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FREQUENCY ANALYSIS OF NICKEL
BASED MAGNETIC DIELECTRICS
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The paper addresses the physical context of the permeability frequency spectra mechanism in Ni, NiZn ferrites and
ferrite-polymer composites. Complex permeability spectra of the presented materials have been studied in a wide frequency
range. The NiZn ferrite powder was mixed with PVC as a matrix to prepare magnetic dielectrics for application in various
electronic devices owing to specific behaviour of their complex permeability and sufficiently high resistivity.
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1 INTRODUCTION

Compared with metal magnetics, polycrystalline fer-
rites show the following particularities. Their crystallo-
graphic structure based on the oxygen lattice makes the
material harder, so the samples are less sensitive to the
whole history (treatment) of preparation. The ionic and
granular structures lead to a lower conductivity, which
permits the material to be utilized up to high frequencies
[1–4].

The most important magneto-dielectrics have been
NiZn and Ni ferrites and substituted Li ferrites which
showed to be the best available soft magnetic materials
for electronic applications. In addition to that, the sub-
stituted Ba or Sr hexa ferrites of M or Y type are mate-
rials that microwave engineers need in the present time.
These magnetics have self bias properties, high squareness
of the hysteresis loop, high saturation, flux density and
permeability. On the other hand they have low coerciv-
ity and losses at higher frequencies. These magnetics al-
low integration and miniaturization up to the nano-scale
(nanocomposite films).

One of the new ways in developing novel ferrites is to
investigate selected cation substitution of Fe ions in fer-
romagnetic sublattices, the other is integration of ferrite
particles to a polymer matrix.

The interest in understanding the magnetization pro-
cesses and innovation of ferrites and ferrite-polymer com-
posites is still fairly high, both from theoretical and ap-
plication points of view.

In magnetodielectrics it is possible to carry out the
frequency investigations in natural conditions where the
internal field is determined only by the spontaneous mag-
netization and own anisotropy field. The paper presents
an example of the permeability frequency spectra analy-
sis as investigated in Ni, NiZn ferrites and NiZn ferrite-
polymers.

2 MAGNETIC SPECTRA OF FERRITES

The permeability dispersion of polycrystalline ferrites
is associated with various mechanisms of magnetization.
These are: the domain wall displacement, magnetization
rotation and gyromagnetic spin rotation due to the effec-
tive anisotropy field. Frequently, because of the interplay
between these mechanisms, it is hardly possible to distin-
guish between the contributions of individual processes
to permeability dispersion and to determine its frequency
range with an adequate degree of accuracy.

The initial permeability, being lower in ferrites than
in metals, has been attributed to the spin rotation in do-
mains. The fact that the frequency spectra is primitive,
showing only one dispersion, seemed to confirm this con-
clusion. The spins need no special conditions to exist,
contrary to the domain walls, and the single dispersion
was attributed to the natural spin resonance.

The measured magnetic spectra [5] of sintered
Ni0.36Zn0.64Fe2O4 ferrite prepared in a ceramic way with
a relatively high initial permeability µi and low total
anisotropy are shown in Fig. 1a, b. The high value of µi

is attributed to the domain wall motion mechanism in
this ferrite. The real part µ′(f) of the complex perme-
ability is characterized by a dispersion curve which results
from the contributions of the resonance-type of domain
wall (dw) motion superimposed over the relaxation-type
dw-displacements during the magnetization process. This
resonance may be explained by the existence of the de-
magnetizing fields due to a worse grain-axis continuity
and to larger thickness of the grain boundaries. The real
part µ′ is above 1200 in the low frequency region up to
1 MHz, then its value increases to a resonance maximum
at a frequency of f0 = 2.5 MHz due to the resonance
type of dw-motion. The imaginary part of permeabil-
ity µ′′(f) gradually increases with frequency and has a
broad “maximum” of about 790 at relaxation frequency
fr = 6.5 MHz, where the µ′(f) has roughly an inflection

∗
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Fig. 1. The frequency spectra for sintered NiZn ferrite: (a) – real µ′ and imaginary µ′′ components, (b) – the complex spectra

Fig. 2. The frequency spectra for sintered NiFe2O4 ferrite: (a) – real µ′ and imaginary µ′′ components, (b) – the complex spectra

point. The complex permeability values µ∗(f) are ap-
proximated by a complex plane locus in the plane where
the real part µ′(f) of the complex permeability is plotted
against its imaginary part µ′′(f). At higher frequencies
(f > 5 MHz) the measured data are roughly consistent
with semicircular arc locus corresponding to the Debye
relaxation theory. At “lower” frequencies (f < 5 MHz)
the permeability data are deviated from the semicircu-
lar behaviour due to resonance spectra superimposed
on the relaxation dispersion of permeability. The fre-
quency spectra of complex permeability spectra µ′′(ω)
for Ni0.36Zn0.64Fe2O4 are attributed to the domain wall
displacement and can be expressed by the formula

µ∗

d = 1 +
χd

1 − (ω/ω0)2 + jω/ωr

(1)

where ω is the angular frequency of the applied mag-
netic field which is equal to 2πf ; ω0 is the frequency,
when the walls are oscillating at resonance, and ωr is the
relaxation frequency. The χd is the initial susceptibility
of dw displacement, at ω → 0.

The measured permeability spectra of sintered (at
1300 ◦C) NiFe2O4 ferrite prepared in a ceramic way with
plausible permeability at low frequency are shown in
Fig. 2a. and 2b. The real µ′(f) and imaginary µ′′(f) com-
ponent spectra are showing two well separated dispersions
and absorptions. The first dispersion can be probably at-
tributed to the wall displacement. Despite the fact that

low µi is currently the result of the rotation mechanism,
we assume that the resonance due to wall oscillation is
superimposed on the wall relaxation effects and therefore
the frequency value corresponding to the first maximum
of µ′′(f) (ie loss) does not correspond to the zero of µ′(f)
permeability at resonance f0 ≈ 50 MHz. It can be shown
[6] that the first dispersion (f0, fr and value of µ′ ) is de-
pendent on the sintering temperature due to the change
of the effective anisotropy field. If the samples are sin-
tered at a lower temperature, f0 and fr are shifted to
higher values though the µ′ value is decreasing due to an
increase of the internal magnetic field.

Since the shape of the first dispersion (Fig. 2a) be-
haviour varied with the sintering temperature, it could
be assumed that fluctuation of the internal field at the
microscopic scale is responsible for the differences in the
domain wall dispersion mechanism. The wall motion may
be more sensitive to the sintering temperature than the
rotation process. It is seen in Fig. 2b that the perme-
ability curve has a tendency approach a circular arc indi-
cating a resonance behaviour starting at a relatively low
frequency f = 10 MHz. Then, the next part of the first lo-
cus implies the relaxation behaviour up to 0.9 GHz. The
complex spectra µ∗(ω) for NiFe2O4 ferrite can be fitted
by eq (1) in frequency region ω ∈ 〈0, 0.9 GHz).

The second dispersion and absorption (Fig. 2a) seemed
to be practically independent on the sintering temper-
ature and can be attributed to the natural spin (or
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Fig. 3. The frequency spectra for sintered NiZn ferrite polymer with kv = 30, 60 and 80% of filler: (a) – real and (b) – imaginary
component

magnetization rotation) resonance. At highest frequencies
(above 0.9 GHz) the data are consistent with the part of
the circular arc locus in the first approximation. In the
highest frequencies, the locus indicates practically a res-
onance character with frequency f0

∼= 1.8 GHz and there
the µ′(f) already corresponds to zero of permeability.
This last part of µ∗(ω) locus above 0.9 GHz (Fig. 2b)
can be described on base of the domain magnetization
Ms rotation mechanism. As an example, starting from
the Landau-Lifshitz damping term and neglecting mag-
netic interactions, Kittel extended the theory of domain
rotations in polycrystals by deriving an expression for
complex permeability as follows [7]

µ∗

s
(ω) = 1 +

ω2

0s
+ (λ/χ0)[jω + λ/χ0]

ω2

0s
+ (jω + λ/χ0)2

χis . (2)

Here, χis is the quasi-static initial susceptibility due
to domain rotations, χ0 is an average rotational suscepti-
bility approximately equal to χis , and λ is the damping
factor (or relaxation frequency) defined by the loss term
in L–L equation. The relaxation frequency λ = |γ|αMs ,
where γ is the magnetomechanical ratio, α is the damp-
ing coefficient of saturation magnetization Ms , and ω0s

is the resonance frequency due to rotation mechanism.

Another example is using the Gilbert and Kelley
damping term, which gives a better description of the
domain rotation loss, deriving the permeability as fol-
lows:

ω∗

s
(ω) = 1 +

ωω0sα + jω2

0s

2ωω0sα + j[ω2
0s

− (1 + α)ω2
χis . (3)

Thus the last part of locus in Fig. 2b can be estimated by
eq. (2) or eq. (3) at highest frequencies above 0.9 GHz.

3 MAGNETIC SPECTRA

OF FERRITOPOLYMERS

For polymer composite materials based on a PVC ma-
trix and Ni0.36Zn0.64Fe2O4 ferrite particles with aver-
age diameter 〈D〉 = 250 µm, the dispersion frequency

increases as the ferrite content decreases from 80 to
20 vol.%. The values of µ′(f) drops with a decrease of
the kv particle vol.% concentration, see Fig. 3a, there
the µ′(f) spectra behaviours are presented for selected
particle filler content kv = 80, 60 and 30 vol.%. The re-
spective µ′′(f) spectra behaviours are plotted in Fig. 3b
for all three particle filler contents kv of the composite
sample. A decrease of the filler content leads to a shift
in the relaxation frequency fr of the maximum in the
imaginary part µ′′(f) to higher frequencies. This is ac-
companied by a decrease of µ′(f) and µ′′(f) values and
with broadening of the µ′′(f) maximum.

Thus the maximum magnetic losses (maximum of µ′′ )
in the composite decrease as the concentration of fer-
rite particles decreases and the relaxation region shifts to
higher frequencies. As a result the relaxation frequency
fr shifts from 8 MHz to about 1.7 GHz. The experimen-
tal data of complex permeability of the ferrite-polymer
samples are plotted as three sets of complex plane loci
in Fig. 4 for ferrite particle contents kv = 80, 60 and
30 vol.%. These loci can be fitted by parts of circular
arcs and show considerable deviations from the semicir-
cular loci, which are typical for the pure Debye relaxation
theory. In Fig. 4, the measured loci can be fitted by Cole-
Cole flattered half-circle diagrams which can be described
by the pure relaxation formula

µ∗

0s
(ω) = 1 +

χis

1 + (jωτs)v
(4)

where v ∈ (0, 1) is the dispersion parameter and τs is the
relaxation time for rotational mechanism, τs = 1/ωrs .
The loci are lower with decreasing the filler concentra-
tion kv in Fig. 4. As an example, the composites have
primitively frequency spectra µ∗(f) showing one disper-
sion due to relaxation process only, contrary to the µ∗(f)
spectra of sintered NiZn ferrite in Fig. 1a, b. In the ferrite-
polymer composites, the non-magnetic matrix cuts the
intrinsic magnetic properties of particles as a result of
changes of the internal magnetic field in the compos-
ite. Therefore, compared with sintered ferrites, ferrite-
polymers are characterized by a radically different disper-
sion of permeability. The surface of a ferrite particle has
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Fig. 4. The frequency spectra of complex permeability spectra µ∗

for sintered NiZn ferrite-polymer with kv = 30, 60 and 80 % of
filler

an irregular structure, both of a geometric and crystallo-
graphic nature, ie surface roughness, cracks, pores, impu-
rities, etc. Porosity is a parameter that has been applied
to study the behaviour of ferrites and ferrite-polymer
composites. The intragranular porosity plays the same
role in both sintered ferrites and composites. For initial
permeability that results in a drastic decrease. When the
sample is subject to a larger exciting ac field, ie in the
case of non-reversible processes, the wall motion is still
disturbed resulting in losses which lead to an increase of
the measured coercivity.

Porosity seemed to be an important parameter to
study the magnetization processes in ferrites, in which
it is very large. Polycrystalline ferrites are formed from
agglomerates of particles. In this case the high porosity
of the starting material, which is practically only inter-
granular porosity, decreases during the sintering process
as a consequence of grain growth mechanisms.

So, the total porosity that has been measured [8] on
NiZn ferrites was practically due intragranular porosity,
contrary to the intergranular porosity which plays a minor
role in magnetization mechanisms. From this point of
view the situation with total porosity in ferrite-polymer
composites is different. There the intergranular porosity
plays a higher role in comparison with sintered ferrites.

The ferrite-polymer composite manifests itself as a
magnetic system with a reduction of the low-frequency
part of permeability, reduction of magnetic losses and
a shift of the relaxation (or resonance) to a higher fre-
quency. This is due to particle size and total porosity
which cause a demagnetizing field. The demagnetizing
field led to the pinning of the domain walls in parti-
cles and, hence, to the damping of dw motion under an
external magnetic field. As a result, the low-frequency
part of permeability associated with the motion of do-
main walls decreases, and ferromagnetic resonance (re-
laxation) shifts to higher frequencies. On the other hand,
our opinion is that the magnetization rotation mecha-
nisms carry out rather than dw motion in the studied
NiZn ferrite-polymers. Then the shift of relaxation angu-
lar frequency ωrs , likewise the ferromagnetic resonance

frequency, reaches values of the order of ωrs = γ
∣

∣Ha+Hd

∣

∣

where Ha , Hd are the magneto-structural anisotropy
field and demagnetizing field. The increase of Hd value

with decreasing the filler concentration kv in ferrite-
polymer is the reason for the shift of the relaxation fre-
quency from 8 MHz (for sintered NiZn ferrite) up to
1.7 GHz.

4 CONCLUSION

The magnetic dielectric materials have been developed
on the basis of polycrystalline NiZn ferrite particles and
PVC matrix. NiZn ferrite-polymer changes the character
of the frequency dispersion of permeability, which man-
ifests itself in a shift of the relaxation frequency from
the MHz up to the GHz range, accompanied by a de-
crease in the low-frequency permeability. Compared with
a sintered NiZn ferrite, NiZn ferrite-polymer composite
is characterized by a higher frequency range of applica-
tion. In addition, by an appropriate choice of the size
of filler particles, polymer matrix and concentrations of
particles, one can design NiZn ferrite-polymer compos-
ites with a dispersion of permeability in the desired mi-
crowave range of frequencies. The changes of the do-
main structure in particles and pinning of domain walls
due demagnetizing field and pores volume of particles
with the consequence that magnetization rotation mecha-
nisms carry out in these ferrite-polymer composites. NiZn
ferrite-polymers can be used in microwave equipment in
a higher frequency range than NiFe2O4 ferrites.
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