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MEASUREMENT OF THE INTERNAL MAGNETIC FIELD BY PERTURBED ANGULAR

CORRELATION METHODS

L .K e s z th e ly i

C e n t r a l  R e se a rc h  I n s t i t u t e  f o r  P h y s i c s ,  B u d ap es t ,  Hungary

1. I n t r o d u c t i o n

The i n t e r a c t i o n  o f  th e  n u c l e a r  m a g n e t ic  moments w i th  th e  m a g n e t ic  

f i e l d  e x i s t i n g  a t  t h e  n u c l e i  / h y p e r f i n e  i n t e r a c t i o n /  o f f e r s  many 

p o s s i b i l i t i e s  f o r  t h e  s tu d y  o f  t h e  phenomenon o f  m agnetism . The m ethods 

f o r  th e  i n v e s t i g a t i o n  o f  th e  h y p e r f in e  i n t e r a c t i o n  can  be d iv id e d  i n t o  

two g ro u p s  a c c o rd in g  t o  th e  e x c i t a t i o n  o f  t h e  n u c l e a r  s t a t e s  in v o lv e d . '

The m a g n e t ic  moments o f  th e  g round  s t a t e s  o f  n u c l e i  a r e  o f  i n t e r e s t  i n  

n u c l e a r  m ag n e tic  r e s o n a n c e ■and n e u t ro n  s c a t t e r i n g  m ethods / v i a  th e  m a g n e tic  

moment o f  th e  n e u t r o n / ,  w h ile  t h o s e  o f  th e  e x c i t e d  s t a t e s ,  d eca y in g  by 

^  - e m i s s i o n ,  in  M ö s s b a u e r - e f f e c t  a s  w e ll  a s  p e r tu r b e d  a n g u l a r  c o r r e l a t i o n  

and d i s t r i b u t i o n  m e th o d s .  The l a t t e r  t e c h n iq u e s  a r e  r a t h e r  new and a l th o u g h  

th ey  a re  n o t  so g e n e r a l ,  they  have some f e a t u r e s  which make them p r e f e r a b l e  

i n  some c a s e s .  These new methods a r e  now d e v e lo p in g  v e ry  r a p i d l y  and  

a l r e a d y  a  l o t  o f  new in f o r m a t io n  on m agnetism  h as  Been c o l l e c t e d  by t h e i r  

u s e .

I n  t h i s  r e p o r t  on ly  t h e  p e r tu r b e d  a n g u l a r  c o r r e l a t i o n  and 

d i s t r i b u t i o n  method w i l l  be d e a l t  w i th .

2 .  Method o f  p e r tu r b e d  a n g u la r  c o r r e l a t i o n  and  d i s t r i b u t i o n .

2 . 1 .  A n g u la r  c o r r e l a t i o n  and d i s t r i b u t i o n

The - r a d i a t i o n s  e m i t t e d  by th e  n u c l e i  have c h a r a c t e r i s t i c  

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

o f  the n u c l e i  in  e x c i t e d  s t a t e .  The d i s t r i b u t i o n  depends on the  s p in s  o f
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t h e  i n i t i a l  e x c i t e d  and f i n a l  s t a t e s  and on th e  m u l t i p o l a r i t y  o f  the

- r a d i a t i o n .  This a n g u l a r  d i s t r i b u t i o n  can n o t  be ob se rv ed  g e n e r a l ly  

b e ca u se  o f  th e  random d i s t r i b u t i o n  o f  th e  d i r e c t i o n s  o f  n u c l e a r  s p in s  

i n  r a d i o a c t i v e  m a t e r i a l .  I n  th e  c a s e  o f  n u c l e a r  p o l a r i z a t i o n  t h e  s p in  

and m u l t i p o l a r i t y  v a lu e s  can  be d e te rm in e d  from th e  a n g u la r  d i s t r i b u t i o n s .

The p o l a r i z a t i o n  o f  n u c l e i  r e q u i r e s  a  r a t h e r  d i f f i c u l t  t e c h n iq u e ,  f o r t u n a t e l y  

th e  measurement o f  a n g u la r  c o r r e l a t i o n  g iv e s  r e s u l t s  o f  s i m i l a r  v a lu e .  Two 

%  - r a d i a t i o n s  e m i t t e d  from a  n u c le u s  i n  ca sca d e  / s e e  f i g . l * /

J i

J

h

F i g . l .
$  - r a y s  e m i t t e d  i n  cascade

a r e  m easured  w i th  two c o u n t e r s  / f i g . 2 . /

.

c

e.

coincidence

F i g . 2 .
Boheme o f  a p p a r a tu s  to  m easure  a n g u la r  c o r r e l a t i o n s
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co n n ec ted  in  c o in c id e n c e  w ith  r e s o l v i n g  t im e  T. The number o f  c o in c id e n c e s  

depends on th e  a n g le  j )  be tw een  bhe two c o u n te r s  s i n c e  a f t e r  th e  

o b s e r v a t i o n  o f  th e  f i r s t  r a d i a t i o n  th e  s p i n  d i s t r i b u t i o n  i s  a l r e a d y  no t  

random, some d e g re e  o f  p o l a r i z a t i o n  i s  o b ta in e d  and t h e  second r a d i a t i o n  

i s  em ib ted  from " p o la r i z e d "  n u c l e i  w ith  t h e i r  c h a r a c t e r i s t i c  asymm etry.

The a n g u l a r  c o r r e l a t i o n  f u n c t i o n  d epends  on th e  s p in s  o f  th e  th r e e

n u c l e a r  s t a t e s  J k( J ( Jf and on th e  m u l t i p o l a r i t y  L , ) L ; o f  th e  two 

- r a d i a t i o n s .  I t  can  be w r i t t e n  in  th e  foraA

k-mcxx
W  (-A) = Z A k "P̂  (cos t5>) ,

k-0

where -5b max = Min /2 3 ,  2L-^, 2L2/ ,  th e  Pk (cos  v h ) - s  a r e  the L egen d re -

-p o ly n o m ia ls  and th e  A - s  a r e  th e  c o e f f i c i e n t s  o f  t h e  a n g u la r  c o r r e l a t i o n
о

f u n c t i o n  which can  be c a l c u l a t e d  from t a b l e s  i f  J ,  and 1_я a re

known. The e x p e r i m e n t a l  r e s u l t s  on a n g u l a r  c o r r e l a t i o n s  o f  - r a y s  from
x

d i f f e r e n t  n u c l e i  can  be found i n  r e f  .

I f  th e  e x c i t e d  i n t e r m e d i a t e  s t a t e  i s  o b ta in e d  in  n u c l e a r  

r e a c t i o n  th e n  i n s t e a d  o f  th e  o b s e r v a t io n  o f  th e  f i r s t  if - r a d i a t i o n  

" p o la r i z a t i o n "  can be p roduced  by th e  bom barding p a r t i c l e .  In  su ch  c a s e s  

the  a n g u l a r  d i s t r i b u t i o n  o f  t h e  if - r a d i a t i o n  to  th e  d i r e c t i o n  o f  the  

incoming p a r t i c l e s  i s  to  be m easured  on ly  t o  o b ta in  th e  same d a t a  a s  from 

th e  a n g u l a r  c o r r e l a t i o n .  The m ost im p o r ta n t  n u c le a r  r e a c t i o n s  from t h i s  

p o in t  o f  view a r e  t h e  ( p ,  oc ) ,  (oc,}f) r e a c t i o n s  and th e  Coulomb e x c i t a t i o n s .  

2 .2 .  P e r tu r b e d  a n g u l a r  c o r r e l a t i o n  and d i s t r i b u t i o n

The m ag n e tic  d ip o le  and e l e c t r i c  quad ru p o le  moments o f  th e  

e x c i t e d  s t a t e  i n t e r a c t  w ith  m ag n e tic  f i e l d s  and e l e c t r i c  f i e l d  g r a d i e n t s  

e x i s t i n g  a t  tho  n u c l e i .  As a r e s u l t  o f  t h i s  th e  W(-9>) w i l l  be changed
I

g e n e r a l l y  i n  a v e ry  c o m p lic a te d  manner . I n  the  c a s e s  o f  s t a t i c  m agnetic  

and e l e c t r i c  f i e l d s  th e  f u n c t i o n s  a re  r a t h e r  s im ple and  have o b v io u s  

m eaning . I f  th e  s t a t i c  m agne tic  f i e l d  i s  p e r p e n d i c u l a r  to  th e  p la n e  o f  

the  a n g u l a r  c o r r e l a t i o n  and d i s t r i b u t i o n ,  th e n  we have

- I  A k Pk ( c o » ( A u . t ) ) ,
k-0



where Cü = 9 / f N lyfc, i s  the f re q u e n c y  o f  Larmor p r e c e s s i o n ,  / з / ^ З  i s  th e  

m agne tic  moment o f  th e  i n t e r m e d i a t e  s t a t e ,  / J - N i s  t h e  n u c l e a r  m agneton ,

H th e  m agnetic  f i e l d / ,  t  i s  th e  time e l a p s e d  from th e  em iss io n  o f  th e  f i r s t  

to  the  e m is s io n  o f  th e  second - r a d i a t i o n .  The e f f e c t  of th e  f i e l d  H

i s  t h a t  th e  n u c l e a r  m agnetic  moment, i . e .  th e  s p in  o f  the  n u c le u s  i n  the  

e x c i t e d  s t a t e  r o t a t e s  around th e  f i e l d  d i r e c t i o n  w i th  f r e q u e n c y ,  to th e  

second  2f - r a d i a t i o n  i s  e m i t t e d  in  tim e t  from a n u c le u s  th e  d i r e c t i o n  

o f  w hich has  changed w ith  an  a n g le  o f  to t .  T h e re fo re  th e  a n g u l a r  c o r r e l a t i o n  

and d i s t r i b u t i o n  p a t t e r  r o t a t e s .

Hie r o t a t i o n  can  be o b s e rv e d  in  two d i f f e r e n t  ways depending  on the  

l i f e t i m e  o f  the  i n t e r m e d i a t e  s t a t e s  by th e  d i f f e r e n t i a l  m ethod, to i s  

m easured d i r e c t l y .  The number o f  c o in c id e n c e s  a s  a f u n c t i o n  o f  t  i s  

co u n ted  a t  f ix e d  a n g l e .  The r o t a t i o n  o f  t h e  a n g u la r  c o r r e l a t i o n  p a t t e r n  

a p p e a rs  on the e x p o n e n t i a l  d ecay  cu rve^  / f i g . J . / .

F i g .3 .
The e f f e c t  o f  the r o t a t i o n  o f  a n g u l a r  
c o r r e l a t i o n  p a t t e r n  on th e  decay  

c u rv e  / d i f f e r e n t i a l /
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From t h i s  curve  th e  v a lu e  o f  со can be e a s i l y  u e t e n n in e d .  The method ‘i s  

l i m i t e d  by the  te c h n iq u e  o f  t im e  m easurem ent to  th e  s t a t e s  o f  l i f e t i m e  

betw een 10- ^ < X  10"" ̂  s e c .

The i n t e g r a l  method i s  u sed  f o r  e x c i t e d  s t a t e s  o f  X  -= 10” ^ s e c .  In  

t h i s  c a s e  the  i n t e g r a t e d  number o f  c o in c id e n c e s  i á  m easured . A s im p le  

f u n c t i o n  can be o b ta in e d  f o r  th e  d e s c r i p t i o n  o f  t h i s  c a s e ,  i f  / 1 /  i s  

i n t e g r a t e d  in  t im e .  I t  i s  u s e f u l ,  however to  w r i t e  th e  c o r r e l a t i o n  

f u n c t i o n  in  the  form

W (^, H ,t) “ Y. b k C.05 к (Л - cot)
U-0

and t o  i n t e g r a t e  t h i s  form , th e n

CTO knnrw

^  Ъ к cosk (-\9) -cot )
1 J  

0
k - 0

к т а к  'ö
- S  - ......... - .... f i k . . . . . . c o s  k (-\9> - ooT ) .

.fo VTM W Ü1
The a n g u la r  c o r r e l a t i o n  o r  d i s t r i b u t i o n  p a t t e r n  r o t a t e s  w i th  an 

a n g le  o f  toT u n d e r  th e  i n f l u e n c e  o f  t h e  m agne tic  f i e l d .  A r o t a t e d  a n g u l a r
5

c o r r e l a t i o n  n a t t e r n ^  i s  t o  be seen  i n  f i g . 4 .

F i g . 4 .
R o ta t io n  o f  t h e  a n g u la r  c o r r e l a t i o n  p a t t e r n  

/ i n t e g r a l /
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5» M easurement o f  t h e  i n t e r n a l  m agne tic  f i e l d

A n g u la r  c o r r e l a t i o n  m easurem ents  p e r t u r b e d  by i n t e r n a l  magnetic- f i e l d  

were p e rfo rm e d  f i r s t  w ith  th e  aim to  o b t a i n  d a t a  on n u c l e a r  g - f a c t o r s ,  In
7th e  e a r l i e s t  e x p e r im e n ts  o f  t h i s  k in d  ’ ' t h e  f i e l d  a t  F e 'n u c l e i  i n  Fe

was u sed  to  p roduce  a n g u la r  r o t a t i o n .  The' f i r s t  e x p e r im e n t  to  o b s e rv e  the

e f f e c t  o f  the  m a g n e t ic  f i e l d  a t  im p u r i ty  n u c l e i  in  Fe was p e rfo rm e d  by 
8K e s z th e ly i  e t  a l .  . F o llow ing  th e s e  f i r s t  s t e p s  many o t h e r  g ro u p s  s t a r t e d

to  use  t h e  i n t e r n a l  m agne tic  f i e l d  a t  im p u r i ty  n u c l e i  t o  m easure g - f a c t o r s .

The main ad v an tag e  o f  t h i s  method í b  th e  r a t h e r  h ig h  m a g n e tic  f i e l d  which

a l lo w s  t o  m easure g - f a c t o r  o f  s t a t e s  w hich a r e  o f  v e ry  s h o r t  l i f e t i m e ,
-11 —1210 -1 0  s e o .  I n  th e s e  c a s e s  th e  i n t e g r a t e d  method i s  u s e d ,  th e  i n t e r n a l

m agnetic  f i e l d  i e  o r i e n t e d  w i th  a  sm a l l  e x t e r n a l  e l e c t ro m a g n e t  p e r p e n d i c u l a r l y  

upwards and downwards to  th e  p la n e  o f  c o r r e l a t i o n .

The o t h e r  f e a t u r e  o f  i n t e r e s t  i n  t h i s  ty p e  o f  i n v e s t i g a t i o n s  i s  the  

s tudy  o f  t h e  i n t e r n a l  f i e l d ,  i t s  s y s t e m a t i c s  a c c o rd in g  t o  th e  im p u r i ty  and 

h o s t  a to m s , i t s  dependence  on t h e  c o n c e n t r a t i o n  o f  i m p u r i t i e s ,  on th e  

te m p e ra tu re  e t c . «•?
These s t u d i e s  a r e  s i m i l a r  to  th o se  made w ith  th e  M össbauer e f f e c t .

The a n g u l a r  c o r r e l a t i o n  method s u r p a s s e s ,  how ever, th e  M össbauer method 

in  s e n s i t i v i t y  and g e n e r a l i t y .  The s e n s i t i v i t y  o f  b o th  m ethods i n  th e  

measurement o f  H depends on toT  . In  th e  a n g u la r  c o r r e l a t i o n  m ethod i t  

i s  th e  v a l u e  w hich i s  to  be m easured  and v a l u e s  down t o  coT S' 0 ,0 1  can 

be c o v e re d .  In  th e  M össbauer method th e  Z emann s p l i t t i n g  Л  E2 i s  th e  

m e asu ra b le  q u a n t i t y  and А Е ^ у / Г - с о Т  , w here Г i s  t h e  t h e o r e t i c a l  

l i n e - w i d t h .  A s m a l l  b ro a d e n in g  o f  th e  l i n e - w i d t h  can be a t t r i b u t e d  t o  v e ry  

d i f f e r e n t  c a u s e s  t h e r e f o r e  go 1 * 1  i s  th e  r e a s o n a b le  r e g i o n ,  where th e  

m agnetic  f i e l d  I s  m e a su ra b le  w i th  M össbauer e f f e c t .

Much more n u c l e i  a r e  s u i t a b l e  f o r  p e r t u r b e d  a n g u l a r  c o r r e l a t i o n  

e x p e r im e n ts  th a n  f o r  M ö s s b a u e r - e f f e c t ,  and w i th  the  new methods s u c h  as  

t o  e x c i t e  n u c l e i  w i t h  n u c l e a r  r e a c t i o n  o r  w i th  C oulom b-excitation*^» *** 

o r  to  im p la n t  th e  n u c l e i  to  be i n v e s t i g a t e d  i n t o  f e r ro m a g n e t ic  l a t t i c e s  

w ith  e l e c t r o m a g n e t i c  io n  separa to r* '* ' p r a c t i c a l l y  a l l  o f  th e  i s o t o p e s  can 

be i n v e s t i g a t e d .



'Phis method i s  ve ry  u s e f u l  f o r  th e  s tu d y  o f  t h e  te m p e ra tu r e  dependence

o f  th e  i n t e r n a l  f i e l d ,  s i n c e  th e  a n g u l a r  c o r r e l a t i o n  i t s e l f  d o e e n o t  depend

on th e  te m p e ra tu re  i n  c o n t r a s t  w i th  o t h e r  methods s u i t a b l e  f o r  the  s tu d y
12o f  i n t e r n a l  m agne tic  f i e l d  / в . g , n u c l e a r  p o l a r i z a t i o n  , measurement o f  

s p e c i f i c  h e a t ^  and M össbauer e f f e c t / .

We th in k  t h a t  the  p e r t u r b e d  a n g u l a r  c o r r e l a t i o n  and d i s t r i b u t i o n  

method i s  j u s t  a t  th e  i n i t i a l  s ta g e  o f  i t s  a p p l i c a t i o n  in  s o l i d  s t a t e  

p h y s i c s .  In  th e  fo l lo w in g  we sh o u ld  l i k e  to  p r e s e n t  some i n t e r e s t i n g  new 

r e s u l t s  o b ta in e d  w ith  t h i s  method and t o  o u t l i n e  some f u r t h e r  p o s s i b i l i t i e s  

o f  i t s  u s e f u l n e s s ,

4 .  Tem pera tu re  dependence o f  th e  i n t e r n a l  m agne tic  f i e l d

The f i r s t  s tu d y  on m agnetism  w i th  th e  a n g u l a r  c o r r e l a t i o n  method was
14perfo rm ed  "by C asp a r!  e t  a l .  . They have m easured  th e  te m p e ra tu re  

dependence o f  a n g u la r  c o r r e l a t i o n s  i n  r a r e  e a r t h  i r o n  g a r n e t s  and o b se rv e d  

l a r g e  e f f e c t s  on the  asymmetry o f  th e  c o r r e l a t i o n  a t  the  N ée l  p o in t  w i th o u t  

e x t e r n a l  o r i e n t i n g  f i e l d  and a  te m p e ra tu re  dependence  o f  c o t  w ith  e x t e r n a l  

o r i e n t i n g  f i e l d .  T he ir  r e s u l t s  on ^ ^ S m  n u c le i  from  th e  d ecay  o f  

embedded i n  g a r n e t  a r e  rep roduced  i n  f i g . 5 . and  6 .

F i g . 5 .
Change o f  th e  a n i s o t r o p y  a t  the  N ée l  p o in t  i n

Eu IG.
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F i g . 6 .
R o ta t io n  o f  th e  a n g u l a r  c o r r e l a t i o n  p a t t e r n  

i n  Eu IG i n  e x t e r n a l  o r i e n t i n g  f i e l d

F i g . 7 .
R o ta t io n  a n g l e - v s  te m p e ra tu re  i n  
th e  v i c i n i t y  o f  com pensa tion  

p o i n t  i n  SdIG.

The most im p o r ta n t  r e s u l t  o f  t h i s

i n v e s t i g a t i o n  was t h e  e x p e r im e n ta l

c o n f i r m a t io n  o f  a s h o r t  e l e c t r o n i c
-1 2r e l a x a t i o n  time o f  ~  J10 sec  o f  

th e  r a r e  e a r t h  io n s  i n  g a r n e t s ,  w hich 

was e x t r a c t e d  from t h e  a n i s o t r o p y  

d a ta  o f  t h e  a n g u la r  c o r r e l a t i o n .

Some o th e r  e f f o r t s  have been  made 

in  t h i s  d i r e c t i o n 1^ ’ ^  . I t  i s  

i n t e r e s t i n g  to  c o n s i d e r  th e  m easurem ent 

o f  K o ick i  e t  a l  '  who i n v e s t i g a t e d  th e  

i n t e r n a l  f i e l d  in  GdIG i n  the v i c i n i t y  

o f  the  co m p en sa tio n  p o i n t .  The 

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

was ^^T m  from th e  d eca y  o f  ^ ^ L u ,  

and the  i n t e g r a l  r o t a t i o n  o f  th e  

178-130 keV casca d e  was o b se rv ed .  The 

r e s u l t s  a r e  shown i n  f i g . 7 . I t  c a n  be 

seen  t h a t  th e  s ig n  o f  th e  i n t e r n a l



f i e l d  changes r a p i d l y  a t  th e  com pensa tion  t e m p e r a tu r e ,  w h ile  th e  a b s o lu t e  

v a lu e  o f  the f i e l d  rem ains  unchanged. The t r a n s i t i o n  t a k e s  p la c e  i n  an 

~  10°C te m p e ra tu re  i n t e r v a l  and has a h y s t e r i s  w hich  depends on th e  

e x t e r n a l  o r i e n t i n g  f i e l d .

I n  the  case  o f  im p u r i ty  atom s in  f e r ro m a g n e t ic  l a t t i c e s  th e  te m p e ra tu re

dependence r e f l e c t s  th e  e f f e c t  o f  l o c a l  moments o b se rv ed  f i r s t  a t  Mn atoms

in  Fe by NMR m ethod10 and by n e u t ro n  s c a t te r in g 1^ . The f i r s t ,  t e n t a t i v e
20ex p e r im en t in  t h i s  d i r e c t i o n  was perfo rm ed  i n  our l a b o r a t o r y  , i n  w hich 

the  te m p e ra tu re  dependence o f  th e  m agnetic  f i e l d  a t  P t  n u c l e i  i n  Fe was 

m easured  a t  t h r e e  p o i h t s  / f i g . 8 . / .

F ig .8 .
cot v s  t e m p e ra tu r e  in  F e -P t  a l l o y  a t  P t  n u c l e i

From t h i s  i t  cou ld  be e s t a b l i s h e d  only t h a t  th e  f i e l d  c o i n c i d e s  w i th  th e  

v a lu e s  expec ted  from th e  m a g n e t iz a t io n  c u rv e  a t  h ig h  t e m p e r a tu r e s  too  

c l o s e  t o  th e  c u r i e  p o i n t .  The n e c e s s i t y  o f  a c c u r a t e  m easurem ent was 

n o t  a p p a r e n t  a t  t h i s  t im e .

21In  th e  case  o f  Pd in  Fe, Johansson  e t  a l  found a  s m a l l  d ip  i n  

f i e l d  v a l u e s  a t  Pd n u c l e i  / f i g . 9«/*  a much g r e a t e r  e f f e c t  was ob se rv ed
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I n t e r n a l  f i e l d  v s  te m p e ra tu re  i n  FePd a l lo y  
a t  P t  n u c l e i

ppby S h i r l e y  e t  a l  a t  Ru n u c l e i  i n  Ni / f i g . 1 0 . / .  These m easurem ents  were

e v a lu a te d  i n  te rm s o f  t h e  th e o ry  o f  
1ЯJ a c e a r i n o  e t  a l  , i . e .  th e re  i s  

l o c a l i z e d  moment a t  th e  i n p u r i t y  

a tom s. In  th e  i n t e r p r e t a t i o n  o f  th e  

c a s e  o f  Ru n u c l e i  a l s o  th e  n o n lo c a l  

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

had to  be ta k e n  i n t o  a c c o u n t .

In  a r e c e n t  m easurem ent Deutch 

e t  a l ^  im p la n te d  r a d i o a c t i v e  ^ ^ Y b  

n u c l e i  i n t o  i r o n  f o i l  w i th  i s o to p e  

s e p a r a t o r  p ro d u c in g  th u s  v e ry  s m a l l  

c o n c e n t r a t i o n s  o f  im p u r i ty  atoms i n  

th e  l a t t i c e .

They m easured  th e  te m p e ra tu re  

dependence o f  th e  a n i s o t r o p y  and 

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

i n  a f t e r  th e  f b  - d e c a y  and

found  s i m i l a r  r e s u l t s  t o  th o se

F i g . 10.
I n t e r n a l  f i e l d  v s  te m p e ra tu re  i n  

NiRn a l l o y  a t  Rn n u c l e i

V

г

1
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o b ta in e d  from th e  g a r n e t s  m entioned  ab o v e .  The e l e c t r o n i c  r e l a x a t i o n  tim e
—12was found to  be 2 .1 0  s e c ,  and th e  c u rv e  f o r  i n t e r n a l  m a g n e tic  f i e l d  

a t  Tm n u c l e i  v s  te m p e ra tu re  showed the  c h a r a c t e r i s t i c  e f f e c t s  o f  l o c a l i z e d  

moments / f i g . 1 1 . / .

x

T/Tc

F i g . 11.
I n t e r n a l  f i e l d  v s  te m p e ra tu re  a t  Tto n u c l e i  • 

im p lan ted  i n t o  Fe

4 . Time dependence o f  th e  i n t e r n a l  m agne tic  f i e l d

'The la rg e  s c a l e  o f  l i f e t i m e s  f o r  d i f f e r e n t  e x c i t e d  s t a t e s  opens an 

e x te n d e d  sphere  f o r  the  r e s e a r c h  o f  th e  t im e  dependence o f  th e  h y p e r f in e  

f i e l d .  These s t u d i e s  have been  made up t o  now w ith  th e  use  o f  Coulomb- 

- e x c i t a t i o n .  In  th e  e x p e r im e n ts  o f  G rodz ins  e t  a l 2^*2^ d i f f e r e n t  e x c i t e d  

n u c l e i  were r e c o i l e d  w ith  en e rg y  o f  ss 10 -20  MeV i n t o  Fe l a t t i c e  by th e  

bom barding ^ 0  i o n s .  The e x c i t e d  s t a t e s  had  l i f e t i m e s  o f  10""^■*'-10“’̂ 2 s e c .

I t  tu rn e d  o u t  from 

th e  a n a l y s i s  o f  th e  d a ta  

t h a t  th e  i n t e r n a l  f i e l d  

depends on th e  l i f e t i m e  o f  

th e  e x c i t e d  s t a t e s  and on 

th e  a tom ic  number o f  the  

im p u r i ty  atoms / s e e  f i g . 1 2 . / .  

The s lo w in g  down tim e o f  

th e  r e c o i l e d  io n s  was

Time and atomic number dependence o f  th e  i n t e r n a l  
f i e l d  a t  n u c l e i  r e c o i l e d  i n t o  Fe l a t t i c e  by h ig h  

ene rgy  0 io n s

F i g . 12.
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«  1 p s e c ,  th e  f i e l d  a t  th e  n u c l e i  r e a c h e d  i n  t . d s  s h o r t  tim e i n t e r v a l  

v e ry  h ig h  v a lu e s  a s  compared w i th  the  s t a t i c  f i e l d .

To u n d e r s ta n d  th e  phenomena, th e  r o t a t i o n  o f  th e  a n g u la r  c o r r e l a t i o n  

p a t t e r n s  was m easured  a s  a  f u n c t i o n  o f  t h e  v e l o c i t y  o f  th e  io n s  r e c o i l e d  

i n t o  th e  Fe l a t t i c e .  The v e l o c i t y  o f  th e  io h s  was v a r i e d  by ch a n g in g  the  

th i c k n e s s  o f  th e  m a g n e t i c a l ly  n e u t r a l  Cu m o d e ra to r  mounted be tw een  th e  Fe 

f o i l  and th e  t a r g e t  m a t e r i a l .  The dependence o f  th e  v a lu e  o f  coT on th e  Cu 

th i c k n e s s  i n  th e  c a s e  o f  Cd n u c leu s  i s  t o  be se e n  i n  F i g . 13.

O . O I 2

0 . 0 0 0

0 .004

F i g . 13.
Dependence o f  u>T on the  t h i c k n e s s  o f  Cu 

between Fe and t a r g e t

The v a lu e  o f  ooT o b ta in e d  from s t a t i c  e x p e r im e n t ,  e . g .  from th e  r o t a t i o n  

o f  a n g u la r  c o r r e l a t i o n  p a t t e r n ,  i s  p o s i t i v e ,  th e  v a lu e  g o t  from Coulomb- 

- e x c i t a t i o n  i s  a t  f i r s t  n e g a t i v e ,  then  a p p ro a c h e s  t h e  s t a t i c  v a l u e  and 

d ro p s  t o  ze ro « T h is  shows t h a t  th e  time d e p en d e n t  i n t e r n a l  f i e l d  d i s a p p e a r s  

a t  a  d e f i n i t e  v e l o c i t y  cu t app roaches  t h e  s t a t i c  v a lu e  and t h e r e  i s  n a t u r a l l y ,  

no r o t a t i o n  i f  th e  r e c o i l e d  io n s  s to p  i n  Cu. The r e s u l t s  can  be u n d e rs to o d  

i f  one assumes t h a t  th e  r e c o i l e d  io n s  moving th ro u g h  th e  Fe l a t t i c e  p ic k  

up p o l a r i z e d  e l e c t r o n s  c l o s e  to  th e  end o f  t h e i r  ran g e  where th e  v e l o c i t y  

i s e g u a l  t o  th e  v e l o c i t y  o f  th e  p o l a r i z e d  d e l e c t r o n s .

The p o s s i b i l i t i e s  to  s tu d y  th e  d i f f e r e n t  e le m e n ts  a r e  much more 

ex ten d ed  i n  th e  c a s e  o f  n u c l e a r  r e a c t i o n s  th a n  i n  th e  case  o f  r a d i o a c t i v i t y .  

T h e re fo re ,  i t  i s  v e r y  im p o r ta n t  to  know i n  such  c a s e s  w h e th e r  th e  measured 

f i e l d  i s  s t a t i c ,  o r  s u b j e c t  t o  some tim e depen d en t p e r t u r b a t i o n ?  I t  i s  

im p o r ta n t  to  v e r i f y  th e  ab sen ce  o f  t i m e - e f f e c t s  i f  th e  v e l o c i t y  o f  the  

r e c o i l e d  io n s  i s  s m a l l e r  th a n  t h a t  o f  d e l e c t r o n s .  Our group h a s  made some

Cd on Cu on Fe
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P6ex p e r im e n ts  i n  t h i s  d i r e c t i o n  .

The l i m i t i n g  energy  o f  the  r e c o i l e d  io n s  a c c o r d in g  to  th e  e s t i m a t i o n  
24o f  G rodzins  i s  ~  350 keV /F e  io n s  moving th ro u g h  F e /  and depends 

l i n e a r l y  on mass number. We have made e x p e r im e n ts  w i th  V and P t  atoma 

a l lo y e d  w ith  Fe and bombarded them w i th  2 ,5  MeV p r o to n s .  The r e c o i l  e n e r g i e s  

a r e  s m a l le r  th a n  th e  l i m i t i n g  v a lu e s  /  200 keV i n  th e  c a s e  o f  V in  Fe

and ~  50 keV i n  the  c a s e  o f  P t  i n  F e / .

In  th e  c a s e  o f  V i n  F e ,  a l l o y s  o f  1 ,2  and 4 ,5  %  V c o n t e n t  were s t u d i e d ,  

th e  i n t e r n a l  f i e l d  was found  to  be w i th i n  th e  e x p e r i m e n t a l■e r r o r  in d e p e n d e n t  

o f  c o n c e n t r a t i o n  / s e e  f i g . 1 4 . / ,

F i g . 14.
Dependence o f  coT on th e  V c o n c e n t r a t i o n  

in  FeV a l l o y

28and a g re e in g  w i th  th e  s t a t i c  v a lu e  .

The f i e l d  v a lu e s  a t  P t  n u c l e i  were s tu d i e d  in  a  FeQ ^  P t Q a l l o y .  

The f i e l d  was found  to  be a b o u t  20 %  lo w er  th a n  th e  s t a t i c  f i e l d  i n  d i l u t e  

/  1 % P t  c o n t e n t /  a l l o y .  T h is  d e c r e a s e  can  be th e  consequence  o f  th e

h ig h e r  P t c o n te n t  and o f  th e  s t r u c t u r e  o f  th e  m a t e r i a l .  The s i t u a t i o n  i s  

n o t  v e ry  c l e a r  i n  t h i s  a l l o y .  D i f f e r e n t  a u t h o r s  o b ta in e d  d i f f e r e n t  f i e l d  

v a l u e s .  The v a lu e  o f  B e n c z e r -K o l le r  e t  a l .  a g re e s  w i th  ou r  v a l u e ^  , t h a t  

o f  Buyrn e t  a l  i s  ~  20 %  h i g h e r .  The m a g n e t i z a t io n  cu rv e  m easured  on o u r  

sample showed an a b ru p t  d rop  a t  400 °G on h e a t in g  and became a g a in  m agnetic
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a t  80 °G on C o o lin g .  I t  seems to  be w orth  w h i le  to  i n v e s t i g a t e  t h i s , a l l o y “ 

more th o ro u g h ly .

6 .  D is c u s s io n

The above d i s c u s s e d  i n v e s t i g a t i o n s  a r e  on ly  r e p r e s e n t a t i v e  exam ples

to  show th e  e f f i c i e n c y  o f  th e  m ethod. We have seen  t h a t  t h i s  te c h n iq u e  has

g iv e n  -  among o th e r s  -  new in f o r m a t io n  a b o u t  th e  l o c a l i z e d  m ag n e tic  moments

and th e  t im e dependence o f  th e  h y p e r f in e  f i e l d .  In  t h i s  p a r t  we s h o u ld  l i k e

to  d i s c u s s  th e  f u r t h e r  a d v a n ta g e s  o f  the  m ethod.

a /  L o c a l iz e d  moments: th e  a n g u l a r  c o r r e l a t i o n  and d i s t r i b u t i o n  method

/ ACDM/ p e r m i t s  t o  e v a lu a te d  th e  i n t e r n a l  f i e l d  a t  th e  im p u r i ty  n u c l e i  and

th e  r e l a x a t i o n  tim e o f  th e  l o c a l i z e d  moment. E s s e n t i a l l y ,  th e  same d a t a  a re

o b ta in a b le  by th e  in c o h e r e n t  n e u t ro n  s c a t t e r i n g  method /NSM/, / f o r  exam ple, 
-12th e  2 .1 0  p sec  r e l a x a t i o n  tim e o f  Tm moments m easured by ACDM a g r e e s  w e l l

w i th  th e  v a lu e  c a l c u l a t e d  from th e  w id th  o f  t h e  E r l e v e l  d e te rm in e d  by

NSM ~C = 1 ,9 .1 0 “ 12 s e c ^ V .  The ACDM method i s  g e n e r a l l y  n o t  l i m i t e d  by

c o n c e n t r a t i o n  and n e u t ro n  p h y s i c a l  p ro b le m s ,  i t  works i n  p r i n c i p l e  a t  any

c o n c e n t r a t i o n  f r o m . t r a c e  c o n c e n t r a t i o n s  up to  h ig h  c o n c e n t r a t i o n s .

b /  Time e f f e c t s :  th e  v e ry  s h o r t  l i f e - t i m e s  o f  e x c i t e d  n u c l e a r  s t a t e s  
—11 —12/1 0  -1 0  s e c /  a l lo w  to  m easure such  f a s t  changes o f  m ag n e tic  f i e l d s

which have been  i n a c c e s s i b l e  a s  y e t  by any known m ethod. The lo n g e r
— A

l i f e t i m e s  /1 0 “ -1 0  s e c /  open a  new re g io n  o f  r e l a x a t i o n  m easurem ents  s i m i l a r

to  t h a t  co v e re d  by NMR m ethods. T h is  r e g io n  i s  f a r  from b e in g  e x p lo re d  by

ACDM -ä, s i n c e  only  a few e x p e r im e n ts  have been  perfo rm ed  to  d a t e ^ 2 ’^  . This

r e g io n  i s  w e l l  s u i t a b l e  f o r  work w ith  p a r t i c l e  a c c e l e r a t o r s ,

c / T r a n s i t i o n  -  e f f e c t s :  w i th  a p p r o p r i a t e l y  chosen  n u c l e a r  r e a c t i o n s

i t  would be p o s s i b l e  t o  i n v e s t i g a t e  th e  b u i l d - u p  o f  m a g n e t ic  f i e l d s  a t  the

b o u n d a r ie s  o f  m agne tic  m a t e r i a l .  I f  th e  - r a d i a t i o n  o r i g i n a t e s  from a

sh a rp  re so n a n c e  h av in g  a w id th  o f  some eV, th e n  by i n c r e a s i n g  th e  energy

o f  th e  bombarding p a r t i c l e s  i t  can  be o b s e rv e d  t h a t  th e  r e a c t i o n  t a k e s

p la c e s  f i r s t  a t  the  s u r f a c e ,  and th e n  i t  i s  g o in g  d e e p e r  and d e e p e r  i n  to

th e  m a t e r i a l .  The m easured ooT v a lu e  r e v e a l s  the mode o f  t r a n s i t i o n  from

ze ro  f i e l d  to  f u l l  f i e l d  v a l u e s .  Also th e  e f f e c t s  o f  domain w a l l s  can  be

s tu d ie d  by t h i s  m ethod. The r e s o l u t i o n  o f  th e  method depends  on th e  s t a b i l i t y
—8 —6o f  a c c e l e r a t o r s .  The b a s t  r e s o l u t i o n  v a lu e s  can  be 10 -1 0  cm t h i k n e s s e s .
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