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ABSTRACT

A formula for the parallel component /L

of the microwave

permeability tensor in the partially magné%ized state is derived,
The theory is in good agreement with experimental results.

INTRODUCTION

In the actual applications of ferrites,
microwave ferrites in the partially magneti-
zed state are very important for the devices
such as circulators operating below ferri-
magnetic resonance, latching phase shifters
and so on. Therefore researches on the mic-
rowave permeability tensor of partially mag-
netized ferrites are obviously important.
For a magnetic material magnetized in the z
direction, the small-signal microwave perme-
ability is a tensor of the form

K o= [H -fK 0
KM 0 (1)
o o M

The parallel component /Mz is not equal to
unity for partially magnetized materials.
Rado [1] obtained the off-~diagonal element

K in nonsaturated ferromagnetic materials
under some conditions and assumptions. The
parallel element from Rado's theory did
not agree with the éxperimental results.
Later, Schloemann [2], [3] presented a formu-
la for the (isotropic) permeability in the
completely demagnetized state. When there
exists an external dc magnetic field of arb-
itrary strength, Schloemann's formula cannot
be used. The authors [4] presented formulas
for the complex transverse components of par-
tially magnetized ferrites derived under some
assumptions. The theoretical formulas can
represent the experimental values for any
strength of the externally applied dc magne-
tic field with good agreement. Only a few
reports are, however, on the parallel compo-
nent ,ux of partially magnetized ferrites,
for example [5], [6] and [7]. As far as the
authors know there has been only an empirical
formula for the parallel component M, of
partially magnetized ferrites; Green et al.
[61, [7] proposed that an empirical equation
for the real part of the parallel component
,Hg be given by

y - oymy) >

fz = /“o (2)

where jﬁ' is the real part of the permeabili-
ty in the completely demagnetized state {[2],
[3]1, M the magnetization, M_ the saturation
magnetization. S

There are many microwave ferrite devices
which operate in the region below saturation.
In this region, the real part of the parallel
component ,u; is, as shown later, less than
unity, particularly for the completely demag-
netized state. The imaginary part ju” has
a large value for 2

Wy 5.
o & 3

”
[4]. Thus, the attenuation due to A, can
not be neglected. Therefore, it is obviously
important to formulate the complex parallel
component M, .

In this paper, using averaging technigues,
we first present a formula for the complex
parallel component of the microwave permeabi-
lity tensor in the partially magnetized state.
Lastly, the theory will be compared with the
experimental results.

FORMULATION FOR M,

If the magnetic inhomogeneities are larger
than the domain wall thickness, the exchange
torque may be neglected at points which are
not contained within walls. Consequently,
at such points, the magnetization vector M(t)
and effective magnetic field vector H_(t) are
related by Gilbert's equation [8];
where ¢y is the gyromagnetic ratio and X
the phenomenological loss term.

Further more a time-independent unit vector

shows the equilibrium derection of the
saturation magnetization vector M_ at the
point in guestion. Since the magﬁetization
within the domain is saturated, the unit vec-
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toxr ‘3 is defined as follows; hes 1 but on the other hand the imaginary
—>

BN part of </“ > approaches 0. This is physi~-
M(t) = M u + m{t) (4) cally very *‘easonable. q.(9) is not rigor-
- ous because we cannot theoretically calculate
where m(t) is the RF magnetization_g@ctor. (e « As shown in the next section, however,
Writing down the RF magnetic field h(_g Eq.(9) does hold rigorously if «J), is obtain-
the locally effective magnetic field (t) ed from experiment.
is written as follows;
— s N COMPARISON OF THE EXPERIMENTAL RESULTS
H (t) = H_u + h{t) (5)

= In Eq.(9) we express 1 —‘<d32> by appro-
where H U 1is a locally effective magnetosta- ximating it as follows;
tic field and represents the u-component of

the resultant field of the applied field,

anisotropy field and so on, 1 —<(X32> =1 -0 >3 =1 - (M/M )2
In small signal analysis, assum that S
m/M_ << 1 and h/H < 1. Calculatlng a vec- (10)
tor~product of Eq (3) and U, and arranging
Eg.(3) by substituting Substituting Eg.(10) into Eqg.(9), the real
E?><TY part and the imginary part of parallel compo-
4 ? .

. ‘ . . nent <<)AZ;> are /g and /%é , respectively.
obtained here into Eg.(3), we obtain, with The formula for the parallel component has
the time-dependence of exp(juwt) } _ __been compared to measurments by Green et al.

2
— ) . MWy, [ 0 — = > > W, = >
m=_<—r~+0(>m+~i?*’v’f~+o( ~(d - Ao W T UL
+ jw \ jw i CR P % (6)
where (), = -YHe 0%% = —9M /}L [6] of JMZ and M, as a function of M/M .
’ In fitting the theoretical formula to

and_/% = the 1ntr1ns$p permeab1l$ty of free the experimental results the parameters &
space. Lettlng u = l“l + jM + ku3, and ¢ have to be suitably chosen, since they

cannot be independently determined. Typical
results are shown in figures 1 -~ 3. Compari~
son of the experimental results and the
theory in figures 1 - 3 shows that the agre-
ement is reasonably good throughout the par-
tially magnetized region (-1 M/M K 1)
, The value of imaginary part Jiffe?s slightly
/u =]+ (bh(we‘*iﬂuw) ze‘f dz) (7) from the experimental value, as M/M_ approa-
z *{Uzﬁ'UD *jUJ&)Z ches to 1. The value of theoretica® formula
e }L becomes equal to 1 (real number) at
<d #>= 1. This makes little difference bet-
The direction of the domain may be sufficien- weeh” the theory and the experimental results

. . because the imaginary part of M, has actual-
t larl ; X
tigtrigdom, particularly in a polycrystal, ly a very small value even if tné magnetizat-
’

ion became saturation in the z direction.

where Ii 3 k are unit vectors along the x, vy,
z coordinate axes, respectively, for the case
where the magnetic material is magnetized
parallel to the z-axis the parallel component
}% is given as

<O<l> =0, <0<2> = 0, <O(3>:M/MS

CONCLUTION

< W12> = <JX22> = —%—(l —‘(M32>) (8) A formula for the parallel component of
the microwave permeability tensor of partial-
ly magnetized materials is for the first time
derived as a function of magnetization. The
theory is useful for partially magnetized de-
vices and is in good agreement with the expe-
rimental results.

where symbol < > means a spatial average
and M is an average magnetization of the z-
direction. Consequently, for partially mag-
netized materials with random domain orient-
ation, the parallel component of the effect-
ive permeability tensor of two or more
domains </Mz> is given by

~ Wy (W + FWH) 2
<M > = |+ AMie =<K (9)
g —Wt (We +j WX ) <' % >>

The parallel component A, from Rado's theory
is independent of an average magnetization M

but is equal to unity. Consequently, Rado's

Mz did not agree with the experimental

results [5]1, [6], [7]. The parallel compone-
nt <)§> in Eg.(9) is a gquadratic function of
Ky As we increase M, and the magnetizat-

ioh approaches saturation in the z direction
<(X32>-é1, the real part of §/Mé:>approac—
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Fig. 3 Real and imaginary parts of parallel
component of partially magnetized
102 ferrites as a function of M/Ms.
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Fig. 1 Real and imaginary parts of parallel
component of partially magnetized
ferrites as a function of M/MS.

Wo = 16.2 GHz, o= 1.35%107 2,

£f = 5.5 GHz. (Green et al. [6]).
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