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The complex permeability of the Cu-doped Ni-Zn polycrystalline ferrites is strongly dependent on microstruc-
ture, particularly on relative density (¢) and average grain size (G), as it has been shown in a previous study
developed at a constant angular frequency (107 Hz). In this study, the previous microstructural model proposed
has been extended to an angular frequency range (from 10° to 10° Hz) demonstrating its validity and reliability.
In addition, domain-wall motion and spin rotation contributions to magnetic permeability have been individually
considered in the mathematical model, highlighting the relative influence of each magnetizing mechanism at
different angular frequencies.

1. Introduction

One of the main applications of ferrites is in the elimination of
electromagnetic wave pollution due to their electromagnetic in-
terferences (EMI) shielding properties. Among the ferrites used in this
field, two types stand out: NiZn and MnZn ferrites. The most widely used
are NiZn ones, generally doped with copper, since their angular fre-
quency range is in the higher frequency region (>10 MHz), whereas in
the case of MnZn ferrites it is limited to a few MHz [1,2].

The magnetic properties of these materials are mainly determined by
their chemical composition and final microstructure (i.e. average grain
size and relative density) [3]. The ferrite powder can be processed to
obtain two types of bulk materials: ferrite composite materials, where
particles are embedded in a polymeric matrix, and sintered ferrites,
where particles are processed following the traditional ceramic route
[4].

Magnetic permeability y is a complex property when an alternating
current (AC) magnetic field of angular frequency o is applied to the
material. Therefore, materials can be characterized by its complex
permeability (real part and imaginary part) vs angular frequency spec-
trum, which is usually known in literature as the frequency dispersion of
the material [5]. In polycrystalline ferrites, the frequency dispersion of
complex permeability shows several characteristic magnetic resonances

[6-9].

Literature highlights two kind of magnetizing mechanisms, spin
rotation and domain-wall motion, both contributing to the real () and
imaginary part (¢”) of magnetic permeability [10]. In small grains
(below ~ 6 pm), where no magnetic domain-walls can be found at
intragranular level, only monodomain state exists. In this case, magnetic
permeability cannot be explained by domain-wall phenomena and only
spin rotation exists. As the grain size increases (up to ~ 25 pm) both
domain-wall and spin rotation determine magnetic permeability [11,
12].

Accordingly, a magnetic susceptibility for domain-wall motion (yp,
and y,,) and a magnetic susceptibility for a spin rotation (yg and y%) can
be defined and related to magnetic permeability as follows [3]:

H (@) =1+ 5(@) + 2 py(®) (€]

K (@) =x5(@) + 2w (@) @

In polycrystalline ferrites is usually observed that the higher the
frequency of the magnetic field, the lower the influence of the domain-
wall mechanism [7-10].

On the other hand, although magnetic properties of polycrystalline
ferrites are extremely dependent on the microstructure of the sintered
bodies, only spare information is found on mathematical relationship
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between microstructure and magnetic permeability [3,13-17].

In a previous paper [3], a new model linking effective (experimental)
magnetic permeability (imaginary pg) or susceptibility (imaginary )
to microstructure, based on Pankert equation [17] was proposed. The
resulting equation includes average grain size (G), densification (y),
domain-wall width (dw) and permeability (imaginary u;) of the bulk
material:

G2

b, + 2

7

Hegr (@) = i} (@) (3
where densification (an effective concept when comparing systems of
different initial porosities [18]) can be calculated from the real (p,.q)
and theoretical densities (pyeorerica):
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and where ¢y, represents the relative density below which the value of
the magnetic permeability is close to zero. This experimental value can
be estimated by plotting relative density (¢) vs magnetic permeability
(uggy) and extrapolating to pg = 0. This limiting relative density de-
pends not only on the sintering conditions but also on the green
microstructure, which is mainly set by the particle size distribution of
the raw materials and the shaping conditions.

Equation (3) was successfully tested and validated at a frequency of
107 Hz in the aforementioned previous study [3]. However, equation (3)
does not contain the spin rotation and domain-wall motion contribution
to the effective magnetic permeability of polycrystalline ferrites.

The aim of this paper is twofold. First, to validate equation (3) in the
angular frequency range from 10° to 10° Hz, which corresponds to the
working area of the Cu-doped Ni-Zn-polycrystalline ferrites used as EMI
shielding and suppression materials. Second, to establish the contribu-
tion of the spin rotation and domain-wall motion magnetizing mecha-
nisms to the effective magnetic permeability.

2. Experimental procedure

Ferrite powder of composition Cug, 12Nig 23Zng ¢5(Fe204) provided by
Fair-Rite Products Coorp (Wallkill, EEUU) was used as raw material.
While characteristics and physical properties of this industrial powder
can be found in aforementioned previous paper [3], brief description of
experimental procedure is given here. Powder was shaped by uniaxial
pressing at six different pressures and sintered at eight temperatures and
different dwell times, leading into 594 different final microstructures
covering a wide range of relative density and average grain size values.
A detailed description of the experimental procedure is given in previous
papers [19,20].

True density of ferrite was 5380 kg/m® (experimentally determined
on a helium pycnometer). Bulk density of each specimen was deter-
mined by the Archimedes method and relative density (¢) was calcu-
lated as the quotient of bulk density to true density. Average grain size
was determined from grain size distribution using an image analysis of
the cross-sectional area of the rectangular thermal etched surface of each
specimen using scanning electron microscopy (SEM).

Complex magnetic permeability (real y;ﬁ and imaginary //e}f parts)
was measured on an Agilent E4991A RF impedance/material analyser in
a frequency range of 1-1000 MHz using an Agilent 16454 A magnetic
material test fixture.

3. Results and discussion

The microstructural properties and complex magnetic permeability
(imaginary p) of the sintered Cu-doped Ni-Zn-polycrystalline ferrite

for the different pressing conditions can be found in the Supplementary
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Tables 1 to 6. The sintered microstructure of the specimens has been
characterized by their average grain size G and relative density ¢. Fig. 1
shows the frequency dispersion spectra of the imaginary part of the
complex magnetic permeability (imaginary j,) of two sintered speci-
mens with very different microstructures (G = 3,45 um ; ¢ = 0,87 and
G = 23,15um ;¢ = 0,96). As may be observed in this figure, micro-
structure has a remarkable influence on the values of y’e’ff particularly at
the angular frequencies of 10° and 107 Hz.

As it has been previously demonstrated [3], yé}f increases with

relative density (¢) and, particularly, with average grain size (G) up to a
limiting value of around 20-25 pm, from which properties worsen
significantly due to the presence of trapped pores within grains and
precipitated non-magnetic phases on grain boundaries [4,21-27].
Therefore, data of grains with size larger than the limiting value
abovementioned have been removed and discussion has been focussed
only on the 464 remaining experimental points.

Figs. 2 and 3 depict the distribution of y, f VS average grain size for all
the 464 analysed specimens at the four angular frequencies tested: 105,
107, 108 and 10° Hz. Trendline is similar for the four cases and can be
divided in three sections: blue (¢ < 0,80), red (0,80 < ¢ < 0,90), and
green (0,90 < ¢ < 0,96), reflecting the influence of relative density on
”gff' It may be observed that for low angular frequencies (10° and 107
Hz) the experimental data tend to a high value of ,ué}f (around 1400 and
550, respectively), whereas for high angular frequencies tend to a low
value of ugff: around 70 for 108 Hz and close to zero for 10° Hz. This
experimental evidence can be explained by the different magnetizing
mechanisms acting on the magnetic permeability (spin rotation and
domain-wall), and by the fact that the contribution of domain-wall
mechanism decreases as angular frequency raises [7,9]. Consequently,
polycrystalline ferrite microstructure plays an important role on the
magnetic permeability only at the angular frequencies in which both
mechanisms are operating (10° and 107 Hz). At 108 Hz the influence of
microstructure is minimal, and at 10° Hz microstructure has no influ-
ence at all on the magnetic permeability, which is indeed only governed
by the spin rotation mechanism.

The sharp and drastic decline of y;’ff when angular frequency in-
creases at 10® Hz and, specially, at 10° Hz (observed in Figs. 1-3) ex-
plains why the Ni-Zn ferrite works as EMI suppressor in the frequency
range 10°-108 Hz, showing an absorption maximum around 107 Hz, as it
has been previously stated by the authors (Clausell-Terol et al.,
submitted).

Previously, authors [3] had proposed equation (3), showing that it is
a useful mathematical relationship between ﬂ:,_’ff and microstructural

1400
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Fig. 1. Frequency dispersion spectra of the imaginary part of the complex

magnetic permeability (yé}f) of two specimens with very different

microstructures.
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Fig. 2. Experimental results of y; vs average grain size at 10° and 107 Hz.
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Fig. 3. Experimental results of 4 vs average grain size at 10° and 10° Hz.

parameters, which accurately reproduces the experimental data for the
angular frequency of 107 Hz. However, when equation (3) is used to
reproduce experimental data for the angular frequencies tested in this
paper (106, 10%and 10° Hz), no coherent results are obtained. In order to
find a mathematical relationship valid for the full angular frequency
range, equation (3) has been modified, including both contributions to
the magnetic permeability (spin rotation - y¢ and domain-wall - u}),,), as
follows:

G2
iy (0) =)w -+ i) (55 ) )
where:
V' =4.7°-d,? (6)

Equation (5) reveals that domain-wall contribution to magnetic
permeability is strongly dependent on average grain size G and relative
density ¢, whereas spin rotation contribution depends on relative den-
sity ¢ but not on average grain size G [7]. In equation (5) ug, )y, and b”
are fitting parameters to the experimental data. A nonlinear
least-squares method has been used to fit data to equation (5), allowing
the determination of constants ug, i, and b” by minimizing the sum of
squared residuals, for each tested angular frequency value.

Previously to this nonlinear fitting, ¢;;,, must be estimated to calcu-
late y according to equation (4) for all experimental data. As an
example, Fig. 4 depicts the relative density ¢ dependence on g for the
angular frequency of 10° Hz (the rest of angular frequencies lead to
similar plots). This plot allows determining an estimated value of ¢,
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Fig. 4. Experimental results of ”’e’ff vs relative density at 10° Hz for estimating
the ¢y

around 0,65, which is slightly different from the previously used in
Ref. [3] (¢, around 0,56) but is a more realistic value. In this case, the
dispersion of ugff experimental values when they tend to zero (see Fig. 4)
has been taken into account, as well as for the rest of tested angular
frequencies. Thus, 0,65 is the lowest relative density (¢,,) value below
which the value of the magnetic permeability yg; becomes virtually
zero. In fact, the experimental points corresponding to a very low value
of relative density (¢) and average grain size (G) in Figs. 2 and 3
correspond to those specimens with an effective complex magnetic
permeability-imaginary part value close to zero (see the Supplementary
Tables 1 to 6).

Table 1 details the estimated values of constants g, uf,, and b”. In
order to use these values in equation (5) to reproduce experimental data,
an empirical relationship between relative density (¢) and average grain
size (G) must be obtained. To display this, the evolution of ¢ with G has
been plotted in Fig. 5, given a nonlinear fit of the following empirical

equation:
Gl 1833
) @)

—-0915(—F
¢ =0915 (0,408+G'~819

Therefore, considering the previously obtained yg, u},, and b" con-
stants (Table 1), the empirical equation (7) and the established value of
¢im> €quation (5) can be rewritten as follows:

1,833
" " " G? 0,915 (m) —0,65
Ha (@)= {”S(w) * How(®): (bu n GZN 10,65 8

which may be expected to satisfactorily reproduce the experimental
data. In effect, Fig. 6 shows the calculated i values using equation (8)
(continuous line), along with the experimental data (discrete points), for
the angular frequencies of 108, 107 and 108 Hz. Results corresponding to
the angular frequency of 10° Hz are not included in Fig. 6 because, in
this case, the ,u;}f values are very close to zero. As it can be observed, the

mathematical model accurately reproduces the experimental data to any

Table 1
Values of the parameters estimated from equations (5) and (6).

Angular frequency,  (Hz)

Parameter 10° 107 108 10°
us 25 50 45 11,5
How 1500 550 35 0

b’ 26,5 1,5 0,16 0
dw (nm) 819 195 64 0
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angular frequency. Given the simplicity of the proposed equation and
the possible sources of error in determining microstructural parameters,
the agreement between theoretical and experimental data is very
satisfactory.

Fig. 7 depicts the yg and u},, values shown in Table 1 versus angular
frequency, allowing the following conclusions to be drawn:
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Fig. 7. Contribution of spin rotation and domain-wall magnetic mechanisms to
the complex magnetic permeability — imaginary part at the four tested angular
frequencies.
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i) at low angular frequencies (10° and 107 Hz) the contribution of
domain-wall to the complex magnetic permeability - imaginary
part is more important than spin rotation contribution, whereas
at high angular frequencies (10% and 10° Hz) contributions of
both mechanisms are in the same order of magnitude;

ii) p¢ presents a maximum value around 107 Hz, while Upw sharply
decreases with the rise in angular frequency; behaviours that are
consistent with the ferrite complex permeability spectra found in
literature [2,5,7-10,21,28-30];

iii) the higher values of uj), observed at 10° and 107 Hz yield high
complex magnetic permeability - imaginary part values in the
studied ferrite, which makes it a very interesting material as EMI
suppressor at these angular frequencies, although it does not
present technological interest at higher angular frequencies (10®
and 10° Hz).

Table 1 also details the calculated values of b>’ and d,, using equation
(6). The domain-wall width (d,) drops sharply with the rise of angular
frequency and becomes zero for the 10° Hz highest angular frequency
(see Fig. 8). The domain-wall width concept was introduced by Pankert
[15] as a natural length scale substantiating the grain size dependence of
magnetic permeability. He also postulated its dependence on magnetic
susceptibility and, hence, on angular frequency (as it has been observed
in this study). The value of dy at 107 Hz is consistent (virtually the same,
~ 200 nm) with the value previously reported [3].

Comparison of Fig. 7 with Fig. 8 shows that the lower domain-wall
width, the lower contribution of domain-wall motion mechanism to
the magnetic permeability.

4. Conclusions

The effective complex magnetic permeability — imaginary part ,ugff of
a Cu-doped Ni-Zn polycrystalline ferrite used as EMI suppressor has
been quantitatively related to microstructural parameters of the speci-
mens (i.e., average grain size G and relative density ¢). In this work an
equation has been developed to extend the mathematical model validity
of a previous published equation [3] relating y;; to G and ¢ to a broader
range of angular frequencies (between 10° and 10° Hz). Modified
equation considers both spin rotation (43) and domain-wall (ufy,
contribution to the complex magnetic permeability — imaginary part and
postulates that domain-wall contribution to magnetic permeability is
strongly dependent on average grain size (G) and relative density (¢),
whereas spin rotation contribution depends on relative density (¢) but
not on average grain size (G). This new model allows to accurately
reproduce the experimental values of ,u;’ﬁ to any angular frequency, as

long as the average grain size and relative density of specimens are

900

d,, (nm)

5 é ; é 9 10
log,, (w)

Fig. 8. Domain-wall width parameter vs angular frequency.
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known.

Obtained values of yig and uf,, from nonlinear fitting of experimental
data show the high contribution of the domain-wall mechanism to the
complex magnetic permeability - imaginary part when angular fre-
quency is low (10° and 107 Hz). Conversely, at high angular frequencies
(108 and 10° Hz) both spin rotation and domain-wall contributions are
numerically small and of the same order of magnitude. The observed
increase of uf with angular frequency reaches a maximum at 10’ Hz,
whereas 7, sharply decreases with the increase in angular frequency. It
has also been shown that domain-wall width (d,) decreases when
angular frequency increases, yielding to a lower contribution of wall
motion mechanism to the complex magnetic permeability - imaginary
part.

The high values of 1), at 10% and 107 Hz confer to the studied ferrite
a high complex magnetic permeability - imaginary part, which makes it
a very interesting material for EMI suppression applications at these
angular frequencies.
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