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Spinel ferrite Nij,sMng99Zn, ,Fe,0, was prepared by a conventional ceramic process followed by sintering at three different
temperatures (1050°C, 1100°C and 1150°C). X-ray diffraction (XRD) investigations stated the single-phase cubic spinel structure
and the FTIR spectra revealed two prominent bands within the wavenumber region from 600 cm~! to 400 cm~'. Surface morphol-
ogy showed highly crystalline grain development with sizes ranging from 0.27 pm to 0.88 ym. The magnetic hysteresis curve at
ambient temperature revealed a significant effect of sintering temperature on both coercivity (H,) and saturation magnetization
(M,). Temperature caused a decrease in DC electrical resistivity, while the electron transport increased, suggesting the semicon-
ducting nature of all samples and that they well followed the Arrhenius law from which their activation energies were determined.
The values of Curie temperature (7,) and activation energy were influenced by the sintering temperature. Frequency-dependent
dielectric behavior (100 Hz—1 MHz) was also analyzed, which may be interpreted by the Maxwell-Wagner-type polarization. The
UV-vis—NIR reflectance curve was analyzed to calculate the bandgap of ferrites, which showed a decreasing trend with increasing

sintering temperature.

Keywords: Ferrites; ceramic technique; FTIR; dielectric constant; hysteresis curve; bandgap.

1. Introduction

After the discovery of spinel ferrites, several basic and applied
investigations extensively focused on the mechanisms of their
synthesis and fabrication processes in order to enhance their
physical characteristics. Also, their wider range of potential
applications in various fields as well as insight physics made
the researchers and engineers to be involved in the research
on their various aspects. The chemical formula for a ferrite
is MO-Fe,O;, where M represents the divalent metal ion. In
ferrite, this divalent metal ion (M?*) occupies both tetrahedral
(A) and octahedral (B) sites along with the trivalent ion (Fe3*)
which can be represented by the formula (M Fe,_)[M,_;Fe,, ]
0,4, where ¢ is known as the degree of inversion that signifies
the occupancy of A- and B-sites by the cations.! The é-value
defines the disposition of cations in two different absolute
cases. In the case of spinel structure (6 = 0), entire A-sites
are occupied by M** ions, whereas the B-sites are occupied
by Fe* ions. On the other hand, in the inverse spinel structure
(6 = 1), all M** ions occupy the B-sites and Fe* cations are
equally distributed between the A- and B-sites. For mixed
structures, both A- and B-sublattices are shared by divalent
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(M?*) and trivalent (Fe3*) cations.? Ferrite possesses some
fundamental and multiple diverse features including high
magnetic and electrical properties, good thermal and chemi-
cal stabilities and mechanical stiffness, making them superior
magneto-electric materials for applications in many devices.?
Their high resistivity (~10’-10° Q-cm) at room temperature
results in low eddy current losses at the high-frequency region,
thus making them to be commonly used in most magnetic
amplifiers, inductors, antenna rods, transformers and recording
heads.* Apart from these applications, researchers in the past
few years have focused their study on different potential fields.
Reference 5 synthesized Ni,,Zn,,Mn, ,Fe,O, nanoferrite for
radar absorbing device. Due to high values of Curie tempera-
ture and thermal stability, the EPR spectra showed reduction
in the peak width and increase in relaxation with the increase
in sintering temperature. These results exhibited that envi-
ronmentally safe Ni-Mn—Zn ferrite particles can be used for
absorbing electromagnetic (EM) emission produced by a radar
from few MHz to 2 GHz. Low loss and high saturation mag-
netization proposed their potential application in microwave
system as they decrease the emission of unwanted EM waves
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from the device and also absorb the incoming EM waves that
may harm the microwave device.® Reference 7 described that
the MnZn ferrite nanoparticles exhibiting high reflection loss
and broad absorbing band in low frequency (10 MHz-1 GHz)
can be used in the electromagnetic microwave absorbing field.
A one-pot thermal decomposition method was used to syn-
thesize a series of Zn-doped Mn ferrites with a particle size
of ~15 nm possessing high magnetization value (175 emu/g),
providing large MRI contrast effects (r, = 860 mm~' - s7!) with
an 8—14-fold increase in MRI contrast and a fourfold enhance-
ment in hyperthermic effects compared to conventional iron
oxide.? Reference 9 has found the photocatalytic potential of
sol—gel-based Mg—Mn—Zn ferrites against Chloramine T and
Rhodamine B dyes as well their anti-biofilm activity towards
pathogenic bacteria and Candida sp. Many researchers studied
the influence of different additives or dopants on the structural,
electrical and magnetic behaviors in the two main common
kinds of ferrites; nickel-zinc (Ni—Zn) and manganese—zinc
(Mn—Zn) ferrites.!®!3 Mn-Zn ferrites exhibit considerable
initial permeability and magnetization, but their poor charge
transportation and low dielectric losses make them undesir-
able for high-frequency magnetic applications. Contrarily, the
Ni—Zn ferrites possess moderate permeability in the high-fre-
quency regions, although they have high electrical resistivity
and low dielectric losses.'* In contrast to these ferrites, the
combination of Ni—Zn and Mn—Z7n ferrites, namely the Ni—
Mn—Zn ferrites, may improve the magnetic characteristics and
can be applicable at high-frequency regions. The permeability
increases with the substitution of Zn for Ni in the Ni-Mn—
Zn ferrites but the Curie temperature decreases at adequately
high temperature due to Zn evaporation.'> These properties are
very important during the preparation, such as the sintering
temperature and time duration apart from the additives.'® The
magnetic properties of ferrites are strongly influenced by their
chemical composition, microstructure and sintering condi-
tions.!” Microstructural factors like density, grain size, bound-
ary, porosity and inter-granular distribution can be controlled
by the sintering temperature. Thus, sintering temperature plays
a crucial role in manipulating the magnetic behavior.'® Several
techniques (e.g., sol—gel, citrate precursor, hydrothermal tech-
nique, micro-emulsion method, etc.) have been employed at
various sintering conditions and their effects on the magnetic
properties have been reported.!*! This study detailed the
influence of sintering temperature on the structural, magnetic,
dielectric and optical characteristics of Ni jsMn goZn, o,Fe,0,
which had not previously been reported. This work supple-
ments the basic and applied research of ferrites, with emphasis
on improving their physical properties.

2. Materials and Method
2.1. Preparation

Polycrystalline
synthesized by

Nij osMng goZn, ,Fe,0,  ferrite  was
the conventional ceramic technique.
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Analytical-grade (99% pure; Merck, Germany) nickel oxide
(2.585 g), manganese oxide (27.622 g), zinc oxide (0.7042
g) and iron (II) oxide (69.089 g) were stoichiometrically
weighted and dried at 120°C for 1 h to remove the moisture
content. All the raw materials were mixed in a planetary
ball mill where ethanol was used as a wet medium to make a
homogeneous slurry. Alumina balls were used to impede iron
contamination. The weight ratio of ball to powder was 2:1.
The powder was contained in an alumina bowl (250 mL) and
pulverized at 150 rpm for 8 h. Then the powders were col-
lected from the bowl followed by pre-sintering at 700°C for
3 h and ground in a mortar—pestle setup to ensure a fine pow-
der. The ground powders were mixed with polyvinyl alcohol
(4 wt.%), then placed in a hydraulic press machine under a
pressure of 3+0.5 MPa for 1 min to form pellet and toroid
shapes and finally sintered at 1050°C, 1100°C and 1150°C
for 4 h.

2.2. Characterization

The structural pattern was characterized by powder X-ray
diffraction (PXRD; EMMA, GBC Scientific Equipment)
radiation functioned at 40 kV and 40 mA, while the source
was Cu-Ka ()=1.54052 A). Infrared spectra were measured
by Fourier Transform Infrared Spectrometer (FTIR; Frontier,
PerkinElmer) and the surface morphology was analyzed by
Scanning Electron Microscope (SEM; S3400N, Hitachi)
functioned at 15 kV. The magnetic properties were studied by
Vibrating Sample Magnetometer (VSM; EV-6, MicroSense)
at room temperature. Dielectric parameters were measured by
a high-precision impedance analyzer (4294A, Agilent) within
the frequency range from 40 Hz to 110 MHz and reflectance
data were collected by UV-vis—NIR spectrophotometer (UV-
2600, Shimadzu).

3. Results and Discussion
3.1. Structural analyses

The structure of NijsMngq¢0Zn, o, Fe,0,4 ferrite was deter-
mined by powder XRD with a step size of 0.02°, where the
diffraction angle (26) ranges from 20° to 70°. The appear-
ances of (220), (311), (222), (400), (422), (511) and (440)
planes at the diffraction angle in Fig. 1(a) confirm the forma-
tion of cubic spinel structure without any phase impurity and
a good coherence to our earlier report.”? The average crys-
tallite sizes (7) were calculated by using the Debye—Scherrer
formula from the highest intensity peak near 36° (diffraction
angle, 20) associated with the (311) plane,?

S (1)
gcost

where K, ) and j are the shape factor, incident X-ray wave-
length and FWHM (rad), respectively.
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Fig. 1. (a) XRD patterns and (b) FTIR absorption bands of Ni, ,sMn, ¢0Zn, (,Fe,0, ferrite.

The crystal size has been found to increase when the sin-
tering temperature rises. This is because the sintering process
generally reduces the lattice defects and strain, resulting in a
lump of smaller grains and hence an increase in the average
grain size.?* The X-ray density was found to be greater than
the bulk density which may occur from the microcrack and
lattice vacancy during the sintering process as these defects
can be precisely quantified through XRD spectra than mass
density measurement.” The porosity P (%) of the samples
that was calculated from X-ray density and bulk density has
experienced a decreasing trend due to densification with
the increase of the sintering temperature (Table 1). The heat

energy creates a force that interacts with grain boundaries
which clothes the pores resulting in the reduction of porous
area and hence a highly compact material is formed through-
out the sintering process.?® Some other parameters like hop-
ping length, tetrahedral and octahedral bond lengths, etc.
were calculated from the experimental lattice parameter and
listed in Table 2.

3.2. FTIR analyses

Figure 1(b) exhibits the FTIR spectra (T%) of the pre-
pared powders in the wavenumber range of 400-4000 cm™'.

Table 1. Variations of the lattice parameter a, crystalline size ¢, X-ray density d,, bulk density dg, porosity P, frequency bands (v, and v,)
and force constants [octahedral sites (K,) and tetrahedral sites (K,)] of Ni; ,sMn, ooZn, o,Fe,O, ferrite.

Temperature a t d, dyg v vy K, K,

(°C) A) (nm) (g/cm?) (g/cm?) (%) (cm™) (cm™) (x10° dyn-cm™2) (x10° dyn-cm™)
1050 8.41821 23.18 5.1442 4.62 10.19 582 436 1.60 3.03

1100 8.41971 23.05 5.1469 4.80 6.74 589 412 1.43 2.90

1150 8.41519 23.81 5.1525 4.89 5.09 582 429 1.55 2.98

Table 2. The calculated values of hopping lengths between the magnetic ions in the tetrahedral (A) and octahedral (B) sites (L, and Ly),
tetrahedral bond length (d,y), octahedral bond length (djy), tetrahedral edge (d, ), sheared octahedral edge (dy ), unsheared octahedral edge
(dgxgy), A-site radius (r,) and B-site radius () of Ni; ,gMn, o9Zn, 3, Fe,0, ferrite.

Hopping lengths
Temperature - - ) o ) ) ) ) )
§©) Ly(A) Ly (A) dax (A) dpy (AA) daxe (A) dpxe (A) dpxpy (A) 4 (A) ry(A)
1050 3.6451 2.9762 1.9100 2.0552 3.1191 2.8334 2.9780 0.5900 0.7340
1100 3.6458 2.9768 1.9104 2.0556 3.1197 2.8339 2.9785 0.5904 0.7344
1150 3.6438 2.9752 1.9093 2.0545 3.1180 2.8324 2.9769 0.5893 0.7333
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Ferrite exhibits a similar structure to spinel MgAl,O; having
the space group of Fd3m. An equipotential force makes fer-
rite as an incessant bonded crystal with atoms coupled to all
their adjacent neighbors.?” In the case of solid crystal, the
infrared spectrum can be attributed to the vibration of ions
within the wavelength range from 300 cm' to 4000 cm™'.
The spectrum reveals two significant absorption peaks under
1000 cm~! which is a trademark of all single-phase spinel
ferrites. The high-frequency band (1) lying at 582-589 cm™!
is associated with intrinsic stretching vibrations of Fe>*-O at
the tetrahedral A-site, while the low-frequency band (1) lying
at 429-436 cm™! is due to stretching vibrations of Fe?*—~O
at the octahedral B-site. The values of these two bands dif-
fer upon the change in the stretching length of Fe—O in the
A- and B-site lattices.?®?

3.3. Morphology study

SEM has been applied to determine the microstructural
images of Ni,sMn, ooZn, o,Fe,0, ferrite and the results are
shown in Fig. 2. The average grain sizes were determined
from the SEM micrographs by linear intercept technique
from the ImagelJ software; the size extends from 0.27 um to
0.88 um, as listed in Table 3. It seems a cluster of grains was
formed at 1050°C, whereas the sharp notch-type grains were
developed at 1100°C and 1150°C. It was also observed that as
the sintering temperature was raised the grain size increased.
This may be attributed to the development of crystallinity
steered by temperature, which causes a growing number of
crystallites.*

N

300

Size (nm)
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3.4. Room-temperature magnetic properties

Figure 3 depicts the room-temperature hysteresis curves of
the prepared samples that were acquired from VSM with a
maximum applied field of +20 kOe. Some magnetic prop-
erties like coercivity (H,), saturation magnetization (M),
remanent magnetization (M,), Bohr magnetons (y) and rema-
nence ratio (M,/M,) were measured from the M—H curve, and
compiled in Table 3. Both magnetons number and anisotropy
constant increased with increasing sintering temperature,
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Fig. 3. Room-temperature magnetic hysteresis loops of
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Fig. 2. SEM images of the Nij ;sMn, ooZn, o,Fe,0, ferrite sintered at (a) 1050°C, (b) 1100°C and (c) 1150°C.

Table 3. Magnetic parameters of Nij (sMn, ¢9Zn, o, Fe,O, ferrite at different sintering temperatures.

Sintering Average grain Magnetic moment/ Anisotropy

temperature (°C) size (pm) M, (emu/g) M, (emu/g) H,. (Oe) (M, /M) formula unit () constant (erg/g)
1050 0.27 51.16 16.02 26.31 0.31 2.12 1402.10
1100 0.71 55.02 11.58 19.52 0.21 2.28 1118.74
1150 0.88 52.39 8.64 30.43 0.16 2.17 1660.65
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owing to an increase in the A—B interaction, as estimated by
the following expressions®’:

M, 1 igh
Bohr magnetons (uy) = (M, xrr;c;geswelg t), (2)

H.xM,

0.96 @)

Anisotropy constant =

All samples have shown a narrow hysteresis loop
(H,~19.52-30.43 Oe), which indicates the formation of
soft ferrite. For all samples, the M, value was derived using
the law of approach to saturation, which increases as the
grain size increases.’! This trend is consistent with Ref. 32.
A slight improvement of saturation magnetization (M) can
be obtained from 51.16 emu/g (0.27 pm) to 52.39 emu/g
(0.88 um), while the estimated theoretical value of M| for bulk
Fe,0; is about 92 emu/g.?* Grain size has an impact on coer-
civity and remanent magnetization, as listed in Table 3. Both
H_and M, increase with the grain size. In the case of soft fer-
rite, high spin interaction in the finely crystalline Fe,O; parti-
cles throughout spin orientation may result in the high value
of H..3* Because of the presence of super-exchange couplings,
such consequences are more significant in the case of fer-
rites. Following Neel’s ferromagnetism model, the cations on
different sublattices (tetrahedral and octahedral sites) in the
spinel crystals exhibit magnetic moments that are inversely
oriented. Hence, the magnetic moment per formula unit (n;
in pp) is: ng =M, — M., where M and M, are the magnetic
moments of the octahedral and tetrahedral sites, respectively.
With the increase in sintering temperature, migration of Fe*
ions increases from tetrahedral A-site to octahedral B-site.
This causes the B-site magnetization to increase and that of
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A-site to decrease, resulting in an increase in the net magneti-
zation.’>-¢ In addition, higher calcination temperature allows
wider grain growth with less crystalline defect, resulting in a
higher magnetization value.’’

3.5. Permeability study

The permeability of polycrystalline ferrites is associated with
two types of magnetic modes; spin resonance and domain
wall motion.’® Permeability is predominated by domain wall
motion at low frequency in contrast to spin resonance.* It is
notable that initial permeability may be enhanced by using
optimal chemical formulations, highly packed microstruc-
tures and wider-shape grains with narrow borders.*® The
frequency-dependent real part of initial permeability (1) at
different temperatures [Fig. 4(a)] shows a decreasing trend
at the lower-frequency zone, while possessing the maximum
value at higher-frequency region and followed by a sudden
decrease at 100 MHz. This may due to the diverse nature of
the relaxation resonance phenomena.*! As the domain wall
motion increases with temperature, hence permeability (1)
also increases with the sintering temperature. This occurs
because the density and grain size increase with increasing
sintering temperature as previously described.

3.6. DC electrical resistivity

The DC electrical resistivities for all the samples were deter-
mined as a function of temperature employing the two-probe
technique. Figure 4(b) shows the plot of DC resistivity of the
samples versus 1000/7. The electrical resistivity reduces as
the temperature rises, revealing the semiconducting nature of
the samples. The values of Curie temperature (7,), resistivity

.
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(a) Frequency versus initial permeability and (b) 1000/T versus resistivity plots of Ni, ,sMn, ¢9Zn, ,Fe,0, ferrite.
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Table 4. Curie temperature, activation energy and resistivity
values of Ni ,sMn, ooZn, 1,Fe,O, ferrite at room temperature.

Sintering Resistivity at

temperature T. room temperature Activation
(°C) (°C) (x107 Q-cm) energy (eV)
1050 200 20.20 0.082
1100 165 1.62 0.109
1150 160 0.24 0.491

at room temperature and the activation energy (AE,) that
were calculated from the slopes of the linear plots of DC
resistivity for all the samples, are stated in Table 4. It seems
DC electrical resistivity decreases as the sintering tempera-
ture rises. This may be due to the formation of bigger grains
at higher sintering temperatures. Larger grains mean more
grain-to-grain contact area for electron flow and, as a result,

0
700 q . — 1050 C

— 11000C

0

600 ——1150 C

500 o

/

400

300

200
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a lower barrier height.*? The nature of Curie temperature is
influenced by the crystal defect, microstructural formation,
grain size, porous nature, etc.*3 It is found that with increas-
ing sintering temperature, 7, decreases. Such kind of varia-
tion in 7, is related to the internal stress which can raise the
free energy of the ferroelectric phase and reduce the Curie
temperature. A large number of pores reduces the internal
stress; therefore, ferrites with a relatively lower density may
yield a larger T, value than denser form.* The AE,, values of
the samples ranged from 0.082 eV to 0.491 eV, suggesting
that the conduction process is owing to the hopping of charge
carriers consistent with Ref. 45.

3.7. Frequency dispersion dielectric analyses

Dielectric analyses were carried out within the frequency
range of 100 Hz—1 MHz with a high-precision impedance
analyzer. Figure 5(a) reveals that the dielectric constants (&)

054 \l ——1050 C

& — 1100°c

Dielectric loss (tan@)

0.0 T T T T
0 200k 400k 600k 800k M
Frequency in Hz
(b)

18

Q-factor

1()500(3

Frequency in Hz

©)

Fig.5. Variations of (a) dielectric constant (€), (b) dielectric loss (tan §) and (c) Q-factor as a function of frequency of the Ni,, ,sMn, ¢9Zn, o,Fe,0,

ferrite.
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of all samples decreased with increasing frequency, indicat-
ing a normal ferromagnetic behavior. This behavior may be
explained by Maxwell-Wagner type polarization and Koop’s
theory.**# Tonic, electronic, interfacial, dipolar polarizations,
etc. are associated with dielectric constants which greatly
dominate the dielectric properties. Initially, electrons are well
aligned with the applied field and flocked at grain boundaries
via hopping, resulting in polarization. However, at a certain
frequency, the electron exchange between Fe?* and Fe* ions
cannot follow the applied field since it takes a limited time to
align with the field direction that declines the polarization as
well as the dielectric constant.*8

The dielectric loss also decreases (tan é) with frequency
similar to the dielectric constant (¢), as shown in Fig. 5(b).
This decrease takes place when the jumping frequency of
electric charge carriers cannot follow the alteration of the
applied AC electric field beyond a certain critical frequency.*
The maximum tané value is displayed at 25 kHz, whereas the
minimum value is found at 1 MHz. Dielectric loss tangent
showed higher values for higher sintering temperatures. It
may be due to the fact that by increasing the sintering tem-
perature, grain size increased.” It is assumed that the grains
are relatively more conducting as compared to the grain
boundary layers which results in the decrease in grain bound-
ary layer thickness as the grain size increases. This implies
that the effective capacitance of the sample would increase
with increasing grain size. As a result, the overall dielectric
loss of the ferrites increases with increasing grain size.’! The
QO-factor of all samples increased with increasing frequency,
as shown in Fig. 5(c), which can be attributed to ferromag-
netic resonance losses.”? It is observed that the sample sin-
tered at 1050°C exhibited the highest Q-factor.

3.8. Optical investigation

Room-temperature Kubelka—Munk functions [F(R,)] of
Ni, osMn 90Zn, o, Fe,O, ferrite have been derived from diffuse
reflectance spectroscopy (DRS) within the wavelength spec-
trum of 220-1400 nm by using a UV—vis—NIR spectrometer.
Diffuse reflectance spectra are a better choice for analyzing the
optical characteristics of powdered materials as they exhibit
little scattering effects, unlike the UV absorption spectra. All
of the samples absorb energy in the region of 500-600 nm, as
seen in Fig. 6. The optical bandgap (E,) can be estimated by
the Tauc plot of the Kubelka-Munk function as

(1-R.)

F(R.)=—",,

2R, 4)

where R, is the diffuse reflectance.

The Kubelka—Munk function commonly deals with pow-
der samples as it transforms the diffused reflectance analo-
gous to absorption coefficient. As a result, Tauc’s relationship
may be expressed as: F(R,,) X hv = A(hv — E,)", where A and
n are the proportionality constant and transition coefficient,

J. Adv. Dielect. 11, 2150028 (2021)
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respectively. For direct bandgap n=1/2, while for indirect
bandgap n = 2. The optical bandgap for directly allowed
transition (n = 1/2) of Ni,sMnZn,,Fe,0, ferrite is estimated
from the extrapolation slope of Tauc plot of F(R.) X hv
versus photon energy, while the value of F(R,,) x hv is equal
to zero at the x-axis intercept. Figure 7 shows the band energy
(E,) for the prepared Nij osMny o9Zn, 1 Fe,0, ferrite varying
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from 1.26 eV to 1.48 eV at different sintering temperatures. It
seems the band energy decreased with sintering temperature
which may be due to the increase in particle size.>?

4. Conclusion

Polycrystalline Ni,4sMn, ¢0Zn 1,Fe,0, ferrite was success-
fully prepared by a conventional ceramic method and the
influence of sintering temperature on its structural, magnetic,
optical and frequency-dependent electrical and dielectric
properties has been investigated. All the samples confirmed
the single-phase cubic spinel structure that matches well with
the FTIR spectra. The average grain size and density increased
with sintering temperature. Both the Curie temperature
and DC electrical resistivity of the samples decreased with
increasing grain size. The dielectric constant and loss tangent
were studied as a function of frequency and temperature. It
was found that both the parameters decreased with frequency.
The sample sintered at 1150°C showed a high dielectric con-
stant as well as dielectric loss. Low coercivity was observed
at 1100°C (~19 Oe) which allows its application in trans-
former cores and multilayer chip inductors (MLCIs).
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