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Novel magnetodielectric nanomaterials with matching permeability
and permittivity for the very-high-frequency applications
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Nanoferrites with a composition of Ni0.35Zn0.35Co0.2Mn0.05Cu0.05Fe1.98O4 were synthesized by a co-precipitation method. The
material obtained after sintering at 900 �C shows almost matching permeability and permittivity values of close to 6 with low values
for magnetic loss tangent (�0.03) and dielectric loss tangent (�0.008) in the range 10–200 MHz. Together with a refractive index of
about six and a reduced impedance of around one, this material could be employed for loading of miniaturized antennas in the VHF
band.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Conventional VHF antennas have large physical
dimensions and existing approaches to reduce their size
degrade their performance [1]. Reducing the physical
dimensions of such antennas without affecting their elec-
tric performance remains a challenging task. There are a
few approaches for patch antenna miniaturization. The
first approach is to use capacitive or inductive loadings.
The major drawback of this method is entrapment of a
large amount of electromagnetic energy within the near-
field region. In addition, due to the strong resonance
and increased losses, antenna efficiency is expected to be
low [2]. The second approach is to use dielectric materials
for loading. However, dielectrically loaded antennas are
prone to surface wave excitations [3]. Using only
high-permittivity or dielectric materials for device minia-
turization causes serious problems, such as impedance
mismatch and increased mutual coupling between the
components. The third approach is to utilize magnetodi-
electric materials for loading [4]. This technique is quite
useful as permeability also contributes to miniaturization
[5]. Moreover, a smaller value for permittivity is required
to achieve the same miniaturization factors as compared
to pure dielectric loading [6].

Magnetodielectric materials with a high refractive in-
dex and impedance matched to the free space have many
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potential electromagnetic applications. However, such
materials are not found in nature. A chessboard struc-
ture has been proposed by Yu et al. [7] to achieve equal
values of relative permeability and permittivity. Kong
et al. [8] suggested composite materials based on
polycrystalline ferrite and epoxy. Petrov et al. [9] pro-
posed ferrite–ferroelectric-based composite for antenna
miniaturization. However, these studies based on fully
sintered ceramics are applicable for antenna miniaturi-
zation only below 100 MHz [1,9–10].

The present study aims to investigate materials with
almost equal values of permeability and permittivity for
antenna design in the radiofrequency range. It is well
known that polycrystalline ferrites generally have high-
er permeability than permittivity, while metal alloys
have higher permittivity than permeability because of
their high conductivity. Cobalt is useful for shifting
the relaxation due to its high magnetocrystalline anisot-
ropy, and copper is a good sintering aid [8,10]. Defi-
ciency in iron and addition of manganese are helpful
in suppressing the formation of Fe2+ ions and main-
taining low dielectric loss tangents. Therefore, in the
present paper, we propose porous and spinel nanofer-
rites with a composition of Ni0.35Zn0.35Co0.2Mn0.05

Cu0.05Fe1.98O4, which have almost equal values of per-
meability and permittivity, as low-loss magnetodielec-
tric materials enabling antenna miniaturization in the
radiofrequency range.
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Figure 1. XRD patterns of ferrite sample (a) pre-sintered at 800 C, (b)
sample I and (c) sample II.

Figure 2. (a) TEM image of the ferrite powder pre-sintered at 800 �C;
(b) SEM images of sample I and (c) sample II.
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Nanoferrites of composition Ni0.35Zn0.35Co0.2Mn0.05-

Cu0.05Fe1.98O4 were prepared by a co-precipitation
method [11]. High-purity chemicals used were nickel
chloride, zinc chloride, cobalt chloride, manganese chlo-
ride, copper chloride, iron(III) chloride and sodium
hydroxide. The chemicals with accurate stoichiometric
proportions were prepared in double-distilled water
and mixed quickly into a boiling solution of NaOH
(0.40 mol l�1) under vigorous stirring. Mixing is very
important as otherwise segregation of phases can take
place. After co-precipitation, the pH was set at 11.5 by
adding NaOH solution dropwise. Reaction was contin-
ued for 30 min at a temperature of 90 �C under vigorous
stirring. The suspension was cooled to ambient temper-
ature and then reduced to �400 ml by removal of the
supernatant. The suspension was then centrifuged at
5000 rpm for 15 min, and the resulting precipitate
washed carefully with distilled water to remove any
impurities. The residue was dried in an electrical oven
overnight. The ferrite powders were pre-sintered at a
temperature of 800 �C in air for 3 h at heating and cool-
ing rates of 200 �C h�1, mixed with 3% polyvinyl alcohol
solution as binder and then compacted into a toroidal
shape under a pressure of 32 MPa. These toroidal sam-
ples were finally sintered in air at a temperature of
900 �C (sample I) and 950 �C (sample II) for another
3 h, each at a heating and cooling rate of 200 �C h�1.

X-ray diffraction (XRD) measurements were per-
formed on a Philips PW 1729 diffractometer using Cu Ka
radiation. Transmission electron microscopy (TEM)
images were obtained with a JEOL JEM-100CX and
scanning electron microscopy (SEM) images were re-
corded on a Hitachi S-3200 N. Density measurements
were undertaken on a Micromeritics Accupyc II 1340
Pycnometer. Complex permeability and permittivity were
measured using an impedance analyzer (HP4291B).

XRD patterns of the sample pre-sintered at 800 �C,
and sintered at 900 and 950 �C are shown in Figure 1a–c,
respectively. The patterns show all the characteristic
peaks of a cubic spinel structure and confirm the phase
formation, indicating the absence of other impurity or
unreacted constituents. The XRD patterns exhibit broad
peaks, indicating the ultrafine nature and small crystalline
size of the particles. The broadening of the peaks is found
to reduce with sharp intensities after sintering for sample
I, indicating grain growth during the sintering process.
Similar behaviour has been observed for sample II with
relatively sharp and intense peaks. The average particle
size D of the sample was estimated with the most promi-
nent peak (3 1 1), by using the Debye–Scherer formula for
Lorentzian peaks [12]. The value for D is about 22 nm for
the sample before sintering, 32 nm for sample I and 44 nm
for sample II after sintering. The lattice parameter was
determined using Bragg’s law [11]. The values are
0.8377 and 0.8389 nm for samples I and II, respectively,
which are in close agreement with the literature data for
Ni–Zn ferrites [13].

Figure 2a displays TEM image of the pre-sintered fer-
rite powder. The powder appears to be non-agglomer-
ated and the particle size is found to be narrowly
distributed. The nanoparticles are almost uniform, mon-
odispersed and cubic in shape. The average particle size
is about 25 nm, which is quite consistent with that of the
XRD results. Figure 2b and c display SEM images of
the fractured surface of sample I and sample II, respec-
tively. The sintering temperature has a great influence
on the microstructure. It is observed that the average
grain size of the sample increases with increasing sinter-
ing temperature. Consequently, the density (porosity) is
found to increase (decrease). The porosity is found to be
about 14% for sample I and 11% for sample II due to the
grain growth during the sintering process. As a result of
aggregation of a large number of crystallites due to
pressing [14] and grain growth during sintering, the
average grain size is found to be about 50 nm. The ob-
served value is much lower than the critical limit for
multidomain grains [15,16].

The frequency response of the complex permeability
and permittivity spectra of sample I and sample II is
plotted in Figure 3a and b, respectively. The complex
permeability (l*) of sintered ferrite can be described as
[17,18]:

l� ¼ l0 � l00 ¼ 1þ vsp þ vdw ð1Þ
where l/ is the real part of permeability, l// is the imag-
inary part of permeability, vsp is the spin rotational sus-
ceptibility, and vdw is the domain wall susceptibility. The



Figure 3. Complex permeability and permittivity spectra of (a) sample
I and (b) sample II. Inset picture in (a) depicts the results between 10
and 200 MHz for sample I.
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spin rotational component is of relaxation type and its
dispersion is inversely proportional to the frequency.
The domain wall component is of resonance type and
depends on the square of frequency [19]. In the present
study, the permeability spectra for both samples show
a common feature. For sample I, l/ remains almost
constant up to 200 MHz with a value of �6.4, then in-
creases to a maximum value of 8.2, beyond which l/ be-
gins to decrease. The imaginary permeability l// remains
very low with a value of �0.22 at frequencies below
200 MHz, and then increases to a maximum. For sample
II, l/ also attains a constant value of �9.2 but only up to
40 MHz. After that, it shows a continuous increase until
a maximum value of �9.9 at 75 MHz, and then finally
decreases. Since in the present study the average grain
size is smaller than the critical size for multidomain
grains, the contribution of vdw to l* can therefore be ne-
glected and the observed low values of permeability may
be linked to the spin rotational contributions only. For
both samples, at around the frequency where l/ becomes
half of the constant value, l// shows a broad peak due to
relaxation. In general, the relaxation frequency fr and
the static permeability ls for spinel ferrite materials
can be expressed by Snoek’s law [20]:

ðls � 1Þfr ¼ C ð2Þ
where C = 2

3
ðc:MSÞ where c is the gyromagnetic ratio

and Ms is the saturation magnetization. Therefore, a
larger static permeability leads to a lower relaxation
frequency [21].

Sintering temperature has a great influence on mag-
netic properties. As the sintering temperature is in-
creased, both real and imaginary parts of the complex
permeability increase. An increase in the real part of
the permeability by �40% is seen as the sintering tem-
perature increases from 900 to 950 �C. This increase in
permeability may be due to grain growth and reduced
porosity at the elevated sintering temperature. In porous
materials, magnetic poles are created on the surface of
grains/particles under the applied magnetic field. As a
consequence, a demagnetizing field is produced, leading
to a decrease in static permeability [10]. For sample II,
the relaxation in the imaginary part is quite broad and
started at a very low frequency of 40 MHz, indicating
that nucleation at a sintering temperature of 950 �C oc-
curs as a single event, leading to a nonuniform and dis-
continuous grain growth; whereas at a sintering
temperature of 900 �C, the relaxation starts at a rela-
tively higher frequency beyond 200 MHz (inset of
Fig. 3a). The sharp relaxation peak and constant perme-
ability value over a wide range of frequency for sample I
may be attributed to slow nucleation at a sintering tem-
perature of 900 �C, leading to uniform and homogenous
grain growth. The relaxation behaviour of permeability
spectra, i.e. the low value of l/ associated with the high
value of relaxation frequency can be linked to the mon-
odomain grains having rotational permeability and to
the porous microstructure of the ferrite. The porous fer-
rites are regarded as composite materials with a high fer-
rite ratio [22]. Therefore, the porosity of 14% for sample
I is a suitable value for antenna applications in the VHF
range.

High-frequency permittivity of ferrite materials is
mainly contributed by the atomic and electronic polari-
zation. Fe2+ ions in ferrite materials always enhance the
permittivity due to these ions having a larger polariza-
tion than Fe3+ ions. Fe3+ ions have a spherical symme-
try of the charge electron cloud due to a stable d-shell
configuration, whereas Fe2+ ions have an extra electron
which disturbs the symmetry of the charge electron
cloud [23]. Therefore, the presence of Fe2+ ions in the
ferrite sample increases polarization and hence permit-
tivity. However, high permittivity in the present study
is undesirable because it is accompanied by high losses.

In the present study, the complex permittivity contrib-
uted by atomic and electronic polarization is almost inde-
pendent of frequency over 10 MHz–1 GHz. Both the real
and imaginary permittivity stays almost flat over the
entire frequency range. However, as the sintering temper-
ature is increased from 900 to 950 �C, a drop in the real
part of the permittivity of �7% is noticed. The dielectric
properties of polycrystalline ferrite ceramics are addition-
ally affected by microstructure, grain size, density (poros-
ity) and impurities of the samples. The densification by
sintering occurs in three steps as follows: bridge forma-
tion between the grain, granular arrangements and then
grain growth [24]. The grain size effect on the permittivity
is explained by the Maxwell–Wagner effect [23,25], which,
in ferrites, arises due to the highly conducting grains sep-
arated by the layers of lower conductivity. These observa-
tions show that low dielectric constants are associated
with stoichiometric ferrites. In addition, porosity has a
strong influence on the permittivity of the ferrite materi-
als. Closed pores will reduce the permittivity, whereas
open pores may increase permittivity. Real and imaginary
parts of permittivity for both samples show some fre-
quency dependence in the lower-frequency range. This
may be attributed to the electrical conduction of the sam-
ple due to their poor densification properties.

The refractive index (n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l= � e=

p
), reduced imped-

ance (Z=Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
l==e=

p
), dielectric and magnetic loss tan-

gents for sample I are plotted in Figure 4. Sample I has



Figure 4. Refractive index, reduced impedance and loss tangents of
sample I. Inset picture depicts the results between 10 and 200 MHz.
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almost identical values for permeability and permittivity
over 10–200 MHz, which results in a Z/Z0 of close to 1
and an n of close to 6.3. This value of the refractive in-
dex is sufficient to reduce the size of antenna by a factor
of �6. Kong et al. [10] were successful in miniaturizing
the antenna by a factor of 13–15 with unchanged electric
dimension by using Li–Co ferrite. However, their fre-
quency of interest was 10–30 MHz. In polycrystalline
ferrite ceramics, dielectric loss tangent arises from the
lag in polarization vis-à-vis applied electric field,
whereas magnetic loss tangent results from the lag in
magnetization vis-à-vis applied magnetic field. A sin-
gle-phase ferrite structure free from impurities and
imperfections and produced by a co-precipitation meth-
od resulted in low dielectric loss tangents in the present
study. Moreover, the deficiency in iron and addition of
manganese are helpful to suppress the formation of
Fe2+ ions and maintain low dielectric loss tangents.
The low permeability loss tangents are linked to the stoi-
chiometric ferrites with homogeneous and uniform
grains [26]. It is interesting to note that very low loss
tangents (610�2) are required to minimize losses in the
antenna. In particular, a sufficiently low dielectric loss
tangent is one of the critical requirements for antenna
applications [27]. In this respect, sample I with a dielec-
tric loss tangent of 0.008 may find practical application
for miniaturization of antennas in the VHF bands. The
miniaturization of antennas by the use of high dielectric
materials with a small permeability results in low effi-
ciency and a narrow bandwidth [28]. Magnetodielectric
materials have no such problem. These materials can
be used to miniaturize antenna by the same factor by
using moderate and matching values of l/ and e/.

In summary, magnetodielectric nanomaterials based
on ferrite powders with composition Ni0.35Zn0.35Co0.2

Mn0.05Cu0.05Fe1.98O4 for antenna miniaturization were
fabricated and characterized. In particular, sample I sin-
tered at 900 �C is found to be useful with an average
grain size of 50 nm and 14% porosity. The measured
l/ and e/ both remain almost identical (�6), while the
magnetic and dielectric loss tangents show values close
to 0.03 and 0.008, respectively, in the frequency range
from 10–200 MHz. These materials have been demon-
strated to be suitable for the design of VHF antennas
with reduced physical dimensions.
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