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Ni-Zn-based ferrites (NZFO) need to possess the ideal ratio of dielectric and magnetic characteristics
for uses involving electromagnetic fields. Consequently, the NZFO system has been modified by Ti**
substitution at Fe3* producing NigsZngsTixFe, xO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) and a
conventional sol—gel process was followed for the synthesis. The structure of the synthesized samples
was evaluated from the X-ray diffraction (XRD) patterns. Fourier transform infrared (FTIR) measurement
provided information on chemical interaction with thermodynamic conditions. In addition, the grain
sizes were obtained from scanning electron microscopy (SEM). Furthermore, the studied samples exhibit
a notable light absorption in the visible spectrum with band gaps between 3.8 and 4.8 eV. The
magneto-dielectric properties were analyzed by field (H) dependent magnetization (M), frequency-
dependent permeability (u), and permittivity (s) measurements. Ti** substitution in NZFO led to a

decrease in magnetic saturation (M) and p while the values of creased and improved the mismatching
1/2)
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Accepted 9th October 2024 impedance (Z/no = (u'/¢')*?). The lowest value of M, (14 emu g% is achieved for the sample with x = 0.1
for which u is also the lowest. Finally, a stable value of Z/ng (~4.0) has been obtained for the x = 0.10

sample over a wide range of frequencies (1-10 MHz), making it suitable as a miniaturizing device mate-
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1. Introduction

Ferrites, a class of materials boasting a unique combination of
magnetic, electrical, and thermal properties, have revolutio-
nized numerous technological fields." Among these, Zn** incor-
porated ferrite system has potential applications as a multilayer
chip inductor, transformer, in hyperthermia treatment, as a
magneto-dielectric device, etc.> Furthermore, soft magnetic
spinel ferrites, particularly Ni-Zn-based ferrites (NZFO), have
garnered significant attention due to their exceptional proper-
ties, such as high resistivity (10° Q cm), low eddy current loss,
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elevated permeability, substantial saturation magnetization,
and high Curie temperature.®*> Due to these outstanding
properties, these materials are well suited for several applica-
tions such as transformers, computer circuitry, high-frequency
miniaturized antennas, and catalyst technology.”'° In addition,
the magnetic and electrical attributes of NZFO ensure remarkable
electromagnetic properties'’ and make them suitable for high-
frequency applications within the radio frequency (RF) spectrum."?

NZFO is a spinel ferrite having unit cells of face-centered
cubic (FCC) structure from the Fd3m space group.'® Moreover,
the chemical formula of NZFO is Ni,_,Zn,Fe,0, following the
general formula of spinel ferrite of (M*")[Fe,*]0,>"."* The
cation distribution in spinel ferrites is described as
(A1_5Bs)[AsB,_5]04, where A corresponds to divalent metal ions
and B corresponds to trivalent Fe** ions, (A;_sBs) and [AsB,_s),
respectively."* The magnetic ions (Ni, Fe) are distributed
between the tetrahedral (A-site, 8a) and octahedral (B-site,
16d) sites of this spinel structure.’® The resultant magnetic
moment of the spinel ferrite is related to the magnetic
moments of A site (M,) and B site (Mg) and can be represented
as: ng = M — M,.'® The diamagnetic Zn>" ions prefer to sit at
the tetrahedral site and typically reduce the magnetic moment
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of the A-sublattice thereby enhancing the resultant magnetiza-
tion of the sample.'® Therefore, particle size and the cationic
distributions between these two interstitial sites of spinel
lattice play a key role in the magnetic and transport properties
of Ni-Zn ferrites.'” In addition, the electrical conduction in
NZFO is attributed to the existence of two oxidation states of
Fe®* (Fe*'/Fe**) in both A and B sites."® Therefore, the enhanced
electric, magnetic, and magneto-dielectric properties of NZFO
are governed by the cationic distribution in the spinel struc-
ture. These structural configurations are controlled by various
factors such as methods of synthesis, heat treatment, and/or
doping into the A-site or B-site.'® Consequently, numerous
researchers have focused on exploring the capabilities of NZFO
ferrites by the substitution of Fe** with various trivalent cations
(Bi*", Ag”", Ho*", Nd**, Gd**) leading to improved dielectric and
magnetic properties as well as enhanced resistive charac-
teristics.”** This substitution not only enhances the electro-
magnetic performance of the ferrite but also broadens its range
of applications. In general Ni-Zn nanoferrites are soft ferrites
with excellent magnetic, electrical and optical properties.
In recent years, several studies were performed to tune the
physical properties of Ni-Zn ferrite through transitional atom
doping such as Nig4Znge_Mn,Fe;04,> Nigg_,Zny4CO,.
Fe204y26 Ni0.652n0.35CuxF627x04,27 Nio.szno‘ssmeezfszL,ZS
Nip..Zng sCe Fe, 0,4,%° NigsZng sCrFe, ,0,,%° etc. However,
the inherent limitations of reasonable magneto-dielectric prop-
erties and stable permeability with enhanced band gaps restrict
the applications of NZFO as antenna rods,>’ miniaturizing
device materials, high-frequency inductors, microwave absorbers,
etc. Kadam reported that Ce*" substitution at Fe** of octahedral
sites reduces the saturation magnetization and the coercivity (H.)
is increased from ~278 Qe to ~918 Oe for 5.5% Fe**
replacement.®” Since magnetic hardness is enhanced due to Ce**
doping in the spinel structure it may reduce the efficiency for
magneto-dielectric application. Ghodake et al. reported that the
permeability (1) of NZFO decreases with the substitution of Ti**
at Fe** which is attributed to domain wall motion.** However,
the interplay between the structure, magnetization, and elec-
trical properties of Ti*"-doped NZFO is crucial for optimizing
the performance in targeted applications.

Apart from this, NZFO for miniaturizing device applications
is a function of the transmission wavelength (1) through the
material and can be expressed by the following formula®*:

c

PO (1)
CVER VAR

where c is the velocity of light, fis the transmission frequency,
& is the relative permittivity, p, is the relative permeability, ¢’ is
the real permittivity, and u’ is the real permeability. Moreover,
the mismatching of impedance between the antenna substrates
(2) and air (5,) also reduces the reflected energy during the
radiation of electromagnetic waves from the antenna.>> Hence,
permeability (') and permittivity (¢) of the materials should
follow the relationship y'/¢’ &~ 1, to attain matching substrates
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(Z ~ no), according to the equation:

Z = (ot f206')? = o4 /)2 @

Therefore, magnetic materials must have low magnetic and
dielectric loss tangent (tand) values to perform with high
efficiency in device applications. However, it is difficult to
synthesize a desired material with a higher cutoff frequency
for electromagnetic application at specific frequency bands and
permeability (1) and permittivity (¢') of appropriate proportions.

In this work, the NZFO system has been modified by the
replacement of Ti'* at Fe®*, preparing the composition of
Nig 5Zn, sTi Fe, 0, (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10).
The goal of this work is to achieve reasonable magneto-
dielectric properties. The impact of the altered microstructure
on the samples’ magnetic and dielectric characteristics was also
investigated concurrently. As a result, the knowledge gained
will clarify how Ti*" doping affects NZFO system performance
and open up new avenues for application design.>®

2. Experimental procedures

2.1. Synthesis

Ti-substituted Ni-Zn ferrite nanoparticles have been prepared
with the formula of Ni,sZn, sTiFe, ,O, (with x = 0.0, 0.02,
0.04, 0.06, 0.08, and 0.10). Raw materials of research-grade
nitrates Ni(NOj3),-6H,0, Zn(NO3),-6H,0, Fe(NO;);-9H,0 (India),
and Ti(NO;), (Sigma Aldrich, Germany) have been used according
to the stoichiometric ratio for the preparation of Ni-Zn-Ti ferrites
by a conventional sol-gel process.’” Samples were dissolved in
distilled water and uniformly mixed in a suitable amount of
ethanol under continuous magnetic stirring of 300 rpm for 1 hour.
After that, samples were placed on a hot plate with magnetic
stirring at a constant temperature of 80 °C and the pH of the
resulting solution was adjusted to 7 by slowly adding dilute
ammonia (NH,) solution. The thus formed brownish viscous gel
was placed in an electric oven for 24 h at 100 °C to dry. To find the
phase formation temperature, the parent samples were sintered
from 400 °C to 1200 °C for 4 h in a furnace. Finally, all doped
samples of Ni, 5Zn, sTi,Fe, ,O, (with x = 0.0, 0.02, 0.04, 0.06, 0.08,
and 0.10) were sintered at 1200 °C at which the maximum bulk
density was observed.

2.2. Characterization

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were performed with a Pyris Series STA-8000.
The temperature (7) range was 30 < T < 1000 with a rate of
20 °C min~ ' under air ambient to determine the phase transi-
tion temperature. The chemical bonds in the calcined NPs were
studied through Fourier transform infrared (FTIR) spectra
obtained with a PerkinElmer 100 spectrometer. The crystalline
phases and structural characteristics of powder samples were
investigated by X-ray diffraction (XRD) (Thermo-Scientific
ARL EQUINOX 1000) study with Cu-Ko. (4 = 1.5406 A) radiation.
The surface morphology of the particles was studied using a
field effect scanning electron microscope (FESEM) with a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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JSM-7610 FE-SEM analyzer. The samples were analyzed using
a MacroRam Raman spectrometer to confirm if there is any
phase transition. The optical band gap of the samples was
measured using a UV-visible spectrophotometer (Shimadzu
UV-2600). A Wayne Kerr impedance analyzer (6500B) was used
to evaluate the dielectric behavior of the synthesized NPs.
Before dielectric measurement, pellets of 6 mm in diameter
and 1 mm in thickness were fabricated by compressing
powders in a uniaxial press. For permeability measurement,
toroid-shaped samples were prepared similarly. Finally, the
magnetic properties were explored using a Quantum design
dynacool physical property measurement system (PPMS) with
variation of the magnetic field at room temperature (RT = 25 °C)
ranging from 0 to £2.0 T.

3. Results and discussion

3.1. Thermal stability

The thermal stability of the synthesized parent sample with
composition Niy 5Zn, sFe,0, (NZFO) has been confirmed from
TGA and differential scanning calorimetry (DSC) conducted
between 25 °C and 1000 °C. Fig. 1 presents the TGA and DSC
curves for the calcined sample of Nij sZn, sFe,0, and a decom-
position of the components is observed due to the thermally
activated chemical reaction. In addition, Fig. 1(a) illustrates the
TGA and DSC curves of Ni, 5Zn, sFe,O, before heat treatment
while Fig. 1(b) confirms the crystalline phase formation due to
heat treatment at 400 °C for 24 hours. The decomposition
follows several steps (Fig. 1(a)) with increasing temperature,
and the first step of 3.5% of weight loss is observed between
25 °C and 120 °C which is attributed to the reduction of water
molecules and —OH ions from the sample surface.

Upon further heating from 120 °C to 210 °C, the evaporation
of the remaining solvent and the crystallization process are
ascribed to a considerable weight loss of 11.5% as a second step
due to the decomposition of the surfactant. From 210 °C to
290 °C there is a sharp fall in weight (69%) with a sharp phase
transition temperature at 276.8 °C. Beyond that the sample
became stable up to 1000 °C which confirms the formation of
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pure-phase nickel-zinc spinel ferrite.*® The sample from the
beginning to the ending of the experiment lost ~ 20 wt%.
Therefore, all the synthesized samples with the composition
Nig 5Zn, sTiyFe, 0, (with x = 0.0, 0.02, 0.04, 0.06, 0.08, and
0.10) were calcined at 400 °C for 4 h.

3.2. FTIR analysis

FTIR analysis is a strong tool that can explain chemical inter-
action with thermodynamic condition and cationic bond for-
mation in ferrites.*® Therefore, FTIR spectra were recorded at
room temperature (RT = 25 °C) with the variation of wave-
number from 350 to 4000 cm™ ', and a single spinel cubic
structure is confirmed in all of the studied samples. Fig. 2
presents the FTIR spectra for the synthesized compositions of
Nig sZn, sTi,Fe, O, (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10).
Here, two prominent absorption peaks are observed at
580 cm " and 360 cm ™" which are denoted as v, and 14 respectively.
Generally, the absorption band at 580 cm ™" is assigned for
the motion of oxygen in the tetrahedral site (A-site) whereas
the mode at 360 cm ' corresponds to the octahedral site
(B-site) for spinel ferrites.>*"*°

In the studied sample the Fe**-0*" and Ti**~0®> bonds
residing at the tetrahedral site (A) are associated with the
vibrational frequency (v4) around 500 cm™" to 600 cm ™" while
the Fe**-0®~ and M®>"-0”~ (M = Fe, Zn, Ni) bonds correspond to
the vibrational frequency () around 450-350 cm . Several
peaks of very weak vibration are observed at 2004, 2108,
2308 cm ™' which are attributed to the stretching of C-C.*!
In addition, the absorption peaks at 1016 and 1511 cm ™"
correspond to the molecular vibrations of Fe-0.*> The absorp-
tion peak intensity at 580 cm ™" (tetrahedral site) continues to
decrease with increasing amount of Ti*" and indicates the
substitution of Fe*' ions at this site. In addition, the ionic
radius of Ti** (0.605 A) is lower than that of Fe** (0.645 A) for VI
coordination number according to the database of ionic radii
provided by Shannon.*® Therefore, Fe-O bonds at the tetrahe-
dral site are highly affected when Ti*" is substituted at Fe®".
Furthermore, the absence of any shoulder at 360 cm™ ' con-
firms the presence of Fe*" striking out of the octahedral site
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Fig. 1 Thermal stability observation from TGA and DSC recorded (a) before heat treatment and (b) after heat treatment of NigsZngsFe,O4 sample.
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Fig. 2 FTIR spectra for NigsZngsTixFe,_,O4 (Where x = 0.00, 0.02, 0.04,
0.06, 0.08 and 0.10) scanned from 350 cm™* to 4000 cm™2.

consequently. The slight shift of absorption bands at v, and vp
to higher wavenumber indicates the perturbation in the Fe**-
0’ bond that occurred as a result of Ti*" substitution.**

3.3. Structural analysis

The X-ray diffraction patterns for the synthesized compositions
NigsZn, sTiFe, 0, (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10)
have been recorded at RT. The patterns are shown in Fig. 3,
confirming the single-phase formation in all the samples, i.e.
no impurity phase was detected. The peak pattern is similar to
JCPDS #08-0234*° which corresponds to the series of crystal-
lographic planes (220), (311), (222), (400), (422), (333), (440),
(620), (533), and (622). Therefore, a single spinel cubic structure
of the Fd3m space group is confirmed in each synthesized
sample. The structural parameters were calculated by the Rietveld
refinement of XRD data employing Fullprof software.’®*” The
fitting results are shown in Fig. 3 as red circles demonstrating the
experimental data; black lines denoting the calculated intensities;
and solid blue lines showing the difference between observed
and calculated data. Furthermore, the green-colored vertical lines
beneath each XRD pattern represent the Bragg positions. The
extracted lattice parameters (a = b = ¢) along with crystallite size ({)
and lattice strain (¢;) are included in Table 1. In addition, the
quality of fitting was expressed by reliability factors (R-factors)
where R, is the profile factor and Ry, is the weighted profile factor
of the Rietveld refinement. The values of > (goodness of fit) for
the studied samples range from 1.6 to 3.1 (Table 1) which
indicates a quality-based fitting.

The obtained experimental value of the lattice constant
(a = b = ¢) for all studied samples is near to the reported value
for Ni-Co-Zn ferrites (8.3719 A)*® and the slight variations
occur due to the synthesis conditions and compositional effect.
However, the major diffraction peak of (311) at 20 =~ 35.4°
shifts to higher value as depicted in the magnified pattern of
Fig. 4(a) and indicates the variation of the lattice parameters
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influenced by Ti doping. Here, Ti*" with a lower ionic radius
(0.605 A) sits at the place of Fe** (0.645 A). Therefore, the values
of lattice parameters decrease with the increase of Ti*" sub-
stitution at Fe*" and the variations are illustrated in Fig. 4(b).
In addition, the Fe-O bond length is also increased due to the
substitution of Ti*" at Fe** due to the presence of lattice strain
(¢r) within the crystal lattice.

Moreover, peak broadening is observed in the magnified
XRD pattern of Fig. 4(a) which confirms the increase of ¢, in the
Ti-doped NZFO and maximum broadening is observed for the
sample of x = 0.10. For a close observation, the crystallite size ()
has been determined from the full width at half maximum
(FWHM), f and the Bragg position (0) as given by the Scherrer
formula:*’

kA
== BcosO 3)

where k is a dimensionless constant with a typical value of ~0.9
and Z is the wavelength of Cu K, radiation with a value of
1.5418 A. The value of f was evaluated by the Gaussian fitting
(Fig. 4(a)) of the strong (311) peak as it is prominent and
common for almost all the samples. Fig. 4(b) presents the
variation of crystallite size ({) where the sizes are gradually
decreased for Ti'* substitution at Fe®" except for the sample
with x = 0.04. In addition, the peak broadening (FWHM) in the
XRD patterns is connected to the strain broadening and f =
4¢tan 0.°° Therefore, the lattice strain (¢.), i.e. micro-strain, was
calculated using the following formula:

FWHM

= Fang @

The values of crystallite size ({) and lattice strain (¢;) have
been included in Table 1. The maximum ¢, is observed for the
sample with x = 0.10 that has the smallest crystallites.

3.4. Surface morphology and microstructural analysis

The microstructure of the synthesized compositions Niy 5Zng 5.
TiFe, 0,4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) has been
investigated using FESEM. Fig. 5 illustrates the morphology of
the studied samples, and the grains are distinct in all micro-
graphs. The grain sizes were obtained from the calibrating and
line interpolation method using Image]J 1.50i software. In this
regard the sizes of several particles have been determined and
the average size of the grains (X,) has been determined from
the histogram of size distribution. The Gaussian fitting of
particle size distribution shown in the insets of Fig. 5(a—f)
was used to estimate the values of Xj,.

It is observed that the grain sizes of the studied samples vary
from 0.4 pm to 4.5 um depending on the amount of Ti*"
substitution at Fe**. However, though the ionic radius of Ti**
(0.605 A) is lower than that of Fe** (0.645 A), the average grain
sizes are gradually decreased due to doping. The lowest size,
Xa =0.73 um, is obtained for the sample with x = 0.10. Since the
raw material Ti(NO;), has higher decomposition temperature
(700) than Fe(NOj3);-9H,0 material (20-400),°"°* the replace-
ment of Ti*" at Fe®" works as a grain growth inhibitor resulting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffraction patterns with Rietveld refinement to evaluate the structural parameters for Nig sZng sTixFe,_xO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08

and 0.10).

in a reduction of grain sizes. Therefore, the magnetic and
electrical properties of the synthesized material are expected
to result from the structural and microstructural evolution.>?
The values of X, have been included in Table 2 and the results
are concomitant with the crystallite size ({) obtained from the
XRD data.

3.5. Ultraviolet-visible (UV-vis) spectrometry

The UV-vis light absorption of the studied samples was mea-
sured with a diffuse reflectance instrument and Fig. 6 presents
the results.

It is observed that all the samples exhibit a strong absorption
in the visible light range. The UV-vis spectrum shows a single
primary absorption peak at about 270 nm, which is linked to n-r*

© 2024 The Author(s). Published by the Royal Society of Chemistry

transitions. This absorption is attributed to an electron transition
from the valence band to the conduction band through an
intrinsic band gap. The («Av)* versus photon energy plot for the
studied samples is displayed in Fig. 7, which has been created by
applying the Kubelka-Munk function® to diffuse reflectance
data. The graph illustrates how the absorption of Ti-doped
Ni-Zn ferrite diminishes with increasing wavelength. The corres-
ponding energy gap for all samples was calculated from Tauc’s
relation® ahv = A(hv — E,)" where o is the absorption coefficient,
hv is the absorption energy, A is a constant that is independent of
photon energy, E, is the optical energy gap and 7 is a number with
a value of 1/2 for direct band gap semiconductors.

The linear extrapolation of (xhv)® on the energy axis is
implemented to determine the optical band gap of the prepared

Mater. Adv, 2024, 5, 9041-9054 | 9045
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Table1 Lattice parameters (a = b = ¢), unit cell volume (V), and Fe—O bond length obtained by Rietveld refinement of XRD data with 2 (goodness of fit),
Ry (residuals for the unweighted pattern) and R, (residuals for the weighted pattern), and including crystallite size (), lattice strain (¢) and dislocation
density (0) for NigsZngsTixFe,_xO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10)

i X Fe-O bond 14
Sample a=b=c(A) Vv (A%) length (A) {(x107° m) e (x107%) (x10" lines per m?) Fitting parameters
x = 0.00 8.3970 (2) 592.1 1.96 60.72 0.00196 2.71 )(2 =1.6
Ry = 6.1, Ryp = 5.9
x =0.02 8.3903 (1) 590.6 2.11 58.88 0.00202 2.88 y- =23
Ry =7.0, Ryp = 6.8
x =0.04 8.3816 (2) 588.8 2.00 45.13 0.00263 4.91 21 =2.6
Ry =7.5, Rup = 6.9
x = 0.06 8.3788 (3) 588.2 2.08 59.06 0.00201 2.87 =22
Ry = 7.8, Rup = 6.9
x =0.08 8.3734 (2] 587.1 2.05 54.18 0.00219 3.41 x =28
Rp=8.1, Ryp = 7.1
x =0.10 8.3596 (4) 584.2 2.09 38.28 0.00309 6.82 7 =31
R, =9.7, Ryp = 8.9
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samples, which is the difference in energy from the top of the
valence band to the bottom of the conduction band.’® From the
analysis, it is observed that the band gaps vary between 3.8 and
4.8 eV. Reduced grain size and introduction of Ti slightly
altered the energy needed for electrons to jump, making the
material absorb light differently. These shifts are likely due to
imperfections and extra energy states created during sintering
at 1200 °C temperature. The amount of oxygen vacancies inside
the samples is also influenced by the annealing temperature.
It produces trapped exciton states, which alter the absorption
bands in the wavelength range around 600 nm by forming a
sequence of metastable energy levels within the energy gap.
Similar results were also reported by Jahan et al.>’

3.6. Magnetic properties

The field-dependent magnetization (M-H) curves for Ni, 5Zn 5-
Ti,Fe, .0, (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) are shown
in Fig. 8 where the applied field (H) was varied up to £20 kOe.

All the samples show a ferromagnetic nature at room
temperature (RT = 25 °C). The coercivity (H,) for all studied
samples has been estimated from the equation H. = |(H. —
H.,)|/2, where H., and H,, are the left and right coercive fields

9046 | Mater. Adv, 2024, 5, 9041-9054

of the M-H loop at zero magnetization. The values of magnetic
saturation (M), coercivity (H.), remanent magnetization (M,)
and residual magnetization ratio (R) are included in Table 2.
It is observed that the values of M, decrease with an increase of
the amount of Ti** at the site of Fe*" in NZFO samples. These
results are in agreement with the microstructure and particle
size (Fig. 5) as the average grain size (X,) is lowest for the
sample with x = 0.10 compared to the other studied samples.

Since a smaller particle size implies a larger surface-to-
volume ratio, the compensation of magnetic moments at the
surface of the x = 0.10 sample is much lower than that of the
other samples. Therefore, the net magnetization decreases
as the grain sizes are decreased due to substitution of Ti'".
Moreover, the magnetic moment of T** (1.73y;) is much lower
than that of Fe*" (5.59u5). Titanium ions (Ti*") prefer to occupy
specific sites (B sites) within the material’s structure®® and B
sites are normally occupied by iron ions (Fe*").

3.7. Frequency-dependent permeability

The frequency-dependent magnetic properties of the studied
samples have been analyzed from the measurement of perme-
ability (4) and it defines the degrees of magnetic response due

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the applied magnetic field with frequency variation. Fig. 9
shows the frequency-dependent permeability, both the real part
(#) and imaginary part (1), for Niy sZn, sTiFe, ,O4 (x = 0.00,
0.02, 0.04, 0.06, 0.08 and 0.10) at room temperature
(RT = 25 °C).

The initial magnetic permeability (1") is observed to vary in
the samples with the variation of x from 0.0 to 1.0. The sample
with x = 0.10 shows the lowest value of permeability (u').
Generally, magnetic permeability originates due to spin rotation
and domain wall motion which are embedded by structural

© 2024 The Author(s). Published by the Royal Society of Chemistry

deformation of grain sizes and intra-granular pores. Therefore,
the initial part of real permeability is expressed as ' =1 + yopin +
Aaws, Where yepin = 2mMPAK and yqw = 3TM*X,/4y denote the
susceptibility due to spin rotation and domain wall motion
respectively. Therefore, the distribution and decrease in average
grain sizes X, weaken the domain wall mobilization, decreasing
the value of i'.>® According to the previous discussion, the grain
size of NZFO is influenced by the addition of Ti*" content which
also contributes to an increase in magnetization. From Fig. 9(a)
it is also seen that in the lower frequency region, y' is almost

Mater. Adv., 2024, 5, 9041-9054 | 9047
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Table 2 Average grain size (X,), saturation magnetization (M), coercivity
(Ho), remanent magnetization (M,) and residual magnetization ratio (R)
measured for NigsZngsTiFe,_,O4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and
0.10) samples at room temperature (25 °C)

Sample X, (um) M, (emu g ') H. (Oe) M, (emu g™ ') R (=M,/M,)

x=0.00 1.60 £ 0.03 44 240 9.1 0.21
x=0.02 1.47 £ 0.01 32 170 5.3 0.17
x =0.04 1.36 £ 0.03 25 190 7.2 0.29
x=0.06 1.24 £+ 0.11 26 150 3.1 0.12
x =0.08 1.10 £ 0.01 23 180 4.4 0.19
x=0.10 0.73 £ 0.08 14 175 2.6 0.19

Absorbance (a.u.)

0.0 .

T T

I I
600 800
Wavelength (nm)

I
400 1000

Fig. 6 Ultraviolet-visible (UV-vis) absorption spectra measured for the
composition of NigsZng sTixFe,_,O4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and
0.10) at room temperature (RT = 25 °C).

constant, but, with an increase in frequency, ¢’ gradually decreases
just after generating a characteristic peak corresponding to Snoek’s
law®® which states that ' oc 1/f, or &’ x f, = constant, where f; is
resonance or cut-off frequency (f.). So, the higher value of perme-
ability has a low cut-off frequency and it is essential to keep low
losses at that range of frequencies for application purposes. From
Fig. 9(b) it is perceived that p” decreases at a lower frequency,
remaining constant up to 10° Hz. In addition, magnetic loss
tangent (tan J,) is manifested by the lagging of domain wall motion
and applied AC magnetic field.®" At higher frequency, tané,, is
initiated from natural ferromagnetic resonance.®* The rapid varia-
tion in the AC field at higher frequencies slows down the space
charge activity which also accounts for magnetic losses.**

3.8. Frequency-dependent electric polarization and relaxation

Frequency-dependent dielectric properties of NigsZng 5Ti,.
Fe, 0, (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) samples have
been investigated to estimate the electronic response and its
relaxation phenomena in the studied samples. In general,
materials with high permittivity (¢) polarize more in response
to an applied electric field while materials with low dielectric
constant (¢) can store more energy inside. Fig. 10(a) shows the
frequency-dependent real part of the permittivity (¢/) and
Fig. 10(b) shows the imaginary part (¢”) for all studied samples.

9048 | Mater. Adv., 2024, 5, 9041-9054
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The measurement was performed at RT with a frequency range of
100 Hz to 100 MHz. At the beginning all the samples have high
permittivity, both real (¢/) and imaginary (¢”). Generally, a higher
value of ¢’ at lower frequency is attributed to the dipolar, space, or
surface polarization, playing a leading role in determining the
dielectric properties of dielectric materials.®* High values of ¢’ are
also an indication of the presence of charge defects originating
from oxygen vacancies in samples.®® Therefore, the higher values
of ¢ for x = 0.8 and x = 0.10 samples at lower frequencies are
attributed to the space charge polarization caused by the non-
uniform crystalline structure following the SEM observations.
However, the dielectric dispersion is observed for all the samples
above 1 kHz. According to Koop’s phenomenological theory, this
dispersion is caused by interfacial polarization.®® At low-frequency
regions, the polarization is mainly attributed to electronic
exchange between Fe®" « Fe®" ions on the octahedral sites in
the ferrite lattice.*”” For NigsZnosTiFe,_,O, composition the
presence of Ni**/Ni** ions in B sites yields p-type charge carriers
whereas Fe®*/Fe®" ions play a role of n-type charge carriers. As the
p-type charge carriers are less mobile compared to the n-type
charge carriers, the polarization arises due to p-type carriers
showing a decreasing trend even at lower frequencies as com-
pared to n-type carriers. Hence, the net polarization decreases,
and a greater decrease is found with enhanced frequency and,
consequently, permittivity decreases from 1 kHz to 100 MHz.
Fig. 10(c) shows the frequency-dependent dielectric loss (tan J;)
that has been calculated from the ratio between imaginary and
real parts of permittivity (tan J, = ¢’/¢’) for the studied samples.

It is observed that tan J. decreases as the frequency increases
for all studied samples except for the sample with x = 0.06. The
overall decrease in tan J, signifies the enhancement of the dielec-
tric properties and the sample with x = 0.04 shows the lowest loss.
However, the abnormal tand, for the sample with x = 0.06 is
attributed to the resonance effect.®® Apart this, the value for
samples with x = 0.00 and 0.10 tends to increase at the beginning
with a large relaxation peak which is observed in the magnified
inset of Fig. 10(c). This nature is attributed to the existence
of potential barriers with double ionized oxygen ion vacancies
that provide hopping motion. Moreover, at higher frequencies
(=3 MHz) all samples present peaking behavior according to
Debye relaxation theory. These loss peaks occur when the jump-
ing frequency of electrons between Fe** and Fe’ is equal to the
frequency of applied field and the condition wt = 1 is satisfied,
where w = 2nf and 7 is the relaxation time. When the hopping
frequency of the charge carrier matches well with the frequency of
the applied electric field, the maximum electrical energy is
transferred to the oscillating ions and a peak is observed because
of power loss. A similar kind of behavior is also observed in case
of Al*"-substituted Ni-Zn ferrites.*

Furthermore, according to the Brick model approach of the
dielectric response, the effective permittivity (&) is connected
with permittivity at the grain boundary (eg) and grain interior
(¢;) and as given by the following formula:

1 1-—
,_X+ﬂ )
& & Egb

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Tauc plots for optical band gap measurement for the composition
0.06, (e) x = 0.08, and (f) x = 0.10.

where x and (1 — x) are the volume fractions of the grain
interior and grain boundary respectively. The characteristic
thickness of the grain boundary is responsible for stiffened
soft mode response which results in a decrease of the effective
polarization with the increase of frequency and depolarization
takes place. Therefore, electric modulus (M*) has been obtained
from the dielectric constants (permittivity). In general, M* is a

© 2024 The Author(s). Published by the Royal Society of Chemistry

of NigsZng sTiFes O4, where (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, (d) x =

complex electric modulus expressed as M* = M’ + iM", where M’
and M” are the real part and imaginary part of the electric
modulus respectively and can be evaluated from the permittivity (&)
by the following relations:

©)
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Fig. 10(d) shows frequency-dependent M’ for the studied
samples measured from 100 Hz to 100 MHz. It is observed that
at lower frequencies (inset of Fig. 10(d)) the values of M’ are
lower and gradually increase with frequency in all samples.
Fig. 11(a) shows the frequency-dependent imaginary part of
the electric modulus (M"). Of note, two distinct peaks of M”
are observed for all studied samples depending on the fre-
quency range. The first peak of M” at lower frequency (fz)
corresponds to relaxation from grain boundaries (wtg, = 1)
while at higher frequency f; are the relaxation peak from
grains (w1, = 1). The relaxation time (zz) can be obtained from
fr by using the relation tx = 1/2nfz. The values of relaxation
time, 1,45, and 1, for all studied samples are depicted in Table 3.
In addition, the contribution of grains or grain boundaries in
the relaxation process can be confirmed from the modulus
plane plot (imaginary M” versus real M’) that is illustrated
in Fig. 11(b).
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Fig. 9 Frequency-dependent magnetic properties represented by (a) real part of permeability (1), (b) imaginary part of permeability (¢”) and (c) magnetic

loss (tan d,).
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(x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) samples.

Here the smaller semicircle arcs are observed for 0 < x <
0.04 which corresponds to weak grain boundary effects rather
than dominant grain effects’® while arcs become larger for
higher Ti*" substitution (0.06 < x < 0.10).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.9. Magneto-dielectric properties

The matching magneto-dielectric properties of all the studied
samples are obtained from Fig. 9(a) and 10(a). The transmis-
sion wavelength (1) was measured from the permeability (1)

Mater. Adv., 2024, 5, 9041-9054 | 9051
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Table 3 The frequency dependency of dielectric constants " and ¢” with dielectric loss (tan d;) and the relaxation time due to grain boundaries (z4) and
grains (tg) obtained for NigsZngsTisFe,_O4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) samples at 25 °C

g ' tan J;
Sample 0.1 kHz 100 kHz 0.1 kHz 100 kHz 0.1 kHz 100 kHz 74(s) (x107°) 74 (s) (x107°)
x = 0.00 184.9 19.1 577.4 5.1 3.1 0.3 3.41 2.21
x = 0.02 109.4 19.8 161.2 4.9 1.5 0.2 6.12 2.22
x = 0.04 73.7 17.6 90.6 4.1 1.2 0.2 12.40 2.34
x = 0.06 172.4 3.2 172.4 3.2 1.0 1.0 0.45 2.81
x =0.08 223.2 18.1 413.7 7.3 1.8 0.4 0.08 2.22
x =0.10 2148.7 32.1 3241.4 51.6 1.5 1.6 0.02 2.23
1
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Fig. 12 (a) Ratio of Z and 5o and (b) frequency-dependent transmission wavelength (1) for NigsZng sTixFe, 4 O4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and

0.10) samples at room temperature (RT = 25 °C).

and permittivity (¢') using eqn (1). The mismatching in the
impedance of antenna substrates (Z) and air (r,) disturbs the
reflected energy during the radiation of the electromagnetic
waves from the antenna where Z and 7, ratio can be determined
from the relation as in eqn (2). In Fig. 12 the ratio of Z/n, and
frequency-dependent transmission wavelength (1) are shown
for the frequency range from 100 Hz to 10 MHz. The sample
with x = 0.10 has a stable Z/n, (~4) over a wide frequency range
(1-10 MHz) while the other samples show higher and unstable
matching values that gradually fall to a lower value as the
frequency increases. This result is attributed to the decrease in
magnetic saturation (M) and permeability (¢') along with an
increase in the dielectric constant (¢) achieved for the increase
Ti*" ions at the site of Fe** in the studied NZFO system. Hence,
it is expected that the composition for x = 0.10 could be
excellent for the application as a miniaturizing device over
the frequency range of 1 MHz to 10 MHz. From Fig. 12(b) it
is also confirmed that the transmission wavelength (1) reaches
a minimum in this frequency range.

4. Conclusions

This study confirms the growth of the highly crystalline cubic
spinel structure of Fd3m space group in the synthesized com-
position of NiysZng sTi,Fe, 0,4 (x = 0.00, 0.02, 0.04, 0.06, 0.08

9052 | Mater. Adv, 2024, 5, 9041-9054

and 0.10) using the conventional sol-gel method. The average
grain sizes are decreased due to the substitution of Ti** at Fe**
of NZFO samples, and the smallest grains (~0.73 um) are observed
in the composition of NijsZn, 5Tio1Fe; 004 However, no remark-
able variations in the optical band gap (E;) are observed due to Ti**
substitution in the studied samples. The values of E, are varied
between 3.8 eV and 4.8 eV which signifies the imperfections and
extra energy states created during high-temperature processing.
Furthermore, increased Ti*" substitution in the NZFO system
results in decreased magnetic saturation (M;) and permeability
(1), and increased cutoff frequency (f,). Parallelly, the dielectric
constants (¢ and ¢") are increased for greater Ti** substitution.
Finally, the mismatching impedance (Z/5,), i.e. ratio between u and
¢, is decreased when replacing Fe** by Ti*". The lowest and most
stable value of Z/i, (~4.0) is obtained for the x = 0.1 sample over a
wide range of frequencies (1-10 MHz). Therefore, Nip5ZngsTio1-
Fe; O, could be an excellent material for assembling miniaturizing
devices exploited in the range between 1 MHz and 10 MHz. It is
expected that greater Ti** (x > 0.10) substitution will result in more
suitable and stable values of Z/ij, (~1).
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