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Abstract

We have studied the frequency dependent permeability of Ni0.60−xCuxZn0.40Fe1.98O4 ferrites (x¼0, 0.10, 0.20, 0.30) with regard to the Cu
concentration and the undergone heat treatment. To this end, single-phase magnetic ceramics were prepared and characterized in terms of the
reversible complex permeability μn(f) in the 100 kHz to 1 GHz frequency range. The μn(f) spectra are analyzed into three elementary
magnetization processes with changing weight factors as Cu content or sintering temperature TSINT increase. In fact, in addition to the spin
rotation relaxation at 150–400 MHz we initially identify the contribution from reversible domain wall bowing rising at 20–80 MHz. For higher
Cu content or TSINT, the latter mechanism is suppressed to the benefit of reversible wall displacement in the range below 1 MHz. Concerning
particularly the domain wall motion, system dynamics theory and least-squares curve fitting of μn(f) spectra were employed to distinguish
between the high-frequency underdamped resonance (d. wall bowing) and the lower frequency overdamped relaxation dispersions (d. wall
displacement). This distinction originates in the microstructural variance between the pinned low-energy domain walls in individual small grains
and the cooperative rigid high-energy walls in large grains, respectively. The relevant transition of morphology in NiCuZn ferrites, induced by Cu
substitution or by high TSINT, is identified through SEM observation and accords with the experimental results of dilatometry and density
measurements. The remarked densification process is reflected on the increase of initial permeability as well. Moreover, on the basis of the
recorded B–H loops we derive that the maximum induction BMAX follows the density variation of sintered specimens, contrarily to the coercive
field HC which is significantly decreased when magnetic domain walls appear.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The introduction of Cu in the composition of cubic ferrites
is a typical materials design technique in pursue of low-
temperature densification [1,2]. This effect commences most
probably due to the lattice diffusion of Cu ions [3,4] and
is reinforced by the formation of a CuO phase at grain
boundaries [5]. As a result, NiCuZn ferrites may be produced
by low-temperature firing, whereas they additionally exhibit
good electromagnetic properties in relatively high frequencies
[6]. Furthermore, taking into account the economic aspect of
ferrites manufacturing, we recognize the benefits gained by
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
10.1016/j.ceramint.2013.06.010

g author. Tel.: +30 2310 498244; fax: +30 2310 498131.
sses: stergiou@cperi.certh.gr,
mail.com (C.A. Stergiou).
substituting Ni with Cu in the already massively produced
NiZn ferrites. These special characteristics of NiCuZn spinels
render them suitable for the fabrication of integrated planar
electronic components (inductors, LC filters and transformers)
compatible with microelectronics and surface mount technology
(SMT) [7,8] and of EMI suppressing films operating in the
100 MHz to 1 GHz region [9,10].
With regard to the dynamic magnetic properties of ferrites,

three basic reversible magnetization processes are discerned.
Specifically, according to magnetic materials theory the
magnetization under a low ac field is achieved through the
rotation of magnetic moments within a domain along with the
vibration and displacement of formed domain walls [11,12].
However, ambiguity rises about the origin and the type of
domain wall motion as the latter mechanism is either not
employed in the research of spinel ferrites or not further
ghts reserved.
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analyzed [13–15]. As the comprehension of frequency depen-
dent magnetization processes in such magnetic ceramics is
essential to design low-loss end products with tailored magnetic
response, we have prepared and analyzed a set of NiCuZn
ferrites in terms of their complex permeability in the 100 kHz to
1 GHz frequency range.

2. Materials and methods

The set of polycrystalline cubic ferrites that was selected for
the present study is described by the nominal composition
Ni0.60−xCuxZn0.40Fe1.98O4 with x=0, 0.10, 0.20 and 0.30
(samples N0, N1, N2 and N3 respectively). Since we intend
to focus on the effects of Cu substitution for Ni, the Zn content
was kept constant and equal to 0.40, which is expected to yield
relatively high values of magnetization [11]. Additionally, Fe
coefficient was adjusted to 1.98, which is reduced from the
stoichiometric coefficient, as that promotes densification [3,5,16].
Despite the extent of the past research on NiCuZn ferrites, no
relevant electromagnetic study on these specific compounds has
been published.

The samples under test were prepared with the conventional
solid-state reaction method starting from the proper oxides
(NiO, CuO, ZnO and Fe2O3). The needed amounts of the
precursors were initially ball mixed for 3 h in deionized water
and dried at 100 1C for 24 h, followed by a heat treatment at
750 1C for 2 h with a heating rate of 5 1C/min. The prefired
powder mixtures were further ball milled for 3 h and dried at
100 1C for 24 h and subsequently granulated with the addition
of a plasticizer and lubricant compound (polyvinyl alcohol and
Zn stearate, respectively). The granulated samples were then
Fig. 1. Relative lengths change of prefired rods N0, N1, N2 and N3 with
temperature.

Table 1
Shrinkage parameters derived from dilatometry characterization. Here, TINI and T
respectively.

N0 (Cu: 0) N1 (Cu: 0.10

TINI (1C) 661.9 661.8
TMAX (1C) 1200 1058.8
pressed under axial compaction (1350 psi) to form toroidal
samples (outer/inner diameter: 23.5 mm/14.5 mm) with approxi-
mately 3 gr/cm3 green density. Finally, in order to monitor the
effect of sintering top temperature on certain properties of the
end products, the ring-shaped samples were annealed for 3 h in
air at temperatures varying from 1000 1C to 1200 1C.
For the phase and crystal structure identification of both

prefired and sintered samples, the X-ray diffraction patterns
were recorded (powder diffractometer Siemens D-500, CuKa).
Moreover, the prefired powders were examined in terms of
their particle size distribution (Malvern Mastersizer-S),
whereas the shrinkage of pressed cylinders during annealing
was measured by dilatometry performed up to 1200 1C
(horizontal pushrod dilatometer Netzsch DIL 402PC). The
microstructure of the sintered samples was studied by means of
JEOL JSM6300 scanning electron microscope. Concerning the
magnetic properties of these NiCuZn materials, we measured
the B–H loops (10 kHz, maximum magnetic field 1200 A/m),
the initial permeability (10 kHz, flux density 0.1 mT) and
the complex permeability spectrum in the frequency range
100 kHz–1 GHz. All the magnetic measurements up to 1 MHz
were conducted with an automated measurement apparatus
which comprises Agilent 4284A Precision LCR meter, Tek-
tronix TDS-714L Oscilloscope, Agilent 33120A frequency
generator and the appropriate HF and RF amplifiers. For
complex permeability measurements at frequencies from
1 MHz to 1 GHz, the Agilent E4991A RF Impedance Material
Analyzer was used.

3. Results

3.1. Dilatometric, structural, and morphological
characterization

Dilatometry is used to characterize the rod specimens of
compacted prefired ferrite granules. By measuring the relative
elongation/shrinkage along the longitudinal axis of rods during
heating, useful information can be obtained regarding the
densification and sintering process. Specifically, Fig. 1 depicts
the measured length variation dL of the cylinders, normalized
to their initial length L0, with temperature up to 1200 1C. As a
result, we initially derive that by increasing the Cu content
either higher shrinkage is attained at the same heating
temperature, or conversely, lower heating temperature is
needed for the same shrinkage. In Table 1 we report the
temperature where shrinkage first appears TINI and the tem-
perature of maximum shrinkage rate (maximum densification)
TMAX, which was extracted from the derivatives of the curves.
MAX are the temperatures where shrinkage begins and its rate is maximized,

) N2 (Cu: 0.20) N3 (Cu: 0.30)

662.0 661.9
1017.2 970.5



Fig. 3. Densities of sintered toroids N0, N1, N2 and N3 with sintering
temperatures.
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The tabulated values show that as Cu amount is increased, TINI
remains practically constant (662 1C), whereas TMAX is reduced
from above 1200 1C for N0 (Cu: 0) down to 970.5 1C for N3
(Cu: 0.30). The latter quantity is very important for ferrite
processing as it defines the optimal range of temperatures
where a balance of sufficient density and appropriate micro-
structure is achieved. The sequential changes of microstructure
with Cu or annealing temperature will further be discussed in
conjunction with the measured density and SEM observation.

The structural investigation of the prefired powders of
NiCuZn ferrites was conducted by means of XRD analysis.
According to the recorded XRD patterns, all the prefired
compounds are of high crystallinity and mainly comprise
spinel ferrite as the dominant phase. Actually, the crystal
structure was identified as that of Ni0.50Zn0.50Fe2O4 (JCPDS
no. 52-0278), yet in the cases of no or low Cu content (N0 and
N1) traces of hematite Fe2O3 appeared as well. However, after
sintering at high temperatures (1000–1200 1C) the formation
of ferrite structure was completed and all the samples appeared
to be single phase spinels, as the concentration of any
secondary phases is below the XRD detection limit. In Fig. 2
the XRD patterns of ferrites N0–N3 sintered at 1100 1C are
displayed. Apart from the monophase nature of the samples, we
may additionally notice the shift of the diffraction patterns to
lower angles with the raise of Cu. This effect is attributed to the
expected growth of unit cell constant a due to the substitution of
Ni2+ ions by the larger Cu2+ ions in the lattice [17].

The density d of soft magnetic ceramics is a critical
parameter as, in combination with other microstructural
features, it largely determines their electromagnetic properties.
The variation of the measured density of toroids with sintering
top temperature (TSINT) is demonstrated in Fig. 3 for all four
different compounds. Taking into account the common basis
of all the prefired powders in terms of press density and
particle distribution (average values: D10¼0.28 μm, D50¼0.87
μm and D90¼4.94 μm), we may reasonably attribute the
observed d–TSINT variation to chemical composition. Specifi-
cally, the substitution of Ni by Cu clearly and expectedly
promotes densification as it shifts d–TSINT curves to lower
temperatures. In correspondence with the dilatometry results,
Fig. 2. XRD patterns of samples N0, N1, N2 and N3 (Cu: 0, 0.10, 0.20 and
0.30) sintered at 1100 1C.
we conclude that the increase of Cu/Ni ratio in NiZn ferrites
finally induces either higher density for the same TSINT, or a
lower required TSINT to achieve the same density value.
Concerning the shape of the d–TSINT curves, it appears that

they basically constitute sections of sigmoid-like functions.
Specifically, for relatively low-temperature sintering we get
low-density ceramics due to imperfect microstructure and high
intergranular porosity. As TSINT further increases, the inter-
granular pores are substantially diminished and grains are
uniformly developed, maximizing the densification rate (this
state is commonly defined as the normal microstructure).
Finally, above this temperature range, microstructure with
either duplex structure or exaggerated-discontinuous grain
growth usually takes place [18]. In both cases, enhanced
porosity is created inside the large grains (intragranular pores)
and this probably contributes to the observed drop of the
densification rate and the fluctuation of the density values
above 5 gr/cm3.
The described connection of density and morphology with

the composition and TSINT is illustrated in Fig. 4a–e, taken by
SEM observation of the samples N0, N1, N2 and N3 sintered
at 1100 1C and the sample N2 sintered at 1000 1C, respec-
tively. Actually, starting from a low-density NiZn ferrite with
submicron grains (N0), the addition of Cu initially enhances
densification due to grain growth and decrease of intergranular
pores (N1), whereas higher Cu content excites duplex micro-
structure (N2) and exaggerated grains (N3) in combination
with extensive intragranular porosity. Furthermore, by compar-
ing the two N2 samples sintered at 1000 1C and 1100 1C
(Fig. 4e and c, respectively), we confirm the existence of
optimal heating conditions provoking the development of
normal microstructure as well as the deleterious effect of high
TSINT on that.
3.2. Magnetic characterization

The ac hysteresis loops of the fabricated toroids were
recorded up to the maximum magnetic field intensity of
1200 A/m and narrow loops, typical of soft ferrimagnetic



Fig. 4. SEM images of sintered (a) N0, (b) N1, (c) N2, (d) N3 at 1100 1C and (e) N2 at 1000 1C.

Fig. 5. Hysteresis loops of samples N0, N1, N2 and N3 sintered at 1100 1C.
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materials, are obtained for the substituted compounds N1, N2
and N3. On the contrary, the unsubstituted ferrite N0 displays
different hysteresis characteristics with lower maximum flux
density (BMAX) and generally stronger coercivity (HC), espe-
cially when sintered up to 1150 1C. We indicatively present the
B–H loops of all samples sintered at 1100 1C in Fig. 5. The
remarked magnetic features of ferrite N0 are attributed to the
lower density and the incomplete microstructure, which give
rise to high demagnetizing fields and low induction.
Concerning the variation of BMAX with TSINT, we would

expect that it follows the variation of density, as it is strongly
affected by the extent of the magnetic material packing in a
specified volume. In fact, this relation is verified by the
experimental values demonstrated in Fig. 6a. Additionally,
for N1 and N2, whose curve maxima appear in the tested range
of TSINT, it is noted that the maximum value of BMAX is
diminishing for higher Cu amount. This probably corresponds
with the decrease of spontaneous magnetization per formula



Fig. 6. Variation of (a) maximum flux density BMAX and (b) coercive field HC of samples N0, N1, N2 and N3 with sintering temperature.

Fig. 7. Variation of initial permeability of samples N0, N1, N2 and N3 with
sintering temperature.
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unit, which stems from the lower magnetic moment of Cu2+

(1 μB) ions compared to that of Ni2+ (2 μΒ), considering that
both ions occupy octahedral B-sites [11].

In order to understand the variation of coercive field HC with
TSINT, we shall focus on the unsubstituted ferrite N0 (Fig. 6b).
As the chemical composition remains unchanged, coercivity
shows a striking dependence on morphology and especially on
the increasing grain size with TSINT. For N0 material annealed at
1000 1C the grains are assumed to be in single domain state, yet
above superparamagnetic range, therefore coercive field, HC,
grows with the occupied volume and grain size [19]. This
occurs up to 1050 1C, where coercivity goes through a max-
imum of 435 A/m followed by a gradual decrement to 183 A/m
for TSINT¼1200 1C. The observed peak is ascribed to the
transition from single-domain to larger multiple-domain parti-
cles, which facilitate the magnetization reversal and conse-
quently reduce HC. On the basis of this analysis, we may notice
that all Cu-substituted compositions (N1, N2 and N3) comprise
grains large enough to foster the formation of multiple domains
in the whole range of TSINT from 1000 1C to 1200 1C.

Fig. 7 demonstrates the generally increasing trend of initial
permeability (μi) of the fabricated ferrites with TSINT. It also
shows that, the addition of Cu in our compounds results in
higher permeability for the same TSINT values, whereas it
diminishes the required temperature to attain high μi. Regard-
ing the origin of initial permeability, it is suggested that it
mainly stems from the reversible bulging of domain walls,
rather than the domain wall displacement or spin rotation
processes [20]. However, as it will be discussed later, in the
materials under study the contribution of reversible wall
vibration is interestingly suppressed to the benefit of reversible
wall displacement mechanism, as the Cu content and TSINT are
raised. Independently of the precise predominant domain wall
process, the multi-domain grain growth, promoted by higher
Cu substitution or TSINT, leads to the cumulative increase in μi.
Still, the gradient of μi variation is restrained in case of
sintering N1, N2 and N3 at higher temperature. This decline in
the slope of μi is most probably induced by the embedded
intragranular porosity along with the chemical and morpholo-
gical imperfections, which have been identified in some similar
NiCuZn ferrites [4]. Thus, both magnetization processes of the
domain wall bulging and displacement are partially hindered.
3.3. Frequency dependent permeability

As it is already mentioned, the frequency dispersion of
permeability in ferrites is determined by three basic reversible
magnetization processes, namely the spin magnetization rotation,
the domain wall bulging and the domain wall movement [12].
These mechanisms are characterized by different time constants;
hence they influence different areas of the frequency spectrum.
As the main objective of the present study is to probe into the
permeability dispersion of materials, we deem it appropriate to
concisely set the theoretical principles of our analysis.
To describe the precession of magnetization vector (M

-
), for the

case of an individual magnetic dipole subjected to an ac magnetic
field (H), the Landau–Lifshitz equation modified by Gilbert is the
most widely used dynamic approach and is written as [21]

dM
-

dt
¼ −γðM

-
H
-
Þ þ λ

M
M
- dM

-

dt

 !
ð1Þ

where γ is the gyromagnetic ratio and λ a dimensionless
phenomenological damping coefficient, whose increase sig-
nifies higher energy dissipation and results in the reduction
of the precession angle. The respective complex reversible
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permeability μn
sp fð Þ is calculated as [22]

μn
sp fð Þ ¼ χ0spð1þ jλf =f RÞ
ð1þ jf =f RÞ2−ðf =f RÞ2

ð2Þ

This equation represents a resonance-type dispersion (Lor-
entzian-type), where χsp0 is the static susceptibility and fR the
ferromagnetic resonance frequency. Here, fR is determined by
the elementary formula of ferromagnetism 2πfR¼γHeff as
proportional to the static effective anisotropy field Heff

originating either in structure (magnetocrystalline anisotropy)
or morphology (shape anisotropy). Regarding the initial
susceptibility generated by the discussed magnetization pro-
cess, it is proportional to saturation magnetization squared
(M2

S) and to the reciprocal of effective anisotropy [21]. Taking
into account the enhanced spin motion damping in actual
polycrystalline magnetic ceramics, the parameter λ could be
larger than unity [23]. In this case, Eq. (2) for permeability
constitutes a relaxation-type frequency dependent variation
(Debye-type) with characteristic frequency fsp¼ fR/(2λ).

Additionally, when the magnetic domains are formed, the
reversible motion of domain walls becomes a significant
magnetization mechanism, either through a flexural vibration
or a wall drift. In view of the characteristic inertia and damping
of this movement, wall dynamics is by analogy described by
the typical equation for displacement x of driven damped
Fig. 8. Frequency dispersion of the real part of magnetic permeability μ′(f)
harmonic oscillating systems [12,21]

m
d2x

dt2
þ β

dx

dt
þ ax ¼ 2MSHejωt ð3Þ

where m is the effective wall mass, β the viscous decay or
damping coefficient, α the elastic coefficient of the restoring
force, H the amplitude of the ac driving magnetic field and ω
the driving angular frequency. In order to categorize the
response in such systems, the damping ratio z ¼ β= 2

ffiffiffiffiffiffiffi
mα

p� �
is used [24].
According to system dynamics, for low damping coefficient,

β, so that zo1, the wall motion inertia prevails and the
amplitude response exhibits resonance-type frequency depen-
dence in steady-state (underdamped case). Under these condi-
tions, the respective reversible permeability μn

dw fð Þ may be
derived from Eq. (3) as

μndwðf Þ ¼ 1þ χ0dw
1þ jf =f dw−ðf =f RÞ2

ð4Þ

where fdw¼ (2π)−1α/β represents the relaxation frequency and
fR¼ (2π)−1(α/m)1/2 the intrinsic vibration frequency or char-
acteristic frequency of the resonance. On the contrary, for large
damping coefficient β, so that z41, the amplitude response
of the wall movement shows a relaxation-type steady-state
frequency dependence (overdamped or non-oscillatory case).
of samples N0, N1, N2 and N3 sintered at different top temperatures.
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3.4. High frequency characterization

As it is important to finally evaluate the high frequency
magnetic behavior of the produced NiCuZn ferrites and
correlate it with the previously discussed aspects, the real
and imaginary parts of complex permeability (μn(f)¼μ′(f)−jμ″
(f)) of N0, N1, N2 and N3 were measured in the 100 kHz to
1 GHz range (Figs. 8 and 9).

For the unsubstituted sample N0, both μ′(f) and μ″(f)
increase substantially and shift to lower frequencies with the
increase of TSINT. With regard to the corresponding B–H loops
and microstructure images, we assume that N0 sintered at
1000 1C mainly comprises single domain particles in a sparse
packing configuration. Consequently, due to the intense
demagnetization fields, spin rotation occurs at relatively high
frequency (�400 MHz) and this is probably the unique
contribution to the magnetization of the sample. Yet, as TSINT
is increased, the grains grow further, magnetic domains are
formed and some strong resonance-type motion of the domain
walls adds up to the permeability spectrum at frequencies
just below fsp of spin rotation. While this wall process is
significantly enhanced for higher TSINT, the spin rotation is
suppressed due to the decrease of the effective anisotropy field.

Concerning the substituted samples N1, N2 and N3, the
permeability spectra above 10 MHz are dominated by the
Fig. 9. Frequency dispersion of the imaginary part of magnetic permeability μ
overlapping domain wall resonance and spin rotation relaxa-
tion curves. Starting from the low-density N1 sample sintered
at 1000 1C, permeability is raised for 1050 1C and then is
interestingly decreased for higher TSINT values. This progres-
sive decrement is a general remark and becomes more
profound for higher Cu content. In fact, the suppression of
the wall resonance process takes place simultaneously and in
association with the uplift of a relaxation process below
1 MHz. Eventually, the permeability dispersion in the com-
pound N3 sintered at high TSINT mainly consists of two
superimposed relaxation mechanisms; the one at low frequen-
cies and magnetization rotation at high frequencies.
In order to comprehend and interpret the variations in the

reversible permeability spectrum we employ the notions of
elastic domain wall bending and displacement [12,20]. Speci-
fically, although the low-density materials display extended
intergranular porosity, they also contain grains developed
enough to divide into magnetic domains. Therefore, under
the ac excitation field a vibrational motion of the low-energy
domain walls is induced, while they remain attached to the
grain boundaries (bowing or bulging of domain walls). In
Figs. 8 and 9, the contribution of this mechanism is located just
below the spin rotation (20–80 MHz). This dynamic behavior
is mainly favoured by the microstructure of samples N0
sintered above 1050 1C and N1 sintered up to 1050 1C.
″(f) of samples N0, N1, N2 and N3 sintered at different top temperatures.
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As for higher TSINT and Cu substitution the intergranular
pores are diminished and grains enlarge, the interfaces between
adjacent grains are multiplied, causing the exchange interac-
tion energy and domain wall surface energy to increase. In this
microscopic context, the cooperativity between moving walls,
introduced by Globus [25], is established and the displacement
of rigid higher-energy domain walls is investigated, always in
Fig. 10. Frequency variation of loss factor tanδ/μi of the sample N2 (Cu: 0.20).

Fig. 11. Fitting of the complex permeability spectrum μ*(f) of sample N0
sintered at 1100 1C.
coherence with walls in neighboring grains [12]. Due to the
extent of this wall movement, higher decay is expected than
the case of wall bowing, giving rise to a relaxation-type
permeability dispersion. In Figs. 8 and 9, the low frequency
permeability of the substituted samples N1, N2 and N3 arises
from the magnetization through domain wall displacement, as
it exhibits longer time constant than wall bulging. In order to
explore further features of this mechanism, we have drawn the
commonly used loss factor tanδ/μi of the sample N2 for
various TSINT in the range 10 kHz to 1 MHz (Fig. 10). These
results reveal that by raising TSINT the magnetic losses are
initially increased, followed by a clear drift of the relaxation
peak to higher frequency. In fact, as grains grow the domain
walls are multiplied and participate in the coherent displace-
ment producing higher μ′dw2 and μ″dw2. The subsequent
increase in fdw2 for 1150 1C and 1200 1C stems by definition
from the increase in restoring force α, which shall be attributed
to the defects and exerted stresses in larger grains [4,12].
Finally, the contributions of the magnetization processes to

the experimental complex permeability spectra were estimated
by means of a non-linear least-squares fitting procedure.
To this effect, we analyzed the experimental permeability data
of samples N0 (Cu: 0) and N3 (Cu: 0.30) sintered at 1100 1C.
Fig. 12. Fitting of the complex permeability spectrum μ*(f) of sample N3
sintered at 1100 1C.
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As this is not a multi-objective algorithm, the curve fitting was
performed with reference to the real part of permeability, by
using the sum of a proper number of discrete permeability
terms calculated by Eqs. (2) and (4). The results of this
analysis are demonstrated in Figs. 11 and 12, including the
measured and cumulative fitted data along with the proposed
constituent curves. In general, the calculated fitting-curves are
consistent with the experimental values. Specifically, the
permeability spectrum of sample N0 is composed of two
curves expressing the spin rotation and domain wall bowing
processes. In sample N3, the wall vibration component at
�80 MHz has not completely collapsed, whereas the rise of
wall displacement mechanism at frequencies below 10 MHz is
effectively described by the superposition of two relaxation
processes due to the heterogeneous microstructure. Now, based
on the resultant fitting parameters, given in Table 2, the spin
rotation susceptibility χsp is increased in the Cu-substituted
sample N3, while the major domain wall contribution shifts
from bowing to displacement. These findings are in accordance
with the B–H measurements and morphological investigation.
Moreover, we conclude that the permeability contributions of
domain wall bulging and displacement processes are repre-
sented by resonance and relaxation-like dispersions, respec-
tively. This accrues from the damping ratio (z) values, whereby
we distinguish between the undamped-resonant (zo1) and
overdamped-relaxing (z41) magnetic response. Concerning
the spin component, the optimal overall fitting was attained for
λ41 implying the damped nature of rotation in both N0 and
N3 samples. However as λ is not significantly greater than
unity, the loss peak frequency (N0: 140 MHz, N3: 170 MHz)
is separated from the respective calculated relaxation frequency fsp.
The latter remark basically signifies the necessity for use of the
generic Eqs. (2) and (4) in relevant permeability spectrum analysis,
instead of simplified relaxation formulas.

4. Conclusions

In the present investigation of the single-phase bulk ferrites
Ni0.60−xCuxZn0.40Fe1.98O4 with x¼0, 0.10, 0.20 and 0.30 we
have resolved the complex permeability spectra μn(f), in the
100 kHz to 1 GHz frequency range, into three superimposed
magnetization components. This analysis indicates the pro-
gressively growing contribution of reversible domain wall
motion in addition to the initially existent spin rotation process,
as the TSINT and the Cu content increase. On that ground,
similar variation is displayed by the initial permeability μi
defined at 10 kHz. Now, particularly with regard to domain
wall motion, it is revealed that the substantial magnetizing role
of wall bowing, which resonates in the 20–80 MHz area, is
taken up by the wall displacement in the below 1 MHz range.
This occurs when the sufficiently dense microstructure with
large grains enables the formation of cooperative rigid high-
energy walls, instead of quasi-isolated pinned low-energy
domain walls. Based on the domain wall theory and its system
dynamics analog, we distinguish between the low-frequency
overdamped relaxation-type wall drift and the higher frequency
underdamped resonance-type wall bulging; this distinction along
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with the intensity of the three different magnetization processes
were verified by least-squares curve fitting of μn(f) for the
samples N0 (Cu:0) and N3 (Cu:0.30).

The permeability frequency dispersion is evidently strongly
related with the observed sequential transition of microstruc-
ture, starting from imperfect low-density and small-grained
ferrites until the development of high-density ceramics com-
prising exaggerated grains with high intragranular porosity.
This variation in NiCuZn ferrites is induced by both Cu
substitution for Ni and the increase of TSINT. The remarked
phenomena allow us to correlate spin rotation with density,
whereas the magnetization through domain wall motion is
largely affected by both density and grain size distribution. On
the basis of the performed B–H loop measurements, we notice
that raising TSINT prompts the unsubstituted ferrite N0 from
single to multiple magnetic domain configurations, while all
the substituted ferrites N1, N2 and N3 possess multidomain
morphology in the whole TSINT tested range. Thus, in terms of
the extracted magnetic properties, the maximum recorded
induction BMAX of each sintered sample follows the increasing
trend of density, though the coercive field HC is drastically
diminished when domain walls are formed and multiplied.

In conclusion, better insight is offered in the permeability
dispersion of spinel ferrites in the high frequency range up to
1 GHz and the capability is provided for manipulation of their
magnetic response through compositional and heat treatment
control.
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