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Ni-Co-Zn nanoparticles of composition Ni0.5Zn0.3Co0.2Fe2O4 were successfully prepared by co-precipitation method. After sintering the 
average grains size is about 100nm. The material obtained after adequate heat treatment  lies between ceramic (with  porosity equal to 
15%) and composite medium. It shows almost constant complex permeability and permittivity in the frequency range from 100MHz to 
1 GHz, and equal to ~3.5-j0.15 (loss tangent~0.04) and ~6-j0.13 (loss tangent~0.02) respectively. The refractive index n is close to 4.85. 
Relaxation phenomenon takes place at 2.34 GHz, an unusual value for spinel ferrites. These electromagnetic properties, in particular 
the low levels of losses, show that this material could be useful to the design of miniaturized antennas in the VHF-UHF (30MHz-
500MHz) range of frequency.  
 

Index Terms—Electromagnetic measurements, Magnetic losses, Magneto-dielectric material for miniaturized antenna, Microwave 
ferrites. 
 

I. INTRODUCTION 
ITH the present rapid growth in terrestrial and satellite 
communications, a myriad of applications are 

envisioned for microwave devices of reduced size. In 
particular, the tremendous development of handheld terminals 
in the UHF range asks for antennas of reduced physical 
dimension without affecting their electrical performances. 
Actually, present antennas are too large to allow satisfactory 
integration into such devices, and the present techniques used 
to reduce their size degrade the performances of the antennas 
[1]. Materials with low dielectric and permeability loss 
tangents are very useful to the design of miniaturized antennas 
and simultaneously maintaining the electrical dimensions.  
However, information on natural low-loss materials in 
100MHz to1GHz frequency range is mainly lacking.  
Actually, materials that show sufficiently low magnetic and 
dielectric loss tangents (tgδµ=µ’’/µ’ and tgδε=ε’’/ε’<10-2) and 

a refractive index (n= ''εμ ) large enough, could be useful 
to the design of antennas with reduced physical dimensions 
(where µ/ and ε/ are real parts of relative permeability and 
permittivity respectively, and µ’’ and ε’’ the imaginary parts). 
A criterion that is invoked sometime is that of a reduced-

impedance matched to free space ( '
'

0 ε
μ=Z

Z , with µ/ = 

ε/) for the substrate [2]. This constraint will be relaxed in our 
study, because the above criterion should be applied to the 
whole antenna, and not to its substrate.  
Garnets are very good candidates for non-reciprocal devices 
(circulators, isolators) due to their low-resonance line-width, 
but they exhibit very low permeability values at microwave 
frequencies. Although Ni-Zn ferrites are useful for 
radiofrequency applications, i.e. up to 300MHz, it is not usual 
to use spinel ferrites for microwave devices, i.e. above 
300MHz. For use in the microwave band, hexagonal ferrite 
are preferred because of there high resonance frequency 
(commonly higher than 3GHz). Actually, to achieve low-loss 

requirement, the material must have a resonant frequency far 
from the desired frequency band. Our task is concerned with 
soft material-spinel ferrite-that would show potentiality to be 
used in the frequency range 300MHz-1GHz. The important 
task is to shift the resonance frequency of  basic Ni-Zn ferrites 
beyond the desired frequency range by keeping low electrical 
and magnetic losses. 
The basic composition of NixZn1-xFe2O4 was selected because 
of its relative high permeability, and low magnetic loss 
tangent. First of all, Ni0.5Zn0.5Fe2O4 was optimized from 
NixZn1-xFe2O4 series for its better electromagnetic properties. 
Then, cobalt was substituted for zinc as Ni0.5Zn0.5-yCoyFe2O4, 
since cobalt is effective to shift resonance at higher frequency 
region by increasing the magnetic anisotropy [3]-[4] and 
finally Ni0.5Zn0.3Co0.2Fe2O4 was optimized. Therefore, the 
present study aims to investigate cobalt substituted nickel zinc 
spinel ferrites of nominal composition Ni0.5Zn0.3Co0.2Fe2O4 for 
electromagnetic applications in the UHF range. 

 

II. EXPERIMENTS 
Ni-Co-Zn ferrite of composition Ni0.5Zn0.3Co0.2Fe2O4 was 
prepared via the conventional co-precipitation method [5]. 
The materials used were nickel chloride hexahydrate (99.9% 
Aldrich, Germany), cobalt chloride hexahydrate (≥ 98% 
Fluka, USA), zinc chloride (99.9% Aldrich, Germany), iron 
(III) chloride hexahydrate (99% Riedel-de Haen, Germany) 
and sodium hydroxide (99% Merck, Germany). One molar 
solution of these materials was made with double distilled 
water. A quantity of 70ml sodium hydroxide was taken from 
one molar solution in approximately 1760ml of distilled water 
to get the concentration of 0.37 mol/litre and heated to boiling.  
Nickel chloride, cobalt chloride, zinc chloride and iron (III) 
chloride were taken from their molar solution in accurate 
stoichiometric proportions. These solutions were poured as 
quickly as possible into boiling solution of NaOH under 
vigorous stirring produced by the magnetic stirrer (~ 1200 
r.p.m.). Mixing is very important otherwise segregation of 
phases can take place. After co-precipitation, pH is set 
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between 11.5-12. Reaction vessel is covered with plastic cover 
to diminish evaporation of the solution. Reaction is continued 
for 30-40 minutes at temperature 90-100°C under vigorous 
stirring. Reaction vessel is cooled to ambient temperature and 
particles precipitate. Total volume is reduced to ~500ml by 
aspiration of supernatant. Suspension is centrifuged at 6000 
r.p.m. for 10 minutes. Precipitate is washed carefully with 
distilled water to remove the contents of sodium and 
centrifuged once more in at 6000 r.p.m. for 10 minutes. The 
residue is dried in an electrical oven for overnight, before to 
be calcinated (temperature Tc=800°C) in air for 3 hour (with 
heating and cooling rates of 200°C/h) to obtain a ferrite 
powder. Then this powder was pressed into toroids under a 
pressure of 25MPa using uniaxial hydraulic press.  These 
samples were sintered in air at temperature TS for another 3 
hour at a heating rate of   200°C/h and were subsequently 
cooled with the same rate to room temperature. The values of 
Ts chosen for the samples are shown Table 1.  
 

TABLE 1 HERE 

III. RESULTS AND DISCUSSION 

A. Structural studies and static permeability 
Figure 1 shows the XRD pattern recorded for 

Ni0.5Zn0.3Co0.2Fe2O4 in powder form after calcination 
(TS=800°C). The observed diffraction lines were found to 
correspond to that of single phase cubic spinel structure. 
Under the experimental conditions used no unreacted 
constituents were present in these samples. The estimated 
average particle size is found to be 25 nm by using Scherer’s 
equation for Lorentzian peak [5] from the broadening of most 
intense peak (311). This value is confirmed by TEM 
observation (not shown). The lattice parameter was found to 
be  8.374 Å, which is in close agreement with the American 
Society for Testing Materials (ASTM) and with the published 
results for Ni–Zn ferrite obtained through other methods [7]-
[8].  

 
FIG. 1 HERE 

 
Figure 2 depicts SEM image of the surface of sample (a) after 
sintering. Due to grain growth during sintering, the average 
grain size is found to be about 100nm. This value is far below 
the critical size dm for multi-domain grains placed in the empty 
space [9]. Moreover, it has been also demonstrated that dm is 
increased when the single-domain grain is embedded in a 
magnetic environment [9]. 
 

FIG. 2 HERE 
 
The first magnetization curves of samples (a) and (d) has been 
measured using the transformer method (Fig. 3). The values of 
the initial suceptibilities χinit calculated from these results (see 
Table 1) are characteristic of spin component, and close to 
expected values for NiZn ferrites. 
 

FIG. 3a and 3b HERE 

 

B.  Microwave characterization of complex  permeability 
and permittivity 
The material parameters ε (complex permittivity ε/-jε//) and 

µ (complex permeability µ/-jµ//) were measured using the 
transmission/reflection method based on the algorithms of 
Nicolson, Ross and Weir for the broadband characterization of 
isotropic solid material and the iteration procedure from 
Baker-Jarvis [10]. The method is based on the measurements 
of the scattering parameters of a toroidal sample placed into a 
coaxial line. An error analysis indicates moderate 
uncertainties in ε/(<5%), ε//(<1%), µ/(<3%) and µ////(<1%) for 
the data. A Hewlett Packard HP 8753ES network analyser 
setup is used to perform the measurements over a wide range 
of frequencies (10 MHz-6 GHz). The typical dimensions of 
the toroids are those of APC7 standard (inner diameter = 3.04 
mm, outer diameter = 7 mm, length = 2 mm - 4mm). The 
material has been machined in order to avoid the presence of 
air gaps between the sample and the line walls.  The data were 
obtained at room temperature.  

 
FIG. 4 HERE 

 
Figure 4 show the frequency response of the complex 

permeability of the samples under study. The permeabilities at 
100 MHz take close values to those measured at 100 Hz 
(Tab.1). Therefore the possible contribution to the 
susceptibility of wall displacements can be excluded. A 
common feature of these spectra is the relative high frequency 
values at which a peak in µ// - corresponding to the dispersion 
of µ/- can be identified. Noteworthy results are presented by 
sample (a): complex permeability and permittivity show 
almost constant values in the whole frequency range from 
100MHz up to 1GHz (µ=3.5-j0.15 and ε=6-j0.13) that leads to 
a refractive index n=4.85 (Fig.5). The low value taken by µ// is 
a also good indicator of the absence of wall relaxation at 
lower frequencies. The values of the loss tangents are 
moderate (Fig.6): tgδµ=0.04 and tgδε=0.02. The resonance 
frequency is fR=2.34 GHz. In term of material performances 
these data compare well, in particular, with recent ones [2], 
[3],[11], that cover the range 3-30MHz.   

 
FIG. 5 HERE 

 
FIG. 6 HERE 

 
It is known that the resonance frequency fr and the static 
permeability µinit are related to each other by well known 

Snoek’s law [12]: ( ) ( Srinit Mf .
3
2.1 γμ =− )  where MS is the 

saturation magnetization, and the gyromagnetic coefficient is 
γ = 2.8MHz/Oe. If the porosity is reduced, μinit is expected to 
increase and fr expected to decrease. Here, fr may be seen as 
the permeability cut off frequency. As shown in table 1, 
samples (a) to (d) follow Snoek’s law. Using some other well 

known relations: fr=γ.Heff, χinit=µinit-1=
eff

S

H
M

3
2 , and 
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Heff=
SM

K
3
4  (where Heff is the total anisotropy field, K is the 

total energy of the anisotropy, and MS the saturation 
magnetization) we get from our experiments Heff=69.44 kA/m, 
MS=403 kA/m, K=2,62.104 J/m3. The anisotropy constant K 
depends mainly on the magnetocrystalline anisotropy field, 
and on the shape anisotropy field (that comes from inner 
demagnetizing effects). No other noticeable contributions to K 
(the ratio surface/volume of the grain is high, that excludes 
surface anisotropy effects [13] ; and the stress due to 
magnetoelasticity has been relaxed during the heat treatment). 
A comparison with values for Ni0.5Zn0.5Fe2O4 [14] 
(MS=450kA/m, K=0,42.104 J/m3, ) underlines  the 
contribution due to the substitution by cobalt: the 
magnetocrystalline anisotropy is strongly increased, that leads 
K to increase. Also MS, and then χinit, decrease.  It has been 
also demonstrated that magnetic gaps that originate from the 
porosity, as well as non magnetic grain boundaries, may cause 
a  cut-off  in the magnetic flux-paths in the medium, leading to 
inner demagnetizing effects that increase the magnetic 
anisotropy and contribute to the shift to higher values of the 
frequency of spin resonance fR  [15]-[16]. This phenomenon 
takes place only below the percolation threshold in magnetic 
matter (i.e. for porosity higher than 0.35, typically), so that the 
contribution of demagnetizing effects to the total anisotropy 
will not be retain in the present study. 
The heat treatment submitted to the ferrite power leads to a 
porous material with high ferrite content that can be 
considered to be in the intermediate state between the sintered 
ferrite and the composite. Then we take advantage of the 
porous character of the obtained ceramic sample to get ferrite 
with a noticeable high resonance frequency. 
A striking point in the presented data is the low level of 
magnetic (and dielectric) losses tangents, which clearly 
distinguish our results.  

IV. CONCLUSION 
Ferrite nanopowder Ni0.5Zn0.3Co0.2Fe2O4 was 

synthesized using co-precipitation technique, calcinated, 
pressed and sintered at temperatures between 850°C to 
1000°C. For sample (a) (TS=850°C) the measured magnetic 
and dielectric loss tangents show values close to 0.04 and 0.02 
respectively in the frequency range from 100 MHz up to 1 
GHz. In the same frequency range, we get the following 
constant values: µ/=3.5 and ε/=6, that is a refractive index 
n=4.85. This low-temperature sintering material can be 
considered to be in an intermediate state between the sintered 
ferrite and the composite. This porous structure of the 
material- that induced gaps between the magnetic grains- can 
be invocated to explain the unusual-for spinel ferrites 
materials- high value of the relaxation phenomenon. These 
electromagnetic performances fit the requirements for the 
design of antennas (VHF-UHF range) with reduced size. 
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TABLE 1 
Temperatures of calcination (TC) and sintering (TS), permeability and 
permittivity of sintered Ni0.5Zn0.3Co0.2Fe2O4 .(n.m.: not measured) 
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Fig. 1.  : XRD of powdered sample of Ni0.5Zn0.3Co0.2Fe2O4 ferrite. 

 
 
 

 
Fig.2 :  SEM image of the surface of Ni0.5Zn0.3Co0.2Fe2O4 ferrite after heat 
treatment at 850 °C. 
 

Sample 
label Tc (°C) Ts (°C) density 

(g/cm3) porosity (µ/-1) 
@102Hz 

(µ/-1)  
@100MHz fr (GHz) (µ/-1). 

fr

(a) 800 850 4.15 15% 3.9 2.51 2.41 6.05 

(b) 800 900 4.459 7% n.m. 3.57 1.78 6.35 

(c) 800 950 4.518 6% n.m. 3.95 1.54 6.08 

(d) 800 1000 4.740 1% 6.3 4.64 1.36 6.31 
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Fig.3a : First magnetization curves for sample (a) (frequency=100Hz). 
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Fig.3b : First magnetization curves for sample (d) (frequency=100Hz). 
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Fig.4 :  Real and imaginary parts of permeability for    Ni0.5Zn0.3Co0.2Fe2O4 
ferrites. 
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Fig.5 :   Measured complex permeability and permittivity spectra of sample 
(a) between 100 MHz and 1GHz. 
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Fig.6 :    Loss tangents for sample (a) between 100 MHz and 1GHz. Inset 
picture  depicts refractive index. 
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