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Abstract The Co substitution in Ni-Zn ferrites with respect
to their structural and magnetic properties has been inves-
tigated in favor to select a material for future electro-
magnetic interference (EMI) shielding application purpose.
Ni0.6−xZn0.4CoxFe2O4 (x = 0, 0.03, 0.09, 0.27) nanoparti-
cles were synthesized using a sol-gel method and annealed
at 700 ◦C. The prepared Ni0.6−xZn0.4CoxFe2O4 samples
were characterized for their structural, stoichiometric, and
magnetic properties. X-ray diffraction patterns reveal the
formation of single-phase spinel cubic structure formed at
x = 0.27. The influence of Co doping on structural prop-
erties of Ni-Zn ferrite was examined with X-ray diffraction
and field emission scanning electron microscopy. The stoi-
chiometry of prepared samples has also been examined by
energy-dispersive X-ray spectroscopy. The magnetic behav-
ior was studied using a vibrating sample magnetometer at
room temperature. The variations in values of saturation
magnetization were explained on the basis of spin canting
effect imparted by hematite (α-Fe2O3) phase with spinel
phase. Ni0.6−xZn0.4CoxFe2O4 with x = 0.27 possesses best
saturation magnetization and can be useful in EMI shielding
material.
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1 Introduction

The last decade has been marked for the spinel ferrites as
these materials become promising candidates for emerging
research by virtue of their good magnetic properties and
high resistivity over a wide range of frequencies (few hun-
dred Hz to several GHz). Spinel ferrites are technologically
very important materials because of their magnetic, elec-
trical, and optical properties, having a general formula of
MFe2O4 (where M is divalent metal cations such as Fe2+,
Co2+, Ni2+, Zn2+, etc.). These ferrites have been widely
used in electronic and magnetic devices because of their
unique properties like high magnetic permeability, low mag-
netic losses, high thermal stability, high electrical resistivity,
electrolytic activity, and resistance to corrosion [1, 2]. The
chemical, structural, electrical, and magnetic properties of
spinel ferrites are strongly influenced by their compositions,
synthesis methods, and cation substitutions [3]. Nowadays,
soft ferrimagnetic Ni-Zn ferrites are a subject of intense
research because they possess high resistivity, moderate
saturation magnetization, low coercivity, high Curie tem-
perature, good mechanical hardness, and chemical stability
[4]. Owing to their excellent properties, Ni-Zn ferrites are
promising magnetic materials used in many applications
such as antenna rods, recording heads, loading coils, core
materials for power applications, microwave devices, etc.
[5–8].

The magnetic properties of Ni-Zn ferrites can be
enhanced by doping of various metals such as chromium,
copper, manganese, cobalt, zinc, etc. [9]. Doped Ni-Zn fer-
rites possess high resistivity and high permeability and can
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be used in radio-frequency (RF) electronic device applica-
tions [10]. Codoped Ni-Zn ferrites are a very much approved
material in electromagnetic interference (EMI) shielding
applications. B. P. Rao et al. [11] reported the Co-dependent
magnetic behavior of Ni0.35Zn0.65−xCoxFe2O4 (x = 0 to
0.25) synthesized using a conventional ceramic technique.
S. R. Shannigrahi et al. [12] described the EMI shielding
nature of (NixR1−x)0.5Zn0.5Fe2O4 composite thin film pre-
pared by microwave sintering and melt blending approach
(R = Mn, Co, Cu; x = 0, 0.5). It has been found that,
among the different dopants, Codoped ferrite shows the best
saturation magnetization and high EMI shielding effective-
ness value. X. Shen et al. [13] also studied the microwave
absorbing properties of (NixZn1−x)CoyFe2−yO4 (x = 0.0,
0.4, 0.5, 0.6; y = 0.0, 0.01) synthesized using a hydrother-
mal route and showed an increased saturation magnetization
as a function of Co doping. J. S. Ghodake et al. [14]
have reported the permeability and magnetic behavior of
Co-substituted Ni-Zn ferrites processed using an oxalate
precursor method. S. L. Pereira et al. [15] investigated the
modified magnetic behavior of Cosubstituted Ni-Zn fer-
rite synthesized using a hydrothermal process. L.-Z. Li et
al. [16] studied the influence of Cu and Co substitution
on the properties of Ni-Zn ferrite thin films synthesized
using a solgel method. On the basis of the above discus-
sion, here, this work is intended to study the magnetic
properties of Codoped Ni-Zn ferrite. The soft magnetic
materials are used as EMI shielding materials, having a
high value of saturation magnetization and a low value of
coercivity. Consequently, Co has been introduced in Ni-
Zn ferrite to enhance the saturation magnetization. There
are very few reports available on Codoped Ni-Zn ferrite

nanoparticles for EMI shielding application. In the present
paper, distinctive composition of Ni0.6−xZn0.4CoxFe2O4

(x = 0, 0.03, 0.09, 0.27) has been reported. Ni-Zn fer-
rite has been doped with Co and processed using a solgel
method because of exclusive advantages like low processing
temperature, homogeneous reaction distribution, excellent
composition control, costeffectiveness, and better results
over other complex methods. The effect of cobalt doping on
structure, morphology, stoichiometry, and magnetic prop-
erties has been studied on the basis of Co ion distribution
and spin canting effect by X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), energy-
dispersive X-ray spectroscopy (EDX), and vibrating sample
magnetometer (VSM), respectively.

2 Experimental Details

2.1 Synthesis of Ni-Zn Ferrite and Co-Doped Ni-Zn
Ferrite Nanoparticles

The ferrite nanoparticles have been synthesized using a
solgel method. The chemicals nickel nitrate hexahydrate
(Ni(NO3)2·6H2O), zinc nitrate hexahydrate (Zn(NO3)2 ·
6H2O), cobalt nitrate hexahydrate (Co(NO3)2 · 6H2O), fer-
ric nitrate nonahydrate (Fe(NO3)3 · 9H2O), and citric acid
monohydrate (C6H8O7) were used as raw materials to pre-
pare Ni0.6−xZn0.4CoxFe2O4 (x = 0, 0.03, 0.09, 0.27)
nanoparticles. The appropriate amounts of nitrates were dis-
solved in distilled water under magnetic stirring for 30 min,
and then citric acid monohydrate was dissolved in it with a
nitrate-to-citric acid molar ratio of 1:3. Ammonia solution

Fig. 1 Schematic diagram of
sol-gel method to synthesize
Ni0.6−xZn0.4CoxFe2O4
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was added into the solution to an adjusted pH level of 7, kept
at 75 ◦C, and stirred continuously until the solution changed
into gel. The gel was dried at 110 ◦C for 24 h and annealed
at 700 ◦C for 5 h. Finally, desired ferrite nanoparticles have
been obtained. An schematic diagram of sol-gel method is
shown in Fig. 1.

2.2 Characterization

Prepared Ni0.6−xZn0.4CoxFe2O4 (NZCF) (x = 0, 0.03,
0.09, 0.27) samples were characterized by Shimadzu-6000
XRD using Cu-Kα (λ = 1.546Å) radiation for phase
identification, measurement of crystallite size, and other
structural parameters. Morphology and elemental analysis
of the prepared samples were observed by Carl Zeiss Modal
No-Ultra Plus-55 FESEM and Oxford Instruments EDX,
respectively. The effect of Co doping on the magnetic prop-
erties of Ni-Zn ferrite has been examined by PAR-155 VSM
in a magnetic field range from −10 to +10 KOe.

3 Results and Discussions

3.1 Structural Characterization

Structural analysis of the Ni0.6−xZn0.4CoxFe2O4 (x = 0,
0.03, 0.09, 0.27) samples has been performed using the
powder XRD patterns and is presented in Fig. 2. The
XRD peaks (111), (022), (113), (222), (004), (224), (333),
and (044) indicate that the prepared sample at x = 0.27
has a single-phase spinel cubic structure. The other pre-
pared samples at x = 0, 0.03, and 0.09 have partial
formation of secondary hematite phase with spinel-phase
cubic structure. In the reported literature, it has been found
that the Ni-Zn ferrite nanoparticles prepared using a sol-
gel method and annealed below 700 ◦C have single-phase

Fig. 2 XRD spectra of Ni0.6−xZn0.4CoxFe2O4 (x = 0, 0.03, 0.09,
0.27)

spinel structure [17, 18]. The diffraction peaks have good
agreement with standard JCPDS card nos. 52-0277 and 89-
0599 corresponding to spinel Ni-Zn ferrite and secondary
hematite phase, respectively. The peak intensity of sec-
ondary hematite phase is in the order Ix=0.03 > Ix=0.09 >

Ix=0 and it also found that secondary phase diminished at
high concentration of cobalt doping. The average crystallite
size of all prepared samples has been calculated from full
width at half maximum (FWHM) of most prominent peak
(113) of XRD patterns using Scherer’s (1) [19].

D = 0.9λ/β cos θ (1)

where D is the average crystallite size, β is the FWHM of
the peak intensity measured in radians, λ = 1.54 Å is the
wavelength of X-ray, and θ is Bragg’s angle. It is found that
crystallite size (D) increases with cobalt doping from 25 to
31 nm. This might be due to the replacement of Ni2+ (ionic
radii = 0.69 Å) ions by larger Co2+ (ionic radii = 0.745 Å)
ions in octahedral sites, resulting to size enlargement of unit
cells. The crystallite size (D) obtained at x = 0.03 (28 nm)
and x = 0.09 (29 nm) is nearly the same. Also, other
calculated structural parameters at x = 0.03 and 0.09 pos-
sess approximately the same values by virtue of this small
dopant variation. Hence, the calculated crystallite size (D)

and other structural parameters at x = 0.09 are not listed in
the table.

The effect of Co doping on structural parameters includes
d spacing (d) [20] and lattice constant (a) [21] that have
been calculated and presented in Table 1, using the follow-
ing relations (2 and 3):

2d sin θ = nλ (2)

a = d ×
√

h2 + k2 + l2 (3)

It has been noticed that the d spacing (d) as well as the
lattice constant (a) decreased at x = 0.03 and then increased

Table 1 Crystallite size (D), d spacing (d), and lattice constant (a)

calculated from the prominent peak (113) of XRD; crystallite size (W-
H D); and strain (W-H ε) calculated from Williamson-Hall plots at
x = 0, 0.03, and 0.27

x (Co doping) D (nm) d (Å) a (Å) W-H

D (nm) ε

0.00 25 2.5209 8.3608 30 0.0170

0.03 28 2.5195 8.3563 33 0.0176

0.27 31 2.5209 8.3608 32 0.0111
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Fig. 3 W-H plots of Ni0.6−xZn0.4CoxFe2O4 at a x = 0, b x = 0.03 and c x = 0.27

at x = 0.27 value of Co doping. The slight decrease in lat-
tice constant (a) at x = 0.03 value of Co doping is attributed
to lattice shrinkage caused by segregation of Co2+ ions at
grain boundaries and, possibly, by high secondary phase
effect. The crystallite size (W-H D) and strain (W-H ε)
estimated from Williamson-Hall (W-H) method is inscribed
in Table 1. The width of individual reflections in the W-H
method has been expressed by Eq. 4 [22].

β cos θ = kλ/D + 4ε sin θ (4)

where β is the FWHM of peaks, D is the crystallite size,
λ is the wavelength of Cu-Kα radiation, and ε is the strain.
Figure 3a–c shows the W-H plots for x = 0.0, 0.03, and
0.27, respectively. The obtained values of crystallite size
(W-H D) from W-H plots are approximately equivalent to
those calculated using Scherer’s formula. The positive slope
of the linear fit in W-H plots shows a tensile strain present in
all prepared samples [22]. The tensile strain firstly increased
at x = 0.03 and then decreased at x = 0.27 value of Co dop-
ing. The increased tensile strain at x = 0.03 is attributed to
lattice distortion caused by high secondary hematite phase
effect. Finally, it is concluded that the strain present in the

crystal structure is proportional to the concentration of the
secondary hematite phase with primary phase.

3.2 FESEM-EDX Characterizations

The prepared samples were further characterized by
FESEM for morphological study. Figure 4 shows the
FESEM micrographs of Ni0.6−xZn0.4CoxFe2O4 (x = 0,
0.03, 0.27). It is observed that the morphology of pre-
pared samples is very similar to each other. The crystallinity
increased with Co2+ doping has been marked, and the par-
ticle sizes lie in nanometer range, having fairly narrow size
distribution with some agglomeration of particles.

The stoichiometry study of prepared samples has been
performed by EDX. The EDX spectra of Ni0.6−xZn0.4Cox

Fe2O4 (x = 0, 0.03, 0.27) are being presented in Fig. 5a–c.
The results revealed that the prepared samples other than
x = 0.27 composition are in off-stoichiometry. At x =
0.27, all the elements are found in expected composition.
The obtained ratio of O:Fe:Ni:Co:Zn is 4:2:0.33:0.27:0.4 at
x = 0.27. On the basis of these findings, it has been con-
cluded that the sample prepared at x = 0.27 attains good
stoichiometry.

Fig. 4 FESEM micrographs of Ni0.6−xZn0.4CoxFe2O4 at a x = 0, b x = 0.03 and c x = 0.27
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Fig. 5 EDX micrographs of Ni0.6−xZn0.4CoxFe2O4 at a x = 0, b x = 0.03 and c x = 0.27

3.3 Magnetic Characterization

The magnetic properties of Ni0.6−xZn0.4CoxFe2O4 (x = 0,
0.03, 0.09, 0.27) have been studied using a VSM at room
temperature and are illustrated in Fig. 6a–d. The obtained
values of saturation magnetization (Ms), retentivity (Mr),
coercivity (Hc), and squareness ratio (Mr/Ms) from the
VSM are listed in Table 2.

The magnetization of ferrite material strongly depends
upon the super-exchange interaction between octahedral (B)
and tetrahedral (A) site magnetic ions. The net magnetic

moment (M) of the lattice is M = M (B) − M (A) where
M (B) and M (A) are the magnetic moments of B and A
sites, respectively [23]. Ni-Zn ferrite has a mixed spinel
structure. The octahedral sites are occupied by Ni2+ and
Fe3+ ions, whereas tetrahedral sites are occupied by Zn2+
and Fe3+ ions [24]. Co2+ ions have tendency to occupy
octahedral sites [25]. The standard magnetic moment val-
ues of Zn2+, Ni2+, Co2+, and Fe3+ ions are 0, 2, 3 and
5 μB respectively. The obtained value of saturation mag-
netization (Ms) is 35.61, 29.58, 30.57 and 59.75 emu/g at
x = 0, 0.03, 0.09 and 0.27 respectively. The observed

Fig. 6 Hysteresis loops of
Ni0.6−xZn0.4CoxFe2O4 at a
x = 0, b x = 0.03, c x = 0.09
and d x = 0.27 at room
temperature (300 K)
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Table 2 Saturation magnetization (Ms), retentivity (Mr), coercivity
(Hc), and squareness ratio (Mr/Ms) measured using a VSM

x (Co doping) Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms

0.00 35.61 06.24 126.28 0.1752

0.03 29.58 07.15 188.00 0.2417

0.09 30.57 08.98 193.11 0.2937

0.27 59.75 14.26 236.46 0.2386

variation in saturation magnetization (Ms) is explained on
the basis of Co doping and secondary hematite phase. The
effect of secondary hematite phase on saturation magne-
tization (Ms) is explained on the basis of spin canting
effect (Fig. 7). The low value of saturation magnetization
(Ms) at x = 0.03 by virtue of anti-ferromagnetic hematite
phase is present in large extent with spinel phase. The
interaction of anti-ferromagnetic hematite phase with fer-
romagnetic spinel phase causes the dominant spin canting
and decreases the total magnetic moment. This conse-
quently decreases the saturation magnetization (Ms) of the
system [26].

The obtained values of saturation magnetization and
canting effect at x = 0.03 and 0.09 have been found nearly
the same because of this much small dopant variation as can
be seen in Table 2. Increased saturation magnetization (Ms)

at x = 0.27 is credited to high magnetic moment of Co2+
(3 μB) ions. The Co2+ (3 μB) ions replace the Ni2+ (2 μB)

ions in B sites and increase the B site magnetic moment.
These consequently increase the super-exchange interaction
and total magnetic moment. Thus, the increase in saturation

magnetization (Ms) is observed. The value of coercivity
(Hc) has been slightly increased with Co doping because of
their high crystalline anisotropy energy. The above results
show that all prepared powder samples are magnetically soft
in nature and, among them at x = 0.27, have highest sat-
uration magnetization value. The best magnetic behavior
at x = 0.27 indicates that this material can be useful in
EMI shielding material. The relation between Co doping,
crystallite size (D), saturation magnetization (Ms), coerciv-
ity (Hc), secondary phase, and strain (W-H ε) is shown in
Fig. 8. It is concluded that crystallite size (D) increases with
Co doping because of larger ionic radii of Co2+ (0.745 Å)
ions as compared to Ni2+ (0.69 Å). The value of coer-
civity (Hc) increases with Co doping. The high crystalline
anisotropy energy of Co2+ ions slight increases the value
of coercivity (Hc) in ferrite. The secondary hematite phase
found in the prepared samples first increased at x = 0.03
and then decreased with cobalt doping and diminished at
x = 0.27.

Figure 8 shows that as secondary phase increases in
the samples, strain also increases. It means that strain is
proportional to the secondary hematite phase. The satu-
ration magnetization (Ms) is also strongly influenced by
secondary hematite phase. The secondary hematite phase
with spinel phase is greater, resulting to higher spin canting
effect which, in turn, reduces the value of saturation mag-
netization (Ms). The saturation magnetization (Ms) of the
ferrite inversely depends on the secondary hematite phase.
The behavior of sample at x = 0.09 is not included in
Fig. 8 because of the findings of nearly the same crystallite
size (D) and similar magnetic behavior as observed in the
sample at x = 0.03.

Fig. 7 Spin canting behavior in
Ni0.6−xZn0.4CoxFe2O4 systems
on Co doping
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Fig. 8 The relation between Co
doping, crystallite size (D),
saturation magnetization (Ms),
coercivity (Hc), secondary
phase, and strain (W-H ε)

4 Conclusion

The present study demonstrated the effect of Co dop-
ing on structural and magnetic properties of Ni0.6−xZn0.4

CoxFe2O4 (x = 0, 0.03, 0.09, 0.27) synthesized using a
solgel method. XRD study revealed that samples prepared
at x = 0.27 have singlephase spinel cubic structure. There
is partial formation of secondary hematite phase (α-Fe2O3)

with spinelphase cubic structure of Ni0.6xZn0.4CoxFe2O4

(x = 0, 0.03, 0.09). The crystallite size (D) increases with
Co doping because of larger ionic radii of Co2+ ions as com-
pared to Ni2+ ions. The secondary phase firstly increased
with Co doping (x = 0.03) and then decreased with Co dop-
ing (x = 0.09) and diminished at high concentration of Co
doping (x = 0.27). The strain present in the crystal struc-
ture also increases with secondary phase because of lattice
distortion produced by secondary phase. The crystallinity of
prepared samples increases with Co doping and has been
investigated by FESEM. EDX study revealed that all the
elements which are present in the sample at x = 0.27 are
desired and in stoichiometric ratio, but the samples other
than this are in off-stoichiometry. The saturation magne-
tization (Ms) firstly decreases with Co doping and then
increases as observed from a VSM study. The reduced value
of saturation magnetization (Ms) at x = 0.03 is attributed to
the dominant spin canting effect caused by prominent sec-
ondary phase found in the sample. The values of retentivity
(Mr) as well as coercivity (Hc) increased with Co doping
due to the anisotropy energy of Co imparted in Ni-Zn ferrite.
Similar crystallite size (D) and magnetic behavior observed

at x = 0.03 and 0.09 because of minute dopant variation.
The higher value of saturation magnetization at x = 0.27
indicates that this material can be useful in EMI shielding
material.
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