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Frequency dependence of the complex
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Complex impedances of some magnesium-zinc ferrites, Mg, Zn, _,Fe,O, (x= 0.4, 0.5,

0.6 and 0.7), in the frequency range of 1 mHz-10 MHz were measured at 300 K. The
complex-plane impedance spectrum from each sample indicates that the capacitive

and the resistive properties of the materials are mainly attributed to the processes that
associated with the bulk (grain) and the grain boundary. A low-frequency dispersion
(LFD) and a negative capacitance regions are also observed at low frequencies. A small
series resistance of about the same value for all samples is also observed. The bulk and the
grain boundary components are analysed by assuming a two-layer leaky capacitor. The
simulated complex impedances using the Cole—Cole expression are in agreement with the
measured values. The dielectric properties of the materials are attributed to the interfacial
polarization and LFD at low frequencies and the orientational polarization at high
frequencies. These properties result in the dielectric loss which composed of a Debye-like
loss peak at high frequency end and a strong LFD below 1 Hz. Both regions exhibit
universality with regard to the power-law relation between the dielectric loss (g; or %)
and frequency as given by €/ oc ®" ', where n = 0.14 and n = 0.02, respectively. The
exponent is marginally negative, n = — 0.03, in the region of negative capacitance below
3-4 mHz. The variations of the above properties and the characteristic parameters for
different compositions of the Mg-Zn ferrites are discussed.

1. Introduction

Sintered ferrites are polycrystalline magnetic ceramics
where various physical properties are influenced by
the nature of grains (shape, size and orientation), grain
boundaries, voids, inhomogeneities, surface layers and
contacts. The information about the associated phys-
ical parameters of the microstructural components is
important since the overall property of the materials is
determined by those components. Furthermore, since
the microstructure of the materials is variable from the
manner in which they are prepared and treated, it is
possible to reduce the unnecessary effects at least
partially so that materials with improved character-
istics can be obtained.

The a.c. impedance techniques have been used to
study the above-mentioned characteristics in solid
state electrolytes [1,2] and ceramic oxides [3-6].
The complex-plane impedance representation is em-
ployed in separating and understanding various
microstructural and external components. This is
possible as the processes that associated with the indi-
vidual components are usually characterized by differ-
ent time constants, so that they response at different
frequency ranges. Equivalent circuit models [7]
have been proposed to describe the a.c. impedance
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of various systems in a number of different situations.
In this work, measurements of complex impedance
are made on an Mg—Zn ferrite system. The objectives
are to study the bulk and interface phenomena
as mentioned above, and also the dielectric properties
of the ferrites over a wide range of frequency. It
is interesting to see that various physical parameters
and characteristic properties that influence the per-
formances of the materials can be obtained and inter-
preted from the analysis of the complex-plane
impedance spectra. Investigation of the dielectric be-
haviour as well as their magnetic properties is essen-
tial in the use of ferrites as the main component in
electromagnetic wave absorbing and shielding mater-
ials. It is also the idea of the present work to see the
status of ferrites in association with the power-law
relation [8-12] for dielectric loss as a function of
frequency.

2. Materials and methods

Samples of Mg, Zn, _ .[Fe,O4 (x =0.4,0.5,0.6 and 0.7)
were prepared by a conventional sintering technique
from high purity (5 N) powders of Fe,O;, MgO and
ZnO. The oxides were mixed and ground thoroughly
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in the desired stoichiometric compositions, then
calcined at 1000 °C for 6 h and subsequently furnace-
cooled to room temperature. The partially reacted
mixture was reground and pelletized into a disc-
shaped form of diameter 13 mm and thickness about
3mm at a pressure of about 50 MPa. The pellets
were sintered at 1150°C for 20 h and then cooled
slowly in the furnace to room temperature. The forma-
tion of a single phase cubic spinel structure for all
compositions was confirmed from X-ray diffraction
analysis (Siemens D5000 diffractometer).

The measurements of the real (Z’) and imaginary
(Z") parts of the complex impedance, Z* = Z' — jZ"
(j = (— 1)'?), of the samples were made using a fre-
quency response analyser (HFRA Model HF1255), as
shown in Fig. 1. A sine wave signal was sent to the
input terminal (T;) of the HFRA and the sample from
the signal generator (SG) terminal. The output (T)
measured the output signal from the sample which
was the voltage drop across a standard resistance
(1 kQ). HFRA then automatically analysed the signals
from T; and T, to give the phase difference (8) be-
tween the input and the output signals, Z" and Z". The
data were represented as the plots of Z” versus Z’ by
the computer.

The corresponding complex resistivity of the mater-
ials is p* =p’ —jp”, where p'=Z'A/d and p" =
Z"A/d; A and d are the cross-sectional area and thick-
ness of the sample. The complex conductivity is o* =
1/p* =o' +jo”, where o' =p'/M and o’ =p"/M,
with M = |Z*>(4/d)>. When the alternating voltage,
V = Vyel, is applied across the material, the cur-
rent that flows is given by i =joCV = jwg,CoV =
jo(e, — jer)CoV = jol(e, — jer)AgoV /d, where C is the
capacitance of the parallel plate capacitor with the
ferrite material as the dielectric and C, is the free space
capacitance of the capacitor. The current density in
the material is J = i/A4 and the electric field is E = V/d.
Hence, o* = wegpe;, + jogoe;, so that o* = joe*,
o' = we” and ¢” = we'. Therefore, 6’ = we” = p’/M or
e = p'/oM = (Z'A/d)/oM = Z'||Z*|*(A)d) = Z'/
o|Z*|*(A/d), similarly, ¢” = we' = p”"/M or ¢ =Z"/
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Figure 1 Experimental set-up for measuring complex impedance
and phase shift by a Schlumberger HF 1255 frequency response
analyser (HFRA). SG: signal generator, T; input terminal, T:
output terminal, S: sample, C: glass container, G: silica gel and
r: fixed resistor (1 kQ).
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0|Z*|*(4/d). Finally, ¢, =¢'/e,, & =¢"/e, and
tand = tan(90 — 0) = 1/tan 0 = €"/¢’. The results for
different compositions are represented as the plots of
€;, €; and tan d versus frequency.

3. Results and discussion

The measured complex-plane impedance spectra for
the four samples are shown in Fig. 2. It can be seen
that each plot shows two partially overlapping loops
or semicircles covering the major part of the fre-
quency range studied down to about 1 Hz. There is
a minor segment with small but positive Z” below
1 Hz which becomes negative below 3—4 mHz. Other
features are the shift in the origin of the semicircular
plots along the Z’ axis and their centres are depressed
to below the axis. The complex impedance data are
interpreted using an equivalent circuit model in
Fig. 3. The model is in the form of a two-layer Max-
well-Wagner leaky capacitor to account for the two
major semicircles, with the inclusion of a resistor R,
in series to account for the shift in the origin along the
Z' axis. The simulated data from the circuit, as shown
in Fig. 2, are in agreement with those from the experi-
ment. Simulation is necessary in order to ascertain the
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Figure 2 Complex-plane impedance spectra for Mg, Zn, _ Fe,O,
ferrites at 300 K from experiment (O) and simulation (®). (a) x = 0.4;
(b) x =0.5(c) x =0.6; (d) x=0.7.
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Figure 3 (a) Proposed equivalent circuit for the samples, with C,,
and R, as the probable capacitance and resistance from the bulk, C,
and R, as the corresponding quantities from the grain boundary,
and R, the series resistance. (b) Sketch of a complex-plane impe-
dance spectrum showing various parameters discussed in the text.
Oop (= 1/7p) and m,, (= 1/1,,) are the frequencies at the peaks of
the semicircles for bulk and grain boundary.

accuracy of the calculated physical parameters that
characterized the materials. The appearance of the
minor segment and the negative impedance at low
frequencies in the measured impedance is discussed
later. The exclusion of an equivalent representation in
the circuit model for the minor segment only seems to
exclude its existence in the simulated impedance curve,
but the agreement between the measured and
simulated impedances for the rest of frequency range is
maintained.

The following analysis shows that the resistances
in both R—C circuits very much depend on the com-
positions. This indicates that both R-C circuits are
the characteristic properties of the ferrite materials.
The use of different materials for electrodes or holders,
such as copper or stainless steel, was found to have
a small effect on R, or the shift of the spectrum
along Z' axis and the minor segment at the low
frequency end. On the other hand the profiles of the
impedance plots that comprised the major semicircles
were reproduceable. The two semicircles at high
and low frequencies are identified as due to the
grain or bulk (b) and grain boundary (g) phenomena
respectively.

The complex impedance is presumed to obey a
relation similar to the Cole—Cole expression [13]
for dielectric dispersion since the frequency depend-
ence of the complex impedance and the complex di-
electric permittivity are of the same form. Thus,
the Cole—Cole expression for the distribution of impe-
dance based on the two-layer model in Fig. 3a, in
which the resulting complex impedance is composed
of two overlapping semicircles as in Fig. 3b, can

be written as
R, — R R; —R
RS + 2 ll—a + 3 217:1
L+ (jote) ™ 14+ (jote) ™
(1)

Hence, the real and the imaginary parts of the com-
plex impedance are given by

Z'(®)
=R, + (R; — Ry)[1 + (0Top)" ~* sin(o,1/2)]/x

Z¥(w) =

+ (R3 — Ry)[1 + (0To)" ~*sin (0,7/2)]/y  (2a)
and
Z"(o)
= (R, — R)[(0Top)' ~* cos (o7/2)]/x

+ (Rs — Ry)[(07og)" ™™ cos (0gm/2)]/y (2b)
where
X = 1+ Q20T "™ sin (ap7/2) + (0T4)* ™ (3a)
and

y =1+ 201" ™™ sin (0,7/2) + (0Teg)** ™ (3b)

In the above equations, oy, = 2@, /1 and o, = 20, /m,
are the depression parameters which measure the de-
viation from the ideal Debye type of responses for the
bulk and the grain boundary processes, respectively.
The inclusion of o results in the tilting of the complex-
plane impedance plot by ® = an/2. The angles of
depression, @, and @, for the semicircles are shown in
Fig. 3. The values of oy, and o, lie between 0 and 1 and
the possible values of @, and @, are in the range 0 to
90°, where oy, = o, = 0 is the case for the Debye type
of impedance distribution. R; and R; are the inter-
cepts of the impedance semicircles on the Z’ axis at
low and high frequencies, respectively, while R, is the
resistance that corresponds to the projection of the
point of intersection between the two semicircles onto
the Z’ axis. The mean relaxation times for the bulk
and the grain boundary processes, T,, = R,C,, and
Tog = R,C,, are the inverse of the peak frequencies o,y
and o,, respectively, so that C, and C, can be cal-
culated from the values of R, and R,.

Table I shows the calculated parameters for differ-
ent compositions. The simulated complex-plane impe-
dance spectra using Equations 2a and 2b are shown in
Fig. 2. The results show that @, is slightly higher than
@, for x =04, 0.6 and 0.7 but equal for x =0.5. It
seems to be a trend toward a lower value for the two
quantities at some composition between x = 0.5 and
x = 0.6, although their variation with composition is
small. This could be due to the effect of a significant
variation in the physicochemical properties with com-
positions. Micrographs from a preliminary study us-
ing a scanning electron microscope (SEM) indicate
that the sample x = 0.6 composed of fewer but larger
grains compared to the sample at other compositions.
This sample also indicates a higher saturation magnet-
ization compared to others. The probable capacitan-
ces for the bulk (Cy) and the grain boundary (C,) are in

5819



TABLE I Magnitude of the various parameters obtained experi-
mentally for the Mg, Zn, _ Fe,0, ferrites

Mg content (x)

04 05 0.6 0.7
R £50(Q) 700 700 650 750

Ry, + 0.05 (x10* Q) 240 533 1.80 60.00
Py % 0.05 (x10* Qcm) 733 1715 575 187.44
R, + 0.05 (x10* Q) 555 895 570 13143
pe + 0.05 (x10* Qcm) 1788 2885 1821  410.58
O £+ 0.10 (x10* rads™Y) 1177 658  14.86 0.57
0o +0.10 (x10° rads™!) 643 3.59 454 0.33
@, + 0.5 (deg)) 100 90 9.0 10.0
o + 0.01 0.11  0.10 0.10 0.11
@, + 0.5 (deg)) 120 90 10.0 13.0
o, + 0.01 0.13  0.10 0.11 0.14
C, + 0.001 (nF) 0354 0285 0374 0.291
C, + 0.001 (nF) 2800 3.107  3.868 2.285
p +0.01 (gem?) 459 454 5.52 421
1, = R,C, £0.50 (x107%s) 849  15.19 673 17472
1, =R,C, £0.50 (x107°s) 1554 27825 22046  3003.00

the order of 107 '° F and 10~ ° F, respectively. The
capacitances, C, and C,, are inversely proportional
to the thickness of the media. The thickness of the
grains is much larger than that of the grain bound-
aries. Thus, assuming the same order of dielectric
constant for both components, the value of C, would
be smaller than that of C,. Another feature is that
Cy and C, tend to be larger at x = 0.6, which means
greater polarizability for the sample. The lower total
resistance (R = R, + R,) at this composition pro-
motes electron hopping, which is known to be a
mechanism for both conduction and polarization in
ferrites. Further consideration on the mechanism is
made in the interpretation of the dielectric properties
which follows.

The following discussion on dielectric properties is
first aimed at interpretation of possible mechanisms
for polarization, and in the latter parts the applicabil-
ity of the power-law relation of the dielectric loss
versus frequency and its relation with various mecha-
nisms at different frequencies are considered. Fig. 4
shows the frequency dependence of the dielectric con-
stant (e;) and dielectric loss (g;) in the range of
10 mHz-10 MHz for different samples. The detailed
variations of €; and ¢/ with frequency in the range of
10kHz-10 MHz and 1mHz-1Hz are shown in
Figs 5 and 6, respectively. The results show that the
permittivities of Mg—Zn ferrites at low frequencies
< 1 Hz are very high. The same order of magnitudes
at the same frequencies for some ferrite materials had
been discussed by previous workers [12, 13]. How-
ever, a detailed comparison on the values and trends
at very low and very high frequencies cannot be made
because of the lack of data at the extreme frequencies
in the previous works. The results depicted in Figs 4-6
indicate the existence of more than one polarization
mechanism in the materials. The loss increases sharply
with decreasing frequency below 30 kHz. This behav-
iour of g is normally attributed to the interfacial
polarization. This type of polarization may be ex-
plained on the basis of Maxwell-Wagner two-layer

5820

10

i
r

'
rr €

log e

log f{Hz)

Figure 4 Plots of relative dielectric constant (g;) and dielectric
loss (gf) versus frequency in the range of 10 mHz-10 MHz for
the Mg, Zn, _ Fe,0, ferrites. The experimental points are omitted
for clarity. a, a’, x=04; b, b, x=05; ¢, ¢, x=0.6; d, d/,
x=0.7.
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Figure 5 Plots of relative dielectric constant (g; filled symbols) and
dielectric loss (g open symbols) versus frequency in the range of
10 kHz-10 MHz for the Mg, Zn, _ Fe,0, ferrites. (A, A) x = 0.4;
(W, 0) x=0.5(x, +) x =0.6; (8,0) x =0.7.
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Figure 6 Plots of relative dielectric constant (g} filled symbols) and
dielectric loss (g¢f open symbols) in the frequency range of
1 mHz-1 Hz. The negative dielectric constants are plotted as log|e;|.
(A, A)x=04; (W 0O) x=0.5;(x, +) x =0.6; (8,0) x =0.7.

model in a manner similar to the one for complex
impedance. It is the same mechanism that results in
the two associated quantities. The two-layer leaky
capacitor model is an indication for the existence of
interfacial polarization [16, 17]. The interfacial polar-
ization based on the model has an additional term
which is inversely proportional to the total resistance
and frequency in addition to the Debye relaxation
term, whereas the variation of ¢ is similar to the
Debye expression. However, the results that show
both ¢, and & rising steeply toward low frequencies
may be associated with the phenomenon of low-fre-
quency dispersion (LFD) [25]. It is thought that at
frequencies < 1 Hz LFD is a dominant dielectric pro-
cess in the materials. The present result shows that
g, for every composition tends to a maximum value on
approaching 3-10 mHz, and then decreases to nega-
tive values when the frequency is further lowered. This
is attributed to the appearance of negative resistance,
and this property together with LFD are discussed
latter in this section. The ferrites exhibit interfacial
polarization due to structural inhomogenities [18]. It
is thought that the hopping electrons at low frequen-
cies may be trapped by such inhomogeneities. The
results show that the interfacial polarization is domi-
nant for frequencies below 30 kHz. The values of
€. and ¢/ are not decreasing continuously to zero at
high frequencies as expected from the interfacial po-
larization . Fig. 4 shows that a behaviour analogous
to the Debye relaxation process is observed at the
high-frequency end. Debye relaxation is associated
with dipolar materials which may experience orienta-
tional polarization in the range of 10*~10° Hz. In the

Debye case, €/ drops toward zero as the frequency is
lowered. The existence of Fe** ions and the minority
Fe?* ions rendered ferrite materials dipolar. Fe?*
ions may be formed due to partial reduction of Fe3*
ions to Fe?* ions when the ferrites were sintered at
elevated temperatures. Rotational displacements of
the dipoles result in the orientational polarization. In
the case of ferrites, the rotation or turning of
Fe®*—Fe? ™" dipoles may be viewed as the interchange
of electrons between the ions so that the dipoles align
themselves with the field. The potential barrier be-
tween the two types of ions will impose an inertia to
the charge movement, resulting in a relaxation to the
polarization process. Another possible source of ori-
entational polarization in ferrites is the existence of
cation vacancies. There is a tendency of the occupied
cations to be associated with the positive ion va-
cancies, so that the associated pairs have dipole mo-
ments. When an electric field is applied, the cations
and the vacancies in the neighbourhood can exchange
positions.

Apart from the general dielectric behaviour of the
four ferrite samples, as discussed above, the detailed
variation of the dielectric quantities is dependent on
the composition. For a fixed frequency, €, decreased
with increasing magnesium content, except for x = 0.6
which indicates otherwise. In view of Mg?* and Zn?"
ions are of fixed charge state, it is thought that the
number of the minority Fe?* ion at the octahedral (B)
sites that governs the polarizability in the materials.
This is because of a close proximity among the
Fe2"/Fe3* ions at the B sites compared to those at
tetrahedral (A) sites. The decrease of €, with Mg con-
tent is due to the reduction in the amount of
Fe?* /Fe** ions at the B sites upon substituting Zn**
ions with Mg?* ions. This is due to a tendency of
a larger proportion of Mg?™* ions to occupy the B sites
as the Mg content increased, hence transferring some
Fe?*/Fe** ions from B to A sites. This tendency is
a consequence of the shifting of cationic distribution
from normal spinel structure of zinc ferrite to the
intermediate spinel structure of the magnesium-zinc
ferrites. A larger €; at x = 0.6 is consistent with a lower
resistivity of the sample, and the effect is more than
compensating the decrease of Fe?*/Fe3* ions at the
B sites. A larger €, also means a larger C,, as discussed
earlier. The results show that ¢, for x = 0.6 are highest
throughout the whole range of frequency, but very
close to the values for x = 0.4. The trend in the com-
positional dependence in the interfacial region at low
frequencies and in the Debye region at high frequen-
cies is similar since both polarization processes de-
pend on the availability of the conduction electrons,
which is equal to the concentration of the Fe?* ions.
The essential difference is that at low frequencies in the
interfacial region a large amount of electrons effec-
tively hop between the inhomogeneities, while at high
frequencies the hopping is between the Fe?* and Fe3*
ions.

The subject of dielectric dispersion particularly di-
electric loss from various experimental data has been
extensively studied and reviewed [8-12, 19-26]. The
main result is that the frequency dependence of the
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dielectric loss of different kinds of dielectric solids
follows a “universal law of loss” as given by
gl(=7%")=B(T)o"D~1, where B(T) is weakly de-
pendent on temperature and the exponent n lies in the
range 0 < n < 1, which is shown to be typically about
0.60-0.95. It is noted that the present result also falls
into a similar frequency dependence for €, but with
n=0.14 £+ 0.01 (slope = — 0.86) for all samples for
both the orientational Debye-like (1-10 MHz) and the
interfacial region (1-10 kHz), as indicated in Fig. 5.
A region of low-frequency dispersion at frequencies
below 1Hz is characterized by n = 0.02 + 0.01
(slope = — 0.98) for both ¢, and g, as shown in Fig. 6.
The exponent for g; for all samples in the Debye-like
region is n=—10.754+0.01 (slope = — 1.75). The
value changes to n = 0.81 + 0.01 (slope = — 0.19) on
increasing the frequency to about 100 kHz. Another
change of the exponent for g; occurs at about 10 kHz
where the value is n=0.19 £+ 0.01 (slope = — 0.81)
and at 100 Hz-1 kHz with n = 0.85 £+ 0.01 (slope =
— 0.15). This latter change of the exponent for g; with-
in the specified range of frequency is related to relax-
ation of polarization in the interfacial region, as
discussed earlier. The exponents for both ¢, and ¢, are
the same at frequencies below 1 Hz down to about
3-4mHz where beyond this frequency e; drops
sharply because of the appearance of the negative
capacitance.

It has been shown [20] that n < 0.30 is possible for
nearest-neighbour interacting dipoles which is consis-
tent with the Debye-like region, and the region of
electronic hopping which is equivalent to the inter-
facial region. This is consistent with the proposed
mechanisms discussed earlier. The power-law relation
for the dielectric loss is a manifestation of the existence
of a universal mechanism among different polarizable
species despite the difference in the physicochemical
properties of the materials. The exponent n depends
on the characteristic properties of the systems but is
always smaller than unity. The power-law behaviour
is the outcome of many-body interaction in the dielec-
tric relaxation processes. A small value of n and very
large diclectric permittivities at low frequencies are
evidence of the existence of low-frequency dispersion
in the materials. However, this phenomenon is super-
imposed by the negative capacitance at frequencies
below 3-4 mHz. In this region the exponent n =
— 0.03 (slope = — 1.03), which is to be expected from
the energy criterion [27]. From the impedance plots it
can be seen that LFD corresponds to a minor segment
at low frequencies, while the negative capacitance ap-
pears when the plot dips below the real Z’ axis. The
negative capacitance lead to negative ' or €. The
contribution of inductance, which may also lead to the
negative values of both quantities, is negligible at these
very low frequencies. Negative capacitance is asso-
ciated with a rising current in the step-function time-
domain response [27]. This effect could be due to
non-linearity in the dielectric response of the ferrites at
low frequencies.

It should be remarked that the Cole—Cole expres-
sion (Equation 1) is in conformity with the universal
law of loss in the limit of ot > 1. In this sense
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Figure 7 Frequency dependence of tan 6 for the Mg,Zn, _ Fe,O,
ferrites. The negative loss for each sample is plotted as log |tan 3|.
) x=04(—)x=05(-) x=0.6(-) x=0.7.

(n — 1) = (a — 1) or n = o, with both parameters lying
between 0 and 1. Hence, the exponent n is in fact
a fraction that measures the deviation from the ideal
Debye behaviour, where n=0ao=0. Hence, the
Cole—Cole expression, through equivalent circuit rep-
resentation, is a useful means of analysing the a.c.
impedance data. The universality in the dielectric loss
is implicitly incorporated in the Cole—Cole expression
through the suppression parameter. The results show
that n and o(a, and o, in Table I), which are indepen-
dently evaluated, are in a good agreement for both
orientational and interfacial regions. The LFD and
negative capacitance regions, which are significant at
frequencies below 1 Hz, are not represented by the
equivalent circuit and Cole—Cole expression. Never-
theless, their exclusion does not cause any significant
error with regard to the evaluation of various physical
parameters from the high-frequency processes in the
materials.

Fig. 7 shows the dielectric loss tand = g /g, as
a function of frequency. For all samples, the loss
diverges at 10 MHz and just below 10 mHz at the
onset of negative capacitance. There is a minimum in
the loss for every sample. This occurs at a frequency
that corresponds to the minimum in g, where &,
changes rather slowly. This is a region where ¢
from Debye orientational polarization is predomi-
nant. Another minimum can also be seen at higher
frequencies corresponds to interfacial region. The loss
in the frequency range of 10 mHz—1 Hz is about con-
stant, and this is to be expected in the region of LFD.
The loss for x = 0.7 are significantly lower than the
rest of the samples. The loss at frequency below
3-4 mHz is negative due to the negative dielectric
constant.



In conclusion, the a.c. complex impedance tech-
nique is a reliable tool for studying the micro-
structural properties and the determination of the
associated characteristic parameters of the ferrites.
The technique enable the dielectric properties of the
materials to be investigated as a function of frequency.
The analysis of the complex impedance data through
the complex-plane impedance representation and the
evaluation of the dielectric permittivities provide
more insights into the dielectric behaviour of the ma-
terials. The relaxations due to the interfacial and
orientational polarizations and the existence of nega-
tive capacitance are the main factors that effect their
dielectric behaviour. Atomic and electronic polariza-
tions may only contribute a small constant term to
the dielectric constant since the natural frequencies
for atomic and electronic displacements and relax-
ations are in the microwave regime. It should be
remarked that the Cole—Cole expression is useful in
simulating the impedance plot even for a large depar-
ture from the perfect semicircular impedance distribu-
tion by combining two or possibly more semicircular
arcs due to different processes. In general, the dielec-
tric loss in the ferrites is composed of Debye-like loss
peak at high frequency, interfacial loss at low fre-
quency and a strong low-frequency dispersion at very
low frequencies. All regions exhibit common feature
with regard to the power-law relation between loss
and frequency.
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