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There are severa1 repor ts  o f  the e l e c t r i c  quadrupole in terac-  

t i ons  ava i l ab le  i n  the l i t e r a t ~ r e ? - ~  The present d iscussion i s  a short  

survey, in t roduc ing the e l e c t r i c  quadrupole up t o  the experimental pola-  

r i s e d  studies.  

Existem vár ias  publ icaçÓes sobre 

t r i  co na 1 i teratura  -"  A presente discussão 

quadrupolo e l é t r i c o  a té  o n i v e l  de recentes 

interações de quadrupolo e lé -  

é um resumo, int roduzindo o 

estudos experimentais. 

1. INTRODUCTION, (t STANDARD FORM OF EFG 

The magnitude o f  the quadrupole s p l i t t i n g  i s  p r o n o r t i o n a l  t o  

the Z componerit o f  the e l e c t r i c  f i e l d  gradient  (EFG) tensor which i n t e -  

racts w i  t h  the quadrupole moment o f  the nucleus. For I = 3/2, the qua- 

drupole spl  i t t i n g  can be expressed as 

Where Q i s  the quadrupole moment o f  the nucleus 

eq = V = - the Z component o f  the EFG 
ZZ 

e = proton charge 

and 0 i s  the asymmetry parameter 



E i t h e r  q  o r  Vzz  i s  r e f e r r e d  t o  as the  f i e l d  g r a d i e n t .  The E F G  tensor  

has n i n e  cornponents. 

The p o t e n t i a l  a t  the  Mtlssbauer nuc leus ( l o c a t e d  a t  the  o r i -  

g i n )  due t o  p o i n t  charge q a t  ( z , z ~ , z )  a d i s t a n c e  r = ( x 2  + y 2  + z 2 )  
1 / 2  

from the  o r i g i n  i s  g iven  by  

V = q / r  ( 3 )  

The nega t i ve  g r a d i e n t  o f  t h i s  po ten t  i a l ,  -$V, i s  t h e  e l e c -  
-i 

t r i c  f i e l d ,  E, a t  the  nuc leus,  w i t h  components 

++ 
the g r a d i e n t  of the e l e c t r i c  f i e l d  a t  the nuc leus,  T E ,  i s  g i v e n  by  

the second p a r t i  a1 der i v a t i  ve tensor  components a r e  

Vxx = q  ( 3 x 2  - r2)  r-' , 

V = q ( 3 y 2  - r 2 ) r - 5  , 
Y Y  
vzz = ( 3 z 2  - r2)  r-' , 

- 5 v = v  = 3 q q  r> , 
w Y*C - 5 

V X Z  = vzx = 3 q x z  r2 , 
- 5 v = V z x = 3 q y z  r . 

Y  '2 

The EFG cornponents can be expressed i n  s p h e r i c a l  c o o r d i n a t e s  as 



- vxZ - = 3 4'3 s ino  cor0 cosa 

- 3 V = V = 3 qr s ino coso siri@ 
YZ ZY 

The t o t a l  con t r i bu t i on  t o  each EFG components i s  obtained by 

simply adding the ind iv idua l  cont r ibu t ions .  I f  the coordinate axes are  

proper ly  chosen, the above tensor can be reduced t o  diagonal form so 

tha t  the EFG can be completely spec i f i ed  by the three components V , 
xx 

V and VzZ. These components are a l s o  not  independent and are r e l a t e d  
YY 

by Laplace's equat ion 

vxx + vyy + vzz = 0 (8) 

reducing the number o f  independent parameter t o  two, I'ZZ 
and ri where 

The: value o f  EFG tensor components obviously depend upon the 

choice o f  the coordinate axes. For t h i s  reason a standard form o f  EFG 

tensor i s  expressed by def i n i ng  a unique set  o f  axes known as the p r i n -  

c ipa l  axes o f  the EFG tensor. This unique coordinate system i s  the one 

f o r  which the of f- diagonal  components are zero and diagonal components 

are ordered, such tha t  



t h i s  r e s t r i c t s  O é ri I. Now, o n l y  

meters o f  the  EFG tensor  seem t o  be 

dependent o f f - d i a g o n a l  elements have 

( a , $ , y )  necessary t o  descr ibe  the  r e  

two o f  the f i v e  independent para-  

e f t .  A c t u a l l y ,  however, t h r e e  i n -  

been replaced by t h e  E u l e r  ang les  

a t i v e  o r i e n t a t i o n  o f  the  p r i n c i -  

p a l  and i n i t i a l  axes. The o r i e n t a t i o n  parameters a f f e c t  the  l i n e  i n -  

t e n s i t i e s  i n  s i n g l e  c r y s t a l  spect ra.  

Many p r o p e r t i e s  o f  t h e  EFG t e n s o r  can be deduced f rom the  

symmetry p r o p e r t i e s  o f  the m l e c u l e  o r  c r y s t a l .  O f ten  t h e  Z a x i s  o f  t h e  

EFG co inc ides  w i t h  the  h i g h e s t  symmetry a x i s  o f  the  rnolecule o r  c r y s -  

t a l .  The Z a x i s  o f  EFG, and the  X and Y axes, do n o t  always c o i n c i d e  

w i t h  metal - l i g a n d  bond d i r e c t i o n s .  I n  such cases, i t  i s  necessary t o  

choose an a r b i  t r a r y  s e t  o f  axes, work o u t  the  EFG components, diagona-  

l i s e  the  tensor ,  and then choose 1vZ21 3 ]vyy 1 3 /V_\. 

I f  the  e l e c t r o n i c  c o n f i g u r a t i o n  has a  symmetry l o w e r  than 

cub ic ,  e l e c t r o n s  about the ~ g s s b a u e r  atorn a l s o  c o n t r i b u t e  t o  t h e  EFG 

tensor .  

2. CORE POLARISATION 

The f i e l d  g r a d i e n t  which i s  f i n a l  l y  produced a t  t h e ~ & s b a u e r  

nucleus, say i ron, i s  modi f  i e d  by  the  presence o f  the inner  c losed-  

- s h e l l  e l e c  

b u t e  t o  the  

o f  the l a t t  

the Sternhe 

t h e  nuc leus 

rons.  Whi le  these core  e l e c t r o n s  themselves do n o t  c o n t r i -  

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

ce and va lence e l e c t r o n s .  T h i s  e f f ' e c t  i s  accounted f o r  b y  

mer5 a n t i s h i e l d i n g  parameter,s. The t o t a l  f i e l d  g r a d i e n t  a t  

l a t t i c e  

The s u b s c r i p t  ' 
t r i b u t i o n  o f  the  spher i ca  

646 

i o n '  and ' l a t t i c e '  st:and f o r  the  charge d i s -  

1 3d valence e l e c t r o r i s  be long ing  t o  the f e r -  



rous (50 3tS6) and the  ne ighbour ing  i o n  i n  t h e  c r y s t a l l  i n e  l a t t i c e  r e s -  

p e c t i v e l y .  ( I-R) and (1 -ym) are  the  Sternheimer f a c t o r s  which have 

been in t roduced  t o  c o r r e c t  f o r  the p o l a r i s a t i o n  o f  t h e  f e r r i c  l i k e  

(6S2 3d5) core by t h e  EFG o f  the i o n  and the  l a t t i c e  charge d i s t r i b u -  
3+ t i o n .  For ~ e "  R = 0 . 3 2 ~ .  ym = - 10 .68 and f o r  Fe ym = - 9 .  19. The 

o t h e r  d i s t r i b u t i o n  t o  the  EFG tensor  c o n ç i s t s  o f  the  uncompensated 3d 

e l e c t r o n s .  I n  oc tahedra l  ~ y m r n e t r ~ ' ~ ,  t h e  3d e l e c t r o n s  a r e  s p l  i t i n t o  

two groups. Those t r a n s f o r m i n g  as T a r e  l a r g e l  y u n a f f e c t e d ,  s i n c e  
2g  

these do n o t  o r d i n a r i l y  p a r t i c i p a t e  i n  bonding t o  l i g a n d s .  These a re  

usual l y  termed as dxy, &z and dyz and represen t  e l e c t r i c  charge con- 

c e n t r a t e d  i n  reg ions  o t h e r  than a long  the  1 igand d i r e c t i o n s .  The E 
9 

ele 'c t rons,  dz2  and 2, couple wi  t h  1 igand o r b i  t a l s  produce a n t i  - 
bonding wavefunct ions.  These concen t ra te  the  charge a long  the  bond d i -  

r e c t i o n s .  As a r e s u l  t, these E e l e c t r o n s  occupy a h i g h e r  energy leve1 
9 

than T e l e c t r o n s .  
2g 

The magnitude o f  sp l  i t t i n g  o f  these groups o f  e l e c t r o n s  has 

a profound e f f e c t  on t h e  magnetic and ~ O s s b a u e r  p r o p e r t i e s  o f  these 

compounds. deak 1 igands, such as OH-, H20, NH3 and the halogens produ- 

ce r e l a t i v e l y  small  s p l i t t i n g .  The f i v e  o r  s i x  3d e l e c t r o n s  o f  f e r r i c  

o r  f e r r o u s  compounds f i 11 by ~ u n d ' s  r u l e  f o r  maximum mul t i p l  i c i  t y .  

St rong l i y a n d s  such as CN, p y r i d i n e  o r  - O - phenan th ro l ine  cause a 

g r e a t e r  s p l  i t t i n g  and lead  t o  the  f i t t i n g  o f  T S h e l l .  
2g 

For an e l e c t r o n  i n  a s t a t e  Y the e l e c t r i c  f i e l d  g r a d i e n t  

has the e x p t x t a t  i o n  va l ue. 

These e x p e c t a t i  o n  v a l  u e s  h a v e  b e e n  c a l c u l a t e d  u s i n g  

r 3 ~ ( r ) y m  (O,@). The values o f  <3 cos20 - 1> a r e  independent o f  R ( r )  
II 

and a r e  e a s i l y  foundl l  frorn v a r i o u s  p ,  d - o r b i t a l s .  



TAB L E 

Expec ta t ion  values o f  qvalence f o r  p and d e l e c t r o n s  

Wave 
f u n c t  i o n  

Wave 
f u n c t i o n  

Symmetry 
representa-  
t i o n  

i t  i s  c l e a r  f rom symmetry c o n s i d e r a t i o n s  t h a t  as long  as d- 

o r b i  t a l s  a r e  degenerate, 
'q'vaience 

= O .  Even imder the  i n f  luence o f  

a  cub ic  c r y s t a l l i n e  f i e l d ,  t h e  f i e l d  g r a d i e n t  a t  t h e  nuc leus w i l l  va- 

n i s h  s ince  the  degenerate T and E s t a t e s  b o t h  r e t a i n  s p h e r i c a l  sym- 
2g g 

metry. D i s t o r t  ions f rom c u b i c  symmetry, however, remove the degeneracy 

o f  the  s t a t e s  and i f  the  non-degenerate d - o r b i t a l s  one unequa l l y  popu- 

l a t e d ,  a  f i e l d  g r a d i e n t  i s  produced. 

FREE ION \ 
\ 
\ dxz*dyz 

Teg',, - y -- - 
cueic CRYSTALLINÈ L 

FIEL0 
~ X Y  

AXI AL DISTORTION 



l'he two s i t u a t i o n s  which can produce a  non z e r o  < q > 
valence 

a r e  s p i n  f r e e  ( s i x  d -e lec t rons)  and s p i n  p a i r e d  k3+ ( f i v e d - e l e c -  

t rons )  i n  an a x i a l  l y  d i s t o r t e d  octahedra f i e l d  (wi t h  n e g a t i v e  1  igands). 

A t  OOK the e l e c t r o n s  popu la te  o n l y  the  lowest  p o s s i b l e  s t a t e s  and one 

o b t a i n s  the  l i m i t i n g  f i e l d  g r a d i e n t  f o r  these two cases. l n g a l l s l l  has 

t r e a t e d  the  f i e l d  g r a d i e n t  i n  s p i n  - f r e e  f e r r o u s  complexes i n  much 

more d e t a i  1. He o b t a i n s  a  r e d u c t i o n  f a c t o r  t o  i n c l u d e  thg e f f e c t s  o f  

f i n i t e  temperature ( ~ o l t z m a n  d i s t r i b u t i o n )  and o f  s p i n  - o r b i  t cou- 

p l i n g .  Now 

s i n c e  ( I - R )  > O  and < r m 3  >3d > O the  s i g n  d e t e r m i n i n g  f a c t o r  i s  

<3 cos20 - I >, which may be pos i  t i v e  o r  n e g a t i v e  depending on the  man- 

ner  i n  which the e l e c t r o n s  a r e  d i s t r i b u t e d  among t h e  d - o r b i t a l s .  

The r e l a t i v e  magnitude o f  these two e f f e c t s ,  1  igand d i s p o s i -  

r i o n  and uncompensated 3d e l e c t r o n s  change c o m p l  e t e l  y w i  t h  1  igand 

s t r e n g t h .  L i  gands, s u f f  i c i e n t l y  weak t h a t  t h e  ~ e ~ +  h i g h  s p i n  e l e c t r o n  

c o n f i  g u r a t i o n  i s  o b t a i  ned, do n o t  cause observab le  EFG. The uncompen- 
2+ 

sated 3d-e lec t ron  i n  Fe h i g h  s p i n  compounds causes a  l a r g e  quadrupo- 

l e  s p l  i t t i n g .  The mixed s t r o n g  - weak l i g a n d  case, Fe3+ (O- phen th ro l i -  
- 3 

ne)2C13 which has no 3 d e l e c t r o n  c o n t r i b u t i o n  t o  the  EFG does n o t  

y i e l d  a  reso lved  doub le t .  The c y a n i d e s  l i e  a t  t h e  o t h e r  e x t r e m e ,  
2+ K ~ I F ~  (CN-)6 1 ,  has a  ze ro  s p l  i t t i n g  i n  consequence o f  i t s  balanced 1  i - 

gands and f i  1 l e d  T s t r u c t u r e .  K3 ~ F ~ ~ + ( c N - ) ~  1 3 H20 has one T e- 
2g 2g 

l e c t r o n  miss ing,  b u t  y i e l d s  o n l y  a  smal l  â p l i t t i n g  (0.3 mm/sec). Th is  

i 1  l u s t r a t e s  the  nephe lauxe t i c  e f f e c t  o f  s t r o n g  1 igands, i n  wh ich  t h e  

l igar ids f o r c e  the  T e l e c t r o n s  away f rom the  nucleus where the < r - 3 >  
2g 

i s  cons iderab l  y  smal l e r .  The e f f e c t  o f  l igand symmetry i s  correspon-  

d i n g l y  enhanced. Consider two d iamagnet ic  f e r r o u s  compounds i n  wh ich  

no odd 3d e l e c t r o n s  a f f e c t  t h e  EFG tensor .  The v e r y  s t r o n g  ( g r e a t e r  
+ 

than12 CN-) 1 igand NO causes a  s p l  i t t i n g  o f  1.70 mm/sec. i n  sodi um n i -  
12 

t ropruss  ide .  I n  Na4 1 F ~ ( C N )  5 ~ ~ 2  ( .2H20 the  weaker 1 i gand (NO2) r e s u l  t s  

i n  a  s p l i t t i n g  o f  0.86 mm/sec. 

The cho ice  o f  b a s i s  f o r  3d e l e c t r o n s  i s  normal l y  e i  t h e r  dz2, 

dx2-y2, h, &z, dyz o r  d o ,  dkl, dk2.  Each o f  the  wave f u n c t i o n s  i n  



these a l  t e r n a t e  bases has zero  asymmetry parameter.  There e x i s t s ,  ho- 

wever, o t h e r  3d - wavefunct ions wi t h  asymmetry parameter d i  f f e r i  ng from 

zero  and even a t t a i n i n g  the  va lues  o f  un i  t y .  Consider t h e  wavefunc- 

ti on 

where X i s  a  r e a l  number, the EFG tensor  i s  

The m i x i n g  c o e f f i c i e n t  X depends on t h e  d e t a i l s  o f  the  d i s -  

t r i b u t i o n  and the  n a t u r e  o f  metal - l igand i n t e r a c t i o n .  I t  might  be 

supposed t h a t  such a  wave f u n c t i o n  a r e  i d l e  s p e c u l a t i o n .  However, t h e  

EFG tensor  i n  fe r rous  ammonium su lpha te  has been e x p l a i n e d  o n l y  by re-  

couri.e t o  such a  wave func t ion  by Col l i n s  e t  al. 14. 

2 EFG = - - 
7 

3. QUADRUPOLE SPLITTING 

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

n u c l e a r  energy due t o  e l e c t r i c  quadrupole i n t e r a c t i o n  i s  g iven  by 

'1 - 2X2 O O 

O -2 + i 2  0 

o o 1  + A~ 
, / 

where I+ = I 2 I . Now, e igenva l  ues B * and EQ a p p r o p r i a t e  t o  t h e  
- X Y  Q 

n u c l e a r  e x c i  ted  s t a t e  and the  ground s t a t e  rnus t be c a l  c u l a t e d .  

- 3 
(14) 

1 + ~2  



The resonance energ ies a re  now g iven  by  t h e  d i f f e r e n c e  between the  e i -  

genval ues 

4. SIGN C)F EFG AND REASONS FOR MEASURING IT 

Sinse the e l e c t r i c  f i e l d  g r a d i e n t  i s  a c t u a l l y  a second rank 

tensor ,  what r e a l  l y  i s  meant by the  s i g n  o f  VzZ o r  o f  q? The v a r i o u s  

t h e o r e t i c a l  methods employed i n  c a l c u l a t i n g  the  e l e c t r i c  f i e l d  g r a d i -  

e n t s  a11 s u f f e r  because o f  inadequacies o f  t h e  wavefunct ions a v a i l a b l e  

f o r  i r o n  ions .  Therefore,  t h e o r e t i c a l  es t imates  o f  t h e  f i e l d  g r a d i e n t s  

a r e  u s u a l l y  n o t  ve ry  r e l  i a b l e .  However, t h e  s i g n  o f  EFG i s  comp le te ly  

determined by t h e  angular  p a r t  o f  t h e  wavefunct ion.  The angu la r  p a r t  

o f  the  wavefunct ions i s  much more r e l i a b l e  than  t h e  r a d i a l  p a r t ,  and 

hence, c a l c u l a t i o n s  o f  the  s i g n  can be made w i t h  some confidente i f  a 

r e a l  i s t i c  method i s chosen. Thus the exper imenta l  d e t e r m i n a t i o n  o f  t h e  

s i g n  o f  V z z  i s  r e l i a b l e  f o r  d i f f e r e n t i a t i n g  between t w o  t h e o r e t i c a l  

models when they  lead  t o  d i f f e r e n t  s i g n s .  

5. MAGNETIC PERTURBATION 

One o f  the  d i f f i c u l t i e s  i n  s t u d y i n g  quadrupole e f f e c t s  i n  

~e~~ i s t h e  presence o f  o n l  y one measurable parameter i n  powdered, ze ro  

magnetic f i e l d  samples. Ruby and F l  inn15 f i r s t  suggested an i n t e r e s t i n g  

p o s s i b i l  i t y  o f  a p p l y i n g  an e x t e r n a l  magnetic f i e l d  i n  o r d e r  t o  d i s p l a y  

more i n f o r n i a t i o n  i n  t h e  ~Ossbauer  spectrum. It was c a l l e d  magnetic per -  

t u r b a t i o n  and i t s  theory  was worked o u t  by C o l l  ins16,  and G a b r i e l  and 

~ u b ~ l ~ .  T h e o r e t i c a l  s t u d i e s ,  a n a l y t i c a l  by c o l l i n s 1 6  and numer ica l  by 

Gabr ie l  and ~ u b ~ l ~ ,  v e r i f i e d  t h a t  two n o r m a l l y  i d e n t i c a l  l i n e s  become 

markedly d i f f e r e n t  i n  presence o f  e x t e r n a l  magnetic f i e l d .  By i d e n t i -  

f y i n g  t h e  l i n e s  means t h a t  t h e  s i g n  o f  V Z z  may be measured i n  t h i s  way. 

I n  a d d i t i o n ,  t h e  f i n e  s t r u c t u r e  o f  t h e  per tu rbed  spec t ra  may be exami - 
ned t o  y i e l d  rough va lues o f  asymmetry parameter,  w i t h i n  l i m i t s  d e t e r -  



mined by magnetic a n i s o t r o p y  i n  p a r a m a g n e ~ . ~  CLJ - , \ ~ ! n d s  2nd by v i b r a t i o -  

na1 i s o t r o p y  o f  t h e  sample14. For t h e  l i m i t  o f  .-I-. , L ;y parameter 

and f o r  appl  i e d  magnetic f i e l d s  o f  about 25 Koe csr more, i n  t h e  ~ e ~ ~  
1 rni = + 3 l ines  appear as t r i p l e t  and t h e  rnl = f - 1 ines  appear as dou- 

2 2 
b l e t .  For d e t e r m i n i n g  the  s i g n  o f  V Z Z  o f  ~ e ~ ~  doub le t  o c c u r r s  a t  the 

more p o s i t i v e  v e l o c i t y  i n d i c a t i n g  V p o s i t i v e  ;ind v i ce- versa .  As t h e  
ZZ 

asymmetry parameter increases,  t h e  l ines beg in  t c i  l o o k  more a1 i k e  t o  

t h e  p o i n t  o f  becoming i d e n t i c a l  t r i p l e t s  f o r  an asymmetry parameter o f  

un i  t y ,  a l  though t h e  exac t  appearence o f  t h e  l i n e ~  depends on whether the  

magnetic f i e l d  i s  p a r a l l e l  o r  pe rpend icu la r  t o  the  e x p e r i m e n t a l  a x i s ,  

the  d i r e c t i o n  o f  the  i n c i d e n t  r a d i a t i o n .  

Co l l i ns16  a p p l i e d  t h i s  magnetic p e r t i i r b a t i o n  t o  determine 

the  s i g n  o f  fe r rocene  a t  4 . 2 ~ .  The s i g n  o f  q i n  some i o n i c  f e r r o u s  com- 

pounds has a l s o  been determir ied18. I t  must be remarked t h a t  t h i s  method 

i s  appl  i c a b l e  t o  powder samples and most samples are powders r a t h e r  than  

s i n g l e  c r y s t a l s .  

6. GOLDANSKII-KARYAGIN EFFECT 

The i n t e n s i t i e s  f o r  a  s i n g l e  c r y s t a l  absorber a r e  genera l -  

l y  n o t  equal . Occasional l y  i n  powder sample absorbers a l s o  the re  i s  

asymmetry i n  the two 1  ines  o f  a  ~ e ~ ~  quadrupole sp l  i t  spectrum.The most 

obv ious reason f o r  i n t e n s i  t y  asymmetry i n  powdei-ed samples i s  simpl y  

the  p r e f e r e n t i a l  o r i e n t a t i o n .  T h i s  s o r t  o f  p r e f e r e n t i a l  o r i e n t a t i o n  i n  

powdered samples may be reduced o r  e l i m i n a t e d  by improv ing sample g r i n -  

d i n g  and a r  m ix inç  w i t h  n o n i n t e r f e r i n g  powder such as c h a l k  dust ,  sugar 

e t c .  I f  s t i i l  the sample shows the i n t e n s i t y  asymmetry i t  may be due t o  

Goldanski i Karyagin e f f e c t .  

~ a r ~ a ~ i n ' ~  has d e r i v e d  an express ion  f o r  t h e  r a t i o  o f  two 

l i n e s  as a  f u n c t i o n  o f  the  d i f f e r e n c e  o f  t h e  mean - square v i b r a t i o n a l  

ampl i t u d e s  o f  the nucleus a long and p e r p e n d i c u l a r  t o  the V z z  a x i s .  S in-  

ce t h e  r e c o i  l l e s s  f r a c t i o n  i s  r e l a t e d  t o  the  mear square v i b r a t i o n a l  am- 

p l i t u d e  i n  the  d i r e c t i o n  o f  the  i n c i d e n t  gamma, t h e  c o n t r i b u t i o n  o f  

each m i c r o c r y s t a l  i n  the  sample i s  dependent u p o n  i t s  o r i e n t a t i o n ,  



y i e l d i n g  a p r e f e r e n t i a l  i n t e n s i t y  having an e f fec t  s i m i l a r  t o  preferen- 

t i a 1  o r i en ta t i on .  The Goldanski i - Karyagin e f f e c t  may, sometimes, be 

employed t o  deduce the s ign o f  Vzz. The reportedZ0 dependence o f  i n -  

t e n s i t y  r a t i o  upon (<z2> - <x2>) may be employed t o  i d e n t i f y  the l ines 

and hence the s ign o f  VZZ o r  conversely s ign of v i b r a t i o n a l  anisotropy 

can be determined i f  the s ign o f  V i s  known. I n  i r o n  and t i n ,  t h e m  = 
3 

ZZ I 
= + - l ine i s  more intense f o r  negat ive values o f  the an iso t ropy  para- 

2 
meter (<z2> - <I'>) and !s  less intense f o r  p o s i t i v e  values. 

7. IMPORTANCE OF EFG INFORMATION 

General ly, the quadrupole s p l i t t i n g  has been used i n  the 

l i t e r a t u r e  as a s o r t  o f  measure o f  d i s t o r t i o n  o f  a system from spher ical  

symmetry. Same q u a d r u p o l e s p l i t t i n g c o u l d  be shared by two compounds, f o r  

exarnple, i r o n  sulphide, ( p y r i  te )  and i r o n  sulphide (marcasite); bu t  t he i  r 

strength would d i f f e r .  

Ingal l s l 1  has shown tha t  the l igand and valence cont r ibu-  

t i ons  t o  V i nva r i ab l  y have opposi te s ign f o r  some systems. Thus a t  the z.z 
low temperature l i m i t ,  where the valence c o n t r i b u t i o n  depends ne i t he r  on 

d i s t o r t i o n  nor temperature, increased l igand d i s t o r t i o n  would decrease 

VZz and heiice the quadrupole s p l i t t i n g ,  s ince the valence c o n t r i b u t i o n  

would be doininant. At the high temperature 1 i m i  t, the problem would be 

l i gand  on ly  and be subject  t o  the d i f f i c u l t i e s ,  bu t  would, w i t h i n  those 

s p l i t t i n g  i i id ica tes  increased d i s t o r t i o n .  In  the intermediate temperatu- 

re  range, where the valence c o n t r i b u t i o n  i s  both temperature and d i s t o r -  

t i o n  sens i t i ve  the s to ry  becomes very complicated. The s p l i t t i n g  o f  the 

d - o r b i t a l s ,  which determine the valence c o n t r i b u t i o n  o f  d i s t o r t i o n ,  

whereas the l igand con t r i bu t i on  t o  the EFG corresponds t o  q / r 3  type o f  

d i s t o r t i o n .  Since both con t r i bu t i ons  increase, i n  opposi te senses i n  res- 

ponse t o  two d i f f e r e n t  types o f  d i s t o r t i o n ,  the meaningful assignment o f  

a d i s t o r t i o n  - quadrupole s p l i t t i n g  r e l a t i o n s h i p  f o r  such system a t  i n -  

termediate ternperatures requi re  some p r i o r  assumptions. 



8. SINGLE CRYSTAL METHOD FOR EFG DETERNIINATION 

From the  d i s c u s s i o n  o f  'Go ldansk i i  Karyagin e f f e c t '  i t  i s  

apparent  t h a t  peak i n t e n s i t y  a rea  r a t i o  may a l s o  be a  measurable parame- 

t e r  ( o f  i r o n  and t i n )  o f  compounds by t h e  use 01' s i n g l e . c r y s t a l s .  Howe- 

ve r ,  t o  o b t a i n  accura te  va lues  o f  EFG parameters i t  i s  e s s e n t i a l  t o  f i n d  

a  t h e o r e t i c a l  express ion  f o r  the  area i n  te rm 01' these parameters. 

Fo l low ing  ~ a n ~ * l ,  l e t  us in t roduce  t h e  r a t e  fSo, t h e  number 

o f  r e c o i  1 l e s s  14 

subtended by the  

t h e  emi t t e d  reco 

a  d i s t r i b u t i o n  o  

4 Kev photons emi t t e d  per secorid i n t o  t h e  so l  i d  ang le  

d e t e c t o r ;  ( I - f ) s o  be ing  t h e  nori - r e c o i l l e s s  r a t e .  Since 

l l e s s  photons a r e  n o t  a c t u a l l y  monoenerget ic,  b u t  show 

energ ies  cen te red  about E0 = '14.4 Kev, we i n t r o d u c e  t h e  

f u n c t i o n  S(E-E0) , t h e  number r e c o i  1  l e s s  photons emi t t e d  per  second p e r  

u n i t  energy i n t e r v a l  i n t o  the  same d e t e c t o r  ang'le. I f  t h e  source i s  mo- 

v i n g  w i t h  v e l o c i t y  V r e l a t i v e  t o  absorber, then  r e c o i l l e s s  photon d i s -  

t r i b u t i o n  i s  a c t u a l  1  y  c e n t e r e d  about E  o + ( V / C ) E ~  = E. + E and 

S(E - E,,) -+ S(E - E. - E ) .  S(E - E o  - E) i s  a  resonance t y p e  f u n c t i o n  

w i t h  ~ ( F W H M )  = lo7?Z, t h e r e f o r e  

the  photon a r r i v a l  r a t e  R(E) a t  t h e  d e t e c t o r  i s  

m m 
R ( € )  = e-'e S(E -EO - E )  exp[fl '(E) W] + ( 1  -f ') So e-' e (19) 

where e  = average s u r f a c e  d e n s i t y  o f  atom 

m = s u r f a c e  d e n s i t y  o f  n u c l e i  capable o f  resonance 

f ' = r e c o i l l e s s  a b s o r p t i o n  p r o b a b i l i t y  

'(E) = energy dependent resonance a b s o r p t i o n  cross s e c t i o n  p e r  nu- 

c l e u s  i n  the  presence o f  EFG when no p e r t u r b i n g  f i e l d s  a r e  p resen t ;  the  

resonance when no p e r t u r b i n g  f i e l d s  a r e  p r e s e n t ,  cross s e c t i o n  i s  g iven  

bYz2 

whe r e  



ao = n a t u r a l  l i n e w i d t h  o f  the e x c i  t e d  s t a t e  

a = i n t e r n a 1  c r o s s- s e c t i o n  c o e f f i c i e n t  

However, i n t h e  s o l  i d, the  resonance c r o s s- s e c t i o n  becornes more compl i ca- 

t e d  due t o  energy dependent s p l  i t t i n g s ,  s h i f t s  and broadenings. S ince the  

a c t u a l  resonance i s  s t r i c t l y  a n u c l e a r  process, t h e  c o n d i t i o n  

i s  always f u l f i l l e d .  Consequently u(E), i n  genera l ,  may be w r i t t e n  i n  

the  form 
n U(E) = - u r K(E) 
2 0 0  

(22) 

where 

I f  the  n u c l e a r  energy l e v e l s  a r e  s p l  i t  by H or /and  EFG 

f i e l d s  so t h a t  the  va r ious  energy t r a n s i  t i o n s  can be reso lved  i n  a M8s- 

sbauer type experirnent, then K(E) may be w r i t t e n  i n  t h e  form, 

where Kn(E-E ) = a resonance type  f u n c t i o n  which i s  chosen t o  have n o r -  
n 

m a l i s a t i o n  

P (O) = r e  
n 

condi t i o n  

l a t i v e  angu la r  dependent a b s o r p t i o n  p r o b a b i l i t y  s a t i s f y i n g  the  

P,(Q,Q) = 1 s i n c e  / K(E)& = 1 (24) 

The d i r e c t i o n a l  dependence o f  Pn has i t s  o r i g i n  i n  the  f a c t  

655 



t h a t  H and/or EFG i n t e r a c t i o n  des t roys  the  s p h e r i c a l  symmetry o f  the  nu- 

c l e a r  env i ronment .  

s o m  v e l o c i t y  independent background count 

the exper imenta l  da ta  o f  i n t e r e s t  i s  actua 

count r a t e  independent o f  source v e l o c i t y .  
1 

(A,) i s  f o r  tn c< 1 and ($ f B o  S9 exp(-O 

I f  B i s  t h e  d e t e c t o r  e f f  i c i e n c y  f o r  14.4 Kev p ro tons  and RB, 

i n g  r a t e ,  then M(E) = BR(E)+R~ 

l l y  M ( E ) / c  where c i s  t h e  

The area under t h e  n
th 

peak 

e
m

) = D g iven  by 

where P = r e l a t i v e  a b s o r p t i o n  probabi  1 i t y  f o r  t r a n s i  t i o n  
n 

f' = reco i  1 l ess  a b s o r p t i o n  probabi  l i t y .  

l f  X, Y and Z a r e  the  p r i n c i p a l  axes o f  the  EFG a t  an i roi? 

nuc leus i n  the  absorber bo th  Pn and f r  w i l l  v a r y  w i t h  the  o r i e n t a t i o n  

angle o f  the  i n c i d e n t  photon bearn r e l a t i v e  t o  the  axes. The angu la r  de- 

pendente o f  f f  r e s u l  t s  f rom an a n i s o t r o p y  i n  t h e  rnean square d  i s p l  a c e -  

ment o f  the v i b r a t i n g  nuc leus.  

For a  s i n g l e  c r y s t a l  absorber wi  th  two o r  more p o s s i b l e  

o r i e n t a t i o n s  f o r  EFG'S r e l a t i v e  t o  the  i n c i d e n t  bearn, t h e  area r a t i o  i s  

g iven  by 



I n  case t h e  absorber i s  a  powder, the  express ion  f o r  t h e  r a t i o  o f  t h e  

area i s  

The importante o f  the Debye-Wal l e r  f a c t o r  ( o r  M u s s b a u e r  

f r a c t i o n )  i n  deterrn in ing the  i n t e n s i  t i e s  o f  the  a b s o r p t i o n  l i n e s  was 

p o i n t e d  o u t  oy Goldanski i e t  a l .  (G.K.E) . 
~ o r ~ ~ ~  and ~ i e n ~ ~  have d i  scussed t h e  anal ys i s  o f  EFG i n  s  i n -  

g l e  c r y s t a l  absorbers c o n t a i n i n g  ~ e ~ ~ ,  whi l e  ~ a r ~ a ~ l n ~ ~ ' ~ ~  has d iscussed 

the  more genera l  case o f  a  n u c l e a r  t r a n s i t i o n  o f  a r b i t r a r y  m u l t i p o l a r i -  

t y ,  a l l  i n  t h e  t h i n  absorber  l i m i t .  ~ o r ~ ~ ~  a p p l  i e d  h i s  a n a l y s i s  t o  

F ~ c I ~ . ~ H ~ O  and eva l  uated a1 1 the  EFG parameters, whi l e  Danon and lanna- 

r e i  l a 2 7  used t h e  same a n a l y s i s  t o  c o n f i  rm t h e i  r expec ta t ions  concern ino 

the f i e l d  g r a d i e n t  parameters i n  sod i  um n i t ropruss ide ,  N ~ ~ ~ F ~ ( c N )  5 ~ 0 1  .~H,o. 

I n g a l l s ,  Ono and ~ h a n d l e r ~ ~  and Chandra and ~ u r i ~ ~  have a l s o  a p p l i e d  a 

s i m i l a r  a n a l y s i s  f o r  t h e  de te r rn ina t ion  o f  EFG as a f u n c t i o n  o f  tempera- 

t u r e  i n  Ferrous ammoniurnsulphate. Chandra and p u r i 2 '  a l s o  a n a l y s e d  

FeS04.7H20. There a re  r e p o r t s ,  i n  t h e  1 i t e r a t u r e ,  o f  EFG u s i n g  s i m i l a r  
31-33 

a n a l y s i s  f o r  Fe(KS04) 2.6H20 3 0 ,  FeS04 .4H20 , FeSQk 3 4 ,  FeSiF6 .6H20 

( ~ e f . 3 5 - 3 7 ) ,  FeTi03 38, FeS2(p) 39, ~ e S ~ ( r n )  4 0 ,  KfeS2 41-42, ~~~0~ 4 3 ~ 4 4 ,  

~ e r r o c e n e ' ~ ,  S i d e r i  t e 4 5  e t c .  

I n  o rder  t o  use the  above e q u a t i o n  l e t  i t be expressed i n  
-+ -+ -+ 

nuc lear  EFG parameters. Consider ing the  c r y s t a l  areas a,  b ,  and c as mu- 
A A 

tua1 l y  o r thogona l ,  the  uni  t vec to res  Ri, Yi, Ti) l o c a t e  the  p r i n c i p a l  

axes o f  EFG o f  ith s i  te ,  the  th ree  E u l e r  angles (ai, Bi, yi) d e s i g n a t i n g  
-+ -+ -+ 

t h e i r  o r i e n t a t i o n s  r e l a t i v e  t o  (a,b,c) b e i n g  unknown. Angles ( Oi, 0;) 

a r e  the  o r i e n t a t i o n  angles o f  the  i n c i d e n t  beam r e l a t i v e  t o  (xi,Yi,Zi). 

L e t  us i n t r o d u c e  (O,@) the  p o l a r  and a z i n u t h a l  angles o f  t h e  i n c i d e n t  
+ + +  

photon beam r e l a t i v e  t o  (a,b,c) axes. 

The express ions  f o r  r e l a t i v e  t r a n s i  t i o n  probabi  l i t i e s  P3and 

P1 were d e r i v e d  u t i l i z i n g  t h e  f a c t  t h a t  14.4 Kev garnma rays i s  a magne- 

t i c  d i p o l a r  r a d i a t i o n  and g iven  by  



Express ing cos20i and s i n 2  Oi c o s 2 ~  i n  terms o f  known ex -  
i 

per imenta l  angles (e,+) and the  known E u l e r  angles r e l a t i n g  s i t e  t o  axes 

((; ,8,3,  f rom equa t ions  (above) assuming i s o t r o p y  o f  f f ( o  ,Q ) one ge ts  

where 

K = sin28[(cos2+)za,2 + (sin2+)~:] + (cos2e)z + ( s i &  s i n  %)zazc 
b 

K'= s i  n28 L(cos2+) (X ,2- y2 )  + ( s i  n2+) (xcZ - y2)] + (cos20) ( ~ 2 -  y2 )  + 
a a C b b  

- + 
The syirbols x,,, x e t c  denote t h e  d i r e c t i o t i  cos ines X.a, 

b 
?.% e t c .  These d i  r e c t i o n  cos ines  can be expressed as a f u n c t i o n  o f  the 

same E u l e r  angles (a , f3 , y ) .  The schematics o f  the  a b s o r p t i o n  o f  14.4 Kev 

gama rays be ~e~~ i n  s i n g l e  c r y s t a l s  i n  shown i n  the f i g u r e .  

I n  t h e  above a n a l y s i s ,  u n f o r t u n a t e l y ,  i t  has been necessary 

t o  use samples o f  s u f f i c i e n t  th i ckness  t h a t  t h e  t h i n  absorber anal  y s i s  

can n o t  be comple te ly  j u s t i  f i e d ;  because the  s a t u r a t i o n  e f f e c t s  can n o t  

be neglected.  Therefore,  i t i s  necessary t o  have a method o f  a n a l y s i s  i n  

which s a t u r a t i o n  i s  taken i n t o  account.  Because o f  p o l a r i z a t i o n  d e p e n -  

dente o f  t h e  i n d i v i d u a l  n u c l e a r  cross sec t i6ns  t h e  i n t e n ~ i t i e s ~ ~  o r  a-  

r e a ~ ~ ~  o f  the a b s o r p t i o n  1 ines can n o t  be c a l c u l a t e d  i n  t h e  t h i n  absor-  

b e r  approx imat ion.  P o l a r i z a t i o n  e f f e c t s  must a l s o  be taken i n t o  account 

i n  making a d e t a i  l e d  i n t e r p r e t a t i o n  o f  spec t ra  ob ta ined  b y  a p p l  y  i n g  a 



magnetic f i e l d  t o  a t h i c k ,  randomly o r i e n t e d  powder o f  a  m a t e r i a l  e x b i -  

b i t i n g  a quedrupole doub le t15 .  Blume and ~ i s t n e r ~ ~  c a l c u l a t e d  the  i n t e n-  

s i t i e s  t r a n s m i t t e d  through an absorber  o f  a r b i t r a r y  th i ckness  i n  t h e  ca-  

se where a11 parameters d e s c r i b i n g  t h e  i n d i v i d u a l  c r o s s  s e c t i o n s  a r e  

known. Housley; Grant and ~ o n s e r ~ '  genera l  i s e d  t h e  B l  ume and ~i ~ t n e r ~ ~  

t reatment ,  f o r  more than one resonant s i  t e  per  un i  t c e l l  by  i n t r o d u c i n g  

an average s c a t t e r i n g  ampl i t u d e  per  u n i t  c e l l  o b t a i n e d  by summing  t h e  

p r o p e r l y  weighted s c a t t e r i n g  ampl i t u d e s  f rom a1 1 s i  tes,  a11 s c a t t e r i n g  

amp l i tude  mat r i ces  be ing  expressed i n  terms o f  same b a s i s  p o l a r i s a t i o n s .  

Housley e t  a14' ob ta ined  formulas r e l a t i n g  absorp t ions  as a f u n c t i o n  t o  

t h e  i n d i v i d u a l  n u c l e a r  c ross  sec t ions  f o r  r a d i a t i o n  p r o p a g a t i n g  a long  

s p e c i a l  d i r e c t i o n s  i n  the monocrysta l  which a r e  p r e d i c t a b l e  f rom c r y s t a l  

symmetry cons i d e r a t i o n s .  I n  these cases the  gamma r a y  beam can be thought  

o f  as c o n s i s t i n g  o f  two o r thogona l  i n t e n s i t i e s  each o f  which propagates 

through the  c r y s t a l  w i t h  i t s  own index o f  r e f r a c t i o n .  Housley e t  a ~ ~ ~ - ~ ~  

has shown by means o f  severa l  exarnples, t h e  importante o f  p o l a r i s a t i o n  

e f f e c t  i n a n a l y s i s  of da ta  on s i n g l e  c r y s t a l s  o r  magnetised materiais and 

d e t e r m i n a ~ i o n ~ ~  o f  the s i g n  o f  the magnetic h y p e r f  i ne  f i e l d .  Hous  1 e y ,  

Gonser and ~ r a n t ~ ~  determined the  Debye W a l l e r  f a c t o r  i n  S i d e r i t e  t a k i n g  

i n t o  c o n s i d e r a t i o n  the  p o l a r l s a t i o n  terms. S i d e r i t e  has been o f  conside-  

r a b l e  i n t e r e s t  and there  e x i s t  many repor ts45 .  

9. FINITE THICKNESS ANALYSIS 

The complex index o f  r e f r a c t i o n  f o r  the  m a t e r i a l  i s  g i ven  by53  

where k and k '  a r e  the wave v e c t o r s  o f  t h e  i n c i d e n t  t h e  s c a t t e r e d  r a d i a t -  

ion,  r e s p e c t i v e l y ,  IV i s  the  number o f  resonant n u c l e i  p e r  u n i  t v01 ume, 

and F(k ,k r )  i s  the  coherent  s c a t t e r i n g  amp l i tude  f o r  a  s i n g l e  nuc leus.The 

q u a n t i t i e s  E and n may be replaced by  a 2x2 m a t r i x .  Genera l i s ing ,  f o r  a  

compl i c a t e d  c r y s t a l  hav ing  severa l  resonant n u c l e a r  s i  t e s  per  un i  t c e l l  , 



Sum runs over  a11 the  s i t e s .  I t  i s  assumed t h a t  the e lec t romagnet i c  i n t e -  

r a c t i o n  i s  so weak t h a t  the  index o f  r e f r a c t i o n  has a  negl  i g i b l e  i n f l u e n -  

ce on an i n c i d e n t  beam i n  a  d i s t a n c e  o f  o r d e r  o f  the  u n i t  c e l l  d i m n s i o n s .  

Now express ing  n i n  terms o f  the  densi t y  m a t r i x  r o t a t i o n .  

I \ 

here j  and i represent  s i  tes and h y p e r f  i n e  coniponents. The q u a n t i  t y  x i s  
2E 

r e l a t e d  t o  the energy B by x = r and x i j i s  correspond t o  t h e  resonant e- 

n e r g i e s  a t  the  d i f f e r e n t  s i t e s .  The Debye - Wal le r  f a c t o r s  a re  no longer  

assumed i s o t r o p i c  b u t  a r e  the  ones a p p r o p r i a t e  f o r  the d i  r e c t i o n  k .  

u 

o 1 - - 
2k 

I n  the s p e c i a l  case where n i s  d iagonal ,  an i n c i d e n t  r a d i a t i o n  

beam may be decomposed i n t o  two components w i t h  p o l a r i s a t i o n s  correspon-  

d i n g  t o  the b a s i s  p o l a r i s a t i o n s  i n  which n i s  d iagona l .  Each o f  these 

beams may be regarded as separa te l  y  propogatinci  through t h e  c r y s t a l  wi  t h  

i t s  own index o f  r e f r a c t i o n .  

An e f f e c t i v e  th ickness m a t r i x  u may be d e f i n e d  f rom t h e  equa- 

I 'i 
i j  

p pij 
11 1 2  

i j  i j  
P 

2 2  

, 

t i o n  (32)  and w i l l  be d iagonal  when n i s  diagomal 

N .f! ( x - x .  .) 
J J  

(x-x i j2  + 1 

n.f! 
2 2 -- ( 3 3 )  

( x - x .  .) + 1 
23 

where n a r e  the  number o f  resonant n u c l e i  o f  t ype  j  per  un i  t area.  When i 
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n i s  d iagona l ,  the m a t r i x  elements o f  o can be e x t r a c t e d  f rom experimen 

t a l  ! i n e  i n t e n s i t i e s ,  i f  the  spec t ra  a r e  w e l l  resolved.  

Assuming t h a t  the  Y ray  beam can be descr ibed  as a  p lane  wavc 

i n c i d e n t  on a  s l a b  o f  homogeneous absorb ing  m a t e r i a l  o f  u n i f o r m  th ickness 

and t h a t  the a b s o r p t i o n  may be d e s c r i  bed wi t h o u t  d i  spers ion.  Descr i  b i n f  

the  p o l a r i s a t i o n  and i n t e n s i t y  o f  the  u n s h i f t e d  component o f  the  sourci  

r a d i a t i o n  a t  any energy by a  d e n s i t y  m a t r i x  

where I i s  the  t o t a l  i n t e n s i  t y  due t o  t h e  t r a n s i  t i o n  o f  i n t e r e s t  and r 

i s  the  f r a c t  i o n  o f  the em; t t i n g  n u c l e i  i n  s i t e  A. The source resonance e 

n e r g i e s  xkz and s i  t e  p o s i t i o n s  L w i l l  n o t  g e n e r a l l y  correspond t o  those 

t h e  absorber .  The q u a n t i t y  0 descr ibes  the  Doppler s h i f t  i n  t h e  resonanc 

energ ies due t o  r e l a t i v e  mot ion o f  the source and absorber .  The genera 

express ion  f o r  the t r a n s m i t t e d  i n t e n s i t y  a t  a  p a r t i c u l a r  energy x whe 

r a d i a t i o n  from a  source descr ibed  by E q .  (34)  i s  i n c i d e n t  on an absorbe 

descr ibed  by equa t ion  ( 3 3 )  can eas i  l y  be found s i n c e  Sll g ives  t h e  p r o  

j e c t i o n  o f  the t rans rn i t ted  source i n t e n s i t y  on one o f  t h e  b a s i s  p o l a r i z a  

t i o n s  and t h a t  o f  the  o t h e r .  

Th is  express ion  i s  s  i m i  l a r  t o  the corresponding express ion  foi- the unpo 

l a r i s e d  r a d i a t i o n  except  For c o n t a i n i n g  two terms ins tead  o f  one on t h  

r i g h t .  I t  may be subs t rac ted  f rom the  i n c i d e n t  i n t e n s i l y  Sll+S22 and t h  

r e s i i l t  i n t e g r a t e a  over  x t o  o b t a i n  t h e  f r a c t i o n a l  a b s o r p t i o n  d i p  a t  an 

D o p ~ i e r  v e l o c i t y  v .  I n t e g r a t i n g  over  u t o  o b t a i n  the  d imensionless a r e a i  

the a b s o r p t i o n  spectrum. 

Thi- unknown parameters o f  the  experiment a r e  con ta ined  i n  t h  

o ' s  and h o p e f u l l y  can be e x t r a c t e d  f rom measurements made i n  d i f f e r e n  

d i  r e c t i o n  and/or wi  t h  d i  f f e r e n t  th i ckness  absorbers. I f  the a b s o r p t i o n  1  i 



nes are  w e l l  resolved i nd i v i dua l  areas can be defined. Assuming s o u r c e  

and absorber resonance l i nes  t o  be o f  na tura l  width,  then a f t e r  Bykov and 

~ e i n ~ ~ ,  f o r  the over lap o f  the kth source 1 ine from s i  t e  wi t h  the i t h 

absorber l i n e  from s i t e  j, t h i s  gives 

, 

, (36) 

where TO, and I I  are zeroth and f i r s t  - order Bessel funct ions o f  imagi- 

nary arguments. When d i f f e r e n t  absorber 

t r i b u t i o n s  are added i n  the arguments o f  

The d i  mensionless .ares Ak' i s  
ij 

ted experimental area B by 

ines have same energy, t he i  r con- 

funct ions o f  equat ion above. 

e la ted t o  the bõckground correc-  

For r e l a t i v e l y  t h i n  absorbers, power ser ies  expansions i n  equation ( 3 6 )  

are useful .  I f  we r e s t r i c t  ourselves f o r  s i m p l i c i t y  t o  a s ing le  l i n e  un- 

po lar ised source Si1 = S22 = f/2 and we def ine  the average cross sec t ion  

on resonance 

p = 1uii(xij) + ~ 2 2 ( 4 ~ )  1/2 and the f r a c t i o n a l  p o l a r i s a t i o n  

" 1 1  - " 2 2  
a = o f  the absorpt ion we may w r i t e  

O 1 1  + " 2 2  

A = p -  1 1 5 ( i  + a2)p2 +ib (I + 3a2)p3 - 384 (1 + 6a2 + a4)p4 + ... 

on i n v e r t i n g  

1 1 g = A i F  (1 + a 2 ) A 2  + T  (1 + a 2  + 2a4 )A3+  ( 1  + a 4  + 6 a 6 ) d 4  ... 384 



Therefore f o r  a r e l a t i v e l y  t h i n  absorber, the e f f e c t s  o f  po la r i sa t i ons  

may be q u i t e  small unless f r a c t i o n a l  po la r i sa t i ons  become la rge.  

Equations f o r  the area r a t i o s  which have been prev ious ly  used 

i n  analysing the experimental data can be obtained by dropping a l l  b u t  

the f i r s t  term i n  equation (38). 

Grant, Housley and ~ o n s e r l ~  appl i ed  the above cor rec t ions  t o  

determine the e l e c t r i c  f i e l d  gradient  and the mean square displacement 

tensor parameters a t  the Fe s i  tes i n  sodium n i  t ropruss ide and found tha t  

the p r i n c i p a l  axes o f  two tensor do not  coincide.  S imi la r  ana lys is  was 

a l s o  appl ied i n  the case o f  FeS04.4H20 3 3  i n  the temperature r a n g e  o f  

300 -77K. 

10. USING IPOLARISED RADIATION 

The p o l a r i s a t i o n  o f  y rays has been reported54-58 by many wor- 

kers, and i t  can take place by the Stark and Zeeman e f f e c t  t h a t  are a l -  

ready f a m i l i a r  i n  the o p t i c a l  p o l a r i s a t i o n  s t ~ d i e s ~ ~ ,  I f  the r e c o i l f r e e  

y rays are brought i n t o  resonance the matching o f  p o l a r i s a t i o n  compo- 

nents i n  the source and the absorber nuclear t r a n s i t i o n s  i s  required i n  

a d d i t i o n  t o  the usual appropr iate Doppler m t i o n .  For example, c i r c u l a r -  

l y  po lar ised y rays from a source can only be resonantly absorbed i f  a 

t rans i  t i o n  w i th  the same hel i c i t y  i s  o f fe red (conservat.ion o f  a n g u l a r  

mmentum). By observing the hel  i c i t y  o f  c i  r c u l a r l y  po lar ised y rays, the 

s ign o f  magnetic hyperf ine f i e l d  can be determined . 

L inea r l y  po lar ised y rays 6 0- 6 2  are o f  p a r t i c u l a r  i n te res t .  

Some methods f o r  producing 14.4 Kev l i n e a r l y  po la r i sed  y rays are b r i e -  

f l y  described below; 

One simple method i s  t o  use a magnetical l y  source rnatri x ( i  ron 

f o i l )  and t o  magnetise i t  i n  a f i xed  d i r e c t i o n .  With i r on  f o i l  i t  i s  



convenient  t o  magnetise p e r p e n d i c u l a r  t o  t h e  d i  r e c t i o n  o f  emi ss ion.  The 

e m i t t e d  r a d i a t i o n  i s  then n o t  monochromatic b u t  c o n s i s t s  o f  s i x  i n d i v i -  

dual  coniponents w i t h  i n t e n s i t y  r a t i o s  3:4:1:1:4:3 each o f  which h a s  a  

d e f i n i t e  p o l a r i s a t i o n .  Iri t h e  case we a r e  c o n s i d e r i n g  t 3 / 2  + 1 1 / 2  and 

?1/2 + f 1 / 2  t r a n s i t i o n s  have a  l i n e a r  p o l a r i s a t i o n  w i t h  the  e l e c t r i c  vec- 

t o r  v i h r a t i o n  p a r a l l e l  w i t h  respec t  t o  the  magnet i sa t ion ,  and 11!2 ++-1/2 

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

t a l  absorber, o f  the  source and absorber  a r e  d i  r e c t i o n a l l  y  p o l a r i s e d  by 

a  magnetic f i e l d  which can be i n t e r n a 1  i n  o r i g i n  o r  by an e l e c t r i c  f i e l d  

such as i s  assoc ia ted  w i t h  t h e  e l e c t r i c  f i e l d  g r a d i e n t  tensor ,  the  po la -  

r i s a t i o n  o f  each emiss ion l i n e  becomes impor tan t .  The r e l a t i v e  o r i e n t a -  

t i o n  o f  the p r i n c i p a l  d i  r e c t i o n s  i n  t h e  source and the absorbcr  w i l  l 

cause v a r i a t i o n  o f  the  ! i n e  i n t e n s i t y .  D e t a i l e d  theory  o f  t h e  l i n e  i n -  

t e n s i  t i e s  has been repor ted63 '04 .  One o f  the  f i  r s t  a p p l  i c a t  i o n  o f  an 

i ron  f o i  l source was i n  the  de te rmina t ion  o f  the  s i g n  o f  t h e  quadrupole 

c o u p t i n g  cons tan t  i n  a  s i n g l e  c r y s t a l  o f  ~ e S i F ~ . 6 ~ , 0  6 5 .  

The assignment o f  h y p e r f i n e  components ir1 a  complex spectrum 

would be e a s i e r  i f  the  source was e f f e c t i v e l y  p o l a r i s e d  and monochroma- 

t i c  so t h a t  the  resonan: a b s o r p t i o n  would o n l y  be observed i n  those t r a n -  

s i t i o n s  wi t h  the  sane p o l a r i s a t i o n .  T h i s  m t h o d  was f i r s t  d e m o n s t r a t e d  

by ~ o u s l e ~ ~ ~  u s i n g  a  paramagnetic s i n g l e  c r y s t a l l i n e  source e x h i b i t i n g  a 

quadrupole sp l  i: spectrum. I f  the  ZZ p r i n c i p a l  a x i s  o f  the EFG i s  per-  

p e n d i c u l a r  t o  the  d i r e c t i o n  o f  o b s e r v a t i o n  t h e  y rays  c o r r e s p o n d i n g  t o  

the ?3/2 t r a n s i t i o n  a r e  t o t a l l y  1 i n e a r l y  p a l a r i s e d  and the  y rays c o r -  

responding t o  ?1/2 t r a n s i  t i o n  a r e  p a r t i a 1  l y  l i n e a r l y  p o l a r i s e d .  Th is  mo- 

r e  i n t e n s e  l i n e  can be s e l e c t i v e l y  f i l t e r e d  o u t .  The asymmetry parameter 

shou ld  be zero t o  ensure t h a t  the n u c l e a r  wave func t ion  a r e  pure Im> s t a -  

t e s .  

An e q u i v a l e n t  m t h o d  which does n o t  r e q u i r e  a  s p l I t  source i s  

t o  use a  p o l a r i s e r .  Th is  was f i r s t  demonstrated u s i n g  i r o n  f o i l s  mag!ie- 

t i s e d  p e r p e n d i c u l a r  t o  the p ropaga t ion67  and more r e c e n t l y  u s i n g  a  po- 

l y c r y s t a l l  i n e  sample o f  Y a t t r i d m  i r o n  g a r n e t  (Y I G )  . 

When source and absorber e x h i b i t  a  h y p e r f i n e  i c t e r a c , t i o n ,  t h e  

p o l a r i s a t i o r ?  o f  the y rays has t o  De taken i n t o  account i n  d e r i v i n g  t h e  

r e l a t i v e  l i n e  i n t e n s i  t i ~ s ~ ~ ' ~ ~ .  By a n a l y s i n g  the  l i n e  i n t e n s i t i e s  ob- 



t a i n e d  f rom a  source e m i t t i n g  l i n e a r l y  p o l a r i s e d  r e c o i l f r e e  y rays  and 

a  s i n g l e  c r y s t a l  absorber  c u t  i n  an a r b i t r a r y  d i r e c t i o n ,  one can d e t e r -  

mine the  s p i n  o r i e n t a t i o n  and the p r i n c i p a l  axes o f  the  E F G  w i t h  respec t  

t o  t h e  r r y s t a l  axesS '1ós17s65?70171.  ~ a n i e l s ~ ~  has considered t h e  p ro -  

b!em o f  c a l c u l a t i n g  l i n e  i n t e n s i t i e s  i n  ~ U s s b a u e r  a b s o r p t i o n  u s i n g  t h e  

p o l a r i s e d  gamma rays p o l a r i s e d  absorbers w i t h  e s p e c i a l  re fe rence  t o  ~ e ~ ~ .  

The p o l a r i s a t i o n  dependence has been r e p o r t e d  i n  a  n u m b e r  o f  

t h e o r e t i c a l  s t u d i e s 4 9 s 5 7 9 6 3 t 7 3 - 7 9  and v a r i o u s  technfques have been used 

t c  c a r r y  o u t  p o l a r i m e t r y  e x p e r i w n t s  based on t r a n s v e r !  y  m a g n e t  i s e d  
C057(crFe) s o u r c e 5 1 , 5 2 s ~ 8 , 6 0 t 6 1 : 6 4 2 6 8 , 7 1 ? 7 h t 8 0 - 8 8  or by f i  1  t e r  t e c h n i  - 
que56'60'"2'4'89. K u l t i p l  i c i  t y  r e s u l  t i n g  f rom t h e  s i  x  1  i n e a r l y  p o l a r i -  

sed l ines  o r  i n e f f i c i e n c y  o f  the  s e l e c t i v e  e x c i t a t i o n  o r  o f  the  f i l t e r s  

i n  terms o f  i n t e n s i t y ,  degree o f  p o l a r i s a t i o n  and non L o r e n t z i a n  l i n e s  

a r e  some o f  t h e  disadvantages o f  the  above methods. Sources e x h i b i t i n g  

quadrupole h y p e r f i n e  i n t e r a c t i o n  w i l l  c i rcumvent  some o f  t h e  problems. 

The u t i l i  t y  o f  a  quadrupole s p l  i t  coS7 source f o r  2 p o l a r i m e t e r  d e p e n d s  

on f u l f i l l m e n t  o f  f o l l o w i n g  c o n d i t i o n s .  

The m a t e r i a l  can be grown as a  s i n g l e  c r y s t a l  and c u t t i n g  o f  

t h i n  p l a t e s  i n  va r ious  d i r e c t i o n s  i s  p o s s i b l e .  

~ 0 ~ ~  can be i n c o r p o r a t e d  w i t h  a  unique charge s t a t e  arid a  c r y s -  

t a l l o g r a f i c a l l y  m i q e  resonance s i t e .  

The ! a t t i c e  s i t e  shou ld  have a x i a l  symmetry w i t h  un ique o r i e n -  

t a t i o n s .  

The quadrupole s p l i t t i n g  shou ld  be l a r g e  o r  a t  l e a s t  w e l l  r e -  

s o l  ved . 

Gonser, Sakai and ~ e u n e ' ~  r e p o r t e d  a  q radrupo le  ~ e ~ ~  polar ime-  

t e r  c c n s i s t i n g  o f  s i n g l e  c r y s t a l  o f  L ~ N ~ O ~ : C O ~ '  as source ( , p o l a r i s e r )  

and FeC03 ( s i  d e r i  te )  as a  absorber (anal  yser)  . The p o s s i b i  1 i t y  o f  us ing  

two i d e n t i c a l  s i n g l e  c r y s t a l s  as p o l a r i s e r  and ana lyser  has been ment io-  

ned by  Goldai iski  i et a l . 4 5  and ~;i bbe6 used i t as a  means o f  de te rmin ing  

tne  d i r e c t l ~ ~ n a l  da ta  normal t o  the o b s e r v a t i o n  a x i s  i n  t h e  case o f  f e r -  

rous armoni iiin su lpha te  and the E F G  was determined by us ing  c r y s t a l s  grown 

on one p a r t i c u l a r  face  (301) so  t h a t  the  o b s e r v a t i o n  d i r e c t i o n  was n o r -  



mal t o  the b a x i s  and a t  47.3' t o  t h e  c a x i s  i n  t h e  ac p lane.  This  t ype  

o f  measuremen t s  have d i f  f i c u l  t y  i n  measuring an a c c u r a t e  th ickness cur-  

ve and because o f  the  l a r g e  t ime envolved.  The cho ice  o f  the  parameters 

t o  f i  t the  data i s  a l s o  n o t  unambiguous. Gibbe7 made f u r t h e r  exper iments 

on fe r rous  ammonium s u l p h a t e  u s i n g  a c o S 7 / ~ e  f o i  1 source magnetised i n  

t h e  p lane  o f  the f o i  1 and p e r p e n d i c u l a r  o f  observa t ion  by mounting the  

source i n  between the  p o l e s  o f  a permanent magnet. Thus, most i n n e r  and 

o u t e r  pa i  r o f  l ines were p lane  p o l a r i s e d  whi l e  para1 l e l  t o  the  appl  i e d  

magnetic f i e l d ,  and the  o t h e r  two l i n e s  a r e  p o l a r i s e d  perpend icu la r  t o  

the f i e l d .  

Because o f  the s e l f  a b s o r p t i o n  i n  t h e  source m a t r i x ,  and, a l s o  

due t o  incomplete p o l a r i s a t i o n  o f  the  f o i 1  i n  absence o f  the  a p p l i e d  

magnetic f i e l d  i s  n o t  s t r o n g  enough, t h e  p r e d i c t e d  i n t e n s i t y  r a t i o s  

(3:4:1:1:4:3) a r e  u n l i k e l y  t o  be achieved. Gibb91sg2 redetermined the e- 

l e c t r i c  f i e l d  g r a d i e n t  tensor  i n  FeCl .4H O u s i n g  a p o l a r i s e d  ~ g s s b a u e r  

source i n  the  same method. S p i e r i n g  and voge lg3  c a l c u l a t e d  the  absorp- 

t i o n  cross s e c t i o n  f o r  a p o l a r i s e d  s i n g l e  c r y s t a l  absorber o f  f i n  i t e  

th i ckness  us ing  a i n t e n s i t y  m a t r i x  method and a p p l i e d  i t  i n  t h e  case o f  

Fec12.4H20. 2immermanng4 a l s o  made exper iment  on Fec12.4H20 u s  i n g  the  

i n t e n s i  t y  tensor  method. 
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