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THE PROPERTIES OF FERROMAGNETIC MATERIALS AT HIGH FREQUENCIES.

1 .  INTRODUCTION 

1*1* D i e l e c t r i c  and  m a g n e t i c  d i s p e r s i o n .

The d i e l e c t r i c  d i s p e r s i o n  and  a b s o r p t i o n  o f  

m a t e r i a l s  a t  h i g h  f r e q u e n c i e s  have b e e n  t h e  s u b j e c t  o f  

e x t e n s i v e  s tu d y  f o r  s e v e r a l  d e c a d e s .  The t h e o r y  o f  

d i p o l e  moments and  p o l a r  r e l a x a t i o n  p r o c e s s e s  (Debye,  

1929) has  r e a c h e d  a  s u f f i c i e n t l y  ad v anced  s t a g e ,  t h a t  

the  s tu d y  o f  d i e l e c t r i c  s p e c t r a  has  become one o f  th e  

s t a n d a r d  methods o f  i n v e s t i g a t i n g  s t r u c t u r a l  and 

m o l e c u l a r  p r o p e r t i e s .

The b e h a v i o u r  o f  p a ra m a g n e t i c  s o l i d s  i n  

h i g h - f r e q u e n c y  f i e l d s  i s  s i m i l a r  t o  t h a t  o f  d i e l e c t r i c  

m a t e r i a l s .  The c o n t r i b u t i o n  o f  t h e  m a g n e t i c  d i p o l e s  

t o  t h e  p a ra m a g n e t i c  s u s c e p t i b i l i t y  decays  away by  

r e l a x a t i o n  p r o c e s s e s ,  a n a lo g o u s  t o  t h o s e  o b s e r v e d  I n  

p o l a r  d i e l e c t r i c s .  The i n v e s t i g a t i o n  o f  p a ra m a g n e t i c  

r e l a x a t i o n  and i t s  dependence  on t e m p e r a t u r e  and 

e x t e r n a l  f i e l d s  has  l e d  t o  t h e  d eve lopm en t  o f  a 

s a t i s f a c t o r y  t h e o r y  o f  t h e  thermodynamic p r o c e s s e s  

I n  t h e s e  m a t e r i a l s  ( G o r t e r ,  1 9 4 7 ) .

I n  c o m p a r i s o n ,  the  s t u d y  o f  t h e  m a g n e t i c  

d i s p e r s i o n  and a b s o r p t i o n  o f  f e r r o m a g n e t i c  m a t e r i a l s
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a t  h i g h  f r e q u e n c i e s  i s  a t  a  much l e s s  advanced  s t a g e .

A l l  t h e  p r e v i o u s  e x p e r i m e n t a l  work on  h i g h - f r e q u e n c y  

p e r m e a b i l i t y ,  w i t h  th e  e x c e p t i o n  o f  a few i s o l a t e d  

m e a su re m e n ts ,  h a s  b een  c o n c e rn e d  w i t h  f e r r o m a g n e t i c  

m e t a l s ,  p r o b a b l y  b eca u se  o f  t h e i r  t e c h n o l o g i c a l  

i n t e r e s t .  Much o f  th e  e x p e r i m e n t a l  d a t a  i s  c o n f l i c t i n g ,  

and due t o  i n h e r e n t  d i f f i c u l t i e s  o f  m e a su r in g  th e  t r u e  

h i g h - f r e q u e n c y  p e r m e a b i l i t y  o f  c o n d u c t i n g  m a t e r i a l s ,  i t  i s  

o f t e n  p r e s e n t e d  i n  a  form w h ic h  i s  n o t  amenable  t o  d i r e c t  

a n a l y s i s .  V a r io u s  a l t e r n a t i v e  t h e o r i e s  o f  f e r r o m a g n e t i c  

d i s p e r s i o n  bave b e en  p r o p o s e d ,  b u t  l i t t l e  s u c c e s s  has y e t  

b e e n  a c h i e v e d  i n  c o r r e l a t i n g  t h e s e  w i t h  t h e  e x p e r i m e n t a l  

o b s e r v a t i o n s .

1 . 2 .  p r e v i o u s  work on f e r r o m a g n e t i c  m e t a l s .

At low f r e q u e n c i e s  th e  p e r m e a b i l i t y  o f  a  f e r r o s  

sm agnet ic  m a t e r i a l  may be m easu red  d i r e c t l y ,  b u t  a t  h i g h  

f r e q u e n c i e s  i t  c a n  o n l y  be d e r i v e d  i n d i r e c t l y  from 

m easurem ents  o f  t h e  e l e c t r o m a g n e t i c  p r o p e r t i e s  o f  a  

c i r c u i t  o r  sy s te m  c o n t a i n i n g  t h e  m a t e r i a l .  F e r r o m a g n e t i c  

m e t a l s ,  b e c a u se  o f  t h e i r  h i g h  c o n d u c t i v i t y ,  have b e e n  

s t u d i e d  a s  c o n d u c t in g  e l e m e n t s  i n  h i g h  f r e q u e n c y  c i r c u i t s ,  

t r a n s m i s s i o n  l i n e s  o r  c a v i t y  r e s o n a t o r s .  Four p a r a m e t e r s  

•R , G , L  and C > t h e  r e s i s t a n c e ,  c o n d u c t a n c e ,  I n d u c t a n c e  

and  c a p a c i t a n c e  p e r  u n i t  l e n g t h ,  d e f i n e  t h e  p r o p e r t i e s  o f
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su c h  s y s t e m s .  Two o f  t h e s e  ,*R and L , a r e  d e p e n d e n t  on 

th e  p e r m e a b i l i t y  o f  t h e  c o n d u c t o r s .  Thus i n  a c o a x i a l  

l i n e  i n  w h ich  th e  r a d i u s ,  r e s i s t i v i t y  and p e r m e a b i l i t y  

o f  t h e  i n n e r  and  o u t e r  c o n d u c t o r s  a r e  r e s p e c t i v e l y  r* ,

, yUL, and r a , , jx.x a t  a  f r e q u e n c y  , TR

and L  a r e  g i v e n  by  t h e  c l a s s i c a l  e q u a t i o n s ,

k  * / o  ^  1 ( i )
r ,  r% J

L  * 2 , ° 3 ^  + (8)
A l l  the  e x p e r i m e n t a l  m e th o d s ,  w h ich  have b e en  

u s e d ,  f a l l  i n t o  one o r  o t h e r  o f  two c a t e g o r i e s ,  b a s e d  on 

th e  measurement  o f  e i t h e r  ( a )  t h e  r e s i s t i v e  component  *R 

, o r  q u a n t i t i e s  r e l a t e d  t o  i t ,  su c h  a s  t h e  a t t e n u a t i o n  

o r  Q - f a c t o r  o f  th e  sy s te m  (T ab le  1 ) ,  o r  (b )  t h e  i n d u c t i v e  

component  L. o r  r e l a t e d  q u a n t i t i e s ,  s u c h  as  the  wave- 

v e l o c i t y  o r  t h e  r e s o n a n t  f r e q u e n c y  (T ab le  2 ) .  The 

p e r m e a b i l i t y y u ^  d e r i v e d  from m easu rem en ts  o f  t h e  

r e s i s t i v e  l o s s e s  o f  t h e  h i g h - f r e q u e n c y  c i r c u i t ,  d i f f e r s  

from th e  v a lu e y u Lo b t a i n e d  from m easu rem en ts  o f  t h e  c i r c u i t  

i n d u c t a n c e .  I t  has  b e e n  shewn (Arkad iew ,  1913;  K i t t e l ,  

1946) t h a t  t h i s  anomaly a r i s e s  f rom th e  i m p l i c i t  

a s s u m p t io n  t h a t  fx. i s  a  r e a l  ( r a t h e r  t h a n  a  complex) 

q u a n t i t y  a t  h i g h  f r e q u e n c i e s .  By c o n f l t m i n g  th e
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T ab le  1 -  R e s i s t i v e  m e a su re m e n ts .  ( / * r )

Method O b se rv e r s

R e s i s t a n c e  o f  w i r e s  i n  r e s o n a n t  
c i r c u i t ,  by s u b s t i t u t i o n  m ethod .

Webb (1938)
Hoag and Cox (1940)

R e s i s t a n c e  o f  h e a t e r  w i r e  i n  
t h e r m o - j u n c t i o n .

S t r u t t  (1931)  
Schwarz (1932)  
Mohring (1939)

R e s i s t a n c e  o f  l e c h e r - w i r e s ,  by 
W hea ts tone  b r i d g e  m ethod .

K r e i e i s h e i m e r  (1933)

R e s i s t a n c e  o f  f e r r o m a g n e t i c  w i r e ,  by 
l e c h e r - w i r e  impedance b r id g e  m ethod .

King (1935)

A t t e n u a t i o n  a lo n g  l e c h e r - w i r e s  by 
s t a n d in g - w a v e  m ethod .

Arkadiew (1919)  
M ic h e l s  (1931)

A b s o r p t i o n  o f  waves by w i re  
g r a t i n g .

Arkadiew ( 1 9 1 4 ,2 4 ,2 6 )

Q - f a c t o r  o f  l e c h e r - w i r e  s y s te m ,  
b r i d g e d  by f e r r o m a g n e t i c  w i r e .

Po tapen k o  and Sanger  
(1 9 3 3 ,  37)

Q - f a c t o r  o f  r e s o n a n t  c a v i t y ,  
h a v in g  one f e r r o m a g n e t i c  w a l l .

G r i f f i t h s  (1946) 
Yager  and B o z o r th  

(1947)

Q - f a c t o r  o f  c o a x i a l  r e s o n a t o r ,  
w i t h  f e r r o m a g n e t i c  i n n e r  c o n d u c t o r .

Jo h n s o n ,  Rado and 
M aloof  (1947)

A b s o r p t i o n  o f  waves by f e r r o m a g n e t i c  
f i l m .

Simon (1946)
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T ab le  2 -  I n d u c t i v e  m ea su re m e n ts .  ( M l )

Methodt O b se rv e rs

I n d u c t a n c e  o f  l e c h e r - w i r e s ,  by 
W hea ts tone  b r id g e  method

K r e i e l s h e i m e r  (1933)

I n d u c t a n c e  o f  c o i l  w i t h
f e r r o m a g n e t i c  m a t e r i a l ,  i n  
r e s o n a n t  c i r c u i t .

D a n n a t t  (1936) 
Volkova (1932)

W avelength  on l e c h e r - w i r e  sy s te m . Lindman (1938) 
p r o c u p i u  and d*Albon 

(1937)
M ic h e l s  (1931)
Hoag and G o t t l i e b  

(1939)
Hoag and Jo n e s  (1932)

W aveleng th  on c o a x i a l  l i n e ,  w i t h  
f e r r o m a g n e t i c  i n n e r  c o n d u c t o r .

G 1 a th a r t  (1939)  
Schmidt (1948)

R eson an t  l e n g t h  o f  c o p p e r  l e c h e r -  
w i r e  s y s te m ,  b r i d g e d  by 
f e r r o m a g n e t i c  w i r e .

P o tapenko  and Sanger  
(1 9 3 5 ,  37)

R eso n an t  f r e q u e n c y  o f  t u n e d  
c i r c u i t ,  c o n t a i n i n g  f e r r o s  
sm agnet ic  m a t e r i a l .

Wait (1927)  
Woods (1942)

R esonan t  f r e q u e n c y  o f  c o a x i a l  
r e s o n a t o r ,  w i t h  f e r r o m a g n e t i c  
i n n e r  c o n d u c t o r .

Jo h n s o n ,  Rado and 
M aioof  (1947)

R e f l e c t i o n  o f  waves by w i r e  
g r a t i n g

Arkadiew ( 1 9 1 4 ,2 4 ,2 6 )
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m easurem en ts  t o  e i t h e r  t h e  r e a l  o r  im a g in a r y  

component o f  t h e  c i r c u i t  im pedance ,  d i f f e r e n t  v a lu e s  

o f  th e  a p p a r e n t  r e a l  p e r m e a b i l i t y  jx ^  andyut^ a r e  

o b t a i n e d ,  n e i t h e r  o f  w hich  i s  e q u a l  t o ,  o r  s im p ly  

r e l a t e d  t o ,  t h e  t r u e  p e r m e a b i l i t y jx  • The 

e q u a t i o n s  (1)  and (2)  on which  th e  m easurem ents  a r e  

b a s e d ,  a r e  i n  f a c t  o n ly  v a l i d  s i m u l t a n e o u s l y  when jx  

i s  r e a l  and  yu.R 3 A  •

The measurement  o f  b o t h  impedance components  

o f  t h e  same c i r c u i t ,  and  t h e  c o n s e q u e n t  d e t e r m i n a t i o n  

o f  jx  i s  made d i f f i c u l t  by th e  p r e s e n c e  o f  a  h ig h  

c o n d u c t i v i t y ,  a s s o c i a t e d  w i t h  t h e  p e r m e a b i l i t y .  The 

m a j o r i t y  o f  o b s e r v e r s  h a v e ,  t h e r e f o r e ,  c o n f i n e d  

t h e m s e lv e s  t o  m easu rem en ts  o f  e i t h e r y u R oryu.L • The 

e x p e r i m e n t a l  d a t a  on I r o n ,  r e v i e w e d  by  A l l a n s o n  ( 1 9 4 5 ) ,  

i s  shewn i n  F i g u r e  1 .  A l th o u g h  t h e  r e s u l t s  shew 

c e r t a i n  g e n e r a l  t r e n d s ,  t h e r e  a r e  o bv io u s  m ajo r  

d i s c r e p a n c i e s  t o  be a c c o u n t e d  f o r .  The most 

c o n s i s t e n t  d a t a  i s  t h a t  i n  t h e  f r e q u e n c y  r e g i o n  above 

200 M c /s .

The m ac ro sc o p ic  p r o p e r t i e s  o f  f e r r o m a g n e t i c  

m a t e r i a l s  a r e  n o r m a l l y  i n t e r p r e t e d  i n  t e r m s  o f  

t r a n s l a t i o n a l  and  r o t a t i o n a l  m o t io n s  o f  t h e  dom ains ,  

wh ich  form th e  f u n d a m e n ta l  s t r u c t u r a l  u n i t s  and whose
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- V
d im e n s io n s  a r e  o f  t h e  o r d e r  o f  10 t o  10 cm.

By a n a lo g y  w i t h  t h e  r e l a x a t i o n  o b s e r v e d  i n  d i e l e c t r i c  

, and p a ra m a g n e t i c  m a t e r i a l s ,  f e r r o m a g n e t i c  d i s p e r s i o n  

a s s o c i a t e d  w i th  the  i n t e r n a l  r e s t r a i n t s  on su c h  domain 

m o t io n s  m igh t  be e x p e c t e d  t h e o r e t i c a l l y .  V a r iou s  

a l t e r n a t i v e  mechanisms have b e e n  p ro p o se d  to  a c c o u n t  

f o r  t h e  d i s p e r s i o n  p r o c e s s  a lo n g  t h e s e  l i n e s ,  by 

c o n s i d e r i n g  t h e  r e s t r a i n t s  due t o  m a g n e t i c  v i s c o s i t y  

(A rkad iew ,  1913),  due t o  e d d y - c u r r e n t  f i e l d s  (B e c k e r ,  

1938) and due t o  a n i s o t r o p y  f o r c e s  (Landau and 

L i f s h i t z ,  1 9 3 5 ) .  These t h e o r i e s  w i l l  be c o n s i d e r e d  

i n  more d e t a i l  i n  % 8 .

None o f  t h e s e  t h e o r i e s  a c c o u n t s  s a t i s :  

: f a c t o r i l y  f o r  t h e  m a g n e t i c  d i s p e r s i o n  i n  i r o n  and 

o t h e r  f e r r o m a g n e t i c  m e t a l s  above 200 M c /s .  The 

r e a s o n  f o r  t h i s  h a s  b e e n  p o i n t e d  o u t  by  K i t t e l  

( 1 9 4 6 ) .  I n  m e t a l s ,  t h e  h i g h  c o n d u c t i v i t y  r e s t r i c t s  

t h e  p e n e t r a t i o n  o f  th e  h i g h - f r e q u e n c y  m a g n e t i c  f i e l d  

t o  a  t h i n  s u r f a c e  l a y e r .  The s k i n - d e p t h  i n  i r o n  a t  

200 Mc/s i s  o n l y  a b o u t  10~* c m . ,  which  i s  l e s s  t h a n  

t h e  a v e ra g e  t h i c k n e s s  o f  a  s i n g l e  domain.  The 

d i s p e r s i o n  o b s e rv e d  a t  h i g h e r  f r e q u e n c i e s  i s ,  

t h e r e f o r e ,  a s s o c i a t e d  p r i m a r i l y  w i t h  t h e  in c o m p le t e  

p e n e t r a t i o n  o f  t h e  s u r f a c e  dom ains .  I t  i s  n o t  due
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t o  i n t e r n a l  domain phenomena, which  c a n n o t  be 

o b s e r v e d ,  b e ca u se  o f  the  i n t e n s e  sk i i f c - e f f e c t .

1 . 3 .  F e r r o m a g n e t i c  m a t e r i a l s  o f  low c o n d u c t i v i t y .

A c o n s i d e r a t i o n  o f  t h i s  p r e v i o u s  work on  

m e t a l s  s u g g e s t e d  t h a t  an  i n v e s t i g a t i o n  o f  t h e  h i g h -  

f r e q u e n c y  p r o p e r t i e s  o f  f e r r o m a g n e t i c  m a t e r i a l s  o f  

low c o n d u c t i v i t y  would be o f  i n t e r e s t .  These 

m a t e r i a l s  o f f e r  s e v e r a l  a d v a n t a g e s .  The 

e x p e r i m e n t a l  d i f f i c u l t i e s  and a n o m a l i e s  e x p e r i e n c e d  

w i t h  m e t a l s ,  due t o  t h e i r  h i g h  c o n d u c t i v i t y ,  c an  

t h e r e b y  be a v o i d e d .  I n  t h e  wave-impedance methods 

p o s s i b l e  w i th  l o w - c o n d u c t i v i t y  m a t e r i a l s ,  b o t h  th e  

complex p e r m e a b i l i t y  and p e r m i t t i v i t y  c a n  be 

m e a su re d ,  w i t h o u t  i n t r o d u c i n g  r e l a t i o n s ,  su c h  a s  

(1 )  and ( 2 ) ,  w h ich  a r e  o f  l i m i t e d  v a l i d i t y .

M o reov er ,  s i n c e  t h e  h i g h - f r e q u e n c y  f i e l d  i s  a b l e  

t o  p e n e t r a t e  much more d e e p l y  t h a n  i n  a  m e t a l ,  i t  

i s  p o s s i b l e  t o  o b s e r v e  i n t e r n a l  domain e f f e c t s ,  

w h ich  would o t h e r w i s e  be o b s e r v e d  by t h e  s k i n -  

e f f e c t •

P r e v i o u s  work on t h e  h i g h - f r e q u e n c y  

p e r m e a b i l i t y  o f  f e r r o m a g n e t i c  m a t e r i a l s  o f  low 

c o n d u c t i v i t y  i s  i n  g e n e r a l  s c a n t y ,  and o f  l i m i t e d  

i n t e r e s t .  Most o f  t h e  o b s e r v a t i o n s  have b e en  made 

a t  r e l a t i v e l y  low f r e q u e n c i e s  below 20 M c / s ,  by



i n t r o d u c i n g  spec im ens  i n t o  a i r - c o r e d  c o i l s ,  and 

d e t e r m i n i n g  yu.L from t h e  in d u c t a n c e  c h a n g e ,  m easured  

by t u n e d - c i r c u i t  o r  imps d a n c e - b r i d g e  m e th o d s .  The 

t r u e  p e r m e a b i l i t y  c a n n o t  be o b t a i n e d  t h u s ,  s i n c e  the  

d i e l e c t r i c  l o s s e s  p r e v e n t  th e  m a g n e t ic  a b s o r p t i o n  

b e in g  m easured  i n d e p e n d e n t l y .  The method h a s  b e e n  

u s e d  by F o s t e r  and  Hewton (1941)  on i r o n - d u s t  c o r e s  

o f  u n s p e c i f i e d  c o m p o s i t i o n  from 1 - 5 0  M c /s ,  by  Wait 

(1927)  on m a g n e t i t e  d u s t  a t  3 M c /s ,  and  by Zimowski

(1937)  on v a r i o u s  f e r r o m a g n e t i c  compounds ( m a g n e t i t e ,  

h a e m a t i t e ,  p y r i t e s  e t c . )  from 5 - 2 0  M c /s .

M easurem ents  have a l s o  b een  made up t o  1 Mc/s by 

Snoek and h i s  c o -w o r k e r s  a t  E in d h o v e n ,  on  t h e  

p r o p e r t i e s  o f  t h e  f e r r i t e s  (Snoek ,  1 9 4 7 a ) .

The o n l y  m easu rem en ts  known a t  h i g h e r  

f r e q u e n c i e s ,  p r i o r  t o  t h e  p r e s e n t  i n v e s t i g a t i o n ,  

were t h o s e  c a r r i e d  o u t  i n  Germany, d u r i n g  th e  w ar ,  

on th e  wS c h o r n s t e i n f e g e r  p r o j e c t 11. The r e s u l t s  

o b t a i n e d  i n  1945 by  H u t t i g  and  F l e g l e r  on - f e r r i c  

o x id e  a t  w a v e le n g th s  o f  1 74 ,  7 7 .5  and 3 9 .5  cm. a r e  

l i s t e d  i n  T ab le  3 .  The d a t a  i s  t a k e n  f rom  a  r e p o r t  

(M a cF a r lan e ,  1945) b a s e d  on c a p t u r e d  docu m en ts .  Ho 

d e t a i l s  o f  t h e  e x p e r i m e n t a l  method u sed  a r e  g i v e n .

The t r e n d  o f  t h e s e  o b s e r v a t i o n s  s u g g e s t s  th e  

o c c u r r e n c e  o f  m ag n e t ic  d i s p e r s i o n  and a b s o r p t i o n  i n



T ab le  3 if - f e r r i c  o x id e  ( H u t t i g )

X C cm.) 174 77*5 39 • 5

l/^-l 5*9 5*5 4*b

l"d.ln ^ 0 * 0 0*50 0*46

€ 5*25 5*4 5*4



t h e  microwave r e g i o n .  I t  w as ,  t h e r e f o r e ,  d e c i d e d  

t o  i n v e s t i g a t e  t h e  p r o p e r t i e s  o f  l o w - c o n d u c t i v i t y  

f e r r o m a g n e t i c  m a t e r i a l s  a t  w a v e le n g th s  from 60 cm. 

down t o  1 .2 5  cm . ,  t h e  l i m i t  s e t  by th e  microwave 

o s c i l l a t o r s  a v a i l a b l e .



2.  GENERAL PRINCIPLES OP MEASUREMENT

2 . 1 .  Impedance c o n c e p t •

The p e rm e a b i l i t y y u ,  and  th e  p e r m i t t i v i t y  £  

o f  a  medium, r e l a t i v e  t o  t h e i r  f r e e - s p a c e  v a l u e s ,  

c a n  be d e f i n e d  i n  o s c i l l a t o r y  f i e l d s  by  Maxwell*a 

e l e c t r o - m a g n e t i c  e q u a t i o n s  f o r  t h e  medium,

C u r l  £  a -  A t- ( 3 )
c  Xt* w

C u v t  H  » -  t !  ( 4 )c  fet*

An a l t e r n a t i v e  and e q u i v a l e n t  d e f i n i t i o n ,  w h ich  i s  

more c o n v e n i e n t  i n  t h e  p r e s e n t  c o n t e x t ,  i s  p r o v i d e d  

by t h e  impedance c o n c e p t ,  d e v e lo p e d  by  S c h e lk u n o f f

( 1 9 3 8 ) .  The p r o p e r t i e s  o f  t h e  medium a r e  

e x p r e s s e d  i n  t e r m s  o f  two p a r a m e t e r s ,  t h e  p r o p a g a t i o n  

c o e f f i c i e n t  Y  , a n d  t h e  i n t r i n s i c  impedance «  , 

r e l a t i v e  t o  f r e e  s p a c e .  The p r o p a g a t i o n  c o e f f i c i e n t  

o f  t h e  medium,

*  *  L I T  (5 )
where X i s  the free-sp ace wavelength, determines the

phase  v e l o c i t y  ( i m a g in a r y  component o f  ) and th e

a t t e n u a t i o n  c o n s t a n t  ( r e a l  component o f  )•  The

r e l a t i v e  i n t r i n s i c  impedance

*  * C /A - /0  (# )



i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  e l e c t r i c  and 

m ag n e t ic  f i e l d s  i n  a  p l a n e  wave p r o p a g a t e d  

t h r o u g h  t h e  medium, compared w i t h  t h e  f r e e - s p a c e  

r a t i o #

t r a n s m i s s i o n  c o e f f i c i e n t s  o f  a  wave a t  a  

b ou n da ry  o f  t h e  medium. Thus a t  normal  i n c i d e n c e  

t h e  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  ,

, a t  the  bo u nd a ry  o f  two m e d ia ,  r e l a t i v e  

i n t r i n s i c  impedances , a r e  g i v e n  by

I n  some wave sy s te m s  i t  i s  s i m p le r  t o  t r e a t  t h e s e  

c o e f f i c i e n t s ,  r a t h e r  t h a n  t h e  i n t r i n s i c  im pedances ,  

a s  f u n d a m e n ta l .  A f o r m a l  t h e o r y ,  b a s e d  on 

g e n e r a l i s e d  r e f l e c t i o n  and t r a n s m i s s i o n  

c o e f f i c i e n t s ,  ha s  b een  d e v e lo p e d  by  t h e  a u t h o r  

( 1 9 4 6 a ) ,  and  a p p l i e d  t o  m u l t i p l e  d i e l e c t r i c  m ed ia .  

For t h e  p r e s e n t  p u r p o s e ,  t h e  impedance c o n c e p t  i s  

more s u i t a b l e .

at  d e t e r m i n e s  t h e  r e f l e c t i o n  and

r ( ? )

( 8 )



2.2* Complex p e r m i t t i v i t y  and p e r m e a b i l i t y .

I n  p r i n c i p l e ,  d e t e r m i n a t i o n s  o f  jx  and 6  

a t  h i g h  f r e q u e n c i e s  r e s o l v e  i n t o  m easurem ents  o f  z. 

and  # , o r  q u a n t i t i e s  e q u i v a l e n t  t o  them I n  t h e  

p a r t i c u l a r  t r a n s m i s s i o n  system used* For non

m ag n e t ic  m a t e r i a l s ,  t h e  p e r m e a b i l i t y  j j l  "■ i , and 

th e  p e r m i t t i v i t y  6  c a n ,  t h e r e f o r e ,  be d e r i v e d  from 

m easurem ents  o f  e i t h e r  2  o r  If • €  i s  i n  g e n e r a l

complex and may be w r i t t e n

i s  n e c e s s a r y  and  s u f f i c i e n t  f o r  th e  d e t e r m i n a t i o n

where

t-<u> = € % ( 10)

i s  c a l l e d  t h e  d i e l e c t r i c  l o s s  t a n g e n t*

For  f e r r o m a g n e t i c  m a t e r i a l s ,  a  

measurement o f  b o t h  t h e  complex q u a n t i t i e s  x  and if

o f  jx  and €  • These  p r o p e r t i e s  a r e  t h e n  g i v e n

u n i q u e l y ,  from (5)  and  ( 6 ) ,  by

A  * ( 11)a  7T

e  - (12)
a i r  x

When m easurem ents  o f  X and i  l e a d  ( a s  do th e
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o b s e r v a t i o n s  t o  be d e s c r i b e d )  t o  b o t h  a  complexfiand 

a  co m plex jx  , t h e s e  q u a n t i t i e s  r e p r e s e n t  the  

m ac ro sc o p ic  p e r m i t t i v i t y  and p e r m e a b i l i t y  o f  th e  

m a t e r i a l ,  a s  d e f i n e d  by (3)  and ( 4 ) .  A complex 

p e r m e a b i l i t y  may be w r i t t e n

J X  * f X  -  i'JX* -  l / x .  I &  *  ( 1 3 )

where

(14)

i s  t h e  m ag n e t ic  l o s s  t a n g e n t*

M axw ell1s e q u a t i o n s ,  b e in g  o r i g i n a l l y  

b a se d  on t h e  s t a t i c  p r o p e r t i e s  o f  m a t e r i a l s ,  a r e  

commonly f o r m u l a t e d  i n  te rm s  o f  t h r e e  r e a l  p a r a m e t e r s ,  

£  , jx  and e- , t h e  c o n d u c t i v i t y .  D i e l e c t r i c  

a b s o r p t i o n  i s  t h e n  d e s c r i b e d  i n  te rm s  o f  an  e q u i v a l e n t  

c o n d u c t i v i t y ,  a l t h o u g h  t h e  a b s o r p t i o n  may a r i s e  from 

o t h e r  c a u se s*  I t  i s ,  however ,  i m p o s s i b l e  t o  d e s c r i b e  

m ag n e t ic  a b s o r p t i o n  i n  t e rm s  o f  t h r e e  r e a l  p a r a m e t e r s ;  

a  f o u r t h  one m ust  be i n t r o d u c e d  f o r  t h e  p u r p o s e .  The 

breakdown o f  e q u a t i o n s  (1 )  and (2 )  i n  a  r e g i o n  o f  

m ag ne t ic  a b s o r p t i o n  o c c u r s ,  b e c a u s e  t h e y  a r e  b o t h  

d e r i v e d  from t h e  c l a s s i c a l  3 - p a r a m e t e r  form o f  

M axw ell1s e q u a t io n s *

The a d o p t i o n  o f  (3 )  and  (4)  a s
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fundam enta  1̂  w i t h o u t  r e s t r i c t i o n s  on  t h e  n a t u r e

o f  € and  juCj a v o i d s  t h i s  anomaly .  R e v e r s i n g  th e

e a r l i e r  p r o c e d u r e ,  c o n d u c t i v i t y  can  now be

e x p r e s s e d  i n  t e rm s  o f  t  . No s t a t i c  e q u i v a l e n t  
«

o f  jjl e x i s t s ,  s i n c e  m ag n e t ic  a b s o r p t i o n  i s  a  

dynamic e f f e c t  o n l y .

2 . 3 .  F r e e - s p a c e  Impedance m e t h o d s .

The i n t r i n s i c  impedance *  o f  a 

m a t e r i a l  c a n  i n  p r i n c i p l e  be o b t a i n e d  from t h e  

r e f l e c t i o n  c o e f f i c i e n t  (7 )  o f  a  p l a n e  wave, 

i n c i d e n t  i n  f r e e - s p a c e ,  on  t h e  bo undary  o f  a  

s e m i - i n f i n i t e  spec im en ,  i . e .  o f  s u f f i c i e n t  

t h i c k n e s s  t h a t  t h e  r e f l e c t i o n  f rom t h e  second  

f a c e  i s  n e g l i g i b l e .  The r e l a t i v e  i n p u t  f i e l d -  

impedance

* *  (15)

( F i e I d - i m p e d a n c e s , l i k e  i n t r i n s i c  Im pedances ,  a r e  

e x p r e s s e d  r e l a t i v e  t o  t h e  i n t r i n s i c  impedance o f  

f r e e  s p a c e ) .  I n  p r a c t i c e ,  however ,  u n l e s s  t h e  

m a t e r i a l  h a s  a  v e r y  h i g h  a b s o r p t i o n ,  one i s  

r e s t r i c t e d  t o  m easu rem en ts  on a  sp ec im en  o f  

f i n i t e  t h i c k n e s s ,  d  , t e r m i n a t e d  i n  a  r e l a t i v e  

f i e  Id - im p e d an c e  Zj. • The i n p u t  f i e l d - i m p e d a n c e



i s  th e n  g iv e n  by

■2. + Z f.  ht*U (16 )

The s i m p l i f i e d  forms o f  (16) o b t a i n e d  f o r

Z t  * O , and Zj,  * oO , form t h e  b a s i s  o f  a  method 

s u i t a b l e  f o r  p o o r l y - c o n d u c t i n g  f e r r o m a g n e t i c  

m a t e r i a l s *  The form er  c a s e  c o r r e s p o n d s  t o  t h e  

spec im en  b e i n g  t e r m i n a t e d  i n  a s h o r t - c i r c u i t ,  and 

the  r e l a t i v e  i n p u t  impedance i s

The l a t t e r  c a s e  c o r r e s p o n d s  t o  a n  o p e n - c i r c u i t  

t e r m i n a t i o n ,  g i v i n g

Combining (17)  and ( 1 8 ) ,  s o l u t i o n s  a r e  o b t a i n e d  f o r  

z  and i n  t e r m s  o f  th e  m e a s u ra b le  q u a n t i t i e s  2 ^ ,  

Xo t  and d. ,

(17)

'Z.o c  *  X  coH> i d - (18)



1 5 .

3 .  THEORY OF WAVEGUIDE IMPEDANCE METHOD

The f r e e - s p a c e  m ethod ,  o u t l i n e d  i n  % 2 . 3 ,  

th o u gh  f e a s i b l e ,  would  i n v o lv e  t a k i n g  measurements  

on l a r g e  s h e e t s  o f  t h e  f e r r o m a g n e t i c  m a t e r i a l .  T h is  

l i m i t a t i o n  may be overcome by th e  u se  o f  t r a n s m i s s i o n  

l i n e s ,  f o r  which  o n ly  sm a l l  spec im ens  a r e  r e q u i r e d ,  

and on w h ich  m easurem ents  c a n  be made w i t h  much 

g r e a t e r  p r e c i s i o n .  The e x p e r i m e n t a l  method w h ich  

h a s ,  t h e r e f o r e ,  b e e n  a d o p te d  i s  t h e  t r a n s m i s s i o n -  

l i n e  a n a lo g u e  o f  t h e  f r e e - s p a c e  m ethod .  C o a x ia l  

l i n e s  a r e  u se d  a t  w a v e le n g th s  o f  60  - 6  cm . ,  and H lo 

r e c t a n g u l a r  w aveguides  a t  w a v e le n g th s  o f  3 cm. and 

1*25 cm. B o th  t y p e s  o f  t r a n s m i s s i o n  l i n e  may be 

r e f e r r e d  t o  as  w a v e g u id e s .

O b s e r v a t i o n s  a r e  made on  a  specim en o f  

t h e  f e r r o m a g n e t i c  m a t e r i a l ,  f i l l i n g  a  s e c t i o n  o f  

l e n g t h  <1 a t  t h e  o u t p u t  end o f  a  wavegu ide .  

Measurements  a r e  made o f  t h e  a m p l i tu d e  and phase  

o f  th e  v o l t a g e  s ta n d in g -w a v e  on t h e  i n p u t  waveguide  

when th e  sp ec im en  i s  t e r m i n a t e d  ( a )  by a  s h o r t -  

c i r c u i t i n g  p l a t e ,  and (b)  by a  c l o s e d  q u a r t e r -  

w a v e le n g th  s e c t i o n  o f  w a v eg u id e ,  which  i s  

e q u i v a l e n t  t o  a n  o p e n - c i r c u i t . From t h e s e  

m e a su re m e n ts ,  t h e  i n p u t  impedance , r e l a t i v e  t o  

th e  c h a r a c t e r i s t i c  impedance o f  t h e  empty



w a v eg u id e ,  i s  o b t a i n e d  f o r  t h e  s h o r t - c i r c u i t  and 

open c i r c u i t  c o n d i t i o n s  ( * 2. sc  and z/ot  

r e s p e c t i v e l y ) *  The r e l a t i v e  i n p u t  impedance i s  

g i v e n  by

where n i s  t h e  s t a n d i n g  wave r a t i o  ( r a t i o  o f  v o l t a g e  

maximum t o  minimum), I  i s  t h e  d i s t a n c e  o f  th e  

v o l t a g e  minimum f rom  th e  i n p u t  f a c e  o f  t h e  spec im en ,  

ft C s air/ ^ s )  3 fc*16 ph®-36 v e l o c i t y ,  and i s  th e

m easured  w a v e le n g th  on  t h e  i n p u t  waveguide  ( * \
✓

f o r  t h e  c o a x i a l  l i n e ) .

2 '0C a r e  r e l a t e d ,  by e q u a t i o n s  s i m i l a r  t o  (17) and

( 1 8 ) ,  t o  2/  , th e  c h a r a c t e r i s t i c  impedance o f  t h e  

f i l l e d  s e c t i o n ,  r e l a t i v e  t o  t h a t  o f  t h e  empty 

w av eg u id e ,  and  0 t h e  p r o p a g a t i o n  c o n s t a n t  o f  th e  

s e c t i o n *  Hence

For a  c o a x i a l  l i n e  o p e r a t i n g  i n  i t s  p r i n c i p a l  mode, 

th e  wave i s  p u r e l y  t r a n s v e r s e  and

so t h a t  (11)  and (12)  r e m a in  v a l i d  i n  t h e  form

The r e l a t i v e  i n p u t  impedances  and

(6a)

(6a )
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A  * * i ~ L X ( l l a )

6 * -  i  4 ^ .  ( 12a)

For a n  H r e c  t a n g u l a r  wavegu lde  , -2.'
v /

and 5 a r e  a l s o  d e p en d e n t  on t h e  c u t - o f f  w a v e le n g th  

o f  t h e  empty g u i d e ,  Xc ( * j L c l  , where c l  i s  t h e  g u id e  

w id th ) and a r e  g i v e n  by

= /t. f ~ I *  ( 22)
I  A *  - C V X c H

s '  « i  - C V x J ] 4 (23)

l e a d i n g  t o
i * ' S '  X.A  « -  ■ »..? w "9 (24)

2.7T

6  - - ( ? ; ) “ ]  1 2 6 1
where X̂  i s  t h e  w a v e le n g th  i n  t h e  empty g u i d e .  Thus

i n  b o t h  t y p e s  o f  t r a n s m i s s i o n  l i n e ,  / jl and £  a re  

o b t a i n e d  i n  te rm s  o f  m e a s u r a b le  q u a n t i t i e s .
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4 .  DESCRIPTION OF APPARATUS

4 . 1 .  Waveguide and d e t e c t o r  s y s t e m s .

The i n p u t  v o l t a g e  s ta n d in g -w a v e  i s  m easured  

by  means o f  a  tu n e d  c r y s t a l  d e t e c t o r ,  mounted i n  a  

s l i d i n g  c a r r i a g e ,  which  i s  moved m a n u a l ly  a lo n g  th e  

l e n g t h  o f  t h e  w avegu ide .  A s h o r t  t h i n  probe  from 

th e  d e t e c t o r  p r o j e c t s  i n t o  t h e  waveguide t h r o u g h  a 

narrow l o n g i t u d i n a l  s l o t ,  m i l l e d  p a r a l l e l  t o  t h e  

a x i s  o f  t h e  g u id e  a n d ,  i n  th e  c a s e  o f  th e  H lo 

r e c t a n g u l a r  w av eg u id e ,  a lo n g  t h e  c e n t r e  o f  i t s  

b r o a d  s i d e .  The h i g h  f r e q u e n c y  v o l t a g e  in d u c e d  i n  

t h e  p robe  i s  r e c t i f i e d  by th e  c r y s t a l , a n d  th e  

c r y s t a l  c u r r e n t  i s  m easu red  by a  s e n s i t i v e  

g a lv a n o m e t e r .  The t u n i n g  o f  th e  d e t e c t o r  by means 

o f  a  v a r i a b l e  r e a c t a n c e  s t u b  i n c r e a s e s  i t s  

s e n s i t i v i t y  and d i s c r i m i n a t e s  a g a i n s t  t h e  d e t e c t i o n  

of  h a rm o n ic s .  P a r t i c u l a r  c a r e  has  b e e n  t a k e n  i n  

t h e  m e c h a n ic a l  c o n s t r u c t i o n  t o  e n s u r e  t h a t  th e  probe 

moves c e n t r a l l y  a lo n g  t h e  g u i d e ,  and  t h a t  i t s  d e p t h  

o f  p e n e t r a t i o n  r e m a in s  c o n s t a n t  a s  th e  p o s i t i o n  o f  

t h e  c a r r i a g e  i s  v a r i e d .

The g e n e r a l  a r ra n g em e n t  o f  t h e  com ple te  

a p p a r a t u s  u s e d  on e a c h  o f  th e  f o u r  w a v e le n g th  

r a n g e s  (60  -  20 c m . ,  1 5 - 6  c m . ,  3 cm. and 1*25 cm.)
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i s  s i m i l a r ,  and i t  d i f f e r s  o n ly  i n  d e t a i l  from the  

sc h e m a t ic  d iag ram  ( F i g u r e  2 ) .

4 . 2  60 -  20 cm. a p p a r a t u s .

For m easurem ents  a t  w a v e le n g th s  from 60 

cm. t o  20 cm. a  v a r i a b l e  f r e q u e n c y  t r i o d e  

o s c i l l a t o r  (446 tu b e  w i t h  c o n c e n t r i c  l i n e  t u n in g )  

i s  u s e d .  The o s c i l l a t o r  o u t p u t ,  w h ic h  i s  m o n i to re d  

by  a  b o lo m e te r  b r i d g e  c i r c u i t ,  i s  l o o s e l y  c o u p le d  

t h r o u g h  a  c o n c e n t r i c  c a b l e  t o  t h e  s l o t t e d  c o a x i a l  

w av eg u id e .  The c o a x i a l  ha s  an o u t e r  c o n d u c to r  

d i a m e t e r  o f  4 .4 6  c m . ,  a n  i n n e r  c o n d u c t o r  d i a m e t e r  

o f  1 .3 5  cm. and  a  s l o t  l e n g t h  o f  110 cm. The 

i n n e r  c o n d u c t o r  which  i s  c o n s t r u c t e d  o f  l i g h t  t h i n -  

w a l l e d  t u b e  t o  g i v e  r i g i d i t y  i s  s u p p o r t e d  a t  

i n t e r v a l s  by s e t s  o f  t h r e e  t h i n  p o l y s t y r e n e  r o d s ,  

sc rewed th r o u g h  t h e  o u t e r  c o n d u c t o r ,  a t  120^ t o  

e a c h  o t h e r .  These s p a c i n g  r o d s  have b e e n  found  

t o  have  l i t t l e  e f f e c t  on  t h e  phase  v e l o c i t y  i n  

the  l i n e ,  b u t  t o  a v o id  any  s u c h  e r r o r s  b e in g  

i n t r o d u c e d  i n t o  t h e  s t a n d in g -w a v e  m ea su rem en ts ,  

no s p a c e r s  a r e  u se d  i n  t h e  l a s t  50  cm. o f  th e  

l i n e .  The i n n e r  c o n d u c to r  i s  s u p p o r t e d  a t  t h e  

o u t p u t  end  by  t h e  spec im en  and t e r m i n a t i o n .  The 

p o s i t i o n  o f  t h e  d e t e c t o r  c a r r i a g e  i s  m easu red  by a  

0*01 cm. v e r n i e r  s c a l e .
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4 .3*  15-6  cm. a p p a r a t u s .

At w a v e le n g th s  n e a r  9 c m . , a  s t a n d a r d  

r e f l e x  k l y s t r o n  o s c i l l a t o r  (CV67) i s  u s e d .  For 

o t h e r  w a v e le n g th s  i n  t h i s  r a n g e ,  a  m o d i f i e d  

k l y s t r o n  o s c i l l a t o r  ha s  b e e n  c o n s t r u c t e d  ( F ig u r e  

3 ) .  The c e n t r a l  r h u m b a t ro n  c a v i t y  o f  t h e  

o s c i l l a t o r  i s  e x t e n d e d  on e a c h  s i d e  by 

r e c t a n g u l a r  waveguide s e c t i o n s ,  whose l e n g t h  may 

be v a r i e d  by s h o r t - c i r c u i t i n g  p i s t o n s ,  g e a r e d  to  

move i n  sy n c h ro n ism .  By a d j u s t m e n t  o f  the  

e l e c t r o d e  v o l t a g e s ,  and t h u s  m o d i fy in g  t h e  

t r a n s i t - t i m e  o f  th e  v e l o c i t y - m o d u l a t e d  e l e c t r o n  

beam t h r o u g h  t h e  d r i f t - s p a c e  b e tw een  t h e  c a v i t y  

gap and  the  r e f l e c t o r ,  h i g h - o r d e r  modes o f  

o s c i l l a t i o n  o f  v a r i o u s  w a v e le n g th s  from 16 cm. 

t o  5 cm. c an  be i n d u c e d  i n  t h i s  c o m p o s i te  

c a v i t y .  Care i s  e x e r c i s e d  i n  th e  c h o i c e  o f  

s u i t a b l e  modes,  t o  e n s u r e  t h a t  t h e  

o s c i l l a t i o n s  a r e  s t a b l e  and  m onochrom at ic .

The k l y s t r o n  o s c i l l a t o r  i s  l o o s e l y  

c o u p le d  t o  a  lo n g  l e n g t h  o f  c a b l e ,  f e e d i n g  the  

c o a x i a l .  The c o a x i a l  l i n e  has  an  o u t e r  

c o n d u c t o r  d i a m e t e r  o f  2*225 Cm., i n n e r  c o n d u c to r  

0 #775 c m . ,  and a  s l o t  l e n g t h  o f  16 cm. The 

i n n e r  c o n d u c t o r  i s  s u p p o r t e d  a t  t h e  i n p u t  end by
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a p o ly th e n e  i n s u l a t o r ,  and  a t  t h e  l o a d  end by t h e  

sample and t e r m i n a t i o n .

The p o s i t i o n  o f  t h e  d e t e c t o r  c a r r i a g e  

i s  m easured  by  two 1 M m ic ro m e te r  d i a l  gauges  

( c a l i b r a t e d  i n  0*001M d i v i s i o n s )  which  a re  

mounted on the  c o a x i a l  l i n e ,  on o p p o s i t e  s i d e s  

o f  t h e  c a r r i a g e ,  and  b e a r i n g  a g a i n s t  i t .  The 

gauges  a r e  p o s i t i o n e d  t o  r e c o r d  c o n s e c u t i v e  1M 

t r a v e r s e s  o f  t h e  c a r r i a g e  a lo n g  th e  l i n e .

For t h e  l o n g e r  w a v e l e n g th s ,  where a  g r e a t e r  

movement i s  n e c e s s a r y  f o r  t h e  s t a n d in g -w av e  

m easu rem en ts ,  a  s i n g l e  d i a l - g a u g e  i s  u s e d ,  and 

c a l i b r a t e d  l M and 2** s l i d i n g  s t e e l  b l o c k s  a r e  

p l a c e d  b e tw een  t h e  d e t e c t o r  c a r r i a g e  and th e  

d i a l - g a u g e  p robe  t o  e x te n d  i t s  r a n g e .

4 . 4  5 cm. and 1*25 cm. a p p a r a t u s .

At w a v e le n g th s  n e a r  3 c m . , a  GV 129 

r e f l e x  k l y s t r o n  o s c i l l a t o r  i s  u s e d .  The 

o s c i l l a t o r  i s  c o u p le d  t o  a  s h o r t  c o a x i a l  c a b l e ,  

w hich  t e r m i n a t e s  i n  a  p ro b e  f e e d i n g  t h e  1H x 

H(d r e c t a n g u l a r  waveguide sy s te m .  A f r a c t i o n  

o f  th e  i n p u t  power i s  t a p p e d  o f f ,  t h r o u g h  a gap 

i n  t h e  s h o r t - c i r c u i t i n g  p l a t e  b e h in d  t h e  probe.,  

t o  a  f i x e d  c r y s t a l  d e t e c t o r ,  w h ic h  m o n i to r s  th e
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power f ed  t o  t h e  waveguide system* The 

f i x e d  a t t e n u a t o r ,  which  c o n s i s t s  o f  a  f l a t  p r i sm  

o f  l o s s y  d i e l e c t r i c  m a t e r i a l ,  a t t a c h e d  t o  t h e  

b r o a d  i n n e r  f a c e  o f  t h e  w a v eg u id e ,  has  a n  

a t t e n u a t i o n  o f  a b o u t  6 d e c i b e l s ,  and s e r v e s  to  

m in im ise  f r e q u e n c y - p u l l i n g  due t o  chan g es  i n  th e  

l o a d  impedance* The v a r i a b l e  a t t e n u a t o r  

c o n s i s t s  o f  a  t h i n  c i r c u l a r  segment o f  r e s i s t i v e  

m a t e r i a l  ( c a r b o n i s e d  b a k e l i t e ) ,  wh ich  may be 

lo w e re d  i n t o  t h e  g u id e  t h r o u g h  a l o n g i t u d i n a l  

c e n t r a l  s l o t  i n  th e  b ro a d  f a c e  o f  t h e  guide*

By t h i s  m eans ,  up t o  40  db* o f  a t t e n u a t i o n  may 

be i n t r o d u c e d ,  w i t h o u t  m is m a tch in g  t h e  o s c i l l a t o r *  

The a t t e n u a t o r  i s  used f o r  s e t t i n g  th e  d e t e c t o r  

c r y s t a l  c u r r e n t  a t  t h e  l e v e l  r e q u i r e d *  (At 

l o n g e r  w a v e le n g th s  t h i s  i s  done by v a r y i n g  th e  

d e p t h  o f  p e n e t r a t i o n  o f  t h e  p r o b e ) .  The 

s l o t t e d  waveguide s e c t i o n  h a s  b een  machined  from 

b r a s s  p l a t e  t o  o b t a i n  t h e  r e q u i r e d  c o n s t r u c t i o n a l  

a c c u r a c y ,  th e  i n t e r n a l  c r o s s - s e c t i o n a l  d im ens io n s  

b e in g  c o n s t a n t  t o  0*1$* The p o s i t i o n  o f  the  

c r y s t a l  d e t e c t o r  i s  m easu red  by a m ic ro m e te r  d i a l  

g a u g e ,  a t ta fcbed  t o  t h e  d e t e c t o r  c a r r i a g e ,  and  

b e a r i n g  a g a i n s t  a  f i x e d  b lo c k  on th e  s i d e  o f  th e  

waveguide*
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The a p p a r a tu s  u sed  a t  1*25 cm. w a v e le n g th  

I s  s i m i l a r ,  e x c e p t  i n  m inor d e t a i l s .  The r e f l e x  

k l y s t r o n  o s c i l l a t o r  ( a n  e x p e r im e n ta l  t y p e ,  d e v e lo p ed  

fcy E .M . I . )  f e e d s  d i r e c t l y  i n t o  a  0*42w x 0*17M Hlo 

r e c t a n g u l a r  waveguide sy s te m . The power i s  

m o n i to re d  by a  f i x e d  c r y s t a l  d e t e c t o r  s i t u a t e d  

be tw een  th e  f i x e d  and v a r i a b l e  a t t e n u a t o r s .  The 

p o s i t i o n  o f  th e  d e t e c t o r  c a r r i a g e ,  w hich  i s  moved 

a lo n g  th e  s l o t t e d  gu id e  by  a s im p le  f r i c t i o n a l  

d r i v e  m echanism , i s  m easured  by  a  m ic ro m e te r  

d i a l - g a u g e  f i x e d  r e l a t i v e  t o  th e  g u id e ,  and 

b e a r in g  a g a i n s t  t h e  end o f  t h e  c a r r i a g e .
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5 .  EXPERIMENTAL PROCEDURE

5 . 1 .  C r y s t a l  c a l i b r a t i o n *

An i n i t i a l  i n v e s t i g a t i o n  was made o f  th e

h ig h - f r e q u e n c y  r e c t i f y i n g  c h a r a c t e r i s t i c s  o f  th e

c r y s t a l s  u s e d .  M easurem ents were made a t  9 cm.

w a v e le n g th ,  w i th  th e  s l o t t e d  c o a x i a l  l i n e  empty

and s h o r t - c i r c u i t e d .  The c r y s t a l s  were i n s e r t e d

in  t u r n  i n t o  th e  d e t e c t o r ,  and th e  c r y s t a l  c u r r e n t

X m easu red  as  a  f u n c t i o n  o f  nc , th e  d i s t a n c e

a lo n g  th e  l i n e  o f  th e  d e t e c t o r  from th e  c u r r e n t

minimum. S in c e  th e  v o l ta g e  d i s t r i b u t i o n  on a

l o s s l e s s  s h o r t - c i r c u i t e d  l i n e  i s  s i n u s o i d a l ,  t h e

h i g h - f r e q u e n c y  v o l t a g e  V i s  p r o p o r t i o n a l  t o  S in p x .

The r e s u l t s  may be sum m arised a s  f o l lo w s .  The

c r y s t a l s  have a  s q u a re - la w  c h a r a c t e r i s t i c

( I  p r o p o r t i o n a l  t o  V ) f o r  c r y s t a l  c u r r e n t s

up t o  a  few m ic ro a m p e re s .  At h ig h e r  c u r r e n t s ,

t h e y  d e v i a t e  i n  d i f f e r e n t  d e g r e e s ,  o f t e n

c o n s i d e r a b l y ,  from  t h e  sq u a re  law . M ech an ica l

shock and a g e in g  may a f f e c t  th e  s e n s i t i v i t y  and

th e  c h a r a c t e r i s t i c ,  b u t  th e y  do n o t  a p p e a r  to

a l t e r  t h e  s q u a re - la w  p r o p e r t y  a t  low c u r r e n t s .

The c h a r a c t e r i s t i c  i s  m ark e d ly  d e p en d e n t  on th e

g a lv a n o m e te r  c i r c u i t  r e s i s t a n c e ,  th e  optimum
a

r e s i s t a n c e  f o r  X •< V o v e r  th e  w id e s t  r a n g e ,  

b e in g  o f  t h e  o r d e r  o f  400 o h n s .  ( F ig u re  4 ) .
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I t  w as, t h e r e f o r e ,  d e c id e d  t o  make a l l  s tan d in g -w av e  

m easu rem en ts  a t  low c r y s t a l  c u r r e n t s ,  u s in g  a  sp o t  

g a lv a n o m e te r  w i t h  a  s e n s i t i v i t y  o f  1 jjl<l • f o r  f u l l -  

s c a l e  d e f l e c t i o n ,  and  an  i n t e r n a l  r e s i s t a n c e  o f  400 

ohms. The a l t e r n a t i v e  su p e rh e te ro d y n e  method o f  

m ix in g  th e  d e t e c t o r  c u r r e n t  w i th  a  l a r g e  s i g n a l  from 

a  second  h ig h - f r e q u e n c y  o s c i l l a t o r  and a m p l i fy in g  th e  

r e s u l t a n t  i n t e r m e d i a t e - f r e q u e n c y  s i g n a l ,  ( C o l l i e ,  

R i t s o n  and H a s te d  1946) would in v o lv e  th e  

d u p l i c a t i o n  o f  e a c h  o f  th e  o s c i l l a t o r s ,  and i t  was 

n o t ,  t h e r e f o r e ,  c o n s id e r e d  p r a c t i c a b l e .

An o v e r a l l  check  on th e  pe rfo rm an ce  o f  

ea c h  o f  th e  w aveguide sy s te m s  has  b e e n  made, by 

m e a su r in g  I  v*. f o r  th e  empty s h o r t -

c i r c u i t e d  gu ide  a s  d e s c r ib e d  a b o v e ,  w i t h  a  

maximum c r y s t a l  c u r r e n t  o f  1 ^ lc l .  The c o n s ta n c y  

o f  th e  r a t i o  X /  depends n o t  o n ly  on  th e

v a l i d i t y  o f  t h e  c r y s t a l  s q u a re  law , b u t  a l s o  on th e  

a c c u ra c y  o f  c o n s t r u c t i o n  and m easu rem en t.

D e v ia t io n s  i n  t h i s  r a t i o  may a r i s e  from

( a )  v a r i a t i o n s  i n  t h e  d e p th  o f  p e n e t r a t i o n
o f  th e  d e t e c t o r  p r o b e ,

(b )  I r r e g u l a r i t i e s  i n  th e  movement o f  th e
c a r r i a g e ,

( c )  r e c t i f i c a t i o n  o f  any  h a rm on ics  p r e s e n t ,

(d )  i n t e r a c t i o n  o f  th e  d e t e c t o r  p robe  on  th e
wave i n  th e  g u id e ,  and

( e )  e r r o r s  i n  th e  m easurem ent o f  c u r r e n t  o r
p o s i t i o n .
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The r e s u l t s  i n d i c a t e  t h a t  none o f  th e s e  

e f f e c t s  a r e  p ro n o u n ce d , s in c e  o v er  th e  ran g e  o f  

c u r r e n t s  u se d  i n  th e  s ta n d in g -w av e  m easurem ents 

(0*05 t o  l^ u u )  th e  v a r i a t i o n s  o f  T /  

a r e  random , f o r  e a c h  o f  th e  f o u r  waveguide s y s te m s ,

and have th e  maximum v a lu e s  g iv e n  i n  T ab le  4 .

5 . 2 .  S t and ing-w ave  m ea su re m e n ts .

The v a lu e s  o f  th e  v o l ta g e  s t a n d i n g -  

wave r a t i o  t o  be m easured  a re  o f t e n  a s  h ig h  a s  

100 o r  m ore . D i r e c t  m easurem ent o f  su c h  l a r g e  

v a lu e s  o f  it. would in v o lv e  th e  o b s e r v a t i o n  o f  

c r y s t a l  c u r r e n t s  o f  th e  o r d e r  o f  i f

I ^ 1 from
o b s e r v a t i o n a l  e r r o r s ,  d e v i a t i o n s  i n  th e  c r y s t a l  

law  a re  l i k e l y  t o  become p ron ou nced  o v e r  so wide 

a  r a n g e .  H ence , f o r  i t  >  3 ,  an  i n d i r e c t  method 

o f  d e te r m in in g  'K f rom  t h e  w id th  o f  th e  

s t a t i o n a r y  wave p a t t e r n  n e a r  t h e  minimum i s  

u s e d ,  w h ic h  a v o id s  th e  m easurem ent o f  e i t h e r  v e ry  

l a r g e  o r  v e ry  sm a ll  c r y s t a l  c u r r e n t s .

The v o l ta g e  d i s t r i b u t i o n  on  a  l o s s l e s s  

l i n e  may be w r i t t e n

V* -  £  c©5* fd'K + "K* (26)

where V*;*^3 th e  minimum v o l t a g e ,  and  V i s  th e  v o l ta g e  

a t  a  d i s t a n c e  ft from th e  minimum. R e w r i t in g



T ab le  4 C a l i b r a t i o n  o f  a p p a r a t u s .

w a v e le n g th 60 cm. £5 cm. 15 cm. 9 cm. 6 cm. 5 cm. 1-̂  cm.

V a r i a t i o n  o f

I / w - V
-

4 oq/ 4/0 4 * 4/0 i  1# * 1*56 i  3%
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(26) a s

**iX -  ' 4 ( ' ' V ' C .  -  ' )  (27)

* • 4 ( I  / -  ' )  (28 )

f o r  i  ct V , I t  i s  s e e n  t h a t  may he d e te rm in e d  

from a  m easurem ent o f  nc , f o r  a g iv e n  v a lu e  o f  

X  /  . For , th e  s t a n d a r d

r a t i o  a d o p te d ,

-  I + coscc?1 a Q (29)

where «2* * i s  th e  m easu red  d i s t a n c e  b e tw ee n  p o i n t s  on 

e a c h  s id e  o f  th e  minimum a t  w hich  th e  c r y s t a l  

c u r r e n t  I s  tw ic e  t h e  minimum v a lu e  ( F i g .  5 ( b ) ) .  I n  

a  few c a s e s ,  where i s  to o  sm a ll  t o  be m easured  

w i th  r e a s o n a b le  a c c u r a c y ,  z k »  ̂ r a t i o s  g r e a t e r  th a n  

2 have b e e n  u s e d .  S in c e  m easurem ents  a r e  t a k e n  

o n ly  i n  the  r e g i o n  o f  th e  v o l t a g e  minimum, where th e  

impedance o f  t h e  g u id e  i s  lo w , th e  p robe  d e p th  may 

be made q u i t e  l a r g e  w i th o u t  t h e  i n t r o d u c t i o n  o f  

a p p r e c i a b l e  l o s s  due t o  t h e  sh u n t  co n d u c tan c e  o f  

th e  d e t e c t o r  sy s te m . T hus, a  much h ig h e r  

s e n s i t i v i t y  i s  o b t a i n a b l e ,  t h a n  i n  a  d i r e c t  

m easurem ent o f  tv •

The d i s t a n c e  L from  th e  v o l ta g e  minimum 

t o  t h e  In p u t  f a c e  o f  th e  spec im en  i s  m easured  i n



t h s  f o l lo w in g  m anner. The d i a l  gauge o r  s c a l e ,  

w h ich  r e c o r d s  th e  p o s i t i o n  o f  t h e  c r y s t a l  d e t e c t o r ,  

has  an  a r b i t r a r y  z e r o ,  w h ich  m ust be c a l i b r a t e d .  

T h is  i s  done by th e  m easurem ent o f  t h e  p o s i t i o n  b  
o f  a  v o l t a g e  minimum, w i th  t h e  g u id e  empty and 

t e r m in a t e d  i n  a  s h o r t - c i r c u i t  ( F ig u r e  5 ( a ) ) .

T h is  minimum i s  known t h e o r e t i c a l l y  t o  be ■ " V *  

from  t h e  end o f  th e  g u id e  (w here  m i s  a  p o s i t i v e  

I n t e g e r ) .  The sa m p le ,  l e n g t h  <L , i s  t h e n  

i n t r o d u c e d  i n t o  t h e  g u i d e ,  and th e  p o s i t i o n  c o f  

t h e  v o l t a g e  minimum i s  m easu red  ( F ig u re  5 ( b ) ) .  

E q u a t in g  t h e  d i s t a n c e s  from th e  z e r o  o f  th e  s c a l e  

t o  t h e  end o f  th e  g u id e  i n  e a c h  c a s e ,  we have

b + m X j / a » c + l + c t  ( 5o)

and hence

tan f i t  * to.* -« 0  (31 )

w h ich  i s  th e  q u a n t i t y  r e q u i r e d  f o r  s u b s t i t u t i o n  

i n  ( 2 1 ) .  The v a lu e  o f  and hence  (& , i s  

o b t a in e d  from th e  d i f f e r e n c e  betw een two 

c o n s e c u t iv e  v a lu e s  o f  b  o r  c  •



5*3.  C om puta t ion

The com p le te  sequence  of  o b s e r v a t i o n s  and 

c o m p u ta t i o n  i n v o lv e d  i n  e a c h  m ea su re m e n t , may b e s t  

be i l l u s t r a t e d  by a t y p i c a l  s e t  c f  r e s u l t s .

A l l  l e n g t h s  a r e  i n  t e n t h s  o f  an i n c h .

oL = 1*940

b  a  8*059 

and -5*652O b s e rv a t io n s  
A

*S.C t e r m i n a t i o n

C as 4*279

^ s  4*246

b - c -<t a 1*840

s  0*5562

• A . * 0*4745

* '5c a 0* 6955
exp ( -£ .3 4 * 2 5 ° )

oc

A a 25*422

O.C t e r m i n a t i o n  

6*252 

±•194

-  0*135

-  0*0356

0*1570

■ 0*1610 
exp U 12*45°)

z '  a 

ftutii *<( a 

S l  a 

S' s

f
R e s u l t s

^  € ft

0*3541 exp ( - t 10*9°)

2*075 exp ( -£ 2 5 * 5 5 °)

1*86 exp ( i 75*95°)

0*959 exp ( i  75*95°)

1*20 exp ( -  £ 25°)

10*7 exp ( -c 3 * 2 ° )

Prom (SJL) 

(Si©) 

(91)

( 19a) 

(90a) 

Chart

( 11. )

(19a)
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%>di i s  o b ta in e d  from th e  complex 

h y p e r b o l i c  t a n g e n t ,  u s in g  th e  C h a r t  A t l a s  com piled  

b y  l e n n e l l y  (1 9 1 4 ) .  tfcl i s  g e n e r a l l y  s u f f i c i e n t l y  

s m a l l  t h a t  th e  p r i n c i p a l  s o l u t i o n  i s  th e  v a l i d  

o n e , b u t  any a m b ig u i ty  i n  th e  v a lu e  o f  X*cL i s  

r e s o l v e d  by th e  m easurem ent o f  a second sample 

o f  d i f f e r e n t  t h i c k n e s s .

5 .4+  P r e p a r a t i o n  o f  sp e c im e n s .

The f e r r o m a g n e t ic  compounds w hich  have  

b e e n  i n v e s t i g a t e d  a re  n o rm a l ly  o b ta in e d  i n  th e  

form o f  f i n e l y - d i v i d e d  p ow ders . P r e l im in a r y  

m easurem ents  on spec im ens form ed by s im p le  

c o m p re ss io n  o f  t h e s e  powders gave i n c o n s i s t e n t  

r e s u l t s .  These  a r e  a t t r i b u t a b l e  to  p o r o s i t y ,  

th e  d e n s i t i e s  o f  th e  sam ples v a ry in g  be tw een  

0*5 and 0 . 7  o f  th e  s o l i d  d e n s i t y .  D en se r  

m a t e r i a l s  can  be form ed by s i n t e r i n g  th e  

powders a t  h ig h  t e m p e ra tu re s  (Snoek 1 9 4 7 a ) ,  

b u t  a p a r t  from  th e  su b se q u e n t  d i f f i c u l t i e s  o f  

m ac h in in g  th e s e  to  th e  r e q u i r e d  specim en s i z e ,  

th e  f e r r o m a g n e t ic  p r o p e r t i e s  a re  g e n e r a l l y  

m o d if ie d  by th e  h e a t  t r e a t m e n t .  One o f  the  

com pounds,#  - f e r r i c  o x id e ,  l o s e s  i t s  f e r r o :  

jm ag n e tism  p e rm a n en t ly  i f  h e a t e d  above 300°C,

s in c e  i t  changes i n t o  th e  - fo rm ,  which h a s  a 
d i f f e r e n t  c r y s t a l  s t r u c t u r e  and i s  p a ra m a g n e tic  

(Welo and B attd isch  1 9 2 5 ) .



I t  w as , t h e r e f o r e ,  d e c id e d  t o  mix th e  

powdered compounds w i th  a l o s s l e s s ,  n o n -m agne tic  

b a s e  m a t e r i a l  t o  form s o l i d  sam ples  f o r  measures 

sm e n t .  P a r a f f i n  wax h a s  b een  found v e ry  s u i t a b l e  

f o r  t h i s  p u r p o s e ,  b e c a u se  o f  i t s  low m e l t in g  

p o i n t ,  i t s  n e g l i g i b l e  d i e l e c t r i c  l o s e ,  and i t s  

p l a s t i c i t y .  M ix tu re s  o f  r e a s o n a b le  h om ogene ity  

can  be formed by  v i g o r o u s l y  s t i r r i n g  th e  compound 

i n t o  m o lte n  p a r a f f i n  wax as i t  i s  c o o l i n g .  The 

s o l i d  m ix tu re  i s  moulded i n t o  t h e  r e q u i r e d  

sam ple shape  a t  room t e m p e r a t u r e ,  u s in g  a h a n d -  

v i c e  f o r  a p p ly in g  p r e s s u r e .  The a b sen c e  o f  a i r -  

i n c l u s i o n s  i n  th e  moulded sam ple i s  t e s t e d  by 

com paring  i t s  m easured  d e n s i t y ,  w i th  t h a t  

c a l c u l a t e d  from  th e  known c o m p o s i t io n  o f  th e  

m ix tu r e .  U n i fo rm ity  o f  t h i c k n e s s  i s  o b t a in e d  

by t u r n i n g  th e  sample be tw een  th e  jaws o f  a 

s t e e l  m ic ro m e te r ,  s e t  to  th e  r e q u i r e d  t h i c k n e s s .  

The c r o s s - s e c t i o n  o f  th e  moulded specim en i s  made 

s l i g h t l y  o v e r s i z e ,  as th e  m a t e r i a l  i s  s u f f i c i e n t l y  

s o f t  t o  be f o r c e - f i t t e d  i n t o  th e  waveguide o r  

c o a x i a l  l i n e ,  th e r e b y  e l i m i n a t i n g  e x p e r im e n ta l  

e r r o r s  due t o  gaps be tw een  th e  sample and th e  

t r a n s m i s s i o n  l i n e  c o n d u c to r s .
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6 .  MEASUREMENTS ON A If-FERRIC OXIDE MIXTURE.

6 . 1 .  M agnetic  d i s p e r s i o n  and a b s o r p t i o n •

A t y p i c a l  s e r i e s  o f  o b s e r v a t i o n s  on a 

s i n g l e  m ix tu re  w i l l  be d e s c r i b e d  i n i t i a l l y  t o  

i l l u s t r a t e  th e  g e n e r a l  n a tu r e  o f  th e  r e s u l t s .

The m ix tu r e  c o n ta in e d  32*6% by volume o f  V - f e r r i c  

o x id e  i n  p a r a f f i n  wax.

The m ag n e tic  and d i e l e c t r i c  p r o p e r t i e s  

were m easured  a t  9 d i f f e r e n t  w a v e le n g th s  ; 58*5 ,

39*2 , 29 *8 , 22*4 , 15*3 , 8*93 , 5*97 , 3*09 and 1*23 

cm. M easurem ents were made a t  each  w a v e le n g th  

on 3 o r  more specim ens moulded from th e  same 

m a t e r i a l .  The mean v a lu e s  o f  th e  com ponents o f  

th e  p e r m e a b i l i t y  jl , and o f  th e  p e r m i t t i v i t y  €  

a r e  p l o t t e d  in  F ig u r e s  6 and 7 .  The 

p e r m e a b i l i t y  jjl was found to  be in d e p e n d e n t  o f  th e  

s t r e n g t h  o f  th e  a p p l i e d  f i e l d ,  w i t h in  th e  range  

em ployed , by r e p e a t i n g  o b s e r v a t i o n s  a t  d i f f e r e n t  

h ig h - f r e q u e n c y  f i e l d  s t r e n g t h s .  The i n i t i a l  

s t a t i c  p e rm e a b i l i ty y u ^  was m easured  by a b a l l i s t i c  

m ethod , and found t o  be 3*2 .

A lthou gh  th e  m ag n e tic  p r o p e r t i e s  a r e  o f  

p r im a ry  i n t e r e s t ,  th e  s im u lta n e o u s  d e r i v a t i o n  o f  

£  from  th e  same s e t  o f  o b s e r v a t i o n a l  d a t a  p ro v id e s
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a n  i n h e r e n t  check  on th e  v a l i d i t y  o f  th e  measures 

: m e n ts • The g r a d u a l ,  s t e a d y  d e c re a s e  o f

p e r m i t t i v i t y  w i th  w a v e le n g th  which i s  o b se rv e d  

( F ig u re  7 ) i s  t y p i c a l  o f  th e  d i e l e c t r i c  d i s p e r s i o n  

o f  s o l i d  i n o r g a n ic  compounds. U nusual f e a t u r e s  

i n  th e  m ag n e tic  d i s p e r s i o n  c a n n o t ,  t h e r e f o r e ,  be 

a t t r i b u t e d  t o  e x p e r im e n ta l  e r r o r .  (T h is  p o in t  

i s  e m p h a s ise d ,  b e c a u se  c e r t a i n  abnorm al m agne tic  

d i s p e r s i o n  phenomena r e p o r t e d  i n  m e ta ls  

(JL artsd h ag in  (1 9 2 2 ^  dans  and L o y a r te  (1 9 2 1 ) ,

I s r a e l  (1 9 2 6 ) )  were l a t e r  shown to  a r i s e  from  

e r r o r s  o f  o b s e r v a t i o n  (W ait ( 1 9 2 7 ) ) .

The a c c u ra c y  o f  th e  o b s e r v a t i o n s  

h a s  b e en  a s s e s s e d  a s  f o l lo w s .  I n  th e  

e x p e r im e n ts  to  be d e s c r i b e d  i n  8 6 . 2 . ,  and jjl 

were red u c ed  by 60% and 96% r e s p e c t i v e l y  by  th e  

a p p l i c a t i o n  o f  a l a r g e  s t e a d y  m ag n e tic  f i e l d .

The m easured  v a lu e  o f  € , which sh o u ld  be 

un ch an g ed , was found to  rem a in  c o n s t a n t  to  

f o r  seq u en ces  o f  10 o r  more m easurem ents  on th e  

same sa m p le .  I t  I s  c o n s id e r e d  from  such 

o b s e r v a t i o n s  t h a t  th e  a c c u ra c y  o f  i n d i v i d u a l  

m e a su re m e n ts ,  e x c e p t  a t  th e  two s h o r t e r  wave:
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: l e n g t h s ,  i s  o f  t h i s  o r d e r .  The o v e r a l l  

a c c u ra c y  i s ,  h ow ever ,  l i m i t e d  by l o c a l  

in h o m o g e n e i t ie s  i n  th e  m ix tu re  u s e d ,  which 

l e a d  to  g r e a t e r  v a r i a t i o n s  t h a n  t h i s  b e in g  

found  be tw een  d i f f e r e n t  spec im ens o f  th e  same 

m ix t u r e .  T ak ing  t h i s  f a c t o r  i n t o  a c c o u n t ,  

i t  i s  e s t im a te d  t h a t  t h e  mean v a lu e s  a r e  

c o r r e c t  to  -  2> a t  w a v e le n g th s  from  58*5 cm. 

t o  5*97 c m .,  i  4> a t  3*09 cm ., and «10> a t  

1*23 cm.

The m ag n e tic  d i s p e r s i o n  and 

a b s o r p t i o n  ( F ig u re  6 ) d i s p l a y s  s e v e r a l
r

i n t e r e s t i n g  f e a t u r e s .  From th e  t r e n d o f  th e

o b s e r v a t i o n s ,  i t  i s  e s t im a t e d  t h a t  th e

l i m i t i n g  v a l u e , , o f  yu.1 on th e  low -

f re q u e n c y  s i d e  o f  th e  d i s p e r s i o n  r e g io n

( X ^  150 cm .)  i s  3*0 5 . S i n c e y i ^ i s

w i t h i n  5£  o f  y t5 , th e  s t a t i c  p e r m e a b i l i t y ,

( -  3*2 ) no a p p r e c i a b l e  d i s p e r s i o n  can  o c c u r

i n  t h e  i n t e r v a l  from X -» oO t o  X ^

150 cm. At t h i s  l a t t e r  wave l e n g th  p i  b e g in s

to  d e c r e a s e ,  becoming u n i t y  a t  X a 7*5 cm.

w h i le  fenS,* r i s e s  to  a maximum a t  a b o u t  th e  r
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same w a v e le n g th .  A t s h o r t e r  w a v e le n g th s ,

d e c r e a s e s  a g a in  r a p i d l y ,  an dfj f a l l s  below 

u n i t y ,  c o r r e s p o n d in g  to  a n e g a t iv e  

s u s c e p t i b i l i t y .  A t th e  s h o r t e s t  w av e len g th  

o f  m easu rem en t, X -  1*23 cm .,  th e  m ag n e tic  

l o s s  i s  n e g l i g i b l e ,  w h i le  pi i s  a p p ro x im a te ly  

u n i t y ,  w hich  i s  th e  u l t i m a t e  h ig h - f r e q u e n c y  

v a lu e  f o r  f e r r o m a g n e t ic  m a t e r i a l s ,  i n d i c a t e d  

by  th e  i n f r a - r e d  m easurem ents o f  Hagen and 

Rubens (1 9 0 3 ) .  T h u s ,  p r a c t i c a l l y  a l l  t h e  

m ag n e tic  d i s p e r s i o n  and a b s o r p t i o n  o f  th e  

m a t e r i a l  o c c u r s  i n  th e  w a v e le n g th  i n t e r v a l  

150 cm. to  1 cm.

6 .2 *  E f f e c t  o f  m a g n e to s ta t i c  f i e l d .

F u r t h e r  m easurem ents  have been  

made on th e  32*6> V - f e r r i c  o x id e  m ix tu re  t o  

d e te rm in e  th e  e f f e c t  o f  a s t a t i c  m agn e tic  

f i e l d  on th e  o b se rv ed  d i s p e r s i o n .  The 

moulded specim ens were l o c a t e d  i n  th e  u s u a l  

manner a t  th e  end o f  th e  c o a x i a l  l i n e ,  which 

was p la c e d  be tw een  th e  p o le s  o f  an  e l e c t r o ,  

sm ag n e t ,  p ro d u c in g  a p a r a l l e l  f i e l d H  norm al 

to  th e  a x i s .  Specim ens o f  s i m i l a r  

d im e n s io n a l  r a t i o s  were u sed  to  a v o id
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d i f f e r e n c e s  i n  d e m a g n e t i s a t io n  c o e f f i c i e n t s .  

The e f f e c t i v e  v a lu e s  o f  a s  a f u n c t i o n  o f  H 

w ere m easured  a t  w a v e le n g th s  from  58*5 cm. to  

5*97 cm. The p e r m i t t i v i t y  € was u n a f f e c t e d

by H (§ 6 . 1) .

The s t a t i c  m a g n e t i s a t io n  o f  th e  

m ix tu re  h as  a l s o  been  i n v e s t i g a t e d  by a 

b a l l i s t i c  m ethod , and th e  in c r e m e n ta l  s t a t i c  

p e r m e a b i l i t y  f a  (= ) and i t s  r e v e r s i b l e

componentyu** have been  d e r iv e d  as f u n c t io n s  

o f  th e  a p p l i e d  f i e l d  H • The r e s u l t s  o f  

th e  s t a t i c  and h ig h - f r e q u e n c y  m easurem ents a r e  

p l o t t e d  t o g e t h e r  i n  F ig u r e  8.  The s c a l e  o f  

th e  s t a t i c  m easurem ents  h a s  b een  a d ju s te d  t o  

a l lo w  f o r  th e  d e m a g n e t i s a t io n  c o e f f i c i e n t s  o f  

th e  c o a x i a l  sp e c im e n s .

The h ig h - f r e q u e n c y  and s t a t i c  

o b s e r v a t i o n s  a re  c o m p a ra b le ,  s i n c e  i n  b o th  

c a s e s  th e y  r e p r e s e n t  th e  e f f e c t  o f  a wealc 

f i e l d  a p p l i e d  t o  th e  f e r r o m a g n e t ic  m a t e r i a l ,  

when i t  i s  i n  th e  m ag n e tic  s t a t e  p roduced  by  

a f i e l d  H • The m ag n e tic  d i s p e r s i o n  and

a b s o r p t i o n  c u r v e s ,  c o r r e s p o n d in g  t o  d i f f e r e n t  

v a lu e s  o f  H , a re  p l o t t e d  i n  F ig u re  9 .  F o r
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co m p ar iso n  th e  o r d i n a t e s  a r e  e x p re s s e d  r e l a t i v e  

t o  th e  c o r r e s p o n d in g  v a lu e s  o f  -  I . I t  

w i l l  be o b se rv e d  t h a t  th e  d i s p e r s i o n  r e t a i n s  a 

s i m i l a r  fo rm , b u t  s h i f t s  t o  d i o r t e r  w a v e le n g th s ,  

and becomes s t e e p e r ,  a s  th e  f i e l d  H i s  

in c r e a s e d *
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7 .  MAGNETIC DISPERSION OP FERROMAGNETIC 
COMPOUNDS.

7 . 1 .  8 - f e r r i c  o x id e  : E f f e c t  o f  c o n c e n t r a t i o n .

M easurem ents have been  made on m ix tu re s  

c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  o f  - f e r r i c  

o x id e  i n  p a r a f f i n  wax. The p e r m e a b i l i t y  and 

p e r m i t t i v i t y  c u rv e s  f o r  th e  d i f f e r e n t  m ix tu re s  

a r e  s i m i l a r  to  th o s e  a l r e a d y  d e s c r ib e d  i n §  6 . 1*

An a t t e m p t  h a s ,  t h e r e f o r e ,  been  made to  

e x t r a p o l a t e  th e  o b s e r v a t io n s  on th e  m ix tu r e s  t o  

z e ro  d i l u t i o n ,  and th u s  d e r i v e  th e  p r o p e r t i e s  

o f  th e  s o l i d  m a t e r i a l .  The i n i t i a l  m easure : 

:m e n ts  (1 9 4 6 b ) ,  o v e r  a l i m i t e d  ran g e  o f  

w a v e le n g th s  and c o n c e n t r a t i o n s ,  a g re e d  

r e a s o n a b ly  w i th  th e  c l a s s i c a l  C l a u s i u s -  

M o s o t t i  r e l a t i o n

A  - « m v
(32)

where jl i s  th e  p e r m e a b i l i t y  o f  a m ix tu re  

c o n t a i n i n g  a p r o p o r t i o n  v by volume o f  th e  

o x id e ,  a n d i s  th e  ( e x t r a p o l a t e d )  

p e r m e a b i l i t y  o f  th e  o x id e .  F u r t h e r  

m easurem ents  showed, how ever, t h a t  (32 ) i s  o f  

v e ry  l i m i t e d  v a l i d i t y ,  and the  a l t e r n a t i v e
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" m ix tu r e ” la w s ,  rev iew ed  by G u i l l i e n  (1941) were 

compared w i th  th e  o b s e r v a t i o n s .

fc ic h te n e c l le r  (1918) p ro p o se d ,  on sem i-  

t h e o r e t i c a l  g ro u n d s ,  a l o g a r i th m ic  law f o r  th e  

p e r m i t t i v i t y  6 o f  a random d i e l e c t r i c  m ix tu r e ,  

o f  t h e  form

l e j  6  m S i  v f o g € v ( 3 3 )

where v i s  th e  p r o p o r t i o n  by volume o f  th e  

c o n s t i t u e n t ,  p e r m i t t i v i t y  , and Z v  •  I . 

A p p ly in g  (33 )  and i t s  m ag n e tic  a n a lo g u e  t o  

th e  complex p e r m i t t i v i t y  a n d p e r m e a b i l i t y , o f  the  

ox id e-w ax  m ix tu r e ,  we o b t a i n  f o r  th e  r e a l  p a r t s

f»3 | el » v loj |€ * |  ♦ 0 - * )  <34)

•  V ( 35)

and f o r  th e  im a g in a ry  p a r t s ,

(36)

-  v S ^  ( 3 7 )

w here s u f f i x  " a . 11 r e f e r s  t o  the  ( e x t r a p o l a t e d )  

p r o p e r t i e s  o f  th e  f e r ro m a g n e t ic  s o l i d ,  and 

s u f f i x  "w " to  th e  p r o p e r t i e s  o f  th e  w ax#

t e w l  * a . a «  , lynwl * * ° )
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I t  i s  found t h a t ,  w i t h in  th e  e x p e r im e n ta l  

e r r o r ,  and i d  f o r  th e  S - f e r r i c  o x id e  -  wax

m ix tu r e s  v a ry  w i th  V , a c c o rd in g  to  (55) and ( 3 4 ; .  

The e x p e r im e n ta l  v a lu e s  o f  a t  d i f f e r e n t  wave:

: l e n g t h s  a r e  p l o t t e d  on a l o g a r i th m i c  s c a l e  

a g a i n s t  v i n  F ig u r e  1 0 .  The m easurem ents on 

& - f e r r i c  o x id e  have been  l i m i t e d  to  v a lu e s  o f  v  
up to  0 * 4 1 ,  b u t  Legg and G iven  (1 9 4 0 ) ,  u s in g  

com pressed  powdered P e rm a l lo y ,  found (35 ) to  be 

v a l i d  f o r  v up t o  1*0 , and B uchner (1939) and 

Wul (1 9 4 6 ) ,  u s in g  r c t i l e  m ix t u r e s ,  found (34) 

to  be a l s o  t e n a b le  up t o  100> c o n c e n t r a t i o n .

The m ag n e tic  l o s s  a n g le  d oes  n o t  

i n c r e a s e  a s  r a p i d l y  w i th  v , a s  i s  i n d i c a t e d  

by  ( 3 7 ) .  W ith in  th e  ran ge  o f  the  

m ea su re m e n ts ,  t h e s e  o b s e r v a t i o n s  a r e  more 

s a t i s f a c t o r i l y  r e p r e s e n te d  by th e  r e l a t i o n

(38)
r

The e x p e r im e n ta l  v a lu e s  o f  hk*»^vs V f o r  

d i f f e r e n t  w a v e le n g th s  a re  p l o t t e d  i n  F ig u r e  11.

The d i e l e c t r i c  l o s s  a n g le  i s  s u f f i c i e n t l y  

s m a l l ,  t h a t  ^  , and (36) o r  th e

d i e l e c t r i c  a n a lo g u e  o f  (38) a r e  e q u a l ly  v a l i d .

The v a lu e s  o f  and d e r iv e d

from  th e  o b s e r v a t i o n s ,  u s in g  ( 3 4 ) ,  ( 3 5 ) ,  (36 )  and
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(3 8 )  a r e  g iv e n  i n  T ab le  5 ,  The i n i t i a l  

s t a t i c  p e r m e a b i l i t y  ^ ta s  » e x t r a p o l a t e d  from  

m easurem ents  on th e  m ix tu re s  i n  s t a t i c  f i e l d s ,  

and th e  l i m i t i n g  p e r m e a b i l i t y  , a t

f r e q u e n c i e s  below th e  d i s p e r s i o n  r e g i o n ,

% 6 . 1 . )  have a l s o  been  o b t a i n e d .  The 

d e r iv e d  m ag n e tic  d i s p e r s i o n  and a b s o r p t io n  

c u rv e s  f o r  s o l i d  K - f e r r i c  o x id e  a re  p l o t t e d  

i n  F ig u r e  12 .

The low er  v a lu e s  o f  p e r m e a b i l i t y  

and p e r m i t t i v i t y  o b ta in e d b y  H * t t i g  (T ab le  3 ) 

a r e  a t t r i b u t a b l e  t o  p o r o s i t y  i n  th e  com pressed  

sam ples o f  o x id e  w hich  be  u s e d .  C om parison  

o f  h i s  v a lu e  o f  |€ |  -  5*4 a t X f t  39*5 cm ., w i th  

th e  v a lu e  o f 94 from  T ab le  5 ,  l e a d s  t o  

v a 0 * 5 3 , from  ( 3 4 ) .  T h is  c o n c e n t r a t i o n  

c o r re s p o n d s  to  t h a t  f o r  c l o s e s t  p a c k in g  o f  

e q u a l  s p h e re s  i n  a c u b ic  l a t t i c e  (*  )

U sing  t h i s  d e r iv e d  v a lu e  o f  v , H u t t l g ' s  

m easurem ents  o f  fk and £ have been 

e x t r a p o l a t e d  t o  100j( c o n c e n t r a t i o n  (T ab le  

6 ) .  The c o n s i s t e n c y  o f  th e s e  v a lu e s  w i th  

th o s e  i n  T ab le  5 p ro v id e s  a u s e f u l  ch eck  on 

th e  e x t r a p o l a t i o n  m ethod.
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T ab le  5 -  S o l id  K - f e r r i c  o x id e .

X ( c m . ) lyUj t ^ l cct
1

58*5 21*2 36° 23*9 8*3°

39*2 18*1 45° 24*0 8*8°

29*8 16*9
o

51 22*5 00 . 1— o

22*5 12*4 57° 21-7 8 #5°

15*3 8*0 61° 20*6 7*2°

8*93 3*2
o

67 19*5 6°

5*97 1*4 65° 17*6 5°

3*09 0*53 32° 16*1 4°

1*23 1*2 ~  5° 16 ~  5° 

...

^ a s  “ 554

f a *  •  3 0

T ab le  6 -  S o l id  ^ - f e r r i c  o x id e  ( d e r i v e d  from T ab le  3)

X(om») I /*•«-/ 1

174 28*6 ~  0° 22*8

77*5 23*4 29*5° 24

39*5 17*9 41° 24
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7 . 2 .  O th e r  f e r r o m a g n e t ic  compounds.

A s i m i l a r  s e r i e s  o f  m easurem ents 

have been  made on m ix tu r e s  c o n ta in i n g  v a r io u s  

c o n c e n t r a t i o n s  o f  f e r r o s o - f e r r i c  o x id e  

( m a g n e t i t e )  i n  wax, up t o  v * 0 * 5 5 . The 

o b s e r v a t i o n s  o f  and h u ^ a g a i n s t  v f o r  th e  

d i f f e r e n t  w av e len g th s  o f  m easurem ent a r e  

p l o t t e d  i n  F ig u r e s  13 and 14 . The m ix tu re  

r e l a t i o n s  (34) (35 ) (36) and (38) a re  a g a in  

found to  be v a l i d ,  and th e  p r o p e r t i e s  o f  th e  

s o l i d  m a t e r i a l  have  been  s i m i l a r l y  o b ta in e d  

by  e x t r a p o l a t i o n .  The d e r iv e d  m a g n e tic  

d i s p e r s i o n  and a b s o r p t i o n  c u rv e s  f o r  m a g n e t i te  

a r e  p l o t t e d  i n  F ig u r e  15 .

S i m i l a r  m easurem ents  have  been  made 

on m ix tu r e s  c o n ta in i n g  m an g a n ese -z in c  f e r r i t e  

and n i c k e l - z i n c  f e r r i t e .  T hese  m a t e r i a l s ,  

known a s  " F e r ro x -c u b e  3“ and "A*, a r e  m ix tu re s  

o f  MnOi and Z mO. f t j O j  and

o f  N iO .  and Z mO. r e s p e c t i v e l y ,

T h e i r  p r e p a r a t i o n ,  s t r u c t u r e ,  and g e n e r a l  

p r o p e r t i e s  have been  d e s c r ib e d b y  Snoek (1 9 4 7 a ) ,  

t o  whom th e  a u th o r  i s  in d e b te d  f o r  s u p p ly in g  

powdered sp e c im en s .  The e x t r a p o l a t e d



o b s e r v a t i o n s  on m an g a n ese -z in c  f e r r i t e  and 

on n i c k e l - z i n c  f e r r i t e  a r e  p l o t t e d  i n  F ig u r e s  

16 and 1 7 .

The v a lu e s  o f ^  andyns f o r  th e  f o u r  

compounds ( th e  s u f f i x  «. w i l l  be o m it te d  in  th e  

s u b s e q u e n t  d i s c u s s i o n ) ,  o b t a in e d  from th e  

m ag n e tic  d i s p e r s i o n  c u r v e s ,  and from  s t a t i c  

m easurem ents  on m ix tu r e s  r e s p e c t i v e l y ,  a re  

l i s t e d  i n  T ab le  7 .
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T ab le  7 -  Com parison o f  yu.s and jllc •

M a t e r i a l fA-o

# - f e r r i c  o x ide 34 50

M a g n e t i te 15 8

-  Z* f e r r i t e 43 44

Ni - Z m f e r r i t e 40 54
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8 . THEORY OF MAGNETIC DISPERSION

8. 1 . N a tu re  o f  M a g n e t i s a t io n  P r o c e s s t

T here  i s  a m a jo r  d i f f e r e n c e  be tw een  

th e  microwave m ag n e tic  d i s p e r s i o n  t h a t  o c c u r s in  

m e t a l s ,  and t h a t  w hich  i s  o b se rv e d  i n  th e  

f e r r o m a g n e t ic  compounds. The fo rm er i s  d i r e c t l y  

a s s o c i a t e d  w ith  s k i n - e f f e c t ,  and th e  in co m p le te  

p e n e t r a t i o n  o f  su r f a c e -d o m a in s  (§  1 . 2 ) .  The 

m ag n e tic  d i s p e r s i o n  o f  th e  compounds on th e  o t h e r  

h a n d ,  can  o n ly  be due to  an i n t e r n a l  

m a g n e t i s a t io n  p r o c e s s ,  s in c e  s k i n - e f f e c t  i s  

n e g l i g i b l e  becau se  o f  t h e i r  low c o n d u c t i v i t y .

The domain th e o r y  o f  fe r ro m a g n e t is m  

(b e c k e r  and D o r in g ,  1939) d i f f e r e n t i a t e s  f o u r  

e le m e n ta r y  p r o c e s s e s  which o c c u r  i n  th e  s t a t i c  

m a g n e t i s a t io n  o f  a d e m a g n e tise d  m a t e r i a l ;

( i )  R e v e r s i b l e  d i s p la c e m e n ts  o f  th e  B loch
w a l l s ,  s e p a r a t i n g  a d j a c e n t  d om ain s .

( i i )  I r r e v e r s i b l e  d i s p la c e m e n ts  o f  th e  
domain w a l l s .

( i i i )  I r r e v e r s i b l e  r o t a t i o n s  o f  th e  s p in s
w i t h in  a domain from  one d i r e c t i o n  
o f  e a s y  m a g n e t i s a t io n  to  a n o th e r .

( i v )  R e v e r s ib l e  r o t a t i o n s  o f  th e  domain
s p i n s ,  tow ards  th e  d i r e c t i o n  o f  th e  
a p p l i e d  f i e l d .



The r e v e r s i b l e  t r a n s l a t i o n a l  m a g n e t i s a t io n  

( i )  t a k e s  p la c e  i n  weak f i e l d s  o n ly ,  and i s  g e n e r a l l y  

c o n s id e r e d  r e s p o n s i b l e  f o r  th e  i n i t i a l  p e r m e a b i l i t y .  

The i r r e v e r s i b l e  m a g n e t i s a t i o n  p r o c e s s e s  ( i i )  and

( i i i ) ,  which a r e  r e s p o n s i b l e  f o r  th e  B arkhausen  

e f f e c t ,  o c c u r  i n  medium f i e l d s  o v e r  th e  s t e e p  

p o r t i o n  o f  th e  B-H c u rv e .  The i r r e v e r s i b l e  

component p ro d u ces  th e  peak  i n  th e  s t a t i c  vs H 

c u rv e  (F ig u re  8) .  The r e v e r s i b l e  r o t a t i o n a l  

m a g n e t i s a t i o n  ( i v )  c an  o c c u r  a t  a l l  f i e l d - s t r e n g t h s , 

and i s  t h e o n ly  p ro c e s s  o p e r a t i v e  i n  h ig h  f i e l d s .

B eck er  (1938) h a s  d e v e lo p e d  a th e o r y  

o f  m a g n e tic  d i s p e r s i o n  f o r  th e  t r a n s l a t i o n a l  and 

i r r e v e r s i b l e  m a g n e t i s a t io n  com ponen ts . The 

d i s p e r s i o n  i s  a t t r i b u t e d  t o  th e  damping a c t i o n  o f  

eddy c u r r e n t  f i e l d s ,  in d u ced  i n  th e  v i c i n i t y  o f  

domains by th e  e x t e n s i o n  o f  t h e i r  b o u n d a r i e s ,  o r  

by i r r e v e r s i b l e  r o t a t i o n s .  A cco rd in g  to  B e c k e r ,  

th e  i r r e v e r s i b l e  m a g n e t i s a t io n  component sh o u ld  

d i s a p p e a r  a t  r e l a t i v e l y  low f r e q u e n c i e s .  The 

e x p e r im e n ta l  r e s u l t s  (F ig u re  8) c o n f i rm  t h i s ,  

s i n c e  th e  peak  i n  th e  jx  vs H c u rv e  h as  c o m p le te ly  

d i s a p p e a r e d  a t  th e  lo w e s t  f r e q u e n c y  u s e d .  H ence, 

o n ly  r e v e r s i b l e  m a g n e t i s a t io n  p r o c e s s e s  a re  

o p e r a t i v e  i n  th e  microwave r e g i o n .
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F o r  th e  r e l a x a t i o n  o f  th e  r e v e r s i b l e  

d o m a in -w a ll  d i s p l a c e m e n t s ,  B eck er  o b t a in s  a 

D e b y e - ty p e  e q u a t io n  o f  th e  form

/* * -*  ' -

f o r  th e  p e r m e a b i l i t y jx  i n  weak f i e l d s  o f  

f r e q u e n c y  , where \); i s  th e  r e l a x a t i o n  

f req u e n cy *  The form o f  (39 ) i s  i d e n t i c a l  

w i th  t h a t  p ro posed  e a r l i e r  by Arkadiew  

(1 9 1 3 ) ,  from  h i s  th e o ry  o f  m ag n e tic  v i s c o s i t y .  

T h is  t h e o r y  was b a se d  on Weber*s c o n c e p t io n  o f  

a f e r r o m a g n e t ic  m a t e r i a l ,  form ed o f  q u a s i 

in d e p e n d e n t  e le m e n ta ry  m a g n e ts ,  and was 

d e v e lo p e d  by d i r e c t  a n a lo g y  w i th  d i p o le  

r e l a x a t i o n  i n  d i e l e c t r i c  m a t e r i a l s .  B eck er*s  

e d d y - c u r r e n t  t h e o r y  i s  more i n  a c c o rd  w i th  

modern i n t e r p r e t a t i o n s  o f  m ag ne tic  

phenomena.

Com parison  o f  th e  o b se rv ed  m agne tic  

d i s p e r s i o n  and a b s o r p t io n  w i th  (39) r e v e a l s  

s e v e r a l  m ajo r  d i f f e r e n c e s ,  ( e . g .  F ig u r e  6) .

The jx  vs X cu rv e  i s  s t e e p e r  th a n  t h a t  g iv e n  

by  (39) ; th e  a b s o r p t io n  i s  s h a r p e r  t h a n  th e
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t h e o r e t i c a l  one 5 andyii-fbecoraes n e g a t i v e ,  

w h i le  (39) g iv e s  p o s i t i v e  v a lu e s  o n ly .  The 

p e r m e a b i l i t y  does  n o t ,  t h e r e f o r e ,  decay  by  a 

r e l a x a t i o n  p r o c e s s ,  as  would be e x p e c te d  i f  i t  

w ere  due to  t r a n s l a t i o n a l  m a g n e t i s a t i o n .

The o b s e r v a t i o n s  on th e  e f f e c t  o f  

an  a p p l i e d  f i e l d  ( F ig u re  9) show t h a t  a 

s i m i l a r  d i s p e r s i o n  m echanism  o p e r a t e s  when h ig h  

s t a t i c  f i e l d s  a re  a p p l i e d  to  th e  m a t e r i a l .  

T r a n s l a t i o n a l  m a g n e t i s a t i o n ,  w hich  can  o n ly  

o c c u r  i n  weak f i e l d s ,  c a n n o t ,  t h e r e f o r e ,  be 

r e s p o n s i b l e .  I t  i s  c o n c lu d e d  t h a t  t h e  

m a g n e tic  d i s p e r s i o n  m ust be a c c o u n te d  f o r  i n  

te rm s o f  t h e  o n ly  a l t e r n a t i v e  p r o c e s s ,  r e v e r s i b l e  

r o t a t i o n a l  m a g n e t i s a t i o n ,  w hich  i s  o p e r a t i v e  a t  

a l l  f i e l d  s t r e n g t h s .

C om parison  o f  th e  v a lu e s  ofyu.0 w i th  

yu.s (T a b le  7) shews t h a t ,  w i th  th e  e x c e p t i o n  o f  

m a g n e t i t e ,  p r a c t i c a l l y  a l l  t h e  m a g n e tic  

d i s p e r s i o n ^  o c c u r s  i n  th e  m icrowave r e g i o n .

I f  t h i s  d i s p e r s i o n  i s  a t t r i b u t e d  t o  r o t a t i o n a l  

m a g n e t i s a t i o n ,  i t  f o l lo w s  t h a t  th e  t r a n s l a t i o n a l  

m a g n e t i s a t i o n  i n  t h e s e  m a t e r i a l s  i s  r e l a t i v e l y  

s m a l l .  T h is  i s  p ro b a b ly  due to  th e  low 

c o n d u c t i v i t y ,  w hich  w i l l  i n h i b i t  th e  s p r e a d  o f
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eddy c u r r e n t s  a s s o c i a t e d  w i th  dom ain-boundary  

d i s p l a c e m e n t s .  M a g n e t i te  h a s  a h i g h e r  

c o n d u c t i v i t y  th a n  th e  o t h e r  m a t e r i a l s  

i n v e s t i g a t e d ,  a n d i t  a p p e a rs  t h a t  th e  

r o t a t i o n a l  and t r a n s l a t i o n a l  components 

a r e  o f  e q u a l  m a g n i tu d e s .  ( yu.s ^  ) .

The m a g n e tic  d i s p e r s i o n  o b se rv e d  i n  m a g n e t i t e  

by  Zimowski (1937) a t  5-20 M c /s ,  p ro b a b ly  

c o r r e s p o n d s  to  th e  r e l a x a t i o n  o f  th e  

t r a n s l a t i o n a l  m a g n e t i s a t io n *  Snoek (1947a) 

h a s  o b se rv e d  s i m i l a r  lo w - f re q u e n c y  m ag n e tic  

d i s p e r s i o n ,  below  1 M c /s ,  i n  th e  f e r r i t e s .

8*2 • n a t u r a l  f e r r o m a g n e t ic  r e s o n a n c e .

The r o t a t i o n  o f  th e  s p i n s  w i t h i n  

a dom ain to w a rd s  t h e  d i r e c t i o n  o f  th e  a p p l i e d  

f i e l d  i s  opposed  by th e  c r y s t a l l i n e  a n i s o t r o p y  

f o r c e s ,  w hich  te n d  to  keep  th e  s p in s  a l i g n e d  

a lo n g  an  e a s y  m a g n e t i s a t i o n  a x i s  0-* . Landau 

and L i f s h i t z  (1935) have  c o n s id e r e d  a 

t h e o r e t i c a l  domain model o f  a u n i a x i a l  

f e r r o m a g n e t i c  c r y s t a l ,  and th e y  have 

s u g g e s te d  t h a t  t h e s e  a n i s o t r o p y  f o r c e s  a r e  

e q u i v a l e n t  t o  an i n t e r n a l  m ag n e tic  f i e l d  H * , 

a c t i n g  a lo n g  0*k  . T h is  n a t u r a l  a n i s o t r o p y
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f i e l d ,  w hich i s  o f  th e  o r d e r  o f  1000 g a u s s ,  

a r i s e s  from  s p i n - o r b i t  i n t e r a c t i o n ,  and i s  

d i s t i n c t  from  th e  much l a r g e r  W eiss m o le c u la r  

f i e l d ,  a r i s i n g  from  th e  s p in  exchange f o r c e s .  

Landau and L i f s h i t z  have c o n s id e r e d  th e  

e f f e c t  o f  a weak h i g h - f r e q u e n c y  m a g n e tic  f i e l d  

a p p l i e d  t r a n s v e r s e  to O * . ,  i . e .  i n  such  a 

d i r e c t i o n  t h a t  s p i n  r o t a t i o n  i s  th e  o n ly  

m a g n e t i s a t i o n  p r o c e s s  p o s s i b l e .  They f i n d  

t h a t  m ag n e tic  d i s p e r s i o n  t a k e s  p la c e  a s  a 

r e s o n a n c e  p r o c e s s ,  r e s o n a n c e  o c c u r r i n g  a t  th e  

Larmor p r e c e s s i o n  f r e q u e n c y  >)<lt o f  th e  e l e c t r o n  

s p in s  i n  th e  i n t e r n a l  f i e l d ,  g iv e n  by

h'J.H = 3 k«. (40 )

where g i s  th e  Lande f a c t o r  ( -  2 f o r  e l e c t r o n  

s p i n s ) h  i s  P la n c k * s  c o n s t a n t ,  jx  ̂ i s  t h e  Bohr 

m agneton .

The d i f f e r e n c e s ,  n o te d  i n  § 8 #1 * , 

b e tw een  th e  o b se rv e d  m a g n e tic  d i s p e r s i o n  and 

a b s o r p t i o n  and th e  r e l a x a t i o n  e q u a t io n  ( 3 9 ) ,  

a n d ,  i n  p a r t i c u l a r ,  th e  n e g a t iv e  v a lu e s  o f  

y u /- i  9 a r e  c h a r a c t e r i s t i c  o f  a r e s o n a n c e  

p r o c e s s .  These o b s e r v a t i o n s  p ro v id e  t h e  f i r s t
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d i r e c t  e x p e r im e n ta l  e v id e n c e  o f  th e  e x i s t e n c e  

o f  th e  i n t e r n a l  a n i s o t r o p y  f i e l d  , p r e d i c t e d  

by Landau and L i f s h i t z .  As th e  m ag n e tic  

p r o p e r t i e s  a re  due to  e l e c t r o n i c  sp in -m o m en ts ,  

any m a g n e tic  r e s o n a n c e  p r o c e s s  o b se rv e d  i n  th e  

microwave r e g i o n  m ust be due to  th e  p re s e n c e  

o f  a f i e l d  o f  th e  o r d e r  o f  1000 g a u s s ,  s in c e  f o r  

an  e l e c t r o n - s p i n ,  th e  Lannor r e l a t i o n  (40) becomes 

n u m e r i c a l ly

H. V. -  * to g a u ss -c m . (4 ? )A X

w here X*(*c/>&ll) i s  th e  r e s o n a n t  w a v e le n g th .

S in c e  re s o n a n c e  o c c u r s  when no such  f i e l d  i s  

a p p l i e d  e x t e r n a l l y ,  an e f f e c t i v e  f i e l d  Hx m ust 

e x i s t  w i t h i n  th e  f e r r o m a g n e t ic  m a t e r i a l .  When 

an  e x t e r n a l  f i e l d  H i s  a p p l i e d t o  th e  m a t e r i a l ,  

i t  w i l l  i n c r e a s e  th e  t o t a l  f i e l d  a c t i n g  on th e  

s p i n s ,  and th e  r e s o n a n c e  w i l l  s h i f t  t o  h i g h e r  

f r e q u e n c i e s ,  a s  o b se rv e d  (F ig u r e  9 ) .  T h u s ,  

q u a l i t a t i v e l y ,  th e  o b s e r v a t i o n s  a r e  c o n s i s t e n t  

w i th  Landau and L i f s h i t z *  t h e o r y .
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8 ,3 »  In d u c e d  m a g n e tic  r e s o n a n c e .

The c o n d i t i o n s  w i t h in  a  s i n g l e  domain o r  

r e g i o n  o f  t h e  p o i y c r y s t a l l i n e  m a t e r i a l ,  i n  which 

an  i n t e r n a l  u n i d i r e c t i o n a l  a n i s o t r o p y  f i e l d  

e x i s t s ,  w i l l  be s i m i l a r  t o  th o s e  i n  a  s a t u r a t e d  

p a ra m a g n e t ic  o r  f e r r o m a g n e t ic  m a t e r i a l ,  i n  

w h ich  th e  s p in s  a r e  a l i g n e d  by an  e x t e r n a l  

p o l a r i s i n g  f i e l d  Hx  . i n  t h e  l a t t e r  c a s e ,  

when an  o s c i l l a t o r y  f i e l d ,  f r e q u e n c y  \) , i s  

a p p l i e d  t r a n s v e r s e  t o  Hh , I t  h a s  been  found 

e x p e r i m e n t a l ly  t h a t  t h e  h i g h - f r e q u e n c y  

m a g n e tic  a b s o r p t i o n  becomes a  maximum a t  th e  

Larmor f r e q u e n c y  o f  th e  e l e c t r o n  s p in s  i n  t h e  

e x t e r n a l  s t a t i c  f i e l d .  T h is  in d u c e d  m ag n e tic  

r e s o n a n c e  e f f e c t  i s  th u s  c i o s e i y  r e l a t e d  t o  

t h e  n a t u r a l  m a g n e tic  r e s o n a n c e ,  due t o  th e  

i n t e r n a l  a n i s o t r o p y  f i e l d .

, I n d u c e d  m a g n e tic  r e s o n a n c e  h as  

b e en  o b s e rv e d  i n  p a ra m a g n e t ic  s a l t s  by 

Z a v o isk y  (1 9 4 6 ) ,  Cummerow and  H a i l i d a y  

(1946) and o t h e r s ,  and  i n  f e r ro m a g n e t ic  

m a t e r i a l s  by G r i f f i t h s  ( 1 9 4 6 ) ,  Yager and 

B o z o r th  (1947) and  H e w it t  (1948)#  The t h e o r y
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o f  th e  e f f e c t  has  b een  c o n s id e r e d  by F re n k e l  

(1945) and K i t t e l  (1 9 4 7 ,  4 8 ) •  F r e n k e l  h a s  

d e r i v e d  an  e x p r e s s io n  f o r  t h e  h i g h - f r e q u e n c y  

s u s c e p t i b i l i t y  X o f  th e  m a g n e tic  m a t e r i a l ,  

r e l a t i v e  t o  i t s  s t a t i c  r o t a t i o n a l  

s u s c e p t i b i l i t y  Xd i n  a  s i m i l a r  t r a n s v e r s e  

f i e l d ,

X A ’ ' nC
* --------  » — -----1---------- , (42 )

/*«-» * 2L 0S

where V*. i s  th e  r e s o n a n t  f r e q u e n c y  i n  th e  

a p p l i e d  f i e l d  H * , and J  i s  t h e  damping 

f r e q u e n c y ,  due t o  s p i n - l a t t i c e  i n t e r a c t i o n *  

(The s u f f i x  d i s  u se d  a s  i n  § 7 t o  d i s t i n g u i s h  

t h e  s ta t ic  t r a n s v e r s e  m a g n e t i s a t i o n  component 

( i* e *  t h a t  due t o  r e v e r s i b l e  s p i n  r o t a t i o n s )  

from t h e  t o t a l  s t a t i c  m a g n e t i s a t i o n  d e n o te d  

by th e  s u f f i x  s  ) •  T h is  e x p r e s s i o n  h as  b een  

v e r i f i e d  e x p e r i m e n t a l l y  f o r  a  s a t u r a t e d  

f e r r o m a g n e t ic  by Y ager a n d  B o z o r th  (1947)#

The r e a l  and im a g in a ry  com ponents o f  

s u s c e p t i b i l i t y  an d  p e r m e a b i l i t y  a r e  g iv e n  by

« : ,  * l z l  .  ( l s )
X* flo ~ * (sJljJ* -0*) + U-f

JL .  - J L -  .    (44)
xe / i t " 1



55

The in d u c e d  r e s o n a n c e  e x p e r im e n ts  on

f e r ro m a g n e t ic  m a t e r i a l s  show t h a t  th e  damping

f re q u e n c y  V1 i s  s m a i l  compared w i th  and

h e n c e ,  from  ( 4 4 ) ,  t h e  maximum a b s o r p t i o n  yn"

o c c u r s  when n) * • T h is  r e s u l t  i s  o f

some im p o r ta n c e  i n  i n t e r p r e t i n g  t h e

o b s e r v a t i o n s  on n a t u r a l  m a g n e tic  re so n an c e#

8*4* N a t u r a l  r e s o n a n c e  i n  p o i y c r y s t a l l i n e  
m a t e r i a l s #

The c o n d i t i o n s  w i t h i n  an  u n :  

:m a g n e t is e d  p o i y c r y s t a l l i n e  f e r r o m a g n e t ic  

m a t e r i a l  a re  much more com plex th a n  i n  a 

s a t u r a t e d  m a t e r i a l ,  i n  w h ich  t h e  s p in s  a r e  

a l l  a l i g n e d  i n  an  u n i d i r e c t i o n a l  e x t e r n a l  

f i e l d #  The i n t e r n a l  f i e l d  w i l l  v a ry  i n  

d i r e c t i o n ,  due t o  l o c a l  c h an g e s  i n  t h e  

dom ain and  c r y s t a l l i n e  s t r u c t u r e ,  and i t  

w i l l  a l s o  v a ry  i n  m a g n i tu d e ,  due t o  th e r m a l  

and m a g n e tic  i n t e r a c t i o n s .  The 

p o i y c r y s t a l l i n e  m a t e r i a l  c a n ,  h ow ever ,  be 

c o n s i d e r e d  a s  made up o f  s m a l l  r e g i o n s ,  o f  

t h e  o r d e r  o f  t h e  dom ain s i z e  o r  l e s s ,  

w i t h i n  w hich  th e  i n t e r n a l  f i e l d  HKi s  c o n s ta n t#
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The c o n t r i b u t i o n  o f  e ac h  o f

t h e s e  r e g io n s  t o  t h e  t o t a l  r e l a t i v e  

s u s c e p t i b i l i t y  w i l l  be g iv e n  by a  r e l a t i o n

l o c a l  v a lu e  o f  , b u t  b e in g  a  r e l a t i v e  

q u a n t i t y ,  i t  i s  in d e p e n d e n t  o f  t h e  

o r i e n t a t i o n  o f  th e  r e g i o n  w i th  r e s p e c t  

t o  t h e  h ig h - f r e q u e n c y  f i e l d .  I f  t h e  t o t a l  

number o f  su ch  r e g i o n s  i n  u n i t  volume i s  (Si , 

and  t h e  r e l a t i v e  s u s c e p t i b i l i t y  o f  a number 

dN  i s  [  X /x J ^  , t h a n  th e  t o t a l  r e l a t i v e  

s u s c e p t i b i l i t y  w i n  be g iv e n  by

where t h e  te rm s  dN  depend  on t h e  

d i s t r i b u t i o n  o f  , and \); •

I f  a n  i n t e r a c t i o n s  a r e  

n e g l e c t e d ,  and i t  i s  assum ed t h a t  HM i s  

c o n s t a n t  i n  m ag n itu d e  th ro u g h o u t  t h e  

p o i y c r y s t a l l i n e  m a t e r i a l ,  and  t h a t  \ /  i s  

a l s o  c o n s t a n t ,  t h e n  (45 ) r e d u c e s  t o  (42 )*  

I t  h a s  been  fo un d  p o s s i b l e  by a  s u i t a b l e  

c h o ic e  o f  p a r a m e t e r s ,  t o  o b t a i n  an  

a p p ro x im a te  c o r r e l a t i o n  w i t h  t h e  o b se rv e d  

p o i y c r y s t a l l i n e  d i s p e r s i o n  and a b s o r p t i o n

s i m i l a r  t o  ( 4 2 ) .  C */*©]* depends on th e

(45)
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c u r v e s ,  u s in g  th e  s im p le  damped re s o n a n c e  

r e l a t i o n  (42 )*  Such a  c o m p a r iso n  w i t h  t h e  

m easu rem en ts  on m a g n e t i t e  i s  shown i n  F ig u re  

1 8 .  T h is  e m p i r i c a l  c o r r e l a t i o n  i n v o lv e s  

th e  s e l e c t i o n  o f  two p a ra m e te r s  % ^  w hich  i s  

t a k e n  from  (45) a s  t h e  f r e q u e n c y  a t  w hich

ti i , and , t h e  damping f r e q u e n c y .

I t  i s ,  h ow ever ,  n e c e s s a r y  i n  e a c h  

c a s e  t o  p o s t u l a t e  a  v a lu e  o f  \)/ g r e a t e r  t h a n  

n)h  i n  o r d e r  t o  a c c o u n t  f o r  th e  b r e a d t h  o f  

t h e  o b se rv e d  a b s o r p t i o n  c u r v e s  on t h i s  

s im p le  s i n g l e - r e s o n a n c e  t h e o r y .  Such h ig h  

damping c o e f f i c i e n t s  a r e  i n c o n s i s t e n t  w i th  

t h e  d a t a  on in d u c e d  m a g n e tic  r e s o n a n c e  i n  

f e r r o m a g n e t ic  m a t e r i a l s  (% 8 . 5 . )  w hich  

i n d i c a t e  t h a t  >>; i s  much l e s s  t h a n  • I t  

a p p e a r s  more r e a s o n a b l e  t o  c o n s i d e r  

a l t e r n a t i v e l y  t h a t  th e  b ro a d  n a t u r a l  m a g n e tic  

r e s o n a n c e s  o b s e rv e d  a r e  due t o  a  b ro ad  

d i s t r i b u t i o n  o f  r e s o n a n t  f r e q u e n c i e s  ab o u t  

a  mean v a lu e  c o r r e s p o n d in g  t o  th e  u n :  

: d i s t u r b e d  o r  u n i c r y s t a l l i n e  a n i s o t r o p y
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f i e l d  . on t h i s  m o d e l ,  t h e

p o i y c r y s t a l l i n e  r e s o n a n c e  i s  made up o f  a 

b ro a d  s e r i e s  o f  r e l a t i v e l y  s h a rp  r e s o n a n c e s ,  

o c c u r r i n g  l o c a l l y  i n  i n d i v i d u a l  d o m ain s•

I n  th e  a b sen c e  o f  any  s u i t a b l e  t h e o r y  f o r  

t r e a t i n g  th e  th e r m a l  and  lo n g - r a n g e  

m a g n e tic  I n t e r a c t i o n s  r e s p o n s i b l e  f o r  th e  

d i s t r i b u t i o n  o f  HK a b o u t  , no a t t e m p t  has  

been  made t o  d e v e lo p  (45 )  t o  o b t a i n  a  

d e t a i l e d  d i s p e r s i o n  r e l a t i o n .  The mean 

r e s o n a n t  w a v e l e n g t h ^ c a n ,  how ever, be 

d e r i v e d  d i r e c t l y  from  th e  o b s e r v a t i o n s  a s  

t h e  w a v e le n g th  a t  w h ich  t h e  m a g n e tic
i t  c

ab so rp t io n y u . i s  a  maximum; ( e f .3  8 . 3 . ) .

The valu es o f A*. andf^ obtained for  theo
d i f f e r e n t  s o l i d  m a t e r i a l s  a r e  g iv e n  i n  

T a b le  8 .

E v id e n ce  i n  f a v o u r  o f  th e  

d i s t r i b u t e d - r e s o n a n c e  t h e o r y  i s  p r o v id e d  

by t h e  o b s e r v a t i o n s  on t h e  e f f e c t  o f  an  

a p p l i e d  f i e l d  on t h e  d i s p e r s i o n  ( F i g . 9 ) .  

A p a rt  from  th e  s h i f t  o f  t h e  r e s o n a n c e  

to w a rd s  h i g h e r  f r e q u e n c i e s ,  due t o  t h e



T a b le  8 -  R esonance p a ra m e te r s  and f i e l d s .

( D i s t r i b u t e d  -  r e s o n a n c e  t h e o r y ) .

M a t e r i a l
( c m .)

*̂0
(M c/s) ( g a u s s )

)£ - f e r r i c  o x id e 40 750 268

M a g n e t i te 18 1670 595

MmZ k* f e r r i t e 7 0 4 5 0 153

M » Z h f e r r i t e 50 600 214



5 7 .

i n c r e a s e  o f  t h e  e f f e c t i v e  f i e l d  a c t i n g  on 

th e  s p i n s ,  t h e r e  i s  a  r e d u c t i o n  i n  th e  w id th  

o f  t h e  r e s o n a n c e ,  c o r r e s p o n d in g  t o  t h e  

d e c r e a s e  i n  m a g n e tic  d i s o r d e r  i n  th e  m a t e r i a l  

a s  t h e  dom ain moments a r e  t u r n e d  from 

random o r i e n t a t i o n s  to w a rd s  t h e  d i r e c t i o n  o f  

t h e  a p p l i e d  f i e l d .
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9 .  THE IMTEKNAL ANIBOTHOPY FIELD.

9 .1 o  A n is o t r o p y  e n e rg y  and th e  i n t e r n a l  f i e l d .

The a n i s o t r o p i o  p r o p e r t i e s  o r  a  

f e r r o m a g n e t ic  m a t e r i a l  a r e  n o rm a l ly  d e s c r i b e d  

i n  te rm s  o f  an a n i s o t r o p y  e n e rg y  c o e f f i c i e n t ,

K  ( B i t t e r ,  1 9 0 7 ) .  F o r  a  c u b ic  c r y s t a l ,  

m a g n e t i s e d  t o  s a t u r a t i o n ,  t h e  component o f  

th e  m a g n e tic  e n e rg y  due t o  a n i s o t r o p y  may be 

f o r m a l ly  e x p r e s s e d  a s

f . /  1  a  a. ,*,  2 , a \
* K O S * *  )  (46 )

where d i r e c t i o n  Cosines

o f  t h e  m a g n e t i s a t i o n  r e l a t i v e  t o  t h e  cube 

e d g e s ,  th e  (1 00) a x e s .  The v a lu e  o f  K , 

t h e  a n i s o t r o p y  e n e rg y  c o e f f i c i e n t ,  c a n  be 

d e r i v e d  e x p e r i m e n t a l l y  from  t h e  d i f f e r e n c e  

be tw een  th e  e n e r g i e s  o f  m a g n e t i s a t i o n  o f  th e  

c r y s t a l  a lo n g  t h e  d i f f e r e n t  c r y s t a l  a x e s ,  

s i n c e  from  (46 )

-  f .o o  = K / 3 (4 7 )

f | . o  “  ^ l o o  * KA -  ( 4 8 )
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Q u i t t n e r  (1909) h a s  m easu red  th e  

m a g n e t i s a t i o n  c u rv e s  o f  a  m a g n e t i t e  c r y s t a l  

a lo n g  i t s  t h r e e  c r y s t a i l o g r a p h i c  a x e s .  

M a g n e t i t e ,  l i k e  th e  o t h e r  compounds s t u d i e d ,  

h a s  a  s p i n e l - t y p e  c u b ic  s t r u c t u r e ,  and i t s  

p r e f e r r e d  d i r e c t i o n  o f  m a g n e t i s a t i o n  i s  

a lo n g  th e  cube d i a g o n a l ,  o r  ( 111) a x i s .  

C om parison  o f  th e  r e l a t i o n s  (47 ) and (48 ) 

w i th  Q u i t t n e r 1s m easu rem en ts  g i v e s  a  v a lu e  

o f  K  »  -  i * i 2 4  x 10^ e r g s . / c c . ,  f o r  

m a g n e t i t e .

The i n t e r n a l  a n i s o t r o p y  f i e l d  

i n  a  c r y s t a l  c a n  be s im p ly  r e l a t e d  t o  t h e  

a n ix o t r o p y  e n e rg y  c o e f f i c i e n t  K , and th e  

s a t u r a t i o n  i n t e n s i t y  M . L e t  u s  c o n s i d e r  

a  s i n g l e  dom ain o f  a  c u b ic  c r y s t a l ,  l y i n g  

i n  a  flGOj p la n e  Oyx , whose e a s y  

d i r e c t i o n  o f  m a g n e t i s a t i o n  l i e s  a lo n g  a  

(100) a x i s , O x  ( F ig u r e  1 9 ) .  I n  t h e  

u n m a g n e tise d  s t a t e M  i s  d i r e c t e d  a lo n g  

Ox , and  t h e  i n t e r n a l  f i e l d  HMe a c t s  i n  

t h e  same d i r e c t i o n .  I f  now a  sm a l l  

t r a n s v e r s e  f i e l d  Hx i s  a p p l i e d  a lo n g  Ox ,

M w i n  be r o t a t e d  th r o u g h  a  s m a l l  a n g le  0
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i n  t h e  Cioo] p la n e  0*2 , where

0 » (49 )

The i n t e r n a l  f i e l d  R ^ e x e r t s  a  r e s t o r i n g  t o r q u e  

on M , g iv e n  by

T  »  m h ,  ( 5 ° )

A l t e r n a t i v e l y ,  i f  t h e  p r o c e s s  i s  

d e s c r i b e d  i n  te rm s  o f  t h e  a n i s o t r o p y  e n e rg y  

p ( 4 6 ) ,  we have i n  t h e  p la n e  0 * z  , <*, * siv»0 9

«2a » o  , o*a *cos0 , so t h a t  p r e d u c e s  t o

P «. K cosx0 (51)

The a n i s o t r o p y  e n e rg y  e x e r t s  a  r e s t o r i n g  

t o r q u e

T  « ^  « K s t o s i d  / co\(5 2 )

E q u a t in g  th e  t o r q u e s  (5 0 )  and ( 5 2 ) ,  we o b t a i n

2 K* —  c©s0 ( 55)
M '  '

w h ic h , f o r  0 s m a l l ,  r e d u c e s  t o

H„ -  —  (5 4 )
° l*\

(54 )  g i v e s  th e  e f f e c t i v e  a n i s o t r o p y  f i e l d  f o r  

a  c u b ic  c r y s t a l ,  i n  w hich  t h e  ( 100) a x es  a r e



t h e  p r e f e r r e d  m a g n e t i s a t i o n  d i r e c t i o n s .

The c o r r e s p o n d in g  c a s e  f o r  a  

c r y s t a l  i n  w hich  t h e  ( 111) a x e s  a re  

p r e f e r r e d ,  c a n  be o b t a in e d  i n  a  s i m i l a r  

m an n e r ,  by e x p r e s s in g  th e  a n i s o t r o p y  e n e rg y  

f* i n  te rm s  o f  a second a n i s o t r o p y  

c o e f f i c i e n t  K , su ch  t h a t

o f  th e  m a g n e t i s a t i o n ,  r e l a t i v e  t o  

t h e  (111) a x e s .  The a n a l y s i s  t h e n  f o l lo w s  

i d e n t i c a l  l i n e s  t o  t h a t  g iv e n  a b o v e ,  and we 

o b t a i n

u  _ a  k '
•*« - —  (56)

S in c e  from  ( 5 5 ) ,  t h e  d i f f e r e n c e  i n  

a n i s o t r o p y  e n e r g i e s  a io n g  t h e  ( lO o) and 

( 111) a x es  i s

we h a v e ,  by  c o m p a r iso n  w i th  ( 4 7 ) ,  t h a t

where U a r e  t h e  d i r e c t i o n -

(57)

K * -  K ,and hence (56)  becomes
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T h u s ,  f o r  b o th  t h e  (100) and (111) a x e s ,  we 

o b t a i n  f o r  t h e  m ag n itu d e  o f  th e  a n i s o t r o p y  

f i e l d

h n  m 7 T  (59>

T h is  r e l a t i o n  h as  b een  compared w i th  

th e  d a t a  on m a g n e t i te *  The s a t u r a t i o n  

i n t e n s i t y  o f  a r t i f i c i a l  m a g n e t i t e  a t  room 

t e m p e r a t u r e , M •  4 60  (W eiss and F o r r e r ,  

1 9 2 9 ) ,  so  t h a t  com bin ing  t h i s  w i th  t h e  v a lu e  

o f  K s  •  1*124 x 105 from  Q u i t t n e r ’ s d a t a ,  

we o b t a i n  from  ( 68) ,  t h a t  500# T h is  

v a lu e  a g r e e s  s a t i s f a c t o r i l y  w i t h  t h a t  o f  

s  5 9 5 , o b t a i n e d  from t h e  peak  o f  th e  

n a t u r a l  m a g n e tic  a b s o r p t io n *

Ho d a t a  i s  a v a i l a b l e  on t h e  

m a g n e tic  p r o p e r t i e s  o f  s i n g l e  c r y s t a l s  o f  

t h e  o t h e r  compounds s t u d i e d .  The 

m a g n i tu d e  o f  th e  a n i s o t r o p y  c o n s t a n t  K c a n ,  

ho w ev er ,  be e s t im a t e d  from , p ro v id e d  

t h e  s a t u r a t i o n  i n t e n s i t y M  i s  known. The 

s i g n  o f  K  w i l l  depend  on w h e th e r  t h e  ( 111) 

o r  ( 100) a x e s  a r e  th e  p r e f e r r e d  

m a g n e t i s a t i o n  d i r e c t i o n s ,  W eiss and
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F o r r e r  (1929) have  o b t a i n e d  s  76*0 f o r  

t h e  s p e c i f i c  s a t u r a t i o n  i n t e n s i t y  o f  & -  

f e r r i c  o x id e  a t  room te m p e ra tu re #  The 

d e n s i t y  o f  t h e  s o l i d  m a t e r i a l  u se d  i n  th e  

p r e s e n t  i n v e s t i g a t i o n  i s  4*65 g m . /c c • ,  a n d ,  

h e n c e ,  M * 354# Com bining t h i s  w i th  t h e  

v a lu e  o f  from  T ab le  8 , we o b t a i n ,  from 

(59 )

fc - f e r r i c  o x id e  : | K | ^  4*7 x 104 e r g s # / c c .  

A s a t u r a t i o n  i n t e n s i t y  o f  M ■ 200  h as  b een  

o b se rv e d  by H e w it t  (1948) f o r  a  spec im en  o f  

m an g a n e se -z in c  f e r r i t e ,  so t h a t ,  a ssum ing  a  

s i m i l a r  v a lu e  f o r  t h e  m a t e r i a l  u s e d ,  we f i n d

Mn-Zn f e r r i t e  : |K ( ^  1*5 x  104 e r g s . / c c .

T h ere  a p p e a r s  t o  be no p u b l i s h e d  d a t a  on  th e  

s a t u r a t i o n  i n t e n s i t y  o f  n i c k e l - z i n c  f e r r i t e ,  

b u t  t a k i n g  an  a p p ro x im a te  v a lu e  o f  3 0 0 ,  

g i v e s

Ni-Z« f e r r i t e  3*2 x  104 e r g s . / c c .

The m ag n itu d e  o f  K i s  one o f  t h e  

p r i n c i p a l  f a c t o r s  d e te r m in in g  th e  i n i t i a l  

p e r m e a b i l i t y  o f  a  f e r r o m a g n e t ic  m a t e r i a l ,  a  

s m a l l  a n i s o t r o p y  b e in g  a s s o c i a t e d  w i th  a
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l a r g e  i n i t i a l  p e r m e a b i l i t y  (Snoek 194rfc> •

I n  T ab le  9 ,  th e  d e r i v e d  v a lu e s  o f  |K| andyu.d ,

t h e  i n i t i a l  r o t a t i o n a l  component o f

p e r m e a b i l i t y ,  a r e  com pared . I t  w i l l  be

o b se rv e d  t h a t  |kJ a n d jk0 a r e  i n  i n v e r s e

s e q u e n c e ,  a s  i t  i s  t o  be expected®

-9.2® The i n t e r n a l  f i e l d  and t h e  i n i t i a l  
p e r m e a b i l i t y .

A lth o u g h  t h e  q u a n t i t a t i v e  r e s u l t s  

o b t a i n e d  f o r  t h e  f o u r  compounds s t u d i e d  

depend  on t h e  e x a c t  c o m p o s i t io n  o f  th e  

p a r t i c u l a r  sp ec im en s  u s e d ,  c o m p a r iso n  

o f  th e  i n i t i a l  p e r m e a b i l i t i e s ^  from 

T ab le  7 w i t h  t h o s e  from  o t h e r  s o u rc e s  

(T a b le  10) i n d i c a t e s  t h a t ,  w i th  t h e  

.e x c e p t io n  o f  th e  m a n g a n e se -z in c  f e r r i t e ,  

t h e  spec im ens a r e  r e p r e s e n t a t i v e .

I t  a p p e a r s ,  h ow ev er ,  t h a t  t h e  

c o m p o s i t io n  o f  t h e  m a n g a n e se -z in c  

f e r r i t e  specim en  d i f f e r s  a p p r e c i a b l y  

from  th e  optimum m ix t u r e s  o b t a i n e d  by 

Snoek (1 9 4 7 a ,  48) w hich  have  ^ /*-<, ^  

1000® I n  su c h  m a t e r i a l s ,  t h e  v a lu e  o f  

|K | w i l l  be much s m a l l e r ,  a n d ,  

c o n s e q u e n t ly ,  n a t u r a l  m a g n e tic  r e s o n a n c e
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T a b le  9 * -  A n is o t ro p y  c o e f f i c i e n t  K and jx0 •

M a t e r i a l
1*1 A °

M a g n e t i te 11*2 X 104 8

t f - f e r r i c  o x id e 4.7 X xo4 5 0

Ni Z *  f e r r i t e 5*2 X 104 54

f e r r i t e 1*5 X xo4 44

f e r r i t e ;  
o b t a i n e d  from  d a t a  
o f  Snoek ( 1 9 4 8 ) ,
( see  % 9*2)

0*7 X ^  1000

T ab le  1 0 « -  C om parison  o f  yus w i th  p u b l i s h e d  d a ta *

M a t e r i a l (T a b le  7)
A *

( P u b l . ) Source

M a g n e t i te 15 -  17 K i t t e i  (1946)

X - f e r r i c  oxide 54 ^  51 welo and 
B a n d is c h (1925)

Ni 2* f e r r it e 40 ^ 50 Snoek (1947a)

Mw Zvi f e r r i t e 48 ~  1000 Snoek (1947a)
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s h o u ld  o c cu r  a t  much low er f r e q u e n c i e s .  

Snoek (1948) h a s  o b se rv e d  th e  I n i t i a l  

p a r t  o f  a  sh a rp  r i s e  i n  t h e  m ag n e tic  

a b s o r p t i o n  o f  optimum m a n g a n ese -z in c  

f e r r i t e  m ix tu r e s  a t  f r e q u e n c i e s  below  

.1 M e /s .  T h is  i s  i n t e r p r e t e d  by Snoek 

a s  th e  f r i n g e  o f  a  m a g n e tic  r e s o n a n c e  

r e g i o n ,  b u t  h i s  o b s e r v a t i o n s  have been 

c o n f in e d  t o  f r e q u e n c i e s  w e l l  below th e  

n a t u r a l  r e s o n a n c e  f r e q u e n c y .  Prom t h e  

l i m i t e d  d a t a ,  i t  may be e s t i m a t e d  t h a t  

t h i s  o c c u r s  a t  a b o u t  20  M c /s ,  w hich  i s  

e q u i v a l e n t ,  on th e  t h e o r y  g iv e n  i n  § 9 . 1 . ,  

t o  an  i n t e r n a l  f i e l d  ^  7 g a u s s ,  and

|K | ^  700 e r g s . / c c .

The s im p le  dom ain m o d e l ,  

c o n s i d e r e d  i n  § 9 . 1 . ,  h a s  b e en  u se d  by 

Snoek ( 1 9 4 8 ) ,  t o  o b t a i n  a  r e l a t i o n  

.be tw een t h e  t r a n s v e r s e  s u s c e p t i b i l i t y  X*, 

and t h e  i n t e r n a l  f i e j .d  • We h a v e ,

r e f e r r i n g  t o  F ig u re  1 9 ,

y M Sin 6 MTT '

so t h a t  f o r  t h e  i n i t i a l  s u s c e p t i b i l i t y ,
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where 8 i s  s m a l l

Com bining t h i s  w i t h  ( 5 9 ) ,  a  s im p le  r e l a t i o n  

f o r  X* i n  te rm s  o f  1*1 and M i s  o b ta in e d ^

v/ M2

^  I l ^ l  <6 8 >

I f  t h e  a p p l i e d  f i e l d  i s  n o t  n o rm a l ,  

bu t makes an  a n g le  ^ w i t h  th e  d i r e c t i o n  o f  

M , t h e n  s i n c e  o n iy  i t s  t r a n s v e r s e  component 

c a u s e s  r o t a t i o n a l  m a g n e t i s a t i o n ,  t h e  

r o t a t i o n a l  s u s c e p t i b i l i t y

Sh»V (6 3 )

F or a  p o i y c r y s t a i l i n e  m a t e r i a l ,  c o n t a i n i n g  N 

dom ains p e r  u n i t  vo lum e, o f  w h ich  a  number dN 

have a  r o t a t i o n a l  s u s c e p t i b i l i t y  X/ , th e  

mean r o t a t i o n a l  s u s c e p t i b i l i t y  w i l l  be

(64 )

where th e  t e n n s  dN depend  on th e  d i s t r i b u t i o n  

o f  X* , w h ich  i s  g o v e rn e d  by t h e  l o c a l  

i n t e r n a l  f i e l d ,  and o f  ft ,  w h ich  i s  random .

I f  i t  i s  a ssum ed , f o r  s i m p l i c i t y ,  t h a t  Xr l *
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c o n s t a n t ,  i . e .  t h a t  t h e  l o c a l  i n t e r n a l  

f i e l d  i s  c o n s t a n t  i n  m a g n i tu d e ,  t h e n  (64) 

becomes

S n e e k ! s m easu rem en ts  on t h e  manganese** 

z in c  f e r r i t e  s p e c i m e n , ^  1000* have been  

com pared w i th  t h o s e  o b t a i n e d  f o r  t h e  

s p e c i m e n , ^  * 4 4 .  I t  i s  foun d  t h a t  t h e  

v a lu e s  o f  a r e  ^  1 : 22 ,  w h i le  t h o s e  

o f  ykc-i a r e  ^  23 ; 1* T h u s ,  t h e  r e l a t i v e  

m a g n i tu d e s  o f  t h e  i n t e r n a l  f i e l d s  and th e  

a n i s o t r o p y  c o e f f i c i e n t s  a r e  a c c o u n te d  f o r  by 

th e  d i f f e r e n c e  i n  th e  i n i t i a l  p e r m e a b i l i t i e s  

o f  t h e  two sp e c im e n s .

w i th  t h o s e  o b t a i n e d  e x p e r i m e n t a l ly  from  t h e

(65)

H ence , f ro m  (61)

H 2. M Sir M (65)

so t h a t  f o r  a  g iv e n  v a lu e  o f  M , t h e  

i n t e r n a l  f i e l d  s h o u ld  be i n v e r s e l y  

p r o p o r t i o n a l  to  •

The p a r a m e te r s  d e r i v e d  from

I n  T ab le  n ,  t h e  t h e o r e t i c a l  

v a iu e s  o f  H ^ d e r iv e d  from  (65 ) a r e  com pared



T ab le  11 -  C om parison  o f  M ^ w i t h  t h e o r y  (65 )

M a t e r i a l
( e x p t i * )

H*.
( t h e o r . )

H ^ ( e x p . )
• T T J tK )

M a g n e t i te 595 540 1*1 8

^ - f e r r i c  o x id e *68 100 2*7 3 0

NiZ* f e r r i t e 214 74 2-9 34

M»Z« f e r r i t e 153 42 3*6 44
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m a g n e tic  a b s o r p t i o n  maxima* I n  th e  c a s e  

o r  m a g n e t i t e ,  t h e r e  i s  a  r e a o n a b ly  c l o s e  

ag reem en t betw een trie  two v a l u e s ,  bu t  f o r  

th e  o t h e r  m a t e r i a l s ,  t h e r e  i s  a  

d i s c r e p a n c y  by a  f a c t o r  ^  A

s i m i l a r  d i s c r e p a n c y  h a s  been fou nd  by 

SnoeK (1947^) i n  com paring  a  r e l a t i o n ,  

b a sed  on  (6 5 )  w i th  h i s  o b s e r v a t i o n s  on 

a n  u n s p e c i f i e d  f e r r i t e  m a t e r i a l .  

N e v e r t h e l e s s , th e  o r d e r  o f  ag reem en t i s  

s u f f i c i e n t l y  c l o s e  t o  p r o v id e  a  f u r t h e r  

v e r i f i c a t i o n  o f  t h e  n a tu r e  o f  t h e  

d i s p e r s i o n  p r o c e s s ,  a s  t h e  r e s o n a n c e  o f  

th e  s p i n  r o t a t i o n s  i n  th e  i n t e r n a l  f i e l d *  

The d i s c r e p a n c y  i n c r e a s e s  w i t h  ju,0 , and  I t  

c a n  be r e a d i l y  a t t r i b u t e d  t o  t h e  m a g n e tic  

i n t e r a c t i o n s  be tw een  d o m a in s ,  w hich have 

b een  n e g le c t e d  I n  t h e  d e r i v a t i o n  o f  ( 6 5 ) .
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10 . CONCLUSION.

The p r i n c i p a l  r e s u l t s  oi' t h e  r e s e a r c h  d e s c r ib e d  

i n  t h i s  t h e s i s  may be sum m arised a s  f o l lo w s .

A w aveguide im pedance m ethod h as  been  d e v e lo p e d  

f o r  m e a su r in g  t h e  m a g n e tic  and d i e l e c t r i c  p r o p e r t i e s  o f  

l o w - c o n d u c t i v i t y  m a t e r i a l s  a t  h ig h  f r e q u e n c i e s .  C o a x ia l -  

l i n e  and  w aveguide a p p a r a t u s  has  b een  c o n s t r u c t e d ,  and  

o p e r a t e d  i n  t h e  m ic ro w a v e le n g th  r e g i o n  from 60 cm. t o  1*23 

cm. S u i t a b l e  t e c h n iq u e s  have been  e v o lv e d  f o r  t h e  p r e c i s e  

m easurem ent o f  th e  s t a t i o n a r y  wave p a t t e r n s ,  from w hich  

th e  i n p u t  im pedances  and  e l e c t r o m a g n e t i c  p r o p e r t i e s  o f  t h e  

m a t e r i a l s  a r e  com puted .

O b s e r v a t io n s  have been  made on a  s e r i e s  o f  

m ix tu r e s  c o n t a i n i n g  v a r i o u s  f e r r o m a g n e t ic  compounds;

X - f e r r i c  o x i d e ,  m a g n e t i t e ,  m a n g a n e s e -s in e  f e r r i t e ,  and 

n i c k e l - z i n c  f e r r i t e .  Prom t h e s e  o b s e r v a t i o n s ,  t h e  h ig h -  

f r e q u e n c y  p r o p e r t i e s  o f  t h e  s o l i d  compounds have been  

o b t a i n e d  by e x t r a p o l a t i o n .  E ach  o f  th e  m a t e r i a l s  h a s  a  

p ro n o u n ce d  m a g n e tic  d i s p e r s i o n  and a b s o r p t i o n  i n  th e  

m icrow ave r e g i o n .  When a  s t a t i c  m ag n e tic  f i e l d  i s  

a p p l i e d ,  t h i s  d i s p e r s i o n  s h i f t s  to w a rd s  h ig h e r  

f r e q u e n c i e s  and becomes s h a r p e r .
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A n a ly s is  o f  th e  o b s e r v a t i o n s  h as  l e d  to  

t h e  fo l lo w in g  c o n c l u s i o n s .

( a )  The dom inant m a g n e t i s a t i o n  p r o c e s s  

i n  l o w - c o n d u c t iv i t y  f e r r o m a g n e t ic  m a t e r i a l s  i s  t h e  

r o t a t i o n  o f  t h e  sp in-m om ents  w i t h i n  t h e  dom ains 

to w a rd s  th e  d i r e c t i o n  o f  th e  a p p l i e d  f i e l d .  li h e  

t r a n s l a t i o n a l  m a g n e t i s a t i o n  component i s  

r e l a t i v e l y  s m a l l ,  and d e ca y s  a t  f r e q u e n c i e s  below 

th e  m icrowave r e g i o n .  I r r e v e r s i b l e  e f f e c t s  a l s o  

d i s a p p e a r  a t  low f r e q u e n c i e s .

(b )  The o b s e rv e d  d i s p e r s i o n  i s  due t o  

t h e  d e ca y  o f  th e  r o t a t i o n a l  m a g n e t i s a t i o n  com ponen t. 

T h is  o c c u r s  a s  a  n a t u r a l  r e s o n a n c e  p r o c e s s ,  

c o r r e s p o n d in g  t o  t h e  Larmor p r e c e s s i o n  o f  t h e  

e l e c t r o n i c  sp in -m om ents  i n  t h e  i n t e r n a l  f i e l d  o f  

t h e  f e r r o m a g n e t ic  m a t e r i a l .

( c )  A d i s t r i b u t i o n  o f  th e  v a lu e s  o f  

t h i s  i n t e r n a l  f i e l d  ab o u t  a  mean f i e l d  H. l e a d s  

t o  a  b ro a d  d i s t r i b u t i o n  o f  r e s o n a n t  f r e q u e n c i e s  

a b o u t  a  mean f r e q u e n c y  >L •
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(d )  The i n t e r n a l  f i e l d  a r i s e s  from 

th e  m a g n e tic  a n i s o t r o p y  o f  t h e  m a t e r i a l *  I n  

m a g n e t i t e ,  t h e  v a lu e  o f  d e r i v e d  from t h e  peak  

a b s o r p t i o n  f r e q u e n c y  a g r e e s  c l o s e l y  w i th  t h e  

e f f e c t i v e  a n i s o t r o p y  f i e l d ,  o b t a i n e d  from  

c r y s t a l l i n e  m a g n e t i s a t i o n  d a t a .  I n  t h e  o t h e r  

m a t e r i a l s ,  t h e  m ag n itu d e  o f  t h e  a n i s o t r o p y  

c o n s t a n t  K has  b een  e s t im a t e d  from and  

th e  s a t u r a t i o n  i n t e n s i t y  M •

( e )  The i n t e r n a l  f i e l d  a l s o  

d e te r m in e s  th e  s t a t i c  r o t a t i o n a l  m a g n e t i s a t i o n  

o f  th e  m a t e r i a l ,  and a  r e a s o n a b le  c o r r e l a t i o n  

h a s  b een  o b ta in e d  b e tw een  and  Jxc , t h e  

i n i t i a l  r o t a t i o n a l  p e r m e a b i l i t y .  The 

o c c u r r e n c e  o f  n a t u r a l  m a g n e tic  r e s o n a n c e  a t  

much low er  f r e q u e n c i e s  i n  h i g h - p e r m e a b i i i t y  

m a t e r i a l s  i s  th u s  e x p la in e d .
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Figure _1. C o l l e c t e d  exper im en ta l  data  on h ig h - fr e q u e n c y
p e r m e a b i l i t y  ( and ) o f  I r o n .
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F ig 1!?!6 2* G e n e ra l  sch em a t ic  d iag ram  o f  waveguide
impedance a p p a r a t u s .
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F i g u r e 4 ,  C a l i b r a t i o n  c u rv e s  f o r  t y p i c a l  c r y s t a l .
Dependence on c i r c u i t  r e s i s t a n c e , “R .
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F ig u r e  5 . S tan d in g -w ave  measurement
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Figure 6 .  Magnetic d i s p e r s i o n  and a b s o r p t io n  o f  32*6^
- f e r r i c  oxide  m ix ture .
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Figure 7 .  D i e l e c t r i c  d i s p e r s i o n  and a b s o r p t io n
o f  32*6$ y - f e r r i c  oxide  m ix tu r e .



Figure 8 . E f f e c t  o f  a p p l ie d  f i e l d H  on h ig h -
frequency  p e r m e a b i l i t y .
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F ig u re  9 . E f f e c t  o f  a p p l ie d  f i e l d H o n  r e l a t i v e
magnetic  d i s p e r s i o n  and a b s o r p t io n .
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Figure 10.  $ - f e r r i c  ox ide  m ix tu r es .  Dependence
o f  on c o n c e n t r a t i o n  y , at  d i f f e r e n t  wavelengths
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Figure  11,  & - f e r r i c  oxide  m ix t u r e s .  Dependence o f
magnetic l o s s  tangent  on c o n c e n t r a t i o n  v .
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f i g u r e  12 .  Magnetic d i s p e r s i o n  and a b s o r p t io n  o f
- f e r r i c  o x id e .



Figure 15« M agnetite  m ix t u r e s .  Dependence o f  Jt \̂
on c o n c e n t r a t io n  v •
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F ig ure  14• M a g n e t i t e  m i x t u r e s .  Dependence o f
m ag n e t ic  l o s s  t a n g e n t  on c o n c e n t r a t i o n .



Fig u r e  1 5 . M agnet ic  d i s p e r s i o n  and a b s o r p t i o n  o f
m a g n e t i t e •



Figure 16.  Magnetic d i s p e r s i o n  and a b s o r p t io n  o f
manganese-z inc  f e r r i t e .
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Figure 1 7 , Magnetic d i s p e r s i o n  and a b s o r p t io n
o f  n i c k e l - z i n c  f e r r i t e .
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Fig u re  18 . M a g n e t i t e .  Comparison w i t h  s i n g l e 
r e s o n a n c e  t h e o r y  ( /*« = 8 , ^  = 5000 M c / s , 

= 7500 M c / s ) .
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Fi g u r e  19. R o t a t i o n a l  m a g n e t i s a t i o n  p r o c e s s  i n  a
s i n g l e  domain.
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