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ABSTRACT

The temperatu re  v a r i a t i o n  o f  the  e l e c t r o n  paramagnetic  

2+
resonance  spectrum o f  Mn im puri ty  i n  the  n a t u r a l  c r y s t a l  b r u c i t e ,  

Mg( OH)£  ̂ was s t u d i e d  i n  the  temperatu re  range 77°K -  295°K at  K-band 

f r e q u e n c i e s .  The spectrum was f i t t e d  to  the  sp in -H a m i l to n ia n

+  A S I  + B ( S  I  +  S I  ) 
z z ' x x  y y

At room temperature  (295°K) th e  f o l l o w i n g  v a l u e s  were o b t a in e d  f o r  

t h e  param eters:

g|j = 2 .0 0 1 0  +  0 .0 0 0 5  = 2 .0 0 1 0  +  0 .0 0 0 5

A = - 9 0 . 7 4  +  0 . 2 5  G B - 8 9 . 6 9  +  0 . 2 5  G

b2° = - 5 .8 5  ±  0 . 5 0  G b4° = " 4 ,3 1  -  0 , 5 0  G

b , 3 = 0 +  150 G4 ~

-  i i i  -
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The v a r i a t i o n  w i t h  temperature  o f  the  parameters  f o l l o w e d
9

s i m i l a r  t r e n d s  as t h o s e  o b served  by Quick f o r  the same im p u r i ty  i n  

th e  i som orphic  c r y s t a l ,  Ca(0H) . D i s c r e p a n c i e s  between the  parameters  

at  X-band, as found by P ieczonk a  e t  a l . ^ ,  and at  K-band were found.

-  I V  -
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CHAPTER I

INTRODUCTION AND PURPOSE OF THE EXPERIMENT

The f i r s t  i n v e s t i g a t i o n s  i n t o  magnetism were c a r r i e d  out  

i n  600 B.C.  by th e  f a t h e r  o f  Greek s c i e n c e ,  Thale s  o f  M i l e t u s .  He 

e xper im en ted  w i t h  th e  m inera l  m a g n e t i t e  and found i t  a t t r a c t e d  

o r d in a r y  i r o n ,  which i t s e l f  became m a gnet ized  by t ou c h in g  the  m a g n e t i t e .  

M in erals  which e x h i b i t  th e  p r o p e r t i e s  o f  i r o n  have s i n c e  been c l a s s i ­

f i e d  as f e r r o m a g n e t i c .  M in era ls  which are a t t r a c t e d  to  m a g n e t i t e  or  

o t h e r  magnetic  m a t e r i a l s ,  but  do n o t  become permanently m agnet ized  are 

c a l l e d  param agnet ic .  Magnetism has  been s t u d i e d  throughout h i s t o r y  

and found i t s  f i r s t  s i g n i f i c a n t  a p p l i c a t i o n  i n  the  f i e l d  o f  n a v i g a t i o n .  

The modem i n v e s t i g a t i o n  o f  magnetism b e g i n s  j u s t  b e f o r e  the turn o f  

t h e  c e n tu ry  w i t h  th e  work o f  such .peop le  as W e is s ,  C u r i e ,  and Langev in .

Further  major deve lopments  awai ted  the new quantum th e o ry  

o f  the  e a r l y  n i n e t e e n  hundreds ,  which was founded upon th e  e m p ir i c a l  

r e s u l t s  o f  such works as th e  S t e m - G e r l a c h ,  Zeeman, and the  p h o t o e l e c t r i c  

e x p e r im e n t s .  Out o f  t h e  quantum t h e o r y  came s p e c u l a t i o n  about dynamic 

phenomena which shou ld  be e x p e c te d  i n  m agnet ic  m a t e r i a l s  and paramagnetic  

m a t e r i a l s  i n  p a r t i c u l a r .  Two dynamic phenomena, which were p r e d i c t e d  

about paramagnetic  m a t e r i a l s ,  are param agnetic  r e l a x a t i o n ,  and 

r e s o n a n c e .

The a t tem pts  to ob se r ve  paramagnetic  r e l a x a t i o n  preceeded  

the  work on paramagnetic  resonance  and w e r e  pursued e x t e n s i v e l y  i n  the

-  1 -
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2

mid n i n e t e e n  t h i r t i e s  by predom in antly  s c i e n t i s t s  from th e  N e t h e r la n d s .

Two e a r l y  re v ie w  a r t i c l e s  on the  r e l a x a t i o n  i n v e s t i g a t i o n s  are by G orter  

2
and Cooke.

Paramagnetic  resonance  w i t h  which the  exper im ent  d e a l t ,  was
3

f i r s t  obse r ved  s u c c e s s f u l l y  by Zavo isky  i n  1945.  His  i n i t i a l  e x p e r i ­

ments used  a 25-meter  w ave leng th  to o b s e r v e  a b s o r p t io n  as a f u n c t i o n  

o f  magnetic  f i e l d  i n  s u b s t a n c e s  whose l i n e  w id th s  were about 50 gauss  

o r  l a r g e r .  A resonance  l i n e  was s c a r c e l y  d i s c e r n i b l e  at  such low

f r e q u e n c i e s ,  which corresponded  to  a resonance  'peak'  at  about 4 g a u s s .

4 2+The second s e r i e s  o f  e x per im en ts  by Zavoisky found a maximum f o r  Cu

io n  at  4 7 .6  g a u s s ,  u s i n g  a frequ en cy  o f  133 Me sec

2+
The f i r s t  work on Mn was comple ted  s h o r t l y  a f t e r  in  the

Unit ed  S t a t e s  by Cummerow and H a i l i d a y ^ .  The r e s u l t s  c o n s i s t e d  o f  a

24-
re  s o lv e d  spectrum o f  Mn in  173 g .  o f  MnS0^.4H^0 p l a c e d  i n  a re son ant

c a v i t y  e x c i t e d  at  2930 Me se c  Then f o l l o w e d  a p e r i o d  o f  very

p r o d u c t iv e  work at  the  Clarendon Laboratory  at  Oxford.  The e a r l y

developments  i n  the  f i e l d  are c h r o n i c l e d  i n  two r e p o r t s  by members

6 7o f  t h e  Oxford group ’ .

According to  R u ss e l -S a u n d e r s  c o u p l in g  i r o n  group i o n s  w i t h

5 2"h 3"fd c o n f i g u r a t i o n s  e g .  Mn and Fe and th e  rare  e a r t h  group i o n s  w i t h

f^ c o n f i g u r a t i o n s ,  have S ground s t a t e s .  Any degeneracy i n  th e  ground  

s t a t e  must be due to  s p i n  o n l y .  B e t h e ,  i n  1929,  had p r e d i c t e d  t h a t

the  p r e s e n c e  o f  a c r y s t a l  f i e l d  would remove th e  S - s t a t e  d e generacy ,

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

can be d e s c r i b e d  u s i n g  a s p i n - H a m i l t o n ia n ,  which t a k e s  i n t o  c o n s i d e r a ­

t i o n  the  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 in e  i n t e r a c t i o n s ,  and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3

somet im es ,  s u p e r h y p e r f in e  i n t e r a c t i o n s .  The i n t e r a c t i o n s  w i l l  be 

d i s c u s s e d  and the  s p i n -H a m i l to n ia n  d e r iv e d  i n  Chapter I I o  To determine  

t h e  amount o f  s p l i t t i n g  which i s  due to  each  i n t e r a c t i o n  one must 

determine th e  v a l u e  o f  the  param eter  o r  t e n s o r  in  th e  s p in -H a m i l to n ia n  

a s s o c i a t e d  w i t h  t h a t  i n t e r a c t i o n .

In r e c e n t  y e a r s  i n t e r e s t  has been shown both  e x p e r i m e n t a l l y  

and t h e o r e t i c a l l y  i n  th e  tem perature  dependence o f  th e  param eters  o f
g

th e  s p i n - H a m i l t o n ia n .  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  

th e  temperature  dependence o f  t h e  s p in -H a m i l to n ia n  parameters i n  c u b ic  

c r y s t a l s  such as MgO. The axi 'al  c r y s t a l  f i e l d  p a r a m e t e r s ' v a r i a t i o n  

w i t h  temperatu re  can be e x p l a i n e d  on th e  e f f e c t  o f  thermal exp an s ion  

on a r i g i d  l a t t i c e  m odel .  The h y p e r f in e  p a r a m e t e r s ' v a r i a t i o n  c o u l d  

n o t  be e x p l a i n e d  by a r i g i d  m ode l ,  however.  I t  was proposed t h a t  the

h y p e r f in e  parameter v a r i a t i o n s  were due to l a t t i c e  v i b r a t i o n s .

9 2+Q u i c k  >, i n  1969,  c a r r i e d  out  a thorough temperature  s tudy  o f  Mn

i n  a t r i g o n a l  c r y s t a l  f i e l d  i n  an e f f o r t  to  apply  t h e  p r e s e n t  dynamic

and s t a t i c  models  to  a s l i g h t l y  l e s s  symmetric  f i e l d  than c u b i c .

The purpose o f  t h i s  e xp e r im e n t ,  which  was a temperature
2"j" 2"}“

dependence s tudy  o f  Mn in  B r u c i t e ,  a Mg(OH)^iMn s ys te m ,  was to

supply  a d d i t i o n a l  e m p i r i c a l  parameter measurements  f o r  a t r i g o n a l

f i e l d .  The hope was to p r o v id e  more d ata  to c o r r e l a t e  w i t h  o t h e r s

working i n  temperature  dependence s t u d i e s ,  so t h a t  p r e s e n t  models

c o u ld  be v a l i d i f i e d  o r  m o d i f i e d  i n  l i g h t  o f  t h e s e  new r e s u l t s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER I I  

THEORY

I I . 1 Resonance C o n d i t io n  For a Free Ion

In a f r e e  i o n ,  o bey ing  R u s s e l - S a u n d e r 1s c o u p l i n g ,  the  

t o t a l  e l e c t r o n i c  angular  momentum J i s  g i v e n  by

J = L +  S ( I I .1 )

The L i s  the o r b i t a l  e l e c t r o n i c  momentum

and S i s  the  e l e c t r o n i c  s p in  angular  momentum

( I X . 2)

S = 2  s , ( I I . 3)
k k

where S. and are summed over  a l l  e l e c t r o n s  i n  the  u n f i l l e d  
K. K

o r b i t a l  o f  the i o n .

In  the  p r e sen ce  o f  a magneti c  f i e l d  H^, q u a n t i z a t i o n  o f

the  t o t a l  e l e c t r o n i c  angular  momentum i n  the d i r e c t i o n  o f  H t a k e s—o

p l a c e .  The v a l u e s  o f  the p r o j e c t i o n  t h a t  are a l lo w e d  by quantum 

th e ory  a r e :

4
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5

J ,  -  J +  1, -  J + 2 , -----------, J -  1, J = M ( I I . 4)

With each v a l u e  o f  M i s  a s s o c i a t e d  an energy  g i v e n  by

E = g p Hq Mj , ( 1 1 . 5 )

where g i s  the  Lande g f a c t o r  g i v e n  by

i + J(J.  + 1) +  S(S +  1). -  L(L i- 1) , .
1 OT/ T +  > I 11 .o ;8 2J(J  + 1)

and (3 i s  the Bohr magneton g i v e n  by

p =  • <n - 7 >

I f  now an a l t e r n a t i n g  magnetic  f i e l d  o f  frequ en cy  v. i s  

a p p l i e d  a t  r i g h t  an g le s  to  the f i x e d  magnetic  f i e l d  H , magnet ic  

d i p o l e  t r a n s i t i o n s  o f  energy  h v  may be in d u c e d .  Magnetic d i p o l e  

t r a n s i t i o n s  s a t i s f y  the  s e l e c t i o n  r u l e

AM = + 1.  ( I I . 8)

The energy  hv absorbed from the  a l t e r n a t i n g  magnetic  f i e l d  must  

e qua l  the d i f f e r e n c e  i n  energy  between two l e v e l s  f o r  which AM = 1. 

Hence the c o n d i t i o n  f o r  a b s o r p t io n  to take  p l a c e  i s

h v = g |3 H . ( I I . 9)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The energy  o f  induced e m i s s i o n  would s a t i s f y  the same r e l a t i o n .

The p r o b a b i l i t i e s  f o r  e m i s s i o n  and a b s o r p t io n  are e q u a l ,  

and i f  the  two s t a t e s  were p o p u la t e d  e q u a l l y  no n e t  a b s o r p t io n  would  

o c c u r .  G e n e r a l l y ,  the upper l e v e l s  are p o p u la te d  l e s s  than the lower  

l e v e l s  accord ing  to Boltzmann s t a t i s t i c s  and a n e t  a b s o r p t io n  o f  

energy t a k e s  p l a c e .  I f  s u f f i c i e n t  p o w e r  i s  s u p p l i e d  by the a l t e r n a t i n g  

f i e l d ,  the l e v e l s  w i l l  be p o p u la t e d  e q u a l l y ,  and no more n e t  a b s o r p t io n  

w i l l  o c c u r .  S a t u r a t i o n  t a k e s  p l a c e .

I I . 2 The Genera l  Hamiltonian

The Hamiltonian  o p e r a t o r  o f  a sys tem  i s  a quantum mechani­

c a l  o p e r a to r  whose e i g e n v a l u e s  are the e n e r g i e s  o f  the  s t a t e s  o f  the  

sys tem .  To f i n d  the energy  l e v e l s  o f  an io n  p l a c e d  i n  a c r y s t a l  f i e l d  

i t  i s  n e c e s s a r y  to f i r s t  form ula te  the Hamiltonian  c o n s i d e r i n g  a l l  

p o s s i b l e  i n t e r a c t i o n s .

Abragam and P r y c e ^  e x p r e s s  the Hamiltonian  f o r  an i r o n

2+
group io n  or Mn i n  a c r y s t a l  p l a c e d  i n  a magnetic  f i e l d  as

-lr = V +  V +  V +  V +  V +  V +  V +  V . ( I I .  10)
F LS SS H N Q NH  ̂ '

The terms have been arranged in decreasing order of importance.

The f i r s t  term r e p r e s e n t s  the  i n t e r a c t i o n  a s s o c i a t e d  

w it h  the f r e e  i o n ,  c o n s i d e r i n g  o n l y  e l e c t r o s t a t i c  i n t e r a c t i o n s ,  and 

may be w r i t t e n  as
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V„ = £  
i —1

P.—l
2ra

N -  2
eV ( r . ) ] +  £  ~—

' 1 i < k  r ik

The summation i s  over  N, th e  t o t a l  number of  e l e c t r o n s  i n  t h e  i o n .

e V ( r . )  g i v e s  th e  e l e c t r o s t a t i c  energy due t o  a t t r a c t i o n  between the

t h  f . - 2 thi  e l e c t r o n  and t h e  n u c l e u s ,  —  the  l i n e a r  momentum of  t h e  i
9 2m

6e l e c t r o n ,  and -----  the  e l e c t r o s t a t i c  energy due t o  the  r e p u l s i o n
r i k

between the  i  and k e l e c t r o n .  When we c o n s id e r  the  e l e c t r o n s  

i n  t h e  u n f i l l e d  3d o r b i t a l ,  we f i n d  t h a t  th e  e l e c t r o s t a t i c  i n t e r a c t i o n  

c a u s e s  th e  e l e c t r o n  l e v e l s  t o  be grouped i n t o  s t a t e s  c a l l e d  ’ t e r m s ’ , 

c h a r a c t e r i z e d  by L and JS. L and _S are  g i v e n  i n  e q u a t io n s  ( I I . 2) and

( I I . 3 ) .  Th is  method of  c o u p l in g  e l e c t r o n  s t a t e s  i s  known as ’L -  S ’

or R u sse l -Sau nde r s  c o u p l i n g .  Each term i s  )2 J +  i )  d e g e n e r a t e ,  where

5 2 j
jJ i s  g i v e n  by Eq. ( I I . 1 ) .  For an i o n  w i t h  3d c o n f i g u r a t i o n ,  Mn ,

6 4 4 4t h e r e  are  many a l low ed  terms i n c l u d i n g  S, G, P, D e t c .  The

l e f t  s u p e r s c r i p t  r e f e r s  t o  t h e  S-degeneracy  and equa ls  (2 S + 1 ) .

The c a p i t a l  l e t t e r  r e f e r s  t o  t h e  L- v a l u e  o f  th e  term, where S, P, D,
2 1

F, G, - - -  correspond  t o  L =  0, 1, 2, 3 ,  4 ,  ---- . For Mn th e  low est

energy  term i s  ^S, which corresponds  t o  one e l e c t r o n  i n  each of  th e  

3d o r b i t a l s  and a l l  s p i n s  a l i g n e d  p a r a l l e l ,  g i v i n g  an L of  0 and 

v a l u e  of  5 / 2 .  The l e v e l  s e p a r a t i o n s  of  V ar e  u s u a l l y  of  t h e  orderr
* i n 5 - 1o f  10 cm

The next  term V i s  the  e l e c t r o s t a t i c  i n t e r a c t i o n  w i th  the

f i e l d  o f  the  ne igh b ou r in g  i o n .  In  th e  c a s e  o f  the i r o n  group,  V causes

4 -1s p l i t t i n g s  of  th e  order 10 cm . The term V commonly c a l l e d  the  

c r y s t a l  f i e l d  ter m ^ w i l l  be d i s c u s s e d  f u r t h e r  i n  I I . 3 .
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The term V i s  the  s p i n - o r b i t  i n t e r a c t i o n  and i s  g i v e nLj o

by

N

VLS -  ,E„ ajk h ■ 4  + V  V  4  + ' jk 4  • 4  ( I I -12>
J >k

where a . ,  , b , c . .  are c o n s t a n t s .  The s p i n - o r b i t  i n t e r a c t i o n  g i v e s
J k  j k  j k

2 -1r i s e  t o  s p l i t t i n g s  of  th e  order  10 cm

The term V^g r e p r e s e n t s  th e  m agnet ic  d i p o l e - d i p o l e  i n t e r ­

a c t i o n  between e l e c t r o n s .  I t  i s  w r i t t e n

v s s =  E h iA  .  3 i £ i k A ! i k . - 3 o. ( I I . 13)
i . k  r.,  r.,jk  jk

where the  summation i s  over  a l l  p a i r s  of  e l e c t r o n s .  S p i n - s p i n  i n t e r ­

a c t i o n s  g i v e  r i s e  t o  s p l i t t i n g s  o f  th e  order 1 cm ^ .

The i n t e r a c t i o n  w i t h  th e  e x t e r n a l  m agnet ic  f i e l d  Hq i s

g i v e n  by

V „ = S M i k + 2 S  ).H
k

p (L +  2 S) . H ( 1 1 . 1 4 )

These  Zeeman s p l i t t i n g s  are of  t h e  order  1 cm ^ *

The term r e p r e s e n t s  th e  m agnet ic  i n t e r a c t i o n  between  

unp a ired  e l e c t r o n s  and t h e  n u c l e a r  m agn e t ic  moment _I.
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V,N

( 1 1 . 1 5 )

Here (3̂  and y  r e f e r  t o  th e  n u c l e a r  magneton and th e  n u c l e a r  gyromag-  

n e t i c  r a t i o .  The term i s  commonly c a l l e d  t h e  h y p e r f i n e  term and

t h e  quadrupole moment Q of  th e  n u c l e u s ,  and V the  i n t e r a c t i o n  of

I I I . 3 The C r y s t a l  F i e l d

When a param agnetic  i o n  i s  p la c e d  i n  a c r y s t a l  env ironment ,  

i t  i s  now s u b j e c t  t o  a n o n - s p h e r i c a l  e l e c t r i c  p o t e n t i a l  a r i s i n g  from 

i t s  immediate env ironment ,  and t h e  f r e e  i o n  energy l e v e l s  ar e  m o d i f i e d  

t o  a g r e a t  e x t e n t .  Three t h e o r i e s  have been deve lop ed  t o  ac count  f o r  

t h e s e  m o d i f i c a t i o n s :  t h e  c r y s t a l  f i e l d ,  th e  l i g a n d  f i e l d ,  and the

molecular orbital theories. The difference among them arises from 

a s s i g n i n g  t o  chemica l  bonding and p u r e ly  e l e c t r o s t a t i c  e f f e c t s  

d i f f e r e n t  r e l a t i v e  im portance .

In  c r y s t a l  f i e l d  t h e o r y ,  t h e  paramagnetic  i o n  i s  c o n s id e r e d  

as b e in g  a f f e c t e d  on ly by e l e c t r o s t a t i c  e f f e c t s .  The u n p a ir e d  e l e c t r o n s

- 1  - 3  - 1g i v e s  r i s e  t o  s p l i t t i n g s  o f  the  order 10 t o  10 cm .

t h e  n u c le u s  w i t h  t h e  e x t e r n a l  m agnet ic  f i e l d  H . The l a s t  two terms—o
- 2  - 3cau se  p e r t u r b a t i o n s  of  the  energy l e v e l s  of  the  order 10 t o  10 cm

and s i n c e  t h e i r  e f f e c t  i s  so  smal l  w i l l  be d i s r e g a r d e d  i n  t h e  f o l l o w i n g  

work.
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are  d e s c r i b e d  by atomic  o r b i t a l s  which are  c o n s id e r e d  not  t o  o v e r la p  

t h o s e  of  t h e  surrounding  i o n s .  The i n f l u e n c e  o f  the environment i s  

then  reduced t o  e v a l u a t i n g  the  form of  the  e l e c t r o s t a t i c  p o t e n t i a l  

produced by t h e  im m edia te -n e ighbour  io n s  t r e a t e d  as p o i n t  c h a r g e s .

I n  l i g a n d  f i e l d  theory  and m o le c u l a r  o r b i t a l  theory  th e  bonds between  

th e  paramagnetic  i o n  and i t s  n e a r e s t - n e i g h b o u r s  are assumed t o  have a 

p a r t i a l  or t o t a l  c o v a l e n t  n a ture  r e s p e c t i v e l y .  The a c t u a l  bonds in  

th e  c r y s t a l  we c o n s i d e r  are  not  pu r e ly  i o n i c  and o r b i t a l s  do o ver lap  

t o  a c e r t a i n  d e g r e e .  The c r y s t a l  f i e l d  approach w i l l  be u s e d ,  however,  

b e cause  i t  i s  s im p le r  and e x p l a i n s  t h e  r e s u l t s  s u f f i c i e n t l y  w e l l .

Exper imental  data r e v e a l s  t h a t  th e  s t r e n g t h  of  the  

c r y s t a l l i n e  f i e l d  f a l l s  i n t o  one o f  t h r e e  groups:  s t r o n g ,  medium

and weak f i e l d s .  The n o t a t i o n s  s t r o n g ,  medium, or weak r e f e r  t o  the  

order  of  magnitude  o f  th e  c r y s t a l l i n e  f i e l d  r e l a t i v e  t o  the  o t h e r  terms  

i n  the  H a m i l ton ian .  The r e l a t i v e  order  of  magnitude w i l l  d e c id e  at  

what p o in t  i n  t h e  c a l c u l a t i o n s  th e  c r y s t a l l i n e  f i e l d  w i l l  be use d  as  

a p e r t u r b a t i o n .

The assumptions  made i n  c r y s t a l  f i e l d  th e ory  imply . t h a t  

t h e  e l e c t r o s t a t i c  p o t e n t i a l  P at  t h e  paramagnetic  i o n  due t o  i t s  

surrounding  n e a r e s t - n e i g h b o u r s  i s  a s o l u t i o n  of  L a p l a c e ’ s e q u a t io n  .

V2 Pc  =  0 ( 1 1 .1 6 )

The term due t o  th e  c r y s t a l  f i e l d  term V w i l l  be
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V = 2  -  e 0c ( r . ,  0 . ,  0 . ) ,  ( 1 1 . 1 7 )
i

where B i s  th e  p o t e n t i a l  a t  th e  i*"*1 e l e c t r o n ,  and t h e

summation i s  over  a l l  t h e  e l e c t r o n s  i n  t h e  u n f i l l e d  o r b i t a l .  The

e l e c t r o n  o r b i t a l s  ar e  g e n e r a l l y  e x p r e s s e d  i n  terms o f  s p h e r i c a l

harmonics ,  and i t  becomes e s p e c i a l l y  u s e f u l  t o  expand t h e  p o t e n t i a l

0 i n  a s e r i e s  o f  them a l s o :  c

or

0c ( r ,  B, 0) -  E Anm r n Ynm( 0 ,  0) ( I I . 18)
n,m

0c ( r , 0 ,  J>) =  E Un‘“ ( 1 1 .1 9 )
n,m

i n  which

U °  =  A C Y ° ( 0 ,  0) ( I I . 1 9 a )n n n

and

u M  =  [A m Y m ( 0 ,  (6) + A "m Y ”m( 0 ,  0 ) ]  ( I I . 1 9 b )n L n n  n n > j  ,

The norm alized  harmonics  Y m( 0 , 0 )  are  d e f i n e d  asn

n
1 ( 2 n b l ) ( n - m l ) :
417 ( n  +  | m )!

, i / 2
. P n n
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I t  i s  not  n e c e s s a r y  t o  c o n s id e r  a l l  the  terras i n  th e  

exp an s ion  of  th e  P , s i n c e  symmetry p r o p e r t i e s  o f  th e  i o n  s i t e  i n  

t h e  c r y s t a l  and th e  c o n f i g u r a t i o n  o f  th e  i o n  i n v o lv e d  reduce  t h e  number 

o f  terms c o n s i d e r a b l y .  The wave f u n c t i o n s  of  t h e  d e l e c t r o n s

are  e x p a n s io n s  i n  s p h e r i c a l  harmonics  o f  order  2.  The m a t r i x  e lem en ts  

o f  t h e  p o t e n t i a l  terms are  o f  t h e  form

j f * U nr a t | d t  , ( 1 1 . 21 )

wh ich  i n t e g r a l s  v a n i s h  f o r  n > 2 where i n  th e  c a se  o f  d e l e c t r o n s
m 2

1 = 2 .  This occurs  b e cause  t h e  exp an s ion  of  (typ. ) i n v o l v e s

s p h e r i c a l  harmonics  of  order  not  e x c e e d in g  2-f, and th e  o r t h o g o n a l i t y

o f  s p h e r i c a l  harmonics  then  a s s u r e s  zero  m a t r i x  e lem ents  i f  n > 2 I.

or n >  4 i n  the  c a s e  o f  d - e l e c t r o n s .  A l l  m a t r i x  e lem en ts  o f  U m f o rn

which  n i s  odd v a n i s h  b e cause  the  e l e c t r o n  wave f u n c t i o n s  are i n v a r i a n t

under  an i n v e r s i o n  t r a n s f o r m a t i o n ,  but  th e  f o r  odd n change s i g n .

The m a t r i x  e lement  f o r  Um i s  j u s t  a c o n s t a n t  which s h i f t s  a l l  l e v e l so J

e q u a l l y .  Further  r e d u c t i o n s  can be o b t a in e d  i f  one t a k e s  i n t o  

account  the  symmetry o f  t h e  c r y s t a l l i n e  f i e l d .  In t h e  p a r t i c u l a r  

c a s e  of  t r i g o n a l  symmetry s t u d i e d ,  the  on ly  terms i n c lu d e d  are  m =  0 

and m = + 3 .  Hence the  c r y s t a l  f i e l d  p o t e n t i a l  i s  g i v e n  by

* M r ,  B,  P) =  U2° + U4 ° + U43 , ( 1 1 . 2 2 )
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where

U m =  B m V m ( I I . 2 2 a )n n n

The V 111 i n  C a r t e s i a n  c o o r d i n a t e s  and th e  B m i n  terms of  t h e  A m are  n n n

g i v e n  by A l ’ t s h u l e r  and K o z y r e v ^ ,  and are  l i s t e d  i n  t a b l e  I I . 1 and

I I . 2 r e s p e c t i v e l y ,

TABLE I I . 1

,, o o 2 2=  3 z -  r

,, o 4 2 2 , ~ 4Vi  =  35 z -  jO r z +  3r

3 / 2  2
V s =  (x  -  3y ) x z

TABLE I I .

V- 1 / 5  A °
4 ^ tt 2

V- 3 A °  1 6 / n  4

\ 3 =
3 / 3 5  , 3 
4 ^ rr 1 4

I I . 4 The Sp in-H am i l ton ian

The H am i l ton ian ,  i n  th e  g e n e r a l  form g i v e n  i n  Eq. ( I I . 10)
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i s  e x c e e d i n g l y  d i f f i c u l t  t o  work w i t h .  Abragam and Pryce  a r r i v e  at

a much s i m p l e r  e x p r e s s i o n  by a p p l y i n g  p e r t u r b a t i o n  t h e o r y .  F i r s t  the

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

t a b l e  I I .  1 .  Next we apply t h e  Wigner-Eckart  Theorem, which s t a t e s

t h a t  i f  two v e c t o r  o p e r a to r s  t ran sform  i n  th e  same way under r o t a t i o n s ,

t h e n  th e  m a t r i x  e lem en ts  are p r o p o r t i o n a l .  Th is  a l lo w s  us t o  r e p l a c e

t h e  c o o r d i n a t e  o p e r a to r s  w i t h  e q u i v a l e n t  a ngu lar  momentum o p e r a t o r s ;

thus  x - * L ,  y - * L ,  z -* L , e t c . ;  and products  such as  xy arex J y z

r e p l a c e d  by —(L L +  L L ) , b e cause  o f  th e  commutation r u l e s  f o r  
2 x y y x

angu lar  momentum o p e r a t o r s .  I t  i s  only n e c e s s a r y  t o  e v a l u a t e  th e  

c o n s t a n t  o f  p r o p o r t i o n a l i t y  f o r  one m a t r i x  e l e m e n t .  The remain ing  

terms i n  t h e  H am ilton ian  ( I I . 10) are  transformed i n t o  e x p r e s s i o n s  

i n v o l v i n g  t h e  a p p r o p r ia te  a ngu lar  momentum o p e r a to r s  L, _S and J .

One i s  p r i m a r i ly  i n t e r e s t e d  on ly  i n  the  l o w e s t  l e v e l  

and l e v e l s  removed from i t  by no more than a few hundred wave numbers,  

f o r  h i g h e r  l e v e l s  are  not  o c c u p ied  a t  t h e  u s u a l  ex p e r im en ta l  tempera­

t u r e s .  Th is  means t h a t  one need on ly  c o n s i d e r  t h o s e  l e v e l s  which

a r i s e  from t h e  lo w e s t  l e v e l s  o f  th e  f i r s t  two i n t e r a c t i o n s  V +  Vr

by t h e  remaining p e r t u r b a t i o n s  i n  ( I I , 1 0 ) .  Abragam and Pryce  did  

second  order  p e r t u r b a t i o n  c a l c u l a t i o n s ,  working out m a tr ix

e le m en ts  between the  ground s t a t e  and e x c i t e d  s t a t e s .

An e x p r e s s i o n  i n v o l v i n g  _S and .1 i s  o b t a in e d  which  i s  c a l l e d  t h e

’ S p i n - H a m i l t o n i a n ’ and t a k e s  t h e  form

~  P H • £ •  _S + S.  D. _S +  _S. A. 1 +  o t h e r  n u c l e a r  terms and c o n s t a n t s

( 1 1 . 2 3 )
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A and D are secon d-rank  symmetric  t e n s o r s ,  and _S i s  now th e  

’ e f f e c t i v e  s p i n  o p e r a t o r ’ whose v a l u e  i s  de termined  by p u t t i n g  th e  

m u l t i p l i c i t y  o f  the  ground s t a t e  equal  t o  ( 2 S +  1 ) .

The f i r s t  term i n  Eq, ( 1 1 ,2 3 )  i s  t h e  Zeeman term. The £ ,  

which now t a k e s  the  p l a c e  of  t h e  u s u a l  s p e c t r o s c o p i c  s p l i t t i n g  f a c t o r ,  

i s  a symmetric  t e n s o r  whose e lem en ts  are  composed o f  th e  f r e e - e l e c t r o n  

g - v a l u e  p lu s  an a n i s o t r o p i c  c o r r e c t i o n  due t o  s p i n - o r b i t  c o u p l i n g .  The 

second term a r i s e s  from the  z e r o - f i e l d  s p l i t t i n g s  of  the  ground s t a t e  

i n  th e  noncub ic  c r y s t a l  f i e l d .  The s p l i t t i n g  i s  caused i n  par t  by 

t h e  s p i n - o r b i t  c o u p l in g  and s p i n - s p i n  c o n t r i b u t i o n s  i n  an unsymmetr ica l  

c r y s t a l  f i e l d .  This  term g i v e s  r i s e  t o  what i s  g e n e r a l l y  c a l l e d  the  

f i n e  s t r u c t u r e .  The t h i r d  term g i v e s  r i s e  t o  t h e  h y p e r f i n e  s t r u c t u r e .

A d i f f e r e n c e  i n  t h e  p r i n c i p a l  v a l u e s  of  A or D i n d i c a t e s  an a n i s o t r o p y  

o f  th e  h y p e r f i n e  or f i n e  s t r u c t u r e  r e s p e c t i v e l y .  In  most  c a s e s ,  the  

symmetry o f  and A i s  i n t i m a t e l y  r e l a t e d  t o  th e  symmetry of  the  

env ironm ent .  I n  some c a s e s  _g and A ar e  d ia g o n a l  i n  t h e  same system  

of  c o - o r d i n a t e s ,  but  t h i s  may not  always be th e  c a s e .  A sys tem  of  

c o - o r d i n a t e s  can always be found i n  which _g and D are both  d i a g o n a l i z e d  

s i m u l t a n e o u s l y .

U s u a l l y  i t  i s  on ly  n e c e s s a r y  t o  t a k e  p e r t u r b a t i o n  c a l c u l a ­

t i o n s  to  second order  t o  f i n d  a s p i n -H a m i l to n ia n  which d e s c r i b e s  the  

e x p e r im en ta l  o b s e r v a t i o n s .  In  the  c a s e  of  S - s t a t e  i o n s ,  i n  which  L =  0,  

second order  c a l c u l a t i o n s  p r e d i c t  t h a t  the  c r y s t a l  f i e l d  w i l l  not  s p l i t  

the  o r b i t a l  d e g e n e r a cy .  However, exper im ents  show t h e r e  i s  a s p l i t t i n g .  

I t  i s  on ly by go ing  to  h igh  orders  i n  p e r t u r b a t i o n  t h e o r y ,  and c o n s i d e r i n g
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s p i n - o r b i t  i n t e r a c t i o n s  s i m u l t a n e o u s l y ,  t h a t  the  s p l i t t i n g  of  the

o r b i t a l  degeneracy i n  S- s t a t e  i o n s  can be accounted  f o r .  To account
2 ]

f o r  the  anomalously  h igh  h y p e r f i n e  s p l i t t i n g s  found i n  Mn , i t  i s

n e c e s s a r y  t o  c o n s i d e r  c o n f i g u r a t i o n  i n t e r a c t i o n s  which admixes t o

t h e  3 s2 3d^ some 3 s  3d"* 4 s .

A s p i n -H a m i l to n ia n  which d e s c r i b e s  an S- s t a t e  i o n  i n  an

12e l e c t r i c  f i e l d  o f  a x i a l  symmetry i s  g i v e n  by Pryce

J C = p [ g  H S + g ( H S + H S ) ]  s | z z  x x x  y y

+ d ( s 2 - •— ) + -f (s  4 + s 4 s 4 - 22Z \
z 12 6 u y  w 16 /

+  A I S + B ( I  S + I  S )  ( 1 1 .2 4 )
z z x x  y y

Here f o r  a t r i g o n a l  c a s e  u ,  v ,  w, are  m u tu a l ly  p e r p e n d i c u la r  a x e s ,  

w i t h  r e s p e c t  t o  which th e  z - a x i s  i s  p o s i t i o n e d  i n  t h e  [ 1 1 1 ]  d i r e c t i o n .

Another s u i t a b l e  s p i n -H a m i l to n ia n  f o r  th e  sys tem s t u d i e d

13 21
i s  t h e  one u se d  by Vinokurov e t  a l . i n  t h e  study o f  Mn i n  A p a t i t e .
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3C =  p [ g N H S +  g (H S +  H S ) ]  s z z x x x y y

, 1 , 0 „ 0 , 1  u ° n ° _ i _ l  ~ 3
+  3 b 2 °2 + 60 b4 °4 + 60 b4 °4

+  A S I  +  B(S I +  S I ) ( 1 1 .2 5 )z z x x y y

The 0nm are f u n c t i o n s  o f  the  s p i n  o p e r a to r s  l i s t e d  by O r b a c h ^ ,  and 

t h e  0nm needed f o r  s u b s t i t u t i o n  i n  Eq. ( 1 1 .2 5 )  are g i v e n  i n  t a b l e

( I I . 3 ) .  The r e l a t i o n  between the  v a r io u s  parameters  i n  E q s . ( 1 1 . 2 5 ) ,

( 1 1 . 2 4 )  and ( I I . 2 2 a )  are  g i v e n  i n  t a b l e  ( I I . 4)

I I . 5 E i g e n v a lu e s  of  the  Sp in -H am i l ton ian

The s p i n -H a m i l to n ia n  t o  which the  exp e r im en ta l  data has

been  f i t t e d  i n  t h i s  work i s  Eq. ( 1 1 . 2 5 ) .  To determin e  the  e i g e n v a l u e s

o f  t h i s  H am ilton ian  e x a c t l y  i t  would be n e c e s s a r y  t o  s o l v e  a s e c u l a r

e q u a t io n  of  order  36 .  By a p p ly in g  p e r t u r b a t i o n  t h e o r y ,  however,  th e

problem can be c o n s i d e r a b l y  reduced .  A t r a n s f o r m a t i o n  i s  f i r s t  made

t o  a c o o r d i n a t e  sys tem  whose Z a x i s ,  o r i e n t e d  a t  ( |3, a) r e l a t i v e  to

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  of  t h e  e l e c t r o n  s p i n .

The Zeeman term w i l l  then  be d ia g o n a l  i n  t h i s  new s ys te m ,  s e e  Vinokurov  

13e t  a l .  . The remaining  terms i n  ( 1 1 . 2 5 )  are then a p p l i e d  as p e r t u r ­

b a t i o n s .  The e i g e n v a l u e s  r e s u l t i n g  from second order  p e r t u r b a t i o n
9

c a l c u l a t i o n s  are  l i s t e d  by Quick .  .
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TABLE I I . 3

0 ° =  3 S 2 -  S(S +  1)2 z

04° =  35 S 4 -  [ 3 0  S ( S +  1) -  25]  s j*

-  6 S(S +  1) +  3 S2 (S + l ) 2

° 4 3 =  \  CSz (S+ 3 +  S- 3) +  (S+ 3 +  S- 3) ^

TABLE I I . 4

b 2° =  3 B2°  =  D

, o _ „ o ab.  — 60 B. =  -  —4 4 3

b43 =  60 B43 =  20 / 3  a
3
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CHAPTER I I I

PROPERTIES OF CRYSTAL

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

At f i r s t  a t tem pts  were made to grow s y n t h e t i c  Mg(OH)

c r y s t a l s  by the s low d i f f u s i o n  method.  The apparatus was the same
9

as t h a t  d e s c r i b e d  by Quick . The method proved u n s u c c e s s f u l *  however* 

because  the h ig h  i n s o l u b i l i t y  o f  Mg(OH) c a u se d  i t  to  p r e c i p i t a t e  

i n s t e a d  o f  c r y s t a l l i z e .  Dr. F. Holuj k i n d l y  s u p p l i e d  some b r u c i t e *  

n a t u r a l  Mg(OH) * which o r i g i n a t e d  i n  Quebec. A p r e l i m in a r y  E .P .R .

2+
i n v e s t i g a t i o n  r e v e a l e d  a c h a r a c t e r i s t i c  t h i r t y  l i n e  spectrum o f  Mn 

s u i t a b l e  t o r  more d e t a i l e d  s t u d i e s .

I I I . 2 C r y s t a l l o g r a p h y

The c r y s t a l  s t r u c t u r e  o f  b r u c i t e  was f i r s t  determii ied by

A m in o f f ^ *  i n  1919* to be o f  the  hexagonal  (Cdl^)  t y p e ,  w i t h  space

group P 3" m 1.  The u n i t  c e l l  i s  t r i g o n a l  and c o n t a i n s  one formula

u n i t .  As shown i n  F i g .  I I I . l *  b r u c i t e  c o n s i s t s  o f  h y d r o x y l s  arranged

i n  hexagona l  c l o s e - p a c k e d  type  o f  arrangement* w i th  Mg i o n s  occupying

s l i g h t l y  d i s t o r t e d  o c t a h e d r a l  s i t e s  o n ly  between a l t e r n a t e  l a y e r s  o f

h y d r o x y l s .  I t  was not  u n t i l  1956 t h a t  the l o c a t i o n  o f  the hydrogen io n s

16a s s o c i a t e d  w i t h  each  oxygen ion  was de termined  by Elleman and W i l l iam s  .

-  19 -
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c ,  z  [ 0  0  0  1 ]

f

A\

o

Q  oxygen

•  hydrogen 

Q magnesium 

3 = 4 .7 3  I

F i g .  I l l  S t r u c t u r e  o f  b r u c i t e  showing hexagonal  arrangement o f  i o n s

* 3 .1 2  Aa

o 0 at +  0 . 2 2  C

O  H at +  0 . 4 2  C
c

O Mg at  0 

O  H at  -  0 . 4 2  C

I I 0 at  -  0 . 2 2  C 
/  o

F i g .  I I I . 2 .  S t r u c t u r e  o f  b r u c i t e  p r o j e c t e d  on (0  0 0 1) p lane  -  - -  
g i v e s  o u t l i n e  o f  a u n i t  c e l l
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The d i s t a n c e  C between s u c c e s s i v e  Mg p l a n e s ,  which are  p e r p e n d i c u la r  
o

t o  th e  c - a x i s ,  i s  4 .73A,  as  shown i n  F i g .  I I I . l .  The 0 i o n s  are  

arranged i n  hexagona l  p a t t e r n s  i n  p lanes  p e r p e n d i c u la r  t o  th e  C - a x i s .  

There are  0 p l a n e s  l o c a t e d  1.04A above and be low each Mg p l a n e .  With  

each  0 i o n  i s  a s s o c i a t e d  a 11 i o n ,  l y i n g  on a l i n e  through t h e  0 i o n

o
p a r a l l e l  t o  th e  c - a x i s  and at  a d i s t a n c e  of  0 .9 8 k  removed from i t .

The a d ja c en t  hydroxyl  l a y e r s  are h e l d  t o g e t h e r  by weak Van der Waal’ s 

f o r c e s .

In  a g i v e n  Mg p l a n e ,  th e  s i x  n e a r e s t  Mg io n s  surrounding  

a Mg ion  are l o c a t e d  at  th e  c o rners  of  a r e g u l a r  hexagon,  as  shown 

i n  F i g .  I I I . 2 .  The d i s t a n c e  between a d j a c e n t  Mg io n s  i s  3 .12A .  As 

shown i n  F i g .  I I I . l ,  an Mg io n  i s  surrounded by s i x  0 ions  s i t u a t e d  

a t  the  c o r n e rs  of  a n e a r - p e r f e c t  o c tah ed ron ,  compressed s l i g h t l y
0 -4-

a lo n g  [0  0 0 1 ] ,  The Mg- 0  d i s t a n c e  i s  2 . 0 8 A .  The Mn i o n s  s u b s t i -
2 1

t u t e d  i n  p l a c e  of  t h e  Mg i o n s  w i l l  have p o i n t  symmetry

I I I . 3 Specimens

B r u c i t e  i s  a r e l a t i v e l y  s o f t  m in e r a l  t h a t  c l e a v e s  r e a d i l y  

t o  form p l a t e s ,  w h i c h , i f  t h i n ,  ar e  c o l o u r l e s s .  The c l e a v a g e  p lan e  

corresponds  t o  th e  break ing  of  th e  weak Van der  Waal’ s f o r c e s  between  

a d j a c e n t  hydroxyl  l a y e r s ,  and thus  the  c - a x i s  i s  p e r p e n d i c u la r  t o  the  

p l a t e s .

The c r y s t a l s  examined were from th e  same s i t e  i n  Quebec 

as t h o s e  u se d  by P i e c z o n i k a  e t  a l . ^  i n  t h e i r  e a r l i e r  s t u d y .  Accord­

in g  t o  t h e i r  a n a l y s i s ,  the  c r y s t a l  c o n t a in e d  100 p a r t s  per m i l l i o n
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manganese i m p u r i t y .  A l l  c r y s t a l s  s t u d i e d  e x h i b i t e d  a s t r o n g  

spectrum, i n d i c a t i n g  a h ig h  c o n c e n t r a t i o n .
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CHAPTER IV 

INSTRUMENTATION

The E .P .R .  s p e c tr o m e t e r  was a s t r a i g h t  b r i d g e  t y p e ,  u s i n g  

a magic T.  A b lo c k  diagram i s  shown i n  F i g .  I V . 1 The microwave  

power was s u p p l i e d  by a Var ian  Model VA 98 M k l y s t r o n .  The s t a t i c  

m agn e t ic  f i e l d  was g e n e r a te d  w i t h  a 12 in c h  Varian magnet ,  w i t h  3 . 5  

i n c h  gap,  whose power supp ly  was c o n t r o l l e d  by a F i e l d i a l  Model 

V-FR2503 c o n t r o l  u n i t .

Magnetic  f i e l d  m od u la t ion  a t  100 KHz was g e n e r a te d  by an 

o s c i l l a t o r  b u i l t  i n t o  t h e  P r i n c e t o n  Appli ed  Research ( P .A .R , )  Model 

•JB—5 Lcck- i n 1 i £ i s i ' * T!i£s s igns.  1 Weis smplxf  l ed  qx t g ] l y  nnd.

a p p l i e d  t o  two c o i l s  c onnec ted  i n  s e r i e s ,  and mounted e x t e r n a l  t o  

t h e  c o o l i n g  c r y o s t a t .  The m agn e t ic  re son ant  a b s o r p t io n  s i g n a l  from 

t h e  c a v i t y  was d e t e c t e d  by the  c r y s t a l  d e t e c t o r .  The resonant,  s i g n a l  

was p r e - a m p l i f i e d  and then  f e d  i n t o  t h e  P.A .R.  L o c k - in  A m p l i f i e r ,  

which compares th e  phase and frequency  of  th e  r eson ant  . s i g n a l  w i t h  

th e  o r i g i n a l  100 KHz m od u la t ion  s i g n a l .  The r e s u l t  i s  a d e r i v a t i v e  

s i g n a l  p r o p o r t i o n a l  t o  th e  r e son an t  s i g n a l ,  which can be d i s p l a y e d  

on t h e  o s c i l l o s c o p e  or char t  r e co r d e r  as a f u n c t i o n  o f  m a g n e t i c  f i e l d .  

To a l l o w  d i s p l a y  on the oscilloscope the magnetic field is modulated 

a t  60 Hz, i n  a d d i t i o n  t o  100 KHz.

-  23 -
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I r i s

Quartz Pin -----------

Worm Gear ----------
( f o r  c r y s t a l r o t a t i o n '

j-

z a fc zH eater  Coi ls '

Waveguide

G l y c e r i n e  S e a l

Pyrex C y l in d e r  

C ry s t  a 1

Gold and S i l v e r - O x i d e
Layer
Base . .Plate

P l a s t i c  Cup

Pyrex C y l in d e r

F i g .  I V . 2 .  C av i ty
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The k l y s t r o n  frequency  was s t a b i l i z e d  t o  th e  c a v i t y  

r e son an t  frequency  u s i n g  a T e l t r o n i c  Model KSLP K ly s t r o n  S t a b i l i z e r .  

The s t a b i l i z e r  works on th e  p r i n c i p l e  of  a u to m a t i c - f re q u en cy  c o n t r o l  

( A . F . C . ) ,  A s i n e  wave m odula t ion  of  approx im ate ly  70 KHz was impressed  

on th e  r e f l e c t o r  v o l t a g e ,  thus c a u s in g  a sm al l  amount o f  frequency  

m o d u l a t i o n .  I f  th e  k l y s t r o n  frequency  i s  tuned at  or near the  c a v i t y  

r e son an t  f r e q u e n c y ,  th e  output  d e t e c t e d  by th e  A.F .C.  d e t e c t o r  w i l l  

c o n t a i n  a 70 KHL'z component. The A.F .C .  s i g n a l  i s  a m p l i f i e d  and then  

a p p l i e d  t o  th e  p h a s e - s e n s i t i v e  d e t e c t o r  ( P . S . D . ) ,  b u i l t  i n t o  the  

s t a b i l i z e r ,  which compares th e  s i g n a l  w i t h  th e  o r i g i n a l  m odula t ion  

s i g n a l .  The r e s u l t  i s  a D.C. e r r o r  v o l t a g e  w i t h  a p o l a r i t y  and magni­

tude  p r o p o r t io n a l  t o  th e  d i f f e r e n c e  be tween th e  k l y s t r o n  o s c i l l a t o r  

f requency  and t h e  r eson ant  frequency  o f  the  c a v i t y .  The e r r o r  

v o l t a g e  i s  a p p l i e d  t o  t h e  r e f l e c t o r  of  th e  k l y s t r o n  i n  such  a manner 

t h a t  the  k l y s t r o n  frequ en cy  i s  p u l l e d  back t o  th e  frequency  of  the  

c a v i t y .

The c a v i t y ,  which  o pera ted  i n  the  TE011 mode , had been  

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

F i g .  I V . 2.  I t  was c o n s t r u c t e d  out  o f  pyrex  g l a s s .  The g l a s s  was 

f i r s t  c o a te d  w i t h  a baked-on l a y e r  of  s i l v e r  o x i d e ,  and then  a t h i n  

l a y e r  of  g o l d  was s p u t t e r e d  on.  An o u t e r  cup of  p l a s t i c ,  s e a l e d  w i t h  

g l y c e r i n e ,  was used  t o  e x c lu d e  the  c o o l i n g  l i q u i d  n i t r o g e n  from the  

c a v i t y .  Heat was a p p l i e d  t o  th e  c a v i t y  by a c o i l  of  chromel h e a t i n g  

w i r e  at  the  base  of  the  c a v i t y ,  i n s i d e  th e  ou t e r  cup.  An E l e c t r o  

Model B F i l t e r e d  D.C.  PoWer Supply was u se d  t o  e n e r g i z e  th e  h e a t e r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

c o i l s .  The c r y s t a l  was g lu e d  by epoxy on a quar tz  g l a s s  p i n ,  which  

i n  turn  was g lu e d  t o  th e  c r y s t a l  r o t a t i o n  d e v i c e  at  the  s i d e  o f  the  

c a v i t y .  A c o p p e r -c o n s t a n t a n  thermocouple ran up from the  base  of  

t h e  c a v i t y  and was g lu e d  t o  the  bottom of  th e  c r y s t a l .  The temperature  

was monitored  w i t h  a Leeds and Northrup , 8686 M i l l i v o l t  P o t e n t i o m e t e r .
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CHAPTER V

EXPERIMENTAL PROCEDURE

V . l  O r i e n t a t i o n  of  th e  C r y s ta l

A major problem which had t o  be overcome, b e f o r e  the  

s tu dy  of  th e  tem perature  v a r i a t i o n  of  th e  spectrum could  b e g i n ,  was 

o r i e n t a t i o n  of  t h e  c r y s t a l  on th e  quartz  p i n .  I t  was d e s i r a b l e  t o  

ta k e  p r e c i s e  measurements of  th e  resonant^, f i e l d s  a long  th e  m agnet ic  

z - a x i s ,  p e r p e n d i c u la r  t o  the  3 - a x i s  and a t  an i n t e r m e d i a t e  o r i e n t a t i o n  

i n  a symmetric  m agn e t ic  p l a n e .  The t h r e e  symmetric  m agn e t ic  p l a n e s  i n  

t h e  c r y s t a l  are p la n e s  through th e  z - a x i s ,  which  ar e  r e l a t e d  by 

r o t a t i o n s  o f  on ly 60° ( r a t h e r  than 120° )  about th e  z - a x i s  f o r  

m a g n e t i c  f i e l d s  at  an a r b i t r a r y  a n g le  w i t h  the  z - a x i s .  To permit  

t h e  p r e c i s e  measurements  t o  be made, i t  was n e c e s s a r y  t o  o r i e n t  the  

c r y s t a l  on the  p in  i n  such a manner t h a t  th e  t h r e e  d e s i r e d  o r i e n t a t i o n s  

c o u ld  be reached by a r o t a t i o n  of  th e  magnet and, a t  m ost ,  a very  

sm al l  o r i e n t a t i o n  of  t h e  c r y s t a l  i n s i d e  t h e  c a v i t y .  Th is  was found 

t o  be n e c e s s a r y  b e c a u s e ,  once th e  thermocouple was g lu e d  onto th e  

c r y s t a l ,  u s e  of  th e  c r y s t a l  r o t a t i o n  d e v i c e  was l i m i t e d  t o  a p p r o x i ­

m ate ly  15° t o  2 0 ° .  I f  r o t a t i o n s  g r e a t e r  than t h i s  were a t tem pted ,  

t h e  TQ’ of  the  c a v i t y  was reduced and k l y s t r o n  frequency  s t a b i l i z a t i o n  

became i m p o s s i b l e ,  or th e  quartz  p in  f r a c t u r e d  due t o  s t r e s s e s  

a p p l i e d  t o  i t  by t h e  therm ocoup le .  I t  was p o s s i b l e  by v i s u a l
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o b s e r v a t i o n  t o  e s t i m a t e  th e  c - a x i s  of  the  c r y s t a l ,  which was perpen­

d i c u l a r  t o  the  c l e a v a g e  p l a n e .  However, t h e r e  were no o t h e r  d i s t i n g u i s h ­

a b l e  s u r f a c e s  t o  a id  o r i e n t a t i o n s .
17

From t h e  e a r l i e r  work o f  P ieczonka e t  a l .  , i t  had been  

determin ed t h a t  th e  m agnet ic  z - a x i s  corresponded  t o  the  c r y s t a l l o -  

g r a p h ic  c - a x i s .  The c r y s t a l  was g lu e d  t e m p o r a r i ly  w i t h  t h e  i i - a x i s  

p e r p e n d i c u la r  to  th e  p i n ,  a l ignm ent  b e in g  done v i s u a l l y .  An angular  

v a r i a t i o n  s tudy  was c a r r i e d  out  t o  l o c a t e  e x a c t l y  the  z - a x i s ,  which  

corresponded  t o  t h e  d i r e c t i o n  i n  the  c r y s t a l  a long  which t h e  a p p l i e d  

m a g n e t i c  f i e l d  ca u s e s  maximum spread o f  t h e  observed  spectrum. U s in g  

a s t e r e o g r a p h i c  p l o t  t o  determine  magnet and c r y s t a l  r o t a t i o n s ,  an 

a ngu lar  v a r i a t i o n  was c a r r i e d  out  i n  which  the  a p p l i e d  m agn e t ic  f i e l d  

formed a cone ,  45°  r e l a t i v e  t o  th e  z - a x i s .  This  s tudy  a l lo w e d  a 

d e t e r m in a t i o n  of  t h e  m agn e t ic  symmetric  p l a n e s .  Once t h e s e  had been  

determin ed r e l a t i v e  t o  th e  temporary a l ig n m e n t ,  the  c r y s t a l  was 

permanently  g lu e d  w i t h  a new a l ignm ent  such  t h a t  the  t h r e e  d e s i r e d  

o r i e n t a t i o n s  c ou ld  be reached  w i t h  a minimum of  c r y s t a l  r o t a t i o n .

The new al ignm ent  was v e r i f i e d  t o  be s a t i s f a c t o r y  ■ by a new angular  

v a r i a t i o n  s tudy  and then  th e  thermocouple  was g lu e d  t o  th e  c r y s t a l .

V .2  Temperature V a r i a t i o n

P r e c i s e  measurements  o f  s p e c i f i c  l i n e s  a t  a l l  t h r e e  

o r i e n t a t i o n s  were taken  a t  ap prox im ate ly  20 K° i n t e r v a l s  from l i q u i d  

n i t r o g e n  t o  room tem p e r a tu re .  The c u rren t  through t h e  h e a t e r  w ire  

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 t h e  apparatus a l lo w ed  t o  come
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t o  e q u i l i b r i u m  f o r  about an hour t o  hour and one h a l f .  Once 

e q u i l i b r i u m  was reach ed ,  i t  was found t h a t  as long as t h e  c u rren t  

was m a in ta in e d  c o n s t a n t  th e  thermocouple r e ad in gs  i n d i c a t e d  a tempera­

t u r e  f l u c t u a t i o n  of  no g r e a t e r  than + 1 K°. The cu r r en t  was m onitored  

c l o s e l y  throughout  a s e t  o f  re a d in g s  and a d j u s t e d  i f  n e c e s s a r y .  No 

at tem pt  was made t o  a c c u r a t e l y  c a l i b r a t e  th e  therm ocouples  and an 

e s t i m a t e d  e r r o r  due t o  the  therm ocouples  i s  +  1 K°, The r e f e r e n c e  

temperatu re  u s e d  was l i q u i d  n i t r o g e n .

V.3 Measurement o f  Magnetic  F i e l d

As i n  most  E .P .R.  s t u d i e s  the  frequency  of  t h e  i n c i d e n t  

microwave r a d i a t i o n  was h e l d  c o n s t a n t  and the  a p p l i e d  m agn e t ic  f i e l d  

H was swept s lo w ly  through the  resonance  a b s o r p t io n  spectrum .  To 

c a l c u l a t e  th e  s p i n -H a m i l to n ia n  param eters ,  i t  i s  n e c e s s a r y  t o  know 

a c c u r a t e l y  th e  frequency  o f  the  microwave r a d i a t i o n  and t h e  s t r e n g t h  

o f  the  a p p l i e d  m agn e t ic  f i e l d  a t  which an a b s o r p t io n  t a k e s  p l a c e .

The v a l u e  of  th e  m agn e t ic  f i e l d  was measured u s i n g  a 

proton  reson ant  , probe ,  commonly c a l l e d  an N.M.R. probe ,  a t t a c h e d  

t o  one p o l e f a c e  of  t h e  magnet .  The o utputs  o f  the  N.M.R. probe and 

t h e  P .A .R .  L o c k - in  A m p l i f i e r  were f e d  through an e l e c t r o n i c  s w i tc h  

and superimposed on an o s c i l l o s c o p e  s c r e e n .  When t h e  two s i g n a l s  

were p r oper ly  a l i g n e d  on th e  s c r e e n ,  the  frequency  o f  t h e  N.M.R.  

probe cou ld  be read o f f  th e  frequency  cou n te r  Due t o  the  

inhom ogenei ty  of  th e  m agn e t ic  f i e l d  between th e  p o l e f a c e  and the  

l o c a t i o n  o f  the  specimen a t  the  c e n t e r  o f  the  gap,  a c o r r e c t i o n
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must be made t o  o b t a i n  the  frequ en cy  the  N.M.R, probe would read i f  

p l a c e d  a t  t h e  specimen l o c a t i o n .  The c o r r e c t e d  f requ en cy  i s  ob t a in e d  

by t a k in g  away from th e  frequency  at  th e  p o l e f a c e  a c o r r e c t i o n ,  g i v e n  

i n  F i g .  V . l .  The c o n d i t i o n  of  re sonance  f o r  th e  protons  i n  the  N.M.R. 

probe i s

h VP =  y h

where v i s  t h e  p roton  reson ant  f r e q u e n c y ,  y  i s  t h e  gyromagnetic.
P

r a t i o  o f  th e  proton  and i s  th e  n u c l e a r  magneton.  Rearranging  

Eq. ( V . l )  and making num erica l  s u b s t i t u t i o n s  f o r  th e  c o n s t a n t s ,  the  

m a g n e t i c  f i e l d  a t  th e  spec imen i s  g i v e n  by

ll(K ~ gauss )  _̂___ v (m e /se e )  (V.2 )
4 .2 5759

where v i s  th e  c o r r e c t e d  f r e q u e n c y .  An e s t i m a t e  of  the  e r r o r  due 

t o  inhom ogenei ty  o f  th e  m agnet ic  f i e l d  i s  approx im ate ly  + 0 .2  g a u s s .

V .4  Use o f  Magnetic  F i e l d  Marker

The frequ en cy  o f  th e  microwave r a d i a t i o n  s u p p l i e d  by 

the  K-band 2 3 .4  CIIa ) k l y s t  rori de term in es  the  m agnet ic  f i e l d  at  

which  t h e  resonant  s i g n a l  o f  th e  d ipheny l  p i c r y l  hydrazy l  (DPPH) 

f r e e  r a d i c a l  o c c u r s .  DPPH was u se d  as  a m agnet ic  f i e l d  marker because  

i t s  g - f a c t o r ,  2 . 0 0 3 6 ,  i s  independent  o f  t emperatu re  and d i r e c t i o n  of  

th e  a p p l i e d  m agn e t ic  f i e l d .
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CHAPTER VI

CALCULATIONS AND RESULTS

V I . 1 C a l c u l a t i o n s  o f  Magneti c  F i e l d s  at  which Resonance Occurs  

The e q u a t io n s  f o r  th e  energy l e v e l s ,  as  e x p l a in e d  i n  

S e c .  I I . 5 , are  g i v e n  by Q uic k^  . For resonance  to  occur  th e  e q u a t io n

AE =  E(M, m) -  E(M -  1 , m) =  h.v ( V I . 1)

must  be s a t i s f i e d .  Here M, t h e  s p i n  quantum number, and m, th e  n u c l e a r

quantum number, have the  v a l u e s  - 5 / 2 ,  -  3 / 2 ,  - 1 / 2 ,  1 / 2 ,  3 / 2 ,

5 / 2 .  Only a l low ed  e l e c t r o n i c  t r a n s i t i o n s  were c o n s id e r e d ,  f o r  which  

An =  0, AM = +  1 .  For a g i v e n  t r a n s i t i o n  AE ta k e s  th e  form

AE = E(M, m) -  E(M -  1,  m) =  g p H(M, m -* M - 1, m) + C( in  e r g s )

( V I . 2)

Here C i s  an e x p r e s s i o n  i n  u n i t s  o f  e r g s ,  which i n v o l v e s  th e  s p i n -  

H am ilton ian  p aram eters ,  t h e  t r a n s i t i o n  energy ,  and depends on th e  

d i r e c t i o n  but not  th e  magnitude  of  t h e  a p p l i e d  m agnet ic  f i e l d .  The 

r e s o n a n t  c o n d i t i o n  Eq. ( V I . 2) has been g i v e n  i n  u n i t s  o f  energy ( e r g s )

and our measurements were taken in terms of the magnetic field positions

( g a u s s )  o f  the  a b s o r p t io n  s i g n a l s .  Combining th e  r e s o n a n t  c o n d i t i o n  

f o r  DPPH and E q s . ( V l . l ) a n d  ( V I . 2) we o b t a in
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gd |3 Hd — AE =  g p H(M, m -* M -  1, m) + C ( e r g s )  ( V I . 3)

where gd i s  the  g - f a c t o r  of  DPPH. D i v i d i n g  both  s i d e s  o f  Eq. ( V I . 3)

by gp and r e arr an g in g  we o b t a in

i \ i \ 8d Hd C (e r gs )  g orSdHd C(ergs) - ,  , , rTH(M, m -♦ M -  1, m gauss  =  ---------------- i— t?r-L =  — [-------  --------- V I . 4
g g P g L gQ S0 P

where g Q i s  th e  g o f  th e  f r e e  e l c t r o n .  The d i v i s i o n  o f  C (ergs )  by

g (3 j u s t  c o n v e r t s  t h i s  e x p r e s s i o n  t o  one i n  u n i t s  of  g a u s s .  The 

°  8dHdterm —- —  i s  denoted  by H^, th e  m agn e t ic  f i e l d  at  which  th e  absorp­

t i o n  f o r  th e  f r e e  e l e c t r o n  o c c u r s .  T h er e fo re  Eq. ( V I . 4) becomes

H(M, m -> M - 1 ,  m) =  —  [II - C ( g a u s s ) ]  ( V I . 5)
g ^

The e q u a t io n s  f o r  t h e  m agn e t ic  f i e l d s  a t  which the  v a r io u s
^  I

r e so n a n c es  occur are g i v e n  i n  Tab le  V I . l a .  The c o n s t a n t s  a^— have

13been  l i s t e d  by Vinokurov e t  a l .  , however., e r r o r s  appear i n  t h e  p u b l i -

in “1“c a t i o n .  Correc ted  — appear i n  Table V I . l b .  These formulas  were  

u s e d  i n  a computer program, g i v e n  i n  Appendix B, t o  g e n e r a t e  the  

r e son an t  f i e l d s .

V I . 2 F i t t i n g  the  Sp in-H am i lton ian  Parameters

I t  was hoped i n  th e  experiment  t o  f i t  the  se v e n  s p i n -  

H am ilton ian  parameters  g i i > g^> To ac c o m p l i sh
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18t h i s ,  a l e a s t  squares  p r o c e s s ,  as o u t l i n e d  by Malchikov e t  a l . , was

u s e d .

The p r i n c i p l e  i n v o l v e d  was to minimize th e  e x p r e s s i o n

NHX NHX
2  [ H X ( j )  -  H C( j ) ]  -  2  W, ( V I . 6 )

j = l  j = l  J

where NHX was the  number o f  e x p e r im e n ta l  l i n e s  f i t t e d ,  HX(j) was the

e x p e r im en ta l  f i e l d  measured,  and HC(j) was the  f i e l d  c a l c u l a t e d  u s in g
NHX 2

a s e t  o f  t r i a l  parameters  P( i ) 5 i  = 1, 7 .  I f  2  W. was to  be a
j “ l J

minimum, then  th e  p a r t i a l  d e r i v a t i v e  o f  Eq. ( V I . 6) w i t h  r e s p e c t  to

each  o f  th e  parameters  must equa l  z e r o .  I f  we expand HC i n  a T a y l o r ' s

s e r i e s  i n  terms o f  the  P ( i ) ' s  b e f o r e  we d i f f e r e n t i a t e ,  th e  r e s u l t  i s  a

s e t  o f  NHX l i n e a r  e q u a t io n s  w i t h  r e s p e c t  to  seven  unknowns. The seven

unknowns are th e  c o r r e c t i o n s ,  COR(j),  to  be made to the  seven  t r i a l
NHX 2

param eters  to  reduce 2  W. to  a minimum. The c o e f f i c i e n t s  o f  the
j = l  J

c o r r e c t i o n s  i n v o l v e d  p a r t i a l  d e r i v a t i o n s ,  D l ( j ,  i ) ,  o f  the  HC(j) w i t h  

r e s p e c t  to  each o f  the  p aram eters .  In o p e r a t o r  n o t a t i o n ,  the  e q u a t io n s  

take  th e  form

W = D 1 * C 0 R ( V I . 7)

S i n c e  Eq. ( V I . 7) i s  no t  a s e t  o f  e x a c t  e q u a t i o n s ,  the  ' b e s t '  

s o l u t i o n  i n v o l v e d  a l e a s t  squares  problem. This  n e c e s s i t a t e d  min imiz in g  

the  E u c l id e a n  norm o f
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TABLE V I . l a

Values  o f  m agn e t ic  f i e l d  a t  which  resonance  occurs  f o r  

c o n s t a n t  f requency

H(± | ,  m <-* +  m) =  ~  [Hq +  4a°  + 4a°

1 f 8 , 1 . 2  4 , 2 , 2  1 , 1 , 2  , 1 , 2 , 2
U f 9 l a 2 I 9 l a 2 I " 4 0  1a 4 ' 20 l  a 4i

+  J L  | a3 | 2 +  I  a 1 ( a 1" +  a 1+ )
120 I 41 2 2 4 4 1

+  a 2 ( a 2“ + a 2+) ± [ 2a!, +  (a* + 34 '”) 3 s i n

, 1 / 3 5  2 w A2B2 , ri2 s , 1 2 /B 2-A 2N2 . 2+  -  m ) ( ---- jjr-  +  B )+ -  m ( - ^ — ) sxn 2(3
K

+  2m —j£- } -  m K ]

H (+ 3
2 ’ in «♦ + m) C V +

2a°  + 5a,

1 r l ,  1 , 2 ,  5,  2 , 2 ,  1 , 1 , 2 ,  9 | 2 , 2  1 . 3 . 2
“ H ^"9 Ia 21 9 1a 21 5 * 4 1  8 0 1a41 " l 2 0 i a4lo

+ JL,  aV  _ 1 1 , 1+ 1 - .  1 2, 2b 2 - ,
20* 41 2 2 U 4 4 4 a 2U 4 4 }

, r 1 5/ 1- ,  1+x^ /B2-A2 n . , 1 ,3 5  2,
±  Ca 2 " 4 ( a 4  + a 4  ) s i n  2 p + -  ( j - m  )

,A2B2 , „ 2 N1 1 2 /B 2-A2 n 2 . 2 ‘ _  , AB2 ,
x (—̂ 2— h B )+ 2 m (— 2K~ s i n  2 P — m “ k-  } “ m k J
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u /1 _1 \ _   o p., _1_ r _41 1 1 2 . _81 2 • 2
H( , m -> -  m) -  [Hq " {" 9 I a 2 1 9 1 a 2 1

°  o

1 , 1 , 2  1 . 2 . 2 . 1  . 3 , 2 . 1  1 / 1 + ,
^  I a 4 1 ” T o l a 4 ‘ + 6 o l a 4l  *3 a 2 4 4

2 / 2+ , 2 - . ,  1 , 3 5  2 w A2B2 ,
a 2 a4 +  a4 )+ 4 (T  '  m ) ( ‘~ r  + B }K

, 1 2 ,B 2-A2 ,2  . 2 „„ ,
"2 m ~2K—  ̂ s i n  2 p } -  m K ]

Here

„2 2 2 2 2 .  , J  2 . 2 .K g A g cos 6 +  B g s m  &
II 1

tan  B =  —  ta n  68, ,

where 6 and P are  th e  s p h e r i c a l  c o o r d i n a t e s  d e s c r i b i n g  the  d i r e c t i o n  

o f  the  m agnet ic  f i e l d  w i t h  r e s p e c t  t o  the  c r y s t a l  a x e s .
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C orrec ted  a — , u sed  t o  c a l c u l a t e  resonant  f i e l d s ,  n

a^ — — -jr [20  b°  s i n  p cos p(3 - 7 cos^  p)

3 2 2
+ b^ ( s i n  p(4  cos p -  1) cos  3 ex

2
— i  3 s i n  p cos  p s i n  3 «  } ]

^  [ -  140 b~ s in ^  p cos  p + b^ [co s  3 <x (4 cos"' p

+  3 cos^ p -  3)

2
+ i  cos  p (5 — 9 cos p) s i n  3 «  } ]

A “f  1 o A 3 2
— =  -g [35  b^ s i n  p +  b^ [~ s i n  p cos  p(3 +  cos  p) cos

2
+ i  s i n  p( cos  p +  1) s i n  3 k ]]
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W -  D 1-  C 0 R ( V I . 8 )

The program used  to accom pl i sh  t h i s  was 'Subrout in e  LLSQ', from the  

S c i e n t i f i c  Subrout ine  Package o f  the  I .B .M .  360 computer.  A p r i n t o u t  

o f  th e  program i s  g i v e n  i n  Appendix C.

In p r a c t i c e ,  i t  was found n e c e s s a r y  to r e p e a t  t h i s  procedure  

s e v e r a l  t i m e s .  A f t e r  each  i t e r a t i o n ,  the  f i t  improved and th e  c o r r e c ­

t i o n s  to the  parameters  became s m a l l e r .  In most c a s e s ,  no f u r t h e r  

improvement was o b t a in e d  a f t e r  fo u r  i t e r a t i o n s .  The program which  

ac c om p l i sh es  th e  i t e r a t i o n s  i s  g i v e n  i n  Appendix A.

V I . 3 R e s u l t s  At X-Band

A q u a l i t a t i v e  room temperature  angular  v a r i a t i o n  study  

performed at  X-band conf irm ed th e  r e s u l t s  p u b l i s h e d  p r e v i o u s l y  by 

P ieczonka  e t  a l . ^ .  An i n v e s t i g a t i o n  at  l i q u i d  n i t r o g e n  temperatu re  

r e v e a l e d  t h a t  th e  spectrum was s i g n i g i c a n t l y  d i f f e r e n t  than t h a t  at  

room tem pe r a tu re .  A t y p i c a l  r e c o r d in g  f o r  H p a r a l l e l  to  th e  c r y s t a l l o -  

graph ic  c - a x i s ,  [0 0 0 1 ] ,  at  l i q u i d  n i t r o g e n  temperatu re  i s  shown in  

F i g .  V I . l a .  A r e d u c t i o n  o f  th e  temperature  to t h a t  o f  l i q u i d  he l ium  

f a i l e d  to  a l t e r  th e  spectrum a p p r e c ia b ly  from t h a t  o f  l i q u i d  n i t r o g e n  

t em pera tu re ,  as r e v e a l e d  by comparing F i g .  V I . l a  and F i g .  V I . l b .  The 

s l i g h t  v a r i a t i o n  i n  the  ob s e r v ed  spectrum i n d i c a t e s  t h a t  t h e  s p i n -  

Hamiltonian  parameters  change l i t t l e  below l i q u i d  n i t r o g e n  t em pera tu re .
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F i g .  V I . l a .  T y p ic a l  r e c o r d in g  o f  spectrumi at  
at  X-Band

50 G

F i g .  VI. l b .  T y p ic a l  r e co r d in g  o f  spectrum at  T 4 .2 °K  
f o r  ll|| [0 0 0 1]  at  X-Band
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V I . 4 R e s u l t s  at K-Band

In the  K-band s tu dy  p r e c i s e  measurement o f  r e son ant  f i e l d s  

were made at  t h r e e  o r i e n t a t i o n s  in  the  temperature  range from l i q u i d  

n i t r o g e n  to room t em pera tu re .  T y p ic a l  r e c o r d i n g s  o f  th e  spectrum f o r  

H p a r a l l e l  and p e r p e n d i c u la r  to  th e  c r y s t a l l o g r a p h i c  q - a x i s  are shown 

i n  F i g .  V I . 2 and F i g .  V I . 3 ,  f o r  room and l i q u i d  n i t r o g e n  tem peratures  

r e s p e c t i v e l y .  A t y p i c a l  spectrum f o r  b r u c i t e  can be thought  o f  as 

c o n s i s t i n g  o f  6 groups o f  5 l i n e s ,  one group c o r re s p o n d in g  to  each o f  

th e  n u c l e a r  s p in  s t a t e s .  The f i v e  l i n e s  correspond  to th e  5 p o s s i b l e  

e l e c t r o n  s p in  t r a n s i t i o n s  w i t h  AM = + 1 . The v a r i a t i o n  o f  the  spectrum  

w i t h  temperature  i s  p r i m a r i ly  due to the  change o f  the  s p a c in g  o f  the  

5 l i n e s  i n  each group .  Angular v a r i a t i o n s  o f  the  spectrum are g i v e n  

i n  F i g .  V I , 4 .  The spectrum was i s o t r o p i c  f o r  r o t a t i o n s  o f  H i n  the  

(0  0 0 1) p l a n e ,  and was symmetr ica l  about th e  [0  0 0 1 ] a x i s  f o r  

r o t a t i o n s  o f  H i n  the  ( l  0 1 0)  p l a n e .  The angular  v a r i a t i o n  taken  

i n  a cone about th e  c - a x i s ,  as g i v e n  i n  F i g ,  V I . 4 c ,  i l l u s t r a t e s  the  

60° s e p a r a t i o n  o f  the  symmetric  m agneti c  p l a n e s .  F i g .  V I . 5 shows the  

r e l a t i o n s h i p  between the  symmetric  m agneti c  p la n e s  and t h e  a c t u a l  ion  

s i t e .  No o t h e r  a r b i t r a r y  p l a n e s  through the c - a x i s  e x h i b i t  symmetry 

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

The r eson ant  f i e l d s  f o r  a s e t  o f  measurements  taken at  

room temperature  are g i v e n  i n  Table V I . 2. An e s t i m a t e d  e r r o r  i n  the  

measured r e so n a n t  f i e l d s  i s  + 2 . 0  G due to  poor r e s o l u t i o n  o f  the  

spectrum. The c a l c u l a t e d  v a l u e s  i n  Table V I . 2 are g e n e r a t e d  by the  

parameters  t h a t  have been f i t t e d ,  as d e s c r i b e d  i n  S e c .  V I . 2.
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Tig* V I . 2 T y p c ia l  K-band r e c o r d i n g s  o f  th e  spectrum at  T — 295°K (a )  Recording  
H|| [0 0 0 1]  (b)  Recording H| | [ l  0 T 0 ] .
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F i g .  V I . 3 T y p ic a l  K-band r e c o r d i n g s  o f  th e  spectrum at  T — 77°K (a )  Recording  
H|| [0  0 0 1 ] (b)  Recording H|| [1 0 T 0 ] ,
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F ig .  V I .4 a .  Angular v a r i a t i o n  o f  spectrum f o r  r o t a t i o n  o f  H 
i n  (lOTO) p lane  T = 295°K. The c r o s s e s  are 
e x p e r im en ta l  measurements which were o b t a in e d  
f o r  microwave frequency  2 3 . 4  GHz. The data  i s  l i s t e d  
i n  Table V I . 1.  The s o l i d  reson ant  f i e l d  c a l c u l a t e d  
u s i n g  the  v a l u e s  o f  the  parameters  g i v e n  in  Table V I . 1 .
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H i n  (T2T0) p lane  o b t a in e d  by p l o t t i n g  the  
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F i g .  V I . 4 c .  Angular v a r i a t i o n  o f  spectrum f o r  r o t a t i o n  o f  H i n  a cone  
at  45° to  c - a x i s ,  o b t a in e d  u s i n g  parameter  g i v e n  i n  Table  
V I . 1.  Note t h a t  at  3 0 ° ,  6 0 ° ,  150° ,  and 210° the  spectrum  
r e p e a t s  i t s e l f .  These correspond  to the  symmetric  p l a n e s  

' S ' g i v e n  i n  F i g .  V I . 5.  A l l  o t h e r  p l a n e s  are asymmetric  and 
r e p e a t  t h e m s e lv e s  e v e r y  120°.
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F i g .  V I . 5.  Ion s i t e  p r o j e c t e d  on (0 0 0 1) p l a n e .  S r e l a t e s  to  
symmetric  p l a n e s  g i v e n  in  F i g .  V I . 4 c .
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TABLE V I . 2

P o s i t i o n  o f  Resonant F i e l d s  at  Room Temperature (295°K) and f o r  Micro­
wave Frequency 2 3 . 4  GHz. ' C a l c u l a t e d '  f i e l d s  were computed f o r  the  
S p in -H a m i l to n ia n  parameters  g 11 = 2*0011 + 0 .0 0 0 5  , g^= 2 .0 0 1 0  +
0 . 0 0 0 5  A = - 9 0 . 7 4  + 0 .25G ,  Bn= - 8 9 . 6 9  ±  0 .25G ,  b2° = - 5 . 8 5  +  0 .50G,  
b4° = - 4 . 3 1  + 0 .5 0G , b4 3 = 0 +  150G.

D i r e c ­
t i o n  o f  

H

TRANSITION MAGNETIC FIELDS IN GAUSS

m M M-l MEASURED CALCULATED ERROR
[0001] - 3 / 2 - 5 / 2 8 0 87 .7 8 0 89 .3 - 1 . 6 2

- 5 / 2
1/2 - 1 / 2 8 1 33 .7 8 1 34 .8 - 1 . 1

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

- 1 / 2 1/2 - 1 / 2 8 3 13 .7 8 3 13 .5 0 . 2

1 /2 1 /2 - 1 / 2 8 4 04 .9 8 4 04 .2 0 . 6

1 /2 - 1 / 2 8 4 97 .3 8 4 9 6 .0 1 .3
3 / 2

3 /2 3 / 2 8 5 34 .2 8 5 33 .8 O. !U • H-

- 3 / 2 - 5 / 2 8 5 54 .3 8 5 52 .9 1.4
3 / 2 1 /2 8 5 7 6 .5 8 5 7 6 .5 0 . 0

5 / 2 1 /2 - 1 / 2 8 5 88 .3 8588 .7 - 0 . 4
- 3 / 2 - 1 / 2 8 5 98 .8 8 6 01 .0 - 2 . 3

5 /2 3 / 2 8 6 22 .1 8 6 24 .6 - 2 . 5

[1010 ] 3 /2 1 /2 8 1 26 .1 8 1 27 .3 - 1 . 2
- 5 / 2 1 /2 - 1 / 2 8 1 3 7 .4 8137 .8 - 0 . 4

- 1 / 2 - 3 / 2 814 9 .3 815 0 .3 - 1 . 0

3 / 2 1 /2 8 5 7 4 .6 8 5 7 1 .2 0 . 4
5 /2 1 /2 - 1 / 2 8 5 8 6 .4 858 6 .6 - 0 . 2

- 1 / 2 - 3 / 2 8 6 0 1 .5 8 6 0 4 .0 - 2 . 5

- 1 / 2 - 3 / 2 8 1 2 1 .4 8 1 20 .8 0 . 6
0~— 45° in
(1.010) - 5 / 2 1/2 -1/2 8135.9 8134.7 1.2
plane 3 /2 1 /2 8151 .9 8149 .1 2 .8

- 1 / 2 - 3 / 2 8573 .7 857 7 .1 - 3 . 4
5 / 2 1 /2 - 1 / 2 858 7 .3 858 6 .2 1 .1

3 / 2 1/2 8 6 0 2 .0 8 5 9 5 .6 6 . 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Graphical ,  p r e s e n t a t i o n  o f  the  v a r i a t i o n  w i t h  temperatu re

o f  the  param eters  A, B, b^0 and b^° appears i n  F i g .  V I . 6.  The data

from which t h e s e  graphs were p l o t t e d  appears i n  Table V I . 3 .  I t  was

found t h a t  th e  g v a l u e s  remained c o n s t a n t ,  at  g^ -  2 .0 011  +  0 .0 0 0 5  and

g = 2 .0010  +  0 . 0 0 0 5 ,  o v e r  the  temperature  range s t u d i e d .  As shown in  
x

F i g .  V I .6 c  th e  r e s u l t s  o b t a in e d  f o r  b^° do not  appear to  f o l l o w  a

c o n s i s t e n t  t r e n d  o f  i n c r e a s i n g  or  d e c r e a s i n g  w i t h  temperatu re  .
3

V a r i a t i o n s  i n  b^ o f  as much as + 150 G had no s i g n i f i c a n t  e f f e c t  on 

th e  root  mean square (RMS) e r r o r  o f  f i t .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



H
YP

ER
-F

IN
E 

PA
RA

M
ET

ER
S 

A 
AN

D 
B(

G
A

U
SS

)
50

- 9 3 .0

9 2 .0

9 1 .0

- 9 0 .0

-  8 9 .0

0 50 100 150 200 250 300

TEMPERATURE (°K)  

F i g .  V I . 6 a .  A and B v s .  temperature

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(G
A

U
SS

)
51

-  2 _

-  4 -

10 -

12

-  14

16

2 0 0  2 5 0  300

TEMPERATURE (°K)

F i g .  VI .6b. v s .  t emperatu re

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



, 
(G

A
U

SS
)

52

1

0

1

2

3

4

5

50 100 150 100 250 300

TEMPERATURE (°K)

F i g .  V I . 6 c .  b^° v s .  temperature

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE V I . 3

B e s t  f i t  da ta  o f  s p in -H a m i l to n ia n  param eters  B̂  

b2° and

T(°k) A B
b2°

k °
4

77 - 9 2 . 2 2 - 9 0 . 1 8 - 1 3 . 3 9 - 3 . 7 4

92 - 9 2 . 2 4 - 9 0 . 1 6 - 1 3 .0 1 - 3 . 3 3

120 - 9 2 . 2 1 - 9 0 . 1 9 - 1 2 . 4 9 - 3 . 1 2

144 - 9 2 . 0 5 - 9 0 . 2 2 - 1 2 . 9 0 - 2 . 6 4

162 - 9 2 . 0 6 - 9 0 . 1 3 - 1 2 . 5 2 - 2 . 5 0

176 - 9 1 . 9 6 - 9 0 . 2 2 - 1 1 . 8 1 - 2 . 7 4

204 - 9 1 . 8 3 - 9 0 . 0 9 - 1 2 . 0 7 - 2 . 2 2

218 - 9 1 . 6 5 - 9 0 . 0 5 - 1 0 . 9 8 - 1 . 9 7

249 - 9 1 . 5 1 - 8 9 . 8 4 - 1 0 . 0 4 - 2 . 3 0

273 - 9 1 . 7 5 - 8 9 . 9 3 -  8 .1 7 - 3 . 0 3

295 - 9 0 . 7 4 - 8 9 . 6 9 -  5 .8 5 - 4 . 3 1
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CHAPTER VII  

DISCUSSIONS AND CONCLUSIONS

A s i g n i f i c a n t  d i f f e r e n c e  be tween th e  parameters  found by 

Pieczonka  e t  a l . ^  at  X-band appeared as shown i n  Appendix D, To 

v e r i f y  t h a t  th e  d i s c r e p a n c i e s  were not  due to  the  d i f f e r e n t  f o rm u lu t io n  

of  t h e  s p i n -H a m i l to n ia n s  or method of  c a l c u l a t i o n ,  P i e c z o n k a ' s  re son ant  

f i e l d s  were f i t t e d  u s i n g  our r o u t i n e .  W ith in  exp e r im en ta l  e r r o r  th e  

v a l u e s  o f  t h e  parameters  c a l c u l a t e d  a t  X-band were th e  same by both  

methods .  Al though th e  v a l i d i t y  of  t h e  p e r t u r b a t i o n  theory  should  be  

b e t t e r  f o r  th e  K-band r e s u l t s ,  i t  seems u n l i k e l y  t h a t  i n c l u s i o n  of  

h i g h e r  order terms f o r  t h e  X-band c a l c u l a t i o n s  would s i g n i f i c a n t l y  

reduce  the  d i s c r e p a n c y .  I t  i s  p o s s i b l e  t h a t  the  s p i n -H a m i l to n ia n  used  

was i n a d e q u a t e .  I t  may be n e c e s s a r y  t o  u s e  a g e n e r a l i z a t i o n  o f  the

19sp in - H a m i l t o n ia n  method, as  g i v e n  f o r  example by Grant and Strandberg , 

wh ich  i n c l u d e s  n o n l i n e a r  terms i n  II. I t  would be o f  i n t e r e s t  to  

i n v e s t i g a t e  th e  Mn i n  CalOH^ at  K-band t o  s e e  i f  s i m i l a r  d i s c r e p a n c i e s  

appear between t h e  K and X-band r e s u l t s  f o r  the  i som orphic  c r y s t a l .

The tem peratu re  v a r i a t i o n  i n  t h e  parameters  found f o r  Mn

9i n  b r u c i t e  e x h i b i t s  t h e  same t re n d s  as  observed  by Quick f o r  th e  same 

i o n  i n  t h e  i som orphic  c r y s t a l  CalOH)^. I t  was found t h a t  t h e  s p in  of  

b^0 changed above approx im ate ly  450°K f o r  CalOH)^. From F i g .  VI .6b  i t  

appears  t h a t  a s i m i l a r  s i g n  change might  occur  i n  b r u c i t e ;  a f u r t h e r

-  54 -
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s tudy  of  th e  spectrum above room temperatu re  i s  r e q u ired  t o  v e r i f y  the  

s i g n  change and t o  p r o v id e  a more complete  s e t  of  e x p e r im en ta l  data to  

compare w i t h  t h e o r e t i c a l  c u r v e s ,  b^0 i s  a measure of  t h e  a x i a l  compon­

e n t  of  th e  c r y s t a l  f i e l d .  I t  would be o f  i n t e r e s t  t o  s tu dy  t h e  depen­

dence of  b^°  on m echan ica l  s t r e s s  i n  samples  of  b r u c i t e  s u b j e c t e d  to  

p r e s s u r e  a long  the  C - a x i s .

An exam inat ion  o f  d e u t e r a t e d  samples  of  CalOH)^ would  

supp ly  a d d i t i o n a l  data  f o r  comparison w i t h  th e  i som orphic  CalOH)^ and 

Mg(OH)2 .
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PROGRAM F I T

PURPOSE
TO CARRY OUT ITERATIONS IN ORDER TO F I T  SPIN-HAMIL­
TONIAN PARAMETERS, P ( I ) ,  TO A SET OF EXPERIMENTAL 
RESONANT FIELDS,  HX.

DESCRIPTION OF PARAMETERS
D$LTA(I)- INCREMENT OF P ( I )  TO CALCULATE THE PARTIAL

DERIVATIVES NEEDED IN  SUBROUTINE LLSQ(CAUSS) 
P ( l )  -G  PARALLEL
P ( 2 )  -G  PERPENDICULAR
P ( 3 )  -A
P ( 4 )  -B
P 5 - b g
p ( 6 }  - b %
P ( 7 )  - b |
NTEMP -NUMBER OF TEMPERATURES AT ' 'HICH READINGS 

WERE TAKEN
NANGLE -NUMBER OF ORIENTATIONS AT A GIVEN TEMPER­

ATURE AT WHICH MEASUREMENTS WERE MADE 
NHX -NUMBER OF RESONANT FIELDS MEASURED AT A

GIVEN TEMPERATURE 
P l ( I ) ’ S -T RIA L  PARAMETERS( GAUSS)
HC -CALCULATED RESONANT FIELDS
HX -EXPERIMENTAL RESONANT FIELDS
D ( I , J ) -PARTIAL DERIVATIVES
W( J )  -DIFFERENE BETWEEN HX’ S AND HC’ S
THETAD -ANGLE(DEGREES) DESCRIBING ORIENTATION OF

THE MAGNETIC FIELD RELATIVE TO' Z-AXIS 
PHI -ANGLE(DEGREES) DESCRIBING ORIENTATION OF

THE MAGNETIC FIELD RELATIVE TO X-AXIS 
DPPHF -PROTON RESONANCE FREQUENCY AT WHICH DPPH 

ABSORPTION OCCURS

SUBROUTINES REQUIRED
( 1 )  SUBROUTINE HNTRIG
( 2 )  SUBROUTINE ARRAY
( 3 )  SUBROUTINE LLSQ

METHOD
THE TRIAL PARAMETERS ARE USED IN SUBROUTINE HNTRIG 
TO CALCULATE A SET OF CALCULATED RESONANT FIELD S .
THE TRIAL PARAMETERS AND AN INCREMENT ARE USED TO 
FIND A SET OF PARTIAL DERIVATIVES NEEDED IN SUBROUT­
INE LLSQ. LLSQ I S  USED TO FIND THE CORRECTIONS,
C OR ( I ) ,  TO THE TRIAL PARAMETERS IN ORDER TO MINIM­
IZE THE EUCLIDEAN NORM BETWEEN THE CALCULATED FIELDS 
AND THE EXPERIMENTAL RESONANT FIELDS.
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C PROGRAM F I T  
C
Q

DIMENSION THCT A 0 < 5) , PH Il)< 5 ) » THHTA ( 5 ) , PHI ( 5 ) , BETA( S) , ALPHA( 5 ) ,  OPPHF 
1 ( 5 ) , DPPH{ 5 ) , G( 5)  , GX( 5)  , P ( 7 ) *  D1(7> ,HX F ( 5  , 5 , 6) , HX( 5 , 5 , 6 )  , HC ( 5 , 5 , 6  ) , H 
2D( 5 , 5 , 6 )  ,C.OR{ 7) , W( 3 0 ) ,  ’> ( 3 0 , 7 )  , 0 1 ( 2 1 0  1 , I PI  V( 7 ) , AUX( ] 4 )  , P 2 ( 7 ) , DELTA( 
3 7 ) , SUM 1( 7) , STL>( 7)

C
C READ IN PARAMETERS TEMPERATURE, ETC.
C

READ ( 5 , 1 )  ( DE LTA( I ) ,  1 = 1 , 7 )
READ ( 5 , 3  ) ( P i l l ) , 1 = 1 , 7 )
P E A D ( 5 , 7 2 )  NTEMD
KN = 0  ,

73 REA 0 ( 5 , 2 )  NANGLE, NHX
p n  7)  = i o . o
bo" 60 NA~ 1,  NANGL!: .............. "".......  '.. .............. ...... .... .......................... ...
DO 60 1=1 , 5  
00 60 K = 1,  6 

60 H X F ( N A, I , K ) = Q . 00
DO 4 J = 1 , N A N 0) c
R E AO( 5 , 5 )  THF TADl J ) , PH I D ( J ) , OP PDF( J )

 THE) A( j ) =THETAD{J ) * 3 . 1 4 1 5 9 3 / 1 8 0 .
PH I ( J ) = PH 11) ( J ) 4 3 . 1 4 1 6 9 3  /  1. 80 .
D P P H (, J ) = D P P H F ( ! ) /  4 . ? 5 7 7 

C READ IN  r,’HE MEASURED FIELDS GIVEN IN "’ERRS UF THE PROTUN 
C RESONANT FREQUENCY.
C INDEX J  ID E N T IF IE S  THE ORIENTATION 
C INDEX K1 ID E N T IF IE S  THE ELECTRON SPIN TRANSITION 
C K l = l ,  5 / 2  t o  3 / 2
C K l = 2 ,  3 / 2  t o  1 / 2
C 1(1=3, 1 / 2  t o - 1 / 2
C K l = 4 , - l / 2  t o - 3 / 2
C K l = 5 , - 3 / 2  t o - 5 / 2
C INDEX N1 ID E N T IF IE S  THE NUCLEAR SPIN 
C 1-1=1, 5 / 2
C N l = 2 ,  3 / 2
C M l= 3 , 1 / 2
C N 1 = L , - 1 / 2
C N l = 5 , - 3 / 2
C N l = 6 , - 5 / 2
C

7 PCA0 ( 5 , 6 ) K1 , N1 , HXF( J »K1 , N1) , K ? , N2 , HXF( J , K / , N2) , K3 , N3, HXF( J , K3 , N3 ) ,
1 K 4 , N 4 ,  H XF { J t K 4 t N A ) , K 5,  0 5 , H X c { J , K 5 , N 5 ) , K 6 »(\; 6 »H X F ( J , K 6 , 0 6
2 ( J , '< 7, M 7 ) , N 

 ....... .....I F l N . P O. C )  GO r 0 7......................
DO 4 1 - 1 , 5  
DO 4 K - ) , 6  

4 SIX! J i l  , K ) -- H X F ( J , I , K ) /  4 . 2 5 7 7
N= 0
DO 50 1 - 1 , 7  

b 0 C 0 R ( I ) = 0 .  0 0
a DO o 1 =1 , 7

*5 ( J ) — P 1 ( 3 )
0 P l (  I )=P(  I )-!COk ( 1 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59a

W R I T E ( 6 ,  1. 0!
W R I T E  ( 6 , 1 1 )  _ ___

   KR 1 1 1  ( 6 ,  1 2  ) ( :> 1 ( J ) ,  I -- 1.» 7 )'
C A L L  H N T L I G ( P I , M A N G L E , T R E T A , P H I , D P P H , H C )
WR I T E  ( 6 , 1 3 )
J  = 0 ................................................................................. .
DO 1 4  N A = 1 , WANGLE 
DO 1 4  MN= 1 , 6
DO 1 4  ' MS = l",  5 ............  ...... ............ ....  .......... .
I F ( H X ( NA » M S , MN ) -  0  . 2 )  1 4 ,  1 5 ,1.  3 

1 5  J  = J  + 1
W ( J  ) ~ H X ( N A » M S , M N ) - H C ( NA » MS » M N )
WR I T E  ( 6 , 1 6 )  N A , M N , M S , H X ( N A , MS » MN)  , H C ( N A , M S , MN ) , W( J )

_ 1 4  C O N T I N U E
SUM = 0 . 0  -  — -  -  - - ...... -----.......  ........

DO 1 7  K. = 1 ,  M H X
1 7  SIJ V = SU M + W ( K ) * *  2 ................................................

W R I T E  ( 6 , 1 8 )  SUM 
I F  ( S U M - 2  5 . 0 )  1 9 , 2 0 , 2  0

J L 9  WR I 1 •; ( 6 , ? ?  ) ................ .__ ___
N = 1 0
GO TO 3 3  

20 ,  _ DO 2 2  1 = 1 , 7
J  = 0
DO 5 1  K - 1 , 7  

5 1  P 2 ( 3 ) - P 1 ( K )
P 2 ( i ) ~  P  1 ( I ) + i.) r: i._ i A ( J )
C A L L  H N T P I C ( P 2 , M A N G L E , T HE T  A , P H 1 , D P P H ,  HD)
SUM 1 ( I ) = 0  • 0
DO 2 2  N A = 1 , M A N G L E

■   DO 2 2 MN= 1 , 6  ..............~ ~      ' ........................   " ...................
DO 2 2  M S = 1 , 5
I F  ( MX ( NA t  M S , MM) ~ 0 . 2 )  2 2 , 2 3 , 2 3  

2 3 J  = J  + 1
D ( J ,  I ) = H O ( N A , M S , MN ) / D E I  T A ( I ) - H C ( N A , M S , M N ) / D E L T A ( T )
SUM], { I } = SUM1 ( I ) + U ( J  ,  I ) * * ?

2 2  “ C O MT I N U ' E  " ” ...........................   '  ' .'   ..................................
DO 7 5  1 = 1 , 7
S T D  ( I ) = S Q R T ( S U M / (  S U M H  I ) * N H X )  )

7 5  C O N T I N U E

C A R R A N G E S  P A R T I A L  D E R I V A T I V E S  I N  L I N E A R  F O R M  I N  O R D E R  
C T H E  S C I E N T I F I C  S U B R O U T I N E  L L S Q  MAY B E  E N T E R E D  

C
CA L L  ALP AY< 2 , M M , 7  r ?  0  , 7  , 0 1 ,  D ) ..............................................................
C AL L  1 L S D ( H I , W, N H X , 7 , 1 , C H H , I P [ V , 0 . 0 0 D O C 2 ,  1 E R F , A U X )
I F  ( 1 1 R R  j 2 4  , 2 5 ,  2 6  ........................... .......... ................  .........

2 4  W R I T E  ( 6 , 2 7 )
N -  1 0
GO TO 3 3  

2 6  WR I T E  ( 6 , 2 ? )  I F k R
2 5 W R I T E  ( 6 , 2 9 )

W R I T E  ( 6 , 4 1 )  ( 'MIX ( j  ) , J - I  , 1 4 )
W R I T E ( 6 , 4 0 )
W R I T E ( 6 , 1  1 )

THAT
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W R I T F ( 6 » 4 1 )  ( S i J M l d  ) t l ~ l , 7 l  
W R 1 T E ( 6 » 7 1 )
WRITE < 6 , 1 1 )

 WR I T F ( 6 i 4 1  ) ( S T O ( I ) » I = I * 7") ...............~.' ..........." ...."... .............  .......
WRITE ( 6 , 3 1 )
WRITE - ( 6 ,  1 1 )
WRITE ( 6 , 3 )  ( C OP ( I ) , 1 = 1 , 7 )

3 3  N = N + 1
IF ( N . L T . 4 )  GO TO 8
K N = K N + 1 ...............................
I F ( K N . L T . N T F MP )  GO TO 7 3

1 FORMAT ( 7 F 3 . 4 )
2 FORMAT ( 2 1 3 )  '

3 FORMAT ( 1H0 , 7 FI 0 . 5 )
b  FORMAT ( 2 F 5 . 1 , F 8 . 2 )
6   FORMAT ( 7 ( 2 T 2 , F 7 . 1 ! , 1 2 )  .. ..............................
10  FORMAT ( 4 S H 1  PARAMETERS)
11 FORMAT ( 6 7 H 0  G P A R GPER A 3 B2 0 5

1 4 0  P 4  3)
12  FORMAT ( 1 H0 , 7 F 1 0«  5)
13  FORMAT ( 6 0  H 0 NA HO MS HX HC

 i   w)..............   '.... ' ........ ....... ' ~ '       -   * '.....
16  FORMAT ( 1 H 0 , 3 I 6 , 3 F 1 5 . 2 )
18  FORMAT (EDO SUM - , F ) 0 . 4 )
21 FORMAT ( 3 4 HO "FI T COMPLETE)
2 7  FORMAT ( 4 2 H 0  I ERR NEGATIVE PROGRAM TERMINATED)
2 8  FORMAT ( 3 6 H 0  RANK = , 1 2 )  «
2  9   FORMAT ( 3 6 H 0 ..........  ".........  .... .............. .......AUX MATRIX)  "  ......................
4 0  FORMAT( 60HO SUM OF SQUARES OF PARTI AL OFF IV AT

I IV E S )
4 1  FORMAT( 1 H 0 , I P 7 E 1 0 . 3 )
31  FORMAT { 5 3 H0  CORRECT 1 ON TO PARAMETERS)
7-1 FORMAT ( 5 7 H 0  STANDARD DEVI ATI ON OF PARAMETER

I S  )
7 2  FORMAT ( 1 3 )

CALL EXIT
END  .....................................
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SUBROUTINE HNTRIG

PURPOSE
TO GENT''OArpip A 01i' rT’ nT? P t f Q O N A M T  Ti’ T  T? T fl<? H / T  .T 

USING A SET OF TRIAL PARAMETERS, P ( I ) ,  SUBSTITUTED 
INTO THE SPIN-HAMILTONIAN. THE TRIAL PARAMETERS 
ARE EXPRESSED IN GAUSS AND THE ANGLES IN RADIANS. 
THE CALCULATED FIELDS ARE IN GAUSS.

SUBROUT IMF HNTRI G( P , NANGLr t THETA, PH I , DP P H , K )
ni MENS I ON P ( 7 ) , H ( 5 t 5 f A ) , DP P H< 5 ) ,  A L P HA ! 5 ) , B I T A ! 5)  »T HE  TA t 5 ) , ° H I  ( 5 ) , 0

1 ( 5 5 f G X ( 5 ) , THF TAO! 5)
DO BOO NA= ] , NANGLE
G ( M A ) = SOKT ( ( P (  1 >*COS< THE TA( NA ) ) ) * * 2  + ( P t 2 ) * S I N (  THFT A! NA ) ) ) * * 2 >
AL °  H A ( NA )= PH I ( V A )
T IT F T A 0 ( N A } ~ T M F T A ( N A ) * 1 8 0 . 0 / 3 . 1  A I 5 ^ 3  
I F ! A B S ! 1 H F T A 0 ( N A ) -  9 0 . 0)  -  0  • 2 ) 5CI  » 5C1 , 5 0 3  

5 0 1 B F T A ( N A ) = T H E T A ( N A )
GO TO 5 0 3

5 0 3  BET Al M A ) ~  AT AN ( P ( 2 ) * T A N ( THFTAfWA)  ) /  P { 1)  )
5 0 ?  GE = ? . 0 0 . ? 3

GX I NA ) -  0!” /  0 ( N A )
C B - C O S ! B E T A ( N A ) )
S B - S  IN ( P. FT A ( N A M  
CAUCUS( ALPHA! N A »)
S A:: s IN ( Al PITA ( NA I )
C A 3 - C 0 5 ( 3 . * A L P H A ( M A ) )
S A 3 = S IN ( 3 . * A L P H A < A' A ) )
A 2 0 ~ ° ( B ) * ( 3 . * C P v * 3 - 1 . ) / 3 .
A ? 1 = - ? . * P ( 5 ) * S I N ( 2 . * P E T A ( N A ) )
A 2 P - 3 , * P ( 5 )
A A 0 = ( !' ( 6 } * ( 3 5 . * C B * * A -  3 0 .  * C B A * 2 + 3 . ) + P { 7 ) * 5 p * * 3 0 B * C A 3 ) /  B .
A41RG= ( ? 0 . * P !  f >)*SP*CB>M 3 . - 7 .  *0  8 * * 7  ) + P ! 7 ) * S B * * ?  * { 4  . *c . p**J>-  1 .  ) * C A ? ) /

1 4 .
A 4 1 I M ~ 3 . * P ( 7 ) A’S P A A 2 * C B A S A 3 /  4  .
AT I A" - - A4 l P i  I ] m* * 2
A42.R F -  ( 1 . 0 . * P ( 6 ) * S B * * ? * (  7 .  . ) + ° (  7 )  *{  ? . * S S * C 8 * * 3 * C A3 ) ) / 4  .
A 4 2 I M = P ( 7 ) * ( S B * r 3 . * C R * * 2 - l  . ) * S A 3 ) / 4 .  '
A 4 ? 4 R= A4 ? R F * * 2 + A 4 2 I M * * 2
A4 3 kE= ( — 1 4 0 . * P ( 4 ) * S R * * 3 * C B + P  ( 7 ) >1' ( 4 .  * C B * * 4 * 3 .  *C.B* * 2 - 3  . ) *C A 3 ) ' 4 .
A4 3  IM = P ( 7 ) * C P * (  5 . - 9 . - C P - * 2 ) * S A 3 / 4 .
A 4 3 A p- = A 4 3 p F ❖ 2 * A 4 3 t N * * 2
A4 4 R p = ( 35  . *P ( 6 ) * S ^ S A + P !  7 ) *{  -  S 8 * C p * ( 7 .  ) *C A3 ) ) /  5 .
A 4  4 IM= p ( 7 ) *  S B * < C p * * 2 + I . ) *  S A 3 / 8 .
A4 4  A R = A 4 4 P F * * 2 + A 4  4 I K * * 2
CK.=— SOPT(  ( P ( 3 ) * C R ) * * ? M P f  4 ) * S B ) * * 2 )
j !(1- 0 °  D H { N A t *  1 . 0 0 0 h  4 9  3
P2A ->= ( P ( 4  ) * * 2 —p { 3 ) ) /  ! 2 . *GK )
A? I ?= 4 2 1 * * 2  
A ? ? 2 = A ? ? 4 * ?
S' X’- S  j ' ( 2 .  n 5 T A f N A ) )
P2 A? ? =  B?A. ?**?

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

AB2 = 3 }  /CK ) * * ?
DO 5 0 0  VN-=1, 6  
X 1 = ‘-1N
X N = ( 7 . -  3 . * X 1 > /  2 . ..........'.............................................................. ....................... .......  .........
XN2 = XN* * 2
H { N A T 1 , NN 5 ~ ( HO-  4 . *  ( A 2 0 + A AO ) - C K * XN- ( 8 . * A 2 1 2 / 9  . - A  . * A 2 2 2 / 9 . - A 4 1 A 3 / 4 0 .  

1 + A 4 2 A B / 2 0 .  f  A4 XA5 /  1 2 0  . + 4 2 1* A4 1 R E + A2 2 * A 4 2 RF + 2 . * ( A2 1 + A 4 1 R F ) * XN* B2  4 2 * 5  
? R2  + < 3 5 .  / *  XM2 ) * (  A 0 2 + P (  4 1 « 2 )  /  4 . + X N2 *R 2 A 2 2 *S R? * * ?  /  2 . +2  . *X N* P ( 3 ) * P {  
3 4  ) *  * 2 / C K ) / H 0 ) * C X < N A )

H { N A , 5 , f'N ) = ( H 0 + 4 . * (  A 2 C + A 4 0 ) - C K * X N - ( R . .* A 2 1 2 / 9 .  - 4  . * A 22 2 /  O . -  A4 1 A 3 /  4 0  .
1 + A 4 2 A B /  ? 0 .  + A 4 3 A R /  1 . 2 0 . + A 2 l * A 4  1.R F + A 2 2 *A 4 2 R F- 2  . * ( A? 1 + 441  PF ) * X N * A ? A 2 * S
2 P 2 + ( 3 5 . /  4 . - XN 2 ) * ( A B 2 + P ( 4 ) * * 2 ) / 4 . + X N 2 * B 2 A 2 2 * S B 2 * * 2 / 2 . - 2 . * X N * P < 3 ) * P(
3 4 ) * * 2 / C K ) / H O ) * G X { N A )

H I N A , 2 , MN) = ( H O - ( 2 . * A 2 0 - 5 . * A 4 0 )  —C K * X N - ( - A  2 1 2 / 9 .  + 5 . * 4 2 2 2 / 9 . + A 4 1 A H / 5 .  
1 + 9  . * A 4 ? A B/ 8  0 . - 4 4 ? A B / I  2 0 . +A4 4 A H / 2 0 . - A2 ! * 4 4 1 PF + A2 2  * A4 2 RF/ 2 . +  ( A 2 1 - 5 . *  
2 A 4 I R E / 2 . ) * X N * R 2 A ? * S R  ?+ ( 3 5 .  / 4  X N 2 ) * (  AE2 + P ( 4 )  * * 2  ) /  4 . + X N 2 * B 2 A 2 2 * S R 2 *
0 * 2 / 2 . +  XN * P ( 3 ) * r > ( 4  ) * * 2 / C K 1 / H 0 )  *G X ( N A)

H { NA,  4 ,MN ) = ( HO + ( 2 .  * 'A 2 0 -  5 .  * A 4 0 )  -  G K * X N-  ( - A 2  1 2 /  9 . + 5 . * A? 2 2 /  ° . +A4 1 A 3 / 5 .
1 + 9  .  * A 4  2 A 6 /  3 0 • -  A 4 3 A B /  1 2 0  . +A4 4 A R / 2 0 . - A 2  1 * 4 4  ] P F + A 2 2 * A 4 2 R E / 2  . - (  A 2 1 - 5 . *  
2 A4 I R E / 2  . ) * XN* R2 A 2*  SB 2 + ( 3  5 . / 4 . - X N 2 ) * ( 4 B? + P ( 4 ) * * ? ) / 4 . + X N2 * f t ? A 2 2 * S P 2 *  
3 *  2 / 2 . - X N * P ( 3 ) * P ( 4 ) * * ? / CK ) / HO) * GX( N A )

5 0 0  HI NA,  3 ,  BN ) - ( HO-C K * XN -  ( - 4 .  * A 2 1 ? /  9 .  + P. .  * A 2 2 2 /  9 . -  A4 1 A R / 4 . - A 4 2  A R / 1 0 . +A4 
1 3 A R / 6 0  . + 2 . *  A 2 1 * A 4 1 R F / 3 .  — 2 . * A 2 2 * A 4 2 A B + ( 3 5 . / 4 . - X N 2 ) * ( AB? + P 1 4 ) * * 2 ) / 4 .
2 + XN2*P.  2 A? 2* S 32 * * 2  / 2  . ) / HO ) *GX ( N A !

RETURN
fn n .........................    ' ..........................................
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SUBROUT INE I t  SO 

PURPOSE'
TO SOLVE LINEAR LEAST SQUARES PROBLEMS,  I . E .  TO MI NI MI ZE  
TOE FUCl  I DEAN NORM OF B - A * X ,  WHFPF A I S  A M BY N MATP IX 
WITH M NOT LESS THAN N.  TM THE SPECI AL CASF M=N SYSTEMS OE 
LINEAR EQUATIONS MAY BE SOLVED.

USAGE
CALL LLSQ ( A, B , m , N , L , X, I P I  V , E P S , I E E , AUX)

DESCRI P I  ION OT PAP AMETERS
A -  M BY N COEF F I CI ENT MATRIX ( DES TROYED) .
R -  M P,Y L R I G H T  HAND SI DE MATRIX ( DES TROYED) .
M   -  ROW NUMBER OE MATRICES A AND P.
N -  COLUMN NUMBER OF MATRIX A,  ROW NUMBER OF MATRIX X.
I -  COLUMN NUMBER C'E MATRICES 9 AND X.
X -  H BY 1 SOLUTION MATRIX.
TPIV -  INTEGER OUTPUT VECTOR OF D I v E ('1 SI ON N WHICH

CONTAI NS INFORMATIONS ON COIIJMN INTERCHANGES  
IN MATRIX A.  ( S EE REMARK N O . 3 ) .

EPS -  INPUT PARAMETER WHICH S P E C I F I C  S A RELATIVE
TOI FRANCE FOR DFTFP MI NATI ON OF RANK OF MATRIX A.  

IFF -  A RESULTI NG ERPOF PARAMETER.
AUX -  AUXI LI ARY S U jRAGF APR AY OF DIMENSION M A X ( 2 * N , l  ) .

' . . J ! ' -  rN I.  I U - ' l N  I l i - O  1 L  j 1 I  m  \  , )  L > I 1 ' U A  V . . U L M I  / T 1 I U ( ) i

H S U I H N G  LEAST SQUARES.

RFM ARKS
(I. )  NO ACTION RE S I DES  ERROR MESSAGE I E P = - 2  IN CASE 

M LESS LOAN N.
( 2 )  MO ACTION B ES I DE S  ERROR MESSAGE IFF — 1 IN CASF 

OF A 7ERO-MATRI  X A.  ’
( 3 )  IF RANK K OF MATRIX A I S  FOUND TO EE "LESS THAN N RUT 

GREATER THAN 0 ,  THE PROCEDURE RETURNS WITH ERROR CUDr 
I ER=K INTO CALLING PROGRAM. THE LAST N- K ELEMENTS op  
VECTOR IP IV DENOTE THE USELESS COLUMNS IN MATE IX A.  
THE REMAINING USEE III COLUMNS FORM A BASF OF MATRIX A.

( 4 )  I F THE PPOOF D U E F WAS SUCCESSFUL,  ERROR P A R A D E t c r  IER 
IS SET TO 0 .

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

met u r n
HOUSEHOLDER TRANSFORMATIONS ARE USED TO TRANSFORM MATE T X A 
1 0  UPPFB TP T ANGULAR FORM.  AFTER HA VI NO APPLI ED T j|F SAME 
TRANS FOP MAT ION TO THE RIGHT HAND SI DE MATRIX Rf  /v m 
A P Pi- 0  X I M A T K SOLUTION OF t mr  PEOPLED IS COMPUTED f'Y 
RACK. SUB ST H U T  I ON.  F OR. P FEE RE MCE,  SEF
G.  GOLUB,  LI IN EE. T f  AL MET 110 OS R 0 R SOLVING I I NEAR LEAST 
SQUARES "km.'FLENS , NU'Mry  I SC HE M A T H n ^ A T T K ,  V n L . 7 ,
I S S . ?> ( 1 D ( > ,  P D . 2 0 A - 2 1 6 .
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SUBROUTINE LI. SO ( A » B t M , N , L , X , I P IV , E P S , 11P » AUK )
C

01 MENS I nil A t l ) , B U ) f X ( l ) , I P I V m, A U X ( l )
c  ................................................................................................
c  r n r n o  t e s t

T F ( M~ N) 3 0 ,  1 ,  1

GENERATION OF I N I T I A L  VECTOR S ( K)  ( K = l , 2 , . . .  »N) IN STORAGE 
LOCATIONS AUX( K)  ( K=]  , 2 , . . . , N )

1 P I V -  0 .
11 NO--'!
00 A K = 1 ♦ N 
IP I V( K )=K 
H = n .
1 s r = 1 en n +1
I FN 0 = IEND+M
o n 2  i = t s t T" i EN'ii ...........................................................................................................................

2 H= H«- M M * A I I )
AIJX ( K ) ~ H 
I F ( H - P I  V)A 1 A! 3

3 P I V = M 
KP I V = K

4 ' CONTINIJF

ERROR TEST 
i E ( P I V ! 3 1 , 3 1 , 5

0 L E INF TGI FRANCE FOR CHECKING RANK OF A 
S SI G= S ORT( PI  V )

TOL.-S I G-A RS ( EPS)

DECOMPOSITION LOOP
L R - L  *  M
T ST-- — m 
DO ? l  K = 1 , N  
I S T ■- I S T + M + 1. 
i n j O =  IST-iM-K.
I = K r> I V — Y 
I F ( l ) 8 , n , 6

INTERCHANGE K- TH COLUMN OF A WITH KP1 V- TH IN CASE K P I V . G T . K
6 H- AUX( K)

AIT X (K. ) -  AUX ( KP I V  )
AOX( K P I V ) -  H
ID -  I*M
0 0  7 T=TST,  I END
j = i  + i n
H=A( I )
a ( n  = a ( j )

7 A { J ) -  H
c
c . "  CCf ' iPi JT A T  TON n p  PARAMETER S I C
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8 I F ( K-  1 ) 1 1 t I 1 » O
9 S I G = 0 .

DO 10 1=1 S T , TEND  
10  S 1 0 = 8 1 0 +  A ( I ) * A { I )

S ! G = S O K T ( S I G )
C
C TES T ON SINGI.JI. ARFTY

I Ft S IG-TOI.  ) 32 , 3 2 ,  11
C
C ......  G E N HR A T1“ CORRFCT SI GN OF PARA M F T F P SIG

U  0= A ( 1 S T )
1 9 ( 0 ) 1 2 , 1 9 , 1 9

12 S IG = -  S IG
C
C SAVE I N I  r PCHAMGF I N F O R M A T I O N

13 IP I V ( KP I V ) = I P I V ( K )
J P T V { K ) -  K P I V

c
c  GENERATION OF VECTOR UK IN K-TH COLUMN OF MATRIX A AND OF
C PARAMETER BETA

P f t  A -  H+ S I G 
A'( ISTj=r- , i .TA 
BET A= 1 .  / (  S I G-’! B ETA )
J ~ N + K
At.JX( J ) = - S I G
I F I K - M I W l I O . I Q*. 4 t . ' t /  . I I

c
C, T R A N S F O R M A T I O N  OF M A T R I X  A

14 P I V = 0 .
10 = 0 
J S T- K + 1
K P I V = J S T 
DO 1 8  J~ J S T, N

  J 0= I U + M
; U = 0 .
j 9 0  15 T= 1 S T , TEND
j (1 = 1 + 10
j 15  H=H + A(  l ) * A (  I I )
! H = D E T A * n

Pf) 15  I = I S V , I F NO 
U  = 1 + I D

16  A( I I ) = A { I 1 ) - A ( I I NI
C
C M P O M I M G  OF EL EMENT  S f . l )  STORE D I N  1 O R A T I O N  A I J X ( J )

1 I = I S T + I D
0= ALLX { J ) -  A ( II  ) * A ( I T )
AUX ( J ) -  H
I F  { i l - P  I V ) 1 8 ,  1 8 , 1 7

17  MV = H  
KPI V=J

18  CONTI MIJ E
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c  TRANSFORMATION o r  r i g h t  h a n d  s i d e  m a t r i x  r

IQ no 21  J=K,t. .M,M.
H ~ 0 .
I END- J+t o - K  
! I = 1 ST

...................HO 2 0  I - J f IEND
H ■= H + A ( ! I ) O i (  I )

2 0  1 1 = 1 1 + 1
H- BFT ATM 
! I = I S T
nn 21 I - J * I FN 0 
R ( I ) = B ( I ) -  A ( I I j * H 

• 21 I I~ 1 I ♦ 1
C END OF n r c n MP OS I T I OM LOOP
C BACK SUPEl  1 TOT ION ANO BACK IN'lTRC MANGE

IF R = 0 
1 =N
t M = L* N
P I V -  1 . /  AI) X ( 2 * M )
DO 2 2  !<-N j L Nt N 
X ( K )■-•=(> 1 V*B ( I )

 2 2  I = HM
I F ( N-  1. ) 2 6 ,  ° 6 t ? 3 

2 3 J S T = ( N -  1 ) s.'-AH M
nn i c  i -')  mi." < c. ■* v» -■ j ’
J $ T = J S T - 0 - 1
k s o + n + i - j

PI V =1 . / / o x  f K )
K / l  r.k.-i'
1 D -  I P ! V ( K S t  ) — K ST 
I S T= 2 —J 
DO 2 5 K -■ 1 f L 
H - R ( K S T )
I ST= I ST + f 1 
I f. N D = 1ST 4 vi -  2 
T T -- J S I
DO 2 A I - 1 S T,  1 FND 
f 1= I I+M 

2 A ! I = H — A ( 1 T ) 2 X { I )
1 = T S T— 1 
1 1 =1 4 - 1 0  
X ( I ) = X ( I I )
X ( ! ! ) - i ' 1 V : l-1 

2 5 KST=KST + m
c 
c,
C COMPUT AT I ON OF LEAST SQUARES

2 0 I S T = N + 1 
! FN0---0
00 ?9 J •= 1 ? I
1 END:- I [T,n »• <
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H= 0 •
1 F ( M - N ) ? 9  » 2  9  » 2  7  

21  n n  ?  8 J -  ! ST f I END 
2  8  11= H + B  ( 5 ) R { I )

I S T ~ I  ST +f-
2 9  AUX ( J ) = H ................. .......................

PR TURN
C
c PR P.OP R FTUP-N IN CA S E M t ESS THA N N

3 0  I E P = - 2
RF TURN

C
c ' FPKPP RETURN IN CASE OF ZEPb-MA.TR IX A

31 1 i > " - 1
RETURN

F PROP RETURN IN CASE OF RANK CF M A T R I X  A LESS THAN N , 
i  r  p = K -  1 
P F y pip o
END

C
32
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APPENDIX D

Comparison Between Parameters  at  X-Band and at  K-Band

Parameters K-Band
Parameters  (G,)

X-Band Parameters  (G.)

Parameters  C a l ­
c u l a t e d  u s i n g  
P i e c z o n k a ' s 
r eson ant  f i e l d s  
i n  our r o u t i n e  j

P i e c z o n k a ' s
p u b l i s h e d
parameters

Room Temperature

8 II
2 .0 011 + 0 .0 0 0 5

ooooCM + 0 .0 0 0 5 2 .0 001 0 .0 0 0 5

8 r
2 .0 0 1 0 + 0 . 0 0 5 2 .0005 + 0 .0 0 0 5 | 2 .0 005 + 0 .0 0 0 5

A - 9 0 . 7 4 + 0 . 2 5 - 9 1 . 7 8 + 0 . 2 5 1 - 9 1 . 4 + 0 . 4

B - 8 9 . 6 9 + 0 . 2 5 - 8 9 . 9 8 ± 0 . 2 5 - 9 0 . 6 + 0 . 6

>2° -  5 .8 5 + 0 . 5 0 -  6 .9 8 + 0 . 5 0 | -  7 .2 0 + 0 . 2 5

b4° -  4 .31 + 0 . 5 0 -  3 .3 9 + 0 . 5 0 1 -  3 . 6 0 + 0 . 1 5

Liquid  N i tro g e n  Temperature

S|| 2 .0011  +  0 .0 0 0 5 1 2 .0007  +  0 .0 0 1 0

g 2 .0 0 1 0  +  0 .0 0 0 5 2 .0 0 2 0  +  0 .0 0 1 0
l 1

A - 9 2 . 2 2  + 0 . 2 5 - 9 1 . 6  ±  1 .0
E  |

B - 9 0 . 1 8  ±  0 . 2 5 - 9 0 . 6  + 0 . 6

b ° - 1 3 . 3 9  ±  0 . 5 0 | - 1 3 . 7  + 0 . 2 5
2

i 0 -  3 . 7 4  +  0 . 5 0 ' -  4 . 2  + 0 . 1
4 1

j  Sp in -H a m i l to n ia n  used  Eq. 1 1 .2 5  

* S p in -H am i l ton ian  used  Eq. 1 1 .2 4

g] C a l c u l a t i o n s  were no t  c a r r i e d  out  due to  l a ck  o f  p u b l i s h e d  
reson ant  f i e l d s  at  X-band.
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