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ng the structural, electric and
magnetic properties of Al3+ substituted Ni–Zn–Co
ferrites

Nusrat Jahan, *ab M. N. I. Khan, c M. R. Hasan,c M. S. Bashar, d A. Islam, e

M. K. Alam,f M. A. Hakimg and J. I. Khandakera

This study explored the structural, electrical, and magnetic properties of diamagnetic aluminium (Al3+)

substituted nickel-zinc-cobalt (Ni–Zn–Co) mixed spinel ferrites, though the research on this area is in

the infancy stage. Single-phase cubic spinel structures with the Fd�3m space group of the synthesized

Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12) ferrite samples were confirmed by X-ray diffraction (XRD)

analysis. The average particle size ranged from 0.67 to 0.39 mm. Selected area electron diffraction (SAED)

patterns were indexed according to the space group Fd3m, representing the particle's crystallinity. The

optical band gaps ranged from 4.784 eV to 4.766 eV. Frequency-dependent dielectric constants and ac

conductivity measurement suggested that the prepared ferrites were highly resistive. Relaxation times

were reduced to a low value from 45.45 ms to 1.54 ms with the composition x. The Curie temperatures

(Tc) were 615–623 K for all samples. Real part permeabilities (m/) were relatively stable up to an extended

frequency range of 106 Hz with relative quality factors (RQF) of around 103. Tuning of the properties

indicates that the fabricated ferrites may be promising for high-frequency electronic devices.
1. Introduction

Recently, ferrimagnetic oxides, or ferrites, have risen to signi-
cance due to their intelligent designs of chemical compositions
and crystal structures with suitable characteristics.1 Spinel-based
cubic ferrite possesses dual electric and magnetic properties
depending on its structural compositions, cationic arrange-
ments, sintering temperature, and fabrication methodology.1–4

Several synthesis techniques, including solid-state reactions, sol–
gel, hydrothermal, ball milling, co-precipitation, etc., have been
established over the years to fabricate ferrites of different sizes
and shapes.5–8 Ferrites are ideal for high-quality multifaceted
applications like home and industrial electronic devices,
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biomedical devices, catalysts, and EMI shielding in absorber
materials because of their relatively high dielectric/magnetic loss,
excellent chemical stability, and low cost.9 The features like the
high permeability in ferrite make it an attractive candidate for
wide-ranging applications such as microwaves, gas sensing,
multilayer chip inductor, etc.4Moreover, high Curie temperatures
and moderate magnetic losses in the kHz range make ferrites
promising for constructing heating inductors in the catalytic
chemical reactors.10 Other than that, the function of ferrites for
microwave heating andmagnetic separation in chemical reactors
offers a new scientic platform for hi-tech integration.10

Mn–Zn ferrite has the largest production and market share
among ferrimagnetic oxides due to their outstanding efficiency
under the ac eld at frequencies until 1 MHz.11 However, for the
growing electronics, telecommunication, and power applica-
tions at higher frequencies, Ni–Zn ferrites are functioning
remarkably.11 These materials retain higher electrical resistivity
that certies sufficiently low power losses and high magnetic
responses in this high-frequency zone.11 Ni–Zn ferrite is
generally touted among the spinel ferrites for its applications in
magnetic, magnetoptical, and magnetodielectric devices.12

Besides, in recent years, Ni–Zn ferrites have paid attention to
microwave applications, high-frequency devices like multilayer
chip inductors, and electromagnetic interference lters because
of their extraordinary magnetic properties and dielectric values
while revealed to high frequencies.13,14

It was reported in the literature that the characteristics of
spinel ferrite are tuned when doped with divalent and trivalent
RSC Adv., 2022, 12, 15167–15179 | 15167
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cations. It was also informed that substituting tetravalent ions
improves ferrite's electromagnetic properties.15 Hosting Co in
Ni–Zn ferrites can extend the operational band at higher
frequencies, ranging until cut off.11 Thus, the Ni–Zn–Co ferrites
can alter themselves to work effectively for devices that function
above 1 MHz frequency.11

However, Das and Singh16 explored the structural, magnetic,
and dielectric properties of Cu-doped Ni–Zn ferrites.13 They
stated that the coercivity and saturation magnetization of Ni–Zn
ferrites enhanced by substituting Cu content.13 Additionally,
introducing Co2+ ions in Ni–Zn ferrites improves the strain
sensitivity and resistive properties with a reduction in dielectric
loss.17 Substitution of Zn2+ in Co ferrites leads to enhancement
of dielectric and magnetic properties.17 Li et al.18 understood
that charge carrier reorganization induced by magnetic eld
enhanced electron–electron correlation, increasing the
electron-hopping between cations leads to resistance declina-
tion. Atif et al.19 investigated the magnetic and dielectric prop-
erties in Zn doped cobalt ferrite. They recorded the dielectric
constant at low frequencies, implying its use as a stress sensor.8

Yaseneva et al.20 found that the Zn substitution caused
a reduction of Tc.8 Li et al.21 stated that the partial inversion of
cations (Ni, Fe) in nickel ferrite reallocated them inside the
sublattices to generate magnetic hardening. Furthermore,
adding Ni2+ ions in Co ferrites hindered the grain formation,
resulting in low surface roughness.17 Ni–Zn–Co ferrites are an
exciting system due to their wide range of biomedical and
microwave devices.22

The substitution of nonmagnetic Al3+ in the nickel ferrites
declined the charge transfer mechanism between Fe3+ and Fe2+

ions. Thus, a composition with less dielectric loss and high
resistivity was found.3 These unique properties are suitable for
manufacturing radio andmicrowave devices operating at L, S, and
C bands.23 Other than that, Al3+ ions addition in Ni-ferrite inhibits
grain growth and improves the ferrites' mechanical strength.24

Besides, Al–O–Al areas hinder grain growth aer Al3+ ion substi-
tution inNi–Zn–Co ferrites.1 The substitution of Al3+ ions in nickel
ferrites reduced the ferrites' coercivity and tuned the composi-
tions suitable for high-frequency applications.23,24 Substitution of
Al3+ ions in the cobalt ferrites reduces magnetic hardness and
enhances electrical resistivity. Al3+ substituted cobalt ferrites'
electrical and magnetic properties were perfect for power trans-
former core materials in communication applications.23

In the present work Al3+ doped Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4

(0 # x # 0.12) mixed ferrites were fabricated through conven-
tional ceramic technique. Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0# x #
0.12) was a newly studied composition.1 However, these studied
compositions' optical, electrical, and magnetic properties
remain unexplored. Thus, the newly made ferrites studies
appear intriguing to see how doping changes properties that
make them appropriate to high-frequency devices.

2. Experimental
2.1 Sample preparation

Magnetic cubic spinels with chemical compositions Ni0.4-
Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12) prepared by the
15168 | RSC Adv., 2022, 12, 15167–15179
conventional ceramic technique. Merck, Germany's high purity
(99.95–99.98%) raw materials (Ni2O3, ZnO, Co3O4, Fe2O3, and
Al2O3) were weighted stoichiometric ratio. Oxides were hand-
milled carefully for 6 h by using an agate mortar and pestle.25

The homogeneous mixtures were mixed with deionized (DI)
water and compressed (5 kN) into circular tablets. The tablets
were pre-sintered at 800 �C for 4 h at a heating rate of
5 �C min�1. Tablets were crushed and grounded again for 2 h.
The grounded ne powders mingled with polyvinyl alcohol (5%
PVA) as a binder and pressed at a pressure of 10 kN and 15 kN to
prepare the pellet (8.4 mm) and toroid (11.8 mm) shape
samples. Finally, the samples were sintered at a temperature of
1200 �C for 5 h in air and allowed to cool down gradually inside
the furnace at room temperature. The prepared ferrites were
ready for characterizations. The mechanism of the chemical
synthesis in equation form is shown below:

Ni2O3 + ZnO + Co3O4 + Fe2O3 + Al2O3 /

Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12)

2.2 Characterizations

Single-phase structural identications of the studied ferrites
were conducted by the Fast Detector X-ray diffractometer
(Model: SmartLab SE, Rigaku Corporation, Japan) using Cu-Ka

radiation of wavelengths 1.54059 Å and 1.54441 Å at room
temperature. Energy-Dispersive X-ray spectra and surface
morphology of the typical samples with x ¼ 0�x ¼ 0.12 were
directly examined by the high-resolution Field Emission Scan-
ning Electron Microscopy (FE-SEM) (JEOL, JSM-7610F). Duel
Beam UV-VIS spectrophotometer (Model no: U-2900, Hitachi
High-Tech Corporation, Tokyo, Japan) recorded absorption
spectra data. The bandgap of the samples was measured from
the absorption spectra of wavenumbers 190 to 1100 cm�1.
Dielectric and permeability measurements were carried out
through the Impedance analyzer (Wayne Kerr 6500B). The
temperature dependence magnetizations and Curie's tempera-
ture were measured using Quantum Design's physical proper-
ties measurement system (PPMS).

3. Results and discussion
3.1 X-ray diffraction analysis

The X-ray diffraction spectra of all the synthesized ferrites were
observed at room temperature (Fig. 1a). The X-ray pattern of the
studied samples conrmed single-phase cubic spinels' forma-
tion without any secondary phase and impurities. The peaks
indexed as (111), (220), (311), (222), (400), (422), (511), (440),
(620), (533), (622), (444) according to the standard JCPDS card
no. 52-0277and JCPDS card no. 08-0234.1 Rietveld renement of
the X-ray diffraction data using FULLPROF suite program26

brought from the Jahan et al. 2021(1). Renement of the XRD
data also conrmed the formation of Ni0.4Zn0.35Co0.25Fe(2�x)-
AlxO4 (0 # x # 0.12) spinel ferrite system with the space group
Fd�3m (227) (27 22). The metal ions (Ni2+, Co2+, Zn2+, Fe3+, and
Al3+) occupied the tetrahedral (8a) and octahedral (16d)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) X-ray patterns of Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0# x# 0.12) ferrites (b) crystal structure of composition x¼ 0 and (c) variation of lattice
constants (aexp and arv) with compositions x.
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crystallographic sites according to their site preferences.27

Rietveld's renement of XRD data proceeded by rening the
lattice parameters, background coefficient, and prole param-
eters rst, followed by the renement of Wyckoff positions and
occupancy of the existing cations and anions. Table 1 represents
the Wyckoff site with atomic coordinates (x, y, z) and occupancy
of the ions that are present inside the compositions. The prole
parameters found from the tted patterns for all the samples
are given in Jahan et al. 2021(1). The samples' noisy XRD data
and the strongest reections' intensities to the background
ratios were very low, and slightly high values of prole factor
(Rp) were obtained.1 The chi2 values range from 1.02 to 1.19,1

indicating renements are reliable in the goodness of tting
approach towards the samples' specic structures. The crystal
structure of the composition x ¼ 0 drew through the Rietveld
renement XRD parameters CIF le and is shown in Fig. 1b.

The lattice constants [experimental (aex) and Rietveld rened
(arv)] were estimated by Nelson–Riley (N–R) extrapolation and
Rietveld renement method, respectively (Fig. 1c). The Al3+

(0.535 Å) ions were introduced by partially replacing Fe3+ (0.645
Å) ions in the octahedral site as a doping substance in the Ni–
Zn–Co mixed ferrites. Depending upon the dopant's ionic
radius and the cations distributions of the spinels, lattice
© 2022 The Author(s). Published by the Royal Society of Chemistry
parameters of the spinels show a decreasing trend with
compositions of x ¼ 0 � x ¼ 0.12 (Fig. 1c).1 In addition, the
lattice parameters and particle size of ferrite samples declined
due to cation/anion vacancies, nite-size effect, lattice stress,
etc.12

3.2 Porosities and densities

Bulk and X-ray densities play a crucial role in governing the
polycrystalline ferrites' properties.28,29 The effect of Al3+ ions on
the X-ray densities, bulk densities, and porosities is presented
in Table 2. According to Jahan et al. 2021(1), grain size shows in
Table 2. During synthesis, pores create inside the crystal
structures of the samples. Hence, the compositions with x ¼
0 to x¼ 0.12 show less bulk densities than the theoretical (X-ray)
densities (Table 2).28 The X-ray densities show a slight declina-
tion with Al contents x because Al3+ ions (26.98 g mol�1) have
less molecular weight than the cations Fe3+ (55.84 g mol�1).29,30

Porosities, P (%), of the x ¼ 0 � x ¼ 0.12 samples can explain
through the intragranular porosity (Pintra) and intergranular
porosity (Pinter).31 During sintering, the thermal energy causes
a force that pushes the grain boundaries to grow over pores.
Thus the pore volume decreases and densies the material.24

Sintering temperature (1200 �C) for the prepared ferrites
RSC Adv., 2022, 12, 15167–15179 | 15169
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Table 1 Wyckoff sites (WS), atomic coordinates (x, y, z), and occupancy (Occ) of existing ions of Al substituted Ni–Zn–Co ferrites

Ions WS

x ¼ 0 x ¼ 0.02 x ¼ 0.05 x ¼ 0.07 x ¼ 0.1 x ¼ 0.12

x ¼ y ¼ z Occ x ¼ y ¼ z Occ x ¼ y ¼ z Occ x ¼ y ¼ z Occ x ¼ y ¼ z Occ x ¼ y ¼ z Occ

O 32(e) 0.2552 0.1667 0.2565 0.1667 0.2542 0.1667 0.2572 0.1667 0.2566 0.1667 0.2569 0.1667
FeT 8(a) 0.125 0.2125 0.125 0.0275 0.125 0.0283 0.125 0.0238 0.125 0.0283 0.125 0.0254
FeO 16(d) 0.500 0.0621 0.500 0.055 0.500 0.0529 0.500 0.0567 0.500 0.0529 0.500 0.0529
AlT 8(a) 0.125 — 0.125 — 0.125 — 0.125 — 0.125 — 0.125 0.0017
AlO 16(d) 0.500 — 0.500 0.0008 0.500 0.0021 0.500 0.0029 0.500 0.0038 0.500 0.0033
NiO 16(d) 0.500 0.0168 0.500 0.0168 0.500 0.0168 0.500 0.0168 0.500 0.0168 0.500 0.0168
ZnT 8(a) 0.125 0.0146 0.125 0.0142 0.125 0.0133 0.125 0.0146 0.125 0.0133 0.125 0.0146
ZnO 16(d) 0.500 — 0.500 0.0042 0.500 0.0013 0.500 — 0.500 0.0013 0.500 —
CoT 8(a) 0.125 0.0058 0.125 — 0.125 — 0.125 0.0033 0.125 — 0.125 —
CoO 16(d) 0.500 0.0046 0.500 0.0104 0.500 0.0104 0.500 0.0071 0.500 0.0104 0.500 0.0104

Table 2 Table for compositions, X-ray density (rx in g cm�3), bulk density (rB in g cm�3), porosity (P in %), grain size (D in mm) of Al substituted Ni–
Zn–Co ferrites

Compositions X-ray density rx (g cm�3) Bulk Density, rB (g cm�3)
Porosity,
P (%)

Grain size,
D (mm)

Ni0.4Zn0.35Co0.25Fe2O4 5.45 5.2 4.50 0.55
Ni0.4Zn0.35Co0.25Fe1.98Al0.02O4 5.43 5.18 4.64 0.47
Ni0.4Zn0.35Co0.25Fe1.95Al0.05O4 5.41 5.07 6.29 0.43
Ni0.4Zn0.35Co0.25Fe1.93Al0.07O4 5.40 5.09 5.72 0.45
Ni0.4Zn0.35Co0.25Fe1.9Al0.1O4 5.39 5.06 6.08 0.42
Ni0.4Zn0.35Co0.25Fe1.88Al0.12O4 5.38 4.98 7.37 0.38
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remains the same throughout the studies; hence, intragranular
porosities signicantly have no effects on the compositions.29,31

During sintering inside the ferrites, intergranular porosities
occur because of irregular particles.1,28 Besides, intergranular
pores can change with the grain boundaries related to the grain
growth (Table 2),1 demanding that the pores move together and
merge, and a different transport mechanism indicates.28 Thus,
an inverse relationship follows between the compositions'
porosities and bulk densities.28 Furthermore, the gaseous
oxygen ows through the pores, and the cations can diffuse
around the pores. Due to more cations vacancies with reduced
oxygen, the studied ferrites' porosities increase with Al
concentrations x.28
3.3 TEM analysis

Fig. 2a shows the TEM micrographs and discloses that particles
are irregular, and agglomerated. The average particle size esti-
mated through TEM images indicates a decreasing trend with
the composition that ranges from 0.67 to 0.39 mm (Fig. 2d). Thin
areas of Al–O–Fe/Al–O–Al were generated during the particle
growth with aluminum contents x that hindered further particle
growth.1,32 Hence, particle size shows a decreasing trend with
compositions. The agglomerated particles, on some level, are
indicated due to the inter-magnetic interface between the
particles.33 Besides, a reduction in surface energy is another
cause of particle agglomeration.34

The HR-TEM micrograph discloses an extremely ordered
lattice fringes with the d-spacings of 0.25, 0.48, 0.29, and
15170 | RSC Adv., 2022, 12, 15167–15179
0.48 nm estimated by ImageJ soware, demonstrating the (311),
(111), (220), and (111) planes for the compositions with Al
content x ¼ 0, 0.02, 0.05, 0.07, 0.1, and 0.12, correspondingly.
These d-spacing values are well-matched with the XRD analysis.
The lattice images show equally spaced lattice rows suggesting
that the areas are well-crystalline and free from any lattice
defects.33 Fig. 2b represents the HR-TEM micrograph of
composition with x ¼ 0.12.

The selected area (electron) diffraction (SAED) pattern of the
ferrite samples displays the bright or dark bands due to the
beams of light that are in phase or out of phase with one
another.35 The SAED pattern of the composition with x ¼ 0.12 is
displayed in Fig. 2c. The diffraction rings of the SAED patterns
are represented according to the space group Fd3m of the
spinel-cubic lattice.
3.4 UV-vis absorption spectra studies

The absorption spectroscopy (UV-Vis) is one of the most
important devices to measure the optical band gap energies (Eg
in eV) of semiconductor materials like Al substituted Ni–Zn–Co
mixed spinel ferrites. The ultraviolet-visible ray's absorption
spectra were recorded in the wavelength range from 190 nm to
1100 nm at room temperature, but 249 nm to 265 nm is dis-
played (Fig. 3a). Hence, absorption peaks indicate that the
photons are absorbed in the UV region around 253 nm. The
electrons' photo-excitation between the valence and conduction
bands or 3d5-3d44s1 transition occurs for Fe3+ ions inside the
studied mixed ferrites.12 However, both the redshi and
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra09354a


Fig. 2 (a) TEMmicrographs of all samples, (b) high-resolution transmission electronmicroscopy (HR-TEM) image of x¼ 0.12 sample, (c) selected
area electron diffraction (SAED) pattern of x ¼ 0.12 sample, and (d) variation of particle size (mm) with compositions x of the Ni0.4Zn0.35-
Co0.25Fe(2�x)AlxO4 (x ¼ 0, x ¼ 0.02, x ¼ 0.05, x ¼ 0.07, x ¼ 0.1, and x ¼ 0.12) spinel ferrites.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 15167–15179 | 15171
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Fig. 3 (a) UV-vis absorbance patterns at room temperature of Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12) (b–g)
Tauc plots of the compositions, x.

15172 | RSC Adv., 2022, 12, 15167–15179 © 2022 The Author(s). Published by the Royal Society of Chemistry
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blueshi are observed for the samples. The probable reason is
the changes in their morphologies, grain size, carrier concen-
trations, surface microstructures, tiny amounts of impurities,
lattice strain, and oxygen vacancy.12

The optical band gap (Eg) is the most signicant material
feature suitable for optoelectronic applications.12 The samples'
optical energy band gaps were calculated from the Tauc's plots
using the UV-Vis absorbance spectral data (Fig. 3b–g). Energy
band gaps range from 4.784–4.764 eV. The slight blue shi and
redshis observe as the grain size decreases from 0.55–0.38 mm
with Al contents x (Table 2).1 The main reason for bandgap
energies variation is the grains' defects and sub-bandgap energy
levels generated during sintering.12 Moreover, annealing
temperature inuences the concentration of oxygen vacancies
inside the samples.12 It creates trapped exciton states that form
a series of metastable energy levels within the energy gap,
resulting in the redshi/blueshi of the optical bandgap that
varies the absorption band's in the wavelength region around
253 nm.12
3.5 Electrical properties analysis

3.5.1 Study of permittivities and ac conductivities. The
frequency-dependent dielectric permittivity (3/) and loss tangent
of the Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12) ferrites
examined at room temperature in the frequency range 102 to
107 Hz (Fig. 4a and b). The graph interprets that the dielectric
constants (3/) of the spinels of x ¼ 0 � x ¼ 0.12 give a dispersion
at a low-frequency zone and gradually decrease with increasing
Fig. 4 Variation of (a) dielectric constants (3/) (b) loss tangent (tan d) a
Fe(2�x)AlxO4 (0 # x # 0.12) ferrites.

© 2022 The Author(s). Published by the Royal Society of Chemistry
frequencies (Fig. 4a). Furthermore, the dielectric constants of
the studied ferrites behave almost independently in the high-
frequency zone.

Koop's two-layer model and Maxwell–Wagner polarization
theory explain the variation 3/ with frequency.36 It assumes
electrons' hoping occurs between cations (Fe3+ and Co2+ ions,
etc.) and O2 in a network that creates interactions.36,37 But when
the electrons try to cross the insulating barriers (grain bound-
aries), electrons face an obstacle and cannot move from one
grain to another. As a result, the trapped electrons pile up across
the grain boundaries, and space charge polarization happens
inside the studied ferrites' grains.36,37 Moreover, during sinter-
ing, there is a possibility of creating oxygen ions vacancies and
free charge carriers inside the voids. Later they also take part in
space charge polarization.38 At low frequency, the electrons get
enough time to move across the grains by following the ac eld
and can participate in space charge polarization. Due to the
rapid swing of the ac eld at high frequencies, the electrons try
to change their direction too quickly. Hence, the charge carriers
cannot follow the area's path because of insufficient time. They
cannot accumulate across the grain boundaries, and space
charge polarization disappears inside the grains. Therefore, as
frequency increases, the polarization gradually reduces and is
independent in the high-frequency range.36,38

There is a dispersion of dielectric constants for the x ¼ 0 to x
¼ 0.12 samples at a low-frequency region. The grain boundaries'
interfacial areas alter due to the differences in grain sizes with
Al concentrations x (Table 2).36 Hence, the accumulations of
nd (c) ac conductivity with frequency (f in Hz) of Ni0.4Zn0.35Co0.25-
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Fig. 5 Cole–Cole plot of impedance of the Al-substituted Ni–Zn–Co
ferrites.
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charge carriers across the grain boundaries vary with compo-
sitions x. Thus, the space charge polarization shows slight
deviations as Al3+ ions doping x carry on,37 and dispersion
occurs for the samples' dielectric constants at the low-
frequencies zone.

The frequency-dependent loss tangent graph (Fig. 4b)
follows the same trend as the dielectric constants vs. frequency
graph (Fig. 4a). The dielectric loss tangents for the samples x
decline with increasing frequencies but reach a small peak in
the high-frequency range around 7 � 107 Hz.

Relaxation and resistive loss are the two mechanisms
responsible for showing this dielectric loss inside the spinels.
During the resistive loss mechanism, the charge carriers take
energy from the materials due to the hoping, which occurs at
low frequencies. But as frequency increases, the charge carriers
do not get enough time to absorb energy from the ac eld and
accumulate across the grain walls. As a consequence, the loss
minimizes. Signicant resistive losses are observed at low
frequencies but reduced at high frequencies. At high frequen-
cies, the relaxations of dipoles waste energy inside the grains of
the studied ferrites. Hence, relaxation loss becomes predomi-
nant in a high-frequency zone.36 During the sintering process,
charge defect dipoles form because of the rearrangements of
cations states. The small peaks of loss tangent are observed at
high frequency because the hopping electron's frequency gets
the same value as the applied eld frequency. The spectra'
peaks of the loss tangents identify the ferrite samples' reso-
nance at the high frequencies around 9 � 107 Hz.36,38 Due to
different electronic congurations and grain sizes of the
compositions x, the carriers' mobility uctuates with the
applied elds. Hence, dielectric loss values scatter at the low-
frequency zone, and dispersion occurs for the samples x.38

Variation of ac conductivities (sac¼ u303
//)39 with frequencies

of the studied ferrites are given in Fig. 4c. All the compositions
exhibit almost at plateaus until 107 Hz for conduction. Aer
that, sharp changes occur in conductivities with dispersion at
107 to 108 Hz.

The increase in the ferrites' ac conductivity with frequencies
is described through Koop's two-layer model and the space
charge. Ferrites materials have high conducting grains sepa-
rated by grain boundaries having a resistive nature.40 The grains
are highly conductive at high frequencies but exhibit low
conductivity at a low frequency depending on electrons'
hopping and space charge polarization.41 When the frequency
of the applied eld rises, the grains become more lively by
increasing the hopping between ions, enhancing the hopping
frequency.38 Moreover, the applied frequency's pumping forces
support the charge carriers to transfer between the different
localized states and release the trapped charges from the other
trapping centers. The electrons and charge carriers contribute
to the conduction mechanism triggered by valence exchange
between the cations present inside the sublattices.38,42 Thus
a sharp enhancement in ac conductivities is observed for all the
compositions. However, these hopping charge carriers strongly
correlate to the conduction mechanism and dielectric behavior.
As the applied eld frequency increases, the dielectric constant
decreases and obtains a constant value because the polarization
15174 | RSC Adv., 2022, 12, 15167–15179
could not follow the ac elds uctuations. So the total polari-
zation decreases and enhances the conductivities for all the
ferrite samples.41

But in the low-frequency region, the ac eld does not provide
adequate energy to the carriers to overcome these insulating
barriers. The samples behave like semiconductors, and a at
plateau is observed.43 A dispersion of conductions is occurred at
a high-frequency zone because of several microstructural
features and band gaps (Fig. 3c) of the studied ferrites. Besides,
oxygen deciency plays a vital role in charge carriers' mobility.44

Conductivity increases with the oxygen vacancy concentration.44

The changing of particle sizes with compositions, x, changes the
number of grain boundaries that vary the electron mobility
from one grain to another.44 Due to the grain boundary's
conductive property, the samples' oxygen vacancy concentration
may inuence the conductivity. Hence, the hoping of electrons
plays a signicant role in increasing the conductivity of the
studied ferrites.44

3.5.2 Impedance spectra study. All the studied ferrites with
x ¼ 0 � x ¼ 0.12 in the Cole–Cole impedance plot (Nyquist plot)
show the semicircle patterns (Fig. 5). The actions interpret the
conduction's main contributions inside the lattices because of
the charge carrier's mobility through the grain boundary
volume.43 The grains are assumed to be the conducting plates,
and the grain boundaries are the two insulating plates on two
sides of the grains. The grain boundary is a general planer
defect that splits regions of different crystalline orientations
(grains) within the polycrystalline material, creating obstacles
to electrical conductivity. These inherent resistive properties of
grain boundaries obtain by depletion of oxygen vacancies by
forming a space charge zone in the vicinity of the grain-
boundary core, leading to high resistance to oxygen-cationic
transport through them.45 Space-charge polarization plays
a crucial role in controlling the conduction across the grain
boundary and is named grain boundary resistance (Rgb).45 Space
charge polarization diminishes signicantly at the high-
frequency zone, and the hoping mechanism occurs inside the
conductive grains. Due to free charges collisions and an
© 2022 The Author(s). Published by the Royal Society of Chemistry
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insignicant amount of space charge polarization, grain offers
some resistance named grain resistance (Rg).

Cole–Cole plot represents the semicircle at the axis of the
real part (Z/) in the low-frequency zone (right side) gives the
values of total resistance (RT ¼ Rg + Rgb) for spinels x. All the
ferrites show high resistance values around 107 to 108 ohm. The
samples' grain resistance (Rg) values were taken from the
semicircle intersection with the real axis at the high-frequency
zone (le side). The obtained values of Rg for the ferrites are
within 50 ohms. Thus, Rgb calculates the relationship between
the resistances, Rgb ¼ RT � Rg. It observes from the spectra that
the grain resistances are almost negligible in respect of total
resistances. Hence, the grain boundary resistances (Rgb) for the
compositions x are nearly equal to total resistance values, RT.
The grain boundary resistances (Rgb) contribute to the present
studied samples' conductions. It also reveals that the semi-
circles represented mainly the grain boundaries' characteristic
behaviours.43,46

3.5.3 Electric modulus analysis. The frequency dependence
behaviors of real part electric modulus [M/(u) ¼ 3//(3/2 + 3//2)] for
the studied ferrites are plotted in the Fig. 6a.47 Initially, at low
frequencies, the spinels' spectra show shallow values of M/(u).
Besides, M/(u) values gradually increase with frequencies and
show maximum peaks at around 107 Hz for all the composi-
tions. The electric modulus's real part gradually decreases to
low values with frequencies around 108 Hz. M/(u)'s tendency to
reach the maximum for the samples conrms the voids' relax-
ation mechanism in the high-frequency zone. Hence, this
quick-rising of M/(u) at a high frequency of around 107 Hz
indicating short-range mobility of charge carriers, happens
Fig. 6 (a) Variation of real part complex electrical modulus with frequ
frequency and (c) relaxation time (s//M) with compositions of Ni0.4Zn0.35

© 2022 The Author(s). Published by the Royal Society of Chemistry
during the conduction. Whereas at the low-frequency zone, the
small values of M/(u) indicate that the negligible amount of
electrode polarization arises inside the grains of the tested
compositions x.43

Fig. 6b showed the variation of imaginary parts of electrical
modulus [M//(u) ¼ 3///(3/2 + 3//2)] with frequencies for the ferrites
x.47 It observes M//(u) yields low values at lower frequencies, but
when the frequency reaches the range around 104 to 105 Hz,
M//(u) shows broad maxima for the samples x. Later on, the
peaks ofM//(u) for the ferrites x gradually decrease to low values
with other higher frequencies. The charge carriers can move
long distances inside the grains at low frequencies and show
very high capacitance values. As a result, the ferrite samples
show very lowM//(u) values. The carriers are conned inside the
potential wells and do not follow the ac elds at the high-
frequency zone. Hence, the charges move in short-range
distances.43 The ferrites at high frequencies exhibit wide and
asymmetry peaks on both sides of the maxima.

Variation of relaxation times (s//M ¼ 1/2pfM
//) with compo-

sitions x are shown in the Fig. 6c.48 The relaxation time for the x
¼ 0 composition is 45.45 ms but drops down from 3.13–1.54 ms
for the samples with x ¼ 0.02 � x ¼ 0.12. Thus, it identies that
the Al-doped ferrites have less relaxation time than ferrite
without Al-doping.
3.6 Study of magnetic parameters

3.6.1 Study of Curie's temperature. The behavior of
magnetizations (M in emu g�1) with temperature (300 K to 800
K) was observed for ferrites with x ¼ 0 to x ¼ 0.12 under an
ency (b) variation of imaginary part complex electrical modulus with
Co0.25Fe(2�x)AlxO4 (0 # x # 0.12) ferrites.
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applied magnetic eld (100 Oe (Fig. 7a). Ferromagnetic-
paramagnetic (FM-PM) phase transitions mark Curie's
temperature Tc in the magnetization vs. temperature graph. The
Curie temperature (TC) is the critical temperature above which
a ferromagnetic material loses its residual magnetism and
becomes paramagnetic. Curie's temperatures (Tc in K) deter-
mine through the temperatures at which dM/dT showed
a minimum in the dM/dT vs. T graph for the compositions x
(Fig. 7b).49

Ferrites' Curie temperature (Tc) fundamentally depends on
A–B exchange interaction.12 The substitution of Al3+ ions
reduces the Curie temperature due to the distortion of some
ferromagnetic ordering inside the systems.49 The electronic
conguration 2p6 of nonmagnetic ion Al3+ inuences the
ferromagnetic double exchange between Fe3+–O2––Fe3+.49

Therefore, a new coupling between Al3+–O2––Al3+ generates
without contributing to the magnetic interactions.49 Hence,
Curies temperature decreases for the sample with x ¼ 0.05, x ¼
Fig. 7 (a) Variation of magnetization with temperature, (b) dM/dT vs. T
graph of Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12) ferrites.

Fig. 8 Variation of (a) real part of permeability (m/) with frequency (b) RQF

15176 | RSC Adv., 2022, 12, 15167–15179
0.1 and x ¼ 0.12. Moreover, the oxygen deciency inside the
spinels plays a signicant role in the magnetic structures due to
the changing valence states.50 It also diluted the superexchange
interaction between cations through intervening oxygen,
reducing Curie's temperature.50

Furthermore, Curie temperature is also inuenced by grain
size.12 The variation of Curie temperature with grain sizes is due
to a change in cation arrangement between the A site and B site
of the spinel lattice based on the strength of the exchange
interactions.12 The decrease in lattice parameters caused
increased A–B exchange interaction.12 As the exchange interac-
tion is relatively strong, consistently higher energy is required to
disorient the moment representing higher TC values with
decreasing particle size for the sample with x ¼ 0.02 and x ¼
0.07.12 Therefore, variation in Curie's temperature (Tc) indicates
the formation of new ferrites with an overall enhancement of
phase transition temperature (Tc).

3.6.2 Permeability analysis. The frequency-dependent
permeability of the Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0 # x # 0.12)
ferrites recorded at room temperature. The inuences of
frequencies on the real part permeability (m/) are shown in
Fig. 8a. All the ferrites x give almost a constant value until the
frequency 106 Hz, and aer that, the real part permeability
drops down to a low value at a high-frequency zone. The at
plateaus of m/ under a wide range of frequencies until 106 Hz
show the prepared spinels' quality and stability.51

The mi of ferrites are affected by intrinsic features like fav-
oured site residence and extrinsic properties such as density,
porosity, and grain size.10,52 Polycrystalline ferrites' permeability
is inuenced by the superposition of the spin rotation and
domain wall motion during synthesis.52 As mi is delicate with
some factors, it is still exciting to conclude a specic conclusion
for changing mi with concentration. Permeability is proportional
to grain size for normal grain growth in ferrites.43 Variations in
grain size of the samples can cause a change in every grain's
domain walls number.43 As the domain wall movement controls
the mi, any variation in the domain walls number manipulates
mi

/.52 Moreover, the declining trend of mi/demonstrated that the
ionic radii of Al3+ might be larger than the lattice of spinel, so
Al3+ nds the struggle to enter the spinel lattice. Hence,
signicant amounts of Al3+ resided at grain boundaries and
formed a thin structure of Al–O–Al.1,52 This narrow structure
with frequency of Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4 (0# x# 0.12) ferrites.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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around the magnetic domain hinders the grain boundary
mobility and grain growth for the Ni0.4Zn0.35Co0.25Fe(2�x)AlxO4

(0 # x # 0.12) ferrites.51 Besides, mi
/ displays a reducing trend

with increasing frequency due to nonmagnetic impurities
between grains and intragranular pores.52 It functions as
a pinning center at higher frequencies and obstructs spin and
domain wall motion.52 In the current study, density is inversely
proportional to the porosity (Table 1), and bulk density is
proportional to particle size. The correlation between the ferrite
samples' porosity, bulk density, and particle size x indicates the
highest mi

/ obtain with the lowest porosity and maximum
particle size.

The ferrites' relative quality factor (RQF) shows that the peak
at the high-frequency range is around 107 to 108 Hz and then
gradually decreases to low values (Fig. 8b). The ferrite with x ¼
0 shows the highest RQF than the samples with x ¼ 0.02 � x ¼
0.12. The porosity and thin Al–O–Al area act as obstacles and
pining centers against the studied compositions' domain wall
motion.1,51 Thus, energy dissipates as a hysteresis loss due to
overcoming these barriers to continue the domain wall
motion,51 and different values of RQF obtain.
4. Conclusions

In the current study, Al3+-doped Ni–Zn–Co ferrite samples were
successfully synthesized through the conventional ceramic
technique. X-ray diffraction analysis evidenced the formation of
the single-phase cubic spinel structures with phase group Fd�3m
for all compositions. As demonstrated by TEM examinations,
average particle sizes ranged from 0.67 to 0.39 mm. An insig-
nicant conductivity until the frequency of 107 Hz and a sudden
rise hereaer exhibited that the samples were very resistive.
Relaxation times were reduced to a low value from 45.45 ms to
1.54 ms with increasing doping contents x, implying that the Al3+

played a vital role in the change carriers' mobility. Curie
temperature (Tc) was 615 K–623 K, which showed an overall
enhancement. Permeability was directly proportional to the
grain size demonstrated for all samples. The undoped compo-
sition corresponds to the highest mi

/ obtained with the lowest
porosity and maximum particle size. The real part of perme-
ability (mi

/) was independent of frequency until 106 to 107 Hz
with relative quality factors of around 103. Al3+ substitution
implemented a central role in tuning the Ni–Zn–Co system's
electromagnetic properties that can be promising materials for
high-frequency devices.
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