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Frequency dispersion of complex permeability in Mn—Zn and Ni—Zn spinel
ferrites and their composite materials
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Complex permeability spectra* =u' —iu” for two types of spinel ferrite$Ni—Zn ferrite and
Mn-Zn ferrite and their composite materials have been investigated. The contribution of
domain-wall and natural resonance to the permeability spectra was estimated by the numerical
fitting of actual measurement data to a simple formula. Frequency dispersion type of each
component, relaxation or resonance, can be estimated from one of the fitting parameters, damping
factor. In sintered Mn—Zn ferrite, domain-wall contribution is dominant and gyromagnetic spin
resonance or relaxation-type magnetization rotation is large in Ni—Zn ferrite. However, relaxation
character is dominant in both Mn—Zn and Ni—Zn ferrite composite materials. In composite
materials, the permeability value can be scaled by the ferrite particle content using a simple model
concerning demagnetizing field. This analysis is useful in designing the permeability spectra of
ferrite composite materials. @003 American Institute of Physic§DOI: 10.1063/1.1542651

I. INTRODUCTION ation) in the low-frequency regioft. In the view point of the
application of ferrite to high-frequency devices, phenomeno-
For electromagnetic devices such as inductors, converfogical treatment of permeability dispersion was also carried
ers, or electromagnetic wave absorbers, ferrite materials agut using resonance and relaxation formufas’
useful and complex permeability of ferrites is an important  On the other hand, ferrite composite materials, in which
factor. Thus, many investigations have been carried out ifierrite particles are embedded in a binder matrix, have been
experimental and theoretical baseS.In particular, spinel  the subjects of considerable interest. A number of studies on
ferrites such as Ni-Zn ferrite and Mn—Zn ferrite are thethe permeability of ferrite composite materials have been
typical materials. Ni—Zn ferrites have relatively high perme-performed. Theoretical studies on the permeability spectra of
ability up to about 100 MHz and are widely used in rf de- composite materials have been carried out using approxima-
vices. Though the Mn—Zn ferrite can have larger permeabilition models such as effective medium thetty? We have
ties than the Ni—Zn ferrite in the low-frequency region, stydied the complex permeability of a Ni—zn ferrite and its
permeability decreases rapidly with increasing frequencycomposite materials in the viewpoint of device material de-
Thus, high performance of this ferrite is restricted belowsjgning, and have shown that the ferrite composite materials
about several MHz. In the frequency range from rf to micro-can have higher permeability than sintered ferrite in the 100
wave, thg permeability spectra of ferritg 'materials can b§Hz region?4'25 In Ni—Zn ferrite composite materials, the
characterized by the different magnetizing mechanismsgeq,ency dispersion of permeability can be fitted by a for-
domain-wall motion, magnetization rotation, and gyromag-.,,la containing two components, resonance-type domain-
netic spin rotatiof™'In Mn—Zn ferrite, the effect of eddy a1 motion and relaxation-type magnetization rotaffoi?
current loss must be taken in to account in permeabllltyand permeability value can be evaluated by a simple model,

1,12 gy ; _ . . . L. ) . .
spectra.* Generally, domain-wall motion and gyromag in which we consider the magnetic circuit of ferrite particles

netic spin rotation give the resonance-type frequency d'Spe%ind resin layers. This model, which was first introduced for

sion but magne_tization rotation has a relagation?type one. I[E'he polycrystalline ferrite containing nonmagnetic grain
the polycrystalline ferrite, the frequency dispersion of gyro'boundarfe is a suitable explanation for the complex perme-

magnet'c resonancelaty ral resopan()e:an also be the re ._ability in the composite materials. This type of analysis has
laxation type due to high damping factor of gyromagnetic ; .
. I . 9 =""also been made for Ni—Zn ferrite—epoxy compositeg/e

spin motion; magnetic spectra are broadened. This is re- : . : i .
) . also have investigated the Mn—Zn ferrite and its composite

vealed in the study of permeability spectra under external d¢ . .
P . . materials and pointed out that the eddy current can affect the

magnetic field; permeability spectra of Mn—Zn ferrite has

relaxation-type dispersion in the almost single-domain Stafglgh-frquency permeabilify. Smce'smterejd Mn—Zn fe.mte
under about 1000 OB Eurther. the domain-wall resonance 'S & semiconductor and has relatively high conductivity at
f oom temperature, the skin depth effect must be considered

is possible to have both relaxation- and resonance-typ highf di . H : th
dispersions? Therefore, the complex permeability spectrum or high-requency dispersion. However, we can ignore the

of domain-wall motion was treated by the superposition of‘addy current effect in Mn-Zn ferrite composite materials

the two types of frequency dispersioresonance and relax- due to tr;e increase of electrical re5|st|vrgy in composite
structure®® On the other hand, permeability spectra of

Mn—Zn ferrite can not be explain by the combination of
dElectronic mail: tsutaok@hiroshima-u.ac.jp resonance-type domain-wall motion and relaxation-type
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magnetization rotation. This is owing to the fact that the 100000 g——rr
high-frequency permeability is not a simple relaxation type. [NiZn Ferrite Composite
Thus, we must consider both the natural resonance and the 44000
magnetization rotation in high-frequency permeability spec-

tra. In this study, we have carried out detailed investigations Sintered ferrite

on the permeability spectra of two types of spinel ferri@@s 1000 ¢ .
Ni—Zn ferrite and a Mn—Zn ferritein the frequency range Cracked ferrite 1
up to several GHz. The contribution of the domain-wall and 100F  Cracked ferrite 2

natural resonance or magnetization rotation to the permeabil-
ity spectra has been estimated by the numerical fitting of .
actual measurement data to the simple formula having six S2volk ez 3
dispersion parameters for sintered ferrite and composite ma-
terials. In this treatment, we can estimate the frequency dis-
persion characteristicéresonance or relaxatiprfrom the
value of damping factors. In this sense, this treatment in- o1 . . . . . 1
cludes both the magnetization rotation and gyromagnetic 10° 10" 10° 10° 10" 10° 10° 107
resonance for high-frequency permeability spectra. Further- Frequency (Hz)

more, permeability variation with ferrite content in both the (a)

ferrite composite materials was examined using a simple

model considering a magnetic circéft®® 100000 ¢ . . ; ; ; .

Permeability p’

T0vol% Oy X

—_
o
T

|NiZn Ferrite Composite |

Il. EXPERIMENT

Sintered ferrites used in this study are commercially
available Ni-Zn and Mn-Zn ferrite. The composition of
these two types of ferrite samples determined by the electron "=
probe microanalysis method is NiWZnggFe 004 and
Mng s9ZNg 41F& 0O, respectively. Ferrite particles were
prepared by mechanical grinding of sintered ferrite cores and
particle size was controlled between 45 anduf&. Ferrite
composite materials were made by the following procébs:
mixing ferrite particles with polyphenylene sulfid®PS 10 Cracked ferrite 2
resin powder(2) melting the resin at 300 °C, an@) press- i 69.7vol%
ing the mixture at a pressure of 1000 kgfcin the cooling [ 51.8vol%
process down to the room temperature. Ferrite content was 1 - - -
estimated using the density values of the sintered feprite 10° 10* 10° 10° 100 10 10° 10"

PPS resirp,,, and the composite materigls by measuring Frequency (Hz)

the specific gravity. In order to measure complex permeabil- (b)

ity spectra, obtained samples were cut into the troidal form

with an inner diameter of 3.03 mm and with an outer diam-F!G- 1. Complex permeability spectra of Ni~Zn ferrite composite materials.
eter of 7.0 mm. Thickness of samples were controlled less

than 2 mm for high-frequency measurements to avoid th@/Hz. Permeabilityu’ in the high-frequency region from 1 to
skin depth effect in sintered Mn—Zn ferrite. Complex perme-100 MHz depends inversely proportional on the frequency.
ability of ferrite and ferrite composite materials were mea-This is a relaxation character. Cracked ferrites were prepared
sured by a coaxial line technique in the frequency range fronpy cracking the sintered core and by bonding them together.
100 kHz to 10 GHz using an impedance analy#¢P4194A  |n this process, some nonmagnetic gaps are introduced into
: 100 kHz to 100 MHz and a network analyzeHP8753E  the sintered body. Thus, the cracked ferrites are considered to
and HP8720B : 10 MHz to 10 GHzComplex permeability be the composite materials with high ferrite content. It can be
measurements under external magnetic field were performegken that the frequency dispersion characteristic of cracked
using a solenoid-type electromagnet in the magnetic field ugerrites is in the intermediate state between the sintered fer-

10000 |

1000 |
[ Sintered ferrit

100 |

Permeability

to 1000 O€? rite and PPS composites. With decreasing ferrite content, the
permeability value at low frequency decreases continuously.
IIl. PERMEABILITY SPECTRA OF SINTERED Simultaneously, the dispersion frequency at whictbegins

FERRIETE AND COMPOSITE MATERIALS to decrease, shifts to a higher frequency region with decreas-
Figure 1 shows the complex relative permeability spec-ing ferrite content. As a result, high-frequency permeability
tra of a sintered Ni—Zn ferrite and its PPS composite mateis larger in Ni—Zn ferrite composites than that in sintered
rials[(a) real partu’ and(b) imaginary part”]. For sintered Ni—Zn ferrite. The resonance frequency shift can also be
ferrite, the real partu’, which is about 1400 in the low- seen iny” spectra; the maximum frequency pf increases
frequency region, begins to decrease at about 1 MHz. Theith decreasing ferrite content. Since there is a restriction of
imaginary partw” has a maximum of about 800 at around 2 the ferrite content in particle dispersed composite structure,
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FIG. 2. Complex permeability spectra of Mn—Zn ferrite composite materi-
als.

ferrite particle content cannot be increased beyond a certain

value of packing fraction.
In Fig. 2, complex permeability spectra for Mn—2Zn fer-
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MHz and frequency dispersion characteristic are also relax-
ation type, which is similar to that for Ni—Zn ferrite compos-
ite materials.

IV. CONTRIBUTION OF DOMAIN-WALL AND
NATURAL RESONANCE TO PERMEABILITY SPECTRA

In polycrystalline ferrite, the frequency dispersion of
permeability can be characterized by the superposition of the
two types of magnetic resonan¢gomain-wall and natural
resonanceand a relaxation-type magnetization rotation. In
the absence of the external magnetic field, a gyromagnetic
resonance can be occurred by the internal magnetic field pro-
duced by the crystalline magnetic anisotropy. Since natural
resonance can also have relaxation-type frequency dispersion
due to the high damping of spin motion, it is difficult to
separate the contribution of magnetization rotation and gyro-
magnetic resonance in permeability spectra. Thus, we em-
ploy the simple frequency dispersion formula containing two
components owing to domain-wall and gyromagnetic spin
motior?

2 .
®gXdo N (wstiwa)wsxso

a)§+ wtioB (wstiva)’—ow?
(1)

Here, x4 and x5 are magnetic susceptibility for domain-wall
and gyromagnetic spin motiongyy and wg are resonance
frequencies of domain-wall and spin componentg, and

Xso are the static magnetic susceptibility of each component,
a and B are damping factors, and is the frequency of
external electromagnetic fields. In this formulagifis large
enough to unity(a—), the ys can be approximated to the
relaxation-type frequency dispersion,

p=1+xgtxs=1+

2
WgXd
u=1+ dXdo n Xs0 ' @)

(ug-l—w-l—iw,B 1+i£

r

where w, is the relaxation frequency. Therefore, relaxation-
type magnetization rotation can be estimated by the high
value of damping factor in formulél).

The real and imaginary parts of the formyfB can be
derived as follows,

2 2, 2
0gXdo( wg+ @)

(wg— w2)2+ a)2,82

pn' =1+

rite composite materials are presented. In sintered Mn—Zn
ferrite, the permeability value at low frequency is about 4000
and dispersion frequency is located around 100 kHz, which
is lower than that for Ni—Zn ferrite. In Mn—2Zn ferrite, high-
frequency permeabilitys’ above 1 MHz decreases rapidly;
this is a resonance character. However, a cracked ferrite and
ferrite composite materials have the relaxation-type fre-
guency dispersion. This indicates that though sintered ferrite
has a resonance character of permeability; composite mate-
rials have the relaxation-type permeability spectra. In the

20,24 2\, 2 2
Xsows[ (05+ %)+ 0°a”]

: (©)
[wg— w?(1+ a?) %+ 4w2w§a2
o XdowBwj
(wg— w?)%+ wZBZ
)(Sowswa[wg-l— w2(1+ az)] @

[02— 0?(1+a?) >+ 40’02a?

cracked Mn—Zn ferrite, there are two maxima in gifespec- Measured complex permeability data can be fitted to this
trum. It is considered that these correspond to the domairformula using six fitting parametergy, ws, Xqo0, Xso» @
wall and the natural resonance peaks. In Mn—Zn ferrite comand 8. Figure 3 shows the permeability spectra of sintered
posite materials, dispersion frequencies located above 1Q@n-—Zn[Fig. 3(a)] and Ni—Zn[Fig. 3(b)] ferrites with fitting
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(a)
6000 : : : : : : FIG. 4. Complex permeability spectra of a sintered Mn—Zn ferrite under
' external magnetic field. Solid, dotted, and dashed—dotted lines are calcula-
b Mn—=Zn Ferrite tion curves for domain-wall and spin components.
5000 | SpintDomain Wall 4
6.76 MHz and this value is far from the estimated resonance
4000 | . . :
- . 1 frequency. The maximum frequency @f can be derived by
Domain Wall A ” . . h
2 a0l T 1 dx"/dw=0. Therefore, we can obtain the following relation
g Spirv+Domain Wal between trnaX|mum frequencies and damping factors for gy-
romagnetic resonance,
E 2000 Domain Wall 9
& Sein _._. )
1000 | 0, = (5)
N
0 and for domain-wall resonance,
_1000 | | | | 1 1 d 1\/ 2 2 \/ 4 2 52 4
10° 10* 10° 10° 107 10° 10° 10" wx”mang 12(1)d—6ﬁ +6 16(1)d—4(1)d,8 +ﬂ . (6)

Frequency (Hz)
(b) From Egs.(5) and(6), the maximum frequencies ju" spec-

trum (@, may Shift to lower frequency by the increase of
FIG. 3. Complex permeability spectra of a sintered Ni-Zn and Mn-Zndamping for spin and domain-wall motion. Since the gyro-

ferrite. Solid, dotted, and dashed-dotted lines are calculation curves fofnagnetic resonance can be relaxation type due to the Iarge
domain-wall and spin components.

600 : . . . . .
curves. In Fig. 3 solid, the dotted, and dashed—dotted lines A | Cracked Mn—Zn ferrite | |
are the calculation curves obtained for the numerical fitting 500 | i
using a nonlinear least mean square fitting. Obtained disper-
sion parameters are shown in Table I. In Ni—Zn ferrite, the | i |
damping factor of gyromagnetic resonance is large and reso- 2 p
nance frequency is over 1000 MHz. This fact indicates that = Spin
the spin contribution of Ni—Zn ferrite is a relaxationtype and ~§ 300f  ~ 777777 .
this resonance frequency does not have a physical meaning. £ u"

The maximum frequency of the spin component is located at [ 999 | I?_?_rnain'\'l\_l'a'll Domain Wall + Spin]
Spin
TABLE |. Permeability dispersion parameters of sintered Mn-Zn and Ni-Zn 100 Domain Wall |
ferrite for spin and domain wall resonance.
Domain Wall Component ~ Spin Component 0 . apesine
Density o o 10° 10 10° 10° 10 o 10° 10"
@0 xo MHD B xe (MHD) a Frequency (Hz)

Mn-Zn Ferrite 490 3282 25 9810° 1438 6.3 1.28 FIG. 5. Complex permeability spectra for cracked sintered Mn—Zn ferrite.
Ni-Zn Ferrite 5.20 485 2.8 3%10° 1130 1100 161 Solid, dotted, and dashed—dotted lines are calculation curves for domain-
wall and spin components.
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FIG. 6. Complex permeability spectra for Ni—Zn ferrite composite materi- £\ 7. Complex permeability spectra for Mn—Zn ferrite composite materi-
als. Solid, dotted, and dashed—dotted lines are calculation curves fofs sglid, dotted, and dashed—dotted lines are calculation curves for
domain-wall and spin components. domain-wall and spin components.

damping of spin motion, especially in Ni—Zn ferrite, the dominant in the Ni—Zn ferrite. Since spin contribution in
maximum frequency of.” is much lower than the resonance Ni—Zn ferrite is relaxation type, we can estimate the high-
frequency and the ,»max COrresponds to the relaxation fre- frequency component as spin rotatfdri® These are sup-
guencyw, . For Ni—Zn ferrite, the maximum frequency of ported by the magnetic field effect on the permeability spec-
u" for spin component is 7.0 MHz from Ed5) using the tra. Permeability for both ferrites is strongly suppressed
obtained damping value=161. This is fairly good agree- under external magnetic field about 1000 Oe by almost di-
ment with thew ,/max Value of 6.76 MHz for the fitting curve  minishing magnetic domaifs®? Figure 4 shows the perme-
in Fig. 3(b). For the domain-wall component, ,»max is esti-  ability spectra of this Mn—Zn ferrite under a magnetic field
mated to be 1.2 MHz from Ed6), and fitted value is 708 of 606 Oe. Estimated dispersion components @ge 6.47
kHz in Fig. 3b). It should be noted that the domain-wall MHz, wq=3.41, xsn= 1665, x40=550, «=0.87, a=6.47
condition is sensitive to the inner stress or distribution ofx 10°, respectively. From this, we can see that the both
grains. damping factors decrease and the domain-wall contribution
These results indicate that the permeability spectra ofs strongly suppressed under external magnetic field.
spinel ferrites can be described by the two kinds of resonance On the other hand, since Mn—Zn ferrite has a relatively
formula. From fitting data, domain-wall contribution is large electrical conductivity, the effect of eddy current must
dominant in the Mn—Zn ferrite and the gyromagnetic one isbe considered in the high-frequency region. The skin depth
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TABLE Il. Permeability dispersion parameters of sintered Ni-Zn and Mn-Zn ferrites and their composite materials.

. Domain Wall Component Spin Component

Density Content

(9/co (vol.%) aDb Xdo g (MHZ) B Xs0 s (MHz) o, (MHz) a
Ni-Zn ferrite composite
Sintered ferrite 5.20 100 0 649 35 5708 818 1100 7.97 161
NZP70 4.02 69.7 0.13 5.4 31.4 2<00° 14.6 270x10° 233 1.2x10°
NZP50 3.32 51.8 0.25 1.1 44.4 1x4.08 5.8 13x10° 329 3.9x10*
Mn-Zn ferrite composite
Sintered ferrite 4.90 100 0 3282 2.5 *30° 1438 6.3 3.39 1.28
MZP60 3.69 64.9 0.16 3.9 296 2xa10° 12.2 875 533 2.31
MZP40 2.80 40.7 0.35 2.2 786 2x610° 1.1 55x 108 2800 2.0x10*

effect of an electromagnetic wave affects the permeabilitythe numerical fitting arews=3757 MHz, wy4=126 MHz,
spectra above several MHz, which is estimated by the meay =313, x4o=186, a=324 and a=1.71x10'°, respec-
surements of ac resistivity. However, we can measure the tively. Compared to the sintered ferrite results, the damping
intrinsic spin component using a thin specimen whose thickfactor increases by introducing the nonmagnetic region in the
ness is less than the skin depth. For this Mn—2Zn ferrite, skinntered body. In other words, ferrite composite materials
erth, which is est[mated from the permittivity and resistiv-p,ve larger damping factors than sintered ferrite.

ity measure_ment%z, is about 1 mm at 10_0 MHz. Therefore_, Figure 6 shows the complex permeability spectra for
we can avoid the eddy current effect using the sample thick- . . . . . 0
ness below about 2 mm for the Mn—Zn ferrite up to several I-Zn ferrite composite material3Fig. 6a)] 51.8 vol %,

100 MHz. and[Fig. 6(b)] 69.7 vol %. Calculation curves are also shown
by solid, dotted and dashed—dotted Line in Fig. 6. Dispersion

V. COMPLEX PERMEABILITY OF SPINEL FERRITE frequency is higher in the 51.8 vol % composite than that in

COMPOSITE MATERIALS the 69.7 vol% one. Spin contribution is dominant in both

In Fig. 5, the complex permeability spectgg® for a ferrite content. The same treatment results are shown in Fig.

cracked Mn—2Zn ferrite are presented. The cracked ferrite i€ for Mn—Zn ferrite composite material$fig. 7(@] 40.7
considered to be a kind of composite material having a non¥0! % and[Fig. 7(b)] 64.9 vol %. Aimost the same dispersion

magnetic regiod* Thus, the demagnetizing field affects the character as Ni—Zn ferrite composite materials are observed.
frequency dispersion of permeability. There are two peakg'hese results indicate that the domain-wall contribution for
corresponding to the domain wall and spin resonance in thpermeability decreases in composite materials due to the de-
1" spectrum in Fig. 5. Estimated dispersion components bgrease of domain-walls.

10°  ——— — 10
3 : 3 T T T T T T T
F [Spin Component ) ' ' ; [ Domain Wall Component |
1k Ni-Zn Ferrite Composite i
: [ Mn-Zn Ferrite Composite
s 10°F o 1°F g
s I s
§ 10° r § L
> f o | O
r— o [ . . .
g. 107 - g_ 168 . Ni-Zn Ferrite Composite
s | g
C o L
10F -
1k 10 F
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10-1 [ M 1 M 1 M 1 M 1 M [ " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 0 20 40 60 80 100
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(a) (b)

FIG. 8. Damping factors for a Ni—Zn ferrite for a Mn—Zn ferrite as a function of ferrite content.
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Mn-Zn Ferrite Composite |
o =100 kHz

frequency for a spin component is not so large without 40.7
vol % composite. This indicates that resonance-type fre-
quency dispersion exists in the high-frequency permeability
spectra in Mn—Zn ferrite and its low ferrite content compos-
ites. On the contrary, for the domain-wall component, the
damping factorg is large in Mn—2Zn ferrite composite mate-
rials. Thus, relaxation-type dispersion can be seen in Mn—2Zn
ferrite composite in domain-wall motiof.

Figure 8 shows the damping factarsand 8 as a func-
tion of ferrite content for both Mn—Zn and Ni—Zn ferrite
composite materials. In the spin component, Ni—Zn ferrite
composite shows high damping even in sintered ferrite and
relaxation-type dispersion can be seen. However, in Mn—Zn
ferrite composite, resonance character is observed above 60
vol %. In the domain-wall component, though relatively low
damping is observed in sintered Mn—Zn and Ni—Zn ferrite,
the damping factor increases rapidly when the ferrite content
decreases. The damping factor is larger in Mn—Zn ferrite
. . . . . . composite than that in a Ni—Zn ferrite composite. This can

0 20 40 60 80 100 be attributed to the difference of grain structure between
Ferite Content (vol.%) Ni—Zn_ ferrit_e_ an_d Mn_—Zn ferrite_; Mn—_Zn ferrite cont_ains

some impurities in grain boundaries to increase electrical re-
FIG. 9. Absolute permeability at 100 kHz as a function of ferrite content. Sistivity. Thus the pinning effect of domain-walls can be
Dashed lines indicate the logarithmic law. Solid line shows the calculatioqarger in Mn—2Zn ferrite than that in Ni—Zn ferrite. Therefore,

curve by coherent model. . . . . e

the contribution of domain-wall motion to the permeability

spectra is considered to be large in Mn—-Zn ferrite. The de-

Dispersion parameters for sintered ferrites and theicrease of domain-walls in a ferrite particle dispersed in com-
composite materials are shown in Table Il. For Ni—Zn ferriteposite materials brings about the decrease of domain-wall
and its composite materials, obtained resonance frequenciesntribution and the loss of resonance character in Mn—Zn
and damping factors are very high. This indicates that thderrite composite materials.
high-frequency permeability is almost completely relaxation
L~z Tt and it composhe materals, Therefore, rfax Y COHERENT MODEL TREATMENTS FOR SPINEL

. . o '~ " FERRITE COMPOSITE MATERIALS
ation frequencyw, is reasonable to explain the permeability
spectra. On the other hand, in Mn—2Zn ferrite and its compos-  In Ni—Zn ferrite composite materials, we can apply the
ites, the discrepancy of resonance frequency and relaxatiacoherent model to explain the variation of permeability and
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FIG. 10. Variation of permeability dispersion parameters with gap paramébefor Ni—Zn and Mn-Zn ferrite composite materials.
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resonance or relaxation frequencies with ferrite particlecomponent has a resonance character in high ferrite content
content?*?%In this treatment, permeability of composite ma- region, but relaxation character is observed in Ni—Zn ferrite
terials is given by the following formula considering the composite even in the sintered state. The domain-wall com-
magnetic circuit calculation, ponent can also be relaxation type in Mn—2Zn ferrite compos-
ite. The composite structure brings about the relaxation-type

wh 1+§ dispersion character in both types of spinel ferrite. A coher-
p* ()= @ ent model can be applied to evaluate the permeability value
1eur 2 and the frequency dispersion of permeability in both types of

M8 p spinel ferrite composite materials.
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