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Abstract

Antimony (Sb*") doped nickel ferrites (NiSh,Fe,,0,) with x=0.0, 0.035, 0.065 and 0.1, have been synthesized by
hydrothermal route using an autoclave at 160 °C for 12 hrs. AC conductivities for all the samples have been observed in
the frequency range of 1MHz to 3 GHz, where AC conductivity increases due to the addition of antimony in
nanocrystalline nickel ferrites. Electromagnetic properties were studied by measuring complex dielectric permittivity
(*), complex magnetic permeability (u*) in the frequency range of 1 MHz to 3 GHz at room temperature using
RF/impedance analyzer. Reflection losses (RL) were calculated for all the samples using permittivity and permeability
measurements according to the transmission line theory. Maximum RL of -54dB was obtained for antimony doped nickel
ferrite x=0.065 at 2.4 GHz with a band width of 1.2 GHz and decreases for high antimony concentration x=0.1 (-49dB).
Low dielectric permittivity, high permeability and conductivity made this material a compatible option for single layered
and multilayered chip inductors. While low RL values suggest nickel ferrite a possible candidate for electromagnetic

absorption devices and radar absorbing material.
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1. Introduction

Ferrites (spinel and hexagonal) have been considered as
promising ceramic materials for the use in high frequency
applications due to the inherent insulating and dielectric
characteristics and capacity of absorbing electromagnetic
waves to enhance electromagnetic  interference
suppression (EMIS) (V. G. Harris et al., 2009, R.
Valenzuela et al., 2012). Spinel ferrite nanoparticles have
been investigated since many years as good microwave
absorbing materials due to their low dielectric and
magnetic losses. In the class of spinel ferrites nickel nano
ferrite and its derivatives like Ni-Zn (X. Feng et al., 2007),
Ni-Al (1. H. Gul et al., 2012), Ni-Cu-Zn (S. Y. Tong et al.,
2013) and Ni-Re (E. E. Sileo et al., 2004) have been under
consideration mostly due to high DC-electrical resistivity
and low density, low permittivity losses and flexibility.
Nickel ferrite in pure and in the form of composite with
polymers are preferred as electromagnetic (EM) absorbing
materials in high frequencies (HF) and ultra high
frequencies (UHF) [S. M. abbas et al., 2007). Physical
properties of all the class of spinel ferrites are largely
based upon type and concentration of substituting cations,
the way they occupy the crystal lattice, synthesis route,
sintering temperature and sintering time (E. Pervaiz et al.,
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2013). Synthesis route, sintering behavior and cation
substitution all thesis parameters directly influence the
microstructure of prepared ferrites that define the
properties and behaviors of prepared spinel ferrites (A. M.
M. farea et al., 2008). Nickel ferrite is an inverse
ferrimagnetic spinel ferrite with Ni** ions occupied at
octahedral sub-lattices (B-sites) and Fe** ions occupied at
tetrahedral (A-sites) and octahedral sub-lattices equally
(K. S. Muthu et al., 2013). Doping of nickel ferrites with
different divalent and trivalent cations imparts distinct
electrical and magnetic properties characterized by shift of
ions between two sub-lattices. Many researches are
available on the synthesis and EM absorbing properties of
nickel ferrites and its composites with different materials
(Z. H. Yang et al., 2012, D. L. Zhao et al., 2009, Y. Yang
et al., 2012). In all the studies two things are normally
required for a material to become good EM/Microwave
absorber. One is the matching thickness of the absorbing
layer and second is the mechanical, thermal and chemical
stability for the military use and stealth technologies (Y. J.
Shin et al., 1993). Hexa-ferrites used for EM/microwave
absorbing applications need thick absorbers to obtain a
significant absorption of incident electromagnetic waves,
while spinel ferrites with low thickness (~ 2mm) could
possibly serve the purpose alone or with insulating
polymers. (B. F. Zhao et al., 2013) have studied the
microwave absorbing properties of LiZnFe,O, (Ch.
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Sujhata et al.,, 2013) have reported the influence of
sintering temperature on EM absorbing ability of NiCuZn
ferrite. (J. C. Aphesteguy et al., 2009) have reported a
comparison of microwave absorbing capacity for NizZn
and NiCuzn ferrite. (J. L. Xie et al., 2007) have reported
that a NiCozn ferrite with a thickness of 3 mm is
sufficient to obtain reflection loss (RL) of -35 dB.
Magneto-dielectric properties can be modified easily by
adding only small quantity of the trivalent cations of larger
radii thereby substituting at octahedral sites and shifting
ions from B-sites to A-sites. The present work aimed at the
study of electromagnetic absorbing behavior of nickel
antimony ferrites prepared by hydrothermal route. We
investigated the influence of Sb®* ions concentration on
complex permittivity (¢*), complex permeability (u*) and
EM absorbing properties in the frequency range of 1 MHz
to 3 GHz based on the microstructure of the prepared
ferrites. Up to our knowledge we are first to report the EM
absorbing study of antimony nickel ferrites.

2. Experimental techniques

Antimony doped nickel ferrites NiSbyFe,,0, (x=0.0-0.1)
with step increment of x=0.035 have been prepared by
hydrothermal rout employing a Teflon lined stainless steel
autoclave at temperature of 160 °C. Detailed synthesis
steps with structural and morphological analysis have been
recently published in our previous work (E. Pervaiz et al.,
2013). Phase formation, purity and structural analysis of
antimony doped nickel ferrites was performed by powder
X-ray diffraction technique at room temperature by CuKa
(A =1.5406 A) radiation with 2-theta in the range of 20° to
80°. All the structural parameters were calculated using the
standard relations. Average crystallite sizes (D) have been
calculated by Sherrer formula and also using W-H plots
and found to be in the range of 14 nm to 21 nm 2 nm (E.
Pervaiz et al., 2013).

Pellets (10 mm in diameter and 1.8 mm thickness) of
samples were used for measuring the complex permittivity
(¢', €") and dielectric loss tangent (tand) by RF
material/impedance analyzer (Agilent E4991A) The
complex permeability (u, u”) of nano ferrites were
measured using toroidal shape disc with ~8mm inner
diameter, 16mm outer diameter and 1.8 mm thickness with
the 16454A and 16453A test fixtures, respectively. The
test fixtures were used after open-short-load calibration.

3. Results and Discussion
3.1. AC conductivity analysis

As the electromagnetic absorbing properties are
characterized by microstructure that in turn is based upon
the conduction mechanism. To see the conduction
behavior, AC conductivities have been calculated in the
observed frequency range 1 MHz-3 GHz. AC conductivity
(oac) for all the samples of Sh** doped nickel ferrites have
been presented in Fig. 1. oac have been calculated using
relation oac= 2n/e%tand (K. M. Batoo et al., 2009), from
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complex permittivity data. It can be observed from the
figure that AC conductivity increases linearly with
frequency showing small polarons responsible for
conduction. AC-conductivity decreases for the sample
with antimony concentration x=0.035 but increases for
higher concentration of antimony. Increase of conductivity
with increase in the concentration of doping cation can be
explained by the grain size and porosity. Porosity
decreases with increase in the doping cation concentration
showing that surface area of grains (high conductivity)
increases with decrease in the number of grain boundaries
(high resistivity) that is a sound reason for increase in AC
conductivity for higher concentration (x>0.035) antimony
ferrites as shown in the inset of Fig. 1.

3.2 Complex permittivity/complex permeability analysis

In order to study the electromagnetic absorption properties
of antimony doped nickel ferrites, magneto-dielectric
parameters (e* and u* were measured using RF
impedance/material analyzer in the frequency range of 1
MHz to 3 GHz using solid disc and toroid shape discs of
~1.8 mm thickness. Where complex permittivity’s and
permeability’s can be represented as e*=¢-je” and pu*=u'-
ju". Figs. 2 (a, b) shows the real (¢’) and imaginary parts
(g") of complex permittivity at room temperature. It can be
observed from the graphs that dielectric dispersion
behavior exist for the nickel antimony ferrites in the
frequency range of 1 MHz to 3 GHz in accordance with
Koop’s theory (C. G. Koops et al., 1951).
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Fig. 1.Variation of AC conductivity oac (1MHz-3 GHz)
for NiSb,Fe,,O4 (x=0.0-0.1) ferrite nanoparticles. (Inset)
SEM image for NiSh,Fe,,O,4 (x=0.1)

Initially in low frequency range (MHz) there is a sudden
decrease of dielectric permittivity (¢') and losses (¢”) but
as the frequency increases to GHz range, the value of both
dielectric permittivity and losses becomes almost constant.
Such kind of behavior is due to dielectric polarization
(atomic and electronic) in the ferrites characteristics of
microstructure (grain and grain boundaries) (A. Verma et
al., 2011). From the graph it can be observed that
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dielectric permittivity and losses are higher for pure nickel
ferrites (x=0.0) but decreases for x>0.035 in the low
frequency region but concentration have almost no
influence on dielectric permittivity and losses in high
frequencies. Permittivity decreases for x=0.035 but
increases for higher antimony concentration.
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Fig. 2 (a) Variation of complex dielectric permittivity &’
(real part) with f of NiSbhsFe,O, (x=0.0-0.1) ferrite
nanoparticles at room temperature
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Fig. 2 (b) Variation of complex dielectric permittivity &”
(imaginary part) with In f of NiSb.Fe,,0, (x=0.0-0.1)
ferrite nanoparticles

Figs. 3 (a, b) shows the behavior of real («') and imaginary
parts (u") of complex permeability (magnetic
characteristic) where u" represents the magnetic losses due
to applied magnetic field. It can be observed from the
graphs that both real and imaginary parts are constant for
all the samples (x=0.0-0.1) in the entire frequency range
except for the 2.6 GHz-3 G Hz, where a peak has been
observed for all the samples. The reason for this peak is
relaxation behavior in the said frequency range where
domain wall rotation and applied AC field have resonance
phenomenon. There is not a large difference but a slight
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decrease in the values of complex permeability due to
increase in the antimony ions concentration.

Table 1 Dielectric permittivity real part (¢), dielectric
permittivity imaginary part (¢”), dielectric loss tangent
(tand), Magnetic permeability real part (u'), Magnetic
permeability imaginary part (u”), Reflection loss (RL).
Matching frequency (f,,) for NiSbh,Fe, O, (x=0.0-0.1)

Parameters x=0.0 x=0.035  x=0.065 x=0.1
¢(3 GHz) 7.39 9.48 7.83 7.53
¢(3 GHz) 2.01 0.961 0.729 0.679

tand, (3 GHz)  0.0272  0.0101 0.0932  0.0902
W/ (3GHz) 26.8 15.6 15 16.1
1(3GHz) 19.2 -0.632 -0.657  -0.574

tand(3GHz) 0.0715 -0.04 -0.043  -0.0357
RL (dB) -47 -43 -54 -49
f (GHZ) 2.25 2.49 2.45 2.53
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Fig. 3(a) Variation of complex magnetic permeability p'

(real part) with In f of NiSh,Fe, O, (x=0.0-0.1) ferrite
nanoparticles at room temperature.
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Fig. 3 (b) Variation of complex magnetic permeability p”
(imaginary part) with f of NiSh,Fe, O, (x=0.0-0.1) ferrite
nanoparticles

The energy loss in spinel ferrites are associated with either
dielectric nature or magnetic nature and represented by
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tand, and tand,, (H. M. Xiao et al., 2010). Dielectric loss
tangent (tand, = &"/e’) and magnetic loss tangent
(tandn=u"/u') values decides about the nature of loss
responsible for electromagnetic absorption in spinel
ferrites. It can be observed from the Figs. 4 (a, b) that
magnetic loss factor is constant and very minor for all the
samples of nickel ferrites doped with antimony (x=0.0-
0.1). Samples show significant dielectric losses in the
range of (0.005-0.8). Dielectric loss factor decreases with
increase in frequency.
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Fig. 4 (a) Variation of dielectric loss tangent (tande) with f

—o—x=0.0
—4—x=0.035
250 4 —v—x=0.065
—+—x=0.1

200 o

m
|
i
il
&
i

150 o

tand
tand

100

50

-50

1'5 1'8 2'1
Lnf

Fig. 4(b) Variation of magnetic loss tangent (tand,,) with f
of NiSh,Fe, 0,4 (x=0.0-0.1) ferrite Nanoparticles

3.3 Electromagnetic absorbing analysis

Electromagnetic absorbing behavior has been studied
from reflection loss (RL) measurements using coaxial line
method of transmission line theory (J. Song et al., 2010).
Reflection losses have been calculated using the following
relations (Y. Naito et al., 1971) and represented in figure
5.

RL(dB) = 20Log;,

Zin_1|

Zin+1 (1)

Zin = \/gtanh(jant/c X Jure*) 2
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where Z;, is the input impedance at the material-air
interface, ¢ is the speed of light, f is the frequency of
incident waves and t is the thickness of absorbing layer. It
can be observed from the graphs that all the samples show
reflection loss of more than 90% (-10 dB) at matching
thickness t,, of 1.8mm, in the given frequency range. The
maximum reflection loss of -54 dB has been observed for
x=0.065 at matching frequency (f,) of 2.45 GHz. With
increase in antimony ions concentration RL frequency
shifts to higher side but a decrease in the value have been
observed from -54 dB to -43 dB for x=0.1. As far as band
gap is concerned, pure nickel ferrite has larger band width
(1.94-2.39 GHz) which decreases for antimony doped
ferrites. Such kind of RL behavior proves that antimony
doped nickel ferrites can be applicable for electromagnetic
absorption in high frequencies (~3 GHz).

4. Conclusions

Electromagnetic absorbing (EM) properties of all the
samples of nano NiSb,Fe, O, (x=0.0 to 0.1) with pure
spinel phase prepared by hydrothermal route have been
studied in the frequency range of 1MHz to 3 GHz.
Complex permittivity have been observed to decrease with
frequency but increases for maximum concentration of
antimony (x=0.1). Complex permeability have been found
to be independent in the whole frequency range where a
relaxation peak have been observed around 2.5 GHz.
Dielectric loss tangent contributes significantly towards
electromagnetic absorption as compared to magnetic
losses. Reflection losses (RL) were calculated for all the
samples and it was observed that RL values lie in the
range of -43 dB to -54 dB with increase in RL values by
the increase in antimony concentration till x=0.065 (-
54dB) and then decreases for x=0.1 (-43dB). RL peak
shifts towards high frequency with increase in antimony
ions concentration. High RL values describes that the EM
absorption capacity of antimony doped nickel ferrites is
much more than 90% (-10 dB) and such a material
captures its attention for application at high frequencies.
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Fig. 5 Variation of Reflection losses (RL) with frequency
for NiSb,Fe, 0,4 (x=0.0-0.1) ferrite nanoparticles
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