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Abstract

Europium-doped Lanthanum Ferrite (Lai-Eu.FeQOs) perovskite oxides have attracted significant interest due
to their adjustable structural distortion, magnetic modulation, enhanced dielectric response, and promising
catalytic and sensing functionalities. This review provides a comprehensive analysis of recent developments
in synthesis methods, phase evolution, structural modifications, and the resultant impacts on physical
properties. Detailed correlations between Eu content, crystallographic changes, electronic structure, and
multifunctional performance in catalytic, dielectric, and energy-related applications are emphasized. The
paper concludes with critical challenges and future research directions necessary for advancing this class of
materials toward practical applications
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1. Introduction

Perovskite oxides with the general formula ABO;
(Figure 1) constitute an important class of functional
materials owing to their highly flexible crystal

structures and the wide spectrum of electrical, (W
magnetic, and catalytic properties they exhibit. This
structural adaptability enables perovskite-based O s
compounds to be explored for numerous @ o
technological applications, including catalytic

converters, solid oxide fuel cells, spintronic devices,
magnetic data storage, gas sensors, and energy
conversion systems [1]. Among these materials,
lanthanum ferrite (LaFeOs) has attracted particular
attention due to its excellent thermal stability,
chemical robustness, and multifunctional physical
properties. Structurally, LaFeOs crystallizes in an
orthorhombically distorted perovskite structure
(space group Pbnm), in which FeOs octahedra are
corner-shared to form a three-dimensional network,
while La** ions occupy the A-site positions.
Magnetically, LaFeOs exhibits G-type
antiferromagnetic ordering, with weak ferromagnetic
behavior at room temperature arising from spin
canting induced by octahedral tilting [2,3].

Figure 1 ABOs Perovskite Structure

Extensive studies have demonstrated that the
electrical, magnetic, and catalytic properties of
LaFeOs can be effectively tailored through elemental
substitution at either the A- or B-site. In particular, A-
site substitution with rare-earth ions offers a powerful
strategy to control lattice parameters, crystal
symmetry, defect chemistry, and magnetic exchange
interactions. Rare-earth dopants are especially
attractive because differences in their ionic radii and
magnetic moments can introduce controlled lattice
distortions  while preserving the perovskite
framework. Among these dopants, europium (Eu**)
has emerged as a promising candidate for replacing
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La*" due to its slightly smaller ionic radius and
distinct magnetic characteristics. Incorporation of
Eu** ions induces lattice strain and modifies Fe—O—
Fe bond angles, leading to enhanced FeOs octahedral
tilting and altered superexchange interactions
between Fe*" ions [4,5,6]. These structural and
electronic modifications significantly influence the
magnetic behavior, dielectric response, and surface
reactivity of LaFeOs, enabling improved or novel
functionalities relevant to advanced applications.
Consequently, Eu-doped LaFeOs perovskites have
been widely explored for use in catalysis, gas sensing,
dielectric and radio-frequency devices, and energy-
related technologies. By systematically examining
reported studies across different Eu concentrations,
this review aims to elucidate the relationships
between Eu substitution, crystal structure evolution,
and multifunctional properties of LaFeOs, thereby
providing insights into the rational design and
optimization of perovskite oxides for advanced
technological applications.
2. Synthesis Approaches
The functional performance of Eu-doped LaFeOs
perovskite oxides is strongly dependent on the
synthesis route, which governs phase purity,
crystallite size, morphology, defect concentration,
and dopant distribution. As a result, numerous
preparation strategies have been reported in the
literature to tailor the structural and physical
properties of these materials. Broadly, the synthesis
techniques employed for perovskite oxides can be
classified into top-down and bottom-up approaches,
based on the mechanism of material formation.

2.1 Top-Down Approaches
Top-down approaches (Figure 2) involve the physical
fragmentation of bulk materials into smaller particles
through mechanical or physical processes [7]. These
methods are generally simple and scalable but often
provide limited control over microstructural
uniformity.

2.1.1 High-Energy Ball Milling

High-energy ball milling is commonly used to reduce
particle size and induce lattice strain by repeated
impact and shear forces. This technique can produce
nanocrystalline perovskite oxides and modify
magnetic properties through defect generation;

however, it frequently results in broad particle size
distributions and increased structural disorder.

Top Down Approach

Figure 2 Top-Down Approach

2.1.2 Mechanical Grinding
Mechanical grinding is a cost-effective technique that
employs shear and compressive forces to reduce
particle size. Despite its simplicity, this method offers
limited control over crystallinity, morphology, and
dopant homogeneity, and extended processing may
introduce impurities.

2.1.3 Lithographic and Physical Patterning

Techniques
Lithographic approaches enable precise size and
shape control, particularly for thin-film and device-
oriented structures. Nevertheless, their complexity,
high cost, and limited scalability restrict their use for
bulk synthesis of perovskite oxide powders.
2.2 Bottom-Up Approaches

Bottom-up approaches (Figure 3) are based on the
controlled assembly of materials from atomic or
molecular precursors through chemical reactions.
These methods generally provide superior control
over stoichiometry, microstructure, and phase
formation, making them particularly suitable for
functional perovskite oxides [8].

Bottom Up Approach

Figure 3 Bottom-Up Approach
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2.2.1 Sol-Gel Method
The sol-gel method involves the formation of a
homogeneous solution of metal precursors followed
by gelation and thermal treatment. This technique
enables molecular-level mixing of cations, leading to
improved phase purity, uniform dopant distribution,
and reduced calcination temperatures [9].

2.2.2 Solution Combustion Synthesis
Solution combustion synthesis (Figure 4) utilizes an
exothermic redox reaction between metal salts and
organic fuels, resulting in rapid formation of
crystalline perovskite phases [10]. The method
typically yields porous materials with high surface
area, which is advantageous for catalytic and sensing
applications
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+ Solvent

Metal
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+
Additives

[ 1. Formation of
the combustion
| mixture
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temperature
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I 2. Formation of gel

Heating =200 °C
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2.2.3 Hydrothermal and  Solvothermal
Methods

Hydrothermal and solvothermal routes involve

crystallization from solution under elevated

temperature and pressure conditions [11]. These
methods offer excellent control over particle size,
morphology, and crystallinity, producing well-
defined nanostructures with minimal agglomeration.

2.2.4 Co-precipitation Technique
Co-precipitation  involves the  simultaneous
precipitation of metal ions by controlled adjustment
of solution pH or addition of precipitating agents.
This approach is valued for its simplicity, scalability,
and good compositional uniformity, although careful
control of processing parameters is required to obtain
phase-pure perovskite structures. Overall, bottom-up
synthesis approaches are more widely reported for
Eu-doped LaFeOs perovskite oxides owing to their
superior control over composition, phase purity,
crystallinity, and nanoscale morphology [12]. Such
precise control is essential for establishing reliable
structure—property relationships and optimizing
multifunctional performance in catalytic, dielectric,
sensing, and energy-related applications. Among the
various bottom-up synthesis methods, the solution
combustion method stands out as particularly
advantageous due to its cost-effectiveness, shorter
processing time, and high synthesis efficiency,
enabling the rapid formation of homogeneous,
nanocrystalline Eu-doped LaFeOs powders with
enhanced functional properties.

3. Structural  Characteristics
Evolution
3.1 Crystal Structure and Lattice Distortion
Pure LaFeOs crystallizes in an orthorhombic
perovskite structure with Pbnm space group
symmetry, consisting of corner-sharing FeOs
octahedra and La*" ions at the A-sites. Partial
substitution of La*" by Eu*" generally preserves the
orthorhombic framework over a wide doping range,
indicating the formation of a stable LaiEuFeOs
solid solution without detectable secondary phases.
Owing to the smaller ionic radius of Eu*" compared
to La**, Eu incorporation induces lattice contraction,
reflected in reduced lattice parameters and unit cell
volume. This A-site size mismatch alters the Fe—O-
Fe bond angles and enhances octahedral tilting,
leading to increased structural distortion and
deviation from ideal perovskite symmetry. Such
crystallographic modifications significantly
influence superexchange interactions, electronic
bandwidth, and defect chemistry, thereby playing a
decisive role in tuning the magnetic, electrical, and
dielectric properties of Eu-doped LaFeOs perovskite

and Phase
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oxides [13].

3.2 Tolerance Factor and Structural Stability
The structural stability of Eu-doped LaFeOs
perovskites can be effectively assessed using the
Goldschmidt tolerance factor, which systematically
decreases with increasing Eu** concentration due to
the reduced A-site ionic radius [14]. This reduction
signifies a growing deviation from the ideal cubic
perovskite structure and is associated with enhanced
octahedral tilting and lattice distortion. Such
structural changes modify the Fe—O bond lengths and
Fe—O—Fe bond angles, thereby affecting electron
hopping pathways and superexchange interactions
between neighboring Fe** ions. Consequently,
variations in the tolerance factor have a direct impact
on charge transport behavior, magnetic ordering, and
dielectric response. Despite increased distortion, the
perovskite framework remains structurally stable
over a wide doping range, highlighting the robustness
of Eu-substituted LaFeOs and its suitability for
property engineering through controlled A-site
substitution.

3.3 Microstructural Features
X-ray diffraction analyses consistently confirm the
formation of single-phase orthorhombic
Lai«EusFeOs without secondary impurity phases,
indicating successful incorporation of Eu*" ions into
the perovskite lattice. Microstructural investigations
using scanning and transmission electron microscopy
reveal that Eu substitution typically promotes grain
refinement and improved particle size uniformity,
attributed to inhibited grain growth and enhanced
nucleation during formation. The reduction in
crystallite size increases the surface-to-volume ratio
and introduces a higher density of active surface sites,
which is particularly beneficial for catalytic reactions
and gas-sensing performance [15]. Additionally,
finer microstructures can facilitate enhanced
diffusion kinetics and interfacial interactions, further
contributing to improved functional efficiency in Eu-
doped LaFeOs-based applications.

4. Structure—Property Relationships

4.1 Magnetic Properties
Pristine LaFeOs exhibits G-type antiferromagnetic
ordering arising from Fe**—O*—Fe*" superexchange
interactions, resulting in overall antiparallel spin

alignment with only weak ferromagnetism due to
slight canting. Substitution of La*" by Eu*" perturbs
this magnetic arrangement by introducing lattice
distortion, modifying Fe—O—Fe bond angles, and
enhancing spin canting, which leads to weak
ferromagnetic  behavior that becomes more
pronounced in nanoscale samples [16]. This effect is
further amplified by increased surface spin disorder
and uncompensated spins at grain boundaries.
Magnetic hysteresis measurements of LaiEucFeOs
reveal systematic increases in magnetization and
variations in coercivity with higher Eu content,
demonstrating that the magnetic properties can be
finely tuned through controlled doping. These
modifications in spin structure and exchange
interactions highlight the potential of Eu-doped
LaFeOs; for applications in magnetic devices,
spintronics, and multifunctional materials where
adjustable magnetic behavior is desirable.

4.2 Dielectric Properties
Dielectric studies indicate that Eu®*" substitution in
LaFeO:s leads to an increase in the dielectric constant
at low frequencies, which is primarily attributed to
enhanced space-charge polarization and defect-
mediated dipolar relaxation arising from lattice
distortions and oxygen vacancies. At higher
frequencies, the dielectric loss is observed to
decrease, reflecting improved polarization stability
and reduced energy dissipation. These frequency-
dependent dielectric behaviors suggest that Eu-doped
LaFeOs perovskites possess favorable properties for
high-frequency and microwave device applications
[17]. Additionally, the tunability of dielectric
response through controlled Eu content provides
opportunities for optimizing these materials for
capacitors, resonators, and other electronic
components where stable and high dielectric
performance is essential.

4.3 Optical and Electronic Properties
Although comprehensive optical studies on Eu-doped
LaFeO; are still limited, it is well recognized that
lattice distortions induced by Eu** substitution can
significantly influence the band structure and
electronic states, thereby affecting light absorption
and charge transport behavior. Rare-earth doping
often introduces localized energy levels within the
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band gap, which can reduce the effective band gap
and enhance visible-light absorption. Such
modifications are particularly advantageous for
photocatalytic and photoelectronic applications, as
they can improve charge separation efficiency and
extend the absorption range [18]. The tunability of
electronic and optical properties through controlled
Eu content thus provides opportunities for designing
LaFeOs-based materials with optimized performance
in energy conversion and optoelectronic devices.

5. Applications of Eu-Doped LaFeO:

5.1 Catalysis and Environmental Applications
Eu-doped LaFeOs perovskites demonstrate enhanced
catalytic activity for oxidation reactions, which can
be attributed to increased oxygen mobility, a higher
density of surface defects, and improved redox
properties resulting from Eu** substitution. These
structural and electronic modifications facilitate more
efficient adsorption and activation of reactant
molecules, making the material highly effective in
catalytic processes. In particular, Eu-doped LaFeOs
has shown considerable potential for photocatalytic
degradation of organic pollutants, highlighting its
applicability in environmental remediation [19]. The
combination of structural stability, tunable surface
chemistry, and enhanced catalytic performance
positions these perovskites as promising candidates
for sustainable environmental and chemical
applications.

5.2 Gas Sensing Applications
Eu-doped LaFeOs perovskites exhibit enhanced gas-
sensing performance due to their increased surface
reactivity and the ability to modulate electrical
conductivity upon gas adsorption. The incorporation
of Eu** ions introduces lattice distortions and surface
defects, which provide additional active sites for gas
interaction and facilitate charge transfer processes.
These characteristics improve sensitivity, response
speed, and selectivity toward various gases, making
Eu-doped LaFeOs a promising candidate for high-
performance  gas  sensor  applications in
environmental monitoring and industrial detection
systems [20]

5.3 Dielectric and High-Frequency Devices
The stable dielectric behavior and low energy loss of
Eu-doped LaFeO:s at high frequencies make it highly

suitable for advanced dielectric and high-frequency
device applications. Its enhanced dielectric constant,
combined with minimal dielectric loss, ensures
efficient signal transmission and energy storage [21].
These properties render Eu-doped LaFeOs an
attractive material for capacitors, resonators, and
radio frequency (RF) devices, where reliable high-
frequency performance and tunable dielectric
characteristics are essential.

5.4 Energy-Related Applications
Owing to their combined ionic—electronic
conductivity and excellent thermal stability, Eu-
doped LaFeOs perovskites are considered promising
materials for energy-related applications [22]. These
properties make them suitable as electrode materials
in solid oxide fuel cells and other electrochemical
energy devices, where efficient charge transport and
structural robustness are critical. The ability to tailor
defect chemistry and electronic structure through Eu
substitution further enhances their potential for
improving performance and durability in advanced
energy conversion and storage systems.
6. Challenges and Future Perspectives
Despite considerable advancements in Eu-doped
LaFeOs research, several challenges persist in fully
elucidating the effects of Eu-induced defects, oxygen
vacancy behavior, and modifications to the electronic
structure. Comprehensive understanding of these
factors requires the integration of advanced
characterization  techniques  with  theoretical
modeling to accurately correlate structural changes
with functional properties. Furthermore, systematic
optimization of dopant concentration, along with
device-level evaluations, will be essential to translate
the promising laboratory-scale performance of Eu-
doped LaFeOs into practical applications across
catalysis, sensing, dielectric, and energy-related
technologies.
Conclusion
Eu-doped LaFeOs perovskite oxides have emerged as
a structurally robust and highly versatile class of
functional materials, wherein controlled Eu?"
substitution plays a pivotal role in tailoring crystal
structure, lattice distortion, defect chemistry, and
electronic interactions. Recent advances demonstrate
that systematic modulation of Eu content enables
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precise tuning of magnetic ordering, dielectric
response, catalytic efficiency, and sensing behavior,
thereby establishing strong structure—property
correlations. This review highlights how such
correlations underpin the multifunctional
performance of Eu-doped LaFeOs across a wide
range of applications, including catalysis, gas
sensing, dielectric devices, and energy-related
systems. Furthermore, ongoing efforts focused on
defect engineering, oxygen vacancy regulation, and
composition optimization are expected to unlock
enhanced  performance and  device-specific
functionalities. Collectively, these recent
developments underscore the scientific significance
and technological potential of Eu-doped LaFeOs
perovskite oxides, justifying continued research
attention and comprehensive review of their
structure—property relationships and applications.
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