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Gyroresonance in unsaturated composite bodies: Experiments and theory

Jean-Luc Mattei, David Bariou, Alexis Chevalier, and Marcel Le Floc’h
Laboratoire d’ Electronique et des Systemes de Telecommunications, UMR CNRS 6616,
Universite de Bretagne Occidentale, Brest, France

The permeability spectra of composite magnetic mater({diZn ferrite composites and YIG
composites has been experimentally studied on a wide range in magneticCoddhe resonance
frequency decreases with the increasing magnetic load of the mixture. This is attributed to the fading
of the magnetic pole on the surface of the magnetic inclusions. A theory is developed which is
intended to give an expression for the gyroresonance frequency of magnetic composites in their
unsaturated magnetic state. It fits the experimental data over its full range of volume fi@ction
without any corrective factors. The proposed relation, which is an extension of the Kittel's
expression for the resonance frequency of a saturated body, points out a noteworthy close link
between the concept of reciprocity and the one of demagnetizatiorR00® American Institute of

Physics. [S0021-897@0)53508-7

I. INTRODUCTION spite of their initial polydomain character, is controlled pri-

. - marily by spin rotations in the explored frequency rafigge
In order to make satisfactory predictions about the be- 'y by spi I ! xP quency

. o o he inset in Fig. 1, and also Ref).3
havior of a material intended to be manufactured, it is usefu} 9 P

to benefit from laws describing its relevant proberties in For several volumic fraction&, the frequencyfy to
0 bene om laws desc g IS relevant properties n,, ., x" reaches its maximum value is reported. As shown

idel loited in desiani terials f . i n Fig. 1, fr decreases with the increase in volume loading of
Wi t'e y e)iﬁ 0|Se mk’ eslgl\r;ng Tha elzf';‘tsl,or rr;ltim\?/lvave Fi)pp - magnetic matter. Previous wofk§ report on some experi-
cations, the Snoek's n € RILETs relalioh can be = onial results in favor of this kind of behavior ot. The

me!"“"”ed as .the.y. are certainly .the most currently_used forrlext sections discuss to what extent this behavior can be
their good reliability when applied to bulk materials. In

counterpart there is a lack of any simple relation which coul tributed to the demagnetizing field generated by the mag-

confidently predict the behavior of magnetic composite ma- etic poles on the surface of the magnetic inclusions.
terials.

This paper presents a straight relation, which describegl' THE RECIPROCITY FACTOR
the particular behavior exhibited by the resonance frequency, Considering two magnetization distribution{ and
occurring in the microwave range, of unsaturated magneti®é1,) occupying two regions of volum¥,; (i=1 or 2, the
composite materials. It points out a close relation which eximagnetic flux densityB, produced byM, throughout the
ists between, on one hand, the demagnetizing factor attrib-
uted to a magnetic inclusion of the composite, and on the
other hand, a reciprocity principle derived to be applied to
composite mixtures.

5

:

II. EXPERIMENTS: PROCEDURE AND RESULTS

Powders of YIG and Ni—Zn ferrites were prepared by
mechanical grinding of sintered bulk materials. Particles
were sized to 1Qum for the YIG and about 0.Lm for the
Ni—Zn ferrites. In both cases particles have polydomain
structures with isotropic properties well described by a scalar ° , \ ,
magnetic susceptibility. Composite materials were produced 0 02 o4 08 08 1
by mixing nonmagnetic powdefresin with soft magnetic €
powder, then by pressing the mixtures in ring-shaped mold§IG. 1. Gyroresonance in unsaturated magnetic composites vs the volumic
at room temperature. The prepared composite samples havdragtion in magnetic matte€C. The symbols are the experimental data, the

. . . . full lines are the fits provided by Ed8) with the following values for the
volume loadingC in magnetic matter contained between YIG: Ms=140 KA/M, Ho=11.4 KA/M, a=0.3, yi=21; and for the

5.1% and 69.5%. The complex susceptibility’ €] x") has i, zn, Fe,0,: Ms=410 kA/m,Hy=21.3 kA/m,a=0.3, ;=11. It may be
been investigated at room temperature in the 30 MHz—2@aid that magnetic composites wihhigher than around 0.25 have the same
GHz frequency band using network analyz@é#® 8753 and  resonance frequency as the bulk itselashed linesThe open circle is the

T . . . theoretical value for the bulk YIGA. Globus, J. Phys C38, 1 (1977]. The
HP 8720 and a coaxial line filled with the toroidal samples spectra of dynamic losses shown in the inset gives a strong argument in

in th_e APC7 standard. Th_e magnetization meCh_anism COMavor of magnetization mechanism only controlled by spin rotations (0.15
cerning the powder materials this work deals with, and in<C<o0.64).

Resonance frequency { N
- -
g 8

0021-8979/2000/87(9)/4975/3/$17.00 4975 © 2000 American Institute of Physics

Downloaded 19 Oct 2001 to 193.54.253.44. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4976 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000

volume V, is linked to the magnetic flux densiti; pro-

duced byM, throughout the volumé&/; by the reciprocity
theorem, proved by Brown, as folloWs

J Bl'MZdT:f Bz.MldT. (1)
Vs, Vq

Mattei et al.

in which the reciprocity is verified. It depends on the value
of the ratioR, which will be called reciprocity factor.

It can be attempted to link the concept of reciprocity to
the one of demagnetization. Actually the state of demagneti-
zation of a body depends on its shape through the continuity
of the normal magnetic flux density component on its exter-

o ) ) ) . nal surface, whereas the reciprocity principle deals with the
However, as it will be shown in the following, if the prin- ¢,y density throughout the volume of this body. Let us con-
ciple of reciprocity is intended to be applied to unsaturated;ige the simple case of a magnetic ellipsoid characterized by
composite mixtures, it must be expressed as an extendegd permeability «; and its shape factdrA(expressed as a

form of Eq. (1).'The composite mixturgs consjdered in this diagonal tensor of componens, in the particle frame
work are constituted of magnetizolumic fractionC) and =x, y, or z) immersed in the continuous medium of perme-

nonmagnetic(volumic fraction 1€) particles dispersed at ability 12.. The extent to which the external fiel, is de-

random. It will _be assume_d the inclusions are aggregated iproased by the magnetizatiof; is given by the demagne-
clusters, the sizes of which are supposed to depen on tizing tensor N in the following expression:H;=H,

only. Effective medium theorie€EMTSs) describe composite _ NM, . From this definition of the demagnetizing facter
materials in term of effective permeability, which character-i; ~omes out that its diagonal componehts aré

izes an equivalent mediufrAmong the available EMTs pro-
viding simple, analytical, and nonempirical expressions for

the effective permeability, the Bruggeman self-consistent
theory is known to predict the existence of a percolation

thresholdCp (Cp=1/3 in the basic form of this EMJT

Mi™ Me
N,=————A,. 5
Me(pi—1) ®

In the dipolar approximation, on which this EMT is The reliability of this equation has been successfully verified
based, the uniform magnetic flux density inside the volumeby using numerical simulatior§.lt is clear from Eq.(5) that

of a spherical particlgpermeabilityu; , uniform magnetiza-

the demagnetization factdd depends on the shape of the

tion M;)immersed in the homogeneous equivalent mediunmagnetic inclusion, as well as of its surrounding medium.

(permeabilityu., uniform magnetizatioiM ) with uniform
magnetic fieldH, is B;= u;H;, and its magnetization i,
:XiHi , Whel’(:’?
Me
=3
2pet pi
therefore, one gets

Ho, )

H

3MiMeJ'

JVBiMedT—m VHeMedTv (38)
JBMd e L 3b)
v o T_zﬂe+ﬂi XeJv €€ o

Indeed when the host is the empty spagg=1), one gets
N,=A, (noted N‘; below), whereas 8<N,<A, when u,

>1. The demagnetizing field = — NM; is generated by the
magnetic poles on the inclusion surface. Therefore, (BQ.
can be understood as an illustration of the magnetic poles
fading which is intuitively expected to arise for a magnetic
body included in a composite medium, when the magnetic
load is increased. Keeping this in mind, we propose to ex-
pressN, in the following attractive form, which reflects
clearly the magnetic poles fading described above:

No=A,1-R), (6

where the integrations are over the composite’s volume. TakvhereR is the reciprocity factor given by Eg4b).

ing the member to member ratio of Eq®) leads to the
following noteworthy relations:

f BiMed7=Rf BeMidr, (43
Vi Ve
with
R= ZiXe, (4b)
MeXi

The influence ofC on the reciprocity factoR, and there-
fore the variation of the demagnetization factor coefficients
N,, are obtained through the expression for the effective
permeabilityu.. Going back to the Bruggeman’s EMT, the
self-consistent relatiofu;H;)= ne(He), Where( ) denotes
the average over the various types of inclusions, leads to the
desired expressidhof .

The variations ofR [Eq. (4b)] and of N, [Eq. (5)] as
functions ofC are shown in Fig. 2, in the case of spherical
inclusions(A,=1/3). We think that both are correlated to a

(The integrations have been reduced to the volumes whengrogressive decrease of the magnetic pole density. Their

the magnetizations are nonzero.

typical trend is to tend to a constatihe value of which is

It appears that relationd) and(4a) are strictly the same characteristic of a bulky homogeneous matérighen the

in two particular cases only: either if both materiéls., the

percolation thresholdCr=1/3) is reached. This behavior

magnetic particle and its surrounding equivalent mediummight show that any two particles in the composites can be

are saturateflu;= u.=1, the situation to which EqJl) re-

considered as interconnected by a magnetic path or@yisf

fers| or if they are identical &;= ug). But in the general case higher than the percolation threshold. The role of percolation

of unsaturated material, with which this paper de&de-

longs to the rang€0,1]. Therefore, Eq(4) predicts the way

is more pronounced if high permeability:{) materials are
used.
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14 13 torily our experimental dat§The magnetic parameters that
have been used are given in the caption of Fig.ld.par-
ticular, a quite good approximation would be to writg
=f, from a magnetic loacC=0.25 up toC=1. To perform
these fits, one has to know accurately the values taken by the
factor A,, which characterizes the inclusions shape at a
given volumic fractionC. As C increases the individual par-
ticles stick together to form complex chains and clusters.
Hence the form factoA,, to be used in the EMT must reflect
this variety of shapes, consequently thesgs are lower
than 1/3. Their values are independent of the average isot-
ropy of the material because the EMT is based on an average
of the fields, not of theA,’s (which appear in the denomi-
h—A—A nator of the fields Then the experimental values for the
0 02 04 06 08 ! shape factor are obtained by inverting the self-consistent
equation(uiH;)= us(H,) in the static limit*® The value of
FIG. 2. Demagnetizing factofEq. (6), triangled of a spherical particle A, is about 0.25 ifC is near 5% In the range 5%—20%, the

included in a composite material, and reciprocity fadsq. (4b), squares  shape factor increases until it reaches the value of 1/3. The
for the composite material, vs the volumic fraction in magnetic matter. The. - : ; ;
magnetic permeability of the particle has been taken equal tGuliGsym- Isotropic shape of the aggregates Is recognlzed from this

bols) or to infinity (open symbols characteristic value. About the value found for the damping
parameter ¢=0.3), note that previous determinations of
obtained from the Landau-Lifschitz equattdalso strongly

IV. GYRORESONANCE IN COMPOSITE BODIES differ from the results obtained in ferromagnetic resonance
experimentgwherea~10 3-102).

In order to test experimentally the role played by the It must be underlined that the value ©=20% to which
reciprocity factor in the demagnetization of unsaturated magthe shape factor reaches its maximum value of ig3nu-
netic composites, this section proposes an interpretation gherically equal, or nearly so, to the site percolation threshold
the gyroresonance measured on soft composite materials. (C,=18%) given for a three-dimensional structure of equal-

Actually, as first shown by Kittel,the condition for the  sized randomly packed hard sphet® It can be easily
gyroresonance of a body depends strongly on its shape. Therified that the variation of; aroundCy is as sharp as the
Kittel equation for the resonance frequency, which dealgpermeabilityu; is high. When the permeability; takes an
with an ellipsoid in the saturated magnetic stawéth the infinite value,fg reaches the bulk resonance frequefigjor
magnetizationrM ), placed in the empty space and charac-a volume concentratiof®~20%.
terized by the demagnetization factd§ (in fact, N°=A,
in this situation) is

f=\fot+ fM(NyU_ NZG) X (1+a?) Y2 (7) 1J. L. Snoek, PhysicéAmsterdam 14, 207 (1948
2C. Kittel, Phys. Rev73, 155(1948.

In this relation fo=yHy/27 (with 7=35><1210’3 MHz/ 3G. T. Rado, R. W. Wright, and W. H. Emerson, Phys. R&0, 273

-1 : ; ; : _ (1950.
Am . and WhereHO IS the CrySta”me E_mISOtrOpY flel_d re_ 4A. Berthault, D. Rousselle, and P. G. Zerah, J. Magn. Magn. Maig,
sponsible for the magnetic moments alignment, its direction 477 (1992,

defines thez axis. No external static field is considejed °D. Rousselle, A. Berthault, O. Acher, J. P. Bouchaud, and P. G. Zerah, J.
fu=YMg/2m and a is the damping coefficiertt Appl. Phys.74, 475(1993.

. Ll .. ST. Tsutaoka, M. Ueshima, T. Tokunaga, T. Nakamura, and K.
According to the EMT, the description of the composite Hatakeyama, J. Appl. Phyg8, 3983(1995.

material consists of an ellipsoidal particle included in the 7w, F. Brown, Magnetostatic Principles in Ferromagnetism (North-
effective medium. In order to make E@7) suitable to be Holland, Amsterdam, 1962 _ _
applied to such a situation, in the expressiorf pfit is sug- 8R. LandauerElectrical Transport and Optical Properties of Inhomoge-

gested to substitute the demagnetizing fadNI@rby N,, as Tg%s_Med'a’ edited by J. C. Garland and D. B. TaniédP, New York,

given by Eq.(6). Therefore, the proposed extension of the 93, A. stratton Electromagnetic Theory (McGraw-Hill, New York, 1941.
Kittel expression(7), initially written for a saturated ellip- '°J. L. Mattei and M. Le Floc'h, J. Magn. Magn. Matéto be publishep

soid, to the frequency resonantg of an unsaturated mix- 112- 'TO‘F{?Z”?A 6{75?{?;;“' O. Acher, J. P. Bouchaud, and Galze).
ture formed by the assembly of saturated ellipsoids randomlszPE.'G”ger't’ I,Dhys. Rev100, 1243(1955.
dispersed in a nonmagnetic matrix, is written as 133, L. Mattei, P. Laurent, A. Chevalier, and M. Le Floc'h, J. Phys. IV,
0 0 o1 C1-547(1997.
fr=[fo+ fuX(Ny=Nz)X(1-R)]X(1+a“)" "5 (8 43 p.Bouchaud and P. G. Zerah, J. Appl. PI6f5.5512(1990
. . . . . 15M. J. Powell, Phys. Rev. B0, 4194(1979.
which points out the important role taken by the reciprocityiep stauffer and A. Aharonilntroduction to Percolation Theory (Taylor

factor R. Figure 2 shows how Ed8) matches very satisfac-  and Francis, 1992

08 1

06 }

04}

Reciprocity factor R
—
=
.
Demagnetizing factor N
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