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Abstract

Nickel–cobalt–zinc ferrites, Ni0.2CoxZn0.8�xFe2O4 (with x¼0, 0.2, 0.4, 0.6, 0.8,) have been prepared using the auto-combustion method.
X-ray diffraction, Fourier transform infrared (FT-IR) and Raman spectroscopy confirmed the cubic spinel structure of the ferrites. Microwave
dielectric constant (εr) and quality factor (Q� f) were measured by using the Hakki–Coleman technique. Dielectric constant calculated using the
Clausius–Mossoitti relation showed good agreement with the experimental value. Relative permeability of the ferrites was calculated by using the
Nicholson–Ross–Weir conversion technique. Dielectric constant (εr) decreased from 7.474 to 5.548 and temperature coefficient of resonant
frequency (τf) increased from �75.85 ppm/1C to �19.32 ppm/1C, respectively, and relative permeability increased from 2.1085 to 3.2179 with
increase in Cobalt content. The composition Ni0.2Co0.2Zn0.6Fe2O4 was used to develop ferrite resonator antennas (FRA) and was studied in
cylindrical, triangular and cuboid shapes with co-axial probe feeding mechanisms. The antenna characteristics were simulated using high
frequency structure simulation (HFSS) software and a good agreement has been achieved between the measured and simulated results. The
cuboid shaped FRA show maximum bandwidth of 990 MHz, while the cylindrical shaped FRA show a maximum gain of 3.48 dB, respectively.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Miniaturization of high frequency antennas while maintain-
ing desirable bandwidth, impedance, and loss characteristics
has recently attracted great attention [1]. As the mobile
communication devices are smaller, antenna miniaturization
is becoming increasingly important. A dielectric resonator
antenna (DRA) is fabricated from low-loss microwave dielec-
tric material, whose resonant frequency is predominantly a
function of size, shape, and permittivity. However, as the
permittivity increases, the efficiency and the frequency band-
width of the antenna are reduced, leading to limitations in size
reduction and trade off in performances. At this time, one of
the solutions for the antenna-downsizing is using materials
with permittivity and permeability greater than one. In recent
years, many studies on miniaturization of the antenna using
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magneto-dielectric material have been reported [2–5]. The use
of magneto-dielectric material offers an additional degree of
freedom in order to improve the performance of antenna.
Hence some characteristics of antenna can be improved to
satisfy the requirement of applications by suitably tuning the
material parameters [2].
Ferrites are technologically important materials that are used

in the fabrication of magnetic, electronic and microwave
devices. Ferrites with low loss tangents (both dielectric and
magnetic) are very useful to the design of miniaturized antenna
and also for maintaining the electrical dimensions (the
electrical length is the product of the geometrical length of
the medium and its refractive index) [6]. The performance of
porous ferrite materials in their bulk form where the grain size
is big leads to high magnetic loss [7]. This is due to their
higher electrical conductivity and domain wall resonance
[8–11]. So, obtaining microstructure with dense, uniform and
small grain size is the key to obtain both low dielectric and
magnetic losses making the candidate suitable to work at higher
frequencies [12]. One way to achieve this, by synthesizing the
ghts reserved.
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ferrite particles in nanometric scales before compacting them
for sintering. When the size of the magnetic particle is smaller
than the critical size for multi-domain formation, the particle is
in a single domain state. Domain wall resonance is avoided,
and the material can work at higher frequencies [7]. Several
synthesize techniques have been reported to achieve ferrite
nanoparticles [13–16]. Auto-combustion technique is one of
the best techniques in terms of less energy consumption.
Furthermore this technique has many other advantages like; the
resultant product show better chemical homogeneity, higher
reactivity, limited agglomeration which reduce the losses in the
ceramics [17–20]. Also it has been reported that the magnetic
properties can be improved compared to conventional ceramic
method [21] as the use of nanoparticles sized material
significantly enhances the densification and microwave dielec-
tric properties [22,23].

Nickel–zinc ferrites are one of the most important soft
ferrites whereby the high permeability and low power loss
have become the most principal requirements for the electronic
devices [24]. They have great potential as microwave materials
on account of their high resistivity, ease of fabrication as well
as low eddy current losses and high saturation magnetization
as compared with other ferrites [25–30].Variation of the zinc
concentration in these ferrites allows for tailoring the magnetic
properties to suit the requirement of a particular application
[31]. It is reported that the addition of cobalt reduces the
magnetic losses and anisotropy, so that the material fit for the
application at high frequency [32,33]. This paper present Co
substituted Ni–Zn ferrite synthesized by auto-combustion
route. Structural, dielectric and magnetic characteristics of
Co substituted Ni–Zn ferrite nanoparticles have discussed and
reports about their performances as an antenna.

2. Experimental procedure and core mathematics

2.1. Synthesis of Ni–Zn–Cu ferrite nanoparticles by
auto-combustion reaction

High pure (99.99%, Merck India Chemicals) analytical
grade reagents, Nickel nitrate, Zinc nitrate, Cobalt nitrate,
Ferric nitrate and Citric acid were used for the synthesis of
Ni0.2CoxZn0.8�xFe2O4 (NCZFO) nanoparticles. The stoichio-
metric proportions of the nitrate salts were taken for the
preparation of NCZFO nanoparticles. A magnetic stirrer was
used to mix an aqueous solution of the nitrate salts and citric
acid with distilled water separately and then mixed together.
After constant stirring for 2 h of this mixture solution at room
temperature in ambient atmosphere, a precursor solution was
formed. The molar ratio of nitrate solution to citric acid was
kept at 1:1. A Small amount of ammonia hexahydrate solution
was added into the precursor solution till the pH reaches a
factor of 7. The precursor of the complexes metal ions was
heated at 70 1C for 20 h to obtain the gel. Further heating of
the gel (at approximately 100 1C) gives auto-combustion,
which produces loose powder of the NCZFO [34]. The
NCZFO powders were calcined at 500 1C for 4 h and used
for further study.
2.2. Structural and micro-structural characterizations

The phase identification, crystallite size and lattice para-
meters of ferrite samples were analyzed using X-ray diffraction
(Bruker D8-advance X-Ray Diffractometer) with Cu Kα
radiation. The crystallite size was calculated from peak broad-
ening using Scherrer formula,

Dhkl ¼
0:9 λ

β cos θ
ð1Þ

where Dhkl is the crystallite size perpendicular to (h k l) plane,
λ is the wavelength of X-ray used, β (rad.) is the FWHM of the
diffraction peak and θ is the peak position. The X-ray density
(ρx) of the samples was calculated using the relation given by
Smit and Wijn [33,35]:

ρx ¼ nM=NAa
3 ð2Þ

where M is the molecular weight of the samples, NA is the
Avogadro's number, n is the number of formula unit present in
a unit cell (in the present case, n=8) and a is the lattice
parameter. X-ray density (ρx) was calculated using Eq. (2) and
found to be in the range of 6.298–5.94 8g/cm3. Structural
changes were studied using Fourier transform infrared spectro-
scopy (FTIR) (IR-Prestige-21). Raman studies were performed
using a spectrometer (Jobin-Yvon T64000 Spectrometer) with
an excitation wavelength of 514.5 nm, from an Ar laser. The
monophasic powder samples were granulated with polyvinyl
alcohol as binder and were uniaxially pressed at a pressure of
6 t/cm2 using steel dies of different geometry (cylindrical,
rectangular and triangular). Sintering was performed in air
environment in the temperature at 1200 1C for 4 h to obtain the
bulk density to about 90% of their respective X-ray density.
Water immersion technique was used to calculate the bulk
density and apparent porosity of the sintered samples. The
grain size and grain morphology of the sintered NCZFO were
studied using scanning electron microscopy (SEM) on a Zeiss
DSM 982 Gemini instrument with a Schottky emitter at an
accelerating voltage of 2 kV and a beam current of 1 mA.

2.3. Microwave dielectric constant measurement

A Vector Network Analyzer (N5230A Agilent Technolo-
gies, USA) was used to perform microwave dielectric mea-
surements in the TE01δ mode for the cylindrical shaped
NCZFO using the Hakki–Coleman [36] dielectric resonator
method as modified and improved by Courtney [37]. In the
TE01δ mode, the field confinement is not complete in the
z-direction and hence TE011 mode is designated as TE01δ. This
mode is widely used in materials property characterization
because in this mode there is no current crossing the dielectric
and the conducting plates, so possible air gaps between the
dielectric and the conducting plates have no effects on
resonance properties of this mode [38]. The theoretical model
is properly described for the configuration mentioned by
Courtney and as modified from Kobayashi and Tanaka [39].
The TE01δ resonance mode has been found most suitable
for the real part of the relative dielectric constant (εr), and



Fig. 1. Measurement of resonant frequency and S-parameter using cavity
resonator.
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a gain/loss factor (tan δ) of the specimen. These were obtained
from the measured resonance frequency (fr) and unloaded
quality factor (Q0) for the TE01δ resonance mode [40,41].

The relative dielectric constant and loss factors were
calculated from the following formulas [38]:

εr ¼ 1þ c

πDf r

� �
ðα2 þ β2Þ ð3Þ

where c is the velocity of light, α is given by the mode chart
[42] β is obtained from the resonance frequency (fr) and the
sample dimension. The tan δ is given by Hakki–Coleman [36]
as described in Eq. (4):

tan δ¼ A

Qu
�BRs ð4Þ

Here

A¼ 1þ W

r
ð5Þ

B¼ lλ

2L

� �3 1þW

30π2r l
ð6Þ

W ¼ J21ðα1Þ
K2

1ðβ1Þ
:
K0ðβ1ÞK2ðβ1Þ� K2

1ðβ1Þ
J21ðα1Þ� J0ðα1ÞJ2ðα1Þ

ð7Þ

Rs ¼
ffiffiffiffiffiffiffiffiffi
πf rμ

s

r
ð8Þ

The function W is the ratio of electric field energy stored on the
outside of the rod to the energy inside the rod. The λ is the
free-space wavelength, L is the length of the dielectric speci-
men and l¼an integer (1, 2, 3, 4…..). The s is the conductivity
of the shorting plate, and Q0 is the unloaded quality factor of
the dielectric resonator. If the dielectric material is isotropic
then the characteristic equation for such a resonance structure
for the TE011 mode is given by Eq. (9):

α
J0ðαÞ
J1ðαÞ

¼ �β
K0ðβÞ
K1ðβÞ

ð9Þ

where J0(α) and J1(α) are the Bessel functions of the first kind
of order zero and one, respectively. K0(β) and K1(β) are the
modified Bessel functions of the second kind of orders zero
and one, respectively.

Kobayashi and Katoh [43] described a method for the
experimental determination of Rs which employs two rod
samples cut from the same dielectric rod with equal diameters
but different lengths. The rod for a TE01l resonator is “l” times
as long as the other rod for a TE011 resonator, where l≥2 Here
subscripts l and 1 are denoted as quantities for both resonators,
respectively. Because of the different conduction loss con-
tributions in the two cases, the modes have almost the same
resonance frequency but differ in unloaded Q; i.e if f0l¼ f01,
then Q0l4Q01. Because both rods have the same (tan δ), the
expression for (Rs) is given by Eq. (10) [39]:

Rs ¼ 30π2
2L
lλ

� �3

:
r þW

1þW
:

l

l�1
:

1
Q01

� 1
Q0l

� �
ð10Þ
Then substitution of Eq. (10) into Eq. (4) yields:

tan δ¼ A

l�1
1
Q0l

� 1
Q01

� �
ð11Þ

This calculation facilitates the precise measurement of (tan δ).
A schematic diagram of the experimental setup is shown in
Fig. 1.
The quality factor (Q� f) was measured using a reflection

mode gold-coated copper cavity [41].
The τf value of samples has been measured by introducing

the cavity in temperature controlled chamber. The following
equation has been used for this:

τf ¼
1
f

� �
Δf
ΔT

� �
ð12Þ

2.4. Calculation of microwave magnetic constant

The Nicholson–Ross–Weir conversion technique was used
to calculate the microwave permeability by determining the
S-parameters using the Vector Network Analyzer in a TM010

resonance mode. This method provides a direct calculation of
both the permittivity and permeability from the S-parameters [44].
It is the most commonly used method for performing such

conversion. Measurement of reflection coefficient and trans-
mission coefficient requires all four (S11, S21, S12, S22) or a pair
(S11, S21) of S-parameters of the material under test to be
measured. The present calculation for permeability includes
only S11 and S21 parameter as under.
The transmission and reflection co-efficient are related to S-

parameter as per following formula [44,45]:

T ¼ S11 þ S21� Γ

1� S11 þ S21ð ÞΓ ð13Þ



Fig. 2. The schematic representation of: (a) cylindrical, (b) cuboid and
(c) triangular shaped FRA.

K. Mohit et al. / Ceramics International 40 (2014) 1575–15861578
Γ ¼ X 7
ffiffiffiffiffiffiffiffiffiffiffiffi
X2�1

p
ð14Þ

where

X ¼ S211� S221 þ 1
2S11

ð15Þ

Here, Γ is reflection co-efficient; T is transmission co-efficient,
S11 and S21are reflection loss and insertion loss, respectively.

The free space wavelength (λ0), cut-off wave length (λ) are
related with transmission coefficient and diameter of cylind-
rical shaped sample as (16);

1
2
¼ εrμr

λ20
� 1

λ2c

 !
¼ � 1

2πL
ln

1
T

� �� �2

ð16Þ

The permeability could be calculated by using formula:

μr ¼
1þ Γ

ð1� ΓÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=λ20Þ� ð1=λ2cÞ

q ð17Þ

By substitute Eq. (16) in Eq. (17), we got a quadratic Eq. in
terms of permeability (μr),

ð1þ Γ2�2ΓÞ 1

λ20
� 1

λ2c

 !
μr

2� 1þ Γ2 þ 2Γ
� � εr

λ20

 !
μr

þ ð1þ Γ2 þ 2ΓÞ 1
λ2c

¼ 0 ð18Þ

The permeability of the NCZFO samples was calculated by
solving the above equation.

2.5. Ferrite resonator antenna (FRA) measurements

The resonator antenna behavior was studied by using
sintered Ni0.2Co0.2Zn0.2Fe2O4 ceramics in cylindrical, cuboid
and triangular shapes. The schematic diagram of the FRA is
given in the Fig. 2.

The ferrite resonators were excited by coaxial cable. The
FRA is placed above a conducting ground plane made of FR4
sheet with copper coating on both side. The outer conductor of
a subminiature version A (SMA) connector is connected to the
ground plane and the inner conductor (probe) is connected to
the Ferrite resonator (FR). The probe is located at x¼6.7 mm
and φ¼01 as shown in Fig. 2. The fixed dimension of ground
plane (L�W� T¼100 mm� 100 mm� 1.6 mm) and coaxial
probe of different length were used for different shaped FRA.
The probe lengths are optimized to obtain proper impedance
matching with respect to the Ni0.2Co0.2Zn0.6Fe2O4 composi-
tion, for each geometry of FRA. However, this impedance
matching could also be adjusted by changing the probe length
with respect to the other compositions. The composition
Ni0.2Co0.2Zn0.6Fe2O4 is chosen as a representative (for brief-
ness only) one due to its lowest quality factor (highest
dielectric loss) and highest magnetic loss among the Co
containing compositions. It is known that lower the quality
factor higher the bandwidth. Hence it is expected that the
Ni0.2Co0.2Zn0.6Fe2O4 composition will have the highest band-
width but other compositions may show improved gain.
A detail of the measurement of resonant frequency for three
different shaped (cylindrical, cuboid and triangular) FRA is
as under.
In case of cylindrical FRA, the probe adjacent to the FRA

can excite the basic mode, HE11δ mode [40], whose resonant
frequency fr can be approximated by [46,47]

f r ¼ 2:997� 108

2π
ffiffiffiffiffiffiffiffi
εrμr

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:841
r

� �2

þ π

2h

� �2s
ð19Þ

where μr is real part of permeability, εr is real part of
permittivity. The cylindrical FRA under consideration has
the height, h=7.2 mm, and radius, r=6.7 mm. The Eq. (19)
is obtained with the hypothesis that the lateral and upper
surface of the ferrite resonator is perfectly magnetic conductor
(PMC). Because this assumption is verified only for infinite
permittivity, it is only an approximation that leads to some
10% errors [48].
A comparison of the values from above equation to the

following closed form of expression for the HE11δ resonance
frequency published in Ref. [49]:

f r ¼ 6:324c
2πr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ εrμr

p 0:27þ 0:36
r

2h
þ 0:02

r

2h

� �2� �
ð20Þ

where the fr is given in GHz and c is velocity of light. It is
observed that there is variation in simulation and measured
results and depends on the probe. This problem finds its origin
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in the air gap between the DR and metallic conductors and has
been thoroughly studied by Junker et al. [50,51].

In case of cuboid shape the probe adjacent to FRA excite the
basic mode, TEY

111 mode, whose resonant frequency fr can be
approximated by [52,53]:

f r ¼
k0c

2π
ð21Þ

where k2x þ k2y þ k2z ¼ k20εrμr, and kx, ky, kz are given by

kx ¼
π

a
; kz ¼

π

2h
ð22Þ

and

ky tan
kyb

2

� �
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2x þ k2z� k20Þ

q
ð23Þ

where kx, ky, kz represent the mode wave numbers inside the
dielectric resonator and k0 is the free-space wave number.
Cuboid shaped FRA under consideration has the length,
a=9.7 mm, width, b=12.5 and height, h=7 mm.

In case of an equilateral-triangular FRA, resonance fre-
quency of the excited mode TMmnl is approximately given by
[54,55]

f r ¼
cffiffiffiffiffiffiffiffi
εrμr

p 4
3a

� �2

ðm2 þ n2 þ mnÞ þ 1
2h

� �2
" #

ð24Þ

where a is the length of each side of the triangle and h is the
height of the resonator. The indices m, n and l should satisfy
the condition l+m+n=0 but they all cannot be zero simulta-
neously. For low profile resonators where a⪢h, this expression
can be further simplified as

f r ¼
c

4h
ffiffiffiffiffiffiffiffi
εrμr

p ð25Þ

The designed triangular FRA has the height, h=7.5 mm and side,
a=9.9 mm. The impedance bandwidth (return losso�10 dB)
Fig. 3. Room temperature XRD patterns of NCZFO powders.
were measured for all FRA using the relation [56].

BW ð%Þ ¼ OR

CF

� �
� 100 ð26Þ

Where, BW is the bandwidth, OR is the operating range and CF
is the center frequency. All the simulation have done by using the
HFSS software, which is based on Finite Element method.
3. Results and discussion

3.1. XRD patterns analysis

X-ray diffraction patterns of the NCZFO powder samples
consist of seven diffraction lines of characteristic (2 2 0),
(3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) planes
which indicate the single phase cubic spinal crystal structure
with space group of Fd3m, shown in Fig. 3. The sharp and
intense peaks show the crystalline nature of the samples. The
lattice parameter of NCZFO ferrites is determined by using the
Fig. 4. Room temperature Raman spectrum of NCZFO powders.



Fig. 5. Room temperature FTIR spectra of NZFO powders. The inset shows
the variation of wavenumber as a function of Co-content.
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formula [57];

a¼ λ

2
h2 þ k2 þ l2

sin θ

� �
ð27Þ

where (h k l) are the Miller indices, and θ is the diffraction
angle corresponding to the (h k l) plane. The lattice parameter
of the ferrites decreases from 0.844 nm to 0.8405 nm with
increase in Co2+ ion content. This decrease can be attributed to
the substitution of the smaller Co2+(0.065 nm)ions for the
larger Zn2+(0.074 nm) ions [58,59]. The Scherrer's equation
(Eq. (1)) is used for calculating the crystallite size by obtaining
the data from the X-ray diffraction peaks [35,60] and found to
be in the range of 11–8nm.

3.2. Raman spectrum study

Raman spectroscopy is a non-destructive material character-
ization technique and is sensitive to structural disorder. It
provides an important tool to probe the surface and structural
properties of materials. The Raman spectra were recorded
within the frequency range 200–1000 cm�1 at room tempera-
ture and are shown in Fig. 4. There are three first-order Raman
active modes (A1g+Eg+T2g), and all these modes are observed
at ambient conditions. The vibration frequencies for different
compositions are presented in Table 1. The A1g mode is due to
symmetric stretching of oxygen atoms along Fe–O bonds, Eg

are due to symmetric bending of oxygen with respect to Fe and
T2g is due to asymmetric stretching of Fe [61]. Here, the
notation A is for one dimensional representation, E for two and
T for three dimensional representations, g denotes the sym-
metry with respect to the center of inversion [62].In the cubic
spinels including ferrites, the modes at above 600 cm�1

mostly correspond to the motion of oxygen in tetrahedral
group (A-site) [63], and the other low frequency modes
represent the characteristics of the octahedral group (B-site)
of ferrites [34]. The hump in the Raman spectra of around
600 cm�1 may be due to structural deformation resulted due to
formation of Fe2+ ions on octahedral site [34,64].

It is know that if the unit cell volume of the compound
increases the vibration frequency of Raman modes decreases
[65]. Similar behavior is observed in the T2g and Eg Raman
modes (Table 1). However the A1g mode show an increased
Table 1
Selected peak positions of NCZFO obtained from Raman spectra and FTIR spectr

Compositions Raman spectra

Tetrahedral sites modes
(cm�1)

Octahedral sites mo
(cm�1)

A1g T2g Eg

Ni0.2Zn0.8Fe2O4 696.3 483.5 31
Ni0.2Co0.2Zn0.6Fe2O4 695.6 485.8 32
Ni0.2Co0.4Zn0.4Fe2O4 692.2 486.9 32
Ni0.2Co0.6Zn0.2Fe2O4 690.6 487.8 33
Ni0.2Co0.8Fe2O4 688.7 489.5 34
Raman frequency of vibration. The A1g mode is due to
symmetric stretching of O-atoms along Fe–O bonds. The Co
is a magnetic material and it occupies the space in octahedral
site, whereas non-magnetic Zn is present in tetrahedral site of
spinel structure. The Fe present in the octahedral site has a
magnetic behavior and magnetically interact with Co. Due to
these reasons, it might be possible that the intermolecular
distance between Fe and O-atoms increases, so the bonding
energy between them decreases resulting a Raman frequency
shift towards higher side (Table 1).

3.3. Fourier transformed infrared analysis

The formation of the spinel structure is also confirmed by
using the FTIR spectra, shown in Fig. 5. In ferrites the metal
ions are situated in two different sub-lattices designated as
tetrahedral (A-site) and octahedral (B-site) according to the
geometrical configuration of the oxygen nearest neighbors.
The high frequency band υ1 is observed in the range from
576.5 to 566.7 cm�1, associated A-site, whereas the low
a.

FTIR spectra

des Tetrahedral peak position
(cm�1)

Octahedral peak position
(cm�1)

5.8 576.5 414.6
0.1 575.6 415.3
8.8 573.9 416.6
1.9 570.4 418.2
0.2 566.7 420.9



Ni0.2Zn0.8Fe2O4 Ni0.2Co0.2Zn0.6Fe2O4

Ni0.2Co0.4Zn0.4Fe2O4 Ni0.2Co0.6Zn0.2Fe2O4

Ni0.2Co0.8Fe2O4

Fig. 6. Micrographs of NCZFO with 2000�magnification and EDX spectra of corresponding composition (below).

Table 2
The bulk density, apparent porosity and microwave dielectric properties of sintered NCZFO disks.

Compositions Density (gm/cm3) App. porosity (P) εthr εr εcorrr tan δ μr tan δm Q� fr (GHz) τf (ppm/1C)

Ni0.2Zn0.8Fe2O4 5.724 0.063 8.244 7.474 8.18 0.00193 2.1085 0.1029 2179.372 �75.85
Ni0.2Co0.2Zn0.6Fe2O4 5.359 0.031 6.003 5.709 5.974 0.00226 2.8661 0.0984 1849.288 �64.15
Ni0.2Co0.4Zn0.4Fe2O4 5.436 0.03 5.985 5.691 5.947 0.00219 2.9654 0.0975 1907.462 �47.20
Ni0.2Co0.6Zn0.2Fe2O4 5.647 0.028 5.958 5.664 5.902 0.00207 3.0769 0.0971 2018.357 �32.36
Ni0.2Co0.8Fe2O4 5.604 0.034 5.887 5.548 5.831 0.00214 3.2179 0.096 1976.296 �19.32

K. Mohit et al. / Ceramics International 40 (2014) 1575–1586 1581
frequency band υ2 is observed within the frequency range
420.9–414.6 cm�1associated to octahedral B-site (Table 1.).
Similar vibrations are also observed by Zahi [24] at �570
cm�1, assigned to tetrahedral bond stretching and the band at
�418 cm�1, assigned to the vibration in the octahedral site of
the composition Ni0.5Zn0.5Fe2O4. The variation of these two
band position as a function of Co-content is shown as an inset
of Fig. 5. The high frequency band (υ1) found to be shifting
towards low frequency side, while low frequency band (υ2)
found shifting towards high frequency side with increases in
Co-content. Waldron [66] and Hafner [67], attributed the
υ1 band to the intrinsic vibrations of the tetrahedral groups,
the (υ2) band to the octahedral groups. According to Prakash
and Baijal [68] Ni2+ and Co2+ is stabilized in the octahedral



Fig. 7. Simulated and measured return loss (S11) with optimum probe length
for: (a) cylindrical FRA, (b) cuboid FRA and (c) triangular FRA. There inset
shows the variation of simulated S11 for different probe lengths.
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crystal field whereas Zn2+ prefers tetrahedral sites because of
their ability to form covalent bonds involving sp3 hybrid
orbital’s. The presence of lower radii Ni2+ and Co2+ in place
of higher radii and higher atomic weight Zn2+ increases the
bond length of Fe3+–A site ions. This modification also
reduces the bond length of Fe3+–O2�. Furthermore, the
presence of isolated super paramagnetic clusters at B-sites
screened by the diamagnetic Zn ions has been observed in Ni–
Zn ferrites by Mossbauer studies [69,70]. These may be the
reason for the observed change in band positions.

3.4. Scanning electron micrograph study

Fig. 6 shows the representative scanning electron micro-
graphs of NCZFO ceramics sintered at 1200 1C. From the
micrographs one can notice that grains having different
dimension are homogeneously distributed. The grain size
was estimated by drawing random lines of known length and
counting the number of grains along each line. The average
grain sizes of the sintered samples are found to be decreasing
with increase in Co-content from 8 to 4 mm.

3.5. Microwave dielectric and magnetic studies

The storages capacity for the electric and magnetic energy is
caused by the polarizations of electrical and magnetic dipoles.
The storage capacity of ferrites increases as the value of the
real part of dielectric and magnetic constant increases. The real
part of permittivity (E′), i.e., dielectric constant ϵrð Þ, is directly
dependent on electric polarizations [40,71]. The low dielectric
constant ϵrð Þ is mainly due to the low ionic polarizability [72].
Shannon [73], suggested that molecular polarizabilities of
complex substances can be broken up into the polarizabilities
of constituent ions. In the case of spinel ferrite (AFe2O4),
molecular polarizability can estimate from following equation:

α ðAB2O4Þ ¼ α ðA2þÞ þ 2αðFe3þÞ þ 4 αðO2�Þ ð28Þ
where α is polarizability. The dielectric constants of AFe2O4

compounds could be calculated with the polarizability from
Shannon's suggestion and the Clausius–Mosotti relation [73].

εTh:r ¼ 3Vm þ 8πα
3Vm� 4πα

ð29Þ

where Vm is molar volume. Molar volume of AFe2O4 was
calculated with the unit cell parameters determined from the
diffraction pattern. The value of the dielectric constant ðϵrÞ as
per Shannon's suggestion ðETh

r Þ for NCZFO was calculated,
with the value of polarizability of Ni2+, Zn2+, Co2+, Fe3+ and
O2- are 1.23, 2.04, 1.65, 2.29 and 1.21, respectively[74,75].
The calculated permittivity of NCZFO compounds ðETh

r Þ,
observed permittivity ðϵrÞ, corrected permittivity after porosity
correction ðEcorr

r Þ, dielectric loss (tan δ), magnetic loss (tan δm),
and the value of porosity are shown in Table 2. The porosity
correction was applied for observed permittivity as per the
relation, ϵcorr:r ¼ ϵrð1þ 1:5 PÞ, where P is apparent porosity
[76]. The calculated and observed permittivity after porosity
correction showed good agreement. Microwave dielectric loss
is mainly controlled by lattice-vibrational modes, pores,
second phases, impurities, lattice defects and also by density.
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The values of permeability, and tan δm of NCZFO are calculated
by the Nicholson–Ross–Weir conversion process. The observed
dielectric and magnetic losses are lower than the same ferrites
prepared by other traditional routes [77,78]. The loss parameters
are directly related with the grain morphology. Also the microwave
dielectric loss is also caused not only by the lattice vibrational
modes but also by the pores, the second phases, the impurities, and
the lattice defect [21,22]. In the present case the low losses may be
due to high density of the sintered ceramics resulted from the
defect free materials produced in this auto-combustion route.
Fig. 8. Far field radiation pattern of cylindrical FRA: (a) φ¼01, (b) φ¼901, cub
It is observed that the permeability increases with increase in
Co-content in NCZFO. This increase might be due to greater value
of susceptibility of Cobalt than Zinc [79].The degradation of Q� fr
value can be attributed to the decrease of density resulted from the
inhomogeneous grain growth as well as the evaporation of Zn [80].
Temperature co-efficient of resonant frequency, τf is repre-

sented by the thermal expansion coefficient, α1 and tempera-
ture co-efficient of permittivity, τ as follows:

τf ¼ �α1�τ ð30Þ
oid FRA: (c) φ¼01, (d) φ¼901 and triangular FRA: (e) φ¼01, (f) φ¼901.
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The thermal expansion co-efficient of ceramic is generally in
the range of 10 ppm/1C, therefore the sign and the magnitude
of τf is depends on τ. Since the unit cell volume has strong
correlation with lattice energy, τ is proportional to the relative
magnitude of unit cell volume [76]. Hence, the magnitude of
τ increased as the unit cell volume increased in the same
structure [76], in agreement with our XRD data.

3.6. Ferrite resonator antenna study

In this section we report about the antenna behavior of
cylindrical, cuboid and triangular shaped FRA prepared using
Ni0.2Co0.2Zn0.2Fe2O4 composition. The proper impedance match-
ing between an antenna and its feed is necessary for an antenna to
work efficiently. The impedance matching in an antenna is
measured in terms of return loss or the scattering parameter S11
which represents the power reflected back into the feed (in
transmitting mode). In case of probe fed FRA, S11 as a function
of frequency is analyzed for different lengths of coaxial probe. It is
observed that the coupling between the probe and FRA can be
controlled by varying the probe length (l). The return loss
characteristics for the FRA under consideration are shown in
Fig. 7(a)–(c).The optimized impedance matching is obtained for
l¼7.1 mm, 6.8 mm and 7.4 mm for the cylindrical, cuboid and
triangular FRA respectively. The parametric study of the return loss
with respect to probe length l is shown in the inset of the respective
Fig. 7(a)–(c).

The graphical representation of radiation properties, such as
radiation intensity, field strength, radiated power, etc., as a
function of spherical coordinates are shown by the radiation
patterns. These properties are measured in the far field region.
For an antenna with largest dimension D, the far field region is
given by distance equal to or greater than 2D2/λ, where λ is
wavelength. Radiation patterns are generally described in
terms of E and H plane pattern.

The E-plane (or H-plane) is defined as the plane containing
the electric (or magnetic) field vector and the direction of
propagation. The normalized far-field radiation patterns of all
different shaped FRA are shown in Fig. 8(a)–(f), respectively.
The radiation characteristics show that the radiation is in
broadside direction. Beam width is more in E-plane for
Table 3
Simulated and measured antenna parameters.

Cylindrical shaped C

Simulated Measured S

Resonant frequency (GHz) 4.84 4.79 5
Return loss (S11) dip (dB) �19.7 �15.1
Bandwidth (GHz) 4.57–5.26 4.54–5.16 4
Return loss bandwidth (%) 14.26 12.94 2
VSWR 1.24 1.37 1
Gain (dB) 4.5 at 351 3.48 at 351 2

3-dB Beam-width (HPBW)
E-plane 1071 801 1
H-plane 831 761 9
cylindrical and cuboid compared to H-plane. However, H-
plane beam width is more in triangular FRA. Further it can be
observed that the maximum radiation is in the direction 351
and 331 respectively for cylindrical and cuboid FRA in E-plane
and 3541 in H-plane of triangular FRA. This deviation in the
direction of maximum radiation from 0(3601) to 351/331/3541
is due to the relative permeability, which is greater than unity.
The most important characteristic, which describes the

performance of an antenna is gain. The gain is measured by
using various techniques. The method used is two-antenna
method, which utilizes two identical antennas for transmitting
and receiving [81]. The gain can be calculated as

ðGorÞdB ¼ ðGotÞdB ¼
1
2

20 log10
4πR
λ

� �
þ 10 log10

Pr

Pt

� �	 

ð31Þ

where Gor¼gain of receiving antenna (dB), Got¼gain of
transmitting antenna (dB), R¼antenna separation (m),
λ¼operating wave length (m), Pr¼ received power (W),
Pt¼ transmitted power (W).
Maximum gains are measured and are tabulated in the

Table 3 for different shaped FRA. It can be seen that there is
an acceptable agreement between the measured and simulated
results. It can be noticed that about 1 dB difference is observed
between the simulated and experimental gain of the FRAs.
This difference may occur due to the positioning of coaxial
cable with respect to the orientation of the DRA and environ-
mental losses. This difference is prominent in case of the
triangular FRA due to its low gain suggesting the structure
unsuitable for microwave antenna applications.

4. Conclusion:

Ni0.2CoxZn0.8�xFe2O4 (with x¼0, 0.2, 0.4, 0.6 and 0.8),
nanoparticles have been successfully synthesized by using the
auto-combustion method. XRD study confirmed the mono-
phasic cubic spinel structure of the ferrites with an average
particle size ranging from 8 to 11 nm. Raman spectra show
three internal vibration, symmetric and asymmetric stretching
as well as symmetric bending in the materials. FT-IR spectra
showed both intrinsic vibrations in tetrahedral and octahedral
uboid shaped Triangular shaped

imulated Measured Simulated Measured

.11 5.07 4.33 4.29
�35.4 �32.2 �16 �13.8
.74–5.82 4.69–5.68 4.08–4.67 4.11–4.62
1.14 19.53 13.63 11.89
.04 1.12 1.39 1.57
.62 at 331 1.79 at331 1.97at3541 1.06 at 3541

101 861 601 421
31 671 1071 821
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site of the structure. The vibration frequency in the octahedral
site increased where as the vibration frequency in the tetra-
hedral site decreased with increase in Co-content. The SEM
study on dense ceramics show the homogeneous distribution of
different size grains and a reduction in grain size is observed
with increases in Cobalt content. Dielectric constant ðϵrÞ
decreased from 7.474 to 5.548 and temperature coefficient of
resonant frequency ðτf Þ increased from �75.85 ppm/1C to
�19.32 ppm/1C respectively, and relative permeability
increased from 2.1085 to 3.2179 with increase in Cobalt
content. The composition Ni0.2Cu0.2Zn0.6Fe2O4 was used to
develop ferrite resonator antenna (FRA) and was studied in
cylindrical, triangular and cuboid shaped with co-axial probe
feeding mechanisms. The antenna characteristics have been
simulated using high frequency structure simulation (HFSS)
software and good agreement has been achieved between the
measured and simulated results. The cuboid shaped FRA
shows maximum bandwidth of 990 MHz, while the cylindrical
shaped FRA shows a maximum gain of 3.48 dB respectively.
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