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Abstract

ELECTROMAGNETIC SURFACE WAVE PROPAGATION ON A
FERROMAGNETIC INSULATOR WITH ACTIVE AND PASSIVE BOUNDARIES

by

Thomas James Gerson

Advisor: Professor Joseph S. Nadan

Electromagnetic propagation of surface waves on a ferrite slab of finite
thickness magnetized parallel to the planes of its dielectric-ferrite-dielectric
interfaces is investigated. It is shown that changes in the permittivities of the
dielectric regions not only modify the frequency ranges and wavelengths of the
dynamic modes but undér certain conditions cause these modes to be cutoff or
propagate in the same directions as the magnetostatic surface modes.

The propagation of electromagnetic modes on the surface of a ferrite slab
backed by a perfect conductor is also considered. Surface wave propagation at
frequencies greater than the ferrite-metal mode resonance frequency is pre-
dicted for thick grounded ferrite slabs thereby clarifying prior results based
upon semi-infinite and magnetostatic analyses. A close relationship is shown
to exist between the magnetostatic ferrite -metal mode and the dynamic modes
of the semi-infinite model.

Surface electromagnetic mode propagation along the interface between a
magnetic insulator and a semiconductor is also examined. The interaction be-
tween the surface wave and streaming carriers in the semiconductor is investi-
gated to determine the effects on the predicted instability of minority carriers,
finite ferrite thickness, surface space charge layers and dielectric separations

between the media.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

The anisotropic properties of high resistivity ferrites has led to
(1)

their extensive use in microwave devices. Isolators and circula-
tors.( 2 )based on the non-reciprocal behavior of magnetized ferrites.
have been developed and are important components for the microwave
engineer. The relatively low losses associated with the ferrite Yittrium
Iron Garnet makes this material attractive for use as the resonating
element of magnetically-tuneable microwave filters. (3) The use of

(2,4 )

ferrites as substrates in microwave circuits assures continued
active interest in the microwave applications of these materials.

The magnetostatic modes supported by a slab of ferrite material
magnetized in the plane of its faces have been theoretically investigated

by Damon and Eshbach. (3)

In this system, waves are guided along

the surface in a direction transverse to the applied static magnetic field
over a range of frequencies. The dispersion characteristics for propa-
gation in the forward and reverse directions are symmetrical about the
k=0 axis, the waveamplitude having its maximum at a ferrite-air inter-
face determined by the direction of wave propagation (or the direction of
applied static magnetic field). Brundle and Freedman obtained experi-

mental verification of this theory in 1968 (6) .

Placing a metal plate in
contact with first one and then the other surface of a transversely mag-

netized ferrite slab, the symmetry of the propagation characteristics



was destroyed, thereby demonstrating the unidirectional character of the
(7)

magnetostatic mode of interest. Seshadri , considering a transversely
magnetized ferrite slab with one surface in contact with a perfect conduc-
tor, pointed out that while symmetry about k=0 is destroyed, magnetosta-

| tic waves may still propagate in both directions. In addition to a magneto-
static mode similar to the Damon and Eshbach mode, a magnetostatic mode,

(3,3 ) referred to as a ferrite-metal mode, is found to

which Young
propagate in the reverse direction. (The case where the conductor is -
lossy has also been studied in the magnetostatic limit by DeWames and

Wolfram (197,

)

The study of electromagl;etic wave propagation guided by the sur-
face of a ferrite slab in some cases predates the aforementioned magnet-
static studies. In 1955, Lax and Buuorgta'z:gile investigating the problem
of wave propagation in a rectangular waveguide containing one or two
transversely magnetized ferrite slabs, considered electromagnetic mode
propagation parallel to the surface of a semi-infinite ferrite slab backed
by a perfect conductor. They found that such a structure could support
a unidirectional mode guided along the ferrite-air interface. The mode,
which they referred to as a ferrite-dielectric mode corresponds to the
forward mode studied in the magnetostatic limit by Young( ¥ ) and

Seshadri (7) . Bressler (11) , in 1959, found that in addition to the

forward mode, a second mode propagating in the reverse direction also



exists. This mode exhibits a resonance as does the corresponding mag-
netostatic ferrite~-metal mode. |

The propagation characteristics of electromagnetic surface modes
at a semi-infinite ferrite-dielectric interface have been investigated by

(11) and Courtois et. al. (12)

Bressler In addition to a mode closely resem-
bling the magnetostatic surface mode found by Damon and Eshbach, (5) a
mode propagating in the opposite direction is supported at the ferrite~di-
electric interface. Courtois et. al., adopting the nomenclature used in
previous investigations of mode spectra supported by longitudinally mag-
netized ferrite rods, (13) labelled this mode a dynamic mode since it may
only be calculated by including the effects of electromagnetic wave propa-
gation; ie. not making the magnetostatic approximation. The upper fre-
quency limit of this dynamic mode is greater than the ferrite-metal mode
resonance.

The propagation characteristics of electromagnetic surface waves
supported by a slab of finite thickness with magnetization parallel to its
dielectric-ferrite-dielectric interfaces is investigated. By examining the
ratio of the surface wave energy densities at the top and bottom surfaces,
it is demonstrated that a set of modes resembling the semi-infinite fer-
rite-dielectric modes is associated with each surface. When a perfect
conductor is placed in intimate contact with one of the slab faces, the modes

associated with this surface disappear while those associated with the oppo-

site face are modified. For thin ferrites the dynamic mode is transformed



into a mode resembling the magnetostatic ferrite-metal mode. When the
slab is sufficiently thick, it is found that the grounded slab may support
surface wave propagation at frequencies greater than the ferrite-metal
mode resonance frequency.

Additionally, the dispersion relationships describing electromag-
netic propagation of waves guided by the surfaces of an ungrounded ferrite
slab are studied to determine the effects of varying the thickness of the
ferrite and of changing the permittivity of the dielectric media. It is found
that the frequency range of the dynamic modes may be altered significantly
by the properties of the adjacent dielectric regions; the dynamic' mode may
even be cutoff over the entire spectrum for certain combinations of mate-
rial parameters and applied fields. The results of the finite thickness fer-
rite analyses are employed to evaluate data obtained f_rom empirical trans-
mission studies. Through the correlation of the dispersion characteristics
based on an electromagnetic calculation with those obtained experimentally,
it is possible to explain the observed behavior as a function of applied field
for the low frequency portion of the transmission spectrum. The explanation
would not have been forthcoming if the magnetostatic calculation had been
used instead, for the magnetostatic approximation is not valid in this portion
of the spectrum,

The possibility of obtaining an active interaction between streaming
carriers and slow waves supported by the spin system of a magnetically

(14-26)

ordered material has prompted considerable interest. In 1964,



(16) described an experiment in which they

Spector and Trivelpiece
attempted to obtain oscillations through interaction of backward waves
supported by polycrystalline ferrite slabs and an electron beam drifting
between them. While their results were negative, this was attributed
to the relatively high loss associated with the polycrystalline Yittrium
Iron Garnet. With the development of chalcogenide spinels having both
(27)

magnetic and semiconducting properties another medium for poss-
ible active interactions became available. However, while evidence for
an active helicon-spin wave interaction was presented by Vural and

(19), Robingon et.al. (23) have indicated thgt it is not

Thomas in 1968
possible to obtain unstable interactions with the high resistivities of the
materials presently available.

In 1967, Vural et. al. suggested that an instability coulld be ob-
tained in a structure consisting of adjacent ferrite and semiconducting
layers through the interaction of surface waves supported by the ferrite
with streaming carriers in the semiconductor. Robinson et. al. (23)
analyzing a semi-infinite ferrite-semiconductor system in the magneto-
static limit developed an instability onset criterion. With the aid of this
condition and further mathematical analysis they predicted that structures
consisting of adjacent layers of indium antimonide and Yittrium Iron
Garnet were potentially unstable at room temperature for X-band fre-

(18)

quencies. Schlomann , investigating the propagation of magento-

static surface waves along the interface between a low-loss ferrite and



a high-mobility current carrying semiconductor film, also concluded
that an instability could be obtained at room temperature using YIG and
InSb under certain conditions.

Electromagnetic propagation of surface waves along the interface
of a semi-infinite semiconductor-ferrite structure is investigated ‘both
with and wifhout drift to determine how the dispersion characteristics
are modified; of particular interest are the directions of propagation
above and below resonance., Examining the longitudinal and transverse
wavenumbers in the interaction region the validity of the magnetostatic
approximation is verified. Using this approximation the instability on-
set condition obtained by Robinson et. al. (23) is extended to include the
effects of multiple carrier species. By simplifying the resultant expres-
sion an instability onset condition nomograph is developed and examined
for a number of commericially available semiconductor materials. The
effects of finite geometry on the interaction, e.g. when the semiconductor
and ferrite are separated by a thin dielectric, when a surface space charge
region is present at the semiconductor surface, or when the ferrite is thin,
are also considered.

A series of experiments is described in which techniques required
for the proper evaluation of possible surface wave interactions supported
by a ferrite spin system and drifting carriers in a semiconducting medium
are developed. These techniques are used and the resultant data is com-

pared to that obtained for the ferrite slab transmission studies enabling



positive identification of the ferrite-semiconductor surface wave.



CHAPTER 2

ELECTROMAGNETIC WAVE PROPAGATION AT
THE SURFACE OF A SEMI-INFINITE
FERROMAGNETIC MATERIAL

2,0 Introduction

In this chapter the dispersion relations discribing electromagnetic
surface wave propagation at the interface between two insulators, one
magnetic, the other non-magnetic are investigated. Through the use of
these relations the characteristics of the surface modes are determined
as the permittivity of the dielectric is varied. Analysis of the limiting
frequencies of the surface wave spectrum leads to the discovery of a new

surface mode, the forward dynamic mode.



2.1 Characterization Of A Non-Conducting Magnetic Region

The analytical investigation of electromagnetic phenomena occuring
at the interface between adjacent materials requires suitable characteriza-
tion of each of the media in terms of macroscopic observables. These

(28)

quantities are then related by Maxwell's equations,

_ 3B 2-1

il

VAL

Vx_f:‘:j:"'%%-\ 2-2

V'E‘_‘O) 2-4

through the constitutive relations
D=e,E+ P 25

and — —_ -
Bl )
For the insulating materials herein considered, the convection current
density, J, and free charge density, f , are zero. If it is assumed that
the polarizability of these materials is isotropic, then the electric dis~
placement, -ﬁ, and the electric field intensity, 'I-?.', are linearly related

through a scalar permittivity,
D=ek 2-1
where

- £ :
€v-‘g;> 2-8

is the permittivity of the medium relative to that of free space.
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As Equation 2-6 indicates, the magnetic flux density, B, in a
magnetic material is dependent on the magnetic field intensity, H, as
" well as the magnetic moment density, M, Although the origins of mag-
netic behavior are quantum mechanical, a contimium model may be em-
ployed to describe M, if the wavelengths of the system response are
much larger than atomic dimensions.(?'l) Thus the behavior of the mag-.
netic medium may be related to Maxwell's equations through a pheno-
menological theory. |

There are several classes of materials which display magneﬁq
order below certain critical temperatures. The manner in which‘ their
behavior is manifested is dependent on their crystalline lattice as v&;ell
as the constituent atoms of the basis.

In ferromagnetic materials, the magnetic moments of all of the
magnetic ions are aligned paraliel to each other at low temperatures.
This ordering is shown schematically in Figure 2-1(a). As the tempera-
ture of the material is increased, the arrangement of the magnetic mo-
ments is disturbed by thermasal agitation, such spontaneous ordering no
longer existing above a critical temperature known as the Curie point, Tg.

Antiferromagnetism is characterized by the antiparallel arrangement
of magnetic dipoles. The two orientations of the spins form a pair of in-
terpenetrating sublattices such that at low temperatures no net magnetic
moment is exhibited, (20) A schematic representation of antiferromagnetic
order is depicted in Figure 2-1(b). As the temperature of the material is

increased beyond the Neel temperature, the antiferromagnetic order disappears.
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A material having two interpenetrating, obpositely directed sub-
lattices, which, unlike an antiferromagnetic system, are unequal is
termed a fefrimagnet, Figure 2-1c. As with ferromagnetjc crystals,
ferrimagnetic materials display a net magnetization.

The magnetic materials to be considered herein are a class of
ceramics called ferrites. They aré ferrimagnetic materials having
high resistivities. Certain ferrites, such as Yittriim Iron Garnet,
'(YIG). have such high resistivities (10lz ohm-cm. at z;oom’tempera-
ture(ai) ) that they may be thought of as magnetic insulators. As a -
result of this property, the eddy current loss in the materials is neg-
ligible even at microwave frequencies,(32) Furthermore, the insulating
theﬁsﬁc of these ferrites prevents "shorting out" of adjacent de-

vices or circuits, thus enabling them to be used as substrates in inte-
@9

At microwave frequencies many of the ferrite materials behave as

grated circuits applications.

though they were ferromagnetic. Their characteristics are determined

by the motion of the net magnetization interacting with electromagnetic ex-
citations. The fine structure of the ferrimagnetic ofder of these mate-

rials, which is manifested in intefactions between the interpenetrating sub-
lattices, generally occurs at frequenéies which are in the infrared or opti-
cél regions of the spectrum.(?’o) ‘Although certain other ferrites do display
(23)

ferrimagnetic behavior in the microwave region , they are not being
considered in this work. Hence, in the following discussion no distinction

is made between ferri and ferromagnetism,
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The microscopic moments producing the net magnetization in ferrite
materials are associated with transition and rare earth metal ions which

30)

are distributed interstitually within the crystal.( These ions charac-
teristically have incomplete inner shells. Thus, although their valance bands
are complete, a net magnetic moment persists due to the motion of electrons -
in the inner shell.

In an atom or ion in free space, the motion of electrons results in two

contributions to the total magnetic moment. The motion of the electrons

about the nucleus gives rise to an orbital magnetic moment given by

Mge= = _eiLe 2-9

T T

where e and m, are the respective charge and mass of the electron, 13
is Plank's constant ¢‘vided by 2Tt , and ‘F\T_e is the orbital momentum of the
(30)

electron. In addition a magnetic moment is also associated with the spin
of the electron about is own axis
meg=~-—55 2-10
where ‘h§e is the spin angular momentum. The total angular momentum,
t‘ j:m, is given by the vectorial addition of t‘-[-e and 'F\ §e (84) and is related
to the magnetic moment through the relation

- 3et J 2-11

where g is the spectroscopic splitting factor. (35)

In a crystal, the orbital momentum of the magnetic ion is affected
by the presence of neighboring ions. The interaction with the crystal

field is such that, for transition ions, the average orbital momentum is

30)

approximately zero. The magnetic behavior of these materials is due



primarily to the spinning motion of the electrons.(35) The net ionic moment

can therefore be expressed as

m :-XtT &Yk §e, 2-12

¥ = ﬁ’ 2-13

is the magnetomechanical or gyromagnetic ratio. The typical values of g and

where

¥ for various ferrite materials are listed in Table 2—1.(30)

In a magnetic material, the spins of neighboring ions are coupled
together by a quantum mechanical exchange interaction, This interaction gives
rise to a force which acts to align the magnetic moments in either a parallel
(ferromagnetic) or an antiparallel (antiferromagnetic) arrangement, Although
exchange is a short range interaction, decreasing exponentially with distance
it is the mechanism that determines how disturbances of magnetic order propa-
gate in the medium; i.e, through the coupling of successive spins.,

Before propagation in a ferromagnetic medium is considered, however,
the relationship between magnetic moments and external fields must be con-
gidered. If a microscopic magnetic moment is placed in a magnetic field, it is
subjected to a torque given by

T=imx (/laﬂo). ' 2-14
where the magnitude of the flux density of the field is A4 oHo-(37) The torque
causes a time rate of change of angular momentum,

—_ Ll -15
o f 95 = (), 2

mo=- ¥k Se, 2-12

the equation of motion of the magnetic dipole momentum is therefore

din ~ _y [ «(uH) _
1 Y[ x L u ]. 2-16

(36),

14



TABLE 2-1

TYPICAL VALUES OF g AND ¥ FOR
VARIOUS FERRITE MATERIALS(3?)

rad, /sec

g X weber?m2
Yittrium Iron Garnet ( YIG) 2,00 1,75 x 101
( Ys Fes052) .
Magnésium Ferrite 2,06 1,81 x 1012
(Mg Fe; O4)
Mangenese Ferrite ' 2.2 1,93 x 101!
(Mn Fe; O4) ' '
Nickel Ferrite - 2,4 2,11 x 101
( Ni Fe, 04) :




‘Thus, if the magnetic moment is not colinear with the external ﬁeld,
it will precess about the field lines. The frequency of precession is
given by the Larmor frequency .
wao= ol Hy . 2-17
Considering now the effect of an array of N such dipdles in a

volume dv, centered at a point r, a magnetic moment density or

magnetization may be defined as(ag) N
_ S wm(7-%) 2-18
() = i S0
dvso dv

where mj is the magnetic moment of the ith atom located at rj in the
crystal lattice, Rewritting Equation 2-16 in terms of this macroscopic

quantity yields

Elc-\-!\—;;\——- = - X[M X (/“j:eﬂ, 2-19

where , in taking the summation , Hy, the static externally applied
field is replaced by I_ie, the effective magnetic field intensity ex-
perienced by the magnetic moment density within the crystal. The
effective field is expressed as '

He = Ho+ Ha+ Ha+ Hex 2-20
where, in addition to the applied static magnetic field, I_ia is the
anisotropy field, Hq is the demagnetizing field and -ﬁex is the effective
field resulting from exchange interactions. between the ionic v.spins.(z.”

_ All crystalline magnetic materials display anisotropy due to the
interaction of the magnetic ions with the crysta]line electric fields set
uﬁ by the neighboring ions. These fields have sym1;1etries determined

by the location of the ions in the lattice., The electric fields do not

16
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couple directly to the spin angular momenta; but rather they couple
(30)

directly to the orbital momenta of the ions. Hence, if spin-orbit
coupling is appreciable, an indirect coupling between the spin angular
momentum and the crystalline electric fields may resuit,

Some magnetic ions, such as F& * ions, which have no orbital
angular momentum, should not display anisotropy. Materials such as
magnesium ferrite and yttrium iron garnet (YIG), in which, ideally,
the only magnetic ions are Fe3+ therefore display relatively small
anisotropy effects. (30)

As a consequence of the anisotropy, the magnetization, in the
absence of an external field, boundary effects and other discontinuities,
aligns itself in preferred directions with respect to the crystal axes.

Thus, the resultant magnetic behavior of the crystal varies with the direction
of the applied magnetic fields relative to the orientation of the crystal.

Since the effect of an applied magnetic field is the exertion of a torque

on the precessing spin system, and since the anisotropy also causes a
torque on the spin system.if it points in other then easy directions, the
effect of the anisotropy may be reduced to an equivalent field, ﬁa,

(39)

aligned with the easy axis. "If the orienting effect of the anistropy

is weak compared to that of the applied fields, the concept of an aniso-
tropy field can be used for arbitrary directions of M relative to the

crystal axes''. (30)
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The component of the effective field termed the demagnetiz-
ing field, ﬁd, arises whenever the magnetization is inhomogeneous.

Its origin can be explained simply by noting that

which, since

B= w(H +M) 2-6
can be expressed as . .
V-ﬁ=‘\7'f‘_’\=fm, 2-21
where )Om is a magnetic charge density. Thus, changes in mag-
netization caused by inhomogeneities, whether in the crystal or at
the boundaries, are, in effect, the scalar sources of the magnetic
field termed the demagnetizing field. It is evident from the above
discussion that this field is highly dependent on the shape of the
sample., An expression for the deinagnetizing field of a rectangular
slab of insulating ferromagnetic material is derived in Appendix I.

The fourth term in Equation 2-20 is due to the short-range '
quantum mechanical spin-spin interaction between the magnetic ions,
As stated previously, this interaction maintains thé a]ignment of
spins and is the ordering mechanism of fer_xjomagnetic mfaterials;' Al-
though microscopic in origin, the effects of exchange may be incor-
porated into the ﬁlacroscopic model through an effective exchange field,

Hoo= AV'M, 2-22

where N, the exchange parameter, is given by
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N = kﬁ-—-‘;—-‘-"i ) 2~23
M M,

where kg is the Boltzman constant, ./, is the Bohr magneton, a,is
the lattice constant and M, is the saturation magx:efizaﬁon.(21)

In thermal equilibrium, the direction of the magnetization vector,
M, coincides with the direction of the internal effective field;, Hy. If
M is displaced from the. direction of ITIe, the energy of the sample is
increased, Consider, as an example, the situaiion in the bulk of a ferrite
of infinite extent, with H, aligned with the easy axis. ¥ M and H, are
not colinear, but are displaced from each other by some angle © ,
Fquation 2-19 indicates that the magnetic moment precesses about the
direction of the magnetic field with a frequency given by,

we = ¥ He | 2-24

as shown schematically in Figure 2-2, This precession is uniform
throughout the sample, If now an r.f. field, H(t), of frequency e,
polarized such that its magnetic field lies in a plane perpendicular to the
direction of Hy, is applied, the magnetization will experience an additional
torque, |

o= [Mx wH @) 2-25
- This torque is perpendicular to M and will always be in such a direc-
tion as to increase the precession angle, © ; between M and Hy, in-

(

creasing the energy of the system, +0) This increased energy is absor-
bed from the r.f. field, However, the precession angle cannot increase

ad infinitum and energy is transferred from the precessional mode to
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Figure 2-2 - Precession of Magnetization About
The Effective Magnetic Field



Bther modes of the system, Similarly, when the r.f. field is turned
off, the precession angle decreases as the sample returns to equi-
librium, The relaxation results from the coupling of the spins to other
spin modes, as well as the interaction between the spins and the lattice
vibrations, Materials, such as YIG,, in which the coupling between the
spins and the crystalline electric fields is weak, are therefore rela-
tively low loss materials.(‘u)
A quantitative assessment of the losses associated with a parti-
cular sample of magnetic material may be obtained through ferromag-
fietic resonance experiments in which the sample unBer test is exposed
to an r.f., field, The power absorbed by the sample as a function of
the applied d-¢ magnetic field is measured and may be plotted. The

width of this resonance curve at one-half the maximum absorbed power

is termed the linewidth, AH . The linewidth of a magnetic material is

a function of tést frequency, temperature, impurity content, surface pre-

paration and orientation of the sample, The room temperature linewidth
of specially prepared samples of YIG, with impurity content less than
0.1 ppm, » has been measured to be less than 0.4 oersteds at 9.3 GHy
along the [111] axis,(*2)

The equation of mbtion, which including the time varying field,

ﬁ_-——-—?/[f\—;\x/uoﬂr] 2-26

where Hf = He + H( ‘f’) ) describes aloésless

has the form

system, As such it does not include the effects of the various relaxa-

tion processes, The presence of these interactions may, however, be

21



taken into account through the addition of a phenomenological damp-
ing term,
M = .../u.X( Mx H,) + dampingterm 2-27

(43

The three most common terms used to describe relaxation effects are

the Landau-Lifshitz form,

-Ae (M x M xA,) 2-27a
IMI* )
the Gilbert form, .
M xM
i ( ) ) 2-27b
IM|
and the Bloch-Bloembergen form,
Mg oMy (M. IRDS 2-870
Te T f

- o
where Hg is assumed to be Z directed, and ’T: and 1, are the re-

laxation times in the longitudinal and transverse direction respectively.
By taking the scalar product of both sides of the equation of motion,

(including the relaxation terms) with M it is found that

M-M =0 2-28
for the Landau-Lifshitz and Gilbert formulations. (44) This indicates that
the magnitude of M is conserved since M is always perpendicular to M.
The effect of either of these damping terms is to cause M to spiral in
. (45)
toward He as shown in Figure 2-3.

Taking the cross product of M with the Gilbert equation of motion,
Equations 2-27 and 2-27b, results in

Mixi = -—/u.)/ Mx(Fx I:If) +_‘°_<I:1_i Mx(MxM), 5 59

22
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Figure 2-3 Damped Precession of M
in the Absence of an r.f. Field

?Ersl?tization
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By use of a vector identity and Fquation 2-28, Equation 2-29 may be

rewritten,

fo71=—/4u?fﬁx(ﬁ*H,)-°<|M|ﬁ 2-30
( Note the equivalent Equation, (8.6), in Skrotskii and Kurbatov's
proof(45) is incorrect ).

Multiplying both sides of Equation 2-30 by and substi-

P S
I M|
tuting the result into the Gilbert equation of motion yields, upon re-

arranging terms

— X/ = = N\ o - -

M==Y" (M« p, H) - pe[Fx(PnR ] 2-31

where Y = _Y — | 2-32
e

x): = /{.(a X*‘ M\o() 2-33
and o< is a parameter related to the linewidth of the material by
o YAH 2-34
T 2w
Thus the Landau-Lifshitz and Gilbert forms of the equation of motion
are equivalent for /u;XAH«w, a valid approximation in most ferro-
magnetic resonance experiments.
The Bloch-Bloembergen form of the damping term describes a
relaxation process with different rates of relaxation in the trans-

verse and longitudinal directions, However, in the small signal limit,

24

where excursions of M from its equilibrium position are small, varia-

“tions in the longitudinal direction are negligible and only the relaxation

process in the ,transvei-se direction need be considered. In tiﬁs limit,

all three forms of the damping term yield similarly shaped resonance



25

-absorption curves for narrow line widths, The choice of kwhiéh' damp-
ing term to use, for this case‘, is'then,onl'y a mattér of personal pre~
fererice.

Near the surface of the magnetic material, departures from the
conditions existing in the bulk occur due to the abrupt terminatibn of
.tlvxe crjsta]line structure, As the model of a thin ferromagnetic ﬁlrh,
Figure 2-446), illustrates, the saturation magnetization varies across
.-the sample thickness, the greatest variation . occuring in the surface
region of thickuess 5. (*7) The resultant anisotropy is wniaxial in
character, with the easy axis of magnetization parallel to the film nor-

mal.(ﬂ) When this magnetic anisotropy is strong, the spins at the sur~

face may be immobi]izéd or "pinned", (44) This imposes a-boundary con- .

diéion on the r.f, magnetic moment density which must be satisfied in
addition to the conditions imposed on the electromagnetic fields by
Maxwell's equations,



Figure 2-1 - Variation of the Saturation Magnetization Across the

Thickness of a Ferromagnetic Thin Film

(46)

x'*
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2,2 Semi-infinite Model

~ In the preceding section the characteristics of the magnetic
medium were discussed, In order to apply this information to the prob-
lem at hand, a suitable model is now developed'. To accomplish this end,
some simplifying assumptions consistent with the physics of the problem
are employed,

The surface electromagnetic modes of a planar slab of insulating
ferromagnetic material are to be investigated, The slab shown in Figure
2-5, is a single crystal ferrite, its easy axis being perpendicular to the
%-§ plane in the orientation shown. The ferrite, bounded on all sides
by a uniform dielectric medium of permittivity €, , is exposed to a
directed static magnetic field, Ho.

An exact description of the electromagnetic mode spectrum of the
above described slab, requires that a self-consistent solution of Maxwell's
equation be found for both media satisfying the bcundary conditions at each
surface of the slab, The additional complication arising from the nonuni-
formity of the magnetization within the ferrite makes such a problem ex-
ceedingly cc;mplex. Considerable simplification, however, can be achieved
by assuming the width, ¢, and length, b, of the sample to be much larger
than its thickness, a., and, more importantly, the excitation wavelength,
A , So that the effect of the presence of these transverse boundaries on
the r.f. response is negligible,

Therefore, a centrally located region, far removed from the

boundaries in the Z and ? directions is cmsidered, The demagnetizing‘ _
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field in the ferrite is uniform in the y and 2 directions since discontin-
uities in magnetization occuring at the ‘surfaces are far from the region

of interest (Appendix I). Not only does this approximation reduce the num-
ber of boundary conditions that need be imposed, it additionally leads to a
reduction in the complexity of the mode structure in the small signal limit,
The mode structure simplification, as is shown in the following sections,
arises directly from the assumption that 2 directed variations may be
neglected,

The principle focus of this chapter 1s directed toward the study of
electromagnetic phenomena occuring at or near the interface of the insula-
ing ferromagnetic medium with the dielectric.' It is convenient to begin the
analysis by considering a semi-infinite model in which the boundary in the
negative X direction is also assumed to be infinitely far f rom the region
under consideration, Whereas such an approximation may not be valid if
the ﬁ:agneﬁc material is a thin film, it is a reasonalbe assumption if the
material is uniform over a distance which is large in comparison to the
wavelength of the response, (Finite geometries are presented in Chapter 3,)

A ferrite, as illustrated in the previous section, is characterized
by an almost uniform magnetization except near the surface, In the vici-
nity of the surface the magnetization decreases from its value in the bulk
as shown in Figure 2-4, To illustrate the effect decreased surface mag-
netization has on the spins, a thin sample magnetized perpendicular to the
plane of the interface is considered, When the sample is excited by a wni-
form externally applied field, the torque experienced by the surface spins
is smaller than the torque experienced by the bulk spins, effectively

29



restricting their motion, Thus, the spins in the vicinity of the surface are
said to be "pinned" since deviations from their equilibrium positions are
smaJl.(%) Spins are "pinned" when

MH)E0 2-35

In addition to pinning caused by the non-uniformity of the mag-

(4?, 50) other pinning mechanismgs have also been investigated, For

netization
example, spins may be pinned by the variations in the demagﬁetizing field
in the vicinity of a rough surface.(m) Anisotropies at the surface due to

(52) or the

the lower degree of symmetry experienced by the surface spins
formation of anti-ferromagnetic oxides(sa) may also lead to surface pinn-
ing, Rado and Weertma.n(s‘*) determined pinning conditions by considering
a uniform ferromagnetic medium with an anisotropy at the surface, They
found that when the surface anisotropy is reduced to zero the exchange in-

teraction causes the spins to become "unpinned",(qg) that is the normal

derivative of the r.f, magnetization is zero,
-36
V. -M(H) =0, 2-3

at the surface,
In general thé pinniné condition at the surface of a ferromagnetic
material is a comhination of the "pinned and "umnpimned" conditions(ﬂ) de-

pending, in part, on the thickness of the surface region(%)

» material pro-
perties, surface preparation and orientation with respect to the applied

field, However, experimental results(ss) for single crystal YIG samples in-

dicate that while spins are pinned at the small edges of the films, the mag-

netization is unpinned at the large faces, Comparison of experimental data .

30



witﬁ theoretical calculations(%) for permalloy films magnetized in the
plane of the surface, as in the model herein consided, also indicates that
the surface spins are unpinned,

Thus good agreement between theory and experiment is obtained by
assuming the ferrite model to be uniform with no explicit pinning mech-

anism at the surface, The semi-infinite model is shown in Figure 2-6,

31
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2,3 Dispersion Relations For Wave Propagation At The Surface Of A
Semi-infinite Magnetic Medium

In this section the dispersion characteristics of surface waves pro-
pagating along the interface between a semi-infinite dielectric and an in-
sulating ferromagnetic medium is determined, This relationship is obtained
by finding a solution which satisfies Maxwell’s equations in both media as
well as at the boundary,

An r.f, field configuration is sought which satisfies the above re-
quirements while displaying surface wave characteristics; thgt is, the am~
p]itude of the mode reaches its maximum value at the surface.(s) Since
the boundary condition at X = * oo requires the fields to asymptotically

approach zero, a solution of the form
exp[-ﬁjxl]) 2-31

where the real part of B is positive, is appropriate, It is further assumed
that the excitation is of radian frequency w, propagates in the positive 9
direction, and that variations in the 2 direction are negligible, The solu-

tion may be described by an expression of the form

ex F[-ﬂ;)x( * j(w"' - Ky)] 2-38
In the dielectric ma.ter'ial; Maxwell's equations may be expressed as
= dHa 2-39
V X EJ = "'/O(o BT )
— i _
and vad-_-_- eoed-—a-—_r—-—) 2-40



34

where the subscript d signifies that quantities are associated with the
dielectric, For the case under consideration, where variations in the 2
direction are neglected, the electric and magnetic field quantities are sep-
arable into two uncoupled sets, one which is Transverse Electric ( TE)
with respect to the ? direction and one which is Trans,vefse Magnetic

( TM ) with respect to }’) . Assuming the r.f, electric field in the die-

lectric to be of the form

Ed = ex[:[ /eax +J (w"' k“}’)] 2—41.
the TEy components are found, using Fquation 2-39, to be given by
Er= Azexpl=Bux +j(wt -kay)l, 212
HAx= kAL exp[*6j7+J(wT—l<d )’ﬂr 2-43
W Mo
and H Y‘JBJA exf[ ﬁdx +J(w+ kdy)] 2-44

where the real part of £a> O gince the dielectric occupies the upper
half-space, x> 0 , The TMy set is similarly found to consist of

EAx: Axexr[‘ﬁdx +J'(w+— I‘A)’)]) 2-45
| E47, =A7exr[‘ﬂax +J(o.>1'— kay)]) | 2-46
and Hdz == [kano:j]lﬁdij exp [‘BJX +J (ca'i'-Ly)] 2-417

Both the TEy and TMy sets thus .obtained must, in additioh, be consistant
with Equation 2-40, Substitution of either set of field components into this
Maxwell equation leads to a dispersion relation descrihing wave propagation

in the dielectric material expressed as

2 ‘ g
ﬁ C WP 2-48
94 ==

Cq



where cq is the velocity of light in the dielectric ( intrinsic velocity )

given by
= 1

Cd = —
\J/eroed

Maxwell's equations for the insulating ferromagnetic medium are

2-49

expressed as

V"-E-M=~AB~m=—/,(oé(ﬂ+l‘—4) 2-50
o TN
and V x Hm=enem}a§m , 2-51
ot

where the relationship between the magnetic field intensity and the mag-
netic moment density is described by the equation of motion of magneti-
zation, Using the Liandau-~Lifschitz form for the relaxation term, the equa-

tion of motion is .

F’\=—/uo?f(l\71* Hm)—_lz\:r(ﬁxl"ﬂxgm), 2-27, 2-27a
. Mz ‘

For the small r.f, excitation amplitude case, the magnetic field in-

tensity and magnetization may be expressed approximately as

Ho=Himz + H,m exP[Bmx +J (et~ k"‘)’)]) 2-52

and 2-53

M=M,z + Miexf,[ﬂmx +J(w+“ kmy)])

' where H; is the effective static field in the ferrite, and terms higher than
first order are assumed to be very small and are neglected, The sub-
script m appearing in these expressions signifies that the quantity is asso-
ciated with the magnetic medium, Thus, since the magnetic medium occu-

pies the lower half-space, X < 0 » the real part of By, must be positive,
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Substituting Equations 2-52 and 2-53 into Equation 2-27, 2-27a
and retaining only first order terms results in

M—ZX{,«J[HM M (R + A V2]

< [ Hi M, - M, (Hy, + AV*FI) I ?} 2-54
M.

This expression for f’[, may be written as
J [ —J ()\.ﬁ )]( th + M;,y) Rez X M1+ A (Hlmx + H""]y)
~wm2 xHy, | 2-55

jwMu’—"O) 2-56

where, neglecting variations in the Z direction,

No= w0 + wex aF Dy, '2-57

2 2 -
l,DK = km - ﬂ m . 2-58
,AO_XA_ Exchange frequency 2-59

o
wW; = Mo ¥ Hi = Precession frequency 2-60
and

Wm = Mo 1 M,= Magnetization frequency 2-61

Typical values for wex » 2 and wm are shown in Tahle 2-2,
Solving for the first order magnetic moment density in terms of

the field intensity components 2
M = j?ewm [1 + i):,ﬂn. -e’:"‘) ]Hlmx +j—w—'H1n )
ix A : T J B |
[Sze._(“’ 'j "fw_.:) .]
Ml = SZL Wm { JY Imx + [ 1 J meh -AJ_) ] Hivv\,} ) 2-63

I [od-o )]
Mil = O) 2-64

Ix H,.. e

oo

-62

or
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TABLE 2-2

. TYPICAL, VALUES OF Way s &,and wm
FOR VARIOUS FERRITE MATERIALS

l Wex ay ’ Wm
! . |
% rad, /sec. A, ‘ rad, [sec,
! i
i s
Yittrium Iron Garnet , 1,44 x 10% 12,37 . 3,lx10®
(Y; Fes0p2) | ;
|
1
E
i
Magnesium Ferrite | 1,69 x 101 8,36 |, 2.6x10%
(Mg Fe; O4) ; |
|
T
|
Manganese Ferrite 1,66 x 104 8.51 . 9,3x100
(Mn Fe; O4)
Nickel Ferrite 2,70 x 104 8,60 6.8 x 101

( Ni Fez 04)
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where the tensor quantity ||X" is the intrinsic susceptability of the
medium, The r.f, magnetic field density, By, » may be related to the r.f,
magnetic field intensgity through the constitutive relation

Ez/uo<ﬁ*'ﬂ) 2-6

yielding a tensor permeability Bim =/'aa‘ Ii +)(‘”-H‘1;n= /%" /u“ Hl,,, )

where e e O
“/LL “ = "J/U'z e g ? 2-66
0 0 o
M, = 1+ JU eom : - [ i eJ ?‘j‘f’g’z_‘g* ('éa-,..) J',
[ = (- 2] 2-67
and A = Wm W

- 7 " 2-68
[ -Co -j ) ] ‘ |

Assuming the r.f, electric field in the ferromagnetic medium to be

given by

ELM = C exp [/6»« X *"J (w','— kmy)] ) 2-69

the relationships between the electric and magnetic field quantities become,
V= H, =J we.emby,, 2-70

Vx By = -J'w/uo",u“ H,... 2-71

and

The X and ? components of Equation 2-70 may be used to find the
expressions relating the X and ;) components of the electric field to the 2
component of the magnetic field intensity,

Elmx = —_k.l__l_i."‘_g_.) 2-72

w e.oem
and

Eimy = J -B_"‘ﬂhu. 2-73

wWeg,.



Using the X and ? components of Equation 2-71, the X and ;l
A
directed field intensity components may be expressed in terms of the Z

component of the electric field as

Himx = l‘m My = ,3,.4 Aig Eim; , 2-74
L wuo(u? - k) |
and " .
Him}':\) km A~ IBM/{" Elmz. . 2-15
. L w/u“(/u: "/”n.) s ‘

For this special case, i,e, %-2-20", the first order fields are sep-
arable into two uncoupled sets, one which is TM with respect to the y
direction ( TMy ) and one which is TE with respect to 5‘/ ( TEy). '

The TMy set includes the Z component of the magnetic field in-
tensity and the % and;' directed electric field components, Substitution of
the expressions for Eymx and Eymy into Equation 2-71, yields the follow-
ing dispersion relation |

2 2 2
ko = B = &7, 2-76
Con
where cyy is the velocity of light in a dieleciric having the same per-
mittivity as the magnetic material and is given by
Cw\ = _.j_____ . . 2-77

J Mo €6 €

Thus, the TM solution is to first order, unaffected by the spin system,

a direct consequence of the colinearity of the saturation magnetization

- and the first order magnetic field intensity, The magnetic medium appears

as if it were a dielectric, with relative permittivity €,,, to the small
gignal TM field which is' propagating perpendicular to the direction in

which the medium is magnetized,
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The TEy set, on the other hand, is quite strongly influenced by

the spin system, This set congists of the 2 component of the electric
field and the X and ¥ directed magnetic field intensity components, Sub-
stituting the latter into Equation 2-70 results in the following relation de-
scribing propagation in the magnetic medium

2 2 2 2}

m ﬁm = 602 (/Un - /Jn.) = DK 2-18

cz A

This is the dispersion relation for 90° spin waves in an infinite ferromag-
(21)

netic medium, with l‘fl—D: corresponding to the wavenumber,

An expression for D,as a function of frequency is obtained by re-
writing Equation 2-78 using the permeability tensor component definitions,
Equations 2-67 and 2-68, as

D = w [(w.*-m,..-r wua, ,) (l" w] *J wm (w. + Wiy +Wexdy :D ) 2-79

[(w.wua D )(w +Wm+ Wexa, D.)(l*il) w] «-J‘:Z“’A w,,w..»w.,a, Q)]
a third degree equation in I}, At each value of frequency, therefore, not

one but three solutions are possible. Thus, the general solution for a

surface wave propagating with phase velocity

We=_w 2-80
| Re[k.]
congists of a linear combination of three terms with differing transverse

wave vector values,(szss)

: Z Gar expl-Buix +J(w1' km),)] 2-81

lm
Two of the three terms are directly attributable to the exchange inter-
action, for if the exchange parameters in Equation 2-79 are neglected,i.e.
weea® DE0, 2-82

only one solution exists, The third term is approximately equal to the value
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of Dy for the zero exchange case, varying from it only when Dy becomes
large enough for the exchatige term to become .appreciable in comparison
towj, Wy, and w. For YIG at room temperature, w p, is approximately
3.1x 10" rad/sec., and woy a} is approximately 2.2 x 107 m? rad/sec. ;
w; is chosen to correspond to the mode and frequency range of interest.
An assumption commonly employed in the literature on the micro-
wave properties of ferromagnetic materials, (References 7, 59-64)
whether explicitly stated or implied, is that the phase velocity is suffi-
ciently small that electromagnetic propagation is negligible. With the neg-

(65)

lect of propagation Maxwell's equations reduce to those of Magnetostatics

V:B=0, 2-83
and

¥ x q =0, 2-84
When exchange energy is neglected under these circumstances, the modes

are called magnetostatic (66) (48)

(or pure magnetostatic'™ ') modes. The
zero exchange term of Equations 2-79 and 2-81 is not a magnetostatic
mode but rather an electromagnetic mode since effects of propagation have |
been included. Whereas the electromagnetic zero exchange mode closely
resembles the magnetostatic mode in the short wavelength region, it is
shown in Section 2-4 and Chapter 3 that significant resuits may be obtained
in the long wavelength region by the inclusion of electromagnetic wave
propagation.

Having determined expressions relating the field components, sub-

ject to the constraints imposed by Maxwell's equations and the characteris-

tics of each of the adjacent media, attention is now focussed upon the
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interface, for if the composite structure solution is to be self-consistant,
Maxwell's equations must be satisfied there as well, Since both media are
insulating, neither can give rise to a surface charge nor surface current

at x=0, Thus the boundary conditions are given by

A - —
£ x(E,-E))=0, 2-85
and ‘
A i1 1) =
X X ( Hlm - HJ) - O' 2-86
Applying Equation 2-85 to the r.f. electric field expressions at
x=0 yields

Ems =IZ:G,,exP [J (o5t - kmy)] =A; exp [J (w'f‘kc!)’)]: Eyy , x=0 2-87

resulting in

i

3
Ey EG" = As 2-88

and

1]

k= kn = k. 2-89

Imposing the second electromagnetic boundary condition on the r.f. mag-

netic field intensity components leads to

Hgmf%[—@'—“(—'é‘él%](";" exr[j(wf—kyn:‘j%%ex‘:[j(w'f'-ky)]= Hy,, 2-00
. . w/uo Yo /u"') = O
yielding a G =
- < ‘{ 2l ml Y2 2
Ai= T‘;[ ﬂ(’ﬁfﬁ.)' ] o s

In the absence of exchange effects (only one value of | ) the dis-
persion relations for the dielectric and ferrite media, Equations 2-48 and
2-18 respectively, together with Equation 2-91, the electromagnetic bound-
ary condition, are sufficient to determine the electromagnetic surface wave

mode spectrum. However, when exchange effects are considered, two
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additional waves exist in the ferromagnetic medium, so that determination
of the surface wave spectrum requires additional conditions to be impos-
ed at the interface.(67) The additional conditions are obtﬁed by applying
the appropriate pinning conditions ( on .ﬁ(t)and its normal derivative ) at
the ferrite surface, | |

The effect of exchange on the surface modes of 'YIG films has been
studied by Wolfram and DeWames (63) employing the equations of mag-
"netostaﬁcs. They report only slight differences between results calculated
for a pinning condition involving linear comhinations of W‘vﬂlt);_H(f), and
M(ﬂ and results obtained by considering the spins to be "unpinned"”,

‘Sparks (48) » in discussing the effects of surface pinning on the
modes of a thin ferromagnetic film, indicates that of the three modes of
the general solution, one is off frequency and has a small amplitude, He
additionally 'shows how the remaining two modes, one a magnetostatic sur-
face wave which decreases exponentia]iy towards the. interior, the other
an exchange mode which oscillates rapidly away from the surface, combine
to satisfy the pinning conditiohs at the suffape. However, since the rapidly
oscillating exchange{ mode integrates to zero,(%) the inténsity and _frequency
of the surface wave is essentially independent of surface pinning.(4e)

The insensitivity of the surface wave to the pinning conditions in-
dicated by the theoretical results cited above, is further confirmed by ex-
perimenta.l observations, Microwave propagation experiments (6,59) have
shown that good agreement is obtained when experimental results are com-

pared to magnetostatic surface wave calculations with pinning neglected,

Thus, @aking the variation of the microwave magnetization in' the semi-



infinite ferrite to be - :
M(t) — eXP(+Bmx)) x< 0 2-92
is not only physically interpretable as a surface wave, but also satisfies
the electromagnetic boundary conditons and agrees well with the pre-
viously referenced experimental observations,
Neglecting pinning coupled gmhange effects reduces the equations
describing surface wave propagation at the interface to

/@d = k 2 . /6»'1 Ay ) 2_9‘3

(it~ M%)
’ 2 2wt 2-94
- = W
and k ﬁd —E-d{) R
K~ B = vt (- i) 2-95
C's' AN ,

where in contrast to the work of Courtois et al.(lz), the permeability
tensor components have the correct sign("q), and Equation 2-95 is
modified by exchange, ( Courtois et al, varied the permittivity of the die-
lectric but restricted the €, 4y product to unity, The case where u,=1
and €, may take on various values is a more realistic situation.) Similar
results, excluding exchange, have also been obtained by Bresler‘,(11 ) who
considered surface waves guided along a ferrite-air interface,

The single mode approximation is valid as long as the surface wave
is not 50 closely confined to the surface that the transversge exchange term
becomeé iinporta.nt as in thin films or at extreams of the spectrum, At
this limit the transverse exchange term, wey a? B2, ( from we, a? D,in
Equation 2-79 ), becomes appreciable in comparison to w(n.)) Thus, the re-

gion of validity of surface waves described by Equations 2-93, 2-94 and

44
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2-95 is
> 2 g%
W > Wexd B 2-96

For YIG this corresponds to approximate upper limits of the magnitude of
/Bm of 3 x 10%/m. at S - band and 5.5 x 10%/m. at X-band.

The equations describing the single-mode exchange-modified surface
wave dispersion characteristics are solved by first finding the value of Di
with the smallest magnitude. (The other two solutions of Equation 2-95
correspond to exchange modes and are neglected.) Since the transverse
wavenumber in the ferrite may be expressed (from equation 2-95) in
terms of Dy and k as

SOm= T k* - Dy ) 2-97

,8,,-. may be eliminated from Equation 2-93 resulting in

ﬂ]!‘. = ,’(/1(12 fﬂ:‘u?_k—;— D\\ ) 2-98
My =~ 12

where the permeability tensor components are evaluated using the value

of Dy, specified.
Two equations relating ﬂJ and k remain to be solved. Squaring

both sides of Equation 2-98,

Bis = (u2 e ue2) ke 5 2k popakd K=Dy D y 2-99

2\

(/“uz = M
and substituting this result in Equation 2-94 yields

.1—-(;,(3'-1-/0':%)"1 kl*' ér}‘u',unk kL-Dk +.,Al!——-k—»zD 1_2:— = 0) 2-100
| (- i) (2 - pis)* (uk-un)” i

and ,
- (u;,'wu,‘,)_z K - 2upisky W'LDK r /“szL - Q;:.O. 9-101
L ,f’/l,?;) J (/l-f' "/U:z;.) (/“n "'}4!&) C4

The solution of Equation 2-100 and 2-101 proceeds by multiplying the
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former by the .latter, resulting in‘ the elimimination of the radical term,.
( Had the radical term been eliminated previously By taking the product of
Ba+ and Bg- errors may have resulted since this product does not equal
Bg® . ) The dispersion relation descrihing surface wave propagation along
the interface between a semi-infinite dielectric and insulating ferromagne-

tic material is therefore
]
[(M." - ud)- 2(ut sut) + 11k
e2f i DICar o)1) = B Gttt -G s T

CGagdopdd [N

~-10

+{_&1'2x_ - c_gf(,u.f-ﬂh)}=0 ) 2-102
(/‘(;‘; - My) G

a hiquadratic equation in k, Two of the roots of the equation correspond

to waves propagating in the forward or + )’) direction while the remain-
ing roots propagate in the reverse direction, In order to determine which
of these roots correspond to surface wave solutions the transverse wave-
numbers must be examined, Not only must the transverse wavenumbers
have positive real parts, the wavenumber set k, By, and B3 must, in
addition, self-consistantly satisfy the dispersion relations,

The following algorithm selects only those sets of longitudinal and
. transverse wavenumbers which correspond to self-consistent solutions of
the dispersion relation, Eeguations 2-93, 2-94 and 2-95,

1, For each root, k; , of Equation 2-102, Equation 2-97 is

solved for '

Botre =tV k-De 2-103
2. Substituting each of the two values of Py, into Equation 2-93,

two corresponding values of Bg| are found

/)76“.1,2 = B_LM}._ Bmll,zﬂu . ‘ 2~-104
/""l - /ul:
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3, Alternately, two values of Bg| are obtained by evaluating the

/’)Ata,+ = :ﬁt ~ + 2-105

expression

&

4, /8&11 and Bdu_‘ are compared with AB4is  and Bae « If
either |/64¢t - B I : lﬁau - ﬁml ’ |6le - /8413|
or Iﬂg(z - Bas I is less than some test value, chosen in
conformity with the precision and accuracy of the calculation,
that value of Bq| and its corresponding value of Pyl are the
transverse wavenumbers associated with the longitudinal wave-
number, k. If none of the terms is smaller than the test
value, the solution is not self-consistant and k| is not a valid
golution of the dispersion relations,

Having determined which sets of k| , Bmit and B, satisfy the dispersion
relations, there remains only the task of determining which, if any, of
these solutions are surface waves, This is simply accomplished by noting
that the values of k| corresponding to surface waves are associated with
trangverse wavenumbers having positive real parts,

The algorithm described above is diagramatically displayed in flow
chart form in Figure 2-7 and has been used to compute the semi-infinite
ferrite~dielectric surface mode spectra shown in Figure 2-8, These dis-
persion characteristics are computed for magnetic material parameters
appropriate to YIG, i,e, €, = 14, M

0
12,37 A, g = 2,0, with the internal field chosen to be 196,7 O ( to ob-

= 1750 Og., T¢ = 550°K, a =

tain %‘350 at 3GH,, ) Loses in the ferrite are neglected in order to
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facilitate comparisons with results based on approximate analyses to fol-

low in Section 2.4. The curves correspond to relative dielectric permitt-

ivity values e,=1 , ed=-%"-» €4=€, and €y= 32'” . The graph

is normalized to ferrite material parameters, the vertical dxis being the

normalized frequency = (—‘j-’-“ » the horizontal axis being the normalized
wavenumber S°= l—‘u-g—i— .

Examining the spectra to the right of the $=0 axis, correspond-
ing to waves with positive 9 directed phase velocities, it is observed
that while all four curves appear to have the same lower cutoff frequency,
the wavenumber at cutoff is different for each curve, As the intrinsic
velocity of the dielectric medium is decreased, the magnitude of the phase
velocity is decreased, its maximum always being less than cg. As the
frequency is increased the wavenumber of the forward traveling mode in-
creases, all of the S > 0 curves approaching a resonance, %—%‘:—g 0 s
at the same frequency, approximately 3GHz. for the parameters chosen,

( A discussion of the limiting frequencies of the surface wave spectrum
appears in Section 2-4, ),

One might expect , in analogy with bulk modes, that as k becomes
large the exchange energy should become appreciable, manifesting itself as
an upward curving of the dispersion characteristic in the large k limit, (1)
It is interesting to note that the exchange modified model under considera-
tion does not exhihit this behavior. The model , in which pinning conditions
at the surface have been neglected, shows. that the forward surface mode

is relatively unaffected by exchange, However, as the longitudinal, and hence
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transverse wavenumbers becomes large, the energy of wave is re-
. stricted more and more to the vicinity of the ferrite-dielectric interface,
Under these conditions it becomes necessary to satisfy the pinning con-
ditions in addition to the electromagnetic boundary conditions at the sur-
face, __

The curves appearing in the ¥< 0 region of Figure 2-8, the
reverse or negative )'/‘ propagating mode is now considered, As with the
forward mode, the magnitude of the phase velocity of the reverse mode
is smaller than the intrinsic velocity of the dielectric, In contrast to the
"dlow" forward mode, however, the magnitude of the phase velocity of

the reverse mode always exceeds the intrinsic velocity of the ferrite,

“F

The restriction of the reverse mode to the region & <lkl<

causes its wave propagation characteristics to be highly sensitive to the
relative permeability and permittivity parameters, Not only is the fre-
quency range of the reverse mode altered by changing the intz'insic velo-
cities of the materials, the mode itself does not exist if cq & cp, » Thus
only two reverse mode curves, corresponding to €4=1 and €4= %’L
appear in Figure 2-8, .

This result, the ability to control the frequency range of the re-
verse mode or eliminate it entirely through the appropriate selection of
material parameters and ( as shown in Section 2-4 ) the appropriate choice
of operating frequency is extreamly important to the proper interpretation
of experimental results ( Chapter 3),



52

2.4 Approximations For Analytical Investigations

In this section the equations describing wave propagation along the
interface between semi-infinite dielectric and insulating ferromagnetic media
are considered using certain approximation techniques. By comparing the
resultant dispersion characteristics with those computed in the previous sec-
tion, regions of validity for the approximations are obtained. Where there is

. good agreement, the approximate relations provide a means for investigation
of the surface wave modes analytically.

The dispersion relations are first analyzed in the magnetostatic reéime,
with exchange and losses assumed to be negligible. Using Equations 2-83
and 2-84, the equations of magnetostatics, in which propagation effects are
neglected,( the following equations relating the longitudinal and transverse
wavenumbers are obtained

k" = 435, 2-106
and
2 2
k = Bn. 2-107
As can be seen by comparing Equations 2-106 and 2-107 with Equations 2-94
and 2-95 the magnetostatic approximation is valid in regions where the phase
velocity is much smaller than the intrinsia velocity of both media and, addi-

tionally, . )
2
k >> w?‘ /("-nz - /('(lz

2
Cm Mn .

i 2-108
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for the ferrite. As indicated in Section 2.3, these conditions are not simul-
taneously satisfied for the reverse mode. On the other hand, the magnitude
of the phase velocity of the forward mode, considered in Section 2.3, is
always less than the intrinsic velocities of the ferrite and dielectric media.
As is shown subsequently, the additional condition given by Equation 2-108,
is satisfied in the vicinity of the mode’s resonance frequency. The magneto-
static approximation may therefore be employed in this region. Substituting

k = 8, 2-109

and
k = 3, 2-110
into Equation 2-93, the magnetostatic surface mode dispersion relation for
the semi-infinite ferrite-dielectric structure is found to be
1 + (,u,, + iz) = 0 2-111
Since exchange and losses are neglected the permeability tensor component

definitions, Equation 2-67 and 2-68, are given by

_ Wty
M= 1* W - Wt ! 2-112
W W
Me= TOF R 2-113

Substitution of these definitions into Equation 2-111 yields the resonant

frequency of the forward surface mode,

N w"l
Wees = @i * 2 ' 2-114

(If the permeability of the dielectric is not Mo the resonance frequency

is .'a,ltered(12 )) .
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While the analysis employed here yields information concerning the
upper frequency limit of the forward surface mode, no information is obtained
concerning the sensitivity of the wavelength to frequency or to changes in the

intrinsic velocity of the dielectric. An alternate technique(m)

, in which the
magnetostatic approximation is taken only in the ferrite yields somewhat
more insight into the behavior of the forward surface mode. Substituting
Equation 2-109 into Equation 2-93 an expression is obtained relating f4 to k ,
6 = _"'_|_‘______ . 2-115
d /un + /Unz
This equation may be used to eliminate /3‘,, from Equation 2-94, resulting in

the following approximate dispersion relation

2
K= w? </“" + s ) . 2-116
C: [(ﬂu‘/“u)’- - 1] ‘
Upon simplification Equation 2-116 becomes
k‘z wt LW s~ w]
C: 2wm(wi+ “;"" - w)
where k must be greater than zero in order to satisty the boundary condition

2-117

at -« ., In agreemanet with the previous analysis, Equation 2-117 indicates
w

that the surface wave has a resonance at ey = W)+ —zm , the wavelength

becoming infinitely large as this resonance frequency is approached. Near

Wees , the condition given by Equation 108 may be reexpressed

2 wy
k > _03; (3 *‘4":,;) ) 2-118
Cm
or i
Veh < C m . .
: 2-11
V34

This condition is satisfied as k becomes infinite, showing that the magneto-

stat’c approximation is valid in the Vicinity of the resonance.
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The wavenumber increases as the intrinsic velocity of the dielectric
is decreased (see Equation 2-117). This is in agreement with the results
of the electromagnetic calculations performed in Section 2.3. However,
comparison of these results with Equation 2-117 reveals that Equation
2-117 yields incorrect information about the lower cutoff frequency of the
surface mode. This cutoff occurs in the long wavelength region in which
the magnetostatic approximation is no longer valid.

In order to gain further insight into the behavior of the surface modes
in the long wavelength region, the dispersion relations obtained through an
electromagﬁetic calculation, Equations 2-93, 2-94 and 2-95, are considered
with the effects of exchange and losses neglected. The dispersion character-
istics, computed using the glgorithm of Section 2. 3 for the same parameters

as the ¢;=1 curve of Figure 2.8, are plotted in Figure 2.9. The curves

W
Cm

2 2
[l 2
Ay

the same set of normalized axes. To distinguish between the forward and

2 2

corresponding to k= —'(‘:-J; ) k- and -k =g (94'-—»5-2 are also plotted on
reverse modes, which are plotted in the same quadrant, the S notation,
introduced by Seshadri(T) is employed. Defining the term S as

k

S=+—) 2-120

Ikl
The forward mode is labeled S=+1 and the reverse mode s=-1. (This
notation may be extended to lossy cases as well through a more general
definition

s= SGN [Rek] ) 2-121
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Comparison of Figure 2-9 and the €3=1 curves of Figure 2-8 indicate that
they are identical. The differences caused by the inclusion of exchange, which
occur in the region of the lower frequency limit are relatively insignificant,
being too small to be observed on the scale on which the figures are presented.

The frequency range of the surface modes is determined by observing the
behavior of the transverse wavenumbers as the frequency is varied. The boun-
dary conditions stipulating that the response exist simultaneously in both media
and that it vanish at x=% 0o impose the constraint that both /3 m and /@d be
finite positive real numbers in the surface wave passband. At the limiting
frequencies, this condition is not fulfilled determining the extent of the sur-
face wave spectrum.

Examination of Equation 2-94 reveals that A d =0 when the phase vel-
ocity of the wave equals the intrinsic velocity of the dielectric. Thus, for /56
to be a positive real number the magnitude of the phase velocity of the surface
wave must be less than the intrinsic velocity of the dielectrie,

Examination of Equation 2-95 reveals that the difference between squares
of the longitudinal and transverse wavenumbers is positive below the frequency
w = wi(w;+w,) and above the frequency W = Wi+ Wy . Thus /8,“ is
imaginary in these regions if the magnitude of the phase velocity is greater
than the phase velocity of waves represented by the ,8m= 0 (kz='§; 5&"},‘-’%‘5})
curves of Figure 2-9.

Since the surface waves being investigated are forward and reverse modes

(as opposed to backward modes) the lower frequency limit occurs when either
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By=0 or w= ju;Zw;+wM) . Ifit is assumed that /3,=0 then Equations

2-94 and 2-93 become

2 w'-
k =&, 2-122
Cd
and
k = B, e . 2-123

Since /.x,,>0 and ,u,z<0 in the region w?> ,/w.‘(w:*wm; , the sz=-1 mode
lower frequency limit occurs when /GJ-' O . This frequency is determined
by substituting Equation 2-122 and 2-123 into Equation 2-95 yielding,
ul “ah |y ladead) 2-124

C:i /Ut; CTV\ /UN
which, upon simplification resuits in

em/u" =€y . 2-125
Equation 2~125 may be solved for the lower frequency limit yielding,

Wy

= [(en-€)wld+emtmwi . 2-126

s=-{ ( €.— € 4)
The reverse rmode is not cutoff at this lower limit but rather ceases tohave

surface wave properties. Its characteristic merges smoothly into the dis-
persion characteristic corresponding to propagation within the bulk of an
infinite dielectric medium, k‘-‘ - %:— .

Examination of Equation 2-126 reveals that if €wm> €1 , the lower
frequency limit of the s=-1 wave must be above the frequency « = m J
the resonance frequency of 90° spin-waves in an infinite ferromagnetic
medium ('slow' portion of the /3M= 0 curve of Figure 2-9). As €4 ax’)—
proaches €.. , the lower freqﬁency limit increases, Equation 2—i26 having

apoleat €mz€, . If €n<€4< em(i’%'i , Equation 2-126 yields an
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imaginary solution indicating that the reverse mode does not exist for these
conditions. These results are in agreement with the reverse mode disper--
sion characteristics plotted in Figure 2-8.

For the large dielectric constant case, such that 'egem(—“—”;,*,.ﬁﬁ (éa>138
for the parameters used in plotting Figures 2-8 and 2-9) the solution to
Equation 2-126 is real, indicating the existance of another surface mode.
Since the limiting frequency for this new mode occurs for w< «; , a region
where both _u«, and A, have the same sign, Equation 2-123 stipulates that k
be greater than zero. In contrast tothe S=+1 mode discussed above in
connection with the magnetostatic approximation, the new s= +1 mode cannot
be found through a magnetostatic analysis but rather only by an electromag-
netic calculation. Adopting the nomenclature used in investigations of mode

(13), the former is termed

spectra supported by longitudinally magnetized rods
"magnetostatic'’ while the latter is designated as "dynamic'. The reverse
mode also falls into the ''dynamic'' mode category, since it too may only be
calculated by including the effects of electromagnetic wave propagation.
Having determined the lower frequency limits of the dynamic modes,

the lower cutoff of the ''magnetostatic' S= 1 or s=1.. mode is now con-

sidered. Since /3;%0 at this cutoff, its lower cutoff frequency is

Weo = / w.'(w.' + ‘-"M) . 2-127
s=+1
As this lower limit is appr"éached, Ma becomes very small. Thus, just
above the cutoff, the transverse wavenumber of the S =+1 mode is, from

Equation 2-95,
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3
L w [ e, 2-128
Cm ﬂ“
Subsitution of Equation 2-128 into Equation 2-93 indicates that the transverse

wavenumber in the dielectric is related to the longitudinal wavenumber by

EJ = -k, 2-129
M

Thus, the wavenumber of the $=+! mode at cutoff may be determined by

subsitution of Equation 2-129 into Equation 2-94 yielding, upon simplification,
keo = Wirwm (W .

s=+1{, Cd Wem
With the exception of its lower limit, the reverse dynamic (or s=-1; )

2-130

mode satisfies the inequality -g’: < | k | < %)L over its frequency range.
Therefore its upper limit can only occur when ﬂ,ﬁ 0. At this point, which
occurs at a frequency greater than =i+ wWm | the 5“‘1a mode is no longer
.indentifiable as a surface wave, it characteristic having merged with the "fast"
portion of the bulk 90° spin wave curve.

The upper frequency limit of the s=+l, wave occurs at the resonance
frequency w,.,= @+ S%Q , where the magnetostatic analysis appearing
earlier in this section is appropriate. Since the s=+{, mode is not found in
the magnetostatic limit, its upper frequency limit occurs when ,6,,;0 where its
dispersion characteristic merges with the ""slow' branch of the bulk 90° spin
wave mode. Thus the frequency range of the forward dynamic mode never
overlaps that of the forward magnetostatic mode.

The surface wave spectrum at the interface of a semi-infinite dielectric

medium, €,=2/0 , and a semi~infinite ferromagnetic insulator, with material
d
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and field parameters as in Figures 2-8 and 2-9, is plotted in Figure 2~10.
Both modes shown are forward modes as expected. As before the magneto-

_ static mode is resonantat- 2 GHz. , the effect of increasing the permittivity
of the dielectric being most apparent in the long wavelength region where it
results in a larger value of K . The dispersion characteristic of the for-
ward dynamic mode is shown to closely resemble the characteristic corres-
ponding to k=—c“:"- . Close examination reveals that its phase velocity is
slower than the intrinsic velocity of the dielectric (as expected for a surface
wave); this property is most noticeable in the region where the s=+], surface

mode merges with the ""'slow'' branch of the bulk 90° spin wave (or B~=0) mode.
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CHAPTER 3
SURFACE ELECTROMAGNETIC
MODES OF A FERRITE SLAB

3.0 Introduction

Electromagnetic wave propagation at a surface of a semi-infinite ferrite
slab bounded by a uniform dielectric was investigated in Chapter 2. In the
present chapter, the electromagnetic surface wave spectrum of a ferrite slab
of finite thickness is considered. The results of this analysis are compared
with surface wave calculations obtained through the magnetostatic approximation
as.well as with the semi-infinite ferrite results of the previous chapter. It is
shown in Section 3.1 that control of the frequency range of the dynamic surface
modes, as demonstrated in the semi-infinite case, is also possible when the
ferrite is of finite thickness. This is shown to have a bearing on the inter-
pretation of experimental results discussed in Section 3. 3.

In Section 3. 2 the case of a ferrite slab having one of its faces in inti-
mate cbntact with a perfect conductor is congsidered. Studying the structure
in both the thick film and magnetostatic limits allows certain inconsistancies
between dispersion characteristics derived in these limits to be resolved.
Additionally, it is shown that the frequency ranges of forward and reverse
""magnetostatic’’ modes may be made to be non-overlapping, a result which
is of importance in the proper interpretation of experimental data on surface

wave propagation.
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3.1 Electromagnetic Surface Wave Propagation On a Planar Ferrite Slab
With Dielectric Loading

The surface electromagnetic modes of a planar slab of single crystal
ferrite material of magnetization M, are to be investigated. The slab, shown
in Figure 3~1, is of thickness d and is assumed to be infinite in extent in the
’)\1 and 2 directions. The ferrite is bounded at its x=0 and x=-a surfaces by
uniform dielectric media of permittivities €, and '62 respectively. A static
magnetic field is applied in the Z direction, resultihg in a magnetic field
intensity, -ﬁ;, assumed uniform within the ferrite.

The development of the equations describing the response of the struc-
ture of Figure 3-1 to electromagnetic excitation closely follows the procedures
of Chapter 2. Since dielectric -4 1 occupies the upper half space, x> 0,the

relations between the field quantities in this region are

Ejg, = A, exr[-/))d1x +J (w‘f—k)/)]) 3-1

1z

HJix

-—
=
o———

U
Ha1/ = J_/@_L Az exp ['/dlnx +J'-(w1'— k)/)] ) 3-3

W _Uo
where consistancy with Maxwell's equations (2-39 and 2-40) requires that /8“

kA, exp ['ﬁaax +J' (w't'—k/)] ) 3-2

and

be related to k through the relation
2 2 2
- - 3-4
- =
Cat
C, being the velocity of light in dielectric +#H 1.
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Figure 3-1 - Finite Thickness Ferrite Model
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Similarly, the relations between the field quantities in dielectric #= 2

are

EJZZ.: RzexF[+ ag()(-*a.) +j (w"l'..ky)]) 3-5

Hiex = _@exf[*/gaz(x*'a»*\j(wf -ky)] ), 3-6
and WMo

hey =) GaRenpleunlerajlutol,

where the real part of I@de> 0, since dielectric # 2 occupies the region
X {=a, The transverse and longitudinal wavenumbers in the medium are
related through the equation
2 2 2
- = 3-8
k' = 2 W

Caz
For a plane wave solution to exist, the waveform in the ferrite slab

must have the same phase velocity as the excitations in the adjacent dielectric

media, Assuming the electric field in the ferrite to be of the form

E1m7,= [G COSL\/SM)( + LSFnLﬁmx] QXP[J(wTv k)’)]) 3_?

the magnetic field intensity components are found, through Equation 2-39, to
be given by
H1m= [ f k.6 -ﬁm,g,.L)Cost\éﬂx+(kﬁ,,L-£m m G)sahl\&)(]exr[.j(wf' ly)} 3-10

wpt, (s = puiz)

and

H.'t'"f J [(kﬂnG‘Em,u.L) cos L lgm)( +(‘VA:L"‘§;{M]G ) SML\&.)J ex ’JB (a)'f'- k)/)] 3-11

u),u,,(ablﬁ - )
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Substitution of E,,, , H,,,, and H,m), into Equation 2-40 leads to the

condition that

ka = sz = wz (/('(lf‘ ‘juo:) . 2-95
ch Ay

An equation relating the transverse wavenumbers associated with each
of the media may be obtained by applying the boundary conditions on the electric
and magnetic fields at the ferrite~-dielectric interfaces. Applying the condition
that the tangential r.f. electric field be continuous across any plane, first at
x=0 and then at x=-a, yields

Az = 6 ) 3-12
and
R,= A coshQm = L sinh Q. , 3-13
respectively, where
O, = ﬁm a. 3-14
Equating the tangential components of the r.f. magnetic field intensity at x=0

leads to

Azﬂu = ( l‘#u'L'z - erzun L‘) . 3-15
(b - ui)
This equation relating A; and L may be used to eliminate L from Equation 3-13

yielding an expression relating the amplitude of a mode at x=-a with its ampli-

tude at x=0,

R = cosh Qm - | ke 'Bai(,uf A2 [sinhQm . 3-16
Al /gm/an
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Although the term B‘lg does not explicitly appear in the above expression,
changes in the permittivity of dielectric #¢ 2 alter the R, /Az ratio through
the interrelationship of the transverse and longitudinal wavenumbers. An
expression displaying this interdependency is obtained by applying the boun-
dary condition on the ? component of the r,f. magnetic field intensity at x=—a

and using Equations 3-15 and 3-16. The resultant equation,

,g,,. ,u..(ﬂd; *,&z)( . -,u.i)co'n\ Qm= {( ‘:ﬂ; -/3: ,uf)*' ‘w.z(ﬁarﬂaﬂ(,uﬁ -ﬂé )
~Bus o (it =4t )l} ,

together with Equations 3-4, 3-8 and 2-95 defines the mode spectrum supported

3-17

by the layered structure.
To facilitate comparison with previous results, analysis of Equation 3-17
. is performed in the limit of zero loss with exchange neglected. Imposing an
additional constraint by searching only for solutions having real values of ,@m
restricts the possible modes to waves whose amplitude varies as a sum of
exponentials across the thickness of the ferrite. These modes display surface
wave characteristics since their amglitude is a maximum at one of the ferrite-
dielectric interfaces.
In the short wavelength region (large k), where the phase velocity of the
response is much smaller than the intrinsic velocities of the ferrite media,
and additionally

2 2 -
l( >> —02-?. /uuz - /{Jn. 2-108
Cr ALy
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the relationships between the longitudinal and transverse wavenumbers are
s A ¢ 3-18
m )

2 2 3-19
Kz 8, |

and

P ﬁfz . 3-20

In this, the magnetostatic limit, where Vx H20 , Equation 3-17 reduces to

- =21
Z/u,,cofl\Qm—‘[(/u:—/lé)*‘1], 3
which may be reexpressed, using the permeability tensor component definitions,

Equations 2-111 and 2-112, in the form obtained by Damon and Esbach(éo)

2
w? = w;

2
f + w" 7390 Wm 3-22

2[1+cothlklal ‘

Equation 3-22 is plotted in Figure 3-2 for a ferrite of thickness . 5mm having

saturation magnetization of 1750 Gauss and spectroscopic splitting factor
g=2.0 (appropriate for YIG). The internal magnetic field intensity is chosen to
be 197.6 Oe. and the graph is normalized to ferrite material parameters in
conformity with the dispersion relation plots of Chapter 2.

The magnetostatic dispersion relation, Equation 3-22, predicts that the
mode spectrum extends from a lower cutoff frequency, w.,= J—m ,
where k=0 (a contradiction to the assumptions expressed by Equations 3-18,
3-19 and 3-20), to an upper frequency limit of

Z /




Figure 3-2 - Magnetostatic Surface Mode Spectrum Of A Finite
Thickness Ferrite Slab
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where the surface wave is resonant. Within this passband surface waves may
propagate in either the + or - 9 directions, however, the properties of these
forward and reverse waves are different. The ratio of the mode amplitude at
the bottom surface to that at the top surface is dependent on the direction of
propagation. Applying Equations 3-16, 3-18 and 3-19 and employing the

direction parameter, s, defined by Equation 2-117, one obtains

Re: coshlkla -[s,u.z _ (w2 -u2)|sinhlkla . 3-28
Az Ay

Reexpressing this result through the use of the pernieability tensor compohent

definitions, Equations 2-111 and 2-112, results in

Ra . cosHkla*-[wZ* swwm=(wirwn) |sinhlkla . 30
Az w2 - Wi (W] +wWm)

The relative energy density at the bottom surface as a function of frequency
is plotted in Figure 3-3 for both the forward and reverse modes. It is observed
that most of the energy associated with the mode propagating in the positive
direction (s=+1) is concentrated near the top surface, the interface of the
ferrie with dielectric # 1. Similarly, most of the energy associated with the
s=-1 mode is concentrated near the ferrite-dielectric # 2 interface.

If the direction of ﬁ', is reversed, the directions of propagation of the
modes associated with the top and bottom faces reverses. Thus, the direc-
tion of propagation of the surface magnetostatic modes of a ferrite slab is

such that the vector T{xﬁ; coincides with the outward directed normal.
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The magnetostatic dispersion relationship, Equation 3-22, from which
an explicit expression for Ikl a may be obtained, predicts that the wavenumber
thickness product is independent of the thickness of the ferrite. Hence, from
Equation 3-18, Bmo. does not vary as o is increased. One may therefore con-
clude that although the wavelength of the response is affected by varying the
ferrite thickness, the relative surface wave amplitudes at the two surfaces are
unaffected, a limit inherent to the magnetostatic approximation.

The symmetry of the dispersion relations about k=0 and the symmetry
about the 0db axis of Figure 3-3, suggests that the characteristics of the s=+1
surface wave with respect to the top face are identical to the characteristics
of the s=-1 mode with respect to the bottom face. For any frequency within
the passband, Rz / A for the s=-1 mode should be reciprocal of R, /Az for
the s=+1 mode. This conclusion, however, is a consequence of having per-
formed the analysis in the magnetostatic limit and is not true in general. For
electromagnetic surface waves on opposing faces of the ferrite slab, symmetry
considerations dictate that the exact correspondance of properties described
above is obtained only when the permittivities of the top and bottom dielectric
media are equal. For this case

fBa = ﬁdz = @a 3-25

and Equation 3-17 reduces to
2 2 2 2
a/uﬂﬂd /gm CO.H’ OM = ‘(/ul: - mﬂna —ﬁd (,U,T "/Jn?;.) . 3-26

(/J: -/u?l-t.)
(11)

(A similar expression was derived by Bresler in investigating surface
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mode propagation at the ferrite-air interfaces of a transversly magnetized
slab in an infinite parallel plane waveguide). The solutions of Equation 3-26

are symmetrical about the k=0 axis leading‘to

B&. :CDSL\Qm"[IkIﬂm-(JXﬁ ’A:?Z)zgd’s;nlﬂ Om) 3-27
Az Bm/ln J

for a forward traveling- mode, and

Rz = COSL:QM""[H&I,UH. + (,w?; -MT:_.) 64 - sfn"\ Qm ) 3-28
Az §z-} Bm,uu

S=el

for reverse f:raveling modes. Multiplying Equation 3-27 by Equation 3-28 one

obtains :
Rl 4 Re :cosmm-[k‘ﬂ;-(u;-ﬂ.:m:]s;nu‘am
AZ g4 A'L sz} m/dn‘.'

3-29

+2 [(,u: -,0;_)6& ]{ml\ chos'n Qm .
ﬁm/uu

The second term on the right-hand side of Equation 3-29 may be reexpressed,

using Equation 3-26,as
| PX N
[ Cun = (- 22) B3 sinh: Qo
A B ]

-_-_-[2'/1" (Mk‘ﬂ;)& Bm CO-H'bOM"' /UITA:‘I sn.nlnl Om P 3-30
A B : |

Cos‘f»ZQM- sinh Qm = 1, 3-31

Equation 3-29 may be expressed as :

Noting that

Re X Rl -1- [2)1..(,«1.'.' —/U?i)ﬁd B, coth Qe ]sinl\sz
Al Auly, A KB 3-32

.... 2’[(,44.?-#;:)'&! sinh Qu cosh Qua .
ﬂuﬂm
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Equation 3-32 may be simplified to yield

ieY
As

x Ra

S=z=+] A7—

s=-1
for all ferrite thicknesses as anticipated for this special case.

For thick ferrites such that

SBncoTh Quz | Sl , 3-34

Equation 3-17, which includes electromagnetic propagaﬁon effects, reduces to
(kjul:-/gm}‘: ) + [ k/uu.(Bdf--BdJ) -lgmj‘u(ﬂdl *ﬁdg)](/a: _/(.:)
(3 .

'_ﬁJI EA; (/Unz "/u/:) =0 3-35

This equation may be factored to yield

[.(/"';L -z )ledZ + k/’l"+/3'“/‘"] [(/Aﬁ "/“'i)/gdi - k/‘u"'ﬁm/un]= 0 3-38

The second term of Equation 3-36 is recognized as the dispersion relationship
describing surface wave propagation along a ferrite-dielectric interface where

both media are semi-infinite,

S = [ ks = B’“"‘l] ) 3-37

(/‘{n?' ~ul)
this equation differing from Equation 2-93 only in the form of the subscript of
dielectric medium transverse wavenumber. Since the present derivation has
proceeded by considering a ferrite of finite thickness, Equation 3-36 indicates

a second set of modes,

@zp—[ ke + Bm}lu]

(/-‘uz —/‘Ll: 3

3-38
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The mode set represented by Equation 3-37 corresponds to surface modes for
the semi—infiqite model with the ferrite occupying the lower half-space and
dielectric # 1 occupying the upper half-space; the mode set represented by
Equation 3~-38 describes surface wave propagation for the semi-infinite model
where the lower half-space is occupied by dielectx-;i-c#z.' Significantly, the
direction of propagation of the modes.at the top and bottom faces of the ferrite
is reversed.

Thus, in the thick film limit it has been found that the ferrite may sup-
port at least two and possibly four propagating surface modes for any one
combination of material parameters, Of the modes associated with the top
surface, the forward mode is ''magnetostatic'' and is labled s=+1,,, while the
second mode, if it exists, is a ""dynamic'' mode Whose direction of propagation
depends on the relative permittivities of the media. Similarly, the modes
associated with the bottom face of the slab are a reverse ''magnetostatic'' mode,
s=-1m, and possibly a forward or reverse dynamic mode,

To determine the effects of the finite film thickness on these modes, Equa-
tions 3-4, 3-8, 2-95, 3-16 and 3-17 must be solved. However, a great reduction
in complexity may be achieved without sacrificing the essential details of the mode
behavior if the symmetrical case, in which both dielectric media have the same
parameters, is considered instead. For the symmetrical case Equations 3-26,
2-94, 2-95, and 3-16 are applicable. The process of solving these equations
is further simplified by noting that the dispersion relationships are symmetrical

in k and /@m. In addition, the mode amplitude relations are also symmetrical
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in /Bm. Thus, having neglected losses and having confined the search to modes
exhibiting surface wave characteristics, only those solutions corresponding to
positive real values of /gm need be considered.

Squaring both sides of Equation 3-26 and substituting Equations 2-94 and
2-95 into the resultant expression, an equation in one variable, ,ém, is obtained

as

Be{ 44 coth Q= L1+ (- )T
o (4 (0 et 2Dl = o) 8 G

{D [ <:':0.,\ Cui-md ):, "'c%z(/“'f"“':) } . ) 3-39

In the thick ferrite limit, Qm—> 90, and Equation 3-39 reduces to
2
£ 4 -1+ C-a)1'}
A2 (D~ ) eltnCoatl By -0 k-t V)

+ [ Mm "( - 3 ,“n /Uu..] 0 3-40

All -

This equation is biquadratic in lemand has at most two roots on the positive
real ,QM axis. This upper limit also applies in the case where the ferrite is
of finite thickness.

A flow chart illustrating the major steps in the numerical evaluation
of Equation 3-39 is shown in Figure 3-4. The technique employed involves the
division of the positive /3.“ axis into a number of segments. Proceeding along
the axis, the end points of each successive interval are substituted into a trial
function consisting of the left hand side of Equation 3-39. Ingeneral, the value

of this trial function is positive or negative, the function having a zero onlyat
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points corresponding to roots of Equation 3-39. If there is a difference in
sign between the end point trial functions, a root of the equation lies within
the interval. If there is no change of sign, the interval contains either no
roots or two roots., This latter case may be avoided by choosing intervals
sufficiently small. Upon locating a segment of the positive real /8,,,. axis
containing one root, the region is searched using the Bisection Method(m) .
Refinement of the root, through successive halving of the interval being
searched, continues until the magnitude of the trial function is less than some
test value or a maximum number of bisections has been exceeded, both limits
chosen in conformity with the precision and accuracy of the calculation.

Selection of the intervals to be searched is based upon solutions of
Equation 3-40, the thick ferrite limit equation. An upper and lower limit of
the search area is established by determining the maximum and minimum
values that the argument of the hyperbolic cotangent may attain without
causing an overflow or exceeding the maximum argument permitted. This
search region may be subdivided further if the positive /Qm solutions of
Equation 3-40 fall within its limits. If, however, a /gm solution of Equation
3-40 is such that Qw exceeds the maximum argument value, this solution is
considered to be a solution of Equation 3-39 as well.

Having divided the search region into at most three subsections through
the use of the thick ferrite solutions, each subsection is further subdivided
into smaller intervals for trial function analysis. These intervals are not
of equal size, the increments being varied so that the search is most inten-

sive in those portions of the positive /8,,\ axis neighboring the roots of Equa-
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tion 3-40.

When a root of Equation 3-39 is located it is tested to determine if it
corresponds to a propagating surface wave (i.e. k is real and ,8& is positive).
If the solution is a surface mode the longitudinal and transverse wavenumbers
are stored for subsequent print out. In addition, since the solutions obtained
are symmetrical about the k=0 axis, Rz/ Az,iS computed for both the forward
and reverse propagating solutions to détermine the surface with which they are
associated. This process is repeated until all of the data points have been
processed.

The dispersion relationship has been solved using the sa;me material
and field parameters as in Figure 3-2. The results of the numerical evalu-
ation are plotted in ngure 3-5 for the cases a=. 5mm, and o=lmm. The
ferrite is bordered at its top and bottom surfaces by free space. The graph

axes have been normalized with respect to the ferrite material parameters;

i.e. the vertical axis being 1 =%jn , the horizontal axis béing the absolute

kem
Wm

value of the normalized wavenumber IS’I = , ho distinction being
made to the direction of propagation because of the symmetry about k=0,
The dispersion characteristics for the infinite film case are also included.
Comparing the wavenumbers of the '"dynamic' modes shown.in Figure
38-5, it is observed that the magnitude of the wavenumbers is reduced by
decreasing the thickness of the film. In fact, for this thickness (. 5mm) the

magnitude of the phase velocity of these long wavelength modes is only slightly

less than the intrinsic velocity in the free space regions. In contrast, the
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""magnetostatic'’ modes suffer a decrease in wavelength over most of their
spectrum due to the finite geometry. As either the lower cutoff or resonance
frequency is approached, the {ransverse wavenumber ,8,,, increases, concen-
trating the energy carried by a '"magnetostatic'' mode in the vicinity of one of
the surfaces as shown in Figure 3-6. In these regions, the mode is less
dependent on the thickness of the ferrite and approaches the infinite ferrite
results,

Examination of Equation 3-16 in both the magnetostatic and thick ferrite
limits indicates that a ''magnetostatic'' surface wave propagating in the forward
direction is associated with the top face while a reverse ''magnetostatic'' mode
is associated with the bottom surface. A check of Figure 3-6 confirms these
results for a ferrite of finite thickness with electromagnetic propagation included.

In Figure 3-7 the energy density of a surface wave at the x=-a surface
relative to its energy density at the bottom surface is plotted for the ''dynamic"
as well as the ''magnetostatic'' modes of Figure 3-5. In agreement with the
thick ferrite results for €, <€, , the top surface supports a '"dynamic' mode
propagating in the reverse direction (s=- 1‘ ), while ""dynamic' mode propaga-
tion at the bottom surface is in the forward direction (s=+] 4 )

The thick ferrite results indicate that dynamic modes do not exist if
the dielectric media have permittivities such that €, <€, < emgigiﬁ"i . To
verify that this phenomenon is observed when a ferrite of finite thickness is
considered, the surface mode characteristics of a . 5mm ferrite slab with

symmetrical dielectric loading are calculated. The ferrite parameters remain
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the same as above, while the dielectric permittivity is chosen tobe €4 = 21 .
The resultant dispersion characteristics are plotted in Figure 3-8. In agree-
ment with the thick ferrite results, only the ''magnetostatic'' modes exist for
this set of parameters. If the dielectric permittivity is increased still further,
beyond €ML“)—U':,:—'i“l , it is expected from the semi-infinite results, that
dynamic modes will again propagate along the ferrite surface. This is veri-
fied by the dispersion characteristics plotted in Figure 3-9, for €, = 210

Now, however, the ""dynamic" mode associated with the top surface is a for-
ward mode (s=+ { 4 ). The dynamic mode at the bottom surface propagates

in the reverse direction. The cases shown in the last two figures are of particu-
lar interest because the surface modes associated with a particular face propa-
gate in only one direction. This direction is such that the vector T\Xﬂ; coincides
with the outward directed normal.

While Figures 3-5 through 3-9 have been plotted for surface waves on
symmetrically loaded slabs, it is clear that if the conditions existing at the
bottom face of the ferrite are modified, the modes associated with the bottom
face would be more strongly affected than those associated with the top face.
Not only would the modification of the environment alter the relative ampli-
tudes of the modes at the two surfaces, it would, as the linear term in Equation
3-16 indicates, also destroy the symmetry of propagation characteristics at
the upper and lower ferrite surfaces. An extreme example of this occurs when

the r.f. electric field at the bottom face of the ferrite is set to zero by placing

this surface in contact with a perfect conductor as in Section 3. 2.



Figure 3-8-Electromagnetic Surface Wave Dispersion For a Finite Slab
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3.2 Electromagnetic Surface Wave Propagation On A Grounded Ferrite Slab

The surface electromagnetic modes of a planar slab of single crystal
ferrite material, grounded on one side by a perfect conductor, are investi-
gated. The slab is of thickness O meters, and has a boundary at x=-0
with a uniform dielectric of semi-infinite extent. The ferrite, shown in
Figure 3-10, is assumed to be infinite in extent in the /)) and Z direc-
tions. A static magnetic field is applied parallel to the 2 axis resulting in
a magnetic field intensity, H; , assumed to be uniform within the ferrite.

The analysig of the ferrite slab terminated in a ground plane at x=-G
proceeds in a similar manner to that performed in Section 3.1. The r.f.

electric field in the dielectric has exponential dependence of the form

F. = A, exPL‘ﬁc‘x’LJ(‘*’T_k)')] ; 2-41
the r.f. field in the ferrite may be expressed as,

Eimz:[G c_oslqﬂmx + Lsinlq/Bmx]exP[J'(wf—ky)] 3-9

Since the boundary condition at the ferrite-metal interface requires that
Elmz be zero there, the r.f. electric field within the ferrite assumes the

form

= G[LOSL/QMX reofh Qmsinhﬂmx]exF[J'(w*-ky)]. 3-41
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Maxwell‘s equations are utilized to obtain expressions for the r.f. magnetic
field intensities and the dispersion equations relating the longitudinal and
transverse wavenumbers in each medium. The third equation, relatihg the
transverse wavenumbers in the dielectric and ferromagnetic media is ob-
tainéd by applying the boundary conditions on the tangential r.£f. electric
and magnetic field components at the x= 0 interface. The resultant

equations are

2 2 2 , _
R 2-94
K - /6,: = w? (wd - a2) 2-95
C: Ay
and
ﬂd = k/u,z - AM/AH COT[’\ OM . 3-492
(/u"z - /“nz.z )
Similar equations, with C, = Co , were obtained by Lax and Button(73'74)

for a grounded ferrite slab bounded by free space. They found that the struc-
ture supports a forward propagating surface mode, termed the "ferrite-di-
electric" mode. Bresler(11 ) in considering wave propagation along the
ungrounded surface of a ferrite slab, situated at the bottom of a metallic
trough, found that a grounded ferrite slab supports a reverse as well as a
forward propagating mode. (Since %; = (0 for the lowest order mode, the

presence of the metallic side walls in Bresler's work does not effect the propa-

gation characteristics.) Forward and reverse propagation at the surface of
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a grounded ferrite slab has also been investigated in the magnetostatic regime

(1) €7 . While Seshadri considered a model similar

by Young and Seshadri

to that of Lax and Button, Young considered higher order modes in the trough

configuration. This trough configuration can be thought of as a ferrite loaded

waveguide with one wall of the guide removed to infinity. In fact, the equa-

tions for the lowest order TE mode in a rectangular waveguide with a ferrite

slab placed across its short dimension, a configuration studied by Kales et.

al., (75) Lax et, al. (76) and Seidel and Fletcher, (77) may be transformed

into equations of the form obtained by Lax and Button and Bresler. Similarly,

the equations obtained by Pauchard et. al. (78) for propagation of electro-

magnetic surface waves in a metalized ferrite-dielectric sandwich struc-

ture, reduce to Equations 2-94, 2—95, and 3-42 for large dielectric thicknesses.,
If the grounded ferrite slab of Figure 3-10 is very thick, the metal is far

from the dielectric interface; under these conditions the modes associated

with this surface have propagation characteristics approaching those of the

semi-infinite model. In the limitas o —> OO |
B coth Qu— ’/inl, 3-32

Equation 3-40 reduces to

ﬂd = k/L(IL - ,8”‘/{’('\ ) 2-93
(u? = )
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the dispersion relation for the semi-infinite model, as anticipated.
Examining Equation 3-42 by employing the magnetostatic approximation,

one obtains

1= S L -/‘-“llco-rl"‘k‘a'n 3-43
(/«luz ‘/A.: )

which, if losses are neglecteﬁ; may be shown to be equivalent to the results

(7) . Using the lossless

obtained by Young( 1) , for n=0 , and Seshadri
permeability tensor component definitions given by Equations 2-111 and 2-112,

Equation 3-43 may be solved for 'kl yielding

|k|-.—_ _L_ln &)m[sw-(&)i*‘wm)] 3-44
Za 2% + sewwn={wi r w2 Wi+ wm)

This dispersion relation is plotted in Figure 3-11 for a ferrite thickness of
0.5 mm., The ferrite parameters, internal field and normalization used in

the preparation of this figure are the same as used in Figure 3-2. It is

observed that the s=+1 mode spectrum extends, as in Figure 3-2, from
+ Dm

w:J&J,‘(wi*wm) to W= W

where it is resonant. The s=-1 inode spectrum also has its lower cutoff

frequency at W = \/ wilwi+ “OM) . However, with one side of
the ferrite grounded by a perfect conductor, the mode spectrum now ex-
tends up to the frequency W= Wi + Wm where it is also

resonant. (The situation where the conductor is not perfect has been
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treated by DeWames and Wolfram(lo)

in the magnetostatic limit.) Although
Figure 3-11 is only plotted for a ferrite thickness of . 5mm., examination of

Equation 3-44 reveals that the magnetostatic model predicts that

k(w:w-,fwm)-—} - 00 3-45

regardless of the thickness of the ferrite, This, however, is in direct contra:=
diction to what is predicted in the thick ferrite case, where Equafion 2-93
is applicable. Furthermore, the magnetostatic model predicts no surface
wave propagation beyond the s=-1 resonant frequency, whereas analysis of
the thick ferrite case indicates that surface waves may exist at frequencies
greater than W= W;*t Wm for &y < €,, . The reason for
these discrepancies becomes obvious when if is observed that the magneto-
static approximation predicts that as the thickness of the ferrite is increased,
the magnitudes of the surface mode wavenumbers must decrease to maintain
a constant ‘ k , &  product. As the thickness of the ferrite becomes large,
K  becomes small, and the conditions asgumed in applying the magneto~
static approximation are no longer satisfied. Under these conditions elec~
tromagnetic wave propagation may no longer be neglected.

The surface wave dispersion relationship is plotted in Figure 3-12 for
ferrite thickness of . 5mm., 2mm., 10mm., and 20mm, The ferrite para-
meters and applied field are unchanged from Figure 3-11. The permittivity

of the dielectric region is chosen to be unity corresponding to free space.
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Considering first the portion of the spectrum below the s=-1 mode resonance,
it is observed that with the exception of the long wavelength region, the dis-
persion curve for a .5mm. ferrite thickness closely resembles that found by
using the magnetostatic approximation, Figure 3-11. As the thickness of the
ferrite is increased, the wavenumber at any given frequency decreases, and
the dispersion characteristic approaches the characteristics obtained for the
thick or semi-infinite case, Figure 2-9, except that the resonance predicted
by using the magnetostatic approximation is retained for all finite values of
ferrite thickness. Thus, while the semi~-infinite model may be appropriate
near the lower end of the s=-1 mode spectrum, it is not appropriate near
the = Wi+ W resonance, even for relatively thick ferrites.
The metamorphosis in the character of the s=-1 mode may be best appre-
ciated by considering the variation of the amplitudes of the r.f, field compo-
nents across the thickness of the ferrite. The magnetostatic s=-1 mode has

(8,4 ) (77) e

been referred to in the literature as a ''ferrite-metal"
gince the wave is concentrated along the ferrite metal boundary. (It should
be noted that the r.f. displacement current is neglected in the magnetostatic
approximation, so that only the r.f. magnetic field intensity components are
considered). In contrast to the "ferrite-metal' mode the magnetostatic s=+1
mode is termed a 'ferrite-dielectric'’ mode because the wave is concentrated
near the ferrite-dielectric boundary. By the preceeding definition both the

""magnetostatic'' and the "dynamic' modes of the semi-iiifinite model would

‘be termed "ferrite-dielectric'' modes since the magnitudes of the r. f.



electric and magnetic field components decrease exponentially away from
the surface. The behavior of the field components of the s=-1 grounded
ferrite surface mode is more complex, however. By rewriting Equation

3-41 as

= =G'sinh [ﬁm(x+a)] exP[j(wT-ky)] , 3-46

where

G'=_G
SIH"i QW\

) 3-47

it is observed that the r.f. electric field has its maximum amplitude at
the ferrite-dielectric interface and decreases monotonically to zero at

x=-a, Determination of how the amplitudes of the r.f. magnetic field

intensity components,

= G ’ \(,u,. s;nl'\ /3m(x +G) _,AJI'IUL‘L COSL,/&M (x+o.) . 3-48
WU, (/U:' —/b(,: )

‘ Hlmx

and

IHimyl :.G.I I ‘(,0(.7_ S IV\I'\ ﬁm()(’*a)“/ﬁm/uu COSL//gm (ma\ 3-49
U)/(o(/u:: "/"(ll;)

vary over the thickness of the‘ ferrite is much more involved and requires
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numerical evaluation., Curves are presented in Figures 3-13 and 3-14

showing the variation of the magnitudes of H Lmx

and Hm, ’
respectively, across the thickness of the ferrite slab. The curves, which
are drawn for five values of frequency, W= Wit0.3wm, W= W+0.5 W, ,-

W= 0;+0.Twm, W= Wi+ 0.9W, and W=W;+0.995w,, , corresponding to
N=04124, 1=0.6124,52= 08124, N =1.0124 and N2 =11074on the 10mm.
=-1 curve of Figure 3-12, are normalized with respect to their amplij:udes

at the ferrite-dielectric boundary. It is observed that near f:he lower end

of the s=~1 mode frequency spectrum, the magnetic field intensity magni-
tudes are greatest at the ferrite-free-space interface and decrease rapidly
towards the interior of the ferrite. In this region of the spectrum, the modes
may be classed as 'ferrite-dielectric' and the semi-infinite approximation
is valid. As the frequency is increased, atransition takes place in which
the minimum magnitude point of the magnetic field intensity shifts towards
the ferrite-dielectric interface. For frequencies just below the s=-1
"magnetostatic'' mode resonance, the wave takes on the appearance of a
'"ferrite-metal'' mode, the magnitudes of the magnetic field intensity com-
ponents having maxima at the ferrite-metal interface and decreasing mono-
tonically as the ferrite-dielectric interface is approached. It is noted that
for thicker ferrites the transition to ferrite-metal mode behavior takes place

closer to the resonant frequency, the resonance becoming increasingly sharp
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Figure 3-13 -~ Variation of the Magnitude of H;,,, Across
The Thickness of 10mm. Grounded Ferrite Slab
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and thus subject to the deletive effects of ferrite losses.

Immediatedly above the s=-1 mode resonance, there is a frequency
range, shown in greater detail in Figure 3-15, for which a surface wave
solution does not exist. If the ferrite is sufficiently thick, this cutoff
region is of limited extent; the ferrite grounded by a perfect conductor
supports surface waves at frequencies greater than the ferrite-metal mode
resonance, as illustrated by the upper branches of the 10mm. and 20mm.
curves in Figure 3-12. These characteristics are observed to originate at
the /3) 4= 0 curve and approach the semi-infinite dynamic mode solution
as the wavenumber increases. However, the upper frequency limits (where
the surface wave characteristic merges with the /8,,, =0 curve) are lower
than predicted by the semi-infinite model. Near the upper frequency limits,
,Sm is small and the fields vary only slightly across the sample's thick-
ness. At the cutoff ( /67,,\= O) the r.f. electric field is zero throughout
the ferrite, the conductor, in effect, ''shorting out'' the surface wave at
the opposite surface.

As the thickness of the grounded ferrite decreases, the pass band of the
upper branch s=~1 surface mode decreases. As indicated by the 7 and 8mm.
curves of Figure 3-15, the mode originates at the ,Gm =0 curve (not
at the /64 =( curve) where it couples to the oscillatory modes in the bulk.
As the ferrite thickness is further reduced, the upper and lower frequency
limits approach one another until, at approximately 6.38 mm., they

merge resulting in the disappearance of this portion of the spectrum,
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Figure 3-15 - Surface Electromagnetic
Modes of a Grounded Ferrite
Slab’'in the Transition Region
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On the other hand, as the ferrite thickness increases the range for which
the s=~1 mode is cutoff decreases. In the semi-infinite limit the upper |
and lower branches of the s=-1 mode spectrum coalesce with the result
that both the cutoff and the resonance are eliminated.

It has been demonstrated in Sections 2.3, 2.4 and 3. 1 that the fre-
quency range of the "'dynamic'’ modes may be altered and their character
changed by varying the permittivity of the dielectric region(s) adjacent to
the ferrite. It has also been shown that the s=-1 mode of a grounded fer-
rite has dynamic mode properties at the lower end of its frequency range.
Thus it is expected that this portion of the grounded ferrite surface wave
spectrum may be significantly modified by varying the permittivity of the
dielectric medium. However, in the vicinity of the s=-1 mode resonance
frequency, the mode becomes magnetostatic in character. In this region
the behavior of the mode is not affected by the permittivity of the dielectric.

The characteristics of the surface waves supported by a . 5mm. thick
grounded ferrite slab are plotted in Figure 3-16 for various values of
dielectric medium permittivity. (The ferrite parameters, internal mag-
netic field intensity, and normalization remain the same as in the previous
figures.) It is observed that in the long wavelength regions of the spectrum,
the wavelength of the s=+1 and s=-1 modes decrease as €, is increased.
However, as the respective resonance frequencies are neared the permitti-
vity of the dielectric medium has little effect on the dispersion characteris-

(79)

tics. (Vaslow analyzed the behavior of surface waves supported by
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Bongianni's (59) free space-ferrite-dielectric metal configuration. In
analogy with the results described above, Vaslow ‘found that the permittivity
of the substrate only affects group delay times in the long wavelength region.)
Further examination of the s=-1 mode spectra of Figure 3-16 reveals that as
the permittivity of the dielectric is increased the lower frequency limit also
increases. As can be seen from the figure, it is possible, with the appro-
priate choice of parameters, for the s=+1 and s=-1 modes of a grounded
ferrite slab to propagate in separate non-overlapping frequency ranges. (This
occurs when €, =196.8 for the parameters used in Figure 3-16.) This effect,
demonstrated in Figure 3-17 for €, =210, becomes more pronounced as the
distance between the ferrite-dielectric interface and the conductor increases.
This important result, which is overlooked in making the magnetostatic
approximation, makes it possible to study the s=.+1 mode independently of the
s=-1 mode. Furthermore, since the s=+1 and s=-1 mode spectra may be
made to be non-overlapping, surface mode transmission may be made

reflectionless.
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3.3 Experimental Results

In 1968 Brundle and Freedman( 6) demonstrated the existence of
magnetostatic surface waves. Theix; measurements at 3GHz verified
the theoretical predictions of Damon and Eshbach and showed that

A. An insulating ferromagnetic slab could support a mode
whose energy was localized at the surface,
B. The wave was localized at the surface where _I;X E, (T( Xﬁ,‘)
was directed out of the ferrite
and C. The surface wave was a slow wave whose group velocity
decreased as the resonance was approached,

The experimental arrangement used by Brundle and Freedman is
shown in Figure 3-18. The slab is single crystal Yttrium Iron Garnet
magnetized in the plane of its large surface as shown. Signal pulses,
15/45ec. in duration, were launched at the input coupler labeled P and were
detecfed at the output coupler Q, after having traveled the length of the slab.
The group delay was measured and plotted as a function of the applied static
magnetic field. The resultant curve coinpares favorably with that expected
from theory - that is, near the resonance field the group delay increases,
since %‘f becomes small as the resonance is approacﬁed. (Brundle and
Freedman noted that exact correspondance between calculations based on the
group velocity and experimental results cannot be expected because the energy

velocity in a highly dispersive structure is not equal to the group velocity).
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In seeking to show that the detected signals were surface waves,
Brundle and Freedman placed a metal plate against. one face (bottom) of the
slab. They observed that the delayed signal was unaffected. However, when
the metal plate was placed against the opposite (top) face, the delayed signal
disappeared completely. It was therefore concluded that the wave depended
on the conditions at one face only. Seshadri( [ , however, pointed out that
the surface wave mode structure is modified when a metal plate is p{aced in
contact with one of the faces of the slab. As shown in Figure 3-12, waves
*travelling in the forward and reverse directions have different characteristics.
If the opposite face of the slab is brought in contact with the metal plate, the
directions of propagation of the two modes are interchanged. (This may be
verified by substituting Q.. and —@a , respectively, for Q.. and /85 in
Equation 3-42). Thus, when the metal plate is in contact with the bottom face
of the slab, the "ferrite-dielectric'' mode resonant at W= w,; * "ué—m‘
propagates in the +? direction; and when the plate is in contact with the
other face, the "ferrite~-metal'' mode, resonant at W = Wi + W,, 'propa-
gates in the -r;/\ direction.

Seshadri calculated the group delay times for the magnetostatic surface
modes of grounded and ungrounded ferrite slabs as a function of applied
field. He found that the group delay times are ''practically unaffected if the
ferrite is grounded at the bottom face'' and that 'the group delay becomes
negligible if the ferrite slab is grounded at the top face.' Seshadri goes on

to say that as a result of this '"negligible' delay, 'the delayed signal cannot
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be detected.'' Inherent in this statement is the assumption that the
experimental set-up used by Brundle and Freedman was such that small
delays could not be detected. However, it appears from the inset of
Brundle and Freedman's Fig.2, that the time delay measurements were
performed by displaying both the detected input and output waveforms. If
this is the case then it would be unlikely that the '"ferrite-metal'' mode
signal would not have been observed if it were sufficiently excited.

As long as the input pulse is displayed, one could display the output

pulse, if present and of sufficient magnitude, even for zero delay, by using
the same trigger signal for both pulses. Unfortunately, Brundle and Freed-
man are not specific on this point. They indicate that ''the delayed signal
disappeared completely.' This may be interpreted in either of two ways;
either they observed no signal at all or they only considered signals delayed
significantly with respect to the input signal.

Putting aside the question of the ''ferrite-metal"’ mode, Brundle and
Freedman's experiments demonstrated the e:dste;lce of the "magnetostatic'
(or 'ferrite-dielectric) surface mode and verified the relationship between
the direction of propagation and the surface with which the mode is associated.
Furthermore, their pulsed r.f. experiment’s verified that the '"magnetostatic"
mode is not significantly altered when the opposite surface is placed in inti-
mate contact with a metal plate.

Brundle and Freedman also studied the behavior of the '"magnetostatic'

modes under c.w. conditions. Using the same apparatus and signal frequency
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as in their pulsed r.f. measurements they observed the transmission
properties of the structure as a function of the applied static magnetic

field. As the field was varied they observed a series of maxima of trans-
mission (and corresponding minima of reflection). These, they reasoned,
were traveling wave resonances which arose as a result of the wave traveling
across one face and returning along the other as shown in Figure 3-19(6 ) .

If after circumnavigating the slab the wave is in phase with the input, the
wave is augmented corresponding to a maximum of transmission. If, on

the other hand, they are out of phase, a minimum results. The resonances,
therefore, may be related to the wavelength of the surface mode. Brundle
and Freedman were thus able to compare their results with the magneto-
static theory of Damon and Eshbach( 5) . While good agreement with the
magnetostatic theory was experienced for the longer wavelength portions

of the spectrum, the experimental results indicate that resonance occured

at a lower value of applied field than anticipated. Brundle and Freedman
point out that the agreement in the long wavelength region may be acciden-

tal ""because the magnetostatic theory is less accurate at longer wavelengths, "'
The pulsed measurement results also show that the resonance field does not
coincide with that expected from the theoretical calculation. Thus, it is
possible that either the applied field was not accurately measured (perhaps

due to distortion of the field) or that the value of the effective anisotropy

field used in the calculation was chosen too small.
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Experiments involving ''magnetostatic'' surface wave propagation were
performed to develop techniques to be used in the subsequent study of surface
waves at the interface of a maghet insulator with a drifted semiconducting
medium. An important aspect of this study was the gathering of information
useful for the proper identification and classification of surface modes.

Figure 3-20 a and b are sketches of the experimental arrangement
indicating the relationship of the couplers to the YIG slab. The slab, which
is highly polished single crystal material, has the dimensions .393'' x .105"
X .033". A static magnetic field was applied parallel to the plane of the
large surface as shown. Unlike the models considered in previous sections,
the static magnetic field intensity within the slab is not uniform but varies
as a result of the demagnetizing field. An expression for this field is ob-
tained in Appendix I and is plotted versus distance along the center line of
the large surface in Figure 3-21. As a result of this variation of demag-
netizing field, the effective magnetic field intensity is higher at the slab's
ends than at the center. This gradual variation in the internal field increases
the coupling between the input signal and the relatively shoxt wavelength

"magnetostatic’ modes(so) .

This may be demonstrated qualitively by con-
sidering the behavior of the surface wave at a point along the surface to be
represented by the dispersion relationship with wj taken as a value appro-
priate to Hj at that point. Since Hj, and therefore wj, varies along the

surface, the wavelength at a particular excitation frequency also changes

with position as depiéted in Figure 3-22. It is observed that the wavelength
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of the surface wave is longer at the ends of the sample than at the center.
‘Thus direct excitation of surface waves .may take place near the ends of the
slab where the surface wave energy, Fw , and momentum, 'hT( are
approximately equal to those of the electromagnetic waves within the di-
electric bulk, By exciting the relatively long wavelength surface wave at
point A, power may then be coupled to the shorter wavelength ''magneto-
static'' mode at the center of the surface, point B. In a similar manner,
the surface wave power may be extracted at the far end of the sample.

In addition to being positioned near the ends of the slab, the microwave
couplers are placed on opposite sides to minimize direct coupling from
input to output. The couplers, which are constructed of 70 mil. coax,
Phelps~ Dodge Type CT-07050, are shorted at their ends so that their
magnetic fields have a maximum in the vicinity of the ferrite, Since these
fields enclose the center conductor, their configuration resembles that of
the r.f. magnetic field intensity components of the surface wave being
excited. To increase the effectiveness of this coupling, part of the outer
jacket and insulator of the coax is cut away bringing the center conductor
to within 5 mils of the YIG.

The YIG slab is totally enclosed in a plexiglass housing, ed?—-' 2.3
as shown in Figure 3-23. Strips of teflon, . 001 inch thick are inserted
between the YIG and the plexiglass to insure a secure fit. Over most of
the surface wave spectrum these teflon spacers ( € d = 2. 1 ) are

relatively thin when compared to i/ /64 and therefore have little effect



Figure 3-23 - Jig Used for Surface Wave Measurements
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on the propagation characteristics. It has been demonstrated in Section 2.3
that near the "'magnetostatic'' mode resonance, where 1/ ,6,, decreases
rapidly, the permittivity of the dielectric region has little bearing on:the
behavior of the mode. Thus, the presence of the spacers may be neglected
in computing the theoretical behavior of the structure. However, the
relatively thick plexiglass may not be neglected. Its presence must be
taken into account to determine the frequency ranges of the '"dynamic' and

(6)

"magnetostatic'' modes. (Brundle and Freedman's analysis was based
on the magnetostatic theory of Damon and Eshbach( 5) in which the effect
of the permittivity of the medium surronding the slab is not considered.
Thus, since no mention is made of the permittivity of the dielectric, it is
assumed that the large faces of the slab were in contact with air),

In Chapter 2 it was shown that for ¢ 1< Em , the lower limit of

the '"dynamic'' mode occurs at

2-126

W, - /(em—ed)w;z - ANEAY

(em-e,)

If the frequency ranges of the ''dynamic'' and ''magnetostatic'' modes do not
overlap, the '"magnetostatic'’ mode may be studied independently of the
"dynamic'' mode. For this to occur, w, must be greater than the

‘‘magnetostatic'’ surface mode resonance.

Wreg = W, ¥+ —02?-;*‘— ) 2-114
’ (GM"GL wl + &g W Wy w.‘*‘&én_ . 3-56 °
(em - éd ) '



120

Squaring both sides of Equation 3-56 and solving for w); interms of ¢y, -

results in the conditon

Wi > u)m(em—éd) . 3-57
4’64

Since the resonance frequency may be determined with a greater degree of
accuracy than the effective value of the internal static magnetic field inten-
sity, it is convenient to restate the inequality as a condition on the minimum
value of the ""magnetostatic'' mode resonance frequency. Substitution of

Equation 2-114 into Equation 3-57 yields

'pres > W (em + é'.g) 3-58

81T e_‘\

Thus, for the '"dynamic'' and ""magnetostatic'’ surface modes to propagate
in non-overlapping frequency bands, the applied static magnetic field must
be chosen such that the resonance frequency exceeds the value specified by
the right side of Equation 3-58. For the parameters appropriate to the
experimental arrangement described above, the resonance frequency condi-

tion is
ﬁres > 8.63 GHx=. 3-59

In the first series of tests the w-k spectrum of the ''magnetostatic''

surface mode was measured. In contrast to the ¢.w. measurements of
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(6)

Brundle and Freedman which were performed at a fixed frequency,
3GHz., these tests were performed by making swept frequency measure-
ments for several values of applied static magnetic field. The range of
frequencies over which the tests were conducted was 7-9 GHz.

The tests were conducted by suspending the sample, encased in its
plexiglass jig, in the field of an electromagnet. (The magnet poles and the
tip of the fluxmeter are visible in Figure 3-23). The experimental setup is
shown in block diagram form in Figure 3-24. The input signal was obtained
from an HP 8690A sweep frequency oscillator with HO1-8694B r.f. plug-in
whose output was levelled by means of an external feedback arrangement.
This signal was transmitted through a waveguide set-up which had provi-
sion for monitoring the input to the sample as well as the reflected signal.
The output was brought out through a waveguide section to a crystal detector.
In the arrangement shown in Figure 3-25 a and b, the crystal detectors in the
monitor and output sections are a matched pair, HP X424A, enabling the
attenuator in the monitoring circuit to be used in determining relative power
levels of the input and output. A wavemeter is also provided in the monitoring
circuit permitting frequency measurements to be made within 0.08% over its
range. At frequencies below the 8.2 - 12.4 GHz range of the HP 532B fre-
guency meter, the frequency was measured using a Tektronix 535A Oscill-

oscope with a 1L30 Spectrum Analyzer plug-in.
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The magnet was adjusted until the rotating coil gaussmeter, Rawson-
Lush Type 720S, indicated an applied field of 2300 Gauss. As the input
frequency was swept, a series of resonances, corresponding to maxima of
transmission of the type recorded by Brundle and Freedman( ©) , were
obsexved at the output as shown in Figure 3-26. The trace is swept
linearly across the screen, the frequency markers to the left and right of
the graticule corresponding to 7.245 GHz. and 7.77 GHz. respectively.
The waveform displayed across the center of the screen is obtained from
the matched detector in the input circuit and is ~10. 6 db relative to the power
incident upon the adaptors leading to the test sample. The waviness of this
trace is caused by imperfect adaptor matching, VSWR ~1.06. (This may be
reduced by padding the input). Also noticeable on the input trace are small
peaks which correspond to the output resonance peaks. Ii is observed that
the input VSWR is reduced at these resonance frequencies since the trans-
mission maxima correspond to minima of reflection.

The shape of the spectrum is ""bell-like' with lower amplitude peaks
occuring at the extremes. The lowest surface mode resonance peak, lo-
cated lcm. to the right of the edge of the graticule in Figure 3-26, is
shown in greater detail in Figure 3-27. (The reference level in this figure
is a -19.6db .) This resonance peak, close to the lower frequency limit
of the spectrum, disappears as the magnetic field is increased. Its rela-
tively wide bandwidth is indicative of coupling to other modes caused by the

variation of the magnetic field along the surface. A number of undulations
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are observed on the low frequency portion of the resonance peak and are inter-

ks(gl) calculated the theoretical mag-~

(6)

pretable as bulk mode resonances. Spar
netostatic mode spacings of a YIG slab for the Brundle and Freedman case.
Using Spark's notation, the bulk mode series beginning immediately to the
right of the first surface mode resonance peak is labeled the ( n_ ) 1 )Bu
series. Other higher order bulk mode series may be observed at lower
frequencies as shown in Figure 3-28. It is clear from this photograph that
the experimental arrangement is such that coupling to the surface modes
takes place more efficiently than coupling to the bulk modes.

A portion of the spectrum centered at the fifteenth resonance peak
(7.683 GHz) is shown in Figure 3-29, The peaks which are clear and dis-
tinct become more closely spaced as the frequency is increased indicating
that the wavelength and %—‘f— both decrease as the ""magnetostatic' mode
resonance is approached. Twenty-seven surface wave resonance peaks
were classified and their frequencies recorded at this 2300 G. operating
point. The '"magnetostatic' surface wave resonance occurs at 7,751 GHz.
for this operating point magnetic field.

As the magnetic field is increased the surface wave spectrum shifts to
correspondingly higher frequencies. It is noted that while the appearance
of the spectrum generally remains unchanged, the relative magnitude of the

transmitted signal decreases, as shown by comparing Figure 3-30, corres-

ponding to an applied magnetic flux density of 25600G., with that of Figure 3-26.



Figure 3-28 ~ Surface and Bulk Modes-Ny=1 Centered-B,= 2300G.
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Figure 3-29 - Surface Wave Detail-Ny=15 Centered — B.=2300G.
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Figure 3-30 - Surface Wave Resonance Spectrum-B,= 2500G.
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In both cases the reference level is -10.6 db below the incident power

level. In making the transition to higher frequencies the first peak dimin-~
ished in magnitude unitl it conld no longer be observed. Thus the lowest
frequency surface mode resonance peak, located 1.6 cm. to the right of
the edge of the graticul in Figure 3-30, does not correspond to the first
peak in Figure 3-26, but rather to the second.

The sharp dip in the reference level approximately 6.3 cm. to the
right of the graticule edge in Figure 3-30, is caused by the wavemeter in
the monitoring circuit. Its position corresponds to a frequency of 8.2 GHz,
the frequency of the resonance peak designated as Ny=10. The wavemeter
in conjunction with the reference level attenuator was used to measure the
width of the resonance peaks at their respective 3 db points, thus pro-
viding a measure of the logses. The width of peak numbers 11, 13 and 15
was found to be 6 MHz., 4 MHz.and 5.2 MHz. respectively, corresponding
to a linewidth of approximately 1 to 2 Gauss. (It should be noted that this
measurement only provides an upper limit on the linewidth of the YIG, Fac-
tors such as surface roughness and losses incurred in circumnavigating the
slab also contribute to the width of the resonance peaks).

The surface wave spectrum obtained when the applied field was set at
2700 G. is shown in Figure 3-31. The reference line marker corresponds
to 8.616 GHz., the frequency of the resonance peak labeled Npr=4. (The
Nr=2 peak is small and cannot be distinguished on this photograph). The

highest resonance peak distinguished at this operating point corresponds



+++++ VY

(il
RImIA il

I‘Illl

i ..

e ——

RInR
\!

Figure 3-31 - Surface Wave Resonance Spectrum-B,= 2700G.

28T



133

to Np=24 at 8.8285 GHz. Reversal of the direction of the applied static
magnetic field was found to have no significant effect on either the reso-
nance frequencies or the amplitude of the spectrum. This is to be expected
since the resonance frequencies are dependent on the size of the slab and are
not influenced by whether the surface mode travels around the slab in either
a clockwise or a counter-clockwise direction. Furthermore, since the dis-
tance between couplers is the same for both directions of travel no difference
in amplitude results. In subsequent tests, however, a jig in which both
couplers were mounted on the same 8ide of the YIG was used. Here, there
was a 2db difference in the amplitude of the spectrum when the '""'magneto-
static' surface wave traveled the long way (across the opposite face) as
compared to the short way.

Dispersion characteristics for the ferrite slab may be determined from
experimental results by relating the resonance peak numbers to the wave-
length of the mode. Noting that at a maximum of transmission the wave com-
pletes an integral number of half cycles as it transverses the face of the slab,

the wavelength may be related to the resonance peak number by

N A=l 3-60

where L, represents one half of the distance traveled by the wave in circum-
navigating the slab, 0.426' in this case. Since the wavelength is related to
the wavenumber through the expression,

k=2f7
A

3-61
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the relationship between N,. and k is

{

k: __1\1_ Nr = 290 N\.. meTer- 3-62
Ls

Thus, an empirically derived w -k diagram may be obtained by plotting
the frequency of the resonance peaks versus their respective resonance
numbers. (A similarlj.technique is used to experimentally determine the

dispersion characteristics of slow-wave circuits (82)

).

Dispersion characteristics calculated from the data obtained at the
2300 G., 2500 G. and 2700 G. operating points are shown in Figure 3-32.
The solid curves are computed using Equations 2-94, 2-95 and 3-26,
derived for the finite thickness ferrite model of Figure 3-1. The internal
magnetic field intensity used in computing these curves is based upon the
measured value of the applied field, the demagnetizing field attained at
the center of the large face of the slab (Figure 3-21), and an anisotrophy
field of -105 Oe, determined by equating the calculated resonance frequency
at 2300 G. with that estimated at this operating point. The frequency ranges
of the calculated and measured ''magnetostatic'' surface wave dispersion
characteristics are seen to compare quite favorably with one another as the
applied field is varied. The experimental and theoretical characteristics
appear to be in cloge agreement near the upper and lower liﬁits of

the surface wave frequency band, the experimental disagreemen being

greatest near midrange. This is primarily due to the non-uniformity of the
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internal magnetic field intensity of the slab. At the upper and lower
limits of the pass band ,@m is large causing the fields with the ferrite
to be more closely confined to the surface than at mid-range. (This is
illustrated by the relative energy density curves, Figure 3-6 and 3-7).
As a result, the generally lower fields within the center of the ferrite are
more effective in reducing the wavelength of the surface wave at the mid-

range frequencies than at the extremes of the pass band.

It was noted previously, that the Ny=1 resonance peak, observed at
the 2300 G. operating point, decreased in amplitude and disappeared as the
magnetic field was increased. This result is supported by calculations
which show that near its lower frequency limit the wavenumber of the reso-
nance peak is very close to the value corresponding to Ny=1. The calcula-
tions further show that the wavenumber at the lower frequency limit in-
creases as the applied magnetic field increases, resulting in the disap-
pearance of the resonance peak. It was also noted that the Ny=1 peak had a
relatively wide bandwidth,-indicating that energy may be transmitted by other
modes as changing magnetic fields are encountered. The location of the Nyp=1
point between the 2300 G. ''magnetostatic'' surface wave curve and the

curve corresponding to k = w/CJ further supports this conclusion.
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Of the three spectra plotted in Figure 3-32, only the 2700 G. spec~
trum has a resonance frequency exceeding 8.68 GHz. Thus, it is expected
that the frequency ranges of the '"dynamic'' and '"magnetostatic'' modes do
not overlap for this case. Comparing the photograph of the 2700 G. spec-
tra with the spectra for 2300 G. and 2500 G., whose resonance frequencies
fall below 8. 68 Ghz., reveals no apparent differences that could be attri-
buted to the '"dynamic' mode.

An investigation of the time delay of the"magnetostatip" surface modes
was conducted at the 2300 G., 2500 G, and 2700 G. operating points con-
sidered above. In preparing for each individual measurement, the sur-
face wave was excited with a c.w. signal whose. frequency was adjusted to
correspond to one of the surface wsve resonance peaks. The amplitude of the
input signal was then modulated by using pulses of short duration. The time
delay between the arrival of the pulse at the input and output crystal detectors
is measured by comparing the signals on a dual trace oscilloscope. The
input and output pulses are shown in Figure 3-33 for an applied field of 2300 G.
and excitation frequency of 7. 713 GHz. (This corresponds to Ny =19). The
time scale is 0.1 g sec./cm. The vertical amplifier sensitivitiés were
adjusted so that both pulses were displayed with approximately equal ampli-

tudes to facilitate the time delay measurement. (The time delay is taken as



Figure 3-33 - Measurement of Time Delay Corresponding to Ny=19, B,= 2300G.
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the time duration between the maxima of the pulses). Comparison of the
shape of the pulges indicates the dispersiveness of ''magnetostatic' sur-
face wave propagation.

The results of the time delay measurements are shown in Figure 3-34.
The empirically determined curves clearly show that the time delay increases
as the resonance frequency is approached. This is anticipated from theory and
agrees with the results obtained by Brundle and Freedman (6) at 3GHz. It
is interesting to note that the time delay corresponding to the lowest frequency
peak in each case is significantly smaller than the delays associated with
higher order resonances.

Futher experiments were conducted to study the behavior of the
"magnetostatic'' surface waves in the absence of the traveling resonance
phenomena by severely attenuating the waves propagating along one of the
large faces of the slab while permitting surface waves to propagate freely
at the other. Attempts to accomplish this involved placing metallic materials
in contact with one side of the YIG. Of the materials used, aluminum foil,
brass shim stock and aluminized polyester tape, the latter proved to be the
most effective. A photograph of surface wave transmission as a function of
frequency is shown in Figure 3-35. The magnitude of the applied magnetic
field density is 2300 G. and the edges of the graticule correspond to 7.3 and
7.7 GHz. The top image correspoﬁds to the condition where

—

kx B, — aliiminized tape 3-63
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kx B,—> aluminized tape

kx B,~» plexiglass
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Figure 3-35 Surface Wave Transmission With One
Side of Slab in Contact With Aluminized
Tape - B, = 2300G.



142

while the bottom jmage corresponds to

K X Eo — plexiglass. 3-64
While it is apparent that the aluminum tape did not completely short out
the surface wave at that face, the wave was attenuated sufficiently to cause
the resonance peaks to broaden and result in the decrease in the diffe_rence
between the resonance minima and maxima. The marked directivity indi-
cated by the magnitude of the spectrum envelopes with respect to the ~13.6 db.
reference line clearly indicates the surface wave character and unidirectional
properties of the '"magnetostatic'' surface mode.

To more effectively suppress the traveling wave resonance phenomenog
another approach was taken, Instead of attempting to attenuate the wave at
one of the faces by placing it in contact with a piece of metal,
one side of the slab was completely covered with a coating of paint-on resis~
tive matetrial having a resistivity of 500 ohms/square. The effectiveness of
this technique is clearly demonstrated in Figure 3-36. As in the previous
photograph, the applied magnetic field density is 2300 G. and the edges of
the graticule correspond to 7.3 and 7.7 GHz. The direction of applied field is
opposite for the top and bottom images with the top one corresponding to

—l»;x .éo — resistive material. 3-65
It is observed that while the resonances have been largely suppressed, the
envelope of the transmission spectrum retains the same general shape as
when resonances are present. It is interesting to note also that although the

lower frequency limit of the '"dynamic'' surface mode falls within the



Figure 3-36 Surface Wave Transmission With One Side
of Slab Covered With Resistive Coating ~ B,= 2300G.
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frequency range of the photograph, no mode having a direction of propa-
gation opposite to that of the ''magnetostatic'' surface mode is observed.
Using the resistive paint to suppress the traveling wave resonances,
as shown above, time delay measurements were again performed. Surface
waves were excited with a 0.13  usec. r.f. burst using a PIN diode modu-~
lator. The results for two values of frequency are shown in Figure 3-37.
The top photograph, corresponding to a frequency of 7.39 GHz. indicates
a delay of 0.045usec. . The bottom image, which clearly shows the
dispersiveness of ''magnetostatic'' surface wave propagation, indicates that -
the delay is 0.25 ssec. . at 7.712 GHz. These results compare favorably
with the time delay measurements conducted at the surface wave resonance

peaks,
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Figure 3-37 -~ Time Delay Measurements Showing Increase of
Dispersion With Delay - B,=2300G.
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CHAPTER 4
ELECTROMAGNETIC SURFACE WAVE PROPAGATION AT THE
BOUNDARY OF A SEMI-INFINITE FERROMAGNETIC
INSULATOR AND A SE MI-INFINITE
SEMICONDUCTOR

4.0 Introduction

The analytical investigation of electromagnetic phenomena occuring
at the interface between a ferromagnetic ingulator and a drifted semi-
conductor requires suitable characterization of the semiconductor medium
in terms of observable quantities, Using a hydrodynamic model, the semi-
conductor parameters may be related to Maxwell's equations which describe
the overall response of the system to electromagnetic excitations. Employing
this model and the ferrite model developed in Chapter 2 a dispersion relation-
ship is obtained and analyzed. These results are compared with the magneto-

(23) which is extended to include the effects of multiple carrier

static theory
species. An instability onset condition nomograph is developed showing

material parameters for which a convective instability with net growth rate

exists.
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4.1 Characterization of Semiconducting Materials

The electromagnetic behavior of a semiconductor is related to Maxwell's
equations, 2.1, 2.2, 2.3 and 2.4, through charge density, f ( 7‘, t) , and
convection current density, j-(_f- R t) . An exact definition of these source
terms requires knowledge of the position and velocity of each of the consti-
tuent carriers of the semiconductor plasma. For tractability, however,. a
statistical description is employed in which a distribution of carrier velo-
cities is defined. This distribution function, (7 ,u ,'l-') , may be used to
determine macroscopic properties of the semiconductor plasma. For
example, the zeroeth moment of the velocity distribution function yields

the average number density,

n(71) j iz at) 4% 4-1

oll w

while taking the first moment leads to the average velocity,

"--—————1 ulr u,t Bu -
V—n(F,f) (;t>p())>¢l 4-2

all u

Using these definitions of average number density and average velocity,

the charge density and convection current density may be defined as

S
plz,t) ; Tn,(?,f) , 4-3
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and

S
TG0 2 @GO WED

s=

44

where the individual constituent carrier species are denoted by the subscript
8, e.g. 1; is the charge of the ¢t type carrier. The time variation
of velocity distribution function is described by the Boltzman equation. For
a multiconstituent plasma, such as the semiconductor under consideration,

(82)
the Boltzman equation for each carrier species is given by

—

My, TR ,('Eu—;'é).\zg:(g&)%_a_g) 45
Y T M) \3t/os

where the effect of the periodic potential of the crystalline lattice is accounted
. . « (24) _

for by using an effective mass, mg . The two terms on the right hand
side of the equation represent, respectively, the rate of change of the distri-
bution function due to collisions (scattering) and generation and recombination
of carriers.

Moments of the distribution function are taken to determine the macro-
scopic properties of a plasma. Similarly, moments of the Boltzman equation

yield equations describing the time variation of these properties. The zeroeth

moment of the Boltzman equation yields the continuity equation,

V‘_'(nsva) + abv: H 55 4-6
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which expresses conservation of s type particles, The terms Sg represents ‘
the rate at which particles of type s are gained (or lost). By summing
over all possible current carriers the continuity equation (Equation 4-6)

may be reexpressed as

. + d - O
V. -d 3& = 4-7
Taking the first moment of the Boltzman equation leads to the momentum
transfer equation (83, 86)
i;_‘. + %' VeV = %L(E * Vg x B) AR V_"_' EN , 4-8
ot m} ng mi
where IRl = [ wr(5,-%)(5 %) P53, 4) du s
all w
the kinetic pressure tensor and %Y, = L u (ﬁﬂ) Jsu represents
Ns all u }T < '

impurity and lattice scattering loss. The evaluation of the pressure tensor
depends on the energy transfer equation which is the second mqment of the
Boltzman equation. To terminate the equations at this point one usually
assumes a form for | " Rl . I the distribution function is assumed

to be isotropic (86)

the tensor is diagonal with equal on-diagonal elements.
These terms represent the energy departure of the carriers from the mean.
Assuming that the velocity distribution function may be represented by a

displaced Maxwellian distribution, the right-most term in Equation 4-8 may
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be rewritten as

AR} \7<3n,w) Vi Yn, 4o
'\; m‘* “s W\s ns
where Vo, = 3k j‘- is the themal velocity of the gth type
mg '

carrier.

Equation 4-7 and 4-8 are the hydrodynamic equations characterizing a
semiconductor plasma. Such a macroscopic description may be used in
studying electromagnetic phenomena in plasmas provided the phenomena of
interest arise from the collective behavior of the system. A species vyill
behave collectively when the wavelength of the response, A , is much greater

than the Debye Length, (87)

AS> A= [KE—]
VlsC‘s

In the above discussion the effect of the periodic lattice is accounted for
by the introduction of an effective mass. At the surface of the semiconductor,

88
however, the periodic potential abruptly terminates, an effect which Tamm( )

and Shockley(sg)

have shown leads to energy levels in the forbidden gap.
These states, localized at the surface, have a bearing on the carrier concen-
trations and transport processes near the crystal boundary. Additionally,
the rearrangement in crystal structure brought about by.the surface discon-

tinuity causes the surface atoms to readily interact with foreign atoms causing
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oxide buildup (or impurity adsorption) which also influences the properties
in the region of the surface. (90, 51)
In the absence of surface states and externally applied fields the energy
bands of a uniformly doped semiconductor continue straight up to the surface
and the surface concentration equals the bulk concentration. In the presence
of surface states this is no longer the case. Localized states in the for-
bidden gap, in numbers approximately equal to the number of surface atoms
in the crystal, have a profound influence on the shape of the energy bands
and the carrier concentrations. Accumlation, depletion or even inversion
layers may result depending on the concentration, energy level and type
{donor or acceptor) of surface state present. .
When an external electric field is applied normal to the surface, the
potential variation and, hence, the carrier concentration near the surface
are affected. Thus, an external field may be used to modulate the con-
ductivity of the space charge regioh. When this is done, however, itA is found
that both fast and slow surface states exist. The relatively quick response of
the fast states, relaxation times less than a microsecond (92), is attributed to
surface states within the semiconductor crystal. The occupancy of these states
can change rapidly due to their close proximity to the space charge layer. .
(These fast states, because of their intimate contact with the semiconductor
and their.location in the forbidden gap, are associated with recombination of
carriers at thé surface. (93) ) The slow surface states, on the other hand, are

associated with the oxide film and/or adsorbed impurities (92) and cannot
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readjust as rapidly as the fast states. Their slow relaxation may, depending
on surface treatment and temperature, range from seconds to days. (94)

In addition to the difference in conductivity between the space charge
‘region and the bulk brought about by the surface potential, the mobilities
of the carriers near the surface generally differ from those in the bulk,
Carriers drifting in proximity to the surface are subject, not only to nor-
mal bulk scattering, but to scattering by the surface as well. This addi-
tional scattering reduces the mobility of carriers near the surface to values
below that of the bulk. The degree to which this affects overall carrier
transport depends on the thickness of the sample relative to the width of the
surface layer as well as the type of space charge region (95) .

The above illustrates how carrier transport is affected by the presence
of the surface and its associated space charge layer. Additionally, the space
charge region is affected by currents drifting in the semiconductor. Concern
is primarily directed toward the case under consideration in this chapter,
that of a semiconductor in which carriers are drifted in a direction parallel
to the surface and normal to a static magnetic field lying in the plane of the
surface. Under these conditions, carriers will be forced toward one side of
the semiconductor setting up a Hall field and altering the distribution of
carriers in the space charge layer. Determination of the charge distribution
in this instance is extremely complicated. However, under moderate injection

conditions when quasi~-equilibrium can be assumed to prevail in the semicon-

ductor, the general features of the space charge layers, discussed above,
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remain essentially unaltered.
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4.2 Semi-infinite Model of Semiconductor-Ferromagnetic Insulator Structure

In this section a model is developed of a structure consisting of a
ferromagnetic insulator and a semiconductor. While the model is based on
the media characteristics described in the preceding section and chapters,
certain simplifications consistent with the physics of the problem are
introduced.

The configuration that is to be studied is shown in Figure 4-1. The
two media are assumed to be in intimate contact, the interface lying in the
'fr—’.v: plane. Both the semiconductor and the ferrite are exposed to a static
magnetic field which is 2z directed. Additionally, a d.c. electric field is
applied to the semiconducting medium. The polarity of this field is such
that the current within the semiconductor is caused to flow in the negative
9 direction.

In general, the lengths (3} direction) and widths ( /E—direction) of the
semiconductor and ferrite are not equal. Considerable simplification can
be achieved by assuming the width and length of both samples to be much
larger than their thicknesses ( % direction) and, more importantly, the
excitation wavelength, X , so that the effect of the presence of these trans-
verse boundaries on the r.f. response is negligible.

Considering a centrally located region far removed from the boun-
daries in the 3\7 and Z directions résults in the magnetization within the

ferrite being uniform in thése directions.” The carrier density in the

semiconductor also does not vary in the ? and Z directions because of
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Figure 4-1 - Semiconductor-Ferromagnetic Insulator Structure
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the remoteness of the surface regions and the current contacts. Thus, not
only does this approximation dramatically reduce the number of boundary
conditions that need be imposed, it additionally leads to a reduction in the
complexity of the mode structure in the small gignal limit.

Since attention is primarily directed toward the study of electromag-~
netic phenomena occuring at or near the interface between the semiconductor
and the magnetic medium, it is convenient to begin the analysis by considering
a semi-infinite model in which the boundaries in the positive and negative X
directions are also assumed to be infinitely far from the interface. While
such an approximation may not be appropriate if the magnetic material is
very thin or the semiconductor is an epitaxial or highly non-unifofmly
doped material, it is a reasonable assumption if the materials are uniform
over a distance which is large in comparison to the wavelength of the response.

In the semi-infinite model, the semiconductor bulk is characterized by
uniform carrier concentrations and mobilities; near the interface with the
magnetic material the semiconductor is characterized by a surface region
whose conductivity and mobility differ from the bulk. Since the occupancy of
the surface states cannot change as rapidly as the cyclic variations of the
applied r.f. fields, the width and carrier density of the surface region are
assumed to remain constant. As an approximation of the conditions existing
near the surface, the semiconductor is assumed to consist of two adjacent
regions, one semi-infinite and the other having a fixed finite width, with
different carrier densities and different mobilities; these parameters being

uniform in each region.
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(96,97)tnat

It may be determined from curves published in the literature
the width of an accumulation region, as measured by the effective center of

space charge,
L
- (%)
1
AV

is smaller than a Debye length. As the electromagnetic phenomena under

4-11

consideration are associated with the collective responses of the semicon-
ductor system, their wavelengths must exceed this distance. Thus, the
width\ of an accumulation region is small in comparison to the system wave-
length and its presence is at first neglected. Similarly, when the surface
is depleted, the number of carriers available to interact with the surface
wave is less at the surface than in the bulk. Thus, if the width of the
depletion region is smaller than the wavelength of the surface wave, the
active interaction is determined by the bulk carriers. Thus, as a further
simplification, the semiconductor is considered to be uniform throughout
with no variation in drift veloecity, mobility or average density with distance
from the interface. The validity of this assumption is investigated in Chap-
ter 5 where the effect on the interaction of surface accumulation and deple-
tion regions is considered further.

The semi-infinite model is shown in Figure 4-2. The semi-infinite
ferrite, described in Section 2.2, is assumed to be uniform with no expli-

cit pinning mechanism at the surface.
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4,3 Derivation of Dispersion Relation Describing Electromagnetic Surface

Wave Propagation At The Interface Between a Semi-infinite Ferro-

magnetic Insulator And A Semi-~infinite Semiconductor

In this section the dispersion characteristics of surface waves propa-
gating along the interface between a semi-infinite semiconductor and an
insulating ferromagnetic medium is determined. Assuming a solution of the
appropriate surface wave form, the dispersion relationship is derived by
satisfying Maxwell's equations in each medium as well as the boundary con-
ditions at the interface.

The development of the equations describing the response of the struc-
ture of Figure 4-2 to electromagnetic excitations follows the procedures of
Chapter 2. Since the ferrite occupies the lower half space, x< 0, the

relations between the field quantities in this region are

Etme = GexP [/@mx +J'(w1’—k/v)] 4-12

Himx = [ k,uu — rﬁm,l'l'z——JEimz 2-74
wu (p2 = %)

and

Hlmfj [ kaee = ,g”‘ A J 2-75
w/llo (/L‘f —/"Iz—z )
where consistancy with Maxwell's equations requires that /6M be related to

k through the relation
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Dk"' k* _/gr: = W ('“'7 "/“'?5) 2-95

Crn HMu
The relations between the field quantities in the semiconductor are

derived by assuming a traveling surface wave excitation of the form

expl - B.x +J‘(w1'—ky)1 4-13
where ﬂsc must have a real part greater than zero since the semiconductor

occupies the half space x> 0. Assuming small signal linearization

Esa = -E’,? + Emex,:[- e X +J(w‘|‘—k7)], 4-14

<!

=Ves§ + G, expl-Biex+jlwt-ky)l | a5
s =—J.s§’ + j—;sexf?[‘ﬁscxi-‘j(w'i'—ky)]) 4-16

and
)”s = fos + )olsexP[-/gscx +J'(w1‘-k)/)]) 4~17
where higher order terms are considered to be negligibly small. Maxwell's

curl equations, 2-1 and 2-2, may be written for the first order quantities as
E = - = - - H 4-18
VX Eisc . \JwBisc—' Jw/u‘"HiSc) 1

and

V x Hlsc = Jl- + Jwéo €sc Elsc ) 419

where

— S _
Ji = 2 Jn, 4-20

[TS]
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since S individual carrier species are considered (e.g. electrons and holes,
upper valley and lower valley electrons). The equation of motion for the sth

type carrier, Equations 4-8 and 4-9, may be reexpressed as

j::%*(E.’“/'{?)’nVs“ﬂ Ps 4-21

where

* = (. | 4-22
AR

al
and

s = Cl's Neg . 4-28
Substituting the linearized quantities, 4-14 through 4-17," into equation 4-21

one obtains to the first order

( s) Vltx Ehcx BOV!! Vﬂau /83‘ ﬁ’
! w"'kvo_-.—')’ Visy 1=/, . ?; B Vm A 15[, 4-24
J J Y 7 E_h/ 7 f’os J do

Visz V,s

facr

Noting that Equation 4~18 stipulates that the % component of ; Bm is related
to E,m through the relation
BISCK = k. Eiscz ) 4-25
w

the Z component of Equation 4-24 is

Msz = _J * (w + kVos‘)Eiscz .

4-26
w (w + Kws ~j% )
Therefore, the % directed current density may be written as
S
J!: = _J we"esc w:’(w*'kV")EJ.&L ) 4-27

scl w" ( wt kVO, —JV;)
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where
]
Cps = [JE—?]: plasma frequency of 1-28
*se]  gth type of carrier. -
For this special case, where -B—— =0, the fields are again separable into

oz
two uncoupled sets; one TE): and the other TM). . It was shown in Section 2. 3

that TM/ waves propagating in a direction perpendicular to the direction of
magnetization are, to the first order, unaffected by the spin system, This
is equivalent to the case where a TMy wave propagates along the interface
between a semiconductor and a dielectric. The propagation characteristics
of waves supported by a thin semiconductor bounded by dielectric media
have been investigated by Swartz and Robinson(qs ). Robinson and Swartz
have also considered the properties of a structure consisting of alternating
semiconducting and dielectric layers( l ) .
The TE, components are obtained by assuming that
Eiee = C exr[‘/‘icx '*‘\j(u)T —ky)] 4-29
and substituting into Equation 4-18 resulting in
M., = kC exP[‘Bscx +J‘ (w‘f—ky)], 4-80
w/L(O

s T

Substitution of the expressions for the Z directed current density, J, 1z,

and

and the TE, field components into Equation 4-19 yields the dispersion

relation describing wave propagation in the semiconducting medium
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s .
2 2 2
k - B = 1—2“’;(“’1“’&). ] o 42
2 L (Wtkves=j)
where ¢, is the velocity of light in the semiconductor

c= 1

sc /— ’ 4-33
/‘"0 ea 6:::.

While the solutions obtained above satisfy Maxwell's equations in

each medium, self-consistancy demands that the solutions satisfy Maxwell's

equations at the interface as well, At x=0 the boundary conditions are given

by
%£.( Dy, — D,.) = surface charge density, 4-34
(. - )= 0,
Q'(Eim - B-m) = O) 4-36
and

A W . _
X X ( H ' His ) = surface current density, 4-317

<

Due to the interrelationships between the field quantities Equations 4-35 and
4-36 are equivalent and only the condition expressing the continuity of the
tangential éomponents of the electric field need be considered. Similarly,
Equations 4-34 and 4-37 are equivalent. Since the modes under investiga-
tion are TE, and contain no component of Dy normal to the surface, Equation
4-37 is the remaining condition which must be satisfied at the interface.

Due to the finite conductivities of the adjacent media, no surface current
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exists at the boundary leading to

Hin, = Hisy

Applying Equation 4-35 to the r.f. electric field and neglecting

pinning coupled exchange effects
Einz (0)=6 exp [J (wt- ky)] = Cexp[j(w'l'— ky)]= Ehu( O), 4-39

resulting in

G=C.

4-40
The boundary condition on the tangential component of the magnetic field

intensity together with Equation 4-40 leads to

.= [ ‘(‘j;-*_‘ Ot ] , s1

the dispersion equation relating the transverse wavenumbers in the semi-

conductor and ferrite.

Equations 2-95, 4-32 and 441 are the single mode exchange modified
dispersion relations describing electromagnetic surface wave propagation
. along the interface between a semi-infinite semiconductor and a semi-

(23 )who obtained

infinite ferromagnetic insulator. Robinson et. al.,
similar equations for the single carrier species case, analyzed the disper-
sion relations in the magnetostatic limit. Using parameters approximately

representative of a YIG-InSb composite structure at room temperature,

they found that the system could support a convective instability at X-band
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(18) also found that amplification of magnetstatic

frequencies. Schlomann
surface waves was possible in a structure consisting of a thin semicon-
ductor (InSb) in contact with a semi-infinite ferrite (YIG) magnetized in
the plane of the mutual interface. (Schlomann's results are described
more fully in Chapter 5 where geometrical effects are considered). The
initial numerical analysis of the exhange modified dispersion relation,
including the effects of electromagnetic propagation, is also performed
using YIG-InSb parameters. Information concerning the validity of the
magnetostatic approximation as well as new information concerning the
propagation of surface waves supported by a ferrite bounded by a semi-
conductor plasma is thereby obtained.

The dispersion characteristics are computed using a procedure
similar to that outlined in Section 2.3. Whereas in Chapter 2 it was
only necegsary to solve the equations for real values of frequency, the
analytic techniques employed in the present chapter to determine direc-
tions of propagation and classify instabilities require that the equations
be solved for complex values of frequency. First the roots of Equations
2-95 are obtained and the solution corresponding to the value of D having
the smallest magnitude is selected. (The other two roots correspond to
exchange modes and are neglected). Using Equation 2-95, ,8,,, is elimi-
nated from Equation 4-41 resulting in

Suer = ktte T sy JK-D, 4-42

(/uf-/“li)
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where the permeability tensor components are evaluated using the complex
values of w and D, specified. Squaring both sides of Equation 4-42 and
substituting the result into Equation 4-32 yields

[1- : ;)Jkﬂ 2 susugh R D, +&&_,-£[1‘i‘—“§@“—vﬂ)——]=°f4-43

(it - Can =pe)* (ur=pd) R & «iurkvasjp)

and

[l 2o ubB 42D, - ﬁem_)_]o "

(Al} ‘/"}.)l (/.(n -/‘lzf- )Z (ﬂu ‘/“'f.)l - Y wz(u“. kv“ -J »')

Elimination of the radical term by the multiplication of Equation 4-43 by 4-44
results in the dispersion relationship describing surface wave propagation
along the interface between a semi-infinite semiconductor and an insulating

ferromagnetic material,

[(,u.?.' -,u.’i)l‘ 2(ut i)+ 1 ] I:

{ D) -1] [ i whlocke) ][@tw.z)‘-(ﬂm,:)]}k‘

(ﬂu -}"t ) w ( w *'kvo:‘va

S 2

+ /U:- Dx - wh 1- w;', (w4-‘w¢s) (/x.’,’ -/«h:;.) =0 4-45
b pd) ok &r et Corkue i)

Equation 4-45, which because of the non-zero carrier densities ( wrgﬁ; 0)

is not biquadratic in k, may be solved to yield 4+2S values of k. In order

to determine which of these roots correspond to surface modes, the
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corresponding transverse wavenumbers must be examined., Using an
algorithm similar to that shown in Figure 2-7, with /Oy(123,4 replaced
by Bscll,2,3,4 , each of the 4+2S roots is tested in order to ascertain
whether it is associated with transverse wavenumbers whose real parts
are positive. Furthermore, each wavenumber set k, B,, Bsc is
checked to ensure that it self-consistantly satisfies the dispersion relations.
The above procedure is used to compute semi-infinite ferrite-semi-
conductor surface mode dispersion characteristics which are plotted in
Figure 4-3 for the case where the semiconductor is assumed collisionless,
In the absence of collisions the spin system and streaming carriers are
uncoupled as may be verified by setting ¥; =0 in Equation 4-45. (An
analogous situation occurs for TE, propagation perpendicular to the
internal magnetic field within an infinite magnetic semiconductor. This is
demonstrated in Appendix II). The solid curve in Figure 4-3 is plotted for
ferrite parameters appropriate to YIG, the saturation magnetization equal
to 1750 Oe., €wm=14, Te=550"K, ,=12.37 A, and ¢=2.0. The uniform
internal field is assumed to be eri:al to 18Uu Oe and iosses in the magnetic
system are neglected. The semiconductor parameters are selected to
correspond to intrinsic InSb at room temperature, having an electron
concentration of approximately 101¢/cm?, (100) g;nce the effective mass
of the electrons is much less than that of the holes, m: =, 01 mgy as com-

(to1)

pared to m::. 18 m,, only the presence of the electrons is considered.

(The effect of the presence of holes is considered in more detail in the
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following section). The relative permittivity of the semiconducting medium
is taken to be 15.6.

Examination of the characteristics reveals that for the parameters
selected there is only one surface mode, this mode having a positive phase

. X w
velocity. While the surface wave has a resonance at (Wvres = W; + 2"‘ )

as did the forward '"magnetostatic'' mode of Chapter 2, %% is negative,
with the frequency range extending from the resonance to an upper limit of
approximately w,= W; + . ., Because of the negative group velocity
it appears that signal flow in the lossless semnii-infinite InSh-YIG structure,
with a % dirccted static magnetic field, is in the negative ¥ direction.
This may be verified through the use of a modified version of Briggs'

(102) The criteria, through which instabilities may be

instability criteria.
classified as to type, convective (growing with distance) or absolute
(growing in time) instabilities, permit one to distinguish between ampli-
fying and evanescent waves by determining the direction of signal flow,
Briggs' instability analysis involves mapping the complex w plane into
the cofnplex k plane, the shape of the resultant contours indicating how

(103) Essentially, loss is introduced into the system

the system behaves.
through the imaginary component of the complex frequency. The direction
of signal flow is then determined by observing the locus of the roots of the
dispersion relation as the loss is varied. It the system exhibits a con-

vective instability the imaginary part of the wavenumber changes sign as

the imaginary part of the complex frequency is made negative. This
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corresponds to sufficient loss being introduced into the system that the ampli-
fying wave is transformed into a decaying wave. It the wave is evanescent the
change in sign does not occur. On the other hand, an absolute or non-convec-
‘tive instability exists when the dispersion relation admits a double root of k
for some complex value of frequency with negative imaginary part and, fur-
thermore, as the imaginary part of the frequency is made more negative,
the roots diverge such that one of them crosses the Im[ k] =0 axis. (t02)

The locus of roots obtained as the imaginary part of w is made nega-
tive has been plotted in Figure 4-4 for two points on the characteristic of
Figure 4-3 corresponding to frequency values w = «3;+0.6w, and w=zw;+0.8w,..
It is observed that the imaginary part of k becomes positive as the ima-
ginary part of w becomes negative. This indicates that the direction of
signal flow is in the negative ir\ direction, confirming the conclusions
expressed above. (Robinson et. al. (23) indicate that the root should be
followed as the imagirary part of w goes to -oo , however, it is found that
as the loss is increased a point is reached where the surface wave no
longer exists. When this occurs the search is concluded).

The line consisting of alternate dots and dashes in Figure 4-3 cor-
responds to the double root of the collisionless dispersion equation, (w+kvs)s0,
for v,y =-2 x 1077 cm/sec. These synchronous modes'are not surface modes
when the streaming carriers and the spin system are uncoupled, however,
one of them couples to the surface mode and takes on surface wave proper-

ties when collisions are introduced. In this way energy may be transferred
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from the carrier system to the spin system. Although the synchronous mode
associated with the electron stream has a positive group velocity and the group
velocity of the surface mode is negative, it cannot be inferred that active
coupling of the modes leads to an absolute rather than a convective instability
since the modes, when coupled, are appreciably altered and conclusions based
on coupled mode theory would be inappropriate. (204)
When semiconductor and spin system losses are included in the disper-
sion relation computations, the dispersion characteristics ai'e modified as

shown in Figure 4-5, drawn for the same YIG and InSb parameters as in

Figure 4-3 but with the ferrite linewidth changed to 0.35 Oe., the electron

e
m:’ ))a

mobility ( /ue = ) of the semiconductor taken to be 80, 000 cm7
v-sec. corresponding to intrinsic InSb at room temperature“o” (This value
is on the optimistic side, u being given as 77,000 and 78, 000 cm?/v-sec.

(100, 105, 106 ) ) and the electron drift velocity set to zero, It is

elsewhere.
observed that with the introduction of losses the real part of the wavenumber
no longer approaches infinity as the resonance is neared, but rather reaches
a maximum at a finite value of k. Whereas the solutions for the lossless
case indicate no wave propagation below the resonance, surface wave
solutions are obtained below this frequency when losses are included. The
additional surface mode branch, the lower frequency limit of which occurs
at w=wj , has a positive slope as did the ''magnetostatic'’ surface modes
investigated in Chapters 2 and 3. Whereas the imaginaiy part of the wave-

wl\\
number of the portion of the surface wave spectrum above w; + 2z is
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positive, indicating propagation in the —@ direction, Im [k] is negative below
resonance. Applying the modified Briggs instability criteria confirms that
the directions of propagation above and below the resonance are opposite.

As the resonance is approached from either the high frequency or low
frequency portion of the spectrum, the real part of the wavenumber increases
forming what appears to be a cusp at the resonance frequency. Close exam- -
ingtion of this portion of the spectrum, Figure 4-6, reveals that as the
resonance is approached from the low frequency end of the spectrum the
real part of the wavenumber reaches a maximum below the resonance
frequency and then decreases until the resonance frequency is reached.

( %\%x:—’ oo does not indicate that the signal energy travels at a velocity
exceeding the velocity of light in the medium; the velocity of energy trans-
port and the group velocity are not, in general, equal in dissipative disper-

(107)

sive media. The correct direction of signal flow may be determined

(102) ) Over this portion of the spectrum, the

through the Briggs criteria.
imaginary component of the wavenumber remains negative, indicating that
signal flow is in the positive 9 direction. This is confirmed by applying
the modified Briggs criteria. At the resonance frequency the real part of
the wavenumber reaches a local minimum, the sign of the imaginary part
of the wavenumber becoming positive and remaining so as the frequency is
increased, indicating signal flow in the negative 9 direction. Immediately

above the resonance frequency the real part of the wavenumber increases

until another maximum is reached whereupon any further increase in the
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frequency results in a decrease of the real part of the wavenumber.

When surface wave propagation along the interface of the semiconduc-
tor-magnetic insulator structure is considered with spin system and semi~
conductor losses included and the carrier stream drifted, a significant
change in the dispersion characteristics results, The spectrum, which is
plotted in Figure 4-7 for the same parameters as Figure 4-3 with A H=.350e,
Mo =80, 000 cm?/V-8ec, Ves = — Vee = -2x107 cm/sec., indicates that in
addition to a surface mode, which away from resonance is similar to that
found for the undrifted case (referred to herein as the spin mode), a
carrier stream mode, similar to the synchronous modes of Figure 4-3,
also assumes surface mode properties. The frequency range of this car-
rier stream mode is smaller than the spin mode, having approximately
the same lower frequency limit, w=wj, but having an upper frequency
limit at a frequency less than w =wj+ wym, the upper limit of the spin mode
(9.919 GHz versus 9. 938 GHz for the parameters selected.) With the
exception of the region near the resonance, both the spin mode and the
carrier stream mode are evanescent, both modes propagating in the +37
direction below the resonance region, while propagating in opposite direc-
tions above this region. Comparing the imaginary part of the spin mode
wavenumber with that attained for the undrifted case, Vi.:=0, at frequencies
sufficiently far above and below the resonance region that such a compari-
son is valid, it is found that the loss rate experienced by the mode is

reduced when electrons are drifted in the positive 9 direction as shown
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in Figure 4~8. When the electrons are drifted in the opposite direction ( -’3;)
it is found that the loss increases. (There is no surface carrier stream
mode for this case). Thus, it is found that the losses associated with the
propagation of surfaces waves along the interface between a semiconductor
and an insulating ferromagnetic medium may be modified by drifting car-
riers within the semiconductor, even at frequencies and drift velocities
where synchronism is not achieved.

Examining the region of the spectrum of Figure 4-7, near the reso-
nance in detail, it is found that as the resonance is app_roached the real
part of the wavenumber of the '"'spin'' mode varies slowly as a function of
frequency when compared to the wavenumber of the ""carrier stream'' mode
which appears to be strongly influenced by the resonance, Figure 4-9. In
this region where the modes are strongly modified, neither mode is class-
ifiable as being exclusively associated with one system or the other, but
are the result of the interaction between the constituent systems. There-
fore, in order to clearly distinguish between the modes they are labelled
modes 1 and 2, as shown on Figure 4-9. (This labelling is consistent with
that used by Robinson et. al. (23) in their investigations).

Inspection of the complex wavenumbers of modes 1 and 2 reveals that
in the narrow range between the frequency where the real part of the wave-
number of mode 2 réaches its maximum value (f=7.8795 GHz) and that where
Re [k] of mode 1 reaches its maximum (=7.8809 GHz) the imaginary parts

of the wavenumbers of both modes are positive. Immediately above and
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below this narrow band Im(k] of the modes are of opposite polarity.
Examining the behavior of the modes in these regions using the modified
(102)

Briggs technique, it is found that the modes are evanescent. How-
ever, within the narrow band of frequencies where the imaginary parts
of both wavenumbers are positive, it is found that an instability exists.
Between the frequencies 7.48795 GHz and 7.487995 GHz, mode 2 is
found to correspond to a weak convective instability with a maximum
growth rate of approximately 1.38 nepers/mm. The type of instability is
determined by noting that the imaginary part of the wavenumber changes
sign from positive to negative as the imaginary part of the complex fre-
quency is made negative. A saddle point is located at the complex frequency
of f=(7.487995-j1. 605x10 °)GHz. The locus of roots about this point,
shown in Figure 4-10, indicates the presence of an absolute instability.
Beyond this frequency the instability again becomes convective with the
instability now associated with mode 1. (Mode 2 now propagates in the
—S'\ direction). The maxium growth rate of this instability is approxi-
mately 708 nepers/mm. for the parameters chosen.

Robinson et. al, (23) obtained similar results investigating the inter-
action of streaming electrons with the surface wave by using the magneto-
static approximation in the ferrite. Comparing the transverse wavenumber

within the ferrite with the longitudinal wavenumber in the instability region

it is found that

5. =k, 4-46
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indicating that the magnetostatic approximation is appropriate in this region.
Furthermore, comparing the longitudinal wavenumber. with the transverse
wavenumber within the semiconductor it is found that

RelA.d £ Relk], 4-47
The validity of Equations 4-46 and 4-47 in the interaction region simplify
the investigation of an interaction in systems of greéter complexity as

discussed in Section 4-4 and Chapter 5.
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4.4 Analysis Of Dispersion Relation Using Approximation Techniques

In the previous section the exchange modified dispersion relationship
describing electromagnetic surface wave propagation along the interface
between a semi-~infinite drifted semiconductor and a semi-infinite ferro-
magnetic insulator was used to verify that the magnetostatic approxima-
tion provides a suitable description of the behavior of the fields in the
ferrite when analyzing the interaction between the ''magnetostatic'' surface
mode and the carrier stream. Inthe present section simplified dispersion
relations obtained by making the magnetostatic approximation are used to
develop a multiple carrier species instability onset criterion enabling the
investigation of the effect on the interaction of the presence of holes, In
addition, an instability onset condition nomograph is developed permitting
the rapid determination of the suitability of materials for instability
investigations. Using the nomograph, the relative merits of four commer-
cially available semiconductors, Si, Ge, GaAs and InSb, are discussed. How-
ever, the existance of an instability is necessary but not sufficient to ensure
that it can be observed. One must also determine whether the mode is
excited sufficiently. Therefore, an expression for the relative excitation
amplitudes and phases of the magnetostatic model mode solutions is derived
and examined.

In Chapter 2 it was shown that in the magnetostatic limit,
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k= 8, , 2-109

for modes with positive phase velocity (the real part of k positive) within

the ferrite. In this limit Equation 4-53 may be written as

/gsc :'—_L . 4-48

Ayt Mz
Squaring both sides, lesc may be eliminated from Equation 4-32, resulting

in the following dispersion relationship describing magnetostatic surface
wave propagation along the drifted semiconductor-ferrite interface
2 F 3
k (/uu "‘ﬂnz) {- —des (w"'ngg) =0 4-49
CS‘- (/Ml "’/unz) | 1 W lwrkves _J %)

Noting that in the magnetostatic limit, the exchange term in the

expression for .Q,_ , Equation 2-57, is negligible with respect to Wi the

permeability tensor components may be written as

2
Aly =1+ wwmfluu,w ( )] 4-50
E w\ - ((A) JM-) ]
and
Mz = OmW . 4-51
[wi?- (w-jd2t)*]
Defining a magnetic relaxation frequency, »» , as
VYV = W Ar . 4-52
Wn

the permeability tensor components may be reexpressed as

=1+ wm[w.(1+v"‘)+|vm] 4-53
[(w,+J‘)) -w? +>J ( +1)]
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and
//lz = O)m U.) . 4 54
. 2 2 -
[(co:—rJvm) - w? + s (L +1))
For narrow line widths, A H<<H;j, the relaxation frequency is much
smaller than either wj or w (w = W; +—"§—”—‘ near the ''magnetostatic’
mode resonance) and the above expressions further reduce to
My = r+ wm(w.' +'|))m) 4-55
v \2Y 2
(wi+jm) = w
and
/UIZ = Wm W .
Cwjrjom)® — w? 4-56

This is the form that the permeability tensor components assume when
derived from the Gilbert (2-27, 2-27b) rather than the Landau-Lifschitz
(2-27,2-27a) form of the equation of motion of the magnetization for, as
was demonstrated in Chapter 2, the two forms are equivalent in the narrow
line width case.

Substituting the simplified permeability tensor definitions, Equations
4-55 and 4-56 into Equation 4-49, the dispersion relationship becomes,

upon simplification

N

2 2
k = _QL [wl‘+wm+iv»y|-w] 1 —i wl’zs (w"—kVus) 4-57
3=

: : s/
¢ Zwm[w;+%a+Jvm-w] e (w+Kves va)

or
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‘(-%/isw {- wos(b)"‘k\/oS) ]:O y 4-58

A (w+kv°=-va)

where

/‘JSW = [ wn"’wm“'lvm-w]
Zmew' w'“-bJ)) "'-0]

) 4-59

which reduces to the equation obtained by Steele and Vural (22) and
Robinson et. al. (23) for the case S=1, i.e. a single carrier stream.
Steele and Vural note the similarity between the magnetostatic dispersion
relation describing the behavior of the surface waves in the layered
structure and that describing TE waves propagating perpendicular to a
static magnetic field in the bulk of a ferromagnetic semiconductor. For
the bulk ferromagnetic semiconductor case, the dispersion relation differs
from Equation 4-58 only in the form of the effective permeability (See
Appendix II.)

Robinson et. al. (23) have analyzed the single stream dispersion
relationship and have developed a formulation expressing the necessary
and sufficient conditions for instability onset. The criterion is developed
by noting that an instability exists if for some real value of k, the
dispersion relation has a root, , with a negative imaginary component.
The instability onset condition for the case where more than one semicon-

ductor carrier species is considered is derived using a similar approach.



188

Assuming that the interaction occurs near the system resonance and
that the complex radian frequency differs from its resonant value by a
small amount § , defined by
w=w;+%m+jvm+8= wms+Jqu+S. 4-60

Equation 4-57 may be linearized to yield

. :
keZ = I: wei (w ke (wr ke +iv) ~ ‘*’z} 4-61
85 [T (wekw) + 02

Reformulating the above expression and considering two types of carriers,
electrons, symbolized by the subscript e, and holes , symbolized by the

subseript h, the following expression is obtained

§= wnm ti)_;(w—kVu)(w-kVog'*';Vg)+w?hz(w*l(VehYUJi'l(VoH'I.V;)"’UL .

d 4 4-62
BkZCSi (w_ kwe)z + Ve (w+ kvos) *'U:'
where V,, and V,, are defined as positive quantities. This expression
may be simplified in the collision dominated limit,
Ve Z7 W, KVse ) 4-63
))h > N ) \( Voh ) 4-64

yielding

. 1

O = W JQF:(w "kva&} +JU?§(L‘Q ‘*'kVoh) —'wz.4-65
8sz;¢' Ve vh
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Since k is real, the imaginary part of this expression is

sz Wm [ (‘)P:(wrg-kvu) + w?,}(u).—en k%h)] ) 4-66
8k2 Ve Yy

where it has been assumed that

Yn<< Wy , Wb 4-67
Ve Y,
and
Re[ 5] << Wes , 4-68

To satisfy the necessary and sufficient conditions for the existance of
an instability SIM must be negative and have a magnitude greater than Y., .
Inspection of Equation 4-66 reveals that a necessary condition for the onset
of an instability is that the drift velocity of the electrons be greater than
the phase velocity
Voe > W, 4-69
k

(Since the directions of drift of electrons and holes are opposite, similar
results for holes may be obtained by reversing the direction of the applied
electric field. However, since the mobility of electrons in a semiconduc-
tor is in general greater than that of holes, the velocities needed to achieve
synchronism are more easily attained by electrons.)

Further examination of Equation; 4-66 reveals that not only must the
electrons attain velocitios in excess of the phase velocity of the surface

wave but that a definite threshold due to the presence of the holes must
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additionally be overcome

Vee 2 f‘.“’.[l"' Cha]*’ Cke Veh , 4170
k
where

2
Che = WonYe . -

Noting that the ratio of v, to V,, is to first order a constant, Equation

4-70 may be reformulated as

Vo e > W [ 1+ Cho.]
k [ 1- Cho./lL’]

where M g Yyl //Xe , the ratio of the hole and electron mobilities.

The conditions for which an instability may occur have been ob-
tained by noting that | Srml must be greater than ¥,, for the imaginary
part of w to be negative. The lower limit for which this relationship may
be satisfied is determined when the maximum of I gl‘ml just equals Y, .

Differentiating Equation 4-66 with respect to k and equating the

result to zero it is found that the maximum value of ' SIml occurs when

Voe = 200[1"&&] . 4-13
k [1"Che/u,]

Substituting Equation 4-73 into Equation 4-66 and making use of the condi-

tion that \ BI,,, \ must be greater than Y. , the instability onset condition
is
2
2 2 ’ I]
Wm Wpoe Voe [1 - Che/u > 1. 4

32 c& \'):(w,'+°,’a'")vm [ 1+ Che.}]




191

It is observed that the holes have a detrimental effect on the interaction._
If, however, Cyp,<< 1, the holes have little influence on the interaction
and the semiconducting medium may be treated as though only one car-
rier species, electrons, were present. For this case Equation 4-74

reduces to the instability condition given by Robinson et. al. (23)

2 2
Wm w?c Voe > 1 , 4-75
32 Csi Ve (w,' + .‘:"z_m.) Vim

Rearranging this single carrier onset condition a lower limit on the

velocity that electrons are required to attain is obtained,

Yy
Wm
W w;-e

Expressing the parameters within the brackets in terms of their definitions,
the following simplified relation results

|

AH 72

s e[ e (4]
Gn

where
o = Neue . 4-18

Thus, the minimum velocity required for instability onset is a function of
only two material dependent quantities, the conductivity, ¢ , of the semi-
conductor and the linewidth to magnetization ratio of the ferrite.

At this point some conclusions concerning selection of materials to
be used in obtaining the interaction may be drawn. Of the ferrites com-
mercially available, a good choice is Yittrium Iron Garnet. The satura-

tion magnetization of YIG is 1750-1785 Oe. at 300°K making it suitable
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for observing surface wave propagation in the widely used S and X microwave
bands with moderate applied static magnetic fields (less than 4 kG). In
addition, YIG is characterized by a linewidth to magnetization ratio of as
little as 2x1074 for highly polished samples at 300° K. (42)

The choice of a suitable semiconducting medium is somewhat more
complex, As an aid in the selection process a nomograph is constructed
by plotting the electron mobility required for instability onset versus
carrier density with electron drift velocity as a parameter. The nomo-
graph of Figure 4-11 is drawn for a frequency of 3 GHz. (middle of S
band) and the linewidth to magnetization ratio of the neighboring ferrite
is taken as 2x107%. The chart is used by locating the point corresponding
to the mobility and density of the semiconductor under consideration. I
this point lies above and to the right of the curve corresponding to the
nmaximurm drift velocity of electrons in this material, or, more precisely,
the maximum velocity attainable with the transverse magnetic field
required for resonance at the frequency under consideration, then it may
be possible to obtain an instability. Since the maximum velocity decreases
with increased transverse magnetic field, the frequency [ fees = 'i"ﬁ' (w:
+ wm/z ) ] should be chosen to be as small as is practicable (large
enough to ensure that the magnetization is saturated by the applied mag-
netic field) thus allowing higher drift velocities to be obtained. It is
observed from Equation 4-77 that operating at low frequencies also

reduces the velocity required for instability onset.
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As an example of the use of the instability onset nomograph, mobility-

density relations( 106, 107)

are plotted on Figure 4-11 for four semiconduc-
tors, silicon, germanium, gallium arsenide and indium antimonide. The
maximum drift velocities of these materials are listed in Table 4~1. (While
conductivity changes due to the creation of electron-hole pairs begins at

approximately 150v/cm. in InSb, Prior(los)

, using pulses of short dura-
tion, determined that there is no variation in electron mobility up to at
least 800v/cm. This corresponds to a drift velocity in excess of 3x107
cm/sec. for the highest mobility specimen he examined.) It is noted that
a region can be found for each of the four semiconductors where the
minimum instébility onset condition is satisfied. A check on Cye in these
regions indicates that the assumption that the influence of the holes is
small and may be neglected is valid.

The average power per unit volume dissipated by a current drifting
through a semiconductor is

R:I-E: O‘an 4-79

Using this expression, the instability onset relation, equation 4-77, may be

reexpressed as a condition on the miniumum power per unit volume required

to obtain an instability
2z
P, > 16 e, w

2
Voe

(&) 2

4-80

For low electric field values,

Ve =/ue E. ) 4-81

and Equation 4-80 may be rewritten as,



Table 4-1

Typical Values of Limiting Drift Velocity, Specific Heat
Melting Point, and Thermal Conductivity For Various
Semiconductor Materialg (101, 108)

Limiting Drift Velocity Specific Heat Melting Point Thermal Conductivity

(B,=0, T=300%K) (T=300%K) ' (T=3000K)
cm/sec 107 cm?/sec? 'K oc w/cm’K
Silicon 1. 1x107 0.71 1417 1.5
Germanium 8. 0x10¢ 0.34 937 | 0.6
Gallium Arsenide 1.7x107 0.31 1237 0.8
Indium Antimonide > 3.0x107 0.21 525 0.19

G61
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P> 16c2ewlFh)

Me

The minimum power per unit volume necessary for instability onset

. 4-82

is greater than that predicted by Equation 4-82 because electron mobility
decreases as the maximum drift velocity is approached. However, it is
reasonable to assume that the mimimum power required for instability
onset is smaller for a high mobility semiconductor such as indium anti-
monide than one such as silicon. (The minimum power per unit volume
for instability onset for Sj, Ge, GaAs and InSb is tabulated in Table 4-2
for the conditions of Figure 4-11.)

Equation 4-82 gives an order of magnitude indication of the instan-
taneous power per unit volume which a semiconductor must be capable of
dissipating if an instability is to be obtained. This power handling cap-
ability is dependent on several factors among which are the semiconductor's
specific heat, thermal conductivity, melting point and surface to volume
ratio as well as the thermal resistance of the mounting structure. The
specific heat, melting point and thermal conductivity of the four semi-
conductors under consideration are listed in Table 4-1. It is noted that
of the four, Silicon has the highest specific heat and thermal conductivity,
however, referring to Figure 4-11, it is observed that of the four it has the
lowest mobility and corresponds to the narrowest instability onset region.
On the other hand, indium antimonide, which has the highest mobility of the

semiconductors under consideration has the least desirable thermal char-
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T able 4-2

Minimum Power Per Unit Volume
For Instability Onset

(f=3GHz, Ar': =2x10~%)
cm.%/v. -sec. w./em.3
Silicon 1350 8. 78x10°
Germanium 3900 | 3.16x108
Gallium Arsenide 8500 6. 65x107

Indium Antimonide 78,000 7.89x10°
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acteristics. Increasing the surface to volume ratio of the material through
the use of thin films would permit operation at relatively high power to

volume ratios while providing more surface area for cooling and, at the

same time, lowering the power requirements demanded of the power supply.

(The effect on the interaction of a semiconducting region of finite thickness
is discussed in detail in Chapter 5.) While reports of the successful pro-
duction, in limited quantities, of thin films of high mobility InSb have

(10%) epitaxial InSh is not commercially avail-

appeared in the literature,
able., Gallium arsenide, which appears to represent a reasonable compro-
mise material, having an electron mobility and thermal properties between
those of silicon and indium antimonide, is commercially available is
epitaxial form as a thin high conductivity layer on top of an insulating sub~
strate. It should be noted however that due to its higher mobility and max-~
imum drift velocity, epitaxial indium antimonide would be preferable.

In the preceding discussion the conditions necessary for instability
onset were presented. Although satisfaction of these conditions ensures
that the system in question exhibits an instability, the determination of
whether the instability is convective or absolute requires the application

of more stringent conditions as discussed in Section 4.3. If the system is

found to have a mode which exhibits a convective instability, it must stiil

be determined whether the mode is excited sufficiently for it to be observed.

This requires knowledge not only of the exponential behavior of each of the

(110)

modes, but their relative amplitudes and phases as well. The latter
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may be determined in the magnetostatic limit by modifying the semi-infinite
model to include input and output couplers in the plane of the interface. The
output coupler is assumed to be perfectly terminated so that no reflected
wave is excited. Thus the only waves which must be considered are the

three modes of the approximate single carrier model yielding
3
> Eal = E. 4-83
=1

yiu
where E-m is the amplitude of the r.f. electric field excitation at the input

coupler. Applying the boundary conditions of no r.f. velocity modulation

and zero r.f. magnetization at the input, the following relations result

3
i _ Z . y]‘,_*( w- kl Voe ) Ezl 4-84
Vot = J )
=1 B Y w (w-kve -J'va)
and
M — A . A .
> M = IEIEE2) E g S N TR, R
. (/Uu +/uaz.) w/uo
Expressing the equations in matrix form, the equation relating the complex

excitation amplitudes becomes

1 1 | E.| |E.

0 |4-86

k. k,, k3 Ezz

(w'l&.v...) (w-—k%e) ('w-kv.e.) Ezs O
i (Q‘k.‘/ot‘jvﬁ‘) (w‘k;Voe_'J‘VQ) (w_k_‘ng"ij)J - J L .J

Evaluating the complex mode amplitudes in the vicinity of the instability
for the parameters used in Section 4.3, it is found that mode 2 is strongly

excited, its magnitude being approximately equal to Ein , while the power



level of mode 1 is approximately 24 db. lower upon excitation. (The third
mode, less strongly excited than mode 1, does not correspond to a sur-
face wave.) Due to the relatively large gain associated with mode 1 in

the region where it exhibits a convective instability (< 708 nepers/mm.),
its magnitude would equal that of the excitation signal after the wave had
traveled only 4. 6 microns.

Due to the narrowness of the instability region a change in the value
of the internal magnetic field of less than 0.1 Oe. (for the parameters
selected) is sufficient to change the conditions from gain to loss with the
rate of attenuation exceeding the maxium growth rate. Thus, if ampli-
fication is to be achieved or if the absolute instability is to be observed,
the variation of the internal magnetic field along the ferrite-semiconductor
interface should be as small as possible. This suggests the use of a thin
ferrite plate whose dimensions are relatively large in the ¥ and Z direc-
tions. (The effect of the thickness upon the interaction is considered in
Chapter 5.) However, it should be noted that the semiconductor should
also be large in the '}‘r and 2 directions since the current in the semicon-
ductor gives rise to a magnetic field and thus alters the total applied field.
Additonally, heat generated as a result of the current flow may alter the
saturation magnetization and the linewidth at the interface resulting in
additional non-uniformities along the direction of propagation. The effects
of heating and magnetic field shift due to the drifting carriers have been
observed and are discussed further in Section 5.4 dealing with experimen-

tal results.

200
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CHAPTER 5
THE EFFECTS OF GEOMETRY ON THE INTERACTION
BETWEEN MAGNETOSTATIC SURFACE WAVES
AND STREAMING CHARGE CARRIERS
IN A SEMICONDUCTOR

5.0 Introduction

In Section 4. 3 considerable simplification of the layered structure was
achieved by assuming that both the magnetic and semiconducting media
were uniform and extended semi-infinitely in the transverse direction.
In this chapter equations are developed describing the effects of finite
dimensions in either or both of the media. These deviations from the
semi-infinite model may be used to determine the effects of finite
dimensions, surface layers and dielectric spacing between the media.

In Section 5.4 empirical studies of the factors involved in the
observation and interpretation of the transmission characteristics of
composite structures consisting of adjacent semiconducting and mag-
netic insulating materials are described and discussed. On the basis of
these investigations microwave transmission spectra are examined and

the surface modes are identified.
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5.1 Electromagnetic Surface Wave Propagation At The Boundary of a
Ferrite Slab and a Semiconductor of Finite Thickness

The effect of finite dimensions upon the properties of electromagnetic
surface waves propagating along the interface between a ferromagnetic
insulator and a semiconductor is to be investigated. The model to be
considered is shown in Figure 5-1. The ferrite, assumed to be infinite in
extent in the § and Z directions, is bounded at x=-a by dielectric ¥ 2. and
at x=0 by the semiconductor. A static magnetic field is applied in the 2
direction, resulting in a magnetic field intensity, ﬁ; , assumed uniform
within the ferrite. The semiconductor, which occupies the region 0<x Sdll)
consists of two portions, one extending from x=d to x=d' labelled semi-
conductor ¢ 1, the remaining portion labelled semiconductor # 2. The two
semiconducting regions are characterized by differing carrier densities and
mobilities as would be the case of an epitaxial semiconductor, where the
surface region 0< x4 d  is considered to be epitaxially grown material and
the region d< x % d' the bulk substrate. At x=d’the semiconductor is
terminated by a dielectric medium, dielectric # 1, extending infinitely in the
transverse directions. For simplicity it is assumed that both dielectric
regions are perfect insulators and are characterized by equal permittivities.

The derivation proceeds by assuming an appropriate form for the r.f.
electric field in each region. Then, using Maxwell's equations, 2-1 and 2-2,
an expression for the r.f. magnetic field intensity as well as the dispersion

equation relating the transverse wavenumbers are obtained.
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Figure 5-1 - Finite Ferromagnetic and Semiconducting
Layered Structure
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The relations between the field quantities in dielectric region 4 1 are
gsimilar to the expressions obtained in Chapters 2 and 3 requiring only

translation in X to reflect the new boundaries at x=d' yielding

Ediz: AQXP[-ﬁdC(—J/) +J(w1'—k)’\)] 5-1

a z%fxr['ﬁa( e-d’) +jleit- ky\)] 5-2
and
H‘“/ =) ’i—“é exp [ Bulx-d) + et ky)] o
where
e .

C4

For a plane wave solution to exist inthe composite structure the
waveform in each region must have the same phase velocity as the
excitations in the adjacent media. The waveforms in the semiconducting
media are therefore assumed to have the form

E -[C,s.'an,x + F:cosh/@:,x:] exr[j(wf—ky)] 5-4

selz ™
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scix -——[C SM"\/@K + Fcos‘wﬁ ]Q.)(P (w+ lﬂ/)] 5~5

and

ey = s [Cocosh e + F sichBulexp[j(wt-kN] | 526

RyTH)

where

s
K-8 = W [l ..Zg;xs(w+kv°15) )] 5-1

cr =] @ (us k Voss ‘J Vs

for semiconductor 4 1 and

P [Czsin\«\ﬁlx + | cosL\,&X]exF[J(wf-kyﬂ, 5-8

Hucgn? [C sichB.x + Fsinh/B.x ]ur»[ (wt- k/)] 5-9
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and

Hsd, :_J%a{CLCML\/&K + F SI-V-L\/@LX]LYF {J(w“'— k/)]) 5-10

where

8.
cd:a. ((...) + kVaz:)

k-4 = ’% [ I- Z (o + kv.;,-J'vu)J 5-11

sel

for semiconductor # 2.
In the region where x <0 the geometry of the composite structure is
identical to that considered in Section 3.1. Therefore the equations for the

ferrite region are assumed to be of the form

Emz=[GCosL/gmx + Lsinl\lng]exr[J(w"'- ky)]) 3-9

H..- ‘.(L,u..G ,&/utL)casLﬁ»f*(lmuL “Bopials slnl\ﬂMX],,_XF[(w+. |<7)] 3-10
U.)/Ao(/b(u /un )

and

[ (k .6-4.. L)cosL,gmx"(k L= B uG)Slv\Lﬂnk] e -
m/J y A el _/M{u A [J(er L,)] 3-11
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where
oo e o)
= /Om cE A, 2-95

while those of dielectric region # 2 are

et Rexpl Balere) +j(ut=kp)] as

Hdz,('-'- \;S exr[ﬁa(x*a)+j(w+'ky)}} 3-6

and

b R el Al k],
where as in dielectric region & 1,
l< ‘ﬂd = ";35 2-94

The relationships between the transverse and longitudinal wavenumbers
in each of the media have been determined. However, for the solution to be
self-consistent the boundary conditions must be satisfied at the interfaces

between each adjacent layer. The resultant self-consistency condition is
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expressed as an equation relating the transverse wave numbers in each of

the media.
At x=d', the interface between dielectric ¢ 1 and semiconductor £ 1,

the r.f. tangential electric field must be continuous resulting in

5-12

A - C_,sinl\ﬁ.c(/ + F;coslnﬂ.c{,,

The field configurations in the adjacent media do not have displacement
current terms in a direction perpendicular to the interfaces, hence no
surface charge, or current, exists. Thus the tangential components of

the magnetic field intensity must be continuous at each interface. Applying

this boundary condition at x=d' yields

{{/@“f‘t‘ﬁ.c{ + Bisinh B,d ]
[ﬂd Sml\,@cl Coshﬁ d ] 5-13

where Equation 5-12 was used to eliminate. the amplitude term A.

Applying the boundary conditions on the tangential components of the

r.f. electric and magnetic fields at x=d and using Equation 5-13 yields

{Smkﬂcl Jé.isml\ﬂd *ﬂ,ushﬁ:‘ ] CoSL\ﬂ.J}
LBacoshBd'+ B sinhB,d']
=Cz_sw\l\/31¢( + F;cosk,gld

5-14

and
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coshBd - [5455"‘\/&0"\‘ 5'cosL\B.JI] inl\ .c\
&C'{ B o fd'~ frimhBd T ﬁ}

=B,[CcoshBd + F.si nh/3»f’] :

5-15

Combining Equations 5-14 and 5-15 and using well known identities results in

Cz s - E {Bl[ ﬁdCO$l1 Q\"‘ﬂnS'IV\LG:\COSLQ»+Bx[B&S\;ﬂLQ| +ﬁ;cosl'\a.-‘s;v\l\a,}
{ 3,[/54 cosh @, + Bsinh Q.]sn{kQ,, + ,5,[/315}.\‘1 Q,+Bicosh 0.]cas|n0,}

15-16

where

Q\:/S.(Jl-A)) 5-17
and
Q;—ﬁJ. 5-18

Application of the boundary conditions on the tangential components of the

r.f. electric and magnetic fields at x=0 yields
Fz = G 5-19

and

- B.Co= UhunG - B L)
(/'Lo't' ‘/“o:)

5-20

Repeating this process at x=-a, the interface of the ferrite with dielectric 4 2,

leads to

R = GeoshQ,, - Lsinh Qu o1




210

_B,R- (ktn 6= Brost L) c05h Qu = (ks L~ Bt G ) sinh O
</Ll:‘;- -/U.,L,,)

5-22

where QM= ﬁma as defined by Equation 3-14. Combining Equations 5-19,
5-20, 5-21, and 5-22 the amplitude terms R, G, and L may be elimated

yielding the following expression

-5 { koo~ B [[bzu Bl -2 NeoshQu + Bmpt, s1nh O } 1 5-23
ﬁ" (M:- '/“"t- ) (/“I}"/uh) {k/“n *ﬁ‘-(ﬂlt -ﬂ.:)]s:nkam + ﬁm/(,, cos L\ QM .

Equation 5-23 may be used to eliminate the amplitude terms in Equation 5-16

resulting in the self-consistency condition,

. ¢ B.[&( +,3,'f'av\‘\0.] + BL[,G“,B.:JLG.'] +a.v\“l 01} OH\ az.
‘(/U-L (/“n "/“n-)/s; {8'[&‘&_{"‘“1‘0'] N ﬁ,‘[&"ﬂ.uﬂo.] ot o, &

- " [Bd(ﬂ:'#:‘;) *L/lu:l +6MMN+’~W"‘Q”‘ }Coft\am
/g # { [ﬁl(/‘:’ﬂ;) ",‘/‘u] + ,Bv-xﬂu Cvﬂ Qm )

Equation 5-24, together with Equations 2-94, 5-7, 5-11 and 2-95 are the

5-24

single mode exchange modified dispersion relationships describing electro-
magnetic surface wave propagation along the ferrite-semiconductor interface
shown in Figure 5-1. Due to the complexity of this dispersion relationship
it is convenient to consider the effects of finite semiconductor and finite
ferrite dimensions independently. Thus, the dispersion relationship is

analyzed in certain limiting cases in the following two sections.
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5.2 Epitaxial Semiconductors, Surface Layers and Dielectric Spacing

In this section the model shown in Figure 5-1 is modified to illustrate
the effect of finite semiconductor dimensions on the interaction, In the
modified model, shown in Figure 5-2, semiconductor region 4 1 and the
ferrite are considered to be very thick, their boundaries with the dielec-
tric regions being far from the ferrite-semiconductor ¢ 2 interface. In

this limit

BMCO—H"! QM = m 5-25
BonTanh Qn= LS.,

/3, coth O, = /\%a 5-217
/j. TC’\ ""I* Ql = ﬁl 5-28

and Equation 5-24 reduces to

I(//,;_ = LBty - CO‘H‘ Q B, + B tanh Q. 5-29
(/4.77 "/'{': ) ﬁl * 61 + ﬂaca‘H" 01
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where

Re[ 8] >0

" Re{ﬂ.] > O 5-31

Equations 2-94, 5-7, 5-11, and 5-29 are the set of dispersion relationships
describing surface wave propagation in the structure shown in Figure 5-2.
This model may be used for an epitaxial semiconductor, where, the surface
region, 0<x<d , is considered to be the epitaxial grown material and the
region, x > A , as the substrate. The configitration may also be used to
model the region in the vicinity of the surface of a semiconductor that is
characterized by carrier densities and mobilities which differ from their
bulk values as discussed in the previous chapter. Yet another case which
the model of Figure 5-2 may be used to describe is that of a semiconductor
and a ferrite separated by a uniform dielectric region, O)rz. =0 , of
thickness d. This dielectric region may represent an oxide layer on the
semiconductor surface or a small separation between the media due to the
roughness of the surfaces. Additionally, such a separation may intentionally
be brought about by the insertion of a dielectric sheet between the media.
The similarities between the models for epitaxial semiconductors, sur-
face layers and dielectric spacing permits initial analysis of surface wave

behavior to be performed for the general case. Before proceeding with this
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detailed analysis, some observations concerning the propagation character-
‘istics may be made by inspection. If the thickness of semiconductor 4 2 is

allowed to become large such that

ﬂz CO-H‘ ng ﬂz ) o-32
B?— Jf&ﬂlﬂ Qz/; /3)2. 5-33

where

Re[ﬁz] > O)

5-34

then Equation 5-29 reduces to

5-35

ﬂ - 'l‘,/"('2 _ ﬁm A
: ( /Muz - /(,(,: >

indicating that semiconductor 1 is sufficiently far from the x=0 interface
that propagation along the ferrite-semiconductor ¢ 2 interface is unaffected
by it. Noting the similarity between Equation 5-35 and Equation 4-41
(or in the dielectric separation case Equation 2-94), the propagation char-
acteristics are similar to those obtained for the semi-~infinite ferrite-semi-
conductor (-dielectric) model. On the other hand, if the thickness of semi-

conductor # 2 is reduced to zero, Equation 5-29 becomes

ﬂl - k/u:z. - /6m,6(u

S -l 5-36
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indicating that surface wave behavior is determined by the properties of the
ferrite and semiconductor 4 1.

Analysis of the interaction between the spin and carrier systems for
arbitrary semiconductor ¢ 2 thicknesses is performed by observing the
behavior of the complex radian frequency as the longitudinal wavenumber,
k, is varied along the real axis. As noted in Chapter 4, an instability is
indicafed_if there exists a root, W, of the dispersion relation which has a
negative imaginary component when k is real. Noting further that the
magnetostatic approximation is appropriate when analyzing the interaction
between the spin mode and the carrier stream, the analysis is restricted to |
the magnetostatic regime. In this limit the phase velocity is greater than
the intrinsic velocities in the semiconducting (and dielectric) media and the
transverse wavenumbers are related fo the longitudinal wavenumber by the

following expressions

ﬁm = k ) 2-109

B = Ll[l +JZT,_]) : 5-37

and

ﬁ: = ‘:[ 1 +.j 2_-‘;]) 5-38

where
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U);; (VPL'\ + Vois\

P 5-39
1 ))13

=
H
roJ
- N
)

N

S. *
T - w,ZS ( VP,‘\ + \/023)
2 d 2 2 .l K T } 5"40
Co s=1 %s

veh = Re R 5-41

and it has been assumed that the carrier species in the semiconducting
regions are collision dominated. ¥ [T |<< 1 and IT;_, « 1

Equations 5-37 and 5-38 become
B:‘kfl*JT], 5-42

and

ﬁz‘-‘k[l +JT;], 5-43

to first order. Substituting these expressions for the transverse wavenumbers

into Equation 5-29, the dispersion relation reduces to

! - -(1+jT; T) coth Q, [(1+;T.) (1+,T)+MLQ]

M+ fhe LasT T)etha] %

Using the permeability tensor component definitions of Equations 4-55 and

4-56, the above relation may be reexpressed as
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(w'.+'|vm—w) = = 1+’TZ oﬂxQ,_ [(14_\;'1—.)+(1+j7;)+a.nl\01], _
(w;'..':.gm*"'vm-w) < J )C [(1‘Jt)*(1*‘]t)coﬂoz] 545

Solving for the complex radian frequency,

0= Wi w»\{(lw‘t): (1+;|T.X1.+JTJ coth @, e 56
ST G T g ke

rearranging terms yields,

w-w,m{ ! Sl e ledthe ]
SR AT P ¥ R PV TS RO | AU

where higher order terms in T . and T2 have been neglected. To the lowest

order in T . and T2 Equation 5-47 may be reexpressed as

-2, -2a,
W= Wi+ Lé"“{l +\]1ZT-€20 +JI£—(1'€2 )}+Jvm.5-4s

For there to be an instability,

-2kd . —|-z<l_€~2kd)] <—-))m )

_OA&[T.e
)

5-49

the instability occuring at the magnetostatic mode resonance frequency,

w
Wyres = W + __ém_ , as expected.
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Examining first, the case of a non-conducting, non-magnetic layer of
thickness d, sandwiched between a semiconductor and a ferromagnetic

insulator, Equation 5-40 becomes
T; = O 5-50

The semiconductor is considered to have two types of carriers electrons
and holes. If it is assumed that the electrons are drifting in near synchronism
with the phase velocity of the excitation and that the magnitude of this velocity

is much greater than the drift velocity of the holes, Equation 5-38 becomes

_rl = " | Voo - (1 "'Che.) Vrh . 5-51
2kery,

Substituting Equations 5-50 and 5-51 into Equation 5-48 yields the imaginary

component of the complex frequency

T -chl
W1, = ))M - _%)-Fﬁ?)‘:; {Voe - (1 + Che) Vrh]é . 5-b2

It is observed, in agreement with the discussion of Chapter 4, that it is

necessary but not sufficient for the drift velocity to exceed ( i+ Cu) Vrh for

there to be an instability. Further, because of the exponential dependence

upon the thickness of the dielectric, it becomes increasingly difficult for an !

instability to be achieved as the dielectric thickness increases. |
To determine whether an instability exists for a specific combination

of material parameters and dielectric thickness, Equation 5-52 must be
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evaluated as a function of k. This relation has been plotted in Figure 5-3

for parameters appropriate to a YIG - Dielectric - InSb. structure, with
static internal magnetic. field intensity such that the resonant frequency is
3GHz. Assuming the saturation magnetization of the YIG to be 1750 Oe.

and the linewidth 0.35 Oe. ( AH/ym = 2« 107% ), the instabiltity

onset condition nomograph, Figure 4-11, is used to determine In Sb
parameters corresponding to an instability in the semi-infinite case.

Selecting the electron density and mobility as 10'7/ cm?® and 50, 000 cm?/ v-sec
respectively, a drift velocity of 4 x 106&9&‘% is observed to meet the instability
onset conditions. The graph axes are normalized, the vertical axis being the

imaginary component of the normalized frequency, QIm = __-__"25" , the
m

horizontal axis being the normalized wavenumber, - k,\ : Re [%%jf] . (_18)

The curves correspond to various dielectric thicknesses and it is observed
that Q;M is quite sensitive to variations in the thickness of the dielectric
layer. For the parameters selected, the instability no longer exists if the
dielectric separation is greater than 0,61 L AL Thus, a separation between
the semiconductor and ferrite, on the order of grit sizes used in the polishing

(+2)11) is sufficient to suppress the instability in this case, under-

of samples
scoring the need for care in the preparation of surfaces used in surface wave
propagation studies.

Considering the case of a space charge region at the surface of a semi-

conductor, where semiconductor ¢ 2 represents the surface layer and semi-

conductor ¢ 1 the bulk, it is assumed that carriers are drifted by an applied
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=5x10*

Figure 5-3 ~Variation Of The Imaginary Component Of The
Complex Frequency As A Function Of Wavenumber
For Various Dielectric Separation Thiclmesses
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electric field of sufficient magnitude such that the highest mobility carrier
in the bulk attains an average velocity exceeding synchronous velocity and
that the concentration of these carriers is more than sufficient for there to
be an instability in the absence of the space charge region. Further, the
mobilites of carriers in the surface region are assumed to be sufficiently
lower than those in the bulk such that the drift velocities of these carriers
in the surface region are much smaller than the synchronous velocity.

Under these conditions, Equation 5-11 becomes

2 z__g)_[ _ i a
kK-8, = = ! J———we,ea]} 5-53

where the conductivity of the surface region is defined as

g = _LL_)_ng—
v = €€, Y, * 5-54
s=1

Defining a complex permittivity,
/ )
€, = ea[l = J we,e] ) 5-55

reduces the present problem to the previous case with the lossless dielectric
replaced by one in which losses may no longer be neglected. Since the
thickness of the space charge layer is approximately a Debye length and since

it has been assumed that M, << A, then
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e x 1o 2kd , 56

and Equation 5-48 becomes

w=w; t ‘*%'_“ {l +J-|_21_(1‘2’<A) *JTzkA}+JVM 5-57

where

T, = Mua 5-58
2k ck

and T Y previously defined, is

T - -Etfﬁ_;[vu - (1 + Cke)Vrh] ) 5-51

for an electron-hole semiconductor plasma. Thus, in addition to the
suppression (or reduction of the growth rate) of the instabjlity caused by the
physical separation of the ferrite and semiconductor bulk, the presence of

the surface space charge layer introduces another term,

J' Wl kd . J W Vph T d , 5-59
2 “4 ¢

dependent on surface conditions and the applied fields. (The thickness and
conductivity of the surface layer are functions of the applied electric and
magnetic flelds (Hall effect) as well as the surface state distribution.) Since

T, is always greater than zero, the conductivity of the surface region ig as
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expected, a debilitating effect on the interaction.

The case of an epitaxial semiconductor is considered next. Since the
previous surface layer discussion leads to results which may be directly
applied to the case of high resistivity epitaxial layers on low resistivity
substrates, only the opposite situation, that of low resistivity material on
high resistivity substrates, need be analyzed. Recognizing that the difference
between this case and the previous one is that semiconductors # 1 and # 2
have interchanged their roles (i.e. semiconductor 4 2 is now the major
contributor to the instability, semiconductor 4 1 having an insufficient number
of carriers to interact strongly with the surface waves but serving as a lossy

dielectric medium) T ' and T, may be written as

—,'-2 :‘_;Jl;c_ﬁs;:[voe_ - (l"’Cha)V‘,L\]) 5-60

and

T = 0,

5-61

where for simplicity the substrate losses are assumed negligible. Under

these conditions, the expression for the complex radian frequency becomes

. -2kd
w :w“%w.@ -J%’-ﬁ;;[v,,-(ncu)v,,k}(x-e ’ )} ]V, 562

which, if only one carrier species is considered, is identical with the result

(18)

of Schlomann, Inspection of Equation 5-62 reveals that the growth rate

is a maximum for infinitely thick films, the effect of finite semiconductor
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thicknes being a reduction in the growth rate of the instability. This, in
turn, leads to more restrictive instability onset conditions than those
obtained for the semi-infinite model.

To determine whether an instability exists for a specific combination
of materical parameters and dielectric fhiclmess, the imaginary part of
Equation 5-62 must be evaluated as a function of k, This has been plotted
in Figure 5-4 for the YIG and InSb paramefers used in Figure 5-3, with
static internal magnetic field such that the resonant frequency is 3GHz.
The normalization used in Figure 5-3 is used here as well, Examining
the characteristics, it is observed that while reduction in the thickness
of the epitaxial layer does have an adverse effect on the instability, the
instability does exist for epitaxial layers in the submicron range, the
minimum semiconductor thickness being approximately . 194 for the
parameters used. Calculating the magnitude of T, corresponding to the
point of minimum w,  for a .19y layer thickness, a value of -8. 02x1074

is obtained, verifying that |T,|<<] as assumed in the derivation.
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Figure 5-4 Effect Of Epitaxial Layer Thickness On The
Imaginary Component Of Complex Frequency
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5.3 Finite Magnetic Material

In the previous section the effect on the interaction of reducing the
thiékness of the semiconducting medium was discussed. The magnetic
medium was assumed infinitely thick as in the semi-infinite model. In
this section the alternate case is considered; the thickness of the ferrite
is varied while the semiconductor is considered to be infinite in extent.
The model, shown in Figure 5-5, is obtained from that of Figure 5-1 by

assuming semiconductor # 2 to be very thick, such that

BoethQ.28,,

and

ﬂz'f'anl\ Gﬁ 2 ) 5-33

where

Refﬁzj > 0. 5-34

In this limit Equation 5-24 reduces to

Juk=( VA, =»..ﬂmg (B2 )] +ﬂ“£m+anLo,}c°nom,s-63
[ k/ln.*'ﬁl (/‘: ‘ﬂ;)] . /3.,. eosThQ.

or, upon rearrangement of terms,

B LB+ BNt 42 cosh |
=[(Ru2 -0 ) + k,u.;(/@a ~Belid - )4, ,B,(ta.f—,ufj JsinhQ3-64
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which, with the exception of subsecripts, is similar to Equation 3-17
obtained for a finite ferrite with dielectric loading.

If the thickness of the ferrite is large such that

ﬂm cosh Qm =B, 5-25

and

ﬂmS“nL\Qw\=ﬂm) 5-26

where
Re [B.170 5-30
then Equation 5-64 may be Teexpressed as
iAo Lol i) A el )
A, B (ui-pie) =0,

4}

-65

or

[(,u.?.‘ ) B, kg +ﬁ.../x..][( i -—,uf,_)/@d + ke * B /u,,]= 0. 5-66

The terms in the left bracket of Equation 5-66 are recognized as the
dispersion relationship describing surface wave propagation along a semi-~

conductor - magnetic insulator interface where both media are semi-infinite,

o bt
(/Lluz - /“ozz. )
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this equation differing from Equation 4-41 only in the form of the subscript
of the semiconductor medium transverse wavenumber. This solution
corresponds to surface waves associated with and propagating along the

=0 interface. The terms in the right-hand bracket of Equation 5-66

correspond to a second mode set,

f 3
( /u;. = HMn )
corresponding to waves propagating at the ferrite-dielectric interface at

/6d == _k,u.l +,3m,un ) 3-38 -

=-a, .Thus, in addition to the surface mode of interest propagating along
the semiconductor-ferrite interface the ferrite may support up to two
additional surface modes, a reverse ''magnetostatic'' mode, and possibly
a forward or reverse "dynamic'' mode as described in Chapters 2 and 3.
Restricting the discussion to only those modes which may propagate in the
immediate vicinity of the ''magnetostatic'' surface mode resonance,

Wyeg = Wit "‘)2"‘ , only the reverse '"magnetostatic' and forward

"dynamic'' modes need be considered. The reverse ''magnetostatic'' mode,
which may propagate at frequencies just below J..s, provides a means
whereby waves reflected at the far end of the slab may return along the

=-a interface. The waves returning along this ''feedback path" give rise
to traveling wave resonance phenomena similar to those described in
Chapter 3 and discussed in connection with experimental observations in
the next section. The forward '"dynamic'' mode, may propagate at the

frequency of operation only if



230

e, < em, 5-68

w > \/(Em—ea)w T E€nnll 5-69

!
em - ea)
the latter condition having been obtained fromEquation 2-126. If the

inequalities expressed by Equations 5-68 and 5-69 are both fulfilled two
surface waves may propagate in the +}l\ direction simultaneously; one,
the mode of interest, interacting with the semiconductor at x=0, and the
other, a fast wave propagating along the alternate path at x=-a. While it
was found in the experimenfs described in Chapter 3 that the '"dynamic"
mode was not as strongly excited as the ''magnetostatic'' mode, in the pre-
sent configuration the ""dynamic'' mode travels along the relatively low loss
ferrite-dielectric interface and may be significant at the output when com-
pared to the mode of interest. It may therefore be of advantage to suppress
the forward 'dynamic'' mode at x=-o. when examining the transmission
characteristics of the mode of interest. Furthermore, since the study of
transmission properties may be complicated by traveling wave resonance
phenomena caused by the x=-0.feedback path, it may be desirable to
suppress the reverse "magnetostatic'' mode as well. This may be accomp-
lished by coating the ferrite surface at x=-a with resistive paint as dis-
cussed in Chapter 3.

The interaction between the spin and carrier systems for the finite
thickness ferrite is analyzed by observing the behavior of the complex

radian frequency as the longitudinal wavenumber, k, is varied along the
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real axis. Following the procedures of Section 5. 2, it 18 assumed that the

transverse wavenumbers are related to k as

Sy = k 2-109
B, =k | 2-110

and
Aokl T, -tz
where

Substitution of Equations 2-109, 2-110 and 5-42 into Equation 5-64 yields,

/u"[z +J_E] COSL Om+ [1""]‘-’;/1&*(1 "'_iTz)(/":z; ‘/“;)] S'mL Qm‘-‘ O. 5-70

Using the definitions for sinh Qm  and coshQm as well as the
permeability tensor component definitions, Equations 4-55 and 4-56, the

above expression becomes

Sl2+Tl-uljeT - ")

~(wj+ S w2l Bt vm\*‘j-ﬁ(w: + Ot | v
, ' =20,
+22m[wm+J-l:(w;+wm+Jw)]€ =0. 5-71
In the limit where the ferrite is large such that
& 2Qm << 1 ) 5-72

Equation 5-71 reduces to
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o [24)T] -wlj4eT]

_(w;+—‘*é’M—+Jvm)[2(w;+ﬂzm. *J))m)i-(j-];(u;-o-wm-c-jvm)]: 0. 5-73
Rewriting this equation as
2
z[wz— (w;+ L +j Vo) ]
5-74

+M [wz- W_w.m.(w + Qm.-;-jv,,‘)(w;-r wm-rj))m)] = O)
J 2 2
factoring out the solution whose real part is negative and rearranging terms

leads to

W= W+ W [1+ﬂ;] +J'))M)
[2+T.]

which if, as has been assumed, | T, | << 1 reduces to the following

5-75

approximate solution for ) ,
w:u;+wm[1+JTz]. 5-76
2 2
This result is in agreement with the results of Section 5.2 in the limit where
the semiconductor is uniform and extends infinitely from its interface with
the ferrite.

Considering now the other extreme, where the ferrite thickness is small

such that

5-17

-2Q,.
e ° ';'—'.1,

Equation 5-71 becomes
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2 . . . -
w = (w;"'Jvm)(wn"'wm’f'J))m)- 5-18
This result indicates that the instability has been suppressed by reducing
the thickness of the ferrite layer. Furthermore, inspection of the numer-

ator and denominator of Equation 2-95,

kz",gm:—“’;( .= fi) =&:[(w: + Wm + h)»y- w"] , 579
Cn M Cm [(wH'J' N A +_',vm)- w"]

reveals that ﬁm becomes large as this 1imit is approached. Thus, two
of the conditions upon which this approximation is based may be violated
when considering extremely thin ferrite layers. The first of these, the

assumption that

W ey /3: , 2-96

permitting pinning coupled exchange éffects to be neglected, may no
longer be satisfied. The second condition, that electromagnetic propa-
gation may be neglected in the ferrite, the magnetostatic approximation,
may also no longer be applicable. It is therefore necessary in applying
Equation 5-71to verify that both of the conditions mentioned above are
satisfied. Furthermore, since the real part of the frequency is strongly
dependent on Q,,, T2 must be treated as a function of w as well as k for
a particular set of parameters.

Numerical evaluation of the approximate dispersion relationship pro-

ceeds by introducing the normalized parameters ky and dy, (18) defined as
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’(I‘\: Re.[kz\ge] ""_\": \(2\:0)& ) 5-80

and

) 5-81

Jn= Re_ [4LOJ ?—_ﬁ 40)A
Vee Ve
into Equation 5-71 yielding

eyl - e/ )1-a )
—(w;i-“—;*r\jvm)[Z(w;’fZ&-#\jv,. +J'|Z(w:+wm "'J»m)]

+ _‘*‘-’Z:A_ [w,,,-rJ‘T:(w; + Wi +Jvm)]e-k"d" = O, 5-82

where
Ta,,=-NeE¢V°: _2_ - <1+Cht)_l_. , 5-83
Qe,ct | Kn (k)
and

5-84

. L

w
Equation 5-82 is cubicin w , T, being inversely proportionalto w .,
However, examining this expression in the quasi-quadratic form in which

it s written, it is noted that since
<& 5-85

T. )

T, causes only a small correction to the real part of the frequency in the

region of interest, its effect being more pronounced on the relatively small
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imaginary component of the complex frequency. As a result, if the third
root of Equation 5-82 is neglected as being out of the frequency range of
interest, a rapidly converging iterative technique may be used to solve for
the one remaining root having a positive real part.

At each data point, corresponding to a specified value of kn, a trial
function equal to

Wyes = W) + L, 2-114

2
is used to evaluate the initial value of T,. Then, solving Equation 5-82 for

the complex frequency root having a positive real part, an intermediate
frequency value is determined. Reevaluating kj, dp, T,n and Tz using this
intermediate frequency, Equation 5-82 is solved once more yielding the

desired complex frequency solution, the real part of which corresponds to

a frequency between (.., = Wi+ -‘%"‘- (a= °°> and W =.Jw;(w; + wrv)
( a =0 ) . The reason for the variation in the real part of the
frequency becomes apparent when it is recalled that the '"magnetostatic"'
mode suffers a decrease in wavelength over most of its spectrum due to the
finite thickness of the ferrite (Chapter 3). Thus, as a result, synchronism

is achieved at correspondingly lower frequencies as the ferrite thickness is

decreased.

Having determined a frequency solution corresponding to the new value
of kn, Equations 2-95 and'5-38 are evaluated in-order to obtain the correg-:
ponding values pf -,@‘m~~-and ﬂz . ‘These are then compared with k to

‘determine whether the magnetostatio’approximation is valid -at'that point. .
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In addition wex@ /O, is also computed and compared with W as a
check on the appropriateness of neglecting pinning coupled exchange effects.

The technique outﬁned above has been used to evaluate and plot fhe} real
and normalized imaginary components of the complex frequency as a function
of the normalized wavenumber as shown in Figure 5-6. The semiconductor
and ferrite parameters selected are equal to the YIG and InSb parameters
used in plotting Figures 5-3 and 5-4, with the static internal magnetic field
intensity again chosen to correspend to a ''magnetostatic'’ mode resonance
frequency of 3GHz. It is observed that reduction of the thickness of the fer-
rite does have an adverse effect on the interaction, as anticipated from the
analyses performed in the thin ferrite limit. Furthermore, as the ferrite
thickness is decreased maximum gain occurs as larger values of normalized
wavenumber and hence lower values of frequency. It is found that:the'insta-
bility no longer exists for ferrite thicknesses less than .16y for the InSb-
YIG parameters used. Calculations in the vicinity of the minimum QIM point
show these results to be consistent with the magnetostatic and small exchange

~ approximations employed.

S ———
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Figure 5-6 - Effect Of Finite Ferrite Thickness
On The Complex Frequency
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5.4 Experimental Investigations

Empirical investigation of the transmission properties of surface waves
propagating along the interface between a ferrite slab and a drifted semi-
conductor were conducted. Because of the complexity of the system studied
numerous effects such as magnetic field shift, temperature variations and
traveling wave resonance pehenomena were associated with the measurements,
The techniques employed in accounting for and/or minimizing the;e effects
are described and the results of the experiments are discussed.

The experiments were performed as the theoretical work was in progress
and were subject to the availability of materials. The initial experiments
were performed by placing a 10 x 55 x 206 mil sample of indium antimonide
in contact with one of the large faces of the YIG slab described in connection
with the experiments of Chapter 3. The YIG was supported in a plexiglass
jig (an engineering sketch showing critical dimensions but not all details
appears in Figure 5-7). The InSb was pressed against the YIG by a brass
spring fastened at one end to the plexiglass and insulated from the InSb at
its other by teflon and card stock, (These materials being sufficiently far
from the YIG-InSb interface had little effect on the surface waves of
interest). The relative positions of the InSb and YIG are as shown in
Figure 5-8. The r.f. couplers, constructed of 70 mil coax, Phelps Dodge
Type CT - 07050, are similar in design to those described in Chapter 3.

In the present configuration they are located on the same side but at opposite

ends of the ferrite, separated from it by a strip of 0.001 inch teflon. In
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order fo suppress the anticipated traveling wave resonances and surface
wave coupling from input to output along the ferrite surface adjacent to
the r.f. couplers, this surface of the ferrite was coated with resistive
paint having a resistivity of 500 ohms/sq.. .

Drift fields were applied to the 'InSb ﬁt contacts placed at the sample's
ends and connected to a 0. 141 inch semirigid cable through 0. 005 inch gold
wires. The contacts, 0.160 inch apart, were fabricated by applying a
50-50 indium-tin solder to the indium antimonide with a low temperature
goldering iron after the sample had been cleaned by immersing it in various
hot and cold solvents. After tinning, the gold wires were attached by
reheating the contacts until the solder melted. The sample contacts were
tested and found to be ohmic. The room temperature resistance of the
sample was measured to be 0.4 ohms.

Transimission experiments were performed with thg YIG - InSb  sand-
wich, housed in its plexiglass jig, lowered into a dewar filled with liquid
nitrogen. In going from room temperature to that of liquid nitrogen, 7%,
the InSb carrier concentration decreases approximately two orders of
magnitude to N £ 10! cm. ~3, (data provided by supplier) while the electron
mobility increases to approximately 280, 000 cm?/v-sec. (estimated on the
basis of measurements; 2 y sec. , 25v pulse applied every 20 m sec.) As
a result, the conductivity of the indium antimonide is decreased from its
room temperature value, the sample presenting an increased resistance

of R=26 ohms. The lowering of the temperature to that of liquid nitrogen
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effects YIG properties as well, As the temperature decreases both the
saturation magnetization and the linewidth increase, the saturation
magnetization increasing from approximately 1760 G. to 2400 G. (39112 ),
while increases in the linewidth of as much as nine times have been .
reported (42). (Observing the surface wave spectrum of the YIG slab as the
temperature was lowered from room temperature to 779K, a shift of the
spectrum to higher frequencies corresponding to an increased wWm was seen,
This increase in the frequency of the spectrum was accompanied by a
decrease in the amplitude of the transmitted signal).

The schematic diagram of the experimental setup used in the transmis-~
sion studies is shown in Figure 5-9. A continous wave signal, obtained
from an HP 8690A sweep frequency oscillator withH01-8694Br.f. plug-in,
is matched to the sample input by a single stub tuner, Microlab FXR X 311A,
The r.f. output is brought out through another single stub tuner to a mixer-
preamplifier, LEL Model XBH-3, where the signal is heterodyned to 30
MHz.. The local oséillator level is maintained at a constant level of 1mw .,
and the attenuator in the input circuit is adjusted to insure that the mixer-
preamplifier is operating sufficiently below saturation to ensure that its
output is proportional to its input. After being attenuated by a precision
variable attenuator, AIL Type 32, the output signal is displayed on an
oscilloscope. The precision variable attenuator permits quantatative
compérisons to be made between the output signal level when the electrons

are drifted and that obtained without drift.
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In order to minimize heating effects caused by the application of high
voltages to the indium antimonide, the electrons are drifted by low duty
cycle pulses obtained at the outpui: of a voltage divider network consisting
of noninductive resistors and driven from the output of a Cober Model 605P
high power pulser. The Cober pulse generator also provided a triggering
signal for oscilloscope swéep initiation.

Investigations performed with the above set-up revealed qertain
difficulties involved with the comparison, in real time, of the structure’s
transmission properties as a function of drift field. It was determined
that the current within the semiconductor resulted in significant changes
in the static magnetic field in the YIG. Since, as noted in Chapter 3, a
change in the applied magnetic field results in a frequency shift of the
transmission spectrum, a new magnetic field operating point is established
when the semiconductor is drifted. This may be demonstrated by observing
the transmission characteristics in the vicinity of a bulk mode resonance
peak. (In the configuration employed, the bulk mode resonance peaks are
more pronounced (sharper) than the variations in the envolope of the sur-
face mode spectrum because the bulk resonances are caused by reflections
within the material and , hence, are less affected by the resistive paint
than are the traveling surface wave resonances). With the frequency set
to 8.052 GHz. and no voltage applied to the InSb, the applied magnetic
field was adjusted to 2420 G. corresponding to the maximum of one of the

bulk mode resonance peaks. When located at such a maximum point,
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current flow through the indium antimonide sample in either direction
resulted in a decrease in transmitted signal. When biased on the low
magnetic field side of the resonance peak ( kx B, into YIG) a current
pulse in the direction of propagation produced a decrease in tranémission
(lower field) while an increase in transmission was observed with the cur-
rent direction reversed (higher field). On thg other hand, when biased on
the high fleld side of the peak an increase in transmission resulted from
application of a colinear current pulse while current flowing in the opposite
direction yielded a décrease in signal transmission, These results, which

are consistent with Ampere's law(uB)

VxB, = ul,, 5-86
demonstrate the necessity for using an experimental technique allowing
for compenstation for the current dependent magnetic field shift. With
the field shift thus taken into account, comparisons of transmission data
with and without drift can be made for the same effective magnetic field.

If the static magnetic field data is not modified to reflect the current
produced magnetic field shift, possible erroneous interpretations of
transmission tests may result. As an example the following data corres-
ponding to surface wave transmission is presented. With the sweep
oscillator set for C.W. operation at 8.322 GHz. the applied static mag-
netic field was oriented such that Kk x E, was directed into the semicon-
ducto_r and adjusted to 2151 G. With the operating point thus established

the indium antimonide sample was pulsed such that the electrons were .
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drifted in the direction of propagation. The differences in the level of the
transmitted signal with and without drift were recorded and are plotted
as a function of applied voltage in Figure 5-10. An initial enhancement
of the transmitted signal is observed as the applied voltage is increased
from zero. This enhancement increases with applied voltage, being
1.16dB at an applied voltage of 10v. (24.6v/cm.). After reaching a
maximum (approximately 1.25 dB) the enhancement decreases, the
transmitted signal indicating a net loss between applied voltages of 26 v.
and 50v., the maximum voltage applied in this experiment,

Caluclation of the minimum conditions necessary for the instability
onset indicates that the onset conditions cannot be satisfied with the mate-’
rials and conditions employed in the above test. Thus the change in trans-
mission with applied voltage that was observed was caused not by an ex-
change of energy between the drifting electrons and the surface wave, but
rather by the change in magnetic field due to the semiconductor current.

In order to provide a means whereby the current produced magnetic
field shift could be compensated for,the experimental arrangement was
modified as shown in Figure 5-11 and 5-12a,b. Instead of applying a
C.W. signal to the sample, the r.f. input was pulsed using an HP33102A
PIN diode switch. The switching signal was obtained from a GR-Type 1391-B
Pulse, Sweep and Time Delay Generator triggered by the Cober high power
pulse generator. This arrangement permitted adjustments to be made in the

delay between the initiation of the current pulse and the microwave pulse.
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Figure 5-12 - Photographs of Experimental Set-up
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Furthermore, the length of the microwave pulse could be adjusted so that
it ended either subsequent or prior to termination of the current pulse as
desired. This flexibility permitted visual comparisons between the trans-
mitted signal with and without drift to be made as before and also provided
the option of applying a microwave signal entirely within the period when
carriers were drifted.

Additional modifications were made in the output circuitry. An X-
band prgcision attenuator was inserted immediately ahead of the mixer-
preamplifier and the 30 MHz. attenuator was removed from the mixer
output. The envelope of the 30 MHz. signal was detected with an HP 424A
crystal detector terminated in a 50 ohm load and was applied to the input
of an HP 466 A amplifier used for impedance matching purposes as well
as providing a gain of 40db. The output of the isolation amplifier was
applied to the input of a P.A.R. HR-8 lock-in amplifier tuned to the Cober
pulse generator's pulse repetition frequency. The output of the lock-in
detector was applied to the Y terminals of an X-Y recorder,

To obtain an X-axis signal from which the value of the applied mag-
netic field may be calculated, a precision 10 turn potentiometer, Helipot
SAJ 651, was coupled to the shaft of the Varian V-2900 electromagnet
power supply's sweep circuit potentiometer. By applying 24v dc across
the winding of the 10 turn potentiometer, a voltage related to the position
of the sweep circuit potentiometer was obtained at the wiper arm of the

10 turn potentiometer. This voltage, applied to the X input of the X-Y
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provided an X deflection related to the magnetic field in the gap. This
deflection was calibrated in térms of kilogauss through the use of a
Rawson-Lush Type 720 S rotating coil fluxmeter.

To avoid the increase in linewidth and the shift of the transmission
spectrum associated with the decrease in operating temperature, meas-
urements of surface wave transmission as a function of applied magnetic
and electric field were conducted at room temperature using a gallium.
arsenide-YIG structure. The gallium arsenide consisted of a thin
epitaxial layer on a 15 mil chromium doped, 10° ohm-cm. substrate;
the epi layer, doped with sulfur to an electron carrier density of
1.27 x 10!"/em®, had an electron mobility of 4295 cm?/v-sec. and was
approximately 0.3y thick after contacts had been applied. The method
used in preparing the contacts is outlined in Appendix III,

The r.f. coupler and current contact arrangement used in the study
of surface wave propagation along the interface of the GaAs with the
single crystal YIG, slab differs in several respects from the YIG-InSb
configuration discussed previously., The fact that the GaAs is
epitaxially grown on an insulating substrate makes it necessary for
the YIG to be positioned between the GaAs contacts. To have the r.f,
couplers near the ends of the YIG slab and positioned so as to be close
to the YIG-GaAs interface it was necessary to place the r.f. con-
nectors in contact with the GaAs substrate as shown in Figure 5-13.

Due to the high resistance of the substrate and relatively small thiclness
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of the epitaxial layer surface waves could be launched at the YIG-GaAs
interface in this manner.

The plexiglass jig which was used to hold the YIG-GaAs structure is
shown assembled in Figure 5-14a and partially disassembled in Figure
5-14b, The GaAs is observed to be partially covering the r.f. couplers
which are brought into the plexiglass jig from opposite sides. Electrical
contact with the GaAs contacts is through 5 mil gold wires connected to the
larger(141 mil) coaxial cable. The YIG slab, shown resistive paint side up,
rests atop the GaAs between the electrical contacts. The YIG~GaAs sand-
wich is held in place by a braés spring attached at one end to the plexiglass
jig. The spring may be seen in Figure 5-14a. (Card stock and teflon are
used to protect the YIG from scratching.)

With the frequency set to 8. 076 GHz. the input and output single stub
tuners were adjusted for maximum signal transmission. The magnet was
swept from 0.7 kG to 3. §}{G ance with T’\ X B-. directed into the GaAs
(8.C.) and again with 'k'x\E, directed into the resistive paint (R) with

‘no drift field appled to the GaAs in both cases. (Referring to the experi-
mental data obtained for magnetostatic surface wave propagation at a
YIG- dielectric interface, surface waves are expected to be observed for
applied magnetic fields of approximately 2.5 kG.) The tracings recorded
on the X-Y plotter for this operating condition have been reproduced in
Figure 5-15. The vertical scale represents relative transmitted signal

power in db while the abscissa is in units of kilogauss. A region of
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Figure 5-14 - Jig Used in GaAs-YIG Propagation Studies
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relatively high loss is observed corresponding to applied field values
between 2. 0 and 2.9 kG, the region in which surface wave activity is
anticipated. It is noted that the maximum loss experienced by curve R
is-greater than that experienced by curve SC. This indicates that the
losses encountered by the "magnetostatic'' surface wave in traveling
from the input to the output are greater when the wave travels along the
surface of the YIG slab coated with resistive paint than when it travels
along the YIG-GaAs interface. Comparing Figure 5-15 with the results
obtained in Chapter 3 for surface wave propagation at’ YIG-dieleétric
interface, it is noted thét the surface wave passband is'~'wid:e'r when the
YIG is bounded by the GaAs. This is expected since it was shown in
Chapter 4 that surface wave propagation along a ferrite-semiconductor
interface may occur for field values (or if B, held constant, frequencies)
both gbove and below the magnetostatic mode resonance. At the high
field (or correspondingly, low frequency) end of the loss region a number
of relatively sharp peaks are observed for both the R and S.C. traces.
These peaks corespond to bulk mode resonances(refer to Figure 3-27)
which, as noted previously, are primarily an internal phenomenon and,
hence, are not suppressed to the extent that surface wave resonance peaks
are by the resistive paint.

Examining the transmission spectra in the vicinity of the transmission
minima (Byp=2533 G.) on an expanded scale, Figure 5-16, the difference be-

tween the losses experienced by'the signal when 'k x'f';o points into the semicon-
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ductor relative to those experienced when kxB, is directed into the
resistive paint is more clearly manifested. The R trace is observed to
be at least 20db lower than that of the S.C. trace. (The minimum point
of the R curve is at the system's noise level.) Observing the S.C. curve
it is noted that it exhibits a series of relatively broad peaks and valleys.
These peaks become more closely spaced as the applied magnetic field
decreases (or if B; held constant, the frequency increases) corresponding
to an increase in signal wavelength, This phenomenon is attributed to
vestigial surface wave resonance peaks simﬂar to those observed on the
envelope of the "magnetostatic'' surface wave transmission spectrum
shown in Figure 3-36. The fact that the width of the peaks decreases as
the magnetic field is reduced below bulk mode values is in agreement
with predictions of increasing surface mode wavelength as the resonance
is approached.

Other investigations of microwave propagation in ferrite-semicon-

(20, 21, 24) (20)

ductor structures have been reported previously . Schneider ,
in his work, presents evidence of strong coupling between spin-wave

volume modes in a YIG slab and electrons in an adjacent InSb sample.

In both of the other references cited the ferrite used was also YIG. In
neither of these cases, however, does the test frequency correspon;l to

that expected for ''magnetostatic'’ surface waves with the applied mag-

netic fields indicated. For instance, Vashkovsgkii et. al. reported

observing the magnetostatic surface wave resonance at a frequency of

2 GHz. with an applied magnetic field of approximately 550 Oe. While
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this frequency is 33.3% lower than that employed by Brundle and

(6)

Freedman' °, the applied magnetic field at resonance is more than

100% higher. Furthermore, considering the lowest frequency for
which the magnetostatic surface wave resonance may be obtained as

being bounded by the condition that Hj, and hence wj , equals zero,

Wm

1 [w 2
£ =2—ﬁ(-zﬂ) =2.477 GHz 5-87

for the 1770 G. YIG material used by Vashovskii et.al. Since fyiy is

a lower limit is found from W,y = W, *+ to be given by

greater than 2GHz, , it appears likely that the delayed signals observed
by Vashkovskii et, al. were not surface waves but rather bulk waves.
This would be consistent with the findings of Brundle and Freedman(e)
who reported that '"at higher d. c.fields, groups of delayed signals were

also visible, sometimes to delays greater than 14 sec."

In the above discussion experiments involving the transmission of
microwave signals in a structure consisting of adjacent ferrite and semi-
conducting layers have been described. By observation of the transmission
spectrum as a function of applied magnetic field both bulk and surface modes
were identified and related to the corresponding modes for a ferrite bounded
by a dielectric. It is believed that this is the first positive identification
of ""magnetostatic'' surface wave propagation along a ferrite-semiconductor
boundary.

ks(18, 23, 120)

The theory presented herein and in other wor predicts

the possibility of obtaining active interactions in systems consisting of
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adjacent semiconducting and ferromagnetic insulating regions. To experi-
mentally verify these predictions, however, high mobility thin film semi-
conductors, such as thin epitaxial InSb would be required. As epitaxial
InSb was not commercially available at the time the work reported herein
was in progress, experiments for which the instability onset criterion

was satisfied could not be performed.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The electromagnetic propagation of surface waves at the interface
betwéen two semi-infinite insulators, one magnetic the other non-mag-
netic, has been investigated. By observing changes in the dispersion
characteristics as the permittivity of the dielectric regions was altered,
new information concerning the behavior of the ''magnetostatic'' and
""dynamic'* modes was obtained. It was found that an increase in the
permittivity of the dielectric not only resulted in a decrease in wave-
length for any given frequency of the '"magnetostatic'' mode but also
modified the frequency range and character of the ""dynamic'' mode.
While the ‘aynamic”mode is found to propagate in the reverse direction
for ¢, < €, ,1tis cutoff entirely for the range of parameters

(i + Wm)

em< €y < & mGo a result heretofore not reported.

Furthermore, when the relative permittivity of the dielectric region

(W + Ww)
W
the ferrite-dielectric interface is found to exist. This mode, referred

exceeds €, , a new '"dynamic'' mode, guided along

to as the forward "dynamic'' mode propagates in the same direction as
the magnetostatic mode of Damon and Eshbach( 5 ).

The electromagnetic analysis has been extended to the case of
finite ferrite slabs bounded by non-magnetic insulating regions as well.
Tt was found that modes similar to the '"magnetostatic'' and ""dynamic"’

modes, discussed in connection with the semi-~infinite ferrite-dielectric
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structure also exist when the ferrite is of finite thickness. By examining
the ratio of surface wave energy densiﬁeé at the top and bottom surfaces,
it was demonstrated that a mode set consisting of a ""'magnetostatic" and
a "'dynamic'" mode is associated with each surface. It was found that the
frequency .range over which the "dynamic"' modes may propagate can be
varied through a suitable choice of the adjacent dielectric media para~
meters in a manner similar to that described for the semi-infinite case.
If desi_red, the neighboring insulating material may be chosen to entirely
cut-off the ﬁynamic"modes, resulting in surface wave propagation solely
by '"magnetostatic'' modes. The analysis has also shown that the new
""dynamic'' mode, which propagates in the same direction as the '"magneto-
static" surface mode may exist on finite ferrite slabs as well.

In the initial investigations leading to these results, the effects of
exchange were included in calculating the permeability tensor components,
while pinning coupled exchange effects were neglected. When considering
thin films, however, the transverse exchange term becomes significant
and this approximation is no longer appropriate. Wolfram and DeWames(Ga) ,
considering the effects of surface pinning have investigated the effects of
exchange on the surface modes of YIG ﬁlxhs. In assuming vxH to
be zero, however, the details of the long wavelength region, such as the
"dynamic'' modes, the éffects of neighboring media and the behavior of the
modes- in the vicinity of the lower frequency limit are not included in the

analysis. Furthermore, it has been determined from the exchange modi-
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fied electromagnetic surface wave analysis that the transverse wave-
number in the ferrite becomes large as the lower frequency limit is
approached indicating that these solutions may be modified by exchange
in this limit. Thus an interesting and informative extension to the pre-
sent work would be a detailed electromagnetic analysis of the modes of
a ferrite slab with pinning coupled exchange effects incl_uded.

The propagation of electromagnetic modes on the surface of a
ferrite slab backed by a perfect conductor has been congidered. It has
been demonstrated that a close relationship exists between the magneto~
static 'ferrite-metal'' mode and the '"dynamic'' mode of the semi-infinite
model. This has been established by showing the transition of the mode
from a "ferrite-dielectric'’ field configuration near the lower frequency
limit to a "ferrite-metal" configuration as the resonance is neared. Fur-
ther verification was provided by observation of the mode as the ferrite
thickness of the grounded slab was varied. It was found that when the °
ferrite is sufficiently thick, surface waves propagate at frequencies
greater than the "'ferrite-metal'’ mode resonance frequency, previously
thought to be the upper limit, |

DeWames and Wolfram( 10) have studied the characteristics of
magnetostatic surface waves on a slab backed by a lossy conductor. -
(Recently, Masuda et. al. (26) have published a similar study with the
lossy metal replaced instead by a semiconductor treated in the collision

dominated limit.) Examining the dispersion relationship of the ferrite-
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metal mode as the metal becomes lossy, it is observed that the mode is

‘no longer resonant at W; + w,, ; instead, its characteristic approches

W+ OEM as the wavenumber becomes large. As losses are further
increased the mode appears to closely resemble the s:=-1,, mode of the
ungrounded slab. This behavior is intersting since the ferrite-metal
mode and the s=-1 Damon and Esh‘bach mode are unrelated in the loss-
less case.

Considering the imaginary part of the complex frequency, through
which the introduction of losses is also manifested, one finds that as
losses are introduced attenuation of the mode initially increases. As
losses are increased further, however, the imaginary part of the com-
plex frequency attains a maximum such that the introduction of additional
losses only serves to decrease the maximum rate of attenuation. In
other words, it appears that:the losses decre ase as the metal becomes
more lossy.

To better understand and clarify the circumstances surrounding
these phenomena, it is suggested that further analysis of the case of a
ferrite slab backed by a lossy conductor be performed without neglecting
electromagnetic propagation effects. Since a close relationship has been
established between the 'ferrite-metal' mode and the '"dynamic'' mode,

a mode which may only be calculated by including the effects of electro-
magnetic wave propagation, an increased understanding of the problem

may be gained through such an analysis.
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Swept frequency measurement techniques permitted real-time
observation of the "magnetostgtic“ surface wave frequency spectrum
as a function of applied static magnetic field, In this way it was pos-
sible to follow the traveling wave resonance peaks, leading to the
observation that the lowest fesonance peak disappeared as the fre-
quency spectrum shifted to higher frequencies. Through the correia-
tion of the data obtained from the resonance peak observations with
cdlculations based on an electromagnetic analysis of the finite ferrite
structure, it was possible to show that this behavior was  caused by the
increase in the wavenumber at the lower frequency limit as the magnetic
field increased. This close correlation of theory and experiment would
not have been possible had a magnetostatic analysis been performed
instead.

The traveling wave resonance phenomenon observed in connection
with the "'magnetostatic'’ surface wave is caused by the additive and
subtractive interferance of the wave as it circumnavigates the ferrite
slab. It is also possible for the ""dynamic'' mode to exhibit traveling
" wave resonances provided the ‘sample is of sufficient size with respect
to the mode's relatively long wavelength. For a sample of the size
used in the studies described in Chapter 3, one shoiilld be able to ob-
serve one resonance. A single resonance corresponding to a mode
whose direction of propagation was opposite to that of the '"magneto-

static'' mode was observed albeit at a frequency somewhat lower than
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anticipated. As the thrust of these experiments was development of tech-
niques and gathering of information useful for the subsequent studey of ''mag-
netostatic'' surface modes at a ferrite semiconductor interface, confirma-
tion of the possible '"dynamic'' mode resonance was not attemped and remains
an open question,

The propagation of electromagnetic waves guided along the interface
between a magnetic insulator and a semiconductor has also been considered.
Using parameters appropriate to YIG and InSh at room temperature, the
disperiton relationship was analyzed to determine directions of signal flow
in the regions above and below resonance. Examining the ifnaginary part
of the spin mode wavenumber, it was found that apart from the resonance
region and its immediate vicinity, the mode's attenuation function exhibits
little change as the electron drift velocity is varied. Within the interaction
region itself the magnetostatic approximation is found to be approp-riate and
was used to extend the instability onset condition obtained by Robinson
et. al. (23) to include the effects brought about by the presence of minority
carriers. It was determined that while the presence of minority carriers
has a detrimental effect upon the interaction, this effect is small and may
be neglected in the ranges of material parameters required for an active
interaction with the four commericially available semiconductors examined.
The ranges of material parameters for which the instability onset criterion
is satisfied may be quickly established through the use of the instability

onset condition nomograph developed. The nomograph, which is drawn for

a particular value of ( Ap:: )} and frequency, is used by locating the point
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corresponding to the carrier density and mobility of the semiconductor
in question and noting whether the corresponding drift velocity may be
obtained with this mateyial.

Dispersion relationships describing electromagnetic wave propa-
gation along a ferrite-semiconductor interface, where both the ferrite
and the semiconductor are of finite extent were developed. These rela-
tionships were then examined in the magnetostatic limit for material
parameters satisfying the instability onset criterion as determined by
using the instability onset crierion nomograph. An interesting conclu-
sion of this study is that a dielectric separation between the semiconduc-
tor and ferrite materials of the order of grit sizes used in the polishing
of samples is sufficient to prevent instability onset. It was also deter-
mined that, in addition to the detrimental effect of ferrite thickness reduc-
tion on the interaction, the frequency at which an instability may be obtained
is reduced as the ferrite thickness approaches the minimum value for which
an instability may be obtained.

A series of experiments was described in which techniques required
for proper evaluation of possible interaction between surface waves sup-
ported by a ferrite spin system and drifting carriers in a semiconductor
were developed. Resistive coatings were used to suppress traveling sur-
face wave resonances and to attenuate surface waves traveling along the
large surface of the YIG slab directly opposite the semiconductor-ferrite
interface of interest. Through the evaluation of the microwave trans-

mission spectra obtained as a function of applied magnetic field, both



268

bulk and surface modes were identified and related to the corresponding
modes for a ferrite bounded by a dielectric. I is believed that this is
the first positive identification of ''magnetostatic'' surface wave propa-

gation along a ferrite-semiconductor boundary.
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Appendix 1

The Demagnetizing Field Within A Rectangular
Slab of Insulating Ferromagnetic Material

A rectangular parallelapiped of insulating ferromagnetic material, shown
in Figure A-1, is of thickness a, length b, and width ¢ and is bounded on all
sides by free ‘space. A uniform static magnetic field is applied in the 2 direction,
It is assumed that the ferromagnetic material is such that the anisotropy field

is small and may be neglected in comparison to the app]ied field, Hp.

Both within and without the slab the static magnetic fields are des-

cribed by Maxwell's equations,

V. B =0, 2-4
and
Vx H=0. B

In the interior region the magnetic flux density, Bi,.is related to the mag-

netic field intensity, Hi, through the constitutive relation
-6;=/Uo(n;+F4)) A-2
where Hj = Ho+ Hd, Hq being the demagnetizing field and M the magnetization,
Since it has been assumed that the applied static magnetic field is uniform
V-H, =0, A-3
VxH,=0. ' A4

as well -as

Taking the divergence of both sides of Equation A-2 and using Equations
2-4 and A-3 results in

V'HJ‘—'-#V‘I\—’\. A-5
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By employing the vector identity(“")

VxV Y =0, A-6

a scalar potential, ¥ may be defined such that(115)

VY = -H, A
Substitution of Equation A-7 info Equation A-5 ﬁdds
v A-8
va LP V : M = - m o

The solution to Equation A-8 may be expressed as(m’)

I

W) = [e )Jv 4nf . A9

'r-Y‘ |

where &, is the magnetic surface charge density, Expressing ¥in terms of
the magnetizé.tion of the slab, equation A-9 becomes

4ﬁ4’(r)=-j v-mdy +[ Mo ds’, A-10

V"Y‘—V‘" lY'-Y'll
where Mp is the magnetization normal to the surface of the ferromagnetic

slab,

In order to obtain an analytic expression for the demagnetizing field as
a function of position within the ferromagmetic slab equation A-10 must be
solved, Although the non-uniform demagnetizing field implies that the magneti-
zation will not everywhere lie parallel to the applied -field, it is a good approxi-
(n7)

mation. to assume uniform magnetization in strong wmiform applied

fields since the transverse components are small.
Applying the uniform magnetization approximation, Equation A-10 may

be written as
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—41\((’}:[5 ’ M. , Jx'cly _[ M. Jx’Jyl 5 A-11
- /(x— _a/(x-—x) "(7'7) +(2. c) .

x’)"a-(r -]f’)1 v 2t
where Mp has been replaced by Mo » the % directed saturation magnetization.
Smce the integrals are well behaved in the region |z -'%l <-§— , the deriva-
tion of the demagnetizing field is restricted to this central portion'of the slab.
It is evident from symmetry considerations that the transverse components of
the demagnetizing field must be zero along the z = c/2 plane, so that an
analytic expression for only the longitudinal component need be obtained. |

The 2 component of the gradient of Equation A-11 is

b 0 -
411H,, :[[ -2 Jx'J ’ [" (2-c) dx'dy’ A1z
M. /. -a [(x-x) *( ~y e e [(x x Ve ly- 7')*(z-=)]% .

The integrals in Equation A-12 may be evaluated by repeated use of trigono-

metric substitutions, An angle O is defined such that

Q= fan—' (x—x')
\l(y-)",)"+ z*

The differential element, dx', may then be expressed in terms of as

l:\/(i_y’)z.+z" sec*® d6 | A-14

A-13

4

Defining 9. as

0, = tan' (x+a) , . A-15
Ly-y 722

and @;as

Qt = Ton-' X_ | ) A-16
s](y-y’)l"' Zz

the first integral on the right-hand side of Equation A-12 may be expressed

as
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j[ 2cos 6 AeAy , oA
o Cy-yV v 2* o |

Integrating with respect to 8 yields
L , b ,
I,'—‘ sin 0. c'y Sin 91 cl'y . A‘-]'S.

° (7-7’)2 1'/;.1 o (y-y')z_ﬁ- 21

' E@ressing this result in t'erms of x,yields

I,= f J (x-e-a\ Jy’ A-19
[(7 /) +Z][x + (7 7') "’ZJ N [( -); )2 ."‘_(x-m)t" (y -,')‘:' Z‘]'A

Followmg a similar technique in evaluatmg the second integral on the right-

hand side of Equation A-12, the fo]lowmg expression for Hgy, is obtamed,

4 Hy, - 2x f (c-2)x
™, [(7 vé )l“"][-";*(‘/‘ ’Z‘ /b [(7 ;) *(z-c).":x "'(7‘ Vala-c )]

f 2(x +a) dy’ Y - (c sz+ a)

/’) *? I(x+a] *(77')"‘2‘1 [(’ 7)+ 2-c) ][(xu) ¢(, ,') ..(;.‘)
Defining now an angle such that

'A-20
]/

- tan (o)
x% + 2" _

the first term on the right-hand side of Equation A-20 may be expressed as

I,=- zx sec® 4@ . A-22

) (x242t)sec*@ -x*
The integrand of the above expression may be factored to yield,

I,= 1[¢L zsec¢ 44 _1_ % zsecd C‘¢ A-23
(x +z )$€°—¢ +X j, J (x2+2%) sec¢-x '
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Further mampulatmn results in

I=_. AQf -A.’.A24

cosd : /x“"—n* cos

x*+ Lt X

Jx‘+z [

The integrands in the above expression are in the form

I (31 5 A
1 B

1+ N co 53
where INl <1 . From the integral tables of B.O. P1erce(“°) and G. Petit

Boist ") |, the solution is given as

13: 1 stn-|{J1~N‘ sin g }
Vi-N* 1+ Neceosy

I A-26

5

Thus the integrals of Equation A-24 may be evaluated as

]

2l.= sin—'{’ z [ (,.b) ] _5',,,"{ z [ X %
' xtezh Jx"-r(/-b)"«-z" +x xu2t x"+7"+z." +X
.-' Sl.n-l{f

(Y-L) ]i_l_sm"{ ZL[ Y ﬂ}
\/)(-0-(74»)t 2 -x -X’-’oz‘ Jx"*,"'z" =X d},

A=217
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Performing similar operations on the rethaining integrals of Equation
A-20 yields the following result for the del_nagnetizing field of the rectangular

ferromagnetic slab in the region of the central plane z = c/2

_,_". ng {/ = ] =[ |
Sln v -Sln
X"'I-l UX%(,-L)‘H + X ] "-0-2 Jx 4.7 .,z‘ + X

-sin ’ (y=b) ' oS F Y
,,x"o-(y..b)"rz‘ =X x~z |/,( +),7-..21 -X ]

wsin { (2-c)* - ('y-lo) - -sm ~ N
X (z-c) jx‘-;.(,-lv)"f(z-c)':fx x.(z-c) X"+ Y +@-C)‘+X

-sin { (z- )" [ (x b) . +sin ‘C) [ Y .
[t [ ) Ueed [T e |

-sn l (y-b) 1-sm 5 Ly
+ﬂ) v J(xea)‘o-(,-l.)‘fzh( (ses2* _J(xm—)!qioz’ +(xm)

H

o 2 |___{4-b ] st ] 2
Gesal's2 [lxea oty b¥teny Jxiap e as ez - beead
cs§ [@=a" | (b il 22 |
(x-u)‘#(t.-crm (xm)‘o(x-t‘ (uq)"o-"w(:.-c) +(xed
+Sln (z-c) [ (y-L) '-c)‘ 3
(xead+z-0)* l[(?.)‘.(,.s) G- e (au)‘oh-.fl (coalt ¢ yrela-e' = (uwa)

A-28
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Appendix I
Normal Mode Formulation of the 90° Spin Wave-Carrier

Wave Interaction in Magnetic Semiconductors

The interaction between TE waves supported by the spin system and
carriers streaming within the bulk of materials possessing both magnetic
and semiconducting properties is discussed. By expressing the equations
describing the interaction in terms of the system's normal modes, the role
played by collisions in coupling and mode modification is demonstrated.

A model of the magnetic semiconductor is considered in which the
boﬁndaries are far from the regions of interest and variations due to their
presence are assumed negligible. The magnetic semiconductor is mag-
netized in the 2 direction by an externally applied static magnetic field
resulting in a uniform internal magnetic field intensity, Hj. Additionally
a static electric field is applied in the -’3} direction causing electron drift
in the positive 9 direction with average velocity Vee . (Only a single
carrier species, electrons, is considered in this investigation).

Electromagnetic propagation phenomena are described by Maxwell's
equations given by Equation 2-1, 2-2, 2-3 and 2-4, where € is equal to
€o Ewms in the magnetic semiconductor. If it is assumed that the wavelength
of the system response to electromagnetic excitation is larger than the
Debye length of the medium, the carrier system may be treated hydrody-
namically; furthermore, since the Debye length is orders of magnitude

greater than atomic dimensions, the spin system is adaquately described
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by a continuum model. If the amplitude of the response of the system to
electromagnetic excitations is sufficiently small and of the form exp (j_w'f'),

the system equations may be written

Vinz.- A-29

J@Pr)
V.-E:‘l= #:é': ) A-30
V-B=0 A-31
\VAS l:lf J *J'caoe.e,,.s—E-1 A-32
TV % = = (w0 - ) ¥ =B+ TuesBy+ 0B
+1§LV,}9. , A-33
2
and
- /u" "'J//ln. O "_]
Bz Maf[-i e M0 O [[He A-34
’ 0 0 1]
where
M, = 1+ wm(wHivM) ) 4-55
(w; +J'v...)1d* w?
and :
Mp = — W W .
(wi+ j V) -’ 4-56

Assuming that the response is TEy and, hence, propagating per-
pendicular to the direction of the static internal field, as shown in Figure

A-2, Equation A-31 may be rewritten as

V'E‘i.:_;_B_x:O, A-35
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indicating that the first order ’3} directed component of the magnetic flux
density is zero. Substituting this result into Equation A-34, the following

expression for Bx is obtained,

2
Bx = /‘lo (/un "zun_z) Hx =/"(°/'lb H)( A-36
/‘-'(“
Additionally, noting that the space charge density is zero in the first order
VoE=0-Ze Ao
Equations A-29, A-32 and A-33 may be reexpressed as i
OF
_3"—2 = - w Bk ) A-38
oy T
é—Hﬁ = fo Va _Jweae—ms E.z A-39
2y

and

Ve %_Y_z = -J' (w—j;&)" 7: E: ""lVoeBx © A-40
7

Thus the system of equations has been expressed as a set of first

order linear differential equations which may be written in matrix form as

- - -

E; O —jw O Ez

\,T/:_b_a 0 ~ M My Byl , a4

-t WM
s
P T . .
Bf | % cere jlapd || T

where

€ =€,E€ ¢ A-42
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2 = 1 A-43

and
J = - Joo Vy | A-44

The characteristic equation may be obtained by evaluating the determinant
| k1-9=0 -
] k , A-45

leading to

kz__ wz“b [1_ (‘),2,_ (w-'kVoe) ] - o“ A-46
2 L:)z( w "k%,c."JVe)

Hence the modes (in the absence of collisions ) have the characteristic values

Cims

k= w_ ) A-47
vV,

oe
and

A-48

== j (- wffty
C%\s '
It is noted that for this case, ¥,=0 , the carrier mode is indepeﬁdent of the
spin system and the modes are uncoupled.
In order to better observe the role that collisions play in this system
the vector W is transformed into the vector P where the p, are the normal

modes of the system. A modal matrix, R is defined as

_I___
F:R w o, A-49

such that if »e =0,



281

T = U |Vo.=o = R—| S'»fo R ) A-50
where T is a diagonal matrix; the elemenfs of T are the character-
istic values, k , determined above. Performing the algebraic manipula-
tion one finds

ia(t-n)] [ ke ] [ wle J

2 (=4
| G | L X2 3

R~ :’;‘i“,ﬂ 3 -chae] [uiag-age

€(4\jf ﬂj)] [ g_);’ef\ S-J B w:‘.,ep..y- J

{ s [P F]-[j,ﬁ- - hgl }

A-51

where

10_+_ = [_0_9_ t ﬁ““-w;e)ﬂ{l A-52
y v0¢ C%m )

ge=[om + ! jw--gmi] ) A

C:S V“ cmg
and the o<» are arbitrary constants.

Performing the transformation without neglecting colligions

5'=Up= R'%w' =R"SRR"w=R"SRp . -5t
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and

——

. w! F-s_._ P!j ol -'l d:oc.g!

("” L 4 J) ( vv“ Ea) ( 1)vuZ, )
== "‘ ; My P.g.-F.g.]' ‘“E) wind ~}Yetdpe .c. ¢)

u - J I y:,.ﬁij- ‘Eu d ( L + Jv:M.VJQZ) ( :n‘ VerAj-

(, BYNLIEN oiud edanigeial
Che 3¢[fu Z, ]) v:m Voo Z; j,) ( esm J%;'i:efzdi)

A-55

where

Z,= _:_.A..[F - P, ]—w['p.3+-4‘+3-] . A-56

As can be seen from the above matrix, collisions have the effect of
modifying the normal modes by coupling one to another. Thus, collisions
aot only provide a loss mechanism in this system but also couple the car-

rier mode to the modified spin wave modes. In the region of synchronism,

L (o? “"“)/”” ) A-57
v°€ Cms

this coupling results in a collision induced instability. (22)



" Appendix TII

Preparation of Contacts to Epitaxial Gallium Arsenide Used In
Surface Wave Transmission Studies

The gallium arsenide was cut into 0.300" x 0. 100" x 0. 015" sections
and contacts were prepared using a method similar to that described by
Cohen et. al. (121) First the gallium arsenide was cleaned in trichloro-
ethelyne, acetone and isopropyl alcohol. After a quick dip in an etching
solution consisting of H,0, -H,SO; ~H,0 in a 1:3:5 ration (the etch rate of a

1:3:1 solution is 5 y /min. (122)

) the sample was rinsed in distilled water
and briefly washed in EDTA solution (44 gm. of NaOH and 44 mgm. of
ethylenediaminetetraacetic acid dissolved in 1 liter of H,0) 1:3 H,O. After
rinsing in distilled water and isopropyl alcohol the GaAs sample was

dried with nitrogen and inserted into a stainless steel mask.

Contacts to the gallium arsenide were formed from a mixture of silver,
indium and tin in a 8:1:1 ratio . The silver was obtained by cutting a piece
of 0.010 inch diameter silver wire to a length of 12 inches. It was cleaned
by etching for 10 seconds in an NH,OH:H,0Q, 5:2 solution and then rinsed
with distilled water. The indium and tin were obtained from a 1/3 of an inch
length of 0. 030 inch diameter 50-50 In -Sn wire. The wire was etched for
10 seconds in a 5:2 solution of H,0O and HCL, rinsed in distilled water and
then placed together with the silver in a crucible in a vacuum deposition

unit where:they were melted together in an Argon ambient at a pressuré of

1 atm.,
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After the sample, housed in the stainless steel mask, was mounted in
the vacuum deposition unit, it was exposed to 5 minutes of ion bombardment
in a 0. 35 tor (mm, Hg) Argon atmosphere. Following the ion bombardment,
the chamber pressure was reduced to 1.5 x 10~° ltor and the gallium arsenide
was heated to 160° C. After an initial outgassing period, during which the
GaAs was protected by a shutter, the Ag-In-Sn mixture was evaporated
coating the contact surfaces.

After cooling, the pressure within the chamber was allowed to return
to atmospheric, whereupon the gallium arsenide sample was removed. The
contacts were then alloyed by heating the sample to 550° C in an Argon atmos-
phere for two minutes. After the alloying process the contacts were checked
and found to be ohmic. The sample resistance was measured to be 835 ohms
corresponding to an average epitaxial layer thickness of approximately 0.3

between the contacts spaced 210 mils apart.
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engineering. Graduating in February of 1965, Mr, Gerson continued his educa-
tion while employed at the Environmental Testing Laboratory of GPL Div. of
General Precision, Inc. Receiving a National Defense Education Act Fellow-
ship in September of 1966, Mr. Gerson returned to the City University as a

| full time student and was awarded the Master's degree in electrical engineering
from the City College in June of 1967,

From 1968 to 1972 Mr. Gerson was a member of the instructional staff in
the Electrical Engineering Department and Bachelor of Technology Division of
the School of Engineering of the City College of the City University of New York.
Presently, he is an Instructor in the Department of Electrical Technology of
Queensborough Community College of the City University of New York. Mr.
Gerson is a member of Eta Kappa Nu, Tau Beta Pi, Sigma Xi, the Institute of
Electrical and Electronics Engineers and the American Society for Engineering
Education.

Mr. Gerson resides in Brooklyn with his wife Maggie and son Adam..



