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a b s t r a c t

Cobalt and copper doped Ni–Zn nano-ferrite with a composition of Ni0.4Zn0.4Co0.2Cu0.02Fe1.98O4 are
prepared by a coprecipitation method. The structural, electromagnetic and magnetic properties are
investigated by means of X-ray diffraction, impedance analyzer and vibrating sample magnetometer,
respectively. Samples are calcinated at 600 ◦C and then subjected to different sintering temperatures.
After sintering at 900 ◦C for 5 h, the average crystalline size is found to be 38 nm. The material shows
almost constant permeability and permittivity, in the frequency range from 10 to 200 MHz, equal to
eywords:
anostructured materials
recipitation
intering
ielectric response
eramic

∼10.8 (loss tangent ∼ 0.04) and ∼6.5 (loss tangent ∼ 0.006), respectively. Relaxation phenomenon takes
place beyond 200 MHz. The refractive index n is close to 8.3, and the reduced impedance Z/Z0 is close
to 1.3. The persistent and higher value of permeability than that of permittivity along with low losses
enables this material useful for the very high frequency applications.

© 2011 Elsevier B.V. All rights reserved.

-ray diffraction
agnetization

. Introduction

Due to marvellous developments in wireless communication,
emand for smaller and portable communication devices has
lways challenged the antenna designers. However, the support of
arious applications on a single channel makes the size of terminal
hysically bigger. There are many techniques for the patch antenna
iniaturization. The popular technique is by using high permittiv-

ty substrates for antenna loading, but the return loss, bandwidth,
mpedance and gain of the antenna becomes worse and the effi-
iency of antenna is decreased [1]. The most important challenge
s to reduce the physical dimensions of antenna without affecting
he bandwidth and the electrical performance. Material dispersion
reduced bandwidth) and losses (reduced efficiency) are the crucial
arameters to be controlled for antenna miniaturization. It has been
eported that a substrate with lossless and dispersion-free per-
eability higher than permittivity could lead to substantial wider

andwidth [2]. In fact, materials with low dielectric and magnetic
oss tangents are very useful to the design of miniaturized anten-
as and simultaneously maintaining the electrical dimensions. The

agnetodielectric meta-materials offer a better control of electro-
agnetic properties by tuning permeability and permittivity to

rovide wider bandwidth than that of pure dielectric substrates
3].

∗ Corresponding author. Tel.: +886 2 33665162; fax: +886 2 33665892.
E-mail address: jhhsu@phys.ntu.edu.tw (J.-H. Hsu).
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In the present era of high frequency application, nano-
structured ferrite is one of the most important magnetodielectric
materials which has higher value of permeability than that of per-
mittivity and can be used as in both types; single and polycrystalline
[4]. Polycrystalline ferrites are a complex system composed of crys-
tallites, grain boundaries and pores [5]. Because of large surface to
volume ratio of nanostructured ferrites, the physical, electric and
magnetic properties are quite different from their bulk counter-
parts [6]. Consequently, the controlled synthesis of nanocrystalline
ferrites is helpful to tune their electromagnetic properties. The fas-
cinating electromagnetic properties of polycrystalline nanoferrites
over normal dielectric materials make them useful in the radio-
frequency applications.

Patch antenna on ferrite substrates are attractive, because they
have greater agility in controlling the radiation characteristics of
the antenna [7]. Their inherent anisotropy and non-reciprocal prop-
erties permit variable frequency tuning and antenna polarization
diversity [8,9]. Nickel–zinc ferrites are soft ferrimagnetic materials
having low magnetic coercivity, low dielectric constant, high cor-
rosion resistance, extremely high resistivity, high permeability and
little eddy-current loss in the high frequency range [10]. Cobalt is
known to have high magnetocrystalline anisotropy, while magne-
tocrystalline anisotropy of most spinel ferrites is negative with a

relatively small value. The doping with cobalt is an effective way to
compensate the magnetocrystalline anisotropy of the host ferrite
and is useful to shift the relaxation to the high frequency region
[11]. Copper is a dielectric material having low melting point and
acts as a good sintering aid [12]. Therefore, in the present study,

dx.doi.org/10.1016/j.jallcom.2011.02.021
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Lattice parameter a, crystallite size D, saturation magnetization Ms, coercivity Hc,
porosity P and lattice strain LS for all the samples.

Sample a (Å) D (nm) Ms (emu/cm3) Hc (Oe) P (%) LS × 10−3
Fig. 1. XRD patterns of samples S1, S2 and S3.

obalt and copper substituted Ni–Zn nanoferrites with a nominal
omposition of Ni0.4Zn0.4Co0.2Cu0.02Fe1.98O4 for the very high fre-
uency (VHF) applications have been investigated.

. Experimental details

Nanoparticles of Ni0.4Zn0.4Co0.2Cu0.02Fe1.98O4 were prepared by a co-
recipitation method [13]. High purity chemicals nickel chloride hexahydrate (99.9%
erck, Germany), zinc chloride (99.9% Merck, Germany), cobalt chloride hex-

hydrate (≥99% Fluka, USA), copper chloride dehydrate (99% Acros, India), iron
III) chloride hexahydrate (99% Acros, India) and sodium hydroxide (99% Merck,
ermany) were used as starting materials. The accurate stoichiometric propor-

ions of chemicals prepared in double distilled water were mixed quickly into
oiling solution of NaOH (0.40 mol/l) under stirring produced by the magnetic stir-
er (∼1000 r.p.m.). Mixing is very important otherwise segregation of phases can
ake place [14]. After co-precipitation, pH was set at 11.5 by adding NaOH solution
ropwise. In order to diminish evaporation, the reaction vessel was covered with
lastic lid. Reaction is continued for 30–40 min at a temperature of 90 ◦C under vig-
rous stirring. The precipitate were separated and washed carefully with distilled
ater several times to remove the contents of impurities. The residue was dried in

n electrical oven overnight. The ferrite powders were pre-sintered at a tempera-
ure of 600 ◦C in air for 5 h at a heating and cooling rates of 250 ◦C/h, mixed with 3%
olyvinyl alcohol (PVA) solution as the binder and then compacted into torroidal
hape under a pressure of 32 MPa. These torroidal samples so obtained were finally
intered in air at 900 ◦C (S1), 950 ◦C (S2) and 1000 ◦C (S3) for another 5 h each at a
eating and cooling rate of 250 ◦C/h.

X-ray diffraction (XRD) measurements were performed on a Philips PW 1729
iffractometer using CuK� radiation. The density measurement was undertaken on a
icromeritics Accupyc II 1340 Pycnometer. Hysteresis loops were determined with
maximum applied field of 12 kOe on Lakeshore VSM Model 74034. The complex
ermeability and permittivity were measured by an impedance analyzer (HP4291B)
ver the frequency range 10 MHz–1 GHz. The material has been machined in order
o avoid the presence of air gaps between the sample and the line walls. An error
nalysis reveals moderate uncertainties in ε′ (<3%), ε′′ (<1%), �′ (<3%) and �′′ (<1%)
or data recording. All the measurements were done at room temperature.
. Results and discussion

Fig. 1 displays the XRD patterns of the ferrite samples S1, S2,
nd S3. It shows that all the samples are well crystallized and they
S1 8.3822 38 138 96 12 2.071
S2 8.3756 45 179 91 9 2.083
S3 8.3712 54 208 84 7 2.094

contain only single phase with a spinel structure. The absence of
any extra peak rules out the possibility of impurity or some other
phases in the structure. The strongest peak in all the samples is
(3 1 1), which signifies truly random crystalline orientation with-
out any preferred growth direction [15]. All the peaks are quite
broad indicating nanometric crystallites. The d values and intensi-
ties of the observed diffraction peaks match the single crystalline
spinel form of nickel zinc ferrite (JCPDS Card No. 019-0629). The lat-
tice parameter a was determined by using the Bragg’s law [13]. The
values of lattice parameter for all the samples are listed in Table 1
and are in a close concurrence with the literature data for Ni–Zn
ferrites [16]. The observed decrease in lattice parameter with sin-
tering temperature could be due to increased degree of inversion
[17,18]. As the inversion increases, the relatively larger Zn2+ ions
in the nanoparticle systems would migrate to octahedral (B) sites
from their conventionally preferred tetrahedral (A) sites and com-
fortably occupy the larger octahedral interstices compared to the
smaller tetrahedral interstices. In this way, the Zn2+ ions are not
required to push the octahedron around it and expand the lattice.
If the Zn2+ ions were in A sites, they were normally assumed to push
the tetrahedron around them and contribute to expand the lattice.
The crystallite diameter D is calculated from the most prominent
peak (3 1 1) by using Debye–Scherer’s formula for Lorentzian peak
[19]:

D = 0.9�

(w − w1) cos �
(1)

where w and w1 are the half-intensity width of relevant diffrac-
tion peak and instrumental broadening, � is the wavelength used
and � is the corresponding Bragg’s angle. Sample S1 sintered at
900 ◦C is found to have widest peaks with crystallite size of 38 nm.
As the sintering temperature is increased, the comparative widths
are reduced and the intensities are increased, which results in an
increase in grain size (Table 1). This may be attributed to the grain
growth during the sintering process. Sintering is effective when
the process reduces the porosity and enhances properties such as
strength and thermal conductivity. The main mechanism respon-
sible for sintering is the lattice or volume diffusion of atoms, which
occur through vacancy movements with grain boundaries acting as
vacancy sinks. Various parameters like temperature, pressure, time
and atmosphere affect the sintering process. The observed values
for D are much lower than the critical limit for multi-domain grains
in Ni–Zn ferrites [20].

Fig. 2 depicts the TEM image of the pre-sintered ferrite pow-
der. The powder appears to be agglomerated and the particle size
is found to be narrowly distributed. The nanoparticles are almost
uniform, monodispersed and spherical in shape. Thus, it can be
inferred that the nucleation occurs as a slow event, resulting in
uniform distribution of nuclei. The average particle size calculated
from TEM is about 35 nm, which is in close agreement with the
value determined from XRD measurements.

The Hall–Williamson plots of samples S1, S2 and S3 are shown

in Fig. 3. All the plots show a negative slope indicating compres-
sive strain experienced by nano-metric grains. This compressive
strain may be attributed to the variation of Fe3+ ions in the A and B
sites due to grain size reduction. Shifting iron from A to B site cre-
ates a compressive strain in nanoparticles due to smaller distance
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Fig. 2. TEM image of the pre-sintered ferrite powder.

etween B-site ions (0.292 nm) as compared to that of A-site ions
0.357 nm) [21]. The increased degree of inversion in nanometric
errites could also contribute to compressive strain. The average
attice strain experienced by nanocrystallites is calculated from
he Hall–Williamson method by using the relation; average lattice
train (LS) = ˇ/{4 tan �} where ˇ is the integral breadth of a reflec-
ion (in radians 2�) located at 2�. The calculated value of LS for
1, S2 and S3 are tabulated in Table 1. Although the lattice strain
ncreases with sintering temperature, the overall magnitude of the
attice strain is very small (about 2%). From the results of the lattice
train calculations, the broadening of XRD peaks primarily arises
rom the particle size of the samples.

The complex permeability dispersion of the ferrite sample

intered at different temperatures is shown in Fig. 4. Perme-
bility is the degree of magnetization that a material obtains in
esponse to an applied magnetic field. Permeability spectra of
errites are influenced by many factors like compositional stoi-

Fig. 3. Hall–Williamson plots of samples S1, S2 and S3.
Fig. 4. Complex permeability and permittivity spectra for samples S1, S2 and S3
over the frequency range 10 MHz–1 GHz.

chiometry, microstructural homogeneity, impurity, synthesis route
and density/porosity [22,23]. The complex permeability of sintered
ferrite is related to two different magnetizing mechanisms: the
spin rotational magnetization and the domain wall motion. The
spin rotational component of complex permeability 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 [23]. For S1, �′ attains a value of 10.8 and
remains almost constant up to a frequency of 200 MHz, beyond
which it starts increasing to a maximum and finally decreases. All
the samples are found to obey Snoek’s law [24]:

(�s − 1)fr = 2
3

(� · Ms) (2)

where Ms is the saturation magnetization, � is the gyromagnetic
ratio and �s is the static permeability that can be defined as the
real permeability far below the relaxation frequency. Here, fr is the
relaxation frequency that may be seen as the permeability cut-off
frequency. The smaller value of permeability will lead to the higher
relaxation frequency. The complex permeability dispersion for S1
shows a unique behaviour in terms of relaxation than for S2 and
S3. The presence of a sharp peak for S1 indicates that sintering
temperature of 900 ◦C is sufficient for proper and uniform grain
growth. Beyond 900 ◦C, nucleation occurs as a single event lead-
ing to non-uniform grain growth, which results in a broad peak for
relaxation, undesired in the present study. The notable increased
width of resonance peaks for S2 and S3 may be due to the heteroge-
neous grain growth at higher sintering temperatures. A fairly low
value of permeability in the present study is attributed to rotational
contributions in the nanoferrites as the crystallite size is smaller
than the critical size for multidomain grains. As the sintering tem-
perature is increased, the value of �′ is found to increase due to the
grain growth and reduced porosity. The porosity is a measure of
the void spaces in a ferrite material and has a strong influence on
the permeability. In porous materials, magnetic poles are created
on the surface of grains/particles under an applied magnetic field.
As a consequence, a demagnetizing field is produced, leading to a
decrease in static permeability in accordance with the well known
relation:
�s − 1 = 4�Ms

(HA + Hd)
(3)

where Ms is saturation magnetization, HA is the magnetic
anisotropy and Hd is the demagnetizing field. The purpose of sinter-
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field; whereas magnetic loss tangent results from the lag in mag-
netization vis-à-vis applied magnetic field. Especially for S1, low
values of tan(ı�) (∼0.04) and tan(ı�) (∼0.006) have been observed.
Single-phase ferrite structure, which is free from impurities and
Fig. 5. Hysteresis loops for samples S1, S2 and S3.

ng is to develop the most appropriate structure for the application,
omplete the inter-diffusion of metal ions into the desired crystal
attice [25]. Sintering is the process to bond together the com-
acted powder particles at temperatures below the melting point.

t involves the joining of particles placed in contact with each other
y growth of neck at the region of contact, when the particles are
eated to appropriate temperature. Sintering in practice is the con-
rol of both densification and grain growth. Densification is the act
f reducing porosity in a sample, thereby, making it denser. There-
ore, in the present study, porosity of 12% (S1) is an appropriate
alue for the targeted applications in the VHF bands.

Fig. 5 plots the hysteresis loops of samples S1, S2 and S3 at room
emperature. Typical ferrimagnetic behaviour is observed for all the
hree samples. The saturation magnetization and coercivity of each
ample are summarized in Table 1. An increase in Ms and decrease
n Hc are seen with an increasing sintering temperature. Compara-
ive low value of Ms in nanoferrites than in their bulk counterparts

ay be due to spin canting and compressive strain at nano level
s observed from the negative slopes of the Hall–Williamson plots
21,26]. The permeability of ferrite materials is related to saturation

agnetization and coercivity, via relation:

′ ∝ Ms

Hc
(4)

herefore, for S1, lower Ms and higher Hc will lead to reduced value
f �′. The low value of �′ will result in higher cut-off frequency for
elaxation.

Fig. 6 plots the variations of complex permittivity as functions of
requency over a wide range of frequencies (10 MHz–1 GHz). Per-

ittivity is a measure of how an electric field affects and is affected
y a dielectric medium. Permittivity is determined by the abil-

ty of a material to polarize in response to the field, and thereby
educe the total electric field inside the material. Thus, permittiv-
ty relates to a material’s ability to transmit an electric field. The
ielectric properties of ferrites are influenced by several factors

ncluding the method of preparation, sintering temperature, dura-
ion, rate and atmosphere, chemical composition, porosity, type
nd quality of additives, grain structure etc. [27]. In the present
tudy, the dielectric constant (static permittivity) is quite low in
he range of 6.5–7.7 as compared to that of reported values for
i–Zn ferrites by other methods [28]. The dielectric behaviour of
errites is strongly related to conduction mechanism [29]. The elec-
ron exchange between Fe2+ ↔ Fe3+ and the hole exchange between
i2+ ↔ Ni3+ and Co2+ ↔ Co3+ at the B sites can result in local dis-
lacement of charge carrier along the applied electric field, which
etermines the polarization and hence the permittivity of ferrites
Fig. 6. Complex permittivity spectra for samples S1, S2 and S3.

[30–32]. There are four types of polarization in ferrites namely:
dipolar, ionic, atomic and electronic. The dipolar and ionic types
are significant at low frequencies while atomic and electronic types
contribute at high frequency region. The presence of Fe2+ ions in
the ferrite sample increases polarization and hence permittivity.
However, high permittivity in the present study is undesirable,
because it is accompanied by high losses. Moreover, substances
with high dielectric constants break down more easily when sub-
jected to intense electric fields. The substantial low value of ε′ ∼ 6.5
and ε′′ ∼ 0.04 for S1 can be explained on the basis of smaller grain
size and better stoichiometry with relatively lower concentration
of easily polarizable Fe2+ ions. The observed increase in ε′ and ε′′

for sample S2 and S3 may be due to the reduced porosity (Table 1)
[33].

The variation of refractive index (n =
√

�′ × ε′), reduced

impedance (Z/Z0 =
√

�′/ε′), magnetic loss tan(ı�) and dielectric
loss tan(ı�) over the frequency range of 10–200 MHz for S1 is
shown in Fig. 7. In polycrystalline ferrite ceramic, dielectric loss
tangent arises from the lag in polarization vis-à-vis applied electric
Fig. 7. Refractive index, reduced impedance and loss tangents of S1 over the fre-
quency range 10–200 MHz.
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mperfections and produced by a co-precipitation method in the
resent study, resulted in low dielectric loss tangents. The low per-
eability loss tangents may be linked to the stoichiometric ferrites
ith homogeneous and uniform grains [34]. Sustained values of
′ and ε′ lead to n of ∼8.3 and Z/Z0 of ∼1.3 in a frequency range of
0–200 MHz. These results suggest that the sample S1 with porosity
f 12% is potentially useful for the high-frequency antenna design
y maintaining the wide bandwidth and electrical performance.

. Conclusion

Our experimental data demonstrate that the proposed
i0.4Zn0.4Co0.2Cu0.02Fe1.98O4 nano-ferrite prepared by a co-
recipitation method could be a good candidate as a magnetodi-
lectric material for the very high frequency applications. The
intering process is found to play a crucial role on the electro-
agnetic properties of final products. The sintering treatment for

1 leads to a porous material (12%) that is an intermediate state
etween the fully sintered ferrite and composite. This porous nano-
aterial has sustained and higher permeability than permittivity

ver the desired frequency range. Together with a higher refrac-
ive index value of ∼8.3 and fairly low loss tangents, it could be

ore useful as a substrate for loading the patch antenna with wider
andwidth than the pure dielectric substrate.
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