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Propagation of electromagnetic waves in below cut-off ‘waveguide containing
YIG slab has been studied as a function of the slab parameters and position.
The reported measurements here were made on 88 pm thick YIG on GGG
substrate placed in a below cut-off rectangular waveguide at X band frequencies.
Rich spectrum of transmitted power has been observed. The shape and the
amplitude of the observed transmitted power through the waveguide section
containing a ferrimagnetic slab was strongly dependent on’ the position of the
slab within the waveguide. This dependence can be attributed to the different
types of excitations within the ferrimagnetic slab which contribute to the power
transmission. A simple theoretical approach of the longitudinal impedance was
introduced to account for the observed experimental results. The calculations
are in good agreement with the experimental observations.

1. INTRODUCTION

Propagation of electromagnetic waves in rectangular waveguides containing
ferromagnetic slabs is textbook topics since late 50-th {1,2]. A new possibilities for
the investigation of these old structures emerged due to the preparation of high
quality yttrium iron garnet (Y1G) slabs on gallium gadolinium garnet (GGG) sub-
strate grown by liquid phase epitaxy, as well as due to the experimentally discovered
window of transparence in the below cut-off waveguide containing a ferrimagnetic
slab [3,4]. This discovery opened new possibilities for the investigation of ferrite
materials as well as new device applications.

The objective of this work was to study in detail the basic properties of a
below cut-off rectangular waveguide containing a ferrimagnetic slab. A method of
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the "longitudinal impedance” was introduced for this purpose and the experimental
investigation was performed to test the capability of this theoretical approach.

The analysis of the below cut-off waveguide section containing a single in plane
magnetized ferrite slab was treated in the books [1,2]. The more general case of
the electromagnetic wave propagation of in a rectangular waveguide loaded by an
anisotropic slabs has been studied by F. Gardiol [5].

Due to the practical importance of the multilayered structures, we present a
modified approach of calculation of such structures. The approach is based on the
assumption that the only modes propagating in by ferrimagnetic slab loaded below
cut-off rectangular waveguide are the transverse electromagnetic TE,,o modes. The
restriction to the T'E,o modes only, is justified because, the investigated waveguide
structure is below cut-off already for the principal TE{y mode cut-off waveguide.
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Fig. 1. Geometry of the waveguide section with 5::5%2& anisotropic structure.

II. THEORY

The geometry of the waveguide section is indicated in the Fig.1. Its dimensions,
the width a, high b and length I are chosen in such a way, that for the given
-principal frequency w of the propagating electromagnetic wave, they represent, as
already mentioned, a below cut-off waveguide section with reasonable attenuation
in transmission. Indicated dimensions t4; and tj; represent the width’s of the
dielectric and ferrite slabs respectively. The slabs are supposed to extend through
the whole high of the waveguide. The i-th ferrimagnetic slab in the waveguide
section is magnetized in the z-direction by an external magnetic field Hy laying in
the plane of the slab. The properties of the externally magnetized ferrimagnetic
slab are described by a tensor of permeability in the form

. B Jpei O
Bi=| —jtai om0 (1)
0 0t
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where the diagonal and nondiagonal components can be expressed as

WoWwMi WWM;
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wi —w wi —w?

(2)

with wo = 7.Ho,wai = 7-M,;, 7 the gyromagnetic ratio equals 3.522710% s™'A~'m
and o the permeability of the vacuum. In the first approximation it is assumed
that the walls of the waveguide are ideal conductors.

The classical approach for solving such a structure as described in [1] uses
the so called partial wave solution and the corresponding dispersion relations are
obtained from the imposed boundary conditions. In the TE,; approximation the
dispersion characteristics of the investigated structure is obtained by the introduc-
tion of an artificial parameter the "longitudinal impedance” defined for each section
shown in Fig.1 as

Z}(z) = E;i(2)/ Hyi(z) (3)

where E,;(z) and Hy;(z) are the corresponding field components of the propagat-
ing T Eno mode within the waveguide.

Due to the assumed field distribution within the investigated structure the pa-
rameter introduced by equation (3) does fulfill automatically the electromagnetic
boundary conditions at the slab interfaces. Taking into account that for the TE, ¢
mode the only nonzero electromagnetic field components are E;, H; and Hy the
Maxwell’s equations retain the form

8F,; . .

= leAt..mu:. + utﬁ.mc..v Ahv

Oy
W Jw(—jptai Hei + pi Hys) (5)

oz

OHy; OHz; .

— = jwei Ezi 6
5 g et (6)

where B = ji.H with permeability tensor in the form of (1) has been taken into

account. o
Let the field distribution within the i-th slab is given by

E,; = TAm nOmQaa...Hv + B; mmbﬁkamav_mlmuwee (7)

where s = +1 describes the direction of propagation of the electromagnetic wave
in the +y axis and ky, ky are up to now unknown wavevector components within
each slab. From (4) and (5) the magnetic field component Hy; can be expressed
through the electric field component E,; in the form

j i A.w@u..
mﬁu. = .N %\nu\ \lh.nl m‘:. kicd
Wikpi i Oz

(8)
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where

pi = (1 — p2) /i, (9)

the so called perpendicular permeability was introduced.

A same approach can be used to obtain a similar relation between the magnetic
field component H,; and the electric field component E,;. The substitution of
expressions for magnetic field components into (6) gives the relation between the
wavevector components within the i-th ferrimagnetic slab in the form

2 2 2
kZ =w Efillpi — \ne COV
where £;; is the dielectric permitivity of the ferrite slab. The other symbols have

been already introduced above.

The longitudinal impedance as defined in (3) within the i-th ferrite layer there-
fore can be expressed as

—Jjw.ppi)[1 + Dy; tan(kz;z
Am\ne o \nﬁmb\mv + Am\ne mth..wb.? + »uh..v tan(kziz)

where Dy; = A;/B; is an unknown integration constant, which has to be obtained
from the boundary conditions and i is the imaginary unit. Similarly the longitudi-
nal impedance within the dielectric slab can be expressed as

(—jw-po)[1 + Dy;. tan(kg;z))
kzi(—Dg; + tan(k,iz))

where kz; = | fw2poeqy — »w, and e4; is the permitivity of the dielectric slab and

again Dy an unknown integration constant. ky is the common for each section
wavevector component in the direction of propagation.

As already mentioned the continuity of longitudinal impedance Z% at all in-
terfaces fulfills automatically the necessary electromagnetic boundary conditions.
As assumed the waveguide is ideal what means that on the walls E, = 0 and
therefore also Z(wall) = 0. This approximation is not necessary but we use it for
convenience. _

The expressions (11) and (12) up to now were independent on the chosen origin
of the coordinate system. Let us now introduce the local primed coordinate system
of each slab within the waveguide. Let further the i-th ferrite slab has the thickness
t7i and let the ferrite slab is at z' = 0 loaded with some impedance denoted ZF
and at z = tyi by impedance N..H.\I. The boundary conditions require N%AH\ =
0) = 2zZE, and N.“Asg = ty;) = ZE. Inserting for z into (11) and eliminating the
unknown constant Dy; one obtains the expression

Zg(z) = (12)

AEEE.:\GH_.N..E + T\ne tlt...I.Nnh + .Q.Etn; om.Uth..u\-.vw

L
Zh, =

1

(13)

2
whpikei + {FZF | k2, + k2 Aw..v g = Etn..m»emmm..v tan(kzits;)
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which binds the longitudinal impedances on both sides of the ferrite slab. Similarly
from (12) and the boundary conditions the expression connecting the impedances
at the both sides of a dielectric slab of thickness {4 is

gL (wpo){ksi ZE + jwpo tan(kzita:)}
T knilwpo + 5 ZE kei tan(kritas)]

(14)

The expressions (13), (14) together with the conditions for Z% at the walls oﬂ the
waveguide allow to solve any dispersion problem in the TE, H.:omm approxima-
tion by expressing longitudinal impedance at the boundaries of &_mmwo:m mrwv.m and
matching them. This procedure represents a simple algorithm for obtaining mmmvﬂr
sion relations for the desired structures. The procedure can be proved for simple
structures such as a simple ferrite slab in the waveguide analytically. For more
complicated structures the dispersion relation is obtained by the computer.
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Fig. 2. AS recorded dependence of the insertion losses, as a function of the in plane

external biasing magnetic field Ho. The theoretical results are shown by dashed line.
(@ =8 mm, b =4 mm, { = 10 mm, t; = 88 um, lau = 0 mm, f = 8.5 GHz)

III. RESULTS AND DISCUSSION

The experiments were performed at room temperature and X band anEm:Q%
using a rudimentary microwave equipment. The microwave power was provided by
a klystron. A 3x12 mm? slab of 88 um thick LPE grown YIG slab on Oﬂ@
substrate has been placed in the 8x4 mm? rectangular, 10 mm long waveguide
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section. The saturation magnetization of the used YIG slab was M, =140 kAm=1
and line width was AH = 120 Am~'. The insertion loss of the waveguide sectiop
at 8.5 GHz was about 35 dB. The waveguide section has been placed between the
poles of the electromagnet producing static magnetic field in the plane of the slap
The transmitted power was detected by a diode detector and recorded as a ?:onmo:.
of the external magnetic field Hy by an z — y plotter.
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Fig. 3. As recorded dependence of the insertion losses for 14 = Imm, other parameters
as in Fig.2.

The recorded dependence of the insertion loss for the slab placed at the side
wall of the waveguide as a function of the external static magnetic field is shown
in Fig.2. The magnetic field was swept through the region where # <0, ie. the
conditions for the excitation of surface waves are fulfilled. Although the attenuation
of the below cut-off waveguide section was on the order of 35 dB the recorded

response in the Fig. 2 shows a dramatic increase in the transmitted power as -

different modes are excited in the slab as the magnetic field is swept. The change
in the direction of the applied external magnetic field results in the change of
the insertion loss dependence indicating nonreciprocal behavior of the investigated
structure. The rich spectrum of excited modes can be attributed in this case to the
excitation of the surface magnetostatic modes. Further measurements have shown,
that slight change in the width or length of the waveguide has little effect on the
observed surface wave spectrum.

Moving the slab away from the side wall the decrease in the amplitude of the
excited surface waves is observed. The transmission of energy through the waveg-
uide is for this position of the slab mainly due to the excitation of electromagnetic
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waves 1n the narrow region of external magnetic fields corresponding to the so
called perpendicular resonance (p=0). Similar results can be obtained by changing
the slab thickness. One of the typical recorded spectra for this case is shown in
Fig.3. The drastic change in the recorded spectrum, especially in the region of the
excitation of surface waves is obvious.

The theoretical results as calculated for the simple ferrite slab placed in the
below cut-off waveguide are shown in Figs.2. and 3 by dashed lines. The overall
agreement between calculated and experimental results is quite good. The ob-
served differences are due to the fact that the presented calculation does not take
into account (a) the difference in the coupling of different excited modes with the
waveguide, (b) the fact that the ferrite slab of length ! represents for the propagat-
ing magnetostatic modes a resonator, which behavior changes with the wavelength
of the excited modes and {c} the influence of the dielectric slab and the losses in
the walls of the waveguide. All this influences will be taken into account in the

future work.

IV. CONCLUSION

The above results have shown that the positioning of a ferrimagnetic slab
within the below cut-off waveguide section, can control the characteristics of the
transmitted power through such structure and that it does support the transmis-
sion of the power through the variety of different excited modes. This modes are
sensitive to the position of the slab as well as to the ferrite slab parameters. The
presented modified theoretical approach offers a theoretical basis for the calculation
of presented structures, but it needs some as mentioned refinements in course to be
able to investigate the material parameters. The considered structure also shows
promising properties for microwave device applications especially in the range of
higher frequencies.
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