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Synthesis of CoxMnyZnyFe;04 (x = 0.1,0.5, 0.9 and y = 0.45, 0.25, 0.05) nanocrystalline powders was done by chemical
co-precipitation method. The crystal structure was determined by using X-ray diffraction (XRD) studies. The crystallite size and
lattice parameters were calculated from the XRD data. The XRD results revealed that the crystallite size of the nanocrystalline
powder was found to decrease from 37 nm to 28 nm with the substitution of cobalt. The effect of cobalt ions on the crystallization
process, the lattice parameters and electrical properties of Mn—Zn ferrites has been also investigated. The AC conductivity
increased with an increase in frequency but it decreased with an increase in cobalt content. The complex impedance analysis
of the data showed that the resistive and capacitive properties of the Co—-Mn—Zn ferrite are predominant due to the fact that the
processes are associated with the grains and grain boundaries. The dielectric constant and dielectric loss dependence on doping

level and frequency at room temperature were also studied.
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1. Introduction

Cobalt doped ferrites (CoFe,O4) have been ex-
tensively studied because of their excellent unique
properties, such as cubic magneto-crystalline
anisotropy, high coercivity, moderate saturation-
magnetization, high chemical stability, wear re-
sistance and electrical insulation property [1, 2].
Even though the magnetic materials are quite old
and well-studied, they have experienced a renewed
interest in recent years in the context of mi-
crowave industry, disk recording, refrigeration sys-
tems, electrical devices, transformers, frequency
filters, sensors, pigments, and medical applications,
such as cancer treatment by hyperthermia, MRI
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contrast agent, drug delivery, DNA hybridization
and cell separation [3]. Cobalt doped ferrites hav-
ing unique high chemical stability and high elec-
trical resistivity caused that the magnetic ceramics
or ferrites with the spinel structure have received
special attention [4]. Ferrites can be represented by
the chemical formula of AB,O4, where A and B de-
note metal cations at tetrahedral (A) and octahedral
(B) sites, respectively. The magnetic properties of
the spinel ferrite materials originate from the anti-
ferromagnetic coupling between the octahedral and
tetrahedral sublattices [5].

Cobalt doped ferrite is a material which is suit-
able for non-contact stress sensor applications. It
possesses some specific properties, such as large
strain derivative good corrosion resistance, no eddy
current loss and low cost (rare-earth free) [6].
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Nevertheless, some of their properties can be ma-
nipulated not only by choosing a suitable dop-
ing material (to form a ternary cation spinel) but
also by choosing a suitable synthesis method. The
spinel ferrites have been synthesized by different
methods such as ceramic process, co-precipitation
method, hydrothermal process, sol-gel synthesis
and micro-emulsion approach. The chemical co-
precipitation method seems to be the most con-
venient method because it allows firing powders
with good chemical homogeneity and small grain
sizes. It allows a good control of their shape and
size distribution due to the components mixed at
a molecular level during nanopowder synthesis.
Having these above advantages, the chemical co-
precipitation method is an emerging popular pro-
cess to synthesize ferrite nanopowders. Ferrites
have important characteristic properties, such as
high resistivity and low eddy current losses [7],
which make them ideal for high frequency ap-
plications. Owing to the dielectric behavior, they
are sometimes called multiferroics. They are also
commercially important materials because they are
widely used in microwave devices (which utilize
the nonreciprocity of ferrites) such as circulators,
isolators, phase shifters, and antennas. Circulators
were developed for radar systems and are now
used in mobile phones. They allow the use of
the same device for transmission and reception of
the response signal. Miniaturization and weight re-
duction in mobile communication devices requires
small and thin, film-type isolators [8].

In the literature, synthesis and investigation of
magnetic properties of spinel cobalt doped Mn—Zn
ferrites nanoparticles has been carried out by sev-
eral workers. The large number of researchers has
reported magnetic properties of cobalt doped ferrite
nanopowders with a view to understand magnetism
at nanoscale and their possible practical applica-
tions. However, much less attention has been paid
to study the electrical properties of cobalt doped
ferrite nanopowders. Gabal et al. [9] reported the
structural, electrical and magnetic properties of
aluminum substituted Mn—Zn ferrites nanopow-
ders prepared via sol-gel auto-combustion method.
The investigations of electrical properties of cobalt

doped ferrite nanopowders are important from the
point of view of their use in electrical and elec-
tronic industry applications. Gagan et al. [10] stud-
ied electrical and dielectric properties of cobalt
substituted Mg—Mn nanoferrites synthesized by so-
lution combustion technique.

In the present work, the CoxMnyZnyFe;Oy
nano powders (x = 0.1, 0.5, 0.9 and y = 0.45,
0.25, 0.05) were synthesized by chemical co-
precipitation method and the consequent change in
particle size, dielectric behavior at room tempera-
ture were reported. Further, the structural and elec-
trical properties of the cobalt doped Mn—Zn ferrite
nanopowders were studied. The electrical parame-
ters such as dielectric strength, dielectric dissipa-
tion factor were obtained.

2. Materials and methods

The cobalt doped Mn—Zn ferrite nanopow-
ders were synthesized by co-precipitation method
(Fig. 1). The process depend mostly on parameters
such as reaction temperature, pH of the suspension,
initial molar concentration, etc. [11]. Ultrafine par-
ticles of CoxMnyZnyFe;04 (x = 0.1, 0.5, 0.9 and
y = 0.45, 0.25, 0.05), CMZF were prepared by co-
precipitating aqueous solutions of CoCl,, MnCl,,
ZnCl, and FeCls mixtures respectively in an alka-
line medium. The mixed solution of CoCl,, MnCl,,
ZnCl, and FeCls in respective proportions (100 mL
of 0.1 M CoCl,, 100 mL of 0.45 M ZnCl,, 100 mL
of 0.45 M MnCl, and 100 mL of 2 M FeClj in case
of Cog.1Mng 45Zng 45Fe;04 and similarly for the
other values of x) was prepared and kept at 60 °C.

This mixture was added to a boiling solution of
NaOH (0.1 M dissolved in 1200 mL of distilled wa-
ter) within 10 seconds under constant stirring. The
nanoferrites were formed by conversion of metal
salts into hydroxides, which took place immedi-
ately, followed by the transformation of hydrox-
ides into ferrites. The solutions were maintained at
85 °C for one hour. This duration was sufficient
for the transformation of hydroxides into spinel
ferrite (dehydration and atomic rearrangement in-
volved in the conversion of intermediate hydrox-
ide phase into ferrite). Sufficient amount of fine
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particles was collected at this stage by using mag-
netic separation method [12]. The particles were
washed several times with distilled water followed
by acetone and dried at room temperature.

NaOH Solution
(Dissolved in distilled water)

U

CoCl,+#MnCl,+ZnCl,+FeCl,
@ 358 K / 1 hour

Hydroxides

U

Nano-Ferrites

Washed by distilled water
and acetone

Powder (Co,Mn,Zn Fe,O,

Fig. 1. Flow chart for the preparation of
CoxMnyZnyFe;O4 (x = 0.1, 0.5, 0.9 and
y = 0.45, 0.25, 0.05) nanopowders.

2.1. Characterization methods

The crystalline structure of the CMZF
nanopowders was examined using BRUKER-
binary V2 (RAW) powder diffractometer using
CuKo (A = 1.54060 A) radiation. The surface
morphologies of the nanopowders were measured
with a scanning electron microscope. For the
electrical measurements, the powder sample was
pelletized at a pressure of 300 kg/cm? to yield a
pellet of 10 mm diameter and 2 mm thickness.
The dielectric constant and loss tangent of these
powders were measured by using LCR HITESTER
(HiOKI 3532-50). The crystalline structure of
CMZF nanopowders was determined by using
FT-1IR spectroscopy.

3. Results and discussion

3.1. Structural analysis

The XRD patterns of CoxMnyZnyFe;O4
x = 0.1, 05, 09 and y = 045, 0.25, 0.05)

nanopowders are shown in Fig. 2. The diffraction
peaks compared to the standard XRD pattern
(PDF# 871171) correspond to (1 1 2), (1 0 3),
(202),(213),(303),(224) and (3 14) planes.
The peaks detected in the XRD patterns belong
to the tetragonal structure of spinel ferrite and
confirm the lack of formation of any secondary
phase [13]. Fig. 3 shows that the peaks are shifted
to higher angles with an increase in cobalt concen-
tration in the Mn—Zn ferrite. The peak position was
found to shift towards higher diffraction angles
due to the smaller ionic radius of cobalt (0.938 A)
compared to Mn and Zn radius.

XRD analysis can also be used to evaluate peak
broadening with crystallite size, and lattice strain
due to dislocations [14]. The crystallite sizes of
the CoxMnyZnyFe;O4 samples found using Debye-
Scherrer formula (equation 1) were 35 nm, 37 nm
and 28 nm at x = 0.1, 0.5 and x = 0.9, respectively:

kA
Y

ey

where D is the crystallite size, k is the shape fac-
tor (k = 0.9), A is the wavelength of CuK« radi-
ation and Py is the instrument corrected integral
breadth of the reflection (in radians) located at 20,
and 0 is the angle of reflection (in degrees).

The wvalues of lattice
CoxMnyZnyFe,04 nanopowders
lated and listed in Table 1.

The values were compared with the standard
values of Mn—Zn ferrite. The ratio of c/a had the
value greater than unity, attributed to a tetragonal
structure. Fig. 4. shows the graphical representa-
tion of lattice parameter values with respect to en-
hancement in cobalt content in the Mn—Zn ferrite.
The lattice parameter values were found to increase
with increasing cobalt content up to x = 0.5. Upon
further increase in the cobalt content, the value de-
creased due to the density of cobalt in the unit cell.
This behavior was confirmed by the volume of unit
cell and strain calculation.

The scanning electron micrographs of
CoxMnyZnyFe,04 nanopowders are shown in
Fig. 5. It implies that the materials have a well-
defined microstructure. The micrographs indicate

parameters  of
were calcu-
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Table 1. Lattice constants, strain and crystallite size of CoxMnyZnyFe;O4.

Lattice parameter [A
CoxMnyZnyFe; Oy P A]

a b ¢

Volume of the unit cell [A3]

Strain [e¢] Crystallite size [nm]

x=0.1,y =045
x=0.5,y=0.50
x=09,y=0.05

5.556 5.556 9.823
5.564 5.564 10.402
5.508 5.508 10.279

303.20
322.09
311.81

0.00153 35
—0.000704 37
—0.000851 28

Intensity(a.u.)

N DN

(b)

(a)

IS PN

L] i L . L]

20 30 40 50 60 70
20 (degree)

Fig. 2. X-ray diffraction patterns for CoxMnyZnyFe; 04
with () x =0.1,y =0.45 (b) x = 0.5,y = 0.25
and (¢) x =0.9,y = 0.05.

homogeneous distribution of polycrystalline grains
throughout the material. This also indicates that
the CMZF nanopowders possess relatively narrow
size distribution.

3.1.1.

Since the breadth of the Bragg peak is the com-
bination of both instrumental and sample depen-
dent effects, it is necessary to collect a diffraction
pattern from the line broadening of a standard ma-
terial such as silicon to determine the instrumental
broadening [15].

W-H analysis

PDF#871171
Tetragonal

(c)

Intensity(a.u.)

(b)

@)
30 ' 31 ' 32 33 ' 34 ' 35
20 (degree)

Fig. 3. The  magnified XRD  patterns  of
CoxMnyZnyFe;04 (x = 0.1, 0.5, 0.9 and
y = 0.45, 0.25, 0.05) nanopowders in the range
of 30° to 35°.

The instrumental corrected broadening
Pnki corresponding to the diffraction peak of
CoxMnyZnyFe,O4 was estimated from the
relation:

1/2
ﬁhkl - [(Bhkl>3neasured - Bi?lstrumental] 2

Williamson and Hall (W-H) proposed a method of
deconvoluting size and strain from the mathemati-
cal expression given by:

kA
B jcos6 = [D} +4gsin6 )
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Fig. 4. Variation of lattice constants (a, b), tetrogonality
(c) and FWHM (d) with cobalt content for the
Mn—Zn ferrite nanopowders.

Fig. 5. SEM micrographs of the Mn-Zn ferrite
nanopowders doped with cobalt.

where k is the shape factor, A is the X-ray wave-
length, © is the Bragg angle, D is the effective
crystallite size, € is the strain and py is the full
width at half maximum of the corresponding (h k 1)
plane. A plot drawn between 4 sin® along the X-
axis and px cosO along the Y-axis is shown in
Fig. 6. From the data of linear fit, the value of
strain was calculated from the slope of the line.
W-H analysis (equation 3) is a simplified integral-
breadth method, where size-induced and strain-
induced broadening is deconvoluted by consider-
ing the peak width as a function of 20 [16]. The
strain ¢ was evaluated from the slope of the lin-
ear fit and the values were found to be 0.00153 for
x = 0.1, —0.0007048 for x = 0.5 and —0.0008518
for x = 0.9 respectively. The strain results show
that the strain changes from tensile to compressive
nature with the increase in the cobalt content in the
Mn—Zn ferrite.

e 7r Experimental Data
—— Linear fit
b 1
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¥
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W
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Fig. 6. W-H plot of CoxMnyZnyFe;O4 with (a) x = 0.1,
y =045 (0b)x=0.5,y=0.25and (c) x = 0.9,
y = 0.05.

3.2. Dielectric properties

The dielectric properties of CoxMnyZnyFe;Oy
withx = 0.1, 0.5,0.9 and y = 0.45, 0.25, 0.05 were
studied using HIOKI 3532-50 LCR HITESTER.
Dielectric loss, dielectric constant were computed
according to Smit and Wijn [17] as a function of
frequency. Fig. 7 and Fig. 8 show that the dielec-
tric constant as well as dielectric loss decrease with
increasing frequency, exhibiting normal ferrimag-
netic behavior for all the compositions. It can be
seen that the dielectric constant decreases with in-
creasing frequency in the lower frequency region.
As the frequency increases to higher values, the di-
electric constant remains almost constant. This is a
typical behavior of ferrites and it can be explained
with the help of Maxwell-Wagner model [18]. Ac-
cording to this model, ferrites consist of two lay-
ers, first of which contains well conducting grains
(ferrous ions), and the second one is composed of
poorly conducting grain boundaries. These grain
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boundaries are more active at lower frequencies;
hence, the hopping frequency of electrons between
Fe’* and Fe?* ions is less at lower frequencies.
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Fig. 7. Variation of dielectric constant with frequency
for Cox MnyZnyFe;04 with (a) x = 0.1, y =
045 ®)x=05,y=025and (c)x =09,y =
0.05.
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Fig. 8. Variation of dielectric loss with frequency for
CoxMnyZnyFe;04 with (a) x = 0.1, y = 0.45
(b)x=0.5,y=0.25and (c) x =0.9, y = 0.05.

The dielectric properties of ferrites cause local-
ized accumulation of charge under the influence of
electric field. The polarization in ferrites is similar
to the conduction of electrons in Fe’* and Fe’™.
At lower frequencies the conduction is favorable
and, as a result, the dielectric constant is high but

it continuously decreases with increasing fre-
quency because the electron exchange between
Fe?* and Fe3* cannot follow the higher AC field
frequency. Largeteau et al. [19] showed that per-
mittivity values are composition dependent and for
ferrites containing ferrous ions in excess, the rela-
tive real permittivity usually attains values as high
as 10° to 10° for the frequency ranging from 10> Hz
to 10° Hz. The observed permittivity values ¢’ are
of the order of 10* in the frequency range of 10> Hz
to 10° Hz. The low dielectric values make these fer-
rites useful in higher frequency applications [20].

at 1 kHz
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Fig. 9. Variation of dielectric constant with cobalt con-
tent for the Mn—Zn ferrite nanopowders.

Fig. 9 shows the variation of dielectric constant
with an increase in cobalt concentration at differ-
ent frequencies (1 kHz, 10 kHz and 100 kHz). The
decrease of dielectric constant with cobalt substitu-
tion can be explained on the basis of the mechanism
of polarization process in ferrites, which is similar
to that in the conduction process.

The whole polarization in ferrites is mainly con-
tributed by the space charge polarization which
is governed by the number of space charge carri-
ers. The conductivity in materials and the hopping
exchange of the charges between two localized
states is governed by density of the localized states
and the displacement of the charges with respect
to the external field. The addition of cobalt ions
reduces the iron ions in B-sites, which is mainly
responsible for both space charge polarization and
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hopping exchange between the localized states.
Therefore, the increase in cobalt content causes a
decrease in polarization which is accomplished by
a decrease of dielectric constant, ¢, of the compo-
sition. Koops et al. [21] suggested that the effect of
grain boundaries is predominant at lower frequen-
cies. The thinner grain boundary, the higher the di-
electric constant. The decrease in dielectric con-
stant promotes the quality factor at high frequen-
cies. The numerical values for dielectric constants
at different frequencies are given in Table 2.

254
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0.2 0.4 0.6 0.8
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Fig. 10. Variation of dielectric loss with cobalt content
for the Mn—Zn ferrite nanopowders.

The variation of dielectric loss tangent with
cobalt concentration is shown in Fig. 10. It is ob-
served that at frequencies 1 kHz and 10 kHz the
dielectric loss increases with an increase in cobalt
content and then decreases. But at a frequency of
100 kHz the dielectric loss is found to be gradually
decreasing.

3.3. AC conductivity

The AC conductivity of the material is fre-
quency dependent. The AC conductivity of the
CMZF samples was estimated from the dielectric
parameters.

Fig. 11 shows the dependence of AC conduc-
tivity on cobalt concentration and frequency of
the applied AC field. It suggests that AC con-
ductivity is strongly frequency dependent. It is
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10* 10°
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10’

Log Frequency (Hz)

Fig. 11. Variation of AC conductivity with frequency
for Cox MnyZnyFe;O4 with (a) x = 0.1,y =
045®)x=0.5,y=025and (c) x =009,y =
0.05.

evident from the graph that AC conductivity in-
creases with increasing frequency. The conduc-
tion mechanism in ferrites can be explained on
the basis of hopping of charge carriers between
Fe?t—Fe3* ions in octahedral sites [22]. The AC
conductivity of a system depends on the dielec-
tric properties and capacitance of the material.
The variation of AC conductivity of CMZF indi-
cates the conductivity dispersion throughout the
range of frequency under investigation. This be-
havior may be attributed to the presence of space
charge in the material [23]. The doping of CMZF
with different concentrations of cobalt results in the
modification of the conductivity spectrum. Further,
it is observed that as cobalt content increases the
AC conductivity decreases.

3.4. Impedance spectroscopy

Impedance spectroscopy is an important
method to study the electrical properties of ferrites
as the impedance of grains can be separated from
the other impedance sources, such as impedance of
electrodes and grain boundaries. One of the most
important factors which influences the impedance
properties of ferrites is the micro structural effect.
The impedance measurement gives us informa-
tion about the resistive (real part) and reactive
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Table 2. Dielectric constants at different frequencies.

Dielectric constant

Samples
at 1kHz at 10 kHz at 100 kHz
C00.1Mn0.45Zn0,45F6204 18785.8572 9017.0618 4599.6196
CopsMng 5Znyr5FerO4  15679.6318 5982.7864 3769.3166
Cog9Mng g5Zng osFeo Oy  8877.4788 3644.987 3422.8054

(imaginary part) components of a material. The
impedance behavior can be described by Debye’s
formula for a serial-parallel resistor-capacitor (RC)
circuit with elements that correspond to the dielec-
tric behavior of different components [24]. The
complex impedance response commonly exhibits
semicircular forms in the measured Cole-Cole plot
as shown in Fig. 12.

36 - (c)
] VVV-¥—y.
24-‘.' \b"
18 v
124
36 4 (b)
£ 1la—*
= 30y e
[=] ‘. e,
= 24 4
18 4 .,
36 - (a)
30 :. ——
24 4
18 4
.50 -40 30 20 10
A}
Z ohm

Fig. 12. Cole-Cole plot for CoxMnyZnyFe,O4 with (a)
x=0.1,y=0.45(b)x=0.5,y =0.25 and (¢)
x=0.9,y=0.05.

It is evident that a single semicircle is seen
for all the compositions, however, the semi-
circle appears to be smaller for the compo-
sition Cog sMng»57Zng25Fe,O4. Decentralization

of the semicircles has been observed in composi-
tions of Mn ferrite [25]. The grain-boundary resis-
tance is normally higher than the grain interior and
the probing interface resistance is higher than that
of the boundary. The larger radius of the Cole-Cole
plot in frequency space corresponds to contribution
from a constituent of lower resistance [26]. There-
fore, the semicircle can be attributed to the behav-
ior of grain interior.

3.5. FT-IR spectroscope studies

The FT-IR spectra analysis was carried out
with an FT-IR spectrometer, having the resolu-
tion of spectral range covering 4000 cm~! to
400 cm~!, range commonly used in a first de-
termination step. The sample pellets were pre-
pared using 100 mg of dry KBr and 2 mg of
the obtained CoxMnyZnyFe,0O4 nanopowder. The
FT-IR spectra of the CoxMnyZnyFe,O4 materials
are shown in Fig. 13. The patterns confirm the pres-
ence of cobalt ferrite and hydroxides. The peaks
at ~3414 cm~! have been assigned to asymmetric
and symmetric OH stretching vibrations of lattice
water. The adsorbed water is featured by the bands
at 1690 cm~! assigned to the &6 H-O—H bonding
mode. The bands at 2924 cm~! are assigned to
C-O0 stretching vibrations. Two bands are observed
around of 585 cm™! and around 450 cm™~! for all
CoxMnyZnyFe,04 samples. These two vibrations
bands correspond to the intrinsic lattice vibrations
of octahedral and tetrahedral coordination com-
pounds in the spinel structure, respectively [27].
The different frequency between the characteris-
tic vibrations may be attributed to the long band
length of oxygen-metal ions in the octahedral sites
and shorter band length of oxygen-metal ions in
the tetrahedral sites. The difference in the ab-
sorption position in the octahedral and tetrahedral
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complexes of CoxMnyZnyFe,O4 crystal is due to
the difference in the distance between Fe3*—0%~ in
the octahedral and tetrahedral sites [28]. The XRD
results and FT-IR results confirm the presence of
impurity free nanocrystalline CoxMnyZnyFe;Oy4.

Co, Mn  Zn FeO,

005 0.05

Co, Mn_,.Zn FeO,

[N
)

Co, Mn_, Zn  Fe O,

TRANSMITTANCE (%)

o
o
)

T T T T
2500 2000 1500 1000

WAVENUMBER cm”

T T
4000 3500 3000 500

Fig. 13. The FI-IR patterns of CoxMnyZnyFe;0O4 with
(@x=0.1,y=045®)x=0.5,y=0.25 and
(c)x=0.9,y =0.05.

4. Conclusions

The nanostructured ferrite CoxMnyZnyFe;Oy
(x = 0.1, 0.5, 0.9 and y = 0.45, 0.25, 0.05) sam-
ples were successfully prepared by chemical co-
precipitation method. The effect of cobalt dop-
ing on the structural and electrical properties of
the Mn—Zn ferrite was studied. The XRD analy-
sis showed that the prepared samples had a pure
phase tetragonal structure. The higher angle peak
shift was observed with an increase in cobalt con-
centration in Mn—Zn ferrite. The XRD results re-
vealed that the crystallite size of the nanocrystalline
powder was found to decrease from 37 nm to 28 nm
with the substitution of cobalt. The lattice param-
eter values increased with increasing the cobalt
content up to x = 0.5. With a further increase in
the cobalt content the values decreased due to the
higher density of cobalt in the unit cell. The SEM
micrographs indicated that the CMZF nanopow-
ders possessed a relatively narrow size distribu-
tion. From the W-H analysis, it was observed that
the strain changed from tensile into compressive
on increasing the cobalt content in Mn—Zn ferrite.
The dielectric constant and dielectric loss were

found to decrease with an increase in cobalt sub-
stitution. The permittivity values ¢’ were of the
order of 10* in the frequency range of 10> Hz to
103 Hz and decreased to the order of 10° with fre-
quency. AC conductivity increased with increasing
frequency. It was also observed that as the cobalt
content increased the AC conductivity decreased.
The resistive and capacitive properties of the Co—
Mn-Zn ferrite were discussed using the Cole-Cole
plot analysis.
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