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