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a b s t r a c t

Ni–Co nanoferrites show excellent magneto-dielectric properties and these materials can be used to
miniaturize the size of the high frequency devices which is the order of the day. Nanocrystalline Ni–Co
ferrites having general formula Ni1−xCoxFe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) were prepared by co-
precipitation method. The structural morphology of the prepared samples was carried out using scanning
electron microscopy. The results showed the spherical shaped nanoparticles varying in the range of
16–40 nm. The complex relative permittivity (εr) and complex relative permeability (�r) were measured
iCo nanoparticles
ynthesis
icrowave absorbing properties

using vector network analyzer for all the samples in the frequency range of 1 MHz to 3 GHz. The vari-
ation of complex relative permittivity (εr) as a function of frequency is explained in accordance with
Maxwell–Wagner model and Koop’s phenomenological theory. The effect of frequency and cobalt con-
centration on permeability are reported. The reflectivity (R) of nanoferrites is also calculated. The value
of minimum reflection loss (RL) is about −18 dB at 2.45 GHz with a thickness of 2.1 ± 0.1 mm. The results
indicate that Ni1−xCoxFe2O4 nanoparticles have excellent microwave absorbing properties and have a

y use
great potential for militar

. Introduction

Ferrite is one of the materials used for an electromagnetic
ave absorber [1]. A number of investigations have been reported

or studying the effect of composition on the electromagnetic
ave absorption properties [2]. The microstructure and magnetic
roperties of polycrystalline ferrites are highly sensitive to the
reparation techniques, doping level and the sintering conditions
3,4].

The spinel ferrites show interesting magnetic and electrical
roperties in the nano crystalline form compared with those of the
icrometer-size grains. Nano-phase spinel ferrites have attracted
uch attention due to their technological importance in different

elds, such as microwave devices, high speed digital tapes and disk
ecording, ferro-fluids, catalysis, and magnetic refrigeration sys-
ems [5–7], biosensors, recording colour imaging, targeted drug
elivery, catalysts, and pigments [8,9]. The interesting and use-

ul magnetic properties of spinel ferrites depend on the choice
f cations along with Fe2+ and Fe3+ ions and their distribution
etween tetrahedral (A) and octahedral (B) sites of the spinel lattice
4,10–12].
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Ni–Co ferrites are important electronic materials which are used
in electronic devices suited for high-frequency applications in the
telecommunication field [12]. These materials are commercially
used in high-quality filters, rod antenna radio frequency circuits,
transformer cores, read/write heads for high-speed digital tape and
operating devices [12,13]. The excellent electromagnetic proper-
ties of these materials make them suitable for size reduction of
high frequency application devices. The size of the antenna can be
reduced using a material of higher refractive index, i.e. n = (ε′·�′)1/2

where n is the refractive index, ε′ and �′ are the real values of per-
mittivity and permeability, respectively [14]. In the present work,
the permittivity and permeability of the synthesized Ni–Co ferrites
prepared by co-precipitation method is reported in the frequency
range of 1 MHz to 1 GHz to find their usefulness in high frequency
devices. The preparation detail and characterization of this mate-
rial by X-ray and electrical properties are described elsewhere [15].
The lattice constants and particle size obtained from X-ray data are
given in Table 1.

2. Experimental procedures
2.1. SEM and EDS studies

Scanning electron microscopy images (SEM) and EDX were made using a JEOL-
instrument Japan (JSM-3-5-CF). SEM micrographs of co-precipitated Ni-ferrites and
their partial distribution are shown in Fig. 1. As seen from the micrographs, the
dimension of the particle is varying in the range of 16–40 nm.

dx.doi.org/10.1016/j.jallcom.2010.12.082
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Table 1
Crystallite size t for (3 1 1), real and imaginary parts (ε′ , ε′′) of the permittivity at
1 GHz and 3 GHz. For XRD see Ref. [7].

Parameters Cobalt concentration

x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

t(3 1 1) nm 17 21 15 25 23 33
ε′at 1 GHz 3.44 3.23 3.22 2.99 2.04 1.34
ε′ at 3 GHz 12.60 12.30 11.20 11.10 7.14 4.88
ε′′ at 1 GHz 10.20 15.80 17.70 28.9 60.40 75.40
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Table 2
Lattice constants aexp obtained from XRD, real and imaginary parts of the complex
relative permeability and reflectivity (R) at 1 GHz and 3 GHz.

Parameters Cobalt concentration

x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

aexp (A) 8.335 8.341 8.342 8.344 8.345 8.346
SEM (nm) 45 25 20 16 24 30
�′ at 1 GHz 384.63 450.65 382.02 303.32 357.80 235.04
ε′′ at 3 GHz 11.40 11.8 12.00 12.20 41.60 66.00
tan ı at 1 GHz 0.0212 0.0297 0.0869 0.0530 0.0866 0.0563
tan ı at 3 GHz 1.02 0.940 0.925 0.928 0.918 0.953

.2. Magneto-dielectric measurements

The complex permittivity and permeability of the samples have been mea-
ured using an Agilent E4991A RF impedance/materials analyzer [16] over 1 MHz
o 1 GHz, with the 16453A (permittivity) and 16454A (permeability) test fixtures,
espectively.

The capacitance method was used to measure relative permittivity. The dielec-
ric constant (εr) was calculated by the standard relation [17].

r = Cd

ε0A
(1)

here C is the capacitance of the pellet in farad, d is the thickness of the pellet in
eters, A is the cross-sectional area of the flat surface of the pellet and ε0 is the

ermittivity for free space.
The dielectric loss tangent (Dε) for a sample was measured directly, which could

e determined in terms of real (ε′) and imaginary parts (ε′′) of dielectric constant as

ε = tan ı = ε′′

ε′ (2)

he E4991A uses the inductance method to measure relative permeability. In this
ethod, a DUT (toroidal core) is wrapped with a wire, and the relative permeability
s calculated from the inductance values at the end of the core.
The complex relative permeability of the ring sample can be determined by the

elation

r = 2�(L − Ls)
�0h ln (c/b)

+ 1 (3)

Fig. 1. SEM and EDX of sintered powders of Ni(1−x)Co(x)Fe2O4 at 800 ◦C for 8 h.
�′′ at 1 GHz 18.20 21.40 17.00 15.60 14.40 11.10
R (dB) at 1 GHz −1.60 −1.53 −1.76 −1.74 −1.63 −1.07
R (dB) at 3 GHz −2.99 −2.93 −3.40 −3.36 −3.05 −2.03

where L is the inductance of 16454A test fixture with sample and Ls is the inductance
of the same test fixture without sample, �0 is the relative permeability of air, h, b
and c are the thickness, internal and outer diameters of the ring shaped sample. The
inductance of 16453A test fixture is Ls calculated using the following relation [16]

Ls = �0

2�
h0 ln

e

a
(4)

where h0, e and a are the thickness, outer and internal diameters of the 16454A test
fixture.

The magnetic loss tangent (D�) is determined by the relation

D� = tan ı = �′′

�′ (5)

where �′and �′′ are the imaginary and real parts of the complex relative permeabil-
ity, respectively.

The reflectivity (R) of nanoferrites is also calculated using the following formula
[16]:

Zin =
[

�r

εr

]1/2

tanh

[
j

(
2�fd

c

)
(�r εr )

]1/2

(6)

R (dB) = 20 log10

[
Zin − 1
Zin + 1

]
(7)

where Zin is the normalized input impedance in free space, c is the velocity of
light in vacuum, and f is the frequency of microwave in free space. εr = (ε′ − jε′′),
�r = (�′ − j�′′), and d are the complex permittivity, complex permeability, and thick-
ness of the sample, respectively.

3. Results and discussion

3.1. SEM morphology

SEM micrographs of Ni1−xCoxFe2O4 (0.0 ≤ x ≤ 0.5) nanoferrites
are shown in Fig. 1. As seen from the micrographs, the dimension of
the particle is varying in the range of 16–40 nm. Fig. 1 shows the sur-
face morphology of Ni(1−x)Co(x)Fe2O4 samples with x (0.0 ≤ x ≤ 0.5),
respectively. Relatively less porous, dense material formation is
apparent in the samples with a remarkable change in grain size.
The average grain size determined by the linear intercept method
is fairly consistent with that obtained from XRD technique, already
reported [15]. The EDS also shows a fair resemblance with ini-
tial composition. The comparison of the results of XRD (Table 1)
and SEM reveals that, the substitution of Co ions for Ni in the
Ni1−xCoxFe2O4 ferrite system shows an increase in bulk density and
decrease in porosity and particle size of the host material. Similar
observations are reported [17] (Table 2).

3.2. Complex relative permittivity

The frequency dependence of the dielectric constant for all the
samples in the frequency range of 1 MHz to 1 GHz is shown in
Fig. 2. A study of the figure shows that dielectric constant reached
nearly a constant at higher frequency. After certain increase in fre-

quency all the samples exhibit a nearly frequency independent
behavior. The observed variation in ε′ can be explained on the
basis of space-charge polarization. According to Maxwell–Wagner
two-layer model [18,19], the space-charge polarization is due to
the inhomogeneous structure of dielectric material. It is formed by
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Fig. 4. Real part of permeability of Ni–Co nanoferrites in the frequency range of
1 MHz to 1000 MHz.

distance in B-sites [26,27].
ig. 2. Real permittivity of Ni–Co nanoferrites in the frequency range of 1 MHz to
000 MHz.

arge well conducting grains separated by poorly conducting grain
oundaries [20]. The electrons reach the grain boundary through
opping. If the resistance of the grain boundary is large, the elec-
rons pile up at the grain boundary and produce polarization. When
he frequency of the applied field is increased, the probability of
he electrons to reach the grain boundary decreases. This decreases
he polarization and hence the dielectric constant decreases with
ncrease in frequency [21,22].

Fig. 2 indicates that the dielectric constant also depend upon
he increase of cobalt concentration in nickel ferrite. Iwauchi [23]
ointed out that there is strong correlation between dielectric
ehavior and the conduction mechanism in ferrites. Conduction
echanism in Ni–Co ferrites is the result of electron and hole hop-

ing between ions of same element exiting in different valence state
n octahedral site [5,24]. Fe3+ ions distribute in two distinct sites,
ut most Fe3+ ions exist in octahedral site (B-site). The cobalt ferrite

s known as the completely inverse spinel [25], while the nickel fer-
ite is mixed spinel structure with 80 degree of inversion. Therefore
he increase in concentration of cobalt will result in replacement
f Ni ions on A and B sites, as well as migration of Fe ions from B
ite to A site. The decrease in Fe ion on B site will result a decrease
n electron hopping. As a result, less number of electrons reach the
rain boundary, hence the polarization as well as the dielectric con-

tant of the prepared samples decreased with increase in cobalt
oncentration.

Moreover, the nearest distance pairs of Fe2+–Fe3+ decreased in
-sites with the increase of cobalt ions which tend to occupy octa-

ig. 3. Imaginary part of permittivity of Ni–Co nanoferrites in the frequency range
f 1 MHz to 1000 MHz.
Fig. 5. Variation of permeability of Ni–Co ferrites as a function of Co concentration
at 100 MHz.

hedral sites. It resulted in the electron hopping between Fe2+ and
Fe3+ ions and hole hopping Co3+ and Co2+ ions happen to longer
The graph of dielectric loss tangent with frequency is depicted
in Fig. 3. Again the dielectric loss tangent decreased with increase
in frequency for all samples. All the samples exhibit dispersion due

Fig. 6. Imaginary part of permeability of Ni–Co nanoferrites in the frequency range
of 1 MHz to 1000 MHz.
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ig. 7. (a) Microwave absorption curves of x = 0.0, x = 0.2 with thickness
.8 ± 0.1 mm. (b) Microwave absorption curves of x = 0.1, x = 0.3, x = 0.4, and x = 0.5
ith thickness of 2.1 ± 0.1 mm.

o Maxwell–Wagner interfacial type polarization and Koop’s phe-
omenological theory [18–20]. The dielectric loss tangent of the
repared samples showed a decrease with increase in cobalt con-
entration. For the present case, the decrease in conductivity of the
amples with increase in cobalt concentration resulted in decrease
n dielectric losses.

.3. Complex relative permeability

Complex relative permeability of all the prepared samples
easured in the frequency range of 1 MHz to 1 GHz at room temper-

ture is shown in Fig. 4. The permeability spectra of all the samples
xhibited a common feature. The real permeability remains almost
onstant in the frequency range of 1 MHz to 1 GHz. Fig. 5 shows
he composition dependence of permeability of the prepared sam-
les. The permeability initially decreased with increase in cobalt
oncentration, attained the minimum value for the sample having
= 0.3 and then increased for the rest of the samples. The increase

n concentration of cobalt will result in replacement of Ni ions on
and B sites, as well as migration of Fe ions from B site to A site.

he initial decrease in permeability is due to migration of Fe ion

rom octahedral site to tetrahedral site. As the magnetic moment
f Fe is larger as compared to that of Co and Ni ions, so the cancel-
ation of net magnetization of A sublattice to B sub-lattice resulted
n decrease of flux density as well as permeability of the prepared
amples. Similar observations are reported by Watawe et al. [28].

[
[

[
[
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The magnetic loss tangents of all the samples in the frequency range
of 1 MHz to 1 GHz are shown in Fig. 6. The magnetic losses remained
almost same in the measured frequency band.

3.4. Reflectivity (R)

Fig. 7(a) shows the reflectivity (R) values of with nearly same
thickness (≈1.8 ± 0.1 mm). According to the maximum absorption
peak of the nanoferrites with (x = 0.3) in Ni1−xCoxFe2O4 is −18 at
2.45 GHz. When the concentration of cobalt was increased up to
0.3, the value of (R) becomes maximum, further increase in cobalt
concentration gradually decreased the reflectivity (R). Fig. 7(b) also
indicates that the composition of nanoferrites has no effect on the
position of maximum absorbing peak but does affect the magni-
tude of the peak. In other words, the prepared samples exhibit good
absorption performance in the 2–3 GHz frequencies and appear to
be a potential microwave absorbing material [29].

4. Conclusions

Co-doped spinel-ferrites Ni1−xCoxFe2O4 nanoparticles with an
average diameter of 16–40 nm were successfully prepared by co-
precipitation method. The dielectric and microwave absorbing
properties of the products were investigated in Ku-band. Both com-
plex relative permittivity and complex relative permeability of the
prepared samples showed the strong correlation with the structure.
The frequency response of permittivity of Ni–Co nanoparticles can
be explained on the basis of Maxwell–Wagner model and Koop’s
phenomenological theory. Thus Ni–Co nanoparticles showed a
good absorption performance in the range of 2–3 GHz.
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