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Abstract. 
Neutron depolar izat ion theory i n  p a r t i c u l a t e  media i s  

d i s c u s s e d .  A N D  experiment yields  a cor re la t ion  matrix 
U, describing the  micro-magnetic s t a t e  of  t h e  medium. 
The r e l a t i o n s  between w and parameters describing the  
i n d i v i d u a l  p a r t i c l e s ,  p a r t i c l e  i n t e r a c t i o n s ,  
o r ien ta t iona l  correlat ions between p a r t i c l e s  and densi ty  
var ia t ions  within the medium are d i s c u s s e d .  With t h e s e  
r e l a t i o n s  t h e  ND technique can successful ly  be used t o  
study the micro-magnetic state of par t icu la te  media. The 
theory  i s  a p p l i e d  t o  the r e s u l t s  of ND measurements on 
C r O  -powder. 2 

1 IKlRODUCTION 

The three-d imens iona l  neut ron  d e p o l a r i z a t i o n  ( N D )  
t e c h n i q u e  i s  a powerful method t o  s tudy  s t a t i c  and 
dynamic propert ies  of magnetic s t ruc tures  i n  t h e  micron 
and submicron region (e.g. [l-31). In  t h i s  technique the  
p o l a r i z a t i o n  v e c t o r  of  a p o l a r i z e d  n e u t r o n  beam i s  
analyzed a f t e r  t ransmission through a magnetic medium. 
During transmission the polar izat ion vector i s  a f f e c t e d  
by magnetic inhomogeneities i n  the medium: mean magnetic 
i n d u c t i o n  (<E>)  r e s u l t s  i n  a n e t  r o t a t i o n  o f  t h e  
p o l a r i z a t i o n  v e c t o r  whi le  f l u c t u a t i o n s  i n  t h e  l o c a l  
magnetic induction, denoted by AB(r)=B-B(r) ,  r e s u l t  i n  
an e f f e c t i v e  s h o r t e n i n g  of  t h e  p o l a r i z a t i o n  v e c t o r ,  
c a l l e d  d e p o l a r i z a t i o n  hencefor th .  The N D  t e c h n i q u e  
y ie lds  the mean length along the neutron path over which 
Ag(r) is  correlated,  <E> and the loca l  magnetic t e x t u r e  
i n  general. 

The ND technique has only recent ly  been applied t o  the 
study of magnetic correlat ions i n  par t icu la te  media [4]. 
The propert ies  of these media a r e  s t r o n g l y  a f f e c t e d  by 
magnetic p a r t i c l e  in te rac t ions  (e .g  [5] ) ,  resu l t ing  i n  
correlated magnetization o r i e n t a t i o n s  of  neighbouring 
p a r t i c l e ,  and by possible correlat ions between p a r t i c l e  
o r i e n t a t i o n s .  The ND t echnique  promises  t o  b e  v e r y  
u s e f u l  i n  s t u d y i n g  t h e s e  m e d i a ,  as i t  c a n  
p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  t h e s e  
c o r r e l a t i o n s  i n  a more d i r e c t  way than other  techniques 
mostly used. 

A ND theory  s u i t a b l e  f o r  in te rpre t ing  the r e s u l t s  of 
ND measurements on par t icu la te  media has  r e c e n t l y  been 
formula ted  by Rosman and Rekveldt [6]. This paper deals  
with the l a t te r  theory  a p p l i e d  t o  p a r t i c u l a t e  media. 
A c c o r d i n g  t o  t h i s  t h e o r y ,  a N D  experiment  y i e l d s  a 
cor re la t ion  matrix w describing the micro-magnetic state 
of  t h e  medium. The r e l a t i o n s  between w and parameters 
describing the individual p a r t i c l e s  and d i f f e r e n t  t y p e s  
of  superdomains is discussed. The theory is applied t o  
ND measurements on powders of Cr02 par t ic les .  

2 NEUTRON DEPOLARIZATION IN PARTICULATE MEDIA 

The depolar izat ion matrix D. express ing  tbe r e l a t i o n  
between t h e  p o l a r i z a t i o n  v e c t o r  before (E b and a f t e r  
(E ) transmission through the medium (E = D ) ,  y i e l d s  
<E> as w e l l  a s  t h e  c o r r e l a t i o n  m a t r i x  w [6]. The 
components  w .  ( i , j =  x , y , z )  o f  w ,  r e l a t e d  t o  a 
p a r t i c u l a t e  m&dium wi th  a p a r t i c l e  volume f rac t ion  E, 
are defined by 

wi th  AV t h e  volume o f  a r e p r e s e n t a t i v e  p a r t  o f  t h e  
medium with thickness AL and U the  spontaneous p a r t i c l e  
magnetization. The propagat iozdi rec t ion  of t h e  neut ron  
beam (e ) is  along the  z-axis. A re la t ion  between w and 
- M ( r )  c% be derived from e q . ( l )  by working i n  F o u r i e r  
space, resu l t ing  i n  

wij= aij - $ AL <Mi><M j >/(EM:) 

S 

(2)  PO d3r  [ i x ( ~ ( r ) x i )  ]eiS*C 

Here,  S i s  t h e  r e c i p r o c a l  XY-plane. E a r e c i p r o c a l  
p o s i t i o n  v e c t o r ,  s =  s / ( s )  a n d  m .  t h e  r e d u c e d  
magnetization i n  the i:directi;n ( m .  = < M  . t/ ( EM ) ) . 

Media f o r  which w is d iagonal  &re Sons iaered  only, 
implying t h a t  it is  assumed tha t  no correlat ions between 
AB.and AB.  ( i + j )  e x i s t s  a long  t h e  neut ron  path. This 
as&umptioA i s  g e n e r a l l y  v a l i d  i n  p a r t i c u l a t e  media  
provided t h a t  e is  along one of the main d i rec t ions  of 
the  magnet iza t ia  o r i e n t a t i o n  d i s t r i b u t i o n .  Then, t h e  
q u a n t i t i e s  < = t r a c e ( w )  and  Y . = w . . / <  are u s e d  t o  
character ize  t h e  micro-magnetic 'sta\% of  t h e  medium. 
Furthermore,  w ,  5 or Y re fer r ing  t o  a s t a t e  f o r  which 
m=O w i l l  be denoted by om, 5' and Y o ,  respec t ive ly .  The 
q u a n t i t y  5 is the cor re la t ion  length of AB(r) along e 
The quant i ty  Y . ,  re la ted  t o  the component AB. which?';, 
c o r r e l a t e d  a l6ng  e y i e l d s  t h e  magnetic d x t u r e .  The 
exact re la t ion  be twzh D on the one hand and 5 and Yi on 
the  other  depends on the or ien ta t ion  of <E>. 

2.1 The matrix w f o r  uncorrelated p a r t i c l e s .  
The Dar t ic les  discussed i n  t h i s  sect ion a r e  assumed t o  

be e l l ipso ides  with a x i a l  dimension b,  rad ia l  dimension 
a and volume V .  The spontaneous p a r t i c l e  magnetization 
M is  or iented along the  b-axis. The cor re la t ion  mat r ix  
w r e l a t e d  t o  such e l l i p s o i d e s  fo l lows  from eq . (2)  by 
t a k i n g  AV a s  t h e  subvolume c o n t a i n i n g  one  p a r t i c l e  
(AV=V/c) and by averaging the obtained re la t ion  over the 
p a r t i c l e  or ientat ion:  

s 

d2s((nC(i)):F(g)2> -$-c2'3m i j  m V/<S>} (3). 

H e r e ,  < S >  is t h e  a v e q a p e  -par t - ic le  c r o s s - s e c t i o n  
p e r p e n d i c u l a r  t o  e n (s)=sx(nxs)  and n a u n i t  vector  
a long  M . The s e c s ;  term on t h e  r . h r s  o-f e q .  (3) 
c o r r e c z  f o r  t h e  f a c t  t h a t  an increase i n  B t r i v i a l l y  
r e s u l t s  i n  a d e c r e a s e  i n  A B ( r )  and t h e r e w i t h  i n  U. .. 
This fac tor ,  which is  discussed i n  [TI. can be neglec%&d 
i n  the experiments presented i n  t h i s  paper. 

The q u a n t i t y  5 approximates  t h e  mean p a r t i c l e  s i z e  
along the neutron path. A s  an example, f i g .  1 g i v e s  t h e  
q u a n t i t i e s  Cola and  c 0 / b  v e r s u s  b / a  i n  c a s e  of  an 
i so t ropic  p a r t i c l e  or ien ta t ion  d is t r ibu t ion .  For  such a 
d i s t r i b u t i o n  5' is  about proportional t o  b f o r  b/a<O.l. 
and t o  a f o r  b/a>lO. 

For u n c o r r e l a t e d  p a r t i c l e s ,  Y o  i s  dependent on the 
p a r t i c l e  shape and or ien ta t ion .  Inigeneral, the  more the 
p a r t i c l e s  are or iented along the i -direct ion the la rger  
the  value of Y o  i s .  I n  c a s e  of an i s o t r o p i c  p a r t i c l e  
o r i e n t a t i o n  h i s t r i b u t i o n ,  Y : = Y 0 = 1 / 4  and Y z =  112,  
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independent  of t h e  p a r t i c l e  shape.  This  phenomenon, 
c a l l e d  t h e  i n t r i n s i c  a n i s o t r o p y .  i s  e x t e n s i v e l y  
discussed i n  [ 6 ] .  The s t r o n g  dependence of  Y .  on t h e  
p a r t i c l e  shape is extremely important when d e r h i n g  the  
loca l  p a r t i c l e  or ien ta t ion  from a ND experiment. 

A 

1 2  

1 
S/b 

n 
V 

- 3  -2 - 1  0 1 2 3 
i n  

I"log(b/a) --> 
The quant i t ies  Co/a (1) and CO/b ( 2 )  versus 

l o g ( b / a )  i n  case  of  an i s o t r o p i c  p a r t i c l e  
orientation distribution. 

2.2 The e f f e c t  of superdomains on 0. 

The e f f e c t  of the e x i s t e n c e  of superdomains on w i s  
cons idered .  A superdomain is defined as a subvolume Vsd 
containing p a r t i c l e s  of which the components of along 
<E> have- t h e  same s i g n .  I t s  mean m a g n e t i z a t i o n ,  
<M > = m  E M  n (In l=l), d i f f e r s  f rom <E>. The 
c z f r i b z f i o 8 " o P '  suchs%uperdomains t o  t h e  cor re la t ion  
mat r ix  e q u a l s  w of  a medium of  u n c o r r e l a t e d  s i n g l e -  
domain p a r t i c l e s  with a p a r t i c l e  volume f rac t ion  of 1, a 
p a r t i c l e  s i z e  and  s h a p e  e q u a l  t o  t h o s e  o f  t h e  
superdomains and a p a r t i c l e  spontaneous magnetization of 

resu l t ing  i n  (see eq.(2)  and ( 3 ) )  

S (4 ) .  
The q u a n t i t i e s  F s d ( ~ )  and <S > a r e  the  form f a c t o r ' i d  
t h e  average  c r o s s - s e c t i o n  f?e?rpendicular t o  e o f  a 
s , p p s r d o m a i n .  r e s p e c t i v e l y .  T h e  q u i % t i t y  
n s ) = s x ( n  d~g) . .  Following from eq.(4)  the contr ibut ion 
~ d ~ - ~ ~ e ~ o m a i n  wi th  s i z e  Lsd t o  W .  . approximates  
EL m a value which may be much s m a h h  than L 

?RI?$; t y p e s  o f  superdomains  w i l l  be  consf%red: 
superdomains due t o  p a r t i c l e  i n t e r a c t i o n s ,  due  t o  
o r i e n t a t i o n a l  c o r r e l a t i o n s  be tween n e i g h b o u r i n g  
p a r t i c l e s  and due t o  d e n s i t y  v a r i a t i o n s .  I t  w i l l  be  
assumed t h a t  no mixture  of t h e s e  superdomains e x i s t .  

P a r t i c l e  in te rac t ions  may r e s u l t  i n  switching volumes 
c o n s i s t i n g  of  s e v e r a l  p a r t i c l e s  and t h e r e w i t h  i n  
superdomains. I n  case of pure p a r t i c l e  i n t e r a c t i o n s  (so 
with  t h e  e x c l u s i o n  of  o r i e n t a t i o n a l  c o r r e l a t i o n s  and 
densi ty  v a r i a t i o n s )  <cd> i s  p a r a l l e l  t o  < M >  and m 
e q u a l s  t h e  maximum value of m ,  a value w h i c h i s  re la tgd 
t o  t h e  average  p a r t i c l e  o r i e n t a t i o n .  A t  m = m  t h e  
superdomains do n o t  e x i s t  anymore (by definitio;?) and 
hence do not contr ibute  t o  w. Note t h a t  eq.(4)  does n o t  
e x a c t l y  e q u a l  z e r o  f o r  m = m  being  due t o  a s m a l l  
approximation i n  i t s  derivat?!;. Superdomains due t o  
p a r t i c l e  i n t e r a c t i o n s  g e n e r a l l y  r e s u l t  i n  a Y 
approaching 1. with k (k=x,y,z)  denoting the or ien ta t iok  
o f  <E>, a s  < M  > i s  p a r a l l e l  t o  <E>. P a r t i c l e  
in te rac t ions  may Zfso r e s u l t  i n  nega t ive  c o r r e l a t i o n s ,  
w i t h  o b v i o u s l y  a c o n t r i b u t i o n  t o  w d i f f e r e n t  from 
eq. ( 4 ) .  

P a r t i c l e  o r i e n t a t i o n a l  c o r r e l a t i o n s  may r e s u l t  i n  
la rge  switching volumes due t o  the f a c t  t h a t  p a r t i c l e s  
wi th  t h e  same o r i e n t a t i o n  reverse magnetization a t  the  
same value of the e f f e c t i v e  f i e l d .  However, even wi th  
t h e  n e g l i g e n c e  o f  t h i s  e f f e c t ,  o r i e n t a t i o n a l  
cor re la t ions  may r e s u l t  i n  superdomains a t  m Z 0 ,  as f o r  
m*O t h e  mean magnet iza t ion  of  a subvolume containing 
correlated p a r t i c l e s  d i f f e r s  from <E>. As t h e  average  
spread i n  the p a r t i c l e  or ien ta t ion  i n  these superdomains 

is smaller than the average spread within the medium, m 
i s  a l w a y s  sma l l e r  t h a n  m s d .  As a r e s u l t ,  t h e  
superdomains may contr ibute  t o  w over the t o t a l  m-range. 
The contr ibut ion of the superdomians t o  Y .  is  re la ted  t o  
the  average shape of the subvolumes conszdered and t h e  
average or ien ta t ion  of t h e i r  par t ic les .  

Subvolumes with a p a r t i c l e  volume f r a c t i o n  equal  t o  
= + A € ,  with E the average value of E, a c t  as  superdomains 
wi th  m =m)Acl/c and n o r i e n t e d  a long  *<E>. T h e i r  
c o n t r f g u t i o n  t o  w T$ g i v e n  by e q .  ( 4 )  w i t h  t h e  
negl igence  of  t h e  second term on i t s  r . h . s .  (due t o  
< A c > = O ) .  As a r e s u l t  t h e  c o n t r i p u t i g n  of  d e n s i t y  
var ia t ions  t o  w is propor t iona l  t o  m < A €  > / c .  Densi ty  
v a r i a t i o n s  o n l y  s e r i o u s l y  affe_ct  w i n  c a s e  of  l a r g e  
sca le  densi ty  var ia t ions ,  as AE/E is generally small. As 
<M > i s  p a r a l l e l  t o  *<E>, densi ty  var ia t ions  r e s u l t  i n  
a y d  approaching 1, wi th  k ( k = x , y , z )  d e n o t i n g  t h e  
oriekntation of <E>. This makes them dis t inguishable  from 
superdomains due t o  or ien ta t iona l  correlat ions.  

2.3 Discussion. 
The N D  t e c h n i q u e  i n  p r i n c i p a l  c a n  b e  a p p l i e d  

t o  t h o s e  p a r t i c u l a t e  media with values of 5 from 10 nm 
up t o  mm's. No o t h e r  technique  y i e l d s  q u a n t i t a t i v e  
informat ion  about  t h e s e  c o r r e l a t i o n  l e n g t h  i n  such a 
d i r e c t  way. 

S e p a r a t i n g  t h e  c o n t r i b u t i o n s  t o  w of the individual  
p a r t i c l e s  and the d i f f e r e n t  types  of  superdomains may 
sometimes be d i f f i c u l t .  However, s e v e r a l  ways e x i s t  
which may make t h i s  separation p o s s i b l e .  A t  f i r s t ,  t h e  
dependence of w on the magnetic s t a t e  of the medium can 
be analyzed. Individual p a r t i c l e s  and superdomains due 
t o  o r i e n t a t i o n a l  c o r r e l a t i o n s  between p a r t i c l e s  may 
c o n t r i b u t e  t o  w over  t h e  t o t a l  magnet iza t ion  range.  
D e n s i t y  v a r i a t i o n s  may c o n t r i b u t e  a t  m z O  o n l y .  
Superdomains due t o  p a r t i c l e  in te rac t ions  do n o t  a f f e c t  
w i n  the s t a t e  of maximum remanence. Secondly, 7. can be 
ana lyzed .  I f  w i s  dominated by superdomains 'due t o  
d e n s i t y  f l u c t u a t i o n s  Y should approach 1. with  k 
denoting the or ien ta t ion  o k  <E>. T h i r d l y ,  t h e  a n a l y s i s  
o f  w f o r  d i f f e r e n t  e o r i e n t a t i o n s  may y i e l d  
information, based on whicg t h i s  separation can be made. 
F u r t h e r m o r e ,  i f  t h e  p a r t i c l e  s i z e ,  shape and mean 
or ien ta t ion  is  known (e.g. from other  techniques), w can 
b e  c o r r e c t e d  f o r  t h e  c o n t r i b u t i o n  of  i n d i v i d u a l  
p a r t i c l e s .  

3 " I R O N  DEPOLARIZATION IN CR02 POWDERS 

This sect ion deals  with ND measurements i n  powders of  
s ingle-domain C r O  p a r t i c l e s .  The aim is t o  measure w 
versus m during the'magnetization reversal  p rocess  wi th  
e perpendicular t o  the applied f i e l d .  
-0 

3.1 Experimental. 
The C r O  p a r t i c l e s  a re  elongated with a mean diameter 

of  20 nm i n d  a mean l e n g t h  of  200 nm [ 8 ] ,  w i t h  t h e  
a n i s o t r o p y  ax is  along the longi tudinal  axis .  For the  ND 
measurements (e // z-axis )  t h e  p a r t i c l e s  a r e  p u t  i n  a 
c o n t a i n e r  sur7ounded by a c o i l  (850 " y n s  per meter). 
The p a r t i c l e  densi ty  is around 1.0 g/cm . P u l s e  shaped 
currents  (up t o  400 A )  and therewith pulse shaped f i e l d s  
along the y-direction (up t o  35 kA/m) a r e  produced i n  
the c o i l  bas ica l ly  by shor tc i rcu i t ing  a charged capacity 
bank over the c o i l  ( t y p i c a l  p u l s e  width 1 ms). During 
( d e ) m a g n e t i z a t i o n  a s  w e l l  as d u r i n g  measuring t h e  
container  and c o i l  are p o s i t i o n e d  i n  a magnetic yoke 
made o f  t r a n s f o r m e r  s t ee l  i n  o r d e r  t o  p r o d u c e  a 
homogeneous f i e l d  and t o  shor tc i rcu i t  any f l u x  from t h e  
c o n t a i n e r .  The s e t  up u s e d  i n  t h e  experiments  i s  
b a s i c a l l y  t h e  same a s  t h e  one used p r e v i o u s l y  [ 4 ] .  
however with the single-detector replaced by an array of 
detectors .  The matrix w i s  measured versus the heigth H 
o f  t h e  a p p l i e d  p u l s e d  f i e l d ,  s t a r t i n g  from t h 8  
' v i r g i n a l '  s ta te  ( m = O )  up t o  t h e  s t a t e  o f  maximum 
remanence. The d i r e c t i o n  of  t h e  f i e l d  is subsequently 
r e v e r s e d ,  a f t e r  which w i s  measured  d u r i n g  t h e  
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magnetization reversa l  process. 

h i g h l y  c o r r e l a t e d .  With inc reas ing  m these subvolumes 
become magnetized and a c t  a s  superdomains. The l o w  value 
of  Y over  t h e  whole m-range excludes la rge  e f f ec t s  of 
density v a r i a t i o n s .  The s w i t c h i n g  volumes  i n  t h e  
magnet iza t ion  r e v e r s a l  p rocess  are much smaller than 

volumes a long  z exceeds  t h e  p a r t i c l e  s i z e ,  following 
from a comparison of t he  value of i n  the  v i r g i n a l  and 

these superdomains. However, the  s i z e  o f  t h e  swi t ch ing  
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3.3 Discussion. 

I 

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

Similar measurements on CoZnferrite p a r t i c l e s  y i e lded  
b a s i c a l l y  the  same resu l t s .  A more extensive discussion 
both on the  theory and the  measurements is  given i n  [ T I .  

0.0 0.1 0 .2  0 . 3  demagnetizing e f f ec t .  
”,Ha (T) --> 

W T h e  reduced remanent magnetization m versus H , 
during the magnetization (a) and magnetizatign 
reversal (b) process. 

5.2 Results.  
F ig .2  g i v e s  m ver sus  H , showing t h e  magnetization 

( reversa l )  process. Fig. 3 t i v e s  the  cor re la t ion  length C 
versus m. Its value (5 =36*3 nm) strongly increases with 
i n c r e a s i n g  m du r ing  t h e  magnet iza t ion  p rocess  up t o  
values of about ten  times the  originalfvalue.  During the  
m a g n e t i z a t i o n  r e v e r s a l  p r o c e s s  C d e c r e a s e s  and  
i n c r e a s e s  again, with a minimum (~O=lOOt10 nm) equal t o  
t h r e e  times t h e  v a l u e  i n  t h e  v i r g i n a l  s t a t e .  The 
q u a n t i t y  Y could not be determined accurately f o r  m:O. 
due t o  expegimental c i rcumstances .  However, its va lue  
appeared t o  vary  between 0.2 and 0.5. The values of Yo 
a t  m = O  h a v e  b e e n  measured  s e p a r a t e l y ,  y i e l d i n k  
Y0=0.27.Y0=0.24, Y0=0.49 ( t0 .02 ,  v i r g i n a l  s t a t e )  and 
Ye=0.30. p=0.47, Y%O.23 (*0.04. demagnetized s t a t e ) .  
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3 CONCLUSIONS 

The r e l a t ion  between the  cor re la t ion  matrix U, derived 
from a ND experiment, and the  micfo-magnetic state of a 
pa r t i cu la t e  medium has been de r ived .  The ma t r ix  o may 
y i e l d  q u a n t i t a t i v e  in fo rma t ion  about  t h e  i n d i v i d u a l  
p a r t i c l e s  and s e v e r a l  t y p e s  o f  s u p e r d o m a i n s .  The 
c o n t r i b u t i o n  o f  t h e  several  types of superdomains t o  U 

can be separated by analyzing the  r a t i o  of t he  d i agona l  
e l e m e n t s  o f  o and t h e  dependence o f  o on t h e  mean 
magnetization. 
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