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Abstract

ELECTROMAGNETIC SURFACE WAVE PROPAGATION ON A 

FERROMAGNETIC INSULATOR WITH ACTIVE AND PASSIVE BOUNDARIES

by

Thom as Jam es Gerson

A dvisor: P ro fesso r Joseph S. Nadan

Electrom agnetic propagation of su rface waves on a fe rrite  slab of finite 

thickness magnetized para lle l to the planes of its  d ie lec tric -fe rrite -d ie lec tric  

in terfaces is  investigated. It is  shown th a t changes in the perm ittiv ities of the 

d ie lec tric  regions not only modify the frequency ranges and wavelengths of the 

dynamic modes but under certa in  conditions cause these modes to  be cutoff o r 

propagate in the sam e d irections as the m agnetostatic surface modes.

The propagation of electrom agnetic modes on the surface of a fe rr ite  slab 

backed by a perfect conductor is  also considered. Surface wave propagation at 

frequencies g rea te r  than the fe rr ite -m e ta l mode resonance frequency is  p re ­

dicted fo r th ick  grounded fe rrite  slabs thereby  clarifying p rio r re su lts  based 

upon sem i-infin ite and m agnetostatic analyses. A close relationship is shown 

to  ex ist between the m agnetostatic fe rr ite -m e ta l mode and the dynamic modes 

of the sem i-infin ite model.

Surface electrom agnetic mode propagation along the interface between a 

magnetic insu la tor and a sem iconductor is  also examined. The in teraction b e ­

tween the surface wave and stream ing c a r r ie r s  in the sem iconductor is  investi­

gated to  determ ine the effects on the predicted instability  of minority c a r r ie r s ,  

finite fe rr ite  th ickness, surface space charge lay ers  and d ie lectric  separations 

between the m edia.
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1

CHAPTER 1 

INTRODUCTION AND BACKGROUND

The anisotropic p roperties  of high res is tiv ity  fe r r ite s  has led  to

th e ir  extensive use in  microwave devices. Isolators^ *  ̂ and c ircu la - 

( 2 )to r s .  based on the non-reciprocal behavior of magnetized fe r r ite s

have been developed and are im portant components for the microwave

engineer. The rela tively  low lo sses  associated  with the fe rr ite  Y ittrium

Iron G arnet m akes th is  m ateria l a ttractive  fo r use as the resonating

( 3 )elem ent of m agnetically-tune able microwave f il te rs . The use of

( 2 4 )fe r r ite s  as substra tes  in microwave c ircu its  > a ssu res  continued

active in te res t in the microwave applications of these m ateria ls .

The m agnetostatic modes supported by a slab of fe rr ite  m ateria l

magnetized in the plane of its  faces have been theoretically  investigated

( 5 )by Damon and Eshbach. In th is  system , waves are guided along 

the surface in  a d irec tion  tran sv e rse  to  the applied static magnetic field 

over a range of frequencies. The d ispersion  ch arac te ris tics  fo r p ropa­

gation in the forw ard and rev e rse  d irec tions are sym m etrical about the 

k=0 axis, the wave amplitude having its  maximum at a fe r r i te -a ir  in te r­

face determ ined by the direction of wave propagation (or the d irection  of 

applied s ta tic  m agnetic fie ld ). Brundle and Freedm an obtained experi­

m ental verification  of th is  theory  in 1968 ^  \  Placing a m etal plate in 

contact with f ir s t  one and then the o ther surface of a tran sv erse ly  mag­

netized fe r r ite  slab, the sym m etry of the propagation ch arac te ris tics



2

was destroyed, thereby dem onstrating the unidirectional charac te r of the

( 7  )m agnetostatic mode of in te res t. Seshadri , considering a tran sv erse ly  

magnetized fe r r ite  slab with one surface in contact with a perfect conduc­

to r ,  pointed out that while sym m etry about k=*0 is  destroyed, m agnetosta­

tic  waves may s till propagate in  both d irec tions. In addition to  a magneto­

sta tic  mode s im ila r to  the Damon and Eshbach mode, a m agnetostatic mode,
/ o 0 )

which Young > re fe rre d  to  as a fe rr ite -m e ta l mode, is  found to 

propagate in  the rev e rse  d irection. (The case where the conductor is  

lo ssy  has also been studied in the m agnetostatic lim it by DeWames and 

W olfram  K)

The study of electrom agnetic wave propagation guided by the s u r ­

face of a fe r r ite  slab in some cases p redates the aforementioned magnet -
(73, 7+ )

sta tic  studies. In 1955, Lax and Button, while investigating the problem

of wave propagation in a rectangu lar waveguide containing one o r two

tran sv erse ly  magnetized fe r r i te  slabs, considered electrom agnetic mode

propagation p ara lle l to  the surface of a sem i-infinite fe rr ite  slab backed

by a perfect conductor. They found tha t such a s truc tu re  could support

a unidirectional mode guided along the f e r r i te - a ir  in terface. The mode,

which they re fe rre d  to  as a fe rr ite -d ie le c tr ic  mode corresponds to  the

( S ? )forw ard mode studied in the m agnetostatic lim it by Young > and 

Seshadri ^  K B re ss le r  ^  ^ , in 1959, found that in addition to  the 

forw ard mode, a second mode propagating in  the rev e rse  d irection  also



3

ex is ts . T h is mode exhibits a resonance as does the  corresponding m ag­

netostatic fe rr ite -m e ta l mode.

The propagation ch arac te ris tics  of electrom agnetic surface modes

at a sem i-infinite fe rr ite -d ie lec tr ic  interface have been investigated by

( 1 1 ) ( 12 )B ress le r  ' and Courtois e t. al. In addition to  a mode closely re se m -

( 5  )bling the m agnetostatic surface mode found by Damon and Eshbach, a 

mode propagating in the opposite d irection is  supported at the f e r r i te -d i­

e lec tric  in terface. Courtois e t. a l . , adopting the nomenclature used in

previous investigations of mode spectra  supported by longitudinally m ag- 

(13)netized fe r r ite  rods, labelled th is  mode a dynamic mode since i t  may 

only be calculated by including the effects of electrom agnetic wave propa­

gation; ie . not making the m agnetostatic approximation. The upper f r e ­

quency lim it of th is  dynamic mode is  g rea te r than the fe rrite -m e ta l mode 

resonance.

The propagation ch arac te ris tics  of electrom agnetic surface waves 

supported by a slab of finite th ickness with magnetization para lle l to its  

d ie le c tric -fe rrite -d ie lec tric  in terfaces is  investigated. By examining the 

ra tio  of the  surface wave energy densities at the top and bottom su rfaces, 

i t  is  dem onstrated tha t a se t of modes resem bling the sem i-infinite f e r ­

r ite -d ie lec tr ic  modes is  associated with each su rface. When a perfect 

conductor is  placed in  intim ate contact with one of the slab faces, the modes 

associated with th is surface d isappear while those associated with the oppo­

site  face a re  modified. F o r thin fe r r ite s  the dynamic mode is  transform ed
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into a mode resem bling the m agnetostatic fe rr ite -m e ta l mode. When the 

slab is  sufficiently th ick , it is  found that the grounded slab may support 

surface wave propagation at frequencies g rea te r  than the fe rr ite -m e ta l 

mode resonance frequency.

Additionally, the dispersion  relationships describ ing electrom ag­

netic propagation of waves guided by the surfaces of an ungrounded fe rr ite  

slab are  studied to determ ine the effects of varying the thickness of the 

fe r r i te  and of changing the perm ittiv ity  of the d ie lectric  media. It is  found 

tha t the frequency range of the dynamic modes may be altered significantly 

by the p roperties of the adjacent d ie lec tric  regions; the dynamic mode may 

even be cutoff over the entire spectrum  fo r certain  combinations of m ate­

r ia l  param eters  and applied fields. The re su lts  of the finite thickness f e r ­

r ite  analyses are employed to  evaluate data obtained from  em pirica l t r a n s ­

m ission studies. Through the corre la tion  of the d ispersion  ch arac te ris tics  

based on an electrom agnetic calculation with those obtained experim entally, 

it is  possible to  explain the observed behavior as a function of applied field 

fo r the low frequency portion of the transm ission  spectrum . The explanation 

would not have been forthcom ing if the m agnetostatic calculation had been 

used instead, for the m agnetostatic approximation is  not valid in th is  portion 

of the spectrum .

The possibility  of obtaining an active in teraction  between stream ing 

c a r r ie r s  and slow waves supported by the spin system  of a m agnetically 

o rdered  m ateria l has prom pted considerable in te re s t. ^  In 1964,



/1fl\
Spector and T iivelp iece described  an experim ent in  which they

attem pted to  obtain oscillations through in teraction of backward waves

supported by polycrystalline fe r r ite  slabs and an e lectron  beam  drifting

between them . While th e ir  re su lts  w ere negative, th is  was attributed

to  the re la tively  high lo ss  associated with the polycrystalline Y ittrium

Iron G arnet. With the development of chalcogenide spinels having both

(27)m agnetic and semiconducting p ro p erties  another medium fo r p o ss­

ible active in teractions becam e available. However, while evidence fo r 

an active helicon-spin wave in teraction  was presented  by V ural and 

Thomas in 1968 Robinson e t.a l. ^ ^ h a v e  indicated tha t i t  is  not

possible to  obtain unstable in teractions with the high re s is tiv itie s  of the 

m ate ria ls  presently  available.

In 1967, V ural e t. al. suggested that an instability  coulld be ob­

tained in  a s truc tu re  consisting of adjacent fe r r ite  and semiconducting

layers  through the in teraction  of surface waves supported by the fe rr ite

(23)with stream ing c a r r ie r s  in the sem iconductor. Robinson et. al. 

analyzing a sem i-infin ite ferrite -sem iconducto r system  in the m agneto­

sta tic  lim it developed an instability  onset crite rion . With the aid of th is  

condition and fu rth er m athem atical analysis they predicted tha t s truc tu res  

consisting of adjacent lay ers  of indium antimonide and Y ittrium  Iron 

Garnet w ere potentially unstable at room  tem pera tu re  fo r X-band f r e -
/ IQ V

quencies. Schlomann , investigating the propagation of m agento- 

sta tic  su rface waves along the interface between a low -loss fe r r ite  and
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a high-m obility cu rren t carry ing  sem iconductor film , also  concluded 

tha t an instability  could be obtained at room  tem peratu re  using YIG and 

InSb under certa in  conditions.

E lectrom agnetic propagation of surface waves along the interface

of a sem i-infinite sem iconductor-ferrite  s truc tu re  is  investigated both

with and without d rift to determ ine how the d ispersion  ch arac te ris tics

are  modified; of p a rticu la r in te res t are  the d irections of propagation

above and below resonance. Exam ining the longitudinal and tran sv erse

wavenumbers in the in teraction  region the validity of the m agnetostatic

approxim ation is  verified . Using th is  approxim ation the instability  on-

(23)se t condition obtained by Bobinson e t. al. is  extended to  include the 

effects of multiple c a r r ie r  species. By simplifying the resu ltan t ex p res­

sion an instability  onset condition nomograph is developed and examined 

fo r a num ber of com m ericially  available sem iconductor m a te ria ls . The 

effects of finite geom etry on the in teraction, e .g .  when the sem iconductor 

and fe rr ite  are  separated  by a th in  d ie lec tric , when a surface space charge 

region is p resen t at the sem iconductor su rface , o r when the fe r r ite  is  th in , 

are  also considered.

A se r ie s  of experim ents is  described in which techniques required  

" fo r the p ro p er evaluation of possible surface wave in teractions supported 

by a fe r r ite  spin system  and drifting c a r r ie r s  in a semiconducting medium 

are  developed. These techniques a re  used and the resu ltan t data is  com­

pared  to  tha t obtained fo r the fe rr ite  slab  transm ission  studies enabling



positive identification of the ferrite -sem iconducto r su rface  wave.



CHAPTER 2

ELECTROMAGNETIC WAVE PROPAGATION AT 
THE SURFACE OF A SEMI-INFINITE 

FERROMAGNETIC MATERIAL

2 .0  Introduction

In th is  chapter the dispersion re la tions d iscrib ing electrom agnetic 

su rface wave propagation a t the in te rface  between two in su la to rs , one 

m agnetic, the o ther non-m agnetic a re  investigated . Through the use of 

these  re la tions the ch a ra c te ris tic s  of the surface m odes a re  determ ined 

a s  the perm ittiv ity  of the d ie lectric  i s  varied . A nalysis of the lim iting 

frequencies of the surface wave spectrum  leads to  the discovery of a  new 

surface mode, the forw ard dynamic mode.
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2 .1  C haracterization Of A Non-Conducting Magnetic Region

The analytical investigation of electrom agnetic phenomena occuring 

at the interface between adjacent m ateria ls  requ ires  suitable ch arac te riza ­

tion of each of the media in te rm s  of m acroscopic observables. These
/ OQ \

quantities are then rela ted  by M axwell's equations,

V  * E  =  -  ^ § - » 2-1

2-2V *  H  =  J  +

V -  D  =  P ) 2-3

V- B = 0, 2-4
through the constitutive rela tions

d = £0E + f; 2-5

B  =  y U o (  H  + M ) .
and

2-6

F o r the insulating m ateria ls  herein  considered, the convection cu rren t 

density, J~, and free  charge density, j?  , are zero . If it is  assumed that 

the polarizability  of these m a teria ls  is  Isotropic, then the e lec tric  d is ­

placem ent, D, and the e lec tric  field intensity, E , a re  linearly  rela ted  

through a sca la r perm ittivity ,

D  =  €  E  , 2-7

where
-  J L _

> 2-8 

is  the perm ittiv ity  of the medium rela tive to  that of free  space.
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A s Equation 2-6 ind icates, the  magnetic flux density, B, in  a  

magnetic m ateria l i s  dependent on the magnetic field  in tensity , H, a s  

w ell a s  th e  magnetic moment density, M. ALthough the origins of mag­

netic behavior a re  quantum m echanical, a  continuum model may be em­

ployed to  describe M, if  the  wavelengths of the  system  response a re
(2.1)much la rg e r  than atomic dim ensions.'  ' Thus the behavior of the mag­

netic medium may be re la ted  to M axwell's equations through a  pheno­

menological theory.

T here a re  severa l c la sse s  of m ate ria ls  which display magnetic 

o rder below certa in  c ritic a l tem peratu res. The m anner in  which th e ir  

behavior i s  m anifested i s  dependent on th e ir  crysta lline  la ttice  a s  w ell 

as  the constituent atom s of the basis .

In ferrom agnetic m a te ria ls , the magnetic moments of all of the 

magnetic ions a re  aligned p ara lle l to  each other at low tem peratu res.

This o rdering  i s  shown schem atically in  F igu re  2 - 1(a). A s the tem pera­

tu re  of the m ateria l is  increased , the arrangem ent of the magnetic mo­

ments i s  d istu rbed  by therm al agitation, such spontaneous ordering no 

longer existing above a  c r itic a l tem peratu re known as the Curie point, Tc .

A ntiferrom agnetism  i s  characterized  by the an tiparallel arrangem ent 

of magnetic dipoles. The two orientations of the spins form  a  p a ir  of in­

terpenetrating  sublattices such that a t low tem pera tu res no net magnetic 

moment is  exhibited. A schem atic representation  of antiferrom agnetic 

order i s  depicted in F ig u re  2 -1(b). A s the tem peratu re  of the m ateria l is  

inc reased  beyond the Neel tem peratu re , the antiferrom agnetic o rd er d isappears.



Figure 2-1 Schem atic Representation.of: (a) F errom agnetic
(b) A ntiferrom agnetic (c ) F errim agnetic  O rd e rin g ' 29^
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A m ateria l having two in terpenetrating , oppositely d irected  sub­

la ttic e s , which, unlike an antiferrom agnetic system , a re  unequal is  

te rm ed  a  ferrim agnet, F igure  2 - lc .  A s w ith ferrom agnetic c ry s ta ls , 

ferrim agnetic  m ate ria ls  display a  net magnetization.

The magnetic m a teria ls  to  be considered herein  a re  a  c la ss  of 

ce ram ics called  fe r r ite s . They a re  ferrim agnetic  m ateria ls  having

high re s is tiv itie s . C ertain fe r r i te s ,  such as  Y ittriim  Iron  Garnet,
n

(YIG). have such high re s is tiv itie s  (10 ohm-cm . at room  tem pera­

ture^31  ̂ ) that they may be thought of as  magnetic in su la to rs . As a

resu lt of th is  p roperty , the eddy cu rren t lo ss  in  the m a teria ls  i s  neg-
(30)

ligible even at microwave frequencies. F u rth erm o re , the insulating 

ch a rac te ris tic  of these fe r r ite s  p reven ts "shorting  out" of adjacent de­

vices o r  c irc u its , thus enabling them  to  be used  as su b stra tes  in  in te ­

grated c irc u its  app lica tio n s/2'^
At microwave frequencies many of the fe r r ite  m a te ria ls  behave a s

though they w ere ferrom agnetic . T h e ir ch a rac te ris tic s  a re  determ ined 

by the motion of the net m agnetization in teracting  w ith electrom agnetic ex­

citations. The fine s truc tu re  of the ferrim agnetic  o rd e r  of these m ate­

r ia ls ,  which i s  manifested in  in teractions between the in terpenetrating  sub­

la ttic e s , generally occurs at frequencies which a re  in  the in frared  o r  opti­

cal regions of the spectrum . Although certa in  o ther fe r r i te s  do display
(33 )ferrim agnetic  behavior in the m icrowave reg ion ' ' , they a re  not being 

considered in  th is  w ork. Hence, in  the  following discussion no distinction 

i s  made between fe r r i  and ferrom agnetism .
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The m icroscopic moments producing the net m agnetization in fe rr ite  

m a te ria ls  are associated with tran sitio n  and ra re  ea rth  m etal ions which 

a re  d istributed in te rstitua lly  within the c ry s ta l. These ions charac­

te ris tic a lly  have incomplete inner shells. Thus, although th e ir  valance bands 

a re  com plete, a net magnetic moment p e rs is ts  due to  the motion of electrons 

in the inner shell.

In an atom o r ion in free  space, the motion of electrons re su lts  in  two 

contributions to  the to tal magnetic moment. The motion of the e lectrons 

about the nucleus gives r is e  to  an o rb ita l m agnetic moment given by

m  , 2-9
Z. m0

where e and bQq a re  the respective charge and m ass of the electron , 

is  P lank 's constant divided by ZTT , and t iL e is  the orb ital momentum of the 

e lectron . In addition a m agnetic moment is  a lso  associated with the spin 

of the electron  about is  own axis

m s = -  —  2 - 1 0

where "fi S a  is  the spin angular momentum. The to ta l angular momentum,

<X»i, is  given by the v ec to ria l addition of "fc L e and and is  re la ted

to  the m agnetic moment through the rela tion

m  -  -  S — VJw ) 2-11

(35)where g is  the spectroscopic splitting  fac to r

In a c ry s ta l, the o rb ita l momentum of the m agnetic ion is  affected

by the presence of neighboring ions. The in teraction  with the c ry s ta l

field  is  such tha t, fo r transition  ions, the average o rb ita l momentum is

approxim ately ze ro . The magnetic behavior of these  m ate ria ls  is  due



p rim arily  to  the spinning motion of the e lec tro n s . The net ionic moment 

can th e re fo re  be expressed  as

2-12

w here

*  = 2-13

is  the magnetomechanical o r gyromagnetic ra tio . The typical values of g and

In a  magnetic m a te ria l, the  spins of neighboring ions a re  coupled 

together by a  quantum m echanical exchange in teraction . This in teraction  gives 

r is e  to  a  fo rce  which ac ts  to align the magnetic m om ents in  e ith e r  a  p a ra lle l 

(ferrom agnetic) o r  an an tiparallel (antiferrom agnetic) arrangem ent. Although

i t  i s  the m echanism  that determ ines how disturbances of m agnetic o rd e r propa­

gate in  the medium; i . e .  through the coupling of successive sp ins.

Before propagation in  a  ferrom agnetic medium i s  considered , however, 

the relationship  between magnetic m om ents and ex ternal fie lds m ust be con­

s idered . If a  m icroscopic m agnetic moment is  placed in  a  m agnetic f ie ld , i t  i s  

subjected to  a  torque given by

Y fo r  various fe r r i te  m ate ria ls  a re  lis te d  in  Table 2 - 1 . ^ ^

exchange i s  a  short range in teraction , decreasing exponentially w ith d is ta n c e ^ ^ ,

w here the magnitude of the flux density of the  field  isyU oHo » ^ ^  The torque

causes a  tim e ra te  of change of angular momentum

the equation of motion of the magnetic dipole momentum i s  the re fo re

2-12

2-15



TABLE 2-1

TYPICAL VALUES OF g AND FOR 
VARIOUS FERRITE MATERIALS^30*

g
v" r a d . /s e c .  
r  W eteS/S*

Y ittrium  Iron Garnet ( YIG ) 
( Y3 F e 50 K )

2.00 1 .7 5 x 1 0 “

M agnesium .F e rr i te  
( Mg F e 2 0 4 )

2.06 1.81 x  10“

Mangenese F e r r i te  
( Mn F e 2 0 4 )

2 .2 1.93 x  10“

Niclosl F e r r i te  
( Ni F e z 0 4 )

2 .4 2 . 1 1 x 10“
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T h u s , if  the magnetic moment i s  not co linear w ith the ex ternal field , 

i t  w ill p re c e ss  about the field  lines. The frequency of p recession  i s  

given by the L arm o r frequency

LOo — . 2“ 17

Considering now the effect of an a rra y  of N such dipoles in  a  

volume dv, cen tered  a t a  point r ,  a  m agnetic moment density o r

magnetization may be defined a s ^ )  n
— / \  I £0  T n - . i r - r , )  g-18

    >
dv

w here m i i s  the magnetic moment of th e  ith  atom located at r i  in  the 

cry sta l la ttic e . Rew ritting Equation 2-16 in  te rm s  of th is  m acroscopic 

quantity yields

- K [ F i  X (y U .H ,)]  2-19

<}+ _
w h e re , in  taking the summation , H0 , the sta tic  ex ternally  applied 

field is  rep laced  by He , the effective magnetic field in tensity  ex­

perienced by the m agnetic moment density within the c ry s ta l. The 

effective field is  expressed  as

He = H0 + Ha + Hd+ Hex. 2-20

where, in addition to the applied static magnetic field, Ha  is  the

anisotropy field , H,j i s  the  demagnetizing field and Hex i s  the effective

(2 1 )field resu lting  from  exchange in teractions, between the ionic spins. ' 

AH crystalline magnetic m a te ria ls  display anisotropy due to  the 

in teraction of the magnetic ions w ith the crystalline e lec tric  fie lds set 

up by the neighboring io n s . These fields have sym m etries determ ined 

by the location of the ions in  the la ttic e . The e lec tric  fields do not
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couple d irectly  to  the spin angular momenta; but ra th e r  they couple 

d irec tly  to  the o rb ita l momenta of the ions. ^30  ̂ Hence, if sp in-orb it 

coupling is  appreciable, an indirect coupling between the spin angular 

momentum and the  crystalline electric  fields may resu lt.

Some m agnetic ions, such as Fe8 + ions, which have no orb ita l 

angular mom entum, should not display anisotropy. M aterials such as 

m agnesium  fe r r i te  and y ttrium  iron  garnet (YIG), in which, ideally, 

the only magnetic ions are F e 3+ therefore display relatively  sm all 

anisotropy effects. ^3°^

As a consequence of the anisotropy, the magnetization, in  the

absence of an ex terna l field , boundary effects and o ther discontinuities,

aligns itse lf in  p re fe rred  d irections with re sp ec t to  the c ry sta l axes.

Thus, the re su ltan t magnetic behavior of the cry sta l varie s  with the direction

of the applied m agnetic fields relative to  the orientation of the crysta l.

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

on the p recessing  spin system , and since the anisotropy also causes a

torque on the spin system .if it  points in  o ther than easy  d irec tions, the

effect of the anisotropy may be reduced to  an equivalent field, Ha ,

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

is  weak com pared to  that of the applied fie lds, the concept of an aniso­

tropy  field can be used fo r a rb itra ry  d irections of M rela tive to  the 

c ry sta l axes". ^3 0 ^
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The component of the effective field term ed the dem agnetiz­

ing  fie ld , H,j, a r is e s  w henever the magnetization i s  inhomogeneous.

I ts  origin can be explained sim ply by noting that

V  • B = o , 2-4

w hich , since

b = / / . ( h + R ) 1 2- 6

can be expressed  as

V - H  2-21

w here i s  a  magnetic charge density. Thus, changes in  mag­

netization caused by inhom ogeneities, w hether in  the  crysta l o r at 

the boundaries, a re ,  in  effect, the sca la r sources of the magnetic 

field te rm ed  the dem agnetizing field . I t i s  evident from  the above 

discussion that th is  field  i s  highly dependent on the shape of the 

sam ple. An expression fo r the demagnetizing field of a  rectangular 

slab of insulating ferrom agnetic m ateria l i s  derived in Appendix I.

The fourth te rm  in  Equation 2-20 i s  due to  the short-range 

quantum m echanical sp in-sp in  interaction between the magnetic ions. 

A s sta ted  previously, th is  in teraction  m aintains th e  alignment of 

spins and is  the o rdering  m echanism  of ferrom agnetic m a te ria ls . A l­

though m icroscopic in o rig in , the effects of exchange may be incor­

porated into the m acroscopic model through an effective exchange field ,

He* = A . V ! R , 2-22

where -A- , the exchange parameter, is given by
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A = v
M b Mo

2-23

w here k B i s  the Boltzman constant, y j B i s  the Bohr magneton, a (is

In therm al equilibrium , the direction of the  magnetization vector,

M, coincides w ith the direction of the in terna l effective fie ld , He . If 

M i s  displaced from  the. d irection of He , the energy of the sam ple is  

in c reased . C onsider, a s  an exam ple, the situation in the bulk of a  fe rr ite  

of infinite extent, w ith H aligned w ith the easy axis. K M  and H_ a reO c

not co linear, but a re  displaced from  each  other by some angle © , 

Equation 2-19 indicates that the m agnetic moment p recesses  about the 

direction of the m agnetic field w ith a  frequency given by,

a s  shown schem atically in  F igu re  2 -2 . This p recession  i s  uniform  

throughout the sam ple. K now an r . f .  fie ld , H(t), of frequency ,

polarized  such that i t s  magnetic field  t ie s  in a  plane. perpendicular to the 

d irection of He , i s  applied, the m agnetization w ill experience an additional 

torque,

This torque is  perpendicular to M and w ill alw ays be in such a  d irec -

bed from  the r . f .  fie ld . However, the p recession  angle cannot in c rease  

ad infinitum  and energy i s  tra n s fe rre d  from  the precessional mode to

the la ttice  constant and MQ is  the saturation m a g n e tiz a tio n .^ ^

2-24

2-25

tion a s  to  in c rease  the p recession  angle, 0  , between M and He , in ­

creasing  the energy of the system . This increased  energy i s  abso r-
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D IRECTIO N  OF 
R O T A T I O N

O -  A N G L E  O F  
P R E C E S S I O N

Figure 2-2 -  P recession  of M agnetization About 
The Effective Magnetic Field
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o ther modes of the sy stem . S im ilarly , when the r . f .  fie ld  i s  turned 

off, the p recession  angle d ecrease s  a s  the sam ple re tu rn s  to  equi­

lib rium . The relaxation re su lts  from  the coupling of the spins to o ther 

spin m odes, a s  w ell a s  the in teraction  between the spins and the la ttice  

v ibrations. M ateria ls , such as  Y IG ., in  which the coupling between the

spins and the  crysta lline  e lec tr ic  fie lds i s  w eak, a re  the re fo re  re la -
(411tively low lo ss  m a te r ia ls . ' '

A quantitative assessm en t of the lo s se s  associated  w ith a  p a r ti­

cu la r sam ple of magnetic m a teria l may be obtained through ferrom ag­

netic resonance ejqpeiiments in which the  sam ple uncfer te s t  i s  exposed 

to  an r . f .  fie ld . The pow er absorbed by the sam ple a s  a  function of 

the applied d-c m agnetic field  i s  m easured  and may be plotted . The 

width of th is  resonance curve a t one-half the maximum absorbed power 

i s  term ed  the linew idth, A H . The linewidth of a  magnetic m ateria l i s . 

a  function of te s t frequency, tem pera tu re , im purity  content, su rface p re ­

paration and orientation of the sam ple. The room  tem pera tu re  linewidth 

of specially p repared  sam ples of YIG, w ith im purity  content le s s  than 

0.1  ppm, , has been m easured to  be le s s  than 0 .4  o ers ted s  a t 9 .3  GHZ 

along the [ i l l ]  a x i s . ^ 2)

The equation of m otion, which including the tim e varying field , 

has the fo rm  .     _

M “  ~ Y [ M  * /Jo H t j  2-26

w here H t  =  H e  + describes a  lo s s le s s

system . A s such i t  does not include the effects of the various relaxa­

tion p ro c e sse s . The p resence  of these  in teractions m ay, however, be



taken into account through the addition of a phenomenological dam p­

ing te rm ,

P i =  Ht ) + damping te rm  2-27

(43)The th ree  m ost common te rm s  used to describe relaxation effects a re

the  Landau-Lifshitz form ,

-Ac ( M * Fl x h L )  2-27a
I Ml* >

the G ilbert form ,

o<r ( P i  X f t )  f 

I Ml
and the Bloch-Bloem bergen form ,

2 -27b

2 -27 c

where He is  assumed to be Z  d irec ted , and ^  and are  the r e ­

laxation tim es in the longitudinal and tran sv e rse  d irection  respectively .

By taking the s c a la r  product of both sides of the equation of motion, 

(including the relaxation term s) with M it is  found that

f l  • M =  0 2-28

fo r the Landau-Lifshitz and G ilbert form ulations. T h is indicates that
mm * mm

the magnitude of M is  conserved since M is  always perpendicular to  M.

The effect of e ith er of these  damping te rm s  is  to  cause M to  sp ira l in

(45)tow ard He as shown in  F igure 2-3.

Taking the c ro ss  product of 13 with the G ilbert equation of motion, 

Equations 2-27 and 2-27b, re su lts  in



He

Figure 2-3 Damped P recession  of Magnetization 
in  the Absence of an r . f .  F ield ^ 5 '
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By use  of a  vecto r identity and Equation 2-28, Equation 2-29 may be 

rew ritten ,

M * M = - Y  M x ( R * Ht) -  °< I til Pi 2-30

( Note the equivalent Equation, (8 . 6) , in  Skrotskii and Kurbatov's 

p ro o f^ ^  i s  in c o rre c t ).

Multiplying both s ides of Equation 2-30 by -j- and substi­

tuting the re su lt into the G ilbert equation of motion yields, upon re ­

arranging  te rm s

R  = -  Y * ( M X yWa H+) -  * ( R *  H + )l , 2-31

where Y = — —  ) 2-32
| + c*1

X* = M|c*, 2-33

and <=< i s  a  p a ram ete r rela ted  to the linewidth of the m ateria l by

M »  y  A  H  2-34c<  =  —-------------------•
Z u J

Thus the Landau-Lifshitz and G ilbert fo rm s of the equation of motion 

a re  equivalent f o r y //t>)(AH«nJ, a  valid approxim ation in  m ost fe rro ­

magnetic resonance experim ents.

The Bloch-Bloem bergen form  of the damping te rm  describes a  

relaxation p ro cess  w ith different ra te s  of relaxation in  the tra n s ­

verse  and longitudinal d irections. However, in  the sm all signal lim it, 

w here excursions of M from  its  equilibrium  position a re  sm all, v aria ­

tions in  the longitudinal direction a re  negligible and only the relaxation 

p ro cess  in  the tran sv e rse  direction need be considered. In th is  lim it, 

a ll th ree  fo rm s of the damping te rm  yield sim ilarly  shaped resonance
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absorption curves fo r  narrow  lin e  w idths. The choice of which damp­

ing te rm  to use , fo r th is  case , i s  then.only  a  m a tte r of personal p re ­

ference .

N ear the surface of the magnetic m a te ria l, departu res from  the 

conditions existing in  the  bulk occur due to  the abrupt term ination  of 

the crystalline s tru c tu re . A s the model of a  th in  ferrom agnetic film , 

F igure  2 -4 ^ 6^, illu s tra te s , the  saturation magnetization varies  a c ro ss  

the sam ple th ickness, the g rea tes t variation occuring in  the su rface  

region of thickness The resu ltan t anisotropy is  uniaxial in

ch a ra c te r , w ith the easy  axis of magnetization p a ra lle l to  the film  nor­

m a l . W h e n  th is  magnetic anisotropy i s  strong, the spins a t th e  su r­

face may be im m obilized o r "pinned". This im poses a  boundary con­

dition on the r . f . magnetic moment density which m ust be sa tisfied  in 

addition to  the conditions im posed on the electrom agnetic fields by 

Maxwell’s  equations.
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Figure 2-1 -  V ariation of the Saturation Magnetization A cross the 
Thickness of a F errom agnetic  Thin F ilm

COo



2 .2  Sem i-infinite Model

In the preceding section the ch a ra c te ris tic s  of the magnetic 

medium w ere  d iscussed . In o rder to  apply th is  inform ation to the p rob­

lem  at hand, a  suitable model i s  now developed. To accom plish th is  end, 

some simplifying assum ptions consistent w ith the physics of the problem  

a re  em ployed.

The surface electrom agnetic modes of a  p lanar slab  of insulating 

ferrom agnetic m ateria l a re  to be investigated . The slab  shown in F igu re  

2 -5 , i s  a  singLe c ry s ta l f e r r i te ,  i t s  easy  ax is being perpendicular to  the 

x - y  plane in  the orientation shown. The fe r r i te ,  bounded on a ll sides 

by a  uniform  die lectric  medium of perm ittiv ity  , i s  exposed to  a  

d irected  static  magnetic fie ld , H0 .

An exact description of the electrom agnetic mode spectrum  of the 

above described slab , req u ires  tha t a  se lf-consisten t solution of M axw ell's 

equation be found fo r  both m edia satisfying the boundary conditions a t each 

surface of the s lab . The additional com plication a ris in g  from  the nonuni­

form ity of the magnetization within the fe r r i te  m akes such a  problem  ex- 
«

ceedingly com plex. Considerable sim plification, however, can be achieved 

by assum ing the w idth, c , and length , b , of the sam ple to  be much la rg e r  

than i t s  th ickness, a  , and, m ore im portantly , the excitation w avelength,

X , so tha t the effect of the p resence  of these  tra n sv e rse  boundaries on 

the r . f .  response i s  negligible.

T herefo re , a  centrally  located  region, fa r  rem oved from  the 

boundaries in  the z  and y  d irections i s  considered. The demagnetizing
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field  in  the  fe r r ite  i s  uniform  in  the y  and 2 d irections since discontin­

u itie s  in  m agnetization occuring a t the su rfaces a re  f a r  from  the region 

of in te re s t (Appendix I ) . Not only does th is  approxim ation reduce the num­

b er of boundary conditions tha t need be im posed, i t  additionally lead s  to  a  

reduction in  the complexity of the mode stru c tu re  in  the sm all signal lim it. 

The mode s tru c tu re  sim plification, a s  i s  shown in  the following sections, 

a r is e s  d irec tly  from  the assum ption tha t 2 d irected  variations may be 

neglected.

The princip le focus of th is  chapter i s  d irected tow ard the study of 

electrom agnetic phenomena occuring a t o r  n ea r the in terface of the in su la- 

ing  ferrom agnetic medium w ith the d ie lec tric . I t  i s  convenient to begin the 

analysis by considering a  sem i-infin ite model in which the boundary in  the 

negative x direction i s  a lso  assum ed to  be infinitely fa r  f ro m  the  region 

under consideration. W hereas such an approxim ation may not be valid if  

the magnetic m ateria l i s  a  thin film , i t  i s  a  reasonalbe assum ption if  the 

m ateria l is  uniform  over a  distance which is  la rge  in  com parison to  the 

wavelength of the response . (Finite geom etries a re  p resen ted  in  C hapter 3 .)

A fe r r i te ,  a s  illu s tra ted  in  the previous section , i s  characterized  

by an alm ost uniform  m agnetization except n ear the su rface . In the vici­

nity of the surface the magnetization decreases from  its  value in the bulk 

a s  shown in F ig u re  2 -4 . To illu s tra te  the effect decreased  surface mag­

netization has on the sp ins, a  thin sam ple magnetized perpendicular to the 

plane of the in terface  i s  considered . When the sam ple i s  excited by a  uni­

form  externally  applied fie ld , the torque experienced by the surface spins 

i s  sm a lle r than the torque experienced by the bulk spins, effectively



re s tr ic tin g  th e ir  motion. Thus, the spins in  the vicinity of the surface a re  

said  to  be "pinned" since deviations from  th e ir  equilibrium  positions a re  

sm all. Spins a re  "pinned" when

M ( t ) S 0  2 -3 5

In addition to  pinning caused by the non-uniform ity of the mag-

n e t iz a t io n ^ 50  ̂ o ther pinning m echanism s have also  been investigated. F o r

exam ple, spins may be pinned by the variations in  the demagnetizing field

in  the vicinity of a  rough su rface .^51  ̂ A nisotropies at the surface due to

the low er degree of sym m etry experienced by the  surface s p in s ^ ^  o r  the
153)form ation of anti-ferrom agnetic oxides' ' may also  lead to  surface pinn­

ing , Rado and W e e r tm a n ^ )  determ ined pinning conditions by considering 

a  uniform  ferrom agnetic medium w ith an anisotropy a t the  su rface. They

found tha t when th e  surface anisotropy i s  reduced to zero  the  exchange in -
148 )te raction  causes the spins to  become "unpinned", ’ tha t i s  the norm al

derivative of the r . f .  magnetization i s  zero ,

V„ • M(t) = 0 , 2’36

a t the surface.

In general the pinning condition a t the su rface of a  ferrom agnetic
(ao\

m ateria l is  a  combination of the "pinned" and "unpinned" conditions' ' de­

pending, in p a r t,  on the thickness of the surface r e g io n ^ ^ ,  m ateria l p ro ­

p e r tie s , surface preparation  and orientation w ith respect to  the applied 

fie ld . However, experim ental resu lts^55) fo r single c ry s ta l YIG sam ples in ­

dicate that w hile spins a re  pinned a t the sm all edges of the  film s, the mag­

netization is  unpinned a t the la rge  face s . Comparison of experim ental data .



w ith theore tical c a lc u la tio n s^ ^  fo r perm alloy film s magnetized in  the 

plane of the su rface , a s  in  the model here in  consided, a lso  indicates that 

the  surface spins a re  unpinned.

Thus good agreem ent between theory  and experim ent is  obtained by 

assum ing the fe r r i te  model to  be uniform  with no explicit pinning mech­

anism  at the su rfa c e . The sem i-infinite model i s  shown in  F igure  2 -6 ,
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2 .3  D ispersion R elations F o r  Wave Propagation A t The Surface Of A
Seim -infinite Magnetic Medium

In th is  section the dispersion ch a ra c te ris tic s  of surface w aves p ro ­

pagating along the in te rface  between a  sem i-infin ite  d ie lectric  and an in ­

sulating ferrom agnetic medium i s  determ ined . This relationship i s  obtained 

by finding a  solution which sa tisfies  Maxwell’s  equations in both m edia as 

w ell a s  a t the boundary.

An r . f .  field  configuration i s  sought which sa tisfies  the above r e ­

quirem ents while displaying surface wave c h a ra c te ris tic s ; that i s ,  the am -
( 5  )plitude of the mode reach es  i t s  maximum value a t the su rfa c e ,' ’ Since 

the boundary condition a t x = ± ©o re q u ire s  the fields to asym ptotically 

approach zero , a  solution of the form

w here the  re a l p a r t of P i s  positive, i s  app rop ria te . I t  i s  fu rth e r assum ed 

tha t the excitation i s  of rad ian  frequency u , p ropagates in  the positive y
A

d irec tion , and tha t variations in  the  z  d irection  a re  negligible. The solu­

tion may be described by an expression of the form

2-37

2-38

In the d ie lectric  m a te ria l, M axw ell's equations may be expressed  a s

and 2-40

2-39



w here the subscrip t d signifies tha t quantities a re  associated  w ith the 

d ie lec tric . F o r  th e  case under consideration, w here variations in  the z  

direction a re  neglected, the  e lec tric  and m agnetic fie ld  quantities a re  sep­

arab le  into two uncoupled se ts , one which i s  T ran sv e rse  ELectric ( T E ) 

w ith re sp ec t to  the  y  d irection and one which i s  T ran sv erse  Magnetic 

( T M ) w ith re sp ec t to  p . A ssum ing the r . f .  e lec tric  field in  the die­

le c tric  to  be of the  form

the TEy components a re  found, using Equation 2-39 , to  be given by

Both the TEy and TMy se ts  thus obtained m ust, in addition, be consistant 

w ith Equation 2-40 . Substitution of e ith er se t of field  components into th is  

Maxwell equation leads to  a  d ispersion  re la tion  describ ing wave propagation 

in  the d ie lectric  m a teria l expressed  as

2-41

2-42

k A a  e x p [ - / 3 ^  + j ( c j t  - k j y ) ] , 2-43

co yj-o
and 2-44

w here the re a l  p a r t of p j  > U , since the d ie lec tric  occupies the upper

half-space, X> 0 . The TMy se t i s  s im ilarly  found to  consist of

e x p  [ - / 3 d X k j ^ )  J  )



w here c<j i s  the velocity of light in  the d ie lec tric  ( in trin sic  v e lo c ity ) 

given l»y
r  . =  1

d . : 2-49
v G0 G j

M axwell's equations fo r  the insulating ferrom agnetic medium are  

expressed  as

V * E L =  + 2-50

311(1 \7  X H m =  6 n6 ^  } 2-51

w here the relationship  between the magnetic field  in tensity  and the mag­

netic moment density i s  described by the equation of motion of magneti­

zation. Using the Landau-Ldfschitz fo rm  fo r the relaxation te rm , the equa­

tion of motion is

R  = - y U . Y  (  M *  R j - A -  ( F i  * F l  x H . )  . 2-27, 2-27a
| M l 2

F o r  the. sm all r . f .  excitation am plitude ca se , the magnetic field in ­

tensity  and magnetization may be expressed  approxim ately a s

F L =  z  + -+-J ( e a t - k w y ) ] } 2-52

and 2-53

M = ri0z + Miexpl /3mX •t'j ( cot- )

w here i s  the effective static  field  in the fe r r i te ,  and te rm s  higher than 

f ir s t  o rd e r a re  assum ed to  be very  sm all and a re  neglected . The sub­

sc rip t m  appearing in  these  expressions signifies that the quantity is  a sso ­

ciated w ith the m agnetic m edium . Thus, since the  magnetic medium occu­

p ies the  low er half-space , X  <  0  , the re a l p a r t of (3m m ust be positive.
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2-54

Substituting Equations 2-52 and 2-53 into Equation 2-27, 2-27a 

and reta in ing  only f ir s t  o rd e r te rm s  re su lts  in

F\ = 2 x H; h ,- n 0(Hlm + A  V 2

[ Hi Rj -  Mo ( Hlm+ A V l FOl* z
Mo J

This expression  fo r Mt may be w ritten  as

j i V A / H w *  ♦

“ C0mZxHlvv, ; 2-55

j  CO h U  -  0 } 2-56

✓s
w here , neglecting variations in the Z direction,

S I  lo  J COex 0.| j 2-57

D k -  c  -  / s j ,

JdSLJS=— — Exchange frequency 2-59
a !

and

C0‘, -  H", — P recession  frequency 2-60

/J o  y  R o “  Magnetization frequency 2-61

Typical values fo r  uex , a  and %  a re  shown in Table 2 -2 .

Solving fo r  the f ir s t  o rd e r  magnetic moment density in te rm s  of 

the fie ld  intensity  components

l \ =  SlaO)^ [  [ 1 + | ŵ U + W  J H1mx +j~-H1 , , 2-62

lV  2’ 63

'  H u  = 0 ,  2-64
o r

Fi, = II x|l nlm, 2-65



TABLE 2-2

. TYPICAL VALUES OF wex  , a, and %  
FO R VARIOUS FERRITE MATERIALS

| Wex
I
J  r a d . /s e c .
!
1

*1
O
A .

Wm 

r a d . /s e c .

1

Y ittrium  Iron  Garnet 1,44 x lO 14 12.37 3.1 x lO 10
( Y3 F e g O u )

Magnesium F e r r i te 1,69 x lO 14 8.36 2.6  x lO 10
( Mg F e 2 0 4 )

Manganese F e r r i te 1.66 x lO 14 8.51 9 .3  x lO 10
( Mn F e 2 O4 )

Nickel F e r r i te 2.70 x  1014 8.60 6.8  x lO 10
( Ni Fez 0 4 )
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w here the ten so r quantity ||X || is  the in trin s ic  susceptability of the  

m edium . The r . f ,  m agnetic field  density, Bjm ,  may be re la ted  to  the r , f .  

magnetic field intensity  through the constitutive relation

B = ( H_ + fi ) _ f-6
yielding a  ten so r perm eability  131*-,- JJ.a

w here

1 1 /  I I -

and

2-66

2-67

2-68

A ssum ing the r . f ,  e lec tric  field in  the ferrom agnetic medium to  be 

given by

E u  =  G e x ( 5  t  x +• j  ( u > + -  kM̂ )l , 2-69

the relationships between the e lec tric  and m agnetic field quantities becom e, 

^ 7 *  H Lm = j  w £ 0£ wE 1va 2-70

v «  2-71
and

The X and y  components of Equation 2-70 may be used to find the 

expressions rela ting  the x and y  components of the e lec tric  field to  the  z  

component of the magnetic field  in tensity ,

E imk =  2-72

and ^  ,
E , „ y -  j & J t V , . 2-73



Using the x and y  com ponents of Equation 2-r7if the x and y
A

directed  field  intensity components may be expressed  in  te rm s  of the Z 

component of the e lec tric  field as

and

H i - .  - JX\\ ** /̂ >rA M u  

(<m Mil ~ fern /Xu

E w )

r ,■ 1*111

2-74

2-75

F o r  th is  special c a se , i . e .  ^—aO,  the  f ir s t  o rd e r fie lds a re  sep-
dZ •

arable in to  two uncoupled se ts , one which i s  TM w ith resp ec t to the y  

d irection ( TMy ) and one which i s  TE with re sp ec t t o y  ( T E y ),

The TMy set includes the Z component of the  magnetic field in ­

tensity  and the x and y  d irected  e lec tr ic  field  com ponents. Substitution of 

the expressions fo r E jm x ^  E jm y into Equation 2-71 , yields the follow­

ing dispersion relation 
2

l  -  / s :  = 2-76

w here c m  i s  the velocity of light in  a  d ie lectric  having the sam e p e r-

2-77

m ittivity a s  the magnetic m ateria l and i s  given by

r  =  i  ^  1 *

j y(t>
Thus, the  TM solution i s  to f ir s t  o rd e r , unaffected by the spin system , 

a  d irect consequence of the  colineazity  of the saturation m agnetization 

and the f i r s t  o rd e r magnetic field in tensity . The magnetic medium appears 

a s  if  i t  w ere  a  d ie lec tric , with re la tiv e  perm ittiv ity  £ m, to  the sm all 

signal TM field which is- propagating perpendicular to the d irection in 

which the medium i s  m agnetized.
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The TE y se t, on the o ther hand, i s  quite strongly influenced try 

the spin sy stem . This se t consists  of the  z  component of the  e lec tric  

field  and the x  and y  d irected  magnetic fie ld  in tensity  com ponents. Sub­

stitu ting the la t te r  into Equation 2-70 re su lts  in the following re la tion  de­

scrib ing  propagation in  the m agnetic medium

kyrt “  /& m  ~ id? ( ~ .= D,K 2- 78

,0T his i s  the dispersion rela tion  fo r 90 spin w aves in  an infinite ferrom ag­

netic m edium , with * corresponding to  the  w avenum ber/2J ^

An expression fo r  Dka s  a  function of frequency i s  obtained by r e ­

w riting  Equation 2-78 using the perm eability  te n so r component definitions, 

Equations 2-67 and 2-68 , as

Dt = *.1 (far;+tA*+tOt«a-,^k )__________2-79

L(w; + P k)(co;
a  th ird  degree equation in  Ê . A t each value of frequency, th e re fo re , not 

one but th ree  solutions a re  po ssib le . Thus, the  general solution fo r a  

su rface wave propagating with phase velocity

Vy = —^  ) 2-80
Re[L]

co n sists  of a  lin ea r combination of th ree  te rm s  w ith differing tra n sv e rse  
(57,58)wave vector values,

3
2-81

Two of the th ree  te rm s  a re  d irec tly  attribu tab le  to  the exchange in te r ­

action , fo r if  the exchange p a ram e te rs  in  Equation 2-79 a re  neglected, i . e .

w«„»?DkS 0 ,  2-82

only one solution e x is ts . The th ird  te rm  i s  approxim ately equal to  the value
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of Dj,. fo r the zero  exchange case, varying from  it only when becom es 

large enough fo r the exchange te rm  to  become appreciable in com parison 

to  us i ,  0)m , and to . F o r YIG at room  tem pera tu re , to m  is  approxim ately 

3 .1  x 1010 r a d / s e c . , and toex  a2 is  approxim ately 2 .2  x 10,-4 m2 r a d /s e c . ; 

to j is  chosen to  correspond to  the mode 6hd frequency range of in te r e s t . '

An assum ption commonly employed in  the lite ra tu re  on the m icro ­

wave p roperties  of ferrom agnetic m a te ria ls , (R eferences 7, 59-64) 

whether explicitly stated  o r  im plied, is  tha t the phase velocity is  suffi­

ciently sm all that electrom agnetic propagation is negligible. With the neg­

lect of propagation M axwell's equations reduce to  those of M ag n e to s ta tic s^ ^

V '  B = 0 ,  2 -

and

\7* H = 0, 2-
When exchange energy is  neglected under these  circum stances, the modes 

are called m agnetostatic ^66  ̂ (or  pure magnetostatic^48 )̂ modes. The 

zero exchange te rm  of Equations 2-79 and 2-81 is not a m agnetostatic 

mode but ra th e r  an electrom agnetic mode since effects of propagation have 

been included. W hereas the electrom agnetic zero  exchange mode closely 

resem bles the m agnetostatic mode in the sho rt wavelength region, it is 

shown in  Section 2-4 and C hapter 3 tha t significant re su lts  may be obtained 

in the long wavelength region by the inclusion of electrom agnetic wave 

propagation.

Having determ ined expressions rela ting  the field components, sub­

ject to  the constrain ts im posed by M axwell's equations and the ch a ra c te ris ­

tic s  of each of the adjacent m edia, attention is  now focussed upon the
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in terface, for if the com posite s tru c tu re  solution is  to  be se lf-consistan t, 

M axwell's equations m ust be satisfied  th e re  as well. Since both media a re  

insulating, neither can give r is e  to  a su rface charge nor su rface cu rren t 

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

X * (  E , „ -  E j = 0 ,

and

* x (  H u  "  H j )  = o .

Applying Equation 2-85 to  the r . f .  e lec tric  field expressions at 

x=0 yields

Etm, = Z  G2, exp  [j  fwt- L^)J = A z  exp [ j  ( wt-fcay)]= Ej,; x= 0

3
resu lting  in

and

E, = I  G.i -- A ,
1=1

k = km = k

k/UttI ~~ $Yn\ Jl\i\

In the absence of exchange effects (only one value of I ) the d is -

2-85

2-86

2-87

2-88

■ 2-89

Imposing the second electrom agnetic boundary condition on the r . f .  mag­

netic field intensity components leads to 

W . - I ~ /SmlUn I
1 ' I m y  TT : -/ l«l

yielding

G,| e x p j  /%Eiexp [jGj’f’~ ky)l = 2-90

x  = 0

QsL .
E*

2 - 9 1

persion  relations fo r  the d ie lec tric  and fe rr ite  m edia, Equations 2-48 and 

2-78 respectively , together with Equation 2-91, the electrom agnetic  bound­

ary condition, are  sufficient to  determ ine the electrom agnetic su rface  wave 

mode spectrum . However, when exchange effects a re  considered, two
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additional w aves ex ist in  the ferrom agnetic m edium , so  that determ ination 

of the surface wave spectrum  req u ire s  additional conditions to be im pos­

ed a t the in te rface . The additional conditions a re  obtained by applying

the appropriate pinning conditions ( on m t la n d  i t s  norm al derivative ) a t
. •

the f e r r i te  su rface .

The effect of exchange on the surface modes of YIG film s has been 

studied by W olfram  and DeWames employing the equations of mag- 

n e to sta tic s . They repo rt only slight differences between re su lts  calculated 

fo r a  pinning condition involving lin e a r  combinations of a n d

M tf )  and re su lts  obtained by considering the spins to  be "unpinned".

Sparks , in discussing the effects of. surface pinning on the 

modes of a  thin ferrom agnetic film , indicates tha t of the th ree  modes of 

the genera l solution, one i s  off frequency and has a  sm all am plitude. He 

additionally shows how the rem aining two m odes, one a  m agnetostatic s u r ­

face wave which decreases exponentially tow ards the in te r io r , the o ther 

an exchange mode which oscilla tes rapidly away from  the su rface , com bine 

to  sa tisfy  the pinning conditions a t the su rface . However, since the rap id ly  

oscillating  exchange mode in teg rates  to  z e r o / 6^) the intensity  and frequency
(4Q \

of the surface wave is  essentially  independent of surface p inning .' '
The insensitivity  of the  surface wave to  the pinning conditions in ­

dicated by the theoretical re su lts  c ited  above, i s  fu rther confirm ed by ex ­

p erim en ta l observations. Microwave propagation experim ents  ̂ ^   ̂ have

shown th a t good agreem ent i s  obtained when experim ental re su lts  a re  com ­

pared  to  m agnetostatic surface wave calculations with pinning neglected.

Thus, taking the  variation of the microwave m agnetization in’ the  sem i­
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infinite fe r r ite  to  be

M(+) —* e x p (  + / 3 „ x ) ; x < 0  2-92

i s  not only physically  interpretaKLe a s  a  surface w ave, but also  sa tisfies  

the electrom agnetic boundary conditons and ag rees  w ell w ith the p re ­

viously re ferenced  experim ental observations.

Neglecting panning coupled exchange effects reduces the equations 

describing su rface  wave propagation a t the in terface to

fid = ~  / L  M„ ) 2-93

and

C/Aii y

k! -  A* = j £ , 2-94

C

k2 -  $ 1  -  s d .  . 2' 95
C-M yO,n

w here in  con trast to the w ork of Courtois et a l / 12^, the perm eability  

ten so r components have th e  co rrec t s ig n ^ ^ ,  and Equation 2-95 is  

modified by exchange. ( Courtois e t a l .  varied  the  perm ittiv ity  of the die­

le c tric  but re s tr ic te d  th e  e dA) product to  unity. The case  w here -1  

and may take  on various values i s  a  more rea lis tic  situation.) S im ilar 

re su lts ,  excluding exchange, have also been obtained by B r e s l e r / U  ̂who 

considered su rface  waves guided along a  f e r r i te -a ir  in terface .

The a n g le  mode approximation i s  valid a s  long a s  the  surface wave 

i s  not so closely  confined to the surface that the tran sv erse  exchange te rm  

becom es im portan t as in  thin film s o r  a t ext ream s of the spectrum . At

th is  lim it the tra n sv e rse  exchange te rm , uex a? p2m ( from  uex a? Dk in  

Equation 2 -7 9 ) ,  becomes appreciable in  com parison to w  . Thus, the r e  

glon of validity of su rface w aves described by Equations 2-93, 2-94 and
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2-95 Is
2

kJ ^  CJ e x a , . 2-96

F o r YIG th is  corresponds to  approximate upper lim its  of the magnitude of

j 3 m  of 3 x  106/m . at S -  band and 5 .5  x 10e/m . at X-band.

The equations describ ing  the single-m ode exchange-modified surface

wave d ispersion  c h a ra c te ris tic s  are  solved by f ir s t  finding the value of Dfc

with the sm allest m agnitude. ( The other two solutions of Equation 2-95

correspond to exchange modes and are neglected.) Since the tran sv e rse

w avenumber in the f e r r i te  may be expressed (from  equation 2-95) in

te rm s  of Dk and k as

/ 3 r * ~  ~  '/" k  "  D k  j 2-97

may be elim inated from  Equation 2-93 resu lting  in

- . M * .  ?  **" ; 2-98
(.An ~ )

where the  perm eability  te n so r components a re  evaluated using the value 

o fD k specified.

Two equations re la ting  jS j  and k rem ain  to  be solved. Squaring 

both s ides of Equation 2-98.

-  (a *  ) £  ♦ 2  k Ok - / # f  2_99
(  2. 2.
'■A. )

and substituting th is  re su lt in  Equation 2-94 yields

and

1 - ( uZ + m X)  

1 -  ( * t  + JuZ)_

2-100kl + k k̂ -Ph 4- Ml Dk__“i±_ s 0

The solution of Equation 2-100 and 2-101 proceeds by multiplying the
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fo rm er by the la t te r ,  resu lting  in  the elim im ination of the rad ica l te rm .

( Had the rad ica l te rm  been elim inated previously by taking the product of 

Pd+- and Pd- e r r o r s  may have resu lted  since th is product does not equal 

Pd2 . ) The dispersion re la tion  describ ing surface wave propagation along 

the in terface between a  sem i-in fin ite  d ie lectric  and insulating ferrom agne­

tic  m ateria l i s  the re fo re

[U .1 - A l t -  Z(a <> ^

+ Z [  An ~l] " 7T j  l<
UKlftt  «■ V \1t  /O 2-102+ ' P* — SA. (/Mu ~ /< /t) f = V  /

■ Cd J
a  biquadratic equation in  k . Two of the  roo ts of the  equation correspond 

to  w aves propagating in  the  forw ard o r  + y  d irection w hile the rem ain ­

ing  roo ts propagate in  the  re v e rse  d irection . In o rd e r  to  determ ine which 

of these  roo ts  correspond to su rface wave solutions the tran sv e rse  w ave- 

num bers m ust be exam ined. Not only m ust the tra n sv e rse  w avenum bers 

have positive re a l  p a r ts ,  the w avenum ber se t k, Pm and p^ m ust, in  

addition, self-consistantLy sa tisfy  the dispersion re la tio n s .

The following algorithm  se lec ts  only those se ts  of longitudinal and 

tra n sv e rse  w avenum bers w hich correspond to se lf-consisten t solutions of 

the dispersion re la tion , Equations 2-93, 2-94 and 2-95 .

1. F o r  each ro o t, k^ , of Equation 2-102, Equation 2-97 i s  

solved for

A t *  = * A " -  D k , 2-103

2. Substituting each of the two values of pm  ̂ into Equation 2-93, 

two corresponding values of Pdl a re  found

/6mU,2/^» . 2-104
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3 . A lterna te ly , two values of P<j i  a re  obtained by evaluating the 

expression

/ ^ d l  3,4 = “

4 . /3tM  and / 3 d(2 a re  com pared w ith /3d  13 and /3di* . If 

e ith e r  |/3 d u  “ /3 d o  I » I ~ I » I "  & 13I

o r  | /3diz ~ / S m  | i s  le s s  than som e te s t  value, chosen in  

conform ity w ith the p recision  and accuracy of the  calculation, 

th a t value of (3<jl and i t s  corresponding value of Pml a re  the 

tra n sv e rse  wavenum bers associated  w ith  the longitudinal wave- 

num ber, . If  none of the te rm s  i s  sm a lle r  than the te s t 

value, the solution i s  not se lf-consistan t and k[ is  not a  valid 

solution of the dispersion re la tions .

Having determ ined which se ts  of k t , pm  ̂ and pm ( satisfy  the dispersion 

re la tions , th e re  rem ains only the ta sk  of determ ining which, if  any, of 

these  solutions a re  su rface  w aves. This i s  sim ply accom plished by noting 

tha t the values of kj corresponding to surface w aves a re  associated  with 

tran sv e rse  w avenum bers having positive re a l p a r ts .

The algorithm  described above is  d iagram atically  displayed in flow 

chart form  in  F igure  2-7 and has been u sed  to  compute the sem i-infinite 

fe rr ite -d ie le c tr ic  su rface  mode sp ec tra  shown in  F igu re  2 -8 . These d is­

persion  ch a ra c te ris tic s  a re  computed fo r m agnetic m ateria l pa ram eters  

appropriate to  YIG, i . e .  = 14, M0 = 1750 Oe . ,  Tc -  550 ° K, a  = 

12.37 A , g = 2 ,0 , w ith the in terna l field chosen to  be 196.7 Oe ( to  ob­

ta in  -0 a t 3GHZ. ) L oses in  the fe r r i te  a re  neglected in o rd e r  to

CO

Cd
2-105
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facilita te  com parisons w ith re su lts  based on approxim ate analyses to fol­

low in  Section 2 .4 .  The curves correspond to  rela tive d ie lectric  perm itt­

iv ity  values = 1 , <=d = i e d = £ w and € d = . The graph

i s  norm alized to  fe r r i te  m a teria l p a ra m e te rs , the vertica l axis being the 

norm alized frequency Q  -  , the  horizontal axis being the norm alized

wavenumber 'f = kc.>»_ ,
OJw

Examining the sp ec tra  to  th e  righ t of the t -  0  a x is , correspond­

ing  to w aves w ith positive y  d irected  phase velocities, i t  i s  observed 

tha t w hile a ll four curves appear to  have the sam e low er cutoff frequency, 

the wavenumber a t cutoff i s  different fo r each cu rve. A s the in trin sic  

velocity of the d ie lectric  medium i s  decreased , the magnitude of the phase 

velocity i s  decreased , i ts  maximum always being le s s  than cd . A s the 

frequency is  inc reased  the wavenum ber of the forw ard trave ling  mode in­

c re a se s , a ll of the $ > 0 cu rves approaching a  resonance, =  0 , 

a t  the sam e frequency, approxim ately 3GHz. for the p a ram ete rs  chosen,

( A  discussion of the lim iting frequencies of the su rface wave spectrum  

appears in  Section 2 -4 . ) .

One might expect , in  analogy w ith bulk m odes, tha t as  k becom es

la rg e  the exchange energy should become appreciable, manifesting itse lf  a s
(71)an upward curving of the dispersion ch a rac te ris tic  in  the la rg e  k lim it. 7 

I t  i s  in teresting  to  note tha t the exchange modified model under considera­

tion does not exhibit th is  behavior. The model , in  which pinning conditions 

a t  the surface have been neglected, shows tha t the forw ard surface mode 

i s  re la tively  unaffected by exchange. However, a s  the longitudinal, and hence



51

tra n sv e rse  wavenum bers becom es la rg e , the energy of wave i s  r e ­

s tric ted  m ore and m ore to  the vicinity of the  fe rrite -d ie lec tric  in te rface . 

Under these conditions i t  becom es n ecessary  to  satisfy  the  pinning con­

ditions in  addition to  th e  electrom agnetic boundary conditions a t the su r­

face .

The curves appearing in the if <  0 region of F igure  2 -8 , the 

re v e rse  o r  negative y  propagating mode i s  now considered. A s w ith the 

forw ard mode, the magnitude of the phase velocity of the rev e rse  mode 

i s  sm alle r than the in trin s ic  velocity of the d ie lec tric . In con trast to  the 

"slow" forw ard mode, however, the magnitude of the phase velocity of 

the rev e rse  mode always exceeds the in trin sic  velocity of the fe r r i te .

The re s tric tio n  of the rev e rse  mode to  the region -jrj Ja| ■j^v 

causes i t s  wave propagation ch a rac te ris tics  to  be highly sensitive to  the 

re la tive  perm eability  and perm ittiv ity  p a ra m e te rs . Not only is  the f r e ­

quency range of the rev e rse  mode a lte red  by changing the  in trin sic  velo­

c ities  of the m a te ria ls , the mode itse lf  does not ex ist i f  c^ ^  cm . Thus 

only two rev e rse  mode curves, corresponding to  -  1 and e j = 

appear in  F igure  2 -8 .

This re su lt, the ability to control the  frequency range of the re ­

v erse  mode o r  elim inate it  en tirely  through the appropriate selection of 

m a teria l pa ram eters  and ( as  shown in  Section 2-4 ) the  appropriate choice 

of operating frequency i s  extream ly im portant to  the p ro p e r in terpreta tion  

of experim ental re su lts  ( Chapter 3 ) ,
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2 .4  Approximations F o r Analytical Investigations

In th is  section the equations describ ing wave propagation along the 

interface between sem i-infin ite d ie lec tric  and Insulating ferrom agnetic m edia 

a re  considered using certain  approximation techniques. By com paring the 

resu ltan t d ispersion  ch a rac te ris tic s  with those computed in the previous s e c ­

tion, regions of validity fo r the approxim ations a re  obtained. W here th e re  is  

good agreem ent, the approxim ate relations provide a means fo r investigation 

of the surface wave modes analytically.

The d ispersion  rela tions are f irs t analyzed in the m agnetostatic regim e, 

with exchange and losses assum ed to be negligible. Using Equations 2-83 

and 2-84, the equations of m agnetostatics, in which propagation effects a re
t

neglected, the following equations rela ting  the longitudinal and tran sv e rse  

wavenumbers are obtained

As can be seen by com paring Equations 2-106 and 2-107 with Equations 2-94 

and 2-95 the m agnetostatic approxim ation is  valid in regions where the phase 

velocity is  much sm aller than the in trinsio  velocity of both m edia and, addi­

tionally,

2-106

and

2-107

k* »  -  A n 2-108
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fo r the fe r r i te .  As indicated in Section 2 .3 , these conditions are  not sim ul­

taneously sa tisfied  for the rev erse  mode. On the o ther hand, the magnitude

of the phase velocity of the forw ard mode, considered in Section 2 .3 , is  

always le ss  than the in trin sic  velocities of the fe rr ite  and d ie lec tric  media. 

As is  shown subsequently, the additional condition given by Equation 2-108, 

is  satisfied  in the vicinity of the m ode’s resonance frequency. The magneto­

static  approxim ation may therefore be employed in th is  region. Substituting

k = A , 2-“ »
and

k = A  2-110
into Equation 2-93, the m agnetostatic surface mode d ispersion  re la tion  fo r

the sem i-infin ite fe rr ite -d ie le c tr ic  s tru c tu re  is  found to  be

1 + ( M .  + /* .» ) = 0  2- m

Since exchange and lo sses  a re  neglected the perm eability  te n so r component 

definitions, Equation 2-67 and 2-68, a re  given by
1 60 m 60|___

' 2~112
60 VW (O

^  co? -  ̂  2- 113

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

frequency of the forw ard surface mode,

u , > ,

ZLcW = + ~7T~  ‘ 2-114

(If the perm eability  of the d ie lec tric  is  not ^ u 0 , the resonance frequency 

is  altered^12 ̂ ).
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While the analysis employed here yiplds inform ation concerning the

upper frequency lim it of the forw ard surface m ode, no inform ation is  obtained

concerning the sensitiv ity  of the wavelength to frequency o r to  changes in  the

( 2 1 )
in trin s ic  velocity  of the d ie lec tric . An alternate technique , in  which the 

m agnetostatic approxim ation is  taken only in the fe r r ite  yields somewhat 

m ore insight into the behavior of the forw ard surface mode. Substituting 

Equation 2-109 into Equation 2-93 an expression  is  obtained rela ting  /fo to  k ,

_  -  v
2-115

yM.i + > ,iz
T his equation may be used to  elim inate ^  from  Equation 2-94, resu lting  in  

the following approxim ate d ispersion  rela tion

k = ^ Mu Mit. ) „ 2-116
C\ -  1]

Upon sim plification Equation 2-116 becom es "

= 4  }  r ' 2 ' 117

where k  m ust be g re a te r  than zero  in  o rd e r  to  sa tisty  the boundary condition 

at -><*> . in  agreem anet with the  previous analysis, Equation 2-117 indicates 

tha t the surface wave has a resonance at «Or<»= + , the wavelength

becoming infinitely la rge  as th is  resonance frequency is  approached. N ear

<^r«s , the condition given by Equation 108 may be reexpressed

k2 »
cl

2-118

o r
V?k <

J * 7 * * ,
~ zsr~  2-H9
10m

This condition is  satisfied  as k  becom es infinite, showing tha t the m agneto-  

statfc approxim ation is  valid in  the vicinity  of the  resonance.
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The wavenum ber inc reases  as the in trinsic  velocity of the d ie lec tric  

is  decreased  (see Equation 2-117). This is  in agreem ent with the re su lts  

of the electrom agnetic calculations perform ed in Section 2 .3 . However, 

com parison of these re su lts  with Equation 2-117 reveals tha t Equation

2-117 yields in co rrec t inform ation about the low er cutoff frequency of the 

su rface  mode. This cutoff occurs in the long wavelength region in which 

the m agnetostatic approxim ation is  no longer valid.

In o rd e r  to  gain fu rth er insight into the behavior of the surface modes 

in the long wavelength region, the d ispersion  rela tions obtained through an 

electrom agnetic calculation, Equations 2-93, 2-94 and 2 -9 5 , are  considered 

with the effects of exchange and lo sses neglected. The d ispersion  ch a ra c te r­

is tic s , computed using the algorithm  of Section 2 .3  fo r the sam e param eters  

as the £d= l curve of Figure 2 .8 , are  plotted in F igure 2 .9 . The curves
| | | 2 z (  2

corresponding to  rc = ~  ) k - and K = are  also plotted on

the sam e se t of norm alized axes. To distinguish between the forw ard and

rev e rse  m odes, which are  plotted in the sam e quadrant, the s  notation,

(7)introduced by Seshadri is employed. Defining the te rm  S as

The forw ard mode is  labeled S = •♦* 1 and the rev e rse  mode S = -  1 . (This 

notation may be extended to lossy  cases as well through a m ore general 

definition

s = SGN [Re k] .) 2-121
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F igure 2-9 D ispersion  of Sem i-infinite Model Surface Modes
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Com parison of F igure 2-9  and the C,j = 1 curves of F igure 2-8 indicate that 

they a re  identical. The d ifferences caused by the inclusion of exchange, which 

occur in the region of the low er frequency lim it are rela tive ly  insignificant, 

being too sm all to  be observed on the scale on which the figures are presented .

The frequency range of the surface modes is determ ined by observing the 

behavior of the tran sv e rse  wavenumbers as the frequency is  va iled . The boun­

dary  conditions stipulating tha t the response exist sim ultaneously in both media 

and tha t it vanish at x=±o© im pose the constraint that both and ^6j be 

finite positive re a l num bers in the surface wave passband. At the lim iting 

frequencies, th is  condition is  not fulfilled determ ining the extent of the s u r ­

face wave spectrum .

Exam ination of Equation 2-94 revea ls  that / 3 ^ - 0  when the phase v e l­

ocity of the wave equals the in trin s ic  velocity of the d ie lec tric . Thus, for /S4 

to  be a positive rea l num ber the magnitude of the phase velocity of the surface 

wave m ust be le s s  than the in trin s ic  velocity of the d ie lec tric .

Exam ination of Equation 2-95 revea ls  that the difference between squares 

of the longitudinal and tra n sv e rse  wavenumbers is positive below the frequency 

to -  7  <o;C<o;+u)«) and above the frequency 00 — a i ;  + 10m . Thus is  

im aginary in these  regions if the magnitude of the phase velocity is  g rea te r 

than the  phase velocity of waves rep resen ted  by the = 0  (  k 

curves of F igure 2-9.

Since the surface waves being investigated are  forw ard and rev e rse  modes 

(as opposed to backward m odes) the low er frequency lim it occurs when e ith e r
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y6d = 0  o r  (0 = ] u , (<*>■,+ m if  it is  assum ed that / S j - 0  then Equations

2-94 and 2-93 become

and

U = ~  I 2-122
Cd

^ = ‘ 2-123

Since yM„>0 and /* .a< 0  in the region + L , the S = - l  mode

lower frequency lim it occurs when /3 j = 0  . This frequency is  determ ined 

by substituting Equation 2-122 and 2-123 into Equation 2-95 yielding,

C0Z 1 -  / * »  — CO1 ( m h  - / ( i s  ) 9.-19.4.
z f  ^ r j  c‘ — x r —  '

which, upon sim plification re su lts  in

• 2-125 

Equation 2-125 may be solved fo r the low er frequency lim it yielding,

CO 2-126
S = - l  if

The rev e rse  mode is  not cutoff at th is  low er lim it but ra th e r ceases to  have 

surface wave p ro p erties . Its  ch a ra c te ris tic  m erges smoothly into the d is ­

persion  ch arac te ris tic  corresponding to  propagation within the bulk of an 

infinite d ie lec tric  medium, k =  ** .

Exam ination of Equation 2-126 rev ea ls  that if , the low er

frequency lim it of the s = - l  wave m ust be above the frequency cJ =/w>' ( *u>m) / 

the resonance frequency of 90° spin-w aves in  an infinite ferrom agnetic 

medium ("slow" portion of the 0  curve of F igure 2-9). As ap­

proaches €«, , the lower frequency lim it in c re ases , Equation 2-126having 

a pole at . If e m< ^  , Equation 2-126 yields an
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im aginary solution indicating tha t the reverse  mode does not ex ist for these 

conditions. These re su lts  a re  in agreem ent with the re v e rse  mode d isp er­

sion ch a rac te ris tic s  plotted in  F igure 2-8.

F o r  the large d ie lec tric  constant case, such that <J" ~

fo r the p a ram eters  used in plotting F igures 2-8 and 2-9) the solution to  

Equation 2-126 is  re a l, indicating the existance of another surface mode.

Since the lim iting frequency fo r th is new mode occurs fo r  oj < **>; , a region 

where both and jUL,t have the sam e sign, Equation 2-123 stipulates that k 

be g rea te r  than zero . In con trast to  the S = +1 mode d iscussed  above in 

connection with the m agnetostatic approxim ation, the new S- +1 mode cannot 

be found through a m agnetostatic analysis but ra th e r only by an electrom ag­

netic calculation. Adopting the nomenclature used in  investigations of mode

( r s )
spectra  supported by longitudinally magnetized rods , the fo rm er is  te rm ed  

"m agnetostatic" while the la tte r  is  designated as "dynamic". The rev erse  

mode a lso  fa lls  into the "dynamic" mode category, since  it too may only be 

calculated by including the effects of electrom agnetic wave propagation.

Having determ ined the low er frequency lim its of the dynamic modes, 

the low er cutoff of the "m agnetostatic" s = l  o r  mode is  now con­

sidered. Since /S j \  0  a t th is  cutoff, its  low er cutoff frequency is

= J +■ u O  . 2-127

s - + 1
As th is low er lim it is  approached, becom es v ery  sm all. Thus, just 

above the cutoff, the tran sv e rse  wavenumber of the S 3 *1 mode is ,  from  

Equation 2-95,

CO
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I A .  * 2-128

Subsitution of Equation 2-128 into Equation 2-93 indicates that the tran sv e rse  

wavenumber in the d ie lec tric  is  re la ted  to  the longitudinal wavenumber by

~ —  • 2-129
M-tt.

Thus, the wavenumber of the s= + l mode at cutoff may be determ ined by 

subsitution of Equation 2-129 into Equation 2-94 yielding, upon simplification,

kco

W ith the exception of its  lower lim it, the rev e rse  dynamic (or s=- )  

mode sa tisfies  the inequality ^ -  < I k I < ^  over its  frequency range.

Therefore its  upper lim it can only occur when / 2 rn= 0  . At th is point, which 

occurs at a frequency g rea te r than co = ^ ;  + f the mode is no longer

indentifiable as a surface wave, it ch a rac te ris tic  having m erged with the "fast" 

portion of the bulk 90° spin wave curve.

The upper frequency lim it of the s - * l m wave occurs at the resonance

frequency =■ ui; •*-t£ra , where the m agnetostatic analysis appearing
2

e a r l ie r  in  th is  section is  appropriate. Since the  S= + l j  mode is  not found in 

the m agnetostatic lim it, its  upper frequency lim it occurs when /3 n-0  where its 

d ispersion  ch a rac te ris tic  m erges with the "slow" branch of the bulk 90° spin 

wave mode. Thus the frequency range of the forw ard dynamic mode never 

overlaps that of the forw ard m agnetostatic mode.

The surface wave spectrum  at the interface of a  sem i-infin ite d ie lec tric  

medium, £,j = 2 10 , and a sem i-infinite ferrom agnetic insu la to r, with m ateria l
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and field  p a ram ete rs  as in  F igures 2-8 and 2-9 , is  plotted in F igure 2-10.

Both modes shown are  forw ard modes as expected. As before the magneto­

sta tic  mode is  resonant a t 3  GHz.  t the effect of increasing  the perm ittivity  

of the d ie lec tric  being m ost apparent in the long wavelength region where it 

re su lts  in a la rg e r  value of K . The d ispersion  ch a rac te ris tic  of the fo r­

w ard dynamic mode is shown to  closely resem ble the ch a ra c te ris tic  c o r re s ­

ponding to  k = . Close exam ination revea ls  tha t its  phase velocity is

slow er than the in trin s ic  velocity of the d ie lec tric  (as expected fo r a surface 

wave); th is  property  is  m ost noticeable in the region where the surface

mode m erges with the "slow" branch of the bulk 90° spin wave (or /3 „ -0 )  mode.



S u r-P o L o a  M o d e s  
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F igure 2-10 -  Sem i-infinite F e rr ite -D ie le c tr ic  Surface Mode D ispersion  C h arac te ris tics  F o r  Large
D ielectric  Constant Case
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CHAPTER 3 

SURFACE ELECTROMAGNETIC 

MODES OF A FERRITE SLAB

3 .0  Introduction

E lectrom agnetic wave propagation at a surface of a sem i-infinite fe rr ite  

slab bounded by a uniform  d ie lec tric  was investigated in Chapter 2. In the 

p resen t chapter, the electrom agnetic surface wave spectrum  of a fe rr ite  slab 

of finite th ickness is considered. The re su lts  of th is  analysis a re  com pared 

with surface wave calculations obtained through the m agnetostatic approximation 

as.w ell as  with the sem i-infin ite fe rr ite  re su lts  of the previous chapter. It is  

shown in Section 3 .1  that control of the frequency range of the dynamic surface 

m odes, as dem onstrated in the sem i-infin ite case , is  a lso  possible when the 

fe r r ite  is  of finite th ickness. This is  shown to  have a bearing on the in te r­

p reta tion  of experim ental re su lts  d iscussed  in Section 3 .3 .

In Section 3 .2  the case of a fe rr ite  slab having one of its faces in in ti­

m ate contact with a perfect conductor is  considered. Studying the s tru c tu re  

in both the th ick  film  and m agnetostatic lim its allows certa in  inconsistancies 

between d ispersion  ch a ra c te ris tic s  derived in these lim its  to  be resolved. 

Additionally, it is shown that the frequency ranges of forw ard and reverse  

"m agnetostatic" modes may be made to  be non-overlapping, a resu lt which 

is  of im portance in the p roper in terpreta tion  of experim ental data on surface 

wave propagation.
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3 .1  E lectrom agnetic Surface Wave Propagation On a P lanar F e rr ite  Slab 

With D ielectric  Loading

The surface electrom agnetic modes of a p lanar slab of single crystal 

fe rr ite  m ateria l of magnetization M0 a re  to  be investigated. The slab , shown 

in F igure 3-1 , is  of thickness a  and is  assum ed to  be infinite in extent in the

A A
y and z  d irections. The fe rrite  is  bounded at its  x=0 and x=-a su rfaces by 

uniform  d ie lec tric  media of perm ittiv ities  €t and £ 2 respectively. A static  

magnetic field is  applied in the z. d irec tion , resulting  in a  magnetic field 

intensity, Hj, assum ed uniform  within the  fe rr ite .

The development of the equations describ ing the response of the s tru c ­

tu re  of Figure 3-1  to  electrom agnetic excitation closely follows the procedures 

of Chapter 2. Since d ie lec tric  1 occupies the upper ha lf space, x > 0 ,th e  

relations between the field  quantities in th is region are

and

= A z  -  k y ) J j

HJ lx  =  M z  e x js  L - y S j ^ X  + j  )

0)/L0

3-1

3-2

3-3K uv= i 4 j i  Az exp[-/giiX + j - ( u t - k y ) J  ,
(JyU0

where consistancy with Maxwell's equations (2-39 and 2-40) req u ires  that j

be rela ted  to  k through the relation

^  -  A i  -  r̂  *•c d l
CdI being the velocity of light in d ie lec tric  1.

3-4



D IELEC TR IC  *1 ( ^ m0)

®H
FERRITE (€w£0, i i^l l )

D IELEC TRIC  *Z (€.£*, >ue)

Figure  3-1 -  F inite Thickness F e r r ite  Model
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Sim ilarly , the rela tions between the  field quantities in d ie lec tric  =#=■ 2

a re

3-5

and

-  R z  € x j ?  (x +a . )  + j  ( u ^ t -k y ) ] ,

“  k Rz  e x p  ( q i t  -  f y )  1  ; 3-6

Nd2 = - j <SiL R ze.x(3[> /Sd2(,x+ a)^ j((x jt-k /)] ; 3 ' 7

w here the rea l p a rt of jS^~> 0  , since d ie lec tric  =#=" 2 occupies the region 

X < -  a  . The tran sv e rse  and longitudinal wavenumbers in the medium are 

re la ted  through the equation

k 2 -  A l  = .

Cd2
F o r a plane wave solution to ex ist, the waveform in the fe r r ite  slab 

m ust have the sam e phase velocity as the excitations in the adjaceiit d ie lectric  

m edia. Assuming the e lec tric  field in the fe rr ite  to be of the form

Eiml = [Gcosky&X + Lsink/S^x] e*p[j(u>f-ky)],

the magnetic field intensity components are  found, through Equation 2-39, to 

be given by

N lnn= &)sini'/&, xl ex f  [ j f a f - ky)] 3 10
CO/AaCyUi, -  JA%)

and

Hi - ['[ ( L . G - ^ . i ) coslB„x+(kju,tL '~&iMG>)s 3-11
• J f .1*- \UJ /Ao I AA11 -  M u  )
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Substitution of E w  , N lmz , and H ln^  into Equation 2-40 leads to  the  

condition tha t

k2 - s 1 . 2-95

L.ly\ At.ii

An equation relating the tra n sv e rse  wavenumbers associated  with each 

of the m edia may be obtained by applying the boundary conditions on the e lec tr ic  

and m agnetic fields at the fe rr ite -d ie le c tr ic  in te rfaces. Applying the condition 

tha t the tangential r . f .  e lec tr ic  field be continuous a c ro ss  any p lane, f i r s t  at 

x«0 and then at x=-a, yields

A* = G , 3-12

and

3-13

3-14

— /IjCOskOivi  Ls i i l k  3 )r v \ j  

respectively , where

0  m — ^ 3  m A .

Equating the tangential components of the r . f .  magnetic field intensity at x=0 

leads to

~ kl),. • 3-15
( /On ~ )

T his equation relating A2 and L may be used to  elim inate L from  Equation 3-13 

yielding an expression rela ting  the amplitude of a mode at x= -a  with its  am pli­

tude at x=0,

Rt s  C 0 S k Qm -
A*

51IrtkQiw . 3-16
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3-17

)

Although the te rm  does not explicitly appear in the above expression , 

changes in the perm ittiv ity  of d ie lec tric  =#= 2 a lte r  the TCI/A* ratio  through 

the in terre la tionsh ip  of the tra n sv e rse  and longitudinal wavenum bers. An 

expression  displaying th is interdependency is  obtained by applying the boun­

dary condition on the y  component of the r .  f . magnetic field  intensity at x= -a  

and using Equations 3-15 and 3-16. The resu ltan t equation,

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

by the layered  s tru c tu re .

To facilita te  com parison with previous re su lts , analysis of Equation 3-17 

is  perform ed in the lim it of zero  loss with exchange neglected. Imposing an 

additional constrain t by searching only fo r solutions having rea l values of / 2 m 

re s tr ic ts  the possible modes to waves whose amplitude v arie s  as a sum  of 

exponentials acro ss  the th ickness of the fe r r ite . These modes display surface 

wave ch a ra c te ris tic s  since th e ir  amplitude is  a maximum at one of the f e r r i te -  

d ie lec tric  in terfaces.

In the short wavelength region (large k ), where the phase velocity of the  

response is  much sm alle r than the in trinsic  velocities of the fe rr ite  media, 

and additionally

2-108
k 2 »
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the rela tionsh ips between the longitudinal and tra n sv e rse  wavenumbers are

k2 =  &  3 - 18

4 i ‘

•m , 
Z 3-19

)

and

k2 =  / S d j  . 3-20

In th is , the m agnetostatic lim it, where V * H = 0 , Equation 3-17 reduces to

S / ^ c o t k Q *  =  -  [ ( / < , ?  - / & )  1 3 ' 21

which may be reexp ressed , using the perm eability  ten so r component definitions, 

Equations 2-111 and 2-112, in the fo rm  obtained by Damon and E s b a c h ^ ^

C0 Z = U>j + UJ'fcDfV)-*'_______ U V _________ . 3-22

2D+cofMkla.l
Equation 3-22 is  plotted in F igure 3-2 for a fe rr ite  of thickness . 5mm having 

saturation  m agnetization of 1750 Gauss and spectroscopic splitting fac to r 

g=2.0 (appropriate fo r YIG). The in ternal m agnetic field intensity is  chosen to  

be 197.6 Oe. and the graph is  norm alized to  fe r r i te  m ateria l param eters  in 

conformity with the d ispersion  rela tion  plots of Chapter 2.

The m agnetostatic d ispersion  rela tion , Equation 3-22, p red ic ts  that the

mode spectrum  extends from  a  low er cutoff frequency, o>Ca = J cj; (u>\ + uO , 

where k=0 (a contradiction to  the assum ptions expressed  by Equations 3-18,

3-19 and 3-20), to  an upper frequency lim it of

U V e s = CO J + tOrv. 2-113
Z



s=±i

kc151=
Figure 3-2 -  M agnetostatic Surface Mode Spectrum  Of A F inite 

Thickness F e r r ite  Slab

o
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w here the surface wave is  resonant. Within th is  passband surface waves may 

propagate in e ith e r the + o r  -  y  d irections, however, the p ro p erties  of these 

forw ard and rev e rse  waves a re  different. The ra tio  of the mode amplitude at 

the bottom surface to  that at the top surface is  dependent on the d irection of 

propagation. Applying Equations 3-16, 3-18 and 3-19 and employing the 

d irection  p a ram e te r , s ,  defined by Equation 2-117, one obtains

R eexpressing th is  resu lt through the use of the perm eability  ten so r component 

definitions, Equations 2-111 and 2-112, resu lts  in

The rela tive energy density at the bottom surface as a function of frequency 

is  plotted in F igure 3-3 fo r  both the forw ard and rev erse  modes. It is  observed 

that most of the energy associated with the mode propagating in the positive 

d irection  (s=+l) is  concentrated near the top su rface , the interface of the 

fe r r ie  with d ie lec tric  #  1. S im ilarly , most of the energy associated with the 

s = - l  mode is  concentrated n ear the f e r r i te -d ie le c tr ic #  2 in terface.

If the d irec tion  of H', is  rev ersed , the d irections of propagation of the 

modes associated  with the top and bottom  faces re v e rse s . Thus, the d irec ­

tion  of propagation of the surface m agnetostatic modes of a fe rr ite  slab  is  

such that the vecto r kxH; coincides with the outward d irected  norm al.

h  I k l ~ Sjliz. a  . 3-23
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30
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Li_

-10

-zo

-30-

-A O -

Figure 3-3 -  Relative Energy Density -  Bottom/Top fo r 
M agnetostatic Approximation
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The m agnetostatic d ispersion rela tionship , Equation 3-22, from  which

thickness product is  independent of the th ickness of the fe r r i te .  Hence, from

elude that although the  wavelength of the response is  affected by varying the 

fe r r ite  th ickness, th e  relative surface wave am plitudes at the two surfaces are  

unaffected, a lim it inherent to  the m agnetostatic approximation.

The sym m etry  of the d ispersion  rela tions about k=0 and the sym m etry 

about the Odb axis of Figure 3-3 , suggests tha t the ch arac te ris tics  of the s=+l 

surface wave with respec t to  the top face a re  identical to  the ch arac te ris tics  

of the s = - l  mode with respect to  the bottom face . F o r any frequency within 

the passband, Rz/ A z fo r the s = - l  mode should be rec ip roca l of Rz / A z for 

the s=+l mode. T his conclusion, however, is  a consequence of having p e r ­

form ed the  analysis in the m agnetostatic lim it and is  not tru e  in general. F o r 

electrom agnetic su rface waves on opposing faces of the fe r r ite  slab , sym m etry 

considerations d ictate that the exact correspondance of p roperties  described  

above is  obtained only when the perm ittiv ities  of the top and bottom d ie lec tric  

media a re  equal. F o r  th is case

an explicit expression  fo r |k |a  may be obtained, p red ic ts  tha t the wavenumber

Equation 3-18, /S^o. does not vary  as a  is  increased . One may there fo re  con-

3-25

and Equation 3-17 reduces to

in investigating surface(A s im ila r  expression  was derived by B re s le r
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mode propagation at the f e r r i te - a i r  in terfaces  of a  tran sv e rs ly  magnetized 

slab in  an infinite para lle l plane waveguide). The solutions of Equation 3-26 

are sy inm etrica l about the k=0 axis leading to

R i . a COS^Orr)- 1 k | JAil "  (  M  n ”  M-tt. ) /^ d 5 m il Q m , 3-27

A , S=+l i/Aii

fo r a  forw ard trave ling  mode, and

= c o s k Q m + IklyMit +■ ( ytfu -  A \  ) /3d S in k  Q ya , 3-28
A , Ss-1 /2*nJJ .\)

foivre.verse traveling  modes. Multiplying Equation 3-27 by Equation 3-28 one 

obtains

A  
A*

x s cosh Qv«“ kl/(a ~ (/aI - ^ ) £ a s m h Owi
S-.+1 3s-l

♦ 2 (/Ail 1)0 w C O s l o  Q I'M  .5IHH Win 3-29

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

using Equation 3-26, as

Noting that

SI n i l  Qvr, * 3 - 3 0

Cosk Qw\ -  SlVlIl Qkvv = i  ;

Equation 3-29 may be expressed  as

3-31

R* = 1 - 2.JUh(mh ,^ix.)^d/3,* co"Hl Qm Sink Qm
Az A , 1 :1 3-32

+  2. (jUn -M u  )/&! I Sin Jl G L  c o s h  Q  VSA •
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Equation 3-32 may be sim plified to  yield

R,
A .

R:
S*+ i Ax = 1 , 3-33

s»-

3-34

fo r  a ll fe r r i te  th icknesses as anticipated fo r th is  special case.

F o r  th ick  fe r r ite s  such tha t

A t o H  & , =  \ / 3 J ,

Equation 3-17, which includes electrom agnetic propagation effects, reduces to

(  k \ l ~ / S n jA» ) + t  )

- & l  - j u t ) 2' = O ' 3-35

T his equation may be factored  to  yield

r u [ ( / f i 0  3 ' 36

The second te rm  of Equation 3-36 is  recognized as the d ispersion relationship 

describ ing  surface wave propagation along a  fe rr ite -d ie le c tr ic  in terface where 

both m edia a re  sem i-infin ite ,

/$ A l ~ ky^la ~ (3 r*  /J.\\ 

( j U f - y U Z )
) 3-37

th is  equation differing from  Equation 2-93 only in the form  of the subscrip t of 

d ie lec tric  medium tra n sv e rse  wavenumber. Since th e  p resen t derivation has 

proceeded by considering a fe r r ite  of finite th ickness, Equation 3-36 indicates 

a  second se t of m odes,

. ( A f  ' A a  ^  • 3-38
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The mode se t rep resen ted  by Equation 3-37 corresponds to  surface modes for 

the sem i-infin ite model with the fe rr ite  occupying the low er half-space and 

d ie lec tric  # 1  occupying the upper h a lf-sp ace ; the mode se t represented  by 

Equation 3-33 describes surface wave propagation for the sem i-infinite model 

where the low er half-space is occupied by d ie le c tr ic # 2 . Significantly, the 

d irection of propagation of the modes at the top and bottom  faces of the fe rr ite  

is  reversed .

Thus, in the thick film  lim it it has been found that the fe rr ite  may sup­

po rt at least two and possibly four propagating surface modes for any one 

combination of m ateria l p a ram ete rs . Of the modes associated with the top 

su rface, the forw ard mode is  "m agnetostatic" and is  labled s=+ lry>, while the 

second mode, if it  ex is ts , is  a "dynamic" mode whose d irection  of propagation 

depends on the rela tive p erm ittiv ities  of the m edia. S im ilarly , the modes 

associated  with the bottom  face of the slab are  a rev e rse  "m agnetostatic" mode, 

s = - l m, and possibly a forw ard o r  rev e rse  dynamic mode.

To determ ine the effects of the finite film  thickness on these  m odes, 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 sacrific ing  the essen tia l deta ils  of the mode 

behavior if  the sym m etrica l case , in which both d ie lec tric  media have the same 

p a ram e te rs , is  considered instead. F o r the sym m etrical case Equations 3-26,

2-94 , 2-95, and 3-16 are  applicable. The p ro cess  of solving these  equations 

is  fu rth er sim plified by noting tha t the d ispersion  relationships a re  sym m etrical 

in k and . In addition, the mode amplitude rela tions are  also  sym m etrical
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in /3 m. Thus, having neglected losses and having confined the sea rch  to modes 

exhibiting surface wave ch a ra c te ris tic s , only those solutions corresponding to

Squaring both sides of Equation 3-26 and substituting Equations 2-94 and

2-95 into the resu ltan t expression , an equation in one variab le, /&m, is  obtained

T his equation is  biquadratic in ^ ^ a n d  has at m ost two roots on the  positive 

re a l axis. This upper lim it also applies in the case where the fe rrite  is 

of finite th ickness.

A flow chart illu stra ting  the m ajor steps in the num erical evaluation 

of Equation 3-39 is  shown in F igure 3-4 . The technique employed involves the 

division of the positive axis into a num ber of segm ents. Proceeding along 

the axis, the end points of each successive in terval a re  substituted into a t r i a l  

function consisting of the left hand side of Equation 3-39. Ingeneral, the value 

of th is  tr ia l  function is  positive o r  negative, the function having a  zero  only at

positive rea l values of need be considered.

co th  6)m “  [  1+ ( /£  - / & ) ]  J

3-39

In the thick fe rr ite  lim it, Qm->oo, and Equation 3-39 reduces to

3-40
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points corresponding to roots of Equation 3-39. If the re  is  a difference in

sign between the end point t r ia l  functions, a root of the equation lie s  within

the in terval. If th e re  is  no change of sign, the in terval contains e ith e r  no

roo ts o r  two roots. This la tte r  case may be avoided by choosing in terva ls

sufficiently sm all. Upon locating a segm ent of the positive rea l /3 m axis

(72)containing one root, the region is searched  using the B isection Method . 

Refinement of the root, through successive halving of the interval being 

searched , continues until the magnitude of the t r ia l  function is le ss  than some 

te s t  value o r  a maximum num ber of bisections has been exceeded, both lim its 

chosen in conformity with the precision  and accuracy of the calculation.

Selection of the in tervals to be searched is  based upon solutions of 

Equation 3-40, the th ick  fe rr ite  lim it equation. An upper and lower lim it of 

the search  area is  established by determ ining the maximum and minimum 

values tha t the argument of the hyperbolic cotangent may attain without 

causing an overflow o r  exceeding the maximum argum ent perm itted. This 

search  region may be subdivided fu rth e r if the positive solutions of 

Equation 3-40 fall within its  lim its. If, however, a /5 m solution of Equation 

3-40 is  such that On exceeds the maximum argum ent value, th is solution is 

considered to be a solution of Equation 3-39 as well.

Having divided the search  region into at m ost th ree  subsections through 

the use of the th ick fe rr ite  solutions, each subsection is fu rther subdivided 

into sm a lle r in tervals for t r ia l  function analysis. These in tervals a re  not 

of equal s ize , the increm ents being varied  so that the search  is m ost inten­

sive in those portions of the positive A axis neighboring the roots of Equa-
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tion 3-40.

When a root of Equation 3-39 is  located it is  te sted  to determ ine if it

If the solution is  a su rface mode the longitudinal and tra n sv e rse  wavenumbers 

are sto red  fo r subsequent prin t out. In addition, since the solutions obtained

and re v e rse  propagating solutions to determ ine the surface with which they are

processed .

The dispersion  relationship has been solved using the sam e m ateria l 

and field param eters  as in F igure 3-2 . The re su lts  of the num erical evalu­

ation a re  plotted in F igure  3-5 for the cases a=. 5mm, anda=lm m . The 

fe rr ite  is  bordered a t i ts  top and bottom su rfaces by free  space. The graph 

axes have been norm alized with re sp ec t to  the fe rr ite  m ateria l p a ram ete rs ; 

i .e .  the  v ertica l axis being -ft ~"u^, , the horizontal axis being the absolute

made to  the direction of propagation because of the sym m etry about k=0.

The d ispersion  ch arac te ris tics  fo r the infinite film  case are  also  included.

Comparing the wavenumbers of the "dynamic" modes shown in F igure 

3-5, it is  observed tha t the magnitude of the wavenumbers is  reduced by 

decreasing  the th ickness of the film . In fact, fo r th is  thickness (. 5mm) the 

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

le ss  than the in trin sic  velocity in the free space regions. In con trast, the

corresponds to a propagating surface wave ( i.e . k is  re a l and ^  is  positive).

are sym m etrica l about the k=0 axis, R2//A z is  computed for both the forw ard

associated. This p ro cess  is repeated  until a ll of the data points have been

value of the norm alized wavenumber , no distinction being
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SURFACE MODES

<X- o o

Figure 3 -5  E lectrom agnetic Surface Wave D ispersion 
F o r  A F e rr ite  Slab
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"m agnetostatic" modes suffer a decrease  in  wavelength over most of th e ir  

spectrum  due to  the finite geom etry. As e ith e r the lower cutoff o r resonance 

frequency is  approached, the tra n sv e rse  wavenumber /3^  in c reases , concen­

tra tin g  the energy ca rried  by a "m agnetostatic" mode in the vicinity of one of 

the su rfaces as shown in F igure 3-6 . In these regions, the mode is  le s s  

dependent on the th ickness of the fe r r ite  and approaches the infinite fe r r i te  

re su lts .

Exam ination of Equation 3-16 in both the m agnetostatic and th ick  fe r r i te  

lim its  indicates that a "m agnetostatic" surface wave propagating in the forw ard 

d irec tion  is  associated  with the top face while a rev e rse  "m agnetostatic" mode 

is  associated with the bottom su rface. A check of F igure 3-6 confirm s these 

re su lts  fo r a fe r r ite  of finite thickness with electrom agnetic propagation included.

In F igure 3-7 the energy density of a surface wave at the x=-a su rface 

re la tive  to its  energy density at the bottom  surface is  plotted fo r the "dynamic" 

as well as the "m agnetostatic" modes of F igure 3-5 . In agreem ent with the 

th ick  fe r r ite  re su lts  fo r ^  , the top surface supports a "dynam ic" mode

propagating in  the rev e rse  d irection  ( s = - l j  ), while "dynamic" mode propaga­

tion  at the bottom  surface is  in the forw ard direction  ( s = + ).

The th ick  fe rr ite  re su lts  indicate tha t dynamic modes do not ex ist if 

the d ie lec tric  m edia have perm ittiv ities such that e m< £ j  < . To

verify  tha t th is  phenomenon is  observed when a fe r r ite  of finite th ickness is 

considered, the surface mode ch a ra c te ris tic s  of a . 5mm fe rr ite  slab with 

sym m etrica l d ie lec tric  loading are  calculated. The fe rr ite  p a ram ete rs  rem ain
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Figure 3-6  Relative E nergy D ensity -  Bottom /Top fo r "M agnetostic" 
Mode Including the E ffects of Propagation, a=. 5mm.
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Electromagnetic Modes of a Ferrite Slab; a=. 5mm.
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the sam e as above, while the d ie lectric  perm ittiv ity  is  chosen to  be fij = 2.1  . 

The resu ltan t d ispersion  ch a rac te ris tic s  a re  plotted in F igure 3-8. In agree­

ment with the th ick  fe rr ite  re su lts , only the "m agnetostatic" modes ex ist for 

th is  s e t of p a ram ete rs . If the d ie lec tric  perm ittiv ity  is  increased  s til l  fu rther, 

beyond  ̂ , it is  expected from  the sem i-infin ite re su lts , that

dynamic modes w ill again propagate along the fe rr ite  surface. This is  v e ri­

fied by the d ispersion  ch arac te ris tics  plotted in F igure 3-9 , fo r = 2 .1 0  .

Now, however, the "dynamic" mode associated with the top surface is  a fo r­

w ard mode (s=+ lj ). The dynamic mode at the bottom surface propagates 

in the rev e rse  direction. The cases shown in the la s t two figures a re  of p a rticu ­

la r  in te rest because the surface modes associated with a p articu la r face propa­

gate in only one direction. This d irection  is  such that the vector K* H; coincides 

with the outward directed  norm al.

While F igures 3-5 through 3-9 have been plotted fo r surface waves on 

sym m etrically  loaded s labs, it is  c lea r tha t if the conditions existing at the 

bottom face of the fe rr ite  a re  modified, the modes associated  with the bottom 

face would be m ore strongly affected than those associated with the top face.

Not only would the modification of the environm ent a lte r  the relative am pli­

tudes of the modes at the two su rfaces, it would, as the lin ear te rm  in Equation 

3-16 indicates, also  destroy  the sym m etry of propagation ch arac te ris tics  at 

the upper and low er fe rr ite  su rfaces. An extrem e example of th is occurs when 

the r .  f . e lec tr ic  field at the bottom  face of the fe rr ite  is  se t to  zero  by placing 

th is  surface in contact with a perfect conductor as in Section 3 .2 .
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3 .2  E lectrom agnetic Surface Wave Propagation On A Grounded F e rr ite  Slab

The surface electrom agnetic modes of a p lanar slab  of single crysta l 

fe rr ite  m a te ria l, grounded on one side by a perfect conductor, a re  investi­

gated. The slab is  of th ickness o. m e te rs , and has a boundary at x=-0 

with a uniform  d ie lec tric  of sem i-infin ite extent. The fe r r ite , shown in
A x\

F igure 3-10 , is  assum ed to  be infinite in extent in the y and z  d ire c ­

tions. A sta tic  magnetic field is  applied p a ra lle l to  the z  axis resu lting  in 

a m agnetic field in tensity , H; , assum ed to  be uniform  within the fe rr ite .

The analysis of the fe rr ite  slab  term inated in a ground plane at x = -a  

proceeds in a s im ila r m anner to tha t perform ed in Section 3 .1 . The r .  f. 

e lec tric  field in the d ie lec tric  has exponential dependence of the form

EJjt - A z e x p  C-/Sj x -  ky)] j 2:41

the r . f .  field  in the fe rr ite  may be expressed  as ,

Elmz. =  LG C O sln /S ^ X  +■ L s in / i / 3 m X ] e x p [ j ( c o f - k y ') ]  3-9

Since the boundary condition at the fe rr ite -m e ta l in terface req u ire s  that 

E b e  zero  th e re , the r . f .  e le c tr ic  field within the fe rr ite  assum es the 

form

Elm i= 3-41
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Figure 3-10 -  Grounded F e rr ite  Model
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M axw ell's equations are  utilized to  obtain expressions fo r the r . f .  m agnetic 

field in tensities and the d ispersion  equations rela ting  the longitudinal and 

tra n sv e rse  wavenumbers in each medium. The th ird  equation, re la ting  the 

tra n sv e rse  wavenumbers in the d ie lec tric  and ferrom agnetic m edia is  ob­

tained by applying the boundary conditions on the tangential r .  f . e lec tric  

and m agnetic field components a t the x = 0  in terface . The resu ltan t 

equations are

k‘ - / 3 ;  = o L  , 2-94
Cd

k* -  £ *  = ( A t  - A lt , )  2- 95
c ‘  M n

and

~ h yMlZ ~ CO H Q iv\ . 3-42

(73 74)S im ilar equations, with Cj = C0 , were obtained by Lax and Button ' 

fo r a grounded fe r r ite  slab bounded by free  space. They found that the s tru c ­

tu re  supports a forw ard propagating surface mode, te rm ed  the " fe rr ite -d i­

e lec tric "  mode. B re s le r^ *   ̂ in considering wave propagation along the 

ungrounded surface of a fe rr ite  slab , situated  at the bottom  of a m etallic 

trough, found that a grounded fe rr ite  slab supports a rev e rse  as well as a 

forw ard propagating mode. (Since = 0  fo r the lowest o rd e r mode, the 

presence of the m etallic  side w alls in B re s le r ’s work does not effect the propa­

gation ch a ra c te ris tic s .)  Forw ard and rev e rse  propagation at the surface of
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a grounded fe rr ite  slab has also been investigated in the m agnetostatic regim e

to  that of Lax and Button, Young considered higher o rd e r m odes in the trough 

configuration. This trough configuration can be thought of as a fe rr ite  loaded 

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

tions fo r the lowest o rd e r TE mode in a rec tangular waveguide with a fe rr ite  

slab placed acro ss  its  sho rt dim ension, a configuration studied by Kales e t. 

a l . , Lax e t. al. ^   ̂ and Seidel and F le tcher, may be transform ed 

into equations of the form  obtained by Lax and Button and B re s le r . S im ilarly ,

(ts )the equations obtained by Pauchard e t. al. for propagation of e lec tro ­

magnetic surface waves in a m etalized fe rr ite -d ie le c tr ic  sandwich s tru c ­

tu re , reduce to  Equations 2-94, 2-95, and 3-42 for large d ie lec tric  th icknesses.

If the grounded fe rr ite  slab of F igure 3-10 is very th ick , the metal is  fa r 

from  the d ie lec tric  in terface; under these conditions the modes associated 

with th is  surface have propagation ch a rac te ris tic s  approaching those of the 

sem i-infinite model. In the lim it as a  — > C O  ,

/ q ) ( 7  )
by Young and Seshadri . While Seshadri considered a model s im ila r

3-32

Equation 3-40 reduces to

~  «-_______________ ‘.I__ ) 2-93
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the d ispersion  rela tion  for the sem i-infin ite model, as anticipated.

Examining Equation 3-42 by employing the m agnetostatic approxim ation, 

one obtains

1 = s JULiZ -  1 kl <X , 3-43

(yAA-H ~ )

which, if lo sses a re  neglected, may be shown to  be equivalent to  the resu lts  

obtained by Y o u n g ^  \  for n = 0  , and Seshadri^ K Using the lo ss less  

perm eability  ten so r component definitions given by Equations 2-111 and 2-112, 

Equation 3-43 may be solved fo r I k I yielding

k 3-44
2.0. Z<j- w\ )( Z  cO; + u)yn)

This d ispersion rela tion  is plotted in F igure 3-11 fo r a  fe rr ite  thickness of

0 .5  mm. The fe rr ite  p a ram ete rs , in ternal field and norm alization used in 

the preparation  of th is  figure a re  the sam e as used in F igure 3-2 . It is  

observed that the s=+l mode spectrum  extends, as in F igure 3-2 , from

= y  CO; ( to; + to  cO = ui\ +■

where it is  resonant. The s = - l  mode spectrum  also has its  low er cutoff 

frequency at CO = J  u); ( c o ■+* u3**) . However, with one side of

the fe rrite  grounded by a perfec t conductor, the mode spectrum  now ex­

tends up to  the frequency w = o i \  +• where it is  also

resonant. (The situation where the conductor is  not perfect has been



s=-l

f i i +.5  —
S-+1
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F igure 3-11 -  Modes of a Grounded F e r r i te  F e r r i te  Slab Found 
through the  M agnetostatic Approximation

o
CO
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trea ted  by DeWames and W o l f r a m i n  the m agnetostatic lim it.)  Although 

F igure 3-11 is  only plotted fo r a fe r r ite  th ickness of . 5 m m ., exam ination of 

Equation 3-44 revea ls  th a t the m agnetostatic model p red ic ts  that

k  (  U  =  U); T 03 m  — > -  CO  3-45

reg a rd less  of the th ickness of the fe r r ite .  T h is, how ever, is  in d ire c t contra*- 

diction to  what is  predicted  in the th ick  fe r r ite  case , where Equation 2-93 

is  applicable. F u rtherm ore , the m agnetostatic m odel p red ic ts no surface 

wave propagation beyond the s = - l  resonan t frequency, w hereas analysis of 

the th ick  fe r r ite  case indicates tha t surface waves may ex ist at frequencies 

g re a te r  than CO =  CO; + COm fo r . The reaso n  fo r

these  d iscrepancies becom es obvious when it is  observed tha t the m agneto­

sta tic  approxim ation p red ic ts  tha t as the th ickness of the fe rr ite  i s  increased, 

the magnitudes of the surface mode wavenumbers m ust decrease  to  m aintain 

a constant I k  I a  product. As the th ickness of the  fe r r ite  becom es la rg e , 

k  becom es sm all, and the conditions assum ed in  applying the m agneto­

sta tic  approxim ation a re  no longer satisfied . U nder these conditions e lec ­

trom agnetic wave propagation m ay no longer be neglected.

The surface wave d ispersion  relationship  is  plotted in  F igure 3-12 fo r  

fe r r i te  th ickness of . 5 m m ., 2 m m ., 10m m ., and 20mm. The fe r r ite  p a ra ­

m ete rs  and applied field  are unchanged from  F igure 3-11. The perm ittiv ity  

of the d ie lec tric  region is  chosen to be unity corresponding to  free  space.
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See F igure 3-15 fo r detail.

s=-l

3
Figure 3-12 -  Surface E lectrom agnetic Modes 

of a Grounded F e rr ite  Slab;

1. a= 0. 5m m ., 2. a= 2 m m ., 3. a-  10m m ., 
4. a= 20mm.



Considering f ir s t  the portion of the spectrum  below the s = - l  mode resonance, 

i t  is  observed tha t with the exception of the long wavelength region, the d is ­

persion  curve for a . 5mm. fe rr ite  th ickness closely resem bles tha t found by 

using the m agnetostatic approxim ation, F igure 3-11. As the th ickness of the 

fe rr ite  is  increased , the wavenumber at any given frequency d ec re a se s , and 

the d ispersion  ch a rac te ris tic  approaches the ch arac te ris tic s  obtained fo r the 

th ick  o r  sem i-infin ite case , F igure 2-9 , except that the resonance predicted  

by using the m agnetostatic approxim ation is  reta ined  fo r all finite values of 

fe rr ite  th ickness. Thus, while the sem i-infin ite model m aybe  appropriate 

n ear the low er end of the s = - l  mode spectrum , it is  not appropriate near 

the oJ = uJ , co^ resonance, even fo r  relatively  thick fe r r i te s .

The m etam orphosis in the ch a rac te r of the s = - l  mode may be best appre­

ciated by considering the varia tion  of the am plitudes of the r . f .  field compo­

nents ac ro ss  the thickness of the fe r r ite . The m agnetostatic s = - l  mode has 

been re fe rre d  to  in the lite ra tu re  ’ as a " fe rrite -m e ta l"  mode 

since the wave is  concentrated along the fe r r ite  m etal boundary. (It should 

be noted that the r . f .  displacem ent cu rren t is  neglected in the m agnetostatic 

approxim ation, so tha t only the r . f .  m agnetic field intensity components a re  

considered). In con trast to  the " fe rrite -m e ta l"  mode the m agnetostatic s=+l 

mode is  te rm ed  a " fe rr ite -d ie le c tr ic "  mode because the wave is  concentrated 

n ear the fe rr ite -d ie lec tr ic  boundary. By the preceeding definition both the 

"m agnetostatic" and the "dynamic" modes of the sem i-infin ite model would 

be te rm ed  " fe rr ite -d ie le c tr ic "  modes since the magnitudes of the r .  f.
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e lec tric  and magnetic field components decrease  exponentially away from  

the surface. The behavior of the field components of the s= -l grounded 

fe rr ite  surface mode is  more complex, how ever. By rew riting  Equation

3-41 as

Elm* ~ G s i n h  [  f l m ( x  -f- a ) ]  ex p [j  ( cot -  k y ) l  , 3-46

where

G / =  G

S In h  0 YY\

3-47

it is  observed that the r . f .  e lec tric  field has its  maximum amplitude at 

the fe rr ite -d ie lec tr ic  interface and d ecreases  monotonically to  zero at 

x=-a. D eterm ination of how the am plitudes of the r .  f. m agnetic field 

intensity components,

I hJ - g

and

ton,, s i n k  +<0 -  / ^ m it., c o s h  (x+a)

O d jlo  ( / A t  - y U \  )

3-48

Him^l ^  k ytAii. S I n k Mii cosi i  0™(x+a) 3-49

vary  over the thickness of the fe rr ite  is  much m ore involved and requ ires
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n u m e r ic a l  e v a lu a t io n .  C u rv e s  a r e  p r e s e n te d  in  F ig u r e s  3 -1 3  an d  3 -1 4  

sh o w in g  th e  v a r i a t i o n  o f  th e  m a g n itu d e s  o f  H lw x  a n d  ,

r e s p e c t iv e ly ,  a c r o s s  th e  t h ic k n e s s  o f  th e  f e r r i t e  s l a b .  T h e  c u r v e s ,  w h ich  

a r e  d ra w n  f o r  f iv e  v a lu e s  o f  f r e q u e n c y ,  (0=c0; + 0 .3 a > m ; + ,

w  = u>;+0,7uM/ i*j;+ 0 .9  u)*, a n d  k ) - + 0 . ^  1 5  t c o r r e s p o n d in g  to

/ l = 0 / 4 l 2 4 ; - f t= 0 .6 1 2 4 ,  = 0 .8 1 2 4 , / }  = 1 .0 1 2 4  an d  J l  = l.l074onthe 1 0 m m .

s = - l  c u r v e  o f  F ig u r e  3 -1 2 ,  a r e  n o r m a l iz e d  w ith  r e s p e c t  t o  t h e i r  a m p li tu d e s  

a t  th e  f e r r i t e - d i e l e c t r i c  b o u n d a ry . I t  i s  o b s e r v e d  t h a t  n e a r  th e  lo w e r  en d  

o f  th e  s = - l  m o d e  f r e q u e n c y  s p e c t r u m , th e  m a g n e tic  f i e ld  in te n s i ty  m a g n i­

tu d e s  a r e  g r e a t e s t  a t  th e  f e r r i t e - f r e e - s p a c e  i n te r f a c e  an d  d e c r e a s e  r a p id ly  

to w a r d s  th e  i n t e r i o r  o f  th e  f e r r i t e .  In  t h i s  r e g io n  o f  th e  s p e c t r u m ,  th e  m o d e s  

m a y b e  c l a s s e d  a s  " f e r r i t e - d i e l e c t r i c "  an d  th e  s e m i - in f in i t e  a p p ro x im a tio n  

i s  v a l id .  A s  th e  f r e q u e n c y  i s  i n c r e a s e d ,  a  t r a n s i t i o n  t a k e s  p la c e  i n  w h ich  

th e  m in im u m  m a g n itu d e  p o in t o f  th e  m a g n e t ic  f ie ld  in te n s i ty  s h i f t s  to w a rd s  

th e  f e r r i t e - d i e l e c t r i c  i n t e r f a c e .  F o r  f r e q u e n c ie s  j u s t  b e lo w  th e  s = - l  

" m a g n e to s ta t ic "  m o d e  r e s o n a n c e ,  th e  w a v e  t a k e s  o n  th e  a p p e a r a n c e  o f  a 

" f e r r i t e - m e t a l "  m o d e , th e  m a g n itu d e s  o f  th e  m a g n e t ic  f ie ld  in te n s i ty  c o m ­

p o n e n ts  h a v in g  m a x im a  a t  th e  f e r r i t e - m e t a l  in te r f a c e  an d  d e c r e a s in g  m o n o -  

to n ic a l ly  a s  th e  f e r r i t e - d i e l e c t r i c  in t e r f a c e  i s  a p p ro a c h e d .  I t  i s  n o te d  th a t  

f o r  t h i c k e r  f e r r i t e s  th e  t r a n s i t i o n  t o  f e r r i t e - m e t a l  m o d e  b e h a v io r  ta k e s  p la c e  

c l o s e r  to  th e  r e s o n a n t  f r e q u e n c y ,  t h e  r e s o n a n c e  b e c o m in g  in c r e a s in g ly  s h a r p
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Figure 3-13 -  V ariation of the Magnitude of HImx A cross 
The Thickness of 10mm. Grounded F e rr ite  Slab
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Figure 3-14 -  V ariation  of the Magnitude of Himy A cross 
The Thickness of 10mm. Grounded F e rr ite  Slab
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and thus subject to  the deletive effects of fe r r ite  lo sses .

Imm ediatedly above the s = - l mode resonance, there  is a frequency 

range, shown in g rea te r detail in Figure 3-15 , for which a surface wave 

solution does not ex ist. If the fe rr ite  is  sufficiently thick, th is  cutoff 

region is  of lim ited extent; the fe r r ite  grounded by a perfect conductor 

supports surface waves at frequencies g re a te r  than the fe rrite -m e ta l mode 

resonance, as illu stra ted  by the upper branches of the 10mm. and 20mm. 

curves in F igure 3-12. These ch a ra c te ris tic s  are  observed to originate at 

the /6 j[=  0 curve and approach the sem i-infin ite dynamic mode solution 

as the wavenumber in c reases . However, the upper frequency lim its (where 

the surface wave ch a rac te ris tic  m erges with the -  0 curve) are low er 

than predicted  by the sem i-infinite model. N ear the upper frequency lim its , 

is  sm all and the fields vary  only slightly  across  the sam ple 's  th ick ­

ness. At the cutoff (y3,rX- 0 ) the r . f .  e le c tr ic  field is  zero throughout 

the fe r r ite , the conductor, in effect, "shorting  out" the surface wave at 

the opposite surface.

As the thickness of the grounded fe rr ite  decreases, the pass band of the 

upper branch s = - l  surface mode d ec rease s . As indicated by the 7 and 8mm. 

curves of Figure 3-15, the mode orig inates a t the -  0  curve (not

at the /3 k  - 0 curve) where it couples to  the  oscillatory  modes in the bulk. 

As the fe rr ite  thickness is  fu rth er reduced, the upper and low er frequency 

lim its approach one another until, at approxim ately 6.38 m m ., they 

m erge resulting  in  the disappearance of th is  portion of the spectrum .
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S m  m.

Figure 3-15 -  Surface E lectrom agnetic 
Modes of a Grounded F e r r ite  
S lab 'in  the T ransition  Region
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On the other hand, as the fe rr ite  thickness increases the range fo r which 

the s = - l  mode is  cutoff d ec rease s . In the sem i-infinite lim it the upper 

and low er branches of the s = - l  mode spectrum  coalesce with the  resu lt 

that both the cutoff and the resonance are elim inated.

It has been dem onstrated in Sections 2 .3 , 2 .4  and 3 .1  tha t the f r e ­

quency range of the "dynamic" modes may be a ltered  and th e ir  ch arac te r 

changed by varying the perm ittiv ity  of the d ie lec tric  region(s) adjacent to 

the fe rr ite . It has also been shown that the s = - l  mode of a grounded f e r ­

rite  has dynamic mode p roperties  at the low er end of its  frequency range. 

Thus i t  is  expected that th is  portion of the grounded fe rr ite  su rface wave 

spectrum  may be significantly modified by varying the perm ittiv ity  of the 

d ie lec tric  medium. However, in the vicinity of the s = - l mode resonance 

frequency, the mode becom es m agnetostatic in charac te r. In th is  region 

the behavior of the mode is  not affected by the perm ittiv ity  of the d ie lec tric .

The ch arac te ris tic s  of the surface waves supported by a . 5mm. thick 

grounded fe rr ite  slab are  plotted in F igure 3-16 for various values of 

d ie lec tric  medium perm ittiv ity . (The fe rr ite  p a ram e te rs , in te rna l m ag­

netic field intensity, and norm alization rem ain  the sam e as in the previous 

figu res .)  It is observed that in the long wavelength regions of the spectrum , 

the wavelength of the s=+l and s = - l  modes decrease  as is  increased. 

However, as the respective resonance frequencies are  neared the p e rm itti­

vity of the d ie lec tric  medium has little effect on the d ispersion  c h a ra c te ris -

(70 )
t ic s . (Vaslow analyzed the behavior of surface waves supported by
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Figure 3-16 -  Surface E lectrom agnetic Modes Of a 0.5m m  
Grounded F e rr ite  Slab as a Function of D ielectric  

Loading. 1. ed= l, 2. Cd=21, 3. cd=70, 4 .cd = l40»
5. *d=210
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(c q )
Bongianni's free sp ace -fe rrite -d ie lec tric  m etal configuration. In 

analogy with the re su lts  described above, Vaslow found that the perm ittiv ity  

of the substra te  only affects group delay tim es in  the long wavelength reg io n .) 

F u rth e r exam ination of the s = - l  mode spec tra  of Figure 3-16 revea ls that as 

the perm ittiv ity  of the d ie lec tric  is  increased  the lower frequency lim it also 

in c reases . As can be seen from  the figure, it is  possible, with the appro­

p ria te  choice of p a ram e te rs , for the s=+l and s = - l modes of a grounded 

fe r r ite  slab to  propagate in separate non-overlapping frequency ranges. (This 

occurs when £  j  =196. 8 for the param eters  used in F igure 3-16.) This effect, 

dem onstrated in  F igure 3-17 for =210, becom es m ore pronounced as the 

distance between the fe rr ite -d ie lec tr ic  interface and the conductor inc reases . 

This im portant resu lt, which is  overlooked in making the m agnetostatic 

approxim ation, m akes it possible to study the s=+l mode independently of the 

s = - l  mode. F u rtherm ore , since the s=+l and s = - l  mode spectra  m aybe 

made to  be non-overlapping, surface mode transm ission  may be made 

reflection less.
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Figure 3-17 -  Surface E lectrom agnetic Modes of a Grounded F e rr ite  Slab A a A Function
Of F e r r ite  Thickness F o r  Large D ielectric  Constant Case -  C(j=210
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3 .3  Experimental Results

( c* \
In 1968 Brundle and Freedm an dem onstrated the existence of 

m agnetostatic surface waves. T heir m easurem ents at 3GHz verified 

the theo re tica l predictions of Damon and Eshbach and showed that

A. An insulating ferrom agnetic slab could support a mode 

whose energy was localized at the su rface,

B. The wave was localized at the su rface where k x  B0 ( k x H;) 

was directed  out of the fe rrite

and C. The surface wave was a slow wave whose group velocity 

decreased  as the resonance was approached.

The experim ental arrangem ent used by Brundle and Freedm an is 

shown in F igure 3-18. The slab is  single c ry s ta l Y ttrium  Iron Garnet 

magnetized in the plane of its  large surface as shown. Signal pu lses,

15/^sec. in duration, w ere launched at the input coupler labeled P  and w ere 

detected at the output coupler Q, a fte r having trave led  the length of the slab. 

The group delay was m easured and plotted as a function of the applied sta tic  

m agnetic field . The resu ltan t curve com pares favorably with that expected 

from  theory -  tha t is , n ear the resonance field the group delay in c reases , 

since becom es sm all as the resonance is approached. (Brundle and

Freedm an noted that exact correspondence between calculations based on the 

group velocity and experim ental re su lts  cannot be expected because the energy 

velocity in a highly d ispersive stru c tu re  is not equal to the group velocity).



Figure 3-18 -  Experim ental A rrangem ent Used By Brundle and
Freedm an ^
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In seeking to  show that the detected signals w ere surface waves,

Brundle and Freedm an placed a m etal plate against one face (bottom) of the

slab . They observed that the delayed signal was unaffected. However, when

the m etal plate was placed against the opposite (top) face, the delayed signal

d isappeared com pletely. It was th ere fo re  concluded tha t the wave depended

( 7  )on the conditions at one face only. Seshadri , however, pointed out that 

the surface wave mode s tru c tu re  is  modified when a m etal plate is  placed in 

contact with one of the faces of the slab. As shown in Figure 3-12, waves 

'tra v e llin g  in the forw ard and reverse  d irections have different ch a ra c te ris tic s . 

If the opposite face of the slab  is  brought in contact with the m etal p late, the 

d irections of propagation of the two modes a re  interchanged. (This may be 

verified  by substituting -Qm and , respectively , fo r and ^  in

Equation 3-42). Thus, when the m etal plate is  in contact with the bottom face 

of the slab , the " fe rr ite -d ie le c tr ic "  mode resonant a t W = c j; +• 

propagates in the + y d irection ; and when the plate is  in contact with the  

o ther face , the " fe rrite -m eta l"  mode, resonant at CJ = c j ,- ■+■ u )m propa-

A
gates in the -t-y direction.

Seshadri calculated the  group delay tim es fo r the  m agnetostatic surface 

modes of grounded and ungrounded fe r r ite  slabs as a function of applied 

field . He found tha t the group delay tim es  are  "practically  unaffected if the 

fe r r ite  is  grounded at the bottom face" and tha t "the group delay becom es 

negligible if the fe rrite  slab  is  grounded at the top f a c e ." Seshadri goes on 

to  say tha t as a re su lt of th is  "negligible" delay, "the delayed signal cannot
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be detected. " Inherent In th is  statem ent is  the assum ption that the 

experim ental set-up  used by Brundle and Freedm an was such tha t sm all 

delays could not be detected. However, it appears from  the inset of 

Brundle and F reedm an 's  Fig. 2, tha t the tim e delay m easurem ents w ere 

perform ed by displaying both the detected input and output waveform s. If 

th is  is  the case then it would be unlikely tha t the " fe rrite -m eta l"  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 

pu lse, if p resen t and of sufficient magnitude, even fo r zero  delay, by using 

the sam e tr ig g e r  signal fo r both pu lses. Unfortunately, Brundle and F reed ­

man are  not specific on th is point. They indicate that "the delayed signal 

d isappeared com plete ly ." This may be in terp re ted  in e ith er of two ways; 

e ith e r  they observed no signal at a ll o r  they only considered signals delayed 

significantly with resp ect to the input signal.

Putting aside the question of the " fe rrite -m e ta l"  mode, Brundle and
t

F reedm an 's  experim ents dem onstrated the existence of the "m agnetostatic"

(or " fe rrite -d ie lec tric )  surface mode and verified  the relationship  between 

the d irection  of propagation and the surface with which the mode is associated. 

F u rth erm o re , th e ir  pulsed r . f .  experim ent's verified  tha t the "m agnetostatic" 

mode is  not significantly altered  when the opposite surface is  placed in in ti­

m ate contact with a m etal p late.

Brundle and Freedm an also studied the behavior of the "m agnetostatic" 

modes under c .w . conditions. Using the sam e apparatus and signal frequency
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as in th e ir  pulsed r . f .  m easurem ents they observed the transm ission  

p roperties  of the s truc tu re  as a function of the applied sta tic  magnetic 

field. As the field was varied they observed a se rie s  of maxima of tr a n s ­

m ission (and corresponding minima of reflection). These, they reasoned, 

w ere traveling  wave resonances which arose  as a resu lt of the wave traveling  

ac ro ss  one face and returning along the o ther as shown in F igure 3 - 1 9 ^  \

If a fte r circum navigating the slab  the wave is in phase with the input, the 

wave is augmented corresponding to a maximum of transm ission . If, on 

the other hand, they a re  out of phase, a minimum resu lts . The resonances, 

the re fo re , may be rela ted  to the wavelength of the surface mode. Brundle

and Freedm an were thus able to  compare th e ir  resu lts  with the magneto-

( c )
s ta tic  theory of Damon and Eshbach . While good agreem ent with the 

m agnetostatic theory was experienced fo r the longer wavelength portions 

of the spectrum , the experim ental re su lts  indicate that resonance occured 

at a lower value of applied field than anticipated. Brundle and Freedm an 

point out that the agreem ent in the long wavelength region may be acciden­

ta l  "because the m agnetostatic theory is less accurate at longer w avelengths." 

The pulsed m easurem ent resu lts  also show that the resonance field does not 

coincide with that expected from  the theore tica l calculation. Thus, it is 

possible that e ither the applied field was not accurately m easured (perhaps 

due to  d istortion of the field) o r that the value of the effective anisotropy 

field used in the calculation was chosen too sm all.



F igure 3-19 -  Path of Surface Waves (A fter Brundle 
and Freedm an £



Experim ents involving "m agnetostatic" surface wave propagation were 

perform ed to develop techniques to  be used in the subsequent study of surface 

waves at the interface of a magnet insu la tor with a drifted semiconducting 

medium. An im portant aspect of th is  study was the gathering of inform ation 

useful fo r  the p roper identification and classification  of surface modes.

F igure 3-20 a and b are  sketches of the experim ental arrangem ent 

indicating the relationship  of the couplers to  the YIG slab. The slab, which 

is  highly polished Single c ry sta l m ateria l, has the dim ensions . 393" x . 105" 

x . 033". A sta tic  m agnetic field was applied p ara lle l to  the plane of the 

la rge  surface as shown. Unlike the models considered in previous sections, 

the sta tic  magnetic field intensity within the slab is  not uniform  but v a rie s  

as a re su lt of the dem agnetizing fie ld . An expression  fo r th is  field is  ob­

tained in  Appendix I and is  plotted v e rsu s  distance along the center line of 

the la rge  surface in  F igure 3-21. As a re su lt of th is  varia tion  of dem ag­

netizing field, the effective magnetic field intensity is  higher at the s lab 's  

ends than at the cen ter. This gradual varia tion  in the in ternal field in c reases  

the coupling between the input signal and the rela tively  short wavelength 

"m agnetostatic" m o d e s ^ . This may be dem onstrated qualitively by con­

sidering the behavior of the surface wave at a point along the surface to  be 

rep resen ted  by the d ispersion  relationship with u)j[ taken as a value appro­

p ria te  to  Hi at that point. Since Hi, and therefo re  iai, v a rie s  along the 

su rface , the wavelength at a p articu la r excitation frequency also changes 

with position as depibted in Figure 3-22. It is  observed tha t the wavelength
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Figure 3-20 -  Orientation of Applied Field and Couplers 114
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Figure 3-21 -  Demagnetizing F ield  At The Surface Of The F e r r ite  Slab 115
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of the surface wave is longer at the ends of the sam ple than at the cen ter. 

Thus d irec t excitation of surface waves may take place n ear the ends of the 

slab where the su rface  wave energy, to , and momentum, t i  k a re  

approxim ately equal to those of the electrom agnetic waves within the di­

e le c tr ic  bulk. By exciting the relatively long wavelength surface wave at 

point A, power m ay then be coupled to  the sh o rte r wavelength "magneto­

s ta tic "  mode at the center of the su rface , point B. In a s im ila r m anner, 

the surface wave pow er may be extracted  at the fa r  end of the sam ple.

In addition to  being positioned n ear the ends of the slab, the microwave 

couplers a re  placed on opposite sides to minimize d irec t coupling from  

input to output. The couplers, which a re  constructed of 70 m il. coax, 

P helps- Dodge Type CT-07050, are shorted at th e ir  ends so  that th e ir  

m agnetic fields have a maximum in the vicinity of the fe r r i te . Since these 

fields enclose the cen ter conductor, th e ir  configuration resem bles tha t of 

the r . f .  magnetic field  intensity components of the surface wave being 

excited. To in c rease  the effectiveness of th is  coupling, part of the outer 

jacket and in su la to r of the coax is cut away bringing the cen ter conductor 

to  within 5 m ils of the YIG.

The YIG slab is  to tally  enclosed in a plexiglass housing, £ d=  2.3 

as shown in F igure 3-23. S trips of teflon, . 001 inch th ick  are inserted  

between the YIG and the plexiglass to insure a secure fit. Over m ost of 

the surface wave spectrum  these teflon spacers  ( =  2 .  i  ) are

re la tively  thin when compared to and therefo re  have little effect



Figure 3-23 -  J ig  Used fo r  Surface Wave M easurem ents
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on the propagation ch a rac te ris tic s . It has  been dem onstrated in Section 2.3  

tha t hear the "m agnetostatic" mode resonance, where l / ^ i  decreases 

rapidly, the perm ittiv ity  of the d ie lec tric  region has little bearing on the 

behavior of the mode. Thus, the p resence  of the spacers may be neglected 

in computing the theoretical behavior of the structu re . However, the 

rela tively  th ick  plexiglass may not be neglected. Its p resence must be 

taken into account to  determ ine the frequency ranges of the "dynamic" and 

"m agnetostatic" modes. (Brundle and F reedm an 's  ^   ̂ analysis was based
( C )

on the m agnetostatic theory  of Damon and Eshbach in which the effect 

of the perm ittiv ity  of the medium surronding the slab is  not considered. 

Thus, since no mention is  made of the perm ittiv ity  of the d ie lec tric , it is 

assum ed tha t the large faces of the slab w ere in contact with a ir ) .

In Chapter 2 it was shown that for <  c w , the low er lim it of 

the "dynamic" mode occurs at

0),
/ / . 2-126

S = -l V ( )

If the frequency ranges of the "dynamic" and "m agnetostatic" modes do not

overlap, the "m agnetostatic" mode may be studied independently of the

"dynamic" mode. F o r  this to  occur, COj must be g rea te r than the

"m agnetostatic" surface mode resonance.

t d r e s  =  W |  +  -^22_  ; 2-114

o r

) COi *̂* €  >n tPyv'CtJi ClJ  i ■+• . 3—56
z



120

Squaring both sides of Equation 3-56 and solving fo r u); in te rm s of 

resu lts  in the conditon

Since the resonance frequency may be determ ined with a g rea te r degree of 

accuracy than the effective value of the in ternal s ta tic  magnetic field inten­

sity , it is  convenient to  res ta te  the inequality as a condition on the minimum 

value of the "m agnetostatic" mode resonance frequency. Substitution of 

Equation 2-114 into Equation 3-57 yields

Thus, fo r the "dynamic" and "m agnetostatic" surface modes to propagate 

in non-overlapping frequency bands, the applied sta tic  magnetic field must 

be chosen such that the resonance frequency exceeds the value specified by 

the right side of Equation 3-58. For the param eters  appropriate to  the 

experim ental arrangem ent described above, the resonance frequency condi­

tion is

surface mode was m easured. In contrast to  the c .w . m easurem ents of

3-57

> 3-58

8TT cj

3-59

In the f irs t se rie s  of te s ts  the co — U spectrum  of the "m agnetostatic"
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Brundle and Freedman^ ^   ̂ which w ere perform ed at a fixed frequency,

3GHz., these  te s ts  w ere perform ed by making swept frequency m easu re­

ments for several values of applied static  magnetic field. The range of 

frequencies over which the te s ts  w ere conducted was 7-9 GHz.

The te s ts  were conducted by suspending the sam ple, encased in its 

plexiglass jig , in the field of an electrom agnet. (The magnet poles and the 

tip  of the fluxm eter a re  visible in F igure 3-23). The experim ental setup is 

shown in block d iagram  form  in F igure 3-24. The input signal was obtained 

from  an HP 8690A sweep frequency oscilla to r with H01-8694B r. f. plug-in 

whose output was levelled by means of an external feedback arrangem ent.

This signal was transm itted  through a waveguide se t-up  which had p rov i­

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 crysta l detector. 

In the arrangem ent shown in F igure 3-25 a and b , the cry sta l detectors in the 

m onitor and output sections a re  a matched p a ir, HP X424A, enabling the 

attenuator in the m onitoring c ircu it to  be used in determ ining relative power 

levels of the input and output. A wavem eter is  also provided in the monitoring 

circu it perm itting  frequency m easurem ents to  be made within 0.08% over its 

range. At frequencies below the 8.2  -  12.4 GHz range of the HP 532B f re ­

quency m eter, the frequency was m easured using a Tektronix 535A O scill­

oscope with a 1L30 Spectrum  Analyzer plug-in.
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Figure 3-24 -  Block D iagram  of Experim ental Set-up
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Figure 3-25 -  Surface Wave M easurem ent Set-up
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The magnet was adjusted until the rotating coil gaussm eter, Rawson- 

Lush Type 720S, indicated an applied field of 2300 Gauss. As the input 

frequency was swept, a s e r ie s  of resonances, corresponding to maxima of 

transm ission  of the type recorded by Brundle and F re e d m a n ^  \  w ere 

observed at the output as shown in F igure 3-26. The trac e  is swept 

linearly  acro ss  the screen , the frequency m ark e rs  to  the left and right of 

the graticu le corresponding to  7.245 GHz. and 7.77 GHz. respectively .

The waveform displayed across the cen ter of the screen  is obtained from  

the matched detector in the input c ircu it and is  -10. 6 db relative to  the power 

incident upon the adaptors leading to  the te s t sam ple. The waviness of this 

trac e  is  caused by im perfect adaptor matching, V SW R ^l. 06. (This may be 

reduced by padding the input). Also noticeable on the input trac e  are  sm all 

peaks which correspond to  the output resonance peaks. It is observed that 

the input VSWR is  reduced at these resonance frequencies since the t r a n s ­

m ission maxima correspond to minima of reflection.

The shape of the spectrum  is "bell-like" with lower amplitude peaks 

occuring at the ex trem es. The lowest surface mode resonance peak, lo ­

cated 1cm. to  the right of the edge of the graticu le in F igure 3-26, is 

shown in g rea te r  detail in Figure 3-27. (The reference level in th is figure 

is a -19 .6 d b  .) This resonance peak, close to  the lower frequency lim it 

of the spectrum , d isappears as the m agnetic field is  increased. Its r e la ­

tively  wide bandwidth is  indicative of coupling to  o ther modes caused by the 

varia tion  of the m agnetic field along the surface. A num ber of undulations



Figure 3-26 -  Surface Wave Besonance Spectrum -  Bc=  2300G.
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Figure 3-27 -  Nr = l Surface Wave Resonance -  Bo=2300G
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a re  observed on the low frequency portion of the resonance peak and are in te r-

(O 1)
pretable as bulk mode resonances. Sparks calculated the theore tical mag­

netostatic mode spacings of a YIG slab fo r the Brundle and F re e d m a n ^  ^case. 

Using Spark 's notation, the bulk mode se r ie s  beginning im m ediately to the 

right of the f ir s t  surface mode resonance peak is  labeled the ( n L } 1 )B 

s e r ie s . O ther h igher o rder bulk mode se rie s  may be observed at lower 

frequencies as shown in Figure 3-28. It is c lea r from  th is  photograph that 

the experim ental arrangem ent is  such that coupling to  the surface modes 

takes place m ore 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 a re  c lear and d is ­

tinct become m ore closely spaced as the frequency is  increased indicating

that the wavelength and both decrease as the "m agnetostatic" modeo k

resonance is  approached. Twenty-seven surface wave resonance peaks 

w ere classified and th e ir  frequencies recorded at th is 2300 G. operating 

point. The "m agnetostatic" surface wave resonance occurs at 7.751 GHz. 

fo r th is 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 rem ains unchanged, the rela tive magnitude of the 

transm itted  signal decreases, as shown by comparing Figure 3-30, c o rre s ­

ponding to an applied magnetic flux density of 2500G ., with that of Figure 3-26.



Figure 3-28 -  Surface and Bulk Modes-Nr =l Centered-Bo=2300G.



Figure 3-29 -  Surface Wave Detail-Nr =15 Centered—B6=2300G.

129



Figure 3-30 -  Surface Wave Resonance Spectrum-B0— 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  h igher frequencies the f ir s t  peak dim in­

ished in magnitude unitl it could no longer be observed. Thus the lowest 

frequency surface mode resonance peak, located 1. 6 cm. to  the right of 

the edge of the g raticu l in Figure 3-30, does not correspond to  the f irs t  

peak in F igure 3-26, but ra th e r  to  the second.

The sharp dip in the reference level approxim ately 6.3  cm. to  the 

righ t of the graticu le edge in F igure 3-30, is caused by the w avem eter in 

the monitoring c ircu it. Its position corresponds to  a frequency of 8 .2  GHz, 

the frequency of the resonance peak designated as Nr =10. The wavem eter 

in conjunction with the reference level attenuator was used to  m easure the 

width of the resonance peaks at th e ir  respective 3 db points, thus p ro ­

viding a m easure of the lo sses . The width of peak num bers 11, 13 and 15 

was found to be 6 M Hz., 4 MHz.and 5.2  MHz. respectively , corresponding 

to  a linewidth of approxim ately 1 to  2 Gauss. (It should be noted that th is  

m easurem ent only provides an upper lim it on the linewidth of the YIG. F ac­

to rs  such as surface roughness and lo sses incurred  in circum navigating 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 F igure 3-31. The reference line m arke r corresponds 

to  8.616 G H z., the frequency of the resonance peak labeled Nr =4. (The 

Nr=2 peak is  sm all and cannot be distinguished on th is  photograph). The 

highest resonance peak distinguished at th is  operating point corresponds



Figure 3-31 -  Surface Wave Resonance Spectrum -B 0=  2700G.
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to  Nr  = 24 a t 8.8285 GHz. R eversal of the d irection of the applied static  

m agnetic field  was found to  have no significant effect on e ith e r the re so ­

nance frequencies o r 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 trav e ls  around the slab in e ither 

a clockwise o r  a counter-clockw ise d irection . F u rtherm ore , since the d is ­

tance between couplers is  the sam e fo r both directions of tra v e l no difference 

in  amplitude re su lts . In subsequent te s ts ,  however, a jig in which both 

couplers w ere mounted on the sam e side of the YIG was used. H ere, there  

was a 2db difference in  the amplitude of the spectrum  when the "magneto­

s ta tic"  surface wave traveled  the long way (ac ro ss  the opposite face) as 

compared to  the short way.

D ispersion charac teristics  fo r the fe rr ite  slab may be determ ined from  

experim ental resu lts  by relating the resonance peak num bers to  the wave­

length of the mode. Noting that at a maximum of transm ission  the wave com ­

ple tes an in teg ra l num ber of half cycles as it tra n sv e rse s  the face of the slab, 

the wavelength may be rela ted  to  the resonance peak number by

NrA=Ls 3-60

where Ls rep resen ts  one half of the distance trave led  by the wave in c ircum ­

navigating the slab, 0.426" in th is  case. Since the wavelength is  related to 

the wavenumber through the expression,

3-61
A
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the relationship between Nr  and k is

K= Mr ~ 2 ^ 0  N r  tYiei"er 3-62
Ls

Thus, an em pirica lly  derived to -k  diagram  may be obtained by plotting

the frequency of the resonance peaks versus  th e ir  respective resonance

num bers. (A s im ila r! technique is  used to experim entally determ ine the

( 8 2 )dispersion  charac teristics  of slow-wave c ircu its  ).

D ispersion charac te ris tic s  calculated from  the data obtained at the 

2300 G . , 2500 G. and 2700 G. operating points are  shown in F igure 3-32. 

The solid curves are  computed using Equations 2-94 , 2-95 and 3-26, 

derived fo r the finite thickness fe rr ite  model of Figure 3 -1 . The in ternal 

magnetic field intensity used in computing these  curves is  based upon the 

m easured value of the applied field , the demagnetizing field  attained at 

the center of the large face of the slab (F igure 3 -21), and an anisotrophy 

field of -105 Oe, determ ined by equating the calculated resonance frequency 

at 2300 G. with tha t estim ated at th is  operating point. The frequency ranges 

of the calculated and m easured "m agnetostatic" surface wave dispersion 

ch arac te ris tic s  a re  seen to  com pare quite favorably with one another as the 

applied field is  varied . The experim ental and theoretical charac teristics  

appear to  be in  close agreem ent n ear the upper and lower lim its of 

the surface wave frequency band, the experim ental d isagreem en being 

g rea tes t near m idrange. This is  p rim arily  due to  the non-uniform ity of the
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in ternal m agnetic field intensity of the s lab . At the upper and lower 

lim its  of the pass band is  large causing the fields with the fe r r ite

to  be m ore closely confined to  the surface than at m id-range. (This is  

illu s tra ted  by the re la tive  energy density curves, F igure 3-6 and 3 -7 ).

As a re su lt, the generally  low er fie lds within the cen ter of the fe rr ite  are  

m ore effective in  reducing the wavelength of the surface wave at the m id­

range frequencies than at the ex trem es of the p ass band.

It was noted previously, tha t the Nr = l resonance peak, observed at 

the 2300 G. operating point, decreased  in  amplitude and disappeared as the 

magnetic field was increased . This re su lt is  supported by calculations 

which show tha t near i ts  low er frequency lim it the wavenumber of the re so ­

nance peak is  very  close to  the value corresponding to N r= l. The calcu la­

tions fu rth e r show that the wavenumber a t the low er frequency lim it in ­

c rea se s  as the applied m agnetic field in c re ases , resu lting  in the d isap ­

pearance of the resonance peak. It was also  noted that the N r= l peak had a 

re la tive ly  wide bandwidth, indicating th a t energy may be transm itted  by other 

modes as changing magnetic fields are  encountered. The location of the Nr = l 

point between the 2300 G. "m agnetostatic" surface wave curve and the

curve corresponding to fu rth e r supports th is  conclusion.
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Of the th ree  sp ec tra  plotted in  F igure 3-32, only the 2700 G. spec­

tru m  has a resonance frequency exceeding 8.68 GHz. Thus, it is  expected 

that the frequency ranges of the "dynamic" and "m agnetostatic" modes do 

not overlap  fo r th is  case . Comparing the photograph of the 2700 G. spec­

t r a  with the sp ec tra  fo r 2300 G. and 2500 G . , whose resonance frequencies 

fall below 8.68 G h z ., revea ls  no apparent differences tha t could be a t tr i­

buted to  the "dynamic" mode.

An investigation of the tim e delay of the "m agnetostatic" surface modes 

was conducted at the 2300 G . , 2500 G. and 2700 G. operating points con­

sidered above. In p reparing  fo r each individual m easurem ent, the su r ­

face wave was excited with a c .w . signal whose, frequency was adjusted to 

correspond to  one of the surface wave resonance peaks. The amplitude of the 

input signal was then modulated by using pulses of short duration. The tim e 

delay between the a rriv a l of the  pulse at the input and output c ry s ta l detectors 

is  m easured by com paring the signals on a dual tra c e  oscilloscope. The 

input and output pu lses are  shown in  F igure 3-33 fo r  an applied field  of 2300 G. 

and excitation frequency of 7.713 GHz. (T his corresponds to  Nr =19). The 

tim e scale  is  0 .1  fi sec . /c m . The v e rtica l am plifier sensitiv ities w ere 

adjusted so that both pulses w ere displayed with approxim ately equal am pli­

tudes to  facilita te  the tim e delay m easurem ent. (The tim e delay is  taken as



Figure 3-33 -  Measurement of Time Delay Corresponding to  Nr =19, B0= 2300G.
CO
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the tim e duration between the m axim a of the pu lses). Comparison of the 

shape of th e  pulses indicates the d ispersiveness of "m agnetostatic" su r­

face wave propagation.

The re su lts  of the tim e delay m easurem ents a re  shown in  F igure 3-34. 

The em pirica lly  determ ined curves clearly  show th a t the tim e delay inc reases  

as the resonance frequency is  approached. This is  anticipated from  theory  and
/ g \

agrees with the re su lts  obtained by Brundle and Freedm an at 3GHz. It 

is  in teresting  to  note tha t the tim e delay corresponding to  the lowest frequency 

peak in  each  case is  significantly sm alle r than the delays associated with 

higher o rd e r  resonances.

F u ther experim ents were conducted to study the behavior of the 

"m agnetostatic" surface waves in  the absence of the  traveling  resonance 

phenomena by severely  attenuating the waves propagating along one of the 

la rg e  faces of the slab while perm itting surface waves to  propagate freely  

at the o the r. A ttem pts to  accom plish th is  involved placing m etallic m a teria ls  

in  contact w ith one side of the YIG. Of the m a te ria ls  used, aluminum foil, 

b ra s s  shim  stock and aluminized po lyester tape, the la tte r  proved to  be the 

m ost effective. A photograph of surface wave tran sm issio n  as a function of 

frequency i s  shown in F igure 3-35. The magnitude of the applied m agnetic 

field  density  is  2300 G. and the edges of the graticu le correspond to  7.3 and 

7 .7  GHz. The top image corresponds to  the condition where

^ n B 0 —> aluminized tape 3-63
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Figure 3-35 Surface Wave T ransm ission  With One 
Side of Slab in  Contact With Aluminized 

Tape -  =2300G .
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while the bottom image corresponds to

k  x B0 — > plexig lass. 3-64

While i t  is  apparent tha t 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 re su lt in  the decrease  in  the difference 

between the resonance m inim a and m axim a. The m arked directiv ity  indi­

cated by the magnitude of the spectrum  envelopes with respect to  the -13 .6  db. 

reference line c learly  indicates the surface wave ch arac ter and unidirectional 

p ro p erties  of the "m agnetostatic" surface mode.

To m ore effectively suppress the trave ling  wave resonance phenomenon 

another approach was taken . Instead of attem pting to  attenuate the wave at 

one of the faces by placing it  in  contact w ith a piece of m etal, 

one side of the slab was com pletely covered with a coating of paint-on r e s is ­

tive m a te ria l having a re s is tiv ity  of 500 ohm s/square . The effectiveness of 

th is technique is  c learly  dem onstrated in  F igure 3-36. As in the previous 

photograph, the applied magnetic field density  is  2300 G. and the edges of 

the graticu le correspond to  7.3 and 7.7 GHz. The direction of applied field is  

opposite fo r the top and bottom  im ages w ith the top one corresponding to

k *  B0 — > re s is tiv e  m ateria l. 3-65

It is  observed tha t while the resonances have been largely  suppressed, the 

envelope of the transm ission  spectrum  re ta in s  the same general shape as 

when resonances are p resen t. It is  in teresting  to  note also that although the 

low er frequency lim it of the "dynamic" surface mode fa lls  within the
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Figure 3-36 Surface Wave T ransm ission  With One Side 
of Slab Covered With R esistive Coating -  Be=  2300G.
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frequency range of the photograph, no mode having a d irec tion  of propa­

gation opposite to  that of the "m agnetostatic" surface mode is  observed.

Using the res is tiv e  paint to  suppress the  traveling  wave resonances, 

as shown above, tim e delay m easurem ents w ere again perform ed. Surface 

waves w ere excited with a 0 .13^  sec. r .  f. b u rs t using a PIN diode modu­

la to r. The resu lts  fo r two values of frequency are  shown in F igure 3-37. 

The top photograph, corresponding to  a frequency of 7.39 GHz. indicates 

a delay of 0 .045yusec . . The bottom  im age, which clearly  shows the 

d ispersiveness of "m agnetostatic" surface wave propagation, indicates that 

the delay is  0 .2 5 ^  sec. . a t  7.712 GHz. These re su lts  com pare favorably

with the tim e delay m easurem ents conducted at the su rface wave resonance 

peaks.



Figure 3-37 -  Time Delay M easurem ents Showing Increase of 
D ispersion  With Delay -  B0—2300G.
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CHAPTER 4

ELECTROMAGNETIC SURFACE WAVE PROPAGATION AT THE 

BOUNDARY OF A SE MI-INFINITE FERROMAGNETIC 

INSULATOR AND A SEMI-INFINITE 

SEMICONDUCTOR

4 .0  Introduction

The analytical investigation of electrom agnetic phenomena occuring 

at the in terface between a ferrom agnetic insu la tor and a drifted sem i­

conductor req u ires  suitable characterization  of the sem iconductor medium 

in  te rm s  of observable quantities. Using a hydrodynamic model, the sem i­

conductor param eters  may be rela ted  to  M axwell's equations which describe 

the overall response of the  system  to electrom agnetic excitations. Employing 

th is  model and the fe rrite  model developed in  Chapter 2 a d ispersion  re la tion ­

ship is  obtained and analyzed. These re su lts  are com pared with the m agneto-

/n o  )
sta tic  theory  c  which is  extended to include the effects of multiple c a r r ie r  

species. An instability  onset condition nomograph is  developed showing 

m ateria l p a ram eters  fo r which a convective instability  with net growth ra te  

ex ists .



4 .1  C haracterization of Semiconducting M aterials

The electrom agnetic behavior of a sem iconductor is  rela ted  to Maxwell'

te rm s  req u ire s  knowledge of the position and velocity of each of the consti­

tuent c a r r ie r s  of the sem iconductor plasm a. F o r trac tab ility , however, a 

s ta tis tica l descrip tion is  employed in which a d istribution of c a r r ie r  velo­

cities is  defined. This distribution function, •P (r) u , '0  , may be used to  

determ ine m acroscopic p roperties of the sem iconductor p lasm a. F or 

exam ple, the zeroeth  moment of the velocity distribution function yields 

the average num ber density,

Using these definitions of average number density and average velocity, 

the charge density and convection curren t density may be defined as

equations, 2 .1 , 2 .2 , 2 .3  and 2 .4 , through charge density, , and

convection cu rren t density, An exact definition of these source

4-1

while taking the f irs t  moment leads to the average velocity,

4 - 2
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and
t  /  -  j-\ - ^  o. n. ("f. t )  v /v . t ')

4-4* r I r

where the individual constituent c a r r ie r  species are denoted by the subscrip t

s , e .g .  cjj is  the charge of the type c a r r ie r .  The tim e variation

of velocity d istribution function is  described by the Boltzman equation. F o r

a m ulti constituent p lasm a, such as the sem iconductor under consideration,

(83)
the Boltzman equation fo r each c a r r ie r  species is  given by

t U-Vr Fs +_2i_(E+
n  7? UtJc Ut/*-*

4-5

where the effect of the periodic potential of the crystalline la ttice is  accounted

■*(«+)fo r by using an effective m ass, nos . The two te rm s on the right hand 

side of the equation rep resen t, respectively , the ra te  of change of the d is tr i­

bution function due to collisions (scattering) and generation and recom bination 

of c a r r ie rs .

Moments of the distribution function are taken to determ ine the m acro ­

scopic p roperties  of a p lasm a. S im ilarly , moments of the Boltzman equation 

yield equations describ ing the tim e variation of these p roperties . The zeroeth 

moment of the Boltzman equation yields the continuity equation,

V r ' ( n i v . )  + A n * .  = 5 S
b t

4-6
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which exp resses conservation of s type p a rtic le s . The te rm s  Ss rep resen ts  

the ra te  at which p a rtic le s  of type s a re  gained (o r lo s t) .  By summing 

over all possible cu rren t c a r r ie r s  the continuity equation (Equation 4 -6 ) 

may be reex p ressed  as

Taking the f i r s t  moment of the Boltzman equation leads to  the momentum 

tra n s fe r  equation ^83 ’

+ y/s >VrVs -  Ss_(e * v, * b) -  Vr • 11 £11 4_8
dt yn* rts

where | |£ l |= f  ) ( u , - v , )  f  h  u , +) J 3u is
'* 1 1  UL

the kinetic p re ssu re  te n so r and y. v, = _L  f  u  ) J 3u  rep resen ts
uU t/c

im purity and la ttice  sca tte ring  lo ss . The evaluation of the p re ssu re  te n so r 

depends on the energy tra n s fe r  equation which is  the second moment of the 

Boltzman equation. To te rm inate  the equations at th is  point one usually 

assum es a fo rm  fo r  II f* II . I f  the d istribution  function is  assum ed 

to  be iso trop ic  the te n so r is  diagonal with equal on-diagonal e lem ents. 

These te rm s  rep resen t the energy departure of the c a r r ie r s  from  the m ean. 

A ssuming tha t the velocity d istribution function may be rep resen ted  by a 

displaced Maxwellian distribution , the righ t-m ost te rm  in  Equation 4-8  may
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be rew ritten  as

Vr’ II P. II = 7 ,(3 n ,I .T .)  = „* 4. 9
H*1** ns m * * ns

where VTf -  I ?  ^7* is  them al velocity of the type
V KVlf

c a r r ie r .

Equation 4-7 and 4-8  are  the hydrodynamic equations characterizing  a 

sem iconductor plasm a. Such a m acroscopic descrip tion may be used in 

studying electrom agnetic phenomena in  p lasm as provided the phenomena of 

in te res t a rise  from  the collective behavior of the system . A species will 

behave collectively when the wavelength of the response, X , is  much g re a te r  

than the Debye Length,

In the above d iscussion the effect of the periodic la ttice  is  accounted fo r

by the introduction of an effective m ass . At the surface of the sem iconductor,

(88)
however, the periodic potential abruptly te rm in a tes , an effect which Tam m

/ Q Q \

and Shockley have shown leads to  energy levels in  the forbidden gap.

These s ta te s , localized at the su rface , have a bearing on the c a r r ie r  concen­

tra tio n s  and tran sp o rt p ro cesses  n ea r the c ry s ta l boundary. Additionally, 

the rearrangem ent in  c ry sta l s tru c tu re  brought about by the surface d iscon­

tinuity causes the surface atoms to  read ily  in te rac t with foreign atom s causing
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oxide buildup (o r  im purity adsorption) which also  influences the p roperties  

in  the region of the su rface . ^

In the absence of su rface s ta tes  and ex ternally  applied fields the energy 

bands of a uniform ly doped sem iconductor continue straigh t up to  the surface 

and the surface concentration equals the bulk concentration. In the presence 

of su rface s ta te s  th is  is  no longer the case. Localized s ta te s  in the fo r­

bidden gap, in  num bers approxim ately equal to  the num ber of surface atoms 

in  the c ry sta l, have a profound influence on the shape of the energy bands 

and the c a r r ie r  concentrations. Accumlation, depletion o r even inversion 

lay e rs  may re su lt depending on the concentration, energy level and type 

(donor o r  acceptor) of surface state  p r e s e n t . .

When an ex ternal e lec tric  field is  applied norm al to  the su rface , the 

potential varia tion  and, hence, the c a r r ie r  concentration near the surface 

are  affected. Thus, an ex ternal field may be used to  modulate the con­

ductivity of the space charge region. When th is  is  done, however, it is  found

tha t both fas t and slow surface s ta tes  ex ist. The rela tive ly  quick response of

(92)the fa s t s ta te s , relaxation  tim es le ss  than a m icrosecond , is  attributed to

surface s ta tes  within the sem iconductor c ry s ta l. The occupancy of these  sta tes

can change rapidly due to  th e ir  close proxim ity to  the space charge layer.

(These fas t s ta te s , because of th e ir  intim ate contact with the sem iconductor

and th e ir  location in  the forbidden gap, are associated  with recom bination of

(93)c a r r ie r s  at the su rface . ) The slow surface s ta te s , on the o ther hand, are

(92)associated  with the oxide film  and /o r adsorbed im purities and cannot
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read ju st as rapidly as the fa s t s ta te s . T h e ir slow relaxation may, depending

(94)on surface trea tm en t and tem p era tu re , range from  seconds to  days.

In addition to  the difference in  conductivity between the space charge 

region and the bulk brought about by the surface potential, the m obilities 

of the c a r r ie r s  n ea r the surface generally  d iffer from  those in  the bulk. 

C a r r ie rs  drifting in  proxim ity to  the  surface are subject, not only to  n o r­

m al bulk sca tte ring , but to  sca tte ring  by the surface as well. This addi­

tional scattering  reduces the m obility of c a r r ie r s  near the surface to  values 

below tha t of the bulk. The degree to  which th is  affects overall c a r r ie r

tran sp o rt depends on the thickness of the sam ple relative to  the width of the

(95)surface la y e r  as w ell as the type o f space charge region

The above illu s tra te s  how c a r r ie r  tran sp o rt is  affected by the presence 

of the surface and i ts  associated space charge layer. Additionally, the space 

charge region is  affected by cu rren ts  drifting in  the sem iconductor. Concern 

is  p rim arily  d irec ted  tow ard the case under consideration in th is  chapter, 

tha t of a sem iconductor in which c a r r ie r s  are drifted in a d irection para lle l 

to  the surface and norm al to  a s ta tic  magnetic field lying in  the  plane of the 

surface . Under these  conditions, c a r r ie r s  will be forced tow ard one side of 

the  sem iconductor setting up a H all field and altering the d istribution  of 

c a r r ie r s  in  the space charge la y e r. D eterm ination of the charge distribution 

in  th is  instance is  ex trem ely  com plicated. However, under m oderate injection 

conditions when quasi-equilibrium  can be assum ed to p revail in the sem icon­

ductor, the general featu res of the space charge la y e rs , d iscussed above,



rem ain  essen tia lly  unaltered.
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4 .2  Sem i-infinite Model of Sem iconductor-Ferrom agnetic Insulator Structure

In th is section a model is  developed of a structu re  consisting of a 

ferrom agnetic insu la to r and a sem iconductor. While the model is  based on 

the media ch arac te ris tic s  described in the preceding section and chapters, 

certa in  sim plifications consistent with the physics of the problem  are 

introduced.

The configuration that is  to  be studied is  shown in F igure  4 -1 . The 

two media are assum ed to  be in intim ate contact, the in terface lying in the 

y -z  plane. Both the sem iconductor and the fe r r ite  are exposed to  a sta tic  

magnetic field which is  z d irected. Additionally, a d. c. e le c tr ic  field is  

applied to the semiconducting medium. The polarity  of th is  field is  such 

that the cu rren t within the sem iconductor is  caused to  flow in  the negative

A _
y direction.

In general, the lengths (y direction) and widths ( z-direction) of the 

sem iconductor and fe r r ite  are  not equal. Considerable sim plification can 

be achieved by assum ing the width and length of both sam ples to be much 

la rg e r  than th e ir  th icknesses ( x  direction) and, m ore im portantly , the 

excitation wavelength, X , so tha t the effect of the presence of these  tr a n s ­

v e rse  boundaries on the r . f .  response is  negligible.

Considering a centrally  located region fa r  removed from  the boun­

d a rie s  in the y and z d irections re su lts  in the m agnetization within the 

f e r r ite  being uniform  in  these d irec tions.' The c a r r ie r  density in the 

sem iconductor also does not vary  in the y and z d irections because of
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Figure 4-1  -  Sem iconductor-Ferrom agnetic Insulator S tructure 155
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th e  rem oteness of the surface regions and the cu rren t contacts. Thus, not 

only does th is  approximation dram atically  reduce the number of boundary 

conditions tha t need be im posed, i t  additionally leads to  a reduction in the 

com plexity of the mode s truc tu re  in  the sm all signal lim it.

Since attention is  p rim arily  d irec ted  toward the study of e lec trom ag­

netic phenomena occuring at o r n ea r the interface between the sem iconductor 

and the m agnetic medium, it is convenient to  begin the analysis by considering 

a sem i-infin ite model in which the boundaries in the positive and negative x 

d irec tions are  also assumed to be infinitely fa r  from  the in terface . While 

such an approxim ation may not be appropriate if the magnetic m a teria l is  

very  thin o r  the sem iconductor is  an epitaxial o r highly non-uniformly 

doped m a te ria l, it  is  a reasonable assum ption if the m a teria ls  a re  uniform  

over a distance which is  large in com parison to  the wavelength of the response.

In the  sem i-infinite model, the sem iconductor bulk is  characterized  by 

uniform  c a r r ie r  concentrations and m obilities; n ear the in terface with the 

m agnetic m a teria l the sem iconductor is  characterized  by a surface region 

whose conductivity and mobility d iffer from  the bulk. Since the occupancy of 

the  surface s ta tes  cannot change as rapidly as the cyclic varia tions of the 

applied r . f .  fields, the width and c a r r ie r  density of the surface region are  

assum ed to  rem ain  constant. As an approxim ation of the conditions existing 

n ea r the su rface , the sem iconductor is  assum ed to  consist of two adjacent 

reg ions, one sem i-infinite and the o ther having a fixed finite width, with 

differen t c a r r ie r  densities and different m obilities; these param eters  being 

uniform  in  each region.
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f 6 )I t may be determ ined from  curves published in  the lite ra tu re  > tha t

the width of an accumulation region, as m easured by the effective cen te r of 

space charge,

is  sm a lle r than a Debye length. As the electrom agnetic phenomena under 

consideration are  associated with the collective responses of the sem icon­

ductor system , th e ir  wavelengths m ust exceed th is  d istance. Thus, the 

width of an accumulation region is  sm all in com parison to  the system  wave­

length and its  presence is  at f ir s t  neglected. S im ilarly , when the surface 

is  depleted, the num ber of c a r r ie r s  available to  in te rac t with the surface 

wave is  le ss  at the surface than in the bulk. Thus, if the  width of the 

depletion region is  sm alle r than the wavelength of the su rface wave, the 

active in teraction  is  determ ined by the bulk c a r r ie r s .  Thus, as a fu rth er 

sim plification, the  sem iconductor is  considered to  be uniform  throughout 

with no variation in drift velocity, mobility o r  average density with distance 

from  the in terface. The validity  of th is assum ption is  investigated in Chap­

te r  5 where the effect on the in teraction of surface accumulation and deple­

tion regions is  considered fu rth er.

The sem i-infinite model is  shown in  F igure 4-2. The sem i-infinite 

f e r r i te ,  described in Section 2 .2 , is  assum ed to  be uniform  with no expli­

cit pinning m echanism  at the surface.

4-11



SEMICONDUCTOR

FERRITE

Figure 4-2 Sem i-infinite Model of Sem iconductor-Ferrom agnetic
Insu lato r S tructure

158



159

4 .3  D erivation of D ispersion Relation D escribing E lectrom agnetic Surface 

Wave Propagation At The Interface Between a Sem i-infinite F e r ro ­

magnetic Insu lator And A Sem i-infinite Semiconductor

In th is section the d ispersion  ch a rac te ris tic s  of surface waves propa­

gating along the interface between a sem i-infinite sem iconductor and an 

insulating ferrom agnetic medium is  determ ined. Assuming a solution of the 

appropriate surface wave form , the d ispersion  relationship  is  derived by 

satisfying M axwell's equations in each medium as well as the boundary con­

ditions at the in te rface .

The development of the equations describ ing the response of the s tru c ­

tu re  of F igure 4 -2  to  electrom agnetic excitations follows the procedures of 

Chapter 2. Since the fe r r ite  occupies the low er half space, x <  0, the 

rela tions between the field quantities in th is region are

where consistancy with Maxwell's equations req u ire s  that f2>^ be re la ted  to 

k through the rela tion

4-12

2-74

and

2-75



The relations between the field quantities in the sem iconductor are 

derived by assum ing a traveling  surface wave excitation of the form

e - y p  [  ~ y ^ c x  +  j  ( c o t  -  k y ) ]  4 ~13

where / 3 st m ust have a re a l p a rt g rea te r  than zero  since the sem iconductor 

occupies the half space x > 0. Assuming sm all signal linearization

Esc = -  Eo y + Elsc ex pf T^sc X +j ( w t -  k y )l, 4-14

vs = - Vos y + ex pt-ySc* + j  ky)]; 4-15

Js + J i .e x p t-^ x + jC w t-k y )] ,  4-16
and

=  f o s  +  f U e X p t ^ s c X  + j ( w t - k y ) ] ; 4-17

where higher o rd e r te rm s  a re  considered to  be negligibly sm all. Maxwell's 

cu rl equations, 2-1 and 2-2 , may be w ritten fo r the f i r s t  o rd er quantities as

and

where

V *  E lsc =

V * H lsc =  J ,  + j  to e sc E 1k  ,

s , _

4-18

4-19



since S individual c a r r ie r  species a re  considered (e.g . electrons and holes, 

upper valley and low er valley e lec tro n s). The equation of motion fo r the s ^  

type c a r r ie r ,  Equations 4-8 and 4-9 , may be reexpressed  as

where
Jt f *

4-21

4-22

and

Substituting the linearized  quantities, 4-14 through 4-17, into equation 4-21 

one obtains to  the f i r s t  o rder

4-23

j ( o ) + k v o i - j ) 0

Vi«
V|y

vijt.

J*
%

"be* B0v(,
- aFo^l«

- o J
0  

-Vos ’os/< [ t l
4-24

Noting that Equation 4-18 stipulates th a t the x component of . Blsc:'is re la ted  

to  Elstl through the relation

B i 3Ck =  J < _  E i
CO

I sc.* )

the z component of Equation 4-24 is

M sz “= -  j (  00 + l<Vos )  Ej 
60 (  CO + k v 05 - j  Va

l » i

)

4-25

4-26

T herefo re , the z d irected  cu rren t density may be w ritten as
S
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where

£<3yS “ = plasm a frequency of
sth  type of c a r r ie r .  4-28

F o r  th is  special case, where — =0, the fie lds a re  again separable into
<3 z

two uncoupled se ts ; one TE^ and the o ther T M y . It was shown in Section 2 .3

tha t TM^r waves propagating in  a d irection  perpendicular to the d irection  of

m agnetization a re , to  the f ir s t  o rd er, unaffected by the spin system . This

is  equivalent to  the case where aTM y wave propagates along the interface

between a sem iconductor and a d ie lec tric . The propagation charac te ris tics

of waves supported by a th in  sem iconductor bounded by dielectric  m edia
/qo  )

have been investigated by Swartz and Robinson . Robinson and Swartz

have also considered the p roperties  of a s tru c tu re  consisting of alternating

( 9 9  )semiconducting and d ie lec tric  lay ers

The TE^. components are obtained by assum ing that

£ l s c *  “  C  e x p [ - / L *  +  j ( u ) 1 "  - k y ) ]  4 " 29

and substituting into Equation 4-18 resu lting  in

H1#tx = _k£- expL-/3st* + j6o+ -k y )] , 4-30
(a)JUo J  '

and

H l s c y  = J & c C e  X p  [ " A  X + j  (  c o t  -  k  y  ) ]  . 4-31

Substitution of the expressions fo r the z d irec ted  cu rren t density, J U / 

and the T E y field components into Equation 4 -19  yields the dispersion  

re la tion  describing wave propagation in the semiconducting medium
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k1 -  &  =  - 4 - f  1 -  V  “ ^ / “ * r a 4 r - r |  . 4-32
c» l  nr u (u+kv„-j«.) J

where cge is  the velocity of light in the sem iconductor

,  =  1
/ —  ' 4-33

While the solutions obtained above satisfy  M axwell's equations in 

each medium, self-consistancy  demands tha t the solutions sa tisfy  Maxwell's 

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

by

D im  D ls t)  =  surface charge density, 4-34

X * (  E j „  -  E u  )  -  0  ,  4-35

-  B ,J  =  0 ,  4-36

and

-  H .  ^ =  surface c u rren t density . 4-37
l m  l s c '

Due to  the in terre la tionsh ips between the field quantities Equations 4-35 and 

4-36 are  equivalent and only the condition expressing the  continuity of the 

tangential components of the  e lec tric  field  need be considered. Sim ilarly, 

Equations 4-34 and 4-37 are  equivalent. Since the modes under investiga­

tion a re  TEy and contain no component of Dj norm al to  the su rface , Equation 

4-37 is  the rem aining condition which m ust be sa tisfied  at the in terface.

Due to  the finite conductivities of the adjacent m edia, no surface curren t
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ex ists  at the boundary leading to

H l 7  =  H u e ,  . 4-38

Applying Equation 4-35 to the r . f .  e lec tric  field and neglecting 

pinning coupled exchange effects

Elm* (o )  = G exp tj ( lo t -k y )]  = Cexp[j(o>t- ky)]= EUeif 0\ 4-39

resulting  in

G= C.
4-40

The boundary condition on the tangential component of the m agnetic field 

intensity together with Equation 4-40 leads to

, 4-41
. ( X - X O

the d ispersion  equation rela ting  the tran sv e rse  wavenumbers in the sem i­

conductor and f e r r i te .

Equations 2-95, 4-32 and 4-41 are  the single mode exchange modified 

d ispersion  rela tions describ ing electrom agnetic surface wave propagation

along the interface between a sem i-infinite sem iconductor and a sem i-

(23)infinite ferrom agnetic insulator. Robinson e t. a l . , who obtained 

s im ila r  equations fo r the single c a r r ie r  species case, analyzed the  d isp e r­

sion re la tions in the m agnetostatic lim it. Using p a ram eters  approxim ately 

represen ta tive  of a YIG-InSb com posite s tru c tu re  at room  tem p era tu re , 

they found tha t the system  could support a convective instability  at X-band
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( i s )frequencies. Schlomann also found that am plification of m agnetstatic 

surface waves was possible in a s tru c tu re  consisting of a thin sem icon­

ductor (InSb) in  contact with a sem i-infin ite fe r r i te  (YIG) magnetized in 

the plane of the  mutual in terface. (Schlom ann's re su lts  a re  described 

m ore fully in  C hapter 5 where geom etrical effects a re  considered). The 

in itia l num erical analysis of the exhange modified d ispersion  rela tion , 

including the effects of electrom agnetic propagation, is  also perform ed 

using YIG-InSb param eters . Inform ation concerning the validity of the 

m agnetostatic approxim ation as well as new inform ation concerning the 

propagation of surface waves supported by a fe r r ite  bounded by a sem i­

conductor p lasm a is  thereby obtained.

The d ispersion  ch arac te ris tic s  are  computed using a procedure 

s im ila r  to  th a t outlined in Section 2 .3 . W hereas in Chapter 2 it was 

only necessa ry  to  solve the equations fo r re a l values of frequency, the 

analytic techniques employed in  the p resen t chapter to  determ ine d ire c ­

tions of propagation and classify  instab ilities requ ire  tha t the equations 

be solved fo r complex values of frequency. F ir s t  the roo ts of Equations 

2-95 are  obtained and the solution corresponding to  the value of D having 

the sm alles t magnitude is selected . (The o ther two roo ts  correspond to 

exchange modes and are  neglected). Using Equation 2-95, is  e lim i­

nated from  Equation 4-41 resu lting  in

/ ^ s c  ± ~ 4- J  k  — Dfc , 4-42
~ ( 2 z  )
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where the perm eability  ten so r components are evaluated using the complex 

values of co and DK specified. Squaring both sides of Equation 4-42 and 

substituting the re su lt into Equation 4-32 yields

1 - U  +/i\) k + D>,

Elim ination of the rad ica l te rm  by the m ultiplication of Equation 4-43 by 4-44 

re su lts  in  the d ispersion  relationship describing surface wave propagation 

along the interface between a sem i-infinite sem iconductor and an insulating 

ferrom agnetic m ateria l,

Equation 4-45, which because of the non-zero c a r r ie r  densities ( 0  )

is  not biquadratic in  k, may be solved to  yield 4+2S values of k. In o rd e r 

to  determ ine which of these roo ts correspond to  surface modes, the
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corresponding tra n sv e rse  wavenumbers must be examined. Using an 

algorithm  s im ila r  to  tha t shown in F igure 2-7, with /G j | replaced

by /^3cll,2,3,4 , each o f the 4+2S roots is  tested  in o rd e r to  ascerta in

w hether it is  associated w ith tran sv erse  wavenumbers whose re a l p a rts  

a re  positive. F u rth erm o re , each wavenumber se t k, / 6 SC is

checked to ensure that it self-consistan tly  sa tisfies  the d ispersion  re la tions.

The above procedure is  used to compute sem i-infinite fe r r ite -s e m i­

conductor surface mode d ispersion  charac te ris tics  which are  plotted in 

F igure 4-3 fo r the case w here the semiconductor is  assumed collisionless. 

In the absence of collisions the spin system  and stream ing c a r r ie rs  are  

uncoupled as may be verified  by setting Vj =0 in Equation 4-45. (An 

analogous situation occurs fo r TE y propagation perpendicular to  the 

in ternal magnetic field within an infinite magnetic sem iconductor. This is  

dem onstrated in Appendix II). The solid curve in F igure 4-3 is plotted fo r 

fe r r i te  param eters  appropriate to  YIG, the saturation magnetization equal 

to  1750 O e ., £ m =14, Tc=550°K , a,=12.37A , and cj =2. 0. The uniform  

in ternal field is  assum ed to  be equal to  18uli Oe and losses in the magnetic 

system  are  neglected. T he sem iconductor param eters  are  selected to  

correspond to  in trin sic  InSb at room  tem peratu re , having an electron

concentration of approxim ately 1016/c m 3. Since the effective m ass
*•

of the electrons is  much le s s  than that of the holes, =. 01 mo as com­

pared  to  nn*=. 18 m0 , only the presence of the electrons is  considered. 

(The effect of the p resence of holes is  considered in more detail in the
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following section). The rela tive perm ittiv ity  of the semiconducting medium 

is  taken to  be 15.6.

Exam ination of the ch arac te ris tics  reveals that fo r the p aram eters  

selected th e re  is  only one surface mode, th is  mode having a positive phase

OJrA
velocity. While the surface wave has a resonance at OJres = cj; + -y — j 

as did the forw ard "m agnetostatic" mode of Chapter 2, -y y  is  negative, 

with the frequency range extending from  the resonance to  an upper lim it of 

approxim ately t,ju = u); . Because of the negative group velocity

it appears that signal flow in the lo ss le ss  sem i-infinite InSb-YIG stru c tu re , 

with a z d irected  s ta tic  m agnetic field , is  in the negative y direction.

This may be verified  through the use of a modified version  of B riggs' 

instability  c rite r ia . 1̂02  ̂ The c r ite r ia , through which instab ilities may be 

classified  as to type, convective (growing with distance) o r  absolute 

(growing in time) in stab ilities, perm it one to distinguish between am pli­

fying and evanescent waves by determ ining the d irection  of signal flow. 

B riggs' instability  analysis involves mapping the complex oo plane into 

the complex k plane, the shape of the resu ltan t contours indicating how 

the system  behaves. E ssentially , lo ss  is  introduced into the system  

through the im aginary component of the complex frequency. The direction  

of signal flow is then determ ined by observing the locus of the roo ts  of the 

d ispersion  rela tion  as the lo ss  is  varied . It the system  exhibits a con­

vective instability  the im aginary p a rt of the wavenumber changes sign as 

the im aginary part of the complex frequency is  made negative. T his
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corresponds to  sufficient lo ss  being introduced into the system  tha t the am pli­

fying wave is  transfo rm ed  into a decaying wave. It the wave is  evanescent the 

change in  sign does not occur. On the o ther hand, an absolute o r  non-convec- 

tive in stab ility  ex is ts  when the  d ispersion  re la tion  adm its a double roo t of k 

fo r some complex value of frequency with negative im aginary part and, fu r­

the rm o re , as the im aginary p a rt of the frequency is  made m ore negative, 

the roo ts  diverge such that one of them  c ro sse s  the Im [ k] =0 axis.

The locus of roo ts obtained as the im aginary p a r t of to is  made nega­

tive has been plotted in F igure 4-4 fo r two points on the ch a ra c te ris tic  of 

F igure 4-3 corresponding to  frequency values to = <o; +0.<ou>m and to i w; + 0.8lj„ . 

It is  observed tha t the im aginary p a r t of k becom es positive as the im a­

ginary p a rt of to becom es negative. This indicates tha t the d irection  of

signal flow is in the negative y d irection , confirm ing the conclusions

(03)
expressed  above. (Robinson et. al. indicate tha t the roo t should be 

followed as the im aginary p a rt of to goes to  -o o  , how ever, it  is  found that 

as the lo ss  is  increased  a point is  reached where the surface wave no 

longer ex ists . When th is occurs the search  is  concluded).

The line consisting of alternate  dots and dashes in F igure 4-3 c o r ­

responds to  the double root of the co llision less d ispersion  equation, 

fo r vot =-2 x 10+J cm /sec . These synchronous modes are  not su rface modes 

when the stream ing c a r r ie r s  and the spin system  a re  uncoupled, however, 

one of them  couples to  the surface mode and takes on surface wave p ro p er­

tie s  when collisions are introduced. In th is  way energy may be tran sfe rred
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from  the c a r r ie r  system  to  the spin system . Although the synchronous mode 

associated  with the electron  s tream  has a positive group velocity and the group 

velocity of the surface mode is  negative, it cannot be in ferred  tha t active 

coupling of the modes leads to  an absolute ra th e r  than a convective instability  

since the modes, when coupled, a re  appreciably a ltered  and conclusions based
/<a& \

on coupled mode theory  would be inappropriate.

When sem iconductor and spin system  lo sses  a re  included in  the d isp e r­

sion re la tion  com putations, the d ispersion  ch a rac te ris tic s  are  modified as 

shown in  F igure 4 -5 , drawn fo r the sam e YIG and InSb param eters  as in

Figure 4-3 but with the fe r r i te  linewidth changed to  0.35 O e ., the  e lectron

£  2mobility ( -  —3—7 ) of the sem iconductor taken to  be 80,000 c m /

v -sec . corresponding to  in trin sic  InSb at room  tem peratu re^101  ̂ (This value 

is  on the optim istic s ide , fjLe being given as 77,000 and 78,000 cm2/v -s e c . 

elsew here. 1̂00' i05 ' 106 and the e lectron  d rift velocity se t to  zero . It is  

observed tha t with the introduction of lo sses  the re a l p a rt of the wavenumber 

no longer approaches infinity as the resonance is neared, but ra th e r  reaches 

a maximum at a finite value of k. W hereas the solutions fo r the lo ss le ss  

case indicate no wave propagation below the resonance, surface wave 

solutions are  obtained below th is  frequency when lo sses  a re  included. The 

additional surface mode branch, the low er frequency lim it of which occurs 

at co=60 j  , has a positive slope as did the "m agnetostatic" surface modes 

investigated in  C hapters 2 and 3. W hereas the im aginary p a r t of the wave- 

num ber of the portion of the surface wave spectrum  above co; +■ ——  is
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positive, indicating propagation in the -y  direction, Im  [k ] is  negative below 

resonance. Applying the modified Briggs instability c r ite r ia  confirm s that 

the d irections of propagation above and below the resonance are  opposite.

As the resonance is  approached from  e ith er the high frequency o r  low 

frequency portion of the spectrum , the re a l part of the wavenumber increases 

form ing what appears to  be a cusp at the resonance frequency. Close exam ­

ination of th is  portion of the spectrum , F igure 4-6, reveals tha t as the 

resonance is  approached from  the low frequency end of the spectrum  the 

re a l p a rt of the  wavenumber reaches a maximum below the resonance 

frequency and then d ecreases until the resonance frequency is  reached.

( —► o o  does not indicate that the signal energy trav e ls  at a velocity
* V

exceeding the velocity of light in the medium; the velocity of energy tra n s ­

port and the group velocity are  not, in general, equal in d issipative d isp er­

sive media. The co rrec t d irection of signal flow may be determ ined 

through the B riggs c r ite r ia . Over th is  portion of the spectrum , the 

im aginary component of the wavenumber rem ains negative, indicating that 

signal flow is  in the positive y direction. This is  confirmed by applying 

the modified Briggs c r ite r ia . At the resonance frequency the re a l p a rt of 

the wavenumber reaches a local minimum, the sign of the im aginary part 

of the wavenumber becoming positive and rem aining so as the frequency is  

increased, indicating signal flow in the negative y direction. Imm ediately 

above the resonance frequency the re a l p a rt of the wavenumber increases 

until another maximum is reached whereupon any fu rth er increase in the
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frequency re su lts  in a decrease  of the rea l p a rt of th e  wavenumber.

When surface wave propagation along the interface of the semiconduc­

to r-m agnetic  insu lator s truc tu re  is  considered with spin system  and sem i­

conductor lo sses  included and the c a r r ie r  s tream  drifted, a significant 

change in the d ispersion  ch a rac te ris tic s  re su lts . The spectrum , which is  

plotted in F igure 4-7 fo r the sam e param eters  as F igure 4-3 with A H=. 35 Oev 

Ue =80, 000 cm2/v -s e c , vos =  — voe =  -2x l07 c m /s e c . , indicates tha t in 

addition to a surface m ode, which away from  resonance is  s im ila r to  that 

found fo r the undrifted case (re ferred  to herein  as the spin mode), a 

c a r r ie r  s tream  mode, s im ila r to  the synchronous modes of F igure 4-3 , 

also assum es surface mode p roperties . The frequency'range of th is  c a r ­

r ie r  s tream  mode is  sm a lle r than the spin mode, having approxim ately 

the sam e low er frequency lim it, co = W i, but having an upper frequency 

lim it at a frequency le ss  than co =coi+ 0)m , the upper lim it of the spin mode 

(9.919 GHz v e rsu s  9. 938 GHz fo r the param eters selected .) With the 

exception of the region n ear the resonance, both the spin mode and the 

c a r r ie r  s tream  mode are evanescent, both modes propagating in the +y 

d irection  below the resonance region, while propagating in  opposite d ire c ­

tions above th is  region. Com paring the im aginary p a rt of the spin mode 

wavenumber with that attained fo r the undrifted case , vot=0, at frequencies 

sufficiently fa r  above and below the resonance region that such a com pari­

son is  valid , it is  found tha t the lo ss  ra te  experienced by the mode is  

reduced when electrons a re  drifted  in the positive y direction as shown
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in  F igure 4 -8 . When the e lectrons a re  drifted  in the opposite d irection (-y) 

it  is  found tha t the lo ss  in c reases . (There is  no surface c a r r ie r  s tream  

mode fo r th is  case). Thus, it is  found that the lo sse s  associated with the 

propagation of su rfaces waves along the interface between a sem iconductor 

and an insulating ferrom agnetic medium may be modified by drifting c a r ­

r ie r s  within the sem iconductor, even at frequencies and d rift velocities 

w here synchronism  is  not achieved.

Exam ining the region of the spectrum  of F igure 4 -7 , n ear the r e s o ­

nance in deta il, it  is  found tha t as the resonance is  approached the re a l 

p a r t of the wavenumber of the "spin" mode v arie s  slowly as a function of 

frequency when com pared to the wavenumber of the " c a r r ie r  stream " mode 

which appears to  be strongly influenced by the resonance, F igure 4-9 . In 

th is  region where the modes are  strongly modified, neither mode is  c la ss ­

ifiable as being exclusively associated with one system  o r the other, but 

a re  the re su lt of the in teraction  between the constituent system s. T h e re ­

fo re , in  o rd e r  to  c learly  distinguish between the modes they are labelled

m odes 1 and 2, as shown on F igure 4 -9 . (This labelling is  consistent with

(2.3)th a t used by Robinson e t. al. in th e ir  investigations).

Inspection of the complex wavenumbers of modes 1 and 2 reveals that 

in  the narrow  range between the frequency where the rea l p a rt of the wave­

num ber of mode 2 reaches i ts  maximum value (f=7.8795 GHz) and tha t where 

Re [ k ]  of mode 1 reaches its  maximum (f=7.8809 GHz) the im aginary p arts  

of the wavenumbers of both modes are  positive. Im m ediately above and
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below th is  narrow  band Im [k] of the m odes are of opposite polarity . 

Examining the behavior of the modes in  these  regions using the modified

ever, within the narrow  band of frequencies where the im aginary p a rts  

of both wavenumbers are  positive, it is  found that an instability  ex ists . 

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 ra te  of approxim ately 1.38 n epers/m m . The type of instability  is  

determ ined by noting that the im aginary p a r t of the wavenumber changes 

sign from  positive to  negative as the im aginary p a r t of the complex f r e ­

quency is  made negative. A saddle point is  located at the com plex frequency 

of f= (7 .487995-jl. 605xl0_3)GHz. The locus of roo ts about th is  point, 

shown in F igure 4-10, indicates the presence of an absolute instability . 

Beyond th is  frequency the instability  again becom es convective with the 

instability  now associated with mode 1. (Mode 2 now propagates in the 

-y  d irec tio n ). The maxium growth ra te  of th is  instability  is  approxi­

m ately 708 nep ers /m m . fo r the p a ram e te rs  chosen.

(23)Robinson e t. al. obtained s im ila r  re su lts  investigating the in te r ­

action of stream ing e lectrons with the surface wave by using the m agneto- 

sta tic  approxim ation in the fe r r ite .  Comparing the tran sv e rse  wavenumber 

within the fe r r i te  with the longitudinal wavenumber in the instability  region 

it is  found that

Briggs ( 102) technique, it is  found tha t the modes a re  evanescent. How-

4-46
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indicating tha t the m agnetostatic approxim ation is  appropriate in  th is  region. 

F u rth erm o re , com paring the longitudinal wavenumber with the tran sv erse  

wavenumber within the sem iconductor i t  is  found that

Ret/Ssc] = R e  [ k ]  . 4-4

The validity of Equations 4-46 and 4-47 in  the in teraction region simplify 

the investigation of an in teraction  in system s of g rea te r complexity as 

d iscussed  in  Section 4-4  and Chapter 5.
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4 .4  A nalysis Of D ispersion Relation Using Approximation Techniques

In the previous section the exchange modified d ispersion  relationship 

describing electrom agnetic surface wave propagation along the interface 

between a sem i-infinite drifted  sem iconductor and a sem i-infinite fe r ro ­

magnetic insu lator was used to  verify  that the m agnetostatic approxim a­

tion provides a suitable descrip tion of the behavior of the fields in the 

fe rr ite  when analyzing the in teraction between the "m agnetostatic" surface 

mode and the c a r r ie r  s tream . In the p resent section sim plified d ispersion  

re la tions obtained by making the m agnetostatic approximation are  used to 

develop a multiple c a r r ie r  species instability  onset c rite rio n  enabling the 

investigation of the effect on the interaction of the presence of holes. In 

addition, an instability onset condition nomograph is  developed perm itting 

the rapid  determ ination of the suitability of m ateria ls  fo r instability 

investigations. Using the nomograph, the rela tive m erits  of four com m er­

cially available sem iconductors, Si, Ge, GaAs and InSb, a re  discussed. How­

ever, the  existance of an instability  is  necessary  but not sufficient to  ensure 

that it can be observed. One must also determ ine whether the mode is  

excited sufficiently. T herefo re , an expression fo r the re la tive  excitation 

am plitudes and phases of the m agnetostatic model mode solutions is  derived 

and examined.

In Chapter 2 it was shown that in the m agnetostatic lim it,
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k = / 3 m , 2-109

fo r  modes with positive phase velocity (the re a l p a rt of k positive) within

the  fe r r ite . In th is  lim it Equation 4-53 may be w ritten  as

A c  = — k- 4-48
•Mn + A*' 12-

Squaring both sides, /^ s t  may be elim inated from  Equation 4-32, resu lting  

in  the following d ispersion  rela tionship  describing m agnetostatic surface 

wave propagation along the drifted sem iconductor-ferrite  interface

k2- CO ( m „ 1 ~ V - COp (co-t-kvaa) 
fzi  toaCu)+kvos-jvs)- +^ » 0  ~ 1 

Noting tha t in the m agnetostatic lim it, the exchange te rm  in the

expression  fo r , Equation 2-57, is  negligible with respect to  0)i the

perm eability  te n so r components may be w ritten  as

-  i  + - >̂1 Cj>», [  1 +j ]

= 0  4-49

and

yMtZ. —

U ' , z -  c - j 4 £ > 2 ]
Defining a m agnetic relaxation frequency, , as

= OL Ar

4-50

4-51

CJ, )
4-52

m

the perm eability  te n so r components may be reexpressed  as

y j n =  1 "*■ CO m L tDj (  1 + ) + J  Vrwl_________

[  ( WJ+j ^  )* -  CO2 + V *  («g t+  l ) ]

4-53
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and
(A* to

[  ( co; + j  v * ) 2 -  +1)]
4-54

F o r narrow  line widths, A  H< < H i , the relaxation  frequency is  much

This is  the form  tha t the perm eability  te n so r components assum e when 

derived from  the G ilbert (2-27,2-27b) ra th e r  than the Landau-Lifschitz 

(2-27,2-27a) form  of the equation of motion of the m agnetization fo r, as 

was dem onstrated in C hapter 2, the two form s are  equivalent in the narrow  

line width case.

Substituting the sim plified perm eability  te n so r definitions, Equations 

4-55 and 4-56 into Equation 4-49, the d ispersion  rela tionship  becom es, 

upon sim plification

sm alle r than e ith er o r  co ( co = co; n ear the "m agnetostatic”

mode resonance) and the above e g re s s io n s  fu rth e r reduce to

and

4-55

_________
( u ; * j  v j *  -  Co1 4-56

o r
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k

where

y ^ s w  =  .L co; -  m l   } 4

[ w; +
( £ 2 )which reduces to  the equation obtained by Steele and V ural and 

(2.3 )Robinson e t. al. fo r the case S= l, i . e .  a single c a r r ie r  s tream . 

Steele and V ural note the s im ilarity  between the m agnetostatic d ispersion  

re la tion  describing the behavior of the surface waves in  the layered  

s tru c tu re  and tha t describ ing TE waves propagating perpendicular to  a 

s ta tic  m agnetic field in  the bulk of a ferrom agnetic sem iconductor. F o r 

the bulk ferrom agnetic sem iconductor case , the d ispersion  re la tion  d iffers 

from  Equation 4-58 only in the form  of the effective perm eability  (See 

Appendix II.)

(2.3)
Robinson e t. al. have analyzed the single s tream  d ispersion  

relationship  and have developed a form ulation expressing  the n ecessa ry  

and sufficient conditions fo r instability  onset. The c rite rio n  is  developed 

by noting tha t an instability  ex ists  if  fo r some re a l value of k, the 

d ispersion  re la tion  has a roo t, 00, with a negative im aginary component. 

The instability  onset condition fo r the case where m ore than one sem icon­

ductor c a r r ie r  species is  considered is  derived using a s im ila r approach.

“ SC.

-58

59
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A ssum ing tha t the in teraction  occurs n ea r the system  resonance and 

tha t the complex rad ian  frequency d iffers from  its  resonant value by a 

sm all amount i  , defined by

Ld -  •+ (O n  + j  +  & =  CO

Equation 4-57 may be linearized  to  yield

r s

4-60

kcj,, —
8 S

^  Cu)|3s ( co + k v/fls) + k Vo< — co

. s.i (to+kv0»)Z + VSZ
4-61

Reform ulating the above expression  and considering two types of c a r r ie r s ,  

e lec tro n s , symbolized by the subscrip t e ,an d  holes , symbolized by the 

subscrip t h , the following expression  is  obtained

& —

8 \ t t £

i O p ( < o -  k vOfa-kVofc +j Vg. ) 4- (oj+k v. kKu+kVok+j~ ^
( CO -  (woe)* + v’e' ( t o *  kv0^  +■ Vk

4-62

where vot and voh are defined as positive quantities. This expression  

may be sim plified in  the collision dominated lim it,

V e > >  0) j  k v o e  } 

»  CO } kV oh  }

4-63

4-64

yielding

6 =  60,

8 k Vx

I CO -  k V'ofc ) + j CJpvT ( LO + k V'oh) _  LO . 4-65
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Since k  is  re a l ,  the im aginary p a r t of th is  expression  is

where i t  has been assum ed that

y „ < <  cdr
i

>
4-67

and

R e  [  S ]  < <  U>rtis , 4-68

To satisfy  the n ecessa ry  and sufficient conditions fo r the existance of

Inspection of Equation 4 -66  revea ls  tha t a n ecessary  condition fo r  the onset 

of an instability  is  th a t the d rift velocity of the electrons be g re a te r  than 

the phase velocity

(Since the d irec tions of d rift of electrons and holes are opposite, s im ila r 

re su lts  fo r holes may be obtained by reversing  the d irec tion  of the applied 

e lec tr ic  field. However, since the mobility of e lectrons in  a semiconduc­

to r  is  in  general g re a te r  than that of holes, the velocities needed to  achieve 

synchronism  a re  m ore easily  attained by e lec tro n s .)

F u rth e r exam ination of Equation;' 4-66 revea ls  tha t not only m ust the 

e lectrons attaip  velocities in  excess of the phase velocity of the surface 

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

an instability  m ust be negative and have a magnitude g re a te r  than •

4-69
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additionally be overcom e

V0e  >  IfL
k

1 + C i +  C k e  VflK , 4-70

where

C Ke — > 4-71
C0p\

Noting tha t the ra tio  of vah to  is  to  f ir s t  o rd e r a constant, Equation

4-70 may be reform ulated  as

v . e  > J i L  C 1 +  G .C  ]  ,  4 . 72

k  [  1 -  C ^ ' ]

where yW , the ra tio  of the hole and e lectron  m obilities.

The conditions fo r  which an instability may occur have been ob­

tained  by noting that m ust be g re a te r  than fo r the im aginary

p a rt of a) to  be negative. The low er lim it for which th is relationship  may 

be satisfied  is  determ ined when the maximum of | £Trn | ju s t equals .

D ifferentiating Equation 4-66 with respect to  k and equating the 

re su lt to  zero  it is  found that the maximum value of | SjJ occurs when

Voe = 2  60 L 1 + Che. 1 . 4-73

k [ l - C k . y ]

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

tion  tha t | SrM | m ust be g rea te r than , the instability onset condition

is

2
Cd ^  D  j, e  • Vo &

•se ^ 4   ̂ ^

~ f » ..<■» [ l  -  C ^ m '1 >  1 . 4-74

3 2 c , 2, V t  ( u ;  + t  1 + C h t  ]
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It is  observed tha t the holes have a detrim ental effect on the in teraction. 

If, how ever, Cjje< < 1, the holes have little  influence on the in teraction 

and the semiconducting medium may be trea ted  as though only one c a r ­

r ie r  species, e lec trons, w ere p resen t. F o r th is case Equation 4-74

(2.3)reduces to  the instability  condition given by Robinson e t. al.

32 Cs\  V e . ( o j ;  +• i>r

4-75

Rearranging th is  single c a r r ie r  onset condition a low er lim it on the 

velocity tha t electrons are  requ ired  to  atta in  is  obtained,

'o e >
'/z

4-76

E xpressing  the param eters  within the b rackets in  te rm s  of th e ir  definitions, 

the following sim plified re la tion  re su lts

voe> 4 c, ( A H )
\  M o  /

!/z
4-77

where

crM =  N e .

Thus, the  minimum velocity required  fo r  instability  onset is  a function of 

only two m ateria l dependent quantities, the conductivity, Cr , of the sem i­

conductor and the linewidth to m agnetization ra tio  of the fe r r ite .

At th is  point some conclusions concerning selection of m ateria ls  to  

be used in obtaining the in teraction  may be drawn. Of the fe r r ite s  com­

m erc ia lly  available, a good choice is  Y ittrium  Iron G arnet. The sa tu ra ­

tion m agnetization of YIG is 1750-1785 Oe. at 300° K making i t  suitable

4-78
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fo r  observing surface wave propagation in  the widely used S and X microwave 

bands with m oderate applied sta tic  m agnetic fields ( le ss  than  4 KG). In 

addition, YIG is  characterized  by a line width to  m agnetization ra tio  of as 

little  as 2xl0~4 fo r highly polished sam ples at 300° K.

The choice of a suitable semiconducting medium is  somewhat m ore 

complex. As an aid in  the selection p ro cess  a nomograph is  constructed 

by plotting the e lec tron  mobility requ ired  fo r  instability  onset v e rsu s  

c a r r ie r  density with e lec tron  d rift velocity as a p a ram ete r. The nom o­

graph of F igure 4-11 is  drawn fo r a frequency of 3 GHz. (middle of S 

band) and the linewidth to  magnetization ra tio  of the neighboring fe rr ite  

is  taken as 2xl0-4. The chart is  used by locating the point corresponding 

to  the m obility and density of the sem iconductor under consideration. If 

th is  point lie s  above and to  the righ t of the curve corresponding to  the 

maximum d rift velocity of e lectrons in th is  m ateria l, o r , m ore p rec ise ly , 

the maximum velocity attainable with the tran sv e rse  m agnetic field 

requ ired  fo r  resonance at the frequency under consideration, then i t  may 

be possible to  obtain an instability . Since the maximum velocity d ecreases  

with increased  tra n sv e rse  magnetic fie ld , the frequency [ ■frts = (<*><

+ ^ m / z .  )  ] should be chosen to  be as sm all as is  p racticable (large

enough to  ensure tha t the magnetization is  saturated  by the applied m ag­

netic field) thus allowing higher drift velocities to  be obtained. It is  

observed from  Equation 4-77 tha t operating at low frequencies also 

reduces the velocity requ ired  fo r  instability  onset.
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As an exam ple of the use of the instability  onset nomograph, m obility -  

density re la tio n s^106, 107  ̂ a re  plotted on F igure 4-11 fo r  four sem iconduc­

to r s ,  silicon, germ anium , gallium  arsenide and indium antimonide. The 

maximum d rift velocities of these  m a teria ls  a re  listed  in  Table 4 -1 . (While 

conductivity changes due to  the creation  of electron-hole p a irs  begins at 

approxim ately 150v/cm . in  InSb, P r io r^ 108\  using pulses of short d u ra ­

tion , determ ined tha t the re  is  no varia tion  in e lectron  mobility up to at 

le a s t 800v/cm . T his corresponds to  a d rift velocity  in excess of 3xl07 

cm /sec . fo r  the highest m obility specim en he exam ined.) It is  noted that 

a reg ion  can be found for each of the fou r sem iconductors where the 

minimum instab ility  onset condition is  satisfied . A check on in these 

regions indicates tha t the assum ption tha t the influence of the holes is  

sm all and may be neglected is  valid.

The average power p e r  unit volume dissipated by a cu rren t drifting 

through a sem iconductor is

FJ ^ I  • = <r ET0a 4-79
Using th is  expression , the instability  onset re la tion , equation 4-77, may be 

reexp ressed  as a condition on the miniumum power p e r  unit volume required

to  obtain an instability

F o r  low e lec tr ic  field  values,

and Equation 4-80 may be rew ritten  as ,



Table 4-1

Typical Values of Lim iting D rift V elocity, Specific Heat 
Melting Point, and T herm al Conductivity F o r V arious 

Sem iconductor M aterials 1®®)

Lim iting D rift Velocity Specific Heat Melting Point T herm al Conductivity
(B 0=O, T=300°K) (T=300°K) (T*3OO0K)

cm /sec  107 cm 2/s e c 70K °C w/cm°K

Silicon 1. lxlO 7 0.71 1417 1 .5

G erm anium  8.0x10® 0.34 937 0.6

Gallium A rsenide 1 .7 x l0 7 0.31 1237 0.8

Indium Antimonide > 3 .0 x l0 7 0.21 525 0.19

195
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>  1 6  c<? fc0u ( An ! )  # 4_

A
The minimum power p e r  unit volume necessary  fo r instability  onset 

is  g rea te r  than tha t predicted by Equation 4-82 because e lectron  mobility 

decreases as the maximum d rift velocity is  approached. However, it is 

reasonable to assum e that the mim im um  power required  fo r instability  

onset is  sm aller fo r a high mobility sem iconductor such as indium anti- 

monide than one such as silicon. (The minimum power p e r  unit volume 

fo r instability  onset fo r S j, Ge, GaAs and InSb is  tabulated in  Table 4-2 

fo r the conditions of F igure 4-11.)

Equation 4-82 gives an o rd e r of magnitude indication of the instan­

taneous power p e r  unit volume which a sem iconductor m ust be capable of 

dissipating if an instability  is  to  be obtained. This power handling cap­

ability is  dependent on several fac to rs  among which are the sem iconductor's 

specific heat, therm al conductivity, m elting point and surface to  volume 

ra tio  as well as the therm al res is tan ce  of the mounting s tru c tu re . The 

specific heat, melting point and therm al conductivity of the four sem i­

conductors under consideration are  lis ted  in Table 4-1 . It is  noted that 

of the four, Silicon has the highest specific heat and therm al conductivity, 

however, re fe rrin g  to F igure 4-11, it is  observed that of the four i t  has the 

lowest mobility and corresponds to  the narrow est instability onset region.

On the o ther hand, indium antimonide, which has the highest mobility of the 

sem iconductors under consideration has the le a s t desirable the rm al ch a r-



Table 4-2

Minimum Power P e r  Unit Volume 
F o r Instability Onset 

(f»3GHz, =2x1 (H)
l <0

c m .2/v .  -sec .

Silicon 1350

G erm anium  3900

Gallium A rsenide 8500

w . / c m .3 

8. 78x10® 

3.16x10® 

6 .65x l07

Indium Antimonide 78,000 7.89x10®
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ac te ris tic s . Increasing the surface to volume ratio  of the m ateria l through 

the use of th in  film s would perm it operation at re la tively  high pow er to  

volume ra tio s  while providing m ore surface a rea  fo r cooling and, at the 

sam e tim e, lowering the power requirem ents demanded of the pow er supply. 

(The effect on the in teraction of a semiconducting region of finite thickness 

is  discussed in  detail in  Chapter 5.) While repo rts  of the successful p ro ­

duction, in  lim ited quantities, of thin film s of high mobility InSb have 

appeared in the lite ra tu re , epitaxial InSb is  not com m ercially  avail­

able. Gallium arsen ide, which appears to  rep resen t a reasonable com pro­

m ise m ateria l, having an e lectron  mobility and th e rm al p roperties between 

those of silicon and indium antimonide, is  com m ercially  available is  

epitaxial form  as a thin high conductivity lay e r on top of an insulating sub­

s tra te . It should be noted however that due to its  h igher mobility and m ax­

imum d rift velocity, epitaxial indium antimonide would be p referab le .

In the preceding discussion the conditions necessary  fo r instability  

onset w ere presented. Although satisfaction of these conditions ensures 

tha t the system  in  question exhibits an instability , the determ ination of 

w hether the instability  is  convective o r  absolute req u ires  the application 

of m ore stringent conditions as d iscussed in  Section 4 .3 .  If the system  is  

found to  have a mode which exhibits a convective instability, i t  m ust s till 

be determ ined w hether the mode is  excited sufficiently fo r it to  be observed. 

This requ ires  knowledge not only of the exponential behavior of each of the 

m odes, but th e ir  relative amplitudes and phases as w ell.  ̂ The la tte r
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may be determ ined in  the m agnetostatic lim it by modifying the sem i-infinite 

model to  include input and output couplers in  the plane of the in terface . The 

output coupler is  assum ed to  be perfectly  term inated  so tha t no reflected 

wave is  excited. Thus the only waves which m ust be considered are the

th ree  modes of the approxim ate single c a r r ie r  model yielding
3

E z l
l»l

4-83

where E-m i s  the amplitude of the r .  f . e lec tric  fie ld  excitation at the input 

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

and zero  r . f .  m agnetization at the input, the  following rela tions resu lt

f  =  y  j , ? * U - K v . * ) E al 

t i  w
4-84

and

I  M = 1 ( 5  - j O )
U1 U1 J  1

1 - 1
— =  0  4-85

COyUo(yUll + yMli)

E xpressing the equations in  m atrix  fo rm , the equation, re la ting  the complex

excitation am plitudes becom es 

1 1

k.

(  <*>- k,v,fc)

k

( U) -  kvu)

1

K

( o i - h  v.fc)

Ea Ein

E* It 0

, *
 

UJ 0
_ _

4-86

E valuating the complex mode am plitudes in  the vicinity  of the instability  

fo r  the param eters  used in  Section 4 .3 , it  is  found that mode 2 is  strongly 

excited, its  magnitude being approxim ately equal to  , while the power
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level of mode 1 is  approxim ately 24 db. low er upon excitation. (The th ird  

mode, le s s  strongly excited than mode 1, does not correspond to  a s u r ­

face wave.) Due to  the rela tively  la rge  gain associated with mode 1 in 

the region where it exhibits a convective instability  ( =  708 n ep ers /m m .)f 

its  magnitude would equal th a t of the excitation signal a fte r the wave had 

trave led  only 4 .6  m icrons.

Due to  the narrow ness of the instability  region a change in the value 

of the in ternal magnetic field  of le ss  than 0 .1  Oe. (fo r the p a ram eters  

selected) is  sufficient to  change the conditions from  gain to  loss with the 

ra te  of attenuation exceeding the maxium growth ra te . T hus, if am pli­

fication is  to  be achieved o r  if  the absolute instability  is  to  be observed, 

the varia tion  of the in ternal m agnetic field along the ferrite-sem iconductor 

interface should be as sm all as possible. This suggests the use of a thin 

fe rr ite  plate whose dim ensions are  rela tive ly  la rge  in the y and z  d ire c ­

tions. (The effect of the th ickness upon the in teraction is  considered in 

C hapter 5 .)  However, it; should be noted tha t the sem iconductor should 

also be la rg e  in the y and z d irections since the cu rren t in the sem icon­

ductor gives r is e  to  a m agnetic field and thus a lte rs  the to ta l applied field. 

Additonally, heat generated as a re su lt of the cu rren t flow may a lte r  the 

saturation  m agnetization and the linewidth at the in terface resu lting  in 

additional non-uniform ities along the d irec tion  of propagation. The effects 

of heating and m agnetic field shift due to  the drifting c a r r ie r s  have been 

observed and a re  d iscussed fu rth er in  Section 5 .4  dealing with experim en­

ta l re su lts .
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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 sim plification of the layered  stru c tu re  was 

achieved by assum ing tha t both the magnetic and semiconducting media 

w ere uniform  and extended sem i-infinitely  in the tran sv e rse  direction.

In th is chapter equations a re  developed describing the effects of finite 

dim ensions in  e ith er o r  both of the media. These deviations from  the 

sem i-infinite model may be used to  determ ine the effects of finite 

dim ensions, surface la y e rs  and d ie lec tric  spacing between the media.

In Section 5 .4  em p irica l studies of the facto rs involved in the 

observation and in terp re ta tion  of the  transm ission  ch arac te ris tics  of 

composite s tru c tu re s  consisting of adjacent semiconducting and m ag­

netic insulating m a teria ls  a re  described and discussed. On the b as is  of 

these  investigations microwave transm ission  spec tra  a re  examined and 

the surface modes are  identified.
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5.1  E lectrom agnetic Surface Wave Propagation At The Boundary of a

F e rr ite  Slab and a Semiconductor of F inite Thickness

The effect of finite dim ensions upon the p roperties  of electrom agnetic 

surface waves propagating along the interface between a ferrom agnetic 

insu la tor and a sem iconductor is  to be investigated. The model to  be 

considered is  shown in  F igure 5-1. The fe r r i te ,  assum ed to  be infinite in 

extent in  the y and z d irections, is  bounded at x=-a by d ie lec tric  $ 2. and 

at x=0 by the sem iconductor. A s ta tic  m agnetic field is  applied in the z 

d irection, resu lting  in a m agnetic field in tensity , H j , assum ed uniform  

within the fe r r ite . The sem iconductor, which occupies the region 0< ^

consists of two portions, one extending from  x=d to  x«d' labelled sem i­

conductor # 1, the rem aining portion labelled sem iconductor ^  2. The two 

semiconducting regions are characterized  by differing carz 'ier densities and 

m obilities as would be the case of an epitaxial sem iconductor, where the 

surface region 0 < x z d is  considered to be epitaxially grown m ateria l and 

the region d< * z,cl* the bulk substra te . At x=d/ the sem iconductor is  

term inated  by a d ie lec tric  medium, d ie lec tric  A 1, extending infinitely in the 

tran sv e rse  d irec tions. F o r sim plicity  it is  assum ed tha t both d ie lectric  

regions are perfect insu la to rs and are characterized  by equal perm ittiv ities.

The derivation proceeds by assum ing an appropriate form  fo r the r . f .  

e lec tric  field  in each region. Then, using M axwell's equations, 2-1 and 2-2, 

an expression  fo r the r .  f. magnetic field intensity as well as the d ispersion  

equation rela ting  the tran sv e rse  wavenumbers are obtained.
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The re la tions between the field quantities in  d ie lec tric  region ^  1 are 

s im ila r to  the expressions obtained in  Chapters 2 and 3 requ iring  only 

transla tion  in  X to  reflec t the new boundaries at x=d' yielding

£<Jlt  r  A e x p  ) +• j ( c o t - k y ) ]  5-1

and

" J s A .  a x p [ " / 3 a ( x - « J  )  + j ( u j t - k y ) ]
to  / X 0

where

5-2

5-3

2-94

F o r  a plane wave solution to ex ist in  th e  com posite s tru c tu re  the 

w aveform in  each region m ust have the sam e phase velocity as the 

excitations in  the adjacent media. The w aveform s in the semiconducting 

m edia a re  the re fo re  assum ed to  have the form

-icl i a [ c ,  sink/S,* + K Cosln/3, / ]  e x p [ j ( u j f  - ky)] 5-4
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Hsdx s -^“ {" C| S'M * F, cos li A  x] ex'p [j (u)t- ly)^| J 5-5

and

, C o i l ^ , x  + F,  s i A ^ y J g ^ p  j 5-6

where

k ' - A '  = i c
— \  tO/»u ^c*n- ^QlS^

'Cc .̂4- kvol* - j  Vt s )
5-7

fo r sem iconductor A 1 and

FK2i - [ c * s i A ^ .*  + F*cosU^x]ftxptj(oi-ky)], 5-8

H«e2xs ^ [ c ‘ si^ A x 5-9
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and

+ g_io

where

S ,

1 - 25*1

iJ fZ, ( to  + k VeZs)

tW «j +• kv/.ls -jV l3') 5-11

fo r  sem iconductor # 2 .

In the region where x <  0  the geom etry of the composite s truc tu re  is 

identical to  that considered in  Section 3 .1 . T herefore the equations fo r the 

fe r r i te  region are  assum ed to  be of the form

E r m z - [ G c o s k / ^ X  * L  s i r t l i ^ w x j e x |» [ j ( u ) i " “   ̂ 3 - 9

[-{M “ k*<n̂  * ^ / <»«-0cosl>^w>X *- (kAi|L-/^./Wn. )̂siylk/^w.xl [‘(tj'i'-k 3-1C
0>m A / aY - m \ )  '  / J ;

and

I I  | L (  VMtJs-Â M.iClzoiXyfi^X * (kjU,xL-/&i*/tiiG\l'vX /3~*l f . /  f  L \" | 3  1 1
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where

y^-ll

while those of d ie lec tric  region # 2 are

and

/ CO/6-to

where as in  d ie lectric  region §  1,

1 ^ - / 3 ; =  4  2-94
CJ

2-95

£ j e * = R e x p [ ^ a ( x + a )  , 3 -5

HdElf-  J l R . e x p [ / 2 t( (x +A)  + j ( t o + - k y ) ] ^  3-6

3-7

The relationships between the tran sv e rse  and longitudinal wavenumbers 

in  each of the media have been determ ined. However, fo r the solution to be 

se lf-consisten t the boundary conditions m ust be satisfied  at the in terfaces 

between each adjacent layer. The resu ltan t self-consistency condition is
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expressed  as an equation re la ting  the tran sv e rse  wave num bers in each of 

the media.

At x=d', the interface between d ie lec tric  # 1  and sem iconductor # 1, 

th e  r . f .  tangential electrics field  m ust be continuous resu lting  in

The field configurations in  the adjacent media do not have displacem ent 

cu rren t te rm s  in a d irection perpendicular' td  the' in terfaces, hence no 

surface charge, o r cu rren t, ex is ts . Thus the tangential components of 

the magnetic field intensity m ust be continuous at each in terface . Applying 

th is  boundary condition at x=d' yields

where Equation 5-12 was used to  elim inate the amplitude te rm  A.

Applying the boundary conditions on the tangential components of the 

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

5-12

5-13

5-14

and
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I L^acosK/S.cl ^-^sinlip.d J J

= /S , . [C l.coshy3J<l +  Ft s i  •
5-15

Combining Equations 5-14 and 5-15 and using w ell known identities re su lts  in  

c  - f: ( A t / 3  a cos l\ Qt B j  s I rt tlClil CO Q». * /S tJ& U 'w l' Q t 4 fi ,c o s l\C ti\  Si'yy llQ y ^  ^

i^ ,T $4 co»l\Q,«A s i ik  6)i]s/*b(2i, + 0 S . I &  j'lnll C?, /Si C o S  |i 0 \< L O S

where

Q , = / 5 , 0 ~ d ) ^  5_17

and

G i - f i J .  5_18

Application of the boundary conditions on the tangential components of the 

r . f .  e lec tr ic  and magnetic fields at x<*0 yields

K  * G  5-19

and

-  ft C . = ( -  /S^M L )*- *-----    • e on/  , * \  5-^0-/A, t )

Repeating th is  p ro cess  at x=-q, the in terface of the fe r r ite  with d ie lec tric  ^  2, 

leads to

R = GcosUO^ -  L s m ^  5-21



where as defined by Equation 3-14. Combining Equations 5-19,

5-20, 5-21, and 5-22 the amplitude te rm s  R, G, and L may be elim ated 

yielding the following e g r e s s io n

£  - -  ^  f  Ka»- _  [ k/̂ 11.*- [b iljL U l)] CosUQ.O- s i n l\ ^ 5-23

Equation 5-23 may be used to  elim inate the amplitude te rm s  in  Equation 5-16

resu lting  in  the self-consistency  condition,

I / t  »• \ q f/SC& M.t&AQ,*] + Qi.*) .£.4^(j
A “ * A .CA*/S.ctko,]to+i,Q j

5-24

t l</“ivl + ccHt Q*v>J

Equation 5-24, together w ith Equations 2-94, 5-7, 5-11 and 2-95 are  the

=

single mode exchange modified d ispersion  relationships describ ing e lec tro ­

magnetic surface wave propagation along the fe rrite -sem iconducto r in terface 

shown in  F igure 5-1. Due to  the complexity of th is  d ispersion  relationship  

it is  convenient to  consider the effects of finite sem iconductor and finite 

fe r r i te  dim ensions independently. Thus, the d ispersion  relationship  is 

analyzed in  ce rta in  lim iting cases in  the following two sections.
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5.2 Epitaxial Sem iconductors, Surface L ayers and D ielectric  Spacing

In th is  section the model shown in F igure 5-1 is  modified to  illu stra te  

the effect of finite sem iconductor dim ensions on the in teraction. In the 

modified model, shown in F igure 5-2, sem iconductor region $  1 and the 

fe r r ite  a re  considered to  be very  thick, th e ir  boundaries with the d ie lec ­

t r ic  regions being fa r from  the ferrite-sem iconducto r £ 2 in terface . In 

th is  lim it

5-25

5-26

5-27

5-28

and Equation 5-24 reduces to

Vm>v. - M„ - A coj~L Q. , Qy. 1  5-29

v * . : )  2 l / S ,  ♦ A o - i i d u



SEMICONDUCTOR *1

d

SEMICONDUCTOR* Z

F igure 5-2 -  Model F o r D eterm ining Effects of D ielectric  
Spacing, Surface L ayers and F inite 

Sem iconductor Thickness
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where

Re [ >  0  5-30

and

d  f  a  1 ^  f )
5-31R e | > , ]  >0

Equations 2-94, 5-7, 5-11, and 5-29 a re  the se t of d ispersion relationships 

describing surface wave propagation in  the s tru c tu re  shown in F igure 5-2. 

This model may be used fo r an epitaxial sem iconductor, w here, the surface 

reg io n ; 0 <  x < d, is  considered to  be the epitaxial grown m ateria l and the 

region, x  > d , as the su bstra te . The configuration may also be used to 

model the region in the vicinity of the surface of a sem iconductor that is  

characterized  by c a r r ie r  densities and m obilities which d iffer from  th e ir  

bulk values as d iscussed  in  the previous chapter. Yet another case which 

the model of F igure 5-2 may be used to  describe is  tha t of a sem iconductor 

and a fe r r i te  separated  by a uniform  d ie lec tric  region, O0rz. = 0  , of

thickness d. This d ie lectric  region may rep resen t an oxide layer on the 

sem iconductor surface o r  a sm all separation between the media due to the 

roughness of the su rfaces. Additionally, such a separation  may intentionally 

be brought about by the insertion  of a d ie lec tric  sheet between the media.

The s im ila ritie s  between the m odels fo r epitaxial sem iconductors, s u r ­

face la y e rs  and d ie lectric  spacing p erm its  in itia l analysis of surface wave 

behavior to  be perform ed fo r the general case. Before proceeding with th is
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detailed analysis, some observations concerning the propagation ch a ra c te r­

is tic s  may be made by inspection. If the  thickness of sem iconductor ^  2 is  

allowed to  becom e large such that

indicating tha t sem iconductor # 1  is  sufficiently fa r  from  the x=0 interface 

tha t propagation along the ferrite-sem iconducto r |  2 interface is  unaffected 

by it. Noting the s im ilarity  between Equation 5-35 and Equation 4 -41  

(or in the d ie lec tric  separation case Equation 2-94), the propagation char­

ac te ris tic s  are  s im ila r to  those obtained for the sem i-infinite fe r r ite -s e m i­

conductor (-dielectric) model. On the other hand, if the thickness of sem i­

conductor #  2 is  reduced to  zero , Equation 5-29 becom es

5-32

5-33

where

>  0
) 5-34

then Equation 5-29 reduces to

5-35

5-36
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indicating that su rface waive behavior is  determ ined by the p roperties  of the 

fe rr ite  and sem iconductor # 1.

A nalysis of the  in teraction  between the spin and c a r r ie r  system s fo r  

a rb itra ry  sem iconductor 4 2 th icknesses is  perform ed by observing the 

behavior of the complex rad ian  frequency as the longitudinal wavenumber, 

k, is  varied  along the rea l axis. As noted in  Chapter 4, an instability  is  

indicated.if there, ex ists  a roo t, U), of the d ispersion  re la tion  which has a 

negative im aginary component when k  is  re a l. Noting fu rth e r that the 

m agnetostatic approxim ation is  appropriate when analyzing the interaction 

between the spin mode and the c a r r ie r  s tream , the analysis is  re s tr ic te d  to  

the m agnetostatic regim e. In th is lim it the phase velocity is  g rea te r than 

the in trin sic  velocities in the  semiconducting (and dielectric) m edia and the 

tran sv e rse  wavenumbers a re  re la ted  to  the longitudinal wavenumber by the 

following expressions

2-109

5-37

and

5-38

where



and it has been assum ed tha t the c a r r ie r  species in  the semiconducting 

regions are  collision dominated. If 117 | «  1 and | T j «  1 

Equations 5-37 and 5-38 become

and

5-43

to  f i r s t  o rd e r. Substituting these  expressions fo r  the tran sv e rse  wavenumbers 

into Equation 5-29, the d ispersion  re la tion  reduces to

i  .  - Q  ^ v . - h q ,

Using the perm eability  te n so r component definitions of Equations 4 -55  and

4-56, the above re la tion  may be reexp ressed  as
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O , . jv„ - O  ...  ♦jT.Ifo'H' a, U*' i T = ) ; ■ 5-45
to) L C l* j^ ) + (1 *jTO cotkC^]

Solving fo r the complex rad ian  frequency,

f ( i + jTi.) + ( 1+ , tXi+ i"n"^co"H\Oi. i . ,  ,= cj; + Wkv J *•; >— J * J - - ------^ \  + I Ak ; 5-46
I  ( i +jT i)  f ( k jT t ) \  (l«-jT,)(Z+jTUo+ti<3. '  J ;

rearrang ing  te rm s  y ie lds,

f  i ; [ 2 T ^ ( r ,4 - T t ) c o 1 iQ j  } , 0
u).= w; -f J  ------------ — +  -----------------—rp------ —— - ) + | v * , 5-47

I  [2 + jT, •»- 2jTl ] [ 2.+jT, +j  2 l l ] [ l  + c otii Q J  j  ^

where higher o rd e r  te rm s  in T 1 and Tg have been neglected. To the lowest

o rd e r in  T and T Equation 5-47 may be reexpressed  as 1 “

6 0 =  td; 1 +  ^ j + j V- . 5 - 4 8

F o r th e re  to  be an instability ,

^  — j 5-49

the instab ility  occuring at the m agnetostatic mode resonance frequency, 

cOy-es -  tO; + J"- t as expected.

(Jm
4

T c -r- /  ~ 2 kd \
T , (  I -  £  J
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Exam ining f ir s t ,  the case of a non-conducting, non-m agnetic lay e r of 

th ickness d, sandwiched between a sem iconductor and a ferrom agnetic 

in su la to r, Equation 5-40 becom es

Tz = 0 5-50

The sem iconductor is  considered to  have two types of c a r r ie r s  electrons 

and holes. If  it is  assumed that the electrons a re  drifting in  n ear synchronism  

with the  phase velocity of the excitation and that the magnitude of th is  velocity 

is  much g re a te r  than the d rift velocity of the holes, Equation 5-38 becom es

T ,- - 5-51

Substituting Equations 5-50 and 5-51 into Equation 5-48 yields the im aginary 

component of the complex frequency

— v) —
"  “  8 k c * *

Vog, “ ) Vph
:l<d

5-52

It is  observed, in  agreem ent with the discussion of Chapter 4, tha t i t  is  

n ecessa ry  but not sufficient fo r the d rift velocity to  exceed C1+Che) V̂ h fo r 

th e re  to  be an instability . F u rth e r, because of the exponential dependence 

upon the  th ickness of the d ie lec tric , it becom es increasingly  difficult fo r  an 

instab ility  to  be achieved as the d ie lec tric  thickness inc reases .

T o determ ine whether an instability  ex ists  fo r  a specific combination 

of m a te ria l param eters  and d ie lec tric  th ickness, Equation 5-52 m ust be
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evaluated as a function of k. T his re la tion  has been plotted in  F igure 5-3 

fo r p a ram ete rs  appropriate to  a YIG -  D ielectric  -  InSb' s tru c tu re , with 

sta tic  in ternal m agnetic. field intensity such that the resonant frequency is  

3GHz. Assuming the saturation m agnetization of the  YIG to  be 1750 Oe. 

and the line width 0 .35  Oe. ( ^ ^ W l 0 — 2 .*  1 0  ^  ) , the in s ta b ili ty  

onset condition nomograph, F igure  4-11, is  used to  determ ine In Sb 

param eters  corresponding to  an instability  in  the sem i-infin ite case.

Selecting the e lec tron  density and mobility as 1017/  cm3 and 50, 000cm2/v - s e c  

respectively , a d rift velocity of 4 x 10G£1A. is  observed to m eet the instability 

onset conditions. The graph axB S  are  norm alized, the v e rtica l axis being the 

im aginary component of the norm alized frequency, =  , theCOvy\

horizontal axis being the norm alized wavenumber, k„ = R e  1  ^

The curves correspond to  various d ie lec tric  th icknesses and it  is  observed 

tha t is  quite sensitive to  variations in  the thickness of the d ie lectric  

layer. F o r  the param eters  selected , the instability  no longer ex ists  if the 

d ie lec tric  separation  is g rea te r  than 0,61yu . . Thus, a separation between 

the sem iconductor and fe r r ite , on the o rd e r  of g rit s izes used in  the polishing 

of sam ples is  sufficient to  suppress the instability  in th is  case, under­

scoring the need fo r  care  in  the p reparation  of su rfaces used in  surface wave 

propagation studies.

Considering the case of a space charge region at the surface of a sem i­

conductor, where sem iconductor ^  2 rep resen ts  the surface lay er and sem i­

conductor # 1 the bulk, it is  assum ed tha t c a r r ie r s  are  drifted by an applied
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0
'•Iw UJm

k = 2co

Figure 5-3 -  V ariation Of The Im aginary Component Of The 
Complex Frequency As A Function Of Wavenumber 

F o r V arious D ielectric  Separation Thicknesses
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e lec tric  field of sufficient magnitude such tha t the highest mobility c a r r ie r  

in  the bulk attains an average velocity exceeding synchronous velocity and 

tha t the concentration of these c a r r ie r s  i s  more than  sufficient fo r th e re  to  

be an instability  in the absence of the space charge region. F u rth e r, the 

m obilites of c a r r ie r s  in the surface reg ion  are assumed to  be sufficiently 

low er than those in  the bulk such tha t the  d rift velocities of these c a r r ie rs  

in  the surface region are  much sm alle r than  the synchronous velocity. 

Under these conditions, Equation 5-11 becom es

reduces the p resen t problem  to  the  previous case with the lo ss le ss  d ie lectric  

replaced by one in  which lo sses  may no longer be neglected. Since the 

thickness of the space charge lay e r is  approxim ately a Debye length and since

5-53

where the conductivity of the surface reg ion  is  defined as

5-54

s = 1

Defining a complex perm ittiv ity ,

5-55

i t  has been assum ed that X 6 «  X , then
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_2kd
i  x  i y  y i

5-56=  1 - Z k A ,

and Equation 5-48 becom es

u> -  0)-, 1- + 5-57

where

I g  — ,
2  k Co

and T^, previously defined, is

5-58

5-51

fo r an electron-hole sem iconductor p lasm a. Thus, in  addition to the 

suppression (or reduction of the growth rate) of the instability  caused by the 

physical separation  of the fe r r ite  and sem iconductor bulk, the presence of 

the su rface space charge la y e r  introduces another te rm ,

I —■JTU - j cl 5-59
J g  ' J

dependent on surface conditions and the applied fie ld s. (The th ickness and 

conductivity of the surface la y e r  are  functions of the applied e lec tr ic  and 

m agnetic fields (Hall effect) as w ell as the surface, state d is trib u tio n .) Since 

T2 is  always g re a te r  than ze ro , the conductivity of the surface region is^as
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expected, a debilitating effect on the in teraction.

The case of an epitax ial sem iconductor is  considered next. Since the 

previous surface la y e r d iscussion  leads to  re su lts  which may be d irec tly  

applied to  the  case of high res is tiv ity  ep itax ial la y e rs  on low re s is tiv ity  

su b stra tes , only the opposite situation, tha t of low re s is tiv ity  m a teria l on 

high re s is tiv ity  su b stra te s , need be analyzed. Recognizing tha t the difference 

between th is  case and the previous one is  tha t sem iconductors # 1 and # 2 

have interchanged th e ir  ro le s  ( i.e . sem iconductor #  2 is now the m ajor 

contributor to  the instability , sem iconductor §  1 having an insufficient number 

of c a r r ie r s  to  in te rac t strongly with the surface waves but serving as  a lossy 

d ie lec tric  medium) T and T2 may be w ritten  as

2 k c tV«.
5-60

and

T T -  0 , 5-61

where fo r sim plicity  the substra te  lo sses  are  assum ed negligible. Under 

these  conditions, the expression  fo r the com plex rad ian  frequency becom es

to = cJr ♦ “_______  ... ..   . . .VL.5-62
‘ 2

)1
♦ j 1

which, if  only one c a r r ie r  species is  considered, is  identical with the resu lt 

of Schlomann. Inspection of Equation 5-62 revea ls  tha t the growth ra te  

is  a maximum fo r infinitely th ick  film s, the effect of finite sem iconductor
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thicknes being a reduction in  the growth ra te  of the instability . T h is, in  

tu rn , leads to  m ore re s tr ic tiv e  instability  onset conditions than those 

obtained fo r the sem i-infin ite model.

To determ ine w hether an instability  ex is ts  fo r a specific combination 

of m a terica l p a ram eters  and d ie lec tric  th idkness, the im aginary p a rt of 

Equation 5-62 m ust be evaluated as a function of k. T his has been plotted 

in F igure 5-4 fo r  the YIG and InSb p a ram ete rs  used in  F igure 5-3, with 

sta tic  in ternal m agnetic field such tha t the resonant frequency is  3GHz. 

The norm alization used in F igure 5-3 is  used here  as well. Examining 

the ch a ra c te ris tic s , it is  observed tha t while reduction in the thickness 

of the epitaxial lay er does have an adverse effect on the instab ility , the 

instability  does ex ist fo r epitaxial la y e rs  in  the subm icron range, the 

minimum sem iconductor th ickness being approxim ately . 19/Ll fo r  the 

param eters  used. Calculating the magnitude of T2 corresponding to  the 

point of minimum WIm fo r a . 19/Ll lay e r th ickness, a value of -8 . 02x10”4 

is  obtained, verifying that |T 21 « 1  as assum ed in  the derivation.
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0.1

O .S /i

Figure 5-4 Effect Of Epitaxial L ayer Thickness On The 
Imaginary Component Of Complex Frequency
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5.3 F in ite Magnetic M aterial

In the previous section the effect on the in teraction of reducing the 

thickness of the semiconducting medium was discussed. The magnetic 

medium was assum ed infinitely thick as in  the sem i-infinite model. In 

th is section the alternate  case is  considered; the thickness of the fe r r ite  

is  varied  while the sem iconductor is  considered to  be infinite in  extent. 

The model, shown in F igure 5-5 , is  obtained from  tha t of F igure 5-1 by 

assum ing sem iconductor # 2 to  be very  th ick , such that

5-32

and

5-33

where

> 5-34

In th is  lim it Equation 5-24 reduces to

o r, upon rearrangem ent of te rm s ,



SEMICONDUCTOR *2

FERRITE

Figure 5-5 -  Model Of Sem i-infinite Sem iconductor- 
F in ite F e r r ite  S tructure
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which, with the exception of su b sc rip ts , i s  s im ila r to  Equation 3-17 

obtained fo r a finite fe rr ite  with d ie lec tric  loading.

If the th ickness of the fe r r ite  i s  la rge  such that

and

where

A .

/ 3 n  S I H ll Q va -  / S i

Re [ A l  y °

5-25

5-26

5-30

then  Equation 5-64 m ay be reexp ressed  as

" A  A  “/ '* ■  ^ =  ^  ) 5-65

o r

The te rm s  in  the le ft b racket of Equation 5-66 are recognized as the 

d ispersion  rela tionship  describing surface wave propagation along a sem i­

conductor -  magnetic insu la to r in terface where both media a re  sem i-infin ite,

/ ^ 2  " 5-67
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th is  equation differing from  Equation 4-41 only in  the fo rm  of the subscrip t 

of the sem iconductor medium tra n sv e rse  wavenumber. This solution 

corresponds to surface waves associated  with and propagating along the 

x=0 in terface . The te rm s  in  the right-hand b racke t of Equation 5-66 

correspond to  a second mode se t,

corresponding to  waves propagating at the fe rr ite -d ie le c tr ic  in terface at 

x=-a. Thus, in addition to the surface mode of in te re s t propagating along 

the sem iconductor-ferrite  interface the fe r r i te  may support up to  two 

additional surface modes, a rev e rse  "m agnetostatic" mode, and possibly 

a forw ard o r  rev e rse  "dynamic" mode as described  in  Chapters 2 and 3. 

R estric ting  the discussion to  only those modes which may propagate in  the 

im m ediate vicinity of the "m agnetostatic" surface mode resonance,

= o j ; + , only the rev e rse  "m agnetostatic" and forw ard

"dynamic" modes need be considered. The re v e rse  "m agnetostatic" mode, 

which may propagate at frequencies ju s t below , provides a m eans

whereby waves reflected at the fa r  end of the slab  may re tu rn  along the 

x=-a in terface . The waves return ing  along th is  "feedback path" give r is e  

to  traveling  wave resonance phenomena s im ila r  to  those described in  

Chapter 3 and d iscussed in  connection with experim ental observations in 

the next section. The forw ard "dynamic" mode, m ay propagate at the 

frequency of operation only if

) 3-38
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5-68

and

(g™ ~  g j)

5-69

the la tte r  condition having been obtained from Equation 2-126. If the 

inequalities expressed  by Equations 5-68 and 5-69 are  both fulfilled two

the mode of in te res t, in teracting with the sem iconductor at x=0, and the 

o ther, a fa s t wave propagating along the alternate  path at x=-a. While it 

was found in  the experim ents described in Chapter 3 tha t the "dynamic" 

mode was not as strongly excited as the "m agnetostatic" mode, in  the p re ­

sent configuration the "dynamic" mode tra v e ls  along the re la tive ly  low loss 

fe rr ite -d ie le c tr ic  in terface and may be significant at the output when com­

pared to  the mode of in te re s t. I t may therefo re  be of advantage to  suppress 

the forw ard "dynamic" mode at x=-a when examining the tran sm issio n  

ch arac te ris tic s  of the mode of in te res t. F u rth erm o re , since the study of 

tran sm issio n  p ro p erties  may be com plicated by traveling  wave resonance 

phenomena caused by the x=-o. feedback path, it  may be desirab le  to 

suppress the rev e rse  "m agnetostatic" mode as w ell. T h is  may be accomp­

lished by coating the fe r r ite  su rface at x= -aw ith  re s is tiv e  paint as d is ­

cussed in  Chapter 3.

The in teraction  between the spin and c a r r ie r  system s fo r the finite 

th ickness fe rr ite  is  analyzed by observing the behavior of the complex 

rad ian  frequency as the longitudinal wavenumber, k , is  varied  along the

surface waves may propagate in  the + y d irection  sim ultaneously; one,
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r e a l  axis. Following the p rocedures of Section 5 .2 , i t  is  assum ed tha t the 

tra n sv e rse  wavenumbers a re  re la ted  to  k as

and

w here

A -  k

/3z=kl 1 +j

11  =  - J i !f t - Vot

2-109

2-110

5-42

5-59
ZkclVe .

Substitution of Equations 2-109, 2-110 and 5-42 into Equation 5-64 y ie lds,

/*ti[2+j7llcosli0m+ri+jlI/<,2+‘( l+jTzX/«u-/w/z)]sihll0w,= 0. 5-70

Using the definitions fo r sm h  Q m and cosh  Qm as well as the 

perm eability  te n so r component definitions, Equations 4 -55  and 4 -5 6 , the 

above expression  becom es

u *  [ z + j n J - u C j ^ - T j C i - c ' 2Q" )

- ( u ; * + j  +-j d J i + j T ^ u ;  + ^ + j  i 0 ]

In the lim it where the fe rr ite  is  large such that

-  ZQr
«  1

5-71

5-72
>

Equation 5-71 reduces to
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wl [ 2 . + j 7 l ]

” (u>;+ +  j  O fe  (t o ; + -^n- •»-j  yJ+•j  T z  ( u ;  +-<*)»,+j y^]=0.

Rew riting th is  equation as

2 [ w * - (

CJi + CJm +

factoring out the solution whose re a l p a rt is  negative and rearrang ing  te rm s  

leads to

T his re su lt is  in agreem ent with the re su lts  of Section 5 .2  in the  lim it where 

the sem iconductor is  uniform  and extends infinitely from  its  in terface with 

the fe r r i te .

Considering now the o ther ex trem e, where the fe r r ite  th ickness is  sm all 

such tha t

5-75

which if, as has been assumed, IT , I «  1 reduces to the following 

approximate solution for u) ,

5-76

— 2 Qy* /\^
5-77

Equation 5-71 becom es
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5-78

T his re su lt indicates that the instability has  been suppressed by reducing 

the th ickness of the fe r r ite  layer. F u rth erm o re , inspection of the num er­

a to r and denom inator of Equation 2-95,

reveals tha t / 3 W becom es la rge  as th is  lim it is  approached. Thus, two 

of the conditions upon which th is  approxim ation is  based m ay be violated 

when considering ex trem ely  thin fe rr ite  la y e rs . The f i r s t  of these , the 

assum ption that

perm itting  pinning coupled exchange effects to  be neglected, may no 

longer be satisfied . The second condition, tha t electrom agnetic propa­

gation may be neglected in the fe rr ite , the m agnetostatic approximation, 

may also no longer be applicable. It is  the re fo re  n ecessary  in applying 

Equation 5-71 to  verify  tha t both of the conditions mentioned above are 

satisfied . F u rth erm o re , since the rea l p a r t of the frequency is  strongly 

dependent on QM, T g must be trea ted  as a function of u) as well as k  fo r 

a p articu la r se t of p a ram eters .

N um erical evaluation of the approxim ate d ispersion relationship  p ro -

(16 )ceeds by introducing the norm alized param eters  kn and dn , defined as

5-79

2-96
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kh=l?e k
2 c o

Voe =  k Voe.
Z  u>

5-80

and

J»=R«
into Equation 5-71 yielding

4u) J
Voe. . Vo

5-81
oe.

g/O + j TJ - ( j i ^ T j ( l - 6 " U 0

-  ( w; *- ^  + j  + - ~ !- + j +j TL( * u>„ + j » „ )] 

+  J th l + j X f ^ i  +  ^  +j ^ ) ] e .  ^  =  0 ; 5-82

where

T a*  = -  NejJeVc

2 e , C z

oe
2 

«v-o

2.  -  ( i * C j J L
k„ (k„).

5-83

and

T. =_  TL
O J

5-84

Equation 5-82 is  cubic in  u> , T2 being inversely  proportional to  lO . 

However, examining th is  expression  in  the quasi-quadratic fo rm  in which 

it  is  w ritten, i t  is noted that since

X  | «  1 , 5-85

T 2 causes only a sm all co rrection  tc  the re a l p a rt of the  frequency in the 

region of in te res t, i ts  effect being m ore pronounced on the relatively  sm all
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im aginary  component of the com plex frequency. As a re su lt, i f  the th ird  

roo t of Equation 5-82 is  neglected as being out of the frequency range of 

in te re s t, a rapidly converging itera tive  technique may be used to solve fo r 

the one rem aining root having a positive re a l p a rt.

At each data point, corresponding to  a specified value of kn , a t r ia l  

function equal to

is  used to  evaluate the in itia l value of T 2. Then, solving Equation 5-82 fo r 

the complex frequency root having a positive re a l p a rt, an interm ediate 

frequency value is  determ ined. Reevaluating 1%, dn , T2n and T^ using th is 

interm ediate frequency, Equation 5-82 is  solved once m ore yielding the 

desired  complex frequency solution, the re a l p a rt of which corresponds to

frequency becom es apparent when it is  reca lled  tha t the "m agnetostatic" 

mode su ffers a decrease  in  wavelength over m ost of i ts  spectrum  due to  the 

finite thickness of the fe r r i te  (Chapter 3). Thus, as a re su lt, synchronism  

is  achieved at correspondingly low er frequencies as the fe r r ite  th ickness is  

decreased .

Having determ ined a frequency solution corresponding to  the new value 

of kn, Equations 2-95 and'5-3,8 are  evaluated in -order to  obtain the co r r e s ­

ponding values o f and f i t  • These a re  then com pared with k -to

determ ine w hether the m agnetostatic approxim ation is  valid at that point.

^  -t- 2-114

a frequency between

(  a. -  0  ) . The reason  fo r the  varia tion  in  the re a l  p a rt of the
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In addition <Oe* 0. is  also computed and com pared with CO as a 

check on the appropriateness of neglecting pinning coupled exchange effects.

The technique outlined above has been used to  evaluate and plot the re a l 

and norm alized im aginary components of the complex frequency as a function 

of the norm alized wavenumber as shown in F igure 5-6. The sem iconductor 

and fe r r i te  p a ram eters  selected a re  equal to  the YIG and InSb p a ram e te rs  

used in  plotting F igures 5-3 and 5-4, with the s ta tic  in ternal magnetic field 

in tensity  again chosen to  correspond to  a "m agnetostatic" mode resonance 

frequency of 3GHz. It is  observed tha t reduction of the th ickness of the f e r ­

r ite  does have an adverse effect on the in teraction , as anticipated from  the 

analyses perform ed in the th in  fe r r ite  lim it. F u rth erm o re , as the fe r r ite  

th ickness is  decreased  maximum gain occurs as la rg e r  values of norm alized 

wavenumber and hence low er values of frequency. It is  found that.the ' inSta- 

b ility  no longer ex ists  fo r fe r r ite  th icknesses le ss  than . 16 fi fo r the InSb- 

YIG p a ram ete rs  used. Calculations in  the vicinity  of the m inim um  5 7 Im point 

show these  re su lts  to  be consistent with the m agnetostatic and sm all exchange 

approxim ations employed.
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5.4 Experimental Investigations

E m pirica l investigation of the tran sm issio n  p roperties  of su rface waves 

propagating along the in terface between a fe r r i te  slab and a drifted sem i­

conductor w ere conducted. Because of the complexity of the system  studied 

num erous effects such as magnetic field shift, tem peratu re  varia tions and 

trave ling  wave resonance pehenomena w ere associated  with the m easurem ents. 

The techniques employed in  accounting fo r an d /o r m inim izing these effects 

a re  described and the re su lts  of the experim ents a re  d iscussed.

The experim ents w ere perform ed as the theore tica l work was in  p rog ress  

and were subject to  the availability of m a te ria ls . The in itia l experim ents 

w ere perform ed by placing a 10 x  55 x 206 m il sample of indium antimonide 

in  contact with one of the la rg e  faces of the YIG slab described  in connection 

with the experim ents of Chapter 3. The YIG was supported in a plexiglass 

jig (an engineering sketch showing c ritic a l dim ensions but not all details 

appears in  F igure 5-7). The InSb was p ressed  against the YIG by a b ra s s  

spring fastened at one end to  the plexiglass and insulated from  the InSb at 

its  o ther by teflon and card  stock. (These m a teria ls  being sufficiently fa r  

from  the YIG-InSb in terface had little  effect on the surface waves of 

in te re s t) . The re la tive  positions of the InSb and YIG are as shown in 

F igure 5-8. The r . f .  couplers, constructed of 70 m il coax, Phelps Dodge 

Type CT -  07050, a re  s im ila r  in design to  those described  in  C hapter 3.

In the p resen t configuration they a re  located on the same side but at opposite 

ends of the f e r r i t e , separated  from  it by a s tr ip  of 0.001 inch teflon. In
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o rd e r to  suppress the anticipated trave ling  wave resonances and surface 

.wave coupling from  input to  output along the fe rr ite  surface adjacent to 

the r . f .  couplers, th is  surface of the fe r r ite  was coated with re s is tiv e  

paint having a re s is tiv ity  of 500 ohm s/sq ..

D rift fields w ere applied to  the InSb at contacts placed at the sam ple 's  

ends and connected to  a 0.141 inch sem irigid cable through 0.005 inch gold 

w ires. The contacts, 0.160 inch apart, w ere fabricated  by applying a 

50-50 indium -tin so lder to  the indium antimonide with a low tem peratu re  

soldering iron  a fte r the sam ple had been cleaned by im m ersing  it  in various 

hot and cold solvents. A fter tinning, the  gold w ires w ere attached by 

reheating the contacts until the so lder m elted. The sam ple contacts were 

tested  and found to  be ohmic. The room  tem perature res is tan ce  of the 

sam ple was m easured to  be 0 .4  ohms.

T ransm ission  experim ents w ere perform ed with the YIG -  InSb sand­

wich, housed in  its  plexiglass jig , lowered into a dew ar filled with liquid 

nitrogen. In going from  room  tem peratu re  to  that of liquid nitrogen, 77°K, 

the InSb c a r r ie r  concentration d ecreases  approxim ately two o rd ers  of 

magnitude to  N =  1014 cm . “3 , (data provided by supplier) while the e lectron  

mobility increases to  approxim ately 280, 000 cm2/v -s e c . (estimated on the 

b as is  of m easurem ents; 2 pi sec . ,25v pulse applied every  20 m  sec .) As 

a re su lt, the conductivity of the  indium antimonide is  decreased  from  its  

room  tem peratu re  value, the sam ple presenting an increased  res is tan ce  

of R=26 ohms. The lowering of the tem peratu re  to  th a t of liquid nitrogen
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effects YIG p roperties  as well. As the tem peratu re  decreases both the

saturation  m agnetization and the linewidth in c rease , the saturation

(30112 )m agnetization increasing  from  approxim ately 1760 G. to  2400 G. J ,

while in c reases  in the linewidth of as much as nine tim es have been 

(42)reported  . (Observing the surface wave spectrum  of the YIG slab as the 

tem peratu re  was lowered from  room  tem p era tu re  to  77° K, a shift of the 

spectrum  to higher frequencies corresponding to an increased  u)m was seen. 

This inc rease  in  the frequency of the spectrum  was accompanied by a 

decrease in the amplitude of the transm itted  signal).

The schem atic d iagram  of the experim ental setup used in the tra n sm is ­

sion studies is  shown in F igure 5-9. A continous wave signal, obtained 

from  an HP 8690A sweep frequency o sc illa to r w ithH 01-8694B r.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 m ixer- 

p ream plifier, LEL Model XBH-3, where the signal is  heterodyned to  30 

MHz.. The local o sc illa to r level is  maintained at a constant level of lmw . ,  

and the attenuator in the input circu it is  adjusted to  in su re  that the m ixer- 

p ream plifier is  operating sufficiently below saturation  to  ensure tha t its 

output is  proportional to  its  input. A fter being attenuated by a precision  

variab le attenuator, AIL Type 32, the output signal is  displayed on an 

oscilloscope. The precision  variab le  attenuator p erm its  quantatative 

com parisons to  be made between the output signal level when the e lectrons 

are  drifted  and that obtained without d rift.



243

POLEPOLE

SCOPE

POWER
METER

F E R R I T E
ISOLATOR

SIGNAL
SOURCE

ATT

RF
ATT

TUNER

HIGH
POWER
PUL.SER

LO

DE VI CE 
U N D E R  

T E S T

Figure 5-9 E xperim ental Set-up Used In 
T ransm ission  Studies



244

In o rd e r to  minim ize heating effects caused by the application of high 

voltages to  the indium antimonide, the e lectrons are  drifted  by low duty 

cycle pu lses obtained at the output of a voltage divider network consisting 

of noninductive re s is to rs  and driven from  the output of a Cober Model 605P 

high pow er pu lse r. The Cober pulse genera to r also provided a triggering  

signal fo r oscilloscope sweep initiation.

Investigations perform ed with the above se t-up  revealed ce rta in  

d ifficulties involved with the com parison, in r e a l t im e , of the s tru c tu re 's  

transm ission  p ro p erties  as a function of d rif t field . It was determ ined 

tha t the cu rren t within the sem iconductor resu lted  in  significant changes 

in  the sta tic  magnetic field in  the YIG. Since, as noted in  C hapter 3, a 

change in  the applied magnetic field re su lts  in  a frequency shift of the 

transm ission  spectrum , a new magnetic field  operating point is  established 

when the sem iconductor is  d rifted . T h is may be dem onstrated by observing 

the transm ission  ch a ra c te ris tic s  in the vicinity  of a bulk mode resonance 

peak. (In the configuration em ployed, the bulk mode resonance peaks are 

more pronounced (sharper) than the varia tions in  the envolope of the s u r ­

face mode spectrum  because the bulk resonances a re  caused by reflections 

within the m a teria l and , hence, are le s s  affected by the re s is tiv e  paint 

than a re  the trave ling  surface wave resonances). With the frequency se t 

to  8.052 GHz. and no voltage applied to  the InSb, the applied m agnetic 

field was adjusted to 2420 G. corresponding to  the maximum of one of the 

bulk mode resonance peaks. When located a t such a maximum point,
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cu rren t flow through the indium antimonide sam ple in e ith e r d irection  

resu lted  in  a decrease  in  transm itted  signal. When biased  on the low 

m agnetic field  side of the resonance peak ( k * B0 into YIG) a cu rren t 

pulse in  the d irection  of propagation produced a decrease  in  tran sm issio n  

(lower field) while an increase in  tran sm issio n  was observed with the c u r ­

ren t d irec tion  reversed  (higher field). On the o ther hand, when b iased on 

the high field  side of the peak an in crease  in  tran sm issio n  resu lted  from  

application of a coline a r cu rren t pulse while cu rren t flowing in  the opposite 

d irec tion  yielded a decrease  in  signal tran sm issio n . These re su lts , which 

are consistent with A m pere’s law  ̂ 113 ^

V *  a  =  j

dem onstrate the necessity  fo r using an experim ental technique allowing 

fo r com penstation fo r the cu rren t dependent m agnetic field shift. With 

the fie ld  shift thus taken into account, com parisons of tran sm issio n  data 

with and without d rift can be made fo r the sam e effective magnetic field.

i f  the s ta tic  magnetic field data is  not modified to  reflec t the cu rren t 

produced magnetic field shift, possible erroneous in terpreta tions of 

tran sm iss io n  te s ts  may re su lt. As an example the following data  c o rre s ­

ponding to  surface wave tran sm issio n  is  p resen ted . With the sweep 

o sc illa to r se t fo r C.W . operation at 8.322 GHz. the applied s ta tic  mag­

netic field  w as oriented such tha t k  * E>e was d irec ted  into the sem icon­

ductor and adjusted to  2151 G. With the operating point thus established 

the indium  antimonide sam ple was pulsed such tha t the e lectrons w ere
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drifted  in the d irection  of propagation. The differences in the level of the 

transm itted  signal with and without d rift w ere recorded and a re  plotted 

as a function of applied voltage in Figure 5-10. An in itia l enhancement 

of the transm itted  signal is  observed as the applied voltage is  increased  

from  zero . This enhancement increases with applied voltage, being 

1.16 dB at an applied voltage of 10 v. (24.6 v /c m .) . A fter reaching a 

maximum (approxim ately 1.25 dB) the enhancement decreases, the 

transm itted  signal indicating a net loss between applied voltages of 26 v. 

and 5 0 v ., the maximum voltage applied in  th is  experim ent.

Caluclation of the minimum conditions necessary  fo r the  instability 

onset indicates tha t the onset conditions cannot be satisfied  with the m ate-' 

r ia ls  and conditions employed in  the above te s t .  Thus the change in t r a n s ­

m ission with applied voltage tha t was observed was caused not by an ex ­

change of energy between the drifting electrons and the surface wave, but 

ra th e r  by the change in m agnetic field due to  the sem iconductor curren t.

In o rd e r to  provide a m eans whereby the cu rren t produced magnetic 

field shift could be com pensated for,the experim ental arrangem ent was 

modified as shown in F igure 5-11 and 5-12a,b. Instead of applying a 

C.W . signal to  the sam ple, 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 T im e Delay G enerator triggered  by the Cober high power 

pulse genera to r. T his arrangem ent perm itted  adjustm ents to  be made in the 

delay between the initiation of the curren t pulse and the microwave pulse.
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F urth erm o re , the length of the microwave pulse could be adjusted so that 

it ended e ith e r subsequent o r  p r io r  to  term ination  of the cu rren t pulse as 

desired . This flexibility perm itted  v isual com parisons between the  tr a n s ­

m itted signal with and without d rift to  be made as before and also provided 

the option of applying a microwave signal en tire ly  within the period  when 

c a r r ie r s  w ere drifted .

Additional m odifications were made in the output c ircu itry . An X- 

band p recision  attenuator was inserted  im m ediately ahead of the m ixer- 

p re  am plifier and the 30 MHz. attenuator was rem oved from  the m ixer 

output. The envelope of the 30 MHz. signal was detected with an HP 424A 

c ry s ta l de tec to r te rm inated  in  a 50 ohm load and was applied to  th e  input 

of an H P  466 A am plifier used fo r impedance matching purposes as  well 

as providing a gain of 40db. The output of the isolation  am plifier was 

applied to  the input of a P. A. R . HR-8 lock-in  am plifier tuned to  the Cober 

pulse g en era to r 's  pulse repetition  frequency. The output of the lock-in  

detecto r was applied to  the Y te rm in a ls  of an X-Y reco rd e r.

To obtain an X -axis signal from  which the value of the applied mag­

netic field  may be calculated, a p recision  10 tu rn  potentiom eter, Helipot 

SAJ 651, was coupled to  the shaft of the V arian  V-2900 electrom agnet 

power supply 's sweep c ircu it potentiom eter. By applying 24v dc across 

the winding of the 10 tu rn  potentiom eter, a voltage re la ted  to  the position 

of the sweep c ircu it potentiom eter was obtained at the w iper a rm  of the 

10 tu rn  potentiom eter. This voltage, applied to  the X input of the X-Y
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provided an X deflection rela ted  to  the magnetic field in  the gap. This 

deflection was calibrated  in te rm s  of kilogauss through the use  of a 

Raw son-Lush Type 720 S rotating coil fluxm eter.

To avoid the in c rease  in  linewidth and the shift of the transm ission  

spectrum  associated with the decrease  in  operating tem p era tu re , m eas­

u rem en ts  of surface wave transm ission  as  a function of applied magnetic 

and e lec tr ic  field w ere conducted at room  tem peratu re  using a gallium 

arsenide-Y IG  s tru c tu re . The gallium  arsenide consisted of a th in  

ep itax ia l la y e r  on a 15 m il chrom ium  doped, 108 ohm -cm . substrate; 

the  epi layer, doped with su lfur to  an e lectron  c a r r ie r  density of 

1.27 x 1017/c m 3, had an e lec tron  mobility of 4295 cm2/v - s e c .  and was 

approxim ately 0 .3/i th ick  afte r contacts had been applied. The method 

used in p reparing  the contacts is  outlined in Appendix III.

The r . f .  coupler and cu rren t contact arrangem ent used in the study 

of surface wave propagation along the interface of the .GaAs with the 

single c ry s ta l YIG. slab  d iffers in  sev era l resp ec ts  from  the YIG-InSb 

configuration d iscussed  previously. The fact tha t the GaAs is  

epitaxially  grown on an insulating substrate  m akes it n ecessary  fo r 

the  YIG to  be positioned between the GaAs contacts. To have the r . f .  

couplers n ea r the ends of the YIG slab and positioned so  as to  be close 

to  the YIG-GaAs in terface it was necessary  to place the r . f .  con­

nec to rs  in  contact with the GaAs substra te  as shown in F igure 5-13.

Due to  the high res is tan ce  of the substra te  and re la tively  sm all thickness
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of the epitaxial la y e r surface waves could be launched at the YIG-GaAs 

in terface in th is m anner.

The p lexiglass jig  which was used to  hold the YIG-GaAs stru c tu re  is  

shown assem bled in  F igure 5-14a and partia lly  d isassem bled in  F igure 

5-14b. The GaAs is  observed to be partia lly  covering the r . f .  couplers 

which are  brought into the plexiglass jig  from  opposite s ides. E lec trica l 

contact with the GaAs contacts is  through 5 m il gold w ires connected to  the 

larger(141 mil) coaxial cable. The YIG slab, shown res is tiv e  paint side up, 

r e s ts  atop the GaAs between the e lec trica l contacts. The YIG-GaAs sand­

wich is  held in place by a b ra s s  spring attached at one end to  the plexiglass 

jig . The spring may be seen in  F igure 5-14a. (Card stock and teflon are 

used to  p ro tect the YIG from  scratch ing .)

With the frequency se t to 8. 076 GHz. the input and output single stub 

tim ers w ere adjusted fo r maximum signal transm ission . The magnet was 

swept from  0.7 kG to  3. 6kG once with k * B , d irected  into the GaAs 

(S. C .) and again with k * B0 d irected  into the re s is tiv e  paint (R) with 

no drift field appled to  the GaAs in  both cases. (R eferring to  the ex p eri­

m ental data obtained fo r m agnetostatic surface wave propagation at a 

YIG- d ie lec tric  in terface , surface waves are expected to  be observed fo r 

applied m agnetic fields of approxim ately 2 .5  kG .) The trac ings recorded  

on the X-Y p lo tte r fo r th is  operating condition have been reproduced in 

F igure 5-15. The v e rtica l scale rep resen ts  re la tive  transm itted  signal 

power in  db while the ab sc issa  is  in  units of kilogauss. A region of
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Figure 5-14 -  J ig  Used in  GaAs-YIG Propagation Studies
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rela tive ly  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 lo ss experienced by curve R 

is  g rea te r than that experienced by curve SC. This indicates that the 

lo sse s  encountered by the "m agnetostatic" surface wave in  traveling  

from  the input to  the output a re  g re a te r  when the wave tra v e ls  along the 

surface of the YIG slab coated with re s is tiv e  paint than when it trav e ls  

along the YIG-GaAs in terface . Comparing F igure 5-15 with the re su lts  

obtained in Chapter 3 fo r  surface wave propagation at’Y IG -dielectric 

in terface , i t  is  noted th a t the surface wave passband is  w ider when the 

YIG is  bounded by the GaAs. T his is  expected since it was shown in 

C hapter 4 tha t surface wave propagation along a ferrite-sem iconducto r 

in terface may occur fo r  field values (o r  if B0 held constant, frequencies) 

both above and below th e  m agnetostatic mode resonance. At the high 

field (o r  correspondingly, low frequency) end of the lo ss  region a num ber 

of relatively  sharp  peaks are observed fo r  both the R and S. C. tra c e s .

These peaks corespond to  bulk mode resonances( re fe r  to  F igure 3-27) 

which, as noted previously, a re  p rim arily  an in ternal phenomenon and, 

hence, are  not suppressed  to  the extent that su rface wave resonance peaks 

a re  by the re s is tiv e  paint.

Examining the tran sm issio n  sp ec tra  in the vicinity of the transm ission  

minima (B0=2533 G.) on an expanded scale , F igure 5-16, the difference b e­

tw een th d 'lo sses  experienced by the signal when k x B 0 points into the sem icon-
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ductor rela tive to those experienced when TcxB0 is  d irected  into the 

re s is tiv e  paint is  m ore c learly  m anifested. The R tra c e  is  observed to  

be at le a s t 20db low er than  tha t of the  S. C . tra c e . (The minimum point 

of the R curve is  a t the sy stem ’s noise leve l.) O bserving the  S .C . curve 

i t  is  noted tha t i t  exhibits a s e r ie s  of relatively  broad peaks and valleys. 

These peaks become m ore closely spaced as the applied magnetic field 

d ecreases  (o r  if  B 0 held constant, the frequency in q reases) corresponding 

to  an in crease  in  signal wavelength. T his phenomenon is  attributed to  

vestig ial su rface wave resonance peaks s im ila r to  those observed on the 

envelope of the "m agnetostatic" surface wave transm ission  spectrum  

shown in F igure 3-36. The fact th a t the width of the peaks d ecreases  as 

the m agnetic field is  reduced below bulk mode values is  in  agreem ent 

with predictions of increasing  su rface  mode wavelength a s  the resonance 

is  approached.

O ther investigations of microwave propagation in  fe rr ite -sem ic o n ­

ductor s tru c tu res  have been reported  previously^20, 2*’ Schneider^2° \  

in h is work, p resen ts  evidence of strong  coupling between spin-wave 

volume modes in  a YIG slab and e lec trons in an adjacent InSb sam ple.

In both of the o ther re ferences cited the fe rr ite  used was also YIG. In 

neither of these  case s , however, does the te s t frequency correspond to 

tha t expected fo r "m agnetostatic" surface waves with the applied m ag­

netic fields indicated. F o r instance, Vashkovskii e t .a l .  reported  

observing the  m agnetostatic su rface wave resonance a t a frequency of 

2 GHz. with an applied magnetic field  of approxim ately 550 Oe* While
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th is  frequency is  33.3%  low er than tha t employed by Brundle and 

( fi \
Freedm an , the applied magnetic field a t resonance is  m ore than 

100% higher. F u rth erm o re , considering the low est frequency fo r 

which the m agnetostatic surface wave resonance may be obtained as 

being bounded by the condition tha t Hi, and hence toi , equals zero , 

a low er lim it is  found from  = to ;  + - ~ 2- to  be given by

^  = r f r ( T L) =  Z A 7 1  G H z - 5-87
fo r the 1770 G. YIG m ateria l used by V ashovskii e t. al. Since fmin is

g re a te r  than 2G Hz., it  appears likely th a t the delayed signals observed

by Vashkovskii e t. al. w ere not surface waves but ra th e r bulk waves.

( 6 )
T his would be consistent with the findings of Brundle and Freedm an 

who reported  tha t "at higher d .c .  fie lds, groups of delayed signals w ere 

also  v isib le , som etim es to delays g re a te r  than 1/i s e c ."

In the above discussion experim ents involving the tran sm issio n  of 

microwave signals in  a s truc tu re  consisting of adjacent fe r r ite  and sem i­

conducting la y e rs  have been described . By observation of the transm ission  

spectrum  as a function of applied magnetic field both bulk and surface modes 

w ere identified and re la ted  to the corresponding modes fo r  a fe r r ite  bounded 

by a d ie lec tric . It is  believed tha t th is  is  the f i r s t  positive identification 

of "m agnetostatic" surface wave propagation along a ferrite-sem iconducto r 

boundary.

The theory  presented  here in  and in  other w orks^18’ 23, 12°^predicts 

the possib ility  of obtaining active in teractions in  system s consisting of
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adjacent semiconducting and ferrom agnetic insulating regions. To experi­

m entally verify  these predictions, however, high mobility th in  film  sem i­

conductors, such as thin epitaxial InSb would be requ ired . As epitaxial 

InSb was not com m ercially available at the tim e the work reported  herein  

was in  p ro g ress , experim ents fo r which the instability  onset c rite rion  

was satisfied  could not be perform ed.
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CHAPTER 6 

SUMMARY AND CONCLUSIONS

The electrom agnetic propagation of su rface waves at the interface 

between two sem i-infinite in su la to rs , one m agnetic the o ther non-m ag- 

netic, has been investigated. By observing changes in the d ispersion  

ch arac te ris tics  as the perm ittiv ity  of the d ie lec tric  regions w as altered , 

new inform ation concerning the behavior of the "m agnetostatic" and 

"dynamic" modes was obtained. It was found tha t an increase  in  the 

perm ittiv ity  of the d ie lectric  not only resu lted  in  a decrease in  wave­

length for any given frequency of the "m agnetostatic" mode but also 

modified the frequency range and charac te r of the "dynamic" mode. 

While the dynamic'mode is  found to  propagate in the rev e rse  d irec tion  

fo r , it is  cutoff en tirely  fo r the range of param eters

, a re su lt heretofore not reported . 

F urtherm ore , when the rela tive perm ittiv ity  of the d ie lec tric  region

exceeds  ̂ Ui' +  - , a new "dynamic" mode, guided along
CJ;

the fe rr ite -d ie lec tr ic  interface is  found to  ex ist. This mode, re fe rred

to  as the forw ard "dynamic" mode propagates in  the sam e d irec tion  as

( E  )the m agnetostatic mode of Damon and Eshbach .

The electrom agnetic analysis has been extended to the case of 

finite fe rr ite  slabs bounded by non-magnetic insulating regions as well. 

It was found tha t modes s im ila r to  the "m agnetostatic" and "dynamic" 

m odes, discussed in connection with the sem i-infinite fe rr ite -d ie le c tr ic
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s truc tu re  also ex ist when the fe r r ite  is  of finite th ickness. By examining 

the ra tio  of surface wave energy densities at the top and bottom  su rfaces, 

i t  was dem onstrated that a mode se t consisting of a "m agnetostatic" 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 d ie lec tric  m edia p a ra ­

m e te rs  in  a m anner s im ila r  to  tha t described fo r the  sem i-infin ite case .

If desired , the neighboring insulating m a teria l may be chosen to  en tire ly

//
cut-off the dynamic m odes, resu lting  in  surface wave propagation solely 

by "m agnetostatic" modes. The analysis has also shown tha t the new 

"dynamic" mode, which propagates in  the same direction as the "magneto­

sta tic"  surface mode may ex ist on finite fe rr ite  slabs as well.

In the in itia l investigations leading to  these  re su lts , the effects of 

exchange w ere included in  calculating the perm eability  te n so r components, 

while pinning coupled exchange effects w ere neglected. When considering 

th in  film s, however, the tran sv e rse  exchange te rm  becom es significant 

and th is approxim ation is  no longer appropriate. W olfram  and DeWames , 

considering the effects o f surface pinning have investigated the effects of 

exchange on the surface modes o f YIG film s. In assum ing Vx H to 

be zero , however, the details  of the long wavelength region, such as the 

"dynamic" m odes, the effects of neighboring m edia and the  behavior of the 

modes in the vicinity of the  low er frequency lim it a re  not included in  the 

analysis. F u rtherm ore , i t  has been determ ined fro m  the exchange m odi-
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fied electrom agnetic surface wave analysis tha t the tra n sv e rse  w ave- 

num ber in the fe r r ite  becom es la rge  as the low er frequency lim it is  

approached indicating that these  solutions may be modified by exchange 

in th is  lim it. Thus an in teresting  and inform ative extension to  the p re ­

sent work would be a detailed electrom agnetic analysis of the modes of 

a fe r r ite  slab with pinning coupled exchange effects included.

The propagation of electrom agnetic modes on the surface of a 

fe r r ite  slab backed by a perfec t conductor has been considered. It has 

been dem onstrated tha t a close relationship  ex ists  between the m agneto­

sta tic  " fe rrite -m e ta l"  mode and the "dynamic" mode of the sem i-infin ite 

m odel. This has been established by showing th e  transition  of the mode 

from  a " fe rrite -d ie le c tric "  field configuration n ea r the low er frequency 

lim it to  a " fe rrite -m e ta l"  configuration as the resonance is  neared. F u r­

th e r  verification  was provided by observation of the mode as the fe r r ite  

th ickness of the grounded slab  was varied . It was found tha t when the 

fe r r ite  is  sufficiently thick, su rface waves propagate at frequencies 

g re a te r  than the " fe rrite -m e ta l"  mode resonance frequency, previously 

thought to  be the upper lim it.

DeWames and Wolfram^  ̂ have studied the ch a rac te ris tic s  of

m agnetostatic surface waves on a slab backed by a lossy  conductor.

( o c )
(Recently, Masuda e t .  al. have published a s im ila r  study with the 

lo ssy  m etal replaced instead by a sem iconductor trea ted  in the collision 

dominated lim it.)  Examining the d ispersion  relationship  of the f e r r i te -
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m etal mode as the m etal becom es lo ssy , it is  observed that the mode is  

no longer resonant at U); ojm ; instead, its  ch a ra c te ris tic  approches 

o j; + as the wavenumber becom es la rg e . As lo sses  a re  fu rth er

increased  the mode appears to  closely resem ble the s = -W  mode of the 

ungrounded slab. This behavior is  in tersting  since the fe rr ite -m e ta l 

mode and the s = - l  Damon and Eshbach mode a re  unrelated  in  the lo s s ­

le ss  case .

Considering the im aginary p a r t of the com plex frequency, through 

which the introduction of lo sse s  is  also m anifested, one finds tha t as 

lo sses  a re  introduced attenuation of the mode in itia lly  in c reases . As 

lo sses  a re  increased  fu rth er, however, the im aginary p a rt of the com­

plex frequency attains a maximum such that the introduction of additional 

lo sses  only serves  to  decrease  the maximum ra te  of attenuation. In 

o ther w ords, it appears tha t the lo sses  decrease  as the m etal becom es 

m ore lossy .

To b e tte r  understand and clarify  the c ircum stances surrounding 

these phenomena, it is  suggested tha t fu rth e r analysis of the case of a 

fe r r ite  slab  backed by a lossy  conductor be perform ed without neglecting 

electrom agnetic propagation effects. Since a close rela tionship  has been 

estab lished  between the " fe rrite -m e ta l"  mode and the "dynamic" mode, 

a mode which may only be calculated by including the effects of e lec tro ­

m agnetic wave propagation, an increased  Tinder standing of the problem  

may be gained through such an analysis.



265

Swept frequency m easurem ent techniques perm itted  rea l-tim e  

observation of the "m agnetostatic" surface wave frequency spectrum  

as a function of applied sta tic  magnetic field. In th is  way it was pos­

sible to  follow the trave ling  wave resonance peaks, leading to  the 

observation th a t the low est resonance peak disappeared as the f r e ­

quency spectrum  shifted to higher frequencies. Through the c o rre la ­

tion of the data obtained from  the resonance peak observations with 

calculations based on an electrom agnetic analysis of the finite fe rr ite  

s tru c tu re , i t  was possib le to  show tha t th is  behavior was caused by the 

increase  in  the wavenumber at the low er frequency lim it as the m agnetic 

field increased . T his close corre la tion  of theory  and experim ent would 

not have been possible had a m agnetostatic analysis been perform ed 

instead.

The trave ling  wave resonance phenomenon observed in connection 

with the "m agnetostatic" surface wave is  caused by the additive and 

subtractive in terferanee of the wave as it circum navigates the fe rr ite  

slab . It is  also possib le fo r  the "dynamic" mode to  exhibit traveling  

wave resonances provided the sample is  of sufficient size with respec t 

to  the m ode's rela tive ly  long wavelength. F o r a sam ple of the size 

used in  the studies described  in  Chapter 3, one should be able to  ob­

serve one resonance. A single resonance corresponding to  a mode 

whose direction  of propagation w as opposite to  tha t of the "m agneto­

sta tic"  mode was observed albeit at a frequency somewhat low er than
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anticipated. As the th ru s t of these  experim ents was development of tech ­

niques and gathering of inform ation useful fo r the subsequent studey of "m ag­

netostatic" surface m odes a t a f e r r i te  sem iconductor in terface , confirm a­

tion of the possible "dynam ic" mode resonance was not attemped and rem ains 

an open question.

The propagation of electrom agnetic waves guided along the  interface 

between a m agnetic in su la to r and a semiconductor has also been considered. 

Using param eters  appropriate to YIG and InSb at room  tem pera tu re , the 

d ispersion  relationship  was analyzed to  determ ine directions of signal flow 

in the regions above and below resonance. Examining the im aginary part 

of the spin mode wavenumber, it was found that apart from  the resonance 

region and its  im m ediate v icin ity , the m ode's attenuation function exhibits 

little  change as the e lec tron  d rift velocity is  varied . Within the interaction 

region itse lf  the m agnetostatic approxim ation is  found to  be appropriate and 

was used to  extend the instab ility  onset condition obtained by Robinson

(23 \
et. al. to  include the effec ts  brought about by the presence of m inority 

c a r r ie r s .  It was determ ined that while the presence of m inority c a r r ie rs  

has a detrim ental effect upon the in teraction, th is  effect i s  sm all and may 

be neglected in the ranges o f m ateria l param eters  required  fo r an active 

in teraction  with the four com m erie ially  available sem iconductors examined. 

The ranges of m a te ria l p a ram ete rs  fo r which the instability  onset c rite rion  

is  satisfied  may be quickly estab lished  through the use of the instability  

onset condition nomograph developed. The nomograph, which is  drawn fo r

A Ha p a rticu la r value of ( —p j— ) and frequency, is  used by locating the point
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corresponding to  the c a r r ie r  density and m obility of the semiconductor 

in question and noting w hether the corresponding d rift velocity may be 

obtained with th is  m ateria l.

D ispersion  relationships describ ing electrom agnetic wave propa­

gation along a ferrite -sem iconducto r in terface , where both the fe rr ite  

and the sem iconductor are of finite extent w ere developed. These r e la ­

tionships were then examined in  the m agnetostatic lim it fo r m ateria l 

p aram eters  satisfying the instability  onset c rite rio n  as determ ined by 

using the instab ility  onset c rie rio n  nomograph. An in teresting  conclu­

sion of th is  study is  tha t a d ie lec tric  separation  between the semiconduc­

to r  and fe r r ite  m a teria ls  of the  o rd e r  of g r it  s izes used in the polishing 

of sam ples is  sufficient to  prevent instab ility  onset. It was also  d e te r­

mined that, in  addition to  the detrim ental effect of fe rr ite  th ickness reduc­

tion on the in teraction , the frequency at which an instability may be obtained 

is  reduced as the fe rr ite  th ickness approaches the minimum value fo r which 

an instability  may be obtained.

A se r ie s  of experim ents was described  in which techniques required  

fo r p roper evaluation of possible in teraction  between surface waves sup­

ported by a fe r r ite  spin system  and drifting  c a r r ie r s  in a sem iconductor 

were developed. Resistive coatings w ere used to  suppress traveling  su r­

face wave resonances and to  attenuate surface waves traveling along the 

la rge  surface of the YIG slab d irec tly  opposite the sem iconductor-ferrite  

interface of in te res t. Through the evaluation of the microwave tra n s ­

m ission sp ec tra  obtained as a function of applied magnetic field , both
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bulk and surface modes w ere identified and re la ted  to the corresponding 

modes fo r a fe r r ite  bounded by a d ie lec tric . It is  believed tha t th is  is  

the f ir s t  positive identification of "m agnetostatic" surface wave propa­

gation along a ferrite-sem iconducto r boundary.
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The Demagnetizing F ie ld  W ithin A Rectangular 

SLab of Insulating Ferrom agnetic  M aterial

A rectangular parallelapiped of insulating ferrom agnetic m a te ria l, shown

in F igu re  A - l ,  i s  of th ickness a , length b, and width c and i s  bounded on a ll 

sides by free space. A uniform  sta tic  magnetic field i s  applied in  the z . d irecti on. 

It i s  assum ed that the  ferrom agnetic m ateria l i s  such tha t the anisotropy field 

is  sm all and m ay be neglected in  com parison to  the applied fie ld , H0.

Both w ithin and without the slab  the s ta tic  m agnetic fields a re  des­

cribed by M axw ell's equations,

V  • B  = 0 , 2-4
and '

V  x  H  -  0  . A_1

In the in te rio r region the magnetic flux density, B£, i s  re la ted  to  the mag­

netic field in tensity , Hf, through the constitutive re la tion

B ;  - / x X  R ; +  M  ) ,  a - 2

w here Hi = H o+  Hd, H<j being the demagnetizing field and M the m agnetization.

Since i t  has been assum ed tha t the applied sta tic  m agnetic field  i s  uniform

V 7 - H 0 =  0  . A-3
as  w ell a s  _

V * H . - 0 .  A'4

Taking the divergence of both sides of Equation A -2 and using Equations 

2-4 and A-3 re s u lts  in

V • H j =  -  V • R  . A -5
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X

Figure A - l  -  Insulating Ferrom agnetic Slab
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By employing the vector iden tity^ 1̂

V x V W  = 0 , A-6

a  sc a la r  potential, ^  may be defined such t h a t ^ ^

V  ^  = -  Ha A' 7

Substitution of Equation A -7 into Equation A -5 yields

V l y  V  ■ Fi  -  -
The solution to  Equation A -8 m ay be expressed  as'

2 f l i  r -7 r ;  A- 8

(116)

4 4 r ) = J J  a ( r ' )  L '  -  1 f  l S r ' ) M
w J / T T A ' l  ™ J S - I - - ' I

A-9

w here i s  the m agnetic surface charge density . E xpressing  ^  in  te rm s  of 

the m agnetization of the s lab , equation A-9 becom es

4 f i f ( r ) = . C  V - m J v 1 +  I A- 10

J y ' I r-r' I J s '  \ y - r '  I
w here Mn i s  the m agnetization norm al to  the surface of the ferrom agnetic 

slab .

In o rd e r to  obtain an analytic expression  fo r the demagnetizing field  as  

a  function of position within the ferrom agnetic slab  ecjuation A -10 m ust be 

solved. Although the non-uniform  dem agnetizing field  im plies that the m agneti­

zation w ill not everyw here l ie  p a ra lle l to  the applied fie ld , i t  i s  a  good approxi- 
. (117)

mation to  assum e uniform  m agnetization in  strong  uniform  applied

fields since the tra n sv e rse  components a re  sm all.

Applying the uniform  m agnetization approxim ation, Equation A-10 may 

be w ritten  as
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_ 4 T f ^ = f Y  J * 'V  _ f  f  M‘ — -4.v j.y - , A“u
/»  / -«  Jix-t' f+Cy-f1)'* z l  / . * / ( * - ' * ' )  t t / y ' )  +(z-c)*

w here Mn has been rep laced  by M0 > th e  z d irec ted  saturation  m agnetization. 

Since the in teg ra ls  a re  w ell behaved in  the region | z  - * ^ |  < -£• , the deriva­

tion of the dem agnetizing field  i s  re s tr ic te d  to  th is  cen tra l portion of the slab . 

It i s  evident from  sym m etry  considerations that the tra n sv e rse  com ponents of 

the dem agnetizing field  m ust be ze ro  along the z = c /2  plane, so that an 

analytic expression  fo r only the longitudinal component need be obtained.

The z component of the gradient of Equation A - l l  i s

J / y  j Y  h-c)JSJ/ ; A-12

The in teg ra ls  in  Equation A -12 m ay be evaluated by repeated  use  of trigono­

m etric  substitu tions. An angle & i s  (fefined such that

Q  — "t'aw ( y — x*)____  , A-13
t r p y Y T i ?

The differential elem ent, dx1, m ay then be exp ressed  in te rm s  of as

-  cl X ~  4  ( y - / ' ) 1 z * s  e c.*- 0  c /0  A-14

Defining &, a s

0 , = («-<-a) , A-15
J(r , T  ♦ z*

and &u a s

0 ,  = t . . - * * ,  A ' 16

z ‘

the f irs t  in teg ral on the righ t-hand side of Equation A-12 may be expressed  

a s
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^ r 1 r 6 '  ^  ■ i , ■/ A~17I, — [ j Z . C P S 0  d  6dy
( y - y ' f  + Z20 y e ,  7 7

Integrating w ith re sp ec t to  & y ields

r ,=  f l 6 ,  J , '  .  f * S in 0 ,  J /  . a - 18

J. ♦ Z1 A *•
E xpressing  th is  re su lt in  te rm s  of x  yields

i , - C  ** ^ ' -  C  * < * + *  h '  A" 19
I  Rr />  « ] [ * “♦ I  l(r / ) \ , ' l l ( * ~ U y - , r * A ' A

Following a  s im ila r technique in  evaluating the second in teg ral on the rig h t- 

hand side of Equation A -12, the following expression fo r Hdz is  obtained,

4f1 Hi,. f zx J /_   ̂f U-i)x____________

J z(x +*)___Ay'  . f 1, (c-zXxx-o.)______  t
I  J, 'A~20

Defining now an angle $  such that

< t> - w . i ^ L
/  XZ + 2.

the f i r s t  te rm  on the righ t-hand side of Equation A-20 may be expressed  as  

T -  ~ / 7 .x  sec < 6  d 0  . A-22

The in tegrand  of the above expression  may be factored  to  y ield,

l z  -  _L  &  i s e c ^  J 0  _  * s e c ^  d < l  # A“23 

2 Z J f i  I f a ? )  s e c ^ - K



F u rth e r  manipulation re su lts  in

t .  .  j l  z  & a ' 6

■fy} ► z' td  1 + ^ c o s t f  I t _
^  M + s  9, / x t 7 z L

Cos (f>

The integrands in the above expression a re  in  the form

r s »
U  » A3

)
. J I +■ N CO s 3

w here I Nl ^  1 . F ro m  the in teg ral tab les of B .O . P ie rce^ 18̂  and G

Bois^m  ̂ , the solution is  given as

L  = _ i
•  i i

s in / T ^ P i
7 i~fjz L 1 + |\/ cos If

Thus the in teg ra ls  of Equation A-24 may be evaluated as

1

A 24

A 25

. Petit 

A-26
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Perform ing s im ila r operations on th e  rem aining in teg ra ls  of Equation 

A-20 yields the following resuLt fo r the demagnetizing field of the rectangu lar 

ferrom agnetio  slab  in  the region of the cen tra l plane z. = c /2

• - i f

m - s,n 'IP- • -If /" V 
-  s  I n J I Z

' Xx+z'm x x+ yx + z x x

. - i
- s i n

(y-k)l tZ %W “ X

• -H
+ Sin 1 _Z .

x \ z x - X

+sin”1] I (z-c) '
)Jx V z -c f

( j - L )

JxL+(y-  t)V (z-ej1,1 +X

- s i n  |  H2~cf
+ X

. -i  
•s in /(x-c)L 

I xVfi-cf -X

- s . v f r z z .

(V6f+a)%  ̂ {
(y -b ) ysin F ~ ~  _ >  ; _____

Jk+o)l+ yx+il 1+(*«■*)

+ > 4  c z :
( J m '+z2 J( Xti)1 *(y- Vi* ♦«)

1 ^ Y

-Sin
Rx-fOklMt-e)*-

(y-b) .4-SiV' i
. -I

+sm
1

U -c t (4 -b) « ; E

A -28



276

Appendix n

Normal Mode Form ulation of the 90° Spin W afve-Carrier 
Wave Interaction in  Magnetic Semiconductors

The in teraction between TE waves supported by the spin system  and 

c a r r ie r s  stream ing within th e  bulk of m ateria ls  possessing  both magnetic 

and semiconducting p ro p erties  is  d iscussed. By expressing  the equations 

describ ing the in teraction in  te rm s  of the sy stem 's  norm al m odes, the role 

played by collisions in coupling and mode modification is  dem onstrated.

A model of the m agnetic sem iconductor is  considered in  which the 

boundaries are fa r  from  the regions of in te re s t and varia tions due to  th e ir  

p resence are  assum ed negligible. The magnetic sem iconductor is  m ag­

netized in  the z d irection  by an externally  applied s ta tic  magnetic field 

resu lting  in  a uniform  in ternal magnetic field intensity, Hj. Additionally 

a static  e lec tric  field  is  applied in the -y d irection  causing e lectron  d rift 

in  the positive y d irection  with average velocity voe . (Only a single 

c a r r ie r  species, e lec trons, i s  considered in  th is  investigation).

E lectrom agnetic propagation phenomena are described by M axwell's 

equations given by Equation 2-1 , 2-2 , 2-3 and 2-4, where €  is  equal to  

£o€mc in the magnetic sem iconductor. If i t  is  assum ed that the wavelength 

of the system  response to  electrom agnetic excitation is  la rg e r  than the 

Debye length of the medium, the c a r r ie r  system  may be trea ted  hydrody- 

nam ically; fu rtherm ore, since the Debye length is  o rd e rs  of magnitude 

g re a te r  than atomic dim ensions, the  spin system  is  adaquately described



by a continuum model. If the amplitude of the response of the system  to  

electrom agnetic excitations is  sufficiently sm all and of the fo rm  exp(j.tx>+), 

the system  equations may be w ritten

V  * E, -  -j  oj Bj }

V - B , =  0 

V x R ^  J  ■‘■j 

j  (  Ui - j  v O  ^  - ^ ( E j  + V0e *  B*  +  v 4 * B 0)

and

J X  ii ♦ j / U 0

- \ a *Jo 0

0

1
f i t ,

where

and

/ J •= 1 + ^

' ~

JA\<l - L CJ

A-29

A-30

A-31

A-32

A-33

A-34

4-55

A ssum ing th a t the response is  TE^ and, hence, propagating p e r ­

pendicular to  the d irection  of the s ta tic  in ternal field , as shown in  F igure 

A -2, Equation A -31 may be rew ritten  as

4-56
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Figure A -2 Magnetic Sem iconductor Coordinate System
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indicating tha t the  f i r s t  o rd e r  y d irec ted  component of the magnetic flux 

density is  zero . Substituting th is  re su lt into Equation A-34, the following 

expression  fo r Bx is  obtained,

Bx = Mo Hx H* A-36
M u

Additionally, noting tha t the space charge density is  zero  in  the f i r s t  o rd e r

A-37V  • E i  =  0  = -f- ^
Equations A-29, A-32 and A-33 may be reexpressed  as

-^ z _  , p

=  f o  v z

A-38

A-39

and
7

7

A-40

Thus the system  of equations has been expressed  as a se t of f ir s t  

o rd e r  lin e a r  d ifferen tial equations which may be w ritten  in  m a trix  form  as

w '=  A .

7

Ei 0
■ j 10

a — -jsp 0

j,
• 4

“ G^e€.

o

- J voe.

E ,

Bx

J.

A-41

where

€ . = °  tv\S A-42
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2
C-St* - 1

and
£ o^I«5

Jz = -  f o

A-43

A-44

The ch a ra c te ris tic  equation may be obtained by evaluating the determ inant

leading to

I j k l -  S| = 0 /

1 - (  0) - kv8e)
( j f  (  CO -  k v W - j V e )  .

A-45

A-46

Hence the modes (in  the absence of co llisions) have the ch a rac te ris tic  values

''oe.
and

k  -  ±  I (c o2-- ,

C i« j

A-47

A-48

It is  noted tha t fo r th is  case, Ve= 0  , the c a r r ie r  mode is  independent of the 

spin system  and the modes are uncoupled.

In o rd er to  b e tte r  observe the ro le  tha t collisions play in th is  system  

the vec to r w is  transform ed  into the vecto r p where the pn are  the norm al 

modes of the system . A modal m atrix , R is  defined as

A-49

such tha t if  » 0 ,



281

T  = III* . .  = FT 'SI^ R  , a-50
where ' T  is  a diagonal m atrix ; the elem ents of T  are  the ch a ra c te r­

is tic  values, k , determ ined above. Perform ing the algebraic manipula­

tion one finds

~ co £ . eu

c  P- ~ j  ■* -  ■f’+ j - i

where

A-51

f+ = Cc> +  j  (tO -  CO fe )A h  
^oe. Cmi

A -52

( * ) J U i  +  1 u > p\ ) j A k
~  Vo« cT. ) A -53

and the cx.„ are  a rb itra ry  constants.

Perform ing the transform ation  without neglecting collisions

p'= Up = R " V  = R ' , SRR*lO -  R‘'SR p A -54
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and

U = - j

L u ^ .Cf.3, - l 3.] \  ( j
\  Cmt <U VoC Z j  j  \  Cm* Vo. 2 ^ 0 , /

A-55

where

A-56

As can be seen from  the  above m atrix , collisions have the effect of 

modifying the norm al modes by coupling one to  another. Thus, collisions 

not only provide a lo ss m echanism  in th is  system  but also couple the c a r ­

r ie r  mode to  the modified spin wave m odes. In the region of synchronism ,

U> £  j  ;
cSs

A-57

th is  coupling re su lts  in  a collision induced instability. {ZZ)
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Appendix III

P reparation  of Contacts to  E pitaxial G a liu m  A rsenide Used In 

Surface Wave T ransm ission  Studies

The gallium  arsenide was cut into 0.300" x 0.100" x 0.015" sections 

and contacts were prepared  using a method s im ila r to  that described  by 

Cohen et. al. F ir s t  the gallium  arsen ide was cleaned in tr ich lo ro -

ethelyne, acetone and isopropyl alcohol. A fter a quick dip in an etching

solution consisting of H20 2 -H 2S04 -H 20  in  a 1:3:5 ration (the etch  ra te  of a

( 122)1:3:1 solution is  5 H /m in . ) the sam ple was rin sed  in d istilled  w ater 

and briefly  washed in  EDTA solution (44 gm. of NaOH and 44 mgm . of 

ethylenediam inetetraacetic acid d issolved in  1 l i te r  of H20 )  1:3 HzO. A fter 

rinsing in  d istilled  w ater and isopropyl alcohol the GaAs sample was 

dried  with nitrogen and inserted  into a s ta in less  steel mask.

Contacts to  the gallium  arsenide w ere form ed from  a m ixture of s ilv e r, 

indium and tin  in  a 8:1:1 ra tio  . The s ilv e r  was obtained by cutting a piece 

of 0.010 inch d iam eter s ilv e r w ire to  a length of 12 inches. It was cleaned 

by etching fo r 10 seconds in  an NH4OH:H20 ,  5:2 solution and then  rinsed 

with distilled  w ater. The indium and tin  w ere obtained from  a 1/3 of an inch 

length of 0. 030 inch diam eter 50-50 In -S n  w ire . The wire was etched fo r 

10 seconds in a 5:2 solution of H20  and HCL, rin sed  in  d istilled  w ater and 

then placed together with the s ilv e r in  a crucible in a vacuum deposition 

unit where;they w ere melted together in  an Argon ambient at a p re ssu re  of 

1 atm..



A fter the sam ple, housed in the s ta in less  s tee l m ask, was mounted in 

the vacuum deposition unit, i t  was exposed to  5 m inutes of ion bom bardm ent 

in  a 0 .35  to r  ( mm. Hg) Argon atm osphere. Following the ion bom bardm ent, 

the cham ber p re ssu re  was reduced to  1 .5  x  10-5 to r  and the gallium  arsenide 

was heated to  160° C. A fter an in itia l outgassing period, during which the 

GaAs was protected  by a shu tte r, the Ag-In-Sn m ixture was evaporated 

coating the contact su rfaces.

A fter cooling, the p re ssu re  within the cham ber was allowed to  re tu rn  

to  atm ospheric, whereupon the gallium  arsenide sam ple was rem oved. The 

contacts w ere then alloyed by heating the sam ple to  550° C in  an Argon atm os­

phere fo r two m inutes. A fter the alloying p rocess the contacts w ere checked 

and found to be ohmic. The sam ple res is tan ce  was m easured  to  be 835 ohms 

corresponding to  an average epitaxial la y e r th ickness of approxim ately 0.3  n  

between the contacts spaced 210 m ils apart.



285

REFERENCES

1. J. H elszajn , "P rincip les of Microwave F e r r i te  Engineering", Chapter 6,
W iley-Interscience, 1969.

2. Ibid, C hapter 8.

3. Ibid, C hapter 10.

4. M .E . Hines, "R eciprocal and N onreciprocal Modes of Propagation in F e rr ite
S trip line and M icrostrip  D evices", IEEE T rans. MTT, Vol. 19, 
pp. 442-451, 1971.

5. R.W . Damon and J .R . Eshbach, "M agnetostatic Modes Of A Ferrom agnetic
Slab", J .  Phys. Chem. Solids, Vol. 19, pp. 308-320, 1961.

6. I K. Brundle and N. J. Freedm an, "M agnetostatic Surface W aves On A
Y .I. G. Slab", E lec tron ics L e tte rs , Vol. 4, pp. 132-134, 1968.

7. S .R . Seshadri, "Surface M agnetostatic Modes of a F e rr ite  Slab", P roc.
IEEE, Vol. 58, pp. 506-507, 1970.

8. P. Young, "Efficient Broadband Excitation Of The n=0 Surface M agnetostatic
W aves In A Y .I. G. S lab", E lectron ics L e tte rs , Vol. 4, pp. 566-568, 1968.

9. Idem, "Effect Of Boundary Conditions On The Propagation Of Surface
M agnetostatic W aves In A T ransverse ly  Magnetized Thin Y .I. G. Slab", 
E lec tron ics L e tte rs , Vol. 5, pp. 429-431, 1969.

10. R .E . DeWames and T . W olfram , "C h arac te ris tics  of M agnetostatic Surface
W aves F o r  A M etalized F e r r ite  Slab", J . Appl. P h y s ., Vol. 41, pp. 5243- 
5246, 1970.

11. A. D. B re s le r , "TEn0 Surface Waves At F e rr ite -A ir  In terfaces", Microwave
R esearch  Institute Memo 48, R-723-59, PIB-651, Polytechnic Institute 
of Brooklyn, 1959.

12. L. C ourtois, G. D eclercq and M. Peurichard , "On The N on-reciprocal
A spect Of Gyromagnetic Surface W aves", AIP Conf. P roc. No. 5, P a r t 2, 
pp. 1541-1545, 1971.

13. F .W . Schott, T .F .  Tao and R .A . F re ib ru n , 'E lectrom agnetic  W aves In
Longitudinally Magnetized F e rr ite  Rods'.', J . Appl. P h y s., Vol. 38, 
pp. 3015-3022, 1967.



286

F.W .Schott and T .F .T a o , "On The C lassification of E lectrom agnetic 
Waves In F e rr ite  Rods", IEEE T ran s.M T T , Vol. 16, p p .959-961,
1968.

T .F .T .au  and J .W .T u lly , "Nonmagnetostatic Volume and Surface Wave 
Modes On Gyromagnetic Y .I.G . Rod W aveguides", Appl. Phys. L e t t . , 
Vol. 16, pp. 194-196, 1970.

14. E .A .S te rn  and E .R . Callen, "Helicons and Magnons In M agnetically O rdered
C onductors", Phys. R e v ., Vol. 131, pp. 512-516, 1963.

15. A .I.A kh iezer, V. G. B ar'yakh tar and S. V. Peletm inskii, "Coherent Am pli­
fication of Spin W aves", Soviet P h y s ., JE T P , Vol. 18, p p .235-238,
1964.

16. J .S p ec to r and A .W .T rive lp iece , "Slow Waves In F e r r i te s  And T heir In te r­
actions W ith E lectron  S tream s", J .  A p p l.P h y s ., V o l.35, pp. 2030- 
2039, 1964.

17. H .N .Spector and T .N .C asse lm an , "Interaction Of Alfven W aves And Spin
W aves In A Ferrom agnetic  M etal", Phys. R ev ., Vol. 139, pp. A 1594- 
1597, 1965.

18. E .Schlom ann, "Amplification of M agnetostatic Surface Waves By In te r­
action With D rifting Charge C a rr ie rs  La C rossed E lec tric  And Mag­
netic F ie ld s" , Ratheon Tech. Memo, T-789, 1968.

Idem, "Amplification Of M agnetostatic Surface Waves By Interaction With 
D rifting Charge C a rr ie rs  In C rossed E lec tric  And Magnetic F ie ld s" , 
J . A . P . , Vol. 40, pp. 1422-1424, 1969.

19. B. V ural and E . E . Thom as, 1 'Helicon-Spin Wave Interactions In The Mag­
netic Sem iconductor Agx Cd^_x C r2 Se4 " , Appl. Phys. L e t t . , Vol. 13, 
p p .405-407, 1968.

20. B .Schneider, "Interaction Between Spin Waves And E lectrons In A Hybrid
S tructure Of YIG and InSb", Appl. Phys. L e t t . , Vol. 13, pp. 405-407,
1968.

21. M. C .Steele and B .V u ra l, 'W ave Interactions In Solid State P lasm as",
Chapter 9, M cGraw-Hill, 1969.

22. Ibid, Chapter 10.

23. B. B .Robinson, B . V ural and J .  P . Parekh , "Spin-W ave/C arrier-W ave
In teractions", IEEE T ran s .E D , Vol. 17, p p .224-229, 1970.



287

24. A. V .V ashkovshii, V .I.Zubkov, V .N .K il'd ishev  and B .A .M urm ushev,
"Interaction of Surface M agnetostatic W aves With C a rr ie rs  On A 
Ferrite-Sem iconductor In terface", Sov. Phys. JE T P  L e t t . , Vol. 16, 
pp. 2 -4 , 1972.

25. L. J .A bella  and B. V ural, "Normal Mode Form ulation Of Spin W ave-Heli­
con Wave Interactions In F errom agnetic Sem iconductors, IEEE T rans 
ED, Vol. 19, pp. 928-932, 1972.

26. M. M asuda, N .S. Chang and Y. Matsuo, "M agnetostatic Surface Waves In
F e rr ite  Slab Adjacent To Sem iconductor", IEEE T ran s . MTT, Vol. 22, 
pp. 132-135, 1974.

27. H .W . Lehman, "Semiconducting P roperties  Of Ferrom agnetic CdCr Se ",
Phys. R ev ., Vol. 163, pp. 488-498, 1967. 2 4

28. R .E . Collin, "Foundations F o r Microwave Engineering", Chapter 2,
M cGraw-Hill, 1966.

29. D .H . M artin, "M agnetism In Solids", Chapter 1, The MIT P re s s , 1967.

30. W .H. Von Aulock, "Handbook Of Microwave F e rr ite  M aterials" , C hapter 1,
Academ ic P re s s , 1965.

31. G. A .Sm olenski, C .T szun , and A .K .Stankevich, "Influence Of E lectron
Diffusion On The R adio-Frequency D ispersion Of the Magnetic 
Perm eability  Of F e r r ite s  With A Garnet Type S tructure", Sov. Phys. 
Sol.S tate , V ol.3 , p-.486, 1961.

32. R .F . Soohbo, "Theory and Application of F e r r ite s " , Chapter 1, P ren -
tice-H all, 1960.

33. Ibid, Chapter 5.

34. D .H .M artin , "M agnetism  In Solids", Chapter 2 , The MTT P re s s ,  1967.

35. C .K itte l, "Introduction To Solid S tate P hysics", C hapter 14, John-
W iley & Sons, 1967.

36. A. F .A hk iezer, V .G . B ar'yakh tar and S .V . Peletm inskii, 'Spin W aves",
C hapter 1, John Wiley & Sons, 1968.

37. L .V . A zaroff and J . J.B rophy , "E lectronic  P ro cesses  In M aterials",
C hapter 13, M cGraw-Hill, 1963.

38. M. Javid and P . M. Brown, "Field A nalysis and E lectrom agnetics",
C hapter 6, M cGraw-Hill, 1963.



288

39. S.Chikazum i, "Physics Of M agnetism ", Chapter 7, John Wiley & Sons,
1964.

40. M .Sparks, "Ferrom agnetic-R elaxation Theory", Chapter 2, M cGraw-Hill,
1964.

41. C .K itte l, "Introduction To Solid State Physics", Chapter 15, John Wiley &
Sons, 1967.

42. E .G .S pencer, R .C .L eC raw  and A .M .C logston, "Low -Tem perature L ine-
Width Maximum In Y ttrium  Iron G arnet", Phys. Rev. L e t t . , Vol. 3, pp.
32-33, 1959.

43. R .F.Soohoo, "Magnetic Thin F ilm s", Chapter 10, H arper & Row, 1965.

44. M .S. Cohen, "Ferrom agnetic P roperties  Of F ilm s" , in "Handbook Of
Thin F ilm  Technology", Chapter 17, L .I . M aisel and R. Glang e d . , McGraw- 
H ill, 1970.

45. G .V .Skrotsk ii and L .V . Kurbatov, "Phenomenological Theory Of F erro m ag ­
netic Resonance", in "Ferrom agnetic Resonance", Chapter n, S.V . Von- 
sovskii e d . , Pergamon P re s s ,  1966.

46. M .Sparks, "Ferrom agnetic Resonance In Thin F ilm s, m  Theory Of Mode
In tensities", Phys. R ev.B , Vol. 1, pp. 3869-3880, 1970.

47. R .F.Soohoo, "Magnetic Thin F ilm s", Chapter 11, H arper & Row, 1965.

48. M .Sparks, 'E ffec t Of Exchange On M agnetostatic Modes", Phys.R ev. L e t t . ,
V o l.24, p p .1178-1180, 1970.

49. P .E .W igen , C .F .K oo i, M .R .Shanabarger.and T .D .R ossing , "Dynamic
Pinning In T hin-F ilm  Spin-Wave Resonance", Phys.R ev. L e t t . , Vol. 9, 
pp. 206-208, 1962.

50. A .M . P o rtis , Low-Lying Spin Wave Modes In Ferrom agnetic F ilm s", Appl.
P h y s .L e tt.,  V ol.2, pp. 69-71, 1963.

51. M .Sparks, "Spin-Wave Energy And Source Of Inhomogeneities In Thin F ilm s",
Sol.State C om m ., Vol. 8, pp. 659-663, 1970.

52. C .K itte l, "Excitation Of Spin Waves In A Ferrom agnet By A Uniform r . f .
F ield", P h y s .R e v ., Vol. 110, p p .659-663, 1970.

53. P . P incus, 'E xcitation  Of Spin Waves In Ferrom agnets: Eddy C urrent
And Boundary Condition E ffects", P h y s .R ev ., Vol. 118, pp. 658-664,1960.



289

54. G .T .R ado and J .R .W eertm an , 'Spin-W ave Resonance In A F errom agnetic
M etal", J .  Phys.C hem .Solids, Vol. 11, p p .315-333, 1959.

55. M .Sparks, B .R .T ittm an , J .E .  Mee and C.Newkirk, "Ferrom agnetic
Resonance In E pitaxial Garnet Thin F ilm s", J . Appl. P h y s ., Vol. 40, 
pp. 1518-1525, 1969.

56. P .E .W igen , C .F .K oo i and M .R .Shanabarger, 'Evidence Of Unpinned Sur­
face Spins F ro m  P ara lle l Spin-Wave Resonances In Perm alloy F ilm s", 
J.A ppl. P h y s ., V ol.35, p p .3302-3311, 1964.

57. R .E .D eW am es and T . W olfram, "Surface Spin-Waves In A Sem i-infinite
Ferrom agnet Including Exchange And Dipolar F ie ld s" , Sol. State C om m ., 
V o l.7, p p .1451-1452, 1969.

58. T .W olfram  and R .E .D eW am es, "Linewidth and D ispersion Of The V irtual
Magnon Surface State In Thick Ferrom agnetic F ilm s" , P h y s .R e v .B .,
Vol. 1, p p .4358-4360, 1970.

59. W .L.B ongianni, "Magnetostatic Propagation In A D ielectric Layered
S tructure", J.A ppl. P h y s ., V ol.43, p p .2541-2548, 1972.

60. J . P. Parekh, "M agnetostatic Surface Waves On A P artia lly  M etallized YIG
P la te" , P roc. IEEE (L e tte rs ) . Vol. 61, pp. 1371-1373, 1973.

61. F .A . P izzarello , J .H . Collins and L .E . C oerver, "Magnetic S teering Of
M agnetostatic Waves In Epitaxial YIG F ilm s", J . P h y s ., V ol.41, pp. 
1016-1017, 1970.

62. M .Sparks, "M agnetostatic Modes In An Infinite C ircu lar D isk", Sol. S tate
C om m ., V o l.8, p p .731-733, 1970.

63. B .D esorm iere  and H. LeGall, "M agnetostatic Mode Excitation In YIG Rods
Containing A Turning Point", J.A ppl. P h y s ., Vol. 40, pp. 1191-1192,1969.

64. R .E .D eW am es and T .W olfram , "M agnetostatic Surface Modes In An Axially
Magnetized E llip tical Cylinder", Appl. Phys. L e t t . , 'Vol. 16, pp. 305-308, 1970

65. L .R . W alker, "M agnetostatic Modes In Ferrom agnetic Resonance", Phys.
R ev ., Vol. 105, p p .390-399, 1£<57.

66. M. Sparks, "Ferrom agnetic Resonance in  Thin F ilm s. I Theory Of N orm al-
Mode F requencies", Phys. Rev. B . , V o l.l ,  pp. 3831-3856, 1970.

67. W .S. Ament and G .T .R ado ,'E lectrom agnetic  Effects Of Spin Wave Resonance
In Ferrom agnetic M etals", P h y s .R e v ., Vol. 97, p p .1558-1566, 1955.



2 9 0

68. T .W olfram  and R .E .D eW am es, "Effect Of Exchange On The Magnetic
Surface S tates Of Y ttrium  Iron G arnet F ilm s", Sol.State C om m ., Vol. 18, 
pp. 191-194, 1970.

69. D .M .B olle and L .Lew in, "On The Definitions Of P a ram eters  In F e r r i te -
E lectrom agnetic Wave Interactions'", IEEE T ran s MTT, Vol. 21, p . 118,. 
1973.

70. M .Sparks, 'T h eo ry  Of Surface-Spin Pinning In Ferrom agnetic  Resonance",
Phys. Rev. L e tt . ,  V o l.22, pp. 1111-1115, 1969.

71. J .R .E sh b ach  and R .W .D am on, 'Surface M agnetostatic Modes and Surface
SpinW aves", P h y s .R ev ., Vol. 118, pp. 1208-1210, 1966.

72. S .D . Conte and C .deB oor. "E lem entary N um erical A nalysis", C hapter 2,
M cGraw-Hill, 1972.

73. B. Lax and K. J . Button, "Theory Of New F e rr ite  Modes In Rectangular Wave
Guide", J.A ppl. P h y s ., Vol. 26, pp. 1184-1185, 1955.

74. K. J . Button and B. Lax, "Theory Of F e r r ite s  In R ectangular W aveguides",
IRE T ran s . A P , V ol.4, pp. 531-537, 1956.

75. M .L .K ales , H .N .C hait and N .G .Sakio tis, "A N onreciprocal Microwave
Component", J.A ppl. P h y s ., Vol. 24, pp. 816-817, 1953.

76. B .L ax , K. J . Button and L .M .R oth , "F e rr ite  Phase Shifters In Rectangular
Wave Guide", J.A ppl. P h y s ., V o l.25, pp. 1413-1421, 1954.

77. H .Seidel and R. C. F le tcher, "Gyromagnetic Modes In Waveguide P artia lly
Loaded With F e r r ite " ,  B STJ,V ol.38, pp. 1427-1456, 1959.

78. R. Pauchard, B .D esorm iere  and J.Guidevaux, "E lectrom agnetic Surface
Waves In A M etallised F e rr ite  Slab", E lectronics L e tte rs , Vol. 7, pp. 
428-430, 1971.

79. D. F . Vaslow, "Group Delay Tim e F o r The Surface Wave On A YIG F ilm
Backed By A Grounded D ielectric  Slab", P roc. IEEE, Vol. 6 1 ., pp. 142- 
143, 1973,

80. E .Schlomann, "Generation Of Spin Waves In Non-uniform Magnetic F ields
I. Conversion Of E lectrom agnetic Power Into Spin-Wave Power and 
Vice V ersa" , J.A ppl. P h y s ., Vol. 35, pp. 159-166, 1964.

81. M .Sparks, "M agnetostatic Surface Modes Of A YIG Slab", E lectron ics
L e tte rs , Vol. 5, pp. 618-619, 1969.



291

82. C .C . Johnson, "F ield  And Wave E lectrodynam ics", Chapter 7, M cGraw-Hill,
1965.

83. E .H .H o lt and R .E .H ask e ll, "Foundations Of P lasm a D ynam ics", C hapter 6,
The M acmillan C o ., 1965.

84. S.W ang, "Solid-State E lec tron ics", C hapter 4 , M cGraw-Hill, 1966.

85. M .C .S teele and B. V ural, 'W ave Interactions In Solid State P lasm as",
C hapter 4, M cGraw-Hill, 1969.

86. M .A .U m an, "Introduction To P lasm a P hysics", Appendix A, M cGraw-Hill,
1964.

87. D . P ines and D. Bohm, "A Collective D escription Of E lectron  In teractions:
H. Collective v s . Individual P artica l A spects Of The In teractions",
Phys. R e v .,Vol. 85, p p .338-353, 1952.

88. I .T am m , "Uber Einen Mogliche A rt D er Electronenbindung An K ris ta llo b er-
flachen!1, Physik. Z eits . Sowjetunion, Vol. 1, pp. 773-746, 1932.

Idem , "Uber Einen Mogliche A rt D er Electronenbinddpg An K ris ta llo b er- 
flachen", Z eits . P h y sik ,. Vol. 76 ,pp. 849-850,1932.

89. W .Shockley, "On The Surface States A ssociated With A P eriodic Potential",
Phys. R e v ., Vol. 56, pp. 312-323, 1969.

90. L .V .A zaro ff and J .  J . Brophy, "E lectronic P ro cesses  In M aterials",
C hapter 4, McGraw-Hill,' 1963.

91. A. Many, Y. Goldstein and N .B . G rover, 'Sem iconductor Surfaces",
C hapter 1, North-Holland Publishing Company, 1965.

92. Ibid, Chapter 9.

93. J .  P . McKelvey, 'Solid  State and Sem iconductor P hysics", Chapter 10,
H arp er & Row, 1966.

94. Ibid, C hapter 16.

95. A .M any, Y .G oldstein and N .B .G ro v e r, 'Sem iconductor S urfaces",
C hapter 8, North-Holland Publishing Company, 1965.

96. Ibid, Chapter 4.

97. D .R . F rank l, "E lectrical P ro p erties  Of Sem iconductor Surfaces" Chapter 2,
Pergam on P re s s ,  1967.



2 9 2

98. G .A .Sw artz and B .B . Robinson, "E lectrom agnetic G eneration Techniques
(Phase II)" , F inal R eport, RCA L abora to ries , 1967.

99. B .B .R obinson and G .A .S w artz , ' 'Tw o-Stream  Instability  In Semiconducting
P lasm as" , J.A ppl. P h y s ., V o l.38, p p .2461-2465, 1967.

100. C .A .H ogarth , "M ateria ls Used In Semiconductor D evices", C hapter 6,
In ter science P ublishers, 1965.

101. H .W olf, "Sem iconductors", Chapter 1, John W iley & Sons, 1971.

102. R .J .  B riggs, "E lectron-S tream  Interaction With P lasm as" C hapter 2, MIT
P re s s ,  1964.

103. H .H artnagel, 'Sem iconductor P lasm a Instab ilities", C hapter HI, A m erican
E lsev ie r PubHshing C o ., 1969.

104. W .H .L ou isell, "Coupled Mode And P aram e tric  In teractions", Chapter 1.
John Wiley & Sons, 1960.

105. C. H ilsum  and A .C .R ose-Innes, "Semiconducting EH-V Compounds,
C hapter 6, Pergam on P re s s ,  1961.

106. O. Madelung, "Physics Of IH-V Compounds", Chapter 4 , John Wiley & Sons,
1964.
i

107. E .O .Schulz-D uB ois, "Energy T ran sp o rt Velocity Of E lectrom agnetic
Propagation In D ispersive M edia','Proc. IEEE, Vol. 57, pp. 1748-1757,
1969.

108. A .C . P r io r , "Avalanche M ultiplication And E lectron  Mobility In Indium
Antimonide At High E lec tric  F ie ld s" , J .E lec tro n  and Control, Vol. 4 , 
pp. 165-168, 1968.

109. M .O hsita, "High Mobility InSb F ilm s P repared  By Source T em perature
Program ed Evaporation Method", Jap . J .  Appl. P h y s ., Vol. 10, 
pp. 1365-1371, 1971.

110. M .E ttenberg and J .S .N adan , "The T heory Of The Interaction Of D rifting
C a rr ie rs  In A Sem iconductor With E x ternal Traveling-W ave C ircu its" , 
IEEE T ran s . ED, Vol. 17, p p .219-223, 1970.

111. R .Brow n, 'T h in  F ilm  S ubstra te s" , in  "Handbook Of Thin F ilm  Technology",
C hapter 6, L .I . M aisel and R .G lang e d . , Pergam on P re s s ,  1966.



293

112. M .A .G illeo and S .G elle r, "Magnetic And C rystallographic P roperties  Of
Substituted Y ttrium lron  G arnet, 3Y2Og xM^O^ ( 5 - x ) F e^O j", P h y s .R ev ., 
Vol. 110, pp. 73-78, 1958.

113. C .C . Johnson, "F ield  And Wave E lectrodynam ics", Chapter 1, McGraw-
H ill, 1965.

114. Ibid, Appendix IV.

115. A .Som m erfield, 'E lectrodynam ics", C hapter 12, Academ ic P re s s ,  1952.

116. M .Javid and P .M .B row n, "F ield A nalysis and E lectrom agnetics", Chapter 8,
M cGraw-Hill, 1963.

117. J .R .E sh b ach , "Spin-Wave Propagation And The M agnetoelastic Interaction In
Y ttrium  Iron G arnet", J .A ppl. P h y s ., V ol.34, pp. 1298-1304, 1963.

118. B .O . P ierce , "A Short Table of In teg ra ls" , The Anthenaeum P re s s , 1910.

119. G. Petit Bois, "Tables Of Indefinite In teg ra ls" , D over Publications, 1961.

120. B . V ural, J .  P . Parekh  and E .E .T h o m as , "Observation Of A Collision
Induced Instability In An Semiconductor-M agnetic Composite S truc tu re-  
P rivate Communication.

121. M .S. Cohen, S .N . C utler and C .N . K lahr, "GaAs Doping F o r  Microwave
Application", Tech. Rep. A FA L-TR-68-42, 1968.

122. R .K .W illardson and H. L .G oering, "Compound Sem iconductors", Vol. 1,
"P reparation  Of EDE-V Compounds", Reinhold Publishing, 1962.

123. H .W olf, "Sem iconductors", C hapter 3 , John Wiley & S ons, 1971.



2 9 4

AUTOBIOGRAPHICAL STATEMENT

Thom as Jam es Gerson was born in  New Y ork City on November, 1942.

A recipient of a New York State Regents Scholarship, Mr. Gerson attended the 

City College of the City U niversity of New York where he m ajored in e lec trica l 

engineering. Graduating in F ebruary  of 1965, M r. Gerson continued h is  educa­

tion while employed at the Environm ental Testing Laboratory of GPL Div. of 

G eneral P recision , Inc. Receiving a National Defense Education Act Fellow­

ship in Septem ber of 1966, Mr. G erson returned to  the City U niversity as a 

full tim e student and was awarded the M aster's  degree in e lec trica l engineering 

from  the City College in June of 1967.

F ro m  1968 to  1972 Mr. G erson was a m em ber of the instructional staff in 

the E lec trica l Engineering D epartm ent and Bachelor of Technology Division of 

the School of Engineering of the City College of the City U niversity of New York. 

P resen tly , he is  an Instructo r in the D epartm ent of E lec trica l Technology of 

Queensborough Community College of the City U niversity of New York. Mr. 

Gerson is  a m em ber of E ta Kappa Nu, Tau Beta P i , Sigma XI, the Institute of 

E lec tr ica l and E lectron ics Engineers and the A m erican Society fo r Engineering 

Education.

M r. Gerson re s id es  in Brooklyn with h is wife Maggie and son Adam..


