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SYNTHESIS AND CHARACTERIZATION
OF STRUCTURAL, AND ELECTRICAL PROPERTIES
OF Mg(0.25𝑥)Cu(0.25𝑥)Zn(1−0.5𝑥)Fe2O4 FERRITES
BY SOL-GEL METHOD

The effects of magnesium, copper, and zinc substitutions on spinel ferrites have been investi-
gated by the sol-gel technique. Ferrite compositions of Mg0.25𝑥Cu0.25𝑥Zn(1−0.5𝑥)Fe2O4 (where
𝑥 = 0.6, 0.7, 0.8 & 0.9) were prepared at a sintering temperature of 1100 ∘C with a presintering
at 500 ∘C. X-ray diffraction (XRD), scanning electron microscopy (SEM), and high-precision
impedance analysis are used to characterize structural and dielectric properties, as well as the
surface topography and morphology of the samples. A single phase, cubic spinel structure, with
decreased lattice constant was observed. SEM micrographs revealed a homogeneous microstruc-
ture with uniform size distributions. Both the dielectric constant and dielectric loss tangent
decrease, as the incident frequency increases up to a certain saturation point. The direct cur-
rent (𝑑𝑐) resistivity profile shows that the resistivity increases with the temperature up to the
Curie point, then it goes to a constant value. The quality factor (𝑄-factor) increases with the
incident frequency. Hence, the high 𝑄-factor will make ferrites highly useful in applications,
especially in multilayer chip inductors.
K e yw o r d s: MgCuZn ferrite, sol-gel method, nanocrystalline ferrites, magnetic properties,
multilayer chip inductors.

1. Introduction

Nanocrystalline spinel ferrites have been enormously
used in many devices due to their high electrical re-
sistivity, low dielectric losses, high permeability, high
Curie temperature (Tc) [1–3], high chemical stabil-
ity [4], high-density magnetic recording, microwave
isolators [5], and low manufacturing cost [4]. Ferrites
have shown low eddy current losses and thus are
considered superior magnetic materials due to their
high electrical resistivity. Though Mg–Cu–Zn ferrites
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and Ni–Cu–Zn ferrites exhibit the high resistivity
and high permeability at high frequencies, Mg–Cu–
Zn ferrites have several advantages over Ni–Cu–Zn
ferrites. They are more economical [6] and easier
to be synthesized. Moreover, Ni-Zn ferrites produce
carcinogenic effects and the environmental toxicity
due to their nickel content [7]. Because of the ex-
cellent characteristics and less adverse effects, there
is a growing interest of scientists in Mg–Zn ferrites
for using them in electronic devices. One example of
such a device that would benefit from the integra-
tion of Mg–Cu–Zn ferrites is multilayer chip induc-
tors [8], which might have uses to suppress the noise in
high-frequency electrical circuits. Large stainless steel
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(S.S.), small S.S. pagers, camera recorders, radios,
and cordless telephones can also be applied by these
ferrites. Doping with a transition metal such as Cu
shows some important influence on the magnetic and
electric properties [9–10] of Mg–Zn ferrites. Yue et
al. [11] studied a (Mg0.5−𝑥Cu𝑥Zn0.5)O0.02(Fe2O3)0.98
ferrites with Cu substitution and observed the im-
proved permeability, where the cutoff frequency was
around 10 MHz. Barati et al. [12] investigated elec-
tromagnetic properties of a Mg0.8−𝑥Cu0.2Zn𝑥Fe2O4

ferrites whose permeability was improved with an in-
crease in the Zn content, but the frequency stabil-
ity (2 MHz) was poor. The dielectric behavior of a
Mg0.55−𝑥Cu𝑥Zn0.45O0.03(Fe2O3)0.97 (𝑥 = 0.0 − 0.35)
ferrites was investigated by Haque et al. [13] and
showed an increase in the permeability due to the
Cu substitution, where the maximum relaxation fre-
quency was around 5.7 MHz for 𝑥 = 0.2. In addition,
Cu-substituted Mg–Zn ferrites showed the substitu-
tion-improved permeability, but the relaxation fre-
quencies were low (on the order of few hundreds of
kHz to MHz) [14–16]. One of the objectives of the
following research was to improve the relaxation fre-
quency of Mg–Cu–Zn ferrites. Berchmans et al. [17]
and Naeem et al. [18] discussed the cation distribu-
tion in a system of Ni–Mg ferrites and found that
if the Ni content in the spinel was maximized, the
Mg percentage at the tetrahedral site was maximized
[19]. Substituting Mg for Ni in Ni–Zn ferrites im-
proved the electric and magnetic properties, as re-
ported by Singh et al. [20]. Varalaxmi et al. [21] stud-
ied the substitution of Mg in Ni–Cu–Zn ferrites and
found an improvement of the initial permeability and
a reduction of the Curie temperature (𝑇𝑐). Roy et
al. [22] investigated the electromagnetic properties of
Ni–Cu–Zn ferrites by the Mg doping and found that,
up to a fixed concentration of Mg, the electric resistiv-
ity and initial permeability both are increased. Hence,
the area of a recent interest in research with nano-
ferrites is growing in their synthesis part. They have
potential applications in different technological ar-
eas like the targeted drug delivery, medical imag-
ing, biomedical applications, magnetic data storage,
and ferrofluids [23–27]. In order to be applied suc-
cessfully in applications, nanoferrites with uniform
size distributions are desirable. The magnetic prop-
erty of these nano-sized ferrites goes completely dif-
ferent from their bulk counterparts [28]. If the diame-
ter of nanoparticles is smaller than the critical diame-

ter, the multidomain formation and hindering domain
wall motion can be avoided, as the increasing domain
wall decreases the magnetization. In addition, the
wall size is affected with the demagnetization of fer-
rites. Here, the magnetization of single-domain parti-
cles is due to the rotation of a spin which can improve
the material operating frequency. Again, the spin ro-
tation is in the GHz frequency region [29], which is
useful in biomedical applications as well. Nanosized
Mg–Cu–Zn ferrites can be prepared by various wet
chemical methods, including the citrate method [30–
31], chemical co-precipitation method [32], sol-gel
technique [33], combustion synthesis [34–35], and hy-
drothermal synthesis [36]. The foremost advantage of
the sol-gel auto-combustion process is the nanoscale
yield without the use of an expensive equipment
[37]. A comparative study among all the preparation
techniques gives the idea that the sol-gel autocom-
bustion method has clear advantages over the other
methods. It is possible to produce highly crystalline
and uniform nanopowders without applying the high
energy. Technically, this technique is simple and easy
to conduct experiment. Moreover, the sol-gel method
has direct influence on the sintering temperature, an-
neling time, doping concentration, and pH of the so-
lution, which controls the electrical and structural
properties of ferrites.

In this research, the samples of ferrites were firstly
presintered at 500 ∘C and then sintered at a high tem-
perature of 1100 ∘C. Structural, morphological, and
dielectric properties were investigated and analyzed
for the first time in the configuration of ferrites de-
scribed below. Only the optimum findings which will
be important for their application are presented.

2. Materials and Method

Analytical grade Mg(NO3)2 ·6H2O, Cu(NO3)2 ·3H2O,
Zn(NO3)2.4H2O and Fe(NO3)3·9H2O were used as
raw materials for the samples of Mg–Cu–Zn ferrites
with the formula Mg(0.25𝑥)Cu(0.25𝑥)Zn(1−0.5𝑥)Fe2O4,
(where 𝑥 = 0.6, 0.7, 0.8, 0.9). The required amount of
metal nitrate and a citric acid solution was mixed in
a beaker keeping the molar ratio 1:1 of nitrates to cit-
ric acid. At first, all the salts of metals were mixed in
a beaker, and the solutions were prepared by adding
properly distilled water. After that, the citric acid so-
lution was placed on the previously prepared solution
dropwise. During the droping, the solution was under
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continuous strring for getting a homogeneous mix-
ture solution. The pH of the solution was carefully
adjusted and fixed to 7 using required ammonia solu-
tions. At the same time, the solution was rigorously
stirred by a magnetic stirr bar during the entire pro-
cedure. Then the solution was heated up to 200 ∘C
on a hotplate. After 30 min of the heating, it is ob-
served that the stirring solution is transformed into a
concentrated viscous gel. At 200 ∘C, the gel is ignited
and burns out in a self-propagating combustion man-
ner and turns into a loose powder. The whole combus-
tion process finished within a short time. The powder
was collected and and pestled for getting a fine pow-
der. Finally, the calcinations of the collected burnt
powders have done at 500 ∘C using a programmable
furnace for 1 h for getting single phase ferrites. The
granulation of the calcite powders has been done us-
ing a 1% saturated solution of polyvinyl alcohol as
a binder. The stainless steel die is used to form pel-
lets applying the fixed pressure by a digital press ma-
chine. A programmable muffle furnace is used for the
sintering at 1100 ∘C for 6 h. The specimen surface
was polished to remove oxide or other extra layers
which are formed during the sintering. Finally, the
pellets were coated with a silver paint for next mea-
surements.

3. Results and Discussion

3.1. Structural properties

Figure 1 shows the X-ray diffraction patterns of the
samples. An X-ray powder diffractometer by Bruker
was used for the identification of crystalline phases us-
ing 𝜆(Cu–K𝛼) = 1.5406 Å with a step size of 0.02, 2𝜃∘
at room temperature. Structural parameters of the
spin phases and the lattice constant were determined
using the X-ray diffraction patterns. Atomic positions
for the spinel phase and the structural parameters
were obtained from the literature sources. XRD pat-
terns and the presence of all the peaks belonging to
the cubic spinel structure proved that the formed
samples have single phases. The lattice constant a
was found using the formula

𝑎 = 𝑑ℎ𝑘𝑙
√︀

ℎ2 + 𝑘2 + 𝑙2, (1)

where ℎ, 𝑘, 𝑙 are the Miller indices, and 𝑑ℎ𝑘𝑙 is the
interplanar spacing.

The highest intensity peak is at the 35 ∘C position
which is (311) plane. This proves that the spinel fer-

Fig. 1. XRD patterns for Mg(0.25𝑥)Cu(0.25𝑥)Zn(1−0.5𝑥)Fe2O4

(𝑥 = 0.6, 0.7, 0.8, 0.9) ferrites

rites are formed. The average crystallite sizes of the
bulk samples (𝐷𝑝) were calculated using the Scherrer
formula

𝐷𝑝 =
0.94𝜆

𝛽 cos 𝜃
, (2)

where the line broadening in radians is 𝛽, Bragg angle
𝜃, and the X-ray wavelength is 𝜆.

It is observed that the crystal size reduces with a
decrease in the Zn content shown in Table 1, since a
Zn atom is larger than the Cu and Mg atoms, which
matches exactly with the available theory. Table 1
contains the structural parameters measured from the
XRD graphs for the cation concentration. All the sin-
tered ferrites showed almost same lattice constant (a),
but there is a a tendency to reduce the value, as the
cation concentration increases.

The X-ray density was calculated using the formula

𝜌ferrite = Σ
8𝑀

𝑁𝑎3
, (3)

where 𝑀 is the molecular weight, 𝑁 is Avogadro’s
number, and “a” is the lattice constant. The bulk den-
sity of the circularly shaped sample was calculated
using the formula

𝑑Bulk =
mass

𝜋𝑟2𝑡
, (4)

where 𝑟 and 𝑡 are the pellet radius and thickness, re-
spectively. Using the Archimedean porosimetry con-
cept from the bulk density and X-ray theoretical den-
sity, the porosity percentage (%P) was calculated and
tabulated. We also checked the presence of a poros-
ity from the SEM image manually and got its small
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Table 1. Some structural parameters
of Mg(0.25𝑥)Cu(0.25𝑥)Zn(1−0.5𝑥)Fe2O4 (𝑥 = 0.6, 0.7, 0.8, 0.9) ferrites

Sample composition Crystallite Lattice X-Ray densiti Bulk densiti % (P)
size (nm) constant (Å) (𝜌𝑥) g cm−3 (𝜌𝑎) g cm−3

Mg0.15Cu0.15Zn0.70Fe2O4 26.29 8.4220 5.2169 4.4749 14.22
Mg0.175Cu0.175Zn0.65Fe2O4 25.19 8.4188 5.1989 4.2799 17.67
Mg0.20Cu0.20Zn0.60Fe2O4 24.21 8.4174 5.1776 4.3421 16.13
Mg0.225Cu0.225Zn0.55Fe2O4 23.7 8.4098 5.1677 4.3385 16.04

value. Here, the lattice constant decreases, as the Cu
and Mg contents increase and the Zn content de-
creases. This is due to a larger ionic radius of Cu2+

compared to Mg2+, while the concentration of Zn2+

ions in the samples decreases. The bulk density de-
creases, except for the 𝑥 = 0.7 sample, with a decrease
in the Zn2+ concentration, because of a large atomic
weight of Zn as compared with Cu and Mg atoms (see
Table 1). At 𝑥 = 0.7, the bulk density is the lowest,
may be, for the same amount of Cu and Mg in the
samples, which makes difficulties for the formation
of ferrites and consequently reduces the density. The
lowest density gives high porosity. Hence, the 𝑥 = 0.7
sample gives the highest porosity for the same rea-
son. Decreasing the bulk density with decreasing the
Zn content due to the addition of Cu and Mg im-
proves the densification and decreases the porosity
as well. The bulk density is highest at 𝑥 = 0.6, and,
consequently, the porosity is the lowest due to a high
density. The density calculated by X-ray data (𝜌𝑥)
reduces from 5.21 g/cm3 to 5.16 g/cm3 with increas-
ing the Cu and Mg contents. Moreover, the X-ray
density is inversely dependent on the lattice param-
eters. Thus, the respective X-ray density decreases
with increasing the Cu and Mg contents. Barati, et
al. reported a similar result for Mg–Cu–Zn ferrites
[12], where the close aggrement and correlation ex-
ists among the observed bulk density, X-ray density,
and porosity for the ferrites sintered at 1100 ∘C. It
was observed that the X-ray densities were larger
than the bulk densities, because of the existence of
pores. Table 1 clearly shows that, with increasing the
Cu content, the porosity percentage decreases, as ex-
pected, because of the above reason. This porosity
trend is the identical characteristic of good-quality
ferrites, since the physical properties of ferrites also
depend on the porosity.

3.2. Morphology

Scanning Electron Microscopy (SEM) has been em-
ployed to examine the nanostructural features shown
in Fig. 2. The high-resolution SEM could measure the
surface morphology. The grain size was obtained by
the method of line intercept [40] from SEM micro-
graphs; this method resulted in the average grain size
given in Table 2. As seen in Fig. 2, the SEM micro-
graphs show a homogeneous microstructure with uni-
form small-size distribution, where some cavities on
the surface may be due to the evaporation of Zn ions
from the crystal [41].

The grain size is measured from the SEM images
using the ImajeJ software. It decreases with decreas-
ing the Zn content and increasing the Cu and Mg
contents except for 𝑥 = 0.9 (see Table 2). At 𝑥 = 0.9,
the grain size increases, because the Cu content is the
highest there. It is observed that the crystalline grain
size from the Scherrer equation is smaller than the
average grain size from the SEM micrographs, which
follows the result in [42].

3.3. Measurements of electrical properties

3.3.1. Variation of d.c. resistivity with temperature

The d.c. electrical resistivity (𝜌) of the samples was
calculated by the two-probe method.

The Curie temperature is determined from the
measurement of the resistivity as a function of the
temperature using the curve of ln 𝜌 versus 1000/𝑇
at the point of the phase transition from the ferro-
magnetic to paramagnetic phase. The temperature-
dependent d.c. electrical resistivity was measured us-
ing the formula

𝑅 = 𝜌𝑙/𝐴 or 𝜌 = 𝑅𝐴/𝑙, (5)
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Fig. 2. Scanning electron micrographs of Mg0.25𝑥Cu0.25𝑥Zn(1−0.5𝑥) Fe2O4 𝑥 = 0.6 (a), 𝑥 = 0.7

(b), 𝑥 = 0.8 (c), 𝑥 = 0.9 (d) ferrites

Table 2. Some parameters of Mg0.25𝑥Cu0.25𝑥Zn(1−0.5𝑥) Fe2O4 (𝑥 = 0.6, 0.7, 0.8, 0.9) ferrites

Composition Grain 𝐷 nm Resistivity 𝜌(Ω−𝑚) Transition Resistivity
(average 𝑑) at normal temperature temperature 𝑇𝑐 (∘C) 𝜌(Ω−𝑚) at 𝑇𝑐

Mg0.15Cu0.15Zn0.70Fe2O4 517 65837.23 100 12392.55
Mg0.175Cu0.175Zn0.65Fe2O4 505 78482.02 150 4101.437
Mg0.20Cu0.20Zn0.60Fe2O4 500 101593.21 130 2876.85
Mg0.225Cu0.225Zn0.55Fe2O4 526 29714.81 240 52.94

where 𝐴 is the cross-section area of the sample, 𝑙 is
the thickness of the sample, and 𝑅 is the resistance of
the sample given by 𝑅 = (𝑉𝑠/𝑉𝑠) × 𝑅𝑓 . Hence, from
the above equations, we have

𝜌 = 𝐴𝑅𝑓/𝑙(𝑉𝑠/𝑉𝑓 ). (6)

Here, 𝑉𝑠 is the voltage across the sample, and 𝑉𝑓 is
the voltage across the fixed resistance 𝑅𝑓 . By using
the above equations, the d.c. resistivity can be deter-
mined [43].

The d.c. resistivity (ln) curves for the samples have
been plotted versus the temperature (1000/𝑇 ) and
the frequency, as shown in Figs. 3 and 4. From these
plots, it is observed that the d.c. resistivity decreases
with increasing the temperature up to a certain value
and with increasing the frequency as well. At the
fixed-point temperature, the resistivity becomes sat-
urated and is not changed with increasing the tem-
perature. In this case, the Curie temperatures (𝑇𝐶)
of all four samples at a sintering temperature of
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Fig. 3. Resistivity (ln 𝜌) vs temperature (1000/𝑇 ) graphs
of Mg0.25𝑥Cu0.25𝑥Zn(1− 0.5𝑥)Fe2O4 (𝑥 = 0.6, 0.7, 0.8, 0.9)
ferrites

Fig. 4. Frequency-dependent resistivity for the sintered
Mg0.25𝑥Cu0.25𝑥Zn(1− 0.5𝑥)Fe2O4 (𝑥 = 0.6, 0.7, 0.8, 0.9)
ferrites

Fig. 5. Frequency-dependent dielectric constant for the sin-
tered Mg0.25𝑥Cu0.25𝑥Zn(1− 0.5𝑥)Fe2O4 (𝑥 = 0.6, 0.7, 0.8,
0.9) ferrites

Fig. 6. Frequency-dependent dielectric loss tangent for the
sintered Mg0.25𝑥Cu0.25𝑥Zn(1− 0.5𝑥)Fe2O4 (𝑥 = 0.6, 0.7, 0.8,
0.9) ferrites

Fig. 7. Frequency-dependent quality factor for the sintered
Mg0.25𝑥Cu0.25𝑥Zn(1− 0.5𝑥)Fe2O4 (𝑥 = 0.6, 0.7, 0.8, 0.9)
ferrites

1100 ∘C were 100 ∘C, 150 ∘C, 130 ∘C, and 240 ∘C,
respectively.

The frequency response of the d.c. resistivity at
room temperature is the highest at 𝑥 = 0.9 due to
increasing the Mg content, since a Mg atom has a
lower electrical conductivity than Cu and Zn ones. At
𝑥 = 0.9, the Mg content is the highest here, and the
Zn content is the lowest. That is why this composi-
tion has a high resistivity and hence the lowest con-
ductivity. At 𝑥 = 0.7, we see the lowest resistivity
at the same amount of Cu and Zn. Hence, the Cu
content has the leading role as compared with Mg,
by increasing the conductivity and, consequently, de-
creasing the resistivity. But the transition tempera-
ture and the resistivity at the transition point in-
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crease with 𝑥 values, i.e., with increasing the Mg and
Cu contents and decreasing the Zn content.

4. Dielectric Properties

The results of frequency-dependent room-tempera-
ture dielectric measurements are shown in Fig. 5. The
formula for dielectric constant is

𝜀′0 =
𝐶𝑝𝑡

0𝐴
, (7)

where the disc-shaped pellet parallel capacitance is
𝐶𝑃 (in pF), thickness of a pellet is 𝑡, and the cross-
section area of the flat surface is 𝐴. Dielectric prop-
erties are dependent on the technique of preparation,
especially on the chosen conditions.

Figure 5 shows the effect of different reactant
concentrations on the frequency-dependent dielect-
ric constant. It is found that it follows the gen-
eral trend of ferroelectrics [38], where the dielectric
constant decreases with increasing the frequency. Fi-
gure 5 shows also that the dielectric constant de-
creases with increasing the frequency for all samples
continuously and reaches a fixed value at a frequency
of 65 MHz. For the sample with 𝑥 = 0.6, the dielectric
constant is significantly higher than for other samples
because of a higher Zn content in the samples. This
value is not competable with the general properties of
ferrites just because of a high Zn content. Again, after
the frequency of 65 MHz, the dielectric constant in-
creases with the frequency because of the oriential po-
larization at higher frequencies. Hence, reducing the
eddy current at high-frequency applications is pos-
sible, by using the observed low dielectric constant
behavior [39].

The dielectric loss tangent (tan 𝛿) variation with
the frequency is shown in Fig. 6. The value of tan 𝛿
depends on various factors like the stoichiometry,
Fe2+ content, and homogeneity of a structure. Los-
ses are the highest for a low Mg content, which de-
crease with increasing the frequency. The 𝑄-factor as
a function of the frequency is shown in Fig. 7. The
𝑄-factor increases with the concentration of Mg and
Cu contents, and, consequently, as the Zn content
decreases. The 𝑄-factor increases with the frequency
so that the prepared samples would be used for high-
frequency applications. Among the samples, the sam-
ple with 𝑥 = 0.9 shows the maximum 𝑄-factor equal
to 75.89.

5. Conclusion

The present investigation has done using
Mg0.25𝑥Cu0.25𝑥Zn(1−0.5𝑥)Fe2O4 (where 𝑥 = 0.6, 0.7,
0.8 and 0.9) ferrites. All samples were prepared by
the sol-gel technique. The chemical composition of
these synthesized ferrite samples influences the struc-
tural and electrical properties of these materials. The
d.c. resistivity decreases and goes to the saturation
point at the Curie temperature (𝑇𝐶) with increasing
the temperature and the frequency as well. Both the
dielectric constant and loss factor have decreasing
trends with increasing the frequency. It is found that
the d.c. electrical resistivity and the dielectric and
nanostructural properties of prepared ferrites are
influenced significantly by changing the temperature
and the cation concentrations. The graphs of the
dielectric loss tangent and quality factor versus the
frequency allow us to find the best composition. The
sample at 𝑥 = 0.9 has the maximum 𝑄-factor as
high as 75.89, which clearly represents the best
composition among all. Increasing the Mg content
and decreasing the Zn content make high-quality
ferrites which are capable to response to high-
frequency applications. Hence, we may conclude
that the nano-sized synthesized sintered ferrite at
𝑥 = 0.9 (Mg0.225Cu0.225Zn0.55Fe2O4) is highly active
and have high quality which might be suitable for
multilayer chip inductor applications.
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СИНТЕЗ I ХАРАКТЕРИСТИКА
СТРУКТУРИ I ЕЛЕКТРИЧНИХ ВЛАСТИВОСТЕЙ
Mg(0,25𝑥)Cu(0,25𝑥)Zn(1−0,5𝑥)Fe2O4 ФЕРИТIВ
ЗОЛЬ-ГЕЛЬ МЕТОДОМ

Р е з ю м е

Iз використанням золь-гель методу вивченi ефекти вiд до-
бавок магнiю, мiдi i цинку на феритах шпiнелi. Ферити
складу Mg0,25𝑥Cu0,25𝑥Zn(1−0,5𝑥)Fe2O4 (де 𝑥 = 0,6, 0,7, 0,8
& 0,9) виготовленi при температурi спiкання 1100 ∘C з попе-
реднiм нагрiванням при 500 ∘C. Використано рентгеностру-
ктурний аналiз, растрову електронну мiкроскопiю (РЕМ)
i високоточний iмпедансний аналiз для визначення стру-
ктури, дiелектричних властивостей, топографiї поверхнi i
морфологiї зразкiв. РЕМ-зображення показують однорiдну
мiкроструктуру з однорiдним розподiлом розмiрiв. Дiеле-
ктрична константа i тангенс дiелектричних втрат зменшу-
ються з ростом зовнiшньої частоти до певної точки насичен-
ня. Опiр за постiйним током зростає з температурою до то-
чки Кюрi, де виходить на постiйне значення. 𝑄-фактор зро-
стає з частотою, що робить ферити дуже корисними на пра-
ктицi, зокрема, в багатошарових котушках iндуктивностi
чiпiв.
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