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Abstract

The effect of Y3þ substitution on the structural and magnetic properties of Ni0.5Zn0.5YyFe2�yO4 (0.01ryr0.05) was investigated.
Microwave absorption properties of these ferrites in the frequency range 1 MHz to 1.8 GHz were also studied. Yttrium substitution slightly
reduces crystallite sizes and cell parameters, and modifies saturation magnetization, permeability and permittivity in the explored frequency
range. The dielectric constant decreases with yttrium content, showing a constant behavior in the explored frequency range. The maximum of the
magnetic losses diminishes and shifts to higher frequencies with yttrium inclusion. Yttrium-substituted Ni–Zn ferrites (with Y contentr0.05 per
formula unit) can be considered good attenuator materials in the explored microwave range.
& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ni–Zn ferrites are suitable materials for high frequency
applications up to a few hundreds of MHz because of their
high electrical resistivity, low eddy current and reduced
dielectric losses [1]. These ferrites are used in radio frequency
circuits, high-quality filters, rod antennas, microwave devices,
magnetic fluids, transformer cores, read/write heads for high-
speed digital tapes and operating devices [2–4].

Higher values of electrical resistivity could be achieved by
doping these ferrites with proper divalent cations, as well as by
controlling their microstructures. It is mentioned that ultra-fine
grains would provide a large number of grain boundaries
which may act as a barrier for electron flow, resulting in the
reduction of eddy current losses [5].

The effect of substitutions with different elements such as Ti
[6], Ge [7], Cu [8] or rare earths [9] on the electrical and
magnetic properties of Ni–Zn ferrites has also been reported. It
/10.1016/j.ceramint.2016.01.180
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is found that the occupation of rare earth ions in octahedral
(B) sites prevents the motion of Fe2þ in the conduction
process, thus causing an increase in resistivity [9].
Some considerations must be taken into account due to the

large size of the earth ions. Atheia et al. [10], reported that
there is a solubility limit of rare ions in the spinel lattice and
that introducing a relatively small amount of La2O3 instead of
Fe2O3 causes a significant change in the electrical and
magnetic properties. From these studies, it has been inferred
that the choices of the substitution and composition favorably
influence the magnetic and electrical properties of ferrites. As a
result, it is possible to obtain a good soft magnetic material by
optimally choosing the substitutions.
We have earlier explored some structural and magnetic

properties for low-doping rare earths (RE) in Ni–Zn ferrites
prepared by the sol–gel method. We reported that the inclusion
of much larger ionic radii RE ions results in local distortion
and disorder that induces an important softening of the lattice
[11,12].
In this work, we report the structural and magnetic proper-

ties of Ni0.5Zn0.5YyFe2�yO4 for y¼0.0, 0.01, 0.02 and 0.05, as
well as the influence of Y3þ substitution on the microwave
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absorption properties in the frequency range 1 MHz to
1.8 GHz. Samples were prepared by sol–gel followed by a
citrate–nitrate self-combustion process in order to obtain the
substituted ferrites at a relatively low temperature. Yttrium was
selected as a doping element because of its diamagnetic
condition as Y3þ and other interesting properties reported
earlier [11]. Although there are some works related to the
structural characteristics of these materials, to the best of our
knowledge, this work presents novel results related to micro-
wave properties in the range 1 MHz to 1.8 GHz.
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2. Experimental

Samples were prepared by the sol–gel method as it was
earlier reported in Ref. [12]. The corresponding proportions to
prepare Ni0.5 Zn0.5 Fe2O4 from iron nitrates, nickel and zinc
oxalates were weighed according to the required stoichiometric
proportions and diluted in water. A 3 M citric acid solution
(50 ml) was added to each metal solution (50 ml) and heated at
40 1C for approximately 30 min, under continuous stirring.
The final mixture was slowly evaporated until a highly viscous
gel was formed. For the preparation of the yttrium-doped
samples, Y(III) nitrates were used, being previously dissolved
in 3 M citric acid solutions. The final residue was calcined at
1100 1C for 3 h. The resulting samples, Ni0.5Zn0.5YyFe2�yO4

with nominal values y¼0.0, 0.01, 0.02 and 0.05 were labeled
Y0, Y1, Y2 and Y5, respectively.

X-ray diffraction (XRD) powder diffractograms were mea-
sured with a Philips PW 3860 diffractometer, in the 2θ range
20–701, with a step size of 0.021, for 6 s per step. A Sigma
Zeiss Field Emission scanning electron microscope
(LAMARX facilities) was used to characterize the morphology
of the samples. The magnetic properties were measured with a
Lakeshore 7300 vibrating sample magnetometer, at room
temperature, with a maximum applied field of 1.5 T.

The powders were pressed without binder into toroidal rings
and pellets at a pressure of 2 t and sintered in air at 1100 1C for
2 h, followed by a slow cooling in the furnace. Complex
permeability of toroids and complex permittivity of pellets
were measured on a HP4291A Material Analyzer from 1 to
1800 MHz.
2  [degree]θ

Fig. 1. X ray diffractograms of samples Y0, Y1, Y2 and Y5. In every case the
peaks correspond to the spinel phase, showing no secondary phases. The inset
displays the change in cell parameter with yttrium content.

Table 1
Samples denomination, nominal composition, crystallite size D and cell
parameter a.

Sample Nominal composition D [72 nm] a [A]

Y0 Ni0.5Zn0.5Fe2O4 28 8.3983 (2)
Y1 Ni0.5Zn0.5Y0.01Fe1.99O4 26 8.3862 (2)
Y2 Ni0.5Zn0.5Y0.02Fe1.98O4 25 8.3962 (3)
Y5 Ni0.5Zn0.5Y0.05Fe1.95O4 26 8.4033 (5)
3. Results and discussion

3.1. Structural characterization

Fig. 1 shows the X-ray diffractograms of the series
Ni0.5Zn0.5YyFe2�yO4 (y¼0.0, 0.01, 0.02 and 0.05). The
observed peaks correspond only to the spinel phase and no
secondary phases are apparent, within the detection limit of
this technique.

Cell parameters a and crystallite sizes D for each sample
were obtained from the spectra refinement and the William-
son–Hall extrapolation, with the aid of the software Powder
Cell. Crystallite sizes are slightly reduced with yttrium sub-
stitution from 28 nm for Y0 to 26 nm for Y1. This value
remains almost constant for the samples with higher substitu-
tions (see Table 1).
The cell parameter first slightly decreases with yttrium

inclusion in the lattice and then increases for higher substitu-
tions, as shown in the inset of Fig. 1 and Table 1. It is well
known that the lattice parameter a is strongly dependent on the
RE3þ ionic radii and the cationic distribution among the
interstitial A and B sites of the spinel lattice. In a typical
inverse spinel structure, the introduction of a given amount of
RE3þcations into the octahedral sites should increase the value
of a compared to the unsubstituted NiZnFe2O4 ferrite. The
observed decrease in a with increasing substitution can be
explained considering the ions redistribution between the
available interstitial tetrahedral (A) and octahedral (B) sites
of the spinel lattice. Another plausible explanation for the
observed decrease in lattice parameters may be originated from
possible iron vacancies in the samples during the crystal-
lization process, due to the introduction of a large ion size in
the octahedral site [13].
Another observed effect of yttrium substitution is the reduc-

tion in the samples' particle size. The mean particle size of
sample Y0 is 350 nm, while for the substituted samples it is
90 nm, and is rather independent of y. Fig. 2 shows SEM
images of Y0 and Y1 (the morphology of both Y2 and Y5 is
very similar to Y1, and images are not shown). According to the
obtained crystallite sizes from XRD results and the observed
particle sizes, it is deduced that the particles of sample Y0 are



Fig. 2. SEM images of sample Y0 (left) and Y1 (right). Being taken with the same magnification, the particle size reduction in the doped sample is evident.

Fig. 3. First quadrant of the hysteresis loops, corresponding to samples Y0 to
Y5. The inset shows saturation magnetization (Ms) and coercivity (Hc) values
for samples with different Y content.

1E7 1E8 1E9

0.0

0.2

4.0
4.5
5.0
5.5
6.0
6.5

Pe
rm

iti
vi

ty

Frequency [Hz]

Y5

Y1
Y2

Y0

Fig. 4. Dependence of permittivity ɛ (real (ɛ0) and imaginary (ɛ″) contribu-
tions) as a function of frequency.
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polycrystalline and the substituted samples are composed of
single-crystal particles. The effect of particle size reduction
when doping with rare earths has been observed by other
authors in different systems (see, for instance, Refs. [14,15]) and
it is attributed to the substitution by the RE3þ ions that lead to
lattice strains and a disordered lattice structure. These changes
restrain grain crystallization and hinder the grain growth,
therefore decreasing the crystallite sizes.
3.2. Magnetic characterization

The first quadrant of the measured hysteresis loops is shown
in Fig. 3, where the decrease of saturation magnetization (Ms)
with yttrium content can be noticed. Saturation is attained at
relatively low fields in every case. Coercivity Hc is very low
for all samples and increases with y, consistently with the
particle size decrease (see inset of Fig. 3). This decrease in
magnetization with yttrium inclusion is similar to the reported
by Jancárik et al. [16], who also observe an increase in
coercivity with Y substitution. They related these results with a
reordering of ions in both sublattices of the spinel structure,
due to the large difference between ionic radii of Y and Fe.
The decrease in Ms can only be explained considering that
Y3þ ions (with no net magnetic moment) enter the spinel
lattice in octahedral sites and produce a redistribution of the
cations in the available interstitials that dilutes the exchange
interactions and therefore, the total magnetic moment of the
ferrite.
3.3. Electromagnetic properties

Complex permittivity (ɛ¼ɛ0 � jɛ″) and complex permeabil-
ity (m¼m0 � jm″) represent the dielectric and dynamic magnetic
properties of magnetic materials. The real parts of ε and μ
symbolize the storage capability of electric and magnetic
energy. The imaginary parts represent the loss of electric and
magnetic energy through tan δM¼μ″/μ0 and tan δD¼ε″/ε0.
Fig. 4 displays the permittivity of the yttrium ferrite samples

in the microwave range 1 MHz to 1.8 GHz.
It is clear from Fig. 4 that the un-doped sample (Ni–Zn

ferrite) has the maximum value of permittivity (ε), which
means it has both a maximum polarization as well as a
maximum valence exchange. The dielectric constant decreases
with yttrium substitution, showing a constant behavior in the
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explored frequency range. The mechanism of polarization in
polycrystalline ferrites is reported to be mainly hopping of
electrons between ions of the same element, but in different
oxidation states, such as Fe2þ-Fe3þþe� [17,18].

As the electrons reach the grain boundaries on application of
an electric field, they pile up and a charge build-up takes place,
causing interfacial polarization. Because the ferrites are sin-
tered at a relative low temperature during a short time, the
possibility that ions exist in different valance states is rather
low, reducing thereby the probability of electron hopping and
hence of polarization, resulting in a low dielectric constant.
Electrical conductivity was found to decrease with yttrium
content in Ni0.5Zn0.5YyFe2�yO4, which is related to the
decrease in permittivity [19]. This can be attributed to the
change in resistivity of the samples, since in ferrites the
dielectric constant is inversely proportional to the square root
of resistivity [20]. Yttrium ions do not participate in the
conduction process but limit the degree of Fe2þ–Fe3þ

conduction by blocking up the Fe2þ–Fe3þ transformation,
thus resulting in a decrease in conductivity. Similar results
were reported by Ateia et al. for Mn–Zn ferrite with other RE
ions [21]. The probable reason for this behavior is that the
substitution induces more electric dipoles, so the imaginary
part of the relative complex permittivity increases [22].

It is usually believed that the dielectric loss mainly consists
of the electron polarization, the ion polarization, and the
electric dipolar polarization. For electron and ion polarizations,
the losses are relatively weak in the microwave range and
strongly occur at higher frequencies [23]. Thus, we can deduce
that the dielectric loss of all the studied samples results mainly
from the electric dipolar polarization. In the polarization
process, plenty of electro-magnetic (EM) energy is irreversibly
transformed to Joule thermal energy.

As magnetic losses are related to the absorption effect,
tan δΜ profiles versus frequency were analyzed (Fig. 5). For all
compositions, tan δΜ steeply increases for frequencies higher
than 1 GHz.

According to the ferromagnetic theory [24], the natural
resonance frequency is determined by the magnetocrystalline
Fig. 5. Dependence of magnetic losses (tan δM¼μ″/μ0) with frequency.
anisotropy field (HA) and the imaginary part of permeability
(m″) is related to saturation magnetization.
The expression for m″ is proportional to Ms and inversely

proportional to HA:

μ″¼ Ms

2μ0HAα
ð1Þ

where α is the Gilbert damping coefficient. Being HA¼2K1/
MS, Eq. (1) can be rewritten as:

m″¼ M2
s

4m0K1α
� M2

s

Hc
ð2Þ

where m0 is the permeability of vacuum, and K1 is the
anisotropy constant. So, according to Eq. (2), the values of
m″ decrease with a decrease in Ms and/or an increase in Hc.
Both phenomena are present in these samples (see the
experimental values of Ms and Hc for the studied samples in
the inset of Fig. 3).
The maximum of the magnetic losses diminishes and shifts

to higher frequencies with yttrium inclusion.
In the case of a metal-backed single-layered absorber, the

reflection loss (RL) for the zero reflection condition can be
described with the following relation [25]:

RLðdBÞ ¼ 20 log
���Zin�1

���=
���Zinþ1

���; ð3Þ

being Zin the relative impedance of the sample calculated as:

Zin ¼
ffiffiffiffiffiffiffiffi
μ=ϵ

p
tanh � j 2πf D=c

� � ffiffiffi
μ

p
ϵ

� �� � ð4Þ
where c is the velocity of light (3� 108 m/s), D is the sample
thickness (1.0070.05 mm) and f is the frequency (Hz).
Fig. 6 shows the dependence of reflection loss RL on

frequency, with y as a parameter. For lower yttrium content,
the maximum RL is shifted to higher frequencies (3� 108 Hz)
while for higher y values, a slight shift towards lower
frequencies is observed. A value of |RL| greater than 20 dB
means that the material absorbs 99% of the input power. It can
been observed that |RL| values for all the samples are above
40 dB. These results can be related to promising shielding
properties. The samples show excellent absorption properties
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Fig. 6. Frequency dependence of reflection loss (RL) of Ni0.5Zn0.5Yx Fe2�xO4.
The dashed line indicates the 20 dB limit from which the material absorbs 99%
of the input power.
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in a relatively wide bandwidth in the frequency region from
2 MHz to 30 MHz. The high sensibility to the amount of
yttrium inclusion makes this system adequate for tuning the
absorption properties quite at will.

4. Conclusions

Y-substituted Ni–Zn ferrites were successfully prepared by
the self-combustion method and the influence of Y3þ was
analyzed. XRD confirms the spinel phase for all compositions,
with no segregation of secondary phases. It is remarkable that
this preparation method increases yttrium solubility even with
relative short thermal treatments. Saturation magnetization
slightly decreases with Y substitution. Yttrium doping plays
an important role in changing the structural and magnetic
properties of these Ni–Zn ferrites, also modifying the attenua-
tion properties. As the |RL| values for all the samples are above
40 dB, they can all be considered as good attenuator materials.
These characteristics suggest that high-frequency devices, such
as single-layered electromagnetic wave shielding with tailored
properties, can be designed using these polycrystalline
Y-substituted Ni–Zn ferrites.
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