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COMPLEX PERMEABILITY SPECTRA OF
MANGANESE–ZINC FERRITE AND ITS COMPOSITE

Rastislav Dosoudil — Vladimı́r Olah
∗

The magnetic permeability spectra of an Mn-Zn sintered ferrite and its composite have been studied. The model based
on the relaxation-type spin resonance formulation combined with the magnetic circuit model for ferrite magnetocomposites
was proposed. The relevance of this model has been verified by measuring of the complex permeability of the composite and
compared to the properties of the sintered ferrite. The observed relaxation frequencies of the composite are much higher
than those of the sintered material.
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1 INTRODUCTION

The sintered ferrites have frequency-dependent per-
meabilities. For polycrystalline ferrites, the permeability
is related to the following magnetizing mechanisms: the
spin rotation and domain wall motion. There have been
many studies of the permeability of polycrystalline fer-
rites [2, 5–7].

The magnetic composite materials (magnetocompos-
ites) can be denoting as materials of the future because
of their advantageous properties [9]. Magnetocomposites
consist of two basic parts: ferrite magnetic particles (mag-
netic filler) with appropriate morphology (shape) and
granulometry (sizes D , d and volume fraction νi ) that
are responsible for magnetic properties of composites and
polymer matrix, the properties of which determine the ho-
mogeneity of magnetic particles arrangement in the com-
posite, and non-magnetic properties of composite mate-
rials (mechanical, chemical, rheological, etc). The perme-
ability values and their frequency dependence can be con-

trolled by the fabrication process of the magnetocompos-
ites. In the case of magnetocomposites, we consider the
magnetic permeability as an effective parameter [8, 9,10].

2 PROBLEM FORMULATION

AND MODEL DESCRIPTION

The effective permeability in ferrite magnetocompos-
ites can be generally estimated using for example the ef-
fective medium theory [4, 7], the percolation theory [3]
and/or magnetic circuit model [2, 5, 8, 9, 10], etc. In this
study, the magnetic circuit model approach has been
used. The main advantage of this approach is simplicity
and good agreement with an experiment.

2.1 Magnetic circuit model

We consider the ferrite magnetocomposites to be com-
posed of prismatic magnetic particles (with intrinsic per-
meability µi ) surrounded by a non-magnetic polymer

Fig. 1. Schematic representation of magnetocomposite:a) magnetic particles arrangement in polymer matrix, b) elementary cell, and
c) equivalent magnetic circuit of elementary cell
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layer (µm ≪ µi ). The schematic configuration is shown
in Fig. 1a,b. The elementary cell of idealized composite
structure is modelled using series-parallel magnetic cir-
cuit (Fig. 1c), [8, 10].

In this magnetic circuit is particle reluctance Rg in
series connection together with polymer gap reluctance
Rs and both ones bridged by parallel reluctance Rm of
matrix layer around the particle. The average size of the
magnetic particles and the average thickness of the non-
magnetic polymer layer are denoted by D and d , respec-
tively. There are two magnetic resistivities: intraparticle
resistivity (grain boundary) and interparticle resistivity
(polymer layer). The magnetic resistivity of the polymer
layer is much higher than that of the grain boundary
in the magnetic particle. We assume the following con-
ditions: d ≪ D , magnetic fluxes Φg and Φm passing
through both parallel circuit branches are homogeneous,
and relative high particle (volume) concentration. Then
the Ampère’s integral (we neglect the resistivity of the
grain boundary in the magnetic particles) applied to the
branch with series connected reluctances (Rg and Rs )
states:

D+d
∫

0

~H d~l =

D
∫

0

~Hg d~l +

D+d
∫

D

~Hs d~l

=⇒ HgD +Hsd = H(D + d) (≡ NI) (1)

where H is the external applied field intensity, Hg and
Hs are the magnetic field intensities of particle and poly-

mer, respectively, and ~H , ~Hg and ~Hm are the corre-
sponding vectors. We assume that Hg and Hs are con-
stant in particle and matrix, respectively. N is a number
of coil turns surrounding a toroidal sample and I is an
effective value of ac current flowing through the coil. For
the elementary magnetic circuit the effective magnetic
flux density Be can be calculated from the next equa-
tion:
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)

1

S
(2)

where Bg and Bm are the magnetic flux densities in the

magnetic particle and polymer, respectively, ~Bg and ~Bm

are the corresponding vectors, and the area S is given by
the summation of the cross-sections of magnetic particle
Sg and polymer matrix Sm : S = Sg + Sm . Using the
Eq. (1) and Fig. 1 we can write the equation (2) in the
following form (µm ≈ 1):

Be = µoµeH = µo

〈

µi

(
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)

(
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d
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) +
1

1 +
Sg
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〉

(3)

from which results:

µe =

〈

1 +
χi(1 + η)

1 + µiη
νi

〉

(4)

where < > means a statistical mean value and µi (χi)
is the intrinsic permeability (susceptibility) of magnetic
particles, η = d/D is so-called ‘demagnetising structural
parameter’ and σ = Sm/Sg is so-called ‘area (cross-
sectional) structural parameter’. Both structural param-
eters have statistical characters (distributions) and are
connected through the volume particle fraction: νi =
1/[(1 + η)(1 + σ)] . Equation (4) expresses an influence
of granulometry (sizes D and d) and composite density
(volume fraction νi ) on the effective permeability value
µe . In this approach we also assumed that D and d do
not change with the frequency of an external magnetic
field and that the intrinsic permeability of the magnetic
particle is almost equal to that of the sintered ferrite (µi ).

2.1 Frequency dispersion of the effective perme-

ability

When a magnetic material is subjected to a change in
the applied magnetic field there are time-dependent ef-
fects to consider as the magnetic moments reorient and
the domain walls move. Then two types of (ferromag-
netic) resonance may occur. These are a spin resonance
based on the Landau-Lipschitz-Gilbert (electromagnetic
torque) equation for spin dynamics [1]:

∂ ~M

∂t
= −γµo

~M × ~H +
4πλd

γµoM2

(

~M ×
∂ ~M

∂t

)

(5)

and a domain-wall resonance based on the equation of
motion of the domain walls, the damped simple harmonic
oscillator equation describing motion of a planar 180◦ -
domain wall in magnetic material (ie also in magnetic
particles):

mw

d2x(t)

dt2
+ β

dx(t)

dt
+ kwx(t) = 2µo

~Ms ·
~H (6)

where ~M is the magnetization vector, ~H is the magnetic
field intensity vector, λd is the relaxation frequency, γ
is the gyromagnetic ratio, x(t) is the position of domain
wall, mw is the effective mass of domain wall per unit
of area (mw relates the acceleration of the domain wall
to the force causing acceleration), β is the damping co-
efficient which is determined by the combined effect of
all energy dissipation mechanisms, kw is the stiffness (or

restoring force) coefficient, ~Ms is the saturation magne-
tization vector and t is the time.

Equation (5) is more widely used in the description
of spin dynamics, and in fact it is a generalization of the
Landau-Lipschitz equation, since the latter can be derived
from this equation by neglecting the higher-order terms

in the expression for ∂ ~M/∂t on the right-hand side of
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Fig. 2. HF measurement:a) measuring circuit (1 MHz to 1 GHz)
and b) series model of measured impedance

the equation. Critical damping of the motion of the mag-
netic moments occurs when λd = γµoM/4π . For values
of λd ≪ γµoM/4π the spins perform a number of preces-
sions before finally reaching the field direction, while for
λd ≫ γµoM/4π the spins will rotate slowly but directly
toward the field direction. The value of this relaxation
frequency λd for materials such as nickel-zinc ferrite and
manganese-zinc ferrite is typically 107–108 s−1 . This re-
laxation frequency is insufficient to reach critical damp-
ing.

At low driving fields the Eq. (6) assumes that the mov-
ing domain wall remains flat during its motion (we neglect
‘bowing’ and ‘pinning’ effects). Under certain conditions,
when the motion of the domain walls is lightly damped
so that β2 < 4mwkw , the motion of the domain walls
can exhibit resonance. When damping is heavy, so that
β2 > 4mwkw , the domain walls will simply exhibit relax-
ation. Critical damping occurs when β2 = 4mwkw lead-
ing to the fastest approach to equilibrium.

For polycrystalline ferrites, the effective permeability
spectrum can be described by the superposition of two
components that can be attributed to two types of mag-
netizing processes, spin rotation and domain wall motion
[1, 2, 6]:

µ̃e(ω) = 1 + χ̃e,spin(ω) + χ̃e,wall(ω) . (7)

We assume that the spin rotation component χ̃e,spin is
relaxation type:

χ̃e,spin(ω) =
χi,spin

1 + j ω
ωres

(8)

and that the domain wall component χ̃e,wall is resonance
type:

χ̃e,wall(ω) =
χi,wallω

2
wall

ω2
wall − ω2 + j β

mw
ω

(9)

where χi,spin and ωres correspond to the static spin sus-
ceptibility and the spin resonance frequency, respectively,

χi,wall and ωwall are the static susceptibility of the do-
main wall motion and the domain wall resonance fre-
quency. Equation (8) was derived from Eq. (5) and rep-
resents the well-known Debye relaxation formula. Reso-
nance formula — Eq.(9) was derived from Eq.(6) with
respect to each of term.

In the case of magnetocomposites, it can be used
only the relaxation-type of spin resonance formulation —
Eq. (8). For constant magnitude of the harmonic applied
field, the combination of Eqs. (8) and (4) gives the rela-
tion of the complex effective permeability as

µ̃e(ω) =

〈

1 +
χi,spin(1 + η)νi

(1 + µi,spinη)
(

1 + j ω
ωres(1+µi,spinη)

)

〉

(10)
where µi,spin is the static spin permeability of magnetic
particles in the magnetocomposites. As we will show in
the next section, it cannot be used the Eq. (9) attributed
to the domain wall motion in the whole frequency range
(10 kHz to 1 GHz for measured magnetocomposite sam-
ple). The frequency dispersion of complex effective per-
meability in magnetocomposites can be described using
only the spin resonance formulation.

3 EXPERIMENTAL

3.1 Sample preparation

We had prepared Mn-Zn sintered ferrite samples in
a toroidal form (dimensions: outer diameter 10, in-
ner diameter 6 and height 4 mm, type H21 — pro-

duced by S+M Components Šumperk, Czech Repub-
lic) with Curie temperature Tc > 476 K, mass density

4.8 gcm−3 , intrinsic permeability µi = 1900 ± 20%.
The used manganese-zinc sintered ferrite consists of
37 wt.%MnO, 12 wt.%ZnO and 51 wt.% Fe2O3 (compo-
sition: ≈ Mn0.37Zn0.57Fe2.06O4). Magnetic particles, pre-
pared by mechanical granulation of Mn-Zn ferrite (H21),
with two fractions: (25–40) + (250–315) µm at the ratio
of fractions 1 : 1.5, were used for preparation of mag-
netocomposites with non-magnetic matrix. In our case,
the polymer matrix was thermoelastoplastic blend TPE
(Finaprene 416, Krasten 126, Miravithen D14003 and
oil OLM4). The ferrite filler and polymer matrix were
thermally processed at a temperature of 436 K and then
thermally pressed at a pressure of 17 MPa into a plate
form from which were cut out the toroidal samples with
dimensions 10 × 5 × 5.5 mm. The mass concentration of
ferrite filler in the composites was κ = 93 wt.% (ie vol-
ume concentration κv = 72.2%).

3.2 Measuring methods

The complex effective permeability ( µ̃e = µe1 − jµe2 )
of the samples were measured by two different techniques.
In the frequency range 1 kHz to 5 MHz, µ̃e was obtained
by measuring the inductance (ωL) and the resistance (R)
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Fig. 3. The frequency dependencies of real and imaginary parts of
complex effective permeability for sintered Mn-Zn ferrite

Fig. 4. The frequency spectrum of complex effective permeability
for sintered Mn-Zn ferrite

differences between a toroidal coil wound (with number

of turns N = 1) around the toroidal (sintered ferrite

or magnetocomposite) sample and one wound without

the toroidal sample, using the low-frequency impedance

tester HIOKI 3531 Z HiTester with constant effective

value of driving voltage ≈ 50 mV (in series mode). In

the frequency range 1 MHz to 1 GHz, µ̃e was obtained

by measuring the input and output rms voltages UA and

UB together with phase angle (shift) ϕAB between both

voltages by the vector voltmeter Hewlett Packard 4205A

(coaxial line technique, Fig. 2). The experimental error for

the complex effective permeability in the frequency range

1 kHz to 100 MHz is less than 6% and over 100 MHz less

than 12%.

For a series model of the measured impedance Z , the

following equations can be derived:

Rcoil+Rtor+jωLcoil+tor = jωµoStor(µe1−jµe2)
N2

ls
(11)

µe1 =
ls(Lcoil+tor − Lcoil)

µoStor N2
(12)

µe2 =
ls(Rcoil+tor −Rcoil)

µoωStorN2
(13)

where Rcoil and ωLcoil are the series resistance and in-
ductance of a toroidal coil wound without the toroidal
sample, Rtor and ωLtor are the series resistance and in-
ductance that represent magnetic losses in the toroidal
sample, Rcoil+tor = Rcoil + Rtor, Lcoil+tor = Lcoil + Ltor ,
and Stor and ls are the cross-section and the mean length
of the toroidal sample, respectively. Since for ω → 0 is
µe2(ω) → ∞ , we had to use for verification of µe2(ω)
values in low-frequency region (below 100 kHz) Kramers-
Kronig relation, [1], [11]:

µe2(ω) =
2

π

∞
∫

0

µe1(s)
ω

ω2 − s2
ds . (14)

4 RESULTS AND DISCUSSION

The frequency dependencies of the real and imaginary
parts of complex effective permeability for the sintered
ferrite are shown in Fig. 3. For sintered Mn-Zn ferrite, the
real part µe1 , which is about 2000 in the low-frequency
region, begins to decrease at about 1 MHz, and reaches
the value of about 12 at 100 MHz. On the other hand,
the imaginary part µe2 has a maximum of about 1100
at around 2.5 MHz. From the numerical fitting of the
frequency dependencies of µe1 and µe2 for the sintered
ferrite to the equations (7)–(9), we obtained the set of the

parameters as χi,spin = 1199 and ωres = 4.02 × 107 s−1

(6.4 MHz) for the spin rotation component, and the set

χi,wall = 861, ωwall = 1.59 × 107 s−1 (2.53 MHz) and

β/mw = 2.35 × 107 s−1 (3.74 MHz) for the domain wall
motion. Using Eqs. (7)-(9) with these parameters, we cal-
culated the complex effective permeability spectrum (in
the complex plane) for the sintered manganese-zinc fer-
rite, which is shown in Fig. 4. Each calculated spectrum
of spin rotation and domain wall motion is also shown in
this figure. Good agreement between experimental data
and calculation curves was obtained only above the fre-
quency of 1.3 MHz. The complex effective permeability
in high-frequency region above 6 MHz can be describing
with the spin rotation component.

The frequency dependencies of µe1 and µe2 for the
magnetocomposite sample are shown in Fig. 5. For this
sample, the real part µe1 , which is about 14 in the low-
frequency region, begins to decrease at about 100 MHz.
The imaginary part µe2 has a maximum of about 7.8 at
around 400 MHz.

From the numerical fitting of the dependencies of
µe1(ω) and µe2(ω) to the equation (10), we obtained the
next set of the fitting (dispersion) parameters: χi,spin =

1199 and ωres = 2.69 × 109 s−1 (429 MHz) for the spin
rotation component. Using Eq. (10) with these parame-
ters, we calculated the complex frequency spectrum of the
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Fig. 5. The frequency dependencies of real and imaginary parts of
complex effective permeability for magnetocomposite

effective permeability (Fig. 6) for spin rotation. We can

state that it was obtained good consensus between ex-

perimental results and those obtained from our proposed

model.

In this case, it cannot be used in the frequency range

10 kHz to 1 GHz the Eq. (9) attributed to the domain

wall motion. However, the effective permeability spec-

trum in this frequency region cannot be realized by con-

sidering the contributions of both the domain wall mo-

tion and the spin rotation. Thus the effective permeabil-

ity in this frequency region can be reproduced only with

the spin rotation component. This discrepancy can be re-

garded as the microstructure difference between the sin-

tered Mn-Zn ferrite and the magnetic ferrite particles in

magnetocomposites. Since the dispersion parameters of

domain wall motion (χi,wall , ωwall , β/mw ) are sensitive

to the microstructure of the polycrystalline ferrite, the

parameters obtained in the sintered ferrite cannot be ap-

plied to calculate the parameters of magnetocomposites.

Therefore, it is necessary to evaluate the microstructure

both of the sintered ferrite and ferrite particles in the

magnetocomposites in order to consider the contribution

of the domain wall motion.

In ferrite magnetocomposites, a magnetic inert compo-

nent is introduced that causes not only the magnetic dilu-

tion but also a cut-off the magnetic circuit in the ferrite.

Therefore, the permeability is reduced remarkably as the

ferrite volume loading decreases. We consider three con-

figurations of magnetic connection changes: (a) the sin-
tered ferrite sample (volume fraction 1), (b) the magneto-

composite sample with high volume loading and (c) with

low volume loading (Fig. 7). The magnetic gaps in the

sintered ferrite sample can be negligible, so that the mag-

netic moment is easily aligned along an applied field. In

the magnetocomposite sample with high volume loading,

some magnetic particles aggregate to form a magnetic

cluster and the magnetic poles on the surface of the clus-

ter create the demagnetising field antiparallel to the ap-

plied field.

Fig. 6. The frequency spectrum of complex effective permeability
for magnetocomposite

Fig. 7. Schematic configurations of: (a) sintered ferrite toroidal
sample, (b) magnetocomposite toroidal sample with high ferrite

content and (c) with low ferrite content

Further, low volume loading composite sample have
magnetic particles separated individually, and the mag-
netic poles on each particle generate the demagnetising
field. The demagnetising field reduces the induced mag-
netic moment more than that calculated from the volume
loading. Therefore, the permeability in low-frequency re-
gion decreases with the configuration change from the
sintered ferrite to the magnetocomposites. On the other
hand, the spin resonance frequency ωres is represented by
the equation [1,6]: ωres = γµoHa , where Ha is the effec-
tive anisotropy field which is written by the summation
of the magnetocrystalline anisotropy field and the shape
anisotropy field. The former is determined by the compo-
sition and the crystal structure of the magnetic compo-
nent, and the latter depends on the particle shape and the
particle configuration. For the sintered ferrite, the contri-
bution of the magnetocrystalline field is larger than that
of the shape anisotropy field, since the magnetic gaps can
be negligible.

For the magnetocomposites consisting of isotropic
(polyhedral) shape particles, there are some aggregates
in the case of high volume loading and the particles are
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dispersed individually in the case of low volume loading.
Since the cluster of the magnetic particles responds as
a magnetic unit, the number of magnetic poles per unit

volume is less than that for isolated particles. Therefore,
the shape anisotropy field is introduced, which is equiv-
alent to the demagnetising field Hd induced by the rf
magnetic field. The spin resonance frequency can then be
modified by: ωres = γµo(Ha + Hd). In the case of mag-
netocomposites, the demagnetising field increases with

decreasing volume loading. The spin resonance frequency
shifts higher due to the contribution of the demagnetis-
ing field. As the result, the µe1(ω) can take a larger value
than that of the sintered ferrite in the rf frequency region.

5 CONCLUSION

We have studied the frequency spectra of the complex

effective permeability for manganese-zinc sintered ferrite
and its magnetocomposite using the spin and domain wall
resonance formulation combined with the magnetic cir-
cuit model. The model analysis includes the effect of the
demagnetising field and the volume loading of the ferrite
in the magnetocomposite. In the Mn-Zn ferrite magne-

tocomposite, the real part of the complex effective per-
meability in the high-frequency region (above 100 MHz)
becomes larger than that of the sintered ferrite. This is
attributed to the shift of the spin resonance frequency
toward the higher frequency region by introducing a de-

magnetising field in the magnetocomposite. The model
calculation is insufficient to evaluate the frequency spec-
tra of the low-frequency complex effective permeability
below about 5 MHz, even though the contribution of the
domain wall motion is taken into account. This may be
attributed to the difference between the domain struc-

tures of the sintered ferrite and the magnetic particles
in the magnetocomposite. Since the dispersion parame-
ters of the domain wall motion are sensitive to the mi-
crostructure of the polycrystalline ferrite, the parameters
obtained in the sintered ferrite cannot be applied to cal-
culate the parameters of composite material. Therefore,

it is necessary to evaluate the microstructure both of the
sintered ferrite particles and ferrite particles in the com-
posite material in order to consider the contribution of
the domain wall motion. Accordingly, further investiga-
tions are needed to understand the contribution of the
domain wall motion. More detailed studies of the perme-

ability dispersion in the low-frequency region are being
carried out.

This work was supported by No. 1/7610/20 grant of
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