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Abstract

Nickel-zinc ferrite-epoxy composites with different ferrite/epoxy ratios, 50/50, 60/40, 70/30 and 80/20, have been
prepared as thick films of thickness 100 mm. Different compositions of nickel-zinc ferrite, Ni1_xZnxFe2O4, where
x — 0:2; 0:4 and 0.5 have been used to prepare the composite films. The complex permittivity (e0 — je00) and the complex
permeability (m0 — jm00) of the films as well as of the sintered ferrites have been measured at X-band (8—12GHz)
microwave frequencies using the cavity perturbation technique. The dielectric constant and the permeability of the films
are found to be different from those of the sintered ferrites. e0 of films is found to increase with increase in the ferrite
content of the composites as well as with frequency while the permeability, m0 ; is observed to decrease with increase in
ferrite content as well as frequency. The high permeability losses exhibited by the films at X-band frequencies, shows
their potentiality for applications like suppression of electromagnetic interference in microwave circuits. The
composites with the ferrite composition x — 0:5 are observed to exhibit higher losses compared to the composites with
other compositions. Also the ferrite/epoxy ratio 80/20 is observed to give comparatively higher losses.
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1. Introduction

Electromagnetic interference (EMI) is a matter
of crucial concern in high frequency electronic
devices [1,2]. Shielding of components from
unwanted RF signals in a microwave circuit is
important in order to improve the accuracy and
performance of the circuit. Ferrites serve as better
EMI suppressors compared to their dielectric
counterparts on account of their excellent mag-

netic properties. Ferrite materials exhibit various
electrical and magnetic properties of which the
complex permeability, fi* m 0 — jm00

; and the
complex permittivity, e* = e0 — je0

0; in particular,
are important in determining their high frequency
characteristics. Higher the permeability loss m00

higher the attenuation of the EMI waves [3]. As
the frequency range of electronic devices is
continuously shifting to higher frequencies, be-
yond the megahertz range, ferrites with high
attenuation in the gigahertz range are required.
One way of increasing the magnetic loss in ferrites
is by adding polymer to the ferrite and preparing
ferrite-polymer composites. The nickel-zinc spinel
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ferrites are found to be the most versatile
technological materials especially suited to high
frequency applications on account of their high
resistivity [4]. For microwave and millimeter-wave
applications there is an increasing interest in using
ferrite films rather than bulk ferrites. Films
provide lower cost, size reduction and enhanced
compatibility with planar circuit designs encoun-
tered in MICs. In the present work, therefore, Ni-
Zn ferrite-epoxy thick films have been prepared.
Epoxy resin has been used as the polymer because
of its high electrical resistivity and low dielectric
constant. Although some work on ferrite-polymer
composites has been reported in recent years [5-7],
there seem to be no reports on the permittivity and
permeability of Ni-Zn ferrite-epoxy composite
thick films at X-band (8-12 GHz) microwave
frequencies. Consequently, the e* and fi* of the
composite films have been studied at X-band
microwave frequencies using the cavity perturba-
tion technique for a range of ferrite composites
varying in ferrite composition as well as ferrite
content.

2. Experimental

Ferrite/epoxy composites with various weight
ratios of ferrite and epoxy viz. 50/50, 60/40, 70/30
and 80/20, were prepared. Three different compo-
sitions of nickel-zinc ferrite, Ni!_xZnxFe2O4,
powders, where x = 0:2;0:4 and 0.5 were prepared
by the citrate precursor method [8]. This method
was adopted to obtain ferrite powders with
maximum stoichiometry. In this method, iron
(III) citrate (Merck, Germany), nickel nitrate, zinc
nitrate, and citric acid (all from Merck, India)
were used as the starting materials. The chemicals
were weighed according to the required stoichio-
metric proportion. Iron citrate solution was
prepared in distilled water. Citric acid was added
to nickel nitrate and zinc nitrate with a small
amount of water. These solutions were heated at
401C for at least 30min and then added to iron
citrate solution under constant stirring. The
precursor mixture obtained is gradually dried by
evaporation at 401C. This dried mixture was
decomposed at 12001C to obtain the ferrite

powder. The cubic spinel structure of the nickel-
zinc ferrite powder thus obtained was confirmed
by X-ray diffraction measurements made on a
Rigaku Geiger Flex 3kW diffractometer. The
average particle size of the ferrite powders
calculated from the photomicrographs recorded
on a Cambridge Stereoscan 360 Scanning Electron
Microscope, was about 2 mm.

Composite thick films were prepared by mixing
the above prepared ferrite powder with epoxy
resin. A small quantity of hardener in the ratio of
1/10 of the epoxy resin was added to harden the
ferrite-epoxy mixture so as to obtain solid
composites. The epoxy used was epichloro hy-
drin-bisphenol A (EPG 280) and the hardener used
was diethylenetriamine. A homogeneous mixture
of ferrite and epoxy was set in a perspex die having
a slot with dimensions 20 mm length, 2 mm
breadth and 1 mm height. The die was placed in
a furnace where the mixture was cured at 801C for
30min. On cooling, the films could be easily
removed from the perspex die. The films had a
thickness of about 100 mm and were used for the
measurement of the electrical and magnetic para-
meters at microwave frequencies.

The complex permittivity and complex perme-
ability of the composite thick films thus prepared
were measured at X-band (8-12 GHz) microwave
frequencies on a Network analyzer, HP 8719 ES,
using the cavity perturbation technique [9]. The
cavity was made up of a standard X-band brass
wave-guide of length 13.5 cm, breadth 2.29 cm and
height 1.02 cm, as shown in Fig. 1. The upper
broad wall of the guide had a thin slot B 4 cm in
length and 1.2 mm in width. Conducting plates
with small aperture opening (2.5 mm wide) on
either side of the guide provided inductive
coupling to the cavity. The number of resonance

Q= 2.29 cm

APERTURE

Fig. 1. Rectangular cavity resonator from a standard X-band
waveguide.
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peaks being dependent on the length of the cavity,
the cavity was excited into 5 modes (TE105-TE109)
utilizing the swept frequency option of the
analyzer. Accordingly, five resonant peaks corre-
sponding to the frequencies around 8.6, 9.36,
10.18, 11.06 and 11.97 GHz appeared on the screen
of the analyzer. Looking at the field configuration
in the cavity, when we consider symmetrical
loading of the specimen in the cavity, the specimen
will be in maximum electric field for odd modes
and it will be in maximum magnetic field for even
resonant modes (e.g. TE106 and TE108). Therefore,
the odd resonant modes give the electrical para-
meters while the even modes, the magnetic
parameters. Rectangular thick film samples as
prepared above were placed straight through the
slot such that the electric field is tangential to the
sample surface, with the sample ends resting on
the cavity walls. The real (e0) and imaginary (e00)
parts of the complex permittivity and the corre-
sponding parts of the complex permeability, m0 and
m00

; were evaluated from the shifts in the resonance
frequency and the change in the quality factor of
the cavity on inserting the sample, using the
following equations [10,11]:

s' = (Vc/Vs)[(fc-fs)/2fs] + l, (1)

1;

e" = (Kc/4K,)[l/e, - 1/&], (2)

(3)

(4)

In the above equations Vc and Vs are the volumes
of the empty cavity and the sample, respectively. fc

and Qc are the resonance frequency and the
quality factor of the empty cavity, and fs and Qs

are the corresponding quantities for the perturbed
case. K = 2a2=ða2 þ l2Þ; where 7' and 'a' are,
respectively, the length and breadth of the cavity.
All measurements were made at room tempera-
ture.

3. Results and discussion

The complex permittivity (e0 — je00) of NiZn
ferrite-epoxy composite thick films has been
studied as a function of ferrite ratio in the

composites as well as the ferrite composition.
Fig. 2 shows the variation of the real part of
dielectric constant, e0

; as a function of the ferrite
ratio in the composites prepared with different
nickel-zinc ferrite compositions, Ni!_xZnxFe2O4
with x = 0:2; 0:4 and 0.5, at 8.6 GHz. e0 is observed
to increase with increasing ferrite content in the
composites and is lower than that of the sintered
ferrite (ferrite/epoxy ratio 100:0). The relatively
lower values of e0 of the composites compared to
those of the sintered ferrites can be attributed to
the effect of dilution of the ferrites due to epoxy,
which has a dielectric constant between 2 and 3. At
microwave frequencies, there are mainly the atom-
ic and the electronic polarizations which contri-
bute to the dielectric constant [12] and these
polarizations get reduced due to the presence of
epoxy in the composites. Decrease in the epoxy
content, therefore, would result in an increase in
the dielectric constant. Similar dielectric behavior
is observed at other frequencies, 10.18 GHz and
11.97 GHz, as well.

As seen in Fig. 2 the real part of dielectric
constant is observed to decrease with decrease in
the Zn content of the ferrite in the composites.
Although this decrease is not very significant, it
can however, be related to the number of
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Fig. 2. Dielectric constant, e0
; as a function of the ferrite ratio

in NiZn ferrite-epoxy composites with different ferrite compo-
sitions, Ni1_^ZnJe2O4, with x = 0:2;0:4 and 0.5, at 8.6 GHz.
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polarizable Fe 2 + ions in the ferrite. Fe 2 + ions are
more easily polarizable than the Fe 3 + ions and,
therefore, greater the number of these ions greater
would be the polarization. The amount of Fe +

depends upon the preparation conditions and the
composition of the ferrite. Normally ferrites with
greater Zn content are found to contain greater
number of Fe 2 + ions [13]. Therefore the compo-
sites with the ferrite composition Ni0.5Zn0.5Fe2O4
are expected to exhibit high dielectric constant
which is indeed corroborated by the present
results.

Fig. 3 shows a plot of e0 versus the ferrite ratio in
the composite with the ferrite composition x = 0:5
at different frequencies. e0 is observed to increase
with frequency though the variation is very small.
This slight increase in the dielectric constant with
frequency indicates some resonance phenomenon
at these frequencies. Han et al. [5] have also
observed a similar behavior in ferrite-epoxy
composites in the GHz region but up to 5 GHz.

The imaginary part of the complex permittivity,
E", or the dielectric loss is a result of the lag in
polarization vis-a-vis the applied electric field. The
dielectric losses in the composites are found to
range from about 0.02 to 0.14 as seen in Fig. 4,
and are observed to increase with increasing ferrite
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Fig. 3. Dielectric constant, d, as a function of the ferrite ratio
in NiZn ferrite-epoxy composites with ferrite composition
Ni0.5Zn0.5Fe2O4, at X-band frequencies of 8.6GHz, 10.18GHz
and 11.97 GHz.
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Fig. 4. Variation of the dielectric loss, e", as a function of the
ferrite ratio in NiZn ferrite-epoxy composites with ferrite
composition Ni0.8Zn0.2Fe2O4, at X-band frequencies of
8.6GHz, 10.18GHzand 11.97 GHz.

content in the composites just as the real (e0) part.
However, s" for the sintered ferrite is observed to
decrease (Fig. 4). These results may possibly be
explained in the following manner. The composite
may be considered to be a homogeneous phase of
composite particles. Each composite particle con-
sists of a ferrite particle surrounded by a layer of
epoxy resin, although there can be distributions in
the layer thickness. As the ferrite content increases
with a corresponding decrease in the resin ratio,
the homogeneity of the composites decreases
because the composite now consists of, in addition
to the composite particles, some ferrite particles
which are not covered by the epoxy layer (due to a
reduction in the epoxy content), thus leading to a
heterogeneous mixture. With increase in the ferrite
content, therefore, this heterogeneity increases
which results in an increase in loss. A schematic
representation of a homogeneous as well as
heterogeneous nature of the composites is given
in Fig. 5. In case of the sintered ferrites, due to the
presence of only the single ferrite phase, a decrease
in loss is observed. The losses are also observed to
increase with increase in the x-value of the ferrite
composition in the composites as shown in Fig. 6
for the frequency 8.6 GHz. Similar trends in
dielectric loss have also been observed for compo-
sites with other ferrite compositions and at other
X-band frequencies.
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Fig. 5. Schematic representation of the two types of possible phase configurations in the ferrite-epoxy composites: (a) homogeneous
phase of composite particles; (b) heterogeneous mixture of ferrite particles and composite particles.
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Fig. 6. Variation of the dielectric loss, s"; as a function of the
ferrite ratio in NiZn ferrite-epoxy composites with different
ferrite compositions, Ni1_^Zn^Fe2O4, with x = 0:2;0:4 and 0.5,
at 8.6GHz.

The room temperature DC resistivity of the
composite films was found to be of the order of
107-108Ocm. High resistivity is desirable to reduce
the eddy current losses to make the composites
suitable for high frequency applications.

Permeability in polycrystalline ferrites can be
described by the superposition of two components
corresponding to two types of magnetization
processes, domain wall movement and spin rota-
tion [14], and can be written as m = 1 þ ldw þ lspin;

where lspin and ldw denote the susceptibilities

corresponding to spin and domain wall motion,
respectively. At microwave frequencies, the spin
rotation contribution to magnetization is domi-
nant [15]. In case of composite materials, since the
ferrite particles are embedded in epoxy resin, it can
be assumed that a non-magnetic layer of resin
surrounds the ferrite particles, and therefore the
permeability of the composites would be different
from that of pure ferrites. Table 1 gives m0 and m00

values of the complex permeability of NiZn
ferrite-epoxy composites at 9.36 and 11.06 GHz
corresponding to the even excitation modes in the
cavity. The real part of permeability, m0; is
observed to generally decrease with increase in
ferrite content in the composites. The m0 values are
also observed to decrease with frequency for each
composite and lie in the range 1-5. The m0 values
obtained for the composites are higher than those
observed for the sintered pure ferrites in which
case even negative values were observed in the X-
band region [16,17].

The m0 values observed at X-band frequencies
seem to be the post resonance values. Resonance
in ferrites arises due to coupling of the energy
when the precessional frequency of the electron
spins is the same as that of the microwave
frequency. In case of sintered ferrites the resonance
frequency is mostly reported to lie in the range 5-
100 MHz [18]. The frequency at which the
resonance peak occurs is decided by the low
frequency permeability of the ferrite, according
to Snoek's rule [19] and that is m0 -/r = constant,
where, fr is the resonance frequency. This equation
implies that higher the m0; lower the frequency at
which resonance would occur. The low frequency
permeability in composites is expected to be lower
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Table 1
Permeability parameters of composites in the X-band micro-
wave region

Ferrite Ferrite/epoxy
composition x ratio

x = 0:5 50/50
60/40
70/30
80/20

x = 0:4 50/50
60/40
70/30
80/20

x = 0:2 50/50
60/40
70/30
80/20

x = 0:5 50/50
60/40
70/30
80/20

x = 0:4 50/50
60/40
70/30
80/20

x = 0:2 50/50
60/40
70/30
80/20

Frequency m0

9.36 1.62
1.58
1.45
1.41

9.36 3.69
3.00
2.52
1.90

9.36 3.90
3.29
2.64
2.05

11.06 1.46
1.39
1.34
1.35

11.06 2.63
2.55
1.95
1.86

11.06 2.45
2.26
1.62
1.64

3.08
3.68
6.05
7.86

1.78
3.61
4.64
5.21

3.92
3.06
3.75
6.56

2.81
3.56
5.48
6.24

1.69
3.53
4.56
7.68

2.99
3.10
3.63
4.09

tandm

0.19
2.32
4.17
5.57

0.48
1.20
1.84
2.74

1.00
1.14
1.42
3.20

1.92
2.56
4.08
4.62

0.64
1.38
2.34
4.12

1.22
1.37
2.24
2.49

than that of the sintered ferrites due to the
presence of the non-magnetic resin. The resin
layer that surrounds the ferrite particles creates
discontinuity between them, with the result that
the magnetic flux in the material is not continuous.
This would result in a reduction in the perme-
ability of the composites. The resonance frequency
in composites, therefore, is expected to be higher
than that of the sintered ferrites, in accordance
with the Snoek's rule. With decrease in the ferrite
content in the composites, m0 is expected to
decrease with the resonance frequency shifting
correspondingly to higher frequencies. The col-
lapse of the magnetic connectivity between the
ferrite particles gives rise to shape anisotropy,
which introduces demagnetizing fields [7]. With

increase in the epoxy content the demagnetizing
fields would increase resulting in higher resonance
frequency [7]. The resonance phenomenon in
composites seems to occur at frequencies below
the X-band and is, therefore, not observed in the
present work. The slight decrease in m0 observed
with increase in ferrite content at X-band frequen-
cies (Table 1), may be attributed to the slight shifts
in the resonance frequency to lower values on
increasing the ferrite content. The composites with
lower resonance frequency would show lower post
resonance m0 values which will be the values
corresponding to the falling part of the resonance
curve in the X-band region, while those with
higher resonance frequencies will show relatively
higher values. Thus, even though m0 is reported to
increase with increase in ferrite content at low
frequencies [20], at X-band microwave frequencies
the reverse trend is observed.

The permeability loss m00 arises as a result of the
lag between the magnetization and the applied
alternating field. As seen in Table 1, m00 as well as
tan dmðm00=m0Þ are observed to generally increase
with increasing ferrite loading in the composites.
The loss tangents observed for the composites are
higher than those reported for the pure sintered
ferrites [16,18]. The higher losses are attributable
to the presence of two different kinds of phases in
the composites. High tan dm losses are observed for
the composites with the ferrite composition
Ni0.5Zn0.5Fe2O4. Also, the composites with the
ferrite/epoxy ratio 80/20 are found to exhibit the
highest tan dm compared to other ratios. The high
magnetic loss of these composite films shows their
technical potentiality in multi-layer chip inductor
[21] and EMI suppression applications at X-band
frequencies.

4. Conclusion

The present work reports the complex permit-
tivity and complex permeability of Ni-Zn ferrite-
epoxy thick films at X-band microwave frequen-
cies measured using the cavity perturbation
technique. The properties of the composite films
are found to vary with the ferrite composition and
the ferrite/epoxy ratio. The films exhibit high
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permeability losses, which make them suitable as
EMI shielding materials to reduce device-to-device
electromagnetic interference at X-band frequen-
cies. The present data could be useful in custom-
designing thick films appropriate to the operating
conditions of the device.
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