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The present paper examines the relation between different developed microstructures and the microwave electromagnetic
properties in Ni-Zn-Co ferrite. To this end, the Ni

0.25
Zn
0.25

Co
0.5
Fe
2
O
4
composition has been prepared with the conventional

ceramic process with varied prefiring 𝑇
𝑃
(750∘C, 1000∘C) and sintering 𝑇

𝑆
top temperatures (1200∘C, 1250∘C). When lower

temperatures are applied in these production stages, incomplete microstructures with low density, higher porosity, or finer grains
are achieved. On account of these features, the contributions of domain wall motion and spin rotation to the complex permeability
𝜇
∗
(𝑓)move to higher frequencies, whereas microwave dielectric permittivity 𝜀∗(𝑓) is decreased. In particular in conjunction with

the high Co content, the wall relaxation and spin resonance are interestingly forced to occur at 850MHz and 8.05GHz, respectively.
Regarding the electromagnetic wave attenuation, the ferrite annealed at lower temperatures exhibits strong return loss peaks at
higher frequencies, but without other performance improvement. We should notice that the variations in sintering temperature 𝑇

𝑆

yield the maximum changes in the recorded parameters, including the coercive field, 𝜇∗(𝑓), and 𝜀∗(𝑓), indicating the inferior role
of prefiring 𝑇

𝑃
in Ni-Zn ferrite.

1. Introduction

Among ferrimagnetic oxides, the cubic ferrite of Mn-Zn type
has the largest production and market share due to their
superior behaviour under ac magnetic fields at frequencies
roughly reaching 1MHz. However, for the growing elec-
tronic, telecommunication, and power applications at higher
frequencies other types of magnetic oxides, such as Ni-Zn
cubic and hexagonal ferrite, are preferably employed. These
materials possess higher electrical resistivity and magne-
tocrystalline anisotropy, which ensure sufficiently low power
losses and high magnetic response in this frequency range [1,
2]. In particular in the group of Ni-Zn spinel ferrite types, by
introducing Co as a substituting element the operation band
extends to even higher frequencies, which actually reflects the
persistence of moderate magnetic permeability values up to a
higher cutoff frequency limit. This effect basically occurs on
account of the strong positive contribution of cobalt to the

ferrite anisotropy, which originates in the unquenched orbital
moment of Co2+ cation in the octahedral crystal sites [3].
The induced anisotropy, even by low Co doping, inhibits the
domain wall displacement and intensifies the ferromagnetic
resonance, which may be exploited in the design of Ni-Zn
ferrite with low loss above 1MHz [4–7].

Except for defining the frequency region of operation
through compositional control, the developed microstruc-
ture of the ceramic is also known to affect the electro-
magnetic (EM) performance of ferrite. In fact, advanced
tailoring of the morphological features through adjustment
of the processing parameters is one of the most significant
technical objectives in ferrite industry over time [1, 8, 9].
Therefore, various recently published reports examine the
strong relation between grain size, porosity, density, and
magnetic properties of Ni-Zn ferrite at high frequencies,
with a view of forming certain material design directions
[10–14].
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Table 1: Experimental variables under test.

Sample
Prefiring

temperature 𝑇
𝑃

(∘C)

Sintering
temperature 𝑇

𝑆

(∘C)
S1 (REF) 1000 1250
S2 750 1250
S3 1000 1200

Nevertheless, there is a deficiency in the respective
literature focusing on the Ni-Zn ferrite with high Co con-
centration, which is enlarged by the necessity for knowledge
of both complex magnetic permeability 𝜇∗(𝑓) and dielectric
permittivity 𝜀∗(𝑓) in order to design the final passive compo-
nents. To this end, we probe into the impact of heat treatment
and microstructure on the microwave EM properties of Co-
richNi-Zn spinels by varying the top temperatures during the
prefiring and sintering stages of the ceramic synthesis route.

2. Materials and Methods

In the present investigation, polycrystalline samples with the
chemical composition Ni

0.25
Zn
0.25

Co
0.5
Fe
2
O
4
were synthe-

sized by the conventional solid state reaction route. Specif-
ically, stoichiometric amounts of the precursor oxides NiO
(Alfa Aesar, >99.0%), ZnO (Merck, >99.0%), Co

2
O
3
(Riedel-

deHaën, >95.0%), and Fe
2
O
3
(Riedel-de Haën, >99.0%) were

mixed for 3 hours in distilled water, dried overnight, and
calcined in air for 5 hours. The prefired powders were ball
milled for 3 hours, dried, and subsequently granulated with
the addition of polyvinyl alcohol solution. The granulated
powders were then pressed under axial compaction (80MPa)
to form disc specimens of 12mm diameter and were finally
sintered in air for 10 hours. Table 1 depicts the applied vari-
ations of annealing temperatures and the respective sample
designations.

Both the prefired and the sintered materials were pul-
verized and subjected to phase and crystal structure identi-
fication with the X-ray powder diffraction method (Seifert,
XRD 3003 TT, CuKa). The microstructure of the developed
ferrite was examined with scanning electron microscopy
(JEOL, SEM JSM6300), from which the median grain sizes
Dv50 were calculated by the linear intercept technique. With
regard to the static magnetic characterization, the specific
saturation magnetization (𝜎

𝑆
) and coercive field (𝐻

𝐶
) were

obtained from hysteresis loops recorded up to 10 kOe at
room temperature by using a vibrating-sample magnetome-
ter (Quantum Design, VSM VersaLab 3T). Moreover, the
materials’ constitutive EM properties (complex permittivity
𝜀
∗ and permeability 𝜇∗) were measured in the frequency
range 10MHz–20GHz by means of impedance and vector
network analysis (Agilent, E4991A and HP, 8720C) and by
applying the Nicolson-Ross-Weir algorithm [15]. To this
effect, the sintered discs were precisely ground to form ring
samples with outer diameter of 7mm, inner diameter of
3mm, and height of 1.5mm. Finally, the prepared ferrite
was evaluated with reference to its ability to attenuate either
the EM waves reflected from a conducting plane or the
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Figure 1: X-ray diffraction patterns of the prefired samples.
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Figure 2: X-ray diffraction patterns of the sintered samples.

waves propagating through it. Specifically, the return losses
(RL) were calculated from the respective overall reflection
coefficient (Γ) in decibels according to the formula RL =
−20 ⋅ log(|Γ|).

3. Results and Discussion

3.1. Structural Properties. The investigation with XRD tech-
nique of the powders prefired at 750∘C and 1000∘C has
resulted in the patterns displayed in Figure 1.We thus observe
that prefiring at 750∘C results in a mixture of the desired Ni-
Zn ferrite (ICDD-PDF no. 87-2337) and the cation oxides
Fe
2
O
3
(ICDD-PDF no. 33-0664), Co

3
O
4
(ICDD-PDF no.

09-0418), and NiO (ICDD-PDF no. 89-7130), whereas after
prefiring at 1000∘C only the spinel ferrite phase is present.
Due to this compositional variation, the pressibility of the two
ceramic powders is altered, with the higher press density PD
under constant pressure being achieved by the pure ferrite
powder (Table 2). The lower PD of the multiphase material is
attributed to its pressibility, as the theoretical densities of the
cation oxides (Fe

2
O
3
, Co
3
O
4
, and NiO) are similar or even

higher than that of ferrite. With regard to the sintered mate-
rials, despite their different heat treatment history described
in Table 1, all the diffraction peaks were indexed according
to a single phase of spinel ferrite (ICDD-PDF no. 87-2337)
with inverse spinel structure (S.G.: Fd-3m), as it is depicted
in Figure 2. In particular for the S1 sample, by applying
the Rietveld analysis of the XRD data the cell constant was
refined to 𝑎 = 8.3918 Å [16]. Beyond the similarities in crystal
structure of the sintered ferrite, the respective SEM images
reveal significant microstructural variations between them
(Figures 3(a)–3(c)). Thus, we notice that the samples S2
and S3 with lower prefiring and/or sintering temperatures
exhibit increased total porosity volume and suppressed grain
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Table 2: Morphology-related properties of the sintered ferrite.

Sample Press density
PD (g/cm3)

Median grain size
𝐷V50 (𝜇m)

Sintered density
SD (g/cm3) Relative density (%)

S1 2.94 ± 0.02 3.4 ± 0.2 5.08 ± 0.01 94.1
S2 2.73 ± 0.02 3.0 ± 0.1 4.82 ± 0.02 89.3
S3 2.94 ± 0.02 2.1 ± 0.2 4.93 ± 0.01 91.3

∼20𝜇m

(a)

∼20𝜇m

(b)

∼20𝜇m

(c)

Figure 3: SEM images of the samples (a) S1, (b) S2, and (c) S3. The scale bar length is approximately 20 𝜇m.

growth, compared to that of sample S1. These variations are
easily spotted by comparing the median grain size Dv50,
the sintered density SD, and the respective relative density,
which are cited in Table 2. In conclusion, it seems that the
pores formed due to the insufficient pressibility of multiphase
composition (lower 𝑇

𝑃
), are preserved during sintering, and

finally yield the lowest SD. On the other hand, the lower
sintering temperature 𝑇

𝑆
leads to incomplete densification

process and a porous polycrystalline ceramic with the finest
grains.

3.2. Static Magnetic Properties. In order to examine the
impact of microstructure on the static magnetic properties
of the spinel ferrite, we have extracted the values of the
specific saturation magnetization 𝑀

𝑆
and coercive field 𝐻

𝐶

from the respective hysteresis loops under dc magnetic field
(Table 3). Taking into account the measurement standard
error of less than 1%, the magnetization 𝑀

𝑆
, expressing the

magnetic moments per unit mass (emu/g), is practically
unaffected by the morphological features of different samples
with a fixed composition and crystal structure. Concerning

Table 3: Static magnetic properties of the sintered ferrite.

Sample
Spec. saturation
magnetization
𝑀
𝑆
(emu/g)

Coercive field
𝐻
𝐶
(Oe)

S1 90.5 20.1
S2 89.4 20.4
S3 89.5 29.0

the coercive field, due to its strong dependence on the grain
size, it is increased in sample S3with the lowestDv50 (2.1𝜇m).
Actually, the increased volume concentration of boundaries
in finer grains enhances the pinning possibility of magnetic
domain walls, thereby raising 𝐻

𝐶
as the measure of the

irreversible changes in magnetization.

3.3. Electromagnetic Properties. The dispersion of complex
permeability with frequency, 𝜇∗(𝑓) = 𝜇(𝑓) − j𝜇(𝑓), was
measured in the range from 10MHz to 20GHz and the
variations of the respective real and imaginary parts are
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Figure 4: Complex permeability spectra of the sintered ferrite samples.

separately shown in Figure 4. The recorded curves include
two dynamicmagnetizationmechanisms, which affect differ-
ent frequency regions. Specifically, due to the multidomain
nature of this polycrystalline ferrite, both the domain wall
motion (relaxation-type) and the ferromagnetic resonance
occur. The magnetization contribution of the domain wall
bulging by its nature appears at much lower frequencies than
the ferromagnetic resonance [17]. From the 𝜇(𝑓) spectra
of Figure 4, we derive that the characteristic frequency of
domain wall relaxation is increased from 550MHz in S1 to
650MHz in the sample with low 𝑇

𝑃
(S2) and 850MHz in the

sample with low 𝑇
𝑆
(S3). The observed decline of the domain

wall process and its movement towards higher frequency
are consistent with the shrinkage of the median grain size
of the samples when heat treated at lower temperatures [18,
19]. Similarly, the ferromagnetic resonance peak at higher
frequencies takes place at 6.55GHz in the S1 ferrite and shifts
to 7GHz in S2 and 8.05GHz in S3. Since the resonance
frequency 𝑓

𝑅
is proportional to an effective internal field, the

higher 𝑓
𝑅
corresponds with a stronger internal field due to

the demagnetization effects rising from the porosity and the
finer grains [20, 21].The shift of the spectrum towards higher
frequencies is accompanied by the reduction of the respective
permeability levels, which is in accordance with fundamental
Snoek’s law defining the product (𝜇 − 1) × 𝑓

𝑅
[3].

It is also important to comment on the appearance
of permeability dispersion characteristics at unusually high
frequencies for cubic ferrite.This seems apparent controversy
with the established notion of the existence of a cutoff limit
for spinel applications far below 1GHz. However, although it
is not observed in the most common types of Mn-Zn and Ni-
Zn ferrite, the occurrence of resonance peaks above 1GHzhas
been reported inCo-richNi-ferrite andNi-Zn ferrite [22, 23].
This crucial impact of Co on the permeability spectrum stems
from its inherent strongly positive contribution to the first-
order anisotropy constant.

1 5 10 20
f (GHz)

𝜀

5
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Figure 5: Spectra of real part of permittivity of the sintered ferrite
samples.

With regard to the dielectric behaviour of the prepared
materials, the complex permittivity, 𝜀∗(𝑓) = 𝜀(𝑓) − j𝜀(𝑓),
was measured in the range of 1 to 20GHz. We focus our
investigation on the real part 𝜀, displayed in Figure 5, as the
differences in the imaginary part 𝜀 of the samples lie within
the confidence interval of the measurement. Thus, in the
monitored frequency window, 𝜀 curves are indistinct and
are decreasing monotonically with frequency from 0.5 to 0.1,
whereas 𝜀 curves show somenoticeable variations. In fact, we
get that sintering at 1200∘C results in the lowest permittivity
values of the S3 sample. Above 1 GHz the dielectric response
of materials is ascribed to the mechanism of orientational
polarization and is thus related to the dipole concentration
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Figure 6: Return losses RL(𝑓, 𝑑) of metal-backed (a) S1, (b) S2, and (c) S3 ferrite.

[24]. Therefore, the minimum 𝜀 value of the sample S3
sintered at the lowest 𝑇

𝑆
is most likely the aftereffect of low

Fe2+ content in combination with the inferior density.

3.4. Absorber Performance. By using the measured 𝜇∗(𝑓)
and 𝜀∗(𝑓) data, we have created the contour maps of Fig-
ure 6, which depict the return losses (RL) in dB of the
different produced materials for a metal-backed single-layer
configuration. RL are represented as a function of frequency
(𝑓) and material thickness (𝑑). In these maps we notice
narrow zones of high RL values, which coincide with the
𝜆
𝑔
/4 curves, where 𝜆

𝑔
= 𝜆/Re{√𝜀∗𝜇∗} is the wavelength

in the material. We thus conclude that the dominant mech-
anism for reflection reduction in the tested ferrite is the
destructive interference, when the layer thickness is an odd
multiple of quarter wavelength. As only small differences are
identified in the electromagnetic properties of the produced
samples, the RL plots of Figure 6 possess similar qualitative
characteristics. However, we should notice the shift of the
high RL peaks to higher frequency region for samples S2
and S3, in correspondence with the permeability spectrum
shift. That displacement of the high return loss performance

to higher frequencies in S2 and S3 is more clearly discerned
in Figure 7, where we plot the maximum achievable return
losses at each frequency point, for material thickness up to
5mm.The represented curves actually constitute an envelope
of the RL(𝑓) curves obtained for different 𝑑 values. From this
projection of themaps on the frequency axis we derive that by
altering the heat treatment of the spinel ferrite we havemoved
themajor peaks withmagnitude above 30 dB from6.2GHz to
7.9GHz. Still, the strong suppression of reflectance is achieved
by ferrite layers with thickness of less than 2mm.

4. Conclusions

We have investigated the impact of heat treatment during
the production of cubic ferrite Ni

0.25
Zn
0.25

Co
0.5
Fe
2
O
4
on

its microwave electromagnetic properties. By varying the
top temperature values during prefiring (𝑇

𝑃
: 750∘C, 1000∘C)

and sintering (𝑇
𝑆
: 1200∘C, 1250∘C), single-phase spinel ferrite

with similar crystal structure and different microstructure
was obtained. Specifically, the combination of high 𝑇

𝑃
and

𝑇
𝑆
gives rise to high-density magnetic ceramics, whereas

low 𝑇
𝑃
forms large pores and low 𝑇

𝑆
leads to the finest



6 Advances in Materials Science and Engineering

0

20

40

60

80

5 10 15 202
f (GHz)

S1
S2
S3

RLmax (dB)

Figure 7: Envelopes of the RL(𝑓, 𝑑) curves of the S1, S2, and S3
ferrite. Thickness 𝑑 ranges up to 5mm.

grains. To this end, the latter conditions of low 𝑇
𝑆
result

in the maximum coercive field 𝐻
𝐶
, according to the dc

hysteresis loops. In respect of the ac magnetic properties, the
high Co content has moved the characteristic frequencies of
dynamic magnetization processes to unusually high values,
due to the strong magnetocrystalline anisotropy. That is, the
domain wall relaxation and ferromagnetic resonance occur,
respectively, above 550MHz and 6.55GHz in the complex
permeability spectrum 𝜇∗(𝑓). By decreasing any of the two
temperatures, 𝑇

𝑃
or 𝑇
𝑆
, the resultant smaller grain size and

higher porosity shift the permeability spectrum to even
higher frequencies. The lower sintering temperature also
affects the microwave dielectric properties by decreasing per-
mittivity in the 1–20GHz range, which indicates the reduced
concentration of dipoles.These variations of permeability and
permittivity drive the zero-reflection conditions from ametal
surface from 6.2GHz to 7.9GHz.The underlying mechanism
is the quarter wavelength phase cancelation of multiple
reflections, which creates the conditions for narrowband
EM wave absorption. Although the changes of temperatures
𝑇
𝑃
and 𝑇

𝑆
induce significant microstructural dissimilarities,

we finally conclude that sintering temperature is a more
critical parameter in affecting themicrowave electromagnetic
properties of Ni-Zn-Co ferrite ceramics.
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