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cation substitution (M = Mn, Ni,
Mg, Cu) on the structural, magnetic and electrical
properties of MFe2O4 spinel ferrites

Ibtihel Soudani, *a Nazir Mustaphab and Mokhtar Hjiri*b

In This study, a systematic investigation of the influence of the nature of the divalent cation (M2+ = Ni, Mg,

Cu, Mn) on the multifunctional properties of spinel ferrites MFe2O4 synthesized by solid-state reaction is

presented. X-ray diffraction (XRD) analyses validate the formation of single-phase cubic phases (space

group Fd�3m). Despite significant disparities between the ionic radii of the M2+ cations (0.69 to 0.80 Å),

the lattice retains its integrity, highlighting the high structural robustness of these materials in the face of

cationic substitution. The precise determination of the oxidation states and the distribution of metal ions

between the tetrahedral and octahedral sites of our prepared samples is carried out by X-ray

photoelectron spectroscopy (XPS), while Raman spectroscopy corroborates these results by identifying

the five vibrational modes characteristic of the spinel structure. Magnetic characterizations reveals that

the ferrites MnFe2O4 and NiFe2O4 exhibit the highest saturation magnetizations (Ms), whereas MgFe2O4

shows a reduced magnetization due to the non-magnetic nature of the Mg2+ ion. The compound

CuFe2O4 exhibits intermediate values, influenced by Jahn–Teller distortions and the mixed valence

states of copper. The coercivity (Hc) varies depending on the cation, classifying some samples as soft

magnetic materials, optimal for low-energy-loss applications. Furthermore, high-frequency analyses

demonstrate that substitution engineering allows these ferrites to be optimized for microwave devices.

Finally, electrical measurements performed between 400 and 700 K reveal remarkable performance for

thermal sensing. Combined with an excellent stability factor, these properties authenticate the reliability

of these materials for high-temperature sensor applications.
1 Introduction

Spinel ferrites, with the general formula MFe2O4 (M
2+ =Mn, Ni,

Mg, Cu), have been extensively investigated for decades due to
their unique combination of magnetic, electrical, and structural
properties. This multifunctionality makes them highly attrac-
tive for a wide range of technological applications.1–5 These
materials crystallize in a face-centered cubic structure, where
oxygen anions form a close-packed lattice and cations are
distributed between tetrahedral (A) and octahedral (B) sites.
This exible cationic distribution plays a crucial role in deter-
mining the fundamental properties of spinel ferrites, including
saturation magnetization, coercivity, and electrical resistivity.6,7

In particular, partial cationic inversion in nickel ferrite nano-
structures has been reported to enhance magnetic hardening,
coercive eld, and magnetic anisotropy due to changes in the
cation occupancy between tetrahedral (A) and octahedral (B)
and Applications (LaMMA), LR16ES18,
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sites and the resulting modication of superexchange
interactions.8

Spinel ferrites are semiconducting materials widely used in
diverse elds such as gas sensing, heterogeneous catalysis, energy
storage, wastewater treatment, magnetic resonance imaging
(MRI), and high-frequency electromagnetic wave absorption.9,10

Beyond their conventional applications in electronics and
microwave devices, these materials have recently gained
increasing attention for biomedical applications, particularly in
magnetic hyperthermia and cancer therapy.11 In such applica-
tions, their performance can be signicantly enhanced through
precise control of chemical composition and microstructure.12

Recent studies have emphasized the importance of compo-
sitional engineering in tuning the structural, magnetic, elec-
trical, and optical properties of spinel ferrites. For instance, Zn–
Ni13,14 and Mn–Zn15 ferrites exhibit enhanced magneto-
functional and optical properties under optimized processing
conditions, while MgFe2O4- and CoFe2O4-based systems have
demonstrated improved dielectric performance and microwave
absorption efficiency.16 In addition, hybridization strategies,
including graphene incorporation and multivalent ion substi-
tution, have been shown to signicantly affect AC conductivity,
dielectric relaxation, and thermal stability.17,18 These ndings
RSC Adv., 2026, 16, 25515–25528 | 25515
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highlight that compositional exibility and microstructural
control are key factors in the rational design of next-generation
multifunctional ferrite materials.

Despite the large number of studies on individual ferrite
compositions such as MnFe2O4, NiFe2O4, MgFe2O4, and
CuFe2O4, comparative investigations under strictly identical
synthesis conditions remain limited. Such an approach is
essential to isolate the intrinsic effect of the divalent cation on
structural order, magnetic response, and electrical behavior,
while eliminating variations arising from synthesis routes or
particle size effects. Moreover, establishing clear correlations
between cation nature, crystallographic structure, and func-
tional properties is critical for optimizing ferrites for targeted
applications, including sensors, inductors, microwave devices,
and multifunctional systems.19–21

In this work, we present a systematic comparative study of
MnFe2O4, NiFe2O4, MgFe2O4, and CuFe2O4 ferrites synthesized
under identical experimental conditions. Structural (XRD),
vibrational (Raman), and surface (XPS) analyses are combined
with magnetic and electrical measurements to elucidate the
inuence of the divalent cation on lattice parameters, cation
distribution, electronic states, magnetic behavior, and dielectric
properties. This approach allows a direct structure–property
correlation, providing deeper insight into the fundamental
mechanisms governing spinel ferrites and offering guidance for
the design of advanced materials for electronic, magnetic, and
energy-related applications.
2 Experimental procedure
2.1 Preparation of samples

Spinel ferrite powders with nominal compositions MFe2O4 (M
2+

= Mn, Ni, Mg, Cu) are synthesized by the conventional solid-
Fig. 1 Elaboration method of MFe2O4 (M2+ = Mn, Cu, Ni, Mg) compoun

25516 | RSC Adv., 2026, 16, 25515–25528
state reaction method, as illustrated in Fig. 1. High-purity
metal oxides are utilized as precursors (99.9%, Sigma-Aldrich):
the phases are obtained by combining MnO, CuO, MgO and
NiO with Fe2O3, respectively. Each oxide mixture is scrupulously
weighted to obtain the desired stoichiometry. Then, it is
mechanically ground in an agate mortar for a total of 6 hours.
This thorough homogenization process not only reduced
particle size but also signicantly increased the reactivity of the
precursor powders. Aerwards, the homogenized powders are
well grinding, then it is compacted into cylindrical pellets in
order of 8 mm in diameter and 1 mm in thickness using
a uniaxial hydraulic press. To eliminate any residual organic
material, the substances produced are subjected to a calcina-
tion cycle for 24 h at 1000 °C to enhance grain crystallization. At
last, the pellets are annealed in ambient air at 1200 °C for 9
hours. This last step is the sintering which is important step to
ensure a high sample densication and promoting the forma-
tion of a well-dened spinel phase.
2.2 Characterization techniques

The crystalline structure and vibrational properties of the
samples are analyzed by X-ray diffraction (XRD) on a Panalytical
system using Cu-Ka radiation (0.02° step size) and by Raman
spectroscopy using a SENTERRA Spectrometer (Bruker) with
green laser excitation of 540 nm. The surface chemical
composition is examined by X-ray photoelectron spectroscopy
(XPS) on a Thermo Scientic Ka instrument. Magnetic charac-
terizations are performed using an extraction magnetometer,
M(H) cycles up to 5 T at room temperature. Finally, the electrical
behavior is probed by impedance spectroscopy (Solartron 1260)
over a wide thermal range from 400 K to 700 K. For these
measurements, platinum electrodes are applied to the sintered
disks to obtain stable ohmic contacts, the tests being carried
d using the solid-state route.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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out at thermal equilibrium under ambient air to validate the
reproducibility of the results.
Fig. 2 X-ray diffraction patterns of MFe2O4 (M2+ = Ni, Mg, Cu, Mn)
spinel ferrites with Rietveld analysis. Mn (a), Cu (b), Mg (c), and Ni (d).
3 Results and discussion
3.1 Structural analysis

To evaluate the inuence of the divalent cation M2+ (M = Mn,
Ni, Mg, Cu) on the crystal structure of spinel ferrites, X-ray
diffraction (XRD) data collected at room temperature were
analyzed using the Rietveld renement method with FullProf
soware.5 The XRD patterns (Fig. 2a–d) conrm the formation
of a single-phase cubic spinel structure with space group Fd�3m,
with no detectable secondary phases, indicating high crystalline
purity.

The rened proles show good agreement between the
calculated and experimental data, as reected by the reliability
factors and goodness-of-t (c2 z 1). The structural parameters
obtained from the renement are summarized in Table 1. The
crystal structures, projected along the (011) plane and visualized
using VESTA soware, are shown in the insets of Fig. 2.

The evolution of lattice parameters reveals a systematic
variation correlated with the ionic radius of the M2+ cations
(Mn2+: 0.83 Å, Cu2+: 0.73 Å, Mg2+: 0.72 Å, Ni2+: 0.69 Å,.22 A
monotonic increase in lattice parameter and unit cell volume is
observed with increasing ionic radius, in agreement with
Vegard's law.23 This behavior reects the accommodation of
larger cations within the spinel lattice, leading to lattice
expansion and local structural relaxation. Similar trends have
been reported in the literature, where cation substitution
inuences crystallinity and cation distribution between tetra-
hedral (A) and octahedral (B) sites.24–27

Furthermore, the (311) diffraction peak, which is the most
intense reection, exhibits a systematic shi toward lower 2q
values (Fig. 3), indicating an increase in interplanar spacing
according to Bragg's law. This shi further conrms the lattice
expansion induced by larger M2+ cations.

It is important to note that spinel ferrites are rarely perfectly
stoichiometric systems. The presence of intrinsic defects such
as oxygen vacancies and cationic disorder can induce local
lattice distortions and inuence structural properties. These
defects may also lead to mixed valence states (e.g., Fe3+/Fe2+),
which play a signicant role in charge transport mechanisms
via polaron hopping.28

To ensure a rigorous evaluation of the microstructural
parameters, the crystallite size and lattice strain were decoupled
using the Williamson–Hall (W–H) equation. Unlike the
simplied Scherrer equation,29 which attributes peak broad-
ening solely to size effects, the W–H approach accounts for the
inherent micro-strain 3 resulting from lattice distortions and
defects. The W–H plots and the extracted parameters are pre-
sented in Fig. 4.

The average crystallite size which presented in Fig. 4 is
determined by Williamson–Hall (W–H) equation:30

b cos q ¼ 43 sin qþ kl

DWH

(1)
© 2026 The Author(s). Published by the Royal Society of Chemistry
In which b is a full width at half maximum (FWHM) which
was determined by peak tting using a pseudo-Voigt function
aer background subtraction. The tting procedure was
RSC Adv., 2026, 16, 25515–25528 | 25517
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Table 1 Structural parameters of MFe2O4 (M2+ = Ni, Mg, Cu, Mn) spinel ferrites derived from Rietveld refinement

Formula MnFe2O4 CuFe2O4 MgFe2O4 NiFe2O4

Crystallin system Cubic Cubic Cubic Cubic
Space group Fd�3m Fd�3m Fd�3m Fd�3m

Lattice parameter (Å)
a = b = c 8.41 8.37 8.39 8.36
a = b = g (°) 90 90 90 90
V (Å3) 594.82 586.37 590.59 584

Reliability factors (%)
Rp (%)/Rwp (%)/Rexp (%) 6.61/8.68/6.30 6.24/8.43/3.81 6.94/9.75/7.11 6.01/8.28/4.20
Goodness of t c2 1.64 1.48 1.54 1.18

Fig. 3 The position of the diffraction peak (311) for MFe2O4 (M2+ = Ni, Mg, Cu, Mn).
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performed using FullProf soware, allowing accurate extraction
of peak position and width. q is the diffraction angle and 15 416
A is the Cu-Ka wavelength of the radiation.

The variation in crystallite size can be attributed to the
development of microstrain and structural defects arising from
the mismatch between the ionic radii of M2+ cations and Fe3+

ions. This mismatch induces lattice distortion and local
disorder, which tend to hinder grain growth. The associated
strain energy favors nucleation over crystal growth, resulting in
relatively small crystallite sizes.

Although the nature of the M2+ cation inuences the crys-
tallite size, the relatively similar values observed for all samples
suggest that crystal growth is mainly governed by synthesis
conditions, particularly the high-temperature treatment. The
slightly larger crystallite size observed for CuFe2O4 can be
attributed to the Jahn–Teller effect associated with Cu2+ ions,
which induces local distortion and may facilitate cation diffu-
sion, thereby promoting grain growth.31

Overall, these results highlight the strong inuence of cation
substitution and defect chemistry on the structural properties
of spinel ferrites. The interplay between ionic size, lattice
distortion, and defect formation provides an effective way to
25518 | RSC Adv., 2026, 16, 25515–25528
tune the structural and functional properties of these
materials.32
3.2 Vibrational analysis

The analysis of the crystal structure and lattice dynamics is
further investigated using confocal Raman spectroscopy,
a technique known for its sensitivity to atomic vibrations and its
ability to probe cationic disorder and phase transitions in
ferrites.33 Raman spectra, recorded at room temperature
between 120 and 850 cm−1 under 540 nm laser excitation
(Fig. 5), validate the chemical purity and phase formation of the
spinel ferrite samples. According to factor group analysis for
a spinel structure belonging to the Fd�3m space group, the theory
predicts ve Raman active modes:34

x = A1g + Eg + 3 T2g (2)

resulting from the movements of oxygen ions and cations
occupying sites A and B.35 More specically, mode A1g is
attributed to the symmetric stretching of the metal–oxygen
bond in tetrahedral sites, while mode Eg reects the symmetric
bending of oxygen with respect to the cations in octahedral
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The Williamson–Hall (W–H) plots of spinel ferrites: Mn (a), Cu
(b), Mg (c), and Ni (d).
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sites. Finally, modes T2g(3) and T2g(2) arise from symmetric and
asymmetric bending movements within the structure, respec-
tively. This vibrational signature complements the XRD study by
© 2026 The Author(s). Published by the Royal Society of Chemistry
validating the structural stability and the phase purity of the
spinel system under investigation. The T2g(1) mode is attributed
to the global translational motion of the tetrahedral units.36 The
Raman bands observed for the different samples MFe2O4 (M =

Mn, Cu, Mg, Ni) are in perfect agreement with the theoretical
vibrational modes expected for the Fd�3m space group. This
structural correspondence, combined with the absence of
spurious peaks in the spectra, corroborates the X-ray diffraction
(XRD) analyses and thus conrms the single-phase nature of all
the compounds studied. The purity of these spinel phases
guarantees that the observed resistivity variations and thermal
sensitivities result intrinsically from the lattice dynamics and
the cationic distribution specic to each ferrite.37

To extract the frequency and full width at half maximum
(FWHM) parameters, the spectra are tted using Lorentzian
proles. Then, it is tabulated in Table 2. In spinel ferrites,
frequencies above 600 cm−1 are associated with oxygen vibra-
tions in tetrahedral sites (AO4), while lower modes correspond
to the octahedral sublattice.38 The appearance of “shoulder
bands” likely results from a breaking of the momentum
conservation rule, linked to the electrical and vibrational
behavior of MFe2O4 ferrites (M=Mn, Cu, Mg, Ni) is intrinsically
linked to the redistribution of cations between tetrahedral (A)
and octahedral (B) sites, a phenomenon governed by the ionic
radius and the eld stabilization energy of the ligands.39

The vibrational behavior of spinel ferrites is strongly inu-
enced by the distribution of cations between A and B sites,
which depends on factors such as ionic radius and crystal eld
stabilization energy.39 For instance, Mn2+ ions (0.83 Å) tend to
occupy tetrahedral sites, leading to a predominantly normal
spinel structure, whereas Ni2+ ions (0.69 Å) preferentially occupy
octahedral sites, resulting in an inverse spinel conguration.
This redistribution is quantied by the inversion degree (i),
which signicantly affects bond lengths, lattice dynamics, and
charge transport mechanisms.40

Additional structural distortions, such as the Jahn–Teller
effect associated with Cu2+ ions, or the partially inverse char-
acter of MgFe2O4, further modify the local symmetry and
vibrational behavior. These effects are reected in the Raman
spectra by shis in peak positions and changes in band widths.

In particular, the A1g mode exhibits a systematic shi toward
higher frequencies from MnFe2O4 to NiFe2O4, which can be
attributed to the decrease in ionic radius and the corresponding
increase in metal–oxygen bond strength.41 Moreover, the broad-
ening of Raman bands, especially in MnFe2O4 and CuFe2O4,
suggests enhanced cationic disorder and microstructural effects
such as reduced crystallite size or lattice strain.42

Overall, these results demonstrate that Raman spectroscopy
is a powerful tool for probing cation distribution, inversion
degree, and defect-induced structural distortions in spinel
ferrites, providing complementary insights to XRD analysis.43
3.3 X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) was employed to inves-
tigate the surface chemical composition and oxidation states of
MFe2O4 (M=Mn, Ni, Mg, Cu) spinel ferrites. The survey spectra
RSC Adv., 2026, 16, 25515–25528 | 25519
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Fig. 5 Raman spectra of (a) MnFe2O4, (b) CuFe2O4, (c) MgFe2O4 and (d) NiFe2O4 spinel ferrites.

Table 2 Raman band position of the tetrahedral and octahedral sites of MFe2O4 (M = Mn, Cu, Mg, Ni) spinel ferrites samples

Samples

Raman band

A1g T2g(3) T2g(2) Eg T2g(1)

Position
(cm−1) FWHM

Position
(cm−1) FWHM

Position
(cm−1) FWHM

Position
(cm−1) FWHM

Position
(cm−1) FWHM

MnFe2O4 615 66 492 66 352 57 270 64 189 35
CuFe2O4 623 69 434 84 276 75 193 29 134 31
MgFe2O4 625 16 505 61 356 38 287 37 121 35
NiFe2O4 645 3 585 8 477 9 396 14 251 11

25520 | RSC Adv., 2026, 16, 25515–25528 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 X-ray photoelectron spectroscopy (XPS) survey spectra of
MFe2O4 (M2+ = Ni, Mg, Cu, Mn) spinels ferrites.
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recorded over the binding energy range of 0–1350 eV (Fig. 6)
conrm the presence of Fe, O, and the corresponding divalent
cations (Mn, Ni, Mg, and Cu). A C 1s peak is also observed,
originating from adventitious carbon contamination on the
sample surface.44 No additional impurity peaks are detected,
indicating the high chemical purity of the samples.

The XPS spectra were tted aer Shirley background
subtraction using Gaussian–Lorentzian (pseudo-Voigt) func-
tions. The tting procedure was performed using Origin,
allowing accurate determination of peak positions, intensities,
and satellite features.

The high-resolution Fe 2p spectra (Fig. 7) exhibit a charac-
teristic doublet with binding energies located at approximately
710–711 eV (Fe 2p3/2) and 723–725 eV (Fe 2p1/2). In addition,
satellite features are clearly observed at about 7.8 eV above the
main peaks (as indicated in Fig. 7), which are characteristic of
Fe3+ ions and arise from shake-up processes.45 These features
conrm that iron predominantly exists in the Fe3+ oxidation
state in all samples.

Slight variations in peak positions and relative intensities are
observed among MnFe2O4, NiFe2O4, MgFe2O4, and CuFe2O4,
reecting differences in local chemical environments and
cation distribution within the spinel lattice.

The Mn 2p spectrum of MnFe2O4 shows two main peaks
located at approximately 641 eV (Mn 2p3/2) and 653 eV (Mn
2p1/2), consistent with the presence of Mn2+ ions.46 For NiFe2O4,
the Ni 2p spectrum exhibits peaks at ∼855–856 eV and ∼872–
873 eV, conrming the Ni2+ oxidation state.47 The Mg 2p peak in
MgFe2O4 appears around 48–49 eV, indicating the presence of
Mg2+ ions. In the case of CuFe2O4, the Cu 2p spectrum shows
a characteristic doublet at ∼934 eV and ∼954 eV, along with
asymmetry features associated with Cu2+ ions and Jahn–Teller
distortion effects.48–50

The O 1s spectra (Fig. 7) can be deconvoluted into two main
components. The dominant peak at ∼529.5–530.0 eV corre-
sponds to lattice oxygen (O2−) associated with metal–oxygen
bonds (M–O–Fe) in the spinel structure.51 The second
© 2026 The Author(s). Published by the Royal Society of Chemistry
component, located in the range 531–532 eV, is attributed to
surface oxygen species and/or oxygen vacancies. The variation
in the relative intensity of this component among the samples
indicates differences in defect concentration, which may
signicantly inuence electrical conductivity and magnetic
properties.52

Overall, the XPS results conrm the formation of single-
phase spinel ferrites composed of divalent cations (Mn2+,
Ni2+, Mg2+, Cu2+) and trivalent Fe3+ ions. The observed varia-
tions in binding energies, cation distribution, and oxygen-
related defects highlight the strong inuence of the M2+

cation on the surface electronic structure, which plays a key role
in determining the functional properties of these materials.
3.4 Magnetic properties and hysteresis loop analysis

Themagnetic properties of MFe2O4 (M=Mn, Cu, Mg, Ni) spinel
ferrites were investigated at room temperature using hysteresis
(M–H) measurements (Fig. 8). All samples exhibit typical ferri-
magnetic behavior, characterized by a rapid increase in
magnetization at low magnetic elds followed by a tendency
toward saturation at higher elds. The main magnetic param-
eters, including saturation magnetization (Ms), remanent
magnetization (Mr), and coercive eld (Hc), are summarized in
Table 3. These parameters strongly depend on the nature of the
divalent cation M2+, its magnetic moment, ionic radius, and its
distribution between tetrahedral (A) and octahedral (B) sites
(Fig. 9).

MnFe2O4 exhibits the highest saturation magnetization,
which can be attributed to the high magnetic moment of Mn2+

ions and their contribution to A–B superexchange interac-
tions.53 In contrast, MgFe2O4 shows the lowest Ms due to the
non-magnetic nature of Mg2+ ions, which weakens the magnetic
coupling between sublattices.54 NiFe2O4 presents intermediate
behavior, consistent with its inverse spinel structure where Ni2+

ions preferentially occupy octahedral sites.55 CuFe2O4 is
distinguished by a relatively higher coercive eld, which is
mainly attributed to the Jahn–Teller effect of Cu2+ ions. This
effect induces local lattice distortions, enhances magneto-
crystalline anisotropy, and increases resistance to magnetiza-
tion reversal.56,57 Overall, the relatively low Hc values indicate
that the studied ferrites behave as so magnetic materials,
although CuFe2O4 shows a tendency toward harder magnetic
behavior.58

The magneto-crystalline anisotropy constant (K1) was esti-
mated using the Stoner–Wohlfarth relation:59

K1 ¼ Hc �Ms

0:98
(3)

The obtained values indicate that CuFe2O4 exhibits the
highest anisotropy, whereas MgFe2O4 shows the lowest value.
NiFe2O4 and MnFe2O4 present intermediate values, reecting
the inuence of electronic conguration and spin–orbit
coupling. In addition to intrinsic factors, microstructural
features such as crystallite size and internal strain also
contribute to the effective anisotropy.
RSC Adv., 2026, 16, 25515–25528 | 25521
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Fig. 7 High resolution X-ray photoelectron spectroscopy (XPS) spectra of the elements of MFe2O4 (M2+ = Ni, Mg, Cu, Mn) spinel ferrites.
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To improve the accuracy of saturation magnetization values,
Ms was extrapolated using the law of approach to saturation:60

M ¼ Ms

�
1� a

H
� b

H2

�
þ kH (4)
25522 | RSC Adv., 2026, 16, 25515–25528
Fitting the experimental data using eqn (4) allowed the
extraction of parameters related to magnetic inhomogeneities
(a), magneto-crystalline anisotropy (b), and high-eld suscepti-
bility (k). The results show that CuFe2O4 exhibits higher
magnetic inhomogeneity, while MgFe2O4 and MnFe2O4 display
more homogeneous magnetic behavior.33
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Magnetic hysteresis loops carried at room temperature MFe2O4 (M
2+ = Ni, Mg, Cu, Mn) spinels ferrites. The top inset shows the fitting of

M(H) applying the approach to saturation law (LAS). The bottom inset exhibits the zoom of part of curves near the origin showing remanence (Mr)
and coercivity (Hc).
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The magnetic moment per formula unit (m) was calculated
using the following relation:44

m ¼ M �MS

5585
(5)

where Ms is expressed in emu per g and M is the molecular
weight of the compound. The obtained values follow the order
MnFe2O4 > NiFe2O4 > CuFe2O4 > MgFe2O4, reecting the nature
of the divalent cation and its distribution within the spinel
structure. This trend is consistent with Néel's model, where the
net magnetic moment arises from the difference between the A
and B sublattices:61

nth = MB − MA (6)

The calculated magnetic moments show qualitative agree-
ment with experimental results, conrming the dominant role
of cation distribution in determining magnetic behavior.61
Table 3 Room temperature magnetic parameters of MFe2O4 (M =

Mn, Cu, Mg, Ni) spinel ferrites carried out at 300 K

Samples MnFe2O4 CuFe2O4 MgFe2O4 NiFe2O4

Ms (emu per g) 67.17 22.06 16.69 33.07
Mr (emu per g) 16.65 12.04 45.46 10.44
Hc (Oe) 113.31 1040.60 192.91 240.01
A (Oe) 122.84 182.04 95.12 146.56
b 104 (Oe2) 3.75 6.27 1.21 4.32
k 10−6 (emu per g per Oe) 2.96 5.744 1.68 3.06
K1 10

4 (erg per cm3) 3.96 12.66 1.51 4.46
m (mB) 2.77 0.95 0.6 1.38
nth (mB) 5.00 1.00 0.00 1.99

© 2026 The Author(s). Published by the Royal Society of Chemistry
Finally, the microwave resonance frequency (um) was eval-
uated using the following relation:62

um = 8p2Msg (7)

where g (the gyromagnetic ratio) is equal to 2.8 MHz Oe−1 and
Ms corresponds to the saturation magnetization. The results
indicate that the resonance frequency can be tuned by modi-
fying the nature of the divalent cation. This tunability arises
Fig. 9 The evolution of microwave operating frequency versus the
Applied magnetic field of MFe2O4 (M2+ = Ni, Mg, Cu, Mn) spinels
ferrites.

RSC Adv., 2026, 16, 25515–25528 | 25523

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02603f


Fig. 10 The evolution of the electrical resistivity versus the tempera-
ture of MFe2O4 spinel ferrites samples: M = Mn (a), Cu (b), Mg (c), and
Ni (d), with inset represents the fitted data of the resistivity and the
obtained electrical parameters.
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from the combined inuence of saturation magnetization,
magneto-crystalline anisotropy, and microstructural parame-
ters, making these materials promising for high-frequency and
microwave applications.

3.5 Electrical characterization

3.5.1 Electrical resistivity. Fig. 10 shows the temperature
dependence of the electrical resistivity of MFe2O4 (M = Mn, Cu,
Mg, Ni) spinel ferrites measured in the temperature range 400–
700 K. All samples exhibit a decrease in resistivity with
increasing temperature, conrming their semiconducting
behavior and typical negative Temperature Coefficient of
Resistance (NTCR) characteristics.

This behavior is attributed to thermally activated charge
transport governed by small polaron hopping between Fe2+ and
Fe3+ ions located at octahedral (B) sites.63,64 In this mechanism,
charge carriers are initially localized and require thermal energy
to overcome potential barriers, leading to a decrease in resis-
tivity as temperature increases. The resistivity follows the
Arrhenius relation:63,64

r ¼ r0exp

�
Ea

kBT

�
(8)

where Ea is the activation energy, kB is the Boltzmann constant,
and r0 is the pre-exponential factor. The activation energies
were extracted from the linear tting of ln (r) versus 1/T (inset of
Fig. 10). The obtained values are 1.25 eV (MnFe2O4), 1.05 eV
(CuFe2O4), 1.01 eV (NiFe2O4), and 1.59 eV (MgFe2O4).

The relatively high activation energy observed for MgFe2O4 is
associated with the non-magnetic nature of Mg2+ ions, which
reduces the number of available hopping sites and weakens the
Fe2+/Fe3+ exchange interactions. In contrast, lower Ea values in
MnFe2O4 and NiFe2O4 indicate more favorable charge transport
due to stronger electronic interactions within the spinel lattice.65

Fig. 11 presents the temperature coefficient of resistance
(TCR) as a function of temperature. The obtained values
conrm pronounced NTC behavior, withmaximum sensitivities
of −4.69%/K (MnFe2O4), −4.49%/K (CuFe2O4), −4.73%/K
(NiFe2O4), and −5.31%/K (MgFe2O4). These values fall within
the typical range for high-performance NTC thermistors,
demonstrating good thermal sensitivity.66–68

The thermistor constant b was determined from the slope of
the ln (r) versus 1/T plots (Fig. 12), according to:69–71

rðTÞ ¼ r0exp

�
b

T

�
(9)

where b is directly related to the activation energy (b = Ea/kB).
The consistency between Ea values obtained from Fig. 10 and 12
conrms the reliability of the analysis. The relatively high
b values indicate strong temperature dependence of resistivity,
which is desirable for thermistor applications.

The stability factor (SF), dened as the ratio between
maximum and minimum resistivity values over the studied
temperature range, was also evaluated:69–71

SF ¼ log

�
rmax

rmin

�
(10)
25524 | RSC Adv., 2026, 16, 25515–25528 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Variation of the Temperature Coefficient of Resistance (TCR)
parameter as a function of the temperature of MFe2O4 (M = Mn, Cu,
Mg, Ni) spinel ferrites samples.

Fig. 12 Evolution of ln (r) vs. 1/(kBT) of MFe2O4 spinel ferrites samples: M

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The obtained values indicate good thermal stability and
reproducibility of the electrical response. In particular, the
relatively low SF values observed for MnFe2O4, CuFe2O4, and
NiFe2O4 conrm stable resistive behavior, which is essential for
reliable sensor performance.71

Finally, the temperature sensitivity coefficient (a) was
calculated using the standard relation derived from thermistor
models:66,68

aðTÞ ¼ � b

T2
� 100 (11)

The obtained a values range between −4%/K and −5.5%/K,
which is consistent with typical NTC thermistor materials. This
strong temperature dependence conrms that the studied
ferrites are suitable for high-temperature sensing
applications.67,68

Overall, the electrical properties of MFe2O4 ferrites are gov-
erned by thermally activated hopping conduction, strongly
inuenced by cation nature, defect concentration, and cation
= Mn (a), Cu (b), Mg(c), and Ni(d).

RSC Adv., 2026, 16, 25515–25528 | 25525
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distribution within the spinel structure. These results highlight
the potential of these materials for thermistor and high-
temperature sensing applications.72–75
Fig. 13 Temperature dependence of the coefficient a (T) of MFe2O4

(M2+ = Ni, Mg, Cu, Mn) spinel ferrites.
3.6 Outlook and challenges for industrial applications

Despite the promising multifunctional properties of MFe2O4

spinel ferrites, several scientic and technological challenges
still limit their large-scale industrial deployment. One of the
primary issues lies in the precise control of cation distribution
between tetrahedral (A) and octahedral (B) sites. This distribu-
tion critically governs magnetic anisotropy, electrical conduc-
tivity, and dielectric response through A–B superexchange
interactions. However, achieving a controlled degree of inver-
sion remains challenging due to thermodynamic equilibrium
constraints and kinetic limitations during high-temperature
synthesis.76,77

Defect engineering represents another key challenge.
Intrinsic defects such as oxygen vacancies and cationic disorder
strongly inuence charge transport through small polaron
hopping (Fe2+/Fe3+). While a controlled defect concentration
can enhance electrical conductivity and sensing performance,
uncontrolled defect formation oen leads to instability, aging
effects, and poor reproducibility.77 This remains a major
bottleneck for industrial reliability. Advanced approaches such
as controlled atmosphere processing, aliovalent doping, and
defect compensation strategies are therefore required.77

From a processing standpoint, scalability and reproduc-
ibility remain critical barriers. Conventional solid-state
synthesis typically involves high sintering temperatures,
leading to excessive grain growth, microstructural inhomoge-
neity, and increased energy consumption. These factors not
only affect magnetic losses and electrical performance but also
hinder compatibility with emerging technologies such as
miniaturized and exible electronic systems.78

Another major challenge concerns high-frequency applica-
tions. Although spinel ferrites are widely used in microwave
devices, achieving an optimal balance between high magnetic
permeability and low dielectric/magnetic losses remains diffi-
cult, particularly for inverse spinel ferrites such as NiFe2O4 and
CoFe2O4. This limitation is directly related to intrinsic material
parameters (anisotropy, domain wall dynamics) and extrinsic
factors (grain size, porosity, defects).79

In addition, long-term stability, thermal aging, and envi-
ronmental robustness are oen overlooked but are essential
for real industrial applications, especially in high-temperature
sensors and thermistors. The lack of standardized protocols
for stability evaluation further complicates material qualica-
tion. Nevertheless, signicant opportunities exist. By tailoring
the nature of the divalent cation and optimizing cation
distribution, it is possible to engineer ferrites with tunable
magnetic soness, enhanced thermal sensitivity, and
controlled electrical conductivity. These properties make
spinel ferrites strong candidates for next-generation technol-
ogies, including high-frequency components, NTC thermis-
tors, gas sensors, and electromagnetic interference (EMI)
shielding systems.80
25526 | RSC Adv., 2026, 16, 25515–25528
Future research should focus on advanced synthesis strate-
gies such as sol–gel, hydrothermal, and thin-lm deposition
techniques, which offer improved control over microstructure
and defect chemistry. Furthermore, integrating experimental
approaches with theoretical modeling (e.g., density functional
theory) will be essential to better understand cation distribu-
tion, defect formation, and structure–property relationships.80

Such combined approaches can accelerate the rational design
and industrial optimization of high-performance spinel ferrite
materials.
4 Conclusion

In this work, clear structure–property correlations in MFe2O4

(M = Mn, Cu, Mg, Ni) spinel ferrites have been established,
highlighting the key role of cation engineering in tuning their
multifunctional properties. X-ray diffraction combined with
Rietveld renement conrms the formation of a single-phase
cubic spinel structure (space group Fd�3m) for all composi-
tions, with lattice parameters systematically inuenced by the
ionic radius of the divalent cation (Fig. 13).

XPS analysis conrms the presence of the expected oxidation
states (Fe3+ and M2+) and provides insight into the surface
chemical environment, while Raman spectroscopy further
conrms the characteristic vibrational ngerprint of the spinel
structure through the observation of ve active modes associ-
ated with tetrahedral and octahedral sites.

Magnetic measurements reveal a strong dependence of the
magnetic properties on the nature of the divalent cation.
MnFe2O4 exhibits the highest saturation magnetization due to
the large magnetic moment of Mn2+, whereas MgFe2O4 shows
reduced magnetization because of the non-magnetic character
of Mg2+. NiFe2O4 displays intermediate behavior, while CuFe2O4

is characterized by enhanced coercivity attributed to Jahn–
Teller-induced lattice distortions and increased magneto-
crystalline anisotropy. The relatively low coercivity values
© 2026 The Author(s). Published by the Royal Society of Chemistry
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observed for most samples indicate so magnetic behavior,
suitable for applications requiring low energy losses.

Electrical measurements conrm the semiconducting nature
of all compositions, governed by thermally activated hopping
conduction. The signicant negative temperature coefficient of
resistance (NTCR) and high TCR values highlight the strong
potential of these materials for thermistor and temperature
sensing applications.

Overall, this study demonstrates that the controlled selection
of the divalent cation is an effective strategy to tailor the
structural, magnetic, and electrical properties of spinel ferrites.
These ndings provide useful guidelines for the design of high-
performance materials for electronic, sensing, and energy-
related applications.
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