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30. Changes in Â , w i th  e x te r n a l  f i e l d  ( s t e p  2 ) ............................

31. Changes in A w ith  e x te r n a l  f i e l d  ( s t e p  2) ............................lj

32. Changes in F^/F^ w ith  e x te r n a l  f i e l d  ( s t e p  2) ...................

33. Changes in V w ith  s t r a i n  a t  B , = 150 G ( s t e p  3) . • .
©XX-

3k. Changes in w ith  s t r a i n  a t  = 150 G ( s t e p  3) . • .

x

71
73

75

78

8k

85

88

95

97

99

102

IOU.

106

107

109

110 
112 
113



35. Changes in  A w ith  s t r a i n  a t  B = 150 G ( s t e p  3) . . • 111+
Xj 6 X t

36 . Changes i n  f t / f l  w i th  s t r a i n  a t  = 150 G ( s t e p  3) . 116

37. Changes i n  w ith  s t r a i n  ( s t e p  1 + ) .................................................. 118

38 . Changes in  AT w ith  s t r a i n  ( s t e p  1 + ) .................................................. 119

39. Changes in  A. w ith  s t r a i n  ( s t e p  1 + ) .................................................. 120ij

1+0. Changes in  f qi/ f l  w i th  s t r a i n  ( s t e p  1 + ) ...................................... 121

1*1. M agnetic d ip o la r  f i e l d  a t  i n t e r s t i t i a l  s i t e s  o f  Fe in

th e  absence  o f  / .................................................................................... 125

1+2. L oca l m a g n e tiz a tio n  i n  an  Fe u n i t  c e l l  deduced  from  th e

n e u tro n  s c a t t e r i n g  ex p erim en t ........................................................  128

1+3. T hree p o s s ib le  o c c u p a t io n a l  c o n f ig u r a t io n s  o f  y+ in  a

BCC c r y s t a l .................................................................................................. 132

1+1+. I l l u s t r a t i o n  o f  th e  n e g l ig ib l e  changes in  B^ and  B^f  in

Fe w ith  a  sm a ll  e x te r n a l  s t r a i n .................................................... 136

1+5. Wave fu n c t io n s  o f  l i g h t  i n t e r s t i t i a l  im p u r i t ie s  i n  Nb . 139

1+6. O ne-d im ensiona l p l o t s  o f  t h e  G a u s s ia n - l ik e  y+ wave

f u n c t i o n ...........................................................................................................  ll+0

1+7. C a lc u la te d  d ip o la r  f i e l d  a t  a  muon i n  th e  l+ T (0 )-co n fig -

u r a t i o n  f o r  v a r io u s  shapes o f  y+ wave fu n c t io n  ...................  ll+ l

1+8. C a lc u la te d  d ip o la r  f i e l d  a t  th e  lT - c o n f ig u r a t io n  f o r

v a r io u s  shapes  o f  u+ wave f u n c t i o n ...............................................  ll+2

1 31+9. R e s u l ts  on — - r -  E B , . c a lc u la t e d  f o r  th e  1+T(0)-3 Ofc j. CLjl

c o n f i g u r a t i o n .............................................................................................  ll+3

1 950 . R e s u l ts  on — E B^ ^ c a lc u la t e d  f o r  th e  lT - c o n f ig u r a t io n  ll+l+

51. R e s u lts  on ^o r    1^5

xi



52. R e s u l ts  on ■£'o r  I T - c o n f i g u r a t i o n .............................  1U6

53. I l l u s t r a t i o n  o f  th e  p o s s ib le  d e v ia t io n  o f  n e ig h b o r in g  

a tom ic  moments from  a  c r y s t a l  a x is  due to  th e  p re se n c e

o f  y+ a t  a  t e t r a h e d r a l  s i t e ............................................................. 1^7

5^. R e s u lts  o f  i n  p o l y c r y s t a l l i n e  Fe s a m p l e s ......................... 153

55. I l l u s t r a t i o n  o f  domain w a ll  m o tio n s i n  a  p o ly c r y s t a l l i n e

Fe s a m p l e ......................................................................................................  155

56. P re c e s s io n  o f  ii+ s p in  w ith  an a r b i t r a r y  i n i t i a l  a n g le

w ith  r e s p e c t  t o  th e  domain m a g n e tiz a tio n  d i r e c t i o n  . . . 169

57. I l l u s t r a t i o n  o f  th e  c a lc u la t io n  o f  th e  d e m a g n e tiz a tio n

f i e l d ................................................................................................................ 185

58 . Range i n  th e  s la b  sam ple f o r  d e m a g n e tiz a tio n  f i e l d

c a l c u l a t i o n .................................................................................................. 187

59• C a lc u la te d  r e s u l t s  on d e m a g n e tiz a tio n  f i e l d s  on th e

s u r f a c e  o f  a  s la b  s a m p l e ......................................................................  188

60 . C a lc u la te d  r e s u l t s  on d e m a g n e tiz a tio n  f i e l d s  on th e

c e n te r  p la n e  in  a  s la b  s a m p l e ........................................................  189

xii



ABSTRACT

F o r th e  f i r s t  t im e ,  e x te r n a l  u n i a x i a l  s t r e s s  has been  u se d  in  
a  y SR e x p e rim e n t. The s t r e s s  dependences o f  th e  fo llo w in g  p a ra m e te rs  
w ere o b ta in e d  f o r  Fe c r y s t a l s :  th e  muon p r e c e s s io n a l  f re q u e n c y , Vy, th e
t r a n s v e r s e  ( lo n g i tu d in a l )  d e p o la r iz a t io n  r a t e s ,  l /T g  ( l / T ^ ) ,  and  F ^ /F ^ , 
th e  r a t i o  o f  th e  p r o b a b i l i t i e s  f o r  th e  muon t o  f in d  dom ains w ith  t r a n s ­
v e r s e / lo n g i tu d i n a l  f i e l d s .  The s h i f t  i n  Vy was - 0 .3 ^  +, 0 .0 2 3  MHz p e r  
100 m ic r o - s t r a in  a lo n g  th e  < 1 0 0 > -ax is . Changes i n  o th e r  p a ra m e te rs  depend 
on th e  sam ple h i s t o r y  b u t  t h e y ,  in  g e n e r a l ,  in c r e a s e  w ith  s t r e s s .

E x te rn a l  s t r e s s  changes th e  muon o c c u p a t io n a l  p r o b a b i l i t y  a t  
each  s i t e  w hich  s i g n i f i c a n t l y  a f f e c t s  th e  d ip o la r  f i e l d  a v e ra g e d  o v e r 
i n t e r s t i t i a l  s i t e s  o f  th e  same i n i t i a l  sym m etry. T h is  change i n  th e  
a v e ra g e d  d ip o la r  f i e l d  i s  shown t o  be th e  m ain ca u se  o f  t h e  s h i f t  i n  Vy.
To c a l c u l a t e  th e  d ip o la r  f i e l d  a t  each  s i t e ,  t h e  f i n i t e  e x te n s io n  o f  th e  
muon p r o b a b i l i t y  d e n s i ty  and d isp la c e m e n t o f  n e ig h b o r in g  h o s t  atom s around  
th e  s i t e  a r e  e x p l i c i t l y  ta k e n  i n t o  a c c o u n t. From th e  e x p e r im e n ta l  r e s u l t s  
and  th e  d ip o la r  f i e l d  c a l c u l a t i o n ,  i t  i s  p o s s ib le  t o  e s t im a te  th e  a n is o ­
t ro p y  o f  t h e  d o u b le - fo rc e  t e n s o r ,  (P-^-Pg), f o r  th e  muon i n  Fe. T h is  c l e a r l y  
shows t h a t  i n  F e , f o r  re a s o n a b le  muon wave f u n c t io n  s h a p e s , th e  muon i s  
more l i k e l y  t o  occupy th e  Ut ( 0) s i t e  c o n f ig u r a t io n .

F o r a  random d i s t r i b u t i o n  o f  dom ains among th e  s i x  e a sy  axes  o f  
F e , t h e  d ip o la r  f i e l d  a v e ra g e d  o v e r a  r e g io n  o f  th e  sam ple sh o u ld  be  z e ro . 
How ever, t h e  e x te r n a l  s t r e s s  b re a k s  t h i s  random ness and w ith  a  c e r t a i n  
m agn itude  o f  t e n s i l e  s t r e s s  i n  t h e  z - a x i s ,  dom ains w i l l  a l i g n  a lo n g  th e  
+_ z - d i r e c t i o n s .  A muon w ith  i t s  i n i t i a l  s p in  a l ig n e d  p e rp e n d ic u la r  to  th e  
z - a x is  does n o t d i s t i n g u i s h  th e  s t r e s s  in d u c e d  domain a lig n m e n t from  th e  
s a tu r a t i o n  a lo n g  th e  + o r  -  z d i r e c t i o n .  The e x p e rim e n ta l r e s u l t  shows 
th e  same s t r e s s  dependence o f  Vy f o r  b o th  th e  s t r e s s  in d u ce d  and  th e  ex­
t e r n a l l y  s a tu r a te d  domain a lig n m e n ts . As e x p e c te d  th e  change i n  Vy w ith  
low  s t r e s s  i s  v e ry  sm a ll w ith o u t  t h e  a p p l i c a t i o n  o f  an e x te r n a l  s a tu r a t i o n  
f i e l d .  A ls o , t h e  change in  Frp/F^ i s  c o n s i s t e n t  w ith  t h a t  i n  v in d ic a t in g  
t h a t  t h i s  p a ra m e te r  i s  a  good m easure o f  th e  domain a lig n m e n t.

S im i la r  r e s u l t s  w ere o b ta in e d  f o r  p o l y c r y s t a l l i n e  sam p les. The 
i n t e r p r e t a t i o n  made on th e  s in g l e  c r y s t a l  r e s u l t  i s  a p p l ic a b le  t o  th e s e  
r e s u l t s  and  i t  i s  p o s s ib le  t o  e x p la in  why l o c a l  s t r a i n s  i n  Fe te n d  to  
red u c e  th e  m agn itude  o f  v .
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A y+SR STUDY OF UNIAXIAL STRESS INDUCED 

SYMMETRY BREAKING IN AN FE SINGLE CRYSTAL



I . INTRODUCTION

P o la r iz e d  muons im p la n te d  i n  a  fe r ro m a g n e tic  specim en w i l l  p r e -  

c e s s  w ith  t h e i r  Larmor f re q u e n c ie s  i n  th e  l o c a l  m agnetic  f i e l d .  Through 

i t s  p a r i t y - v i o l a t i n g  decay w ith  a  mean l i f e t i m e  o f  2 .2  p s e c , a  muon em its  

two n e u tr in o s  and a  p o s i t r o n .  The d i r e c t i o n  o f  p o s i t r o n  e m iss io n  i s  p r e -  

f e r e n t i a l l y  th e  d i r e c t i o n  o f  th e  muon s p in  a t  th e  tim e  o f  decay . Such an 

a n is o t r o p ic  e m iss io n  o f  p o s i t r o n s  and  th e  p r e c e s s io n a l  m otion  o f  muon 

s p in s  g iv e  r i s e  to  an o s c i l l a t o r y  component in  th e  tim e  dependence o f  th e  

c o u n tin g  r a t e  o f  p o s i t r o n s  i n  a  g iv en  d i r e c t i o n .

The l o c a l  f i e l d ,  Bp , a v e ra g e d  o v e r  a  c e r t a i n  r e g io n  o f  th e  

specim en , can  he o b ta in e d  from  th e  o s c i l l a t i o n  fre q u e n c y  o f  th e  s ig n a l  in  

th e  p o s i t r o n  c o u n tin g  r a t e .  One c o n t r ib u t io n  to  Bp comes from  th e  Fermi 

ty p e  c o n ta c t  f i e l d  w hich i s  c a l l e d  th e  "muonic h y p e r f in e  f i e l d " .  The 

h y p e r f in e  f i e l d ,  t h a t  a  muon e x p e r ie n c e s  in  t h e  i n t e r s t i t i a l  s i t e s

o f  a  fe r ro m a g n e tic  c r y s t a l  i s  th e  consequence o f  th e  i n t e r a c t i o n  betw een 

th e  muon and th e  su rro u n d in g  l o c a l  e l e c t r o n i c  en v iro n m en t.

I f  an ensem ble o f  muons s e e s  a  ran g e  o f  av e ra g e d  l o c a l  f i e l d s ,  

th e  s ig n a l  w i l l  be  damped i n  a m p litu d e  w ith  a  c h a r a c t e r i s t i c  tim e  T^. In  

th e  p re se n c e  o f  th e  lo n g i tu d in a l  component o f  th e  l o c a l  f i e l d  th e  s p in s  

o f  th e  muons w i l l  be  f l ip p e d  to  re a c h  an e q u il ib r iu m  d i s t r i b u t i o n  betw een  

th e  two s p in  s t a t e s .  T h is  r e la x e s  t h e  muon s p in  p o l a r i z a t i o n  tow ards 

e q u il ib r iu m  w ith  a  c h a r a c t e r i s t i c  tim e  T^.

2
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Once s to p p e d  in  a  c r y s t a l l i n e  s o l i d ,  muons s t a r t  d i f f u s in g  th ro u g h  

th e  i n t e r s t i t i a l  s i t e s .  The r o le  o f  d i f f u s io n a l  m otion  h a s  been  shown to  

a f f e c t  d r a s t i c a l l y  t h e  m easured  l o c a l  f i e l d s .  E s p e c ia l ly  in  Fe th e  f a s t  

d i f f u s io n a l  m otion  o f  th e  muon a v e ra g e s  o u t th e  d i f f e r e n t  d ip o la r  f i e l d s  

a t  th e  i n t e r s t i t i a l  s i t e s  w hich a re  c r y s t a l l o g r a p h i c a l ly  e q u iv a le n t  b u t 

may y e t  b e  m a g n e tic a lly  in e q u iv a le n t .

P r e p a r a t io n  and p u r i t y  o f  a  sam ple in f lu e n c e  b o th  th e  l o c a l

f i e l d  and th e  d i f f u s io n a l  m o tion . For exam ple, in  F e , Bp and T^ a re

1 2  2 g r e a t e r  i n  w e l l  a n n e a le d  sam ples o f  h ig h  p u r i t y .  * I t  h a s  been  su g g e s te d

t h a t  th e  s t r a i n s  a s s o c ia te d  w ith  d i s lo c a t io n s  and im p u r i t ie s  m igh t be

r e s p o n s ib le  f o r  th e  d e c re a se  in  Bp

D is lo c a t io n s  and im p u r i t ie s  p roduce  r a t h e r  com plex s t r a i n  d i s t r i -
3

b u t io n s .  Thus t o  i n v e s t i g a t e  th e  e f f e c t  o f  s t r a i n  on th e  i n t e r n a l  f i e l d

d i s t r i b u t i o n s  th e  use  o f  u n ifo rm ly  a p p l ie d  s t r e s s  w ould b e  d e s i r a b le .
1;

B utz e t  a l .  have m easured  Bp in  Fe and Ni u nder h y d r o s ta t i c  

p r e s s u r e .  They found  t h a t  Bp d e c re a s e d  ( in c re a s e d )  l i n e a r l y  up to  th e  

maximum a p p l ie d  p r e s s u r e  o f  7k b a r  in  F e (N i) . For h y d r o s ta t i c  p r e s s u r e ,  

th e  c r y s t a l  symmetry rem ains unchanged so  t h a t  th e  i n t e r p r e t a t i o n  o f  th e  

r e s u l t s  i s  r e l a t i v e l y  s im p le .

On th e  o th e r  han d , a  u n ia x ia l, s t r e s s  a p p lie d  t o  a  c r y s t a l l i n e  

s o l i d  c a u se s  a  lo w e rin g  o f  t h e  c r y s t a l  symmetry w h ile  k e e p in g  th e  volume 

o f  t h e  sam ple a lm o st unchanged . In  t h i s  work we a p p lie d  e x te r n a l  u n ia x ia l  

s t r e s s  t o  Fe specim ens. T h is  t h e s i s  i s  a  r e p o r t  on th e  f i r s t  r e s u l t s  o f  

a  s e r i e s  o f  u n i a x i a l  s t r e s s  |J+SR e x p e rim en ts  w hich was s t a r t e d  f o r  th e  

fo llo w in g  re a s o n s :
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1) The s t r a i n  in d u ced  by l a t t i c e  im p e r fe c tio n s  can  be more 

c lo s e ly  s im u la te d  by  th e  s t r a i n  in d u ced  due t o  u n i a x i a l  s t r e s s .  T h is  i s  

t r u e ,  e s p e c i a l l y ,  when t h e  ty p e  o f  im p e r fe c tio n  i s  a  d i s lo c a t io n .

2) In  Fe th e  d ip o la r  f i e l d s  on th e  muon w i l l  n o t a v e rag e  o u t 

t o  z e ro  b e c a u se  o f  th e  lo w ered  symm etry. S in c e  th e  d ip o la r  f i e l d s  a re  

v e ry  d i f f e r e n t  a t  th e  d i f f e r e n t  i n t e r s t i t i a l  s i t e s  in  F e , t h i s  may h e lp  

u s  to  d e te rm in e  th e  s i t e  t h a t  th e  muon o c c u p ie s .

3) The change i n  Bji can be m easured  by  a p p ly in g  th e  e x te r n a l  

u n i a x i a l  s t r e s s  a lo n g  d i f f e r e n t  d i r e c t i o n s .  T h is  w i l l  g iv e  u s  more i n f o r ­

m a tio n , com pared to  th e  h y d r o s t a t i c  p r e s s u r e  e x p e rim e n t, on th e  b e h a v io r  

o f  muons i n  s o l i d s .

10 S in c e  u n i a x i a l  s t r e s s  changes m agnetic  domains and d i s lo c a ­

t i o n  s t r u c t u r e s ,  th e  s tu d y  o f  t h e  i n t e r a c t i o n  betw een  muons and l a t t i c e  

im p e r fe c tio n s  can  be  enhanced .

A d e t a i l e d  d is c u s s io n  on th e  c u r r e n t  s t a t u s  and p roblem s in  |i+SR re s e a rc h  

on fe r ro m a g n e tic  m a te r i a l s  w i l l  be  g iv en  in  t h i s  c h a p te r  fo llo w in g  a  

b r i e f  i n t r o d u c t io n  t o  th e  p+SR m ethod.

A. Decay o f  Muon and M-+SR Method

Muons a r e  decay  p ro d u c ts  o f  p io n s ,  w h ich , p r e v io u s ly ,  a r e  p ro ­

duced  by  th e  fo llo w in g  r e a c t io n s

P + P ----------- > TT* + P + 71

P + 71 ------------) FT '  + P + P

T y p ic a l  n u c le i  u sed  f o r  p io n  p ro d u c tio n  i n  a c c e l e r a to r s  a re  co p p er and

b e r y l l iu m , and  th e  minimum k i n e t i c  en erg y  r e q u i r e d  f o r  p io n  p ro d u c tio n

i n  such  a  n u c le u s  i s  a b o u t 1^5 MeV, th e  t h r e s h o ld  e n e rg y . P o s i t i v e  p io n s
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decay  w ith  a  mean l i f e t i m e  o f  26 n se c  in  th e  p a r i t y - v i o l a t i n g  p ro c e s s :

TT+  >

The decay  o f  a  p o s i t i v e  muon can b e  w r i t t e n  as

 > e+ + Ve. + dy
w ith  an a v e ra g e  l i f e t i m e  o f :

Ky = 2 . 1 ^ 9 4  (6)  fJS<2C

The decay  i s  governed  by  th e  weak i n t e r a c t i o n  w hich  le a d s  to  a  v i o l a t i o n

o f  p a r i t y .

Prom t h e  fo u r  ferm ion  c u r r e n t - c u r r e n t  i n t e r a c t i o n  one can w r i te

5 6th e  p o s i t r o n  decay  sp ec tru m  i n  th e  fo llo w in g  way:

dN (W ,e) W2 , a f , „  I -  2Wl
= — - ( 3 - 2 W )  1 -  P  COSQ (1. 1)

dwdt 2ir I 3 - 2W

w here P i s  th e  d e g re e  o f  muon p o l a r i z a t i o n ,  and Q i s  th e  a n g le  betw een 

th e  p o s i t r o n  momentum and th e  d i r e c t i o n  o f  muon s p in  a t  th e  tim e o f  decay . 

W i s  th e  p o s i t r o n  e n e rg y  i n  u n i t s  o f  i t s  maximum p o s s ib le  energy  

(W = E/E ) .  The maximum k i n e t i c  en erg y  i smax

£ mi  *  J U i i f L -  P i e c ' d - I t e - )  =  52.32 P le V  
2. My

Assuming t h a t  a l l  p o s i t r o n s  a r e  d e te c te d  w ith  th e  same e f f i c i e n c y ,  one g e ts

( I f  4  ycose  ) 
d t  4 ¥  3

However, t h e  e f f i c i e n c y  o f  p o s i t r o n  d e te c t io n  depends on th e  energy  o f  th e  

p o s i t r o n .  Then, one can  w r i te

dH(g) g _j_g ( n  ft co&e) (1.2)
d-a 4ir
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w here A i s  th e  a v e ra g e  asym m etry. From th e  form  o f  e q u a tio n  ( l . l ) ,  one 

im m ed ia te ly  s e e s  t h a t  re d u c in g  th e  e f f i c i e n c y  o f  d e te c t in g  th e  low  energy  

p o s i t r o n s  makes A g r e a t e r  th a n  1 /3 .  T h is  m eans, by  p la c in g  a b s o rb e rs  b e ­

tw een  th e  muon t a r g e t  and th e  p o s i t r o n  d e t e c to r s ,  th e  m easured asymmetry 

w i l l  be  in c r e a s e d  b u t  i t  w i l l  d e c re a s e  th e  c o u n tin g  r a t e .  The f u n c t io n a l  

form  o f  th e  te rm  i n  t h e  b ra c k e t  o f  e q u a tio n  ( 1 .2 )  i s  shown in  F ig u re  1 .

I n  a  t y p i c a l  experim en t th e  p o la r i z e d  p o s i t i v e  muons a re  s to p p e d  

in  th e  m a te ria l, t o  be s tu d ie d .  U n less th e  l o c a l  m agnetic  f i e l d  i s  e x a c t ly  

p a r a l l e l  t o  th e  i n i t i a l  muon s p in  d i r e c t i o n ,  th e  s p in  w i l l  p r e c e s s  w ith  

th e  Larmor f re q u e n c y

_ % Be _ JkJL =. | 3 . ( k H z  A )  - g
2TT 4ff 21T ^

From e q u a tio n  ( 1 .2 )  th e  p r o b a b i l i t y  o f  e m i t t in g  p o s i t r o n s  a lo n g  a  f ix e d
A /

d i r e c t io n  o f  d e te c to r  i s  p r o p o r t io n a l  t o  (1  + A cos 0 ) .  C o n s id e rin g  

th e  p r e c e s s io n a l  m otion  o f  t h e  muon, th e  a n g le  Q w i l l  b e  r e p la c e d  by  

@0 + w here Q^ i s  th e  a n g le  betw een t h e  incom ing beam and th e

d e te c to r  ( s e e  F ig u re  2 ) .  R egard ing  th e s e  f a c t s ,  one may w r i te  f o r  th e  

e x p e r im e n ta l  t im e  dependence o f  th e  c o u n tin g  r a t e :

-Vtu . ,

N M =  N0 e  T ( l  + c a s t o f f  ©o + >J + 0K<$ (1 .3 )

w here i s  t h e  o v e r a l l  n o rm a l iz a t io n  c o n s ta n t ,  BKG i s  th e  a c c id e n ta l  

c o n s ta n t  b ack g ro u n d , i s  t h e  i n i t i a l  phase  a n g le  cau sed  by  v e ry  sm a ll 

r o t a t i o n  o f  th e  s p in  d u r in g  th e  s to p p in g  p ro c e s s  and th e  l o c a t io n  and th e  

f i n i t e  s i z e  o f  t h e  d e te c to r ,  and P ( t )  i s  th e  r e l a x a t io n  fu n c t io n  o f  th e  

muon s p in  p o l a r i z a t i o n .  A d is c u s s io n  o f  th e  p h y s ic a l  n a tu r e  o f  P ( t )  w i l l
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a=1

3/2 a=1/2

- 1/2

r = {1 + a  c o s 0 )

F ig . 2

P lo t  o f  th e  ( l+  a  cos0) d i s t r i b u t i o n  f o r  v a r io u s  a  v a lu e s .
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be  g iv en  in  A. The g e n e ra l iz e d  form  o f  e q u a tio n  ( 1 .3 ) ,  in c lu d in g  th e  

l o n g i tu d in a l  r e l a x a t io n  p r o c e s s ,  i s  found  i n  A ppendix B.

In  th e  ex p e rim en ts  two p o s i t r o n  d e te c to r s  a t  0 ^  = 0 and  Q ^  = IT 

g iv e  two h is to g ra m s  N (0 ,t )  and N(TT j ^ ) ,  r e s p e c t i v e ly .  These two h is to g ram s 

a re  shown i n  F ig u re  3.

B. The Muon as  a  M icro scop ic  Probe o f  M agnetism

A muon e n te r in g  a  t a r g e t  w i th  a  k i n e t i c  e n e rg y  o f  50 MeV w i l l

lo s e  i t s  en e rg y  by  s c a t t e r i n g  from  e l e c t r o n s ,  u n t i l  i t s  v e lo c i ty  app roaches

t h a t  o f  th e  v a le n c e  e le c t r o n s  o f  th e  atom s ( c o rre sp o n d in g  t o  an energy

2 ~  3 keV ). The t o t a l  tim e  i t  ta k e s  th e  p o s i t i v e  muon t o  slow  down to

-1 0  -92 -v 3 'keV  in  condensed  m a t te r  i s  e s t im a te d  t o  be  ab o u t 10 ~  10 s e c .

D e p o la r iz a t io n  d u r in g  t h i s  s ta g e  c o u ld  o n ly  be due t o  th e  sp in -d e p e n d e n t

f o rc e s  in  t h e  s c a t t e r i n g  p ro c e s s  w ith  e le c t r o n s  on n u c l e i .  In  b o th  c a se s  

8 9as  Fond e t  a l .  and W enzel have shown, such  d e p o la r iz a t io n  e f f e c t s  a re  

e x tre m e ly  sm a ll and n e g l i g ib l e .

A f te r  s to p p in g  in  a  s o l i d  th e  f a t e  o f  th e  p o la r i z e d  muon depends 

c r i t i c a l l y  on w h e th e r o r  n o t muonium, a  h y d ro g e n - l ik e  atom  c o n s i s t in g  o f  

jj+ and e- , i s  form ed. In  t h e  muonium th e  muon w i l l  p r e c e s s  i n  th e  h y p e r-  

f in e  f i e l d  p roduced  by  i t s  s in g le  e l e c t r o n .  The o b se rv e d  muon fre q u e n c y  

d i r e c t l y  m easures t h e  h y p e r f in e  f i e l d .  I n  s o l id s  t h i s  g iv e s  in fo rm a tio n  

ab o u t t h e  e l e c t r o n i c  en v iro n m en t. H ow ever, muonium fo rm a tio n  seems to  

be r e s t r i c t e d  t o  a  few i n s u l a to r s  and  se m ic o n d u c to rs .

In  m e ta ls  muonium h a s  n o t b een  found . T h is  i s  a t t r i b u t e d  to  th e  

s c re e n in g  o f  th e  muon ch arg e  by  th e  c o n d u c tio n  e l e c t r o n s .  The b a re  muon 

w i l l  p robe  th e  l o c a l  m agnetic  f i e l d  B^ a t  i n t e r s t i t i a l  s i t e s .  I n  a



BW
D 

CO
UN

TS
 

FW
D 

C
O

U
N

TS

10

x10

47

42

37

32
40. 90. 190. 290.140. 240.

nSEC
(a) '

x10 RUN NO. 8 05  
FE < 1 0 0 >
O GAUSS, OKP AGAIN60

40

20

290.90. 190.40. 140. 240.
nSEC

(b)

F ig .  3. T y p ic a l y SR h is to g ra m s  
(a )  fo rw ard  h is to g ra m  
(h) backw ard  h is to g ra m



11

fe r ro m a g n e tic  m a te r i a l  th e  l o c a l  f i e l d  Bp i s  w r i t t e n  as

Bp = 3e*t + &l  t  BJem t  84 t  & hf ( l«^)

-* -* l+TT -»
w here B i s  th e  e x te r n a l ly  a p p lie d  m agnetic  f i e l d ,  B = —- — M i s  th e  e x t  Li 3 s

L o re n tz  c a v i ty  f i e l d  in  a  domain (Mg = s a tu r a t i o n  m a g n e t iz a t io n ) ,
-* -»
Bdem = HMs sh aPe dependen t d em ag n e tiz in g  f i e l d ,  B^ i s  th e  d ip o la r

f i e l d  due to  th e  m agnetic  moments o f  h o s t  atom s in s id e  th e  L o ren tz  c a v i ty ,
-i

and B^f  i s  t h e  h y p e r f in e  f i e l d .  A ll  te rm s , e x c ep t B ^ ,  i n  th e  r i g h t  hand 

/ \s id e  o f  e q u a tio n  ( 1 . 4 )  can r e a d i ly  he c a lc u la t e d .  Thus m easu rin g  B^ e n a b le s

us t o  o b ta in  B, h f

The h y p e r f in e  f i e l d ,  _(RU ) ,  r e s u l t s  from  th e  i n t e r a c t i o nhi r
betw een th e  p o la r i z e d  c o n d u c tio n  e le c t r o n  c lo u d  around  th e  muon and th e  

muon i t s e l f .  One w r i te s

= J* '̂"j *•A “ Mj(A) (1.5)

H e re , M(r) i s  t h e  l o c a l  c o n d u c tio n  e le c t r o n  m a g n e tiz a tio n  and

) - ( v.- vj - j  ^  - j  S:j 7 ^  (1.6)

The f i r s t  te rm  in  e q u a tio n  ( 1 .6 )  t ra n s fo rm  as a  s p h e r i c a l  harm onic o f  

o r d e r  2 . T h e re fo re , f o r  a  s p h e r i c a l ly  sym m etric s c re e n in g  c lo u d , o n ly  

th e  second  te rm  c o n t r ib u te s  t o  t h e  h y p e r f in e  f i e l d  ( s e e  A ppendix C).

From e q u a tio n  ( 1 .6 )  one o b ta in s

3 ^ (%)  = ( l -7)
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T h e re fo re , th e  m easured h y p e r f in e  f i e l d  i s  o f  g r e a t  i n t e r e s t  in  

s o l i d  s t a t e  p h y s ic s  b e c au se  i t  p ro v id e s  in fo rm a tio n  on th e  l o c a l  e l e c t r o n i c  

s t r u c tu r e  a t  t h e  i n t e r s t i t i a l  s i t e s .  The o th e r  p a ra m e te rs  l i k e  T^ and 

w hich a re  m easured  a t  t h e  same tim e g iv e  in fo rm a tio n  on muon d i f f u s io n  and 

th e  d e fe c t  s t r u c tu r e s  i n  th e  c r y s t a l .

C. H y p e rfin e  F ie ld s  i n  P ure  F erro m ag n e tic  M a te r ia ls

The a d v a n ta g e s  o f  u s in g  th e  muon t o  p robe  th e  l o c a l  m ic ro sc o p ic  

f i e l d s  a re  ( i )  i t  p ro b es  th e  i n t e r s t i t i a l  s i t e s ,  ( i i )  by h a v in g  o n ly  one 

muon a t  a  t im e ,  an i n f i n i t e  d i l u t i o n  o f  th e  im p u r ity  in  th e  h o s t  i s  p o s­

s i b l e ,  and ( i i i )  h a v in g  no c o re  s t r u c t u r e  o f  i t s  own, i t  i s  th e  s im p le s t  

sy stem  o f  a  m agnetic  d i l u t e  a l l o y .

However, th e  p o s i t i v e  ch arg e  o f  th e  muon p e r tu r b s  th e  l o c a l  

e l e c t r o n i c  env ironm ent and t h e  m easured  h y p e r f in e  f i e l d s  a r e  r e f e r r e d  to  

t h i s  p e r tu r b e d  sy stem . In  t h i s  s e n s e ,  e q u a tio n  ( 1 .7 )  sh o u ld  be  r e w r i t t e n  as

71 -  T ic .

i s  t h e  r a t i o  betw een th e  l o c a l  m a g n e tiz a tio n s  a f t e r  and b e fo r e  th e  p e r -

-2 k  Jt u r b a t io n  due t o  th e  muon i s  in tr o d u c e d , and |Ug = 9 .2 7  x  10  ,

t h e  Bohr m agneton.

T ab le  1 shows th e  r e s u l t s  o f  m easurem ents o f  B. _ in  s e v e r a lh f

e le m e n ta l  fe r ro m a g n e ts . A lso  shown i n  th e  t a b l e  a re  th e  ty p e s  o f  i n t e r ­

s t i t i a l  s i t e s  f o r  muon s to p s  in  th e s e  m a te r ia ls - .  The d is c u s s io n  on th e

(.1 . 8 )

where
11+ (O) -  7 1 -(o )

W/m‘
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T ab le  1 . C o m p ila tio n  o f  some p r o p e r t i e s  o f  t h e  fe r ro m a g n e tic  m e ta ls  i n ­

v e s t i g a te d  and summary o f  t h e  | | s R - r e s u l t s . A l l  d a ta  a re  ex­

t r a p o l a t e d  t o  T = 0 K.

S tru c ­
t u r e

S a t .
m agnet.
M [kG] s

L ocal f i e l d  a t  
muon B [kG]

H y p e rfin e
f i e l d

tkGl Muon s i t e

Fe bcc 1 .7 5 0 - 3 .6 7 + 0 .1 0 -  1 1 .1  + 0 .2 9

Co hep 1.1*15 - 0 .3 1 7 + 0 .010 -  6 .1  + 0 .2 o c ta h e d ra l

Ni fe e 0 .5 2 8 + 1.U8 + 0 .1 0 -  0 .7 1  + 0 .0 1 9

Gd hep 2 .0 1 0 + 1 .1 0 + 0 .0 5 -  6 .9 8  + 0 .1 0 o c ta h e d ra l

Dy hep 2 .995 + 12 .3 0 + 0 .20 -  25-2  o r 9

-  0 . 7  + 1-0
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s i t e  p roblem  w i l l  b e  g iv en  in  th e  n e x t s e c t io n  and o n ly  th e  problem s 

d i r e c t l y  r e l a t e d  t o  t h e  h y p e r f in e  f i e l d  w i l l  b e  c o n s id e re d  in  t h i s  s e c t io n .

The v a lu e  o f  in  Ni a t  T = 0 K, e x t r a p o la te d  from  low tem­

p e r a tu r e  m easu rem en ts, i s  - 0 .7 1  kG. The m inus s ig n  o f  means t h a t

i t s  d i r e c t i o n  i s  o p p o s ite  t o  t h a t  o f  M . The u n p e r tu rb e d  s p in  d e n s i ty  a ts

th e  o c ta h e d ra l  s i t e  o f  N i, as m easured  by  M o o k ,^  i s  

pB (Wot '  Wo.) =■ -O .O O8S  t  0 .0 0 f

w hich c o rre sp o n d s  t o  a  f i e l d  o f  -0 .6 6  +_ 0 .3 2  kG. T h is  means t h a t  th e  s p in  

d e n s i ty  enhancem ent f a c t o r  f ( 0 )  i s  c lo s e  t o  u n i ty .

P e tz in g e r  e t  a l . w h o  perfo rm ed  a  s p in  d e n s i ty  f u n c t io n a l  

fo rm a lism  c a lc u a t io n  on N i, p r e d ic te d  f ( 0 )  t o  b e  1 2 .5 . To e x p la in  such 

a  l a r g e  d isc re p a n c y  betw een th e  r e s u l t s  o f  ex p erim en t and t h e i r  c a lc u la ­

t i o n ,  th e y  p o s tu la te d  a  model i n  which th e  r e l a t i v e l y  u n p o la r iz e d  s band  

in  Ni does th e  s c re e n in g  o f  t h e  muon change and  th e  l o c a l i z e d  3d wave 

fu n c t io n s  a r e  e s s e n t i a l l y  u n d is tu rb e d  by th e  sc re e n e d  p o t e n t i a l  o f  th e  

muon.

12Je n a  e t  a l .  p erfo rm ed  s im i l a r  c a lc u la t io n s  on t r a n s i t i o n  m e ta ls  

and  Gd. They found  f  (0 ) t o  be  12.1* in  Ni and  9*7^ in  F e. In  th e  c a se  o f  

F e , th e r e  i s  no u n iq u e  v a lu e  o f  th e  l o c a l  m a g n e tiz a tio n  m easured  by 

n e u tro n  s c a t t e r i n g  ex p erim en ts  ( s e e  R efe rence  1 3 ) . I f  one ta k e s  t h e  v a lu e  o f
TO O

th e  m a g n e tiz a tio n  to  be  -O.OlU +_ 0.00U » wk ic h  i s a v e ra g e d  o v e r

a  0 .5  A° cube c e n te re d  a t  t h e  t e t r a h e d r a l  s i t e  o f  F e , B ^  w i l l  b e  

-1 1  kG. T h is  v a lu e  i s  v e ry  c lo s e  t o  th e  e x p e rim e n ta l r e s u l t .  T h is i n d i ­

c a te s  t h a t  t h e  b a s ic  mechanisms r e l a t e d  to  B^f  in  Fe and Ni may be  q u i te  

d i f f e r e n t .
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J .  Kanamori e t  a l .  have pe rfo rm ed  an ah i n i t i o  c a lc u la t io n  in

Ni and o b ta in e d  th e  v a lu e s  o f  B, _ -0 .7 2  kG and - 1 .8  kG a t  o c ta h e d ra l  s i t e sh i

and t e t r a h e d r a l  s i t e s ,  r e s p e c t iv e ly .  These p re l im in a ry  r e s u l t s  in  Fe w ere

shown t o  h e  -1 3 .0  kG f o r  t e t r a h e d r a l  s i t e s  and -1 5 .5  kG f o r  o c ta h e d ra l

s i t e s .  T here have  been  o th e r  t h e o r e t i c a l  app roaches to  th e  h y p e r f in e

f i e l d  i n  N i. K e l le r  and P a t te r s o n ‘S  o b ta in e d  -0 .5 9  kG from  a  c l u s t e r  c a l -

16c u la t io n .  U sing KKR m ethods, Katayama e t  a l .  o b ta in e d  -0 .7 2  kG and 

w ith  s u p e r  c e l l  band  s t r u c t u r e  m ethods, Je p se n  e t  a l . S  p r e d ic te d  -O.U63 kG.

A ll  th e s e  t h e o r e t i c a l  c a lc u la t io n s  assum ed r i g i d  p o s i t io n s  o f  

th e  h o s t  io n s  and th e  muon. However, muons a r e  b e l ie v e d  to  undergo  v ib r a ­

t i o n a l  m o tio n s  and  a ls o  t o  c r e a te  l o c a l  d i s t o r t i o n  a round  them  w h ile  r e ­

s id in g  i n  a  c r y s ta l . .  Then one may wonder how th e  t h e o r e t i c a l  c a lc u la t io n s  

g iv e  r e s u l t s  c lo s e  t o  t h e  e x p e rim e n ta l r e s u l t  w ith o u t c o u n tin g  th e s e  

p h y s ic a l  e f f e c t s .  Does t h i s  mean t h a t  th e s e  e f f e c t s  a re  n e g l ig ib l e  o r  do

th e y  somehow c a n c e l  each  o th e r?

i d  IQP. F . M eier e t  a l .  * have p o in te d  o u t t h a t ,  due t o  computa­

t i o n a l  c o m p le x ity , th e  above m ethods a re  in c o n v e n ie n t t o  s tu d y  th e  in ­

f lu e n c e  o f  th e s e  p h y s ic a l  e f f e c t s  on th e  s p in  d e n s i ty .  They have p e r ­

form ed a  s e r i e s  o f  t h e o r e t i c a l  c a lc u la t io n s  w ith  a  model b a se d  on a  RKKY-type 

i n t e r a c t i o n  betw een  t h e  l o c a l i z e d  moments o f  t h e  fe r ro m a g n e tic  h o s t  and 

th e  c o n d u c tio n  e l e c t r o n s .  T h e ir  c o m p u ta tio n a l r e s u l t s  w ere p a ra m e te r iz e d  

by  a  d im e n s io n le ss  q u a n t i ty  d e f in e d  by

-  -2 . < U” > »
{ 3  A*

2 2w here < Um > and < U  ̂ ) a r e  t h e  mean sq u a re  d isp la c e m e n ts  from  th e
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e q u il ib r iu m  p o s i t i o n  o f  th e  io n  and muon, r e s p e c t i v e ly .  T h e ir  r e s u l t s  

show t h a t  th e  in f lu e n c e  o f  th e  z e ro  p o in t  m o tion  on th e  s p in  d e n s i ty  a t  

th e  o c ta h e d ra l  s i t e  o f  Ni i s  much s m a l le r  th a n  f o r  Gd, Dy o r  F e . For 

t h i s  re a so n  Ni seems to  he  a  good c a n d id a te  f o r  r i g i d  m ic ro sc o p ic  t h e o r i e s .  

T h is  means t h a t  f o r  o th e r  fe r ro m a g n e tic  sp e c im en s , e s p e c i a l l y  i n  Fe w hich 

i s  th e  sam ple u se d  i n  t h i s  w ork , t h e  m otion  o f  th e  muon around  an i n t e r ­

s t i t i a l  s i t e  and  th e  l a t t i c e  d i s t o r t i o n  due to  th e  muon sh o u ld  be in c lu d e d  

i n  a  f u l l  a n a ly s i s  o f  e x p e r im e n ta l  r e s u l t s .

D. The Muon S i t e s  i n  F e rro m ag n e tic  M a te r ia ls

S in c e  th e  h y p e r f in e  f i e l d  m ust be  d i f f e r e n t  a t  d i f f e r e n t  ty p e s  

o f  s i t e s ,  i t  i s  im p o r ta n t  t o  know a t  w hich s i t e  th e  f i e l d  i s  b e in g  mea­

s u re d . The im p o rta n c e  o f  th e  s i t e  p rob lem  can  b e  v iew ed in  a  d i f f e r e n t  

d i r e c t i o n .  The d i f f u s io n  o f  hydrogen  i n  o(-Fe i s  o f  g r e a t  i n t e r e s t  

b e c au se  o f  i t s  t e c h n ic a l  im p o rta n c e . I n  s p i t e  o f  t h i s ,  t h e r e  i s  a  la c k  

o f  r e l i a b l e  e x p e r im e n ta l  in fo rm a tio n  on th e  d i f f u s io n  m echanism  and lo c a ­

t i o n  o f  s o lu te  hydrogen  i n  d - F e. A lthough th e  s i t e s  o f  muons and h y d ro ­

gen may n o t be th e  same i n  a  s o l i d ,  knowing th e  s i t e  o f  th e  muon c e r t a i n l y

h e lp s  t o  d e te rm in e  t h e  s i t e  o f  hyd rogen .

20 21 B oth  A. S e e g e r  and N ish id a  e t  a l .  once p o in te d  o u t  t h a t  th e

muon s to p p in g  s i t e  i n  d -F e  sh o u ld  b e  th e  t e t r a h e d r a l  s i t e .  F o r t h i s

th e y  gave th e  fo llo w in g  r e a s o n s :  The n e u tro n  d a ta  show t h a t  t h e  m agnetic

moment d e n s i ty  i s  n e g a t iv e  a t  t h e  t e t r a h e d r a l  s i t e  and  i s  p o s i t i v e  a t  th e

o c ta h e d r a l  s i t e ,  t h e  muon h y p e r f in e  f i e l d  i n  o(-Fe i s  n e g a t iv e ,  and th e

t e t r a h e d r a l  s i t e  in  a  BCC c r y s t a l  i s  more sp a c io u s  th a n  th e  o c ta h e d ra l

22s i t e .  However, S e e g e r  and h i s  c o l l a b o r a to r s  have more r e c e n t l y  s u g g e s te d  

t h a t  b o th  t e t r a h e d r a l  and o c ta h e d ra l  s i t e s  m igh t be  o c c u p ie d  above i+OK.
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In  c o n n e c tio n  w ith  t h e  id e a  o f  M eier e t  a l . , m en tioned  i n  th e  

p re v io u s  s e c t io n ,  one can e x p e c t t h a t  th e  muon may sam ple th e  f i e l d s  o v e r 

d i f f e r e n t  ty p e s  o f  s i t e s  due t o  i t s  v i b r a t i o n a l  m o tio n . T h is  i s  t o  say  

t h a t  th e  wave fu n c t io n  o f  a  muon, c e n te re d  a t  a  p a r t i c u l a r  s i t e ,  can 

s p re a d  o u t to  re a c h  o th e r  n e ig h b o r in g  s i t e s .  In  a d d i t io n  t o  t h i s ,  th e  

l a t t i c e  d i s t o r t i o n  a ro u n d  a  muon may be s e v e re  enough t o  c o m p le te ly  a l t e r  

th e  l o c a l  e l e c t r o n i c  s t r u c t u r e .  T h e re fo re , th e  s ig n  o f  th e  l o c a l  m agnetic  

moment d e n s i ty  from  th e  n e u tro n  s c a t t e r in g  d a ta  w i l l  n o t  d e te rm in e  th e  

muon s i t e  i n  a  fe rro m a g n e t. As s t a t e d  e a r l i e r  in  t h i s  c h a p te r  one o f  

t h e  p u rp o se s  o f  t h i s  u n ia x ia l  s t r e s s  experim en t i s  t o  s tu d y  t h e  muon s i t e  

p roblem  in  Fe.

E. O rg a n iz a tio n  o f  th e  T h es is

T h is  t h e s i s  r e p o r t s  t h e  f i r s t  r e s u l t s  o f  a  u n i a x i a l  s t r e s s  

|J +SR e x p e rim e n t. The ex p erim en t was perfo rm ed  a t  t h e  Sw iss I n s t i t u t e  

f o r  N u c le a r  R esea rch  (SIN) a t  V i l l i g e n ,  S w itz e r la n d . Both s in g le  and 

p o ly c r y s ta l  sam ples w ere u sed  i n  t h i s  e x p e rim e n t.

C h ap te r I I  p r e s e n ts  a  b r i e f  i n t r o d u c t io n  o f  SIN f a c i l i t i e s , a  

d e s c r ip t io n  o f  th e  a p p a ra tu s  u s e d  f o r  t h i s  w ork , th e  r e s u l t s  o f  th e  neu­

t r o n  a c t i v a t i o n  a n a ly s i s  o f  v a r io u s  im p u r ity  c o n c e n t r a t io n s  i n  th e  sam ples 

and th e  p ro c e d u re  o f  d a ta  a n a ly s i s .

The t h e o r e t i c a l  backg round  o f  t h i s  work i s  g iv en  in  th e  n e x t 

two c h a p te r s .  C h ap te r I I I  g iv e s  a  rev ie w  o f  some fundam en ta l a s p e c ts  i n  

fe rro m a g n e tism . T h is  l e a d s  t o  p r e d ic t io n s  o f  t h e  domain w a l l  movement i n  

Fe in  re s p o n s e  to  t h e  e x te r n a l l y  a p p l ie d  s t r e s s .  The o c c u p a tio n a l  p rob ­

a b i l i t y  o f  a  muon a t  an i n t e r s t i t i a l  s i t e  o f  th e  c r y s t a l  changes w ith  th e



18

a p p l i c a t i o n  o f  u n i a x i a l  s t r e s s .  Such a  change w i l l  h e  d is c u s s e d  in  

C h ap te r IV i n  te rm s o f  t h e  i n t e r a c t i o n  betw een  th e  e l a s t i c  d ip o le  o f  a  

muon and  th e  e x te r n a l  s t r e s s .

The e x p e r im e n ta l  r e s u l t s  a r e  p re s e n te d  and e x p la in e d  in  C h ap te r V. 

As w i l l  b e  seen  in  t h a t  c h a p te r ,  t h e  muon fre q u e n c y  d e c re a s e s  w ith  th e  

t e n s i l e  s t r e s s  a p p l ie d  a lo n g  one o f  t h e  c r y s t a l  axes  o f  F e. Such a  de­

c re a s e  i n  fre q u e n c y  a g a in  o c c u rs  i n  t h e  p o ly c r y s ta l  sam ple and i t  i s  

e x p la in e d  i n  c o n n e c tio n  w ith  t h e  r e s u l t  o b ta in e d  from  th e  s in g l e  c r y s t a l  

sam ple . From th e s e  r e s u l t s  i t  i s  shown t h a t  t h e  fre q u e n c y  i n  an Fe 

sam ple w ith  a  h ig h e r  c o n c e n t r a t io n  o f  d i s lo c a t io n s  sh o u ld  be lo w er th a n  

t h a t  i n  a  sam ple w ith  a  lo w er c o n c e n t r a t io n .



I I . EXPERIMENTAL DETAILS

The TTE3 beam l i n e  a t  t h e  Sw iss I n s t i t u t e  f o r  N u c le a r  R esearch  

(SIN) was th e  so u rc e  o f  th e  s u r f a c e  muons u se d  f o r  t h i s  w ork. The a t ­

t r a c t i v e  f e a tu r e s  o f  t h i s  beam a re  t h e  low en e rg y  and h ig h  i n t e n s i t y  o f  

th e  muons. S in c e  th e  sam ples had  sm a ll t h i c k n e s s ,  a  low en erg y  beam w ould 

have maximum s to p p in g  r a t e .  The s u r f a c e  a r e a  o f  each  sam ple was n o t l a r g e .

A c o l l im a te r  (2mm x 5mm) was u se d  t o  p a s s  o n ly  th e  muons w hich w ould im­

p in g e  upon th e  sam ple . T h is  red u c e d  th e  i n t e n s i t y  o f  th e  beam s i g n i f i c a n t l y .  

I f  th e  o r i g i n a l  i n t e n s i t y  o f  th e  muon beam h a d  n o t been  h ig h  th e  tim e  r e ­

q u ire d  t o  s to p  a  s u f f i c i e n t  number o f  muons w ould have been  to o  lo n g .

As m en tio n ed  i n  th e  p re v io u s  c h a p te r  th e  m ain f e a tu r e  o f  th e  

p r e s e n t  ex p erim en t i s  th e  a p p l i c a t i o n  o f  e x te r n a l  u n i a x i a l  s t r e s s  to  

fe r ro m a g n e tic  spec im en s. B oth  s in g le  and p o ly c r y s ta l  sam ples o f  Fe were 

u se d . S in c e  t h e  changes in  p h y s ic a l  p a ra m e te rs  due t o  e x te r n a l  u n ia x ia l  

s t r e s s  can be w e ll  d e f in e d  i n  t h e  s in g l e  c r y s ta l . ,  e x p e rim e n ts  w ere m ain ly  

c o n c e n tra te d  upon th e  s tu d y  o f  s t r e s s  e f f e c t s  on th e  Fe s in g l e  c r y s t a l .

In  t h i s  c h a p te r  a  b r i e f  d e s c r ip t io n  o f  t h e  p ro d u c tio n  and  c h a r­

a c t e r i s t i c s  o f  th e  beam l i n e s  a t  SIN i s  g iv en  and t h i s  w i l l  b e  fo llo w e d  

by d e t a i l e d  d i s c u s s io n s  on t h e  sa m p le s , equipm ent and p ro c e d u re s .

A. The SIN F a c i l i t y

The SIN U s e r 's  Handbook (A ugust 1 9 8 l)  i s  th e  b e s t  so u rc e  

f o r  d e t a i l e d  in fo rm a tio n  on th e  v a r io u s  beam l in e s  a t  SIN; o n ly  a  few

19
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c e n t r a l  p a r t s  r e l a t e d  t o  t h e  TTE3 beam which we u se d  a re  g iven  in  t h i s  

s e c t io n .

a . G enera l L ayout o f  th e  A c c e le r a to r s  and Beam L ines

The p r im a iy  beam i s  p roduced  by th e  a c c e l e r a to r  system  w hich

c o n s i s t s  o f  two s e p a r a te  m ach in es , th e  72 MeV i n j e c t o r  c y c lo tro n  I  and

th e  590 MeV r in g  a c c e l e r a t o r ,  a s  shown in  F ig u re  k .  The p ro to n  beam i s

i n i t i a l l y  a c c e l e r a te d  i n  th e  i n j e c t o r  c y c lo tro n  w hich p ro d u ces  p ro to n s  o f  

72 MeV w ith  i n t e n s i t y  up t o  170 pA. These a re  i n j e c t e d  in to  th e  r i n g  ac ­

c e l e r a t o r  p ro d u c in g  a  590-MeV beam w hich i s  u sed  f o r  seco n d ary  beam p ro ­

d u c tio n  a t  two e x te r n a l  t a r g e t s .  The p io n  beam f o r  TTE3 i s  p roduced  a t

t a r g e t  s t a t i o n  E u s in g  a  12 cm lo n g  b e ry l l iu m  ro d .

b .  TT E3 P io n  Beam and S u rfa c e  Muons

The p io n  beam IT E3 i s  a  low en erg y  beam p roduced  a t  90° 

from  t a r g e t  s t a t i o n  E (F ig u re  U). An a d d i t io n a l  i n s t a l l a t i o n  was made in

t h i s  beam l i n e  and i s  c a l l e d  t h e  " TT E 3 -a p p en d ix " . The p u rp o se  t h i s  ap­

p e n d ix  i s  t o  p ro v id e  an in te n s e  p io n  beam o f  e x tre m e ly  low momentum 

(lf-0 ~  100 MeV/c) w ith  l i t t l e  c o n ta m in a tio n  and  n e u tro n  background .

The p io n  beam l i n e  h as  been  m o d if ie d  so  t h a t  muons from  th e  de­

cay  o f  p io n s  s to p p e d  in  t h e  p io n  p ro d u c tio n  t a r g e t  ( s o - c a l l e d  " s u r fa c e  

muons") can b e  t r a n s p o r te d  t o  t h e  e x p e rim e n ta l a r e a .  The com plete  la y o u t  

o f  t h e  beam i s  shown i n  F ig u re  5 (a )  and i t s  env e lo p e  in  F ig u re  5 ( b ) .

F ig u re  6 shows th e  m easured  i n t e n s i t i e s  o f  muons a s  a  fu n c t io n  o f  th e  

c e n t r a l  momentum w here t h e  th ic k n e s s  o f  t h e  d e g ra d e r  f o r  e le c t r o n  s e p a r a t io n  

i s  z e ro . The m u o n -p o s itro n  s e p a r a t io n  f o r  th e  380 pm m ylar f o i l  i s  shown
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QSK72 \
KSD71/72 ASK72

QTB71

0SB71-73
ASK73 -E -E " 0TB72

F ig . 5 (a )

Lay o u t o f  th e  p io n  beam

CN nn
p o  CO

s  5[cm] iti
t o

X16 
[cm]

F ig . 5 (b )

E nvelopes o f  t h e  irE3 beam w ith  append ix
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F ig . 6

10 -

10° -

[ MeV/cJ

M easured muon r a t e s  in  th e  ttE3 beam a s  a  fu n c t io n  o f  th e  c e n t r a l
momentum i n  th e  f i r s t  b e n d in g  m agnet. The d e g ra d e r  th ic k n e s s  
f o r  e le c t r o n  s e p a r a t io n  i s  z e ro . The p ro d u c tio n  t a r g e t  i s  
2 2 .2  g/cm^ b e ry l l iu m . How ever, t h e  e f f e c t i v e  t a r g e t  l e n g th  
s e e n  from  th e  c h an n e l i s  o n ly  3 cm. The a c c e p te d  s o l i d  a n g le  
i s  50 m sr.
C urves 1 : ■
The a c c e p te d  momentum band  i s  chosen  t o  b e  Ap/p = k% FWHM in  
o r d e r  t o  see  a  sh a rp  d ro p  in  th e  muon r a t e  n e a r  2 9 .5  MeV/c. 
C urves 2:
Maximum i n t e n s i t i e s  w i th  f u l l  momentum b an d  Ap/p = 10% ( FWHM).
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i n  F ig . T. Muon i n t e n s i t i e s  and  e le c t r o n  c o n ta m in a tio n  f o r  v a r io u s  de­

g ra d e r  th ic k n e s s e s  and th e  m agnet s e t t i n g s  f o r  th e  u s u a l  p io n  and muon 

modes a r e  sum m arized i n  T ab le  2 (a )  and (b ) r e s p e c t iv e ly .

B. The Sam ples

The Fe s in g le  c r y s t a l  sam ple was m ain ly  s tu d ie d  in  t h i s  e x p e r i ­

m ent. Thus a  d e t a i l e d  d e s c r ip t i o n  o f  t h i s  p a r t i c u l a r  sam ple w i l l  be  

g iv e n . T h is  c r y s t a l  was s u p p lie d  by  th e  M o n o cry s ta ls  Company, C le v e la n d , 

O hio . A cco rd ing  to  th e  in fo rm a tio n  p ro v id e d  by th e  m a n u fa c tu re r ,  th e  

s te p s  o f  grow ing and p r e p a r a t io n  can b e  sum m arized a s  fo llo w s :

1) A p o l y c r y s t a l l i n e  in g o t  was p re p a re d  by  c o ld  r o l l i n g  th e  

raw  m a te r i a l  a f t e r  m e lt in g  and c o o lin g . As a  r e s u l t  o f  t h i s  o p e ra t io n  

th e  <100> a x is  o f  each  g r a in  was p r e f e r e n t i a l l y  o r ie n t e d  a lo n g  th e  

c y l i n d r i c a l  a x i s .

2) S t a r t i n g  w ith  a  3 /8 "  d ia m e te r  b a r ,  t h e  s in g le  c r y s t a l  was 

grown from  th e  c e n te r  ou tw ards and  to w ard s t h e  s u r f a c e  by  th e  a n n e a l-  

s t r a in - a n n e a l  m ethod. The grow th a n n e a l was p e rfo rm ed  a t  800°C f o r  lo n g  

p e r io d s .

3) A f te r  grow th th e  c r y s t a l  was e tc h e d  i n  NITAL s o lu t io n  (5$ 

HNO  ̂ a c id  i n  m ethano l) t o  expose th e  good m a te r i a l  on th e  s u r f a c e .  Then, 

t h e  x - r a y  Laue s p o t p i c t u r e  was ta k e n  t o  d e te rm in e  th e  o r i e n t a t i o n  and  

a n g le s  f o r  c u t t i n g  o u t  th e  d e s i r e d  specim en .

H) T hin  w heel a b ra s iv e  saws and a  sh a rp  ( k n if e  edge) s in g le  

p o in t  m i l l i n g  t o o l  w ere u se d  t o  p re p a re  t h e  sam ple and sam ple s u r f a c e .

5) The specim en was m e c h a n ic a lly  p o l is h e d  fo llo w e d  a g a in  by  

c h em ica l e tc h in g  to  remove s u r f a c e  damage in tro d u c e d  in  t h e  sh a p in g  

o p e r a t io n .
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T ab le  2 (b )  Magnet s e t t i n g s  f o r  u s u a l  p io n  and muon modes

S e t t i n g  f o r  28 MeV/c y+
Magnet 102 MeV/c

no f o i l  190 y 380 y 570 y tt+

QTB 71 -  Ik6 -  716 -  716 -  716 -  2731

QTB 72 + 123 + 123 + 123 + 123 + 1 5 l0

ASK 71 + 13 6 + 136 + 136 + 136 + 1588

ASK 72 + k2k + 395 + 365 + 327 + 1575

QSK 71 -  170 -  170 -  170 -  170 -  660

QSK 72 -  165 -  165 -  165 -  165 -  1158

QSK 73 -  273 -  253 -  236 -  215 -  1 0 l5

QSK 7^ + 210 + 210 _  210 _  208 + 1200

QSB 71 -  730 -  650 - 10I 0 -1370 -

QSB 72 +1035 + 950 _ 1 0 l8 +1025 -

ASK 73 -  965 -  908 -  832 -  7^5 -

STA 71 +1000 +1000 +1000 +1000 + 3300

STA 72 + 50 + 50 + 50 + 50 0

QSB 73 + 1*70 + 150 + 150 + 120 _
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The sam ple th u s  p re p a re d  i s  a  t h i n  s la b  o f  d im ension : 1 x  k .6  x  1*6.13 mm .

The o r i e n t a t i o n  o f  th e  sam ple i s  such  t h a t  th e  <100> d i r e c t io n  i s  a lo n g  

th e  lo n g  a x i s .  The d i r e c t i o n  norm al t o  th e  w ide s u r f a c e  d e v ia te s  from  

<010> by  ab o u t 1 0 ° .

The p o l y c r y s t a l l i n e  Fe sam ple was p re p a re d  a t  C en tre  d 'E tu d e s  

de Chemie M e ta llu rg iq u e  (CECM), V i t r y ,  F ra n c e , from  zone r e f in e d  i r o n .

I t  was a n n e a le d  f o r  12 h o u rs  a t  850°C u n d er a  p u r i f i e d  hydrogen  atm os­

p h e re . The a v e ra g e  g r a in  c ro s s  s e c t io n  was e s t im a te d  t o  be  ab o u t 2mm.

C. N eutron  A c t iv a t io n  A n a ly s is

The p u rp o se  o f  t h i s  m easurem ent was to  m easure th e  p u r i t y  o f  

t h e  sam p les . I t  was p e rfo rm ed  by  t h e  s t a f f s  a t  CECM u s in g  th e  n e u tro n  

beam o f  t h e  O s i r i s  r e a c to r  a t  S a c la y , F ra n c e . I m p u r i t ie s  in  t h e  sam ple 

undergo  a  n u c le a r  r e a c t io n  w ith  a  n e u tr o n ,  f o r  exam ple,

s5 M-n. CH, t ) -* s<> M'rt.

and t h e  i n t e n s i t y  o f  JT-rays s u b s e q u e n tly  e m it te d  a r e  com pared to  t h a t  

f o r  y - r a y s  e m itte d  from  sam ples w ith  known c o n c e n t r a t io n  o f  each  im­

p u r i t y .  The g e n e ra l  p ro c e d u re  i s  sum m arized as fo llo w s :

1) A sm a ll p ie c e  o f  m a te r i a l  i s  c u t  from  each  sam ple and i r r a ­

d i a t e d  w ith  th e rm a l n e u tro n s .  A f te r  i r r a d i a t i o n  each  p ie c e  i s  d is s o lv e d  

i n  a c id  ( 25$ n i t r i c  a c id  and  75$ h y d r o c h lo r ic ) .

2) The d is s o lv e d  sam ple i s  p u t  i n  a  c o n ta in e r  and th e  y - r a y  

r a d i a t i o n  i s  d e te c te d  by  a  G e(L i) d e te c to r  c o n n e c te d  t o  a  m u ltic h a n n e l 

a n a ly z e r .  By d is s o lv in g  th e  sam p le , th e  m easurem ent i s  l e s s  dependen t 

upon i t s  p o s i t i o n  r e l a t i v e  to  t h e  d e te c to r  th a n  f o r  s o l i d  sam p les.

The c o n c e n t ra t io n s  o f  v a r io u s  im p u r i t ie s  i n  th e  Fe <100> and 

Fe p o ly c r y s ta l  sam ples a re  p r e s e n te d  i n  T ab le  3 and  T ab le  k .  F o r b e t t e r
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T ab le  3 . Im p u r ity  c o n c e n t ra t io n s  i n  u n i t s  o f  wt PPM. B oth  sam ples w ere

. lUi r r a d i a t e d  f o r  60 m in u tes  w ith  a  n e u tro n  f lu x  o f  1 .1  x  10

n e u tro n s /cm ^  s e c .

Sam ples

E lem ents Fe <100> Fe P o ly c r y s ta l

Ce < 0 .8 < 0 .5

Co 39(3) 0 .2 1 (1 )

Cr 1 6 .5  (10) 1 1 .2 7  (10)

Cs < 0 .0 7 < o.oU

Hf < 0 .0 6 < 0 .0 2
MM

Ni < 2 .5 < 1 . 8

Rb < 0 .9 < 0 .2
MM

Sc 6xlO” U(2) £  6 x io “ ^

Ta 0 .0 3 0 .005

Zn 0 .3 0 .0 2

Zr < 6 < 5
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12 2T able  4 (a )  Sam ples w ere exposed  t o  3 x  10 n e u tro n s /c m  sec  f o r  1 m inu te

Sam ples

E lem ents Fe <100> Fe P o ly c r y s ta l

A st U9(5) 0 .3 1 (2 )

Au £  0 .0 2 < 0 .0 2
*

Cu 800(30) 1 .30 (10

Ci £  7 .9 < b .2

Ga 1  3 < 1

K £  1 < 0 .9

La 5(1 ) <_ 0.U
**

Mn 500(15) 1 0 .5 (1 0 )

Na £  0 .1 b £  0 .1 5

Sb £  0 .3 £  0 .0 7

W < o .b < 0 .4

)) Sample was l bexposed  t o  10 n eu tro n s /c m ^ sec  f o r  1 mini

Sam ples

E lem ents Fe <100> Fe P o ly c r y s ta l

AH
***

< 100 2 .0  + 2

•j*
L e t t in g  th e  r a d i o a c t i v i t y  d e c re a s e  f o r  48 h o u rs  s t i l l  a llo w e d  one t o  see  

th e  As and  Cu l i n e s

* i /- >64 \Checked n o t  o n ly  on th e  511 keV l i n e  b u t  a ls o  on 1346 keV ( Cu) l i n e

** 55 / \ 56The a n a ly s i s  was b a se d  on th e  r e a c t io n  M n ( n ,y ) Mn b u t  th e  r e a c t io n

^ F e  ( n ,p ) ^ J f o  i n t e r f e r e d  w ith  th e  fo rm er r e a c t i o n .  T h e re fo re ,  Mn con­

c e n t r a t i o n  in  th e  F e - p o ly c r y s ta l  sam ple i s  b e l ie v e d  t o  b e  l e s s  th a n  1 PPM 

The Mi c o n ta in e d  i n  th e  sam ple p re v e n ts  one from  o b ta in in g  an  a c c u ra te  

m easurem ent f o r  t h e  Fe <100> sam ple .
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r e s o lu t io n  t h r e e  s e p a r a te  m easurem ents w ere perfo rm ed  f o r  each  sam ple.

I t  m ust be  n o te d  t h a t  th e r e  i s  an i n t e r f e r i n g  e f f e c t  on such im p u r i t ie s

as  Cr and Mn. Due t o  th e  fo llo w in g  r e a c t io n s

^ F e  Oi,<* ) — > Sl G i

sam ples a p p e a r  a s  i f  th e y  c o n ta in  Cr and Mn im p u r i t ie s  even  though  th e  

sam ples may b e  f r e e  o f  th e s e  im p u r i t i e s .  The c o n c e n tra t io n s  o f  im p u r i t ie s  

so p roduced  a r e  b e l ie v e d  t o  be  a b o u t 10 PPM. T h e re fo re , th e  c o n c e n tra t io n

o f  Cr and Mi in  Fe p o ly c r y s ta l  sam ple i s  b e l ie v e d  to  be l e s s  th a n  1 PPM

(s e e  T ab les  3 and U).

D. The P u l l in g  D evice and  S t r a i n  Gauge

F ig u re  8a shows th e  a rran g em en t o f  th e  p u l l e r  c o n s tr u c te d  a t  th e  

P h y s ic s  M achine Shop o f  th e  C o lleg e  o f  W illiam  and Mary. Each sam ple 

was g lu ed  t o  th e  sam ple h o ld e r s  in  a  s p e c i a l l y  d e s ig n e d  j i g  t o  p re v e n t 

m isa lig n m en t betw een  th e  s t r e s s  a x is  and th e  lo n g  a x is  o f  th e  sam ple.

A s u p p o r t in g  p ie c e  made from  aluminum was a t ta c h e d  to  t h e  sam ple h o ld e r s  

by two sm a ll screw s w h ile  t h e  sam ple was in  th e  j i g .  The s u p p o r tin g  

p ie c e  was c a r e f u l l y  r e l e a s e d  a f t e r  th e  s t r e s s  t r a n s m i t t i n g  ro d s  w ere en­

gaged t o  t h e  sam ple h o ld e r s .  The s te p s  w ere r e v e r s e d  when th e  sam ple 

was ta k e n  o u t  o f  th e  p u l l e r .  W ith t h i s  p ro c e s s  th e  e x te r n a l  m ech an ica l 

d is tu rb a n c e  t o  th e  sam ple was m in im ized .

The sam ple h o ld e r  assem bly  was i n s u l a te d  by  a  vacuum j a c k e t .  

E thand  was c i r c u l a t e d  a t  a  c o n s ta n t  r a t e  th ro u g h  th e  1 /8 "  copper tu b in g  

a t ta c h e d  t o  t h e  sam ple h o ld e r  a ssem b ly . The te m p e ra tu re  o f  e th a n d  was 

r e g u la te d  by  h e a t in g  and c o o lin g . Hence th e  te m p e ra tu re  in  th e  sam ple 

was k e p t  c o n s ta n t  a t  302°K d u r in g  th e  e n t i r e  ru n  w ith  a  v e ry  slow  v a r i a t i o n
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w ith in  +_ IK . The vacuum chamber h a s  1" d ia m e te r  windows on each  s id e  

w hich a r e . s e a l e d  by 3 m il t h i c k  m ylar f i lm . The m y la r window on th e  up­

s tre a m  s id e  p a s s e d  muons t o  t h e  sam ple w ith o u t  s to p p in g . The o th e r  

window a llo w e d  " s e e - th ro u g h "  a d ju s tm e n t o f  th e  sam ple p o s i t i o n .  The 

p o s i t i o n  o f  t h e  sam ple was checked  by  a  t e le s c o p e  a l ig n e d  w ith  th e  beam 

l i n e .

The s t r e s s  a p p l ie d  to  th e  sam ple was p roduced  by  th e  m u l t i p l i ­

c a t io n  o f  Ng o r  a i r  p r e s s u r e  by  th e  a r e a  r a t i o  betw een th e  sam ple c ro s -  

s e c t io n  and  th e  p i s t o n .  F ig u re  8b shows th e  p i s to n  a rra n g e m e n t. The 

t e n s i l e  s t r a i n  in d u ce d  on th e  sam ple by  th e  e x te r n a l  s t r e s s  was m easured 

by a  s t r a i n  gauge. S t r a i n  gauges w ere p u rc h a se d  from  M icro-M easurem ent 

Company, Rom ulus, M ich igan . These w ire  ty p e  gauges had  e x a c t ly  350fl. o f  

r e s i s t a n c e  when u n s t r a in e d  and a  gauge f a c t o r  o f  2 .0 6  +_ 0 .5 $  w hich i s  

v e ry  i n s e n s i t i v e  t o  a  sm a ll change i n  te m p e ra tu re .  The f r a c t i o n a l  changes 

in  th e  r e s i s t a n c e  and th e  le n g th  o f  t h e  gauge a re  r e l a t e d  by  th e  gauge 

f a c t o r  as

M  _  i a R_
9.0 <tF

The change in  t h e  r e s i s t a n c e ,  A R , due t o  e x te r n a l  s t r e s s  was d i r e c t l y  

m easured  by  th e  change i n  th e  v o l ta g e  a c ro s s  th e  s t r a i n  gauge u s in g  a 

n a n o -v o ltm e te r .  F ig u re  9 shows th e  c i r c u i t  f o r  t h i s  m easurem ent.

E. D ata  A c q u is i t io n

There was no m o d if ic a t io n  made f o r  t h i s  ex p e rim en t t o  t h e  a l ­

re a d y  e x i s t i n g  d a ta  c o l l e c t i o n  sy stem  b u i l t  by  t h e  |i+SR group a t  th e  

U n iv e r s i ty  o f  Z u r ic h . For t h i s  r e a s o n  o n ly  a  few g e n e ra l  f e a tu r e s  o f  th e  

sy stem  w i l l  b e  o u t l i n e d .
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Muons and  p o s i t r o n s  a r e  d e te c te d  by  p l a s t i c  s c i n t i l l a t i o n  de­

t e c t o r s  (NE 102) m ounted v ia  l i g h t  p ip e s  on p h o to m u l t ip l ie r s  (xp 2 020 ). 

F ig u re  10 shows th e  a rran g em en t o f  d e te c to r s  and a  b lo c k  d iagram  o f  th e  

p+SR e le c t r o n i c s .  The m ajo r fu n c t io n s  o f  th e  e l e c t r o n i c s  system  w hich 

was i n te r f a c e d  to  a  PDP 11-1*0 a r e :

1) I t  d e te c ts  a  muon s to p p e d  in  th e  sam ple and a ls o  th e  p o s i ­

t r o n  e m itte d  from  th e  decay  o f  th e  c o rre sp o n d in g  muon, t h e n ,  r e c o rd s  one 

p o s i t r o n  e v e n t a c c o rd in g  to  th e  tim e  i n t e r v a l  be tw een  th e  above two 

d e te c t io n s .  I t  d i s t in g u is h e s  w h e th e r th e  p o s i t r o n  i s  d e te c te d  in  e i t h e r  

th e  fo rw ard  o r  backw ard c o u n te r  and r e c o rd s  th e  e v e n t a c c o rd in g ly .

2) The sy s tem  a c c e p ts  o n ly  one muon e v e n t d u r in g  a  f ix e d  p e r io d  

o f  tim e  (U .5 f jse c )  t o  p ro p e r ly  c o r r e l a t e  th e  d e te c te d  p o s i t r o n  t o  th e  

c o rre sp o n d in g  muon. O th e rw ise , th e  o b ta in e d  h is to g ra m  w i l l  b e  d i s t o r t e d .

3) To form  a  h is to g ra m  each  p o s i t r o n  e v e n t m ust be re c o rd e d  

a t  t h e  p ro p e r  l o c a t io n  in  t h e  memory sp a ce  o f  t h e  PDP com puter. For 

t h i s  o p e ra t io n  th e  tim e  i n t e r v a l  betw een  th e  d e te c t io n  o f  th e  muon and 

p o s i t r o n  i s  c o n v e r te d  t o  a  v o l ta g e  s ig n a l  by  a  TAC (Time t o  A m plitude 

C o n v e rte r)  and  i s  s u b s e q u e n tly  d i g i t i z e d  by  an ADC (A nalog  to  D ig i ta l  

C o n v e r te r ) .

For th e s e  b a s ic  o p e ra t io n s  th e  fo llo w in g  lo g ic  s ig n a l s  a re  

u se d  t o  i d e n t i f y  t h e  e v e n ts :

INC : M’F.  ̂ + F2 + F^ = incom ing  muon

1ST : INC• ( F^ + Fg + F^) = incom ing s to p p e d  muon

EF : (F^ + F^) *Ft *(M + R + R^) = fo rw ard  p o s i t r o n

ER : R*Rt *(F^ + Fg + F^) = backw ard p o s i t r o n
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D uring s te p  (3 ) th e  system  i s  e s s e n t i a l l y  tu rn e d  o f f  f o r  

12 psec  hy  a  JAM s ig n a l. (F ig .  1 0 (a ) )  and no new muon e v e n t i s  a c c e p te d .

The above th r e e  s te p s  a re  r e p e a te d  u n t i l  a  s u f f i c i e n t  number o f  p o s i t r o n  

e v e n ts  ( 3M m il l io n )  i s  c o l l e c t e d .  When t h i s  i s  f in i s h e d  th e  in fo rm a­

t i o n  s to r e d  in  t h e  PDP i s  w r i t t e n  o n to  a  m agnetic  t a p e .

The d a ta  th u s  c o l l e c t e d  f o r  each  run  c o n s i s t  o f  8192 words on

th e  m agnetic  ta p e  fo llo w e d  by  a  b lo c k  o f  256 words f o r  a  ru n  l a b e l .  Each 

i n te g e r  word in  t h e  h is to g ra m s  r e p r e s e n ts  th e  t o t a l  number o f  p o s i t r o n s  

d e te c te d  betw een  T^ and  T^ + A t .  H e re , A t  i s  t h e  e f f e c t i v e  tim e  p e r  

ch an n el w hich was 2 .lU l3 6  n a n o -se c  f o r  t h i s  e x p e rim e n t. Time ze ro  ch a n n e ls

w ere o b ta in e d  by rem oving th e  a n tic o in c id e n c e  re q u ire m e n ts  on and E0r n

and o b s e rv in g  muons p a s s in g  th ro u g h  th e  muon and p o s i t r o n  d e te c to r s .

These w ere th e  1 5 7 th  and  156t h  c h a n n e l in  th e  fo rw ard  and backw ard h i s t o ­

gram s, r e s p e c t iv e ly .

A d e t a i l e d  g e n e ra l  d e s c r ip t io n  o f  th e  p|+ SR d a ta  a c q u i s i t i o n

system  i s  found  i n  R e fe ren ce  23 and t h a t  s p e c i a l l y  f o r  th e  SIN IT E3 i s

g iv en  i n  R e fe ren ce  2k.

F. D ata  A n a ly s is

The raw h is to g ra m s  o f  m ost o f  t h e  ru n s  w ere f i t t e d  t o  a  model 

f u n c t io n  o b ta in e d  from  e q u a tio n  ( 1 . 3 ) by in c lu d in g  lo n g i tu d in a l  d e p o la r i ­

z a t io n  ( s e e  A ppendix B f o r  d e r i v a t i o n ) :

N F, B< t)  = N oF(B e  /Cp[  1 ±  f  [  Fl e ' t / n + h  ♦ * > ] ]  +  8  K<fhB ( 2 . i )

w here P = A ^ ^ 'P C t  = 0)* The p a ra m e te rs  F ,̂ and FL a re  d e f in e d  in  Appen­

d ix  B.
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Time t  i s  t h e  o n ly  in d ep e n d e n t v a r i a b le  in  th e  above e q u a tio n .

To d e te rm in e  th e  v a lu e s  o f  th e  unknown p a ra m e te rs  th e  d a ta  w ere f i t t e d

t o  e q u a tio n  (2 .1 )  u s in g  a  n o n - l in e a r  l e a s t - s q u a r e  f i t t i n g  r o u t in e .

An im proved g r id - s e a r c h  m ethod was em ployed t o  m inim ize t h e  d i f f e r e n c e
2betw een u n i ty  and  th e  n o rm a liz e d  d e f in e d  below .

z  [
i=i L
M r Yl - F:<>0

<Si
degrees £$■ freedom ( 2 . 2 )

w here x = (x ^ jX g , . . . , x n ) a re  th e  v a r i a b le  p a ra m e te rs ,  N i s  th e  number

2
o f  d a ta  p o in ts  t o  be f i t t e d ,  and a re  th e  m easured  v a lu e s  and

t h e i r  v a r ia n c e s  and F ^(^) a re  th e  v a lu e s  p r e d ic te d  by  th e  f i t t i n g  equa­

t i o n .  S in c e  th e  e m itte d  p o s i t r o n s  fo llo w  t h e  P o isso n  d i s t r i b u t i o n ,  th e  
2

v a r ia n c e  ^  can b e  r e p la c e d  by  F^ ( s e e  R efe ren ce  2 5 ) . The number o f  

d e g re e s  o f  freedom  i s  th e  t o t a l  number o f  d a ta  p o in ts  minus th e  number 

o f  p a ra m e te rs .

In  th e  a c tu a l  f i t t i n g  p ro c e s s  F i n  e q u a tio n  (2 .1 )  was f a c to r e dli

o u t o f  t h e  b r a c k e t  t o  r e p la c e  F^ by |3 = F^/F^ w hich a p p ro x im a te ly  c o r­

resp o n d s  t o  th e  r a t i o  betw een volumes o f  dom ains p e rp e n d ic u la r  and 

p a r a l l e l  t o  t h e  i n i t i a l  muon s p in  o r i e n t a t i o n .  The fo rw ard  and backw ard 

h is to g ra m s  o f  each  ru n  w ere a n a ly z e d  s im u lta n e o u s ly  u s in g  one v a lu e  f o r  

each  p a ra m e te r  w h ich , i n  p r i n c i p l e ,  sh o u ld  b e  th e  same i n  b o th  h is to g ra m s . 

F o r ru n s  w ith  lo n g  l a s t i n g  s ig n a l s  t h e  f i r s t  1000 d a ta  p o in ts  from  each  

h is to g ra m  w ere f i t t e d  and  v a ry in g  th e  ran g e  up to  3000 p o in ts  gave e s ­

s e n t i a l l y  t h e  same r e s u l t s  f o r  th e  v a lu e s  o f  im p o r ta n t  p a ra m e te rs  such  

a s  {0^ , Fl /F l , 1 / ^  and l /T 2 .



1*0

In  o th e r  c a s e s ,  f o r  exam ple, ru n s  on th e  c o ld  w orked Fe <100> ,
- t / T 2

th e  o s c i l l a t i o n  am p litu d e  damped o u t  r a p id ly  and  r e p la c in g  e by
_ ff2t 2

e”  gave b e t t e r  r e s u l t s .  T h is  judgm ent was made from  th e  v a lu e
2 “ t /T g  g

o f  X  ; w i th  th e  e x p o n e n tia l  r e l a x a t i o n  fu n c t io n  o f  e » ^  -v a lu e s
_ 2 2

o b ta in e d  w ere n o t l e s s  th a n  1 .5*  U sing  th e  G aussian  fu n c t io n  o f  e ,

2 ' s  w ere c lo s e  t o  u n i ty .  In  th e s e  c a se s  t h e  f i r s t  350 d a ta  p o in ts  w ere 

f i t t e d .  A d is c u s s io n  o f  th e  p h y s ic a l  o r ig i n  o f  th e  r e l a x a t io n  f u n c t io n  

p a ra m e te r  i s  g iv en  in  A ppendix A.



I I I .  PHENOMENOLOGICAL ASPECTS IN FERROMAGNETISM*

In  1901 P ie r e  W eiss p u t  fo rw ard  th e  "m o le c u la r"  f i e l d  hypo­

t h e s i s  t h a t  each  atom  o f  a  f e r ro m a g n e tic  m a te r i a l  i s  a  m ag n e tic  d ip o le  

and i s  a c te d  upon by  an i n te n s e  m ag n e tic  f i e l d  p r o p o r t io n a l  t o ,  and 

p a r a l l e l  t o ,  th e  m a g n e tiz a tio n  i n  t h e  r e g io n  su rro u n d in g  i t .  T h is  met 

w ith  c o n s id e ra b le  s u c c e s s  in  a c c o u n tin g  f o r  sp o n tan eo u s m a g n e tiz a tio n  

and i t s  v a r i a t i o n  w ith  te m p e ra tu re . W eiss r e a l i z e d  t h a t  th e  m o le c u la r  

f i e l d  had  t o  b e  more in te n s e  th a n  c o u ld  be a c c o u n te d  f o r  by  o rd in a ry  

m agnetic  f o r c e s ,  b u t  he was u n a b le  t o  t r a c e  i t s  o r ig i n .

I t  i s  now known t h a t  t h e  m o le c u la r  f i e l d  i s  a  r e p r e s e n ta t io n  

o f  t h e  n e t  e f f e c t s  o f  exchange i n t e r a c t i o n s .  The e le m e n ta ry  d ip o le s  b e ­

have a s  i f  th e y  w ere e x p e r ie n c in g  an in te n s e  m agnetic  f i e l d  as  a  r e s u l t  

o f  exchange i n t e r a c t i o n s  betw een  them . The p r o p o r t io n a l  dependence o f  

th e  m o le c u la r  f i e l d  on th e  i n t e n s i t y  o f  th e  m a g n e tiz a tio n  e x i s t i n g  i n  a  

domain r e f l e c t s  th e  f a c t  t h a t  t h e  n e t  exchange co u p le  te n d in g  to  tu r n  an 

io n  i n to  a  p a r t i c u l a r  d i r e c t i o n  w i l l  b e  p r o p o r t io n a l  t o  t h e  ex c ess  num­

b e r  o f  i t s  n e ig h b o rs  a lr e a d y  p o in t in g  i n  t h a t  d i r e c t i o n .  The i n t e n s i t y  

o f  m a g n e tiz a tio n  i s  a  m easure o f  t h e  number o f  such  e x c e ss  io n s  av e rag ed  

o v e r  a  volume c o n ta in in g  a  v e ry  la r g e  number o f  a tom s.

Most known fe r ro m a g n e tic  s u b s ta n c e s  a r e  m e t a l l i c .  T h is  f a c t  

im m ed ia te ly  in tr o d u c e s  a  d i f f i c u l t y  w hich i s  n o t  r e a l l y  p e c u l i a r  to

*  .
D isc u ss io n s  on th e s e  s u b je c t s  a re  found in  r e f e r e n c e s  2 6 -3 1 .

k l
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m agnetism . The p rob lem  i s  th e  more g e n e ra l  one o f  how t o  d e s c r ib e  th e  

s t a t e  o f  m otion  o f  th e  e le c t r o n s  i n  a  m e ta l. When' atoms combine to  form  

a  m e ta l t h e  m ost t i g h t l y  bound e le c t r o n s  a re  h a rd ly  a f f e c te d  by  th e  

n e ig h b o r in g  atom s and  rem ain  l o c a l i z e d  on s e p a r a te  n u c le i .  The o u te rm o st 

e l e c t r o n s ,  on th e  o th e r  h a n d , a re  a s  c lo s e  t o  one n u c le u s  a s  t o  th e  

n e x t  and  th e y  te n d  to  move e x te n s iv e ly  th ro u g h  th e  l a t t i c e  o f  p o s i t i v e  

io n s .  The "m agne tic"  e le c t r o n s  i n  fe r ro m a g n e tic  r a r e  e a r th  m e ta ls  a re  

i n  l*f s t a t e s  a n d , b e in g  s c re e n e d  by  th e  5s and 5p e l e c t r o n s ,  p ro b a b ly  

rem ain  t i g h t l y  bound and  l o c a l i z e d  on p a re n t  n u c le i .  In  t r a n s i t i o n  

m e ta ls  and t h e i r  a l l o y s ,  th e  e le c t r o n s  r e s p o n s ib le  f o r  fe rro m ag n e tism  

a re  th o s e  w hich a r e  d e r iv e d  from  3d s t a t e s  o f  f r e e  io n s  and u n sc re e n e d  

from  n e ig h b o r in g  atom s i n  a  s o l i d  sam ple. T h e re fo re , th e y  p ro b a b ly  

e x i s t  i n  s t a t e s  w hich a r e  i t i n e r a n t , o r  a t  l e a s t  in te r m e d ia te  betw een 

b e in g  l o c a l i z e d  on p a re n t  n u c le i  and b e in g  f r e e ly  i t i n e r a n t .

The atom ic  ground  s t a t e s  o f  3d t r a n s i t i o n  e lem en ts  a s  d e te r ­

m ined by  H und 's  r u l e  p r e d i c t  n e t  m agnetic  moments from  th e  im p a ire d  

e le c t r o n s  i n  3d s h e l l s .  The v a lu e s  o f  th e  m a g n e tiz a tio n  a t  0 K, e x tra p o ­

l a t e d  from  low te m p e ra tu re  m easu rem en ts, show t h a t  each  atom  o f  F e , Ni 

and Co c a r r i e s  2 .2 2  jjg , 0 .6  and  1 .7  fig> r e s p e c t i v e ly ,  w here jjB i s  

th e  Bohr m agneton. The W eiss m odel f o r  l o c a l i z e d  e le c t r o n s  canno t ex­

p l a i n  th e s e  n o n - in te g r a l  num bers o f  Bohr m agnetons. On th e  o th e r  h a n d , 

th e  c o l l e c t i v e - e l e c t r o n  m odel due m ain ly  t o  S to n e r  d e a ls  w ith  a lm o st 

f r e e  i t i n e r a n t  e l e c t r o n s .  T h is  m odel p ro v id e s  a  s a t i s f a c t o r y  g e n e ra l  

a c co u n t o f  t h e  main m agnetic  and th e rm a l p r o p e r t i e s  o f  t r a n s i t i o n  m e ta ls  

and  a l l o y s .  However, th e  c o l l e c t i v e  e le c t r o n  m odel f a i l s  to  e x p la in  

some im p o r ta n t f a c t s  i n  fe rro m a g n e tism  such  a s  th e  e x is te n c e  o f  s p in



h3

w aves. F o rm u la tin g  a  s in g le  s im p le  th e o ry  w hich d e a ls  a d e q u a te ly  w ith  

th e  l o c a l i z e d  and i t i n e r a n t  c h a r a c te r s  o f  e le c t r o n s  a t  th e  same tim e  has 

n o t been  s u c c e s s f u l .

D e sp ite  such  d i f f i c u l t i e s  in  t h e  t h e o r e t i c a l  d e s c r ip t io n  o f  

ferro m ag n e tism  th e  r o l e  o f  fe r ro m a g n e tic  m a te r i a ls  and t h e i r  a l lo y s  i s  

v e ry  im p o r ta n t  in  te c h n o lo g y . For t h i s  re a s o n  th e  m agnetic  and  m echan ica l 

p r o p e r t ie s  o f  fe r ro m a g n e tic  s u b s ta n c e s  have been  s tu d ie d  e x te n s iv e ly  f o r  

th e  l a s t  s e v e r a l  d e c ad e s . The th e o r i e s  deve lo p ed  d u r in g  t h i s  p e r io d  

s u c c e s s f u l ly  d e s c r ib e  th e  p h y s ic a l  p ro c e s s  o f  fe r ro m a g n e tic  s t a t e s  o f  a  

m a te r i a l  i n  re s p o n s e  t o  e x te r n a l  in f lu e n c e .  E x te rn a l  s t r e s s ,  e s p e c i a l l y  

a  u n ia x ia l  s t r e s s ,  a p p l ie d  t o  a  fe r ro m a g n e tic  m a te r ia l  a l t e r s  i t s  mag­

n e t i c  s t a t e s  th ro u g h  th e  change in  m ech an ica l s t r u c tu r e  o f  t h e  m a te r i a l .  

Such e f f e c t s  by  th e  e x te r n a l  u n i a x i a l  s t r e s s  on th e  fe r ro m a g n e tic  s t a t e s  

o f  a  m a te r i a l  a r e  seen  from  th e  m agnetic  domain r e o r i e n t a t i o n ,  m otion  o f  

B loch  w a l l s ,  t h e  change in  th e  m agnitude o f  th e  spo n tan eo u s m a g n e tiz a tio n  

and s t r e s s  in d u ced  a n is o t ro p y .  In  t h i s  c h a p te r  th e  b a s ic  phenom eno log ica l 

a s p e c ts  in  fe rro m ag n e tism  w hich a re  r e l a t e d  t o  th e  u n ia x ia l  s t r e s s  |J+SR 

experim en t w i l l  be d is c u s s e d .

A. Exchange Theory o f  F errom agnetism

The m ost g e n e ra l  d e f i n i t i o n  o f  t h e  exchange energy  f o r  a  tw o- 

e le c t r o n  system  w ith  a  H am ilto n ian  n o t c o n ta in in g  te rm s d e s c r ib in g  th e  

m ag n e tic  i n t e r a c t i o n  i s  c o n n e c te d  t o  t h e  p o s s i b i l i t y  t h a t  two ty p e s  o f

ground s t a t e s  may e x i s t :  a  s in g l e t  w ith  z e ro  s p in  S = 0 and an energy
1 3

£ , and a  t r i p l e t  w ith  S = 1 and an en e rg y  e . The exchange energy

J  i s  d e f in e d  as  h a l f  t h e  d i f f e r e n c e  betw een  th e s e  two e n e rg ie s :
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J  * £ c'€ - 36) (3.1)

3 1From t h i s  one se e s  t h a t  f o r  J  }  0 en e rg y  £  ^  g > and i n  th e  ground 

t r i p l e t  s t a t e  th e  s p in s  o f  two e le c t r o n s  a re  p a r a l l e l  (m ore p r e c i s e l y ,  

th e  p r o je c t io n s  o f  t h e  s p in s  o n to  t h e  q u a n t iz a t io n  a x is  have t h e  same 

s ig n  i n  th e  c a se  o f  fe r ro m a g n e tism ) , w h ile  f o r  J  < 0 th e  s p in s  w ould be  

a n t i p a r a l l e l  ( c a s e  o f  a n tif e r ro m a g n e tis m ) .

The d e f i n i t i o n  i n  e q u a tio n  ( 3 .1 )  s u g g e s ts  a  means o f  w r i t i n g  

th e  exchange p a r t  o f  th e  e l e c t r o s t a t i c  en e rg y  f o r  a  tw o -e le c tro n  system  

as th e  s c a l a r  p ro d u c t o f  s p in  v e c to r s .  To do t h i s ,  one w r i te s  th e  en erg y  

o f  t h e  system  as

€  =  + 3e )  - £ x c ' e - 3 g )  c x ' = ± 0  ( 3 . 2 )

*3 1
h e r e ,  f o r  = 1 6  = £  , and  f o r  K = -1  €  = £  . The sq u a re  o f  th e

-j>
t o t a l  s p in  v e c to r  f o r  t h e  sy stem  S = i n  u n i t s  o f  fi i s

s 2 = |  + z  = S i S +  I) (3 .3 )

T h e re fo re , one g e ts  an o p e ra to r

( i + z l - t )  ( 3 -*•>

w ith  an e ig e n v a lu e  [S(S + 1 )  -  1 ]  : f o r  S = 0 t h e  e ig e n v a lu e  i s  - 1 ,  and 

f o r  S = 1 i t  i s  +1. The e ig e n v a lu e s  c o in c id e  w ith  th e  p o s s ib le  v a lu e s  

o f  ot i n  e q u a tio n  ( 3 . 2 ) .

By r e p la c in g  in  e q u a tio n  (3 .2 )  w ith  ( 3 .* 0 ,  one o b ta in s  th e  

fo llo w in g  energy  o p e r a to r  f o r  th e  sy stem :

= t o  -  2 j  t r i z (3 .5 )



w hich h as  t h e  r e q u i r e d  e ig e n fu n c t io n s  r e l a t i v e  t o  th e  s p in  and a c c u ra te

e ig e n v a lu e s  o f  t h e  e n e rg y . H ere , = ( ' €  + ) /b  i s  th e  mean energy

o f  a l l  f o u r  s p in  s t a t e s .  E q u a tio n  (3 .5 )  does n o t depend on any o f  th e

assu m p tio n s made d u r in g  t h e  u s u a l  t re a tm e n t  o f  th e  p roblem .

D eno ting  4>a ( r i )  and ) a s  th e  s in g le  e le c t r o n  wave-

fu n c t io n s  f o r  th e  e le c t r o n s  p o s i t io n e d  a t  r ^  and r ^  w ith  s p in  s t a t e s  a
29 31 32

and b ,  r e s p e c t i v e ly ,  th e  exchange energy  J  can be  e x p re sse d  as  * *

j _  £?  r r  4*t ( 3 . 6 )
i •* i
I '  ^2 I

w hich i s  t h e  exchange i n t e g r a l .  E q u a tio n  ( 3 .6 )  was d e r iv e d  by  n e g le c t in g  

th e  o v e r la p  i n t e g r a l

j«Sob| * J (3.7)

Suppose th e  two e le c t r o n s  b e lo n g  to  th e  same atom , b u t  do n o t 

com plete  a  c lo s e d  s h e l l .  The form  o f  t h e  Coulomb i n t e r a c t io n  and o f  

th e  a tom ic  o r b i t a l s  and ^  i s  such  t h a t  J  i s  p o s i t i v e ;  t h e  e le c t r o n  

s p in s  te n d  t o  l i n e  up to  make th e  maximum t o t a l  s p in  c o n s i s t e n t  w ith  th e  

num bers o f  in d ep e n d e n t s t a t e s  to  b e  f i l l e d  in  th e  s h e l l .  T h is  i s  H und 's 

r u l e ,  w hich e x p la in s  why th e  e le c t r o n s  i n  an in co m p le te  d - s h e l l  o f  an io n  

o f  a  t r a n s i t i o n  m e ta l t e n d ‘t o  combine t o  g iv e  a  l a r g e  perm anent m agnetic  

moment t o  t h e  io n .

However, we a r e  co n cern ed  h e re  w ith  th e  i n t e r a c t io n  betw een 

th e  s p in s  o f  e le c t r o n s  on d i f f e r e n t  io n s .  I t  tu rn e d  o u t t h a t  J  a lm o st
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alw ays comes o u t n e g a t iv e ,  fa v o r in g  a n t i p a r a l l e l  s p in s  on n e ig h b o r in g  

s i t e s .  The s im p le s t  c a se  o f  t h i s  i s  t h e  H e itle r-L o n d o n  model o f  th e  

hydrogen  m o le c u le , where th e  b ond ing  s t a t e  h as  e le c t r o n s  p a i r e d .  On 

t h i s  b a s i s ,  t h e r e f o r e ,  i t  i s  d i f f i c u l t  t o  e x p la in  t h e  f a c t  t h a t  many 

m e ta ls ,  u s u a l ly  " t r a n s i t i o n "  e le m e n ts , a r e  fe r ro m a g n e tic . The p roblem  

i s  f u r t h e r  c o m p lic a te d  by  th e  f a c t  t h a t  th e  d - e le c t r o n s  a re  n o t s t r i c t l y  

l o c a l i z e d  on p a r t i c u l a r  io n s  b u t  l i e  i n  s t a t e s  t h a t  o v e r la p  from  atom  to  

atom  t o  form  a  narrow  b an d . T h is  b a n d , i n  t u r n ,  h y b r id iz e s  w ith  th e  

o rd in a r y  s -b a n d , where e le c t r o n s  conduct v e ry  f r e e l y .  D e sp ite  th e s e  

d i f f i c u l t i e s  th e  H a m ilto n ia n  i n  e q u a tio n  (3 -5 )  s u c c e s s f u l ly  e x p la in s  

many p henom eno log ica l a s p e c ts  i n  fe rro m a g n e tism .

In  problem s c o n c e rn in g  fe rro m ag n e tism  u s u a l ly  o n ly  th e  s p in  

dependen t te rm  o f  e q u a tio n  ( 3 .5 )  i s  o f  i n t e r e s t .  F o r two a to m s, i  and 

j , t h a t  have one e le c t r o n  each  th e  exchange H a m ilto n ia n  i s

w here i s  th e  exchange i n t e g r a l  f o r  th e  two e l e c t r o n s .  I f  each  atom  

h a s  more th a n  one e le c t r o n  w ith  an u n a p ire d  s p in ,  th e  exchange H am ilto n ian  

i s

p e c t iv e ly .  H ere , i t  i s  assum ed (.a) t h a t  a l l  t h e  e le c t r o n s  have th e  same

same atom  i s  c o n s ta n t ,  and hence  can b e  o m it te d . F u r th e r ,  th e  exchange 

i n t e g r a l  i s  u s u a l ly  n e g le c te d  e x c ep t f o r  n e a r e s t  n e ig h b o rs . The

( 3 .8 )

w here S . = X S . and  S . = 2  S . a re  th e  t o t a l  s p in s  o f  atom s i  and j ,  re s ' 
i  2. i  j  r J

exchange i n t e g r a l  J .  and (b ) t h a t  th e  exchange betw een e le c t r o n s  o f  th e



H am ilto n ian  o f  an e n t i r e  c r y s t a l  i s

t l  = - 2 . 1  3 ; -S :
*’J

w here th e  suim nation on j  i s  o v e r  th e  n e a r e s t  n e ig h b o rs  o f  atom  i .  I f  

th e  exchange i n t e g r a l  i s  i s o t r o p i c ,  e q u a l to  J g , one g e ts

a  = - z j « x  j  ( 3 . 1 0 )
i 'j

In  c e r t a i n  p ro b le m s, p a r t i c u l a r l y  in  domain th e o r y ,  i t  i s  b o th  

a p p ro p r ia te  and c o n v e n ie n t t o  c o n s id e r  th e  s p in  m a tr ix  o p e ra to r  o f  

e q u a tio n  ( 3 .1 0 ) .  For a  o n e -d im e n s io n a l a r r a y  o f  s p in s  m aking sm a ll a n g le s  

w ith  n e ig h b o r in g  o n e s , t h i s  e q u a tio n  can be r e w r i t t e n  as

(tf = E = - 2 j a 5ZI  (3.11)
J

w here i s  t h e  a n g le  betw een  t h e  d i r e c t i o n s  o f  th e  c l a s s i c a l  s p in

a n g u la r  momentum v e c to r s .  I f  th e  a n g le s  betw een n e ig h b o r in g  s p in s  a re

X 2
v e ry  s m a l l ,  cos — 1  ~ 2" 4* i  j  * ®ie  v a r i aH e p a r t  o f  t h e  exchange

en erg y  i s  g iv en  by

E = J .s 'z i+ s *  (3.12)

/V /s

L et IL and lh  be v e c to r s  p a r a l l e l  t o  t h e  s p in  v e c to r s  o f  a d ja c e n t  atoms 

i  and  j ,  and  l e t  r _  be th e  d isp la c e m e n t v e c to r  betw een th e  a tom s. Then

=<XlCftJ f  (Xzjotaj f  efs i r t , j  (3 -1 3 )

w here 0^2 ^ 3  a r e  "t îe d i r e c t i o n  c o s in e s  o f  a  u n i t  v e c to r .  S in ce

th e  a n g le  betw een  th e  u n i t  v e c to r s  IL and i s  s m a l l ,  t h e  d i r e c t i o n
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c o s in e s  o f  Uj may be expanded i n  a  T a y lo r s e r i e s  in  t h e  d i r e c t i o n  co - 
*

s in e s  o f  U j. F o r exam ple ,

d'lt'j - f £ • v f  a f )

S u b s t i t u t i n g  t h i s  e x p re s s io n  i n to  e q u a tio n  ( 3 .1 3 ) ,  one can c a lc u la t e  th e

sum i n  e q u a tio n  ( 3 .1 2 ) .  I n  th e  c a se  o f  a  c u b ic  c r y s t a l ,  i t  can  b e  shown 

t h a t

X = Z + jr Z 4  U -\7*U , (.3.1*0
j   ̂ J '*

A
w here t h e  s u b s c r ip t  on IL was o m it te d .  By c o n s id e r in g  o n ly  th e  v a r ia b le  

p a r t  o f  th e  e n e rg y , t h e  exchange e n e rg y  i s  t h e r e f o r e  g iv en  by

.  J o ,s - i  4  u  * t f u

U sing  a  v e c to r  i d e n t i t y ,  th e  above e q u a tio n  can b e  w r i t t e n  as

M = £ ~ I z j L l  4  [ tv<x,f + (Voufk (Vo&)
,3 u '

F o r c u b ic  s t r u c t u r e ,  e i t h e r  s im p le , b o d y -c e n te re d , o r  f a c e - c e n te r e d ,  th e  

2 2e x p re s s io n  I  r , .  i s  e q u a l t o  6a  , w here a  i s  t h e  l a t t i c e  s p a c in g . Hence
j  1J

one g e ts  f i n a l l y

$  = E = 2>Te (V̂ a) t  (V°(3) J (3.15)

a s  t h e  exchange en e rg y  f o r  one cube o f  edge a .

B. C r y s ta l l i n e  A n iso tro p y

The exchange en erg y  depends on th e  s c a l a r  p ro d u c t o f  S .* S .
J

w hich i s  i n v a r i a n t  w ith  r e s p e c t  t o  t h e  c h o ic e  o f  th e  c o o rd in a te  system .
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E x p e r im e n ta lly , how ever, i t  i s  found t h a t  t h e  m a g n e tiz a tio n  te n d s  to  l i e  

a lo n g  c e r t a i n  c r y s ta l lo g r a p h ic  a x e s . T h is  i n d ic a te s  t h a t  th e  i n t e r n a l  

en erg y  o f  a  m agnetic  sy stem  depends on th e  d i r e c t i o n  o f  th e  m a g n e tiz a tio n .

An en erg y  o f  t h i s  k in d  i s  c a l l e d  a  m agnetic  a n is o t ro p y . G e n e ra lly  th e  

m agnetic  a n is o tro p y  energy  p o s s e s s e s  th e  c r y s t a l  symmetry o f  th e  m a te r i a l ,  

and  we c a l l  t h i s  a  c r y s t a l l i n e  a n is o t ro p y .

The e x is te n c e  o f  c r y s t a l l i n e  a n is o tro p y  may he d em o n stra ted  

hy  th e  m a g n e tiz a tio n  cu rv es  o f  s in g le  c r y s t a l  specim ens. M a g n e tiza tio n  

c u rv e s  f o r  s in g l e  c r y s t a l s  o f  F e , N i, and Co f o r  v a r io u s  o r i e n t a t i o n s  o f  

th e  a p p lie d  f i e l d  w ith  r e s p e c t  t o  t h e  c r y s t a l  axes f o r  room te m p e ra tu re  

a re  shown i n  F ig u re  11 . I t  i s  c l e a r  t h a t  much s m a l le r  f i e l d s  a r e  r e q u ir e d  

t o  m agnetize  t h e  c r y s t a l s  t o  s a tu r a t i o n  a lo n g  c e r t a i n  d i r e c t io n s  th a n  

o th e r s .  These d i r e c t i o n s  a r e  th e  e a sy  m a g n e tiz a tio n  d i r e c t i o n s  o f  f e r r o ­

m agnetic  s u b s ta n c e s .

F or c u b ic  c r y s t a l s  such  as  Fe and Wi th e  a n is o tro p y  energy  can 

be  e x p re s se d  i n  te rm s o f  t h e  d i r e c t i o n  c o s in e s  ( d  2 ’ 3^

m a g n e tiz a tio n  w ith  r e s p e c t  t o  t h e  t h r e e  edges o f  t h e  cube . The a n is o tro p y  

en erg y  can b e  e x p re s s e d  in  a  p o ly n o m ia l s e r i e s  in  o (^ , 811 <1 o ( y  Those

te rm s  w hich in c lu d e  odd pow ers o f  th e  d  m ust v a n is h  b e cau se  a  change in  

s ig n  o f  any o f  th e  o<^ sh o u ld  b r in g  th e  m a g n e tiz a tio n  v e c to r  to  a  d i r e c ­

t i o n  w hich i s  e q u iv a le n t  t o  th e  o r i g i n a l  d i r e c t i o n .  The e x p re s s io n  

m ust be i n v a r i a n t  t o  th e  in te rc h a n g e  o f  any two t f ^ ' s ,  so  t h a t  th e  term s 

o f  t h e  form  o(* d  ^  mus‘*; h a v e , f o r  any g iv en  co m b in a tio n  o f  £ , m,

n ,  th e  same c o e f f i c i e n t  f o r  any in te rc h a n g e  o f  i ,  j  and k . The f i r s t

2 2 2te rm , t h e r e f o r e ,  sh o u ld  have  th e  form  + oL g + d, ^ , w hich i s  alw ays 1 .
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F ig . 11 . M a g n e tiz a tio n  c u rv e s  o f  s in g le  c r y s t a l s  o f  (a )  i r o n ,
(t>) n i c k e l ,  and (c )  c o b a l t .  The d i r e c t i o n  o f  th e  a p p lie d  
f i e l d  w ith  r e s p e c t  t o  th e  c r y s ta l lo g r a p h ic  a x is  i s  in d ic a te 'd  
f o r  each  c u rv e . ( A f te r  Honda and K aya.)
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2 2Next i s  th e  f o u r th  o r d e r  te rm  w hich can be  red u ced  to  th e  form  51 o(
i >  j  1 J

by  th e  r e l a t i o n

<*i t  t  = I -  2 < * ,  ora + f o ' ,  <*3 )

F u rth e rm o re , by  th e  r e l a t i o n s

'  ” "  £ 4 6 2 *  » 2 2 ,c/, + O'* + 0 ( 3  = 1 - 3  f  f  < * ,< * 3 ;  *  304 <*,(*3

A a  , 4. 2 4 2  4 2  4 . 1  4 . Z
°*a + °(»0(3 4" Ôi t  0/3 f  cv, '3

= 3  Co()0(x 4-0(20(2 + 3. 0(3

2 2 2 2 2e v e ry  s ix t h  o r d e r  te rm  can b e  red u ced  t o  I  ^  ^ . and of-. q(q q(  .
J> i 1 J 5

Thus we have t h e  e x p re s s io n

Ea, -  ®2 + °ko^j + °^(°^3)  +• K i ® ^ ! 0(3 + ( 3 . 1 6 )

where and Kg a re  th e  a n is o tro p y  c o n s ta n ts .  For Fe a t  room tem p e ra -  

33t u r e

k ,  = 4 . ^  x ic ?  e r g / c m 3

Kz = ± $  x t o 4, e r g /  cm3 

and f o r  Ni a t  room te m p e ra tu re ,

Ki — ~4-*S x 1 0 *  erg /c^y?

Kz = 2-34 * ' ° 4  <&§/<*$

When )  0 t h e  f i r s t  te rm  ta k e s  on i t s  minimum v a lu e  a t  a l l  d i r e c t i o n s  

o f  [ [1 0 0 ] ] ,  w hereas when (  0 i t  does so  a t  a l l  d i r e c t i o n s  o f  [ [ i l l ] ] .  

T hese , th e n  a r e  th e  d i r e c t i o n s  o f  e a sy  m a g n e tiz a tio n .
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The o r ig in  o f  t h e  a n is o tro p y  en erg y  i s  b e l ie v e d  to  b e  th e  r e ­

s u l t  o f  t h e  combined e f f e c t s  o f  th e  s p i n - o r b i t  i n t e r a c t i o n  and th e  

p a r t i a l  quench ing  o f  th e  o r b i t a l  a n g u la r  momentum (by  inhomogeneous 

c r y s t a l l i n e  e l e c t r i c  f i e l d s  and by  o r b i t a l  exchange i n te r a c t io n s  w ith  

n e ig h b o r in g  a to m s). In  o th e r  w o rd s , th e  m a g n e tiz a tio n  o f  th e  c r y s t a l  

" s e e s "  th e  c r y s t a l  l a t t i c e  th ro u g h  th e  agency  o f  t h e  o r b i t a l  m otion  o f  

th e  e l e c t r o n s ;  th e  s p in  i n t e r a c t s  w ith  t h e  o r b i t a l  m otion  by  means o f  

th e  s p in - o r b i t  c o u p lin g  and th e  o r b i t a l  m otion  in  t u r n  i n t e r a c t s  w ith  

th e  c r y s t a l  s t r u c tu r e  by means o f  e l e c t r o s t a t i c  f i e l d s  and o v e r la p p in g  

wave fu n c t io n s  a s s o c ia te d  w ith  th e  n e ig h b o r in g  atom s i n  th e  l a t t i c e .

C. M a g n e to s tr ic t io n  and M a g n e to e la s tic  Energy

When a  m agnetic  s u b s ta n c e  i s  exposed  t o  a  m agnetic  f i e l d ,  i t s  

d im ensions change. T h is  e f f e c t  i s  c a l l e d  m a g n e to s t r ic t io n .  I t  was d i s ­

co v e red  a s  lo n g  ago as  18^2 by J o u le ,  who showed t h a t  an i ro n  ro d  i n ­

c re a s e d  i t s  le n g th  when i t  was m ag n e tized  le n g th w is e  by a  weak f i e l d .

The f r a c t i o n a l  change in  le n g th  tSLfji i s  s im p ly  a  s t r a i n ,  a n d , t o  d i s ­

t in g u i s h  i t  from  th e  s t r a i n  £  cau sed  by  an a p p l ie d  s t r e s s ,  i t  i s  t r a ­

d i t i o n a l l y  d en o ted  by  a  symbol X :

A .

The v a lu e  o f  A m easured  a t  m agnetic  s a t u r a t i o n ,  o r  t e c h n ic a l  s a t u r a t i o n ,  

i s  c a l l e d  t h e  s a tu r a t i o n  m a g n e to s t r ic t io n  A s .

M a g n e to s tr ic t io n  o c c u rs  i n  a l l  p u re  s u b s ta n c e s .  However, 

even in  s t r o n g ly  m agnetic  s u b s ta n c e s ,  t h e  e f f e c t  i s  sm a ll:  X s  i s

t y p i c a l l y  o f  t h e  o r d e r  o f  10""^. The sm a lln e ss  o f  t h i s  s t r a i n  may be
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b e t t e r  a p p re c ia te d  i f  i t  i s  t r a n s l a t e d  i n to  te rm s o f  s t r e s s .  I f  Y oung's

modulus i s  30 x 1 0 ^ /P S I , a  s t r a i n  o f  10*"^ w ould be  p roduced  by  an a p p lie d
2

s t r e s s  o f  o n ly  300 PSI o r  0 .2  kg/mm . In  w eakly  m agnetic  s u b s ta n c e s  th e  

e f f e c t  i s  even  s m a l le r ,  by  a b o u t two o rd e r s  o f  m ag n itu d e , and can be 

o b se rv e d  o n ly  i n  v e ry  s t ro n g  f i e l d s .

A lthough  th e  d i r e c t  m a g n e to s t r ic t iv e  e f f e c t  i s  sm a ll th e r e  

e x i s t s  an in v e r s e  e f f e c t  w hich ca u se s  such  p r o p e r t i e s  as p e rm e a b i l i ty  

and th e  s i z e  o f  t h e  h y s t e r e s i s  lo o p  t o  be h ig h ly  dependen t upon s t r e s s  

in  many m a t e r i a l s .  M a g n e to s tr ic t io n  t h e r e f o r e  h as  many p r a c t i c a l  con­

se q u e n c e s , and a  g r e a t  d e a l  o f  r e s e a rc h  h a s  a c c o rd in g ly  been  d ev o ted  

t o  i t .

The v a lu e  o f  th e  s a tu r a t i o n  l o n g i tu d in a l  m a g n e to s t r ic t io n  A s 

can b e  p o s i t i v e ,  n e g a t iv e ,  o r ,  i n  some a l l o y s ,  z e ro . The v a lu e  o f  A 

depends on t h e  e x te n t  o f  m a g n e tiz a tio n  and  hence  on th e  a p p l ie d  f i e l d .  

F ig u re  12 shows a  t y p i c a l  v a r i a t i o n  o f  A w ith  H f o r  a  s u b s ta n c e  w ith  

p o s i t i v e  m a g n e to s t r ic t io n .

The m a g n e to e la s tic  en erg y  i s  t h a t  p a r t  o f  t h e  en erg y  o f  a  

c r y s t a l  w hich a r i s e s  from  th e  i n t e r a c t i o n  betw een  th e  m a g n e tiz a tio n  and 

th e  m ech an ica l s t r a i n  o f  th e  l a t t i c e .  The m a g n e to e la s tic  e n e rg y  i s  de­

f in e d  to  b e  ze ro  f o r  an u n s t r a in e d  l a t t i c e .  I t  m ust be  made c l e a r  t h a t  

t h i s  s t r a i n  i n t e r a c t i n g  w ith  t h e  m a g n e tiz a tio n  i s  a  sp o n tan eo u s  deform a­

t i o n  o f  t h e  l a t t i c e .

The c lo s e  p h y s ic a l  r e l a t i o n s h i p  w hich e x i s t s  be tw een  th e  a n i ­

s o tro p y  and m a g n e to s t r ic t io n  i s  n o t r e v e a le d  c l e a r l y  in  th e  s ta n d a rd  

d is c u s s io n s  o f  t h e  en e rg y  r e l a t i o n s h ip s  in  f e r ro m a g n e tic s .  I t  i s  o f



X  forced
■at magnetostriction

saturation

3 4a
H(Oe)1o 1010 10 1010

F ig . 12 . V a r ia t io n  o f  m a g n e to s t r ic t io n  w ith  f i e l d  H (sc h e m a tic )
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p rim a ry  im p o rtan ce  t o  re c o g n iz e  t h a t  th e r e  w i l l  he  no l i n e a r  m agneto­

s t r i c t i o n  i f  th e  a n is o tro p y  en e rg y  i s  in d ep e n d e n t o f  t h e  s t a t e  o f  s t r a i n  

o f  t h e  c r y s t a l .  M a g n e to s tr ic t io n  o c c u rs  b e c a u se  th e  a n is o tro p y  energy  

depends on t h e  s t r a i n  i n  such  a  way t h a t  t h e  s t a b l e  s t a t e  o f  th e  c r y s t a l  

i s  deform ed w ith  r e s p e c t  to  a  c u b ic  l a t t i c e .  That i s ,  a  c r y s t a l  w i l l  

deform  sp o n ta n e o u s ly  i f  t o  do so w i l l  lo w er th e  en e rg y .

r iv e d  by many a u th o r s .  S in c e  t h e  m a g n e to e la s tic  en erg y  p la y s  one o f  th e  

m ost im p o r ta n t  r o le s  i n  t h e  u n i a x i a l  s t r e s s  e x p e rim e n t, a  d e t a i l e d  

tr e a tm e n t  w i l l  be g iv en  in  t h i s  s e c t io n .  O u tl in e d  below  i s  th e  d e r iv a t io n

w here th e  C . . a r e  t h e  e l a s t i c  m oduli and  th e  e . . a r e  s t r a i n s .  The 
i j  i j

a n is o tro p y  e n e rg y  d e n s i ty  i n  an u n s t r a in e d  c u b ic  c r y s t a l  i s  o f  th e  

form

t o  t h e  f i r s t  o r d e r .  To e x p re s s  th e  dependence o f  th e  a n is o t r o p ic  energy  

on t h e  s t r a i n  we expand th e  en e rg y  i n  a  T a y lo r ’ s s e r i e s  in  t h e  s t r a i n :

C o n s id e rin g  th e  lo w e s t o r d e r  te rm s dependen t on o r i e n t a t i o n ,  we may ta k e

The m ath e m a tic a l e x p re s s io n  o f  m a g n e to s t r ic t io n  h a s  been  d e -

3k
by  K i t t e l  fo llo w in g  th e  d is c u s s io n  o f  B ecker and Akulov,

The e l a s t i c  e n e rg y  d e n s i ty  i n  a  c u b ic  c r y s t a l  i s  g iv en  by 

(L ove , 1 9 M , p . 160 ) 35

+ C1 2 ( £yy € 3 g t  eyy)
(3 .1 7 )

+ ( 3. 18)
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from  symmetry c o n s id e r a t io n s

A  =

a e " (3 .1 9 )

A  =

w here and  Bg a re  c o n s ta n ts  w hich may in  p r i n c i p l e  b e  c a lc u la te d  knowing 

th e  d e t a i l s  o f  t h e  i n t e r a c t io n s  i n  th e  s o l i d s .  The B 's  a r e  c a l l e d  mag­

n e t o e l a s t i c  c o u p lin g  c o n s ta n t s .  S u b s t i t u t i n g  e q u a tio n  (3 .1 9 )  in to  

e q u a tio n  ( 3 .1 8 ) ,  we g e t

4 = Ki + ocf«f) + 3, 1*1 e:i

t  2. o(;o( er, 
J

( 3 . 2 0 )

■‘j

The e q u il ib r iu m  c o n f ig u r a t io n  o f  t h e  c r y s t a l ,  t h a t  i s ,  th e

s t a b l e  s t a t e  o f  s t r a i n ,  when m agne tized  in  th e  d i r e c t i o n  & may be  found

by m in im iz in g  th e  t o t a l  en e rg y  f  = f  + f  w ith  r e s p e c t  t o  th e  e . .
6 X K 1 J

S in c e  we have s i x  in d ep e n d e n t com ponents o f  e ^ ' s ,  t h e r e  w i l l  be  s ix

e q u a tio n s  f o r  3 f /  d e  = 0 . S o lv in g  th e s e  s im u lta n e o u s  e q u a t io n s ,
x J

th e  s o lu t io n s  a r e  o b ta in e d :

g .. _ Ciz - 06* (Cii + ZCia.)}
( £ |i -  C12) (3 .2 1 )

€ ;j »  C 4 j )

The c o n v e n tio n a l f i r s t  o rd e r  m a g n e to s t r ic t io n  e q u a tio n  which 

i s  f r e q u e n t ly  u se d  i n  t h e  a n a ly s i s  o f  e x p e r im e n ta l  m easurem ents on c u b ic  

c r y s t a l s  i s

= -XXioo 6*?ft +  ofep* + <*3 f  3 ~ 3  )
I  z  (3 .2 2 )
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A
where d  = ( o (^ , o ^ j  ^ e  v e c to r  i n  t h e  d i r e c t i o n  o f  th e  mag­

n e t i z a t i o n ,  ^  = ( p ^ ,  Pg) i s  a  u n i t  v e c to r  i n  th e  d i r e c t i o n  in  which 

&£ i s  m easured: A ^ qq a r e  t tie  s a tu r a t i o n  m a g n e to s tr ic t io n s

in  t h e  d i r e c t i o n s  < 1 0 0 )  and <111> , r e s p e c t iv e ly .  The n e x t s te p  i s  

t o  r e l a t e  t h e  m a g n e to s t r ic t io n  c o n s ta n ts  A jq o  811(1 ^1 1 1  t o  tlie  maSne‘to “

e l a s t i c  c o u p lin g  c o n s ta n t s ,  and , w hich have more fundam en ta l s i g n i f ­

ic a n c e .

Suppose a  p o s i t i o n  v e c to r  r  be tw een  two p o in ts  o f  an u n s tr a in e d  

c r y s t a l  becomes ’r '  by t h e  s t r a i n  in d u ce d  in  t h e  c r y s t a l .  The components 

I r ’ can  be e x p re s s e d  in  te rm s o f  t h e  com ponents o f

V

hence

Sii) = n&fL-H = a / Z .
i?/j

From t h i s  we have

T “ § i e | , R %  <3-23)

On s u b s t i t u t i n g  th e  v a lu e s  o f  th e  e g iv en  by  e q u a tio n  (3 .2 0 )  we g e t
^  J

(3 .2 4 )

f>Q _ B, , 3  CaBi—---------- — W  3t + ofe Pz + °Q pa) +     —ji Cii - Cii C<» + zC\z) (<n - Oz)

~ ( o / i d z f r p z  +  (Hob f i f e  +  0(20/3 p a p a )

w hich may be w r i t t e n  in  th e  form  o f  e q u a tio n  (3 .2 2 )  i f  we s e t

Ai00 ~ —  — — ------
a  c . , - 6 *  ( 3 . 25 )

Am = _ _L B* 
3
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and drop  a  r e s i d u a l  te rm  w hich i s  c o n s ta n t  w ith  r e s p e c t  to  and p .

26 33The room te m p e ra tu re  v a lu e s  o f  th e s e  p a ra m e te rs  i n  Fe a r e :  *

^ 1 0 0  21 X 10

= -2 1 .2  x 10“ 6

Ci;L = 2.U1 x 1012 dyne cm-2

= 1.U6 x lO^-2 dyne cm-2

12 -2  = 1 .2 1  x  10 dyne cm

6 3B1 = - 2 .9  x  10 e rg /cm

B2 = 6 .h  x  10^ erg /cm ^ .

So f a r ,  o n ly  th e  sp o n tan eo u s d e fo rm a tio n  o f  th e  c r y s t a l  has 

been  d is c u s s e d . The n e x t th in g  one needs to  c o n s id e r  i s  th e  c o n t r ib u t io n  

o f  e x te r n a l  s t r e s s  to  t h e  m a g n e to e la s tic  en erg y  o f  th e  c r y s t a l .  Suppose 

a  u n ifo rm  t e n s i l e  s t r e s s  o f  m agnitude  <3r i s  a p p lie d  t o  a  c r y s t a l  such 

t h a t  y ^ ,  y2 , y^ a re  th e  d i r e c t i o n  c o s in e s  o f  <5" w ith  r e s p e c t  t o  th e  

c r y s t a l  a x e s .  The s t r e s s  com ponents a re  = c  y^ K\. The r e s u l t i n g

s t r a i n s  a r e :

^ i i  = -  c  [  ( S 11 * 'S i z )  V , f  5 i z ]
( 3 . 26 )

€ fj * -1 « r$ 4 4 * tir /

w here s . . ' s  a r e  t h e  e l a s t i c  c o m p lian ces . By s u b s t i t u t i n g  th e  above e x -  
J

p r e s s io n s  i n t o  e q u a tio n  ( 3 . 2 0 ) ,  we have

^ me ~ ~  ̂ '̂i “  ̂ V3 ))
(3 .2 7 )

Vi £T2 + <6<̂ 3 ifefe +*0(30(1 Ja Vi)

E q u a tio n  (3 .2 7 )  can be r e w r i t t e n  u s in g  e q u a tio n  ( 3 .2 5 ) .  The t o t a l  energy
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f  = f_ + f  can be  w r i t t e n  as k  me

/Mlo ~ ^  ***■ ̂  +■ 0t3°^)  -  T XlOO&C^Xl •+ °̂ 2 JTj, + 0^2^)
,ma z  ( 3 . 28)

-3A im  o " S i  + ^3,°^3 Ifj. t  o^^ol, yj  yj )

E q u a tio n  (3 .2 8 )  r e p r e s e n t s  th e  i n t e r a c t i o n  betw een  th e  domain m ag n e tiza ­

t i o n  and th e  e x te r n a l  u n ia x ia l  s t r e s s .  As a  r e s u l t  o f  such  an  i n t e r a c t i o n ,  

domains i n  a  specim en r e a r ra n g e  i n  re sp o n se  to  th e  a p p lie d  s t r e s s .

D. F e rro m ag n e tic  Domains and Domain W alls

The c o n c ep t o f  m agnetic  domains was h y p o th e s iz e d  by  W eiss a lo n g  

h i s  m o le c u la r  f i e l d  th e o r y .  In  t h e  unm agnetized  s t a t e  a  fe r ro m a g n e tic  

specim en i s  b ro k en  up in to  a  l a r g e  number o f  domains and th e  d i r e c t i o n s  

o f  sp o n tan eo u s m a g n e tiz a tio n s  i n  domains a re  such  t h a t  th e  m a g n e tiz a tio n  

av e ra g e d  th ro u g h o u t th e  specim en i s  z e ro .

The o r ig i n  o f  domains may be e x p la in e d  by  c o n s id e r in g  th e  s t r u c ­

t u r e s  shown in  F ig u re  13 . In  ( a )  th e  m agnetic  p o le s  form ed on th e  s u r f a c e

1 f  2o f  th e  s in g le  domain c r y s t a l  w i l l  c r e a te  a  m agnetic  energy  J  H d r .

2 5 3The m agnetic  en e rg y  f o r  a  sq u a re  c ro s s  w i l l  b e  o f  o rd e r  M ~  10 e rg s /c m  .s

H ere M d e n o te s  th e  s a tu r a t i o n  m a g n e tiz a tio n , s

In  (b ) th e  m agnetic  en e rg y  h as  been  red u c e d  by  a  f a c t o r  o f

ro u g h ly  o n e - h a l f  a s  a  r e s u l t  o f  d iv id in g  th e  c r y s t a l  i n to  two dom ains Blag­

s 'n e t i z e d  i n  o p p o s ite  d i r e c t i o n s .  The s u b d iv is io n  p ro c e s s  may be  c a r r i e d  

f u r t h e r  a s  in  (.c) :  W ith N domains i t  tu r n s  o u t  t h a t  th e  m agnetic  en erg y

i s  red u c e d  to  a p p ro x im a te ly  l /N  o f  th e  m agnetic  en e rg y  o f  th e  s a tu r a te d  

c o n f ig u r a t io n  ( a ) .
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F ig . 1 3 . The o r ig in  o f  domains
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The s u b d iv is io n  p ro c e s s  may b e  e x p e c te d  to  c o n tin u e  u n t i l  th e  

energy  r e q u i r e d  t o  e s t a b l i s h  an a d d i t io n a l  boundary  l a y e r  o r  i n t e r f a c e ,  

s e p a r a t in g  two dom ains m ag n e tized  o p p o s i t e ly ,  i s  g r e a t e r  th a n  th e  re d u c ­

t i o n  in  m agnetic  f i e l d  en erg y  co n seq u en t on th e  f i n e r  s u b d iv is io n .  I t  

may be  a p p re c ia te d  t h a t  a  boundary  l a y e r  does in d e e d  have a  c e r t a i n  amount 

o f  en e rg y  a s s o c ia te d  w ith  i t :  on o p p o s ite  s id e s  o f  th e  boundary  th e  mag­

n e t i z a t i o n  i s  d i r e c te d  i n  a n t i - p a r a l l e l  d i r e c t i o n s ;  s in c e  th e  exchange 

fo rc e s  f a v o r  p a r a l l e l  and  oppose a n t i - p a r a l l e l  o r i e n t a t i o n s  o f  th e  mag­

n e t i z a t i o n ,  i t  w i l l  n a t u r a l l y  r e q u i r e  th e  e x p e n d itu re  o f  en erg y  to  e s t a b l i s h  

a  boundary  l a y e r .

I t  i s  p o s s ib le  t o  d e v is e  domain a rran g em en ts  such  as  ( d) f o r  

w hich th e  m agnetic  en e rg y  i s  z e ro . In  (d ) th e  b o u n d a r ie s  o f  th e  t r i a n g u ­

l a r  p r ism  domains ( te rm e d  "dom ains o f  c lo s u r e " )  n e a r  th e  end fa c e s  o f  

th e  c r y s t a l  make e q u a l a n g le s  (.45°) w ith  th e  m a g n e tiz a tio n  i n  th e  r e c ta n ­

g u la r  dom ains and w ith  t h e  m a g n e tiz a tio n  i n  t h e  dom ains o f  c lo s u r e .  

T h e re fo re , t h e  component o f  th e  m a g n e tiz a tio n  norm al to  th e  boundary  i s  

c o n tin u o u s  a c ro s s  t h e  b o u n d a ry , and no p o le s  a re  form ed anywhere i n  t h e  

c r y s t a l .  As t h e r e  a r e  no p o le s  t h e r e  i s  no m ag n e tic  f i e l d  a s s o c ia te d  

w ith  t h e  m a g n e tiz a tio n . T h e re fo re , a s  f a r  as  th e  m agnetic  en e rg y  i s  

c o n c e rn e d , th e  c lo s u r e  domain o f  (d ) i s  n o t d i f f e r e n t  from  t h a t  o f  ( e ) .  

However, th e  e x p e r im e n ta l ly  o b se rv e d  p a t t e r n s  o f  domain s t r u c tu r e  o f  Fe 

s in g le  c r y s t a l s  show th e  p a t t e r n s  o f  ( e ) .  As was d is c u s s e d  in  th e  p re v io u s  

s e c t i o n ,  th e  u n i t  c e l l s  o f  Fe a r e  lo n g e r  a lo n g  th e  m a g n e tiz a tio n  d i r e c t i o n .  

T h is  means t h a t  t h e  t r i a n g u l a r  p rism  dom ains i n  t h e  c o n f ig u r a t io n s  (d ) 

and  (e )  a re  com pressed  t o  m inim ize l a t t i c e  m ism atch . S in c e  th e  com pressed 

volume i s  s m a lle r  i n  t h e  c o n f ig u r a t io n  ( e ) ,  t h e  e l a s t i c  e n e rg y  i s  lo w er 

and t h i s  c o n f ig u r a t io n  i s  fa v o re d .
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The domain s t r u c tu r e  in  Fe i s  much s im p le r  th a n  t h a t  o f  Ni b e ­

cause  th e  e a sy  m a g n e tiz a tio n  d i r e c t i o n s  o f  Fe a r e  th e  c r y s t a l  a x e s . Even 

i n  th e  c a se  o f  F e , i f  t h e  p h y s ic a l  boundary  o f  a  specim en i s  n o t e x a c t ly  

p e rp e n d ic u la r  t o  one o f  t h e  c r y s t a l  axes th e  fo rm a tio n  o f  c lo s u r e  domain 

i s  n o t p o s s ib le  a t  th e  s u r f a c e .  F ig u re  1^ (a )  shows th e  s o - c a l l e d  " f r e e  

p a t t e r n s "  on th e  s u r f a c e  o f  a  Fe s in g le  c r y s t a l  w hich i s  s l i g h t l y  t i l t e d  

from  th e  (100) p la n e .  The domain s t r u c tu r e  i n s id e  a  c r y s t a l  i s  b e l ie v e d  

t o  b e  as  s im p le  as  t h e  c o n f ig u r a t io n  (e )  i n  F ig u re  13 (3 )  and  i t  i s  shown 

i n  F ig u re  l i t  ( b ) .

As was m en tioned  b e f o r e , th e r e  i s  an en e rg y  a s s o c i a te d  w ith  t h e  

domain boundary  w a ll  w hich s e p a r a te s  two o p p o s i te ly  o r i e n t e d  dom ains.

T h is  t r a n s i t i o n  l a y e r  h a s  a  f i n i t e  th ic k n e s s  and th e  m otion  o f  t h i s  l a y e r  

in  re s p o n s e  t o  t h e  e x te r n a l  f i e l d  i s  im p o rta n t i n  th e  m a g n e tiz a tio n  p ro c e s s .  

The t r a n s i t i o n  l a y e r ,  c a l l e d  th e  B loch w a l l ,  a l s o  moved by  an e x te r n a l  

u n ia x ia l  s t r e s s  and such  a  m otion  w i l l  be d is c u s s e d  i n  t h e  fo llo w in g  

s e c t io n .

F ig u re  15 shows th e  l8 0 °  B loch  w a l l  w hich a p p e a rs  in  th e  domain 

s t r u c tu r e  o f  Fe. The e s s e n t i a l  id e a  o f  th e  B loch  w a ll  i s  t h a t  th e  e n t i r e  

change in  s p in  d i r e c t i o n  betw een  a d ja c e n t  dom ains m ag n e tized  in  o p p o s ite  

d i r e c t i o n s  does n o t o c c u r  i n  one d isc o n tin u o u s  jump a c ro s s  a  s in g le  a tom ic 

p la n e .  R a th e r , th e  change o f  d i r e c t i o n  w i l l  ta k e  p la c e  in  a  g ra d u a l way 

o v e r  many a tom ic  p la n e s .  The re a so n  f o r  th e  g ra d u a l n a tu r e  o f  th e  change 

i s  t h e  f a c t  t h a t  f o r  a  g iv en  t o t a l  change o f  s p in  d i r e c t i o n  th e  exchange 

en erg y  i s  lo w e r when th e  change i s  d i s t r i b u t e d  o v e r  many s p in s  th a n  when 

th e  change o c c u rs  a b ru p t ly .



63

(b )

F ig . 1 ^ . Domain p a t t e r n s  o f  F e -S i s in g le  c r y s t a l ,  ( a )  T y p ic a l t r e e
p a t t e r n s  on th e  s u r f a c e  s l i g h t l y  t i l t e d  from  th e  (100) p la n e  
(h ) C lo su re  p a t t e r n  on th e  s u r f a c e  p a r a l l e l  to  th e  (100) 
p la n e .
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From e q u a tio n  (3 .1 2 )  th e  exchange energy  betw een two s p in s  m aking 

a  sm a ll a n g le  w ith  each  o th e r  can be  w r i t t e n  as

t ie *  (3 .2 9 )

I f  th e  change o c c u rs  in  N e q u a l s t e p s , th e n  th e  a n g le  change betw een 

n e ig h b o r in g  s p in s  i n  and th e  exchange energy  betw een  each  p a i r  o f

n e ig h b o r in g  atom s i s

5  ( ty'iJ )2

The t o t a l  exchange en erg y  o f  th e  l i n e  o f  N + 1 atom s i s  th u s-

W e v  = ^ ^ / H  ( 3 *30)

The en erg y  i n  e q u a tio n  (3 .3 0 )  i s  c e r t a i n l y  low er th a n  t h a t  i n  e q u a tio n  ( 3 . 2 9 ) .  

I f  ^  = ff  9 W w ould  be  2JeS^ from  e q u a tio n  ( 3 .1 0 ) ,  w h ile  W = J  S^TT ^/N
6 X  6 X  6

from  e q u a tio n  ( 3 . 30 ) .

S in c e  t h e  exchange energy  o f  a  domain w a l l  i s  i n v e r s e ly  p ro p o r­

t i o n a l  t o  th e  t h ic k n e s s ,  th e  w a ll  m igh t s p re a d  o u t u n t i l  i t  f i l l e d  a 

s iz e a b le  p o r t io n  o f  th e  c r y s t a l ,  w ere i t  n o t  f o r  th e  r e s t r a i n i n g  e f f e c t  

o f  th e  a n is o tro p y  e n e rg y , w hich a c t s  to  l i m i t  th e  w id th  o f  th e  t r a n s i t i o n  

l e y e r .  The s p in s  c o n ta in e d  w i th in  t h e  w a ll  a r e  l a r g e ly  d i r e c te d  away from  

th e  ax es  o f  e a sy  m a g n e t iz a tio n , so t h a t  t h e r e  i s  a  c e r t a i n  amount o f  

a n is o tro p y  energy  a s s o c ia te d  w ith  t h e  w a l l .  The amount o f  a n is o tro p y  

en erg y  w i l l  be  ro u g h ly  p r o p o r t io n a l  t o  th e  th ic k n e s s  o f  th e  w a l l ,  s in c e  

th e  th ic k n e s s  i s  a  m easure o f  th e  t o t a l  volume d i r e c te d  away from  th e  

axes o f  e a sy  m a g n e tiz a tio n .
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The a c tu a l  th ic k n e s s  and  t h e  energy  o f  th e  t r a n s i t i o n  l a y e r  a re

th e  r e s u l t  o f  a  b a la n c e  betw een  th e  com peting  c la im s  o f  exchange energy

and a n is o tro p y  e n e rg y , th e  fo rm er te n d in g  t o  in c r e a s e  th e  th ic k n e s s  and 

th e  l a t t e r  te n d in g  to  d e c re a s e  th e  th ic k n e s s .

The en erg y  p e r  u n i t  s u r f a c e  a re a  may be  r e p r e s e n te d  t o  a  good . 

ap p ro x im a tio n  as  t h e  sum o f  c o n t r ib u t io n s  from  exchange and a n is o tro p y  

e n e rg ie s :

Ew = E t Ea/iis

The exchange en e rg y  i s  g iv en  a p p ro x im a te ly  by  e q u a tio n  (3 .3 0 )  f o r  each 

l i n e  o f  atoms th ro u g h  t h e  w a ll  and norm al t o  th e  p la n e  o f  th e  w a l l .  There

a re  l / a  such  l i n e s  p e r  u n i t  a r e a ,  w here a  i s  th e  l a t t i c e  c o n s ta n t .  Hence

E «  = r t V / W 2' (3 .3 1 )

The a n is o tro p y  en erg y  i s  o f  th e  o r d e r  o f  t h e  a n is o tro p y  c o n s ta n t  tim es  

t h e  volum e, o r

Ecxnis *  KNa. (3 .3 2 )

so  t h a t

E *  — (TT Je'S*A la?) f  KNa. (3 .3 3 )

w hich i s  minimum w ith  r e s p e c t  t o  N when 

= o  = -  (TTTC2S % V )  + K*-
dN

or

N *  (3.3U)
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The n u m era to r in  th e  b r a c k e t  o f  e q u a tio n  (3 .3*0  i s  th e  exchange en erg y  

betw een  two n e ig h b o r in g  b u t  o p p o s ite  s p in s .  The m agnitude o f  t h i s  ex­

change energy  i s  t h e  same a s  t h a t  betw een  two p a r a l l e l  s p in s  w hich i s  

com parable  t o  kgTc where Tq i s  t h e  C u rie  te m p e ra tu re .  To an o r d e r  o f  

m ag n itu d e , i n  F e ,

N & I keTe /  K a? ] % & [  io-*/,o* i o'*3! *  

a  |o oo  A °

ft 300 JLaJkxce towshaMs

E. The M a g n e tiz a tio n  P ro c ess

A t y p i c a l  m a g n e tiz a tio n  c u rv e , show ing th e  r e l a t i o n  betw een  B 

and H in  a  specim en i n i t i a l l y  u n m ag n e tized , may b e  d iv id e d  in to  t h r e e  

main p a r t s .  As i s  seen  i n  F ig u re  1 6 , th e  cu rv e  i n  t h e  f i r s t  r e g io n  

s t a r t s  from  th e  o r ig i n  w ith  a  f i n i t e  s lo p e  dB/dH = |1q . T h is  p o r t io n  o f  

th e  cu rv e  i s  u s u a l ly  s a id  t o  be  r e v e r s ib l e  b e c au se  t h e  cu rv e  i s  r e t r a c e d  

a p p ro x im a te ly  (n o t e x a c t ly )  when th e  e x te r n a l  f i e l d  i f  tu rn e d  o f f .

The second  p a r t  o f  th e  m a g n e tiz a tio n  cu rv e  has th e  g r e a t e s t  

s lo p e  and i s  i r r e v e r s i b l e .  The p a th  when H i s  d e c re a se d  i s  q u i te  d i f ­

f e r e n t  from  th e  upward c u rv e . In  th e  t h i r d  p a r t  th e  s lo p e  i s  v e ry  sm a ll 

and i s  r e v e r s i b l e .  When Mg i s  p l o t t e d  a g a in s t  H, th e  s lo p e  w i l l  app roach  

z e ro  i n  t h i s  p a r t  ( s e e  F ig . 1 1 ) .

I n  th e  unm agnetized  s t a t e  th e  d i r e c t i o n s  in  w hich th e  domains 

a r e  s a tu r a te d  a re  e i t h e r  d i s t r i b u t e d  a t  random o r  in  some way such  t h a t  

t h e  r e s u l t a n t  m a g n e tiz a tio n  a s  a  whole i s  z e ro . A p p lic a t io n  o f  a  m agnetic  

f i e l d  changes o n ly  t h e  d i r e c t i o n  o f  m a g n e tiz a tio n  in  a  g iv en  volum e, n o t 

th e  m ag n itu d e .
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The f i r s t  p a r t  o f  th e  m a g n e tiz a tio n  i s  known t o  b e  cau sed  by th e  r e v e r s ib l e  

domain boundary  d isp la c e m e n t. The g ra d u a l change in  d i r e c t i o n  o f  s p in s  

i n  t h e  B loch w a l l  (F ig .  15) makes th e  w a ll  m otion  p o s s ib le .  Suppose t h a t  

a  f i e l d  i s  a p p lie d  a lo n g  th e  upward s p in  d i r e c t i o n .  The s p in s  o r ie n te d  

p a r a l l e l  t o  t h e  f i e l d  a re  i n  t h e  lo w e s t Zeeman en erg y  s t a t e .  I n  th e  

B loch  w a ll  th e  s p in  r i g h t  n e x t t o  th e  fa v o re d  domain h a s  a  s l i g h t l y  h ig h e r  

Zeeman en erg y  th a n  th e  lo w e s t s t a t e  and  te n d s  to  t u r n  around  a lo n g  th e  

f i e l d  d i r e c t i o n .  T h is  p e r tu r b s  th e  b a la n c e  betw een  s e v e r a l  d i f f e r e n t  

ty p e s  o f  energy  c o n tr ib u te d  t o  form  t h e  B loch  w a ll  and th e  domain s t r u c ­

t u r e .  S in c e  th e  w a l l  te n d s  t o  keep th e  th ic k n e s s  c o n s ta n t ,  t h e  sm a ll 

a n g le  r o t a t i o n  o f  th e  f i r s t  s p in  ca u se s  th e  same m otion  o f  t h e  fo llo w in g  

s p in s .  T h e re fo re , th e  B loch  w a l l  moves to  expand th e  volume o f  th e  

fa v o re d  domain by  tu r n in g  th e  s p in  v e c to r s  one by one in to  t h e  f i e l d  

d i r e c t i o n  l i k e  c o l la p s in g  dom inoes. I f  th e  f i e l d  i s  n o t  p a r a l l e l  t o  th e  

fa v o re d  domain d i r e c t i o n ,  th e s e  sp in  v e c to r s  w i l l  t u r n  a ro u n d  t o  p o in t  in  

th e  fa v o re d  m a g n e tiz a tio n  d i r e c t i o n .

As domain boundary  w a l ls  move to  expand th e  volume o f  domains 

a lo n g  a  c e r t a i n  d i r e c t i o n ,  th e  a v e ra g e  m a g n e tiz a tio n  i s  n o t z e ro  any m ore. 

The n o n -z e ro  v a lu e  o f  t h e  a v e ra g e  m a g n e tiz a tio n  c r e a te s  a  d i s t r i b u t i o n  o f  

m agnetic  p o le s  on t h e  s u r f a c e  o f  th e  specim en such  t h a t  th e  f i e l d  due to  

t h e s e  p o le s  i s  o p p o s ite  t o  th e  a p p l ie d  f i e l d .  To keep  th e  i n t e r n a l  f i e l d  

c o n s ta n t  t h e  a p p lie d  f i e l d  m ust a c c o rd in g ly  be  in c r e a s e d .

However, a  c o n s ta n t  b u t  v e ry  sm a ll i n t e r n a l  f i e l d  i s  n o t a b le  

t o  move th e  B loch w a lls  a s  f a r  a s  th e y  can go . The im p o rta n t r e s t r a i n i n g  

e f f e c t s  on B loch w a l l  p ro p a g a tio n  o r ig in a te d  in  l a t t i c e  im p e r fe c t io n s .
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T hese in c lu d e  im p u r i t ie s  and  d i s l o c a t i o n s .  In  th e  c a se  o f  F e , a  v e ry

p u re  sam ple u s u a l ly  c o n ta in s  v a r io u s  im p u r ity  c o n c e n t ra t io n s  l e s s  th a n

6 210 ~  20 PPM h u t th e  d i s lo c a t io n  d e n s i ty  m ight be  ab o u t 10 /cm . T h e re fo re , 

th e r e  w i l l  be  a t  l e a s t  10 ,0 0 0  d i s lo c a t io n  l i n e s  p a s s in g  th ro u g h  a  sm a ll 

domain o f  an unm agnetized  specim en . As w i l l  be d is c u s s e d  l a t e r ,  B loch 

w a l ls  i n t e r a c t  w ith  im p u r i t ie s  and d i s lo c a t io n s  and such  i n t e r a c t io n s  

ca u se  e f f e c t i v e  p o t e n t i a l  b a r r i e r s  a lo n g  th e  p a th s  o f  t h e  B loch  w a l ls .

F ig u re  17 (b ) shows such  an i r r e g u l a r  shape p o t e n t i a l  h i l l  t h a t  

a  B loch w a ll  e n c o u n te rs  a lo n g  i t s  p a t h . ^ * ^ * ^  I f  a  180° w a l l  moves 

th ro u g h  a  d i s ta n c e  x  , a s  shown in  F ig u re  17 ( a ) ,  th e n

E rt = 2 H M s*  A

assum ing  t h a t  th e  t o t a l  a r e a  o f  th e  w a l l  i s  A. T hus, th e r e  i s  an e f f e c ­

t i v e  p r e s s u r e  on th e  w a l l ,  g iv en  by

(3 -3 5 )

F ig u re  17 (e )  shows t h e  p r e s s u r e  on th e  B loch  w a l l  from  th e  p o t e n t i a l  h i l l  

t h a t  opposes t h e  m otion  o f  t h e  w a l l .  Suppose t h a t  th e  m agnitude  o f  H i s  

j u s t  enough t o  b r in g  t h e  w a l l  t o  th e  p o in t  A. I f  th e  f i e l d  i s  tu rn e d  o f f  

a t  t h i s  p o i n t ,  t h e  w a ll  w ould  r e tu r n  t o  i t s  o r i g i n a l  p o s i t i o n  a t  0 . How­

e v e r ,  i f  t h e  m agnitude o f  H i s  s l i g h t l y  h ig h e r  th a n  t h a t  w hich i s  needed  

t o  b r in g  th e  w a ll  t o  A, t h e  w a l l  su d d en ly  jumps from  A t o  E. T u rn ing  o f f  

th e  m ag n e tic  f i e l d  a t  t h i s  p o in t  c a u se s  th e  w a l l  t o  move t o  p o in t  D.

S in c e  t h e  p o t e n t i a l  i s  i n  i t s  l o c a l  minimum, th e  w a ll  w ould s ta y  t h e r e .

The f i r s t  p a r t  o f  t h e  m a g n e tiz a tio n  cu rve  r e p r e s e n t s  th e  m otion 

o f  B loch  w a l ls  betw een  p o in ts  0 and A. S in c e  each  B loch  w a l l  e n c o u n te rs
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(a )

O

»r.

■ F ig ;. 17 . I l l u s t r a t i o n  o f  domain w a l l  movement in  s o f t  m a te r i a l s  p o s­
s e s s in g  im p e r fe c t io n s ,  (a )  The d i r e c t i o n  o f  m otion  o f  a 
l8 0 °  w a l l  u n d e r t h e  a c t io n  o f  a  f i e l d  H i s  i n d ic a te d . ,
(b ) A p o s s ib l e  form  f o r  t h e  dependence o f  on x . . (c )  The 
s lo p e  o f  F i s . p l o t t e d  a s  a  fu n c t io n  o f  x . "
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a  p o t e n t i a l  o f  d i f f e r e n t  sh a p e , th e  r e v e r s i b i l i t y  o f  w a ll  m otion  th ro u g h ­

o u t a  whole specim en w ould  n o t be e x a c t ly  p e r f e c t .  The i r r e v e r s i b l e  

domain w a ll  m otion  in  t h e  second  p a r t  o f  t h e  m a g n e tiz a tio n  cu rv e  h as  

a l r e a d y  been  e x p la in e d . The ev id e n c e  o f  t h i s  w a l l  jump i s  found i n  a  

d e t a i l e d  m a g n e tiz a tio n  cu rv e  in  t h e  second  p a r t  w hich shows sm a ll d isc o n ­

t in u o u s  s te p s .  Such a  jum ping m otion  was f i r s t  seen  by  Bahkhausen and 

th e  e f f e c t  was named a f t e r  him .

When th e  a p p lie d  f i e l d  i s  removed a f t e r  s a tu r a t i o n  i s  re a c h e d , 

B loch  w a lls  move back  a lo n g  th e  p a th s  t o  r e s t o r e  th e  o r i g i n a l  unm agnetized  

s t a t e .  T h is  r e tu r n in g  m otion  o f  each  B loch w a ll  ends a t  th e  p o s i t i o n  c o r­

re sp o n d in g  t o  t h e  p o in t  D i n  i t s  p a th .  As a  r e s u l t ,  t h e  unm agnetized  

s t a t e  i s  n o t o b ta in e d  and th e  specim en i s  p a r t i a l l y  m ag n e tized . Such 

a  p a r t i a l  m a g n e tiz a tio n  i s  c a l l e d  th e  rem anence, a s  seen  in  F ig u re  18.

To re c o v e r  th e  unm agnetized  s t a t e ,  i t  i s  n e c e s s a ry  to  a p p ly  a  f i e l d  which 

i s  i n  t h e  d i r e c t i o n  o p p o s ite  to  t h a t  o f  th e  p re v io u s ly  a p p lie d  f i e l d .

T h is  f i e l d  e n a b le s  t h e  B loch  w a l l  t o  move back  from  D t o  th e  o r ig i n a l  

p o in t  0 . The m agnitude  o f  t h i s  in v e r s e  f i e l d  needed  t o  r e s t o r e  th e  un­

m ag n e tized  s t a t e  o f  a  specim en i s  c a l l e d  th e  c o e rc iv e  f o rc e .

From th e  d is c u s s io n  g iv en  ab o v e , i t  i s  c l e a r  why t h e  f i r s t  p a r t  

o f  th e  m a g n e tiz a tio n  cu rv e  i s  r e v e r s ib l e  w h ile  i t  i s  i r r e v e r s i b l e  in  th e  

second  p a r t .  The m a g n e tiz a tio n  a t  th e  b e g in n in g  o f  th e  f i r s t  p a r t  can 

be r e l a t e d  t o  t h e  a p p l ie d  f i e l d  by  a  c o n s ta n t  w hich i s  c a l l e d  th e  i n i t i a l  

p e r m e a b i l i ty .  The i n i t i a l  p e rm e a b i l i ty  i s  a  m easure o f  th e  i n t r i n s i c  

r e s t o r i n g  fo rc e  on th e  w a l l  f o r  a  sm a ll d is p la c e m e n t, w h ile  th e  c o e rc iv e  

fo rc e  i s  a  m easure o f  t h e  maximum r e s t o r i n g  fo rc e  on th e  w a l l .  The
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F ig . 18 . T y p ic a l h y s t e r e s i s  lo o p  o f  fe r ro m a g n e tic  s u b s ta n c e s  show ing 
rem anence a t  D and c o e rc iv e  fo rc e  He a t  E.



c o e rc iv e  fo rc e  t e l l s  us th e  f i e l d  s t r e n g th  needed  to  c a r r y  a w a ll  from

one p o t e n t i a l  en e rg y  v a l l e y  t o  a n o th e r ,  p a s t  th e  h ig h e s t  in te r v e n in g  energy

hump.

S in c e  t h e  i r r e g u l a r l y  shaped  p o t e n t i a l  t h a t  each  w a ll  e n c o u n te rs

i s  p roduced  by l a t t i c e  im p e r fe c t io n s ,  t h e  i n i t i a l  p e rm e a b i l i ty  and c o e rc iv e

fo rc e  a r e  s e n s i t i v e  t o  th e  m ech an ica l s t r u c tu r e  o f  a  specim en . Thus i t

has been  e x p e r im e n ta l ly  o b se rv e d  t h a t  m e ta l lu r g ic a l  t r e a tm e n t  and  change

o f  ch em ica l c o m p o sitio n  s i g n i f i c a n t l y  a f f e c t  th e  v a lu e s  o f  th e s e  quan- 

37t i t i e s .

P. M otion o f  B loch  W alls  by E x te rn a l  S t r e s s

Any a r b i t r a r y  e x te r n a l  s t r e s s  can change th e  domain s t r u c tu r e  

o f  a  specim en p ro v id e d  th e  e x te r n a l  s t r e s s  i s  n o t h y d r o s t a t i c .  The e f ­

f e c t  on t h e  domain by  a  com plex s t r e s s  can alw ays be  e x p la in e d  on th e  

b a s i s  o f  th e  e f f e c t  by  a  u n ia x ia l  s t r e s s .  I t  i s  seen  in  e q u a tio n  (3 .2 8 )  

t h a t  an e x te r n a l  s t r e s s  e x p l i c i t l y  c o n t r ib u te s  to  th e  en erg y  o f  a  c r y s t a l  

and  th e  c o n t r ib u t io n  i s  dependen t on th e  s ig n s  o f  K, A ^ qq, X-| -p S’ •

S in c e  t h e  i n t e r a c t i o n  betw een th e  m a g n e tiz a tio n  and th e  s t r e s s  depends 

on th e  a n g le  betw een them , domain rea rra n g e m e n t alw ays p ro ce e d s  t o  re a c h  

th e  p ro p e r  energy  s t a t e  o f  t h e  c r y s t a l .  The fundam en ta l d i f f e r e n c e  in  

t h e  w a l l  movement by  t h e  m agnetic  f i e l d  and th e  u n i a x i a l  s t r e s s  m ust b e : 

th e  e x te r n a l  f i e l d  ta k e s  o n ly  one d i r e c t i o n  o f  m a g n e t iz a tio n , w h ile  due 

to  i t s  b i l a t e r a l  n a tu re  th e  u n i a x i a l  s t r e s s  e q u a l ly  f a v o rs  b o th  d i r e c t i o n s  

o f  m a g n e t iz a tio n , w hich a r e  o p p o s ite  t o  each  o th e r  a lo n g  c e r t a i n  ax es  in  

th e  c r y s t a l .  The movements o f  domain w a l ls  by an e x te r n a l  m agnetic  f i e l d  

and u n ia x i a l  s t r e s s  a re  shown i n  F ig u re  19 .
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E i th e r  a  m ag n e tiz in g  f i e l d  o r  an e x te r n a l  s t r e s s  i s  therm ody­

n a m ic a l ly  e q u iv a le n t  t o  a  h y d r o s t a t i c  p r e s s u r e  w i th in  each  dom ain, a c t in g  

on i t s  domain w a l l s .  T h is  i s  b e c a u se  th e  u n i t  o f  f^  me i s  en e rg y  p e r  u n i t  

volume w hich i s  e q u iv a le n t  t o  p r e s s u r e .  The b a s ic  id e a  i s  t h a t  when a  

w a l l  d iv id e s  two r e g io n s  w ith  d i f f e r e n t  en erg y  d e n s i ty  i t  te n d s  to  move 

t o  red u c e  th e  t o t a l  en e rg y  o f  t h e  c r y s t a l  by  exp an d in g  th e  volume o f  th e  

domain w ith  th e  lo w er en e rg y  d e n s i ty .  T h is  i s  t o  say  t h a t  th e  w a l l  moves 

by  v i r t u e  o f  n e t  p r e s s u r e  a c t i n g  on i t  and t h i s  p r e s s u r e  i s  t h e  d i f f e r e n c e  

betw een  t h e  en erg y  d e n s i t i e s  i n  th e  domains d iv id e d  by  th e  w a l l .

B e fo re  th e  m otion  o f  a  B loch  w a ll  i s  c o n s id e re d  i t  may be  u s e fu l  

t o  in s p e c t  e q u a tio n  ( 3 .2 8 ) .  Suppose two dom ains i n  F e , say  y and z do­

m a in s , a r e  s u b je c te d  to  an e x te r n a l  u n i a x i a l  s t r e s s  a p p lie d  a lo n g  th e  z -  

a x i s .  From e q u a tio n  ( .3 .2 8 ) , w hich  i s  r e w r i t t e n  b e lo w ,

f  2 2  , 2  2  2 2  ?  i 2  Z  Z  *  i  Z
T k , m e  = K, (o f, « 2  t  <*2. 0(3 + |  A.opOT (<*, jr, j ;  + fa  )

( 3 . 28)
'3 A,i,S'(d|0fcYi ]fz + ol-zds r2r3 f 0(3c*, If3 JT,)

we can  w r i te  th e  en e rg y  d e n s i ty  in  each  domain a t  t h e  moment when th e

s t r e s s  i s  a p p l ie d .  F o r th e  z -dom ain , i t  i s

I  = Al00<r
'  3  2.

w h ile  f  = 0 .  I f  th e  s t r e s s  i s  t e n s i l e  th e  s ig n  o f  cr i s  p o s i t i v e ,  and
y

—6s in c e  ^-j.00 = + ^1 x 10~ , t h e  t o t a l  energy  w i l l  b e  lo w er i n  t h e  dom ains 

o r i e n t e d  i n  t h e  z - d i r e c t i o n s . I f  t h e  s t r e s s  i s  c o m p re ss io n a l f  w i l l  be

p o s i t i v e  and  i s  h ig h e r  th a n  f  . Suppose t h a t  th e  m a g n e tiz a tio n  v e c to r
y

o r i g i n a l l y  p o in t in g  a lo n g  th e  y - a x i s  i s  r o t a t e d  to w ard  th e  z - a x is  i n  th e

y -z  p la n e .  The a n g le  dependence o f  f  , i s  im m ed ia te ly  w r i t t e n  as1116
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J-K)WC =  K, c o s  e s i i i e  -  J- Aioo O' c o s e  ( 3. 36)

where 0  i s  t h e  a n g le  betw een th e  m a g n e tiz a tio n  v e c to r  and th e  z - a x i s .  

Taking <5f me>k/ a e  = °» we Se t

-i i
0C = ' S m [  i  -  ^  Awoff]  z  (3 .37 )

where 0  i s  th e  d i r e c t i o n  o f  m a g n e tiz a tio n  f o r  t h e  maximum f  , a t  a  c me

f ix e d  v a lu e  o f  O '. f  , i s  p l o t t e d  in  F ig u re  20 a s  a  f u n c t io n  o f  0  f o rme

0 ^ 0 .  I f  l # c l y 0 t h e  m a g n e tiz a tio n  v e c to r  o r ie n t e d  a lo n g  th e  y - a x i s ,

0 = 0 ,  can n o t im m ed ia te ly  tu r n  a ro u n d  tow ard  z b e c a u se  f  . (0 ) i s  a tm e,kv

th e  l o c a l  minimum. A sudden tu r n in g  m otion o f  th e  m a g n e tiz a tio n  v e c to r  

w i l l  o n ly  happen when becomes z e ro  i n  th e  c l a s s i c a l  p i c t u r e .  S u b s t i ­

t u t i n g  th e  v a lu e s  o f  k^ and X-^qqj t h e  m agnitude o f  t e n s i l e  s t r e s s  to

make 0 = 0  w i l l  bec

cr -  JL J£i_
•Z. Ai oo

= _ g .x 4 - .S * i o S / z l x l o ^

I o *£ 1.624 X 10 erg/^j3 O d ^ e/c^ rf)

=. io ^  ba/u

w hich i s  ab o u t 30 t im e s  l a r g e r  th a n  t h e  y i e l d  s t r e n g th  o f  an Fe s in g le  

c r y s t a l  a t  room te m p e ra tu re . The r o t a t i o n a l  m otion  o f  a  s p in  from  th e  

z - a x is  t o  y - a x is  r e q u i r e s  a  c o m p re ss io n a l s t r e s s  o f  th e  same m agnitude 

a p p l ie d  a lo n g  th e  z - a x i s .

S in c e  r o t a t i o n a l  m otion  o f  th e  m a g n e tiz a tio n  i s  n o t p o s s ib le  

by  an  e x te r n a l  s t r e s s ,  we now t u r n  o u r  a t t e n t i o n  t o  th e  m otion  o f  B loch
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■His, k

Tme>

F ig . 20. A ngu lar dependence o f  f  w here 0 i s  t h e  a n g le  betw een
th e  m a g n e tiz a tio n  and t i l l ’s t r e s s  a x i s .



79

w a l ls  in  F e. The t r a n s l a t i o n a l  m otion  o f  B loch  w a lls  a c t i v a t e d  by  an 

e x te r n a l  s t r e s s  w i l l  b e  r e s i s t e d  by th e  i r r e g u l a r l y  shaped  p o t e n t i a l  h i l l s  

a s  d is c u s s e d  in  th e  p re v io u s  s e c t io n .  To com plete  t h e i r  m o tio n , t h a t  i s  

t o  expand th e  volume o f  fa v o re d  domains a s  f a r  as p o s s ib l e ,  t h e  B loch 

w a l ls  m ust p a ss  o v e r  t h e  h ig h e s t  p o t e n t i a l  humps th e y  m ee t. The av erag e  

p r e s s u r e  on th e  w a l ls  m ust be t h e  same a s  t h a t  w hich i s  needed  t o  b r in g  

th e  sam ple from  i t s  p a r t i a l  m a g n e tiz a tio n  a t  rem anence ( F ig .  18) t o  th e  

unm agnetized  s t a t e .  Then th e  B loch  w a l ls  can move beyond th e  h ig h e s t  

h i l l s .  T h is  p r e s s u r e  i s  e s t im a te d  t o  be  ^  ^ s^ c > ŵ e re  i-s  th e  spon­

ta n e o u s  m a g n e tiz a tio n  and H i s  th e  c o e rc iv e  f o r c e .  The v a lu e  o f  M inc s

Fe a t  room te m p e ra tu re  i s  17^0 Gauss and Hc i s  ab o u t 1 G auss.

The n e t  p r e s s u r e  on a  90° B loch  w a ll  can be w r i t t e n  in  a  s im p le

form :

I ? ,J |  = \  A10O| ^ - J f f |  Iffl (3 .3 8 )

F u r th e r ,  i t  can  e a s i l y  be seen  t h a t  t h e  n e t  p r e s s u r e  on a  l8 0 °  B loch w a ll  

i s  alw ays ze ro  r e g a r d le s s  o f  th e  o r i e n t a t i o n  o f  th e  sixes a lo n g  w hich th e  

u n i a x i a l  s t r e s s  i s  a p p l ie d .

The m agn itude  o f  th e  c r i t i c a l  s t r e s s  a p p l ie d  a lo n g  a  c r y s t a l  

a x is  o f  Fe t o  com ple te  t h e  domain w a l l  m otion  i s  th u s  e s t im a te d  to  be

1 AiocC £ 174-0 d'i'ne./cm Z 0
s o ,

(S’ *  "T  ' 7 ^ '° 7  -  55 * l0 *tyme/, a. =. 55  b<HL
o  2 m o  0

T h is  c r i t i c a l  s t r e s s  f o r  domain w a l l  m o tion  i s  abou t one t e n t h  o f  th e  

y i e l d  s t r e n g th  o f  an Fe s in g le  c r y s t a l ,  w hich i s  abou t 530 b a r .
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In  th e  c a se  o f  N i, th e  easy  m a g n e tiz a tio n  d i r e c t i o n s  a re  a lo n g

th e  e ig h t  e q u iv a le n t  <111> o r i e n t a t i o n s .  T h e re fo re , a  d e s c r ip t io n  o f

th e  m otion  o f  B loch w a l ls  i s  v e ry  c o m p lic a te d . However, th e  v a lu e  o f  

b , 3i n  Ni i s  5 x  10 erg /cm  , w hich i s  s m a l le r  th a n  t h a t  o f  Fe by  an o r d e r  o f  

m agnitude so  t h a t  r o t a t i o n a l  m otion o f  th e  m a g n e tiz a tio n  v e c to r  i s  pos­

s i b l e .  By a  c a lc u la t io n  s im i la r  to  e q u a tio n  (3 .3 7 )  th e  c r i t i c a l  s t r e s s  

f o r  domain r o t a t i o n  i s  e s t im a te d  to  b e  ab o u t 2k0  b a r  when th e  s t r e s s  i s  

a lo n g  one o f  th e  c r y s t a l  a x e s . The b a s ic  d i f f e r e n c e  in  Ni i s  t h a t  th e  

fa v o re d  o r i e n t a t io n s  o f  t h e  m a g n e tiz a tio n  a re  p e rp e n d ic u la r  t o  th e  s t r e s s  

a x is  i f  i t  i s  t e n s i l e ,  w hich i s  o p p o s ite  t o  th e  c a se  o f  Fe.
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An im p u r ity  in tro d u c e d  i n  th e  l a t t i c e  o f  a  c r y s t a l  c r e a te s  a  

l o c a l  d i s t o r t i o n .  Such a  d i s t o r t i o n  i s  e i t h e r  i s o t r o p i c  o r  a n is o t r o p ic  

depend ing  upon th e  symmetry a t  th e  p o s i t i o n  o f  th e  im p u r ity  i n  th e  h o s t  

l a t t i c e .  I t  -w ill he  shown t h a t  th e  l o c a l  d i s t o r t i o n  due t o  an  im p u r ity

a t  an  i n t e r s t i t i a l  s i t e  o f  a  BCC c r y s t a l  i s  a n i s o t r o p ic .  T h is  l o c a l
oO

d i s t o r t i o n  can be  r e l a t e d  t o  t h e  " e l a s t i c  d ip o le "  c o n c e p t. T h is  ap ­

p ro ac h  h a s  been  deve lo p ed  in  an a lo g y  w ith  th e  c l a s s i c a l  e l e c t r i c  d ip o le .

An im m ediate consequence o f  su ch  an i n t e r a c t i o n  to  t h i s  u n i ­

a x i a l  s t r e s s  p+SR ex p erim en t i s  t h a t  t h e  s t r e s s  te n d s  to  a l i g n  th e  e l a s ­

t i c  d ip o le  a s s o c ia te d  w ith  a  muon a lo n g  a  c e r t a i n  d i r e c t i o n .  The 

p r in c i p a l  a x is  o f  t h e  e l a s t i c  d ip o le  a t  an i n t e r s t i t i a l  s i t e  o f  a  BCC 

c r y s t a l  i s  d e te rm in e d  by th e  o r i e n t a t i o n  o f  t h e  t e t r a g o n a l  axes  p a s s in g  

th e  s i t e  ( s e c t io n  A ). The d ip o la r  f i e l d s  a t  each  i n t e r s t i t i a l  s i t e  i n  Fe

a re  a ls o  d e te rm in e d  by  th e  o r i e n t a t i o n  o f  th e  t e t r a g o n a l  a x is  (A ppendix C)

o f  th e  s i t e .  T h e re fo re  th e  s i t e  o c c u p a tio n  p r o b a b i l i t y  o f  a  hopp ing  muon 

w i l l  b e  d i f f e r e n t  f o r  s i t e s  w i th  d i f f e r e n t l y  o r i e n t e d  t e t r a g o n a l  ax es  and 

t h i s  w i l l  c a u se  a  d r a s t i c  change in  t h e  f i e l d  a c t i n g  on t h e  muon.

The f i r s t  p a r t  o f  t h i s  c h a p te r  i s  a  d is c u s s io n  o f  t h e  symmetry 

a s s o c ia te d  w ith  a  p o in t  d e fe c t  i n  a  c r y s t a l .  The second  g iv e s  th e  b a s ic  

id e a  o f  t h e  s im p le s t  c a se  o f  t h e  " s t r e s s - in d u c e d  p o in t  d e fe c t  r e l a x a t io n "  

sum m arized from  r e f e re n c e  38 .

81
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A. C r y s ta l  and  D efec t Symmetry

The symmetry o f  a  p e r f e c t  c r y s t a l  i s  m ost f u l l y  d e f in e d  by i t s  

sp a ce  g ro u p , w hich i s  t h e  c o l l e c t i o n  o f  symmetry o p e ra t io n s  t h a t  ta k e  th e  

a tom ic  a rrangem en t i n to  an i d e n t i c a l  ( in d i s t i n g u i s h a b le )  one . F o r th e  

p r e s e n t  p u rp o se , we a re  i n t e r e s t e d  o n ly  in  t h e  r o t a t i o n a l  ty p e  o f  sym­

m etry  o p e r a t io n s ,  n o t  i n  t r a n s l a t i o n s .  The re a so n  f o r  t h i s  c h o ic e  i s  

t h a t  t h e  a p p l ie d  s t r e s s  i s  alw ays ta k e n  t o  b e  u n ifo rm , so  t h a t  th e  ty p e  

o f  s i t e  i s  im p o r ta n t o n ly  as  f a r  a s  th e  re sp o n se  to  s t r e s s  i s  c o n cern ed .

C o n sid e r a  c r y s t a l  w hich c o n ta in s  j u s t  one p o in t  d e f e c t .  T h is  

d e fe c t  may be as  s im p le  a s  an e x t r a  o r  m is s in g  a tom , as  complex as  a  

c l u s t e r  o f  s e v e r a l  f o re ig n  o r  d ia p la c e d  atom s e x te n d in g  o v e r  s e v e r a l  l a t ­

t i c e  s i t e s .  The p re se n c e  o f  a  d e fe c t  d e s tro y s  th e  t r a n s l a t i o n a l  symmetry 

o f  t h e  c r y s t a l ,  and th e  r e s u l t a n t  c r y s t a l  may b e  th o u g h t o f  a s  a  l a r g e  

m o le c u le . F o r b r e v i t y ,  th e  p o in t-g ro u p  symm etry o f  t h i s  d e f e c t iv e  

c r y s t a l  i s  c a l l e d  th e  d e fe c t  sym m etry. The d e fe c t  symmetry may be low er 

th a n  o r  e q u a l t o  t h a t  o f  t h e  p e r f e c t  c r y s t a l .

We c o n s id e r  two ty p e s  o f  p o in t  d e f e c t s .  There i s  th e  e le m en ta ry  

p o in t  d e f e c t ,  w hich c o n s i s t s  o f  e i t h e r  a  s in g l e  s u b s t i t u t e  a tom , a  

v a c an c y , o r  an i n t e r s t i t i a l  atom . The second  ty p e  o f  p o in t  d e fe c t  i s  a  

com posite  one more com plex th a n  th o s e  b e lo n g in g  t o  t h e  f i r s t  ty p e .  S in ce  

a  muon i n  a  c r y s t a l  sh o u ld  b e lo n g  t o  t h e  f i r s t  ty p e  o f  p o in t  d e f e c t ,  we 

w i l l  o n ly  exam ine t h i s  ty p e .

I n  t h e  c a se  o f  th e  f i r s t  ty p e ,  i t  i s  e a sy  t o  see  t h a t  th e  de­

f e c t  symmetry i s  s im p ly  th e  s i t e  sym m etry. T h is  i s  v a l i d  u n le s s  th e  s u r ­

ro u n d in g  l a t t i c e  atom s r e l a x  t o  cause  a  f u r t h e r  lo w e rin g  o f  th e  symm etry. 

But i n  m ost c a se s  th e  r e l a x a t io n  o c c u rs  w ith  no change in  symmetry
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o f  th e  d e f e c t ,  s in c e  i t  ta k e s  p la c e  i n  a  m anner w hich i s  sy m m etrica l 

b o th  w ith  r e s p e c t  to  th e  atoms co m p ris in g  th e  d e f e c t ,  and  to  t h e  s i t e  

ab o u t w hich th e y  a r e  s i t u a t e d .  The te rm  s i t e  symmetry d e n o te s  th e  p o in t  

symmetry o f  th e  p e r f e c t  c r y s t a l  a t  w hich th e  d e fe c t  i s  c r e a te d .

The d e fe c t  symmetry o f  th e  f i r s t  ty p e  i s  i l l u s t r a t e d  in  

F ig u re  21 . S i t e  a ,  a t  a  cube c o r n e r ,  h a s  f u l l  c u b ic  symmetry ( se e  R ef­

e re n c e  hO f o r  n o t a t i o n s ) ,  0, , w h ile  s i t e  c ,  a t  a  fa c e  c e n te r  h as  f u l lh

t e t r a g o n a l  symmetry w ith  th e  t e t r a g o n a l  a x is  p e rp e n d ic u la r  to  th e  

p a g e . S id e  d , on t h e  edge c e n te r ,  a ls o  h a s  sym m etry, b u t  now th e  

t e t r a g o n a l  a x is  i s  p a r a l l e l  t o  th e  y  a x i s .  Such a  symmetry c o n s id e r a t io n  

on th e  tw o -d im e n sio n a l l a t t i c e  can e a s i l y  be ex te n d e d  t o  a  t h r e e -  

d im e n s io n a l BCC o r  FCC l a t t i c e .  F ig u re  22 shows th e  symm etry a t  i n t e r s t i ­

t i a l  s i t e s  in  a  BCC l a t t i c e .
i

B. E l a s t i c  D ipo les

The i n s e r t i o n  o f  a  p o in t  d e fe c t  i n t o  a  c r y s t a l  p ro d u ces  a  l o c a l  

e l a s t i c  d i s t o r t i o n .  As a  r e s u l t ,  t h e r e  w i l l  b e  an i n t e r a c t i o n  betw een  

th e  d e fe c t  and  an e x te r n a l  s t r e s s  (n o t h y d r o s t a t i c )  a p p l ie d  t o  th e  c r y s t a l .  

In  some way t h i s  i n t e r a c t i o n  i s  ana logous t o  th e  i n t e r a c t i o n  o f  an e le c ­

t r i c  d ip o le  w ith  an  a p p l ie d  e l e c t r i c  f i e l d .  A c c o rd in g ly , a  d e fe c t  w hich 

p ro d u ces  l o c a l  d i s t o r t i o n  h a s  been  c a l l e d  an e l a s t i c  d ip o le .  A m ajo r d i f ­

fe re n c e  i s  t h a t ,  w hereas an e l e c t r i c  d ip o le  moment i s  c h a r a c te r iz e d  by  a  

v e c to r  q u a n t i ty  w hich d e te rm in e s  i t s  i n t e r a c t i o n  w ith  t h e  ( v e c to r )  e l e c t r i c  

f i e l d ,  an e l a s t i c  d ip o le  i s  c h a r a c te r iz e d  by  a  se co n d -ran k  t e n s o r  s in c e  

i t  i n t e r a c t s  w ith  a  s t r e s s  f i e l d .

Suppose an  e l e c t r i c  d ip o le  in  a  c r y s t a l  i s  d e f in e d  by  a  d ip o le  

moment, m , and by  i t s  o r i e n t a t i o n  r e l a t i v e  t o  th e  c r y s t a l  a x e s . In



v

F ig . 2 1 . I l l u s t r a t i o n  o f  d e fe c t  symm etry in  a  two d im e n s io n a l sq u a re  
l a t t i c e .
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F ig . 22. A BCC u n i t  c e l l  c o n ta in in g  a  p o in t  d e fe c t  a t  (a )  o c ta h e d ra l  
s i t e  (b ) t e t r a h e d r a l  s i t e .  P o s s ib le  d isp la c e m e n ts  o f  
n e ig h b o r in g  atom s a re  a ls o  i n d i c a t e d . '
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g e n e ra l  th e r e  w i l l  he  s e v e r a l ,  say  n ,  c r y s t a l l o g r a p h i c a l ly  e q u iv a le n t  

o r i e n t a t i o n s  w hich th e  d ip o le  may assume i n  th e  l a t t i c e .  The m agnitude 

o f  jj o f  th e  d ip o le  moment i s  in d ep en d en t o f  i t s  o r i e n t a t i o n ,  b u t  i t s  

p a r t i c u l a r  d i r e c t i o n  r e l a t i v e  t o  a  s e t  o f  ax es  f ix e d  in  th e  c r y s t a l  does 

r e q u i r e  s p e c i f i c a t i o n .  A c c o rd in g ly , th e  d ip o le  i s  d e n o ted  by  th e  v e c to r

The e n e rg y  o f  i n t e r a c t i o n  o f  such a  d ip o le  w ith  an  e l e c t r i c  

f i e l d  i s  g iv en  by

In  th e  ab sen ce  o f  th e  e l e c t r i c  f i e l d ,  th e  energy  o f  th e  d ip o le  i n  any one 

o f  th e  n  c r y s ta l lo g r a p h ic  e q u iv a le n t  d i r e c t i o n s  i s  th e  same. E q u a tio n  ( H .l )  

show s, how ever, t h a t  th e  p re se n c e  o f  th e  f i e l d  s e rv e s  t o  s p l i t  t h e  e n e rg ie s  

o f  th e  v a r io u s  c r y s ta l lo g r a p h ic  o r i e n t a t i o n s  so t h a t ,  i n  g e n e r a l ,  th e y  a r e  

no lo n g e r  e q u a l.

u n i t  c o n c e n t r a t io n  o f  d ip o le s  a l l  a l ig n e d  i n  th e  P th  d i r e c t i o n .  The 
(p )

q u a n t i ty  p ^  i s  th e n  re g a rd e d  as th e  d ip o le  moment p e r  u n i t  volume p e r  

u n i t  c o n c e n t r a t io n .  In  te rm s  o f  th e s e  d e f i n i t i o n s ,  e q u a tio n  (ij- .l)  le a d s  

r e a d i ly  t o  th e  ana loguous e x p re s s io n s  f o r  t h e  e l a s t i c  d ip o le .  I f  a  num­

b e r  o f  d e f e c ts  a r e  a l l  a l ig n e d  i n  t h e  same o r i e n t a t i o n  i n  a  s t r e s s  f i e l d ,  

th e  en erg y  o f  th e  i n t e r a c t i o n  w ith  th e  s t r e s s  f i e l d ,  U , p e r  u n i t  volume

(^ .1 )

C o n sid e r U i n  e q u a tio n  ( ^ . l )  as  t h e  en e rg y  p e r  u n i t  volume p e r  
P

P
p e r  u n i t  c o n c e n t ra t io n  i s  g iv en  by :

S in ce   ̂ h a s  th e  u n i t  o f  volum e, i t  i s  c o n v e n ie n t t o  in tro d u c e  th e  

d im e n s io n le ss  p a ra m e te rs  X . . ,  a s  in  e q u a tio n  (U .2 ) ,  by  f a c to r in g  o u t th e
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/ \
a tom ic  ( o r  m o le c u la r)  volume 2Xq ' The q u a n t i t i e s  2 )^ j a r e  com ponents o f  

p u re  (n o t in v o lv in g  a  r o ta t i o n )  s t r a i n  e x h ib i te d  by  th e  c r y s t a l  when a  

u n i t  c o n c e n t ra t io n  o f  d e fe c ts  i s  in tro d u c e d  i n t o  th e  c r y s t a l ,  a l l  a l ig n e d  

i n  th e  P th  o r i e n t a t i o n .  Thus:

w here £ ^  a r e  th e  s t r a i n  com ponen ts, i s  t h e  number o f  d e fe c ts  p e r  

u n i t  volume i n  o r i e n t a t i o n  p ,  and  c^  = n^ i s  t h e  mole f r a c t i o n  o f  

d e f e c ts  in  o r i e n t a t i o n  p .

S in c e  t h e  A . . , ^  a r e  com ponents o f  p u re  s t r a i n ,  th e y  c o n s t i t u t e  

a  symmetry t e n s o r  ( s e e  R e fe re n c e  1+1). The t e n s o r  A. , ( f o r  b r e v i t y  i t  

i s  c a l l e d  th e  "A - t e n s o r " ) ,  can  be t ra n s fo rm e d  to  ta k e  a  d ia g o n a l form :

(U .io

The q u a n t i t i e s  A^» A 2 A 3 a re  c a l l e d  t h e  " p r in c ip a l  v a lu e s "  o f  th e

A - t e n s o r ,  and  may b e  r e p r e s e n te d  by  a  s t r a i n  e l l i p s o i d ,  as  shown i n

F ig u re  23 . S in c e  a l l  d e fe c t  o r i e n t a t i o n s ,  p = 1 ,  2 ,  . . .  n ,  a re  c r y s t a l -

l o g r a p h i c a l ly  e q u iv a le n t ,  i t  fo llo w s  t h a t  each  t e n s o r  A . m ust have1J

t h e  same s e t  o f  p r in c i p a l  v a lu e s .  Thus t h r e e  v a lu e s  A^, A 2 A 3 a re

in d ep e n d e n t o f  p . However, i t  m ust b e  n o te d  t h a t  t h e  A - t e n s o r  i s  n o t

th e  o n ly  m ethod f o r  c h a r a c te r iz in g  t h e  b e h a v io r  o f  a  d e fe c t  in  th e

p re s e n c e  o f  s t r e s s .

3 9K anzaki has in t r o d u c e d  t h e  fo llo w in g  v e ry  u s e f u l  c o n cep t f o r  a  

t h e o r e t i c a l  d e s c r ip t io n  o f  th e  s t r a i n  f i e l d  around  t h e  p o in t  d e fe c t  i n  a
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V 1

F ig . 23. T hree p r i n c i p a l  v a lu e s  o f  a  A - te n so r  r e p r e s e n te d  by  a  s t r a i n  
e l l i p s o i d .  These p r in c i p a l  axes can have  any o r i e n t a t i o n  
r e l a t i v e  t o  t h e  c ry s ta l ,  axes a ,  b ,  c .
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c r y s t a l .  The a c tu a l  d isp la c e m e n ts  o f  t h e  l a t t i c e  atom s by  th e  d e fe c t

(m)

can be  s t im u la te d  in  a  d e f e c t - f r e e  l a t t i c e  by  a p p ly in g  v i r t u a l  f o rc e s  f . m
J

( c a l l e d  t h e  K anzaki fo rc e )  t o  each  l a t t i c e  atom  m (w ith  i t s  p o s i t i o n  r  

from  th e  d e fe c t  s i t e ) .  The fo rc e  d i s t r i b u t i o n  can b e  d e s c r ib e d  by a 

m u lt ip o le  ex p an sio n  i n  a n a lo g y  to  a  ch a rg e  d i s t r i b u t i o n  in  th e  e l e c t r o ­

s t a t i c  c a s e .  I t  t u r n s  o u t  t h a t  f o r  m ost c a se s  i t  s u f f i c e s  t o  t a k e  o n ly  

th e  " d ip o le  p a r t "  o f  th e  f o rc e  d i s t r i b u t i o n

-P;f = 2. (U .5)
J m. J j

th e  d o u b le - fo rc e  t e n s o r .  F u r th e rm o re , o n ly  f o rc e s  on a  few atom s ( f o r

exam ple, o n ly  up to  t h e  n e x t n e a r e s t  atom s o f  t h e  d e fe c t)  a r e  n e c e s s a ry

to  g iv e  a  good d e s c r ip t io n  o f  th e  d isp la c e m e n ts .

To be  c o n s i s t e n t  w i th  n o ta t io n  c o n v e n tio n s  u se d  i n  th e  e l a s t i c

d ip o le ,  th e  double  fo rc e  t e n s o r  w i l l  be  w r i t t e n  as  P. t o  s p e c i f y  th e
^  J / \

o r i e n t a t i o n  o f  th e  d e f e c t  g e n e ra t in g  th e  t e n s o r .  S in c e  th e  P. . p '  a re
J

d e f in e d  as  a  n e g a t iv e  s t r e s s  t o  m a in ta in  c o n s ta n t  s t r a i n  p e r  u n i t  concen­

t r a t i o n  d e fe c ts  in tro d u c e d  i n t o  th e  o r i e n t a t i o n  p ,

By e q u a tio n s  (1+.3), ( ^ .6 )  and th e  s t r e s s - s t r a i n  r e l a t i o n ,  we g e t

(U.6)

'D IP) v 5 ^  u X ‘P ^ * 7 )

or

V ?) “ ^  P> (1+.8)

C. „ and  S . .. . a r e  t h e  e l a s t i c  s t i f f n e s s  and com pliance  t e n s o r  com- x jk i  x jk«

p o n e n ts , r e s p e c t iv e ly .  The change in  volume o f  th e  c r y s t a l  by d e fe c ts  

can b e  w r i t t e n  i n  te rm s o f  th e  p a ra m e te rs  d e f in e d  p r e v io u s ly :
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A\f/^ “  ?  6 n = <^oT/uXrj = £ 2  K  H 'p T j
3 lip

(U.9)

w here

d e = I  CP 
T r

(C «  3 ( 6 (, t  2S , z )  = 3/ ( C „  * 2C,Z )

(U .10)

and  K i s  t h e  c o m p r e s s ib i l i ty  o f  th e  c r y s t a l .  S in ce  th e  A  - t e n s o r  i s  

in d ep e n d e n t o f  p ,  t h e  s u p e r s c r ip t  p i s  n o t u se d  in  e q u a tio n  (U .9 ) . The

C. Thermodynamics o f  t h e  R e la x a tio n  o f  E l a s t i c  D ip o les  Under U n ia x ia l

Upon t h e  a p p l i c a t i o n  o f  an e x te r n a l  s t r e s s ,  th e  d egeneracy  o f  th e  f r e e  

e n e rg y  l e v e l  o f  e l a s t i c  d ip o le s  w i l l  be  rem oved. Such a  s p l i t  i n  th e  

e n e rg y  l e v e l  cau ses  d ip o le s  a lo n g  a  c e r t a i n  o r i e n t a t i o n  t o  be e n e r g e t i ­

c a l l y  fa v o re d  by  th e  s t r e s s .  To re d u c e  th e  t o t a l  i n t e r a c t i o n  betw een 

e l a s t i c  d ip o le s  and  th e  e x te r n a l  s t r e s s ,  th e  r e o r i e n t a t i o n  o f  l e s s  fa v o re d  

d ip o le s  sh o u ld  ta k e  p la c e .  T h is  r e o r i e n t a t i o n  o f  e l a s t i c  d ip o le s  can  be 

acco m p lish ed  by  th e  m ig ra tio n  o f  p o in t  d e f e c ts  from  t h e i r  o r i g i n a l  s i t e s  

t o  o t h e r s .  Such a  p ro c e s s  i s  c a l l e d  t h e  " s t r e s s  in d u ce d  o rd e r in g "  and 

t h i s  p ro c e s s  c o n tin u e s  u n t i l  t h e  e q u il ib r iu m  d i s t r i b u t i o n  o f  e l a s t i c  d i ­

p o le s  i s  re a c h e d .

q u a n t i t i e s  A V /V  and  can b e  m easu red . Thus T r i s  o b ta in e d .

S t r e s s

Suppose th e r e  a re  m e q u iv a le n t  d e fe c t  o r i e n t a t i o n s  in  a  c r y s t a l .

I t  i s  m ost c o n v e n ie n t t o  d e s c r ib e  t h e  s t a t e  o r  o rd e r  i n  th e  

c r y s t a l  by th e  p a ra m e te r  -l| w hich i s  d e f in e d  as

( U . l l )
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I f  CQ i s  c o n se rv ed

'Wl
x  X  -  ® .
7=1 r

For s i m p l i c i t y ,  assume t h a t  th e r e  a r e  o n ly  two p o s s ib le  o r i e n t a t io n s  w hich 

a r e  e q u iv a le n t  in  th e  ab sen ce  o f  s t r e s s .  T h e re fo re , m = 2 . F u r th e r  sim ­

p l i f i c a t i o n  i s  made by assum ing t h a t  th e  s t r e s s  i s  a p p l ie d  a lo n g  a  p r in ­

c ip a l  a x is  o f  one o f  t h e  d ip o la r  o r i e n t a t i o n s .  The t e n s i l e  s t r a i n  can be  

w r i t t e n :

The c o n s ta n t  r e p r e s e n ts  th e  o rd in a ry  in s ta n ta n e o u s  com pliance ( se e  

R e fe ren ce  38) and th e  l a s t  te rm  ta k e s  i n to  acco u n t th e  th e rm a l ex p an sio n  

o f  t h e  specim en . S in c e  m = 2 ,  e q u a tio n  (U .12) can b e  r e w r i t t e n  as

€ = JoO- + (S X )^ ,  + LCT-T/ief) (U .13)

w here $ \  s  Xll) - A121 „

F o r a  g iven  te m p e ra tu re  T and th e  s t a t e  o f  s t r e s s ,  th e  e q u il ib r iu m  

v a lu e  o f  t h e  o r d e r  p a ra m e te r  lj i s  c o m p le te ly  d e te rm in e d . T hus, a  

therm odynam ical Gibbs ty p e  f r e e  e n e rg y  f u n c t io n  may b e  w r i t t e n  a s  a  fu n c­

t i o n  o f  T and <T o n ly . On th e  o th e r  h a n d , th e  change in  i s  n o t i n ­

s ta n ta n e o u s ,  b u t  i t  i s  r a t h e r  c o n t r o l le d  by  atom  movements governed  by 

an  A rrh e n iu s - ty p e  e q u a tio n . C o n se q u e n tly , i t  i s  p o s s ib le  by  some t r e a t ­

ment ( f o r  exam ple, a p p l i c a t io n  o f  e x te r n a l  s t r e s s ,  fo llo w e d  by  lo w e rin g  

th e  te m p e ra tu re )  t o  h o ld  th e  o rd e r  v a r i a b l e ,  'fj a t  g iv en  v a lu e  w h ile  

m easu rin g  th e  c o n v e n tio n a l therm odynam ic p r o p e r t ie s  o f  th e  sy stem . I t  i s
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p o s s ib le  t o  d e f in e  a  pseudo f r e e  en erg y  fu n c t io n  in  w hich <r , T and />J, , 

a r e  ta k e n  a s  in d ep e n d e n t v a r i a b le s .  I f  t h i s  fu n c t io n  G( er , C, T) i s  

expanded  a b o u t C = 0 ,  C = 0 i t  m ust t a k e  th e  form

< ^ (S , C ,T ) = <5̂ 0 , o,T) + ^a-CT2 + to -7], t  £  c'l|2 t dcr ( h . l k )

f o r  sm a ll v a lu e s  o f  cr and - i |^ ,  w here G (0, 0 , T ) , a ,  b ,  c and  d a re  in  

g e n e r a l ,  f u n c t io n s  o f  te m p e ra tu re  and  C^. The absence  o f  a  te rm  

a lo n e  fo llo w s  from  th e  f a c t  t h a t  f o r  <Sr = 0 ,  ^  m ust be  z e ro .

R ecogn iz ing  t h a t  th e  G fu n c t io n  i s  a  g e n e ra l iz e d  Gibbs f r e e  

e n e rg y , we n o te  t h a t  i t s  d i f f e r e n t i a l  form  m ust be

= -V.€ dc - Self - Ad'H, (it.15)

w here i s  th e  m olar volume o f  th e  c r y s t a l  a t  Tre:f>> S i s  th e  e n tro p y  and 

A i s  a  therm odynam ic v a r i a b le  c o n ju g a te  t o  1] w hich i s  o f te n  c a l l e d  th e  

" a f f i n i t y " .  I n  therm odynam ic e q u il ib r iu m  a t  c o n s ta n t  S' and  T , th e  r e ­

qu irem en t t h a t  G m ust b e  a  minimum, means t h a t  A = 0 . Under non­

e q u il ib r iu m  c o n d it io n s  A may b e  ta k e n  a s  a  m easure o f  th e  d r iv in g  fo rc e  

to w ard  e q u il ib r iu m . Com parison o f  e q u a tio n  ( h . l h ) and  ( it . 15) shows

€ = - - -  M. = —L (off f K  + rf.) (It.l6 )a<r v„ •

F i n a l l y ,  com parison  o f  t h e  above e q u a tio n  w ith  e q u a tio n  ( i t .13) g iv e s

«L=-V.Ja, b = -V.(&) , JU-V.UT-Twf) (it.IT)

Now, we d e f in e  a  q u a n t i ty  Ag a s  th e  d i f f e r e n c e  in  th e  f r e e  

en e rg y  when a  s p e c i f i c  d ip o le  i s  c o n v e r te d  from  an o r i e n t a t i o n  o f  ty p e  2 

t o  one o f  ty p e  1 . I t  i s  g iv en  by
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* r -  H ,  -  -  - A . a v s t - J - d i ,  ( u . i8 )

where

G» = G -  (-TSc f )

= A v o g ad ro 's  num ber.

The q u a n t i ty  S th e  c o n f ig u r a t io n a l  e n tro p y , a r i s e s  from  th e  c o n f ig u ra ­

t i o n a l  d egeneracy  w hich i s  n o t p r e s e n t  in  an E in s te in  c r y s t a l .  However, 

i n  a  c r y s t a l  w ith  d e f e c ts  th e  s i t e s  a r e  e q u iv a le n t  b u t d i s t i n g u is h a b le .

In  t h e  i d e a l  l a t t i c e  gas th e o r y ,  t h e  c o n t r ib u t io n s  to  th e  e n tro p y  can be  

w r i t t e n  a s  a  sum o f  two te rm s . The f i r s t  te rm  comes from  th e  number o f  

ways t h e  A d i s t i n g u is h a b le  atom s can  be d i s t r i b u t e d  among B la b e le d  s i t e s ,  

which i s  g iv en  by 

B!
A !(B -A )!

The seco n d  te rm  comes from  th e  p u re  v i b r a t i o n a l  m otion  o f  de­

f e c t  atom s in  a  p o t e n t i a l  w e l l  s u p p lie d  by  th e  h o s t  l a t t i c e .  S in c e  we 

may n o t want t o  in c lu d e  th e  c o n t r ib u t io n  from  S c f ,  i t s  c o n t r ib u t io n s  to  

G and c w ere s u b t r a c te d  in  e q u a tio n  (U .1 9 ) . E q u a tio n  (U .l8 )  s t a t e s  t h a t  

th e  f r e e  en erg y  d i f f e r e n c e  betw een  a  d ip o le  i n  an o r i e n t a t i o n  o f  ty p e  1 

and  ty p e  2 d epends, in  g e n e r a l ,  on b o th  th e  s t r e s s  and th e  s t a t e  o f  o r d e r .  

The dependence on s t r e s s  i s  j u s t  th e  s p l i t t i n g  o f  th e  f r e e  en erg y  l e v e l s  

o f  t h e  two c r y s t a l l o g r a p h i c a l ly  e q u iv a le n t  o r i e n t a t i o n s  by  th e  a p p l i c a t io n  

o f  s t r e s s ,  w hich p ro v id e s  t h e  b a s i s  f o r  t h e  r e d i s t r i b u t i o n  among s i t e s ,  

and  t h e r e f o r e ,  f o r  t h e  e x is te n c e  o f  a  r e l a x a t io n  p ro c e s s .  The l a s t  te rm  

o f  e q u a tio n  (U .l8 )  i s  somewhat l e s s  o b v io u s . I f  c i s  n o t z e r o ,  i t  means



9k

t h a t  th e  e x is te n c e  o f  a  s t a t e  o f  o r d e r  w i l l ,  i n  i t s e l f ,  r e s u l t  in  a  

s p l i t t i n g  o f  s t a t e s .  Such a  te rm  was f i r s t  p ro p o se d  by Z e n e r, r e p r e s e n ts  

an i n t e r a c t i o n  among th e  d ip o le s ,  and i s  t h e r e f o r e  r e f e r r e d  to  a s  an 

" i n t e r a c t i o n  te rm " .

In  th e  |i+SR ex p erim en t w ith  an e x te r n a l  u n i a x i a l  s t r e s s  th e  

i n t e r a c t i o n  te rm  e x p la in e d  above i s  c o m p le te ly  n e g l ig ib l e  s in c e  an i n ­

f i n i t e  d i l u t i o n  o f  th e  p o in t  d e fe c t  i s  alw ays p o s s ib l e .  Hence i n  t h i s  

work we u se  th e  s im p le r  form  o f  e q u a tio n  (4 .1 8 )  w hich i s  w r i t t e n  as

=■ - c£X) C (4 .2 0 )

The p h y s ic a l  m eaning o f  e q u a tio n  (4 .2 0 )  i s  i l l u s t r a t e d  i n  F ig u re  24 .

E q u a tio n  (4 .2 0 )  can  be  r e w r i t t e n  i n  a  more c o n v e n ie n t form :

- 5 .2) (?, - Pz) O' (4 .2 1 )
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trzrz:

i

F ig . 2 U (a ). S chem atic  i l l u s t r a t i o n  o f  t h e  s p l i t t i n g  o f  th e  f r e e  energy
le v e l s  by  s t r e s s  f o r  a  s e t  o f  t h r e e  e q u iv a le n t  d ip p le s .  Dashed 
l i n e s : b e fo re  a p p l i c a t io n  o f  s t r e s s ; s o l i d  l i n e s : a f t e r  s t r e s s
a p p lie d .

I
t

i*

p«r P*2

ORIENTATION .

F ig . 2 l*(b). I l l u s t r a t i n g  th e  a c t i v a t i o n  b a r r i e r s  b e fo re  (d a sh e d  l in e s )  
and a f t e r  ( s o l^ d  l i n e s )  th e  s p l i t t i n g  o f  f r e e -e n e rg y  ie v e lg  
by  s t r e s s .  Ag i s  t h e  a c t i v a t i o n  en erg y  b e fo re  t h e  a p p l i c a -  

. t i o n  o f  e x te r n a l  s t r e s s .



V. RESULTS AND DISCUSSION

A. R e s u lts  on Fe <100> Sample

The p r e s e n ta t io n  o f  r e s u l t s  on t h i s  sam ple i s  e s s e n t ia l ly -  

d iv id e d  in to  fo u r  s te p s :

1 . a p p l i c a t i o n  o f  u n i a x i a l  s t r e s s  w ith o u t  an e x te r n a l  m agnetic  f i e l d

2 . a p p l i c a t i o n  o f  an e x te r n a l  m agnetic  f i e l d  w ith o u t th e  u n i a x i a l  s t r e s s

3 . a p p l i c a t i o n  o f  u n i a x i a l  s t r e s s  w ith  a  f ix e d  e x te r n a l  f i e l d

1*. r e p e t i t i o n  o f  s te p  1 .

To check  th e  r e v e r s i b i l i t y ,  an a d d i t io n a l  m easurem ent was alw ays perfo rm ed  

fo llo w in g  e v e ry  m easurem ent w ith  an e x te r n a l  u n i a x i a l  s t r e s s .

a . S te p  1

F ig u re  25 shows th e  change in  fre q u e n c y  a s  a  fu n c t io n  o f  th e  

t e n s i l e  s t r a i n  in d u ce d  a lo n g  th e  lo n g  a x is  o f  th e  sam ple. As in d ic a te d  

in  t h e  f i g u r e ,  two m easurem ents w ere perfo rm ed  b e fo r e  th e  sam ple was p u t 

i n  th e  s t r e s s  r i g  ( " i n  a i r "  m easu rem en ts). The f re q u e n c y  on one f a c e  i s  

1*8.1+13 MHz and  on th e  o th e r  f a c e  i s  1*8.507 MHz. T h is  d i f f e r e n c e  in  f r e ­

quency i s  assum ed t o  be c au sed  by  a  s l i g h t  s u r f a c e  te n s io n  w hich  was n o t 

removed a f t e r  th e  c r y s t a l  was grown.

A f te r  t h i s  sam ple was p la c e d  i n  th e  p u l l e r  by th e  p ro c e s s  de­

s c r ib e d  in  C h ap te r I I  t h e  fre q u e n c y  o f  th e  f i r s t  f a c e  d ropped  down t o  

U8.308 MHz. Even though  m e ta l  c r y s t a l s  a r e  known t o  be  v e ry  d i f f i c u l t  to  

h a n d le  w ith o u t  m e c h a n ic a lly  d i s tu r b in g  them  ( C o t t r e l ,  1952 , p 101) , such
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a  drop  in  f re q u e n c y  i s  r a t h e r  s u r p r i s i n g .  However, when a  s t r a i n  o f  

—62 8 .3  x  10 was in d u ce d  th e  fre q u e n c y  went s l i g h t l y  below  th e  f re q u e n c y  

p r e v io u s ly  m easured  ( i n  a i r )  on t h i s  f a c e .  Upon th e  rem oval o f  th e  ex­

t e r n a l  s t r e s s ,  t h e  freq u en cy  f e l l  be tw een  th e  two v a lu e s  i n  a i r .  T h is  

can be th o u g h t o f  a s  r e l i e v i n g  some o f  th e  i n i t i a l  r e s i d u a l  s t r a i n  d i f ­

f e re n c e  betw een  t h e  two fa c e s  and o f  th e  p o s s ib le  d is tu rb a n c e  c r e a te d  by 

th e  h a n d lin g  p r o c e s s .  The r e s t  o f  t h e  m easurem ents w ere p e rfo rm ed  on t h i s  

f a c e .

A lso  se en  in  F ig u re  25 i s  t h a t  changes in  fre q u e n c y  w ere s l i g h t  

i n  th e  low s t r a i n  r e g io n ,  an e f f e c t  a s s o c ia te d  w ith  th e  e x is te n c e  o f  do­

m ains a l ig n e d  i n  d i r e c t i o n s  o th e r  th a n  th e  s t r e s s  a x i s .  As d is c u s s e d  in  

C h ap te r I I I ,  B loch w a l ls  i n  Fe move t o  expand th e  volume o f  dom ains a l ig n e d

a lo n g  th e  a x is  o f  t e n s i l e  s t r e s s .  Beyond th e  c r i t i c a l  s t r a i n ,  ab o u t 

—665 x  10”  i n  t h i s  c a s e ,  th e  fre q u e n c y  d ropped  l i n e a r l y  i n  s t r a i n  in d ic a ­

t i n g  a  f u l l  a lig n m e n t o f  dom ains a lo n g  fa v o re d  d i r e c t i o n s .

F ig u re  26 shows th e  change in  X,p( = l /T , ,)  i n  t h i s  s t e p .  In  th e  

low  s t r a i n  r e g io n  w here dom ains a re  n o t f u l l y  a l ig n e d  a lo n g  th e  s t r e s s  

a x i s ,  th e  v a lu e s  o f  X ,j, o r  th e  d i f f e r e n c e s  betw een th e  s t r e s s e d  and r e ­

le a s e d  s t a t e ,  do n o t  show a  c l e a r  te n d e n c y . On th e  o th e r  h a n d , i n  th e

-6h ig h  s t r a i n  r e g io n  ( in d u c e d  s t r a i n  > 65 x  10~ ) A^ in c r e a s e d  s y s te m a t ic a l ly

and  a ls o  re c o v e re d  w e ll  upon r e l e a s e  o f  t h e  e x te r n a l  s t r e s s .
2

A ccord ing  t o  A r r o t t  e t  a l .  th e  l o c a l  s t r a i n  in  an  Fe c r y s t a l  

a lw ays d e c re a s e s  th e  f re q u e n c y . Such a  d e c re a s e  in  fre q u e n c y  was shown 

t o  be accom panied b y  an in c r e a s e  i n  a s  con firm ed  by  G rynszpan e t  al.'* '

The e f f e c t  on was a t t r i b u t e d  to  d i s lo c a t io n s  in  b o th  w orks. T h is
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i n d ic a te s  t h a t  th e  volume o f  m a te r i a l  s t r a in e d  by  d i s lo c a t io n  in c r e a s e d

upon a p p l i c a t i o n  o f  th e  e x te r n a l  s t r e s s  and th e n  r e tu r n e d  t o  th e  o r ig i n a l

s t a t e  when th e  s t r e s s  was r e l e a s e d .

I t  i s  w e l l  known t h a t  any d i s lo c a t io n  l i n e ,  n o t  e x a c t ly  p a r a l l e l

t o  th e  s t r e s s  a x i s ,  moves when an  e x te r n a l  s t r e s s  i s  a p p l ie d  to  a  specim en .

T h is  m otion  o f  th e  d i s lo c a t io n  l i n e  i s  b lo c k e d  e i t h e r  by  im p u r i t i e s  o r

o th e r  d i s lo c a t io n s  i n  t h e  c r y s t a l .  I f  th e  d i s lo c a t io n  l i n e  i s  b lo c k e d  a t

3 1+2 1*3two p o i n t s ,  c a l l e d  th e  p in n in g  p o i n t s ,  i t  b e n d s . * * Such a  b en d in g  o f

d i s lo c a t io n  l i n e s  can happen even u n d er a  v e ry  low e x te r n a l  s t r e s s  ( f a r  

below  th e  y i e l d  s t r e n g th )  and th u s  alw ays in c r e a s e s  th e  volume o f  m a te r ia l  

a s s o c i a te d  w ith  t h e  l o c a l  s t r a i n .  A lthough th e  in c r e a s e  i n  \  can  be  ex­

p la in e d  by th e  above a rg u m en t, i t  i s  o n ly  q u a l i t a t i v e  and th e r e  i s  no 

c l e a r  e v id e n c e  t h a t  t h e  b e n d in g  o f  t h e  d i s lo c a t io n s  i s  t h e  s o le  p h y s ic a l  

o r ig i n  o f  th e  e f f e c t  o f  s t r e s s  on Aqi-

A cco rd ing  to  t h e  F rank-R ead  d i s lo c a t io n  m u l t i p l i c a t i o n  m echa-

h2 1+3n ism , * a  s e v e r e ly  b e n t  d i s lo c a t io n  l i n e  form s a  c lo s e d  lo o p . Once 

c r e a te d  i n  t h e  c r y s t a l ,  t h e  c lo s e d  lo o p  can o n ly  be  rem oved by a  p ro p e r  

h e a t  t r e a tm e n t .  On t h e  o th e r  h an d , a  l i n e  w hich i s  n o t  s e v e r e ly  b e n t  r e ­

tu r n s  t o  i t s  o r i g i n a l  shape  upon r e l e a s e  o f  th e  e x te r n a l  s t r e s s .  The 

re c o v e ry  o f  i n  th e  h ig h  s t r a i n  r e g io n  c l e a r l y  i n d ic a te s  t h a t  th e  f o r ­

m atio n  o f  c lo s e d  lo o p s  i s  n e g l i g ib l e .

The y i e l d  s t r e n g th  o f  an Fe s in g le  c r y s t a l  i s  a b o u t 520 b a r  a t
i4.il.

room te m p e ra tu re . The s t r a i n  a lo n g  th e  <100> - a x i s  c o rre s p o n d in g  to

-6t h i s  s t r e s s  i s  1+03 x 10~ . A s l i p  m otion  o c c u rs  when a  s in g l e  c r y s t a l  i s  

s u b je c te d  t o  a  h ig h  e x te r n a l  s t r e s s .  A p o r t io n  o f  t h e  c r y s t a l  i s  d iv id e d
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by t h i n  d is c s  ( a  few hund red  angstrom  th ic k )  to  form  a  s l i p  band  u nder a 

s t r e s s  beyond th e  y i e l d  s t r e n g th .  In  th e  s l i p  band  th e  r e l a t i v e  m otion 

betw een d i s c s  i s  c o n s tr a in e d  a lo n g  c e r t a i n  d i r e c t i o n s  on a  c r y s t a l l o g r a ­

p h ic  p la n e .  The d i r e c t i o n  o f  s l i p  m otion  i s  <111> on th e  <110> p la n e  f o r  

h2a  BCC c r y s t a l .  The c r i t i c a l  s h e a r  s t r e s s  i n  t h e  <111) d i r e c t i o n  o f  an 

Fe c r y s t a l  i s  2 jh  b a r  and i t  c o rre sp o n d s  to  a  t e n s i l e  s t r e s s  o f  577 B ar 

a lo n g  th e  <100) d i r e c t i o n .  The Frank-R ead m echanism  was p ro p o sed  to  ex­

p l a i n  t h e  s l i p  m otion i n  a  c r y s t a l .  T h e re fo re , by  a p p ly in g  an u n ia x ia l  

s t r e s s  f a r  below  t h e  y i e l d  s t r e s s ,  t h e  fo rm a tio n  o f  c lo s e d  lo o p s  sh o u ld  

n o t be  s e r io u s .

The e x p la n a tio n  o f  th e  e f f e c t  o f  s t r e s s  on A T in  te rm s o f  th e  

l o c a l  s t r a i n  im m ed ia te ly  r a i s e s  a  q u e s t io n . I f  i s  in c r e a s e d  by  an 

in c r e a s e  in  t h e  lo c a l, s t r a i n ,  w hereas th e  e f f e c t  o f  th e  l o c a l  s t r a i n  has 

b een  co n firm ed  t o  d e c re a se  th e  f re q u e n c y  th e n  was th e  d e c re a s e  in  f re q u e n c y  

upon t h e  e x te r n a l  s t r e s s  shown i n  F ig u re  25 due t o  t h e  l o c a l  s t r a i n ?  The 

answ er i s  n o . T h is  w i l l  become c l e a r  from  th e  o b s e rv a t io n  o f  r e s u l t s  in  

l a t e r  s t e p s .

R e s u l ts  on A^ ( =  l /T ^ )  a re  p l o t t e d  i n  F ig u re  2 7 . The v a lu e s  

s c a t t e r e d  a l l  a ro u n d ,sh o w in g  no g e n e ra l  te n d e n c y . However, f o r  each  p a i r  

o f  m easurem ents A T i s  h ig h e r  i n  th e  s t r e s s e d  s t a t e  th a n  i t  i s  i n  th e  r e -Jj

l e a s e d  s t a t e .  The m ath e m a tic a l e x p re s s io n s  o f  A T and A m can  b e  o b ta in e dll i
^5from  th e  R e d f ie ld  th e o ry  and a r e  w r i t t e n  as f o l lo w s :
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w here i s  t h e  c o r r e l a t i o n  tim e  o f  th e  p+ a t  each  s i t e ,  i s  th e

p r e c e s s io n a l  fre q u e n c y  o f  th e  p+ s p in  and z i s  th e  d i r e c t i o n  o f  th e
2

domain m a g n e tiz a tio n . In  t h e  r e g io n  f r e e  o f  l o c a l  s t r a i n  < B „ > and
F X

2
< B U )  a re  z e ro . T h is  means t h e  change in  \ T w i l l  h e  v e ry  s e n s i t i v e  r  y  ii

t o  a  l o c a l  s t r a i n  in tro d u c e d  i n to  th e  r e g io n  i n  w hich a  muon d i f f u s e s .  

T h e re fo re , th e  p a ra m e te r  can e a s i l y  he  a f f e c te d  hy any i r r e v e r s i b l e  

change in  th e  c r y s t a l  and th e  f lu c t u a t io n  in  v a lu e s  o f  \  in  F ig u re  27
li

r e s u l t s .

F ig u re  28 shows th e  change i n  Fm/F T a s  a  f u n c t io n  o f  th e  in d u ced1 Jj

s t r a i n .  The e x p re s s io n s  f o r  th e s e  p a ra m e te rs  (d e f in e d  in  A ppendix B) a re  

r e w r i t t e n  h e re .

Fj = f x svn  0X + cfy 67-r1 0 ) t  Ig 67'TL 

Fl = •fx CoS2'©* f  Colf'G'j + | 8 co^&B

I f  we ta k e  t h e  s t r e s s  a x is  a s  t h e  z - a x i s ,  th e  f r a c t i o n a l  volume o f  domains

a lo n g  t h e  x - a x is  ( i . e . ,  o r ie n te d  +_ x) w i l l  be  th e  same a s  t h a t  a lo n g  th e

y - a x i s .  Thus one g e t s :  f  = f  . The sam ple was p o s i t io n e d  such  t h a tx y

0 = TT/2 -  Q and  Q = f t / 2 .  Then, Fm = f  + f  and FT = f  . T h is  x y  v z * T x z L x

c l e a r l y  i n d ic a te s  t h a t  Fm/F_ sh o u ld  in c r e a s e  as f  in c r e a s e s  a t  th e  e x -T L z

pense  o f  f ^  and f  . For an i d e a l  c r y s t a l ,  w ith o u t any l o c a l  s t r a i n ,  th e

v a lu e  o f  F^/F^ m ust he  i n f i n i t y  when domains a r e  f u l l y  a l ig n e d  a lo n g  th e

s t r e s s  a x is  w hich  i s  p e rp e n d ic u la r  t o  th e  i n i t i a l  muon s p in  o r i e n t a t i o n .

As shown in  F ig u re  28 th e  l a r g e s t  v a lu e  o f  t h i s  p a ra m e te r  was o b ta in e d  

when th e  sam ple was p la c e d  in  th e  s t r e s s  r i g .  T h is  and th e  c o rre sp o n d in g

p o in t  i n  F ig u re  25 i n d ic a te  t h a t  an a c c id e n ta l  t e n s i l e  s t r e s s  was a p p lie d

to  t h e  sam ple d u r in g  t h i s  p a r t i c u l a r  m easurem ent. However, t h e  v a lu e  o f
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Fm/F T r e tu r n e d  t o  i t s  o r i g i n a l  v a lu e  a f t e r  th e  f i r s t  s t r e s s  c y c le .  A f te r
1 Li

r e l i e v i n g  th e  i n i t i a l  t e n s io n  d u r in g  th e  f i r s t  s t r e s s  c y c le ,  su b seq u en t 

m easurem ents sh o u ld  have been  u n a f f e c te d  by th e  a r b i t r a r y  i n i t i a l  c o n d i­

t i o n .

b .  S te p  2

In  t h i s  s te p  th e  m easurem ents w ere p e rfo rm ed  by a p p ly in g  o n ly

th e  e x te r n a l  m agnetic  f i e l d  a lo n g  th e  lo n g  a x is  o f  th e  sam ple. The change

i n  t h e  fre q u e n c y  i s  shown i n  F ig u re  29 a s  a  fu n c t io n  o f  th e  e x te r n a l  f i e l d .

Assuming th e  sam ple geom etry  i s  e l l i p s o i d a l ,  t h e  d em ag n e tiz in g  f i e l d

k6e s tim a te d  w ith  t h e  fo rm u las g iv en  by  O sborn i s  a b o u t 125 G when t e c h n ic a l

s a tu r a t i o n  i s  a c h ie v e d . S in c e  t h e  d i r e c t i o n  o f  i s  o p p o s ite  to  t h a t

o f  M , th e  a p p l i c a t io n  o f  an e x te r n a l  f i e l d  w hich p e n e t r a te s  th e  sam ple &

m ust d e c re a s e  th e  f re q u e n c y  and  t h i s  i s  seen  from  t h e  l a s t  th r e e  p o in ts  

i n  F ig u re  29 .

The in c r e a s e  i n  fre q u e n c y  seen  w ith  th e  a p p l ie d  f i e l d  low er th a n  

th e  d em ag n e tiz in g  f i e l d  can n o t be  e x p la in e d  i n  a  s im p le  way. A model i s  

p ro p o se d  t o  e x p la in  t h i s  r i s e  i n  f re q u e n c y  i n  a  weak a p p lie d  f i e l d  and i t  

w i l l  b e  d is c u s s e d  l a t e r  in  t h i s  s e c t io n .

F ig u re  30 shows A^ a s  a  fu n c t io n  o f  th e  a p p l ie d  f i e l d .  The 

p e c u la r i t y  w ith  A T's  i n  t h i s  s te p  i s  t h e  r a p id  in c r e a s e  in  m agnitude upon 

th e  a p p l ie d  f i e l d .  S in c e  th e  geom etry  i s  n o t e l l i p s o i d a l ,  th e  dem agnetiz­

in g  f i e l d  i s  n o t u n ifo rm  in  t h e  sam ple . At Hg x t = 125 G w here th e  t e c h n ic a l  

s a tu r a t i o n  i s  b e l ie v e d  t o  be re a c h e d , A^, = 1 .8 9  ( p s e c )  \  T h is v a lu e  

o f  Aj, c o rre sp o n d s  t o  A K ^ jg  o f  k5 G. T h is  a lm o st a g re e s  w ith  th e  c a lc u ­

l a t e d  inhom ogeneity  o f  t h e  d e m ag n e tiz in g  f i e l d  in  A ppendix D. To e x p la in
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th e  r a p id  in c r e a s e  in  A^, beyond t h i s  p o i n t ,  many id e a s  have b een  p ro p o sed  

b u t  none o f  them  i s  s a t i s f a c t o r y .  Thus i t  w i l l  n o t  be d is c u s s e d  f u r t h e r .

The f i e l d  dependences o f  A T and F /F t shown i n  th e  n e x t two f ig u r e sL 1 It

(31 and 32) a l s o  have some p e c u l i a r i t i e s .  The in c r e a s e  i n  A T by  a  weakjj

a p p lie d  f i e l d  m ight b e  e x p la in e d  by th e  m otion  o f  B loch  w a l ls  in  re sp o n se

t o  th e  f i e l d  a p p l ie d  to  re a c h  s a tu r a t i o n .  T h is  i s  b e c au se  when B loch w a l ls

te n d  t o  move o r  change t h e i r  sh a p e , t h e  d i s lo c a t io n  s t r u c tu r e  i s  a l t e r e d

by  th e  i n t e r a c t i o n  betw een  B loch  w a lls  and d i s lo c a t io n  l i n e s .  Such an

i n t e r a c t i o n  u s u a l ly  c a u se s  a  r e p u ls iv e  fo rc e  betw een  them . The e f f e c t  i s

l i k e l y  t o  in c r e a s e  th e  d eg ree  o f  l o c a l  s t r a i n  w hich in c r e a s e s  A T . Then,
Jj

th e  sudden d e c re a s e  in  A T a t  H . = 125 G m ust r e s u l t  from  t h e  m utualL e x t

s t a b l e  re a rra n g e m e n t be tw een  d i s lo c a t io n s  and  B loch  w a l ls  s in c e  most o f  

th e  w a lls  p a s se d  o v e r  th e  h ig h e s t  p o t e n t i a l  p eaks i n  t h e i r  p a th s .  The n e x t 

p o in t  o f  A^ a t  Hex .̂ = 150 G h a s  th e  h ig h e s t  v a lu e  m easured  in  t h i s  s t e p .  

A ccord ing  to  T ra u b le , 90° B loch  w a l ls  p roduce  lo n g -ra n g e  i n t e r n a l  s t r e s s e s  

and  th e  i n t e r a c t i o n  betw een  th e s e  w a l ls  and  d i s lo c a t io n s  i s  much s t r o n g e r  

th a n  t h a t  o f  180° B loch  w a l ls  and d i s l o c a t i o n s .  T h is  means t h a t  180° B loch  

w a l ls  a r e  more m ob ile  th a n  90° B loch  w a l l s .  I n  a d d i t io n  t o  t h i s ,  th e  

p r e s s u r e  on 180° B loch w a l ls  i s  tw ic e  t h a t  on 90° B loch  w a l ls  a t  a  g iv en  

H , .  T h e re fo re ,  o n ly  t h e  m otion  o f  180° w a l ls  i s  b e l ie v e d  t o  b e  f in i s h e d  

a t  = 125 G and 90° w a l ls  a r e  y e t  t o  p a ss  o v e r  th e  p o t e n t i a l  p e a k s .

Then, a t  th e  e x te r n a l  f i e l d  h ig h e r  th a n  125 G, o n ly  th e  90° w a l ls  move.

B ecause th e  i n t e r a c t i o n  i s  s t r o n g e r ,  th e  l o c a l  s t r a i n  in c r e a s e  

in  t h i s  p ro c e s s  i s  h ig h e r ,  r e s u l t i n g  i n  a  h ig h  v a lu e  o f  A x . Upon f in i s h in gij

th e  m otion  o f  90° B loch w a l ls  A x r e tu r n e d  t o  i t s  v a lu e  a t  H . = 125 GL e x t

and i t  i s  seen  a t  th e  p o in t  a t  H = 200 G.
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Ill

The change i n  F^/F^ shows a  d rop  a t  Hg x t = 125 G. T h is  i s  n o t

u n d e rs to o d  and  w i l l  be  l e f t  u n e x p la in e d . B e s id es  t h e  p e c u l i a r i t y  a t

Hgxt  = 150 G th e  v a lu e s  a t  th e  l a s t  two p o in ts  a r e  s l i g h t l y  ann o y in g .

O th e rw ise , th e  dependence o f  Fm/F T on H , i s  what one can e x p e c t.T L e x t

By a p p ly in g  th e  e x te r n a l  f i e l d  a lo n g  th e  <100> - a x i s ,  t h e  mag­

n e t o s t r i c t i o n  was a ls o  m easu red . Up t o  H . = 80 G th e r e  was no100 ^  e x t

change i n  le n g th  o f  th e  sam ple b u t  a t  H = 125 G i t  was m easured  t o  beext
—6A 100 = 26 x I Q ' and  was k e p t c o n s ta n t  a t  h ig h e r  v a lu e s  o f  E T his

-6v a lu e  i s  somewhat h ig h e r  th a n  th e  u s u a l  one o f  21 x  10~ b u t  i t  depends 

on each  in d iv id u a l  sam ple and i t s  h i s t o r y .

c . S te p  3

H e re , m easurem ents w ere perfo rm ed  by  a p p ly in g  u n ia x ia l  s t r e s s  

u n d e r an  e x te r n a l  m agnetic  f i e l d  a lo n g  th e  same d i r e c t i o n  to  t h a t  o f  th e  

p re v io u s  s te p  b u t  i t s  m agnitude was f ix e d  a t  150 G. S in c e  changes i n  X j  

and A l a r e  more d i f f i c u l t  t o  u n d e rs ta n d  in  t h i s  s t e p ,  o n ly  a  few p o in ts  

w i l l  be d is c u s s e d .

The im p o rta n t f a c t  i s  th e  change i n  th e  f re q u e n c y  w ith o u t  i n i t i a l  

h e s i t a t i o n  i n  th e  low s t r a i n  r e g io n  o f  F ig u re  33. B ecause t h e  t e c h n ic a l  

s a t u r a t i o n  a l r e a d y  has been  a c co m p lish e d , dom ains w ere a l ig n e d  a lo n g  one 

d i r e c t i o n  on th e  s t r e s s  a x i s .  W ith t h i s  th e  q u e s tio n  w hich a ro s e  in

S te p  1 can  b e  answ ered . The d e c re a s e  i n  th e  f re q u e n c y  m ust b e  due t o

th e  p u re  t e n s i l e  s t r a i n  in d u ce d  on th e  u n i t  c e l l s  i n  th e  r e g io n  o f  th e  

c r y s t a l  f r e e  ( o r  n e a r ly  f r e e )  o f  lo c a l, s t r a i n  in d u ce d  by  l a t t i c e  im per­

f e c t i o n s ,  m ain ly  d i s l o c a t i o n s .  I f  th e  d e c re a s e  i n  fre q u e n c y  had  been  

ca u se d  by  th e  enhanced  l o c a l  s t r a i n  th e n  i t s  dependence on th e  in d u ced

s t r a i n  sh o u ld  have been  o f  th e  same form  i n  b o th  F ig u re s  25 and 33.
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I t  i s  u n d o u b ted ly  t r u e  t h a t  t h e  fre q u e n c y  d e c re a s e s  in  domains 

a l ig n e d  a lo n g  th e  a x is  o f  t e n s i l e  s t r e s s .  T h is  means we need  to  p rove  

t h a t  t h e  f re q u e n c y  m ust in c r e a s e  in  domains p e r p e n d ic u la r  to  t h e  t e n s i l e  

s t r e s s  a x is  t o  e x p la in  t h e  sm a ll change in  fre q u e n c y  in  th e  low  s t r a i n  

r e g io n  o f  s te p  1 . In  t h e  c a se  o f  th e  d ip o la r  f i e l d  i t  i s  t r i v i a l  t o  prove 

t h a t  t h e  sum o f  f i e l d s ,  in  dom ains o r i e n t e d  a lo n g  th r e e  d i f f e r e n t  axes 

b u t  s t r a in e d  i n  t h e  same way, i s  alw ays z e ro .  However, th e  sum o f  h y p e r-  

f in e  f i e l d s  i n  t h r e e  d i f f e r e n t  dom ains can n o t b e  shown t o  be  z e ro . For 

t h i s  r e a s o n , th e  in c r e a s e  i n  fre q u e n c y  in  dom ains p e rp e n d ic u la r  to  th e  

t e n s i l e  s t r e s s  a x is  w i l l  b e  p ro v ed  l a t e r  i n  t h i s  s e c t io n  a f t e r  th e  i n t e r ­

p r e t a t i o n  o f  freq u en cy  d e c re a s e  in  fa v o re d  dom ains.

The r e s u l t s  f o r  F /F  p l o t t e d  i n  F ig u re  36 a r e  s a t i s f a c t o r y1 Jj

i n  t h e  se n se  t h a t  th e y  a r e  h ig h e r  th a n  th o s e  shown i n  F ig u re  28 . T h is  

i n d ic a te s  t h a t  th e r e  e x is t e d  a  p o r t io n  o f  dom ains n o t a l ig n e d  a lo n g  th e  

s t r e s s  a x is  i n  s te p  1 . T h is  i s  n o t s u r p r i s i n g  b e c a u se  each  in d iv id u a l  

B loch  w a l l  e n c o u n te rs  d i f f e r e n t  p o t e n t i a l  b a r r i e r s  a lo n g  i t s  p a th  and  a  

p e r f e c t  a lig n m en t canno t b e  e x p e c te d  by  a  t e n s i l e  s t r e s s  a lo n e . The 

v a lu e s  o f  F^/F^  i n  F ig u re  36 a r e  g e n e r a l ly  lo w er th a n  th o s e  o f  F ig u re  32 

and th u s  i s  n o t  e x p la in e d  b e c au se  i n  t h i s  s te p  th e  t e n s i l e  s t r e s s  i s  b e ­

l i e v e d  to  enhance th e  e f f e c t  o f  th e  a p p l ie d  f i e l d  in  s a tu r a t i n g  th e  sam ple . 

The f l u c t u a t io n  o f  v a lu e s  o f  t h i s  p a ra m e te r  i n  Fig;ure 36 a ls o  i s  n o t 

im m ed ia te ly  e x p la in e d .

d . S te p  U

A f te r  tu r n in g  o f f  t h e  e x te r n a l  f i e l d ,  m easurem ents w ere r e p e a te d .  

S in c e  r e s u l t s  i n  t h i s  s te p  a r e  s im i la r  t o  th o s e  o f  s te p  1 ,  o n ly  a  few r e ­

m arks w i l l  b e  made.
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The c r i t i c a l  s t r a i n  o f  domain a lig n m en t i s  seen  t o  be 38 x 10~^

i n  t h i s  s te p  (F ig u re  3 7 ) . T h is  i s  much s m a lle r  th a n  t h a t  o f  65 x 10- ^

i n  s te p  1 . As was d is c u s s e d  in  C h ap te r I I I ,  th e  rem oval o f  e x te r n a l  f i e l d  

a f t e r  s a tu r a t i o n  alw ays le a v e s  t h e  sam ple in  a  p a r t i a l l y  m ag n e tized  s t a t e .

At t h i s  s ta g e  domain w a l ls  can e a s i l y  move t o  expand th e  volume o f

fa v o re d  domains w ith o u t f a c in g  h ig h  p o t e n t i a l  b a r r i e r s .  T h e re fo re , th e

c r i t i c a l  s t r a i n  f o r  t h e  domain a lig n m e n t m ust be l e s s  i n  t h i s  s te p .

R e s u l ts  on X ^  p l o t t e d  in  F ig u re  39 show a  c o m p le te ly  d i f f e r e n t  

p a t t e r n  w hich h as  n e v e r  been  o b se rv e d  i n  p re v io u s  s t e p s .  E xcep t f o r  th e  

f i r s t  two p o i n t s ,  th e  change in  X T i s  v e ry  s y s te m a tic  and re c o v e rs  w e l lLl

upon r e l e a s i n g  th e  e x te r n a l  s t r e s s .  An i n d ic a t io n  from  t h i s  r e s u l t  i s

t h a t  r e p e a t in g  th e  s t r e s s  c y c le  u n d er an e x te r n a l  f i e l d  i n  t h e  p re v io u s

s te p  must have cau sed  some d r a s t i c  changes i n  th e  m agnetic  and s t r u c t u r a l

p r o p e r t i e s  o f  t h e  sam p le . At t h e  p r e s e n t  moment we do n o t know what

w ere th e  e f f e c t s  o f  such  a  t re a tm e n t  on th e  sam ple s t a t e .

F ig u re  ^0 shows th e  r e s u l t  on F /F  in  t h i s  s t e p .  The f i r s t
1 Li

p o in t  a t  z e ro  s t r a i n  h a s  a  h ig h  v a lu e  b e c a u se  th e  sam ple was p a r t i a l l y

—6m ag n e tiz e d . A f te r  t h i s ,  th e  sam ple was s t r a in e d  (22 x 10~ ) and

dropped  s l i g h t l y  from  i t s  p re v io u s  v a lu e .  T h is  i s  o p p o s ite  to  th e  change

i n  p r e d ic te d  by t h e  w a l l  m otion  due t o  a  t e n s i l e  s t r e s s .

F u r th e rm o re , when th e  s t r e s s  was r e l e a s e d  i t  d ropped  down t o

2 .1 7 ,  w hich i s  lo w er th a n  any v a lu e  p r e v io u s ly  o b ta in e d . A lso , t h i s

v a lu e  o f  F /F  i s  v e ry  c lo s e  t o  2 .0  f o r  an i d e a l  Fe s in g le  c r y s t a l  sam p le , 
L Lj

f r e e  o f  l a t t i c e  im p e r fe c t io n s ,  w here domains a re  random ly d i s t r i b u t e d

among th e  e a sy  a x e s .  The v a lu e  o f  X T in  F ig u re  39 c o rre sp o n d in g  t o  t h i sL
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p o in t  o f  F^/F^ i s  a ls o  v e ry  low, i n d ic a t in g  sm a ll v a r i a t i o n s  in  th e  lo n g i ­

t u d in a l  components o f  t h e  l o c a l  f i e l d ,  and seem ing to  im ply  t h a t  t h i s  F_/FtT L
c o rre sp o n d s  to  an a lm o s t random d i s t r i b u t i o n  o f  dom ains.

An unm agnetized  sam ple can n o t b e  m ag n e tized  by  an e x te r n a l

u n ia x i a l  s t r e s s  a lo n g , n o r  can a  p a r t i a l l y  m ag n e tized  sam ple be  b ro u g h t

in to  t h e  unm agnetized  s t a t e  by a  u n i a x i a l  s t r e s s  a lo n g  th e  m a g n e tiz a tio n  

33a x i s ,  p ro v id e d  t h a t  t h e  e x te r n a l  s t r e s s  does n o t  a l t e r  th e  shape o f  th e  

p o t e n t i a l  su rface^  k e e p in g  th e  sam ple p a r t i a l l y  m a g n e tiz e d . Then, one 

m ight t h in k  t h a t  th e  sm a ll in d u ced  s t r a i n  has a f f e c te d  th e  p o t e n t i a l  to  

b r in g  th e  sam ple to  a  n e a r ly  unm agnetized  s t a t e .  T h is  may be  t r u e  b u t  

th e r e  i s  no c l e a r  e v id e n c e  to  s u p p o r t  t h i s  a rgum ent.

B. I n t e r p r e t a t i o n  o f  t h e  R e s u lts  from  th e  Fe <100 > Sample

From th e  d is c u s s io n  g iv e n  i n  th e  p re v io u s  s e c t io n  i t  i s  c l e a r

t h a t  th e  s t r e s s  dependence o f  c e r t a i n  p a ra m e te rs ,  l i k e  Am and AT , c a n -T L

n o t b e  e x p la in e d  f u r t h e r .  T h is  i s  b e c au se  th e y  s t r o n g ly  depend on th e  

h i s t o r y  o f  th e  sam ple and  i t  i s  e x tre m e ly  d i f f i c u l t  t o  t r a c e  back  th e  

e f f e c t  o f  p re v io u s  t re a tm e n t  (m e c h an ic a l a n d /o r  m ag n e tic )  i n  l a t e r  m easure­

m ents o f  th e s e  p a ra m e te rs .  T h e r fo re ,  i n  t h i s  s e c t io n  th e  i n t e r p r e t a t i o n  

w i l l  b e  made m ain ly  upon th e  s t r e s s  dependence o f  Bp , th e  l o c a l  f i e l d  

a t  th e  muon.

The s lo p e  o f  £Bp /g £  was ta k e n  from  th e  r e s u l t s  o f  s te p  3 

(F ig u re  33) f o r  an ob v io u s re a s o n . The a v e rag e  o f  th e  f re q u e n c ie s  i n  r e ­

l e a s e d  s t a t e s  was c a lc u la t e d  t o  be 1+7.7^ +. 0*125 MHz. The r e s u l t  o f  th e  

s t r i g h t  l i n e  f i t  f o r  fo u r  p o in ts  gave = + 2 5 .1  +, 1 .7 0  G /l0 0 |i

s t r a i n .  The s ig n  o f  th e  s lo p e  was ta k e n  t o  be p o s i t i v e  b e c au se  th e  de­

c re a s e  in  t h e  m agnitude o f  means Bp i s  l e s s  n e g a t iv e .
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a . C o n tr ib u t io n s  t o  t h e  change i n  B ̂

From th e  e x p re s s io n  o f  "3^ :

Bp = Bu I- + Bocl + Bdem

th e  l a s t  two te rm s a r e  in d ep e n d e n t o f  th e  in d u ce d  s t r a i n  and  th u s  w i l l  n o t

b e  c o n s id e re d . I f  we a llo w  th e  L o re n tz  sh p e re  t o  d i s t o r t  a s  t h e  s t r a i n  i s

in d u ced  i n  th e  c r y s t a l ,  t h e  d e v ia t io n  o f  from  UfT Mg /3  i s  - 0 .7  G/100 

s t r a i n .  T h is  v a lu e  i s  o b ta in e d  by  assum ing t h a t  Mg i s  n o t changed  by  

th e  e x te r n a l  s t r e s s .  Of c o u rs e  t h i s  i s  n o t t r u e ,b u t  i t  w i l l  b e  seen  t o  be 

n e g l i g ib l e .  However, i f  one c a lc u la t e d  th e  d ip o la r  f i e l d ,  B^, in s id e  a 

p e r f e c t  sp h e re  in  t h e  s t r a in e d  l a t t i c e  th e  L o re n tz  f i e l d  i s  s t i l l  (UTT /3)M s

and th e  o n ly  th in g  t o  be c o n s id e re d  i s  th e  change in  Mg by th e  e x te r n a l  

s t r e s s .

As f a r  as we know, no d i r e c t  m easurem ent o f  th e  dependence o f

M on th e  e x te r n a l  u n i a x i a l  s t r e s s  h a s  b een  r e p o r te d  on p u re  F e . The s

therm odynam ic r e l a t i o n  betw een  v a r i a b le s  in c lu d in g  Mg and c" , u n ia x ia l

30s t r e s s ,  can be  w r i t t e n

I .skU (atk)

w here i s  t h e  s a tu r a t i o n  m a g n e to s t r ic t io n  a lo n g  th e  e x te r n a l  f i e l d  H and 

th e  l e f t  hand  s id e  o f  th e  above e q u a tio n  i s  c a l l e d  th e  m a g n e to s t r ic t io n  o f  

p a ra p ro c e s s  o r  th e  f o rc e d  m a g n e to s t r ic t io n  ( s e e  F ig u re  1 2 ) . Calhoun e t  a l .  

have m easured  ( aA /  aH ) _  m a lo n g  v a r io u s  d i r e c t i o n s  i n  a  s in g l e  c r y s t a l
S  j  1

d is k  o f  p u re  Fe and th e  v a lu e  a lo n g  <100> was 2 .3  x l O '^ / G  a t  room

te m p e ra tu re  w ith  no e x te r n a l  s t r e s s .  T h e re fo re ,  we ta k e  ( ^  ) =
S II 9 X

2 .3  x  10~^ G /bar and t h i s  i s  n o t e x p e c te d  t o  be s i g n i f i c a n t l y  changed w ith
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a  h ig h  s t r e s s .  From t h i s  one g e ts  AM a  0.12G a t  th e  y i e l d  s t r a i n  o fs
-6UOO x 10” . The sm a lln e s s  o f  t h i s  change in  th e  s a tu r a t i o n  m a g n e tiz a -

l i Q
t i o n  i s  i n d i r e c t l y  co n firm ed  by  B e lo v 's  m easurem ents i n  Fe a l l o y s .  He 

d e m o n s tra te d  t h a t  ( B M /  a<y ) m was anom alously  h ig h  in  a l lo y s  and i tS ll jl
was a lm o st u n d e te c ta b le  i n  p u re  fe r ro m a g n e tic  m e ta ls .  F u r th e r f o r e ,

( SM /  a s -  ) had  a  peak  in  th e  v i c i n i t y  o f  th e  C urie  te m p e ra tu re , s  n 91

On t h i s  b a s i s ,  we conc lude  t h a t  th e  c o n t r ib u t io n  o f  AM to  BT i s  neg -S Li
l i g i b l e .

Under th e  e x p e r im e n ta l  c o n d it io n s  o f  t h i s  work a l l  te rm s  c o n t r ib ­

u t in g  to  B h a r e  c o l l i n e a r  and th e  v e c to r  n o ta t io n  i s  n o t n eeded . 

D i f f e r e n t i a t i n g  Bp w ith  r e s p e c t  to  th e  in d u ce d  s t r a i n ,  we have

t

Terms in  th e  r i g h t  hand s id e  o f  th e  above e q u a tio n  a r e  w r i t t e n  as  d e r iv a ­

t i v e s  o f  av e ra g e d  f i e l d s .  T h is  i s  b e c a u se  i n  Fe t h e  r a p id  m otion  o f  a  

muon alw ays a v e ra g e s  b o th  B^ and B ^  o v e r  m a g n e t ic a lly  in e q u iv a le n t  

s i t e s .  The d ip o la r  f i e l d  a t  each  s i t e  (n o t on th e  muon) i s  shown in  

F ig u re  1*1.
,*v»

I f  an Fe c r y s t a l  i s  u n s t r a in e d  B^ i s  z e ro  b e cau se  th e  f r e e  

e n e rg ie s  o f  s i t e s  o f  each  ty p e  ( o c t a -  o r  t e t r a h e d r a l  s i t e )  a r e  th e  same. 

When t h e  c r y s t a l  symmetry i s  lo w ered  by  an e x te r n a l  s t r e s s  ( o th e r  th a n
(V

h y d r o s t a t i c  p r e s s u r e )  B^ i s  n o t z e ro  any more and  i t  can b e  c a lc u la te d  

( s e e  A ppendix C ). H y p e rfin e  f i e l d s  a t  m a g n e t ic a lly  in e q u iv a le n t  s i t e s

may a ls o  be  d i f f e r e n t  b u t  we know t h a t  B, _ f  B, „ = B, „ u n d er th e  s i t u a -
3

t i o n  i l l u s t r a t e d  in  F ig u re  H i.
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X

F ig . U l. The d ip o la r  f i e l d  a t  each  s i t e  w ith  (a )  o c ta h e d ra l  and 
(b ) t e t r a h e d r a l  symmetry in  th e  absence  o f  th e  muon.
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b . The change in

The h y p e r f in e  f i e l d  a t  a  muon i s  u s u a l ly  w r i t t e n  as

w here ? |(0 )  r e p r e s e n t s  th e  s p in  d e n s i ty  enhancem ent by  th e  p re se n c e  o f  th e

muon and ( i*q+ -  no~) -*-s i n t r i n s i c  l o c a l  m a g n e tiz a tio n  a t  a  s i t e  t h a t

a  muon i s  to  occupy . I t  i s  u s u a l ly  assum ed t h a t  th e  change in  ( n ^ - n ^ - )

ro u g h ly  fo llo w s  t h a t  i n  M .s
1*

From th e  r e s u l t  o f  Hartman e t  a l  > i t  i s  seen  t h a t

N  I - 6^  AY <v-ŝ - f o r  a  volume s t r a i n  o f  300 x 10 s w hich c o rre sp o n d s  to
_6 ■'*- . 

a  l i n e a r  s t r a i n  o f  100 x 10 . I f  we assume t h a t  = ^ z  = A B ^j

i n  th e  c a se  o f  H artm an 's  e x p e rim e n t, th e  change i n  ^due to  th e  e x te r n a l

u n ia x ia l  s t r e s s  can b e  e s t im a te d .

Combining e x p e rim e n ta l r e s u l t s  o f  = - 0 .2 8  x  10~^/k  b a r" ^

and d-HtW/ap = - 0 .5 9  x  10~ ^/k  b a r , ^  one g e ts  -  &Lx0 .4 7 3 " .  W ith

t h i s  i t  can be  e s t im a te d  t h a t  AMg = 0.231* G p e r  th e  volume s t r a i n  o f  

—6300 x  10" , by  th e  a p p l i c a t io n  o f  a  h y p o th e t ic a l  in v e r s e  h y d r o s ta t i c

—6p r e s s u r e ,  w hich c o rre sp o n d s  to  a  l i n e a r  s t r a i n  o f  100 x 10”  . Thus we

—6can say  t h a t  th e  l i n e a r  s t r a i n  o f  1*00 x 10~ by th e  in v e r s e  h y d r o s ta t i c  

p r e s s u r e  w i l l  p roduce  A Ms = 0 .936  G. T h is  v a lu e  i s  much h ig h e r  th a n

-6t h a t  o f  0 .1 2  G p r e v io u s ly  o b ta in e d  f o r  th e  u n ia x ia l, s t r a i n  o f  1*00 x 10~ .

52 53A cco rd ing  to  K o n d o ro sk ii e t  a l . , an e x te r n a l  h y d r o s ta t i c

p r e s s u r e  changes v a lu e s  o f  exchange i n t e g r a l s  by  chang ing  in te r a to m ic

d i s t a n c e s .  Such changes in  exchange i n t e g r a l s  a l t e r  th e  m o le c u la r  f i e l d

a c t in g  upon t h e  c o n d u c tio n  e l e c t r o n s , th u s  a f f e c t i n g  M . The t r a n s f e r  o fs
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e le c t r o n s  from  th e  s band  to  d  b an d , o r  v ic e  v e r s a ,  o c c u rs  u n d er l a t t i c e  

com pression  ( s e e  R efe ren ces  5 0 , 52 and 53 f o r  d e t a i l s ) . -  T h e re fo re , th e  

s m a l le r  v a lu e  o f  AMg by a  u n ia x ia l  s t r e s s , compared w ith  t h a t  cau sed  

by  a  c o rre sp o n d in g  h y d r o s ta t i c  p r e s s u r e ,  i n d ic a te s  t h a t  th e  e f f e c t  on th e  

l o c a l  e l e c t r o n i c  s t r u c tu r e  m ust be s m a lle r  i n  th e  ca se  o f  u n i a x i a l  s t r e s s .

A s h i f t  o f  - ' 0 . 3  G f o r  a  l i n e a r  s t r a i n  o f  100 x 10- ^ by

a  u n ia x i a l  s t r e s s  a p p lie d  a lo n g  th e  <100 > - a x i s  o f  Fe i s  o b ta in e d  

w ith  th e  assu m p tio n s sum m arized below :

i )  a  l i n e a r  r e l a t i o n s h ip  betw een  (n^* -  ng~) 

i i )  no s i g n i f i c a n t  d i f f e r e n c e  betw een  changes i n ^ ( 0 )  by 

h y d r o s ta t i c  and u n ia x ia l  s t r e s s

i i i )  A = A B ^  from  th e  m easurem ents by Hartm an e t  a l .

I t  sh o u ld  be  n o te d  t h a t ,  by ( i i i )  above , we a r e  t e n t a t i v e l y  assum ing th e  

same ( o r  a lm o s t same) m agnitude o f  th e  h y p e r f in e  f i e l d  a t  s i t e s  o f  each  

ty p e .  T h is  means t h a t  th e  h y p e r f in e  f i e l d  sh o u ld  n o t s i g n i f i c a n t l y  de­

pend on s i t e s  o f  one ty p e .  F ig u re  h2 shows th e  l o c a l  m agnetic  moment 

d i s t r i b u t i o n  in  an Fe u n i t  c e l l  deduced from  th e  n e u tro n  s c a t t e r in g  e x -  

p e n m e n t .  A ccord ing  t o  t h i s  f i g u r e ,  th e  l o c a l  m a g n e tiz a tio n  i s  th e  

same a t  th e  t h r e e  s i t e s  o f  o c ta -  o r  t e t r a h e d r a l  symm etry.

c . The change i n  t h e  m u o n -o c c u p a tio n -p ro b a b il ity  a t  an i n t e r s t i t i a l  s i t e

H ost atom s around  an i n t e r s t i t i a l  s i t e  o c c u p ie d  by a  muon d i s ­

p la c e  to  form  an e l a s t i c  d ip o le  as  d is c u s s e d  in  C h ap te r IV . Not c o n s id ­

e r in g  th e  m a g n e to s t r ic t io n ,  t h a t  i s  th e  f a c t  t h a t  t h e  edge o f  a  u n i t  c e l l

i n  Fe i s  s l i g h t l y  lo n g e r  a lo n g  th e  d i r e c t i o n  o f  M , e l a s t i c  d ip o le s  a ts

t h r e e  s i t e s ,  w ith  th e  same sym m etry, a re  i n i t i a l l y  in  th e  same f r e e
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3d Lobes

Magnetization ( K Gauss) Iron nucleus

F ig . k 2 .  L oca l m a g n e tiz a tio n  in  an Fe u n i t  c e l l  m easured  by  n e u tro n  
s c a t t e r i n g  e x p e rim e n t. R eproduced from  R efe ren ce  5L.
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en erg y  l e v e l .  An e x te r n a l  s t r e s s  a p p l ie d  a lo n g  th e  <100> a x is  removes 

th e  d eg en eracy  o f  t h i s  en e rg y  l e v e l  a s  shown i n  F ig u re  2 k .  From e q u a tio n  

(U .2 1 ) th e  d i f f e r e n c e  betw een e n e rg y  l e v e l s  i s

Ay = - ( S i i - S i a )  ( p , - ? 2 ) 0 -

= - ( S " ' S a ) /Si ,  ‘ ( T i - P z )

The f a c t o r  ( s ^  -  S - ^ /S - p  i s  e s t im a te d  t o  be  1 .3 7 ^  and S11 c  i s  th e  s t r a i n

in d u ced  a lo n g  th e  < 100) - a x i s .  Hence th e  above e x p re s s io n  o f  4  g can

be r e w r i t t e n  a s ,  i n  t h e  c a s e  o f  F e ,

Ay = - l -  574- <?, -  p2) 6 )c)0

The n o ta t io n  c o n v e n tio n  i s :  A  g = g^ -  and g^ i s  th e  f r e e  e n e rg y  o f

s i t e  1 w here th e  t e t r a g o n a l  a x is  i s  p a r a l l e l  t o  th e  s t r e s s  a x i s .  For 

exam ple, f o r  o c ta h e d r a l  s i t e s ,  and by  a  t e n s i l e  s t r e s s  g^ becomes

lo w er th a n  g^ .

The v a lu e  o f  (P^ -  P^) i s  n o t a v a i l a b l e  f o r  th e  muon i n  Fe.

55However, from  th e  r e s u l t s  o f  c a lc u la t io n s  by  Sugim oto e t  a l .  i n  Nb we 

can  ap p ro x im ate  a  v a lu e  f o r  F e . T h e ir  r e s u l t s  f o r  th e  muon i n  Nb a re  

re p ro d u c e d  in  T ab le  5 ( a ) .  The c o n f ig u r a t io n s  o f  I T , 1+T(0) and 6t  a re  

shown i n  F ig u re  U3 . They a ls o  s tu d ie d  f o r  hydrogen  th e  e f f e c t s  on th e  

n u m e ric a l r e s u l t s  when t h e  l a t t i c e  p a ra m e te r  i s  re d u c e d . These a r e  shown 

i n  T ab le  5 ( b ) .  From t h i s  th e y  found t h a t  t h e  r e d u c t io n  o f  th e  l a t t i c e  

p a ra m e te r  alw ays te n d s  t o  s t a b i l i z e  th e  U t(0 ) c o n f ig u r a t io n .  F o r hydro ­

g e n , t h i s  can  be se e n  from  th e  v a lu e s  o f  -  E^T i n  c a s e s  1 and 3

i n  T ab le  5 (b ) .

S in c e  th e  l a t t i c e  c o n s ta n t  o f  Fe i s  s m a l le r  th a n  t h a t  o f  Nb 

(2 .8 7  A° v s .  3 .3 A ° ) , p a ra m e te r  v a lu e s  i n  T ab le  5 (a )  sh o u ld  b e  d i f f e r e n t
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4T(0)

F ig . k3 .  T hree p o s s ib le  o c c u p a t io n a l  c o n f ig u r a t io n s  o f  i n t e r s t i t i a l s  
in  a  BCC c r y s t a l .
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f o r  Fe. For a  s im p le  com p ariso n , was c a lc u la t e d  f o r  each  c o n f ig ­

u r a t io n  from  l i n e  1 and l i n e  k i n  T ab le  5 ( b ) .  -The m agnitude o f  (Pj_“ ^2^ 

in c r e a s e d  by  9 .7 $  and 5*3$ f o r  IT  and U t ( 0 ) - c o n f ig u r a t io n s ,  r e s p e c t iv e ly ,  

upon re d u c in g  th e  l a t t i c e  p a ra m e te r  from  3 .3  A0 t o  3 .0A °. Assuming

l i n e a r i t y ,  changes in  (P ..-P  ) w i l l  b e  1 3 .9 $  and 7 .5 $  f o r  IT  and Ut ( 0 ) -
1 2

c o n f ig u r a t io n s ,  r e s p e c t i v e ly ,  by  re d u c in g  th e  l a t t i c e  p a ra m e te r  from

3 .3  A° t o  2 .8 7  A°. A pply ing  th e  same r a t e s  o f  ch an g e , v a lu e s  o f  

f o r  th e  muon i n  Nb a r e  e s t im a te d  a s  g iv en  below .

C o n f ig u ra tio n  (P ^ -P ^ J fo r  3 .3  A° ^Pl -P 2^ f o r  ^ °

IT  -1 .0 7 5  -1 .2 3

UT(O) 3.^66  3 .7 3

The u n i t  o f  ( P ^ - ^ )  a s  e l e c t r o n - v o l t .  We assum e t h a t  v a lu e s  o f  ( P^- ^ ^  

in  Fe sh o u ld  be c lo s e  to  th o s e  in  th e  second  colum n.

d. The s t r e s s  dependence o f  Bp

In  p a r t  c o f  t h i s  s e c t io n  t h e  change i n  a t  any s i t e  has 

been  e s tim a te d  to  b e  a b o u t-0 .3  G p e r  100 j j s t r a i n .  S in c e  s e v e r a l  assump­

t i o n s  have been  made t o  g e t  t h i s  r e s u l t ,  t h e  n u m e ric a l v a lu e  may n o t b e  

a c c u r a te  b u t  th e  o r d e r  o f  m agnitude  sh o u ld  b e  c o r r e c t .  Hence n e g le c t in g  

t h i s  change i n  t h e  i n d iv id u a l  we can  w r i te

36

I f  we assum e B = B _ 0 (=B, _ ) ,  t h e  l a s t  te rm  v a n is h e s . Then th enx ji. h i xix j j

change i n  Bp upon th e  e x te r n a l  s t r e s s  r e s u l t s  from  th e  change in  B ^, and 

th e  i n t e r p r e t a t i o n  o f  t h e  s t r e s s  dependence o f  Bp i s  s t r a ig h t f o r w a r d .
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Remembering t h a t  t h e  d i r e c t i o n  o f  ip  i s  o p p o s ite  t o  t h a t  o f
A#

Mg , i t  i s  c l e a r  t h a t  m ust b e  p a r a l l e l  t o  M . As shown in  F ig u re  4 1 ,  

f o r  o c ta h e d ra l  s i t e s ,  t h e  muon spends more tim e  a t  s i t e  1 when th e  u n i t  

c e l l  i s  s t r a in e d  a lo n g  Mg . The d ip o la r  f i e l d  a t  s i t e  1 (2 )  i s  +18.U6 

(-9 * 2 3 ) kG and so  even a. 0.1% in c r e a s e  o f  th e  muon c o r r e l a t i o n  tim e  

f o r  s i t e  1 w i l l  c a u se  an  in c r e a s e  o f  2 7 .7  G i n  th e  av e ra g e d  d ip o la r  f i e l d .

I n  th e  c a se  o f  t e t r a h e d r a l  s i t e s  th e  muon spends l e s s  tim e  a t  

s i t e  1 and  B̂  ^ i s  n e g a tiv e  t h e r e .  Thus th e  r e s u l t i n g  e f f e c t  on w i l l  

be  t h e  sam e, t h a t  i s ,  p o s i t i v e .  T h e re fo re , r e g a r d le s s  o f  th e  ty p e  o f  

s i t e s  t h a t  th e  muon o c c u p ie s ,  B^ alw ays c o n t r ib u te s  t o  a  d e c re a s e  i n  th e  

fre q u e n c y  i f  th e  domain m a g n e tiz a tio n  i s  a l ig n e d  w ith  th e  a x is  o f  t h e  

t e n s i l e  s t r e s s  a p p lie d  a lo n g  one o f  th e  c r y s t a l  a x e s .

The slow  d e c re a se  i n  f re q u e n c y  a t  low  s t r a i n  re g io n s  o f  s te p s  1 

and 2 can e a s i l y  be e x p la in e d . F o r t h i s  we do n o t need  th e  assum ption  

t h a t  th e  B^f  ^ ’ s a r e  a l l  t h e  sam e. Suppose th e r e  a r e  th r e e  u n i t  c e l l s  

a l l  s t r a i n e d  i n  t h e  same d i r e c t i o n  b u t  m ag n e tized  i n  d i f f e r e n t  d i r e c t i o n s .  

We can  o v e r la p  th e s e  u n i t  c e l l s  such  t h a t  t h r e e  d i f f e r e n t  o c ta - o r  t e t r a ­

h e d r a l  s i t e s  a r e  b ro u g h t i n to  a  p o in t  and  t h e i r  m a g n e tiz a tio n s  p o in t  in  

one d i r e c t i o n .  As shown in  F ig u re  k k ,  t h e  r e s u l t a n t  c r y s t a l  i s  s p h e r i c a l ly  

sym m etric ab o u t th e  o r i g i n  and  th e  t o t a l  d ip o la r  f i e l d  a t  t h i s  o r ig i n  

m ust be  z e ro  ( s e e  A ppendix C ). T h e re fo re , th e  d e c re a s e  i n  fre q u e n c y  i n  

t h e  domain a l ig n e d  a lo n g  th e  s t r e s s  a x is  i s  alw ays com pensated by  th e  

f re q u e n c y  in c r e a s e  i n  o th e r  dom ains.

I f  we assume t h a t  B ^  ^ ' s  a r e  a l l  th e  same a t  s i t e s  o f  o c ta -  

o r  t e t r a h e d r a l  sym m etry, B^f  sh o u ld  b e  z e ro . Even th o u g h  th e y  a re  n o t
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(b )(a )

(c )

F ig . 1A. O v erla p p in g  o f  th e  t h r e e  s i t e s  o f  ( a ) ,  (b)  and  ( c )  form s a  
c r y s t a l  w hich i s  s p h e r i c a l l y  sym m etric a b o u t i t s  o r ig i n  as 
shown in  ( d ) .  These show t h a t  th e  d ip o la r  f i e l d  av e ra g e d  
o v e r a  r e g io n  o f  th e  sam ple m ust b e  z e ro .
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th e  sam e, we can se e  t h a t  B ^ sh o u ld  "be c lo s e  t o  z e ro  in  th e  low s t r a i n

r e g io n .  T h is  i s  b e c a u se  t h e  summ ation o f  A f. o v e r  th e  t h r e e  i^*1 s i t e s
1

i n  ( a ) ,  (b)  and ( c )  o f  F ig u re  kb  i s  a lm o st ze ro  and th e  same i s  t r u e  f o r

t e t r a h e d r a l  s i t e s .  T h is  means t h a t  AB, _ in  th e  low s t r a i n  r e g io n  sh o u ld
h f

be z e ro  o r  v e ry  sm a ll. Hence i f  dom ains a r e  random ly d i s t r i b u t e d  among 

e a sy  a x e s ,  th e r e  w i l l  be  a lm o st no change i n  fre q u e n c y  upon th e  a p p l ic a ­

t i o n  o f  e x te r n a l  t e n s i l e  s t r e s s .  S in c e  th e  t e n s i l e  s t r e s s  b re a k s  th e  

random ness o f  t h e  domain d i s t r i b u t i o n ,  t h e  s l i g h t  d e c re a s e  o f  fre q u e n c y  

i n  t h e  low  s t r a i n  r e g io n  i s  w e l l  u n d e rs to o d .

e . e s ‘t i ma'ted  f o r  th e  muon i n  Fe from  th e  e x p e r im e n ta l  r e s u l t

The e s t im a te  o f  v a lu e s  o f  (P n-P „) was made assum ing t h a t  th e  B, „ . ’ s
jL d  h f  ,1

a re  th e  same a t  s i t e s  o f  each  o c ta - o r  t e t r a h e d r a l  sym m etry. Such an assump­

t i o n  i s  s u p p o rte d  by  th e  f a c t  t h a t  t h e  l o c a l  m a g n e tiz a tio n  d e n s i ty  m easured 

by n e u tro n  s c a t t e r i n g  does n o t  show any d i f f e r e n c e  betw een  s i t e s  o f  th e  

same sym m etry. T h is  can  be se e n  i n  F ig u re  k 2 . W ith t h i s  a s su m p tio n , 

a B h f  / 3 £  = o  , T h e re fo re , we g e t  a  s im p le  e q u a tio n

SBf a 2  j £ ^ |  (6so) + * L b j ; (€o0)
36 *- L

■where, from  th e  e x p e rim e n t, — = 2 5 .1  G/100 u s t r a i n .3 c  I

W rit in g  f^  = f g ( l  + € ) ,  we can  e a s i l y  o b ta in

c' = t , ( S s - 3 f a ^ ; )
and

f , -  p2 = J s L  jln, f -z-Cit c , 6 00)1
1.3 7 4 6 ,0,, L z - c , 6 , t o  *

F or a  p o in t  l i k e  muon (o r  w ith  a  s h o r t  ran g e d  s p h e r ic a l  wave 

f u n c t io n )  w hich does n o t  p roduce  a  l o c a l  l a t t i c e  d i s t o r t i o n  a ro u n d  i t ,
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B dl 0 ca -̂cu^a^ e<̂  "k° *̂e 18*6U kG f o r  t h e  o c ta h e d ra l  s i t e  and -5*253 kG

f o r  th e  t e t r a h e d r a l  s i t e .  L 3 j . i s  a l s o  c a lc u la t e d  to  be  -1 1 .9  G/1003£ i ►

|i . s t r a i n  and -5 .^- G/100 | i s t r a i n  f o r  t h e  o c ta h e d ra l  s i t e  and th e  t e t ­

r a h e d r a l  s i t e ,  r e s p e c t iv e ly .  The ( P1~P2^ ’fchus c a lc u la t e d  a re  0 .8 5  eV 

f o r  th e  o c ta h e d ra l  s i t e  and -2 .3 9  eV f o r  th e  t e t r a h e d r a l  s i t e .

Comparing th e s e  v a lu e s  o f  (P^- -1̂  wi^ h  th o s e  g iv en  in  th e  

second  column o f  th e  t a b l e  in  p a r t  d ,  th e  agreem ent seems to  b e  b e t t e r  

i n  th e  c a se  o f  th e  t e t r a h e d r a l  s i t e .  Then does t h i s  mean t h a t  muons p r e ­

f e r  to  s to p  a t  t e t r a h e d r a l  s i t e s  in  Fe? The answ er i s  n o . T h is  i s  b e c au se  

w ith o u t h a v in g  th e  l o c a l  d i s t o r t i o n  o f  t h e  l a t t i c e  a round  th e  muon ( )  

i s  in d e e d  m e a n in g le s s . I f  we sim p ly  assum e t h a t  t h e  muon d is p la c e s  th e  

n e ig h b o r in g  atom s i n  Fe a s  i t  does i n  Nb, w ith  th e  in fo rm a tio n  g iv en  i n  

T ab le  5 ( a ) ,  ^ can  be  c a lc u la t e d  t o  be  13 .5 6 3  kG and -3 .7 2 6  kG f o r

o c ta -  and t e t r a h e d r a l  s i t e s ,  r e s p e c t i v e ly .  Then -*-s 1*17 eV f o r

th e  o c ta h e d ra l  s i t e  and - 3 .^ 2  eV f o r  th e  t e t r a h e d r a l  s i t e .  S in ce  th e  

l a t t i c e  p a ra m e te r  o f  Fe i s  s m a lle r  th a n  t h a t  o f  Nb, th e  r a t i o  u /a  sh o u ld  

be l a r g e r  i n  Fe r e s u l t i n g  i n  l a r g e r  m agn itudes o f  ( )  in  b o th  c a s e s .

However, t h e  f u r t h e r  c o r r e c t io n  can be  shown t o  be  s m a l l .  For exam ple,

i f  we ta k e  u ^  = x 3 .3 /2 .8 7 ,  th e n  ^ in  th e  o c ta h e d ra l  s i t e

becomes 12 .9 9  kG w hich g iv e s  ( P j ^ ^ )  = 1*21 eV.

Up to  t h i s  p o in t  we have t r e a t e d  th e  muon wave fu n c t io n  as 

s p h e r i c a l ly  sym m etric and v e ry  s h o r t  ra n g e d . S in c e  th e  i n t e r s t i t i a l  s i t e s  

o f  BCC l a t t i c e s  p o s s e s s  t e t r a g o n a l  sym m etry, t h e  muon wave f u n c t io n  i s  n o t 

l i k e l y  t o  be  s p h e r i c a l .  For t h i s  r e a s o n ,  we chose a  p a r t i c u l a r  form  o f  

t h e  muon wave f u n c t io n  so  t h a t  th e  p r o b a b i l i t y  d e n s i ty  i s
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- i t i  - /  
l̂ ki = ~ ~ — — €  «2 e  Pz

r ^  pTT2

f o r  a  s i t e  w ith  th e  t e t r a g o n a l  a x is  p a r a l l e l  to  M = M Z and c a lc u la te ds  s

( s e e  A ppendix C)

< B j >  = J  Bd tfl> Ifyifrfd/l

Wave fu n c t io n s  o f  t h e  muon i n  Nb a re  shown in  F ig u re  1+5 f o r  b o th  

55c o n f ig u r a t io n s .  By a  v i s u a l  com parison , th e  v a lu e  o f  c/L was e s t im a te d  

to  b e  ab o u t 0 .1 9  f o r  b o th  c o n f ig u r a t io n s  and p  i s  e x p e c te d  to  be  c lo s e  

to  oi /  J~2. S in ce  we do n o t know th e  v a lu e  o f  o( i n  F e , in  t h e  c a lc u la t io n  

o( was v a r i e d  from  0 .1 5  t o  0 .2 5  f o r  t h e  1 + T (0 )-c o n fig u ra tio n  and from  

0 .1 5  to  0 .2 2  f o r  th e  lT - c o n f ig u r a t io n .  The f u n c t io n a l  form  o f

= e

i s  shown i n  F ig u re  1+6 f o r  s e v e r a l  v a lu e s  o f  oi .

F ig u re  1+7 and F ig u re  1+8 show th e  r e s u l t s  o f  th e  c a lc u la t io n  o f

q i n  th e  1+T(0) and lT - c o n f ig u r a t io n ,  r e s p e c t iv e ly .  S im i la r  c a lc u la -

t i o n s  w ere perfo rm ed  on Bc^ and Bd2 w ith  = 100 x 10_ f o r  b o th

c o n f ig u r a t io n s .  The c a lc u la t e d  r e s u l t s  o f  a re  p l o t t e d  i n  th e
•3 a e  c *•

n e x t two f ig u r e s .

F ig u re  51 shows th e  r e s u l t  o f  (  ̂ f o r  t h e  1+T( 0) c o n f ig u r a t io n .  

Two c u rv e s  a r e  drawn f o r  <X = p and oi = J~2 p , B ecause o f  th e  t e t r a ­

g o n a l symmetry o f  i n t e r s t i t i a l  s i t e s  we c o n s id e r  th e  v a lu e s  o f  (P^-P g) 

a lo n g  o( = J 2  p as  more r e a l i s t i c .  I f  we assume oi = 0 .2  f o r  Fe ,

( P ^ P g )  sh o u ld  b e  abou t 1 .8  eV. On th e  o th e r  h a n d , from  th e  r e s u l t  f o r

th e  lT - c o n f ig u r a t io n ,  shown in  F ig u re  52 , shou-l-  ̂ *>e c lo s e  to

- 6 .0  eV f o r  o( = 0 . 2 .
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F ig . 1+5( a ) .  G ro u n d -s ta te  wave fu n c t io n s  o f  a  p ro to n ,  a  t r i t o n ,  and a
p o s i t i v e  muon i n  th e  IT  c o n f ig u r a t io n  i n  Nb. V a r ia t io n  o f  th e  
am p litu d e  in  some p r in c i p a l  d i r e c t i o n s  on th e  (001) p la n e  i s  
shown.

OS

-03

- 1.0

A’A

F ig . U5(b) .  P o t e n t i a l  p r o f i l e s  and g r o u n d - s ta te  wave fu n c t io n s  o f  a  
p ro to n  and  a  p o s i t i v e  muon i n  th e  c o n f ig u r a t io n  i n  Nb. 
V a r ia t io n  a lo n g  th e  l i n e  AA' i n  th e  i n s e t  i s  shown.
(a )  P o t e n t i a l  p r o f i l e  in  t h e  u n d i s to r te d  l a t t i c e ,  (b )  p r o to n ,  
and (c )  muon.
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P r e v io u s ly ,  we e s tim a te d  v a lu e s  o f  ( P^-Pg^ ■f’o r  ^  wi ‘bh l a t ­

t i c e  p a ra m e te r  o f  2 .8 7  A°. These a r e  3 .7 3  eV and - 1 .2 3  eV f o r  th e  ltT(O) 

and lT - c o n f ig u r a t io n ,  r e s p e c t iv e ly .  Comparing th e s e  w ith  v a lu e s  e s t i ­

m ated  from  th e  e x p e r im e n ta l  r e s u l t s ,  we se e  t h a t  th e  agreem ent i s  much 

b e t t e r  in  th e  4t ( 0 ) - c o n f ig u r a t io n .  F u rth e rm o re , i f  we in c lu d e  th e  c o r r e c ­

t i o n  f o r  U /a f o r  F e , th e  m agnitude o f  Ŵ H  in c r e a s e  by  abou t

0 .0 5  eV i n  each  c a s e .  From t h i s  we conc lude  t h a t  t h e  muon sh o u ld  have 

th e  ifT(O) o c c u p a tio n a l  c o n f ig u r a t io n  in  Fe.

As d is c u s s e d  by  Sugim oto e t  a l . l i g h t e r  i n t e r s t i t i a l  i s o ­

to p e s  ap p e ar  to  be l a r g e r  in  s i z e  and th e  p r e f e r r e d  o c c u p a tio n  in  a  BCC 

c r y s t a l  i s  th e  ^ T (O )-c o n f ig u ra tio n . Such a  t r e n d  i s  v e r i f i e d  i n  t h e i r  

c a lc u la t io n  by show ing t h a t  i n  Nb t h e  more s t a b l e  c o n f ig u r a t io n  i s  IT  f o r  

h y d ro g en , w h ile  i t  i s  llT(O) f o r  th e  muon. A ls o , th e  r e d u c t io n  o f  th e  

l a t t i c e  p a ra m e te r  alw ays te n d s  t o  s t a b i l i z e  th e  Ut ( 0 ) - c o n f ig u r a t io n  in  a  

BCC c r y s t a l .  T h e re fo re ,  t h e  s t a b l e  s i t e  o f  a  muon i n  Fe sh o u ld  p ro b a b ly  

be t h e  U T (0 ) -c o n f ig u ra tio n .

The above d is c u s s io n  i s  a l s o  c o n s i s t e n t  w ith  t h e  c a lc u la t e d  

r e s u l t  o f  Johnson  e t  a l . , who showed t h a t  l a r g e  s iz e d  i n t e r s t i t i a l s ,

C, 0 ,  N, occupy th e  o c ta h e d ra l  s i t e s  o f  Fe and V by  d r a s t i c a l l y  lo w e rin g  

th e  p o t e n t i a l  e n e rg y  w ith  ou tw ard  d isp la c e m e n ts  o f  th e  two n e a r e s t -  

n e ig h b o r  a tom s.

f .  F u r th e r  d is c u s s io n  on ( P - j ^ ^

We now t u r n  o u r  a t t e n t i o n  to  p o s s ib le  c o r r e c t io n s  t o  th e  v a lu e  

o f  o b ta in e d  from  th e  e x p e r im e n ta l  r e s u l t .  The f i r s t  th in g  t o  be

c o n s id e re d  i s  t h e  c a lc u la t io n  o f  B „  „ o r  B,.. . In  th e  c a lc u la t io n  we



assum ed t h a t  t h e  d ip o le  moments a r e  n o t a f f e c te d  by  th e  p re se n c e  o f  th e  

muon b u t  t h i s  p ro b a b ly  i s  n o t t r u e .  The d i r e c t i o n  o f  t h e  m agnetic  moment 

o f  atom s c lo s e  to  t h e  muon may d e v ia te  from  th e  d i r e c t i o n  o f  th e  domain 

m a g n e tiz a tio n . T h is  w ould be  e s p e c i a l l y  so  f o r  th e  n e a re s t - n e ig h b o r  atom s 

a ro u n d  th e  t e t r a h e d r a l  s i t e .

The Z-component o f  th e  d ip o la r  f i e l d  a t  th e  t e t r a h e d r a l  s i t e  

due t o  t h e  fo u r  n e a r e s t  n e ig h b o r  atom s sh o u ld  be red u c e d  i f  th e  d i r e c t i o n  

o f  t h e i r  m agnetic  moments d e v ia te s  from  th e  Z -a x is .  S in c e  th e  c o n tr ib u ­

t i o n  o f  th e  fo u r  n e a r e s t  atom s t o  B,_ .. a t  th e  t e t r a h e d r a l  s i t e  i s  - 8 .9 2  kGd l ,0

( 96$ o f  th e  t o t a l  m a g n itu d e ) , th e  d e c re a s e  i n  B can  be s i g n i f i c a n t .
Cl. 11 jU

I f  t h i s  i s  s o ,  t h e  m agn itude  o f  c a lc u la t e d  sh o u ld  be  even l a r g e r

th a n  6 .0  i n  th e  lT - c o n f ig u r a t io n .  F ig u re  53 (a )  shows th e  d e v ia t io n  o f

th e  n e a r e s t  n e ig h b o r  moments from  th e  Z -a x is  i n  th e  c a se  o f  th e  1T-

c o n f ig u r a t io n  and  (b ) shows t h a t  th e r e  i s  no d e v ia t io n  f o r  th o s e  around

th e  o c ta h e d ra l  s i t e .

The n e x t  t h in g  t o  b e  c o n s id e re d  i s  a n o th e r  a ssu m p tio n  we made in

th e  d i p o la r  f i e l d  c a l c u l a t i o n .  We assum ed t h a t  each atom  c a r r i e s  th e  same

57e f f e c t i v e  number o f  Bohr m agnetons. As p o in te d  o u t by  S tro n a c h  e t  a l . ,  

e i t h e r  th e  f r e e  i t i n e r a n t  e le c t r o n s  o r  th e  l o c a l i z e d  e le c t r o n s  can  con­

t r i b u t e  to  B ^  in  F e . I f  we assum e t h a t  B ^  a r i s e s  m ain ly  from  th e  l o c a l i z e d  

e le c t r o n s  b e lo n g in g  t o  t h e  n e a r e s t  n e ig h b o r  i o n s ,  we can  no lo n g e r  c o n s id e r  

t h e  e f f e c t i v e  number o f  B ohr m agnetons c a r r i e d  by  th e s e  io n s  t o  be  th e  same 

a s  t h a t  f o r  an  io n  lo c a t e d  f a r  from  th e  muon. Then t h e  c o n t r ib u t io n  t o  

t h e  d ip o la r  f i e l d  by  th e  n e a r e s t  n e ig h b o r  io n s  would d e c re a s e  and i t  w i l l  

s u b s e q u e n tly  in c r e a s e  t h e  m agnitude o f  c o n f ig u r a t io n s .



«»■ <0

p  aw <D a) ft
a &
(D XI C P

OO fl

I
w 
"£
§ p
i  'H<uO H 

•H  -H
P  £  
QJ >

0  c3

<D
Id C
•£.S
0  - p  *3 O <U

l a
Q)
•P
•H
CO

■d
£0)■a
+=0)p

ao•H
tfl
CSJ •  

•H  ','~ xP  2̂ a> ^

a} <u 
0  - p  

•H 
CO

cd l b
P  " 8  £  
c3 (U

-P P
P

i 0 O

05 <S §<P o
a)o
P<d
CO0)
Sh
P i

c3

0> .H p  
■P CD iH 
Eh P  !*



150

T hese f a c t o r s  r e in f o r c e  o u r  c la im  t h a t  th e  lT - c o n f ig u r a t io n  i s  n o t c o r ­

r e c t  f o r  th e  muon o c c u p a tio n  i n  Fe.

T here a r e  some o th e r  c o r r e c t io n s  we can t h in k  o f .  For exam ple, 

we assum ed t h a t  t h e  p r o b a b i l i t y  o f  muon o c c u p a tio n  a t  each  s i t e  i s  th e  

same when th e  sam ple i s  u n s t r a in e d  b u t  t h i s  i s  n o t  t r u e .  As experim en-
r  Q

t a l l y  v e r i f i e d  by De V rie s  e t  a l . , i n t e r s t i t i a l  ca rb o n  atom s p r e f e r  to  

occupy o c ta h e d ra l  s i t e s  w ith  t e t r a g o n a l  ax es  p e rp e n d ic u la r  t o  th e  domain 

m a g n e tiz a tio n  d i r e c t i o n .  We can th in k  t h a t  t h i s  i s  th e  same f o r  th e  muon 

i n  Fe b u t  th e  c o r r e c t io n  t o  t h e  r e s u l t  f o r  (P^-Pg) i s  n e g l i g ib l e .  We 

may a ls o  assum e t h a t  t h e  h y p e r f in e  f i e l d  i s  n o t  t h e  same a t  o c ta -  o r  

t e t r a h e d r a l  s i t e s  w ith  d i f f e r e n t  o r i e n t a t i o n s  o f  th e  t e t r a g o n a l  a x i s .  

H ow ever, due t o  la c k  o f  in fo rm a tio n  we w i l l  n o t  d is c u s s  i t  f u r t h e r .

C. O th e r  R e s u lts

A f te r  th e  fo u r  s te p s  o f  t h e  ex p erim en t a l r e a d y  d e s c r ib e d ,  th e

Fe C100> sam ple was p u t i n  a  v i s e  and  was p re s s e d  t o  in d u ce  a  perm anent

d e fo rm a tio n  on a  sm a ll p o r t io n  o f  i t s  w ide f a c e .  By p r e s s in g  on one f a c e ,

t h e  sam ple was b e n t  and  when th e  e x te r n a l  t e n s i l e  s t r e s s  was a p p l ie d  one

fa c e  was u n d e r te n s io n  w h ile  th e  o th e r  one was u n d er co m p ressio n . R e s u lts

from  t h i s  ex p erim en t a r e  shown i n  T ab le  6 . S in c e  t h e  sam ple was b e n t

(p e rm a n e n tly ) , i t s  shape b e fo re  th e  a p p l i c a t io n  o f  e x te r n a l  s t r e s s  was

n o t re c o v e re d  by  r e l e a s i n g  th e  s t r e s s .  T h e re fo re , t h e  com parison  betw een

t h e  s t r e s s e d  and th e  r e l e a s e d  s t a t e  i s  n o t  o b v io u s . A few p o in ts  w i l l

be  m en tio n ed  in s t e a d  o f  g iv in g  r ig o ro u s  i n t e r p r e t a t i o n s :

2l )  To o b ta in  v a lu e s  o f  v e ry  c lo s e  t o  u n i t y ,  th e  t r a n s v e r s e  
- t / T 2

r e l a x a t i o n  te rm  e i n  th e  f i t t i n g  e q u a tio n  had  t o  be r e p la c e d  by

-  c r^ t^e . T h is  i n d ic a te s  t h a t  t h e  m otion  o f  a  muon was r e s t r i c t e d  t o  a

c e r t a i n  sm a ll r e g io n  i n  th e  c r y s t a l .
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T ab le  6 . Face 1 was u n d e r t e n s io n  and fa c e  2 was u n d e r com pres­

s io n  by  t h e  a p p l i c a t io n  o f  an e x te r n a l  t e n s i l e  s t r e s s .

(MHz)Face F requency  Fm/F T W eight S ta te1 L

1*8.196

+0 . 0l*2l* 2 .7 0 0 .0

UT.595 S*

+0 .0565

± 1*8.396

2 .3 6
9.81*

+0 . 07^0 1 .5 8 R

1*7 . 91*1* S

+0 . 021*2

1*8.11*3

1*. 1*9
5 .9 8

+0 . 0581* 1 .3 5 R

1*7.9b6

+0 .0769

1*7.9^2

l.Ol*
0 .0 **

+0.0735
0  .  ,,

1*7.892 S

+0.079 

1*7.9^3
5 .9 8

+O.09I* R

*
S and R in d i c a t e  th e s t r e s s e d  and r e le a s e d s t a t e s ,  r e s p e c t iv e ly

perfo rm ed  u n d e r t h e  same c o n d it io n
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2) W ith a  few e x c e p tio n s  t h e  fre q u e n c y  i n  fa c e  2 s ta y e d  around

k j . g b  MHz,which i s  c lo s e  t o  th e  1*7.9 MHz m easured  in  a  r o l l e d  Fe sam ple

a s  r e p o r te d  by A r r o t t  e t  a l .

3) Fm/F T and X T w ere n o t o b ta in e d  in  l a t e r  ex p e rim e n ts  on
1  J j  l i

fa c e  2, i n d ic a t i n g  a  p u re  t r a n s v e r s e  r e l a x a t i o n .

In d u c in g  a  perm anent d e fo rm a tio n  in  a  c r y s t a l  i s  known t o  in ­

c r e a s e  d i s lo c a t io n s  and more u n i t  c e l l s  w ere d i s t o r t e d  in  t h i s  e x p e rim e n t. 

I t  i s  n o t  c l e a r  w hat i s  th e  o r ig in  o f  th e  e f f e c t  r e s t r i c t i n g  th e  m otion  

o f  a  muon i n  t h i s  c a s e .  G e n e ra l ly , i t  i s  assum ed t h a t  an im p u r ity  atom 

i s  r e p e l l e d  from  t h e  com pressed  re g io n  above an edge d i s lo c a t io n  w h ile  

i t  i s  a t t r a c t e d  by  th e  e x te n d e d  re g io n  below  th e  d i s l o c a t i o n .  I f  t h i s  i s  

t r u e  i t  i s  p o s s ib le  t h a t  muons w ere t r a p p e d  i n  th e  e x te n d e d  r e g io n  o f  

t h e  c r y s t a l .

S in ce  th e  d i s t o r t i o n  o f  u n i t  c e l l s  a round  a  d i s lo c a t io n  i s  n o t 

u n ifo rm , i t  i s  n e c e s s a ry  t o  s e e  t h e  e f f e c t  o f  a r b i t r a r y  d i s t o r t i o n  o f  

u n i t  c e l l s  on t h e  f re q u e n c y . F o r t h i s  we a p p lie d  an e x te r n a l  t e n s i l e  

s t r e s s  to  th e  F e - p o ly c r y s ta l  sam ple . R e s u l ts  from  two s e p a r a te  m easure­

m ents a r e  p re s e n te d  i n  F ig u re  5^ . B ecause  o f  th e  sm a ll c o l l im a to r  u se d  

i n  t h i s  ex p erim en t and th e  l a r g e  a v e ra g e  g r a in  s i z e  o f  t h i s  sam ple i t  i s  

p o s s ib le  t h a t  muons m igh t have b een  s to p p e d  i n  a  few g r a in s  o r ie n te d  c lo s e  

t o  th e  s t r e s s  a x i s .  To e x c lu d e  such  a  p o s s i b i l i t y ,  t h i s  r e s u l t  was com­

p a re d  w ith  th e  r e s u l t  from  a  v e ry  s im i la r  sam ple u s in g  a  l a r g e r  s iz e d  

c o l l im a to r .

As se en  i n  F ig u re  5^ r e s u l t s  from  th e s e  two ex p e rim e n ts  show 

a lm o st th e  same p a t t e r n  e x c ep t th e  downward s h i f t  o f  t h e  p o in ts  i n  th e
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FE POLYCRYSTALS 
FRQ. VS. STRESS

48.5 -

PRESENT EXPERIMENT

48.0 -
’81 EXPERIMENT

•  STRESSED 
o UNSTRESSED

s
A

\ i

47.5 -
\

\
\

0.0 1.0 2.0 3.0 4.0
**

KP/CM2
F ig . 5k.  * " in  a i r "  m easurem ent o f  1981 ex p e rim en t

** 1 kp/cm ^ o f  a i r  p r e s s u r e  c o rre sp o n d s  to  3685 p s i  on th e  
sam ples
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o ld  r e s u l t .  T h is  s h i f t  i s  e a s i l y  e x p la in e d  hy  th e  f a c t  t h a t  in  th e  o ld  

experim en t th e  sam ple was clam ped t o  sam ple h o ld e r s  w hich w ere h e ld  t o ­

g e th e r  by screw s and i t  c a u se d  a  t e n s io n  on th e  sam ple s u r f a c e s .  The 

change in  f re q u e n c y  i n  t h e s e  p o l y c r y s t a l l i n e  sam ples e x a c t ly  resem b les  

t h a t  i n  t h e  Fe <100> sam ple.

The e l a s t i c  d ip o le  m odel c e r t a i n l y  e x p la in s  th e  f re q u e n c y  drop 

in  p o l y c r y s t a l l i n e  sam p les . T h is  i s  i l l u s t r a t e d  in  F ig u re  55. H ere , f o r  

s im p l i c i t y ,  i t  i s  assum ed t h a t  t h e  s t r e s s  i s  homogeneous in  th e  sam ple 

w hich means any odd e f f e c t  by g r a in  b o u n d a rie s  upon t ra n s m is s io n  o f  th e  

s t r e s s  i s  n o t co u n te d .

From th e  c o n cep t o f  m a g n e to s t r ic t io n  i t  i s  t r u e  t h a t  i f  a  u n i t

-6c e l l  i s  e lo n g a te d  a lo n g  a  d i r e c t i o n  o f  c r y s t a l  ax es  by 22 x 10~, th e  

m a g n e tiz a tio n  o f  each  atom  sh o u ld  p o in t  t h e  same d i r e c t i o n .  I f  th e  s t r a i n  

i n  a  u n i t  c e l l  i s  n o t a lo n g  a  c r y s t a l  a x is  th e  m a g n e tiz a tio n  w i l l  a l ig n  

a lo n g  th e  c r y s t a l  axes  c lo s e s t  to  t h e  s t r a i n  a x i s .  In  f a c t  th e  s t r e s s  

w i th in  a  c e r t a i n  r e g io n  a round  a  d i s lo c a t io n  i s  s t r o n g  enough t o  d i s t o r t  

u n i t  c e l l s  so  t h a t  th e  l o c a l  m a g n e tiz a tio n  d e v ia te d  from  th e  domain mag­

n e t i z a t i o n  d i r e c t i o n  t o  fo llo w  th e  l o c a l  d i s t o r t i o n .

T h e re fo re ,  w ith  th e  argum ent u sed  t o  e x p la in  th e  fre q u e n c y  drop  

in  t h e  p o ly c r y s ta l  by  an  e x te r n a l  t e n s i l e  s t r e s s ,  th e  d e c re a se  in  freq u en cy  

i n  t h e  r e g io n  a round  a  d i s l o c a t i o n  can  b e  e x p la in e d .
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(a )

Z Z o-

( d )XX
F ig . 55* Schem atic  i l l u s t r a t i o n  o f . domain a lig n m e n t i n  a  g ra in  o f  an..

Fe p o ly c r y s ta l  specim en due t o  e x t e r n a l  t e n s i l e - s t r e s s ,  (a )  i s  
a  t y p i c a l  c a se  p r i o r  t o  a p p l i c a t i o n  o f  s t r e s s ,  (b ) shows a l i g n ­
ment u n d e r s t r e s s ,  (c )  and (d ) r e p r e s e n t  two d i f f e r e n t  p o s s ib le  
o r i e n t a t io n s  o f  t h e  m a g n e tiz a tio n  r e l a t i v e  to  th e  s t r e s s  a x i s .



V I. SUMMARY AND CONCLUSIONS

A. Summary

I n  t h i s  experim en t we o b se rv e d  th e  s h i f t  i n  B^ upon e x te r n a l ly  

a p p l ie d  u n ia x i a l  s t r e s s .  T h is  change in  Bp can a r i s e  from  changes in  

t h e  a v e ra g e  f i e l d  due t o  th e  l o c a l i z e d  d ip o le s  on th e  Fe atom s and from  

changes i n  t h e  h y p e r f in e  f i e l d .  S in c e  t h e  s t r a i n  dependence o f  t h e  d ip o la r  

sun depends upon t h e  muon s i t e  we have  been  a b le  t o  p ro v id e  ev id e n c e  f o r  

a  ItT(O) s i t e  p r e f e re n c e .

We have found t h a t  0-Bp, /  gg i s  dom inated  by s i t e  occupancy

c hange. Assuming t h a t  t h e  h y p e r f in e  f i e l d  i s  th e  same f o r  c r y s t a l l o g -  

r a p h ic a l ly  e q u iv a le n t  s i t e s , u s in g  th e  b e s t  e s t im a te s  we c o u ld  make f o r  

l a t t i c e  r e l a x a t i o n ,  and muon wave f u n c t io n  e x te n s io n  and o b la te n e s s ,  we 

o b ta in e d  t h e  muon l a t t i c e  doub le  fo rc e  t e n s o r  com ponents o r  eq-u:'--

v a le n t ly  th e  f r e e  en erg y  d i f f e r e n c e  betw een  m a g n e tic a lly  in e q u iv a le n t  

s i t e s .

The F /F t r a t i o  i s  a  m easure o f  t h e  domain a lig n m e n t. We have
1  1 j

o b se rv e d  t h a t  f o r  e x te r n a l  f i e l d s  g r e a t e r  th a n  125 G th e  i n t e r n a l  domains 

a l i g n .  T h is  i s  i n  agreem ent w ith  b u lk  m a g n e tiz a tio n  m easurem ents on th e  

sam ple . W ith th e  a p p l i c a t io n  o f  t e n s i l e  s t r e s s  a lo n g  a  c r y s t a l  a x is  o f  

Fe a f t e r  t h e  e x te r n a l  f i e l d  had  b een  tu rn e d  o f f  we a g a in  o b se rv e d  domain 

a lig n m e n t a t  a p p ro x im a te ly  1 /8  o f  t h e  e l a s t i c  l i m i t  w h ic h ,a s  f a r  a s  we 

k n o w ,is  th e  f i r s t  tim e  s t r e s s  in d u ce d  domain a lig n m e n t i n t e r n a l  to  a

156



157

sam ple h a s  been  o b se rv e d . These same e f f e c t s  w ere a ls o  o b se rv e d  in  th e

fre q u e n c y  s h i f t ,  f o r  w ith  random ly d i s t r i b u t e d  domains one e x p e c ts  th e

a v e ra g e  s h i f t  t o  b e  z e ro  and  i t  i s  u n t i l  Fm/F T becomes l a r g e .1 J_»

We a l s o  a p p l ie d  t e n s i l e  s t r e s s  t o  p o l y c r y s t a l l i n e  Fe sam ples 

and o b ta in e d  r e s u l t s  s im i la r  to  th o s e  f o r  th e  s in g le  c r y s t a l .  Combining 

th e s e  r e s u l t s ,  we w ere a b le  to  e x p la in  why l o c a l  s t r a i n s  te n d  to  d e c re a se  

t h e  muon fre q u e n c y , i . e . ,  th e  m agnitude o f  , i n  Fe.

B. F u tu re  P e r s p e c t iv e

The p r e s e n t  ex p erim en t was p e rfo rm ed  a t  room te m p e ra tu re  o n ly  

and  th e  s h i f t  i n  B^ was e x p la in e d  by a  s i t e  occupancy s h i f t  o f  th e  muon. 

To check  th e  v a l i d i t y  o f  t h i s  m odel, i t  i s  n e c e s s a ry  to  p e rfo rm  e x p e r i ­

m ents a t  d i f f e r e n t  te m p e ra tu re s .  To se e  th e  e f f e c t  o f  chang ing  tem p era ­

t u r e ,  l e t ' s  c o n s id e r  th e  fo llo w in g :

6I00 s  z  3 a:i0 6.*.
3 6,00 a 6 (()0

= ~  ,o '  ^>dz,o)

w here

= -1-374 Cff-7*) e.oo

T h e re fo re ,  n o t even c o u n tin g  th e  in c r e a s e  o f  B ^  ^ w ith  d e c re a s in g  tem­

p e r a t u r e ,  we sh o u ld  g e t  a  ^w -̂ce as  Sr e a 't a t  T = 150 K th a n  a t

room te m p e ra tu re . W ith th e  change o f  B ^  ^ i t  w i l l  b e  even  g r e a t e r .

To e x p la in  some p e c u l i a r  r e s u l t s  o b ta in e d  f o r  A rp aad A- ,̂ 

e s p e c i a l l y  f o r  t h e  in c r e a s e  o f  A rp upon th e  e x te r n a l  f i e l d ,  we p ro p o sed  

a  f i e l d  inhom ogeneity  c o n t r ib u t io n  due t o  s u r f a c e  i r r e g u l a r i t i e s  o f  th e
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sam ple . T h e re fo re , a  s u g g e s tio n  from  th e  p r e s e n t  e x p e rim e n ta l r e s u l t s  

i s  t o  u se  sam ples w ith  v e ry  smooth s u r f a c e s  and a  muon beam w hich would 

be s to p p e d  c lo s e r  to  th e  c e n te r  o f  th e  s la b  sam p les.



APPENDIX A

The D e p o la r iz a t io n  o f  Muon S p in s  in  S o lid s

The i n i t i a l  s p in  p o l a r i z a t i o n  o f  muons s t a r t s  r e la x in g  a s  soon 

a s  th e  muons a r e  s to p p e d  in  a  s o l i d .  As m en tioned  in  C h ap te r 1 ,  th e r e  a re  

two d i f f e r e n t  m echanism s, nam ely , lo n g i tu d in a l  and t r a n s v e r s e  r e l a x a t i o n s .  

The tim e  dependences o f  t h e s e  r e l a x a t io n s  p ro v id e  th e  in fo rm a tio n  on th e  

b e h a v io rs  o f  muons in  s o l i d s .

The lo n g i tu d in a l  r e l a x a t io n  p ro c e s s  alw ays in v o lv e s  an exchange 

o f  en e rg y  betw een  th e  system  o f  muon s p in s  and i t s  s u r ro u n d in g , w hich i s  

t h e  l a t t i c e .  The tim e  dependence o f  t h i s  p ro c e s s  can e a s i l y  be shown to  

be e x p o n e n tia l  and  i t  w i l l  n o t  be d is c u s s e d  h e r e .

On t h e  o th e r  h an d , th e  t r a n s v e r s e  r e l a x a t i o n ,  w hich does n o t 

a l t e r  th e  en e rg y  o f  th e  s p in  sy s te m , o r i g i n a t e s  from  th e  l o c a l  f i e l d  i n ­

hom ogeneity  i n  t h e  s o l i d .  The tim e  dependence o f  t h i s  p ro c e s s  i s  o f te n  

e i t h e r  e x p o n e n tia l  o r  G a u ss ia n , i . e . ,

p e t)  = pco) e  (A - l)

f o r  th e  e x p o n e n tia l  d e p o la r iz a t i o n ,  and

-<52t 2
- p ( t )  = -pto) €  (A“ 2 )

f o r  th e  G aussian  d e p o la r iz a t io n .  The p h y s ic a l  o r ig in  o f  t h i s  p ro c e s s  i s

t h e  f a c t  t h a t  th e  muon p r e c e s s io n  fre q u e n c y  i s  d i s t r i b u t e d  w ith  a  f i n i t e

w id th  w hich c a u se s  t h e  v e c to r  sum o f  muon s p in s  to  d e c re a s e  a s  tim e  e la p s e s .
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I f  t h e  muons e x e c u te  random jum ping m otion among t h e i r  s i t e s ,  th e  

w id th  o f  th e  fre q u e n c y  d i s t r i b u t i o n  w i l l  b e  re d u c e d , i . e . ,  m o tio n a l ly  

n arrow ed . W ith v e ry  f a s t  jum ping  m o tions o f  m uons, th e  r e l a x a t io n  can b e

shown t o  b e  e x p o n e n tia l .  C o n v e rse ly , i f  t h e  m otions a r e  slow  o r  th e  muons

a r e  im m obile , th e  r e l a x a t io n  w i l l  be  a p p ro x im a te ly  G a u ss ian . In  t h i s  

ap p en d ix  we w i l l  d is c u s s  t h e  p h y s ic a l  n a tu r e  o f  th e  r e l a x a t i o n  p r o c e s s e s .

a .  The Ensem ble A verage o f  An O bservab le

Suppose we have a  sy s tem  w hich can  b e  c h a r a c te r iz e d  by  a  wave 

fu n c t io n  ■ •• A„, t)  = 1  p r o b a b i l i t y  t h a t  th e  system

w i l l  b e  in  a  g iv en  s t a t e  a t  a  l a t e r  t im e  t '  i s  p r o p o r t io n a l  t o  th e  number 

o f  t im e s  i t  p a s s e s  t h a t  s t a t e  i n  t im e . However, in s t e a d  o f  th in k in g  o f  

th e  system  a t  d i f f e r e n t  t im e s ,  we can j u s t  a s  w e l l  t h in k  o f  i d e n t i c a l  

( i n  d i f f e r e n t  s t a t e s )  system s a t  th e  same t im e . Thus, in s t e a d  o f  a v e ra g in g  

o v e r  t im e ,  we can  a v e rag e  o v e r  th e  ensem b le . Then

z* r<t> dr

where £  i s  t h e  p h y s ic a l  q u a n t i ty  o f  i n t e r e s t ,  <£n ( t )  i s  th e  wave fu n c -  

t i o n  o f  th e  n th  sy stem  and d t  s  d r ^ d r ^ . . .  d r^ .  The ensem ble a v e ra g e  o f

i s  shown t o  be

< £ >  -  ±  Z  J ?At
(A-3)

~ i/L 'Cfefe7 = T/t,h'k
w here

A fe' = J  4>k L  4y <*c
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and

w hich d e f in e s  th e  d e n s i ty  m a tr ix .  One can im m ed ia te ly  n o t ic e  t h a t ,  f o r  th e  

above t r e a tm e n t ,  we u sed  th e  S c h ro d in g e r  p i c t u r e  by a s s ig n in g  an e x p l i c i t  

t im e  dependence to  th e  wave f u n c t io n .

e v o lu t io n  o f  an o b s e rv e ra b le  in  tim e  from  an i n i t i a l  s t a t e .  To do t h i s  we 

w i l l  u se  t h e  H e isen b e rg  p i c t u r e .  S in c e  th e  two p i c t u r e s  a r e  e v e n tu a l ly  

t h e  sam e, we can u se  th e  r e s u l t s  in  e q u a tio n  (3 ) b u t  th e  e x p re s s io n  o f  th e  

d e n s i ty  m a tr ix  w i l l  have a  d i f f e r e n t  form .

The d e n s i ty  o p e ra to r  e x p re s s in g  th e  i n i t i a l  s t a t e  o f  th e  ensem ble 

i s  g iv en  by

j f

w here i s  t h e  p r o b a b i l i t y  t h a t  t h e  system  w i l l  b e  found in  th e  s t a t e  o f  

lK.-> and th e  a re  t h e  b a s i s  v e c to r s .  The tim e  e v o lu t io n  o f  oC ( t )

i s  w r i t t e n  as

However, f o r  o u r  p r e s e n t  p u rp o se , we may w ant to  d e s c r ib e  th e

P =  I  T; 
J &

(A-10

t) = e. £ 10) e

where H i s  t h e  H a m ilto n ia n  o f  th e  sy stem . Then

< £ d > ) =  Ta, f C i t )  

H
= Ta, ( Z (A-5)
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b .  The D e p o la r iz a t io n  o f  Muon S p in s

A muon im p la n te d  i n  a  s o l i d  i n t e r a c t s  w ith  a  l a r g e  number o f  

l o c a l i z e d  m agnetic  d ip o le s .  The i n t e r a c t i o n  betw een  t h e  muon and a  

l o c a l i z e d  d ip o le  w ith  i t s  m agnetic  moment »

_ Vp !fr t\ / ~r 3  ('5|j ‘ 1!) ( I  ' /I ) )
V  -  V 1  ; ---------- >/I A .

U5can be  r e w r i t t e n ,  in  a  p o la r  c o o rd in a te ,  as

/lJ

where

A ~ I ?  'Sps ( i - 3 cos 0 )

w ith  0 th e  a n g le  betw een  th e  r a d iu s  v e c to r  r  and th e  Z - a x is .  A l l  o th e r  

te rm s e x c e p t A have o p e ra to r s  w hich a l t e r  th e  s p in  s t a t e  o f  th e  system  

and w i l l  b e  e x c lu d e d . Then th e  H am ilto n ia n  r e p r e s e n t in g  th e  i n t e r a c t io n  

betw een  a  muon and  th e  N l o c a l i z e d  d ip o le s  w i l l  be

^  “ h, < A ' 6 )

where

+ 2
« } = —  f t l r  (»-3£AS*dj )  (A_7 )

F o llo w in g  th e  g e n e ra l  t r e a tm e n t  g iv en  in  p a r t  a ,  t h e  d e n s i ty  

o p e ra to r  r e p r e s e n t in g  th e  i n i t i a l  s p in  ensem ble can b e  w r i t t e n  as

f  = Z  Cn. h i X u  I
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where

I'M/) = Hfp > I4M,> |4jf*> HHn>

w hich span  a  d im e n s io n a l s p a c e ,

and Wt;> d e s c r ib e s  th e  s p in  s t a t e  o f  th e  i t h  l o c a l i z e d  moment, 

ensem ble a v e ra g e  o f  th e  x-com ponent o f  a  muon s p in  w i l l  be

S in ce  we have  o n ly  one i n i t i a l  muon s p in  s t a t e ,  say  lifjf) » ^

l2 If i)”  ̂ * Due "̂ 0 m otion  o f  t h e  muon, 6  . i n  e q u a tio n  (A-T)J
tim e  and s u b s e q u e n tly  e q u a tio n  (A-8) becomes

. . .  , ,  . . - i J d t V ,
=  j K - w l e  11 c u <2,  ° I V )

r izr+o 1,1 r

The H a m ilto n ia n  i s  now a  s to c h a s t i c  fu n c t io n  o f  t im e .

To e v a lu a te  th e  d ia g o n a l m a tr ix  e lem en ts  in  e q u a tio n  

w r i te  th e  e x p o n e n tia l  te rm  as

Q. o = 6

In  t h e  a d ia b a t i c  a p p ro x im a tio n , a . ( t )  can b e  shown to  be
J

t  t

[O jlt)]2' = tf'p V rV ] |  Ct")> J t'd t"
o o

= c t - O  <ofj(t)o/io5> dc

= a<j,VrV J  ^

Then th e

(A-8)

m ust be 

changes i n

(A-9) 

(A- 9) ,  we



where X. = t '  -  t "  and g( C ) = C C > lo)> t  i s  th e  c o r r e la t io n  f u n c t io n .  

H ere we assum ed t h a t

Then

1  <* | e  J P J ar* e  * p ‘ l4t>'W p
►J N

= I i  ( < 2  i* J J f e  «  )

hi
= 2. c o s  ( 2 C M t)^ -)

J JW1 J-i

To s im p l i f y  t h e  above e x p re s s io n ,  l e t ' s  c o n s id e r  th e  fo llo w in g :

N
2. «SMt(2 )

vj=i J J /

N
= 2. I  —  X vS?n ( I  cuO'wi;) ; m■ - -i , • • • o, ■ ■ ■ • i  

Wl, Wla »1N j=l J J j

= o

So , e q u a tio n  (A-10) can b e  r e w r i t t e n  as

a M
Z  cos (.2  CD-W.) + I 2  vSf-W -(X  f lf tU 'W f* )
^  j = /  J J  - n  l * t  '

N
I 2. a-(t)'»i-

3 I  €  j=l J J
KL
, -ila.U 'f -id-r>o,rt> .ixu-ct)

- (€ t * t e )(e +••••)( )

M *
= TT I  cosfljlt)-* ;

j=i w js-r
U sing  th e  t r ig o n o m e tr ic  r e l a t i o n

t r y  * n•i t  Z cosl-x. -  ---------------------------- 1-----  ,2

(A-10)

We g e t  t h e  f i n a l  r e s u l t  f o r  an ensem ble o f  muons
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T ( t , .  t « , t  (A-1 1 )
^  (.2IK)

A p p l ic a t io n s  o f  t h e  above r e s u l t  t o  some s p e c i a l  c a se s  w ere 
59

d is c u s s e d  by S eeg e r and we w i l l  fo llo w  h is  t r e a tm e n t .  The ex p an sio n  

o f  th e  s in e  te rm s i n  e q u a tio n  ( A - l l ) ,  v a l i d  f o r  sm a ll t ,  g iv e s

= ' a  J ? r(ri" )JzI1ra i‘t)J (A_12)

( l )  I f  t h e  muons a re  im m obile:

2
The <* . ' s  a re  tim e  in d e p e n d e n t. Then g . ( t ' )  = g .( 0 )  = oi , and 

J J J J

[fljCt)] = !(p Jfj ti ^ (A—13)

T h e re fo re , from  (A-13)

-pet) a p<o) Q. j=i J

and th e  r e l a x a t i o n  i s  c e r t a i n l y  G aussian  a s  i n  e q u a tio n  (A -2 ).

(2 ) I f  Z fl.it) = e t/tl i  [ kco)]2 , th e n

+ J
- 2. 2 2. 2 ft . /f" ^ 2. /

L  TOjit)] = u ,  ti *  j ct -t*> e  c [ 2. b--co>J ^
j=i * j=l

2. 2. 2  2- r  - t / r  i N . 2.
= rx fc 2 t c [ «  c f  V r - H  2. Ckto)]

i °  j* i

-  |  V r t  -■]

/
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where Zc i s  th e  c o r r e l a t i o n  tim e  o f  th e  muon and

As Cc d e c re a s e s ,  i . e . ,  th e  d i f f u s io n a l  m o tion  o f  th e  muon becomes f a s t e r ,

o u t t h i s  t r e a tm e n t .  By u s in g  t h i s  we assum ed th e  slow  m otion  o f  muons 

i n  t h e  se n se  t h a t  t h e  muon jump fre q u e n c y  i s  l e s s  th a n  th e  p r e c e s s io n a l  

f re q u e n c y  o f  t h e  l o c a l i z e d  d ip o le s .  In  a  non -m agnetic  su b s ta n c e  th e s e  

l o c a l i z e d  d ip o le s  a r e  th e  d ip o le  moments o f  n u c le i  and in  a  f e r r o ­

m ag n e tic  s u b s ta n c e  th e s e  a r e  th e  m agnetic  moments o f  io n s .  The c o n d it io n  

f o r  th e  a d ia b a t i c  a p p ro x im a tio n  i s  s a t i s f i e d  f o r  muons i n  m ost m a te r ia ls  

e x c ep t c o b a l t  ( s e e  r e f e r e n c e  59)•

T h e re fo re ,
2  , - 2 t s q t

q>(t) = -p<o) e

w hich has t h e  same form  as  e q u a tio n  ( A - l ) ,  i . e . ,  e x p o n e n tia l

As m en tioned  b e fo re ,w e  u sed  th e  a d ia b a t i c  a p p ro x im a tio n  th ro u g h -



APPENDIX B

The D e p o la r iz a t io n  o f  Muon S p in  in  an  Fe S in g le  C ry s ta l

The p u rp o se  o f  t h i s  ap p en d ix  i s  to  p ro v id e  th e  u n d e r ly in g  

p h y s ic a l  m eaning o f  th e  f i t t i n g  e q u a tio n  m ain ly  u sed  in  t h i s  w ork. For 

t h i s ,  we w i l l  d e r iv e  th e  m ath e m a tic a l e x p re s s io n  o f  ® " n ^  ^

in  th e  c a se  o f  Fe w here C n ( t )  i s t*16 component o f  th e  muon s p in  vec­

t o r  a lo n g  i t s  i n i t i a l  d i r e c t i o n .

F i r s t ,  c o n s id e r  a  s in g le  domain m aking an a n g le  d w ith  n w hich i s  

th e  u n i t  v e c to r  i n  t h e  d i r e c t i o n  o f  th e  i n i t i a l  muon s p in ,  a s  shown in  

F ig u re  56. Then

S ’ = «•„ b + <5x ,

<5-.. = ^  ^  /  g  =  a - b

and

= x ® + AeUyaticM.

where o) q i s  t h e  p r e c e s s io n a l  fre q u e n c y  o f  th e  muon.

The B loch  e q u a tio n s  f o r  t h e  component o f  muon s p in  p a r a l l e l  to  

th e  l o c a l  f i e l d  B can  h e  w r i t t e n  a s

*S,/A  «  -  -  I " V i
T, ( B - D

and  f o r  t h e  component p e rp e n d ic u la r  to  B,

(B-2)

167
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To s o lv e  th e s e  e q u a t io n s ,  we need  to  decompose th e  muon s p in  v e c to r  in to  

th e  t h r e e  o r th o g o n a l u n i t  v e c to r s  shown i n  F ig u re  56. F o r t h i s ,  we w r i te

—V - »  , ?  A  A  A  A
<5 = <5 '  ( b b t  -Hi-M, + 'fli'Tlz)

where

Then

A ❖ iI'M, V b |

A  A A A

( cOe y <s ) - U, = cOp c by • 71, C*

-  -  C 0 o

S im i la r ly ,

—̂ A
C c0o y <5 } • 4la = &n, •

From t h e s e ,  we g e t  t h r e e  e q u a tio n s  to  s o lv e .  They a r e :

‘  -  ^ T .  <B-3 )

f o r  th e  lo n g i tu d in a l  component and

<̂ (S'T’1 = -  cOc<SVi, -  _§2ii_  . . .
cli z t»  t 5" 1*)

= c0o <5^ - ^ z .
d t  T»

From th e  l a s t  two e q u a t io n s ,  we g e t

-t/r2
o^c-t) = e  z [ csM| cos u^t - .sr-n iA,t]

-V t2
<3V»tz ( i )  -  Q. [<S,I, i S ^ t D o t  t  C oS o3e t )

(B-5)

(B-6)
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Fig. 56. Precession of the muon spin with an arbitrary initial angle with respect to the 
domain magnetization direction. 1-' 
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Now, we n eed  to  e x p re s s  te rm s  o f  Cn ( t ) ,  <3"n ( t )

and < s , ( t ) .  S in ce
D

- ? - A  _ >  A A  a  a  a  a  ,  a

S  • U  = 6  • ( b b + -n, -n ,  f  'T L z 't tg )  • /i i

= <5r\z (^z  ■ H) i  <S'b ( b - /) t )

= Smz vST'M 6 \ S'b COS 6 ,

(o/wCt) = e. /f| S'bCo )c o s o  f  & .t f  &n2(o) casiPot] .
Thus

X --fc/r ..tyi
c'/w.ct) C/mcO = <sb(.o~)e. zcos e  \  e. 2\5?n.0dose[ciri|co')<5'bco>5?niA)t

+ C At;t,c<5'> C5"b (0 )  c o s  a U ]  + G^n^lO) S 'b io') c«3S&6>W0

7 e '^ rz'v5T̂ ze[<5^tto)S„ato)6T/n/a>i>t f o^uO <shM) cosu>&] _ 

Then, by  th e  f a c t s  t h a t

<«i,toi «rbto^> =i ,

<«V|,(0) 6^ ,(0) > = <<Sm (0) <5̂ z co)> = I 9 and  o th e rw is e  z e ro ,

we g e t

<<Sn(t)csM(c»> = ^ ‘cos 6 { C ^SPti/0 cos u^-t J (B -7)

In  Fe th e r e  a re  s i x  p o s s ib le  d i r e c t i o n s  o f  B b e c au se  t h e  mag­

n e t i c  domains a r e  a lo n g  ■%. w ith  i  = 1 ,  2 ,  3. S in c e  th e  e x p re s s io n  o f  

< cr n ( t )  c r n ( ° )  y  i s  in d ep e n d e n t o f  th e  s ig n s  o f  e  and cOq * we n eed  

to  c o n s id e r  o n ly  t h r e e  dom ains a lo n g  w ith  i  = 1 ,  2 ,  3 . Now, d e f in e

f^  as  t h e  f r a c t i o n a l  volume o f  dom ains a lo n g  +_ Then th e  <cs'n ( t )  S"n ( 0))>

av e ra g e d  w ith  th e s e  w e ig h tin g  f a c t o r s  m ust be
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^/r ^A"
<<5V,Ct) < X jito )y  ~ e . ' z  £  COS2'©; f  e  Z CC<ScA,t 2  f ;  3T-VL <9;

i, «•>

We w i l l  c o n s id e r  two s p e c ia l  c a se s

(1 )  I f  th e  a r e  a l l  t h e  same:

< c * ( t ) (0)> = i  e t/r* + |  ^ c o s ( B- 8 ) 
o  >3

(2 ) I f  f x = fy  t  f z  and ©3 = ^ ;

t/rr
<<Sj1(i)GV,CO)> = | x £. + C-pyt-fg) e  Z<u>sc0e-t ( b - 9 )

The c o n d it io n  f o r  c a se  ( l )  i s  in  f a c t  f o r  an i d e a l  Fe

s in g le  c r y s t a l  s a m p le ,b u t we can assum e t h a t  i t  i s  s a t i s f i e d  in  an un­

m ag n e tized  and  u n s t r a in e d  Fe s in g l e  c r y s t a l .  The c o n d it io n s  f o r  case

(2 ) a re  s a t i s f i e d  i f  t h e  u n ia x ia l  s t r e s s  i s  a p p lie d  a lo n g  th e  z - a x is  and

th e  d i r e c t i o n  o f  th e  incom ing muon beam l i e s  on th e  x -y  p la n e .  W ith

th e s e  th e  f i t t i n g  fu n c t io n  sh o u ld  b e

•W * ) = 1 ± ? [ F ^  T,+ F r e ^ o o s c ^ t  +<{>>]] t  W f fiB (B- 1 0 >

i f  we n e g le c t  t h e  d i f f e r e n c e s  i n  f re q u e n c ie s  i n  d i f f e r e n t  domains when th e  

sam ple i s  s t r a in e d .



APPENDIX C

The C a lc u la t io n  o f  th e  D ip o la r  F ie ld s  i n  F e rro m ag n e tic  C r y s ta ls

The d ip o la r  f i e l d  a c t in g  on a  muon i n  a  fe r ro m a g n e tic  c r y s t a l  

can  b e  d iv id e d  i n to  two p a r t s .  The f i r s t  p a r t ,  w hich i s  c o n tr ib u te d  by 

th e  c o n ta c t  i n t e r a c t i o n  betw een  th e  muon and th e  c o n d u c tio n  e le c t r o n  o f  

th e  h o s t  io n ,  i s  th e  h y p e r f in e  f i e l d  B ^ .  The second  p a r t  h as  th e  c o n t r i ­

b u t io n  from  th e  l o c a l i z e d  d ip o le  moments c a r r i e d  by  th e  h o s t  io n s  a t  th e  

l a t t i c e  s i t e s  o f  t h e  c r y s t a l .

60As d is c u s s e d  in  Jack so n  (C h a p te r  5 ) ,  t h e  volume i n t e g r a l  o f  a  

m agnetic  f i e l d  p ro d u ced  by a  l o c a l i z e d  c u r r e n t  d i s t r i b u t i o n  can b e  shown 

t o  b e

I  i d  t  = M .$ i  ( c - i )
3

i f  t h e  t o t a l  m agnetic  moment i s  i n s id e  t h e  sp h e re  o f  r a d iu s  R, and

f %dt = J * £ b ( 0) ( C - 2 )
3

i f  a l l  th e  c u r r e n t  d i s t r i b u t i o n  i s  e x te r n a l  t o  th e  s p h e re . B (0) i s  th e

f i e l d  a t  th e  c e n te r  o f  t h e  s p h e re . In  th e  r e g io n  w here t h e  wave fu n c t io n s

o f  t h e  muon and th e  c o n d u c tio n  e le c t r o n  o v e r la p ,  a s  a  r e s u l t  o f  th e  i n ­

t e r a c t i o n ,  th e  muon f e e l s  a  ty p e  o f  f i e l d  as  o f  e q u a tio n  ( C - l ) .  We w i l l  

d is c u s s  and th e  f i e l d  due t o  t h e  l o c a l i z e d  moments i n  th e  fo llo w in g  

s e c t io n s .
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a .  The Muon H y p e rfin e  F ie ld

The t o t a l  m agnetic  H am ilto n ia n  o f  a  sy stem  c o n s i s t in g  o f  a  c r y s t a l  

and a  muon can  b e  w r i t t e n  a s

l i  -  i  ^  pN t  Zp t  t

w here H and H ,, a r e  th e  i n t e r a c t i o n s  o f  th e  muon w ith  e le c t r o n s  and 
Me N

n u c le u s ,  and  Z „ , Z and Z„T a re  t h e  Zeeman i n t e r a c t i o n  te rm s o f  th e  muon,I4 e N

e le c t r o n s  and  n u c le u s . The Zeeman te rm s a r e  o f  th e  form

Z = - f  ^

and need  no f u r t h e r  e x p la n a t io n . S in c e  t h e  m agnetic  moment o f  an  e le c t r o n

i s  ab o u t 2 ,0 0 0  tim e s  l a r g e r  th a n  t h a t  o f  a  n u c le u s ,  we n e g le c t  th e  te rm

H in  th e  ca se  o f  fe r ro m a g n e tic  m a te r i a l .  The g e n e ra l  form  o f  H can 
p JM H ©

be  o b ta in e d  a s  fo llo w s .

From th e  P a u l i  a p p ro x im a tio n  we can w r i te  th e  H am ilto n ia n  o f  

an e le c t r o n  as

where

s = + f Cc-U)

and A i s  t h e  v e c to r  p o t e n t i a l  a t  t h e  e le c t r o n  due t o  th e  m agnetic  moment

o f  th e  muon. H e re , we w i l l  c o n s id e r  o n ly  t h e  s p in  dependen t te rm  in

e q u a tio n  (C -U ). We can  r e w r i te  t h i s  te rm  a s  fo llo w s .
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MSn^a = A)

= 2fi6 • [ vx  ( 7 x Hh/ a)]

* 3f«» U s * - v K f y v )  - <£••£,,) if]  7l ^C" 5 ^

where r  = r  -  r„  .e M

S in ce

,■> , •> > , ^ e '  ? f  , C ? n ' l ) t i - 1 )
( s . -T ) (H p -7) t  r 1-  t- ^ - li - - - -  L

A/ ^

and
V3(J) = -4-f^C/i) , 

e q u a tio n  (C -5) becomes

c  -
/V) ,̂Sc * /l) ^  • Sg

A *  A?
(c-6)

\
f o r  r  ^  0 , and  i t  c o rre sp o n d s  t o  th e  c l a s s i c a l  d ip o le  i n t e r a c t i o n .  For 

th e  l i m i t  o f  r -> 0 , we c o n s id e r  th e  m a tr ix  e lem en ts  o f  th e  te rm  w ith  

th e  f i r s t  sq u a re  b r a c k e t  o f  e q u a tio n  (C -5 ) .

A ( C-7 )
= -Sg; (V: f SC-Zei-Xft;)^- ^ )  - S;; /i )

A? L / t 2
The te rm  in s id e  th e  b r a c k e t  o f  e q u a tio n  (C -7) i s  e x a c t ly  t h e  s p h e r ic a l

harm onic Y w ith  £ =  2 .
Jt.m

The s o lu t io n  o f  th e  S ch ro d in g e r  e q u a tio n  can b e  c o n s tr u c te d  as 

(̂/>i0,<f>)= Ye)W(6,^). i f  t h e  i n t e r a c t i o n  i s  Coulom bic, th e  r a d i a l  wavefir

fu n c t io n  U (r) must behave a s  r^ +1 n e a r  t h e  origin.^"*" The c o n t r ib u t io n  o f  

th e  f i r s t  p a r t  o f  e q u a tio n  (C -5) to  <^171^ n|/e ^ can  be w r i t t e n  a s :
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/I'0
J  tiu) |  Y tV  'iVm- Y/W ' ^

The a n g u la r  i n t e g r a l  in  th e  above e x p re s s io n  i s  n o n -z e ro  o n ly  i f  th e  con­

d i t i o n s

\ l -  l “\ i  I  i £,"
and

rrv + = ' w i

a re  s a t i s f i e d . ^  S in c e

I „ <KSL\ SL t Ji" = 4 f  z l

th e  whole i n t e g r a l ,  w ith  th e  n o n -z e ro  a n g u la r  i n t e g r a l ,

becomes z e r o ,  a s  r^  ap p ro ach es  z e ro .

T h e re fo re , th e  i n t e r a c t i o n  betw een  th e  muon and an e le c t r o n  can 

be  w r i t t e n  as

<ieK)lj?elk> ^ 3 f . - 5 € ( c _ 8)

i n  th e  r e g io n  w here t h e i r  wave fu n c t io n s  o v e r la p .  The i n t e r a c t i o n  in  

e q u a tio n  ( C—9) i s  th e  w e ll  known Ferm i c o n ta c t  i n t e r a c t i o n .  T h is  can a ls o  

be  e x p re s se d  a s

\ k )  = ■ S& (C-9)

w here llko)!* i s  t h e  d e n s i ty  o f  t h e  c o n d u c tio n  e le c t r o n s  a t  t h e  muon s i t e .  

As a  r e s u l t ,  we can say  t h a t  th e  c o n ta c t  f i e l d

»ir -> .
3 ^ )  =
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a c t s  on th e  muon w here M(Rp ) i s  t h e  l o c a l  m a g n e tiz a tio n  o f  t h e  c o n d u c tio n  

e le c t r o n  a t  th e  muon s i t e .

b .  The C o n tr ib u t io n  from  th e  D ip o les  in s id e  th e  L o re n tz  C a v ity

The d ip o la r  f i e l d  a t  t h e  muon c o n tr ib u te d  by  th e  l o c a l i z e d  

moments o f  th e  io n s  i n  t h e  h o s t  c r y s t a l  i s

^
(R ,) _ 2. ~ ^  ( c -1 0 )

W Am

-J
w here r m = r  -  and th e  s u b s c r ip t  I  ru n s  o v e r  a l l  th e  l a t t i c e  s i t e s

in  t h e  c r y s t a l .  The e x p re s s io n  in  e q u a tio n  (C -10) can be  s im p l i f ie d  by

u s in g  th e  d ip o la r  t e n s o r  n o t a t io n :

2 j C ^ )  = I  T>dm) • Pi'on, ( C - l l )

w here

■P.j <Xm) = ^  Am .  .
J ( C -12)Am

As d is c u s s e d  in  C h ap te r I f t h e  sum i n  e q u a tio n  (C -10) can be  

d iv id e d  in to  t h r e e  p a r t s :  th e  sum m ation o v e r  t h e  l a t t i c e  p o in ts  in s id e

th e  L o re n tz  s p h e re ,  t h e  c o n t r ib u t io n s  from  th e  m agnetic  c h a rg e s  on th e  

L o re n tz  sp h e re  and on th e  sam ple s u r f a c e .  The t h i r d  c o n t r ib u t io n ,  w hich 

a r i s e s  from  th e  d em ag n e tiz in g  f i e l d  f o r  a  s a tu r a te d  specim en-, depends on 

th e  geom etry  o f  th e  sam ple and  w i l l  be  t r e a t e d  s e p a r a te ly .  S in ce  th e

k vseco n d  c o n t r ib u t io n ,  ,  i s  in d ep e n d e n t o f  th e  r a d iu s  o f  th e

L o re n tz  s p h e re ,  so  i s  t h e  summation w i th in  t h e  L o re n tz  s p h e re . F o r t h i s
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r e a s o n  t h e  c a lc u la t io n  o f  th e  f i r s t  c o n t r ib u t io n  must be perfo rm ed  u n t i l  

t h e  summation up t o  t h e  (n  + l)^* 1 n e a r e s t  n e ig h b o r  atom  s h e l l  becomes th e  

same as t h a t  up to  th e  n s h e l l .  However, due t o  i t s  slow  c o n v e rg en ce , 

t h e  d i r e c t  l a t t i c e  summation o f  e q u a tio n  (C -10) i s  n o t a p p r o p r ia te .

The m ethod d ev e lo p ed  by  Ewald t o  c a lc u la t e  th e  t o ta l ,  e l e c t r o s t a t i c  

p o t e n t i a l  i n  an io n ic  c r y s t a l  has been  ex te n d e d  by  M eier e t  a l .  f o r  th e  

m ag n e tic  d ip o la r  f i e l d  c a l c u l a t i o n .  The d e r iv a t io n  o f  th e  r e s u l t  o b ta in e d  

by M eier e t  a l .  i s  o u t l in e d  below .

F i r s t ,  we r e w r i te  e q u a tio n  (C -12) as

V;j (!„,) = - i  v*) -i- (C-13)

and  u s in g

I _ * 00 -I £ lV
tfi = f  f ^  *o

we g e t

The second  i n t e g r a l  in  e q u a tio n  (C -lH ) can be shown t o  be

00 -1̂ ,1 v  r  ..
— dh = —  dU = -L erfc. (<f/tm) (C-15)

w here e r f c  i s  t h e  com plem entary e r r o r  f u n c t io n .  The d e r iv a t iv e  o f  e r f c  w ith  

r e s p e c t  t o  i s

4>rf c Cf/t) = ^  .
3X; 1 VtT /U

W ith t h i s  we o b ta in

v‘vj f i ^ A)] = v-'7j f ̂  [*«* <■1 <rVje^j ( c - 1 6 )
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i f  i  ^ j , and

x. 3 >  a.
V; Vj [ ± erfc Ur/u)] = v, 7. ( i ) «rf  c « $ » H  j= [ f  - -£*■]

w hich g iv e s

V Z [ { e A c  C*/rt]

From th e  above two e q u a t io n s ,  we g e t

'  i  €^ c (^A)] = Ĉ )  + - j ^ )  e  J ( C-17)

Com bining e q u a tio n s  (C - l6 )  and (C -1 7 ),

l/iml h

*  (C-18)
E ‘J V  = £  tV,VJ '  3

= [erfc  ( W t  ^  U^-/lm+ y  <T/t£) < a ^ )

N ex t, we c o n s id e r  t h e  f i r s t  p a r t  o f  e q u a tio n  (C -lU ). F o r t h i s ,  

i t  i s  c o n v e n ie n t to  change th e  o rd e r  o f  th e  c a l c u l a t i o n ,  i . e . ,  r a t h e r  th a n  

c a l c u l a t e  t h i s  te rm  f o r  s in g l e  r  , we w i l l  c a lc u la t e  t h e  sum m ation o v e r

rm *  - it .- it iY '

Any fu n c t io n  F ( .r ,h )  w hich i s  p e r io d ic  in  r  can be  expanded i n  a  

F o u r ie r  s e r i e s :

F<U) = |  ff e ‘̂

w here t h e  F c o e f f i c i e n t s  can  be  o b ta in e d  a s  
g

F| = J f it.V) e   ̂ dt
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and g i s  t h e  r e c ip r o c a l  l a t t i c e  v e c to r .  Then, i n  th e  same way, we w r i te

„  ^  i f . j

-  r ? e
and

.-?iV .5

F3 - v ]

- 1 ^ 4 - Al  ^
Z e. e. dH

= N e - S / ^
V ^

where N i s  th e  t o t a l  number o f  l a t t i c e  p o in ts  in  th e  c r y s t a l .  Then 

we can w r i te

2  g - 1̂ 1 ^  = m 3L x  e e  • ! *

1 !

Hence

V

F i n a l l y ,  we g e t

l r  z 7 ft -I fan I li
I  V 1) I  f <"• e

o

= 201(7,(7: - i  v )  I  \ dh < [W  '
W J 3 J a J I3

S *> /f e* '^  e 3/^  (c-1 9 )
J  V 3 t n  0* 0

By a p p r o p r ia te  c h o ic e  o f  t h e  p a ra m e te r  G, t h e  r a p id  convergence 

o f  th e  summ ation i n  e q u a tio n s  (C - l8 )  and (C -19) can be  a c h ie v e d  and th e  

com puting tim e  t o  c a lc u la t e

^ d . i  ^ J « )  =  j

where

diA-r- % s d\K,A * e e  _$
= E,j + B;j tty)
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can be s i g n i f i c a n t l y  red u c e d . E q u a tio n s  (C -18) and (C -19) can be  u se d  to

th ro u g h o u t th e  c r y s t a l .  A lso , i t  m ust b e  n o te d  t h a t  th e  above e q u a tio n s  

a r e  a p p l ic a b le  o n ly  f o r  t h e  c a se  o f  a  p o i n t - l i k e  muon. C o rre c t io n s  f o r  a 

n o n - p o in t - l ik e  muon and th e  e f f e c t  o f  th e  l o c a l  l a t t i c e  d i s t o r t i o n  w i l l  

be  d is c u s s e d  i n  t h e  fo llo w in g  s e c t io n s .

c . The C o rre c t io n  f o r  a  N o n -P o in t- l ik e  Muon

everyw here i n  t h e  sam ple . T aking r  a s  a  r a d iu s  v e c to r  from  an i n t e r s t i t i a l  s i t e ,
. .

r m -  r  ta k e s  th e  p la c e  o f  r m m  e q u a tio n  (C -1 3 ). Then th e  av e rag ed  d ip o la r  

f i e l d  due to  a  p a r t i c u l a r  a tom ic d ip o le  can b e  w r i t t e n  as

w here t h e  d i f f e r e n t i a l  o p e ra to r s  a c t  o n ly  on r m> I f  we assume t h a t  th e  ex­

te n s io n  o f  th e  muon wave fu n c t io n  i s  s t r i c t l y  l im i t e d  t o  t h e  i n t e r s t i t i a l

I n s e r t i n g  th e  above e x p re s s io n  in to  e q u a tio n  (C -2 0 ), f o r  a  s p h e r i c a l ly

c a lc u la t e  § , ( ? , ,  ) i n  a  s t r a in e d  sam ple b u t  th e  s t r a i n  m ust be  un ifo rm

For a  muon w hich h as  a  n o n - d e l ta  f u n c t io n - l ik e  wave fu n c t io n  

have t o  a v e ra g e  th e  d ip o la r  f i e l d  by  w e ig h tin g  w ith

= - i  £ j v ) J « £  t /

(C-20)

&*> g
=  Z  C z J P + 0  7 * . (cosq) Jk-

sym m etric wave fu n c t io n  ' j ' ( r ) ,

w hich i s  th e  r e s u l t  f o r  a  p o i n t - l i k e  muon.
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However, th e  t e t r a g o n a l  symmetry o f  th e  i n t e r s t i t i a l  s i t e s  o f  BCC 

l a t t i c e s  s u g g e s ts  t h a t  t h e  muon wave fu n c t io n  w i l l  n o t  be s p h e r i c a l ly  sym­

m e t r ic ,  r a t h e r ,  i t  sh o u ld  b e  o f  t h e  fo rm , f o r  i t s  p r o b a b i l i t y  d e n s i ty ,

,  . j L

lW >l e  ** «  ( c - 21 )

f o r  t h e  o c ta -  o r  t e t r a h e d r a l  s i t e  w ith  t h e  t e t r a g o n a l  a x is  p a r a l l e l  to  

th e  z - a x i s .

To c a lc u la t e  t h e  i n t e g r a l  i n  e q u a tio n  (C -2 0 ) , we ta k e  G = 0 w hich

means t h a t

r ,-9 x „ diVt -» /i«c _» _  nec -»
V V  = h f h  = E i

o n ly . Then th e  i n t e g r a l  we need  t o  p e rfo rm  i s

P e rfo rm in g  th e  i n t e g r a l ,  we o b ta in

<E;j C f y \  = - ^ y - l W j - 3 & j f ) / f e . 9 91 c f - f y  ( C-22)

The e x p o n e n tia l  te rm s i n  e q u a tio n  (C -22) h e lp  th e  summation co n v erg e . 

H owever, i f  one u se s  v e ry  sm a ll v a lu e s  o f  U and |} , t h e  convergence w i l l  

b e  s low . In  a c tu a l, c a l c u l a t i o n s ,  t h e  summ ation was pe rfo rm ed  w i th in  th e  

1 2 0 th  n e a r e s t  s h e l l  c e n te r e d  a t  t h e  o r ig i n  o f  th e  r e c ip r o c a l  l a t t i c e  

sp a c e . The r e s u l t s  showed t h a t  f o r  th e  v a lu e s  below  o( = j$ = 0 .0 5  th e
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range  o f  t h e  summation we chose  was n o t  enough b e c a u se  o f  a  slow  convergence . 

For th e  v a lu e s  l a r g e r  th a n  0 .0 5  L u t s m a l le r  th a n  0 .1 ,  th e  e x a c t  p o i n t - l i k e  

muon r e s u i t s  w ere o b ta in e d .

d . The C o r re c t io n  f o r  t h e  L ocal L a t t i c e  D is to r t io n  around  th e  Muon

To c a lc u la t e  th e  e f f e c t s  o f  th e  l o c a l  l a t t i c e  d i s t o r t i o n  on th e  

d ip o la r  f i e l d  we need  a  t o t a l l y  d i f f e r e n t  a p p ro ach . T h is i s  b e c au se  in  

t h i s  c a se  we can n o t d e f in e  th e  r e c ip r o c a l  l a t t i c e  space  and a ls o  we want 

an e x p re s s io n  o f  ) w hich i s  an e x p l i c i t  f u n c t io n  o f  th e  v e c to r  r m.

The e x p re s s io n

Z
j

- I  /tfij ■ ' / M b

s u b s t i t u t e d  i n to  e q u a tio n  (C-13) g iv e s

=
€

, 2 . 4  4 2

dt ( -  3 <£j'V*)[̂  din e. m * ] Iij-l/V)!*
o

■■1711 -  e  «* e  ? d%

The i n t e g r a t i o n  o v e r  r  can r e a d i ly  b e  perfo rm ed  to  g iv e  th e  r e s u l t

i 2 ,  .

If
t 2s . I X /  Z  2 2. I 2-

3/  ̂ "  ̂ ^ " "g ) Anig

A hzjBk
where A=l + »k ,3=>i + "  • I f  we ta k e  i  = j  = 3 ,

o< h ph,

J L  auj?_   ^ t )/  J . [ ( i .  ^ ( / C h C j ) ) /
T i f i P  p , . lf0 f t  ](* & (C-23)

e ” l'*c f / i  t
f o r  th e  s i t e s  w ith  t h e i r  t e t r a g o n a l  a x is  p a r a l l e l  to  M = M Z ands s
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f o r  th e  s i t e s  w ith  t h e i r  t e t r a g o n a l  a x is  p e rp e n d ic u la r  t o  S in ce  th e

above two e q u a tio n s  a re  v e ry  c o m p lic a te d  fu n c t io n s  o f  h ,  th e  i n t e g r a l s

w ere p e rfo rm ed  n u m e r ic a l ly .  The r e s u l t s  showed t h a t  th e  u p p er l i m i t  o f

h  = 15 i s  more th a n  enough. The c a lc u la t io n  was perfo rm ed  f o r  each  max

in d iv id u a l  io n  a ro u n d  t h e  muon s i t e .

To c a lc u la t e  th e  d ip o la r  f i e l d  a t  t h e  muon in  a  c r y s t a l  w ith , th e

l o c a l  d i s t o r t i o n  we assum ed t h a t  t h i s  d i s t o r t i o n  was s u b s t a n t i a l  o n ly  up

t o  th e  second  n e a r e s t  io n s  a ro u n d  th e  muon. F i r s t ,  we c a lc u la te d  B ,(R U )» d f*

f o r  an u n d i s to r te d  c r y s t a l  by e q u a tio n  (C -2 2 ). Then th e  c o n t r ib u t io n  from  

th e  u n d is p la c e d  io n s  w i th in  th e  second  n e a r e s t  s h e l l  was re p la c e d  by  th a t  

from  th e  d is p la c e d  o n es .



APPENDIX D

The D em agnetiz ing  F ie ld  in  a  Thin S la b  Sample

In  t h i s  ap p en d ix  we w i l l  d is c u s s  a  c o m p u ta tio n a l m ethod f o r  a

somewhat o v e r s im p l i f ie d  p rob lem . To c a l c u l a t e  t h e  dem ag n e tiz in g  f i e l d  we

assum e t h a t  th e  a tom ic  moments a re  a r ra n g e d  a s  i n  F ig u re  57 (a) when

s a tu r a te d  by an e x te r n a l  f i e l d .  F ig u re  57 (b ) shows th e  a c tu a l, s i t u a t i o n

f o r  a  s la b  sam ple w hich we w i l l  n o t  d i s c u s s .

As shown i n  F ig u re  5 7 ( c ) ,  we c a lc u la t e  t h e  f i e l d  a t  P p roduced

by a  r e c ta n g u la r  s h e e t  o f  u n ifo rm  p o le  d e n s i ty ,  w ith  s id e s  a  and b .  The
2

f i e l d  a t  P due t o  t h e  e le m e n ta ry  p o le  <5 dxdy a t  (x ,y )  i s  < sdxdy /r a lo n g  r .

W ith y  = s t a n e  , th e n  dHr  = <5 dxde /S  and th e  component a lo n g  s i s

dHr, = cr dx c o s e  d© /S .  I n t e g r a t i n g  w ith  r e s p e c t  t o  6 g iv e s  th e  f i e l d  
o

due to  t h e  s t r i p  <5bdx/qs w ith  a  component p a r a l l e l  to  OX as

dHx = <3- b*- <W sS2£  .

I n te g r a t i n g  w ith  r e s p e c t  t o  x  from  c t o  (c  + a) g iv e s ,  f o r  th e  w hole s h e e t

[(c + A > * ta S b T + t < c*tg*)k
(D -l)

th e  n e g a tiv e  s ig n  i n d ic a t in g  t h a t  th e  f i e l d  i s  a n t i p a r a l l e l  t o  th e  p o s i t i v e  

OX d i r e c t i o n  f o r  p o s i t i v e  c h a rg e s . The re s o lv e d  f i e l d  a lo n g  OZ due t o  

th e  s t r i p  i s

18U
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(a )

(b )

//

(c )

F ig . 57. A lignm ent o f  m agnetic  moments (a )  w ith  an i n f i n i t e  a n is o ­
tro p y  e n e rg y , and (b ) w ith  a  f i n i t e  a n is o tro p y  e n e rg y . The 
d e m a g n e tiz a tio n  f i e l d  i s  c a lc u l a t e d ,  a s  in  ( c ) ,  assum ing 
th e  s i t u a t i o n  o f  ( a ) .
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c b z d x  _ csbz dx-________________

S u b s t i t u t i n g  x = z t a n  ^  and i n t e g r a t i n g  w ith  r e s p e c t  to

g iv e s

(cfcOb - c - s w 1
. [(AafHbN-a’ J jk . (D-2)

th e  l i m i t s  o f  b  b e in g  i'svii, ■?-g—r r ^ 2 and .< ^1 cci-aj (, . The f i r s tU z ' t c - u  [ F T u ^ r ^  J
te rm  i s  alw ays l a r g e r  and when is i s  p o s i t i v e  th e  d i r e c t i o n  i s  p a r a l l e l  

t o  p o s i t i v e  OZ.

To in s p e c t  t h e  inhom ogeneity  i n  , we w i l l  c a lc u la t e  o n ly  

i n  e q u a tio n  (D-2) f o r  t h e  Fe <100> c r y s t a l .  The sam ple d im ension  i s  

1 x  k .6  x  k6  mm . As shown i n  F ig u re  5 8 , c a lc u la t io n s  w ere perfo rm ed  

a lo n g  th e  f iv e  l i n e s  p a r a l l e l  t o  t h e  z - a x is  i n  t h e  r e c ta n g le  ABCD. The 

r e s u l t s  a r e  shown in  F ig u re  59 w ith  th e  r e c ta n g le  a t  th e  s u r f a c e  o f  th e  

sam ple . Among th e  f iv e  c u rv e s  drawn in  th e  f i g u r e ,  th e  topm ost one 

c o rre sp o n d s  t o  t h e  l i n e  segm ent CD i n  F ig u re  59• The r e s u l t s  show t h a t  

^dem a-*-mos^ dePen ^s on z o n ly . F ig u re  60 shows th e  r e s u l t s  o f  th e  same 

c a lc u la t io n s  w ith  th e  r e c ta n g le  a t  t h e  c e n te r  o f  th e  sam ple . T h is  i n d i ­

c a te s  t h a t  t h e  y dependence i s  a l s o  n e g l i g ib l e .
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