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ABSTRACT

The e l e c t r o n  p a r a m a g n e t i c  resonance (EPR) s p e c t r u m  o f  M n ^  

i m p u r i t y  i n  s y n t h e t i c  c r y s t a l s  o f  CaCOH)^ was s t u d i e d  as  a f u n c t i o n  o f  

t e m p e r a t u r e  i n  t h e  r a n g e  85°K-800°K a t  x - b a n d  microwave f r e q u e n c i e s .

The s p e c t r u m  was f i t t e d  t o  t h e  f o l l o w i n g  s p i n - H a m i l t o n i a n  wh ich  i s  i n v a r ­

i a n t  i n  symmetry.

H(s) = p S . | . î  +  Î . Â 4  +

At RT(290°K) t h e  f o l l o w i n g  v a l u e s  were  o b t a i n e d  f o r  t h e  p a r a m e t e r s :

§11  =  2 .0 0 1 1 + 0 .0 0 0 5  gj_ =  2 . 0 0 1 0 ^ . 0 0 0 5  b °  =  - 6 .7 + 0 .5 G

b °  = - 2 .4 8 + 0 .2 5 G  b^ =  O+IOOG4 -  4

A = - 9 2 . 0 5 + 0 . 15G B =  -90.28+G.15G

0The v a l u e  o f  b^Co) = -14 .25G  which  was p r e d i c t e d  by t h e  s t a t i c

t h e o r y  o f  Sharma,  Das,  and O r b a c h , ^ ^ ^ ^ ^  was i n  good ag re e m e n t  w i t h  t h e

v a l u e  b^Co) =  -16 .25G  w h ic h  was e x t r a p o l a t e d  from t h e  e x p e r i m e n t a l  d a t a .

0The t e m p e r a t u r e  d e pendence  o f  t h e  e x p e r i m e n t a l  b ^ ,  how ever ,  d i f f e r e d  

m a r k e d ly  from t h e  de pendence  p r e d i c t e d  by t h i s  t h e o r y  when t h e  e f f e c t  o f  

t h e r m a l  e x p a n s i o n  was t a k e n  i n t o  a c c o u n t .  The f o l l o w i n g  c u r v e  was f i t t e d  

t o  t h e  d a t a :

b 2 ^ T )= (b 2 )o +  4 . 9 7 x l 0 " ^ \ ^ c o t h ( ^ ) +  11 . S x l o ' ^ ^ ^ ^ o t h C ^ )

where  ( h u ) ^  -  -2 1 .5 + G .5 G ,  K^=(“5 . 3 8 + 0 . 5 ) x l O ^ ^ G / e r g - s e c ^ ,  and K = ( 2 , 8 3 + 0 . 5 )

42 2xlO G / e r g - s e c  . T h i s  c u r v e  was o b t a i n e d  on t h e  b a s i s  o f  t h e  t h e o r y  o f

37Walsh ,  Jeener  and Bloembergen  by assum ing  t h a t  two T'  l a t t i c e  modes t r a n s -

24"
f o rm in g  as  A^^ and E^ u n d e r  D^^ symmetry were  r e s p o n s i b l e  f o r  t h e  Mn

111
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v i b r o n i c  c o u p l i n g .  The p o s s i b i l i t y  o f  e x p l a i n i n g  b^CT) on t h e  b a s i s  o f  

a Debye f r e q u e n c y  s p e c t r u m  i s  a l s o  p o i n t e d  o u t  i n  t h e  t e x t .

The t e m p e r a t u r e  dependence  o f  b^  was a p p r o x i m a t e l y  l i n e a r .  

T h e r e f o r e ,  t h e  e f f e c t s  o f  l a t t i c e  v i b r a t i o n s  on t h i s  q u a n t i t y  were p r o ­

b a b l y  n e g l i g i b l e .  A l though  t h e  d a t a  t e n d e d  to  s u p p o r t  a d e p e n d e n c e ,  such  

0 “Has b , = CR_ , where  C i s  a c o n s t a n t ,  R„ i s  t h e  Ca-0  bond d i s t a n c e ,  and n 4 O '  0 ^

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

The t h e o r y  o f  Simanek and Orbach^^  was u s e d  to  d e s c r i b e  t h e  

t e m p e r a t u r e  dependence  o f  t h e  i s o t r o p i c  Fermi c o n t a c t  h y p e r f i n e  t e n s o r .

A c u r v e  o f  t h e  form
e / T  2

A(T) = A(0 ) [1 -  CT^ J
e -1

was f i t t e d  t o  t h e  d a t a .  The b e s t  f i t  was o b t a i n e d  f o r  A(0) =  - 9 2 .0 0 G ,

C = 1 .78  X 10 °K and a Debye T e m p era tu re  o f  9 = 500°K.  The q u a n t i -
| / A 2 - B 2 a / 2 |

t y  T| —t  1 d e c r e a s e d  a t  a r a t e  o f  t h e  o r d e r  o f  7 . 6  x  10 K

M n ^ - H  SHFS was o b s e r v e d . i n  t h e  r a n g e  85°K-130°K. 

The i n t e r a c t i o n  was h i g h l y  i s o t r o p i c .  The i s o t r o p i c  Fermi c o n t a c t  HFS 

t e n s o r  was o f  t h e  o r d e r  o f  4 .5G a t  85°K.  The a n i s o t r o p i c  d i p o l a r  HFS 

t e n s o r  was p r o b a b l y  o f  t h e  o r d e r  o f  O.IG o r  l e s s .  A dependence  o f  t h e  

SHFS on was a l s o  n o t e d ,  b u t  no t h e o r e t i c a l  e x p l a n a t i o n  was g i v e n .

I V
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CHAPTER I

INTRODUCTION AND PURPOSE OF THE EXPERIMENT

I r o n  g r o u p  i o n s  w i t h  c o n f i g u r a t i o n s ,  e . g . ,  M n ^  and F e ^ ,

7 3"  ̂ 24"and r a r e - e a r t h  g ro u p  i o n s  w i t h  f  c o n f i g u r a t i o n s ,  e . g . ,  Gd and Eu ,

have  S g ro u n d  s t a t e s  i n  R u s s e l l - S a u n d e r s  c o u p l i n g .  Any d e g e n e r a c y  r e ­

m a i n in g  i n  t h e  s t a t e  i s  due t o  s p i n  o n l y .  I t  h a s  b e e n  o b s e r v e d  t h a t  t h i s  

s p i n  d e g e n e r a c y  i s  p a r t i a l l y  removed when t h e  i o n s  a r e  p r e s e n t  i n  a 

c r y s t a l l i n e  e n v i r o n m e n t .  I n  r e c e n t  y e a r s  t h e r e  h a s  b e e n  much i n t e r e s t  

i n  e x p l a i n i n g  such  S - s t a t e  s p l i t t i n g s  t h e o r e t i c a l l y .

Most o f  t h e  mechanisms  w h ic h  have  been  p r o p o s e d  to  e x p l a i n  S-  

s t a t e  s p l i t t i n g s  a r e  b a s e d  on a r i g i d  l a t t i c e  m odel .  These  c a l c u l a t i o n s  

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

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

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

C h a p t e r  I I I .  I n  o r d e r  t o  d e t e r m i n e  t h e  c o n t r i b u t i o n  o f  e a c h  o f  t h e s e  

i n t e r a c t i o n s  t o  t h e  t o t a l  s p l i t t i n g ,  one  computes  t h e  m a g n i tu d e  o f  t h e

c o r r e s p o n d i n g  t e n s o r  ( so m e t im e s  c a l l e d  p a r a m e t e r )  i n  t h e  s p i n - H a m i l t o n i a n .
2+

The s p i n - H a m i l t o n i a n  f o r  t h e  C a ( 0H)2 :Mn s y s te m  i s  i n t r o d u c e d  a l s o  i n

37C h a p t e r  I I I .  Walsh e t .  a l .  , i n  1965,  s t u d i e d  e x p e r i m e n t a l l y  t h e  t e m p e r ­

a t u r e  dependence o f  t h e  s o - c a l l e d  a x i a l  c r y s t a l  f i e l d  p a r a m e t e r  ( D ) ,  t h e  

c u b i c  c r y s t a l  f i e l d  p a r a m e t e r  ( a ) ,  and t h e  h y p e r f i n e  p a r a m e t e r  ( A ) ,  o f  

p a r a m a g n e t i c  i o n s  i n  c u b i c  c r y s t a l s ,  suc h  as MgO. These  w o r k e r s  found  

t h a t  t h e  t e m p e r a t u r e  de p e n d en c e s  o f  D and a c o u l d  be e x p l a i n e d  by t h e
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e f f e c t s  o f  t h e r m a l  e x p a n s i o n  on a mechanism b a s e d  on t h e  r i g i d  l a t t i c e  

m o d e l .  The t e m p e r a t u r e  dependence  o f  A, however ,  c o u l d  n o t  be so e x ­

p l a i n e d .  They p r o p o s e d  t h a t  t h e  t e m p e r a t u r e  dependence  o f  A was d e t e r ­

m in ed  m a i n l y  by t h e  e f f e c t s  o f  l a t t i c e  v i b r a t i o n s ,  and t h a t  t h i s  de p e n ­

dence  c o u l d  have  been  computed  e x p l i c i t l y  had  t h e  phonon s p e c t r u m  o f  t h e  

c r y s t a l  b e e n  known. Simanek and O r b a c h ^ ^ ,  i n  1966,  p r e s e n t e d  q u a n t i t a ­

t i v e  c a l c u l a t i o n s  o f  a mechanism which  s u c c e s s f u l l y  d e s c r i b e s  t h e  tem-

2+
p e r a t u r e  dependence  o f  t h e  h y p e r f i n e  p a r a m e t e r  A o f  Mn i n  c u b i c  c r y s t a l s ,  

The p r i m a r y  p u r p o s e  o f  t h i s  e x p e r i m e n t  was t o  e x t e n d  e x p e r im e n -  

t a l  s t u d i e s  o f  t h e  t y p e  d i s c u s s e d  above to  Mn i n  t r i g o n a l  symmetry,  i n

an e n v i r o n m e n t  o n l y  s l i g h t l y  l e s s  s y m m e t r i c a l  t h a n  c u b i c .  We c hose  to
2"}"

s t u d y  t h e  C a ( 0H )2 *’Mn s y s te m  b e c a u s e  i t  h a s  a s im p le  s t r u c t u r e  o f  t h e

24"
d e s i r e d  symmetry and b e c a u s e  we were s u c c e s s f u l  i n  i n t r o d u c i n g  Mn i n t o  

t h e  a l k a l i n e  s u r r o u n d i n g s .  The t h i r d  r e a s o n  was t h a t  t h e  phonon s p e c t r u m  

o f  t h i s  c r y s t a l  h a s  been  e x t e n s i v e l y  s t u d i e d .  I t  was o u r  i n t e n t i o n  to  

u s e  such  d a t a  t o  s t u d y  t h e  e f f e c t  o f  Ca-OH v i b r a t i o n s  on t h e  t e m p e r a t u r e  

de p e n d e n c e s  o f  t h e  s p i n - H a m i l t o n i a n  p a r a m e t e r s  and to  s e e k  e v i d e n c e  o f  

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

low t e m p e r a t u r e s .
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CHAPTER I I  

PHYSICAL PROPERTIES OF CaCOH)^ CRYSTAL

I .  CRYSTALLOGRAPHY 

X - r a y  s t u d i e s ^  ^ have  shown CaCOH)^ to  be o f  t h e  h e x a g o n a l  

( C d l^ )  t y p e  w i t h  s p a c e  g roup  P 3 2/m 1 A p r o j e c t i o n  o f  t h e  c l o s e -

p a c k ed  s t r u c t u r e  e s t a b l i s h e d  by t h e  X - r a y  s t u d i e s  i s  shown i n  F i g .  I I .  1 . 

The Ca atoms l i e  i n  t h e  i n v a r i a n t  p o s i t i o n s  ( 0 , 0 , 0 ) ,  w i t h  p o i n t  symmetry 

3m, and t h e  oxygen  and h y d r o g e n  atoms l i e  i n  t h e  s p e c i a l  p o s i t i o n s  

+ ( 1 / 3 , 2 / 3 , Z q )  and +(  1 / 3 , 2 / 3 , z^^) r e s p e c t i v e l y ,  b o t h  w i t h  p o i n t  symmetry 

3m. The u n i t  c e l l  c o n t a i n s  one m o l e c u l e .  The h y d ro g en  p o s i t i o n s ,  which  

c o u l d  n o t  be d e t e r m i n e d  from t h e  e a r l y  X - r a y  work ,  were  f i r s t  p o s t u l a t e d
3

by B e m a l  and Megaw . These p o s i t i o n s  have  s i n c e  b e e n  c o n f i r m e d  by X - r a y  

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

The CaCOH)^ s t r u c t u r e  c o n s i s t s  o f  l a y e r s  o f  two s h e e t s  o f  hy ­

d r o x y l s  p a r a l l e l  t o  t h e  b a s a l  p l a n e  (OOOl) , w i t h  a s h e e t  o f  Ca atoms 

be tw een  them . Each  Ca atom l i e s  be tw e en  s i x  OH g r o u p s  f o rm in g  an o c t a ­

h e d r o n  which  i s  s l i g h t l y  c o m p r e s s e d  a long  [OOOl] . The l a y e r s  a r e  h e l d  

t o g e t h e r  by weak Van d e r  W a a l s '  f o r c e s  be tw e en  t h e  o p p o s e d  h y d r o x y l  

s h e e t s .  N e u t r o n  d i f f r a c t i o n  s t u d i e s  r e v e a l  t h a t  t h e  h y d ro g en  m o t i o n  i s  

c o n f i n e d  m a i n l y  t o  t h e  h y d r o g e n  l a y e r s  no rm a l  t o  t h e  c a x i s .  C o n s e q u e n t ­

l y ,  t h e r e  a r e  no h y d ro g en  b o n d s .  T h i s  i s  s u p p o r t e d  by t h e  o b s e r v e d  s o f t ­

n e s s  (2  on Moh's  s c a l e )  and p e r f e c t  c l e a v a g e  i n  t h e  b a s a l  p l a n e .  The H

. 15 ,1 0m o t i o n  IS  a p p a r e n t l y  v e r y  enha rm on ic  .

S t r u c t u r a l  d a t a  a r e  c o l l e c t e d  i n  T a b le  I I . I .  F i g .  I I .  2 shows

i n  p e r s p e c t i v e  t h e  n e a r e s t -  and s e c o n d  n e a r e s t - n e i g h b o u r  e n v i r o n m e n t  o f
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O OH at -0 .22c  

Q  OH at +0.22C 

O Ca at 0

F i g . I I . 1. Structure o f  Ca(OH)2 projected on iOOOl) plane.
Some elements o f  the  space g r o u p , a r e  shown 

within the unit c e l l .  These a r e :— -  mirror plane, ▲ -  
th ree -fo ld  rotation  a x is .  The calcium atoms are s ituated  at 
inversion centers .

a .  3 .5 9 1 8  A

c “ 4 .9063  X

( 3  Oxygen

O Calcium 
•  Hydrogen

F i g . I I . 2. Nearest- and next nearest-neighbor environment o f  
calcium atom in  CafOH)?. Unit c e l l  dimensions at  

T=293 K, are shown. The angle Ü «ol® at T-293* K. ( "54.7° for
a cubic octahedron).
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R e f .  10

TABLE I I . I

S t r u c t u r a l  and o t h e r  D a ta  f o r  Ca(0H)2 C r y s t a l

s o u r c e  d a t a

R e f .  2 L i n e a r  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s

a =(0.98+0.08)xl0"^deg"l a = (3 .34+ 0 .2 0 )x l0 “^deg“^

T=133°K T=293°K

u n i t  c e l l  p a r a m e t e r  ' a '  3 . 5 8 6 2 + 0 . 0 0 0 6 ^  3 .5 9 1 8 + 0 . 0003S
u n i t  c e l l  p a r a m e t e r  ' c ' 4 . 8 8 0 1  0.0017&  4 .9 0 6 3  0 .0 0 0 7  A
Ca- 0  d i s t a n c e  (R ) 2 .3 6 6  0 .0 0 1  A 2 .3 71  0 .0 0 1  A
s t r u c t u r e  p a r a m e t e r  Zq 0 . 2 3 4 6  0 .0 002  0 .2 3 4 1  0 .0 0 0 3

U n i t  c e l l  d i m e n s io n s  were t a k e n  from R e f .  4 ,  c o n v e r t e d  from 
KX t o  A  u n i t s ,  and c o r r e c t e d  f o r  t h e r m a l  e x p a n s i o n  u s i n g  
t h e  c o e f f i c i e n t s  o f  Megaw ( R e f .  2 ) .

T h i s  work .  E f f e c t i v e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  f o r  t h e  p o s i t i o n  
p a r a m e t e r  z ^ ,  agQ =  - 1 . 3 7 5  x 10"^deg“ l ,  was c a l c u l a t e d  
assum ing  u s u a l  e x p o n e n t i a l  t e m p e r a t u r e  d e p e n d e n c e .  B us ing  
and Levy d a t a  ( R e f .1 0 )  was u s e d  a t  133°K and 293°K.

T e m p e r a tu r e  dependence  o f  Rq and y ( s e e  F i g .  I I . 2) c a n  
be  c a l c u l a t e d  from t h e  f o l l o w i n g  f o rm u la e  d e r i v e d  f rom u n i t  
c e l l  g e o m e t r y .

Rq =  (]/3 a^+ZQC^)!/^ Y = ARCTan(a/i3*ZQc)

Debye T e m p e r a t u r e  9  =  260°K was c a l c u l a t e d  f rom low 
t e m p e r a t u r e  s p e c i f i c  h e a t  f o r m u l a  c = 2 .6 4  x 10"5x-5 
o b t a i n e d  from R e f .  12.
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t h e  c a l c i u m  atom.

I I .  LATTICE DYNAMICS

The two OH g r o u p s  i n  t h e  u n i t  c e l l  make p o s s i b l e  a h i g h l y

13complex phonon s p e c t r u m .  I n f r a - r e d  ( iR )  and Raman s p e c t r o s c o p y  r e v e a l  

t h e  p r e s e n c e  o f  OH r o t a t o r y  modes and Ca-OH v i b r a t o r y  modes i n  a d d i t i o n  

t o  t h e  f u n d a m e n ta l  OH s t r e t c h i n g  mode.  C o m b in a t io n s  o f  t h e s e  a l s o  e x i s t .  

I n e l a s t i c  n e u t r o n  s c a t t e r i n g  ( iNS)  i n  t h e  powder^^  and i n  t h e  c r y s t a l ^ ^  

h a s  a l s o  y i e l d e d  e v i d e n c e  o f  some o f  t h e s e  modes i n  a d d i t i o n  t o  an a c o u s ­

t i c a l  b r a n c h  o f  no rm a l  mode. M i t r a ^ ^  and O e h l e r  and G un tha rd^ ^  have  e x ­

p l a i n e d  t h e  c o m b i n a t i o n s  t h e o r e t i c a l l y .

We p r e s e n t  i n  t h i s  s e c t i o n  a s h o r t  summary o f  r e s u l t s  f rom 

t h e s e  o p t i c a l  i n v e s t i g a t i o n s  w h ic h  w i l l  be p e r t i n e n t  t o  o u r  p r o b le m .

S p e c i f i c a l l y ,  we c o n c e n t r a t e  on t h o s e  k = 0 o p t i c a l  modes which  we e x p e c t

24“
t o  be dom inan t  i n  t h e  Mn v i b r o n i c  c o u p l i n g .

A c c o rd in g  to  f a c t o r  g ro u p  a n a l y s i s ,  t h e  d i s p e r s i o n  s u r f a c e  o f  

CaCOH)^ w i t h  5 atoms p e r  u n i t  c e l l ,  h a s  15 d i s t i n c t  b r a n c h e s ,  o f  which  

10 c o r r e s p o n d  to  o p t i c a l  l a t t i c e  modes,  3 t o  a c o u s t i c a l  modes,  and 2 t o  

i n t e r n a l  OH modes .  The p h y s i c a l  n a t u r e  o f  t h e  3r2 o p t i c a l  modes i s  

s k e t c h e d  i n  F i g .  1 1 , 3 .  The f i r s t  B r i l l o u i n  zone o f  CaCOH)^ i s  shown i n  

F i g .  I I .  4 .  The symmetry e l e m e n t s  o f  e a c h  l i t t l e  g ro u p  G^ b e i n g  known,

i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  c h a r a c t e r s  o f  t h e  t r a n s l a t i o n  g ro u p  r e -

18 20 p r e s e n t a t i o n s  u s in g  f o r m u la e  g i v e n  by M i t r a  and  O e h l e r  and G u n th a rd  .

I t  i s  c u s t o m a r y ,  how ever ,  t o  l i s t  t h e  number o f  t im e s  e a c h  o f  t h e  l a t t e r

r e p r e s e n t a t i o n s  i s  c o n t a i n e d  i n  t h e  l i t t l e  g r o u p  r e p r e s e n t a t i o n s ,  r a t h e r
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o Ca

' I g

Ca

2 u

0 -
O c a  < - Q  Ca

g u

F i g . I I . 3 .  T o p t ic a l  modes o f  v ib r a t io n  o f  Ca(OH)^ c r y s ta l  
fo r  K=0 (from R ef.1 0 ) .

 Q----

F i g . I I , 4 .  The f i r s t  B r i l lo u in  zone o f  the  t r ig o n a l  l a t t i c e  
(r <  s / / 7 )  ( from R e f .1 9 ) .  The l i t t l e  group at  

r* ( 0 ,0 ,0 )  i s  Dt j , a t  ^ ( k _ ,0 ,0 )  i s  Cg, a t  < 5 (0 ,k ,0) i s  Cg, 
and a t  A ( 0 , 0 , R ^ i s  C^^. ^  ^
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t h a n  t h e  e x p l i c i t  t r a n s l a t i o n  g ro u p  c h a r a c t e r  t a b l e .  T h i s  g i v e s  d i r e c t l y  

t h e  number o f  modes o f  e a c h  t y p e .  R e s u l t s  o f  a p a r t i a l  f a c t o r  g ro u p  

a n a l y s i s ^ ^  f o r  t h e  l i t t l e  g ro u p  ^ i s  g i v e n  i n  T a b le  I I .  I I .

We e x p e c t  o n l y  t h o s e  modes wh ich  i n v o l v e  t h e  r e l a t i v e  m o t ion
o-f-

o f  Mn (Ca) and OH t o  be  r e s p o n s i b l e  f o r  any Mn v i b r o n i c  c o u p l i n g .  The 

f r e q u e n c i e s  o f  t h e s e  modes,  t h e  so c a l l e d  T ' - m o d e s ,  a r e  l i s t e d  i n  T a b le  

I I ,  I I I ^ ^ .  T h i s  p o i n t  w i l l  be d i s c u s s e d  f u r t h e r  i n  C h a p t e r  I I I .
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TABLE I I . I I

Types o f  Modes (symmetry c o o r d i n a t e s )  f o r  CaCOH)^ C r y s t a l

l i t t l e  g ro u p  
G,

wave v e c t o r  k  
o f  phonon

modes

i r r e d .  r e p .  
o f  G,

t y p e

n . R: n ;

3d
k  =k =k =0 

X y  z 2 0 1 0 1

\ u
0 0 0 0 0

0 0 0 0 0

^ 2u 3 1 1 0 1

E
g

2 0 1 1 0

E
u 3 1 1 1 0

TABLE I I . I l l  

Fundam en ta l  T ' (k=0)  Mode F r e q u e n c i e s

mode type k—0 symmetry p r o p e r t y mode f r e q u e n c y  cm- 1

T'

T'

T'

T'

Ig

2u

282

247

321

421
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CHAPTER I I I  

THEORY

9+
I .  CRYSTAL FIELD THEORY OF THE Mn ION

The g r o u n d  s t a t e  o f  t h e  f r e e  Mn i o n  i s  3d ^ 5 / 2  R u s s e l l -

S a u n d e r s  c o u p l i n g .  The g r o u n d  s t a t e  o f  t h e  i o n  i n  a weak c r y s t a l l i n e

3 2 6e l e c t r i c  f i e l d  o f  c u b i c  symmetry i s  ( t ^ ^ )  ( e ^ )  A^^. N e g l e c t i n g  s p i n ,

g r o u p  t h e o r y  p r e d i c t s  no s p l i t t i n g  o f  t h i s  s t a t e  i n  a c r y s t a l  f i e l d  s i n c e  

t h e  s t a t e  i s  o r b i t a l l y  n o n - d e g e n e r a t e .  P h y s i c a l l y ,  we wou ld  e x p e c t  t h e  

6 - f o l d  s p i n  d e g e n e r a c y  to  r e m a i n ,  s i n c e  an e l e c t r i c  f i e l d  c a n n o t  a f f e c t

s p i n s  d i r e c t l y .  S i n c e  we o b s e r v e  EPR o n l y  i n  t h i s  g ro u n d  s t a t e ,  t h e  l a c k

o f  o r b i t a l  a n g u l a r  momentum would  n o r m a l l y  l e a d  u s  t o  a n t i c i p a t e  no c r y ­

s t a l l i n e  f i e l d  i n t e r a c t i o n s .  C o n t r a r y  t o  e x p e c t a t i o n s ,  how ever ,  t h e

2+
g ro u n d  s t a t e  o f  Mn i n  a c u b i c  e n v i r o n m e n t ,  such  as t h a t  o f  MgO, s p l i t s

2 % 2"^
i n t o  one Kramers  d o u b l e t  and one  q u a r t e t  . The g ro u n d  s t a t e  o f  Mn i n

l o w e r  s y m m e t r i e s  s p l i t s  i n t o  t h r e e  Kramers  d o u b l e t s .  I n  a d d i t i o n ,  t h e r e

i s  a lm o s t  a lw ays  a l a r g e  h y p e r f i n e  s t r u c t u r e .

B e t h e ,  i n  1929,  ha d  showed t h a t  by means o f  t h e  dou b le  g roup

t h e  s t a t e  ^A i n  c u b i c  symmetry decomposes t o  F-, ( 2- f o l d )  and p  
i g  7 8

22( 4 - f o l d )  l e v e l s  . I n  l ow e r  s y m m e t r i e s  t h e  p  l e v e l  s p l i t s  f u r t h e r  i n t o
o

two 2- f o l d  l e v e l s .  I n  s p i t e  o f  t h e  f a c t  t h a t  c r y s t a l l i n e  f i e l d  s p l i t t i n g s  

o f  t h e  S - s t a t e  were  r i g o r o u s l y  p r e d i c t a b l e  by g ro u p  t h e o r y ,  p h y s i c a l  mech­

an ism s  r e s p o n s i b l e  f o r  t h e  s p l i t t i n g s  r e m a in e d  e l u s i v e .  As we s h a l l  s ee  

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

i n  g e n e r a l ,  t h e  r e s u l t  o f  t h e  combined  a c t i o n s  o f  t h e  c r y s t a l l i n e  p o t e n t i a l

10
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11

( V ^ ) ,  s p i n - o r b i t  c o u p l i n g  (Wj^g)j and s p i n - s p i n  c o u p l i n g  (^gg )*  The 

s p l i t t i n g  i s  a l s o  a f f e c t e d  by l a t t i c e  v i b r a t i o n s  which m o d u la t e  t h e  

c r y s t a l l i n e  e l e c t r i c  f i e l d .  I n  p a r t  I I I B  we r e v i e w  S - s t a t e  h y p e r f i n e  

i n t e r a c t i o n s ,  and i n  p a r t  I I I C ,  t h e  t h e o r y  o f  t h e  s u p e r h y p e r f i n e  i n t e r ­

a c t i o n  p e r t i n e n t  t o  t h i s  work .

I I .  THE HAMILTONIAN FORMALISM AS APPLIED TO Ifa IN CaCOH)^
2~j-

We a n t i c i p a t e  t h a t  t h e  Mn i o n  s u b s t i t u t i o n a l l y  r e p l a c e s  t h e
2~f~*

Ca i o n  i n  t h e  CaCOH)^ l a t t i c e .  The p o i n t  symmetry o f  t h e  Mn i o n

s h o u l d  t h e r e f o r e  be D^^.  A s p i n - H a m i l t o n i a n  which  is i n v a r i a n t  i n  t h i s

2'h
symmetry and w h ic h  a c c o u n t s  f o r  a l l  s o u r c e s  o f  Mn s p i n  p o t e n t i a l  e n e r g y ,

i s 2 3

H(s )  -  p H 'g 'S  +  I ' A . S  +  1 /3  b^ 0 °  +  1 /6 0  b ° 0 °  +  1 /6 0  b^O^

( l l l . l )

The ter ras  a r e  w r i t t e n  i n  d e c r e a s i n g  o r d e r  o f  r a a g n i tu d e .  The

s u p e r h y p e r f i n e  t e rm  ha s  b e e n  o m i t t e d .  The f i r s t  t e rm  i n  Eq.  ( l l l . l )  i s

t h e  Zeeman t e r m ;  t h e  s e c o n d  i s  t h e  h y p e r f i n e  t e r m ;  t h e  r e m a i n d e r  a r e  t h e

s o - c a l l e d  c r y s t a l  f i e l d  t e r r a s .  The 0^  a r e  f u n c t i o n s  o f  s p i n  o p e r a t o r s

24and have  b e e n  l i s t e d  by Orbach . We assume t h a t  t h e  g - t e n s o r ,  t h e  h y p e r ­

f i n e  t e n s o r ,  and t h e  c r y s t a l  f i e l d  t e n s o r s ,  a l l  have  t h e  same s e t  o f  p r i n ­

c i p a l  a x e s .  We f u r t h e r  assume t h a t  t h e  g - t e n s o r  and t h e  A - t e n s o r  have  

a x i a l  symmetry w i t h  p r i n c i p a l  v a l u e s ,  g ^ ^ ,  g^^ , and A and B r e s p e c t i v e l y .

I n  o r d e r  t o  d i a g o n a l i z e  t h e  Zeeman t e r m ,  and t h u s  s i m p l i f y  t h e  

c a l c u l a t i o n  o f  m a t r i x  e l e m e n t s  o f  Eq.  ( i l l . I ) ,  we t r a n s f o r m  t o  a c o o r d i n ­

a t e  sy s te m  whose z a x i s ,  o r i e n t e d  a t  (p,cc) r e l a t i v e  t o  t h e  c r y s t a l  f i e l d  

a x e s ,  i s  t h e  q u a n t i z a t i o n  a x i s  o f  t h e  e l e c t r o n  s p i n .  T r a n s f o r m a t i o n

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1 2

f o r m u la e  f o r  0 ^ ,  0 ^ ,  and 0^ have  b e e n  g i v e n  by V inokurov  e t .  a l . ^ ^  and 

by Thyer  e t .  a l . ^ ^ .  The e i g e n v a l u e s  o f  Eq.  ( l I I . l )  t o  second  o r d e r  p e r ­

t u r b a t i o n  i n  c r y s t a l  f i e l d  t e r m s  and h y p e r f i n e  t e rm s  ( i n c l u d i n g  c r o s s

2  ̂ 2K / 2k

w here  d^“ — Ya*^”'<M|0 |M+m> f o r  n  =  2, m =  0 , 1 , 2 ;  Y “  l / 3  n n  ‘ n  I “
n =  4 ,  m = 0 , 1 , 2 , 3 ;  Y = 1 /6 0  ,

R = dj'CdJ')» -dP'̂ CdJ'*')* + d̂ 'Cdg')* - dJ'̂ Cd̂ '*)»

+  1 / 2  - 1 / 2  +  1 / 2  d ^ ' C d P ' ) *

-  1 / 2  ( d f ) - ^  d f ,

\  “ 4 '^ + 4 '4  + + d;(d|-)* -d̂ +dî -d‘V

- d + C d f ) *  -  d ^ C d f ) *  ( m . , )

i  , , +
d = <M S M - l> .

X I X I

The a ^ “ have  b e e n  l i s t e d  by V inoku rov  e t  a l . ^ ^ .  The e l e m e n t s  <M|0^jM+l> 

have  been  e x t e n s i v e l y  t a b u l a t e d  by B uckm as te r^ ^  and H u t c h i n g s ^ ^ .  From 

E q . ( l I I , 2 )  we o b t a i n  t h e  v a l u e s  o f  m a g n e t i c  f i e l d  a t  wh ich  r e s o n a n c e s  

o c c u r  f o r  c o n s t a n t  f r e q u e n c y .
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H(- 3,m) -  +  4a° +  4a° -
9 '*2 '

a401 “41 201 “41 1201 “41 2 2̂  4 4

+  2 ( ^ ^ ) s l n 2 | 3

+  +  B ^ ) d ^ ^ ( 4 ^ ) P s i „ P 2 p t 2 » ^ } - » K .

4 r

H ( i  . - i . )  ^  (  - f | 4 | P  +  | | a 2 | - i | a J | P - f e | a J | P

k

) ^  s i n ^ 2 p } - m K .  ( i l l . 3)

Eq .  ( l l l . l )  i s  i d e n t i c a l  t o  t h a t  u s e d  by Bleaney and Trenam 

(1954)^^ f o r  b°=D, b °= ^ (F -a ) ,  b^= a. ,  ( H I . 4)
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I I I .  CALCULATION OF SPIN-HAMILTONIAN PARAMETERS

A. C r y s t a l  F i e l d  P a r a m e t e r s  and g - v a l u e s

( i )  S t a t i c  S p l i t t i n g s :  The P o i n t - M u l t i p o l e  ( PM) Model

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

5 6p e r t a i n i n g  t o  d i o n s  i n  S g ro u n d  s t a t e s  i n v o l v e  t h e  Zeeman i n t e r a c t i o n

(W „) , V , W-„ ,  and . V a r i o u s  c o m b i n a t i o n s  o f  t h e s e  i n t e r a c t i o n s  have  H c L b '  SS

been  u s e d  i n  p e r t u r b a t i o n  c a l c u l a t i o n s  up t o  as  h i g h  as  t h e  s i x t h - o r d e r .

The r e a s o n s  such  h i g h  o r d e r  p e r t u r b a t i o n s  a r e  n e e d ed  a r e  f o u r - f o l d .

( l )  M a t r i x  e l e m e n t s  o f  any e v e n - o r d e r  V^ and m a t r i x  e l e m e n t s  o f  W^g

29w i t h i n  any e l e c t r o s t a t i c  t e r m  i n d i v i d u a l l y  v a n i s h  so t h a t  V^ and W^g 

c a n n o t  c a u s e  s p l i t t i n g  i n  t h e  f i r s t  o r d e r .  ( 2) V^ c a n n o t ,  by i t s e l f ,  

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

g r o u n d  s t a t e  i s  t h e  o n l y  s t a t e  w i t h  s p i n  m u l t i p l i c i t y  6 ,  and i n  t h e  non-  

r e l a t i v i s t i c  a p p r o x i m a t i o n ,  m a t r i x  e l e m e n t s  o f  V^ v a n i s h  be tw e en  t e r m s  

w i t h  d i f f e r e n t  s p i n  m u l t i p l i c i t i e s .  (3 )  W^g a c t i n g  a lo n e  o n l y  s h i f t s

t h e  g ro u n d  s t a t e  s i n c e  i t  c o u p l e s  t h e  g ro u n d  s t a t e  t o  o n l y  one o t h e r

h ss t a t e ,  t h e  ^P ( 4 )  W„„ a c t i n g  a lo n e  o n l y  s h i f t s  t h e  g r o u n d  s t a t e

31s i n c e  i t  c o u p l e s  t h e  g ro u n d  s t a t e  t o  o n l y  one o t h e r  s t a t e ,  t h e  4D .

I f  c o n f i g u r a t i o n s  o t h e r  t h a n  d^ a r e  i n c l u d e d ,  p e r t u r b a t i o n s  o f

32l ow e r  o r d e r  a r e  p o s s i b l e .  P ryc e  was t h e  f i r s t  t o  s t u d y  t h e  i n f l u e n c e

6 4o f  V^ and Wgg v i a  t h e  D t e r m  o f  t h e  h i g h e r - l y i n g  c o n f i g u r a t i o n  3d 4 s .

I n  r e c e n t  r e v i e w s ,  Sha rma,  Das,  and O rbach^^ ^ ^ ^  ( h e r e a f t e r  d e s c r i b e d  as

SDO) have  e x t e n d e d  t h e  number o f  p o s s i b l e  D-mechanisms (SDO u s e d  t h e  'D'

28 0 n o t a t i o n ,  as  u s e d  by B le a n ey  and Trenam , i n s t e a d  o f  t h e  b^ n o t a t i o n
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u s e d  i n  t h i s  work ( s e e  Eq.  I I I . 4 ) .  They have  d e s c r i b e d  t h e s e  mechanisms 

c o l l e c t i v e l y  as  p o i n t  m u l t i p o l e  (PM) mechanisms s i n c e  t h e y  a r e  b a s e d  on
I

t h e  a s s u m p t io n  t h a t  t h e  l a t t i c e  i s  w h o l l y  i o n i c .  S i n c e  Ca(0H)2  i s  h i g h l y

38i o n i c  we s h a l l  n o t  a t t e m p t  t o  a p p ly  mechanisms b a s e d  on c o v a l e n c y

33The SDO D-mechanisms,  D^^, D^g, D^^g, and D^^ a r e  l i s t e d  i n

Tab le  I I I . I .  The v a l u e s  o f  t h e s e  q u a n t i t i e s  a t  room t e m p e r a t u r e  (RT)

were  c a l c u l a t e d  u s i n g  t h e  f o r m u la e  g i v e n  by SDO. E x c e p t i n g  D^^,  t h e s e

0f o rm u la e  c o n t a i n  B^, t h e  c o e f f i c i e n t  o f  t h e  a x i a l  p o t e n t i a l ,  so t h a t  t h e

a p p l i c a t i o n  o f  t h e s e  f o r m u la e  t o  t h i s  p ro b le m  i n v o l v e d  t h e  c a l c u l a t i o n  o f

B^ f o r  t h e  [Ca(OH)^]^  c om plex .  The p o i n t - c h a r g e  l a t t i c e  summation me-

0t h o d  was employed t o  compute B^ s i n c e  t h e  s t r u c t u r e  o f  t h i s  complex i s

s i m p l e .

The r e s u l t  i s :

® ®SS ^ODS °WC

=  - 0 . 0 7 3 0 5 5 °  +  2 .1 0 4 4 ( B ° ) 2  -  1 .7 4 1 7 ( 3 ° )% .  ( i l l . 5)

B° f o r  D^^ symmetry i s :

B° = .- 6 6 (3 .00 5 Y -l) . ( I I I . 6)
- -  2 RJ

where  R i s  t h e  a n i o n - c a t i o n  d i s t a n c e ,  i n  u n i t s  o f  t h e  Bohr  r a d i u s ,  and

e i s  the e le c t r o n ic  charge on th e  c a t io n .  Y i s  th e  a n g le  betw een  th e  c

a x is  and th e  a n io n -c a t io n  bond d ir e c t io n .

I n c l u d e d  i n  T a b le  I I I . I  i s  D ^ ,  t h e  v a l u e  o f  D c a l c u l a t e d  by 

35va n  H e uve len  . By u s i n g  r e l a t i v i s t i c  H a r t r e e - F o c k  w a v e f u n c t i o n s  f o r  t h e  

b a s i s  s t a t e s  i t  can  be shown t h a t  m a t r i x  e l e m e n t s  o f  no l o n g e r  v a n i s h  

be tw e en  t e r m s  w i t h  d i f f e r e n t  s p i n  m u l t i p l i c i t i e s .  A l th o u g h  i t  h a s  t h e
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same s i g n  and c o m p a rab le  m a g n i tu d e  as  o u r  e x p e r i m e n t a l  D, we s h a l l  I g n o r e

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

S i n c e  we a n t i c i p a t e  t o  be dete rmlp ied  by ' a '  t o  a good

a p p r o x i m a t i o n ,  t h e  t a b l e  a l s o  I n c l u d e s  c o n t r i b u t i o n s  t o  ’ a ’ coming f rom

s e v e r a l  p o s s i b l e  m echan ism s .  I t  I s  I m p o s s i b l e  t o  c a l c u l a t e  a c c u r a t e l y  t h e

2+v a l u e s  o f  a ^ , a ^ ,  o r  a^ f o r  t h e  CaCOH)^:^^! System s i n c e  t h e  s e p a r a t i o n s  

I n  e n e r g y  be tw e en  t h e  e l e c t r o s t a t i c  t e r m s  a r e  unknown.

( l l )  Dynamic S p l i t t i n g s :  E f f e c t s  o f  L a t t i c e  V i b r a t i o n s

(p honons l

We have  s e en  i n  t h e  p r e v i o u s  s e c t i o n  o f  t h i s  c h a p t e r  t h a t  t h e  

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

ous  s y m m e t r i e s .  S i n c e  t h e s e  p o t e n t i a l s  a r e  l i n e a r  c o m b i n a t i o n s  o f  s p h e r ­

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

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

o b s e r v e d  v a l u e  o f  a p a r a m e t e r ,  G, I s  a t im e  a v e r a g e ,  <G>^, w h ic h  depends  

n o t  o n l y  on t h e  a v e ra g e  v a l u e  o f  t h e  s o u r c e  c o o r d i n a t e s  ( a change  I n  

t h i s  a v e ra g e  v a l u e  c o n s t i t u t e s  t h e r m a l  e x p a n s i o n )  b u t  a l s o  on t h e  d e t a i l e d  

c h a r a c t e r  o f  t h e  v i b r a t i o n s .  F o r  e x a m p le ,  f o r  t h e  s im p l e  c a s e  o f  ha rm on ic  

m o d u l a t i o n  o f  t h e  a n l o n - c a t l o n  d i s t a n c e ,  d ( t )  = d ^ ( l + e c o s ü ) t ) ,  t h e  t im e  

a v e ra g e  v a l u e  o f  d^ I s  < d " >  =  ( f [ l + n ( n ^ l )  e ^ / 4 ] ,  n ^  0 ,  T h i s  means t h a t  

a p u r e l y  ha rm on ic  v i b r a t i o n  o f  t h i s  t y p e  ( A ^ ^ ) ,  w h i l e  n o t  a f f e c t i n g  t h e r ­

mal e x p a n s i o n  a t  a l l ,  does  change  t h e  a v e r a g e  v a l u e  o f  t h e  c r y s t a l l i n e

43p o t e n t i a l  and t h u s  a l s o  <G>^ . S i n c e  t h e  p a r a m a g n e t i c  I o n  I s  s u b j e c t  t o

l a t t i c e  v i b r a t i o n s  t h e  H a m i l t o n i a n  ( s u c h  as  Eq .  ( l l l . l ) )  must  be c o n s i ­

d e r e d  a ' d y n a m i c a l '  one w h ic h  r e f l e c t s  t h e  a v e r a g e  s i t e  symmetry.  Each
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c o e f f i c i e n t  o f  t h i s  dy n a m ic a l  H a m i l t o n i a n  I s  t h e  a v e r a g e  o f  a d i s t r i b u t i o n

w hich  ha s  been  m o t i o n a l l y  n a r r o w e d  and I s  n o t .  I n  g e n e r a l ,  e q u a l  t o  t h e

37c o r r e s p o n d i n g  p a r a m e t e r  I n  t h e  s t a t i c  H a m i l t o n i a n  . T h i s  n o t i o n  o f  

a v e r a g i n g  a m o t l o n a l l y  n a r r o w e d  d i s t r i b u t i o n  h a s  been  employed I n  d e s ­

c r i b i n g  t h e  e f f e c t  o f  l a t t i c e  v i b r a t i o n s  on  o p t i c a l  s p e c t r a  and on t h e  

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

depends  e x p l i c i t l y  on t h e  t e m p e r a t u r e  t h r o u g h  I t s  de pendence  on t h e  mean-

37s q u a r e  a m p l i t u d e  o f  t h e  l a t t i c e  v i b r a t i o n s

Assuming t h a t  t h e  s u b s t i t u t i o n  o f  an Mn Ion  f o r  a l a t t i c e

c a t i o n  does  n o t  d i s t u r b  t h e  no rm a l  modes o r  s e t  up l o c a l  modes.  I t  can

be  shown t h a t  t h e  f u n c t i o n a l  form o f  t h e  t e m p e r a t u r e  dependence  o f  some

EPR H a m i l t o n i a n  p a r a m e t e r s  I s  q u i t e  s i m i l a r  to  t h a t  f o r ,  s a y ,  o p t i c a l  

44l l n e w l d t h s  , and t h e  c h e m i c a l  s h i f t .  There  a r e  two a p p r o a c h e s .  The 

most  f u n d a m e n ta l  a p p ro a c h  would  be t o  c a l c u l a t e  t h e  no rm a l  modes o f  t h e  

[Ca(OH)g]^ s y s te m  I n  a m anner  s i m i l a r  t o  Van V l e c k ' s  c a l c u l a t i o n s  I n  

t h e  alums when t r e a t i n g  t h e  J a h n - T e l l e r  e f f e c t ^ ^  and s p l n - l a t t l c e  r e l a x ­

a t i o n ^ ^ .  Two I m p o r t a n t  p o i n t s  I n  t h i s  c a l c u l a t i o n  f o r  t h e  alums were 

t h e  f o l l o w i n g  ( l )  P a r a m a g n e t i c  I o n s  were s u b j e c t  t o  c r y s t a l l i n e  f i e l d s  

o f  predominantly c u b i c  symmetry b u t  w i t h  a s m a l l  t r i g o n a l  com ponen t .

( 2 ) The symmetry o f  t h e  no rm a l  modes was 0 ^ .  A l though  ( l )  h o l d s  t r u e

, ^  ;  M v i  C x r c f - o m  r  O ^  A r ^  C  -v-i ^  f-
2"F

f o r  t h e  Ca(OH)„:Mn s y s t e m ,  ( 2 ) does  n o t ,  s i n c e  t h e  no rm a l  modes I n  t h i s

c r y s t a l  f o r  k  -  0 p o s s e s s  symmetry.  (S e e  Tab le  I I . I I )

T h e ' v l b r o n l c '  I n t e r a c t i o n ,  I . e . ,  t h e  I n t e r a c t i o n  be tw een  t h e  

l a t t i c e  modes and o r b i t s  o f  t h e  Mn e l e c t r o n s  I s  g i v e n  by t h e  s o - c a l l e d  

o r b l t - l a t t l c e  I n t e r a c t i o n
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. V  = Yj(ris)c(r;gj) (III.7)
1J J

The e ( r \ g j )  a r e  t h e  no rm a l  c o o r d i n a t e s  ( d i s p l a c e m e n t  o p e r a t o r s )  o f  t h e  

[C a (O H )^^“ s y s te m  which  a r e ,  i n  t u r n ,  t h o s e  l i n e a r  c o m i n b a t i o n s  o f  com­

p o n e n t s  o f  t h e  s t r a i n  t e n s o r  which  t r a n s f o r m  as  t h e  j t h  s u b v e c t o r  o f  t h e  

r e p r e s e n t a t i o n  p. • I f  Eq .  ( i l l .  7 )  i s  assumed to  o p e r a t e  o n l y  w i t h i n
3

d , e ven  v i b r a t i o n s  n e e d  o n l y  be c o n s i d e r e d .  We s h a l l  assume t h e  P^^ to  

be  t h o s e  c h a r a c t e r i z i n g  T '  modes o n l y .  The P^^ a r e ,  o f  c o u r s e ,  t h o s e  T' 

r e p r e s e n t a t i o n s  wh ich  a r e  p e r m i t t e d  u n d e r  one o f  t h e  l i t t l e  g r o u p s  o f  

t h e  s p a c e  g ro u p  The (p^^^) a r e  l i n e a r  c o m b i n a t i o n s  o f  s p h e r i c a l

h a r m o n i c s  ( e l e c t r o n i c  o p e r a t o r s )  w h ich  t r a n s f o r m  as  t h e  T^g* The com­

p o n e n t s  o f  t h e  s t r a i n  t e n s o r  a r e  t h e  n o rm a l  c o o r d i n a t e s  q^^ a s s o c i a t e d  

w i t h  t h e  l a t t i c e  h e a t  w a v e s .  These  q u a n t i t i e s  I n t r o d u c e  t h e  t e m p e r a t u r e  

d e p e n d e n c e ,  l e .

m m

where  m d e n o t e s  t h e  phonon p o l a r i z a t i o n ,  and N t h e  t o t a l  number  o f  atoms 

I n  t h e  c r y s t a l .  The phonon o p e r a t o r  I s  d e f i n e d  I n  t h e  p a r t i c l e  number 

r e p r e s e n t a t i o n  by

1 / 2
<n^ [q^ |n^ +1 >  = <n^ + l |  q^ | n^ > = [h (n ^  + 1 ) / 2 tiMv_|, ]

m m m  m m m  m m

( I I I . 9)

where  <n^ > = ( l - e  m^kl)   ̂ and M I s  t h e  mass o f  t h e  c r y s t a l ,  
m

We t e r m i n a t e  t h e  d i s c u s s i o n  o f  t h e  f i r s t  a p p ro a c h  by o u t l i n i n g  

t h e  r e q u i r e d  c a l c u l a t i o n s .  We s h a l l  n o t  a t t e m p t  such  c a l c u l a t i o n s .  To 

f i r s t  o r d e r  W^^ s im p l y  s h i f t s  t h e  e n e r g y  o f  t h e  S g ro u n d  s t a t e .  T h e r e f o r e ,
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one  would  n a t u r a l l y  a t t e m p t  t o  u s e  as  y e t  a n o t h e r  p e r t u r b a t i o n  t e rm

i n  a c o m p r e h e n s iv e  t r e a t m e n t  l i k e  t h a t  o f  Sharma,  Das,  and Orbach^^^^^

( s e e  T a b le  I I I . I ) .  I t  c an  be s e e n  from t h i s  t a b l e  t h a t  u s e d  In

c o m b i n a t i o n  w i t h  W and V , w i l l  a f f e c t  D and D v i a  t h e  k = 0 T'LS c BO wC

modes t r a n s f o r m i n g  as  A and E and w i l l  a f f e c t  D v i a  t h e  k = 0 T'
Ig  g ODS

modes t r a n s f o r m i n g  as  A^^ and E^ .  I t  I s  u n l i k e l y  t h a t  a W a l l e r - l l k e

mechanism w i l l  a f f e c t  D^^ to  any g r e a t  e x t e n t  s i n c e  I t s  e f f e c t  I n  s p l n -

46l a t t i c e  r e l a x a t i o n  I s  v e r y  s m a l l  . C a l c u l a t i o n s  such  as  t h e s e  have  n o t  

y e t  a p p e a r e d  I n  t h e  l i t e r a t u r e .  T h e i r  Im p o r t a n c e  s h o u l d  be r e c o g n i z e d  

m o s t l y  I n  non c u b i c  c r y s t a l s  s i n c e  e x p e r i m e n t a l l y  I t  I s  known t h a t  the

37t e m p e r a t u r e  dependence  o f  ' a '  I s  d e t e r m i n e d  m a i n ly  by t h e r m a l  e x p a n s i o n

We s h a l l  d i s c u s s  t h e  u s e  o f  W^^ I n  more d e t a i l  I n  t h e  n e x t  s e c t i o n  d e v o t e d

t o  h y p e r f l n e  s t r u c t u r e .

The s e c o n d  a p p r o a c h ,  and t h e  one we s h a l l  u s e  f o r  d e s c r i b i n g

t h e  t e m p e r a t u r e  d e pendence  o f  t h e  c r y s t a l  f i e l d  p a r a m e t e r s  In  t h i s  e x p e r l -

37m e n t ,  ha s  been  d i s c u s s e d  by Bloem bergen  . We expand  t h e  p a r a m e t e r  o f  

I n t e r e s t ,  G ( r ^ -  i ^ ) ,  I n  t e r m s  o f  t h e  d e v i a t i o n s  5^^= 5 r ^  -  S r ^  o f  t h e  mag­

n e t i c  I o n ' s  Z e f f e c t i v e  n e i g h b o u r s  l o c a t e d  a t  r \ ( l = l , 2 , . . . Z )  f rom t h e i r  

e q u i l i b r i u m  p o s i t i o n s  — r ^ - r ^  r e l a t i v e  t o  t h e  Ion  a t  r ^ .  We assume 

t h a t  G I s  a s c a l a r .  To s e c o n d  o r d e r  I n  t h e  l o c a l  c o o r d i n a t e  d e v i a t i o n s

1  2 2 2
G(A.) E ( I I I . I O )

l i  1 l ^ J i  I j

L a t t i c e  v i b r a t i o n s  a r e  I n t r o d u c e d  by e x p a n d in g  t h e  5^ I n  t e r m s  o f  t h e

no rm a l  c o o r d i n a t e s
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S i  ( I I I . 11)

where  ^  f  § |QCos[c j^ t -k^  • r h a ^ ( t )  ] ( i l l . 12)

E q . ( l I I . 1 2 )  d e f i n e d  a  t r a v e l l i n g  wave o f  a m p l i t u d e  a n g u l a r  f r e q u e n c y

C0|, wave v e c t o r  k ^ , t im e  d e p e n d e n t  p h a s e  o ^ (d u e  t o  f i n i t e  phonon l i f e -
A —i

t i m e s )  and u n i t  p o l a r i z a t i o n  v e c t o r  -f. S i n c e  t h e  a r e  l o c a l  c o o r d i n a t e

c h a n g e s  t h e  c o e f f i c i e n t s  w e igh  o p t i c a l  modes ( s p e c i f i c a l l y  T'  modes)

most  h e a v i l y .  S u b s t i t u t i n g  Eq .  ( i l l . 11) and Eq.  ( i l l . 12) i n t o  Eq .  ( i l l . 10)

and a v e r a g i n g  o v e r  t i m e s  long  com pared  to  phonon l i f e t i m e s  ( t h u s  a l l o w i n g

t h e  p h a s e s  an t o  f l u c t u a t e  randomly)  we o b t a i n :
Z A . 2 ,

( I I I . 13)

T h i s  may be w r i t t e n  i n  t h e  s i m p l e r  form

<G>t =  Go +  %

E q u a t i n g  t h e  e n e r g y  o f  a l a t t i c e  v i b r a t i o n  t o  t h a t  o f  a qu a n tu m -m e c h an ic a l  

h a rm o n ic  o s c i l l a t o r  l e a d s  to

.2 _  2% / I  ^  _____1
F n  =  —  f —  H-------------------- 7 ------------------- ')

Wo ' 2  ^ w ^ / k T _ ^  '

C O T H ( ^ ) ,  ( I I I .  15)

so t h a t  Eq .  ( i l l . 14) becomes

■B 1
= Go + Z f ( Z Z ) o  ^  COIH ( ^ )  . ( I I I . 1 6 )
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We l e t  t h e  f  r u n  o v e r  t h e  T'  o p t i c a l  modes.  U s in g  t h e  f r e q u e n ­

c i e s  g i v e n  i n  T a b le  I I . I l l ,  and n o t i n g  t h e  d e g e n e r a c i e s  o f  t h e  modes,

Eq .  ( i l l . 16) becomes ,  i n  t h e  c a s e  when G =  D,

<D> -  D .+ 4 .97  X 1 0 " ^ V  c o t h ( ~ )  +  1 1 .3  x lO '^^K^ 
t  u i  i  z

X c o t h ( ^ ) ,  ( I I I .  17)

n e g l e c t i n g  W^^ p e r t u r b a t i o n s  v i a  c o n f i g u r a t i o n a l  i n t e r a c t i o n s .  The ' s 

a r e  t h e  q u a n t i t i e s ( - ^ —̂ )  . ^ r u n s  o v e r  t h e  A ( T ' )  and E ( T ' )  modes
aSf G G

r e s p e c t i v e l y .  Thus by f i t t i n g  E q . ( l I I . 1 7 )  t o  t h e  e x p e r i m e n t a l  c u r v e  we 

s h a l l  be a b l e  t o  d e t e r m i n e  D g( the  t r u e  ' s t a t i c '  D - v a l u e ,  t h e  v a l u e  o f  D

i n t h e  a b s e n c e  o f  even  z e r o - p o i n t  v i b r a t i o n s )  and t h e  ' s ,

B. H y p e r f i n e  S t r u c t u r e  (HFS) P a r a m e t e r s  A and B

( i )  S t a t i c  S p l i t t i n g s :  Core  P o l a r i z a t i o n

The HFS c o u p l i n g  c o n s t a n t  A i s  a t e n s o r  w h ich  i s  t h e  sum o f  t h e  

i s o t r o p i c  Fermi c o n t a c t  t e n s o r  and t h e  t r a c e l e s s  d i p o l a r  t e n s o r .  The l a r g e  

HFS which  i s  u s u a l l y  o b s e r v e d  f o r  Mn h a s  b e e n  e x p l a i n e d  as  f o l l o w s .  

O r i g i n a l l y ,  Abragam and P ry c e^ ^  p r o p o s e d  a s eco n d  o r d e r  e l e c t r o s t a t i c  

i n t e r a c t i o n  b e tw e en  3d e l e c t r o n s  and s - e l e c t r o n s  o f  h i g h e r - l y i n g  c o n f i ­

g u r a t i o n s .  D e t a i l e d  w ork ,  how ever ,  h a s  r e v e a l e d  t h a t  t h i s  mechanism g i v e s  

HFS an o r d e r  o f  m a g n i tu d e  too  s m a l l .  He ine^^  p r o p o s e d  t h a t  i t  was p o s s i b l e  

f o r  t h e  2s and 3s  c o r e  e l e c t r o n s  t o  become s l i g h t l y  u n p a i r e d  b e c a u s e  o f  

t h e i r  exchange  i n t e r a c t i o n  w i t h  t h e  3d e l e c t r o n s .  When t h e  Mn i o n  i s  i n  

t h e  ^S g r o u n d  s t a t e ,  t h e  s p i n s  o f  t h e  f i v e  3d e l e c t r o n s  a r e  o r i e n t e d  

p a r a l l e l ( t t t t î ) • Only t h o s e  s - e l e c t r o n s  w h ich  have  l i k e  s p i n  o r i e n t a t i o n s
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a r e  a f f e c t e d  by e x c h a n g e .  C o n s e q u e n t l y ,  t h e  2 s ( | )  and 3 s ( | )  e l e c t r o n s

a r e  a t t r a c t e d  o u t w a r d  to w a rd  t h e  3d e l e c t r o n s  by exchange  f o r c e s  l e a v i n g

t h e  2 s ( l )  and 3 s ( | )  e l e c t r o n s  t o  t a k e  p a r t  i n  t h e  c o n t a c t  i n t e r a c t i o n .

49T h i s  e f f e c t  i s  c a l l e d  c o r e  p o l a r i z a t i o n  . C a l c u l a t i o n s  o f  A b a s e d  on

c o r e  p o l a r i z a t i o n  w i l l  n o t  be c a r r i e d  o u t .  We s h a l l  a t t e m p t  t o  e x p l a i n

o n l y  A as  a f u n c t i o n  o f  T.

( i i )  Dynamic S p l i t t i n g s :  The O r b i t - L a t t i c e  I n t e r a c t i o n

Simanek and Orbach^^  have  s a t i s f a c t o r i l y  e x p l a i n e d  t h e  t e m p e ra -  

2̂ "
t u r e  dependence o f  A o f  Mn i n  c u b i c  c r y s t a l s  such as  MgO. T h e / p r o p o s e d  

t h a t ,  i n  a d d i t i o n  to  core p o l a r i z a t i o n  which  i s  by f a r  t h e  dominan t  mech­

an ism  and which  i s  t e m p e r a t u r e  i n d e p e n d e n t ,  W^^ admixes e x c i t e d  c o n f i g u -

4 5r a t i o n s  o f  t h e  fo rm  3d n s  i n t o  t h e  g r o u n d  3d c o n f i g u r a t i o n .  I n  f i r s t

o r d e r ,  W^^ c o u p l e s  admixed s - s t a t e s  wh ich  have  s p i n s  p a r a l l e l  to  t h e  s p i n

o f  t h e  3d g ro u n d  s t a t e  so t h a t  t h e  c o r e  p o l a r i z a t i o n  i s  s l i g h t l y  r e d u c e d .

I m p o r t a n t  p o i n t s  i n  t h e  S im anek-O rbach  t h e o r y  a r e :

( 1 )  S i n c e  W^^ i s  assumed t o  o p e r a t e  be tw e en  c o n f i g u r a t i o n s  i n v o l v i n g  d 

and s e l e c t r o n s ,  o n l y  j  =  2 t e r m s  o f  E q . ( l I I . 7 )  a r e  i m p o r t a n t .

( 2 ) Wqj  ̂ i s  t a k e n  as  a p e r t u r b a t i o n  to  f i r s t  o r d e r  o n l y .

( 3 ) The mean s q u a r e  s t r a i n s  < e ^ >  a r e  o b t a i n e d  from Eq .  ( i l l . 8)  as suming 

c u b i c  symmetry .

We quo te  t h e i r  r e s u l t .

0 /T  2

A(T) =  A(0) [ l - C T *  r ( I I I . 18)
e*-l

0

where  C i s  a c o n s t a n t  and & i s  t h e  a v e r a g e  Debye T e m p e r a t u r e .
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2̂ “
The HFS t e n s o r  o f  Mn i n  n o n - c u b i c  c r y s t a l s  i s  u s u a l l y  s l i g h t l y  

a n i s o t r o p i c  due to  t h e  e f f e c t  o f  t h e  d i p o l a r  i n t e r a c t i o n .  S i n c e  t h e  d i ­

p o l a r  t e n s o r  i s  t r a c e l e s s ,  t h e  c o n t r i b u t i o n  o f  t h e  i s o t r o p i c  Fermi c o n t a c t

i n t e r a c t i o n  i s  (A +A +A ) / 3 .  The A . ,  a r e  t h e  HFS c o u p l i n g  c o n s t a n t s  
XX yy z z '  j j

w h ic h  a r e  o b t a i n e d  e x p e r i m e n t a l l y  f o r  m a g n e t i c  f i e l d  p a r a l l e l  t o  t h e  x , y

and z d i r e c t i o n .  F o r  c r y s t a l s  w i t h  a x i a l  symmetry,  t h i s  becomes

A+2B ,
3

Thus Eq. ( i l l .  18) s h o u l d  e x p l a i n  t h e  t e m p e r a t u r e  dependence o f  t h i s  quan-  

t i t y  f o r  t h e  C a ( 0H ) 2 :Mn s y s t e m .

C. S u p e r h y p e r f i n e  S t r u c t u r e  (SHFS) P a r a m e t e r s

SHFS i s  a c c o u n t e d  f o r  by a dd ing  to  t h e  s p i n - H a m i l t o n i a n  o f

E q . ( l I I . l )  t h e  a d d i t i o n a l  terra

H - E  I ^ .  A^«S ( I I I . 19)
N

■*' 2̂ " where  S i s  t h e  r e s u l t a n t  Mn e l e c t r o n  s p i n  and I  i s  t h e  p r o t o n  s p i n .

The summation i s  o v e r  t h e  n e i g h b o u r i n g  p r o t o n s ,  i . e . ,  6 i n  number i f  we

c o n s i d e r  o n l y  t h e  n e a r e s t  n e i g h b o u r s  o f  t h e  Mn ( s e e  F i g .  I I . 2 ) .  The

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

bo n d in g  d e t e r m i n e s  t h e  a n g u l a r  p r o p e r t i e s  o f  E q . ( l I I . 1 9 ) .  The p r o t o n

HFS t e n s o r  A^ may be  s e p a r a t e d  i n t o  c o n t a c t  and d i p o l a r  p a r t s  so t h a t

e i g e n v a l u e s  o f  Eq .  ( i l l . 19) may be  w r i t t e n

H = A  E I ^  +  A E I ^ ( 3  c o s ^ 2 _ - l )  p =  ( I I I . 2 Ô )
® N ^ P N ^ ^

i s  t h e  a n g le  b e tw e en  t h e  e x t e r n a l  m a g n e t i c  f i e l d  and t h e  p-rbond a x i s .

2 2 3 8 5 9
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F o r  an a r b i t r a r y  d i r e c t i o n  o f  m a g n e t i c  f i e l d  (H) t h r o u g h  t h e  

^ c om plex ,  we s h o u l d  e x p e c t  to  s e e  3^=27 l i n e s  i f  

F o r  t h e  s p e c i a l  c a s e  o f  H II c a x i s ,  we s h o u l d  e x p e c t  7 e q u a l l y

s p a c e d  l i n e s  w i t h  i n t e n s i t y  r a t i o s  1 : 6 : 1 5 : 2 0 : 1 5 : 6 : 1 .  T h i s  s h o u l d  a l s o  

h o l d  f o r  an a r b i t r a r y  d i r e c t i o n  o f  H i f  A^=0. We s h a l l  a t t e m p t  o n l y  

s im p l e  c o m p u t a t i o n s  o f  A^ and A^ from t h e  e x p e r i m e n t a l  d a t a .  No 

t h e o r e t i c a l  a n a l y s i s  w i l l  be g i v e n .
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CHAPTER IV 

INSTRUMENTATION AND CRYSTAL PREPARATION

The v a r i a b l e  t e m p e r a t u r e  work was done u s i n g  a  s p e c t r o m e t e r  o f

52t h e  s t r a i g h t - d e t e c t i o n  t y p e  o p e r a t e d  i n  t h e  x - b a n d

A c r y s t a l  r o t a t i n g  mechanism d e v e lo p e d  e a r l i e r  i n  t h i s  l a b o r a -

53t o r y  was employed f o r  a n i s o t r o p y  s t u d i e s  a t  RT . T h i s  mechanism e n a b l e d  

t h e  c r y s t a l  t o  be r o t a t e d  a b o u t  a h o r i z o n t a l  a x i s .  Any a r b i t r a r y  o r i e n ­

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

be  a t t a i n e d  by c o u p l i n g  t h i s  mode o f  r o t a t i o n  w i t h  t h a t  o f  t h e  magnet  

a b o u t  a v e r t i c a l  a x i s .  A p l a s t i c  c a v i t y  w i t h  t h e  i n n e r  s u r f a c e  s p u t t e r e d  

w i t h  g o l d  was u s e d  i n  t h e  LN^-RT w ork .  The h i g h  t e m p e r a t u r e  c a v i t y  

(RT-800°K) was o f  s t a i n l e s s  s t e e l ,  t h e  i n n e r  s u r f a c e  b e i n g  g o l d  e l e c t r o ­

p l a t e d  o n t o  c o p p e r .  Both c a v i t i e s ,  whose l o a d e d  Qs were  a b o u t  6000 and 

4000 ,  r e s p e c t i v e l y ,  were o p e r a t e d  i n  t h e  TE^^^ mode. They a r e  i l l u s t r a t e d  

i n  F i g .  IV.  1.

C o p p e r - c o n s t a n t a n  and p l a t i n u m  +  10^ Rhodium v s .  p l a t i n u m  

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

t u r e s  were  LN^ and RT, r e s p e c t i v e l y ;  t h e  l a t t e r  was m o n i t o r e d  c o n t i n u a l l y  

t o  e n s u r e  a c c u r a c y .  S i n c e  no s p e c i a l  a t t e m p t s  were made t o  c a l i b r a t e  t h e  

t l termocouples ,  a c c u r a c y  i s  e x p e c t e d  t o  be o f  t h e  o r d e r  o f  +2°K.  A l s o ,  no 

a t t e m p t  was made to  c o n t r o l  t e m p e r a t u r e .  The LN^ t e m p e r a t u r e  c a v i t y  was 

h e a t e d  t o  RT w i t h  3 - 4  amps, o f  h e a t e r  c u r r e n t  a t  6 v o l t s  d e l i v e r e d  by a 

s m a l l  r e g u l a t e d  DC s u p p l y .  The c u r r e n t  was a d j u s t e d  t o  an a r b i t r a r y  v a l u e  

and m ea s u rem e n ts  were  made when t h e  t e m p e r a t u r e  was s t e a d y .  At c o n s t a n t

27
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s t a i n l e s s  s t e e ^  
tubes fo r  
e l e c t r i c a l  
lead s

2 11/16

100 KHz. 
modulation  
c o i l s

brass
bottom
p la t e

LN r e f .  
t i e p o in t

brass top

U 7 ? / / n n  i r r m T D M - h M l  m

f I / I I  ) 111 / / T T 7

s t a i n l e s s  s t e e l  waveguide

13/16'

copper p la t e  with  
/ i r i s  h o le

h o ld in g  screw

p l a s t i c  c a v ity

thermocouple  
(C u -con .)

h o llow  quartz  
pin

sp u ttered  gold  
su r fa c e
channel fo r
thermocouple
ex te n s io n

i n t e r i o r  pumped 
to  s e a l  out LNg

chromel wire  
h ea ter  ( t e f l o n -  
coated)

F ig . I V . la .  LNg-RT v a r ia b le  temperature c a v ity .
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F ig . I V , lb .  RT-300°K. v a r ia b le  tem perature c a v i t y .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3 0

m a g n e t i c  f i e l d  m o d u l a t i o n  l e v e l s ,  t e m p e r a t u r e  s t a b i l i t y  o f  ab o u t  + l ° K  was 

r e a l i z e d  a f t e r  one h r .  The h i g h  t e m p e r a t u r e  h e a t e r  was s u p p l i e d  w i t h  

a b o u t  7-8  amps DC a t  12 v o l t s  maximum. T e m p e r a tu r e  s t a b i l i t y  o f  +2°K.  

was o b t a i n e d  w i t h  t h e  h i g h  t e m p e r a t u r e  c a v i t y  w i t h i n  1 1 / 2  h r .  F o r c e d  

a i r  c o o l i n g  o f  t h e  h i g h  t e m p e r a t u r e  c a v i t y  k e p t  t h e  change  i n  t h e  c a v i t y  

r e s o n a n t  f r e q u e n c y  to  a b o u t  25MHz, o v e r  i t s  r a n g e  o f  o p e r a t i o n .

The m a g n e t  u s e d  was a 15 i n .  V a r i a n  e q u i p p e d  w i t h  F i e l d i a l  

r e g u l a t i o n .  A l l  f i e l d  m e a s u re m e n ts  were made w i t h  t h e  f u l l  6 i n .  g a p .

The l a r g e  gap  was r e q u i r e d  i n  o r d e r  t o  make room f o r  a l a r g e  g l a s s  dewar 

w h ich  c o n t a i n e d  t h e  LN^ c o o l a n t  f o r  t h e  low t e m p e r a t u r e  c a v i t y .  When t h e  

h i g h  t e m p e r a t u r e  c a v i t y  was employed  t h e  l a r g e  gap  a l s o  made e l a b o r a t e  

e x t e r n a l  c o o l i n g  f o r  p r o t e c t i o n  o f  t h e  p o l e f a c e s  u n n e c e s s a r y .  U n f o r t u n ­

a t e l y ,  t h i s  a r r a n g e m e n t  i n t r o d u c e d  p ro b le m s  w i t h  i n h o m o g e n e i t y .  To c o r ­

r e c t  p a r t i a l l y  f o r  i n h o m o g e n e i t y ,  two p r o t o n  MR m a g n e to m e te r s  were  u s e d  

t o  p l o t  t h e  m a g n e t i c  f i e l d  a t  t h e  c e n t e r  o f  t h e  magne t  gap  as  a f u n c t i o n  

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

m a g n e to m e te r  was h e l d  t e m p o r a r i l y  a t  t h e  c e n t e r  o f  t h e  magnet  gap  ( w i t h  

t h e  c a v i t y  removed)  w h i l e  t h e  o s c i l l a t o r  c o i l  o f  t h e  o t h e r  was p l a c e d  a t  

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

we re  f e d  t h r o u g h  an e l e c t r o n i c  s w i t c h  and s u p e r i m p o s e d  on an o s c i l l o s c o p e  

s c r e e n .  The f r e q u e n c y  m e a s u r e m e n ts  f o r  a number o f  F i e l d i a l  s e t t i n g s  

t h r o u g h o u t  t h e  r a n g e  o f  i n t e r e s t  a r e  g i v e n  i n  Appendix  A. The d a t a  show 

t h a t  t h e  f r e q u e n c y  r e l a t i o n  o b t a i n e d ,  f r e q .  a t  gap  c e n t e r  (KHz) =  0 .9 9 2 6 6  

X f r e q .  a t  p o l e f a c e  (KHz) +  0 . 0 0 3 6 ,  e n s u r e d  an a c c u r a c y  o f  a t  l e a s t  

+ 0 . 5  KHz. (O.IG)  i n  e x t r a p o l a t i n g  t h e  p r o t o n  MR f r e q u e n c y  ( f i e l d )  a t  t h e
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m agnet  gap c e n t e r  f rom t h e  v a l u e  m e a s u r e d  a t  t h e  c e n t e r  o f  t h e  p o l e f a c e .  

The sample was k e p t  a t  l e a s t  to  w i t h i n  1 / 4  i n .  o f  t h e  magnet  gap c e n t e r  

a t  a l l  t i m e s .  As i t  w a s ,  i n h o m o g e n e i t y  o f  t h e  m a g n e t i c  f i e l d  o v e r  t h e  

sample  volume (~60mm ) was e s t i m a t e d  to  be a b o u t  50-100 mG.

The m a g n e t i c  f i e l d  was m o d u l a t e d  a t  100 KHz. by means o f  s m a l l  

c o i l s  p l a c e d  n e x t  t o  t h e  c a v i t i e s  ( s e e  F i g .  IV.  1 ) .  Very l i t t l e  m odu la ­

t i o n  power was n e e d e d  w i t h  t h e  LN^ t e m p e r a t u r e  c a v i t y .  On t h e  o t h e r  h a n d ,  

a b o u t  25 w a t t s  o f  power  was r e q u i r e d  to  p e n e t r a t e  t h e  s t a i n l e s s  s t e e l  o f  

t h e  h i g h  t e m p e r a t u r e  c a v i t y .

S i n g l e  c r y s t a l s  o f  CaXOH)^ doped w i t h  Mn were  o b t a i n e d  by t h e  

54s low  d i f f u s i o n  m ethod  . I n  a d d i t i o n  t o  e x c l u d i n g  00^  to  e n s u r e  p r o p e r  

c r y s t a l  g r o w t h ,  as  much o f  t h e  f r e e  oxygen as  p o s s i b l e  was removed to  

p r e v e n t  t h e  o x i d a t i o n  o f  Mn to  Mn i n  s o l u t i o n .  The s t e p s  i n v o l v e d  i n  

t h e  p r e p a r a t i o n  w ere  as  f o l l o w s .

1) To remove 0^ and CO^ g a s e s ,  d i s t i l l e d  w a t e r  was b o i l e d  

i n  a i r  and t h e n  c o o l e d  i n  f l o w i n g  a tm o s p h e re  i n s i d e  a  p o l y e t h y l e n e

' g l o v e - b o x ' .

2) The r e a g e n t s ,  CaCl^ 'ôH^O and NaOH, were  d r i e d  i n

d e s i c c a t o r s  f o r  6 -7  d a y s .

3) The r e a g e n t s ,  i n  w e i g h t  r a t i o s  e q u a l  t o  t h e  r a t i o  o f  

t h e i r  m o l e c u l a r  w e i g h t s ,  w i t h  a p i n c h  o f  d o p a n t ,  MnCl2*4H20, were i n t r o ­

duced  i n t o  t h e  d i f f u s i o n  box i n s i d e  t h e  ' g l o v e - b o x ' .

4)  To r e a c t  w i t h  any f r e e  oxygen r e m a i n i n g ,  a s m a l l  amount 

o f  hydroxylammine h y d r o c h l o r i d e  was i n t r o d u c e d  i n t o  e a c h  com par tm en t  o f  t h e  

d i f f u s i o n  b o x .  The l i d  was t h e n  s e a l e d  k e e p i n g  a tm o s p h e re  above t h e  

s o l u t i o n .
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5) As a f u r t h e r  p r e c a u t i o n ,  t h e  d i f f u s i o n  box was removed 

f rom t h e  ' g l o v e - b o x '  and was p l a c e d  i n  a s e a l e d  p o l y e t h y l e n e  bag  wh ich  

c o u l d  be p u r g e d  w i t h  a t  i n t e r v a l s .

A t y p i c a l  d i f f u s i o n  box i s  shown i n  F i g .  IV, 2 .  The p r o c e d u r e  

above had  to  be r e p e a t e d  s e v e r a l  t im e s  b e f o r e  c r y s t a l s  o f  a s u i t a b l e  s i z e  

and d o p a n t  c o n c e n t r a t i o n  were  o b t a i n e d .  W e l l - f o r m e d ,  t r a n s p a r e n t ,  h e x a ­

g o n a l ,  c r y s t a l s  o f  d i m e n s io n s  4mm x 4mm x 3mm d e v e lo p e d  i n  ab o u t  8 w eeks .  

S t e p s  ( l ) ,  ( 3 ) ,  and ( 4 )  w ere  r e p e a t e d  f o r  s e p a r a t e  s o l u t i o n s  c o n t a i n i n g  

CoCl^ ,  CuCl^ ,  N i C l ^ ,  GdO^, and EuO^ (some o f  t h e s e  were  f i r s t  d i s s o l v e d  

i n  HCl) a s  d o p a n t s .  The c h a r a c t e r i s t i c  EPR s p e c t r a  o f  e a c h  i o n  h a s  s i n c e  

b e e n  s e en  i n  t h e i r  r e s p e c t i v e  c r y s t a l s  a t  LN^ t e m p e r a t u r e .

U n f o r t u n a t e l y ,  i t  p r o v e d  i m p o s s i b l e  t o  o b t a i n  s u i t a b l e

0~i~
Ca(OD) :Mn c r y s t a l s .  S t e p  ( l )  above u s i n g  heavy  w a t e r  p r o v e d  i m p r a c t i -  

2
2“l“

c a l .  S e v e r a l  a t t e m p t s  a t  in t ro d u c in g  Mn t o  t h e  s o l u t i o n  u s i n g  MnCl2*4H20

3H"
r e s u l t e d  i n  heavy  o x i d a t i o n  o f  t h e  i o n  to  .
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s e a la b le  l i d

I— nylon s t r in g s  to  
, c o l l e c t  c r y s t a l s

q iv id o r  (appjroximatel 
s o lu t io n

c en te r  
1" below su r fa c e  of

NaOH

r ig .I V .2, D if fu s io n  box used in  growing Ca(OH) 2 c r y s t a l s .
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CHAPTER V 

EXPERIMENTAL PROCEDURE AND RESULTS

I .  ANALYSIS OF THE RT SPECTRUM 

The f i r s t  s t e p  i n  t h e  EPR work was t o  i d e n t i f y  t h e  t y p e  o f  

i m p u r i t y  i n  CaCOH)^ and to  c o n f i r m  t h e  p r e d i c t i o n s  o f  t h e  c r y s t a l  s t r u c ­

t u r e  and s p a c e  g r o u p .  T h e r e f o r e ,  t h e  a n g u l a r  v a r i a t i o n  o f  t h e  s p e c t r u m  

was examined  by r o t a t i n g  t h e  c r y s t a l  i n  t h e  c a v i t y ,  u s i n g  t h e  c r y s t a l  

r o t a t i n g  mechanism d e s c r i b e d  i n  C h a p t e r  IV ,  A s t e r e o g r a p h i c  p r o j e c t i o n  

was employed t o  map t h e  p o l a r  and a z i m u t h a l  a n g l e s  w h ich  l o c a t e d  t h e  

m a g n e t i c  f i e l d  (H) r e l a t i v e  t o  t h e  c r y s t a l l o g r a p h i c  a x e s .  T y p i c a l  r e ­

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

l o g r a p h i c  c a x i s ,  [ 0 0 0 1 ] ,  a r e  shown i n  F i g .  V .3 .  The s p e c t r u m  c o n s i s t e d  

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

s t r u c t u r e  (FS)  s p l i t t i n g .  The s p e c t r u m  was c h a r a c t e r i s t i c  o f  o n l y  one

2̂ "
Mn io n  p e r  u n i t  c e l l .  A n g u la r  v a r i a t i o n s  o f  t h e  s p e c t r u m  a r e  g i v e n  i n  

F i g .  V . l .  The s p e c t r u m  was i s o t r o p i c  f o r  r o t a t i o n  o f  H i n  t h e  (OOOl) 

p l a n e ,  and was s y m m e t r i c a l  a b o u t  t h e  [0001 ]  a x i s  f o r  r o t a t i o n  o f  H i n  t h e  

( lO lO )  p l a n e .  The s p e c t r u m  e x h i b i t e d  no symmetry f o r  r o t a t i o n  o f  H i n  t h e  

( l 2 1 0 )  p l a n e ,  n o r  i n  any o t h e r  a r b i t r a r y  p l a n e .  T h i s  b e h a v i o u r  i s  c o n s i s -
r t - J -

t e n t  w i t h  Mn i n  Ca l a t t i c e  s i t e s  h a v in g  D^^ symmetry.  These o b s e r v a ­

t i o n s  l e d  u s  t o  c h o o s e  t h e  c a x i s  as  t h e  m a g n e t i c  z a x i s .

The r e s o n a n t  f i e l d s  m e a s u r e d  by p r o t o n  MR a r e  g i v e n  i n  T a b l e

V . l .  These  m ea su rem e n ts  were  u s e d  i n  a c o m p u te r  p rogram  which  y i e l d e d

t h e  H a m i l t o n i a n  p a r a m e t e r s  c o r r e s p o n d i n g  to  t h e  mimimum RMS e r r o r - o f - f i t

34
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3.4

o

3 .2 M"—3 /2

+3/2 -  +5/2

- 3 /2  -  - 1/23 .1

90 CloI oj90 riolo] ^  T 0 (poot 45
DIRECTION OF H RELATIVE TO c AXIS (DEGREES)

F ig .V .la . Angular v a r ia tio n  o f spectrum fo r  r o ta tio n  o f  H in  (lOlO) 
plane. T=290 K. The cro sses  are experim ental measurements 

which were obtained fo r  the microwave frequency 9330 MHz. The data fo r  
H li [00013 and B II [lOÎO] are l i s t e d  in  Table V .l .  The s o lid  curves are  
p lo ts  o f  th e  formulae given  in  e q s .( I I I .3 )  fo r  the values o f  the sp in -  
Hamiltonian parameters g iven  in  Table V .l .
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36

F i g , V . l b .  Angular v a r i a t i o n  o r  spectrum l o r  r o t a t i o n  o i  n i n  
( Î 2 Î 0 )  p la n e  o b ta in ed  by p l o t t i n g  e q s . ( I I I , 3 )  u s in g  t h e  v a lu e s  
o f  th e  sp in -H a m ilto n ia n  p aram eters g iv e n  in  T ab le  V . l  w ith  th e
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TABLE V . l

P o s i t i o n  o f  R e s o n a n t  F i e l d s  a t  Room T e m p e r a tu r e  (290°K) and f o r  
Microwave F r e q u e n c y  9380 MHz. ' C a l c u l a t e d ' f i e l d s  were  computed  f o r  t h e  
S p i n - H a m i l t o n i a n  p a r a m e t e r s  g =  2 .0 0 1 1 + 0 . 0 0 0 5 , gj_— 2 . 0 0 1 0 + 0 .0 0 0 5 ,  
bg = - 6 . 7 + 0 . 5 G ,  b j  = - 2 . 4 8 + 0 .2 5 G ,  b^  =  0+1Ô0G, A=-92 .05+0 .15G, B=-90 .28+ 0 .15G .

D i r e c ­
t i o n  o f

TRANSITION* MAGNETIC FIELDS IN GAUSS

8 m M M-1 MEASURED CALCULATED ERROR

[ 0 0 0 1 ] - 3 / 2 - 5 / 2 306 2 .6 3063 .1 +  0 . 5

- 5 / 2
- 1 / 2

1 / 2

- 3 / 2

- 1 / 2

3 1 0 4 .6

3 1 1 2 .4

3 1 04 .9

3 1 1 2 .0

+  0 . 3  

-  0 . 4

3 / 2 1 /2 3 1 1 8 .9 3119 .1 -  0 . 2

- 3 / 2
1 / 2

5 / 2

- 1 / 2

3 / 2

3199 .8

3 2 4 5 .5

3 1 9 9 .2

3 2 4 3 .2

-  0 . 6  

-  2 . 3

- 1 / 2
1 / 2

5 / 2

- 1 / 2

3 / 2

3 2 8 9 .0

3 3 2 8 .4

3 28 8 .8

3 3 2 8 .0

-  0 . 2  

-  0 . 4

1 /2
1 / 2 - 1 / 2 338 0 .8 3 3 8 0 .9 +  0 . 1

5 / 2 3 / 2 3 4 1 5 .6 3415 .1 -  0 . 5

- 3 / 2 - 5 / 2 3 4 4 6 .0 3 4 45 .9 -  0 . 1

3 / 2 1 /2 - 1 / 2 347 4 .9 3 4 7 5 .3 +  0 . 4

5 / 2 3 / 2 3505 .1 3 5 04 .8 -  0 . 3

- 3 / 2 - 5 / 2 3549 .1 3 54 7 .7 -  1 . 4

5 / 2 1 / 2 - 1 / 2 3 5 7 1 .4 3 5 7 2 .3 -  0 . 9

5 / 2 3 / 2 3 5 9 6 .2 2596 .8 +  0 . 6
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D i r e c ­
t i o n  o f

TRANSITION* MAGNETIC FIELDS IN GAUSS

8 m M M-1 MEASURED CALCULATED ERROR

[ 1 0 Î 0 J - 5 / 2 1 /2 - 1 / 2 3 1 1 3 .2 3 1 1 3 .3 +  0 .1

- 3 / 2 1 /2 - 1 / 2 3 1 9 8 .2 3 1 9 8 .6 +  0 . 4

- 3 / 2 - 5 / 2 3 2 91 .5 3293 .7 +  2 .2

- 1 / 2 1 /2 - 1 / 2 3 28 6 .7 3 2 8 6 .4 -  0 . 3

5 / 2 3 / 2 3 2 8 0 .5 3 2 7 9 .3 -  1 .2

- 3 / 2 - 5 / 2 3 3 8 6 .6 3 3 8 8 .9 +  2 .3

1 / 2 1 /2 - 1 / 2 3 3 76 .7 3 3 7 6 .6 -  0 . 1

3 / 2 1 /2 3 3 66 .5 3364 .1 -  2 . 4

^ 1 / 2 - 3 / 2 348 3 .5 3 4 8 4 .5 +  1 .0

3 / 2 1 / 2 - 1 / 2 3 4 6 9 .4 3 4 6 9 .4 0 . 0

3 / 2 1 /2 3455 .7 3 4 5 4 .4 -  1 .3

- 1 / 2 - 3 / 2 3 5 8 2 .4 3 5 8 2 .3 -  0 . 1

5 / 2 1 / 2 - 1 / 2 3 5 6 4 .5 3 5 6 4 .7 +  0 . 2

3 / 2 1 /2 3 5 4 7 .3 3 54 7 .1 -  0 . 2

* Quantum numbers  were  a s s i g n e d  to  t h e  L i n e s  on t h e  b a s i s  o f  the  work 
o f  P i e c z o n k a  e t  a l . ^ ^  on Mn i m p u r i t y  i n  n a t u r a l  B r u c i t e ,  Mg(OH) , which
h a s  a s t r u c t u r e  i so m o rp h o u s  w i t h  Ca^OH)^.
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(c)

100G

= 5

(d)

P ig .7 .2 . Typical recordings o f the spectrum at T-96 K. (a) Re­
cording for fill COOOî . (b) Energy le v e l  diagram for  

fillTOOOi) . (c) Recording for H H [1010J . (d) Energy le v e l dia­
gram for  H II [101(3 . Hyperfine m quantum numbers for each type 
ofA M ,-*l tran sition  read -5 /2  to  +5/2 from l e f t  to r igh t. Eigen­
values were plotted by computer from e q s .( I I I .2 ) .
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1CX3G
M* M+1

ANALYSIS
I 3 /2  5 /2

1 /2  3/2  
- 1 /2  1 /2  
- 3 / 2  - 1 / 2  
- 5 / 2  - 3 / 2

I

100 G
ANALYSIS M* M+1 

3 /2  5 /2
1 /2  3 /2  

- 1 /2  1 /2  
- 3 / 2  - 1 /2  
1-5/2 - 3 /2

F ig .V .3 .  T yp ica l reçprdings o f  th e  spectrum at RT. (a) Hlljpooi] . 
(b)
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(a)  H

(b)

100 G

F ig .V .4 .  T ypical record in gs o f  th e  spectrum a t  609 K. (a)
Hll[000l) . (b) Hll [IOÎQ) . The sharp c e n tr a l  l i n e  in

(a) i s  th e  resonance o f  th e  f r e e  r a d ic a l  dpph.
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b e tw e en  t h e  m e a s u r e d  r e s o n a n t  f i e l d s  and t h e  c a l c u l a t e d  r e s o n a n t  f i e l d s .  

These p a r a m e t e r s ,  a r e  a l s o  i n c l u d e d  i n  Tab le  V . I .  They g i v e  an RMS 

e r r o r  o f  0 .78G f o r  27 l i n e s .
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I I .  THE FS AND HFS SPECTRUM AS A FUNCTION OF TEMPERATURE

I n  F i g s .  V.2 and V.4 we p r e s e n t  r e c o r d i n g s  o f  t h e  s p e c t r u m  a t  

t e m p e r a t u r e s  96°K.  and 609°K.,  r e s p e c t i v e l y .  The s p e c t r a  shown h e r e  and 

t h e  ones  shown i n  F i g .  V.3 i n d i c a t e  t h a t ,  as  t h e  t e m p e r a t u r e  o f  t h e  

c r y s t a l  v a r i e s  f rom LN^ t e m p e r a t u r e ,  t h r o u g h  RT, to  609°K,  t h e  FS com­

p o n e n t s  o f  e a c h  HFS l i n e  r e v e r s e  t h e i r  o r d e r .  Fo r  e x a m p le ,  t h e  FS com­

p o n e n t s  o f  t h e  m = - 5 / 2  l i n e ,  f o r  H i e ,  c r o s s e d  o v e r  each a n o t h e r  a t  abou t  

RT, w h e r e a s  t h o s e  o f  t h e  m = + 5 / 2  l i n e  d i d  n o t  do so u n t i l  a b o u t  609°K.

The FS components  o f  t h e  o t h e r  HFS l i n e s  c r o s s e d  o v e r  one a n o t h e r  a t  

t e m p e r a t u r e s  be tw e en  t h e s e  two .  T h i s  b e h a v i o u r  i n d i c a t e s  t h a t  b^ 

r e v e r s e s  s i g n .

The s t a b i l i t y  o f  t h e  b r i d g e  s p e c t r o m e t e r  and c a v i t y  s y s te m  

was such  t h a t  o v e r  t h e  t e m p e r a t u r e  r an g e  LN^-SOO^K. t h e  s p e c t r u m  Could 

be o b s e r v e d  a t  a l l  t i m e s  on t h e  o s c i l l o s c o p e .  At no t im e  d i d  t h e  s p e c ­

t rum  unde rgo  a b r u p t  c h a n g e s  w h ich  would be i n d i c a t i v e  o f  d i s c o n t i n u o u s  

c h a n g e s  i n  a H a m i l t o n i a n  p a r a m e t e r .  The s p e c t r u m  was v i s i b l e  and s t i l l  

r e v e r s i b l e  f o r  t e m p e r a t u r e s  o f  s h o r t  d u r a t i o n  up to  ab o u t  825°K.  ( s e e  

F i g .  V . 5 ) .  At t e m p e r a t u r e s  i n  t h i s  r e g i o n  and above ,  how ever ,  t h e  s p e c ­

t rum  g r a d u a l l y  d i e d  o u t  and d i d  n o t  r e t u r n  upon c o o l i n g .  When t h e  c r y ­

s t a l  c o o l e d  from t h e s e  h i g h  t e m p e r a t u r e s ,  i t  was o b s e r v e d  to  be p a r t i a l l y  

decomposed i n t o  a w h i t e  powder ,  p r e s u m a b ly  CaO. No EPR l i n e s  c h a r a c t e r i s -  

t i c  o f  t h e  CaO;Mn s y s te m  were  o b s e r v e d  i n  t h i s  w h i t e  powder  above RT.

I n  5 e x p e r i m e n t a l  r u n s ,  t h e  s p e c t r o m e t e r - c a v i t y  s y s te m  was 

s t a b i l i z e d  a t  30 d i f f e r e n t  t e m p e r a t u r e s .  At e a c h  t e m p e r a t u r e  t h e  r e s o n a n t  

f i e l d s  were  m e a s u r e d  by p r o t o n  MR. The r e s u l t s  were u s e d  to  compute t h e
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100G

F ig ,v.5. R ecording o f  th e  spectrum  a t  T-&25 K.
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H a m i l t o n i a n  p a r a m e t e r s  by t h e  m ethod  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .

The r e s u l t s  f o r  b ^ ,  b ^ ,  A and B a r e  g i v e n  i n  F i g s .  V . 6 ,  V .7 ,  and V.8 ,
3

r e s p e c t i v e l y .  The f i t  was so i n s e n s i t i v e  t o  v a r i a t i o n s  o f  b^  t h a t  no

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

g - v a l u e  r e m a in e d  c o n s t a n t  t o  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r , + 0 . 0 0 0 5 ,  o v e r  

t h e  whole  t e m p e r a t u r e  r a n g e .

A. T e m p era tu re  Dependence o f  t h e  C r y s t a l  F i e l d  P a r a m e t e r s

F i g .  V. 6  shows t h a t  a t  t e m p e r a t u r e s  h i g h e r  t h a n  ab o u t  150°K, ,

t h e  e x p e r i m e n t a l  c u r v e  i s  e s s e n t i a l l y  l i n e a r .  At low t e m p e r a t u r e s  the  

c u r v e  t a p e r s  o f f  t o  a p p r o a c h ,  w i t h  z e ro  s l o p e ,  t h e  v a l u e  - 16 .25C  a t  

T=0°K. T h i s  v a l u e  h a s  b e e n  e x t r a p o l a t e d  assuming t h e  c r y s t a l  does  n o t

unde rgo  a p h a s e  change  b e low  LN^ t e m p e r a t u r e .

The c u r v e  l a b e l l e d  ' a '  i s  a p l o t  o f  t h e  D f u n c t i o n  p r e d i c t e d  

by SDO, g i v e n  by Eq .  ( i l l . 5 ) ,  c o r r e c t e d  t o  u n i t s  o f  g a u s s .  Two i m p o r t a n t  

a s s u m p t i o n s  were  made,  ( l )  t h a t  t h e  a n i o n - c a t i o n  d i s t a n c e  i s  ( t h e  Ca-0  

d i s t a n c e ) ,  and (2 )  t h a t  t h e  oxygen p o s s e s s e s  one e l e c t r o n i c  c h a r g e .  Tem­

p e r a t u r e  de p e n d en c e s  o f  R^ and y were  computed  from t h e  d a t a  i n  Table  I I . I .

The f i t t i n g  o f  Eq.  ( i l l .  17) t o  t h e  e x p e r i m e n t a l  c u r v e  was s im­

p l i f i e d  by f i r s t  c om pu t ing  a p p ro x i m a t e  v a l u e s  o f  D^,K^ and K^.  A s t r a i g h t  

l i n e  v i s u a l  f i t  t o  t h e  h i g h  t e m p e r a t u r e  d a t a  was drawn,  t h e  l i n e  l a b e l l e d  

' b ' i n  F i g .  V . 6 , and from i t  t h e  i n t e r c e p t ,  - 2 1 .5 0 C ,  and s l o p e ,  4 .95x10  ^ c /k ,

was o b t a i n e d .  S i n c e  t h e  h i g h  t e m p e r a t u r e  a p p r o x i m a t i o n  o f  Eq .  ( i l l . 17) i s

d ( t )  =  +  n , 3 x ^ o p S 2 ) x ,

we have  t h e  r e l a t i o n s
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en
<o

< D  Oi 
X I -10

■3ÔÔ w o  566
TEMPERATURE (°K)

F ig .V .6 . bg v s .  tem perature. Curves la b e lle d  ' a ' ,  »b’ , ' c ' ,  *d’ , 
and ' e '  are exp la in ed  in  th e  t e x t .
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# #- 2 .5

o-d-  - 2 . 0 -  
,Û

100 200 300 400 500 600 700
TEMPERATURE (°K)

0 800 900

F ig .V .7 . v s . temperature. P ossib le  errors in  the data are

t o . 250. Curves ’a» and ’b ’ are p lo ts  o f  the fun ctions  

b̂ =MiRQ̂  and where Mj^=-4.12 x 10  ̂ and M2=-7*40 x 10^.

Units o f  M]_ and M2 are gauss x a^ and gauss x a^® vdiere a  ̂ i s  

the Bohr radius. These functions represent ty p ic a l mechanisms 

which have been proposed fo r  the parameter a taken from Table 

I I I . l .
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Dq -  - 21 .50G  ,

and X ^  X 10-42 = 4 . 9 5  x lO"?

I n  a d d i t i o n ,  t h e  D O  a p p r o x i m a t i o n  o f  Eq.  ( i l l .  17) g i v e s

Dq +  4 . 9 7  X 10-42%^ +  1 1 .3  x 10-42%^ = -  16 .25  

so t h a t  by s o l v i n g  t h e s e  e q u a t i o n s  we o b t a i n e d  t h e  v a l u e s

Dq= - 21 .50+ 0 .50G ,  K ^ = ( - 5 . 3 8 ^ . 5 ) x l o 4 ^ G / e r g - s e c ^  and K^=(2 . 8 3 ^ . 5 ) x 1 o 4 ^ ^ s e c ^ .

A p l o t  o f  E q . ( l I I . 1 7 )  u s i n g  t h e s e  v a l u e s  i s  shown as  c u r v e  ' o '  i n  F i g . V . 6 . 

An a t t e m p t  was made t o  improve  on t h e s e  v a l u e s  by u s i n g  them as  z e r o t h  

o r d e r  a p p r o x i m a t i o n s  i n  a b e s t  f i t  p rog ra m .  The r e s u l t s  how ever ,  gave  a 

c u r v e  which  f a v o u r e d  t h e  low t e m p e r a t u r e  d a t a  w h i l e  g i v i n g  a p o o r  f i t  to  

t h e  h i g h  t e m p e r a t u r e  d a t a .  The q u a n t i t i e s  D^, and q u o t e d  above 

g i v e  t h e  b e s t  f i t  o f  Eq.  ( i l l . 17) o v e r  t h e  whole  t e m p e r a t u r e  r a n g e .

S i n c e  t h e  t e m p e r a t u r e  dependences o f  b^ and o f  A were  q u a l i ­

t a t i v e l y  s i m i l a r ,  an e x p r e s s i o n  f o r  b ^ ,  o f  t h e  same fo rm as  t h a t  f o r  A, 

g i v e n  by Eq .  ( i l l . 1 8 ) ,  was a l s o  f i t t e d  t o  t h e  e x p e r i m e n t a l  d a t a .  Norma­

l i z i n g  t h e  two c u r v e s  a t  636°K.  and u s i n g  t h e  v a l u e s  b^^O) =  - 1 6 .2 5 G ,

0 = 260°K.  we o b t a i n e d  t h e  v a l u e  5 .0 7  x 10 4 f o r  t h e  c o n s t a n t  C i n

E q . ( l I I . 1 8 ) .  These v a l u e s  g i v e  c u r v e  ' d ' i n  F i g .  V . 6 . A s l i g h t l y  b e t t e r  

f i t  a t  low and h i g h  t e m p e r a t u r e s  was o b t a i n e d  f o r  t h e  v a l u e s  b 2 ( 0 ) = - 1 6 . 2 5 G ,  

0=5OO°K., and G = 8 .2 8 x l 0 “ ^^°K-4 .  T h i s  i s  c u r v e  ' e '  i n  F i g .  V .6 .

The m ethod  o f  u s i n g  a b e s t  f i t  p rog ram  to  d e r i v e  t h e  H a m i l t o n i a n

0
p a r a m e t e r s  r e s u l t e d  i n  a n o n - u n i f o r m  v a r i a t i o n  o f  b^  v a l u e s  as s e e n  i n  

F i g .  V .7 .  The RMS e r r o r  o f  f i t  was f a r  more s e n s i t i v e  to  v a r i a t i o n s  i n
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b ^ ,  A and B t h a n  i n  b ^ .  Thus i t  was i m p o s s i b l e  to  d e f i n e  an a c c u r a t e  

f i t  to  t h e  d a t a .  The c u r v e s  l a b e l l e d  ' a '  and ' b ' r e p r e s e n t  t h e  f u n c t i o n s

b^  = ^ 1^0 ^ b^  -  ^ 2^0 r e s p e c t i v e l y ,  where and a r e  c o n s t a n t s .  

These f u n c t i o n s  were  n o r m a l i z e d  t o  t h e  v a l u e  o f  b^ =  - 2 .3 G  a t  T — 200°K.

B. T e m p e r a tu r e  Dependence o f  t h e  H y p e r f i n e  P a r a m e t e r s

The t e m p e r a t u r e  d e p e n d e n c e s  o f  A and E have  b e e n  g i v e n  i n  F i g . V . 8 . 

We have  n o t  a t t e m p t e d  a t h e o r e t i c a l  a n a l y s i s  o f  A(T) and B(T) t a k e n  s e p a r -

a t e l y .  Q u a l i t a t i v e l y ,  t h e  c u r v e s  were  s i m i l a r .  The q u a n t i t y  r|—| --------- 1,

t a k e n  from t h e  d a t a  o f  F i g .  V .8 , i s  shown as  a f u n c t i o n  o f  t e m p e r a t u r e  i n  

F i g .  V .9 .  A s t r a i g h t  l i n e  v i s u a l  f i t  t o  t h e  d a t a  i s  i n d i c a t e d .  The r a t e  

a t  which  T| d e c r e a s e d ,  g i v e n  by t h e  s l o p e  o f  t h i s  l i n e ,  was o f  t h e  o r d e r  o f  

7 . 6  X 10 ^ °K ^ . The t e m p e r a t u r e  dependence o f  t h e  q u a n t i t y  (A+2B) /3 ,

o b t a i n e d  f rom  t h e  d a t a  o f  F i g .  V .8 , i s  g i v e n  i n  F i g .  V . 10.  E q . ( l I I . 1 8 )

was f i t t e d  t o  t h e  e x p e r i m e n t a l  c u r v e  by e v a l u a t i n g  t h e  i n t e g r a l  n u m e r i ­

c a l l y  and n o r m a l i z i n g  t h e  t h e o r e t i c a l  c u r v e  and e x p e r i m e n t a l  c u r v e  a t  

600°K.  The b e s t  f i t  f o r  a Debye T e m p era tu re  o f  260°K was o b t a i n e d  f o r  

A (0 )=-92 .05G  and C=10.6 x lO"^^  ° k " 4 .  A p l o t  o f  Eq .  ( i l l . 18) f o r  t h e s e  

c o n s t a n t s  i s  t h e  c u r v e  l a b e l l e d  ' a '  i n  F i g .  V . IO .  The b e s t  o v e r a l l  f i t  

t o  t h e  d a t a ,  how ever ,  was o b t a i n e d  f o r  A(o) = - 9 2 .0 0 G ,  0 = 500 K . , and 

C = 1 .78  X 10 ^^^k 4 ,  These  v a l u e s  g i v e  t h e  c u r v e  l a b e l l e d  ' b ' i n  

F i g .  V.IO.

I I I .  M n ^ -H  SHFS AND GENERAL DISCUSSION OF LINESHAPES

The Mn^^-H SHFS was s t u d i e d  i n  t h e  ( lO lO )  p l a n e  a t  a t e m p e r a t u r e  

o f  85°K and f o r  Hlc  i n  t h e  r a n g e  80-130°K.

F i g .  V . l l  shows SHFS s p l i t t i n g s  o f  t h e  FS components  o f  t h e
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F ig .V . l l .  FS components o f  th e  m»+5/2 h yp erfin e  l in e ,  
(a) HIlCOOOJ . (a) Hll[1010] .
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m = + 5 / 2  h y p e r f i n e  l i n e .  The p h y s i c a l  p r o p e r t i e s  o f  t h e  c o r r e s p o n d i n g  

FS components  o f  t h e  o t h e r  h y p e r f i n e  l i n e s  were  s i m i l a r ,  as  can  be seen  

from F i g .  V . 2 .  F o r  b o t h  o r i e n t a t i o n s  o f  H, t h e  FS components  were  d i s ­

p l a c e d  s y m m e t r i c a l l y  ab o u t  t h e  4-^ l i n e .  Fo r  Hlc t h e  i n t e n s i t y

r a t i o s  w e re  a p p r o x i m a t e l y  5 : 1 1 : 1 5 : 1 1 : 5  ( t a k i n g  p e a k - t o - p e a k  h e i g h t s  as 

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

a r e  t h e  s a m e ) .  F o r  Hllc t h e  i n t e n s i t y  r a t i o s  were a p p r o x i m a t e l y  5 : 8 . 7 :  

1 4 :2 7 :1 1  b u t  t h e  l i n e  w i d t h s  were n o t  e q u a l .  N e g l e c t i n g  SHFS t h e  r a t i o s  

s h o u l d  be 5 : 8 : 9 : 8 : 5 .  The b r o a d e s t  l i n e  a t  85°K was o f  t h e  o r d e r  6G w id e .  

T h i s  was t h e  : - 5 / 2  - 3 / 2 ,  m = 5 / 2  l i n e  w i t h  u n r e s o l v e d  SHFS f o r  Hllc.

F i g  V . l l  shows t h a t  n o t  a l l  FS components  were s p l i t  e q u a l l y .

F o r  Hlc c o r r e s p o n d i n g l y  d i s p l a c e d  FS l i n e s  were s p l i t  e q u a l l y .  F o r  Hllc, 

how ever ,  t h e  : + 3 / 2  «■1 /2  l i n e  was s p l i t  t h e  m o s t ,  f o l l o w e d  by th e  l i n e s

M^: 5 / 2  «-3/2,  : 1 / 2  ^ - l / 2 ,  and t h e n  t h e  r e s t ,  which showed no r e s o l v e d

s t r u c t u r e  a t  a l l .

F i g .  V.12  shows t h e  : 1 / 2  «  3 / 2 ,  m = - 5 / 2  l i n e  f o r  Hllc a t  low 

(~ lm W ) and h i g h  (~50mW) power l e v e l s .  At low power a 5 l i n e  sp e c t ru m  

was f u l l y  v i s i b l e .  At h i g h  power t h e r e  e x i s t e d  j u s t  a h i n t  o f  a 7 l i n e  

s p e c t r u m .  The c e n t r a l  component  showed some s a t u r a t i o n  a t  h i g h  power 

( f u l l  power from an X13 K l y s t r o n )  a t  85°K.  The a p p ro x i m a t e  i n t e n s i t y  

r a t i o s  a t  low power  were x : 5 : 3 7 : 9 5 : 3 9 : 7  :x (x  was unknown a t  low power)  

as  compared  w i t h  t h e  t h e o r e t i c a l  r a t i o s  1 : 6 : 1 5 : 2 0 : 1 5 : 6 : 1 .  From c h a r t  

r e c o r d i n g s  o b t a i n e d  a t  h i g h  power ( F i g .  V .12)  t h e  com ponen ts  were o b s e r v e d  

t o  be e q u a l l y  s p a c e d  by a p p r o x i m a t e l y  4G.
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Fig»V .l2. The Mg: 1/2  #  3 /2 ; m=-5/2 l in e  at low and high 
power le v e ls ,  (a) low power (~1 mW). (b) high 

power (~50  mW).
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The a n g u l a r  v a r i a t i o n  o f  t h e  r e l a t i v e  SHFS s p l i t t i n g  be tween  

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

c e n t r a l  component  i s  shown i n  F i g .  V .1 3 .  Each p o i n t  i s  t h e  mean o f  abou t  

12 s e p a r a t e  m e a s u r e m e n t s ,  t h e  ' u p p e r '  and ' l o w e r '  s p l i t t i n g s  o f  t h e  FS 

component s  o f  e a c h  o f  t h e  6 h y p e r f i n e  l i n e s .  D a ta  a r e  m i s s i n g  be tw een  

a b o u t  20° and 65° due t o  s l i g h t  b r o a d e n i n g  and c o n s i d e r a b l e  o v e r l a p p i n g  

o f  t h e  l i n e s .  A d e pendence  o f  t h i s  s p l i t t i n g  on i s  e v i d e n t  f rom t h e  

f i g u r e .  T he re  a l s o  a p p e a r s  t o  be a s l i g h t  a n i s o t r o p y .  The mean v a l u e  o f  

t h e  s p l i t t i n g  f o r  Hllc i n d i c a t e s  A^~4.5G.  F i n a l l y ,  t h e  t e m p e r a t u r e  depen­

dence  o f  t h e  r e l a t i v e  SHFS s p l i t t i n g s  was l i n e a r ,  w i t h i n  t h e  e x p e r i m e n t a l  

e r r o r ,  i n  t h e  r a n g e  80°K-130°K.  Above 130°K SHFS s p l i t t i n g s  were 

o b s c u r e d  by s l i g h t  b r o a d e n i n g  and o v e r l a p p i n g  o f  t h e  l i n e s .
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CHAPTER VI 

DISCUSSION AND CONCLUSIONS

The t e m p e r a t u r e  de p e n d en c e s  o f  t h e  s p i n - H a m i l t o n i a n  p a r a m e t e r s  

showed no d i s c o n t i n u i t i e s  i n  t h e  t e m p e r a t u r e  r an g e  85°K-800°K. We can  c o n ­

c l u d e ,  t h e r e f o r e ,  t h a t  t h e  CaCOH)^ c r y s t a l  r em a ine d  s t a b l e  i n  t h e  t r i g o n a l  

p h a s e  i n  t h i s  r a n g e .  The f a c t  t h a t  t h e  c r y s t a l  began  to  decompose a t  tem­

p e r a t u r e s  o f  800°K and a bove ,  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  i t s  d i s s o c i a ­

t i o n  p r e s s u r e  r e a c h e s  1 atm.  a t  785°K.^ ^  The M n ^  p r o b a b l y  o x i d i z e d  to
3- ^

Mn d u r i n g  t h i s  d e h y d r a t i o n  r e a c t i o n  s i n c e  no EPR l i n e s  were o b s e r v e d  in  

t h e  powder  p r o d u c t  o f  t h e  d e h y d r a t i o n .

The b^CT) w h ich  was p r e d i c t e d  from t h e  t h e o r y  o f  SDO ( c u r v e  ' a '  

i n  F i g .  V . 6 ) c o i n c i d e d  w i t h  t h e  b^ w h ic h  was m ea s u red  e x p e r i m e n t a l l y  a t  

150°K.  A l s o ,  t h e  v a l u e  o f  b^CO) — - 1 4 .2 5 G ,  which  was p r e d i c t e d  by t h i s  

t h e o r y ,  d i f f e r e d  by o n l y  2G from t h e  v a l u e  o f  b^CO) = -16 .25G which was 

e x t r o p o l a t e d  from t h e  e x p e r i m e n t a l  d a t a .  We c o n c l u d e ,  t h e r e f o r e ,  t h a t  the  

SDO t h e o r y  g i v e s  a good f i t  t o  t h e  e x p e r i m e n t a l  d a t a  a t  low t e m p e r a t u r e s .

I t  i s  p o s s i b l e  t h a t  a b e t t e r  f i t  c o u l d  have been  o b t a i n e d  had  t h e  OH group  

been  t r e a t e d  as  a d i p o l e ,  i n s t e a d  o f  as  a p o i n t  c h a r g e  l o c a t e d  on the  

oxygen ,  and had  a more a c c u r a t e  v a l u e  o f  t h e  a n i o n - c a t i o n  bond d i s t a n c e  

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

be improved  by summing e q .  ( i l l . 6 ) o v e r  many n e i g h b o u r s .  I n  any c a s e ,  the  

t h e o r e t i c a l  f u n c t i o n  b^(T)  s h o u l d  rem a in  a l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e
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b e c a u s e  o f  t h e  t h e r m a l  e x p a n s i o n  o f  R.

P r o c e e d i n g  on t h e  a s s u m p t io n  t h a t  t h e  b^Cl )  p r e d i c t e d  by SDO i s  

t h e  c o r r e c t  e x p l a n a t i o n  o f  t h e  e x p e r i m e n t a l  b^(T )  a t  low t e m p e r a t u r e s ,  the  

e x p e r i m e n t a l  b^Cl)  s h o u l d  have  f o l l o w e d  th e  c u r v e  ’ a ’ i n  F i g .  V.6  a t  h ig h  

t e m p e r a t u r e s ,  i f  t h e  t e m p e r a t u r e  dependence  were d e t e r m i n e d  o n l y  by the  

t h e r m a l  e x p a n s i o n  o f  R. The f a c t  t h a t  t h e  two c u r v e s  d i f f e r e d  m arke d ly  a t  

h i g h  t e m p e r a t u r e s  i m p l i e s  t h a t  t h e r m a l  e x p a n s i o n  i s  n o t  o f  m a jo r  im p o r ta n c e  

i n  t h e  e x p e r i m e n t a l  b ^ ( T ) . U n f o r t u n a t e l y  we were n o t  a b l e ,  i n  a s im ple  

m anne r ,  t o  e s t i m a t e  t h e  c o n t r i b u t i o n  o f  t h e r m a l  e x p a n s i o n  t o  t h e  d a t a .  Th i s  

i s  o n l y  p o s s i b l e  when t h e  s p i n - H a m i l t o n i a n  p a r a m e t e r s  a r e  s t u d i e d  as a f u n c ­

t i o n  o f  b o t h  t e m p e r a t u r e  and p r e s s u r e . T h e  f a c t  t h a t  t h e  b^(T)  p r e d i c t e d

37from t h e  t h e o r y  o f  W alsh ,  J e e n e r ,  and Bloembergen  , g i v e n  by Eq.  ( i l l .  17 ) ,

gave  a good f i t  t o  t h e  d a t a  shows t h a t  d i s c r e t e  l a t t i c e  modes can  a c c o u n t

f o r  t h e  e x p e r i m e n t a l  b ^ ( T ) . The a s s u m p t io n  t h a t  t h e  T ' modes t r a n s f o n n i n g

as A and E i n  D^ , symmetry a r e  t h e  modes most  r e s p o n s i b l e  f o r  the  tem- 
Ig g 3d ^

p e r a t u r e  de pendence  o f  b^(T )  t h u s  g i v e s  s a t i s f a c t o r y  r e s u l t s .  The f a c t  t h a t  

a c u r v e  o f  t h e  fo rm o f  Eq.  ( i l l . 18) gave  f i t s  to  t h e  d a t a  a lm o s t  as good as  

t h e  above means t h a t  i t  i s  i m p o s s i b l e  to  s t a t e  w h e t h e r  t h e  Mn v i b r o n i c  

c o u p l i n g  i s  due e x c l u s i v e l y  t o  l a t t i c e  modes o f  c e r t a i n  d i s c r e t e  f r e q u e n ­

c i e s ,  o r  t o  a c o n t i n u o u s  s p e c t r u m  o f  modes d e s c r i b a b l e  by a Debye a p p r o x i ­

m a t i o n .  Both  a p p r o a c h e s  a p p e a r  t o  be e q u a l l y  v a l i d .

We f e e l  t h a t  we have  b e e n  j u s t i f i e d  i n  a p p l y i n g  t o  t h e  d a t a  an 

e x p r e s s i o n  f o r  b ^ (T )  o f  t h e  same fo rm as  t h a t  f o r  A(T) w h ich  was d e r i v e d  

by Orbach and S im a ne k^ ^ .  The mechanisms  which  a p p ly  f o r  b^ (T)  w i l l ,  o f  

c o u r s e ,  be d i f f e r e n t  f rom t h e  Fe rmi c o n t a c t  i n t e r a c t i o n  which  a p p l i e s  f o r
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A. I n  any c a s e ,  a f u n c t i o n  o f  t h e  g e n e r a l  form o f  Eq .  ( i l l . 18) s h o u ld  

r e s u l t  f rom c o m p u t a t i o n s  i n v o l v i n g  s i n c e  t h e  fo rm o f  Eq .  ( i l l . 18) i s

t h e  r e s u l t  o f  a v e r a g i n g  t h e  mean s q u a r e  s t r a i n s .

0A l th o u g h  t h e  a c c u r a c y  i n  t h e  d e t e r m i n a t i o n  o f  was p o o r ,  the  

t e m p e r a t u r e  de pendence  o f  b^  t e n d e d  to  show a l i n e a r  b e h a v i o u r .  T h e r e ­

f o r e ,  t h e  e f f e c t s  o f  l a t t i c e  v i b r a t i o n s  on t h e  e x p e r i m e n t a l  b^ (T)  were

37p r o b a b l y  n e g l i g i b l e .  Walsh e t .  a l .  r e a c h e d  t h e  same c o n c l u s i o n  f o r  the

p a r a m e t e r  a .  A l th o u g h  t h e  e x p e r i m e n t a l  b^(T )  t e n d e d  t o  show a d ependence ,

0 “H
s u c h  as  b^=CRQ , where  C i s  a c o n s t a n t ,  Rq i s  t h e  Ca-0  bond d i s t a n c e  and 

n i s  some number ( s e e  Tab le  I I I . I ) ,  i t  p r o v e d  i m p o s s i b l e  to  d e t e r m i n e  the  

v a l u e  o f  n u n e q u i v o c a l l y .

The t h e o r y  o f  S imanek  and Orbach^*^ gave a good f i t  to  the  i s o t r o p i c  

p a r t  o f  t h e  a x i a l l y - s y m m e t r i c  HFS t e n s o r .  As e x p e c t e d ,  t h e  t e m p e r a t u r e  

d ependence  o f  t h i s  q u a n t i t y  was s i m i l a r  t o  t h e  t e m p e r a t u r e  depe ndence  o f  

t h e  i s o t r o p i c  HFS t e n s o r  o f  M n ^  i n  c u b i c  c r y s t a l s ^ ^ .  The b e s t  f i t  to  the  

d a t a  was o b t a i n e d  f o r  an a v e ra g e  Debye T e m p era tu re  o f  500°K i n s t e a d  o f  f o r  

t h e  v a l u e  o f  260°K w h ic h  was c a l c u l a t e d  from t h e  low t e m p e r a t u r e  s p e c i f i c  

h e a t  d a t a .  We s h o u l d  e x p e c t  an a v e r a g e  Debye T e m p era tu re  t o  be somewhat 

h i g h e r  t h a n  a Debye T e m p e r a tu r e  which  i s  d e r i v e d  from low t e m p e r a t u r e  

s p e c i f i c  h e a t  d a t a  s i n c e  t h e  Debye T e m p era tu re  i s  somewhat  t e m p e r a t u r e  d e ­

p e n d e n t .  The c o n s t a n t s  o f  Eq .  ( i l l . 18 ) which  were d e t e r m i n e d  i n  t h i s  work ,  

na m e ly ,  Q ~  5 0 0 °K . ,  C =  1 .78  x 10 compare f a v o u r a b l y  w i t h  the  v a l u e s

found  f o r  Mn^ i n  CaO, n a m e ly ,  0 “  4 5 0 ° K . ,  and C — 2 .3 0  x 10 K . The 

f a c t  t h a t  T] t e n d e d  to  d e c r e a s e  w i t h  t e m p e r a t u r e  i m p l i e s  t h a t  t h e  a x i a l  d i s ­

t o r t i o n  o f  t h e  HFS t e n s o r  t e n d e d  to  d e c r e a s e  w i t h  t e m p e r a t u r e .  There  i s  no
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e x p l a n a t i o n  i n  t h e  l i t e r a t u r e  to  a c c o u n t  f o r  t h i s  e f f e c t .

The SHFS t e n s o r  was l a r g e l y  i s o t r o p i c .  The i s o t r o p i c  Fermi 

c o n t a c t  p a r t  was o f  t h e  o r d e r  o f  4 .5G a t  85°K.  The a n i s o t r o p i c  d i p o l a r  

p a r t  was p r o b a b l y  o f  t h e  o r d e r  o f  O.IG o r  l e s s .  There  a p p e a r e d  to  be a 

s l i g h t  dependence  o f  t h i s  s p l i t t i n g  on T h i s  c o u l d  have  been  th e

r e s u l t  o f  a s e c o n d - o r d e r  e f f e c t .
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APPENDII B 66

Best fit data of spln-Hamlltonlan parameters b,, 
and the quantities |(A -b2)*/A| and (A+2B)/3 in ga 
function of temperature.

A and B, 
auss as a

T(°K) b° A B (A+2B)
A 3

84.0000 - 16.0000 - 2.2500  - 93.1100  - 91.3300 .1945 - 91.9233

99.0000 - 15.8500 - 2.3000  - 93.1500  - 91.3500 .1956 - 91.9500

106.0000 - 15.7500 - 2.3000  - 93.1000  - 91.3500 •  1929 - 91.9333

121.0000 - 15.5000 - 2.3000  - 93.1000  - 91.3500 .1929 - 91.9333

133.0000 - 15.1000 - 2.3000  - 93.0500  - 91.3000 .1930 - 91.8833

153.0000 - 13.8000 - 2.3000  - 93.0000  - 91.1000 •  201 1 - 91.7333

171.0000 - 13.0000 - 2.3000  - 92.8500  - 91.0500 •  1959 - 91.6500

196.0000 - 12.2200 - 2 .2800  - 92.7200  - 90.9000 •  1971 - 91 .5066

225.0000 - 10.6000 - 2.3000  - 92.6000  - 90.6500 •  2041 - 91.3000

248.0000 - 9.6000 - 2.2500  - 92.5500  - 90.6500 •  2015 - 91.2833

276.0000 —8.1000 - 2.2600  - 92.2500  - 90.4000 •  1992 - 91.0166

290.0000 - 6.6000 - 2.5400  - 92.0500  - 90.3000 •  1940 - 90.8833

322.0000 - 5.0000 - 2.1000  - 91.6000  - 90.2100 •  1735 - 90.6733

344.0000 - 4.4000 - 2.2600  - 91.4800  - 90.1000 .1730 - 90.5600

377.0000 -.9 0 0 0 - 2.2000  - 91.3000  - 89.8900 .1 750 - 90.3600
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APPENDIX B (continued) 67
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