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Measurements of All Complex Permeability
Tensor Components and the Effective Line

Widths of Microwave Ferrites Using
Dielectric Ring Resonators

Jerzy Krupka

Abstract —A method of measuring all the complex permeabil-
ity tensor components of microwave ferrites using a single

cylindrical ferrite sample is described. Two dielectric ring res-
onators having the same height and internal diameter but

different external diameters, operating on HEfil and HOII modes
respectively, are applied for these measurements. Permeability
tensor components are computed from the measured resonant

frequencies and Q factors of these resonators with and without
the ferrite sample. Computations are based on the exact eigen-
value equations for these modes. Measurements of all perme-
ability tensor components versus static magnetic field intensity,
performed for different ferrite materials, generally confirm re-
sults obtained by earlier researchers but they also contain

certain new aspects concerning relations between particular

permeability tensor components below saturation.

I. INTRODUCTION

PRACTICAL applications of microwave ferrites are

inseparably connected with their unique magnetic

properties at microwave frequencies. When a uniform

static magnetic field is applied to a ferrite material along

the z axis of a cylindrical coordinate system, the perme-

ability tensor in this coordinate system takes the following

well-known form:

(1)

All tensor components in a real medium are complex

owing to the existence of magnetic losses. Particular ten-

sor components depend on ferrite material properties,

such as saturation magnetization, chemical composition,

porosity, and grain size, and also on frequency and the

static magnetic field strength applied to the ferrite mate-
rial. Usually the real parts of permeability tensor compo-

nents are assessed theoretically using two different sets of

expressions. The first originates from well-known ferro-

magnetic resonance theory and it is valid when the ferrite

material is saturated. The second set (valid below satura-

tion) uses semiempirical formulas developed by Rado [1],
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Schlomann [2], Green and Sandy [3], and others. Only a

few quantities are required to compute the real parts of

the permeability tensor from the above-mentioned formu-

las: saturation magnetization, static magnetic field

strength or average magnetization (below saturation), de-

magnetizing factor, frequency, and resonance line width,

AH. These theoretically computed tensor components are

in very good agreement with experiment, especially for

the static magnetic field intensities sufficient for satura-

tion of the ferrite material. For average magnetization

greater than the remanence value but for small internal

field intensities, the mentioned expressions are rather

inexact. Hagelin [4] and Filipsson and Hansson [5] devel-

oped formulas allowing the computation of the real parts

of the permeability tensor in these intermediate regions.

Additional information about hysteresis parameters is re-

quired to use their formulas.

The imaginary parts of permeability tensor components

generally cannot be predicted on the basis of knowledge

of static or low-frequency parameters. Loss parameters

should be measured at microwave frequencies. Near fer-

romagnetic resonance losses can be expressed by the

resonance line width, AH. For partially magnetized mate-

rial another loss parameter is introduced [6], [7] called, by

analogy to the previous one, the effective line width,

A ll~ff. Although it is not generally possible to calculate

components independently of all the imagina~ parts of

the permeability tensor from the value of AHeff, it is a

useful parameter. It is recommended by IEC [8] that it be

measured as the only parameter characterizing nonreso-

nance losses at low microwave power levels. All theories

which make it possible to compute magnetic properties of

ferrite materials at microwave frequencies are ultimately

subject to experimental verification by microwave mea-

surements of permeability tensor components appearing

in (1) versus the static magnetic field magnetizing the

ferrite. The most accurate methods of measuring these

parameters at microwave frequencies are resonance

methods utilizing resonant cavities containing ferrite sam-

ples [9]-[14] or a ferrite sample as a resonator [15], [16].

Generally, three independent measurements are required

to find the three permeability tensor components at a
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certain fixed static magnetic field value. Theoretically,

these independent measurements would be performed on

different resonant systems, on different resonant modes,

or for different static magnetic field directions. In prac-

tice only a few particular measuring systems are used.

The most commonly used system is a cylindrical cavity

containing a cylindrical sample of full height operating on

two circularly polarized oppositely rotating TM ~lc, and

TM;IO modes [9]–[13]. Measurements of the resonant

frequencies and unloaded Q factors of these modes, with

and without a ferrite sample, make it possible to compute

two permeability tensor components, p and z (assuming

that the complex permittivity of the ferrite material is

known from independent measurements). Computations

of the above parameters on the basis of experimental data

were usually performed with the aid of a cavity perturba-

tion method by earlier researchers [9], [10], [15] or, more

recently [12], [13], [16], by a rigorous solution to the wave

equation. The parallel component p= is usually deter-

mined on the basis of independent experiments. The most

frequently used method for measuring this component [3],

[10] employs small spherical samples placed at the center

of a rectangular cavity operating in the TE102 mode. The

perturbation method is used for computations of KZ,

since in this case the most recent exact solutions are not

available.

In this paper an alternative method is presented for

determining the real and imaginary parts of all three

permeability tensor components using only one cylindrical

ferrite sample. The method is based on the simultaneous

utilization of the HE~l and H ~11 modes, which occur in

dielectric ring resonators containing the cylindrical ferrite

sample. Employing the corresponding eigenvalue equa-

tion for these modes, the material parameters are com-

puted from the measured resonant frequencies and Q

factors of two dielectric ring resonators with and without

the ferrite sample. To minimize frequency variations in

the measuring system, two dielectric resonators are used

having the same height and internal diameter but differ-

ent external diameters. The external diameters are cho-

sen so as to obtain similar resonant frequencies of the

HE III mode (the resonator having smaller diameter) and

of the H ~11mode (the resonator having greater diameter)

for resonators containing typical nonmagnetized ferrite

sample. The resonators are coupled to the external circuit

through four identical loop-terminated coaxial cables, as

shown in Fig. 1. The air gap which always exists between

the ferrite sample and the dielectric resonator is rigor-

ously taken into account in the eigenvalue equation.

II. THEORY

Suppose initially that the conductivity of the two paral-

lel metal plates and their radii in Fig. 1 are infinitely

large. In this case it is possible to find exact expressions

describing the electromagnetic fields in the ferrite rod

and the dielectric cylindrical layers. Corresponding for-
mulas for the electromagnetic fields in a ferrite rod and in

, Metal ring ‘t Diele&ic rinq resonator

Coaxial cable terminated
f kg laap~;e~timl at right

Fig. 1. Schematic diagram of the resonant systems used for measrnre-
ments of permeability tensor components of a cylindrical ferrite sample.

dielectric cylindrical layers can be found in several papers

and textbooks (e.g. [17]–[22]) and they will not be repro-

duced here. At the boundaries between particular regions

the electromagnetic fields must satisfy well-known bound-

ary conditions, which create a system of linear equations

with respect to the constant coefficients appearing in the

field expressions. The system of equations has nontrivial

solutions if the corresponding determinant of the system

vanishes. For fixed values of dimensions and material

properties of the resonant system it is possible to find

eigenfrequencies as roots of the nonlinear (with respect to

frequency) equation in the form of a determinant. How-

ever, our task is to find material properties from measure-

ments of resonant frequencies and unloaded Q factors of

the dielectric ring resonators with and without the ferrite

sample. We restrict our consideration to low-loss ferrites,

assuming that the imaginary parts of all permeability

tensor components and the imaginary parts of ferrite

permittivity are small and so do not affect the resonant

frequencies. When this is true, the real parts of the

permeability tensor components and permittivities can be

found from measured resonant frequency values in the

following manner. As a first step, the real parts of the

permittivities of the dielectric ring resonators are found

(independently for each resonator) from measurements of

the resonant frequencies and the geometrical dimensions

of the empty resonators operating in the HE 111and H ~11

modes respectively. The real parts of the permittivities,

Re (~,), are computed using simplified (no ferrite) eigen-

value equations for these resonators in determinant form.

As a second step, the permittivity of the ferrite sample,

Re (ef ), and its scalar permeability, Re (pd), are com-

puted from measurements of the resonant frequencies of

these resonators containing a completely demagnetized

ferrite sample operating in the HE III and HOI I modes

respectively. These parameters are computed as the solu-

tions to the following system of nonlinear (with respect to

Re (~f ) and Re (wd)) equations:

(2)

(3)

where f,~ and ~,{ are measured resonant frequencies of

the HE 111 and Hell modes respectively for resonators

containing a completely demagnetized ferrite sample.

Functions F’l and F2 are eigenvalue equations in determi-

nant form for proper modes of these resonators, assuming
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permeability to be a scalar denoted by pd. As the last step

for each required value, of the static magnetic field mag-

netizing the ferrite sample, the real parts of permeability

tensor components are found as the solutions to the

following system of nonlinear (with respect to the real

parts of permeability tensor components) equations:

F’3(Re(p), Re(x), Re(~z), ~,-)=0 (4)

F4(Re(#), Re(x), Re(~Z), ~~)=0 (5)

F5(Re(&), Re(x), Re(pz), ~~)=0 (6)

where ~,–, f,+, and fro are measured resonant frequencies

of the HEfil, HE~ll, and Hell modes respectively for

resonators containing magnetized ferrite sample at a fixed

static external magnetic field intensity. The first two fre-

quencies are measured for the resonator having the

smaller external diameter, while the third is for the res-

onator having the greater external diameter. As in the

previous case, functions F3, F4, and F5 are eigenvalue

equations in determinant form for proper modes of the

corresponding resonators. Theoretically any optimization

procedure can be used to solve the systems of equations

(2) and (3) and (4)-(6). I have used the well-known

Newton iteration method to solve them. The convergence

of this method is rapid, and a relative accuracy of about

10-4 for each unknown Re(p), Re(x), and Re(pz) is

obtained after a few iterations.

The imaginary parts of the permeability tensor compo-

nents can be found after computing their real parts as the

solutions to the following system of linear (with respect to

the imaginary parts of permeability tensor components)

equations:

(Q-) -’=(QC-)-’+ pej Im(~,Re(~,),)

+pE; Im(Ef)/Re(~f)

+p; Im(p)/Re(~)+pz- Im(x)/Re(x)

+pjz Im(p,)/Re(~z) (7)

(Q+) -’=(Q; )-’+p~Im(e,Re(e, ),)

+p;Im(ef)/Re(~~)

+PJ Im(~)/Re(p)+p~ Im(x)/Re(x)

+p~z Im(~z)/Re(pZ) (8)

(QO)-’= (Q~)-’+p~r Im(E,Re(~,),)

+p$ Im(cf)/Re(~~)

+p~Im(p)/Re(p) +p~Im(x)/Re(x)

+P~z Im(~, )/Re(P, ). (9)

Here Q‘, Q‘, and QO are the unloaded Q factors for the
HE~l, HE~ll, and Hell modes, respectively Q;, Q;, and

Q: are the Q factors depending on conductor losses in

metal plates for the HE~ll, HE~ll, and Hell modes re-

spectively; and p;, px+, and p: are the electric or mag-

netic energy filling factors computed by the perturbation

method (not to be confused with the cavity perturbation

method) as follows [16]:

p;= 21df;/~xlx/f; P,: = zl~f,-l~xlx /f,-

P}= 21~f:/wx/f;

where x denotes Re (er), Re (~f ), Re (p), Re (x), or

Re (K,) respectively. The differentials appearing in the

above expressions were computed numerically on the

basis of the corresponding eigenvalue equations.

Equations (7)–(9) contain more than three unknowns.

With the exception of the three imaginary parts of the

permeability tensor, the values of Q:, Q;, Q:, Im(er),

and Im (.s~) should be deduced or measured in the follow-

ing manner:

1) Imaginary parts of ●, for dielectric ring resonators

were measured at a fixed frequency by the method

described in [23]. Values of Im (e,) for each fre-

quency value f,-, f,+, and ~,” were calculated assum-

ing a linear increase of Im (~,) with frequency.

2) QC factors have been deduced on the basis of mea-

surements of the unloaded Q factors of the corre-

sponding empty dielectric ring resonators and previ-

ously measured values of Im (e,). Then it has been

assumed that QC factors for resonators with ferrite

sample are essentially the same as for empty res-

onators (corrections to their values being made only

as a consequence of the change of the surface resis-

tance value with frequency).
3) The imaginary part of permittivity, Im (ef ), of the

ferrite sample has been found together with the

imaginary part of its scalar permeability, Im (pd), on

the basis of measurements of the unloaded Q fac-

tors for resonators containing a completely demag-

netized sample. In this case (8) and (9) becomes

identical and include only one magnetic loss param-

eter, Im(pd).

The frequency dependence of all permeability tensor

components and of the scalar permeability p ~ has been

taken into account in the computations. Frequency cor-

rections were different for the real and imagina~ parts of

permeability tensor components and they are based on

formulas presented in [3] and [24] expressing the depen-

dence of particular tensor components on frequency. Fre-

quency corrections of the real parts of the permeability

tensor components were made employing two different
sets of formulas: one below saturation and the other

above saturation. Only one parameter was used to make

corrections to the real parts of permeability tensor com-

ponents, namely the magnetization saturation, M.. Aver-
age magnetization or the relative internal field value (and

also the proper set of formulas) were deduced from the

values of Re (p) and Re (z) obtained during the first

Newton iteration in computations of the real parts of

permeability tensor components (the first iteration being

performed without frequency corrections).

The imaginary parts of the tensor components were

corrected assuming another parameter—the index N of
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Fig. 2. Results of measurements on the dielectric ring resonators containing yttrium garnet sample versus static external

magnetic field intensity (the field is applied alon~, resonators axis): (a) resonant frequencies; (b) resonant frectueney
ba~dwidths.

the power describing the frequency dependence of the

imaginary parts of permeability tensor components. It has

been assumed that all imaginary parts of the permeability

tensor and the imaginary part of the scalar permeability

change with frequency according to the simple power law

equation [24]

lm[~d(~)] ‘Irn[kLd(~o)] *(~O\~)No

Usually frequency corrections for both the real and the

imaginary parts of the permeability tensor are not very

significant since in practice the resonant frequencies for

the HEfil modes rarely differ more than 10% from the
resonant frequency of the H 011 mode. Theoretically, they

would be much greater near the ferromagnetic rescmance

but in such cases measurements on relatively large sam-

ples cannot be performed because of high absorption.

All computations described in this section were orga-

nized in the form of a user-friendly computer program

(available from the author upon request). Computations
of all permeability tensor components with the aid of this

program take about 1 min for one static magnetic field

value on AMSTRAD 1512 PC.

111. EXPERIMENTS

Experiments were performed in X band using hot-

pressed alumina resonators having heights of /3.40 mm,

internal diameters of 2.01 mm, external diameters of 8.40

mm and 11.62 mm respectively, and Re (e,)= 10.0. (The

exact values of Re (e,) were computed for each resonator

and each experiment from the measured resonant fre-

quencies of the empty resonators.) The unloaded Q fac-

tors of the empty resonators situated between polished

copper plates were 5600 for the HE III mode and 9200 for

the Hell mode (the dielectric loss tangent of the hot-

pressed alumina resonators at 10 GHz being about
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Fig. 3. Real parts of permeability tensor components of the yttrium garnet samtJle (471W,= lYSOG, Df = 2.00 rnm
Re(cf ) = 15.4)versusstatic external mimetic field intensity. ‘rhese results Werecmnpukxi frmn data shownin Fig. z(a).
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Fig. ,4. Imaginary parts of permeability tensor components of the yttrium garnet sample (4n-M, = 1750 G, Df = 2.00 mm,

Re (~f ) = 15.4) versus static external magnetic field intensity. The results were computed from data shown in Fig. 2.

3 X 10 ‘5). Measurements of the resonant frequencies and

Q factors were performed using a Q factor meter made at

the author’s institute, allowing an accuracy in the Q-fac-

tor measurements of about 170 and an accuracy in the

resonant frequency measurements to six or seven digits.

Since it was not possible to obtain ferrite samples from

other sources, all ferrite samples used in experiments

were manufactured by POLFER (Poland).

Typical measurement data versus external static mag-

netic field intensity for yttrium iron garnet sample are

presented in Fig. 2. The results of computations of the

real and imaginaty parts of permeability tensor compo-

nents on the basis of these data are presented in Figs. 3

and 4. The results of measurements of permeability ten-

sor components for other ferrite materials are presented

in Figs. 5– 10. Since the dimensions of the ferrite samples

were relatively large (1.98–2.00 mm diameter and 8.40

mm height), measurements of the resonant frequencies
and Q factors were not possible in the static field inten-

sity region close to the resonance field values. The data

plotted in Figs. 2–10 were obtained by starting from zero

field for completely demagnetized samples. When the

ferrite sample was measured again, in another resonator,

it was first demagnetized.

The accuracy of the measurements of the scalar perme-

ability and of the permeability tensor components de-

pends primarily on errors in the measurement data in the

H ~11 resonator. This can be explained as follows. The

resonant frequency for the HOI I mode depends predomi-
nantly on Re (Kd), while for the HE III mode it depends
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Fig. 5. Real parts of permeability tensor components of a substituted
garnet sample (4wM, = 350 G, Df = 1.98 mm, Re(cf ) = 14.0) versus

static external magnetic field intensity.

on Re (pd) and Re (ef ). Therefore, solving the system of

equations (2) and (3), one obtains the Re (pd) value

determined by measurement data of the HOII resonator

and the Re (~f ) value determined by measurement data of

both the HOII and HE I II resonators. In further measure-

ments of the permeability tensor components the R(e(~f )

value is assumed to be constant. The validity of the results

obtained in measuring Re (Kd) may’ be additicmally

checked by measurements at sufficiently high external

field intensities (for high field intensities the parallel

component Re (p=) should approach unity). In fact, for all

materials measured, the values of Re (v=) at Ho.Xt’= 500

kA\m never differed from unity by more than 0.15%.

Another test which confirms the high accuracy a,f the

measurements of magnetic properties has been per-

formed on dielectric samples. For these samples, the real

parts of permeability computed from the measurement

data again never differed from unity by more than 0, 15%.

However, it should be pointed out that the error of

determining the real part of permittivity can be as great

as a few percent in such cases when the height clf the

ferrite sample is smaller than that of the dielectric HE III

mode resonator or when the contact between the I-IEIII

mode resonator and Cu plates is unrepeatable. To mini-

mize the latter, the dielectric resonator holder has been

constructed so as to make repeatability of the resonant

frequency of the HEIII mode resonator better than

2 MHz (after its disassembly). It is worth noting that the
accuracy of the off-diagonal permeability tensor cc}mpo-

nent determination depends on the symmetry of the HE III

mode resonator. Because of unavoidable mechanicid im-

perfections the resonant frequency of this mode is split

into two frequencies, even for an empty resonator. For

our resonator this initial split was smaller than 5 MHz,

X!O-4
40

<30.

E
: 20 Imh)

*
& 10. Im(’z)
-.
~o

\

&
-1o-

-20 Im(or)

-30-

-’40,
700 m 300 400 500

Hoert [kA/m]

Fig. 6. Imaginary parts of permeability tensor components of a substi-
tuted garnet sample (4n-M$ = 350 G, D~ = 1.98 mm, Re(~f ) = 14.0)

versus static external magnetic field intensity.

which caused an error in determining Re (x) of less than

0.005 (this value was assessed from Figs. 2 and 3).

In Fig. 11 results are presented of computations of the

effective line widths, Alfeff, versus static magnetic field

intensities for the materials whose permeability tensor

components were measured earlier. The effective line

widths were calculated from the following well-known

formula [8], which can be expressed in terms of perme-

ability tensor components and saturation magnetizaticsn,

M,, as follows:

AHeff = 2M,p/(p2 + q2) (lo)

where

p= Im(~)– Ire(x)

and

q= Re(K)– Re(x)–l.

Results of all the experiments presented so far are to

some extent different from those obtained by earlier

researchers. The main differences and similarities can be

stated as follows:

1)

2)

The real parts of the parallel component Re (I-L=)

below saturation are usually greater than the real

parts of K for a fixed average magnetization (equiv-

alent in our case to a fixed static field value). These

results are contrary to those obtained in [3], where it

is postulated that Re (K=) is smaller than Re (K) for

a fixed average magnetization. The latter results

given in [3] are in the form of the following relation-

ships:

Re(~) = Re(#d) +(l– Re(pd))(M/M$)3’2 (11)

Re(w,) = Re(wd)
(1 – (A4/M,)5/2) (12)

and they are commonly used for computations of the
components Re (~) and Re (w,) below saturation.

The values of the real part of p in the low-field

region never approach unity and its maximum vallue

for the lithium–titanium ferrite can be as low as
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Fig. 7. Real parts of permeability tensor components of lithium–titanium ferrite sample (4wMS = 2600 G, Df = 2.00 mm,
Re (ef) = 16.2) versus static external magnetic field intensim.
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Fig. 8. Imaginary parts of permeability tensor components of the lithium-titanium ferrite sample (4rrM, = 2600 G,
Df = 2.00 mm, Re (ef ) = 16.2) versus static external magnetic field intensity.

0.77. Similar results were presented for other ferrite 4)

materials in [5] by Filipsson and Hansson.

The maximum value of Re (~) in the low-field re-

gion and the value of the scalar permeability Re (pd)

are usually smaller for ferrites having a greater

saturation magnetization, but exceptions to this have 5)

been observed (see e.g. results for the lithium–

titanium and the magnesium–manganese ferrites).

Results obtained by Green and Sandy [3] also show

such exceptions.

Relations between the real parts of the permeability

tensor components for the high-field region corre-

spond to the theoretical expression obtained from

classical expressions. Similar results have been ob-

tained by many researchers (e.g. [11]-[13]).

The imaginary parts of z for ferrites having greater

saturation magnetization for very low static field

intensities have a sign that is opposite to that in the

remaining region. Such phenomena have been ob-

served by Gurevich [21].
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Fig. 9. Real parts of permeability tensor components of the magnesium-manganese ferrite sample (47rM~ = 3000 G,

Df = 1.98 mm, Re(cf ) = 12.2) versus static external magnetic field intensity.
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Fig. 10. Imaginary parts of permeability tensor components of the magnesium–manganese ferrite sample (47rM, = 3000 G,
Df = 1.98 mm, Re(~f ) = 12.2) versus static external magnetic field intensity.

6) The imaginary parts of the parallel component p,

for materials having larger saturation magnetization

values are high (close to Im (pd) value) throughout

the low-field region although the real parts c~f p=

almost approach unity there. The external magnetic

field value required to reduce these losses to an

insignificant level, for such materials, is higher than

the resonance field.

The validity of the method presented in this paper has

been additionally confirmed by independent measure-

ments of all permeability tensor components using two

cylindrical ferrite resonators [16]. The resonators were

made of the same yttrium garnet (47TMS = 1750 G) as the

sample in Figs. 2–4. Comparisons of the results werle not

possible at a fixed external static magnetic field intensity

since the ferrite resonators had L / df = 1 while the samp-

les used in the method described in this article had

L/ df = 4.2, so the demagnetization factors were also

different. Therefore results were compared with respect

to relations between particular tensor components of per-

meability tensor. Differences between the real parts of

permeability tensor components obtained by those two

methods were never greater than 1‘%, and between the

imaginaw parts they never exceeded 15%, so the validity

of the new method was confirmed.

IV. COMPARISON OF DIFFERENT METHODS

One of the most important aspects to be considered in

choosing a resonant system is the accuracy that can lbe

expected in measuring the imaginary parts of permeability
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TAf3LE I

ELECTRIC AND MAGNETIC ENERGY FILLING FACTORS AND RELATIVE Q-FACTOR CHANGES CAUSED BY MAGNETIC LOSSES
(Im(~d) = 2X 10-4) FOR DIFFERENT CYLINDRICAL RESONANT SYSTEMS CONTAINING DEMAGNETIZED

CYLINDRICAL FERRITE SAMPLES OF FULL HEIGHT HAVING Re (cj) AND Re (pd) = 1

Df AQ&Q
Resonant System (mm) (Ty~fcal) P.. P Remarksu,.

TMIIO mode 1.6 8000 0.0005 0.0053 0.82 Df proposed

cavity 4.6 8000 0.0876 0.1067 17.0 by IEC [8]

HEIII D.R. 2.0 5600 0.0798 0.1176 13.0 D.R. as in
experiments

HOII D.R. 2.0 9200 0.0052 0.0723 13.3 D.R. as in
experiments

1. 1 TABLE II

l\ I ELECTRIC AND MAGNETIC ENERGY FILLING FACTORS FOR DIELECTRIC
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Fig. 11. Effective line widths versus static external magnetic field

intensity computed for different materials on the basis of results shown
in Figs. 3– 10: a) yttrium iron garnet, b) substituted garnet, c) lithium–

titanium ferrite, d) magnesium–manganese ferrite.

tensor components. Let us consider this problem in detail

for our method and for the methods employing the TMIIO

mode cavity. The minimum value of the magnetic losses

which can be measured in any resonant system depends

upon two factors: the sensitivity of the Q factor of the

particular resonant system to magnetic losses introduced

by the ferrite sample and the ability to measure small

changes in the Q factor. The first of these factors de-

pends on the unloaded Q factor of the resonant system

without the ferrite sample and on the relative dimensions

of the sample (more precisely, the magnetic energy filling

factors defined in formulae (7)–(9)), while the second

depends on the apparatus used for the Q-factor measure-

ments. If all three imaginary tensor components are to be

measured, attention should also be given to how particu-

lar imaginary parts of the permeability tensor components

affect the Q factors of the particular resonant systems (or

particular modes). This also can be expressed in terms of

the magnetic energy filling factors p~, px, and pw ap-

pearing in formulae (7)–(9). In Table I results are ~iven

for the computations of the electric and magnetic energy
filling factors for the HE 111 and HOII mode resonators

and for the TM “~10 cavity (40 mm diameter and 10 mm

height) containing completely demagnetized ferrite sam-

ples. The last column of the table shows the relative

RING HEfil AND HO1l MODE RESONATORS CONTAINING A
MAGNETIZED FERRITE SAMPLE HAVING Re (cf ) = 13.6, Re (p,)= 0.859,

Re(x) = 0.785, MD Df = 2.00 mm

Resonant System P ‘f Pp P. PP,

HE~ll D.R. 0.0764 0.0603 0.0560 0.0019
HEfil D.R. 0.0392 0.1920 –0.1640 0.0003
Hell D.R. 0.0045 0.0012 0.0002 0.0672

Parameters of the dielectric resonators are the same as in the experi-
mental part of the paper.

change of the Q factor of the particular resonant system

produced by ferrite losses: Im(~d) = 2 x 10”. It is seen

that the sample that is 2.0 mm in diameter causes Q-fac-

tor changes of the HEIII mode and the HOII mode

dielectric resonators similar to those of the sample 4.6

mm in diameter in the case of the TM ~10 mode cavity.

Influences of the imaginau parts of permittivity on the Q

factors of the TM 110 mode cavity and the HE 111 mode
D.R. expressed in terms of the electric energy filling

factors p,f are also similar in both cases. For the sample

1.6 mm in diameter (the value proposed in [8]) the rela-

tive change in the Q factor produced by the small mag-

netic losses (Im(pd) = 2 X 10–4) is smaller than 1% and

requires sophisticated apparatus to be accurately mea-

sured.

Table II lists results of computations of the magnetic

and electric energy filling factors pw, px, pwz, and pGf for

the HEIII and Hell modes in the case of permeability

tensor measurements. The parameters of the dielectric

resonators have been assumed to be the same as in my

experiments. It is seen that for the Hell mode the py=

factor is much greater than the remaining coefficients and

that for the two counterrotating HEfil modes the p~

factors have the same signs and the px factors have

opposite signs. This formally means that the system of

equations (7)–(9) is well conditioned with respect to the

unknowns Im (p), Im (x) and Im (K=). Similar results were

obtained for pP and px in the case of a TMl~o mode

cavity containing a sample 4.6 mm in diameter. It should

be remarked that, for a rectangular TEIOZ mode cavity

having the dimensions 40.0 X 20.0X 10 mm containing a

ferrite sphere 2.0 mm in diameter, the p~= factor is

approximately equal to 0.002 (calculated from perturba-

tion formula). Samples having greater diameters would
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produce greater pPz values for such a cavity but perturba-

tion theory is no longer valid for greater samples. There-

fore, in the case of low-loss ferrites, the accuracy of

measurements of the imagina~ part of K= by means of

this method is not too high.

V. CONCLUSIONS

The method presented in this paper seems to be practi-

cal for measurements of permeability tensor compolments

at frequencies below 10 GHz since it has the following

advantages over existing cavity methods:

1)

2)

3)

4)

Only one ferrite sample is required for measure-

ments of all tensor components.

Dimensions of a ferrite sample are smaller than in

cavity methods (assuming the same magnetic energy

filling factors in both cases). This would be import-

ant when measurements are to be performed at

lower frequency bands (e.g. the S band).

Resonant systems used in experiments do not have

insertion holes in metal plates, which affect mea-

surements in cavity methods.

Assembling and disassembling the resonant systems

does not change their Q factors since the dielectric

resonators do not have unrepeatable metal-to-metal

contacts.

For frequencies higher than 10 GHz cavity methods

seem to be more practical because the dimensions of

dielectric resonators become too small. A cylindrical HOI I

mode cavity would be used instead of an Hell mode

dielectric resonator together with the TMIIO cavity for

measurements of all permeability tensor components on

one cylindrical sample.
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