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Abstract:
A K-band electron paramagnetic resonance spectrometer was construc-ted in order to determine the
high and low field g-values, line shapes, and line widths for the spectra of divalent copper in
ethylammonium-tet-rachlorocuprate and methylammonium-tetrachlorocuprate. The g-tensors were
determined to be gxx = 2.053, gyy = 2.067, and gzz = 2.261 for ethyl-ammonium-tetrachlorocuprate
and gxx =2.054, gyy = 2.067, and gzz = 2.271 for methylammonium-tetrachlorocuprate. An exchange
frequency of 20.39 GHz for ethylammonium-tetrachlorocuprate and 17.48 GHz for
methylammonium-tetrachlorocuprate was computed. Data was also taken on
acetamidinium-tetrachlorocuprate to confirm earlier findings. 
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A b s t r a c t

A K-band e l e c t r o n  p a ra m a g n e tic  r e s o n a n c e  s p e c t r o m e te r  was c o n s t r u e -  
t e d  i n  o r d e r  to  d e te rm in e  th e  h ig h  and low  f i e l d  g - v a lu e s ,  l i n e  sh a p e s , 
and l i n e  w id th s  f o r  th e  s p e c t r a  o f  d i v a l e n t  c o p p e r  i n  e th y la m m o n iu m -te t-  
r a c h l o r o c u p ra te , and m ethy lam m onium -tet r a c h l o r o c u p r a t e . The g - t e n s o r s  
w ere  d e te rm in e d  to  b e  g = 2 . 053, g = 2 . 06? , and g = 2 . 26l  f o r  e t h y l -  
a m m o n iu m -te tra c h lo ro c u p M te  and gxx  ^ 2 . 05h , g = 2.§ § 7,  and  gzz  = 2.271  
f o r  me thy lam m on ium -te  t r a c h l o r o  c u p r a t e .  An ex ch an g e  f re q u e n c y  o f  2 0 .3 9  GHa 
f o r  e th y  !amm onium -t e t r a c h l o r o c u p r a t e  and 17. US GHz f o r  me th y  !ammonium- 
t e t r a c h lo r o c u p r a t e  was com puted . D a ta  w as a l s o  ta k e n  on  a c e ta m id in iu m -  
t e t r a c h lo r o c u p r a t e  to  c o n f irm  e a r l i e r  f i n d i n g s .



C h a p te r  I :  I n t r o d u c t i o n “

E le c t r o n  p a ra m a g n e tic  re s o n a n c e  (EPR) h a s  b een  a  u s e f u l  t o o l  o f  th e  

s p e c t r o s c o p i s t  s in c e  th e  f i r s t  e x p e r im e n ts  o f  Z a v o isk y  i n  1914*.1 The im­

p ro v e m e n ts  i n  m icrow ave eq u ip m en t h av e  g iv e n  c o n t in u in g - im p e tu s  to  th e  

a p p l i c a t i o n  o f  EPR t o  th e  s o l u t i o n  o f  p ro b le m s  i n  a  w ide  ra n g e  o f  d i s c i ­

p l i n e s ,  in c lu d in g  b io lo g y ,  c h e m is tr y ,  e n g in e e r in g  and p h y s ic s .

C l a s s i c a l l y ,  th e  s p in n in g  e l e c t r o n  i n  a  m a g n e tic  f i e l d  h a s  b e e n  com­

p a re d  t o  a  s p in n in g  to p  p r o c e s s in g  i n  th e  g r a v i t a t i o n a l  f i e l d  o f  th e  
2

e a r t h .  A s im p le  quantum  m e c h a n ic a l  t r e a tm e n t  w i l l  be  g iv e n  h e r e .  Con­

s i d e r  th e  m a g n e tic  moment, -  g /% ^  a s s o c i a t e d  w ith  th e  s p in ,  “s', o f  an  

e l e c t r o n ,  w here  g i s  t h e  s p e c t r o s c o p ic  s p l i t t i n g  f a c t o r  o r  Lande g - f a c t o r  

(2 .0 0 2 3  f o r  f r e e  e l e c t r o n s )  and / ?  i s  th e  B o h r m agneton  (Xv7 = 0 .9 2 7 3 1  x 

IO"20 e r g / g a u s s ) . ^ ’ ^  Quantum  m e c h a n ic a l ly ,  J i  ca n  assum e 25 + I  d i s c r e t e  

o r i e n t a t i o n s  i n  a  s t a t i c  hom ogeneous m a g n e tic  f i e l d ,  H0 , a c c o rd in g  to  th e  

Zeeman i n t e r a c t i o n  Hz = g /SjHq i S . Each o f  t h e  o r i e n t a t i o n s  c o r re s p o n d s  to  

an  e n e rg y  l e v e l  i n  th e  sy s te m . A s m a ll  p e r t u r b in g  m a g n e tic  f i e l d ,  H1, 

p e r p e n d ic u l a r  to  Hq and ” r o t a t i n g ” a b o u t Hq w i th  a  f r e q u e n c y  o) ,  p r o v id e s  

t h e  e n e rg y  f o r  t r a n s i t i o n s  among th e s e  l e v e l s .  The c o n d i t io n ,  f o r  r e s o n a n t  

a b s o r p t io n  i s  g iv e n  by  t h e  f o l lo w in g  e q u a t io n :  h i )  = g/9HQ, w h ere  h  i s

P la n c k ’ s  c o n s ta n t  ( 6 .6 2 5 .7  x  IO "2? e r g - s ) . The z a x i s  i s  g e n e r a l l y  ch o sen  

to  b e  a lo n g  th e  f i e l d  HQ, w h i le  H1 i s  a  s m a ll  l i n e a r l y  o s c i l l a t i n g  f i e l d  

w h ich  a p p e a r s  t o  r o t a t e  i n  th e  p la n e  p e r p e n d ic u l a r  to  H^. H1 c an  be r e ­

s o lv e d  i n t o  two c o u n t e r - r o t a t i n g  f i e l d s ,  i n  th e  same p l a n e .  The com ponent 

w h ich  r o t a t e s  o p p o s i te  to  t h e  L arm our p r e c e s s i o n a l  d i r e c t i o n  h a s  l i t t l e  e f ­

f e c t ;  h o w ev er, th e  o t h e r  com ponent ca n  b e  a b so rb e d  and c a n ,c a u s e  t r a n s i ­

t i o n s .  The te rm s  f o r  t h e  H a m il to n ia n  ca n  th e n  be  w r i t t e n  a s  f o l l o w s : ' Hz =
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g/S’SgHo and ^  c o s P IT ^ t w here  S 0 and Sx  a r e  th e  z and x  a x is

p r o j e c t i o n s  o f  th e  s p in ,  Sx  ca n  be r e w r i t t e n  a s  S+ + S_ i f  S+ and S_ a re

and Scio — «p»tsa«w3ra»«3̂«se L et [ m^  r e p r e s e n td e f in e d  a s  f o l lo w s :  S+ -------

a  s t a t e  o f  th e  sy s te m , w here M i s  th e  e l e c t r o n  s p in  m a g n e tic  num ber, and 

o p e r a te  on  t h i s  s e t  w i th  Hpe r -Jio I t  th e n  seen  t h a t  t r a n s i t i o n s  to  h ig h ­

e r  and lo w e r  s p in  s t a t e s  a r e  p o s s ib l e , 1P e r tc g /5%  c o s 2 Thvt (S , + S „)

|M> = g Z^H1 c o s  2 IT tit | (  V  S (S  + I ) -M(M + I )  IM + 1> + V s ( S  + l)-M (M  -  l )

I M -  1>)J. The l i n e  i n t e n s i t y  o f  t r a n s i t i o n  p r o b a b i l i t y  p e r  u n i t  tim e  f o r  

t h e  s t a t e  |]yi -  1> i s  p r o p o r t i o n a l  to  t h e  m a t r ix  e le m e n t s q u a re d .  I n t e n ­

s i t y  /'vi |<M ~ I  I Hpe r ^ I M> [cos 2it',u t  ^S(.S + l )  ■» M(M — l )  J .
_X --X

B r i e f l y ,  Hq s p l i t s  th e  s p in  d e g e n e ra te  l e v e l s  and H1 p r o v id e s  th e  e n e rg y  

f o r  t r a n s i t i o n s .  T r a n s i t i o n s  ta k e  p la c e  o n ly  i f  th e  r o t a t i o n a l  f re q u e n c y  

o f  HI a b o u t th e  z a x i s  i s  th e  same a s  th e  r o t a t i o n a l  f r e q u e n c y  ( Larm our 

f r e q u e n c y )  o f  t h e  m a g n e tic  moment.

I n  a d d i t i o n  to  th e  m a g n e tic  moment o f  t h e  e l e c t r o n ,  many a tom s have  a  

n u c l e a r  m a g n e tic  moment w h ich  c a n  b e  d e f in e d  a s  = g ^ /$ T I ,  w here I  i s

th e  n u c l e a r  s p in .  The. e f f e c t  o f  t h i s  te rm  c a n  be c o n s id e r e d  a s  an  i n t e r ­

a c t i o n  p e r t u r b a t i o n •i n  th e  H a m ilto n ia n  and ca n  b e  w r i t t e n  a s  A S 'I ,  w here 

A i s  .a c o n s t a n t .  The n u c le u s  o f  th e  c o p p e r  atom  h a s  a  s p in  o f  3 /2  w hich  

sh o u ld  g iv e  a  h y p e r f in e  sp e c tru m ; how ever, e x p e r im e n ta l ly  t h i s  i s  c o n c e a le d

b y  th e  s p in - s p in  b r o a d e n in g  o f  th e  h y p e r f in e  t r a n s i t i o n .

The e l e c t r o n  i n  a  c r y s t a l  l a t t i c e  i s  n o t  f r e e  a s  was th e  c a se  i n  th e  ‘ 

p r e c e d in g  d i s c u s s io n ;  i t  i s  c o n s t r a in e d  b y  v a r io u s  i n t e r a c t i o n  and b in d in g  

f o r c e s .  The p a ra m a g n e tic  io n  c o n s id e re d  i n  t h i s  t h e s i s  was d i v a l e n t  cop­

p e r  (Cu"^~). Cu^" i s  i n  th e  i r o n  t r a n s i t i o n  g roup  and h a s  an  e l e c t r o n i c  con­
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f i g u r a t i o n  I s  2s 2p  3 s 3p  3d ^ .^  I n  s o l i d s  th e  e l e c t r o n i c  o r b i t a l  m o tio n  

i n t e r a c t s  w i th  th e  c r y s t a l l i n e "  e l e c t r i c  f i e l d s  and becom es d e c o u p le d  f ro m  

th e  s p in .  T h i s . i s  c a l l e d  q u e n c h in g  and i s  a  s t r o n g  m echanism  i n  th e  i -  

ro n  g ro u p . As a  r e s u l t ,  i n  Cu^" th e  g round  s t a t e  io n  i s  o n ly  s p in  d eg en e ­

r a t e .  The g round  s t a t e  i s  th e  -  y 2 o r b i t a l .  F ig u re  One shows a  s c h e -
. z

m a tic  d ia g ra m  o f  th e  e n e rg y  l e v e l s  o f  d i v a l e n t  c o p p e r !  T h is  f i g u r e  shows 

t h a t  th e  f r e e  i o n  l e v e l  i s  o r b i t a l l y  f i v e - f o l d  d e g e n e r a te  and tw o - fo ld  

s p in  d e g e n e r a te .  When th e  io n  i s  p la c e d  i n  a  c u b i c a l l y  sy m m etric  e l e c t r i c  

f i e l d ,  i t  s p l i t s  i n t o  two e n e rg y  l e v e l s ,  t h e  to p  one o f  w h ich  i s  t h r e e ­

f o l d  o r b i t a l l y  d e g e n e r a te .  The a d d i t i o n  o f  a  t e t r a g o n a l  com ponent to  th e  

e l e c t r i c  f i e l d  f u r t h e r  r e d u c e s  th e  o r b i t a l  d e g e n e ra c y . F i n a l l y ,  s p in  o r ­

b i t  c o u p lin g  e l i m i n a t e s  th e  o r b i t a l  d e g e n e ra c y . A p p l i c a t io n  o f  a  magne­

t i c  f i e l d  rem oves t h e  s p in  d e g e n e ra c y  o f  a l l  l e v e l s  b u t  i s  shown h e re  o n ly  

f o r  th e  lo w e s t  l e v e l . ,

The J a h n - T e l l e r  th e o re m  s t a t e s  t h a t  a  c r y s t a l  l a t t i c e  w i l l  d i s t o r t

3 7to  rem ove a s  much d e g e n e ra c y  a s  p o s s i b l e .  ’ K ram er’ s th e o re m  s t a t e s  t h a t  

i f  t h e r e  a r e  an  odd num ber o f  e l e c t r o n s  i n  t h e  sy s te m , no e l e c t r i c  f i e l d  

can  rem ove a l l  t h e  d e g e n e ra c y  o f  th e  s t a t e s . ^  The g round  s t a t e  o f  Out^ b e ­

f o r e  a p p l i c a t i o n  o f  t h e  m a g n e tic  f i e l d  i s  d o u b ly  d e g e n e r a te  and i s  s p l i t .  

8^2 cm” -1- fro m  t h e  n e a r e s t  e x c i t e d  o r b i t a l  s t a t e . ^ A t room te m p e ra tu re  on­

l y  a  few  e l e c t r o n s  h av e  enough  e n e rg y  to  g.ump an  e n e rg y  gap o f .m o re  th a n  

250 cm""*" so t h a t  t h e r e  a r e  v e r y  few  e l e c t r o n s  o c c u p y in g  th e  e x c i t e d  o r b i ­

t a l  l e v e l s .  T h e r e f o r e ,  th e  o n ly  e x t e n s i v e l y  p o p u la te d  l e v e l s  a re  th e  s p in  

d e g e n e r a te  ground  o r b i t a l  s i n g l e t  s t a t e .
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C h a p te r  I I :  EPR o f  C opper C om plexes,
.Li. _

Ctii t  i s  one o f  th e  i d e a l  io n s  f o r  p a ra m a g n e tic  r e s o n a n c e  s in c e  t h e r e  

i s  o n ly  one e l e c t r o n i c  t r a n s i t i o n  and n a rro w  l i n e s  can  be o b ta in e d  a t  room 

t e m p e r a tu r e s .

H i s t o r i c a l l y ,  m ost new d i s c o v e r i e s  a s s o c i a te d  w ith  s o l i d  s t a t e  m ic ro -  

wave s p e c t r a  have  b e e n  f i r s t  o b se rv e d  i n  Cu^ s a l t s .  "The e f f e c t  o f  e x ­

change f o r c e s  was f i r s t  d i s c o v e r e d  i n  CuSOlr^HgO; th e  e x i s t e n c e  o f  h y p e r -  

f i n e  s t r u c t u r e  w as f i r s t  o b s e rv e d  i n  a  d i l u t e d  c o p p e r  s a l t ;  th e  e f f e c t  o f  

t h e  q u a d ra p o le  i n t e r a c t i o n  w as f i r s t  n o t ic e d  i n  th e  C u^ h y p e r f in e  sp e c ­

tru m ; h e a v y  w a te r  w as f i r s t  u se d  w i th  c o p p e r  T u t to n  s a l t  c r y s t a l s  to  r e ­

s o lv e  o u t  th e  i s o to p e  s p l i t t i n g ;  th e  c o n c e p t  o f  a  r e s o n a t in g  c r y s t a l  f i e l d  

w as f i r s t  in t r o d u c e d  to  a c c o u n t  f o r  t h e  c o p p e r  f I u o s i l i c a t e  sp e c tru m ; and 

m easu rem en ts  on  c o p p e r  a c e t a t e  w ere  th e  f i r s t  to  show t h a t  two param agne­

t i c  i o n s  c o u ld  i n t e r a c t  s t r o n g l y  t o  fo rm  a  com bined sy s te m  o f  e n e rg y  I e -  

v e l s . " £

E th y la m m o n iu m -te tr a c h lo ro c u p ra te  [eATCC, ( gCuc l ^ j  and m e th y l-  

a m m o n iu m -te tra c h lo ro c u p ra te  [ mATCC, (CH3NH3 )2 C uC l^j h a v e  b e e n  s tu d ie d

t o  o b t a i n  p r e l im in a r y  in f o r m a t io n  r e g a r d in g  th e  g v a lu e s ,  l i n e  s h a p e s , and

9l i n e  w id th s  a t  room t e m p e r a tu r e s .  The p r e s e n t  w ork h a s  shown p r e v io u s ly

fo u n d  g v a lu e s  t o  be  i n c o r r e c t  b e c a u s e  th e  g v a lu e s  te n d e d  to w a rd s  W i l l e t t ’ s

10
f o r  m is a l l ig n m e n t  o f  th e  c r y s t a l .  I n  a d d i t i o n ,  th e  l i n e  w id th s  and l i n e  

sh a p e s  w h ich  w ere  d e te rm in e d  i n  t h i s  w ork  d id  n o t  a p p e a r  i n  th e  p re v io u s  

r e s u l t s .

The u n u s u a l  "tw o d im e n s io n a l"  c r y s t a l  s t r u c t u r e  fo u n d  i n  EATCC and 

MATCC h a s  s t im u la te d  i n t e r e s t  i n  th e s e  and  o t h e r  s i m i l a r  c r y s t a l s .
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F ig u r e  Two shows an  e x a g g e ra te d  and d i s t o r t e d  o c ta h e d r a l  sym m etry • 

p a r t i c u l a r  t o  EATGC and MATCCo The a x e s  x , y , and z a r e  a s s o c i a te d  w ith  

th e  s h o r t e s t  to  lo n g e s t  b o n d s  r e s p e c t i v e l y .  I n  MATCC and EATCC, th e  bond

a r e  a p p ro x im a te ly  e q u a l  and th e  z bond l e n g th  i s  l o n g e r .

F ig u r e  T h re e , a .  and b .  p o i n t s  o u t  t h e  s t r u c t u r e  i n  EATCC, MATCC, 

and  ACTCC. The b ro a d  f a c e  o f  th e  c r y s t a l s  i s  p a r a l l e l  t o  th e  p la n e  o f  th e  

p a p e r  i n  F ig u r e  T h re e . The z a x i s  i n  a .  i s  th e  lo n g  bond and i n  b .  th e  

z a x i s  i s  p e r p e n d ic u l a r  t o  th e  p la n e  show n. The C u ^  io n s  a r e . r e p r e s e n t e d  

a s  d o t s  i n  b o th  a .  and b .  The c h lo r in e  i o n s  can  b e  th o u g h t  o f  a s  ap pea­

r i n g  a t  th e  end o f  e a c h  l i n e a r  bond r e p r e s e n t a t i o n  i n  a .  and i n  th e  m id d le  

o f  e a ch  l i n e a r  r e p r e s e n t a t i o n  in ' b .

The d a ta  fro m  th e  w ork  on  EATCC and MATCC h a s  b e e n  u se d  f o r  a  p r e l i ­

m in a ry  s tu d y  o f  th e  ex ch an g e  m echanism  b e tw e e n  t h e  C u ^  io n s  w i th  C l"  a s  a  

b r i d g e . T h is  exchange  m echanism  i s  g e n e r a l l y  r e f e r r e d  to  a s  " su p e r  ex ­

c h a n g e . " ^  T h is  d a ta  w i l l  l a t e r  b e  u s e d  a s  p a r t  o f  a  f r e q u e n c y  d e p e n d e n t

s tu d y  o f  g v a lu e s .  ACTCC w as s tu d ie d  t o  c o n f irm  th e  e x i s t e n c e  o f  a  second
9 ,1 2 ,1 3

m a g n e tic  a x i s  i n  t h e  c r y s t a l .  The g v a lu e s  o f  ACTCC have  b e e n  m ea-

12s u re d  and a r e  in c lu d e d  w i th  th e  r e s u l t s .  A r e p r e s e n t a t i v e  ACTCC l i n e

l e n g t h s  a r e  x  = 2 .3 0 0  S ,  y_= 2 .3 3 2  S  and  z = 2 .7 9 3  I n  a c e ta m id in iu m -

t e t r a c h l o r o c u p r a te  (ACTCC,

shape i s  a l s o  in c lu d e d
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z a x is

C l

x a x is >y a x i s

F ig u re  2 . D i s to r t e d  O c ta h e d r a l  Symmetry P a r t i c u l a r  to  SATCC and MATCC
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F ig u re  3 - b .  C r y s ta l  S t r u c tu r e  o f  ACTCC



C h a p te r  I I I :  E x p e r im e n ta l  R e s u l t s

EATCC5 MATCC5 and AGTCC w ere s tu d ie d  w i th  th e  k~band .s p e c tro m e te r .

The maximum an a  minimum' g v a lu e s 5 l i n e  w id th s 5 and l i n e  s h a p e s  .w ere ta k e n  

f o r  EATCC and MATCC, I n  a d d i t i o n ,  th e  e x i s t e n c e  o f  a  second  m ag n e tic  a x i s  

i n  ACTCC w as c o n firm e d  w i th  t h i s  s p e c t r o m e te r .  T h is  d a ta  i s  p r e s e n te d  i n  

T a b le  I  and i n  F ig u r e s  F o u r  th ro u g h  S i g h t .  The t h e o r e t i c a l  L o r e n tz ia n  and 

G a u s s ia n  l i n e  sh a p e s  a r e  su p e rim p o sed  on  th e  e x p e r im e n ta l  l i n e  sh a p es  o f  

EATCC and MATCC. ( I t  sh o u ld  be  n o te d  t h a t  i n  o p p o s i t i o n  to  th e  u s u a l  c u s ­

tom , ' t h e  t h e o r e t i c a l  s h a p e s  a r e  r e p r e s e n te d  a s  c i r c l e s  a n d .c r o s s e s  w h ile

th e  e x p e r im e n ta l  d a ta  a r e  c o n t in u o u s . T h is  i s  b e c a u se th e  e x p e r im e n ta l

d a t a  a re t r a c e d  fro m  th e c h a r t  r e c o r d e r  o u tp u t  o f  th e s p e c t r o m e te r . )

. ; TABLE I ■-

C r y s t a l g m in g max l i n e  w id th l i n e  w id th
g m in g a u ss g max g a u ss

EATCO ' 2 .0 5 3 2 . 16U 8 0 .2 8I4. I

W
.EATCC 2 . OUli 2 .137  . ’

. . . .. -i-

MATCC 2.05U  . 2 .1 6 9  ' 9U.9 . .' > 9 .lt  . ■

MATCCw
' 2 . 0U6 

' 2.0U7
2.1U3 

• 2 . 1U1

ACTCC1 2 .3 3 7  e x c h . 
gH 2 .3 5 5  i s o l .

2.061
2.063 - • ■ • . '• :•

W-The d a t a  o f  W i l l e t t  e t a l .  on EATCC5 MATCC i s  in c lu d e d , f o r  c o m p a r is o n .1^ ■
i
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The g v a l u e s in. HATGC and EATCC a r e  a n i s o t r o p i c  and a r e  c h a r a c te r i z e d

by  th e  g t e n s o r  w hich h a s  t h e  p r i n c i p a l  v a lu e s  g ^ ,  g .  and gzz  w here th e

z a x i s  i s  th e  lo n g  bond a x i s  o f  th e  d i s t o r t e d  o c ta h e d ro n . ' O f te n  t h i s  t e n -

s o r  h a s  a x i a l  sym m etry , i n  w h ich  c a se  Exx  = Eyy  = Ei  . and gzz = g,, . T h is

w as t h e  a s su m p tio n  made b y  W i l l e t t  e t  a l . 11 S in ce  th e  e l e c t r o n  g v a lu e  i s

r e l a t e d  to  th e  C u-C l bond l e n g t h  and s in c e  x  i s  n o t  e q u a l  t o  y  i n  EATCC

and  MATCC, i t  i s  to  be  e x p e c te d  t h a t  g w ould  n o t  e q u a l  g . S in c e  g = y jqc yy

Smln = 'S i  and  i ( g y y  + g ^ )  = g ^ x , w here = g„ ,  g ^  m ust b e  d e te rm in e d

i n  o r d e r  to  d e te rm in e  g,| . S in c e  x  i s  r e l a t e d  to  g , e t c .  i t  w as th o u g h t  

t h a t  Eltiax m ust be  r e l a t e d  to  T h is  w as c o n firm e d  b y  c a l c u l a t i o n s  '

w i th  a s  r e l a t e d  to  e . U s in g  a  g r a p h i c a l  s o lu t i o n ,  th e

d a ta  t a b u l a t e d  i n  T a b le  I I  w as o b ta in e d .

TABLE II

C r y s t a l ^xx Sj gyy Szz = S|,

EATCC 2 .0 5 3  . 2.067 2.261

MATCC 2 .0 5 5 2 .068  ' 2.270

Tlo I  Vi

The d a ta  i n  T a b le  I I  l e a d s  t o  th e  c o n c lu s io n  t h a t  th e  r a t i o  o f  th e

s q u a re  r o o t  o f  th e  bond l e n g t h s  i s  a p p ro x im a te ly  e q u a l  t o  th e  r a t i o  o f  th e  

g v a lu e s .

The C u-C l-C u p a ra m a g n e tic  e l e c t r o n  s u p e r  exchange f r e q u e n c y  h a s  b e e n  ■
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c a l c u l a t e d  u s in g  th e  f o l lo w in g  c a l c u l a t i o n  fro m  F ake:

^ d 2 = = (3 /b ) S (S  + l ) t  24 g ^ ^ r . ,  ^ ( 3 c o s 2 (9' -  I ) 2 w here  S i s  th e
J J jc jk

s p in  quantum  num ber w h ich  i s  e q u a l  to  J  f o r  C u^ ,  g = 2 . 16I4 f o r  EATCC and 

2.169  f o r  MATCC5 r  i s  th e  d i s t a n c e  b e tw e e n  th e  Cu^ io n s  and  i s  3.125) x  

10"® cm, ©  i s  th e  a n g le  fro m  th e  z a x i s  o f  a  t y p i c a l  i n t e r i o r  io n  s i t e  

k  to  any  o t h e r  i n t e r a c t i n g  atom  j ,  th e  sum b e in g  c a r r i e d  o u t  o v e r  th e  n e a ­

r e s t  n e ig h b o r  s i t e s  o n ly ,  and CJcJ i s  th e  d i p o l a r  exchange  f r e q u e n c y ,

A ( J i  = -*y= w here  A C J i  i s  th e  a n g u la r  f re q u e n c y  h a l f  w id th  a n d . <D
2 c-  W g  2 e

i s  th e  C u-C l-C u e l e c t r o n  s u p e r  exchange f r e q u e n c y .  A G di. -  w here
2 n  2

A H i i s  t h e  l i n e  w id th  i n  g a u s s  a t  h a l f  maximum a m p li tu d e .  F i n a l l y ,  A H i 
2 2

= -VrJ A H  . w here  A H  i s  t h e  p e a k  t o  p e a k  l i n e  w id th  g iv e n  i n  T a b le  I .
. p p ’ PP

The c a l c u l a t e d  v a lu e s  o f  Cde a r e ,  f o r  EATCC and MATCC r e s p e c t i v e l y ,  20 .3 9  

GHz and 1 7 .U8 GHz.

3



C h a p te r  IV : The S p e c tro m e te r

The S p e c tro m e te r

The k -h an d  s p e c t r o m e te r  c o n s t r u c te d  f o r  t h i s  e x p e r im e n t i s  a  h ig h  

f re q u e n c y  m o d u la tio n  s p e c t r o m e te r  u t i l i z i n g  a  r e f l e c t i o n  c a v i t y .  A h M c k  

d ia g ra m  o f  th e  s p e c t r o m e te r  i s  shown i n  F ig u re  N in e . M ost o f  th e  s p e c t r o ­

m e te r  w as a sse m b le d  w i th  c o m m e rc ia lly  m a n u fa c tu re d  e q u ip m e n t. The p i e c e s  

b u i l t  " i n  h o u se "  w ere th e  c a v i t y ,  th e  125 KHz m o d u la tio n  o s c i l l a t o r - a m p l i ­

f i e r ^  th e  m o d u la tio n  c o i l s ,  t h e  n u c l e a r  m a g n e tic  re s o n a n c e  (NMR) p ro b e ^
16

and a  low  te m p e ra tu re  c a v i t y  m ount.

The k l y s t r o n  i s  an  OKI m odel 2LiVlQA w h ich  can  be  made t o  o s c i l l a t e  

o v e r  th e  ra n g e  2 2 .0  t o  2 6 .0  GHz. The k l y s t r o n  i s  m ounted i n  a  TRG m odel 

9l|6A o i l  b a th  m ount to  m a in ta in  th e  k l y s t r o n  a t  a s t a b l e  te m p e ra tu re  l e v e l  

and th u s  im prove th e  f re q u e n c y  s t a b i l i t y .  . The k l y s t r o n  i s  pow ered by  a  N ar 

d a  M ic r o l in e  m odel 621A pow er s u p p ly  w ith  a  Kepco m odel ABC v o l ta g e  r e g u l a ­

t e d  k l y s t r o n  f i l a m e n t  s u p p ly .  The k l y s t r o n  f re q u e n c y  d r i f t  i s  c o n t r o l l e d  

b y  a  T e l t r o n i c s  m odel KSLP k l y s t r o n  s t a b i l i z e r  w hich a p p l i e s " a  70 KHz s ig ­

n a l  t o  th e  r e f l e c t o r  o f  t h e  k l y s t r o n ,  p h a se  d e t e c t s  th e  o u tp u t ,  and p r o ­

v id e s  a  d . c .  c o r r e c t i o n  v o l ta g e  to  th e  r e f l e c t o r .  The k l y s t r o n  i s  e f f e c ­

t i v e l y  i s o l a t e d  w i th  a  minimum i s o l a t i o n  o f  2Li db fro m  any  r e f l e c t e d  m ic ro -  

w aves b y  th e  PHD m odel 1209F1 i s o l a t o r .  The W a v e lin e , I n c .  m odel 812 c a l i ­

b r a t e d  a t t e n u a t o r  ( 0  to  L|0 db) s e rv e s  t o  re d u c e  th e  e f f e c t i v e  pow er o u tp u t  

o f  th e  k l y s t r o n .  I t  i s  n e c e s s a r y  to  h a v e  an  a t t e n u a t o r  s in c e  th e  k l y s t r o n  

i s  a  f i x e d  pow er o u tp u t  d e v ic e .

A W a v e lin e , I n c .  m odel 869 -20  db c r o s s  g u id e  c o u p le r  s p l i t s  th e . s ig n a l  

fro m  th e  k l y s t r o n  i n t o  two s ig n a l s :  th e  l a r g e r  o f  w h ich  g o e s  t o  th e  F e r r o -  

t e c ,  I n c .  m odel T380 3 p o r t  f e r r i t e  c i r c u l a t o r  and th e  s m a l le r  o f  w h ich
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g o e s  to  th e  N ard a  M icrow ave C o rp o ra t io n  m odel 1 0 68 -3  db d i r e c t i o n a l  co u p - 

I e r , ,  The s i g n a l  r e f l e c t e d  fro m  th e  c i r c u l a t o r  r e t u r n s  t o  th e  c r o s s  g u id e  c o  

c o u p le r  and s p l i t s ,  p a r t  o f  w hich  r e t u r n s  to  th e  a t t e n u a t o r  and th e  o t h e r  

p a r t  o f  w h ich  t e r m in a te s  i n  a  W a v e lin e , I n c .  m odel 85U m atched  lo a d .

The 3 db d i r e c t i o n a l  c o u p le r  s p l i t s  th e  s i g n a l  fro m  th e  2 db c r o s s  

g u id e  c o u p le r  i n t o  two com ponen ts , one o f  w hich  g o es  to  a  H e w le t t-P a c k a rd  

m odel K332A p r e c i s i o n  d i r e c t  r e a d in g  f re q u e n c y  m e te r ,  and th e  o t h e r  o f  

w h ich  g o e s  t o  th e  FED m odel 621A b o lo m e te r .  The s i g n a l  fro m  th e  p r e c i s i o n  

d i r e c t  r e a d in g  f r e q u e n c y  m e te r  can  th e n  b e  d e te c te d  i n  a  W a v e lin e , I n c .  

m odel 8l 6 c r y s t a l  mount w i th  a  1N26 d io d e .  The s ig n a l  fro m  th e  c i r c u l a t o r  

g o es  to  th e  W a v e lin e , I n c .  m odel 883 s l i d e  sc rew  t u n e r  and fro m  t h e r e  to  th e  

c a v i t y .  The s l i d e  sc rew  t u n e r  can be  th o u g h t  o f  a s  a  v a r i a b l e  im pedance 

w h ich  can  b e  a d ju s te d  to  m atch  th e  im pedance o f  th e  d e t e c t o r  arm  to  th e  im­

p ed an ce  o f  th e  c a v i t y  arm . I t s  e f f e c t  i s  t o  tu n e  o u t  any  s ta n d in g  w aves i n  

th e  w a v e g u id e , i . e . ,  t o  re d u c e  th e  pow er t r a n s f e r  a lo n g  th e  w a v e g u id e . The 

r e f l e c t e d  r a d i a t i o n  p a s s e s  th ro u g h  th e  s l i d e  sc rew  t u n e r  to  th e  c i r c u l a t o r  

and fro m  t h e r e  to  th e  PRD m odel 621AF tu n e a b le  c r y s t a l  m ount, w h ich  i s  a l s o  

e q u ip p e d  w ith  a  1N26 d e t e c t i o n  d io d e .

The a s s o c i a t e d  e q u ip m en t f o r  th e  s p e c t r o m e te r  w i l l  be  b r i e f l y  d e s ­

c r i b e d .  A T e k t r o n ix ,  I n c .  ty p e  5>[£A o s c i l l o s c o p e  w ith  e i t h e r  a  ty p e  B o r  

ty p e  E p l u g - i n  u n i t  was u se d  to  m o n ito r  th e  s i g n a l s  fro m  b o th  th e  tu n e a b le  

and f i x e d  c r y s t a l  m o u n ts , t h e  123 KHz m o d u la tio n  and th e  s i g n a l  fro m  th e  

NMR p r o b e . The 12$ KHz o s c i l l a t o r - a m p l i f i e r  was u se d  t o  add a  m o d u la ted , 

com ponent to  th e  s t a t i c  m a g n e tic  f i e l d .  F ig u r e s  Ten and E le v e n  show th e  

c i r c u i t  d ia g ra m s  o f  th e  o s c i l l a t o r - a m p l i f i e r  and th e  a m p l i f i e r .  T h e
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The n u c l e a r  m a g n e tic  re so n a n c e  (NMR) p ro b e  w as u se d  t o  d e te rm in e  an  

a c c u r a te  v a lu e  o f  th e  m a g n e tic  f i e l d  a t  re s o n a n c e  and a  H e w le t t-P a c k a rd  

m odel 52li6L e l e c t r o n i c  c o u n te r  w as u t i l i z e d  t o  d e te rm in e  th e  o s c i l l a t i o n  

f re q u e n c y  o f  th e  NMR o s c i l l a t o r .  The H e w le t t-P a c k a rd  m odel 200 AB a u d io  

o s c i l l a t o r  w as u se d  to  m o d u la te  th e  m a g n e tic  f i e l d  a t  h00 H z. A P r in c e ­

to n  A p p lie d  R e se a rc h  C o r p o r a t io n  m odel 121 l o c k - i n  a m p l i f i e r /p h a s e  d e t e c t o r  

(PAR) w as u s e d  t o  d e t e c t  th e  a b s o r p t io n  o f  e n e rg y  fro m  th e  m icrow ave f i e l d  

i n  th e  c a v i t y  a t  r e s o n a n c e . B o th  a  V a r ia n  m odel G I ljA -I  g r a p h ic  r e c o r d e r  

and a  H e w le t t-P a c k a rd  m odel 7000 AR x - y  r e c o r d e r  w ere u s e d  to  r e c o r d  th e  

d a t a .  A F i e l d i a l  m odel VFR2f>03 V a r ia n  f i e l d  r e g u la te d  m agnet pow er su p p ly  

w as u s e d  to  c o n t r o l  a  V a r ia n  m odel V -3I4OO e le c tr o m a g n e t .

A v a r i a b l e  te m p e ra tu re  c a v i t y  m ount, shown i n  F ig u r e  T w elve , w as u se d  

a t  room te m p e r a tu r e .  T h is  m ount w i l l  a l s o  be  u sed  to  s u p p o r t  th e  c a v i t y  

i n  low  te m p e ra tu re  d e w ers  f o r  p o s s ib l e  v a r i a b l e  te m p e ra tu re  w ork . The 

f i x e d  f r e q u e n c y  c a v i t y  w as d e s ig n e d  t o  r e s o n a te  a t  2lj..7 GHz.

The T E 011 r e s o n a n t  mode w as c h o sen  f o r  c e n t r a l  p o s i t i o n i n g  o f  th e  c r y ­

s t a l  i n  th e  r e g io n  o f  maximum m a g n e tic  f i e l d  and minimum i n t e r f e r e n c e  w i th  

th e  e l e c t r i c  f i e l d .  As can  be  se e n  i n  F ig u re  T h i r t e e n ,  th e  p e r tu r b in g  mag­

n e t i c  f i e l d  i s  a lw a y s  p e r p e n d ic u l a r  to  th e  l e v e l  s p l i t t i n g  (Zeem an) magne­

t i c  f i e l d ,  th u s  a l lo w in g  th e  r o t a t i o n  o f  t h e  f i e l d  a b o u t th e  v e r t i c a l  a x i s  

w i th  no l o s s  i n  i n t e n s i t y .

The c a v i t y  u se d  w as c o n s t r u c te d  i n  t h r e e  s te p s :  I .  A .6 0 0  in c h  in n e r

d ia m e te r  h o le  w as c u t  i n  b r a s s  s to c k ,  th e  o u t e r  s u r f a c e  o f  w h ich  w as c u t  to  

.63U in c h e s .  2 . A .6 5 0  in c h  i n n e r  d ia m e te r  h o le  was c u t  i n  low  te m p e ra tu re  

p l a s t i c .  3 . W ith  th e  p l a s t i c  p ie c e  c e n te r e d  i n  th e  l a t h e ,  th e  b r a s s  w as
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c o o le d  w i th  l i q u i d  a i r  and f o r c e d  i n t o  th e  p l a s t i c .  The i n n e r  d ia m e te r

o f  th e  b r a s s  w as th e n  m ach ined  to  ,650  i n c h e s  and th e  e n d s  o f  th e  p l a s t i c

w i th  th e  b r a s s  l i n e r  w ere f a c e d  so th e  l e n g th  o f  th e  p ie c e  w as .650  i n c h e s .

A b r a s s  end p l a t e  w as m ach ined  w ith  a  q u a r t e r  wave choke f o r  one end o f  th e

c a v i t y  and a  c o p p e r  p l a t e  w i th  an  i r i s  h o le  .1 3  in c h e s  i n  d ia m e te r  c e n te r e d

a t  a p p ro x im a te ly  h a l f  th e  r a d i u s  o f  th e  d i s c  w as p o l i s h e d  f o r  th e  in p u t

17e n d . 2 5 ,0 0 0  i s  th e  t h e o r e t i c a l  maximum Q f o r  a  c a v i t y  o f  t h i s  d e s ig n .

The c a v i t y  h a s  a  Q o f  a b o u t 9 ,0 0 0 .

25
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Operation o f the Spectrometer

The start-u p  procedure fo r  the operation o f the K-band spectrometer 

i s  as fo llo w s:

The power switch o f the k lystron  supply i s  turned on a f te r  noting  

th at the overload switch i s  on 25  ma„, the grid s e le c t  switch i s  on -300  

v o lt s ,  the grid vo ltage  d ia l  i s  turned a l l  the way up, the r e f le c to r  

vo ltage  d ia l  i s  at about 300 v o lt s ,  and the beam voltage d ia l  i s  at the 

minimum p o s it io n . The power sw itches o f the o sc il lo sc o p e , the PAR, the 

125 KHz and bOO Hz o s c i l la t o r s ,  and the k lystron  s ta b il iz e r  are a l l  turned 

on. At th is  time the beam ready l ig h t  on the k lystron  power supply should 

be l i t  and the beam v o lta g e  (m eter value) should be increased  to 2000 

v o lt s .  The grid vo ltage  should then be reduced u n t i l  the beam current me­

te r  reads approximately 10 ma. (100 v o lt s  upper d ia l ) .  The s ig n a l from 

the mod. out jack o f the k lystron  power supply should be taken to the hor­

iz o n ta l input o f the o s c il lo sc o p e . The modulator switch o f the power sup­

p ly  should be turned to the sine wave and the amplitude d ia l  to  about 150. 

The h o r izo n ta l d isp la y  on the o sc il lo sc o p e  should be se t  on e x t . x 10 and 

the x  a x is  drive should be connected to the tuneable c r y s ta l d etector  with 

the var iab le  v o lts /cm  on 0 .5 .  The tuneable i r i s ,  the s lid e  screw tuner,

and the tuneable d etec to r  can then be tuned fo r  maximum s ig n a l. The k ly -
r

stron should then be adjusted so the ca v ity  i s  in  the middle o f  the mode. 

That i s  so the o sc il lo sc o p e  trace look s l ik e  the trace in  Figure Fourteen.

That the dip i s  a c tu a lly  the ca v ity  and not a spurious s ig n a l from . 

the wave guide can be checked by moving the te f lo n  c r y s ta l mount in  and 

out o f  the c a v ity . I f  the dip  in  the o sc illo sc o p e  i s  a c tu a lly  caused by
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th e  c a v i t y  i t  "w ill move fro m  s id e  to  s id e  i n  th e  mode a s  th e  c r y s t a l  m ount 

i s  moved..

iWhen th e  c a v i t y  d ip  i s  c e n te re d  i n  t h e  k l y s t r o n  mode w ith  th e  c r y s t a l  

sam ple i n  p o s i t i o n ,  th e  c a b le  fro m  th e  tu n e a b le  d e t e c t o r  t o  th e  o s c i l l o ­

scope  s h o u ld  be  ru n  th ro u g h  th e  k l y s t r o n  s t a b i l i z e r  and th e  s t a b i l i z e r  

sw itc h e d  t o  t u n e .  I n  o p e r a t i o n ,  th e  k l y s t r o n  s t a b i l i z e r  a d d s  a  c o r r e c ­

t i o n  t o  th e  r e f l e c t o r  v o l ta g e  t o  c o n t r o l  th e  o s c i l l a t i o n  f r e q u e n c y  o f  th e  

k l y s t r o n  and t h e r e f o r e  t h e  k l y s t r o n  sh o u ld  h o ld  on th e  r e s o n a n t  f re q u e n c y  

o f  th e  c a v i t y .

The m o d u la tio n  o u tp u t  a m p litu d e  o f  th e  N ard a  pow er s u p p ly  sh o u ld  th e n  

b e  d e c r e a s e d ,  m a in ta in in g  th e  d i p  i n  th e  c e n t e r  o f  th e  s i g n a l  by, a d j u s t i n g  

th e  r e f l e c t o r  v o l t a g e .  When th e  s i g n a l  a m p litu d e  h a s  b e e n  red u ced  b y  a 

f a c t o r  o f  t e n  o r  s o , th e  m o d u la tio n  can  b e  tu rn e d  o f f  and th e  k l y s t r o n  

s t a b i l i z e r  tu r n e d  to  r e v e r s e  o r  n o rm a l AC l o c k .  The r e f l e c t o r  v o l ta g e  

sh o u ld  th e n  b e  a d ju s t e d  u n t i l  th e  c o r r e c t i o n  v o l ta g e  g o e s  t o  0 .  The c o r ­

r e c t i o n  v o l ta g e  sh o u ld  go p o s i t i v e  o r  n e g a t iv e  w ith  o r  i n  o p p o s i te  s e n se  to  

th e  r e f l e c t o r  d i a l  m ovem ent. "When t h i s  h a p p e n s , th e  k l y s t r o n  s t a b i l i z e r  i s  

lo c k e d  to  th e  c a v i t y  and th e  s ig n a l  l e a d  t o  th e  o s c i l lo s c o p e  can  be  t r a n s ­

f e r r e d .  to  th e  s i g .  i n  j a c k  o f  th e  PAR..

The s l i d e  sc rew  t u n e r  sh o u ld  th e n  be  tu n ed  f o r  maximum c r y s t a l  c u r ­

r e n t  on  th e  k l y s t r o n  s t a b i l i z e r  m e te r .  The PAR sh o u ld  t h e n  b e  c a l i b r a t e d  

a c c o r d in g  t o  t h e  p ro c e d u re  on  p a g e s  I I I - 3  and I I I - L  o f  t h e  i n s t r u c t i o n  m anu- 

e l .  The w a te r  v a lv e s  w hich  l e t  w a te r  f lo w  th ro u g h  th e  e le c tr o m a g n e t  sh o u ld  

b e  opened  so th e  p r e s s u r e  on th e  d i a l  (w h ic h  r e a d s  th e  lo w e r  p r e s s u r e )  r e a d s  

a b o u t  15> P S I . The m a s te r  w a l l  s w itc h  p o w e rin g  th e  e le c tr o m a g n e t  sh o u ld  be
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tu rn e d  o n , th e  f i e l d i a l  c o n t r o l  u n i t  sh o u ld  be tu rn e d  on and f i e l d  a d ju s ­

t e d  to  a b o u t  8000 g a u s s  f o r  warm u p .

The V a r ia n  g r a p h ic  r e c o r d e r  sh o u ld  b e  tu rn e d  on  ( w i th  th e  p a p e r  d r iv e  

o f f ) .  The NMR"box sh o u ld  b e  tu rn e d  on  and th e  p ro b e  p o s i t i o n e d  a s  n e a r  

to  th e  c a v i t y  a s  p o s s i b l e .  (F iv e  t u r n s  o f  num ber 20 w ire  w ere  u se d  t o  make 

th e  r e s o n a n t  c o i l  f o r  p r o to n  re s o n a n c e  i n  th e  m a g n e tic  f i e l d  ra n g e  75)00 t o  

9000 g a u s s . )

The c o u n te r  sh o u ld  be  tu rn e d  on and th e  NMR box  hooked t o  th e  c o u n te r  

and th e  y  a x i s  i n p u t  o f  th e  o s c i l l o s c o p e .  The ItOO Hz m o d u la tio n  f i e l d  

sh o u ld  b e  c o n n e c te d  to  th e  s m a l le r  w ire  c o i l s  i n  th e  e le c tr o m a g n e t  and to  

th e  h o r i z o n t a l  i n p u t  o f  th e  s c o p e . The re s o n a n c e  s ig n a l  o f  th e  NMR box  

lo o k s  somewhat l i k e  F ig u re  F i f t e e n ,  w i th  th e  p r o p e r  a m p litu d e  ItOO Hz- modu­

l a t i o n .

VJhen th e  e q u ip m en t i s  a l l  r u n n in g , th e  r e c o r d e r  i s  c e n te r e d  and th e  

p a p e r  d r iv e  s t a r t e d .  A t t h a t  t im e  th e  f i e l d i a l  m agnet sw eep i s  s t a r t e d .

A r e a s o n a b le  sweep t im e  f o r  i n i t i a l  c h e c k o u t i s  f i v e  m in u te s ,  w i th  a  sweep 

ra n g e  o f  1000 g a u s s .
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A ppend ix

E x p e r im e n ta l  a b s o r p t io n  a n d /o r  e x p e r im e n ta l  a b s o r p t io n  d e r i v a t i v e  

c u rv e s  a r e  g e n e r a l l y  o b ta in e d  i n  EPR„ T h is  d a ta  u s u a l l y  f o l lo w s  th e  shape  

o f  th e  t h e o r e t i c a l  L o r e n tz ia n  c u rv e  to  a  good a p p ro x im a tio n . T h e o r e t i c a l  

d a ta  p o i n t s  w i l l  be  g iv e n  f o r  b o th  G a u s s ia n  and L o r e n tz ia n  a b s o r p t io n  and 

a b s o r p t io n  d e r i v a t i v e  l i n e  s h a p e s . T h is  n u m e r ic a l  d a ta  c a n .b e  u t i l i z e d  

t o  d e te rm in e  w h e th e r  a  l i n e  shape i s  G a u s s ia n  o r  L o r e n tz ia n  o r  n e i t h e r .

The fo rm u la e  f o r  th e  t h e o r e t i c a l  l i n e  sh a p e s  a r e  a s  f o l lo w s :

G a u ss ia n

A b s o rp t io n

L o r e n tz ia n

■ y
I  +  X 2

A b s o rp t io n
d e r i v a t i v e “2cxye I _ • 2y x

. ( i  + %2)2

w here  y  i s  th e  a m p li tu d e ,  c i s  a  c o n s t a n t ,  and x  i s  a  m easu re  o f  th e  l i n e  

w id th . ' The d a t a  i n  T a b le  I I I  i s  t a b u l a t e d  i n  te rm s  o f  th e  p e rc e n ta g e  o f  

th e  i n i t i a l  a m p l i tu d e . I t  can  be p l o t t e d  on th e  same s c a le  a s  th e  e x p e r i ­

m e n ta l  c u rv e  o r  th e  e x p e r im e n ta l  d a ta  ( a r b i t r a r y  s c a le )  c a n  b e  p l o t t e d  

a g a i n s t  th e  t h e o r e t i c a l  d a ta  to  d e te rm in e  w h ich  l i n e  shape  ( L o r e n tz ia n  o r  

G a u s s ia n )  g iv e s  t h e  b e s t  f i t  t o  a  s t r a i g h t  l i n e .
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-
TABLE I I I

2
Type o f  c u rv e  

a m p litu d e

G a u s s ia n L o r e n tz ia n

A b s o rp t io n A b so rp . D e r iv . A b s o rp tio n A b so rp . D e r iv .

IO^ * 1 .8 2 .0 6 2 .3 b + .3 .0 0 .0 3 2 .9 5

20^ + 1 .52 .1 1 2 .0 7 + 2 .0 0 .0 6 2 . 2 2

30^ + 1 .3 1 .16 1 . 8 8 + 1 .5 3 .0 9 1 .81

+ 1 .1 5 .2 2 1 .7 b + 1 .2 2 .1 2 1 .5 8

# # + 1 .0 0 .2 7  . 1 .62 + 1 .0 0 .16 1 .3 7

6o% + .8 6 .3 b 1 .5 0 + .8 2 .2 0 1 . 2 2

70^ ±  .7 3 . b l 1 .3 9 + .6 6 .2 b 1 .0 8

80^ + .5 7 • b9 1 .2 6 + I . 3 0 . . 9 5

90^ + .3 2 . 6 1 1 .1 2 I  .3 2 . 3 6 . 8 2

100% 0 .0 0 .8 5 .8 5 0 .0 0 .5 6 .5 6



LITERATURE CITED



L i t e r a t u r e  C ite d

1 .  S . A. A l t s h u l e r  and B . M. K osyrew 5 E l e c t r o n  P a ra m a g n e tic  R esonance .
New Y ork: A cadem ic P r e s s ,  196I4,

2 . G. E. P ak e , P a ra m a g n e tic  R eso n an ce . New Y ork: ¥ .  A. B en jam in , I n c . ,
1962. ------—------ —

3 .  C. P . P o o le , J R . ,  E l e c t r o n  S p in  R eso n an ce . New Y ork : I n t e r s c i e n c e  
P u b l i s h e r s ,  1967 .

U. R. B . L e ig h to n , P r i n c i p l e s  o f  M odem  P h y s ic s .  New Y ork: M cG raw -H ill
Book C o., 1 9 2 9 . --------------------------------------------- --

2« D .J .E ,  In g ram , S p e c tro s c o p y  a t  R adio  and M icrow ave F r e q u e n c ie s .  New 
Y ork: P lenum  Pre"ss^'% 957T"~ “* ”  "

6 . P . H. L e P e re , An X-Band El e c t r o n  P a ra m a g n e tic  R esonance  Sp e c tr o m e te r
and I t s  A p p l i c a t io n  to  th e  S tu d y  o f  D iv a le n t  M anganeseTlin M agnearum^

— — ------

7 . E. U. Condon, H. O dishaw , Handbook o f  P h y s ic s . New Y ork: M cG raw -H ill 
Book C o ., 1 9 2 8 .

8 . H. M. A ssen h e im , I n t r o d u c t i o n  to  E le c t r o n  S p in  R e so n an ce . New Y ork:
P lenum  P r e s s ,  1927! ——— —— r"

9 . A l l : c r y s t a l s  w ere  g r o w  b y  P r o f e s s o r  K enneth  Em erson o f  th e  M ontana 
S t a t e  U n i v e r s i t y  D e p a r tm e n t o f  C h e m is try .

1 0 . . R. D. W i l l e t t ,  0 .  L . L i l e s ,  J r . ,  C. M ic h e lso n , "The E l e c t r o n i c  A b so r­
p t i o n  S p e c t r a  o f  M o n eric  C opper ( I I ) ,  C h lo r id e s p e c i e s ,  ■ and th e  E le c ­
t r o n i c  S p in  R esonance  S p ec tru m  o f  th e  S qua r e - P l a n e r  CuCl^ I o n , 11 O r-  . 
g a n ic  C h e m is try , 1 9 6 8 .

1 1 . R. D. W i l l e t t ,  " C r y s t a l  S t r u c t u r e  o f  (NHl) pCuCL , "  J o u r n a l  o f  Chem i­
c a l  P h y s i c s , 196U.

1 2 . L. A. B a r e s ,  K. E m erson , and J .  E. D ru m h e lle r , On th e  P r e p a r a t i o n  and 
S t r u c t u r e  o f  A c e ta m id in iu m - t e t r a c h l o r o c u p r a t e  ( T l ) !  U n p h G n sh e d T T 968 .

1 3 . G. T. Rado and H. S o h l ,  M a g n e t is m ,.Vp I . I . New Y ork: A cadem ic P r e s s ,  
19 6 3 .

1 )|. D es ig n ed  and c o n s t r u c te d  b y  F . J .  B la n k e n b u rg . ■ ,

1 2 . D. H. D ic k e y , The F o rb id d e n  H y p e r f in e  P a ra m a g n e tic  R e so n an ce . T h e s is , ,  
M ontana S t a t e  U n i v e r s i t y ,  *i9oST~r~™"~

l 6 .  D es ig n ed  and c o n s t r u c te d  b y  P r o f e s s o r  J .  E. D ru m h e lle r .



36

1 7 . J .  De J a c k s o n , C l a s s i c a l  E le c t ro d y n a m ic s . New Y ork: Jo h n  W ile y  and 
S o n s , I n c . ,  19 6 2 . .



M O N TA N A  S T A T E  U N IV E R SIT Y  L tB RA R TFS

3 1762 100 1891 6

N378
Am93 
c o p . 2

Amundson, P . H.
An e l e c t r o n  p a ra ­

m a g n e tic  re s o n a n c e  stud ; 
o f  th e  ethylam m onium -, 
m ethylam monium , and 
a c e ta m id in iu ra  . . . . . . . .

W A M K  A N O  A D O m g # #

/ S

Z

C o  %l


