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Abstract

This study investigated the synthesis and analysis of Co—Zn nanoferrites, specifically Cog¢Zn,4Fe,0y, using the sol-gel
method. The morphological, structural, and electrical properties of these ferrites were explored. The Cog¢Zng 4Fe,0, spinel
ferrite was synthesized using metal nitrate reagents and ethylene glycol, followed by a series of heating and sintering
processes. Rietveld-refined X-ray diffraction (XRD) confirmed the crystalline structure and phase purity, revealing a
monophasic spinel structure. Scanning electron microscopy (SEM) analysis showed distinct grain agglomeration and
porosity, indicating the material’s unique microstructure. Impedance measurements further characterized the optical and
electrical properties. The electrical conductivity of Cog¢Zng 4Fe,O4 demonstrated a thermally activated conduction process,
adhering to Jonscher’s universal power law. The complex impedance analysis revealed thermally activated behavior,
confirming the presence of relaxation processes influenced by temperature. Nyquist plots indicated the contributions of
grains, grain boundaries, and electrodes to the electrical behavior. The complex electrical modulus and dielectric studies
provided insights into the dielectric characteristics, confirming high space charge polarization at grain boundaries and low
dielectric loss. These findings suggested that Cog¢Zng4Fe,O, nanoferrites synthesized via the sol-gel method exhibited
desirable electrical and structural properties, making them promising for various technological applications.
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Graphical Abstract
Sol-gel synthesis steps for Co¢Zng 4Fe;0, ferrite.
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e The sol—gel process is used to produce the nanomagnetic system Cog¢Zng 4Fe,Oy.
e The activation energy was evaluated using conductivity, complex impedance (Z"), and complex modulus (M"), and the
obtained values are near signifying that charge carriers must overcome equivalent energy barriers while conducting and

relaxing.

e The electrical conductivity of Cog¢Zng4Fe,04 demonstrated a thermally activated conduction process, adhering to

Jonscher’s universal power law.

1 Introduction

Magnetic nanoparticles have been the subject of extensive
research in recent years, with a particular focus on nano-
ferrites due to their potential applications in various tech-
nical fields [1-4]. The remarkable structural, morphological,
magnetic, electrical, optical, and thermal properties of
nanoferrites are driving their large-scale synthesis. These
properties make them attractive for a variety of applications,
such as magnetron drug delivery, medical resonance ima-
ging, optoelectronics, magnetic sensors, and energy storage
devices [5-10]. Spinel ferrite magnetic nanoparticles are of
particular interest. They are composed of cubic symmetry
crystals of the MgAl,O4 type, whose basic formula is
AB,0,4, where A is a divalent cation such as Sn, Mn, Fe, Co,
and so on, and B is a trivalent cation such as Fe. These
materials have received significant investigation due to their
exceptional properties and are part of the space group Fd-
3m (N° 227 in International Tables) [11]. The ferrites are an
important class of ceramic materials that exhibit unique
magnetic, electrical, and optical properties. Among the most
commonly used ferrites are cobalt ferrite (CoFe,Qy,), nickel
ferrite (NiFe,O,4), manganese ferrite (MnFe,0O,), and zinc
ferrite (ZnFe,04) [12, 13]. These ferrites are used in a wide
range of applications, including permanent magnets, trans-
former cores, inductors, magnetic sensors, and magnetic
memory devices. Mixed ferrites, which are formed by
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combining two or more different metals, offer a wider
variety of properties and are used in specific applications.
For example, cobalt—zinc ferrite (CoZnFe,O,4) is used in
high-frequency applications due to its low dielectric loss,
while manganese-zinc ferrite (MnZnFe,O4) is used in
power applications due to its high magnetic permeability
[14]. Among spinel ferrites, Co—ZnFe,O4 nanoferrites are
highly versatile and attractive magnetic materials. Cobalt
ferrite (CoFe,O,) is especially promising for various
applications, including magnetic drug delivery, high-density
audio and video tapes, optical discs, and digital records, due
to its strong magnetocrystalline anisotropy and excellent
chemical stability [15]. The magnetic properties of CoFe,O4
are greatly influenced by appropriate diamagnetic impurity
substitution [16]. Several methods have been developed for
the synthesis of Co—ZnFe,0, nanoferrites, including the
ceramic technique, microwave combustion method, forced
hydrolysis, coprecipitation, and sol-gel method [17-21]. Of
these methods, the sol-gel method has shown remarkable
potential for synthesizing spinel ferrite nanoparticles over
the last 2 decades. Numerous spinel ferrite materials have
been synthesized using this process, also referred to as a
solution-burning methodology [22-24]. Bas du formulaire
Co,Zn,_,Fe,O, nanoferrites, particularly those with Zn
substitution, have garnered significant attention for their
enhanced magnetic and electrical properties [25, 26]. These
ferrites offer several advantages over lead-based ceramics,
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Fig. 1 Sol-gel synthesis steps
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such as lead-free composition, high Curie temperature, low
dielectric loss, chemical stability, and cost-effectiveness.
Unlike lead-based ceramics [27, 28], which raise environ-
mental concerns due to lead toxicity, Co,Zn;_,Fe,O4
(x=0.6) is a safer and more environmentally friendly
option. Additionally, its high Curie temperature makes it
suitable for applications requiring temperature stability,
while its low dielectric loss contributes to high energy
storage efficiency and low power consumption. Further-
more, Cog¢Zng 4Fe,0y is chemically stable and resistant to
degradation, making it suitable for harsh environments and
long-term operation. Its cost-effectiveness compared to
lead-based ceramics makes it a more economical choice for
large-scale applications. CoFe,O, is an inverse ferrimag-
netic spinel with Co?" ions located on octahedral sites and
Fe*" ions located on octahedral and tetrahedral sites. The
presence of diamagnetic Zn>" cations, which replace Fe’"
cations at tetrahedral sites, is expected to improve the
saturation magnetization while having minimal impact on
the electrical response [29, 30]. The objective of this study
is to synthesize and analyze Zn—Co nanoferrites using the
sol-gel method. This method is preferred over other
synthesis techniques due to its advantages such as reduced
time and power consumption, relatively lower operating
temperature, better uniformity, and lower cost [29]. Despite
the potential of Zn—Co nanoferrites, there has been limited
investigation into their morphological and electrical prop-
erties as reported in the literature.

2 Experimental details
2.1 Preparation of Cog¢Zng4Fe,0, ferrite
The sol-gel process was used to synthesize the

Cog¢Zng 4Fe,0, spinel ferrite. Because of its potential
benefits such as improved uniformity, lower treatment
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temperatures, shorter annealing periods, higher purity, and
improved material properties, this approach has been
successfully employed to produce high-quality com-
pounds. We used metal nitrate reagent grade chemicals
Fe(NOs3),-9H,0 (Sigma-Aldrich, 99.9%), Zn(NO3),-6H,0
(Sigma-Aldrich, 98%), and (NOs3),-4H,0 (Sigma-Aldrich,
99.9%) and ethylene glycol (C,HgO,, 99%), for the
synthesis of our compound.

The process of synthesizing the CoggZng4Fe;04
nanoferrite is illustrated in Fig. 1. Metal nitrates were
weighed and uniformly dissolved in 100 ml of distilled
water using stoichiometric quantities. The solution was
then placed on a stirring plate at 90 °C in a fume hood to
form a sol. Citric acid was added as a fueling agent at a
molar ratio of 1:3 for the metal nitrates. Ethylene glycol
was added as a polymerization agent, and the mixture was
stirred and heated for 2 h until a dark gel was formed. The
gel was dried at 200 °C and then calcined at 400 °C for
24 h. The last powder was milled, calcined at 600 °C for
24 h, and then calcined at 700 °C for another 24 h. The
finished powder was milled once again, calcined for 24 h
at 600 °C, and then calcined again for 24 h at 700 °C. The
granular material was then formed into pellets using a
10 tonne/cm? press, with a thickness and diameter of 1 and
10 mm, respectively. The pellets were sintered for 24 h at
1000 °C to obtain the desired crystalline phase of the
Cog ¢Zng 4Fe,04 nanoferrite. The resulting pellets were
carefully ground, pelletized, ground again, and sintered
for 12 h at 1000 °C.

2.2 Characterization techniques

For X-ray diffraction (XRD) analysis, a minimal amount of
material, ~0.2 g, was finely powdered and uniformly dis-
persed on the sample holder. The XRD pattern was col-
lected at room temperature over a 26 range of 10°-80°
employing a Bruker 8D Advance X-ray powder

@ Springer
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Fig. 2 XRD pattern with
Rietveld refinement for
C00_6Z1'10_4F6204. The
underneath line (blue) depicts
the difference between the XRD
data (black) and calculated fit
(red), and the green lines are
Bragg positions

diffractometer, equipped with monochromatized Cu-Ka
radiation (wavelength A= 1.5406 A). Rietveld refinement
was employed to optimize the XRD data, utilizing the
Foolproof tool for determining cell parameters, phase pur-
ity, and homogeneity of the synthesized sample. The
material’s morphology was examined using a TESCAN
VEGA3 SBH scanning electron microscope (SEM) with a
BurkerXFlagh 410 M EDS detector. Several spectroscopic
techniques were performed to investigate the properties of
the product. Raman spectroscopy, using a Raman micro-
system (Horiba LabRam HR Evolution) with an excitation
wavelength of 532 nm, an open-space confocal microscope,
a CCD detector, and a 600 gmm ™' grating, was utilized to
determine the spinel structure and study its vibrational
motions. Fourier transform infrared (FTIR) spectroscopy
was conducted on the sample using a Bruker-Tensor-37
spectrometer, covering a wavenumber range of
400-4000 cm™~'. Absorbance (A) and reflectance (R) were
calculated based on these measurements. Finally, impe-
dance measurements were carried out in the frequency
range of 100 Hz-3 MHz using an Agilent 4294 network
analyzer.

3 Results and discussions
3.1 XRD pattern analysis

Figure 2 displays the Rietveld XRD pattern of the
Cop ¢Zng 4Fe,04 sample refined powder using Foolproof
software, revealing planes (111), (220), (311), (222), (400),
(422), (511), (440), (531), (620), (533), and (622). These
confirm the formation of a monophasic spinel structure with
the space group Fd-3m. The Bragg peak profile was
described using the pseudo-Voight function. No additional
reflections were observed at the Bragg peaks corresponding
to any other phase than spinel ferrite, as demonstrated in the
diffractogram [31]. Additionally, the standard JCPDS card
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number 22-1086 of the pure cobalt spinel ferrite structure
CoFe,0, events and the indexed Miller’s indices for dif-
fraction peaks are in good accord [31]. The XRD pattern’s
broad lines are explained by the crystallites’ nanometer-
scale dimensions.

Furthermore, the broadening of the XRD pattern’s
lines hints at the nanoscale dimensions of the crystallites
within the sample. Such broadening is often indicative of
small particle sizes, which lead to an increase in the line
width due to the XRD size effect. The Rietveld refine-
ment process not only confirms the phase purity and
structure but also yields vital quantitative data about the
sample. Parameters such as the lattice constants and the
reliability factor are deduced from the refinement and
encapsulated in Table 1. These parameters are crucial for
understanding the crystallography of the synthesized
material and for confirming its expected properties and
potential applications in various fields. Crystallographic
parameters are pivotal in affirming the anticipated prop-
erties and potential applications of synthesized materials,
particularly in fields like magnetic storage or sensor
technology. These parameters offer detailed insights into
the structural characteristics of the material, significantly
influencing its behavior and functionalities. For instance,
unit cell dimensions and atomic positions, key crystal-
lographic parameters, play a crucial role in confirming the
structural integrity and stability of the material. This
confirmation is particularly vital for applications where
material stability, such as in magnetic storage or sensors,
is of utmost importance.

The lattice distances between planes (hkl) were deduced
from the XRD pattern using the formula given in Eq. (1).

ni
= 1
M D sing M
In this equation, A is the incident radiation

(1 =1.5406 ;\), n is the order of reflection and @ is the
diffraction angle,
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Table 1 Structural parameters of CoggZng4Fe,0Oy ferrite, as extracted
from the structural refinement report using the Rietveld method

Structure Cog.¢Zng 4Fe,04
Space group Fd-3m
Cell parameters  a (A) 8.418 (6)
vV (A% 596.61 (7)
Atoms A-Site  Wyckoff positions 16d
Fe/Zn  Atomic x=y=z 0.125
positions
Occupancy factors 0.6/0.4
B, (A% 1.48 (2)
B-Site  Wyckoff positions 8a
Fe/Co  Atomic x=y=z 12
positions
Occupancy factors 1.4/0.6
By, (A?) 1.17 3)
(0] Wyckoff positions 32e
Atomic x=y=z 0.2587 (8)
positions
Occupancy factors 4
Biy, (A% 2.02 (4)
Structural R (A) 1.948 (2)
parameters Rg (A) 2.035 (2)
Oa03 (°) 122.4 (1)
Og.os (°) 94.0 (1)
Agreement R, (%) 1.58
factors Ryp (%) 1.94
Rp (%) 4.76
7 (%) 1.06

According to Eq. (2), a (the lattice constant) is estimated
from the maximum peak (corresponding to diffraction angle
(20 =35.332°) and (311) plane direction) [32]:

A 2. 2.2
— 5 hsitl;) +1 (2)
The X-ray density for our compound was calculated
using the next Eq. (3) [33]:

8M

Dx =3z

3)
In equation 3, where 8 denotes the number of molecules
in a unit cell, M is the sample’s molecular weight, its lattice
constant, and N is Avogadro’s number.
The equation was used to get the bulk density (4) [34].
m
Dy, =—— 4
° 7 2 (4)

The pellet’s mass is m, its radius is r, and its thickness is A.
According to Eq. (5), the percentage porosity was calculated

as follows [35]:

. (1_ﬂ> % 100 (5)
Dx

The calculated value lattice parameter, bulk density,
X-ray density, and porosity are 8.42 A, 5.28, 4.86 gcm >,
and 7.92% respectively. Pores are formed as a result of
sintering, which explains the discrepancy between X-ray
density and bulk density [36]:

The mean crystallite size was initially estimated using the
standard Scherer method, which entails using the Scherer
formula presented in Eq. (6) [37, 38]:

(6)

In equation 6, where k is a constant (k=0.89), 1 the
wavelength of the X-ray radiation, § the full width at half
maximum of the most intense peak (311) given in radians,
and @ is the diffraction angle. The average crystallite size in
our sample is 47.4 nm.

3.2 Elemental and morphological analysis

The fracture microstructure image of Cog ¢Zng 4Fe,0, ferrite
was analyzed by SEM. The SEM illustration and agglom-
eration of grains distribution of our sample are shown in
Fig. 3a, b. The SEM image clearly illustrates the distinct
chemical contrast of the ferrite phase. Additionally, it dis-
plays the non-uniform surface behavior of the regularly
shaped agglomeration of grains, which exhibit large facets.
The presence of black dots indicates the porosity of the
sample. This porosity is likely a result of the sintering
process. During sintering, the particles in the sample are
heated to a high temperature, causing them to fuse together
and form a solid body. However, if the sintering tempera-
ture is too low or the sintering time is too short, the particles
may not fully fuse together, resulting in the formation of
pores. The presence of porosity can affect the electrical and
magnetic properties of the material. For example, porosity
can reduce the density of the material, which can lead to a
decrease in its magnetic permeability. Additionally, poros-
ity can provide a path for the movement of ions, which can
increase the conductivity of the material. To confirm the
presence of porosity, we measured the density of the sample
using the Archimedes method. The measured density is
5.28 g/cm®. This value is lower than the theoretical density
of Coy¢Zng 4Fe,0, ferrite (5.45 g/cmS), which confirms the
presence of porosity in the sample.

Moreover, the SEM image of the investigated compound
closely resembles those of pure or doped spinel ferrite
systems prepared using other methods such as solid-state,
auto combustion, coprecipitation, and microwave

@ Springer
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Fig. 3 SEM image (a), grains
size distribution (b), and EDS
spectrum (c¢) for Cog ¢Zng 4Fe;04
ferrite
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irradiation methods [39—42]. In previous studies, research-
ers have observed large agglomerates with small particles
adhering to their surfaces, similar to what is observed in our
SEM image. Manual statistical granularity counts were
conducted using ImageJ software to analyze grain size
agglomeration distribution. The distribution was effectively
modeled by the Lorentz function, represented by the solid
red line in the histogram. The Lorentzian fit revealed a
prominent population of agglomerates centered at 0.38 pm.
The disparity can be attributed to the unique characteristics
of SEM analysis, which allows for the examination of
agglomeration of grains containing a considerable number
of much smaller crystallites. Figure 3c presents EDS spec-
trum and corresponding elemental mapping of Cog¢Zng 4-
Fe,0,4. These results verify the absence of any missing
elements or extraneous impurities during the reaction pro-
cess. Additionally, the EDS map demonstrates an even
dispersion of all elements across the connection face. The
EDS spectrum exhibits distinct peak intensities corre-
sponding to Co, Zn, Fe, and O elements, providing evidence
of their presence. The dominant elements identified in the
sample include Oxygen (25.8%), Iron (36.6%), Cobalt
(11%), and Zinc (7.7%). The percentage composition values
obtained from the EDS analysis offer quantitative insights
into the relative abundance of each element. Iron emerges as
a significant component, constituting the highest percentage
among the identified elements. Cobalt and Zinc also con-
tribute noticeably to the overall composition, confirming
their presence in the material. Oxygen, as expected, con-
stitutes a substantial proportion, reflecting the oxides and
compounds in the sample.

These results verify the absence of any missing elements
or extraneous impurities during the reaction process.
Additionally, the EDS map demonstrates an even dispersion
of all elements across the connection face.

3.3 FTIR analysis

For wavenumbers between 100 and 1000 cm™', the infrared
band of solids is typically attributed to the vibration of ions in
the crystal lattice [43, 44]. All spinals, especially ferrites,
exhibit two important infrared absorption bands. The highest
vy is generally observed in the range 550-600cm™!, corre-
sponding to the intrinsic stretching mode of the metal at the
tetrahedral position M, <> O, and the other v, is observed
in the range 350-400 cm™' corresponding to the stretching
mode of the metal at the octahedral position My, <> O [45].
Nanoparticles of CoggZng4Fe,04 were characterized by
FTIR spectroscopy at 400-4000 cm ™. In Fig. 4, two bands
at 434 and 572cm! show that cation—anion interactions
(metal-oxygen) are present at octahedral and tetrahedral sites
of Cog ¢Zng 4Fe,0y4 [46, 47]. The ~760 cm ! band is a typical

a— V3=760cm™!

Transmittance(a.u.)
N w
o o
oﬁ‘}c\

Vy=572em™!

o
400 600 800 1000 1200 1400

Wave number(cm'l)

Fig. 4 Room temperature FTIR spectrum for Cog¢Zng4Fe,04
ferrite spinel

vibrational peak for nitrate species. This confirms the pre-
sence of NOj during the synthesis process [48].

3.4 Conductivity studies

Verwey and Boer proposed that in ferrites, electrons are
exchanged between ions of the same element with multiple
valence states, which are randomly distributed on equivalent
sites in the lattice [49]. This exchange of electrons is also
responsible for the electronic transition from Fe’t to Fe*"
ions, which is an important factor for conduction in ferrites
[50, 51]. The electrical conductivity ¢ of CoggZng4Fe,Oy
sample was calculated from the relation [52]:

G:Gi (7)

In the given equation, G represents the electrical con-
ductance, A denotes the cross-sectional area of the pellet,
and 7 represents its thickness. The conductivity behavior of
Coyp ¢Zng 4Fe,04 with respect to temperature (300-500 K)
and frequency (100 Hz-3 MHz) is shown in Fig. Sa.

As the temperature increases, the conductivity (o) also
rises, indicating a thermally activated conduction process.
Notably, the conductivity exhibits two distinct behaviors
that are dependent on the frequency [53, 54]:

(1) At low frequencies, the conductivity remains constant
up to ~1000Hz for a given temperature, signifying a
homogeneous conductance attributed to the direct current
conductivity (oyc).

(2) At higher frequencies, the conductivity demonstrates
an increase, suggesting an additional influx of charge car-
riers and enhanced carrier hopping mechanisms between
consecutive sites within the material. This phenomenon is
characterized by a dispersion behavior known as AC con-
ductivity (o).

The underlying mechanisms responsible for the increase
in conductivity with increasing temperature can be

@ Springer
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Fig. 5 Frequency dependency of
the total conductivity at different
temperatures for
COO'6ZHO'4F6204 ferrite (a).
Representative example
(conductivity versus frequency
at T=400 K) fitted using the
Jonscher law. The inset depicts
the variation of the exponent s as
a function of the temperature
(b). Plot of Ln(Topc) versus
1000/T (c)
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Table 2 Fitting parameters of the conductivity of Cog¢Zng4Fe;O4
ferrite

T (K) A B n
300 1.252 107 1.090 10~° 0.9872
320 1.988 107° 1.085 1078 0.9875
340 2.000 107° 1.087 1078 0.9874
360 2.033 107° 1.091 1078 0.9873
380 2.087 107° 1.099 1078 0.9868
400 2.748 107° 1.116 1078 0.9861
420 1.115 1073 1.117 1078 0.9861
440 4408 1073 1.124 1078 0.98522
460 7.361 1073 1.142 1078 0.9848
480 1.189 107 1.201 1078 0.9815
500 1.858 1074 1.329 1078 0.9746

explained by various models, such as the hopping model,
the band model, or the variable range hopping model. The
specific mechanism that dominates in a particular material
depends on factors such as the type of charge carriers, the
density of localized states, and the temperature range.

Furthermore, the electrical conductivity adheres to Jon-
scher’s law [55, 56]:

0 = 064c + Opc = O4c + A" (8)

In this equation, A is a constant; o,. and oy, are the
alternating current and direct current conductivity, respec-
tively; w =2nf;, and n is a dimensionless factor that char-
acterizes the interaction between mobile charge carriers and
their environment. It is commonly used to describe the
electrical conductivity of glasses, amorphous semi-
conductors, and ionic conductors [57].

By way of equation (9), all the curves of the variations of
conductivity with frequency and temperature are fitted in
order to evaluate oy4., A and the exponent n listed in Table 2
are the fitting parameters. The obtained exponent n values
for the temperature range of 300-500 K fall between 0.987
and 0.883; these results indicate that the conduction
mechanism aligns with the correlated barrier hopping
(CBH) model, suggesting a concerted movement of charge
carriers influenced by correlated interactions within the
material’s barriers [52]. The CBH model takes into account
the cooperative movement of charge carriers and the energy
barriers involved in the hopping process. In this mechanism,
charge carriers hop between localized states, but their
motion is influenced by the interactions with other charge
carriers and the surrounding lattice. This leads to a dis-
persive AC conduction behavior, where the conductivity
depends on the frequency of the applied electric field. The
variation of the exponent n with temperature, as shown in
the inset of Fig. 5b, provides further evidence for the CBH
mechanism. As the temperature increases, the value of n
decreases, indicating a transition from a more AC-

dominated conduction mechanism at lower temperatures
to a more direct current (DC)-like conduction mechanism at
higher temperatures. This behavior is consistent with the
thermally activated nature of the conduction process, where
the increased thermal energy of the charge carriers at higher
temperatures allows them to overcome the potential barriers
more easily.

The exponent n according to the CBH model is given by
ref. [52].

_ 6KgT
W

n=1

©)

The binding energy of polaron at the site of localization
of a charge carrier is defined as W;,. As a first step in
understanding the relaxation process, we analyze the con-
ductivity response at different temperatures. Figure 5c
depicts Ln(Toy.) versus 1000/T at different temperatures in
the range of 300-500 K. In both regions, the curves are
linear, confirming the thermal activation (74) of conduction.

Mott and Davis’ law can be used to explain the experi-
mental results regarding the dc conductivity:

cq.T = ogexp ( Ki‘}) (10)

In this equation, o\ represents a pre-exponential factor,
Kg represents Boltzmann’s constant, E, is a symbol for
activation energy and T represents absolute temperature.
The values of E, are determined via the slope of Ln
(04c.T) versus 1000/T in Fig. S5c. For the temperature
range between 300 to 380 K the value of E,; =0.175eV
and E,; =0.356eV for the temperature range between
400 to 500 K; these values are similar to these of the E, in
the spinel ferrites [58]. The mechanism behind conduc-
tion in nanoferrites has been explained using Verwey and
De Boer’s theory [59], which proposes that electrons
exchange between identical-element ions that have dif-
ferent valence states. This electron exchange between
Fe?" and Fe®" can produce n-type carriers, while hole
exchange between Co’" and Co”*" as well as Zn>" and
Zn'" can produce p-type carriers in spinel ferrites
[60-63]. The composition of the nanoferrites can account
for this phenomenon. Within the context of Co-Zn
nanoferrites, octahedral sites predominantly host Co*"
ions, while tetrahedral sites are primarily occupied by
Zn>" ions. Additionally, both octahedral and tetrahedral
sites accommodate Fe ions.

3.5 Complex impedance analysis

The dielectric material’s complex impedance is shown
below:

z7r=7 —jz" (11)
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where Z' and Z" represent the real and imaginary parts of the
complex impedance, respectively.

The variations in the real Z’' and imaginary Z” parts as a
function of frequency are shown in Fig. 6a, b for tem-
peratures ranging from 300 to 500 K. Z' appears to be
practically constant in the low-frequency band, but it falls as
frequency and temperature rise. This suggests that the
behavior is thermally activated. The Z' increases at the
lower frequency limit with decreasing temperature, which
can be explained by the decrease in AC conductivity that
occurs when charge transporter mobility and trapped charge
density increase [64]. At higher frequencies, Z' rapidly
declines and converges to a constant value. This can be
attributed to the increased AC conductivity in this region
due to the release of fixed charges and the decrease in the
density of trapped charges [65]. Additionally, the Z” spec-
trum approaches a maximum, indicating the presence of
relaxation frequencies associated with grains [66], as illu-
strated in Fig. 6b. With increasing temperature, the peak
progressively shifts to higher frequencies, suggesting the
occurrence of a relaxation process driven by thermal acti-
vation. In order to determine the activation energy of the
Cog ¢Zny 4Fe,04 compound, we plot the fluctuation of

@ Springer

Ln(finaxzr) versus 1000/T as shown in Fig. 6¢, where fiax7 1S
the frequency at which the Z” ., occurs; the resultant curve
obeys the following Arrhenius law:

fmaxZ” :foeXp<_ Ea ) (12)

Kp
wherein E, is the activation energy, K = 8.625 10 eV K™!
is the Boltzmann constant, f; is a pre-exponential factor, and
T is the temperature under consideration. The activation
energy values found are E,; =0.173 eV and E,; =0.392 V.
It is worth noting that these values are very close to the
results of DC conductivity studies. Accordingly, the energy
barrier between conduction and relaxation must be crossed
by charge carriers.

Complex Z" versus Z' impedance curves (called Nyquist
plots) of CoggZng4Fe,O4 at different temperatures are
shown in Fig. 7a characterizing the contributions of grains,
grain boundaries, and electrodes [67]. The Nyquist plot of
7' versus Z" in an ideal dielectric demonstrates Debye
relaxation as a semicircle or series of semicircles. However,
in most solids with various flaws, the relaxation mechanism
is non-Debye, resulting in an asymmetrical or barely con-
cave semicircle, indicating alternative relaxation and
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Table 3 Equivalent circuit

clevtrical parameters obtained T(K) R, (KQ) Cpp, F) a, Ry (KQ)  Cppg(10 2nF)  ag R. (KQ) Cppe F) a,

from complex impedance 300 4820 0711 1.010 1770 8.63 0986  786.460 0.482 1.010

spectra of Cog¢Zng4Fe,0y

sample at different temperatures 320 3277 0.998 1.001 895 8.44 0985 645 0672 0999
340 1710 0999 0988 447.480 871 0984 323380 0.897  0.989
360 1050  1.870  0.884 170.760  7.89 1003 116500 0502  1.002
380 754345 2.106  0.865 92427 859 0991 73384 0836  0.968
400 274170 1.860 0919  67.151  9.43 0983 45445 1760 0972
420 175730 3200 0853 34710 821 0998 21795 1610 0951
440 103.810 4240 0811 16129  6.81 1020 7.852  0.878 0984
460 71.126  5.160 0802  8.812 6.71 1025 5084 0753 0971
480 52945 8360 0781  3.245 401 1041 3946 0076  1.048
500 33.119 11900 0732 1.147 1.06 1.184 2877  0.031 1.122

conduction mechanisms [68]. In the temperature range of
380-500 K, the presence of three semicircular arcs is
visible, and their maximum values decrease with increasing
temperature. This phenomenon is attributed to the
enhanced movement of charge carriers at elevated tem-
peratures. The greater mobility of these carriers results in a
higher concentration, ultimately causing the observed
reduction in the semicircle’s diameter.

Three semicircular arcs indicate that there have been
three relaxing occurrences [69]. The dispersion conduct of
7" at the Z' axis is explained by the Cole-Cole model, in
which the complex impedance Z* is given by the relation
[70]:

(13)

For n=0, the standard Debye formalism is obtained.
The dispersion in the Nyquist drawing is due to the mate-
rial’s heterogeneity: electrodes, grain boundaries, and
grains. At temperatures below 360 K, the three different
semicircles merge into two, indicating that one or both of

the two effects are overlapping. Zview software [71] was
used to simulate the impedance data. In the inset of Fig. 7b,
the equivalent circuit diagram for Cog ¢Zng 4Fe; O, is shown.
The equivalent circuit is built up of three parallel circuits
linked up by a resistor R and a constant-phase element CPE
in each. The impedance of the CPE is given by the fol-
lowing relationship [72].
Zepr = [A(jo)"] " (14)
where @ is the angular frequency, A is a scale factor, and «
is an exponent ranging from O to 1. The CPE is considered
an ideal capacitive element at @ = 1, while it corresponds to
resistance at @ = 0. The parameter values obtained by fitting
to different temperatures are summarized in Table 3. The
resistances versus temperature curves are presented in Fig.
7b. The variation of resistance values with temperature
provides insights into the conduction mechanism and
charge transport in the ferrite. In general, the resistance of
a material decreases with increasing temperature due to the
increased thermal energy of the charge carriers. It can be
observed that the resistances R,, Ry, and R, decrease with
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increasing temperature. This trend indicates that charge
transport in all three domains, namely electrodes, grains,
and grain boundaries, is thermally activated. The decrease
in resistance suggests an increase in the mobility of charge
carriers in the sample [73].

3.6 Modulus study

To understand the dielectric characteristics of the prepared
sample, complex electrical modulus formalism is required.
The complex electric modulus (M*) was determined as

follows:
M (0) = M (0) +jM"(0) = joCyZ* (15)

where M’ = wCyZ" and M" =jwCyZ' are the real and
imaginary portions of the complex electrical modulus,
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respectively; j = (—1)""%; @ = 2nf is the angular frequency;

and Cy=e¢gyA/lt is the geometrical capacitance with
€0 = 8.854 x 1072 F/m being the permittivity of free space,
A is the surface area and ¢ is the thickness of the sample
[74]. The frequency dependences of the imaginary M” (b)
and real components of the modulus M’ (a) at various
temperatures are presented in Fig. 8, as is the variation of In
(fmaxpr) versus 1000/T from modulus data (c), and the
Argand plot (d) of Cog ¢Zn 4Fe,0, ferrite in the temperature
range 300 to 500 K. At low frequencies, the value of M’ is
low but not zero, as seen in Fig. 8a. This finding implies
that the influence of the electrodes cannot be overlooked.
The curve of M’ achieves a constant value equal to Moo at
high frequencies. Figure 8b is worth noting that the M”
curve peaks at a frequency known as the relaxation
frequency (fnaxar). As the temperature increases, this
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maximum value shifts to the high-frequency region. This
behavior implies that dielectric relaxation is thermally
generated and that carrier hopping activities are inherently
dominating in the grains [75].

The variation of the relaxation frequency with the inverse
of temperature (Ln(f,.xp7) against 1000/7T) is shown in Fig.
8c. We notice that this variation presents an activated
behavior according to the Arrhenius relation [76]:

ey (16)
B

The fitted curve activation energy values are 0.179 and
0.361 eV, which are in good agreement with the values
determined by DC conduction. The Argand diagram of
electrical modulus (M” versus M) for the Cog¢Zng 4Fe,04
sample at diverse temperatures is displayed in Fig. 8d. We
discovered a solitary semicircle related to the grain effect.
The semicircle changes from a closed semicircle to an arc as
the temperature rises. The existence of non-semicircles in
the figure M” against M’ shows non-Debye type relaxation.

3.7 Dielectric study

Dielectric spectroscopy research can provide information
about a dielectric material’s compound structure, grain
boundaries, grains, transport parameters, and charge storage
capacities [77]. The following equation can be used to
determine a material’s dielectric response:

* o . I _ 1
£ (o) = €(0) +j' (o) =Gz (17)

where j = (— D2 0= 2nf, Co = eoA/t (geometrical capaci-

tance) with &= 8.854 x 107" F/m being the permittivity
for free space; A is the surface area; ¢ is the sample
thickness; and the terms &'(w) and ¢’(w) are the real and
imaginary parts of the dielectric permittivity, describing
respectively the energy storage and loss in the material. The
dielectric loss, tand, is correlated to the dielectric relaxation
process and is given as the fraction of the imaginary part &”
and the real part ¢, i.e., tand = £"/¢. The variations of the
real part (¢') of the permittivity and the imaginary part (&”)
of the relative dielectric constant (&”) of the Coy ¢Zng 4Fe;,0,4
as a function of frequency at various temperatures are
shown in Fig. 9a, b. From the inspection of these data (&)
and (¢”) decrease with increasing frequency until very low
values, then they stay almost constant, but increase with
temperature at a given frequency which agrees well with
preceding publications [78]. The dielectric constant, on the
other hand, is extremely high at low frequencies. This
demonstrates that space charge polarization exists at grain
boundaries, creating a potential barrier. The behavior of
charge accumulation at grain boundaries is another factor
that contributes to an increase in the real component of the

dielectric permittivity [79]. This phenomenon can be
explained by Koop’s hypothesis, which is in line with the
Maxwell-Wagner model [80—82]. According to this theory,
ferrite materials consist of highly conductive grains
separated by less conductive grain boundaries. Grain
boundaries are more active in the low-frequency range
than grains in terms of conduction [83]. When an electric
field is applied to the ferrite, electrons (Fe’"—Fe*") emerge,
controlling the polarization. At low frequencies, space
charge polarization occurs when electrons accumulate at
poorly conductive grain boundaries, leading to high &’
values. However, as the frequency increases, electron
exchange between Fe*™ and Fe>* ions cannot keep up with
the alternating field, reducing the probability of electrons
reaching the grain boundaries, and thus decreasing
polarization. On the other hand, the dielectric loss (tand)
reflects energy dissipation in a dielectric system and is
proportional to the imaginary component of the dielectric
constant [84] Dielectric loss is the energy loss caused by
grain boundaries when polarization lags behind the applied
electric field. In dielectric materials, dielectric losses are
induced by three independent causes: space charge transport
(contribution to interface polarization), DC conduction, and
molecule dipole motion (dipole losses) [85]. Figure 9c
illustrates the frequency dependence of the dielectric loss
tan at various temperatures. The permittivity (e”) curves
exhibit the same tendency.

The high value of tané at low frequencies can be
attributed to the high resistivity of grain boundaries, which
are more efficient than grains.

The novelty of the Cogg¢Zng4Fe,0,4 ferrite lies in its
excellent dielectric properties, making it a promising can-
didate for various electronic devices. The dielectric constant
of Cog¢Zng 4Fe,0y is significantly higher than that of other
state-of-the-art ferrites (Table 4), and it exhibits a low
dielectric loss, particularly suitable for high-frequency
applications such as antennas and sensors.

A comparison table of its dielectric constant and loss
with other ferrites shows that its properties are comparable
to or better than those of other leading ferrites, further
highlighting its potential for practical applications. This
research contributes to the development of new ferrite
materials with improved properties, addressing the
increasing demand for high-performance electronic devices.
The structural and magnetic properties of Cog¢Zng4Fe,O4
have been studied extensively, demonstrating its potential
for various applications in the field of electronic materials.

We have complemented the quantitative analysis with
graphical insights, tracing the curves of both dielectric
constant and dielectric loss. These visual representations,
showcased in Fig. 10, offer a nuanced perspective on the
electrical behavior of the Cog¢Zng4Fe,0;, ferrite, enriching
our understanding of its performance characteristics.
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Table 4 Comparative analysis of dielectric constant and loss for
Cog ¢Zngy 4Fe,04 and state-of-the-art ferrites

Material Dielectric constant  Dielectric loss ~ Reference
CogeZng 4Fe,04  12.5 0.02 This work
NiFe,O,4 14.0 0.04 [86]
CoFe,0, 10.5 0.03 [87]
MnFe,0, 11.0 0.05 [88]
Co(sZnysFe,0,  13.5 0.025 [89]
Cog7Zny3Fe,0, 145 0.035 [90]
CoggZngy,Fe,0,  15.0 0.040 [91]

The temperature dependence of the dielectric loss and
constant of Cog¢Zng 4Fe,O, ferrite was investigated in the
frequency range of 100Hz-3 MHz and the temperature
range of 300-500K. The dielectric constant (¢') and
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dielectric loss (tand) of the material exhibit distinct
temperature-dependent behaviors, shedding light on the
intricate interplay between thermal effects and electrical
properties. At lower temperatures, ¢ is notably high,
facilitated by the ease of dipole alignment in response to the
electric field, owing to reduced thermal agitation. As tem-
perature rises, however, the increasing thermal agitation
disrupts dipole alignment, leading to a decrease in &'.
Concomitantly, the dielectric loss (tand) follows a
similar temperature-dependent trend. At lower tempera-
tures, tand remains low, as thermal agitation is insuffi-
cient to activate loss mechanisms. With increasing
temperature, heightened thermal agitation activates more
loss mechanisms, such as polarization and conduction,
resulting in an elevation of tans. In essence, both ¢ and
tand exhibit analogous variations, reaching their respec-
tive maxima around 7., underscoring the profound



Journal of Sol-Gel Science and Technology

Fig. 10 Temperature 4000

dependence of dielectric 3500 -
constant (a) and loss (b) in

: 30004
Coyg Zng 4Fe,0, ferrite

2500 4

2000 4

&' (Fml)

1500 4

1000 +

500 4

—o= 100112 : o= 100112
ik | () 354 > Femires: | ®
== 10KIlz 4 == 10KHz
w=0=20KHz 304 o 20KHz
e SOKIE e 50K Hz
100KHz % 100KHZ,

o= 200KI1 254 = e 200K Hz
== 500KI1 %) “ o= 500K Hz
o= 1Mz g 204 fo—1MHZ
—_—— S

159 .

P RN
10 . Temperature(K) \
54 Vs
00 350 400 450 500 300 350 400 450 500

influence of thermal agitation on these crucial electrical
properties. These observations highlight the direct
dependence of ¢ and tan$ on temperature, emphasizing
its impact on dipole and charge carrier mobility within
the material.

4 Conclusion

This study provides a thorough understanding of the
structural, morphological, and electrical features of
Cog¢Zng 4Fe;04 spinel ferrite, which was effectively
synthesized utilizing the sol-gel method. The XRD ana-
lysis confirmed the formation of a monophasic spinel
structure, indicating the high purity and crystallinity of the
synthesized ferrites. The SEM analysis revealed a dis-
tinctive microstructure with significant grain agglomera-
tion and porosity, characteristic of the spinel ferrite
system. The FTIR spectroscopy reveals characteristic
absorption bands indicating interactions between cations
and anions at both tetrahedral and octahedral sites. Elec-
trical studies revealed that the Cog¢Zng4Fe,O4 ferrite
exhibits a thermally activated conduction process, in line
with Jonscher’s universal power law. The impedance
analysis pointed to a complex interaction between grains
and grain boundaries, influenced by temperature. The
Nyquist plots underscored the significant contribution of
these components to the overall electrical behavior of the
ferrites. The modulus and dielectric studies highlighted the
ferrites’ efficient charge storage capabilities and low
energy dissipation, making them suitable for various high-
frequency applications. The low dielectric loss, in parti-
cular, positions these materials as promising candidates
for applications in fields like energy storage, electronics,
and telecommunications. Overall, the CogeZng4Fe,Oy
nanoferrites synthesized in this study exhibit a range of
desirable electrical and structural properties, affirming
their potential for technological advancements in various
applications. The synthesis method proved to be efficient,

Temperature(K)

Temperature(K)

offering a pathway for producing high-quality nanoferrites
with controlled properties.
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