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ABSTRACT

Based on the desire to improve material properties, the effects of temperature
have begun to be investigated. It was found that for nano-sized powder materi-
als, such as ferrites, the structural properties like crystal structure and grain size,
as well as many magnetic and electrical properties depending on them, change
with the calcination temperature. Considering these changes, the effect of calcina-
tion temperature on the structural, magnetic, and electrical properties of MZA
ferrites (Mg, ;5210 55Al, ,Fe; sO,) prepared by co-precipitation was investigated
in this study. The produced MZA ferrites were calcined at three different tem-
peratures (600, 700, and 800 °C). The X-ray diffraction results showed that the
samples exhibited a cubic spinel structure. It was found that the crystal sizes
(D_sch) calculated using the Debye-Scherrer equation increased with increasing
calcination temperature (22.47, 33.53, and 42.53 nm). From the Williamson—-Hall
(W-H) plots, crystal sizes were calculated almost same as Debye—Scherrer crystal
sizes. The nano-sized particles were examined by scanning electron microscope
(SEM). Elemental analysis was performed using EDX. v; and v, absorption bands
and O-H and C-H vibrations were detected in the FTIR spectra. Magnetic meas-
urements were carried out at room temperature and in the range of + 60 kOe
under the applied field. Magnetic results are explained by superparamagnetism.
Dielectric measurements were performed at room temperature and a frequency
range of 20 Hz to 10 MHz. The dielectric properties can be explained by Max-
well-Wagner theory. Impedance spectroscopy study revealed that the relaxation
mechanism is consistent with the Cole-Cole model. In AC conductivity studies
at room temperature, it was found that the sample calcined at 600 °C would be
suitable for energy storage devices.
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1 Introduction

Comparing today’s technology with that of the past,
a significant size reduction can be observed in almost
all areas. The studies focus on nano-sized materials.
Numerous properties such as magnetic, electrical,
and structural properties make nanoscale materials
particularly interesting for certain areas of applica-
tion. Ferrites, with their unique properties, occupy an
important place among nanoscale materials. Ferrites
are magnetic materials with a cubic spinel structure
[1]. The dielectric and magnetic properties of spinel
ferrites play a role in the use of these materials, espe-
cially in electronics technology [2]. The general for-
mula of ferrites is MFe,O,, and the applications are
quite broad and include memory devices, sensor tech-
nologies, catalysts, and microwave devices [3, 4]. As
a result of intensive studies on ferrite technologies, it
has been found that the existing properties of mixed
ferrites improve with the substitutions added to the
material. As a result, attention has been focused on
developing properties with different substitutions.
Mg-Zn mixed ferrites are unique materials that many
researchers have been working on for decades in vari-
ous research areas [5-8]. It has the general formula
A B Fe,0, where A and B are divalent transition
ions, here either Zn or Mg can be present as A or B [9].
Mg-Zn ferrites are superior to other ferrites because
of their low cost, mechanical hardness, low dielectric
loss, high dielectric constant, and environmental sta-
bility [10]. With these features, Mg—Zn ferrites have
important application areas such as drug delivery, dis-
ease diagnosis, water purification, magnetic recording,
and gas and humidity sensors [3, 8, 11].

As with all other ferrites, the properties of Mg—Zn
ferrites are strongly influenced by production meth-
ods. One of the most effective methods for improving
the properties of ferrites is to study the changes in the
material obtained by changing the conditions in the
ferrite production stages. Numerous methods are used
in the production of ferrites, in particular co-precipi-
tation, sol-gel, hydrothermal, and ceramic methods
[12-15]. The reason why the co-precipitation method
is often preferred is that it offers the possibility to pro-
duce under laboratory conditions and its low cost. In
addition, the samples obtained have high purity, high
homogeneity, and good crystallization.

Substitutions are made to further improve the listed
properties of Mg—Zn ferrites. Over the years, various
substitutions have been made to Mg—Zn ferrites. These
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include Mn?*, Ni?", Y, Cr**, Sm®, Sn** [2, 10, 16-18].
The addition of Al" to Mg-Zn ferrites increases the
softness of the ferrite, which is a desirable property for
some high-frequency applications [19, 20]. The addi-
tion of AI*® also results in low dielectric and eddy cur-
rent losses and high resistivity [20]. Because of these
properties, Al*® substitution to Mg-Zn ferrites is of
interest as it will contribute to technological and sci-
entific developments in the high-frequency range.

Researchers are working to answer the question of
how the characteristic properties of materials change
when the physical parameters of the materials are
altered. It has been studied that the calcination tem-
perature has a positive influence on the material prop-
erties of ferrites. The aim of the calcination process is
to remove the organic compounds from the sample
and ensure the formation of the desired phase [21].
Therefore, calcination processes have begun to be
studied to protect the particle integrity and micro-
structure of nanoscale powders. For most ferrites, the
calcination temperature is kept lower than the sinter-
ing temperature to increase the activity of the powders
[22].

In this study, the change in structural, magnetic,
and electrical properties of Al-doped Mg-Zn ferrites
(Mg 75Zn, 55A], ,Fe; sO,) at different calcination tem-
peratures was investigated. The samples were pre-
pared by co-precipitation. The product materials were
calcined at 600, 700, and 800 °C.

2 Experimental
2.1 Chemicals

Magnesium nitrate (Mg(NO;),"6H,0, 99%), zinc
nitrate (Zn(NOj;),:6H,0, 99%), aluminum nitrate
(AL(NO3)3-9H,0, 99%), iron nitrate (Fe(NO;);-6H,0,
99%) and Milli-Q ultra-pure water were used as the
raw materials in the present work. All the chemicals
were purchased from Sigma Aldrich and used without
further purification.

2.2 Synthesis of nano ferrites

The fabrication process was carried out as in the author’s
previous work [4], except for the calcination tempera-
tures of the samples. The template for the nanoparticles
is Mg 7521 55Al; ,Fe; §O,. According to the fabrication
steps in Fig. 1, the calcination temperatures for three
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Fig. 1 Fabrication stages

samples are 600, 700, and 800 °C. The samples were
labeled as MZA600, MZA700, and MZAB800 according
to their calcination temperatures.

2.3 Characterization

X-ray diffraction (XRD) analysis for structural char-
acterization and phase formations was performed
using the Rigaku Smartlab diffractometer using Cu/Ka
(A=1.5406 A) radiation and 2°/min step width in the 20
range between 10 and 90°. Morphological and elemen-
tal properties of the samples were examined by Scan-
ning Electron Microscopy (SEM, JEOL JSM-7001 F), at
an acceleration voltage of 15 kV and Energy-Dispersive
X-ray spectroscopy (EDX) technique. Fourier Transform
Infrared Spectrometer (FT-IR, Perkin Elmer spectro-
photometer) spectra of samples monitored in the range
450-4000 cm™ at room temperature. Magnetic proper-
ties of samples were examined using Vibrating Sample
Magnetometer by Quantum Design PPMS DynaCool-9
device under applied field in the range of +60000 Oe at
room temperature. To perform electrical measurements,
MZA ferrites in powder form were pelletized under 3
tons of pressure. These pellets were sintered at 1000 °C
for 4 h. The surfaces of the pellets were sanded to get
rid of roughness and turned into electrodes with silver
conductive paint. Dielectric and AC conductivity meas-
urements were performed using LCR Meter (GW Instek,
8110 G) at room temperature and a frequency range of
20 Hz to 10 MHz.
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Precipitation Powder

Sample

* Pelletized at 3 t
* Sinterred at 1000°C for 4 h

* Surface areas coated with
conductive paint

* Filtered and washed

* Dried overnight at 100°C

* Calcination at 600°C,
700°C, and 800°C for 4 h

3 Results and discussion
3.1 Structural results
3.1.1 XRD analysis

The synthesized Mg ;,5Zn, ,5Al, ,Fe; sO, nano ferri-
tes were studied by X-ray diffraction method (XRD,
Rigaku D/2200P diffractometer) to better understand
crystal structure and phase analysis. X-ray diffrac-
tometer measurements were performed 2°/min in
the range of 260 =10-90°, at 40 kV and 30 mA. The
XRD results obtained are shown in Fig. 2; Table 1. All
three samples have peaks in (220), (311), (400), (422),
(511), (440), and (533) planes, which are indicative of
the cubic spinel phase (JCPDS 10-0325) [23]. Addi-
tional peaks at 24, 49, and 63 degrees exhibit Fe,Oy
(JCPDS 87-1166) [23]. Looking at the most dominant
peak (311), it is observed that the intensity of the peak
increases with increasing calcination temperature. We
can attribute this increase to the effect of ferrite crystal-
lization with the increase in calcination temperature.

The crystal size was calculated using the Scher-
rer’s formula D = KA/cosf, where K is shape factor
(0,94), 4 is the wavelength of the X-ray, § is the full
width at half maximum (FWHM), 6 is Bragg angle
[24]. Table 1 shows that the crystal size increases
with increasing calcination temperature in the range
of 22.47-42.53 nm. As the calcination temperature
increases, the ionic radii cause thermal oscillations,
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Fig. 2 XRD patterns of MZA samples

leading to an increase in peak intensity and thus crys-
tal size [25]. Another method for determining crystal
size is the Williamson—Hall method, which is the sim-
plest of the other methods as it uses the full width at
half maximum (FWHM) and the peak angle () of the
XRD peaks for the calculation [26]. The strain is also
determined using this method. The formula used to
draw graphs and determine crystal size and strain in
the W-H method is derived as follows:

KA

ﬁ = ﬂstrain + ﬂf = 46 tan @ + DCOSGI (1)
ﬁc036=4esin9+%. (2)

Based on the x equation, strain is obtained from
the slope of the fcos# - 4sin 6 graph (Fig. 3), while
crystal size is calculated from the Y-intercept [27]. The
crystal size obtained from the W-H plots increased
with the sample order as the calcination temperature
increased in the range of 17.48-34.41 nm, similar to
that obtained from the Debye-Scherrer equation. Crys-
tal structure strain, which changes with the thermal
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and mechanical stresses of the material, gives an idea
about the dislocations of the crystal planes; it can be
examined as compression strain and tensile strain.
Which strain type of the material has been determined
from the slope of the W-H plots. While the positive
slope is known as tensile strain, the negative slope rep-
resents compressive strain [4]. The obtained values are
displayed in Table 1. All three samples represented
compressive strain as seen in the table.

The lattice parameters a, b, and carea = b = ¢, since
the structure is cubic spinel, and are calculated by the
formula a = d(h2 + 12 + k2)'/? using Miller indices [1].
The X-ray and bulk densities were calculated using
the formulas d, = 8M/Na®and d, = m/V, respectively,
and the results are shown in Table 1, where M and
N are the molecular weight and Avogadro number.
Using the X-ray and bulk densities, the porosity was
calculated with the equation P = (1 —d,/d,) x 100.
Finally, the dislocation density was calculated using
the formula p = 1/D? . The lattice constant decreased
with increasing calcination temperature, and the other
parameters could be related to the addition of Mg, Zn
and Al to Fe, which affects the metal oxidation of Fe
[25].

3.1.2 SEM and EDX analysis

Scanning electron microscopy (SEM) is an advanced
technique for determining the morphology, crystal-
lography, and topography of nanomaterials. SEM,
a type of high-resolution microscope, was used for
the in-depth analysis of our samples. The grains and
grain boundaries of the synthesized nanomaterials
are imaged using SEM. Figure 4 shows SEM images
of MZA samples. Clump-like images can be seen in
some regions. Due to the magnetic property of iron,
agglomeration is observed in most ferrite materials,
as in many of our other studies [28]. The agglomera-
tions are largest in sample MZA700 and smallest in
sample MZA600. The visible difference in the grain
size of each sample is an indication of the influence
of annealing temperature on the grain size. It can be
said that MZA600 has the more homogeneous grain
size among all the samples. There is no doubt that
the grains have a nano size despite the agglomera-
tions. Using the Image] program, the average particle
sizes of 43.744, 48.125, and 58.632 nm determined
from the SEM images were calculated for the sam-
ples MZA600, MZA700, and MZAS800. The effect



J Mater Sci: Mater Electron (2024) 35:415 . Page 5of 14 415

0,050
Value Standard Err = MZA600 Value Standard Err o MZAT00
4 | Intercept 0,00828 0,01225 Linear fit 0,02 4 | Intercept 0,00539 0,00625 Linear fit
-8,68265E-5 0,007 -3,62857E-4 0,00367
Slope Slope
0,025 ]
| ]
L ]
» . 0,01 -
@ " 3
£ 0000 = " - @
S Z .
. S L] . °®
0,00
-0,025
-0,01 -
-0,050 T 7 T T T v T T T T T T T T T T T T T T T T T T T
1,0 12 14 1.6 1.8 2,0 22 24 1.0 1.2 14 1.6 1.8 2,0 22
4sin0 4sin0
0,02 -
Value Standard&r] 4 MZAS800
Intercept 0,00387  0,00184 Linear fit
i -1,76134E-4  0,00105
0,01 pe
a A
- y = % A
D 0,00 -
S
a
<0,01 ~
-0,02 T T T T T T T T
w12 14 6 18 20 22 24
45inb
Fig. 3 W-H plots of MZA samples
Table 1 Structural MZA600 MZA700 MZAS800
parameters of the MZA
samples Lattice parameter, d.,, (10\) 8.3589 8.3549 8.3519
Debye-Scherrer crystallite size, D, (nm) 22 34 43
Williamson—Hall crystallite size, Dy,_y(nm) 17.48 26.86 34.41
d (i) 4.653 4.659 4.665
X-ray density, *\cm?®
d <L> 4.307 4.327 4.254
Bulk density, 2\ cm?
Porosity, P(%) 7.44 7.12 8.9
Lattice strain, & — 8,68265E-5 — 3,62857E-4 — 1,76134E-4
Dislocation density (p) 0.00198 0.000889 0.000553

of calcination temperature on crystal/particle size =~ The larger particle size is the result of the agglom-

showed similar results for all three methods (Debye-  erations mentioned above as well as grain growth
Scherrer, Williamson-Hall, SEM). However, the at higher calcination temperature to minimize the
average particle size is larger than the crystal size. Gibbs free energy resulting from the reduction of

the large surface area of the nanoparticles [29, 30].
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Fig. 4 SEM micrographs and EDX analysis of MZA nano ferrites

Table 2 Calculated and observed at

at.% Observed Expected
MZA600 MZA700 MZAS800

Fe 48.72 47.36 50.13 49.28

(0] 35.23 34.77 31.71 31.29

Zn 7.56 7.56 7.10 7.99

Al 1.80 2.30 2.46 2.64

Mg 6.69 8.00 8.59 8.80

The elemental analysis of MZA nanoparticles is
shown in Fig. 4. Only Mg, Zn, Al, Fe, and O energy
peaks are present in the EDX spectrum, and no impu-
rity atoms were found. The percent atomic weights of
the samples are indicated in the spectra. Small devia-
tions occurred because the samples were calcined
at different temperatures. Calculated and observed
at.% values are shown in Table 2.

3.1.3 FT-IR analysis
Fourier transformation inferred technique (FTIR)
was studied to obtain information about the emission

spectrum by obtaining information on the vibration
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Fig. 5 FT-IR spectra of MZA nano ferrites

mode properties of MZA ferrites. The observed
peaks of FTIR spectra of the MZA ferrite samples
are presented in Fig. 5. The FTIR measurement was
performed in the wavelength range of 450-4000 cm ™
to study the bonds and chemical structures of the
samples. For all three samples, there are absorption
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bands v; (~ 575 cm™) and v, (~ 474 cm™) characteris-
tic of the spinel structure. v; denotes Me-O stretch-
ing vibrations in tetrahedral regions, v, in octahe-
dral regions [31]. The internal lattice vibrations of
octahedral and tetrahedral regions are associated
with v; and v, vibration bands [32]. One of the most
important features of the FTIR spectrum is that the
intensity of the v; and v, bands differs depending
on the fabrication method and fabrication temper-
ature. The small peak at 1627 cm™ and the broad
peak at around 3400 cm™ are attributed to the O-H
bending and stretching vibrations, which are due to
absorbed water molecules and confirm the higher
degree of hydration of the co-precipitated samples.
The tiny peak at 847 cm™ is the characteristic peak
of the spinel ferrites [33]. The peak at 1052 cm™ is
attributed to the C-C bending. The peak at about
1511 cm™! indicates stretching vibrations resulting
from the absorbed or coordinated Mg/Fe anions
[34]. The peak at 1345 cm™! is indicative of the C-H
vibrational mode. It is observed that as the calcina-
tion temperature increases, the band peaks shift to
lower wavelengths. This is due to the grain sizes
increase [35]. As a result of the data, we obtained
from XRD and SEM results, it is clear that the crys-
tal and particle size increases as the calcination tem-
perature increases. In light of these results, the peak
shifts observed in the FTIR graphs can be attributed
to grain growth and strain [35]. Along with peak
shifts, a decrease in peak intensities and a narrow-
ing in peak broadness are observed with increasing
temperature. It can be stated that this decrease in
peak intensity and broadness is due to the changing
crystal volume as a result of increasing calcination
temperature [36].

3.2 Magnetic results

The calcination temperature can significantly affect the
structural and magnetic properties of a material. Cal-
cination is the heating of a material at high tempera-
tures, and it usually initiates a chemical reaction that
changes the crystal structure and composition of the
material. These changes can also affect the magnetic
properties of the material. Magnetic properties refer to
how a material behaves under the influence of a mag-
netic field. M-H hysteresis loops are a frequently used
method for the characterization of magnetic proper-
ties. These cycles are plotted as a graph showing how
a material’s magnetization changes when exposed to a
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Fig. 6 The room temperature hysteresis loops of MZA nano fer-
rites

magnetic field. Magnetic hysteresis loops of MZA fer-
rites are shown in Fig. 6. Measurements were taken at
room temperature under an applied field in the range
of £60 kOe. As can be seen from Fig. 5, all samples
calcined at three different temperatures exhibited very
narrow hysteresis and “S” shape curves with small
coercivity and remanence values, which is a charac-
teristic of superparamagnetic materials [37].

Magnetic properties were determined using this
graph and are shown in Table 3. Remanence mag-
netization (M, ), saturation magnetization (M), and
coercivity (H.) values were read from the graph. The
squareness ratio (R), anisotropy constant (K), and
magnetic moment (ug) were then calculated using
the following formulas, respectively, based on these
values.

M,
R=3 ®
HM
K= 0C96S’ @)
thMs
_ ) 5
"B = T5585 )

where M, is the molecular weight.

The magnetic properties of ferrites vary according
to their microstructure, annealing temperature, crys-
tal size, chemical composition, production method,
and cation distribution [38, 39]. The interaction of
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Table 3 Magnetic properties
of the MZA samples

Sample M, (emu/g) M, (emu/g) H_ (Oe) R K (erg/Oe) ng (pg)
MZA600 4.86 0.01 17.28 0.002 87.48 0.178
MZA700 7.33 0.05 128.2 0.0068 978.86 0.268
MZA800 5.53 0.07 110.26 0.0126 635.143 0.202

magnetic ions in spinel nanoferrites occurs through
AA, BB, or AB interactions between crystal sublat-
tices (tetrahedral (A) and octahedral (B)). In these
materials, the magnetic order is strong because it is
mediated by oxygen ions in the A and B sublattices
[39]. Comparing the magnetic properties of the three
samples, MZA700 has the largest saturation magneti-
zation (7.33 emu/g) and coercivity (128.2 Oe). Coer-
civity and saturation magnetization initially increase
after that with the increase of calcination tempera-
ture these magnetic parameters decrease. Maximum
coercivity values shown in MZA700 can be attributed
to the easier domain wall motion than the rotation
of magnetization. This behavior of coercivity is the
result of single-domain size-induced particle size
increase as a result of increasing calcination tempera-
ture. When the calcination temperature increased to
800 °C, the coercivity decreased. This is due to the
development of the single-domain size limit, result-
ing in the formation of multiple domains beyond the
critical size [30]. Dhaka et al. [40] show that calcina-
tion temperature influences the regulation of cation
distribution, which affects particle size and mag-
netization. It shows that the average magnetic field
size of the particles of the MZA700 with the highest
saturation magnetization is higher than the other
samples and the atomic spins are aligned with the
direction of the applied magnetic field. It shows that
nanoparticles are homogeneously dispersed in lattice
structures in samples with small M, values as given
in Table 3. Also, the inter-grain variation in ferrites
is determined by the remanence ratio. The square-
ness ratio of three samples is less than 0.01, indicat-
ing that there is magneto-static interaction between
samples [41]. Moreover, the fact that the squareness
ratio is between 0.01 and 0.1 indicates that the struc-
ture of the samples is multi-domain [42]. When the
dopant or its amount changes, the difference in the
interacting atoms or their amounts causes changes in
the magnetic properties. In this study, only the calci-
nation temperature changed while the composition
remained the same. Based on this, it can be stated
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that the changing magnetic properties are affected
by the calcination temperature.

3.3 Dielectric characterization

The dielectric constant is a measure of the electrical
polarizability of a medium. When electromagnetic
waves pass through a dielectric medium, they cause
the charges in the medium to move, which causes
polarization. This polarization changes the speed,
propagation direction, and amplitude of the waves.
Contribution to dielectric constant at low frequencies;
electronic, ionic, dipolar, and interfacial polarizations
[43]. The ¢’ plots of the samples, plotted against fre-
quency, are shown in Fig. 7. All three samples show
the same behavior: As frequency increases, the real
dielectric constant decreases until it reaches the MHz
range, and then begins to increase. This means that
when electromagnetic waves pass through a dielectric
medium, the polarization of the charges they accumu-
late at an earlier point increases up to a certain fre-
quency level, causing the dielectric constant of the
medium to decrease. However, at higher frequencies,
the limit of polarization enhancement is reached and
no further charge can be accumulated. Thereafter, as
the frequency increases, the electromagnetic waves
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Fig. 7 Frequency dependence of real dielectric constant
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have higher energy, accumulating more charge and
consequently increasing the value of the dielectric
constant. This behavior is typical of many materials,
and understanding how the value of the dielectric con-
stant changes with increasing frequency is particularly
important for applications such as radio frequency
and microwave communications. However, as the
calcination temperature increases, the dielectric con-
stant decreases. Calcination temperature is a process
in which a material is cooked at high temperatures
and often changes the properties of the material. This
is due to a decrease in the polarizability of the mate-
rial. As the calcination temperature increases, the crys-
tals inside the material become better formed and the
material becomes denser.

Dielectric loss is usually associated with the dielec-
tric constant. A dielectric material exhibits polarization
under the influence of an electric field, meaning that
the molecules align in the direction of the electric field
and this causes energy loss. Dielectric loss is a result
of this energy loss. Dielectric loss is sensitive to varia-
bles such as frequency and temperature. For example,
at high frequencies, the losses of dielectric materials
increase, which is an important factor in applications
such as transmission lines and microwave devices.
Similarly, as the temperature increases, dielectric loss
can also increase, which is a factor to be considered
in high-temperature applications. Dielectric loss can
affect the insulation properties of a material and can
reduce its performance. Therefore, the dielectric loss
of a material is an important factor in determining its
suitability for an application.

10° —a— MZA600
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o, —A— MZAS800
2
=]
=
]
£
9
7]
=
a

104 T T T T T T
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Fig. 8 Frequency dependence of imaginary dielectric constant
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The dielectric loss-frequency curves are shown
in Fig. 8. Just like the dielectric constant, dielectric
loss also decreases with increasing frequency values.
This decrease is a typical dielectric behavior of fer-
rite materials and is attributed to the Maxwell-Wag-
ner theory and Koops’ phenomenon. High-frequency
grains cause a small amount of energy demand for
electron mobility due to low resistance. Conversely,
at low frequencies, energy demand is higher due to
high resistance through active grain boundaries [44].
So, while dielectric loss is high at low frequencies,
it is lower at high frequencies. It is also possible to
observe a decrease in dielectric loss with increasing
calcination temperature. This could be the reason for
structural variation effects [45]. When we examine
the D g, values, it is understood that the crystal size
increases as the calcination temperature increases. On
the other hand, the dielectric constant and dielectric
loss decrease with increasing calcination temperature.
Taking into account the contribution of surface charge
polarization to the dielectric constant, a larger surface
area-to-volume ratio in smaller particles increases the
likelihood of surface charges accumulating. Thus, a
higher surface charge polarization is created, resulting
in a higher dielectric constant [46]. As a result, increas-
ing the calcination temperature leads to larger crystal
sizes and lower surface charge polarization. This in
turn leads to a decrease in dielectric constant and die-
lectric losses with increasing calcination temperature.

When we examine the tané-frequency variation of
the samples (Fig. 9), a decreasing behavior with some
fluctuations is observed in all of them with increasing
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Fig. 9 The frequency-dependence of tand
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frequency. When the behavior of the samples among
themselves is examined separately, it is observed
that as the calcination temperature increases, tanf
decreases at almost all frequency values. This decrease
can be explained by two effects: first, the decrease in
porosity causes a decrease in polarization, and second,
with the increase in temperature, the increase in Fe?*
concentration results in an increase in polarization
[47]. Given these circumstances, the mechanism oper-
ating in this study can be attributed to the first effect.

3.4 Impedance analysis

Impedance spectra provide information about the con-
ductive and dielectric processes of materials. Graphs
that show the change of the real and imaginary parts
of impedance with respect to each other are called
Nyquist or Cole-Cole plots. The variations of the real
and imaginary parts of the impedance with frequency
are given in Figs. 10 and 11, respectively.

In Fig. 10, the high Z' value, indicating a continua-
tion of a peak at low frequencies, has been replaced by
a frequency-independent behavior at high frequencies.
Also in these regions, Z' is independent of calcination
temperature. High Z' values at low frequencies are
due to low AC conductivity and space charge polariza-
tion [39]. As can be seen in the same frequency range,
Z' increases with increasing calcination temperature.

Peaks at low frequencies can be seen in the Z"- fre-
quency response in Fig. 11. The peak points can be
used to determine the relaxation time of the material.
However, these peaks in Z" are due to the contribution
of space charge carriers resulting from oxygen vacan-
cies. Materials consisting of grains and grain bounda-
ries have a high space charge polarization [48]. As with
Z", a decreasing behavior with increasing frequency
after the peak point can be seen. In both impedance
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curves, the expected behavior and the behavior we are
used to from ferrite materials can be seen. Z’' and 2"
both decreasing is not an indicator of an increase in
conductivity.

Nyquist plot is shown in Fig. 12. It is clear that there
is only one semicircle formed for all samples. Since
the centers of the circles are below the x-axis, it can be
said that the relaxation mechanism is the Cole—Cole
model [49]. An increase in calcination temperature has
been observed to increase the diameters of the semicir-
cles. This indicates that differences occurring at grain
and grain boundaries due to increasing temperature
affect the AC conductivity. The maximum number
of semicircles that can be seen in Cole—Cole plots is
three, which are formed by grains, grain boundaries,
and electrode effects [50]. In this study, the contribu-
tion of grains and grain boundaries has resulted in a
single semicircle. However, a third semicircle due to
electrode effects has not been observed in the imped-
ance spectrum.

3.5 AC conductivity

The conduction mechanism of materials depends on
various factors. These factors can be listed as hopping
of free charge carriers (electrons and polarons), grain
and grain boundaries, mobility of charge carriers, and
space charge. The data obtained from the measure-
ments of AC conductivity at room temperature and in
the frequency range of 20 Hz to 10 MHz are shown in
Fig. 13. The conductivity has increased with increasing
frequency and decreased with increasing calcination
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Fig. 13 AC conductivity plots in the various temperatures
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temperature. The increase that occurs with increasing
frequency is attributed to the activation of conductive
grains as the applied field frequency increases. This
will increase the hopping conduction between Fe*?
and Fe™ ions and electrons in neighboring octahedral
regions [51]. The change depending on frequency can
be expressed for ferrite materials with the Maxwell-
Wagner theory. The grain boundaries, which are
active at low frequencies, give way to more successful
grains in terms of conductivity at high frequencies,
thus increasing the hopping ability of charge carriers
[52]. As the frequency increases, the increase in AC
conductivity is consistent with the small-polaron hop-
ping model [51, 53]. AC conductivity decreases with
increasing calcination temperature. Compared to the
other samples, the increase in conductivity of the sam-
ple calcined at 600 °C could make it a good candidate
for energy storage devices.

4 Conclusions

Al-doped Mg—Zn ferrite MZA (Mg, 7521 55Al, ,Fe; §O,)
was successfully produced using the co-precipita-
tion method followed by calcination at 600, 700, and
800 °C/4 h. The effect of calcination temperature on
the structural, morphological, magnetic, and dielectric
properties of MZA ferrite was investigated by XRD,
SEM, FTIR, VSM, and dielectric measurements. As the
calcination temperature was increased, an increase in
the size of crystals and particles was observed, accord-
ing to the results from XRD, W-H, and SEM analyses.
According to the W-H plots, MZA ferrites represent
compressive strain. It was observed from the surface
morphologies of all samples that the grains were nano-
sized. Magnetic measurement exhibits superparamag-
netic properties. It was understood from the results
of frequency-dependent dielectric constant, dielectric
loss, impedance, and AC conductivity analysis that the
calcination temperature has effects on the dielectric
properties of the materials. The effects of grain and
grain boundary, which are influenced by changes
in calcination temperature, have also changed. The
dielectric properties are consistent with the Max-
well-Wagner model. The relaxation mechanism fits
the Cole-Cole model. Finally, it was found that the
AC conductivity mechanism can be explained by the
small-polaron hopping model. With all these results,
it has been observed that the structural, magnetic, and
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electrical properties of MZA ferrites are affected by
changing the calcination temperature.
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