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Nickel ferrite (NiFe₂O₄), known for its exceptional magnetic behaviour and high electrical resistance, is commonly used 

in magnetic sensors, transformers, and high-frequency electronics. However, its inherent electrical qualities frequently 

require improvement for application in more demanding technological situations. This paper examines the structural and 

electrical evolution of nickel ferrite generated in sol-gel using rare earth (RE) ions such Gd³⁺, La³⁺, Nd³⁺, Sm³⁺, and Ho³⁺. 

Because of their greater ionic sizes and different electronic structures, these dopants cause significant lattice distortions, 

change cation site distributions, and, at higher concentrations, generate secondary non-spinel phases. These alterations 

greatly impact electron transport by affecting the Fe²⁺/Fe³⁺ hopping process. This allows for manipulation of resistivity and 

dielectric characteristics. The article also examines how critical synthesis parameters, such as solution pH and combustion 

agent selection, affect phase formation and microstructural uniformity. RE replacement improves the dielectric constant, 

loss characteristics, and electrical conductivity of these modified ferrites, highlighting their potential in applications such as 

electromagnetic interference (EMI) shielding, energy storage systems, and downsized electronic components. The research 

continues by discussing optimization tactics for dopant inclusion and synthesis conditions in order to modify functional 
features of Nickel ferrite family for future device integration. 

Keywords: Nickel ferrite, Rare Earth doping, Sol-gel method, Structural modification, X-ray diffraction, Dielectric properties, 
Polaron hopping, Electrical conductivity 

1 Introduction 

Ferrites, especially nickel ferrite (NiFe2O₄), are 

magnetic materials made from iron oxide and other 

metallic elements. They are extensively used in 

telecommunications, transformers, sensors, and 

magnetic recording
1–4

. Their distinct electrical and 

magnetic properties make them suitable for industrial 

and scientific applications. Nickel ferrite is 

particularly suitable for materials used to suppress 

electromagnetic interference (EMI) and devices such 

as inductors due to its soft magnetic properties, high 

electrical resistivity, and ability to withstand harsh 

environments
5-6

. 

The flexibility of ferrites depends on their capacity to 

change their characteristics. Researchers can affect 

crucial features like electrical conductivity and magnetic 

permeability by changing their chemical makeup or 

adding dopants. These changes are necessary for new 

technologies in high-frequency electronics and energy 

storage systems
7-8

. Doping ferrite with rare earth (RE) 

elements has been one of the most successful ways to 

improve its characteristics.
2
 

Rare earth elements such as neodymium (Nd), 

gadolinium (Gd), and lanthanum (La) can be added to 

ferrites to drastically alter their electrical, magnetic, 

and structural characteristics. These elements distinct 

electronic configurations and greater ionic radii cause 

lattice distortions that alter the spinel structure's cation 

distribution, improving dielectric performance. 

Applications needing high-frequency and high-

temperature capability will benefit from these 

changes
9-10

. Although pure nickel ferrite frequently 

exhibits unsuitable qualities for sophisticated uses, 

rare earth doping can enhance its transport and 

dielectric properties, making it more appropriate for 

energy conversion systems, magnetic storage devices, 

and microwave devices
11-12

. Additionally, Ni-based 

polymer nanocomposites such as poly(O-toluidine) 

doped with NiO or V₂O₅ have demonstrated enhanced 

electrical conductivity and dielectric performance, 

reinforcing the potential of Ni-containing systems in 

advanced electronic applications
13-14

. 
—————— 
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The effects of rare earth doping on the electrical 

and structural characteristics of nickel ferrite will be 

reviewed in this paper
15

 with particular attention paid 

to modifications in the lattice structure, the 

development of secondary phases, and synthesis 

methods that maximize its performance for advanced 

technological uses
16

. 
 

2 Different Types of Ferrites 

Ferrites represent an extensive category of 

ferrimagnetic ceramic substances that can be 

systematically categorized according to their magnetic 

characteristics (hard and soft ferrites) as well as their 

crystalline architectures (spinel, garnet, hexaferrite, 

and orthoferrite). Each unique classification plays a 

crucial role in determining their respective applications 

within the fields of technology, electronics, and 

magnetic devices. Here is a detailed explanation of the 

previously mentioned classifications. 
 

2.1 Classification Based on Magnetic Properties 
 

2.1.1 Hard Ferrites 

Hard ferrites, sometimes referred to as permanent 

magnets, are distinguished by their high remanence, 

high coercivity (resistant to demagnetization), and 

long-term magnetic retention. For devices like 

motors, loudspeakers, and magnetic storage that need 

a steady magnetic field, these ferrites are 

perfect
17

. Due to its inherent crystal structure and the 

robust exchange contacts between iron ions in the 

lattice, hard ferrites have a high coercivity, which also 

contributes to their magnetic anisotropy. some 

examples are Barium hexaferrite (BaFe₁₂O₁₉), 

Strontium ferrite (SrFe₁₂O₁₉), Yttrium Iron Garnet 

(Y₃Fe₅O₁₂ - YIG)
18–20

. 
 

2.1.2 Soft Ferrites 

Soft ferrites are perfect for applications requiring 

frequent reversal of magnetization, such as 

transformers, inductors, and electromagnetic 

interference (EMI) suppression, because of their low 

coercivity and ease of magnetization and 

demagnetization
21

. Soft ferrites are appropriate for 

high-frequency applications because of their high 

electrical resistivity, which lowers eddy current losses. 

Soft ferrites are essential parts of high-frequency 

applications like power electronics and 

telecommunications because they can withstand high 

magnetizing currents without suffering appreciable 

energy losses. Some of the examples are Nickel- 

zinc ferrite (NiZnFe₂O₄), Manganese-zinc ferrite 

(MnZnFe₂O₄), Lithium Ferrite (LiFe₅O₈) 
22–24

. 
 

2.2 Classification Based on Crystal Structure 

Additionally, ferrites are categorized according to 

their crystal structure, which determines their 

characteristics and suitability for different uses. 

Spinel, garnet, hexaferrite, and orthoferrite are the 

main structural kinds which are illustrated in Fig. 1. 

Model crystal structures of spinel, garnet, hexaferrite, 

and orthoferrite ferrites, generated using VESTA 

software based on crystallographic data from standard 

references or from different cif file from 

COD(Crystallography Open Database) 
25

. Because of 

their unique crystal structures, which determine their 

electrical and magnetic characteristics, each type can 

be used in a variety of technological applications. 

 
 

Fig. 1 — Model crystal structures of garnet, hexaferrite, orthoferrite, and spinel ferrites 
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2.2.1 Spinel Ferrites 

With the general formula AB₂O₄, spinel ferrites 

have a cubic crystal structure. A stands for a divalent 

metal ion (like Ni²⁺, Zn²⁺, or Co²⁺), and B for a 

trivalent metal ion (like Fe³⁺). The metal cations 

occupy interstitial spaces, whereas the oxygen ions 

form a densely packed face-centered cubic lattice. 

Normal spinel and inverse spinel are the two primary 

structural topologies that result from the special cation 

arrangement found in spinel ferrites. 
 

Normal Spinel 

In a typical spinel structure, trivalent iron ions 

occupy the octahedral (B) sites, whereas divalent 

metal ions occupy the tetrahedral (A) sites
26-27

. The 

magnetic characteristics of zinc ferrite (ZnFeO₄), a 

common example of a normal spinel, are determined 

by the interactions between the iron ions on the 

octahedral sites. zinc ferrite(ZnFe2O4) and magnesium 

ferrite (MgFe2O4) are examples of normal Spinel 

structure
28-29

. 
 

Inverse Spinel 

 An inverse spinel structure's tetrahedral (A) sites 

contain half of the trivalent iron ions, while the 

octahedral (B) sites contain the other half together 

with the divalent metal ions. Inverse spinel is 

common in cobalt ferrite (CoFe2O4) and nickel ferrite 

(NiFe2O₄)
30–32

. In this instance, the distribution of 

iron ions across both tetrahedral and octahedral sites 

results in more complicated magnetic interactions and 

improved magnetic characteristics
33–35

. 

Spinel ferrites are widely used in transformers, 

electromagnetic interference (EMI) suppression, and 

magnetic recording, among other applications. Their 

low eddy current losses and excellent electrical 

resistance make them perfect for high-frequency 

devices
36

. 
 

2.2.2 Garnet Ferrites 

With the general formula A₃B₅O₁₂, garnet ferrites 

have a more complicated crystal structure than 

spinels. Trivalent rare earth ions (such Y³⁺, Gd³⁺, or 

Nd³⁺) occupy the A sites in garnet ferrites, while 

trivalent iron ions (Fe³⁺) occupy the B sites. Eight 

formula units make up a garnet ferrite's unit cell, 

which results in a sizable and complex crystal 

structure. Because of its superior magnetic 

characteristics and minimal magnetic damping, 

yttrium iron garnet (YFeO₁₂) is one of the most 

researched garnet ferrites and can be used in 

microwave and magneto-optical applications
37,38

. 

Because of their strong saturation magnetization 

and low loss magnetic behaviour, garnet ferrites are 

very useful in high-frequency applications. The 

garnet structure's magnetic anisotropy is further 

enhanced by the addition of rare earth ions,  

making it suitable for application in devices 

including circulators, magneto-optical modulators, 

and isolators
39-40

. 
 

2.2.3 Hexaferrites 

Hexaferrites, sometimes referred to as hexagonal 

ferrites, are distinguished by their high saturation 

magnetization and strong coercivity and layered 

structure. Data storage, microwave devices, and 

permanent magnets all make extensive use of them. 

MFe₁₂O₁₉ is the typical formula for hexaferrites, 

where M stands for a divalent metal ion (such Ba²⁺, 

Sr²⁺, or Pb²⁺)
41-42

. 

Barium hexaferrite (BaFe₁₂O₁₉), one of the  

most investigated hexaferrites, has outstanding  

magnetic properties and is extensively used in 

permanent magnets and recording mediums. 

Hexaferrites' substantial magnetic anisotropy and 

high coercive force are due to its hexagonal  

crystal structure, which contains layered oxygen 

ions
43,44

. 

Hexaferrites' magnetic properties can be further 

improved by substituting rare earth ions, making  

them ideal for high-frequency and high-density  

data storage applications. Adding Nd³⁺ or La³⁺ to 

barium hexaferrite improves its magnetism and 

coercivity, making it ideal for advanced magnetic 

applications
45,46

. 
 

2.2.4 Orthoferrites 

Orthoferrites are differentiated by their anisotropic 

magnetic properties and orthorhombic crystal 

structures. Orthoferrites are typically denoted as 

RFe2O₃, with R representing a trivalent rare earth ion 

(e.g., La³⁺, Nd³⁺, or Sm³⁺). Because of its high 

magnetic anisotropy and magneto-optical effects, 

orthoferrites are ideal for use in spintronic and 

magneto-optical devices
47–49

. 

Orthoferrites often exhibit minor ferromagnetism 

due to spin canting in their antiferromagnetic 

structure. This feature makes them ideal for use in 

memory devices and magneto-optical sensors. Rare 

earth ions can be introduced into the orthoferrite 

structure to significantly alter its magnetic 

behaviour, boosting spintronic applications and 

providing greater magneto-optical effects
50–52

. 
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3 Specific Focus: Nickel Ferrite (NiFe₂O₄) and its 

Derivatives 

Nickel ferrite (NiFe2O₄) is a well explored soft 

ferrite with excellent magnetic, electrical, and 

dielectric properties
53

. The use of nickel ferrite in 

sensors, magnetic storage media, and high-frequency 

devices has sparked significant scientific interest
9-54-55

. 

This section will look at the oxygen position 

parameter, simulated X-ray diffraction (XRD) 

patterns of nickel ferrite, its structural features, and 

the impact of rare-earth doping in improving its 

properties
53

. Additionally, the discussion will briefly 

touch upon its derivatives, including nickel-zinc 

ferrite, nickel-zinc-copper ferrite, and nickel ferrite-

based composites
56

, highlighting their structural 

modifications and enhanced functionalities
57–59

. 
 

3.1 Importance of Nickel Ferrite 

An inverse spinel ferrite, nickel ferrite (Chemical 

formula: NiFe2O₄) has moderate magnetization, low 

eddy current losses, and high resistivity. Because of 

these characteristics, it can be used for a variety of 

purposes, such as: 

 Magnetic Storage Media: Nickel ferrite's 

high magnetic saturation and low coercivity make it 

suitable for use in data storage devices and magnetic 

tapes, where the material needs to have strong but 

readily switchable magnetization
7
. 

 High-Frequency Devices: An appropriate 

core material for transformers, inductors, and 

antennas operating in the megahertz frequency range 

is nickel ferrite because of its high electrical 

resistivity, which reduces eddy current losses
60-61

. 

 Magnetic Sensors: Nickel ferrite is utilized 

in many magnetic field sensing applications, 

including Hall effect sensors and magneto-resistive 

devices, because of its soft magnetic characteristics 

and sensitivity to external magnetic fields
62-63

. 

Beyond these uses, nickel ferrite's significance in 

cutting-edge technological applications is further 

increased by its doping with rare earth elements, 

which allows for customization of its characteristics. 
 

3.2 Crystal Structure of Nickel Ferrite 

Nickel ferrite is classified within the inverse spinel 

structural category, where divalent nickel ions (Ni²⁺) 

primarily occupy the octahedral (B) sites. In this 

structure, trivalent iron ions (Fe³⁺) are distributed such 

that half occupy tetrahedral (A) sites while the other 

half are located in octahedral (B) sites. The oxygen 

anions (O²⁻) form a face-centered cubic (FCC) lattice, 

with metal cations positioned in the interstitial sites
25

. 

 In the context of the inverse spinel configuration: 

 Tetrahedral sites (A sites) are occupied by Fe³⁺ 

ions. 

 Octahedral sites (B sites) are shared between Ni²⁺ 

and Fe³⁺ ions. 

The arrangement of cations in these interstitial sites 

significantly influences the magnetic and electrical 

properties of nickel ferrite. The magnetic moments of 

Fe³⁺ ions in both A and B sites exhibit anti-

ferromagnetic interactions, while Ni²⁺ ions in the B 

sites contribute to the overall net magnetization 
64-65

. 

Model Structure of Nickel ferrite with its tetrahedral 

and octahedral sites are displayed in Fig. 2. 

Recent studies have shown that doping with rare-

earth elements, such as terbium, can notably alter 

these properties. For instance, terbium doping results 

in a decrease in both saturation magnetization and 

coercivity, with saturation magnetization reaching a 

 
 

Fig. 2 — Crystal structure of pure nickel ferrite (NiFe₂O₄) showing octahedral and tetrahedral sites 
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minimum of approximately 30.6 emu/g at a doping 

level of 0.1
66

, and the Curie temperature is reduced 

from 938 K to 899 K with increased terbium content. 

Visualization tools like VESTA software facilitate 

the simulation of NiFe₂O₄'s structure, illustrating how 

Fe³⁺ and Ni²⁺ ions are arranged within the octahedral 

and tetrahedral sites. This simulated crystal structure 

is crucial for analysing cation distribution, oxygen 

positions, and how lattice distortions affect magnetic 

properties. Understanding this structure helps predict 

how modifications, such as rare-earth element doping, 

influence ferrite behaviour. 

A typical representation of the simulated structure 

includes: 

 Oxygen ions forming the lattice framework.

 Ni²⁺ ions occupying octahedral positions (B

sites). 

 Fe³⁺ ions distributed between tetrahedral (A

sites) and octahedral (B sites). 

The lattice parameters for NiFe₂O₄ have been 

reported to be around 0.8284 nm to 0.8322 nm 

depending on synthesis methods
67

 . This information 

is essential for understanding the structural 

characteristics and optimizing the material's properties 

for various applications. 

3.3 Simulated X-ray Diffraction (XRD) Pattern of Nickel 

Ferrite 

The technique of X-ray diffraction (XRD) is 

crucial for analysing the crystal structure of materials, 

such as nickel ferrite. Distinct peaks, such as (220), 

(311), (400), (511), and (440), that correlate to the 

planes of its cubic spinel structure are commonly seen 

in the XRD pattern for NiFe₂O4 as demonstrated in 

the simulated XRD pattern in Fig. 3. These peaks are 

essential for determining phase purity, lattice 

parameters, and crystallite size
68

. 

Software like as VESTA can be used to create a 

simulated XRD pattern for pure nickel ferrite, which 

shows the relative intensities and distinctive peak 

positions linked to the spinel structure. The phase 

purity and crystallinity of the synthesized ferrite are 

often verified by comparing this simulated data with 

experimental XRD results
69

. 

The following parameters are commonly seen in 

the nickel ferrite XRD pattern: 

 Crystallite Size: This is calculated from the

broadening of diffraction peaks using the Scherrer

equation.

 Lattice Parameter (a₀): This parameter is

derived from the peak positions and provides

insights into the unit cell dimensions of the spinel

lattice.

 Phase Purity: The presence of secondary phases,

such as Fe₂O₃, can be detected as additional peaks

in the XRD pattern, indicating incomplete

reactions or impurity phases 
70-71

.

In recent studies, doping was utilized to study 

changes in nickel ferrite properties. For example, zinc 

doping has been shown to have a significant effect on 

microstructural and magnetic characteristics. Studies 

reveal that substituting zinc ions for nickel ions 

increases the lattice properties while decreasing the 

crystallite size
24-72

.  

The crystallite size of nickel ferrite is traditionally 

estimated from the broadening of XRD peaks using 

the Scherrer equation, which provides a basic 

approximation based on size-induced broadening
68

 . 

However, this method is limited as it does not account 

for lattice strain or instrumental effects. Modern 

approaches, such as the Williamson-Hall method, 

Rietveld refinement, or whole powder pattern 

modeling, offer more accurate and comprehensive 

analysis by considering both size and strain 

contributions, as well as phase purity and lattice 

parameters
73–75

. These methods are increasingly 

preferred in current research for precise structural 

characterization of ferrites. 

In addition, gas sensing studies have revealed that 

in nickel zinc ferrite nanoparticles with zinc varying 

improves their sensitivity to hydrogen gas, resulting 

in a significant reaction at specific concentrations and 

temperatures
24

. 

An in-depth understanding of the structural study 

of nickel ferrite using X-ray diffraction techniques, Fig. 3 — Simulated indexed XRD pattern of pure Nickel ferrite 
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together with knowledge of the effects of doping, 

shows the material's potential applications in a variety 

of technological fields. 
 

3.4 Oxygen Position Parameter in Nickel Ferrite 

In spinel ferrites, the oxygen position parameter (u) 

refers to the displacement of oxygen anions from their 

ideal positions inside the lattice. This property has a 

significant influence on the distribution of cations and 

the magnetic interactions between ions within the 

lattice. Oxygen anions in nickel ferrite (NiFe2O4) 

typically form a close-packed structure; any deviation 

from this ideal location results in lattice distortion, 

which affects the material's electrical and magnetic 

properties. 

There are two experimental ways for measuring the 

oxygen location parameter: neutron diffraction and 

synchrotron radiation. The oxygen parameter 'u' in 

nickel ferrites is not highly sensitive to the degree of 

inversion in the structure, as shown in studies  

of doped nickel ferrites 
76

. Variations in oxygen 

stoichiometry affect the diffusion coefficients of 

oxygen, with higher contents leading to a diffusion 

coefficient independent of stoichiometry
77

. The 

oxygen parameter plays a vital role in enhancing the 

electrocatalytic activity for the oxygen evolution 

reaction (OER), where optimizing the lattice oxygen 

can improve performance significantly
78

. 

While the oxygen parameter is essential for 

enhancing the properties of nickel ferrites, it is also 

important to consider that excessive doping or 

alterations in stoichiometry can lead to structural 

instability, potentially diminishing the material's 

effectiveness in practical applications. 

 

4 Influence of Rare Earth Incorporation in Nickel 

Ferrite (NiFe₂O₄) 

Figure 4 demonstrates how Rare earth (RE) doping 

in nickel ferrite (NiFe₂O₄) causes structural changes 

that affect the material's electrical and dielectric 

properties. Nickel ferrite, a well-known inverse spinel 

structure, has attracted attention for its potential 

applications in a variety of electronic devices, sensors, 

and high-frequency components. The inclusion of rare 

earth ions causes modifications in resistivity, 

conductivity, and dielectric behavior in different 

ferrites, which are driven by changes in cation 

distribution and the formation of secondary phases
79-

80
. In sol-gel or combustion synthesis, oxidants are 

typically metal nitrates (e.g., nickel nitrate, iron 

nitrate), providing oxygen for the reaction. Other 

oxidants like sodium perchlorate (NaClO₄) can be 

used, as seen in combustion synthesis studies
81

. 
 

4.1  Structural Impact of Rare Earth Doping 
Incorporating rare earth (RE) ions like Gd³⁺, Nd³⁺, 

and Sm³⁺ into the nickel ferrite lattice alters its 

structural and physical properties due to their greater 

ionic radii compared to Fe³⁺ and Ni²⁺. These RE ions 

preferentially occupy octahedral positions in the 

spinel structure, producing lattice expansion and 

changing the cation distribution between tetrahedral 

and octahedral sites. Such variations in lattice 

parameters and cation arrangement have an impact 

not only on the crystal structure but also on defect 

chemistry, which affects the material's electrical and 

magnetic properties. The concentration of RE dopants 

put into the ferrite matrix strongly influences the 

degree of lattice distortion and property alteration
82-83

. 

The solubility limit is an important aspect in RE 

doping because it limits the highest concentration of 

RE ions that may be homogeneously integrated into 

the nickel ferrite lattice without forming secondary 

phases. Beyond this limit, undesired phases including 

rare earth oxides (RE₂O₃) tend to precipitate, affecting 

the structural coherence and performance of the 

ferrite. Furthermore, the presence of large RE ions in 

the lattice inhibits crystallite growth during synthesis, 

resulting in smaller crystallites and different 

microstructural characteristics. This reduction in 

crystallite size can have an impact on grain boundary 

properties as well as electrical conductivity. As a 

result, a full understanding of the interaction between 

 
 

Fig. 4 — Flowchart showing rare earth-induced distortion, 

structural changes, and property modification in ferrites 
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RE doping concentration, solubility limits, and the 

consequent structural changes is required for 

adjusting nickel ferrite characteristics. Such 

optimization is particularly important for enhancing 

its applicability in various technological domains, 

including magnetic devices, catalysis, and sensors. 
 

4.1.1  Below the Solubility Limit 

When the RE ion concentration is within the 

solubility limit, the dopants successfully substitute for 

Fe³⁺ ions at the B sites, leading to lattice expansion 

and minor distortions, while maintaining a single-

phase ferrite structure. The electrical properties in this 

regime can be fine-tuned through cation redistribution 

and changes in the lattice structure, which directly 

affect the conductivity and dielectric behaviour 
84

. 
 

Lattice expansion 

The introduction of RE ions, which are typically 

bigger than Fe³⁺ and Ni²⁺, increases the lattice 

constant. This expansion is visible in X-ray 

diffraction (XRD) patterns, as diffraction peaks move 

to lower angles due to the enlargement of the unit cell. 

The higher lattice constant also affects charge carrier 

mobility and the electron hopping distance between 

cations, which has a strong influence on the material's 

electrical conductivity 
5-16

. A higher lattice constant 

increases the distance between cations (e.g., Fe²⁺ and 

Fe³⁺), lengthening the electron hopping distance. This 

reduces charge carrier mobility, as electrons must 

travel farther, potentially decreasing conductivity. In 

doped ferrites, lattice expansion from RE ions can 

further disrupt hopping, increasing resistivity 
85

for 

this effect, noting how lattice changes impact carrier 

mobility. 
 

Cation Redistribution 

In nickel ferrite, rare earth (RE) doping causes 

notable changes in the distribution of cations between 

the spinel structure's tetrahedral (A) and octahedral 

(B) sites. These cations may redistribute when RE 

ions are added, as they usually have a higher ionic 

radius than Ni²⁺ and Fe³⁺. Ni
2+

 and Fe
2+

 ions, in 

particular, may move between sites A and B to 

provide room for the structural tension brought on by 

RE incorporation. Electron hopping between Fe²⁺ and 

Fe³⁺ ions at B-sites is the basic charge transport 

mechanism in ferrites that is impacted by this 

redistribution. These hopping pathways can become 

interrupted by changes in site occupancy, which can 

alter electrical conductivity. RE ions may also 

partially fill the lattice's interstitial spots. The 

electrical structure and conductivity of the material 

are further influenced by the local lattice distortions 

introduced by this occupation. The ionic radius, 

valence, and solubility limit of the particular RE 

element being utilized determine how much of these 

changes occur. The surplus RE ions separate into 

secondary phases, which will be covered in more 

detail in the next section, after reaching a critical 

concentration
15,16,86

.  
 

4.1.2  Beyond the Solubility Limit 

When the concentration of RE ions exceeds the 

solubility limit, secondary phases such as rare earth 

oxides (RE₂O₃) and iron-rich oxides (Fe2O₃) begin to 

precipitate. These secondary phases, which are 

typically insulating, contribute to increased resistivity. 

The formation of secondary phases is typically 

confirmed by XRD patterns, where additional peaks 

appear corresponding to the RE oxide phases. This 

indicates a structural evolution within the material as 

the excess RE ions are no longer incorporated into the 

ferrite matrix but instead form separate phases 
85

. 

The generation of these phases depends on the 

ionic radius of the RE ions and their charge 

compatibility with the Fe³⁺ ions they replace at the B 

sites. While secondary phases might reduce electrical 

conductivity due to their insulating nature, they can 

also bring unique microstructural properties that may 

benefit specific applications. To attain the desired 

material properties, the doping concentration can be 

carefully adjusted to balance the advantages provided 

by both the primary ferrite phase and the secondary 

phase 
16

. 
 

4.2 Factors Influencing the Phase Formation in Rare Earth 

Doped Nickel Ferrite In Sol Gel Auto Combustion Method 

The synthesis process plays a crucial role in 

achieving a pure nickel ferrite phase, with the 

occasional formation of secondary phases when 

doped with RE ions, thereby influencing its various 

properties. Among the available approaches, the sol-

gel auto combustion process has a substantial effect 

on dopant distribution, microstructure, grain size, 

porosity, and phase purity. Secondary phases, 

including rare earth oxides (RE₂O₃) and iron oxides 

(Fe2O₃), can alter the material's electrical transport 

and dielectric characteristics. Model structures of 

doped nickel ferrite and the secondary phase are 

illustrated in Fig. 5. XRD pattern of the bi-phase 

nickel ferrite is shown in Fig. 6 where the secondary 

orthorhombic phases are shown in asterisk (*).  

X-ray diffraction (XRD) determines crystallinity in 
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nickel ferrite mostly by analyzing peak  

sharpness, intensity, and the number of different 

reflections. Sharper and more powerful peaks in the 

2θ range of 20°-80° indicate improved long-range 

atomic order and larger crystallite sizes, indicating 

higher crystallinity. This is quantified using the 

Scherrer equation, where a decrease in full width at 

half maximum (FWHM) indicates crystallite 

development.  

The sol-gel auto combustion method is a 

sophisticated and frequently used technology for 

creating metal oxides and nanomaterials, such as 

ferrites. To make a sol, metal precursors are first 

dissolved in a solvent, which is usually accompanied 

by an oxidant and a fuel. When heated, the sol 

undergoes auto-combustion, quickly creating a porous 

gel and releasing gases. This exothermic reaction 

streamlines the synthesis process and results in 

homogeneous nanoparticles with regulated shape. 

Following calcination, the final product has increased 

stability and crystallinity, which provides numerous 

important advantages for controlling doping and 

phase formation. Following are two noteworthy 

benefits of this process: 
 

4.2.1 Enhanced Control Over Doping and Phase Formation  

The sol-gel process is well known for its ability to 

achieve homogeneous dopant dispersion inside the 

nickel ferrite lattice, which includes the integration of 

rare earth (RE) elements. This approach allows for 

exact control of doping concentrations, which reduces 

the chance of large-scale secondary phase formation. 

However, when RE concentrations reach the 

solubility limit of nickel ferrite, secondary phases 

such as RE oxides can develop, which are often finer 

dispersed than those produced by traditional 

methods
5-16

. Controlled doping and phase formation 

can be refined further by optimizing critical synthesis 

parameters: keeping the solution pH around 6 ensures 

homogeneous precursor distribution; selecting 

appropriate combustion agents (e.g., citric acid, urea) 

regulates reaction temperature and improves phase 

purity; and ensuring accurate precursor stoichiometry, 

as well as precise control over calcination temperature 

and time, is critical for single-phase spinel formation. 

The sol-gel process, combined with careful synthesis 

condition adjustment, allows for homogeneous dopant 

inclusion and suppression of secondary phases, 

keeping nickel ferrite's ideal structural, magnetic, and 

electrical properties
83

. 
 

4.2.2 Fine Grain Structure 

The sol-gel process often yields materials with 

larger surface areas, smaller particle sizes, and 

increased porosity, as the rapid combustion and gas 

release during synthesis promote fine grain structures 

and high surface area nanoparticles
87–89

. Grain 

boundaries in smaller grains serve as charge carrier 

dispersion sites, often resulting in higher electrical 

resistivity. Furthermore, the porosity found in sol-gel-

derived ferrites can trap rare earth dopants at grain 

boundaries, favouring the production of secondary 

phases
5
. 

In the sol gel auto combustion method, two 

controlling parameters have reportedly influenced the 

appearance of the secondary orthorhombic phase 

massively. One is pH level and the other is the 

combustion agent. 

4.3 Role of pH Value Maintenance in the Phase Formation of 

Ferrite 

Ferrites' structural characteristics and phase 

development are greatly influenced by the pH level at 

which they are synthesized. Maintaining a pH of 

about 6 has been found to be ideal for obtaining desired 

 
 

Fig. 5 — Crystal structures of Rare earth substituted (a) Nickel 

ferrite along with (b)secondary orthorhombic phase 

 

 
 

Fig. 6 — Simulated XRD pattern of Bi-phase doped ferrite 
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properties in the context of rare earth-doped  

ferrites produced using the auto-combustion sol-gel 

process
90

. 

Lower pH values, especially below 4, promote 

hematite (α-Fe2O3) formation, hindering the 

transition to the desired spinel ferrite phase. When the 

pH climbs to around 6, the synthesis begins to favour 

the formation of spinel ferrites 
91

. This transition is 

important because it impacts the final material's 

magnetic properties as well as the size of the 

crystallites. For example, research shows that ferrite 

samples produced at pH 6 have stronger crystallinity 

and optimal magnetic behaviour than those produced 

at lower or higher pH 
90

. 

Particle morphology can also alter as a result of pH 

variations. In order to get similar magnetic 

characteristics across the sample, a more uniform 

particle dispersion is seen at pH values close to 6
92

. 

Because of the balanced ion concentration and 

reactivity at this pH level, the synthesis process is 

more easily controlled. 

Changes in crystallite sizes and lattice properties 

can also be connected to the effect of pH on structural 

features. For instance, because of excessive ion 

reactivity and phase segregation, raising the pH above 

6 may result in bigger crystallite sizes and changed 

lattice properties
91

. This implies that in order to 

maximize the structural integrity and functional 

characteristics of rare earth-doped ferrites, precise pH 

regulation is required. 
 

4.4 Role of Combustion Agent in the phase Formation of 

Ferrite 

In the sol-gel auto-combustion process, the 

combustion agent used has a significant effect on the 

synthesis and characteristics of rare earth-doped 

ferrites. Combustion agents such as maleic acid, urea, 

and citric acid not only provide the heat needed to 

create spinel ferrites, but they also greatly stabilize 

metal cations throughout the synthesis process
87-88

.  

The combustion agent helps metal cations in 

forming stable complexes during the auto-combustion 

process, preventing selective precipitation caused by 

water evaporation. This stabilization is required to 

ensure a homogenous distribution of metal ions in the 

final ferrite structure. The crystallinity and shape of 

the synthesized ferrites can be greatly modified by the 

type of combustion agent used. Using urea as a 

combustion agent, for example, has been shown to 

result in lower degrees of crystallinity than citric acid 

or maleic acid, which create clear, sharp peaks in  

X-ray diffraction (XRD) patterns, indicating high 

crystallinity 
88

. 

The type of fuel and its proportion of metal cations 

are two variables that can influence the complex 

combustion process. The microstructure and 

functional properties of ferrite materials are 

influenced by ideal temperature conditions and full 

combustion, which necessitate a proper balance of 

these components. For example, it has been shown 

that using different chelating agents, such as citric 

acid, urea, or maleic acid, generates changes in the 

magnetic properties of ferrites, with certain agents 

(e.g., citric acid) encouraging higher coercivity and 

magnetization values due to improved crystallinity 

and cation distribution
88-93

. 

In addition, advances in microwave-assisted 

combustion methods have demonstrated that 

employing microwave radiation can enhance 

combustion efficiency, leading in improved phase 

purity and faster synthesis times 
89

. This method 

allows for faster heating and greater control over 

particle agglomeration, resulting in high-quality 

ferrite nanoparticles 
94

. 
 

4.5 Role of Sintering Temperature in Phase Formation and 

Properties 

The sintering temperature is an important 

parameter in the sol-gel auto-combustion synthesis of 

rare earth-doped nickel ferrites, influencing phase 

purity, crystallite size, and functional characteristics. 

Optimal sintering temperatures (600-1000°C) increase 

spinel production while reducing secondary phases 

like Fe₂O₃ or RE₂O₃ 
95

. Higher temperatures promote 

crystallinity and grain development, which reduces 

porosity and increases crystallite size, potentially 

lowering electrical resistivity due to enhanced  

charge carrier mobility
50

. However, high sintering 

temperatures can cause phase segregation or loss of 

volatile components, reducing magnetic and dielectric 

characteristics. For example, research on Gd-doped 

nickel ferrites demonstrate that sintering at 800°C 

maximizes phase purity and magnetic saturation, but 

higher temperatures (>1000°C) cause secondary phase 

development. Careful control of sintering temperature 

is thus essential to balance structural integrity and 

functional performance in RE-doped ferrites. 
 

5 Review of Tailored Transport Properties upon 

RE Doping 

Rare earth doping in nickel ferrite has a major 

effect on transport parameters such as electrical 
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conductivity and charge carrier mobility. RE doping 

alters charge carrier hopping between Fe²⁺ and Fe³⁺ 

ions, leading to structural alterations and changes in 

cation vacancy concentrations, according to several 

studies. The following highlights the main alterations 

observed in transport characteristics as a result of RE 

doping: - 
 

5.1 Polar on Hopping Mechanism 

Electrical conduction in ferrites involves polaron 

hopping, where Fe²⁺ and Fe³⁺ ions exchange electrons 

across nearby oxygen atoms. RE doping disrupts this 

process by altering the local crystal field and 

introducing defects that limit polaron mobility
5
. As a 

result, the material's conductivity drops as the RE 

doping concentration increases, particularly when 

secondary phases occur 
16

. 
 

5.2   Small Polaron Hopping 

Involves localized charge carriers strongly coupled 

to lattice distortions, resulting in short-range hopping. 

This is common in ferrites due to strong electron-

phonon interactions, leading to lower mobility and 

higher activation energy. Small polaron hopping is 

often dominant in RE-doped ferrites, where lattice 

distortions from larger RE ions further localize 

carriers
95-96

. 
 

5.3 Large Polaron Hopping 

Involves less localized charge carriers with weaker 

lattice interactions, allowing for longer-range 

transport. This is less common in ferrites but may 

occur in systems with reduced lattice distortions or 

specific doping conditions. 
 

5.4 Electrical Resistivity  

Rare earth (RE) doping in nickel ferrite plays a 

crucial role in tuning transport properties such as 

electrical resistivity and conductivity. These 

properties are significantly influenced by structural 

modifications induced by RE dopants, including 

lattice distortions, cation vacancy concentrations, and 

the formation of secondary phases. Depending on the 

application, RE doping can either increase the 

resistivity for enhanced insulation or decrease it to 

improve conductivity, making RE-doped nickel ferrite 

versatile for various technological applications. 

Incorporating RE ions with greater ionic radii than 

Fe³⁺ or Ni²⁺ might cause unit cell expansion and alter 

electron hopping mechanisms between Fe²⁺ and Fe³⁺ 

ions, affecting conduction behavior. This tunability is 

especially useful in applications like as magnetic 

sensors, microwave devices, and energy storage 

systems, where precise electrical performance is 

required. Recent studies also indicate that RE doping 

can improve thermal stability and reduce dielectric 

losses, thus increasing the overall efficiency of ferrite-

based components
97

. 
 

6 Electrical Resistivity and Conductivity 

RE doping has been widely reported to increase the 

electrical resistivity of nickel ferrite due to the 

introduction of lattice distortions. Larger RE ions 

disrupt the regular lattice, impeding the polaron 

hopping mechanism between Fe²⁺ and Fe³⁺ ions, 

which is the primary charge transport mechanism. 

Moreover, the formation of secondary phases, such as 

rare earth oxides, further enhances resistivity as these 

phases are generally insulating. For instance, Gd-

doped nickel ferrite has been shown to exhibit 

significantly higher resistivity, making it suitable for 

applications requiring reduced eddy current losses 
95

. 

In addition to increased resistivity, RE doping 

influences microstructural morphology by increasing 

grain boundary resistivity and grain size, both of 

which contribute to the reduction of charge carrier 

mobility. This leads to enhanced performance in high-

frequency applications like transformer cores and 

EMI shielding. Furthermore, investigations have 

revealed that RE doping not only alters electrical 

behavior, but also improves thermal stability and 

minimizes dielectric losses, widening the operational 

reliability of these materials under diverse 

environmental circumstances
98

. 

P. Venkata Srinivasa Rao et al., (2018) reported 

that Gd doping in Ni-Cu-Zn ferrites led to increased 

resistivity values up to 9.5×10⁷ Ω⋅m at a concentration 

of x=0.12, showing that RE doping can effectively 

enhance resistive properties 
99

. Similarly, Farid et al., 

(2015) study reveals that doping Neodymium (Nd) 

ions with Nickel-Cobalt ferrites leads to an increase in 

the direct current (DC) resistivity of the material, the 

resistivity increases with higher Nd concentrations, 

indicating that the material becomes less conductive 

as more Nd is added. This is primarily due to the 

larger ionic radius of Nd compared to the ions it 

replaces, which affects the movement of charge 

carriers within the ferrite structure
100

. 

However, RE doping can also be used to reduce 

resistivity, effectively increasing conductivity in 

certain cases. For example, Dwevedi et al., (2009) 

observed that pure Ni ferrite exhibits the highest 

resistivity and conductivity values, while the rare 

Earth-doped compounds show lower resistivity and, 
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consequently, higher conductivity. This change is 

attributed to the structural modifications and the 

increased hopping of charge carriers due to the 

presence of rare Earth ions 
101

. Almessiere et al. 

observed that incorporating Ce³⁺ and Dy³⁺ ions into 

NiCo ferrite significantly alters both AC and DC 

conductivity, underscoring the role of rare earth 

doping in modifying the electrical properties of 

ferrites and influencing their conduction mechanisms. 
electrrical properties of ferrite materials, which 

ultimately affects the conduction mechanisms within 

the material 
102

. Additionally, Sinha et al., (2018) 

reported that Doping Gd into nickel ferrite affects its 

electrical conductivity significantly. The study found 

that the ac conductivity of the samples increases with 

the increase in Gd doping concentration up to 10%  

(x = 0.10) and then decreases at higher concentrations 

(x = 0.15) 
103

. 
The flexibility offered by RE doping makes it 

possible to adjust resistivity and conductivity for 

specific applications. Whether the goal is to increase 

resistivity for insulating purposes or to reduce it for 

better conductivity, the controlled introduction of RE 

dopants allows fine-tuning of transport properties 

based on the desired application. 
 

6.1 Thermal Activation Energy 

 The introduction of rare earth elements has been 

shown to increase the energy barrier for charge carrier 

movement, thus elevating the thermal activation 

energy of the material. Guragain et al., (2020) study 

reveals that effect of terbium ion substitution in 

inverse spinel nickel ferrite results reductions in Curie 

temperature and alterations in magnetic properties 

suggest that doping can have a significant impact on 

thermal activation processes in nickel ferrite
84

. 

Rezlescu et al., (1997) reported that R2O Tb
3+

 (R = 

Yb, Er, Dy, Tb, Gd, Sm and Ce) doping in nickel zinc 

ferrite increase the thermal activation energy at 

elevated temperatures is due to the thermal activation 

of carrier mobility, which is sensitive to the 

microstructure of the material 
104

. Additionally, 

Sowjanya et al., (2023) found that multi rare earth 

element doped Ni–Co ferrite enhanced the lattice 

parameter of the doped ferrite increased from 8.218 Å 

to 8.243 Å due to doping, which could imply changes 

in the thermal properties, including activation  

energy 
105

. Phugate et al., (2020) reported that the 

introduction of Ho
3+

 ions into the Co–Ni ferrite matrix 

affects the thermal properties of the material. As the 

concentration of Ho
3+

 ions increases, the thermal 

activation energy is likely to change due to alterations 

in the crystal structure and cation distribution within 

the ferrite 
106

. 
 

6.2 Carrier Mobility 

The mobility of charge carriers is also influenced 

by the size and valence state of the doped rare earth 

ions. Kumar et al., (2024) investigates that the doping 

of nickel ferrites with Ho, Gd, and La significantly 

influences the mobility of charge carriers by altering 

structural characteristics, enhancing conduction 

mechanisms, and reducing leakage current, which 

collectively contribute to improved electrical 

performance 
92

. In another study, Nag et al,. (2019) 

found that doping nickel zinc ferrite with Er
3+

 ions 

leads to significant changes in the mobility of charge 

carriers, particularly at an optimal concentration of 

x=0.025, which enhances the material's dielectric 

properties and suitability for high-frequency 

applications 
107

. Additionally, Almessiere et al., 

(2021) demonstrated that the introduction of Ce
3+

 and 

Dy
3+

 ions into the Ni–Co ferrite structure affects the 

charge carrier mobility. The study indicates that the ac 

conductivity measurements confirmed a power-law 

relationship, which is largely dependent on the Ce–Dy 

content. This suggests that the mobility of charge 

carriers is influenced by the concentration of these 

dopants 
102

. Finally, Srinivasamurthy et al., (2018) 

reported that doping with Ce
3+

 ions in Co-Ni ferrites 

affects the charge carrier mobility significantly. The 

introduction of Ce
3+

 ions replaces some of the Fe
3+

 

ions in the ferrite structure, which influences the 

hopping mechanism of charge carriers. This is 

because the mobility of charge carriers is often linked 

to the ability of electrons to hop between different 

oxidation states of iron ions (Fe
2+

 and Fe
3+

) in the 

ferrite matrix
108

.  
 

7 Review of Modified Dielectric Properties upon 

Rare Earth (RE) Doping 

The dielectric properties of ferrites are highly 

dependent on microstructure, grain size, and the 

presence of secondary phases. Rare earth (RE)  

doping introduces significant modifications to these 

properties. The following summarizes the key 

changes in dielectric properties observed due to RE 

doping: 
 

7.1 Dielectric Constant 

When nickel ferrite is doped with RE, its dielectric 

constant usually drops. This is due to the fact that the 

presence of RE ions suppresses the hopping of charge 
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carriers between Fe²⁺ and Fe³⁺ ions, which aids in 

material polarization. A drop in the dielectric  

constant results from the bigger RE ions' reduction  

of the quantity of charge carriers and obstruction  

of their motion. Nd-doped nickel ferrite, for  

instance, has demonstrated a lower dielectric  

constant than undoped ferrite, especially at higher 

frequencies
5-91

. 

In many cases, RE doping leads to a reduction in 

the dielectric constant because the hopping of charge 

carriers (Fe²⁺/Fe³⁺) is hindered by RE ions, resulting 

in decreased polarization. For example, the structural 

alterations brought about by doping cause the 

dielectric constant of neodymium-substituted copper 

nickel ferrite to decline with increasing frequency and 

attain a constant value at higher frequencies
109

. 

Conversely, some RE dopants can increase the 

dielectric constant due to the lattice distortion they 

introduce and the polarizability of RE ions, The study 

by Atta et al. (2021) examines how terbium (Tb3+) 

doping affects the dielectric characteristics of nickel 

ferrite (NFO) nanoparticles. The addition of Tb ions 

was shown to dramatically boost the dielectric 

constant. This improvement is explained by the 

material's enhanced polarization effects brought about 

by the rare-earth ions. This implies that doping with 

Tb3+ improves the material's electrical energy storage 

capacity, which is an essential characteristic for a 

variety of electronic applications
66

. Nag et al. (2019) 

similarly observed that Er³⁺ doping in nickel-zinc 

ferrite raised the dielectric constant to approximately 

35 at 1 kHz 
107

. Additionally, Atta et al., (2020) 

reported that a significant enhancement in the 

dielectric constant is observed due to the doping 

process. Specifically, the dielectric constant reaches a 

high value of 360 at a temperature of 303 K. This 

increase is attributed to the presence of Tb
3+

 ions in 

the NFO nanoparticles, which contribute to improved 

polarization effects within the material and this makes 

the material suitable for applications in electronic 

devices, particularly in capacitors and storage 

devices
110

. 

Ditta et al., reported that the dielectric constant of 

Gd and Dy co-doped Ni-Co ferrites decreases with 

increasing frequency, showing significant variations 

between low and high-frequency regions, influenced 

by polarization effects and electron dynamics 
111

. 

Similarly, Bharathi and her teammates research 

indicates that the dielectric constant can increase by 

an order of magnitude with the substitution of Ho 

ions, highlighting the significant impact of these  

rare-earth elements on the electrical properties of  

Ni ferrites 
112

. 

 
7.2 Dielectric Loss 

Dielectric loss is the amount of energy released as 

heat in a dielectric substance when exposed to an 

alternating electric field. Dielectric loss in RE-doped 

ferrites typically reduces with doping, especially at 

higher frequencies. This is because reduced charge 

carrier mobility reduces polarization-induced energy 

dissipation. However, at very high doping levels, the 

creation of secondary phases may increase dielectric 

loss due to increased scattering and flaws in the 

material
107,108,113

.  

The reduction in dielectric loss with RE doping is 

often due to the inhibition of charge carrier motion, 

which is especially prominent at higher frequencies. 

Rajenimbalkar et al. (2024) reported that Ti-Zn co-

doped nickel ferrites exhibited a significant decrease 

in dielectric loss, reaching as low as 0.02 at higher 

frequencies, indicating improved energy storage 

capabilities
85

. 

Nag et al. (2019) investigation indicates that the 

sample with 2.5% erbium doping (x=0.025) exhibited 

a relatively lower dielectric loss compared to the 

undoped nickel zinc ferrite. This suggests that the 

incorporation of Er
3+

 ions improves the dielectric 

performance of the ferrite. These enhancements are 

crucial for advancing the material's application in 

high-frequency electronic devices
107

. 

Luo et al., (2017) research found that the dielectric 

loss tangent peaks at a doping concentration of  

x = 0.008, indicating a significant change in dielectric 

behavior due to Nd3+ ion doping in Ni–Zn ferrites, 

while lower and higher concentrations lead to a 

decrease in dielectric loss, the dielectric constant and 

dielectric loss tangent were measured across different 

concentrations of Nd
3+

 ions, specifically from 0.002 to 

0.010
114

. Srinivasamurthy et al., (2018) studies found 

that the dielectric loss decreases with increasing 

frequency. At low frequencies, the dielectric loss is 

high because a large number of dipoles can align with 

the electric field, leading to significant energy loss. 

However, as the frequency increases, the ability of 

dipoles to follow the rapidly changing field 

diminishes, resulting in lower dielectric loss. This 

behavior aligns with Debye's relaxation phenomena, 

where the dielectric loss decreases as the frequency 

increases 
108

.  
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7.3 Frequency Dependence 

The dielectric characteristics of RE-doped nickel 

ferrite are extremely frequency dependant. At low 

frequencies, space charge polarization causes charges 

to accumulate at grain boundaries and other 

imperfections, resulting in a high dielectric constant. 

However, at higher frequencies, the material's dipoles 

cannot keep up with the rapid fluctuations in the 

applied electric field, resulting in a reduction in the 

dielectric constant. RE doping alters this frequency 

dependence, making the material acceptable for 

specific frequency ranges in electronic applications 

including microwave devices and RF circuits
11

 
5
. 

Nag et al. (2019) found that the frequency 

dependence analysis demonstrated that the erbium-

doped nickel zinc ferrite, especially with 2.5% 

doping, has promising dielectric properties that make 

it suitable for advanced electronic applications 
107

. 

According to Ranga et al. (2023) The dielectric 

constant decreases with increasing frequency and 

La3+ ion concentration, while dielectric loss increases 

with temperature. These changes indicate that La3+ 

substitution affects the frequency dependence of 

dielectric properties in nickel ferrite nanoparticles
113

. 

Awati et al. (2021) found that the dielectric constant 

of the Tb3+ doped NiCuZn ferrites exhibits a 

dispersion behavior, which aligns with the Maxwell-

Wagner model. This model explains how dielectric 

materials can show different dielectric constants at 

different frequencies due to the presence of multiple 

polarization mechanisms within the material 
115

. 

Paswan et al. (2023) examined the dielectric 

relaxation (100 Hz–1 MHz), showing a higher 

dielectric constant in rare earth (La3+ and Sm3+) 

substituted samples than in pure nickel ferrite. AC 

conductivity was lower in substituted samples, 

exhibiting frequency-dependent electrical transport. 

Temperature-dependent analysis via Jonscher's power 

law indicated small polaron hopping below 200 °C, 

transitioning to correlated barrier hopping above this 

temperature
116

. 
 

8 Applications of RE-Doped Nickel Ferrite 

RE-doped nickel ferrites are ideal for a variety of 

high-frequency and high-resistivity applications due 

to their superior electrical and dielectric properties. 

These benefits are due to changes in ionic distribution 

and structural modifications caused by rare earth 

doping. 

Several key applications benefit from these 

enhanced properties: 

 High-Frequency Transformers and Inductors: 
RE-doped nickel ferrite is suitable for use in high-

frequency transformers, inductors, and other 

passive electronic components that require low 

eddy current losses due to its higher resistivity 

and reduced dielectric loss
117

. 

 Capacitors and Resonators: RE-doped nickel 

ferrites outperform capacitors and resonators in 

radio frequency and microwave circuits due to 

their lower dielectric loss and controllable 

dielectric constant
118

. 

 Electromagnetic Interference (EMI) 

Suppression: RE-doped ferrites are ideal for EMI 

suppression applications due to their increased 

resistivity and tuneable dielectric properties, 

which enable them to absorb and scatter 

unwanted electromagnetic signals
119

 
120

. 

 Magnetic Data Storage: The unique magnetic 

properties of RE-doped nickel ferrites make them 

ideal for use in magnetic data storage devices that 

require strong coercivity and heat stability
120

. 

 Biomedical Applications: Nickel ferrites 

magnetic properties, which may be altered by rare 

earth doping, have led to their use as  

MRI contrast agents and as a hyperthermia 

treatment
121

. 

 Catalysis: Rare earth-doped nickel ferrites have 

excellent catalytic properties, making them 

suitable for applications such as heterogeneous 

catalysis in environmental remediation 

methods
122

. 

 Energy Storage Devices: RE-doped nickel 

ferrites are intriguing materials for energy storage 

systems due to their high resistivity and low 

losses, which will aid in the development of more 

efficient power supply solutions
123

. 
 

9 Conclusion 

To summarize, rare earth (RE) doping can 

significantly improve the electrical characteristics of 

nickel ferrite (NiFe₂O₄), which is crucial for advanced 

technological applications. This review has shown 

that the addition of RE components like Gd, La, Nd, 

and Sm causes significant modifications in the 

material's structure and performance. RE doping alters 

electron hopping dynamics between Fe²⁺ and Fe³⁺ 

ions, leading to higher resistivity and enhanced 

dielectric properties. Excessive doping can cause  

the production of secondary phases such as RE₂O₃,  

which can negatively affect electrical behaviour.  
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The synthesis process chosen is also important; 

techniques such as sol-gel and combustion offer 

greater control over phase purity and microstructure 

than standard solid-state procedures. Overall, while 

rare earth doping offers a diverse way to enhancing 

the electrical characteristics of nickel ferrite, striking 

the right balance between increased performance and 

secondary phase minimization remains a significant 

problem. Future research should concentrate 

breakthroughs in synthesis procedures in order to 

optimize the benefits of rare earth-doped nickel 

ferrites in functional devices. 
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