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New Consistent Model for Ferrite Permeability
Tensor with Arbitrary Magnetization State

Philippe Gelin,Associate Member IEEENd Karine Berthou-Pichavant

Abstract— Partially magnetized ferrites play an important paper, lgarashi and Naito [4] presented a formula for the
role in a large class of microwave devices. For instance, when transverse diagonal term in a partially demagnetized state.
the optimal design of circulators, which operate with ferrite in In a subsequent paper [5], they gave an expression for the

the low magnetic field region, and other ferrite devices (phase | itudinal di It b ing th h d
shifters, isolators etc.) are considered, permeability tensor is ongrtudinal diagonal terrp, 0Oy using the same approacn use

required for arbitrary magnetization. The existing models do by Rado. Unfortunately experimental results must be used to
not simultaneously provide all tensor components, and their adjust certain parameters used in the model.

validity domain is limited. The proposed model provides integral |n all these approaches, the local permeability in each do-
expressions for all permeability tensor components, which can main takes a Polder tensor form. In [1] and [2], the internal dc

be treated numerically without difficulties. The physical nature field i hd S imated by th ¢ tall
of the model enforces the causal aspect that is required when €' IN €aCh domainis approximated by the magnetocrystalline

numerical time-domain methods (such as finite-difference time anisotropy fieldd,, whatever the external dc applied field. In
domain (FDTD), transmission-line matrix (TLM), time-domain  [1] and [5], the spatial average is performed by considering

finite-element method (TDFEM), etc.) are used. Finally, the com- noninteracting domains. As a result, it is necessary to adjust
parison with measurements or specific cases, which can be treated, 5 ameters involved in the local Polder tensor components to
by available models, demonstrates the validity of the proposed . .

approach. compensate for these a}pproxmatmns.

The present theory is also based on average responses
of all randomly oriented domains. Unlike Rado [1], and
Igarashi and Naito’s [5] theories, this model takes into account

ECAUSE of the wide application of the partially magnethe interaction between adjacent domains by considering the

tized materials in the microwave devices, the calculatigfemagnetizing and the Polder—Smit effect [6], which may
of the permeability tensor components is of great interegiecur between domains. Hence, this model does not require
In the saturated state, all magnetic moments are align@@djustment of quantities such as internal static and dynamic
Consequently, the motion of the magnetization vector leagg|ds.
to the Polder [8] tensor. For a partially magnetized state, the
situation is more difficult. This is due to the complexity of
the domain configuration (orientation, shape, volume, etc.),
the difficulty to evaluate the internal field in each domain, and Ferrites in a completely demagnetized state present an
the interactions between them. The first theory, presented iB{ernal structure divided into regions, which are, themselves,
Rado [1], consists of performing a spatial average of respongé¢ded into domains of parallel and antiparallel magnetiza-
produced by all domains in the ferrite. For frequencies abotién, as shown in Fig. 1. The configuration of the regions
the gyroresonance frequency, Rado has developed a thegtijection, volume, etc.) depends upon the fabrication process
which provides a good approximation for the extra-diagonand the shape of the material. Whatever the configuration
term «, but inaccurate values for the diagonal ongs=£ complexity (quasi-random or well organized), the macroscopic
1. = 1). Starting from a coaxial configuration of alternativelynagnetization vanishes in the demagnetized state.
magnetized parallel and antiparallel domains, Sefgdiin [2]  In the present model, each region is characterized?py
developed a theory based upon magnetostatic approximatihich is the angle between the direction of magnetization
which takes into account the interactions between domai@®d the Oz direction where the dc magnetic field is applied.
of opposite magnetization. In the completely demagnetiz&drst, the response of each region will be established by taking
state, an average of the three diagonal tensor compondftg account (in each domain) the evolution in both magnitude
yields an accurate value for the isotropic permeability. B@{nd direction of the internal dc field, and interactions between
using experimental characterization cells, Green and Sandy {f3m. The spatial average of the responses of all regions is then
have measured all the tensor components as a function of gggformed. Locally, the motion of the magnetization vectbr
ferrite magnetization state. They deduced empirical forms if @ domain is governed by Gilbert's equation [7]
the diagonal terms;{ and ;..) compatible with Sclimann’s
formula in the completely demagnetized state. In their first
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The demagnetizing fields, including a Polder—-Smit effect,
are maximum when?; = —my (case where the magne-
tizations of two adjacent domains are antiparallel). If the
material is saturatedyi; = s, the internal demagnetizing
fields vanishes. In the later case, the demagnetizing dynamic
fields distribution depends on the macroscopic shape of the
material and, therefore, are included in Maxwell equations
and in continuity relations at the interfaces. The demagnetizing
coefficientn depends on the shape of the domain=£ 1/2
for cylindrical shape ansh = 1/3 for spherical shape) and
will be discussed later. To solve (2), it is nhecessary to know
the effective dc magnetic field in two adjacent domains.

IV. EVALUATION OF THE LOCAL
ErFecTIVE DC MAGNETIC FIELD

The second step consists of evaluating the internal dc field in
each domain as a function of tfié/A/; ratio when an external
dc field is applied. Leti; be the unit vector that defines the
Fig. 1. Example of internal structure of a ferrite in completely demagnetiz&@uilibrium direction of the local vectal/;, which is also the
state. direction of the effective dc magnetic field

Ml = M, +my andﬁl = H ;. (3)

7 is the gyromagnetic ratio , andi/; is the saturation mag-

netization. To solve this equation, it is necessary to kddw H, is the internal dg field arising from the external applied dc

and hy in each domain. magnetic fieldsHy.k, the macroscopic demagnetizing fields
N..M.E, the magnetocrystalline anisotropy field,.7, and

IIl. EVALUATION OF THE DYNAMICAL MAGNETIC F [ELD:/iq.  the dipolar field Hy;, (the exchange fields are neglected).

The field h, arises from the RF magnetic fiefd and the Hence, this is written as follows:

demagnetizing field that depends on the shape of the domainH,.@, = H,.0+Ho.k— N..M.k+Hy;p. k= H,.0+H, .k
The demagnetizing fields can be explained by the presence of (4)
dipolar magnetic charges at the periphery of the domain. Under

certain conditions, dipolar charges of two adjacent domaindere

tend to add up and double the value of the demagnetizing;
field. This phenomenon, which is known as the Polder—Smit

effect, couples magnetization vectors of adjacent domains. Theg,

first step of the proposed approach is to introduce a directly

demagnetizing and Polder-Smit effect in the magnetizationy,

vector motion equation (1). The above step can be expressed

randomly oriented unit vector (all the directions are
equiprobables for the anisotropy fieH,);

applied external dc magnetic field along the Oz
axis;

macroscopic demagnetizing coefficient along the
Oz axis depending on the shape of the sample;

mathematically by two coupled Gilbert's equations relating s
two adjacent domains:

macroscopic magnetization and . A/ macroscopic
demagnetizing field, which appears along Oz;

M . o - dM Hyp,  average magnetic field created by all magnetic
71 =vMy x (Hi+h —n(m, — mQ))JrM M; x 71 moments into the considered domain. Hence, it also
it s it points along Oz;
S22 My x (Hy+h — n(img — 1))+ & p, x 22 H, total dc magnetic fields along Oz.
dt M dt The vectorsii; and 7 are expressed in the Cartesian system
(2) (i,9,k) as
Wh(ire( . ) i, =1.sin 6. cos &, +j sin ;. sin ®; + k. cos 6y (5)
My (M, magnetic moment of domain 1 (2); 57 iy 7 n s i cost 6
H, (H» effective dc magnetic field in domain 1 v=isind.cosg g sind. sing + k. cos . ©)
. (2); By substituting (5) and (6) into (4), one obtaifilg shown in
h RF magnetic field; (7) at the bottom of the following page. Therefore, according
My (M) dynamic part ofM; (Ms); to (5) the anglesb, ¢, 61, ¥ are related by
n demagnetizing coefficient depending on H, . cosd+ H
the shape of the domains; cosf; = 5 2 i 5
n.(my —mg)  represents the dynamic demagnetizing VHE + 2Hq.H,. cosd + H;
fields (including Polder—Smit effect) in sinf, — H,.sind b=, (8)
2’ )

\/Hg +2H,.H,.cos9+ H

5

domain 1.
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If Hyp and N..M are assumed uniform in the whole sam-
ple, the quantityH, can be related to the ratid//M, by
expressing the average of tfie projection on (Oz) as follows:

27 7w
M 1 i
< cosf >= M H//sinz?.cosﬂ.dﬁ.dd). .1,
0 0
Thus, using (8), one obtains the following relations:
Hy= —"H« for < cos® >>2/3
V3.(1—<cos6>) (9)
H, = 31;‘1 < cosf >, for < cosf >< 2/3. Fig. 2. Calculation of the internal field in each domain.
These relations show that the magnitude of the internal dc
field is of the same order of the anisotopy fielfl, up to V. SOLUTIONS OF THE COUPLED
about M /M, = 2/3. GILBERT'S DIFFERENTIAL EQUATIONS

Since the internal field in each domain is known, one
it . can solve the coupled Gilbert's differential equations (2). By
If H, is the magnetocrystalline field in domain £H, is substituting (3) into (2), and using small signal approximation,

A. Local Internal dc Fields in Adjacent Domains

the one in the adjoining domain 2. Thud; = ¢ and®, = the coupled Gilbert's equations become
¢+ 7. Consequently, the magnetization and the magnetic field .
in each domain is given by Jw.amy =y.Mily x (h —n.amy + n.aiig)
Ml = M, + 7y -E_il = Hi; +’y.7?11 x Hy; +jw04.1]:1 X My
MQ = M,ily + o If_ig = Hyily (10) jw.ﬁig :’Y.MSUQ X (h — n.ms + 717?11)
. + ’7.7?12 X HQUQ +jw06.ﬂ:2 X 7?12. (13)
with
@ =sinby.cos ¢.7 + sin 8. sin ¢.j + cos 0. % First, (13) is solved in the local coordinate systers ;, ¢;)

(see Appendix I). These equations are then decoupled before
writing them in the Cartesian coordinate system (see Appendix
and according to (7) and (8) I). Finally, performing a simple integration ovep (see
Appendix Ill), one obtains all components of the permeability
— 2 2
gl B yg‘; f;g“gsizzgigg tensor shown in (14), at the bottom of the page. These
8.29_ v Ha < 197H s s expressions are easily computed using (9), (12), and factors
. o . i i (12)  A®W), B), C(®), D( ¥), E(), and F(39), whose analytical
(S;OI; 92 - (I?I' S—TH cisz?)/H expression is given in (Alll-8) (Appendix II).
1= s a- 1
cosfy = (H; — H,.cos9)/Ho.

Fig. 2 illustrates the evolution of the dc internal fields in
adjacent domains for different regions in the ferrite material. In this section, the present model is compared to other
From a physical point of view, this model does not represetiteoretical approaches available in the literature [1]-[3] and
the reality. Actually, one knows that the volume of the domaiwith the published measurements in [9]. The first compari-
increases or decreases depending on the orientation ofsit® concerns the demagnetized state, for which@cahn's
magnetization vector with respect to the applied dc magnefarmula is a good approximation. This case corresponds to
field, before the rotation of the magnetization vector occursds = 0. Equation (14) then takes the following analytical

iy = — sin 6. cos d):— sin €s. sin d)j—i— cos HQ.E (11)

VI. RESULTS

H,.sin¥. cos d)?—i— Ha.sinﬁ.sind).j—i— (Hg.cos? + HS)E

iy = (7
\/Hg sin? 9 4 (H,.cos 9 + H,)?
<p>=1+1 [(B(W)cos? b, + D(V) + C(9)sin b; cos ;) sind.dd
0
<k>=1 g (A(0)cos b — F(0)sin 6 — E(9)cos ;) sin 0.do (14)

<p. >=1+1 [(B() sin? §;, — C(¥9) sin 8; cos 6} ) sin ¥.dd
0
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and< k >=0 spherical shape of domains, seems to better fit@ehhn’s

formula. Note that the present model is not limited to low
In Fig. 3, the isotropic permeability is compared to ®chlfrequencies, for which losses are important.
mann’s formula fom = 1/2 andn = 1/3. A good accordance  Figs. 4 and 5 show an example of comparison with Green
is observed within the validity limits of Scabinann’s theory. and Sandy’s formulas for the diagonal elemeptsand ...
The valuen = 1/3, which corresponds to an averagindrhese curves, established fdf/AM, = 0.7, confirm a better
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theory is valid, the agreement is quite good (Fig. 7). As
noticed by several authors, the Polder—Smit effect does not
have significant influence om’. This explains the weak
difference between the curve 1/2 and n 1/3.
Figs. 8 and 9 illustrate the good prediction provided by the
proposed model regarding diagonal elements when compared
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with measurements published in [9]. This comparison is shown
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Note that the analytical expressions in [4] are closer Fﬁg 11.
the experimental measured points. The reason is that this
expression was obtained from a curve fitting of these points.
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To compare this model with the Polder tensor, it is necessary
to know the correspondence betwekfy M, and H, (Polder
tensor). Here,H, takes the value of the internal fielf,
defined by (9). For example, withf/AMs = 0.999 and H, = ]
15.91 kA/m, the internal fieldH, is 290.58 kA/m. Figs. 10 1
and 11 show that for a given value of the damping ternthe 1
present model provides lower amplitude for the real part of ]
i and x because it takes the dispersion of magnetocrystalline
anisotropy fields into account. The comparison is presented
over the small frequency range of the gyromagnetic resonance.
Out of this range the curves are exactly the same. On the other
hand, the imaginary parts, which are directly related to the
coefficient«, are not modified significantly (see Fig. 12).
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Real part of: as a function of frequencyM s = 159.15 kA/m).
Comparison with Polder tensor (saturated ferrite).

Real part ok as a function of frequencyMs = 159.15 kA/m
omparison with Polder tensor (saturated ferrite).

The last curves (Figs. 13 and 14) illustrate the behavior Q@, 12. Imaginary part of: as a function of frequencyMs = 159.15
the diagonal termy as a function of frequency for variouskA/m). Comparison with Polder tensor (saturated ferrite).

states of magnetization. For nonsaturated medium, losses are

important in the low-frequency region (low field losses) anflethods is achieved. Furthermore, this model allows one to

decrease with thél//Ms ratio. When saturation is reachedyegcribe the permeability tensor for arbitrary magnetization

losses only appears at Larmor frequeney € ~v.H s).

VII. CONCLUSION

state (demagnetized partially or totally magnetized). It is also
found that the model is in accordance with previous theories
within their validity limits and with measurements published in

Permeability tensor components are, for the first tim#e literature. In addition, the proposed model can be improved

derived from a self-consistent model. Hence, the causallly coupling it with a prediction model of the hysteresis curve.
which is required for using time-domain electromagnetic (EM3uch a model [10] allows one to obtai /M, behavior as
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a function of the field applieddo. Consequently, coupled
models should be able to reproduce a second-order hysteresis
effect observed experimentally by Green and Sandy.

APPENDIX |

A. Local Coordinate Systems
See Fig. 15.

B. Relation Between Basis Vectors of the Coordinates Systems

1] =sin 8] cos d)?—i— sin 1 sin d)j + cos 91/2

</;1 =sin d){— cos d)f: (7_;

51 = cos ¢, cos d)?—i— cos 61 sin d)j — sin 91/;

1y = — sin 65 cos d)?— sin 6 sin (/)j—i- cos 92/2

</§2 =- Sind)'?—i— COS(f)f: —(Z

b5 = — cos 6 cos $i — cos Oy sin ) — sin b2k (Al-1)
s = cos(fy + 01)U; — sin(fs + 91)51
fom—bi=-F ]

B2 = — sin(fy + 02)il1 — cos(b2 + 61)6;. (Al-2)

C. Resolution of (13) in the Local Coordinate System

T = My i + meze_; + m@.(/_);‘, 1€ {1, 2}. (A|-3)
According to (13), (Al-3), and using the vectorial relations
between the basis vectors of the two local coordinate systems,
one obtains an expression of the following three components
of the dynamic magnetization vector:

Wi (hgs —nomg; + nm;k)
me, =J

(w; — jwa)? — w?

Wim-(wi — jwa)(he; — n.me; +n.mi,)

i (i = juwar)? = w?
w.wi(hei — n.me; +mn.ml,,)
My = — ] B
T i) =2
Wi (wi — Jwa)(hgi — nomg: + ”mf;bk)

(wi — jwa)? — w?

s =0 (Al-4)
with

w; = ’YHZ and w,, = 'YMS (A|'5)

In (Al-4), m,, andmj, are the components af;, written in
the local coordinate systemi)(

APPENDIX |I: DECOUPLING OF (Al-4)

A. Expression of the: Components in the Two Local Systems
Expressing7is in the two local coordinate systems

ma (0, ¢) = muo.ila + m¢2-</_;2 + mgo.0a

= th.ﬂ:l + méﬁﬁl + m$2.§1
and usingm,2 = 0 (Al-4), one has

th = —Mg2. Sin(91 + 92)

myy = —mga.cos(Bz + 61). (All-1)



GELIN AND BERTHOU-PICHAVANT: NEW CONSISTENT MODEL FOR FERRITE PERMEABILITY TENSOR 1191

Letting 6 = cos(6y + 62), A =sin(f; +62),Q; = w; — jwa+ (92 — W)(Q2 — w?) — w2w2 026 — W2 QN30 | ey
nwn,, the following relations are obtained: ! 2 m m

= —jww2 n?8(Q1 + 6Q2).me1 + w (03 — W2
+ wlw,né + wm1n82).hy1 — Jw.wm (3 — w?
+wmn(5292+wm(21m5).h91 —jwwfnn)\(éflg +Q1) -

(Q% - w2)m01 :jw-wnlhqbl + wnlglhel
— JW.WynMga — Wy ndmes

(Q% - w2)m¢1 =wmher — jw.wmher

(All-6)
+ jwwmnémes — wmdinmes (All-2)
(3 — w)mgy = jw.wmhgz + wmQah: Finally, by decoupling the previous equations, the magnetiza-
— JW.WmNMg1 — W andme; tion vectorm is related to the microwave magnetic field
(3 — w?)mgr =wmShgy — jw.wmhas The result is
+ jw.wmndmer — wmanmer. (All-3
J o 2nmo- (All3) me1 = A(9).hg1 + B(0).hoy + C(9).huy
Now the problem is to eliminate all terms with subscript 2 mgr = D(@).ho1 + E(D).he1 + F(9).hu1
to obtainm,; and mg, versushy; and hgy. The first step (All-7)

consists of including the expressions i, and mea(All-

3_) i_nto (AllI-2). As a result, only two equations are obtainequth A(), B(9), C(9), D), E(9), F(9), andDen shown
linking me1, mg1, hg1s hgo, het, hea. Itis then necessary 0, (a)1.8) at the bottom of the page. Note that the transverse

write /g2 @ndhgs @s a function ofu1, her, hgr. Noticing that - .omnonents ofn depend on the radial componentsiotiue
the wavelength is several orders greater than the dimensiongpfe coupling between domains.

the domains/. can be considered the same in two adjoining
domains. Thus

hua- @iy + hoo.Ba + hga. Gy =huy iy + hey .y + he1.0 B. Relations Betweem and h in the Cartesian System

Bua =hu1.6 — hg A Equation (All-7) represents the motion of a magnetization
vector in domain 1 of the region, where the magnetocrystalline
field is defined by 4, ¢). Before adding the contribution of all
hoz = — hur. A —hg1.6. (All-4)  domains, one should transform (All-7) back to the Cartesian
coordinate systemi(j, k) as follows:

hez = — ha1

Hence, the following equations are obtained:

m =m :+ m, ?—i‘ m»/;: mgle_; +m 1(;1
(83— wH(Q3 — w?) — WP 26 — w2, U n?6%Qs | .mey ‘ v] - ¢

(All-9)
= jww? n?(Qo + Q16).me1 + jw.wn (23 — w? + wn he1 =hg cos by cos ¢ + hy cos By sing — h. sinb;
+ W 21n6) Rt + W (2193 — W2 + w2w,,né hg1 =hzsing — hy, cos ¢
+ W16 Q2) oy + w2 nAwW? + Q1 Q6). hu1 =hysin by cos ¢ + hy sin @) sin ¢ + b cos 6;.
(All-5) (All-10)
(A(Y) = jw.w [ — w? + wpn.(Q2 + 1 6) + win?6] /Den
B(¥) = [-win36? + w1 (93 — w?) — w3, 0?2 + win.S(w? + Q1Q226)] /Den
C() = win A Mw? + Q1026 — w2,n2%8)/Den
D(9) = [~win?6% + w1 (03 — w?) — n2wd,62Qs + nw? (w6 + 01 Q)] /Den
E(W) = —jw.wn [Q3 — w? + 0nn.8(Q +n.Q2) + w2 n?8] /Den
F(9) = —jww?n Q1 + 6Q2)/Den
(Den = (23 —w?)(Q3 — w?) — n2w2,(2w26 + 212262 + Q1 Q) + ntw?, 62
A= Sin(91 + 92) 6= COS(91 + 92)
O = w; — jwa + nwp, w; = v.H; Wy = 7.M; (AlI-8)

(B(¥) cos 07 + D(¥) + C(9) sin 0 cos 01 )m.h, + (F(9) sin by + E(9) cos by — A(D) cosb1)m.hy
(B(®) cos 67 4 D(¥) 4 C(9) sin 0, cos 8y )m.hy, — (F() sin8; + E(D) cos by — A(9) cos ).l
- = (B(#)sin6? — C(9) cos by sin 6,)27.h, (AllI-1)
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According to (All-7), (All-9), and (All-10), one writes The components of the permeability tensor are obtained from
< Mg >=< > he+7< K> .hy
my = (A(P) cos 61 cos ¢ + D(¥) sin ¢) <my >=<p> hy—j<K>.h,
- (hg sin ¢ — hy cos ¢) <m. >=< p. > .h.. (AIN-3)
+ (B(#) cos 8y cos ¢ + E(1¥) sin . .
(B 1Cos¢ ) ) ?) ) One writes the elements of the tensor (13) according to (Alll-
- (hy cos 01 cos ¢ + hy cos by sin¢ — h_ sin ) 1)—(AllI-3)
+ (C(¥)cos by cosp + F (D) sin @)
- (hysin 6y cos ¢ + hysin b sing + h. cos ) REFERENCES
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- (hy cos 01 cos ¢ + hy cos by sin¢ — h_ sin ) pp. 641-645, June 1974.
: _ [4] M. Igarashi and Y. Naito, "Tensor permeability of partially magnetized
- (0(29) cos ¢y sin ¢ F(ﬁ) cos ¢) ferrites,” IEEE Trans. Magnvol. MAG-13, Sept. 1977.

. (hw sin 6, cos ¢ + hy sin 01 sin ¢ + h, cos 91) [5] , “Parallel component:z of partially magnetized microwave
ferrites,” IEEE Trans. Microwave Theory Teghvol. MTT-29, pp. 568-
(All-12) 571, June 1981.
- . . . [6] D. Polder and J. Smit “Resonance phenomena in ferriteReév. Mod.
m. = —A(9)sin 0y (hy sin¢ — hy cos ¢) — B(0) sin 6, Phys, vol. 25, pp. 89-90, Jan. 1953.

- (hy cos by cos ¢ + hy cos b1 sin ¢ —h. sin 1) — () [7] T. L. Gilbert “A Lagrangian formulation of the gyromagnetic equation
of the magnetization field,Phys. Rev.vol. 100, pp. 1243-1255.
- sin 01 (hy sinéy cos ¢ + hy sin by sin ¢ + h. cos by ). [8] D. Polder, “On the theory of ferromagnetic resonandeliilos. Mag,
pp. 99-115, Jan. 1949.
(All-13) [9] J. Green, F. Sandy, and C. Patton, “Microwave properties of partially
magnetized ferrites,” Raytheon Res. Div., Waltham, MA, Rep. RADC-
. TR-68-312, Aug. 1968.
Equations (All-11)—(All-13) represent the response of a d@ro; F. Liorzou, A. N? Konn, M. Le Floc’h, “A common expression for both
main in a region characterized by the angl&s/). To perform direct and inverse magnetization curves in soft ferritds,Magnetism

the response of the material, it is now necessary to sum up gi| E”.agﬂ}Qﬁ?ﬁ?ﬁ?ﬁ'ﬁ&&tﬁ#ﬁfgpaéé?ﬁlﬁi’vv‘\$§fk;l3vgfe'y 1964
the couples 4, ¢).

APPENDIX Il

A. Spatial Average of Responses Philippe Gelin (A’87) was born in France in 1948.
He received the Ph.D. degree in physics from the

University of Lille, Lille, France, in 1981.

He is currently a Professor of electrical engi-
neering at the Ecole Nationale Sargure des &lé
communications de Bretagne (Telecom Bretagne),

1 . Brest, France. His research interests include wave-
<mg(9,¢) >= i //mf (9, ¢).sind.d9.dp " III ¥ matter interactions and the modeling and the char-
0 0

A ' acterization of materials.
whereé¢ € {z,y, z}. First, an integration is performed oveér "'—I‘ -

Dr. Gelin is a member of the Laboratory for
Electronics and Communication Systems (LEST),
which yields the average value which is a research unit associated with the French National Research Council
(UMR CNRS no. 6616).

The effective magnetization vector is obtained by a spati
average of the responses

27

27
me(d, 9) = / me (9, 6).do.
0

Terms depending osing, cos¢, andsing.cosg vanish, while Karine Berthou-Pichavant was born in France in

the quadratic and constant terms after integration give g 1969. She received both the B.S. degree and the

B.S. degree (honors) in physics, the M.Sc. degree
and 27. As a result, (All-lO)—(A!l-lZ) reduces to (Alll-1), in electr%nics(, and tf?e Pr‘:Dy degree in electror?ics,
shown at the bottom of the previous page. Then the avere from the University of Brest, Brest, France, in 1991,
components of the magnetization vector are computed 1992, 1993, and 1996, respectively. _
follows: In 1993, shc_e Jo!ned the Laboratory for Electronics
: and Communication Systems (LEST), Brest, France.
Her research interests include the modeling of non-
saturated ferrites applied to microwave engineering.

< me(9, Q) >= % /mg(ﬁ,d)).sinﬁ.dﬁ. (AI-2)
v
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