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CHAPTER I

INTRODUCTION

T h is  t h e s i s  co n ce rn s  th e  m a g n e to -o p t ic ,  e l e c t r i c a l  and s t r u c t u r ­

a l  p r o p e r t i e s  o f  a  g roup o f  " s t a b i l i z e d  f e r r i c  o x id e s " .  In  th e  fo l lo w ­

in g  d e s c r i p t i o n  we s h a l l  r e f e r  t o  t h e s e  compounds a s  SFO's. F e r r i c  

o x id e - ( o r  h y d ro x id e )  m acrom olecules have been  s t a b i l i z e d  w i th  a g lu c o se  

po lym er.  T h is  p o ly s a c c h a r id e  makes th e  f e r r i c  o x id e s  p a r t i c l e s  s o lu b le  

in  w a te r  and r e t a r d s  t h e  c o a g u la t i o n  and su b se q u en t p r e c i p i t a t i o n  o f  

th e  c o l l o i d a l  p a r t i c l e s .  The s i z e s  o f  th e  f e r r i c  o x id e  m acrom olecules 

a re  100 Angstroms and s m a l l e r .  Hence some d i f f e r e n c e s  a re  observed  in  

m a g n e to -o p t ic  p r o p e r t i e s  between th e  SFO's and o r d in a r y  io n i c  s o l u t i o n s .  

They a r e  d e s c r ib e d  l a t e r .  The s i z e s  o f  th e  m acrom olecules a r e  n o t  so 

l a r g e  however, t h a t  com plete  o p t i c a l  a b s o r p t io n  t a k e s  p la c e  w i th in  a 

m acrom olecule  and hence  m ean ingfu l Faraday  r o t a t i o n  measurements on 

th e  SFO's can be t a k e n .  The s t a b i l i t y  and s i z e  o f  t h e  s t a b i l i z e d  f e r r i c  

o x id e s  makes them i d e a l  f o r  e x p e r im e n ta l  s t u d i e s .

The m ajor p a r t  o f  t h i s  t h e s i s  co n ce rn s  t h e  Faraday  r o t a t i o n -  

(F R )-o f  t h e  SFO 's . At th e  o n s e t  s e v e r a l  g o a ls  were s e t .  F i r s t ,  i t  had 

become d e s i r a b l e  to  m easure  th e  d i s p e r s io n  o f  t h e  m a g n e to -o p t ic  r o t a ­

t i o n -  (MORD) - i n  t h e  v i s i b l e  s in c e  measurements made p r e v io u s l y  w ith  

w h ite  l i g h t  were n o t s u f f i c i e n t  f o r  a  t h e o r e t i c a l  a n a l y s i s .  But th e s e
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d a t a  r e v e a le d  a p r e s s u r e  dependence FR f o r  th e  SFO 's. S econd ly ,  s in c e  

l i t t l e  s p e c i f i c  t h e o r y  c o n ce rn in g  t h e  MORD o f  t h e  f e r r i c  o x id e s  had 

been w r i t t e n  a t  t h a t  t im e  i t  was o f  i n t e r e s t  t o  t e s t  some o f th e  more 

g e n e r a l  t h e o r i e s .  T h is  t a s k  was s i m p l i f i e d  when, b e f o r e  o u r  m easure ­

ments o f  th e  MORD's were co m p le te d ,  a new t h e o r e t i c a l  p a p e r  ap p e a re d ,  

encom passing FR m easurem ents i n  s p e c t r a l  r e g io n s  o f  l a r g e  o p t i c a l  a b ­

s o r p t i o n .  T h is  p u b l i c a t i o n  was im p o r ta n t  t o  us s in c e  p r e v io u s  pub­

l i s h e d  t h e o r i e s  were n o t  v a l i d  in  r e g io n s  o f  l a r g e  o p t i c a l  a b s o r p t io n  

and e s p e c i a l l y  s in c e  th e  SFO's a l l  have v e ry  l a r g e  a b s o r p t i o n  c o e f ­

f i c i e n t s  a t  th e  w av e le n g th s  which we u s e d .

Except f o r  SFO #14 a l l  commercial sam ples have a r a t h e r  b road  

d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s .  Some o f  th e  e a r l y  ex p e r im e n ts  showed 

t h a t  t h e  m ag n e tic  p r o p e r t i e s  were v e ry  dependent upon th e  p a r t i c u l a r  

s p e c i m e n . T h e r e f o r e ,  we f r a c t i o n a t e d  th e  SFO's w i th  a g e l  column.

I t  i s  from t h i s  s e p a r a t i o n  t h a t  th e  te rm in o lo g y  f o r  d e s i g n a t i n g  a  p a r t i ­

c u l a r  SFO f r a c t i o n  has  a r i s e n .  The meaning o f  t h e  symbols may be i l ­

l u s t r a t e d  f o r  a p a r t i c u l a r  c a s e ,  f o r  exam ple, SFO # 5 'B -3 .  The " f iv e "  

r e f e r s  t o  t h e  u n f r a c t i o n a t e d  commercial SFO. The prim e im p l ie s  t h a t  

t h i s  SFO has  been  f r a c t i o n a t e d  w i th  th e  G-200 Sephadex column (up to  

m o le c u la r  w eigh t 2 0 0 ,0 0 0 ) .  No prim e r e f e r s  t o  a f r a c t i o n a t i o n  w ith  th e  

G-lOO column. The "B" r e f e r s  t o  a p a r t i c u l a r  p o r t i o n  o f  t h e  SFO which 

was f r a c t i o n a t e d .  Most im p o r ta n t  th e  "3" r e f e r s  t o  t h e  p a r t i c u l a r  

f r a c t i o n  o f  SFO # 5 .  The h e a v i e s t  ( l a r g e s t  s i z e )  f r a c t i o n  comes th ro u g h  

th e  column f i r s t  and i s  l a b e l e d  " 1 " .  N orm ally  5 t o  15 f r a c t i o n s  a re  

o b ta in e d  from a  p a r t i c u l a r  f r a c t i o n a t i o n .  SFO #14 i s  th e  o n ly  one t h a t  

d id  n o t  f r a c t i o n a t e  i n  o u r  Sephadex column.
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In fo rm a t io n  on t h e  chem ica l com posi t ion  o f  th e  f r a c t i o n s  was 

o b ta in e d  w i th  a commercial a n a l y s i s .  T h is  f u r n i s h e d  th e  i r o n ,  ca rb o n ,  

and hydrogen  c o n te n t  f o r  many o f  th e  SFO f r a c t i o n s .  The h ig h  f r a c ­

t i o n s  a r e  c h a r a c t e r i z e d  by i r o n  c o n te n ts  o f  th e  o r d e r  o f  50 p e r  c e n t  

by w e ig h t w hereas t h e  low f r a c t i o n s  have i r o n  c o n te n ts  o f  th e  o rd e r

o f  5 p e r  c e n t .  T h is  co n t in u o u s  ran g e  o f  c o n c e n t r a t i o n s  a l s o  j u s t i f i e s

( 2 )t h i s  r e s e a r c h  on o th e rw is e  complex sy s tem s . X -ray  s t u d i e s  and 

e l e c t r o n  m icroscope  s t u d i e s  r e p o r te d  in  C hap te r  V show t h a t  th e  f e r r i c  

o x id e s  th e m se lv es  a r e  sm all  c r y s t a l l i t e s  in  g e n e ra l  r a n g in g  from 45 

Angstroms d ia m e te r  t o  l e s s  th a n  20 Angstroms. The c r y s t a l l i t e s  o f  #14 

a r e  a p p ro x im a te ly  r e c t a n g u l a r  w i th  a s i z e  o f  150 by 50 Angstroms.

As i s  t o  be ex p ec ted  th e  MORD o f  a p a r t i c u l a r  sample c l o s e l y  

fo l lo w s  t h e  o p t i c a l  a b s o r p t io n .  The o p t i c a l  a b s o r p t io n  i s  v e ry  l a r g e  

in  t h e  UV b u t  f a l l s  o f f  r a t h e r  s h a rp ly  i n  th e  v i s i b l e .  T h is  b e h a v io r  

i s  e x h i b i t e d  by th e  PR. Measurements o f  th e  MORD were ta k e n  in  th e  

ra n g e  o f  800 m i l l im ic ro n s  t o  365 m i l l im ic r o n s .  The FR in c r e a s e s  by as 

much as  100 t im es  ap p ro ach in g  th e  s m a l le r  w av e le n g th .  The newer 

t h e o r i e s  p r e d i c t  t h i s  v e ry  sharp  freq u en cy  dependence o f  th e  MORD 

w hereas  th e  o ld e r  work d id  n o t .  From t h e  MORD d a t a ,  th e  s ig n  o f  th e  

m a t r ix  e lem en ts  o f  th e  e l e c t r i c  d ip o le  moment can be a s c e r t a in e d .

Exam ination  o f  th e  m agnetic  f ie ld - (H ) -d e p e n d e n c e  o f  th e  FR 

y i e l d s  v e ry  i n t e r e s t i n g  r e s u l t s .  The dependence i s  n o t  l i n e a r  as one 

f i n d s  f o r  m o le c u la r  s o l u t i o n s .  In  o rd e r  to  f i t  t h e  H dependence o f  

t h e  FR i t  i s  n e c e s s a ry  to  u se  fu n c t io n s  such as ta n h  aH, so t h a t  

" s a t u r a t i o n "  o ccu rs  f o r  10 k i lo g a u s s  and a t  room te m p e ra tu r e .
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E v id e n t ly ,  t h e  FR i s  p r o p o r t i o n a l  t o  th e  m a g n e t iz a t io n  o f  th e  e n t i r e

c r y s t a l l i t e .  This  i s  analogous  to  superparam agnetism  and i s  su p p o r te d

( 2 )by measurements on th e  s u s c e p t i b i l i t y ,  x* This  may be th e  f i r s t  

tim e t h a t  such  " su p e rp a ram ag n e tic "  FR has  been  r e p o r t e d .  T h is  e f f e c t  

i s ,  o f  c o u r s e ,  dependent on p a r t i c l e  s i z e  and ou r  s u c c e ss  i n  o b se rv in g  

i t  i s  a  consequence  o f  th e  f a c t  t h a t  we were a b le  t o  u se  p a r t i c l e s  

sm all enough f o r  l i g h t  t o  be t r a n s m i t t e d .

The FR i s  a n a l y t i c a l l y  r e l a t e d  to  t h e  o p t i c a l  a b s o r p t io n  

s p e c t r a ,  in  t h a t  th e  f req u en cy  fu n c t io n s  needed  t o  d e s c r ib e  th e  MORD 

a re  c e n te r e d  a t  th e  a b s o r p t io n  band maxima. T h e re fo re ,  t h e  a b s o r p t io n  

s p e c t r a  f o r  a l l  SFO's were m easured. We used  w a te r  s o l u t i o n s  o f  th e  

SFO's f o r  t h e s e  m easurem ents. The experim en ts  showed t h a t  th e  a b so rp ­

t i o n  i s  due t o  t h e  i r o n  ( i r o n  io n s )  in  th e  SFO's. The e x t i n c t i o n  co­

e f f i c i e n t s  f o r  th e  SFO's a r e  th e  same o rd e r  o f  m agnitude as  t h a t  ob­

se rv ed  f o r  t h e  Fe^^ io n .  However, th e  shape o f  t h e  e x t i n c t i o n  c o e f -

3+f i c i e n t  s p e c t r a  d i f f e r s  from th e  Fe s p e c t r a ,  b u t  i t  re sem b les  th e  

s p e c t r a  o f  c o l l o i d a l  f e r r i c  h y d ro x id e .

The a b s o r p t i o n  in  t h e  v i s i b l e  and in  th e  i n f r a r e d  (IR) i s  do­

m inated  by th e  "wings" o f  t h e  s t ro n g  UV a b s o r p t io n  band. The e l e c t r o n i c  

t r a n s i t i o n s  in  th e  v i s i b l e  and IR co rrespond  to  fo rb id d e n  e l e c t r i c  

d ip o le  t r a n s i t i o n s  and th u s  a r e  v e ry  weak whereas t h e  UV t r a n s i t i o n s  

a re  a l lo w ed .  The p o s i t i o n s  o f  s e v e r a l  a b s o r p t io n  band maxima Dg in  th e  

v i s i b l e  a r e  e s t im a te d  from i n f l e c t i o n s  in  th e  cu rv es  d i s p l a y in g  th e  ex­

c i t a t i o n  c o e f f i c i e n t  s p e c t r a .  They a re  lo c a te d  a t  1 7 ,000±1,000 c m " \

2 2 ,500±1,000, 26,500±1,000 cm ^ , and 32 ,000*2,000 cm ^ . Using frequency  

fu n c t io n s  c e n te r e d  a t  th e s e  w aveleng ths  i t  i s  p o s s i b l e  t o  f i t  th e  FR 

d a ta  s a t i s f a c t o r i l y .
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pecause  th e  SFO showed some e l e c t r i c a l  c o n d u c t iv i t y  we d e c id ed  

to  s tu d y  t h i s  phenomenon and i t s  mechanism. I t  was found t h a t  t h e  r e ­

s i s t a n c e  v a r i e d  ro u g h ly  as  e x p (a /T ) .  A t y p i c a l  sample r e s i s t i v i t y  was 

10^4 ohm cm a t  room te m p e ra tu r e  and 10^ ohm cm a t  200 °C, a  change by 

a  f a c t o r  o f  1 0 ^.

I n i t i a l l y ,  we hoped t o  u se  t h e  r e s i s t a n c e  v e rsu s  te m p e ra tu re  

d a t a  t o  v e r i f y  th e  v a lu e s  found from th e  a b s o r p t io n  s p e c t r a .  How­

e v e r ,  ex ce p t  f o r  5C-1, th e  i n t e r p r e t a t i o n  i s  c o m p lica ted  by th e  r e s i s ­

ta n c e  due t o  t h e  o r g a n ic  polym er. SFO #50-1 i s  an e x c e p t io n ,  i t  has  a 

r e s i s t a n c e  and energy  gap q u i t e  s i m i l a r  t o  FeyO^. For t h i s  SFO t h e  r e ­

s i s t a n c e  i s  l i k e l y  t o  be d e te rm in e d  s o l e l y  by th e  f e r r i c  o x id e ,  which 

must re sem b le  Fe^O^. In  th e  o th e r  SFO's th e  o rg a n ic  polym er s h ie ld s  

t h e  c r y s t a l l i t e s  from one a n o th e r .

S e v e ra l  s h o r t  i n v e s t i g a t i o n s  were conducted  on th e  SFO's t o  

f u r t h e r  enhance our u n d e r s ta n d in g  o f  t h e i r  s t r u c t u r e .  E le c t r o n  m ic ro ­

scope p i c t u r e s  were made o f  s e v e r a l  o f  th e  f r a c t i o n s .  S tan d a rd  e l e c t r o n  

m ic ro sco p e  g r i d s  were p re p a re d  by p la c in g  a drop o f  th e  SFO s o l u t i o n  on­

to  th e  g r i d  and th e n  e v a p o ra t in g  t h e  w a te r .  Pho tom icrographs  were ta k e n  

a t  a m a g n i f i c a t io n  o f  over  100 ,000. Only th e  f e r r i c  o x id e  c r y s t a l l i t e s

a r e  v i s i b l e .  The s i z e s  o f  t h e s e  c r y s t a l l i t e s  were measured and th e  r e -

( 2 )s u i t s  compared w ith  th o s e  o f  th e  X -ray  d i f f r a c t i o n  d a t a .  The r e s u l t s  

o f  th e  two m easurem ents  a re  q u i t e  c lo s e :  i f  th e  i n t e r p r e t a t i o n  i s  c o r r e c t  

th e y  a g re e  w i th in  e x p e r im e n ta l  e r r o r .  T h is  co n f irm s  t h a t  t h e  f e r r i c  

ox ide  e x i s t s  in  c r y s t a l l i t e s .  The s i z e s  range  from th e  r e c t a n g u l a r  

shaped c r y s t a l l i t e s  o f  #14, 150 Angstroms by 50 Angstroms, to  c r y s t a l l i t e s
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l e s s  th a n  20 A ngstrom s. P a r t i c l e s  l e s s  th a n  15 Angstroms d ia m e te r  were 

below  t h e  l i m i t  o f  r e s o l u t i o n  o f  t h i s  t e c h n iq u e .  I t  con f irm ed  t h e  mag­

n e t i c  and chem ica l r e s u l t s  which showed t h a t  t h e  h i g h e s t  f r a c t i o n  had 

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

A b r i e f  s tu d y  o f  th e  EPR s p e c t r a  o f  t h e  SFO's was made a s  w e l l .  

The m easurem ents  were ta k e n  a t  room te m p e r a tu r e .  A v a lu e  o f  t h e  "g -  

f a c t o r "  was found by e s t i m a t in g  th e  m ag n e tic  f i e l d  a t  th e  c e n t e r  o f  t h e  

r e l a t i v e l y  b ro a d  microwave a b s o r p t io n  band . A l l  o f  t h e s e  v a lu e s  were 

found t o  b e  v e ry  n e a r l y  eq u a l  t o  2 .0 .  T h is  i s  th e  v a lu e  t h a t  one would 

ex p ec t  f o r  f e r r i c  io n s  s in c e  th e  a n g u la r  momentum "L" i s  z e ro .  No s i g ­

n i f i c a n t  bands c o r re s p o n d in g  t o  o th e r  v a lu e s  o f  "g" co u ld  be  d i s c e r n e d .  

T h is  m easurem ent gave us co n f id e n ce  t h a t  t h e  i r o n  was p r e s e n t  i n  th e  

SFO's i n  t h e  +3 o x id a t io n  s t a t e  th ro u g h  t h e  p o s s i b i l i t y  o f  th e  e x i s t e n c e  

o f  some Fe^* c o u ld  n o t  be co m p le te ly  r u l e d  ou t by t h e s e  m easurem ents .

M easurements o f  th e  p r e s s u r e  dependence o f  t h e  e l e c t r i c a l  con­

d u c t i v i t y  were made. S ince  th e  c r y s t a l l i t e s  a r e  k e p t  s e p a r a t e d  by th e  

o rg a n ic  m o lecu le s  i t  was f e l t  t h a t  a p p l i c a t i o n  o f  a  p r e s s u r e  o f  th e  

o r d e r  o f  a few k i l o b a r  would p roduce  a  c o n s id e r a b le  change in  th e  d i s ­

ta n c e  betw een c r y s t a l l i t e s  and a c o r re s p o n d in g ly  l a r g e  change in  th e  

sample r e s i s t a n c e .  The measurem ents in d e e d  showed t h a t  t h e  r e s i s t a n c e  

d e c re a s e d  by a s  much as  SO p e r  cen t  on a p p l i c a t i o n  o f  o n ly  1 .35 k i l o ­

b a r  p r e s s u r e .  A lso  o b se rv ed  in  th e s e  exp er im en ts  was a te n d en cy  f o r  

t h e  r e s i s t a n c e  to  " r e l a x "  a f t e r  th e  i n i t i a l  a p p l i c a t i o n  o f  th e  p r e s s u r e  

(o r  a f t e r  i t s  r e l e a s e ) . T h is  doub le  p ro c e s s  was a l s o  ob se rv ed  in  th e  

p r e s s u r e  dependence  o f  th e  m agne tic  s u s c e p t i b i l i t y  x * W e  b e l i e v e
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t h a t  t h i s  r e l a x a t i o n  i s  due t o  e i t h e r  a slow re a r ra n g e m e n t  o f  t h e  s u r ­

f a c e  atoms in  t h e  c r y s t a l l i t e s  o r  p e rh ap s  a r e l e a s e  o f  t h e  p r e s s u r e  on 

th e  polym ers by t h e  p e n e t r a t i o n  o f  t h e  p r e s s u r i z e d  o i l  i n t o  t h e  e x t e r i o r  

o f  th e  SFO. The t im e  c o n s t a n t s  f o r  t h i s  r e l a x a t i o n  were m easured and 

found t o  be  th e  o rd e r  o f  s e v e r a l  m inu tes  a t  room te m p e ra tu r e  and some­

what l e s s  th a n  t h i s  v a lu e  a t  e l e v a te d  t e m p e r a tu r e s .  I t  was fo u n d ,  how­

e v e r ,  t h a t  th e  a c t i v a t i o n  energy  o f  th e  SFO changed v e ry  l i t t l e  from i t s  

v a lu e  a t  one a tm osphere  on r a i s i n g  t h e  p r e s s u r e  t o  1 .35  k i l o b a r .

The l a s t  ex p e r im en ts  d e s c r ib e d  a r e  t h o s e  on t h e  F araday  r o t a ­

t i o n  o f  t h i n  f e r r o m a g n e t ic  f i l m s .  The d i s p e r s i o n  and t h e  f i e l d  depen­

dence o f  i r o n ,  c o b a l t  and n i c k e l  f i lm s  were m easu red .  These f i lm s  were 

p re p a re d  by vacuum d e p o s i t i o n .  The m e ta l  f i l m s  were d e p o s i t e d  on to  

m icroscope  co v er  s l i p s  a t  a p r e s s u r e  below 0 .1  m icron  o f  m ercury . Mea­

surem ents  o f  t h e  FR were ta k e n  a f t e r  removal from th e  vacuum system  b u t 

c a re  was ta k e n  t o  s t o r e  th e  f i lm s  in  a  d ry ,  e v a c u a te d  c o n t a i n e r  u n t i l  

t h e  a c t u a l  d a ta  were ta k e n .

The m agnetic  f i e l d  dependence o f  th e  FR showed t h a t  t h e  n ic k e l  

f i lm  " s a t u r a t e d "  below 10 k i lo g a u s s .  For t h e  o th e r  f i l m s  t h e  s a t u r a t i o n  

co u ld  be  a t t a i n e d  below  100 k i l o g a u s s .  The f e r r o m a g n e t ic  f i lm s  s a t u r a t e  

a t  h ig h  f i e l d s  b e c a u se  th e  f i lm s  a re  n o t  t h i c k  enough t o  form domains 

w ith  a m a g n e t iz a t io n  p e r p e n d i c u la r  t o  th e  f i l m  p la n e .  F i n a l l y ,  th e  

th i c k n e s s  o f  t h e s e  f i l m s  was measured and th e  V erdet c o n s ta n t  e v a lu a te d .  

Measurements o f  f i lm  th i c k n e s s e s  o f  1000 Angstroms can be  accom plished  

by u se  o f  m u l t i p l e  beam i n t e r f e r o m e t r y . Because o f  th e  d i f f i c u l t y  o f  

th e s e  t h i c k n e s s  measurem ents th e  V erdet c o n s ta n t  o f  t h i n  f i lm s  a r e  

seldom g iv e n .
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CHAPTER II

FARADAY EFFECT

G eneral In fo rm a t io n

The f i r s t  and most e x te n s iv e  s tu d y  o f  th e  SFO's d i s c u s s e d  in  

t h i s  t h e s i s  i s  o f  t h e i r  m a g n e to -o p tic  r o t a t i o n .  Only t h e  so c a l l e d  

l o n g i t u d i n a l  m a g n e to -o p t ic  r o t a t i o n  - Faraday  e f f e c t  - w i l l  be con­

s id e r e d .  In  t h e  F araday  e f f e c t  th e  m agne tic  f i e l d ,  H, and t h e  l i g h t  

beam a r e  p a r a l l e l .  The te rm s l o n g i t u d i n a l  magnetsA.optic r o t a t i o n  and 

F araday  e f f e c t  w i l l  be used in te r c h a n g e a b ly .

I n i t i a l l y ,  t h e  SFO's were s tu d ie d  b eca u se  th e y  showed a con­

s i d e r a b l e  p r e s s u r e  e f f e c t  on th e  m a g n e to -o p t ic  r o t a t i o n  - MOR f o r  s h o r t .  

I t  was found  t h a t  t h e  e f f e c t  o f  p r e s s u r e  on t h e  m ag n e tic  s u s c e p t i b i l i t y  

was ab o u t a  f i v e  p e r  c e n t  d e c re a se  p e r  k i l o b a r .  Hence i t  was expec ted  

t h a t  t h e  MOR would have a com parable e f f e c t .  T h is  was in d eed  found to  

be t r u e  and th e  r e s u l t s  have been p u b l i s h e d .

A ttem p ts  t o  a n a ly ze  th e  p r e s s u r e  dependence o f  t h e  MOR were 

th w a r te d  b eca u se  o f  a la c k  o f  knowledge o f  th e  s t r u c t u r e  o f  th e  SFO's. 

A lso ,  i n  o r d e r  t o  o b ta in  a b e t t e r  u n d e r s ta n d in g  t h e  w ave leng th  depend­

ence was s t u d i e d  f i r s t .  A few y e a r s  ago v e ry  l i t t l e  t h e o r e t i c a l  work 

on th e  d i s p e r s i o n  o f  th e  m a g n e to -o p tic  r o t a t i o n  - MORD - had been  pub­

l i s h e d .  S in ce  th e n  s e v e r a l  p u b l i c a t i o n s  have appea red  and u s e  can be
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made o f  t h e s e  now. Hence, t h e  pu rpose  o f  th e  p r e s e n t  s tu d y  was t o  

m easure t h e  MORD's o f  t h e  SFO 's , e s p e c i a l l y  as i t  r e l a t e s  t o  th e  

s t r u c t u r e  and components o f  th e  SFO 's. We a l s o  hoped to  p ro v id e  an ex ­

p e r im e n ta l  t e s t  f o r  th e  p ro p o sed  t h e o r i e s .  Q u ite  p o s s i b ly  th e  m agne tic  

p r o p e r t i e s  - MORD's and m agnetic  s u s c e p t i b i l i t i e s ,  e t c . ,  can f u r n i s h  a 

new u n d e r s ta n d in g  o f  t h e  d iv e r s e ,  and sometimes c o n t r a d i c t o r y ,  p r o p e r ­

t i e s  o f  t h e  " f e r r i c  com plexes" .

Experiment

The F arad ay  e f f e c t  i s  named f o r  i t s  d i s c o v e r e r ,  who observed  

i t  as e a r l y  as 1846. The Faraday  e f f e c t  i s  s i m i l a r  t o  n a t u r a l  o p t i c a l  

a c t i v i t y ,  which one o b s e rv e s  i n  many s u g a r s ,  i n  t h a t  a r o t a t i o n  o f  

p o l a r i z e d  l i g h t  o c c u r s .  However, h e re  th e  e f f e c t  i s  induced  by a mag­

n e t i c  f i e l d ,  H, so t h a t  t h e  r o t a t i o n  i s  ze ro  a t  zero  m agne tic  f i e l d .

A sch em a tic  d iag ram  o f  th e  o p t i c s  in v o lv e d  in  a  Faraday  e f f e c t  m easure ­

ment i s  g iven  below .

P o l a r i z e r  Sample A nalyze r

To D e te c to r  

4- H

An a n g le  m easurement co u ld  be made by f i r s t  " c ro s s in g "  th e  

p o l a r i z e r  and a n a ly z e r  a t  H = 0. Then s w i tc h in g  on th e  f i e l d  one would 

a g a in  f i n d  t h e  p o s i t i o n  a t  which th e  p o l a r i z e r  and a n a ly z e r  were " c ro s s e d " .  

The d i f f e r e n c e  between t h i s  a n g le  and t h e  one a t  H = 0 i s  th e  F araday  r o ­

t a t i o n  - FR f o r  s h o r t .
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The FR i s  a  v e ry  g e n e ra l  phenomenon, i t  i s  observed  in  a l l

( 2 )m a t te r  and a t  n e a r l y  a l l  w ave leng th s  i n  th e  e le c t ro m a g n e t i c  spec trum .

In  t h e  p r e s e n t  s tu d y  th e  FR was observed  th ro u g h  t h e  ran g e  o f  v i s i b l e  

w av e len g th s  and somewhat i n t o  th e  UV. The s h o r t e s t  w aveleng th  used  was' 

365 m i l l i m ic r o n s .

Most o f  t h e  o ld e r  FR measurements were made w ith  th e  sodium 

D - l in e .  Much o f  t h i s  work in v o lv e d  th e  s tu d y  o f  th e  f i e l d  dependence. 

The o b s e r v a t i o n  t h a t  th e  FR i s  o f te n  a  l i n e a r  f u n c t i o n  o f  H was f i r s t  

made by V e rd e t .  In  t h i s  case  th e  FR - ex p re ssed  in  deg rees  o r  m inutes 

- i s  g iv e n  by 0 where

0 = VH&,

and V i s  c a l l e d  th e  V erdet c o n s ta n t  and ” £" i s  t h e  le n g th  o f  th e  sample.

Most g a s e s  and many l i q u i d s  have t h i s  l i n e a r  f i e l d  dependence. The

second  s i g n i f i c a n t  s tu d y  o f  t h e  f i e l d  dependence was made by Becquerel 

fSland a s s o c i a t e s .  These were made a t  l i q u i d  h e l iu m  te m p e ra tu re  and 

th e  dependence o f  0 on th e  m agnetic  f i e l d  was found t o  obey t h e  fo rm ula .

where

£ = sample le n g th  

Bj = B r i l l o u i n  f u n c t io n  

g = 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  

^B = Bohr magneton = - 0 .927 x lO '^ ^ e rg s /g a u s s  

k = Boltzmann c o n s ta n t  = 1 .3 8  x 10"^  ̂ e rg /d e g .  

T = a b s o lu t e  te m p e ra tu re
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The dependence o f  0 on t h e  B r i l l o u i n  f u n c t i o n  i s  such t h a t  0 i s  ap ­

p r o x im a te ly  l i n e a r  i n  H f o r  sm all  v a lu e s  o f  t h e  argument b u t  reac h es
f4‘)

a maximum, " s a t u r a t i o n " ,  a t  l a r g e  v a lu e s  o f  H.

More e x p l i c i t l y

; (J+l)gU  / , as X »0
B (x)

1 as X
i

where N i s  th e  number o f  m agnetic  moments p e r  u n i t  volume. At i n t e r ­

m e d ia te  te m p e ra tu r e s  B ecquere l found t h a t  th e  FR c o u ld  be r e p r e s e n t e d  

by t h e  sum o f  te rm s  i . e . ,

(j,(4°<T<300°) = [a BjC ) + bH]%

At about th e  t im e  o f  B e c q u e re l ' s  work t h e o r e t i c a l  e x p re s s io n s  

f o r  t h e  FR were p u b l i s h e d .  The most n o t a b l e  a r e  th o s e  o f  Kramers 

R osenfeld^^^  and S e r b e r . A l l  o f  t h e  t h e o r i e s  were s t r i c t l y  v a l i d  

a t  w ave leng ths  w e l l  removed from an a b s o r p t i o n  l i n e ,  o r  band, o f  th e  

sa m p le .

About 1959 new measurements o f  th e  m a g n e to -o p t ic  r o t a r y  d i s p e r ­

s io n  - MORD - f o r  th e  t r a n s i t i o n  m e ta l complexes in  th e  v i s i b l e  and UV 

began t o  a p p e a r .  Most o f  th e s e  were done a t  room te m p e ra tu re .  The 

a v a i l a b i l i t y  o f  i n t e r f e r e n c e  f i l t e r s ,  monochrom ators and e x c e l l e n t  

p h o t o - m u l t i p l i e r  tu b e s  made th e  t a s k  o f  measurement a t  many d i f f e r e n t  

w ave leng th s  and m ag n e tic  f i e l d s  much e a s i e r  th a n  w ith  th e  o ld e r  v i s u a l  

o b s e r v a t io n  m ethods. A lso th e  range  o f  m easurem ents  was ex tended  to  

th e  u l t r a v i o l e t  r e g io n  o f  th e  spec trum . Regions o f  s t r o n g  sample
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a b s o r p t i o n  co u ld  be  i n v e s t i g a t e d  now. And o f  c o u r s e ,  t h e  d a t a  o b ta in e d  

n e a r  an a b s o r p t io n  l i n e  a r e  most s e n s i t i v e  t o  t h e  p r o p e r t i e s  o f  th e  ex­

c i t e d  s t a t e s  o f  t h e  atom o r  m o lecu le s  u n d e r  i n v e s t i g a t i o n .  The ground 

s t a t e  p r o p e r t i e s  can be  i n f e r r e d  by t h e  m a g n e tic  f i e l d  dependence o f  

t h e

The in s t ru m e n t  u sed  f o r  a l l  t h e s e  measurem ents i s  g iven  in  th e  

sc h e m a tic  below.

PMT,
L,

N ico l
Prism

So u rce ,
C ondenser ,

S C o l l im a to r

I n t e r f . 
F i l t e r

W o lla s to n
PrismSample PMT

= DC amp. + XY r e c o r d e r

The o r i g i n a l  equipm ent has a l r e a d y  been d e s c r ib e d  in  Ref. (1) 

o f  C h a p te r  1. We m o d if ie d  th e  in s t ru m e n t  by i n t r o d u c in g  new le n se s  f o r  

UV work, new s h o r t  - 1 mm c e l l s  and a  DC a m p l i f i e r  in  t h e  m easuring  

c i r c u i t .
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The s o u rc e  - a  tu n g s te n  lamp o r  a  m ercury  a r c  - s u p p l i e s  a 

c o l l im a te d  beam t o  th e  i n t e r f e r e n c e  f i l t e r  which v e ry  s e l e c t i v e l y  p a s s e s  

a narrow  band o f  w av e le n g th s  c e n te r e d  a t  some known w av e len g th .  T h is  

e s s e n t i a l l y  monochromatic beam p a s s e s  th ro u g h  t h e  p o l a r i z e r  a f t e r  which 

a  p la n e  p o l a r i z e d  monochrom atic beam can t r a v e r s e  t h e  sam ple . T h e re ­

a f t e r  th e  beam i s  decomposed by an a n a ly z e r  i n t o  two s e p a r a t e  beams 

w hich s t r i k e  d i f f e r e n t  p h o t o m u l t i p l i e r  tu b e s  - PMT's. Thus we have two 

c u r r e n t s  i^ and i^  in  t h e  e x t e r n a l  c i r c u i t  o f  t h e  PMT's. These in  t u r n  

p roduce  th e  v o l t a g e s ,  and V^, a c ro s s  t h e  two e q u a l  lo ad  r e s i s t o r s  R. 

The v o l t a g e  d i f f e r e n c e  a c ro s s  th e s e  r e s i s t o r s  i s  fed  to  a DC

a m p l i f i e r  and th e n  t o  t h e  Y -ax is  o f  an XY r e c o r d e r .  The Y -ax is  d e f l e c ­

t i o n  i s  u sed  to  m easure  th e  F araday  r o t a t i o n  o f  th e  sam ple .

When th e  p la n e  p o l a r i z e d  beam o f  i n t e n s i t y  p a s s e s  th e  

W o l la s to n - ty p e  a n a ly z e r  th e  two emerging beams have i n t e n s i t i e s  o f

(I / I  ) = cos^G
t  o 1

Cl / I  ) = sin^et . ; 0  2

where 0 i s  t h e  a n g le  betw een  t h e  p o l a r i z e r  and t h e  a n a ly z e r .  I f  one 

in c lu d e s  th e  e f f e c t  o f  a b s o r p t io n  o f  th e  sam ple and le n s  system  then

C I^ /I^ )^  = a cos^G 

( I ^ / I ^ ) ^  = a s in ^ G

where a i s  th e  a b s o r p t i o n  c o e f f i c i e n t  o f  th e  sy s tem  a t  th e  p a r t i c u l a r  

w ave leng ths  u sed .  The v o l t a g e  d i f f e r e n c e  p roduced  by th e s e  c u r r e n t s
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i s  g iven  by

(V1 -V2 ) = ( i^ - iz ^ R  = aRSI^Ccos^e - s in ^ e )

= aRSI^ cos(2Q) ,

where S i s  t h e  PMT s e n s i t i v i t y .

The o u tp u t  on th e  Y -ax is  o f  t h e  XY r e c o r d e r  th e n  i s

V = G(V^-V„) = a  GRSI cos 20 ,o 1 2 0

where G i s  th e  g a in  o f  th e  DC a m p l i f i e r  and th e  XY r e c o r d e r .  Now th e

s e n s i t i v i t y  o f  t o  a r o t a t i o n  o f  th e  p la n e  o f  p o l a r i z a t i o n  i s  as 

fo l lo w s

dV /d o  = - 2 aGRSI s in (2 0 )  . (110 o ^

For ze ro  m agnetic  f i e l d  t h e  p o l a r i z e r  i s  s e t  so t h a t  0 = 45° .  In  

t h a t  case  i t  i s  seen  t h a t  = 0 and t h a t  (dV^/d0) r e a c h e s  i t s  maximum 

v a lu e  o f  2aG R S I^ .  For changes o f  ± 1 deg ree  abou t 0 = 45° t h i s  sen ­

s i t i v i t y  i s  a c o n s ta n t  so t h a t  th e  in c re m e n ta l  change AV̂  i s  l i n e a r  

w i th  r o t a t i o n  A0. Thus th e  c o e f f i c i e n t s  a GRSI^ can be e x p e r im e n ta l ly  

de te rm in e d ,  and t h e  Y -ax is  c a l i b r a t e d .

The X -axis  o f  th e  XY r e c o r d e r  i s  d r iv e n  by e i t h e r  a t im e -b a se  

g e n e ra to r  o r  by a v o l t a g e  produced by th e  magnet c u r r e n t .  F i r s t  a  r e ­

cord  was made o f  t h e  r o t a t i o n  v e rs u s  th e  f i e l d  H. Then th e  d e f l e c t i o n  

AV̂  was marked in  by r o t a t i n g  th e  p o l a r i z e r  head a t  H = 0 in  s t e p s  

u s u a l l y  o f  0 . 1 ° .  The p o l a r i z e r  s c a le  i t s e l f  i s  c a l i b r a t e d  i n  0 .01  d e ­

g re e s .  The u n i t  in c lu d e s  a h ig h  q u a l i t y  N ico l which p e rm i ts  a c c u ra te  

sm all a n g le  m easurem ents.
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D e te rm in a t io n s  o f  th e  FR were made a t  each w aveleng th  w ith  

th e  m a g n e tic  f i e l d  a long  as  w e ll  as  o p p o s i te  t o  t h e  d i r e c t i o n  o f  th e  

l i g h t  beam. T h is  was done t o  d e c r e a s e  s y s t e m a t ic  e r r o r s  due t o  h y s ­

t e r e s i s  o f  t h e  XY r e c o r d e r  and magnet a s  w e l l  a s  t o  e l im in a te  e f f e c t s

f 81caused  by sm a l l  b i r e f r i n g e n c e  o f  t h e  end windows o f  t h e  c e l l s .

A l l  d a t a  f o r  th e  FR r e p o r t e d  h e r e  conce rn  s o l u t i o n s  o f  th e  SFO 

i n  d i s t i l l e d  w a te r .  We b e l i e v e  t h a t  t h e  r o t a t i o n  i n  s o l u t i o n  w i l l  be 

n e a r l y  equa l t o  t h a t  observed  in  s o l i d - ( d r i e d ) - c o n d i t i o n ,  v i z . ,  becau se  

o f  t h e  p r e p a r a t i o n  o f  t h e  SFO's. S in ce  th e  f e r r i c  complex i s  s t a b i l i z e d  

by t h e  o rg a n ic  po lym ers  we do n o t  e x p e c t  o r  o b se rv e  any chem ica l changes 

o f  t h e  complexes on d i s s o l v i n g .  There  i s  a  slow p r e c i p i t a t i o n  as t h e  

c o l l o i d a l  p a r t i c l e s  t e n d  to  form l a r g e r  p a r t i c l e s .  The w a te r  m o lecu le s  

p e n e t r a t e  i n t o  and around th e  g lu c o s e  polym er so t h a t  th e  SFO's can go 

i n t o  s o l u t i o n .  However, t h e  w a te r  i s  exc luded  from th e  f e r r i c  complexes 

which a r e  r e s p o n s i b l e  f o r  th e  m a g n e to -o p t ic  r o t a t i o n  o f  th e  SFO 's . Hence, 

th e  e l e c t r o s t a t i c  f i e l d  o f  th e  f r e e  w a te r  i s  o n ly  s t ro n g  n e a r  th e  s u r f a c e  

atoms o f  t h e  f e r r i c  complex.

The c e l l s  u sed  in  m easuring  th e  FR o f  t h e  SFO's and F eC l^ ’bH^O 

a re  s i m i l a r  in  d e s ig n ,  on ly  th e  le n g th  and m a t e r i a l  i s  v a r i e d .  F ig u re  1 

g iv e s  t h e  c o n s t r u c t i o n  o f  t h e s e  c e l l s  i n  d e t a i l .
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End Windows
0-R ing

W  k - A  I -

A

B

1 = A-B 

D

MAT'L,

CELL #1

9 .880  mm

8.915

0 .965

2 0 .3

Alumn. body 
§ B rass  p lu g

CELL #2

7 . 86  mm 

7.52 

0 .34  

20 .3

P le x i g l a s s

F ig u re  1 .  C e l l s  used  in  m easu ring  t h e  F araday  r o t a t i o n .

These c e l l s  were a l s o  used  to  c a l i b r a t e  t h e  m agne tic  f i e l d  H a t  

th e  p o s i t i o n  o f  t h e  c e l l s .  The r o t a t i o n  o f  w a te r  was m easured and th e n  

H c a l c u l a t e d  by u s in g  th e  known V erd e t  c o n s ta n t  o f  w a te r .  T ab le  1 

g iv e s  t h e  m ag n e tic  f i e l d  c a l i b r a t i o n  u sed  in  t h i s  c h a p te r .

T ab le  1 . Magnet C u r r e n t  " I "  and F ie l d

I(AMPS.) (KILOGAUSS)

2 . 0 1 . 2 0

5 .0 2.85

9 .0 5 .00

14.0 7 .20

2 2 . 0 1 0 . 1 0
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f9'lC om m ercia lly  a v a i l a b l e  i n t e r f e r e n c e  f i l t e r s  were u sed  t o  

o b ta in  a m onochrom atic beam. They have t h e  adv an tag e  o f  a l a r g e  t r a n s ­

m is s io n  c o e f f i c i e n t .  T h is  i s  im p o r ta n t  s i n c e  th e  samples a r e  h ig h l y   ̂

a b s o rb in g  a t  t h e  s h o r t e r  w a v e le n g th s . The l a r g e  s i z e  o f  th e  f i l t e r s  

a l low s  u se  o f  a  l a r g e  c ro s s  s e c t i o n  beam which in s u r e s  s t a b i l i t y  o f  th e  

o u tp u t  t o  s m a l l  v i b r a t i o n s  o r  d is p la c e m e n ts  o f  th e  p o l a r i z e r  h e a d . '  

The peak w ave leng ths  o f  th e  f i l t e r s  used  a r e  l i s t e d  below i n  T ab le  2.

The e l e c t r o n i c s  o f  t h e  in s t ru m e n t  a r e  r e l a t i v e l y  s im p le .  The 

v o l t a g e  d i f f e r e n c e  a c ro s s  th e  r e s i s t o r s  R i s  fed  in t o  a  Houston I n s t r u ­

ment C o rp o ra t io n  DC a m p l i f i e r .  The main pu rpose  o f  t h i s  a m p l i f i e r  i s  

to  match th e  impedance o f  r e s i s t o r s  R(100 kfî) to  th e  in p u t  impedance 

r e s i s t a n c e  (10 kf2) o f  th e  XY r e c o r d e r .  The v o l t a g e  g a in  i s  abou t 10. 

A d d i t io n a l  g a in  c o n t r o l  i s  p ro v id e d  by th e  r e c o r d e r  in p u t .

T ab le  2. Summary o f  Data f o r  I n t e r f e r e n c e  F i l t e r s  
Used.

X
0 1 / ^ 0 Peak Trans

800 mp 12,500 cm"^ 46 %

685 my 14,600 cm 40 %

661 my 15,100 cm" 42 %

585 my 17,100 cm 47 %

546 my 18,300 cm 58 %

515 my 19,400  cm 42 %

478 my 20,900  cm ^ 48 %

436 my 22,950  cm 44 %

400 my 25,000  cm \ 40 %

368 my 27 ,400  cm 32 %



19

The l i g h t  i n t e n s i t y  was a d ju s t e d  so a s  t o  p roduce  a 5 microamp. c u r r e n t  

i n  th e  PMT's o u tp u t .  For h ig h ly  t r a n s m i t t i n g  sam ples t h e  c u r r e n t  was 

as h igh  as 8 microamp u s in g  th e  661 m i l l im ic r o n  f i l t e r .  I t  i s  b e t t e r  

t o  o p e r a te  u nder  s i m i l a r  c o n d i t io n s .  There e x i s t s  a  sm all  co u p l in g  

between t h e  m agne tic  f i e l d  and th e  PMT's even tho u g h  m agnetic  s h ie ld in g  

m a te r i a l  i s  used  on t h e  PMT's. This  m a n ife s ts ,  i t s e l f  by a  sm all 

change in  V^. I t s  e f f e c t  i s  always l e s s  th a n  t h a t  due to  5 p e r  c e n t  o f  

th e  observed  r o t a t i o n .  A c tu a l ly , - / s in c e  th e  PR r o t a t i o n  due to  th e  s o l u t e  

i s  always o b ta in e d  by t a k in g  th e  d i f f e r e n c e  betw een th e  PR observed  f o r  

th e  s o l u t i o n  and t h a t  ob se rv ed  f o r  th e  s o lv e n t  t h e s e  e f f e c t s  on t h e  PMT 

te n d  to  s u b t r a c t  o u t .  This a l s o  a p p l i e s  to  t h e  r o t a t i o n  caused by th e  

windows.

When th e  m ag n e tic  f i e l d  i s  c a l i b r a t e d  by m easuring  th e  PR f o r  

t h e  sodium D - l in e s  we s u b t r a c t  th e  r o t a t i o n  by t h e  empty c e l l  from th e  

r o t a t i o n  o f  th e  w a te r  f i l l e d  c e l l .  The PR o f  a i r  i s  n e g l i g i b l e  in  our 

e x p e r im e n ts .

In  th e  measurements o f  CoSO^'YHgO th e  l a r g e  s o lu t e  c o n c e n t ra ­

t i o n  used  r e q u i r e d  some c o r r e c t i o n .  Here t h e  s o lv e n t  m olecu les  a re  

d i s p la c e d  by th e  s o l u t e .

Theory

R ece n tly  a q u i t e  g e n e ra l  th e o ry  f o r  p r e d i c t i n g  th e  m agnitude o f  

th e  PR has been p roposed  by Buckingham and S te p h e n s . This  th e o ry

can be shown t o  e x p la in  from b a s ic  quantum m echan ica l  c o n s id e r a t io n s  

a l l  o f  t h e  r e s u l t s  o b ta in e d  by p re v io u s  e x p e r im e n ts .  I t  a l s o  encompasses 

th e  e a r l i e r  t h e o r i e s  o f  Kramers, R o se n fe ld ,  and B e rb e r .  The most
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s i g n i f i c a n t  advance o f  t h i s  th e o ry  i s  t h a t  o p t i c a l  a b s o r p t io n  i s  ta k e n  

i n t o  a cc o u n t  w hereas  a l l  th e  e a r l i e r  t h e o r i e s  were s t r i c t l y  v a l i d  o n ly  

f o r  w av e le n g th s  f a r  removed from th e  w aveleng th  c o r re s p o n d in g  to  an a b ­

s o r p t i o n  maximum.

A l l  o f  t h e  SFO's have a l a r g e  o p t i c a l  a b s o r p t i o n  and c o r re sp o n d ­

in g ly  l a r g e  e x t i n c t i o n  c o e f f i c i e n t s  in  t h e  v i s i b l e  and UV. Thus i t  i s  

to  be e x p e c te d  t h a t  th e  th e o ry  o f  Buckingham and S tephens shou ld  a f ­

f o rd  a good com parison  t o  my e x p e r im e n ta l  d a t a .  S in c e  t h e  com plete  d e ­

r i v a t i o n  o f  t h e  t h e o r e t i c a l  e x p re s s io n s  f o r  th e  FR a r e  g iven  by th e  r e ­

f e r e n c e s  above, o n ly  t h e i r  r e s u l t s  w i l l  be  g iv e n  h e r e .

I t  i s  shown t h a t  th e  r o t a t i o n  p e r  u n i t  l e n g th  can be w r i t t e n  as

0 where

0 = I 0 (a ^  j )  , ( 2)
a , j

where 0 [a  ->■ j )  i s  th e  c o n t r i b u t i o n  to  th e  t o t a l  r o t a t i o n  by t r a n s i t i o n s  

from t h e  low er e l e c t r o n i c  s t a t e  "à "  to  t h e  u p p er  s t a t e  ”j " .

The e x p r e s s io n s  f o r  0 (a  ^  j )  depend on th e  r e l a t i v e  m agnitudes  

o f  th e  c i r c u l a r  f re q u e n c y  ^  o f  th e  i n c i d e n t  l i g h t ,  t h e  r e s o n a n t  f r e ­

quency u). , t h e  a b s o r p t io n  band h a l f  w id th  T. , t h e  Boltzmann energy  kT, 
3 ^ ' ] a

and t h e  Zeeman s p l i t t i n g  However, t h e  form o f  0 (a  j )  t h a t  i s
1 a

a p p l i c a b l e  t o  th e  sam ples s tu d i e d  can be  w r i t t e n  as^^^^

4ïïN
0 ( a - > j )  = + --------   [ f  )A (a - 5- j )  + f  (o),üJ. )B (a  ^ j ) ] H-L j a  z j ahe

rol expC-E(^)/kT)
+ [f_(w ,w . -'tanhCgy H/2kT)] X ---------------^ -------

^  /kT)

(3)
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where

N i s  th e  number o f  m o lecu le s  /cm^.
0

i s  th e  ene rg y  o f  t h e  s t a t e  "a"  a t  H = 0 , such 

t h a t  t h e  ground s t a t e  co rre sp o n d s  t o  E = 0 ,

2w. 0)^[(ü)? - tü^)^ - Ü3^r? ]
^  , C4)

■h[(m?a - + u f r^ a ]

( c ü ?  -

f ,  = -------— « ---------------  . ( 5)
(Wja -  * “ " l a

ACa^j )  = [ ( p p . .  -  Im , (6)

ka

j .  [ t “x ’ a j < V k a  -  ' V a j ' V k a ' l  '

(7)

Here m^ and m^ a r e  th e  e l e c t r i c  d ip o le  moment o p e r a t o r s , a long  th e  x 

and y d i r e c t i o n s  r e s p e c t i v e l y ,  w h ile  i s  th e  m ag n e tic  moment o p e ra ­

t o r  a lo n g  th e  z a x i s ,  H i s  ta k en  a long  th e  z - a x i s .  A ll  m a t r ix  e lem ents
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a re  t o  be  e v a lu a te d  u s in g  t h e  w av e fu n c t io n s  a t  H = 0 and a l l  w. , F.^ ja ja

a r e  to  be t a k e n  l i k e w is e .

When gPgH/kT<<l th e n

The A and C te rm s  have been  c a l l e d  th e  ' 'd iam ag n e tic "  and " p a ra ­

m ag n e tic "  te rm s  b ecau se  o f  t h e i r  ana logy  t o  te rm s o c c u r r in g  in  mag­

n e t i c  s u s c e p t i b i l i t y  m easurem ents.

The A te rm  which i s  always l i n e a r  in  H a r i s e s  from t h e  sm all  

f req u en cy  s h i f t s  o f  th e  a b s o r p t io n  f r e q u e n c ie s  due t o  Zeeman 

s p l i t t i n g .  The B te rm s a re  caused  by changes i n  th e  t r a n s i t i o n  p ro b ­

a b i l i t i e s  due t o  t h e  e x t e r n a l  f i e l d  H. F i n a l l y  th e  C term s a re  r e ­

l a t e d  t o  changes o f  th e  p o p u la t io n s  o f  t h e  ground s t a t e s  induced  by 

th e  Zeeman s p l i t t i n g .  Thus i f  one can decompose th e  FR s p e c t r a  in t o  

t h e s e  A, B, and C te rm s ,  th e n  t h e  m agnitude o f  each can g ive  th e  r e ­

l a t i v e  im p o rtan ce  o f  t h e  mechanisms g iv in g  r i s e  to  th e  A, B, and C 

te rm s .  For i n s t a n c e ,  i o n i c  s o lu t i o n s  o f  th e  s a l t s  o f  th e  i ro n  group 

e lem en ts  have l a r g e  A te rm s b u t  th e  B and C term s a re  c o n s id e ra b ly  

s m a l l e r .

For an atom ic s t a t e  c h a r a c t e r i z e d  by a t o t a l  a n g u la r  momentum 

J  t h e  A te rm  has t h e  B r i l l o u i n  f u n c t io n  dependence on th e  f i e l d  H.

T his  was found to  be  im p o r ta n t  in  s t u d i e s  o f  th e  FR a t  low te m p e ra tu re  

a n d /o r  h ig h  f i e l d s .
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In th e  s tu d y  o f  th e  SFO's we have en co u n te red  t h e  un iq u e  case  

t h a t  th e  C term s a re  l a r g e  and o f  com parable m agnitude t o  t h e  A te rm s .  

T here  e x i s t s  a component o f  t h e  FR f o r  th e  SFO's t h a t  te n d s  to  " s a t u r ­

a t e "  a t  th e  f i e l d s  u se d .  And t h i s  o ccu rs  f o r  th e  SFO's i n  w a te r  s o l u ­

t i o n  and a t  room te m p e ra tu re !

MORD f o r  C o (S 0 )^ '7 H 0

We have made measurements o f  th e  FR f o r  n in e  d i f f e r e n t  SFO's 

and f o r  CoSO^'VHgO. The e x p e r im e n ta l  r e s u l t s  a r e  d e p ic te d  a s  FR in  d e ­

g re e s  p e r  cm p e r  c o n c e n t r a t i o n  o f  i r o n  (gm p e r  l i t e r )  v e r s u s  e i t h e r  t h e  

m agne tic  f i e l d  o r  t h e  wavenumber. These curves  a re  f i t t e d  w i th  th e  

f u n c t io n s  g iv e n  above in  Eqs. (2) th ro u g h  (9 ) .

To check th e  method and f i t t i n g  p ro ced u re  to  be u sed  we i n i ­

t i a l l y  s t a r t e d  w ith  a  s o l u t i o n  o f  CoSO^-YHgO in  w a te r .  I t s  o p t i c a l  a b ­

s o r p t io n  has been shown to  be due to  th e  c o b a l to u s  io n ,  o r  p o s s i b l y  t o  

[CoCH^O)^]^^ as s t a t e d  by J o r g e n s o n . T h e  p o s i t i o n s  o f  t h e  a b s o rp ­

t i o n  peaks A and t h e  w id ths  a t  h a l f  h e ig h t  1 a re  g iv en  by Jo rg e n so n ,  

v i z . ,

(Ag) = 21,500 c m 'l .  = 2 ,250 c m '^ .

(A ) =‘ 19,400 c m 'l .  r„  = 2 ,250 cm"^.
0 2 ^

These p a ram e te rs  were used  by Jo rg en so n  to  f i t  th e  o p t i c a l  a b s o r p t io n

s p e c t r a .
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U sing t h e  methods g iv en  in  s e c t i o n s  2 and 3 o f  t h i s  c h a p te r  we 

m easured th e  FR o f  t h e  CoSO^. I t  was in d e ed  l i n e a r  w i th  H w i t h i n  e x ­

p e r im e n ta l  e r r o r .  T h e r e a f t e r  we f i t t e d  t h e  e x p e r im e n ta l  d a t a  u s in g

t h e  f . (w ,w .  ) and f  ) f u n c t io n s  o f  Eqs. (4) and (5 ) .i  J a 2 J a

A f i r s t  o r d e r  f i t  was o b ta in e d  by assum ing t h a t  th e  FR i s  t h e
_ 2

sum o f  f^  and f^  te rm s  c e n te r e d  abou t 19,500 cm , w i th  a  w id th  o f

2 ,000 cm ^ . The e q u a t io n  f i t t i n g  th e  e x p e r im e n ta l  d a t a  th e n  i s

[G/AC]coso .YH^O = [ ( l - 5 x l0 " ^ ^  h ) f ^ C 1 9 .5 ,2 .0 )

+ 3.8x10  ̂ f 2 ( 1 9 .5 ,2 .0 ) ] H

( 10)

w ith  H i n  k i l o g a u s s .  The shapes  o f  f^  and f^  a r e  shown in  F ig .  2.

These f u n c t io n s  a r e  used  th ro u g h o u t  t h i s  n e x t  s e c t i o n .

In Eq. (10) i t  i s  to  be u n d e rs to o d  t h a t  th e  f u n c t i o n s  f^  and

f^  a r e  t o  be c a l c u l a t e d  u s in g  th e  c i r c u l a r  f re q u e n c y  oi = 2ITv = 2 t t c v  .

The two numbers i n  th e  b r a c k e t s  o f  f ,  and f., s i g n i f y  t h e  c e n t e r  v and

h a l f  w id th  r  o f  t h e  f req u en cy  f u n c t i o n s .  These u n i t s  a r e  v (cm ^)x lO ~“ 

“ 1 ” 3and r(cm )xlO  F ig u re  2 shows b o th  t h e s e  f u n c t i o n s  and t h e i r  sum 

p l o t t e d  as a f u n c t i o n  o f  v , as w e l l  as th e  e x p e r im e n ta l  d a t a .  I t  i s

seen  t h a t  th e  " f i t "  i s  w i th in  e x p e r im e n ta l  e r r o r  f o r  f r e q u e n c i e s  below
_ 1 -.1 

20,000 cm . Above 20,000 cm , t h e  f i t  can be c o n s id e r a b ly  improved

by u s in g  two f re q u e n c y  f u n c t i o n s .

S e v e ra l  t h i n g s  can be p o in te d  ou t w i th  r e g a r d  to  F ig .  2 . F i r s t  

t h e  FR o f  Co(2+) i s  so sm a ll  t h a t  v e ry  c o n c e n t r a te d  s o l u t i o n s  were r e ­

q u i r e d .  T h e r e f o re ,  th e  FR r e s u l t s  had to  be c o r r e c t e d  f o r  d is p la c e m e n t
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o f  th e  s o lv e n t  (H^O) m o lecu le s  by th e  Co(2+) and S 0 ^ ( 2 - ) . T h is  was 

done by means o f  th e  fo rm ula

ds-C

®Co(2+)SO^(2-)'7H20 ®s "  ̂ d^ ^®o ’

where 0 i s  t h e  o b se rv ed  r o t a t i o n  o f  th e  s o l u t i o n ,  0 i s  th e  r o t a t i o n  s 0

o f  w a te r  and d , d a r e  th e  d e n s i t i e s  o f  th e  s o l u t i o n  and s o lv e n t  s 0

r e s p .  C i s  t h e  s o l u t e  c o n c e n t r a t i o n .  In  t h i s  p a r t i c u l a r  exp e rim en t ,  

t h e  v a lu e  o f  [Cd^-G)/d^] = 0 .8 1 .

Next i t  sh o u ld  be p o in te d  ou t t h a t  th e  r e l a t i v e l y  l a r g e  e x p e r i ­

m en ta l e r r o r  i n  0/&C c o r re sp o n d s  t o  an e r r o r  i n  th e  a n g le  o f  on ly  

±0.005!

The c o e f f i c i e n t s  o f  f^  and f^  in  Eq. (10) a r e  a m easure o f  th e  

m agnitude o f  th e  A and C te rm s .  T h e i r  r e l a t i v e  im portance  i s  no t 

r e a d i l y  a p p a re n t  b e c a u se  th e  u n i t s  o f  f^  and f^  a r e  n o t  t h e  same. 

Whereas f^  i s  d im e n s io n le s s , f^ has th e  u n i t s  o f  (w ^ / h ) . T h is  can 

be checked w ith  Eqs. (4) and (5 ) .  From F ig .  2 one can s e e  t h a t  th e  

c o n t r i b u t i o n  to  th e  FR o f  Co(2+) by th e  A te rm  i s  a lm ost n e g l i g i b l e ,  

ex ce p t  n e a r  19,500 cm ^ . The r o t a t i o n  i s  n o rm alize d  t o  t h e  number o f  

grams o f  CoS0^*7H20 even though th e  t o t a l  r o t a t i o n  n e a r  re so n an ce  i s  

due m o s tly  t o  th e  c o b a l t .

Now th e  SFO's s h a l l  be d i s c u s s e d .  S im i la r  to  Co(SO^) • 711^0, 

th e  SFO's a r e  measured in  aqueous s o l u t i o n  a t  a te m p e ra tu re  o f  23±2 °C, 

The FR i s  n o rm a l ize d  to  th e  i r o n  c o n te n t  in  g m / l i t e r  w h ile  th e  r e s u l t s  

a r e  a g a in  d is p la y e d  as two s e p a r a t e  p l o t s .  F i r s t  i s  a p l o t  o f  th e
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n o rm a l iz e d  r o t a t i o n  (0/£C) i n  d eg rees  p e r  cm p e r  gram i r o n  p e r  l i t e r  

v e r s u s  th e  m a g n e t ic  f i e l d  s t r e n g t h  H in  gauss  and second i s  a  p l o t  o f  

t h e  n o rm a l iz e d  r o t a t i o n  G/&C v e rsu s  th e  f req u en cy  v in  w avenumbers.

D is c u s s io n  o f  SFO #5

In  t h i s  s e c t i o n  two f r a c t i o n s  o f  SFO #5 w i l l  be d i s c u s s e d .

This sam ple was o b ta in e d  from Poly-Meros C o . .  The sample was f r a c ­

t i o n a t e d  by means o f  a Sephadex c o l u m n . A  h ig h  f r a c t i o n  SFO #5C-1 

and a low f r a c t i o n  SFO #5B-6 were chosen . The i r o n  c o n te n t  i s  4 5 .2  

p e r  c e n t  and 4 .6  p e r  c e n t  by mass r e s p e c t i v e l y .

Some o f  t h e  e x p e r im e n ta l  d a t a  o b ta in e d  i s  shown in  F ig s .  3 

th ro u g h  6. E v i d e n t l y ,  t h e  m agnetic  f i e l d  dependence i s  n o t  l i n e a r .

In  f a c t ,  i t  can be seen  t h a t  t h e  d a ta  r e v e a l s  a p a r t i a l  " s a t u r a t i o n "  

w ith  f i e l d .  Superim posed on t h i s  s a t u r a t i o n  i s  a l i n e a r  dependence 

which dom inates  a t  h ig h e r  f i e l d s .

The th e o r y  o u t l i n e d  above does encompass t h i s  ty p e  FR b u t  i t  i s  

p o s s i b l e ,  t h a t  t h i s  i s  t h e  f i r s t  t im e  t h a t  t h i s  ty p e  FR h as  been ob­

s e rv e d  a t  room te m p e r a t u r e s .  With r e g a r d  t o  th e  f req u en cy  dependence 

th e  t h e o r y  shows t h a t  a s a t u r a t i o n  ty p e  r o t a t i o n  h as  th e  shape o f

f„ (u , tü .  ) whereas t h e  l i n e a r  te rm  can have e i t h e r  an f ,  [w,w. ) o r  an2 j a /  1 ] a /

dependence . The t o t a l  FR i s  o f  c o u r s e  th e  sum o f  t h e s e  f u n c ­

t i o n s  a long  w ith  t h e i r  p a r t i c u l a r  H dependence.

For SFO 5C-1 th e  a b s o rp t io n  s p e c t r a  show th e  s t r o n g  UV a b s o r p ­

t i o n  as w e ll  a s  two l e s s e r  a b s o rp t io n  band maxima c l o s e r  t o  t h e  v i s i b l e .  

They a r e  c e n te r e d  as  22 ,500*1 ,000  cm"^, and 32 ,000*2 ,000  cm"^. The ex­

p e r im e n ta l  d a t a  were f i t t e d  by u s in g  fo u r  f u n c t i o n s  c e n te r e d  around
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t h e s e  wavenumbers. The p ro c e d u re  i s  j u s t  l i k e  t h a t  in  s e c t i o n  "MORD 

f o r  Co(S0)^-7H20" e x c e p t  t h a t  more f u n c t io n s  a r e  used  w h i le  we must - 

a l s o  p roduce  a n o n - l i n e a r  f i e l d  dependence .

The e q u a t io n  d e s c r ib i n g  a  b e s t  f i t  t o  t h e  e x p e r im e n ta l  d a t a  i s

[ G / & C ] g ^ = [ -  ( 3 . 9 x l O"l 4  h ) f ^ ( 2 3 , 3 . 4 )  -  ( 5 . 6x l O' ^^ h ) f ^ ( 3 2 , 1 0 ) ]H

+ 0 .6 7  f  ( 2 3 ,3 .4 ) ta n h (1 .0 H )  ■

- 1 6 .5  f 2 ( 3 2 ,1 0 ) t a n h ( 0 .1 H ) .

where H i s  i n  k i l o g a u s s .

F i r s t  t h e  e x p e r im e n ta l  p o i n t s  a t  th e  h i g h e s t  f i e l d  a r e  made to  

f i t .  As can be seen  from F ig .  4 t h i s  i s  u s u a l l y  q u i t e  s a t i s f a c t o r y .

The r e a l  t e s t  th e n  becomes t h e  f i t  o f  t h e  f i e l d  dependence such as  in  

F ig .  3. I t  can  be  seen  t h a t  t h i s  co u ld  be  im proved, how ever, th e  f i t  

i s  commensurate w i th  t h e  e x p e r im e n ta l  e r r o r  and sample d e f i n i t i o n  in  

p a r t i c u l a r .  No s i g n i f i c a n t  g a in  i n  p h y s i c a l  in fo rm a t io n  can be ex ­

p e c t e d .

The second f r a c t i o n  o f  SFO #5 was SFO #5B-6. This  i s  a low 

f r a c t i o n  w ith  an i r o n  c o n te n t  o f  on ly  4 .6  p e r  c e n t .  I t  has a b s o r p t io n  

maxima a t  16,500±1000 cm” \  2 2 ,5 0 0 ± i ,0 0 0  c m '^ , 26 ,500*1 ,000  cm” \  and a t  

3 2 , 000*2000cm ^ . A r e a s o n a b l e  f i t  to  th e  e x p e r im e n ta l  d a t a  cou ld  be 

o b ta in e d  u s in g  a g a in  f o u r  f re q u e n c y  f u n c t io n s  c e n te r e d  a t  23,750 cm~^ 

and 30 ,000  cm ^ . F ig u re s  5 and 6 show th e  f i e l d  and f re q u e n c y  depend­

ence o f  th e  e x p e r im e n ta l  d a t a  and f i t t e d  c u rv e s .  The e q u a t io n  used  to  

f i t  t h e  e x p e r im e n ta l  p o i n t s  i s
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[0/ilC]^g_^ = [ ( - 6 .6 x 1 0 '^ ^  (2 3 .7 5 ,3 .0 )  - (2 .9x10 ’ ^^ H ) (3 0 ,1 2 ) ]H

(13)

+ [ -0 .0 2 5  £2 ( 2 3 . 7 5 , 3 . 0 ) - 0 .5  £ 2 (3 2 ,1 0 ) ] ta n h (0 .4 H )

where H i s  a g a in  in  k i l o g a u s s .

S e v e ra l  comments can be made by c o n s id e r in g  t h e s e  two sam ples .  

F i r s t ,  when t h e  r o t a t i o n  i s  no rm alized  w ith  th e  c o n c e n t r a t i o n  o f  th e  

i r o n  b o th  r o t a t i o n s  a r e  o f  th e  same m agnitude v i z . ,  -1 .5 8  and -2 .0 5  

d e g . / g ( F e j / l i t e r  f o r  5B-6 and 5C-1, r e s p e c t i v e l y ,  a t  27 ,400 cm  ̂ and 

H = 10 .1  k i l o g a u s s .  S econd ly ,  two d i f f e r e n t  v a lu e s  o f  a a r e  needed  in  

Eqs. (12) and (1 3 ) .  The shape o f  th e  f i e l d  dependence n e c e s s i t a t e s  

t h i s .  I t  i s  e s p e c i a l l y  e v id e n t  f o r  SFO #6A-1 which w i l l  be  d i s c u s s e d  

below . A p o s s i b l e  e x p la n a t io n  i s  t h a t  s e v e r a l  d i f f e r e n t  p a r t i c l e  

s i z e s  a r e  c o n ta in e d  in  t h e  f e r r i c  o x id e .  A nother p o s s i b i l i t y  i s  t h a t  

t h e r e  e x i s t s  two d i f f e r e n t  c r y s t a l  s t r u c t u r e s  w i th in  th e  f e r r i c  o x id es  

e . g .  f e r r i m a g n e t i c  y F s2^3  a n t i f e r r o m a g n e t i c  aFe20g. We a l s o  n o te  

t h a t  t h e  sh ap es  o f  th e  c u rv e s ,  bo th  th e  f requency  dependence and th e  

f i e l d  dependence , a r e  q u i t e  s i m i l a r  f o r  b o th  SFO's.

D is c u s s io n  o f  SFO #6

In  t h i s  s e c t i o n  th e  h igh  f r a c t i o n  SFO #6A-1 and t h e  low es t  

f r a c t i o n  SFO # 6 ' - 8  w i l l  be d i s c u s s e d .  SFO #6 was a l s o  o b ta in e d  from 

Poly -M eros . I t  has  been  one o f  th e  most i n t e r e s t i n g  sam ples b ecause  

o f  th e  l a r g e  e f f e c t s  shown in  a l l  t h e  phenomena. Most n o t a b l e  i s  th e  

v a lu e  o f  th e  m a g n e tic  s u s c e p t i b i l i t y  %(6A-1) which i s  51 ,000  c g s /g ( F e ) .
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L ik ew ise ,  th e  l a r g e s t  v a lu e s  o f  th e  FR were ob se rv ed  i n  6A-1. I n s p e c ­

t i o n  o f  t h e  f i e l d  dependence o f  t h e  FR show t h a t  a d e f i n i t e  s a t u r a t i o n  

o c c u r s .  Superposed  on t h i s  i s  th e  l i n e a r  f i e l d  dependence.

The f i e l d  and f req u en cy  dependence o f  SFO #6A-1 h as  been f i t t e d  

w ith  e i g h t  f req u en cy  f u n c t io n s  c e n te r e d  a t  17,000 cm ^ , 22,500 cm ^ ,

27,400 cm ^ , and 32 ,000 cm ^ . These c o r re s p o n d  to  p o s i t i o n s  o f  a b s o r p ­

t i o n  maxima o b se rv ed  in  o p t i c a l  a b s o r p t io n  s p e c t r a .  The e q u a t io n  u sed  

t o  f i t  th e  e x p e r im e n ta l  d a t a  i s

[e/AC] = [ -0 .1 2 5  fg C lT .0 ,2 .0 ]  - 0.20 f g ( 2 2 . 5 , 2 . 0 ) - - -

-11
1 .1  f  ( 2 7 .4 ,6 .0 )  - (5 .5x10  H ) f ^ ( 3 2 ,2 2 ) ]H

(14)

+ [4 .8 x l0 r2 .  f  ( 2 2 .5 ,2 .0 )  - 0 .5  f  ( 2 7 .4 ,6 .0 )

- 2 .8  f  (32 ,20)]H  + 4 .0  f  ( 3 6 ,2 . 0 ) t a n h ( 0 . 2  H)] .

An i n s p e c t i o n  o f  th e  f i e l d  dependence shows t h a t  th e  d a t a  ag a in  

a r e  t o  be f i t t e d  by th e  sum o f  a tanh(aH ) te rm  and a te rm  l i n e a r  i n  H. 

Moreover, b e c a u se  th e  e x p e r im e n ta l  d a t a  c o n t a ih  a r e g io n  between 2 and 

7 k i lo g a u s s  where th e  s lo p e  i s  ze ro  a n o th e r  tanh(aH ) i s  needed . T h is  

sh o u ld  be o f  o p p o s i t e  s ig n  and o f  d i f f e r e n t  a .  E v id e n t ly ,  d i f f e r e n t  

p a r t i c l e  s i z e s  o ccu r  o r  d i f f e r e n t  c r y s t a l  s t r u c t u r e s  o r  b o th i— -

For t h i s  p a r t i c u l a r  SFO th e  l i n e a r  H dependence i s  b e s t  d e s ­

c r ib e d  w ith  an . This  co rre sp o n d s  t o  th e  B te rm s  which a r i s e

from wave f u n c t io n  "m ixing" o r  to  changes i n  t h e  t r a n s i t i o n  p r o b a b i l i t y  

on a p p ly in g  t h e  f i e l d .  In a l l  SFO's e x c e p t  SFO #6A-1 and SFO # 6 ' - 8 ,  

th e  l i n e a r  H te rm s can  be a d e q u a te ly  d e s c r ib e d  by f^(w,Wj^)H.
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The low est f r a c t i o n  SFO #6 ' - 5  has  an i r o n  c o n te n t  o f  3 .15  p e r  

c e n t .  F ig u re s  9 and 10 g iv e  t h e  f req u en cy  and f i e l d  dependence f o r  

t h i s  sam ple . The f i t t e d  cu rv es  a r e  in  good agreem ent w i th  th e  e x p e r i ­

m en ta l d a t a .  Both th e  c u rv e  shape and m agnitude o f  t h e  r o t a t i o n  can 

be re p ro d u c e d .  The e q u a t io n  u sed  i s

[8 /& C ],,_ g  = [ -0 .0 5 8  f 2 [ 2 7 .5 , 2 .0 )  - (2 . 4xl0~^ T i ) f^ ( 2 7 .4 ,2 .0 )

- (4 .2 x 1 0 “ ^^ t i ) f ^ ( 2 3 . 0 , 2 . 0)]H

_  . + 0 .055  f 2 ( 2 3 .0 ,2 .0 ) t a n h ( 1 .0 H )  (15)

- 0 .1  f 2 ( 2 7 .4 ,2 .0 ) t a n h ( 0 .4 H )

+ 1 .03  f  (3 2 ,8 .0 ) ta n h (0 .2 H )  .

Here s i x  f req u en cy  f u n c t i o n s  a r e  u sed .  Three, o f  t h e s e  a r e  f 2 ty p e  

w i th  a  tanh(aH ) f i e l d  dependence. A nother f 2 f u n c t i o n  h as  a  l i n e a r  

dependence and th e  o th e r  two a r e  f^  f u n c t io n s  w i th  a l i n e a r  depend­

ence on H. F u r th e rm o re ,  t h r e e  d i f f e r e n t  a ’ s a r e  used  h e r e .  ■ The 

u l t i m a t e  f i t  can be seen  i n  F ig .  9.

D is c u s s io n  o f  SFO #10

SFO #10 was o b ta in e d  from Poly-M eros and s e p a r a t e d  by a Sepha­

dex column. One heavy f r a c t i o n ,  SFO #10B-2 was m easured . T hree  l i g h t  

f r a c t i o n s  were mixed t o  form SFO #10 '-7+ 8+ 9 . T h is  m ix tu re  was o f  s u f ­

f i c i e n t  q u a n t i t y  t o  d e te rm in e  th e  FR, I t  sh o u ld  be  u n d e rs to o d  t h a t  

some f r a c t i o n s  a r e  o n ly  a v a i l a b l e  in  sm a l l  q u a n t i t y .
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SFO #10B-2 has  an i r o n  c o n te n t  o f  4 4 .8  p e r  c e n t  and an a b s o rp ­

t i o n  s p e c t r a  n e a r l y  i d e n t i c a l  t o  SFO #6A-1. P o s i t i o n s  o f  th e  a b s o rp ­

t i o n  maxima a r e  a t  22,500±1000cm~^, 26 ,500*1 ,000  cm~^, and 32 ,000*2 ,000

— 1 cm .

The r o t a t i o n  d a ta  f o r  SFO #10B-2 a r e  s i m i l a r  in  shape t o  th o s e

o f  6A-1 b u t  th e  m agnitudes  a r e  s m a l l e r .  As F ig .  11 shows t h e  d a t a  f o r

27,400 cm  ̂ show a d e f i n i t e  s a t u r a t i o n  a t  a v a lu e  about one t h i r d  t h a t  

o f  6A-1 a t  t h e  same f req u en cy .  A good f i t  t o  th e  e x p e r im e n ta l  d a t a  i s  

o b ta in e d  by u s in g  on ly  fo u r  f req u en cy  te rm s .  The e q u a t io n  f i t t i n g  t h e  

e x p e r im e n ta l  d a t a  i s

[0 /£C]^Qg_2 = [ - ( 4 .0 x l 0 '^ ^ T \ ) f ^ ( 2 3 .7 5 , 4 .0 ) - C 2 .0 x l 0 " 1 3 h ) f ^ ( 1 8 .5 , 5 .0 ) ] H

(16)

+ O.S f 2 ( 2 6 . 5 , 4 . 0 ) t a n h ( 1 . 0  H) - 1 .25  f  ( 3 2 ,0 . 9 ) t a n h ( 0 . 5  H)

I n s p e c t i o n  o f  F ig s .  11 and 12 show t h a t  b o th  th e  f re q u e n c y  and 

f i e l d  dependence a r e  f a i r l y  w e ll  f i t t e d .

The e x p e r im e n ta l  d a ta  f o r  t h e  l i g h t  f r a c t i o n  was most d i f f i ­

c u l t  to  f i t . T h is  can be seen  by com paring th e  e x p e r im e n ta l  and f i t t e d

d a ta  f o r  22 ,950 cm  ̂ and 27,400 cm  ̂ i n  F ig .  13. The f req u en cy  cu rve

in  F ig .  14 on th e  o th e r  hand i s  an e x c e l l e n t  f i t .



H - ( k i l o g a u s s )
+0.5

H*OQ

n>

1=
3
CD
r+H»O 18,340
H *0

LUo-
0
&03o
0

SFO IOB-2

O ~ 2 7 ,4 0 0  cm: 
A  ^ 2 2  950  
0 ^ 1 8  3 4 0

rfy0 22,950

Ml LU
S ^
CO I
3 u

-  ^ _ 2 . 00co1

2.5

22,950



y (CM JXIO-3
20 22 26+0.5

h-J

cr

CL

SFO IOB-2 
0--IO .I KGAUSSLu

r ‘

i-h
P. -1.5

(D
oco

10.1 KG.2J5



o o ooo ^ rO
CVI Q D  <7> 

O J  C M - - - - - - -

C D

O  □ <1 0

lO

lO

F ig u re  13. M agnetic  f i e l d  dependence o f  th e  FR f o r  SFO #10 '- (7+ 8+ 9)



F (CM 'JXIO- 3
2 0 22 26

SFO ld-(7+8+9) 

0 -1 0 .1  KGAUSS
% - —1 ,0

lO.I KG,

Figure 14. Wavenumber dependence of the FR for SFO #10'-(7+8+9)



45

The e q u a t io n  used  t o  f i t  th e  e x p e r im e n ta l  d a t a  i s

[0/&C]iQ,_y+g+g = [ - [5 .3 x 1 0 -1 4  h ) f ^ (1 7 .7 5 ,3 .2 5 )

(2 .2x10-13 - h ) f ^ ( 2 3 ,4 .0 )

- (3 .2 x 1 0 -1 3  h ) f ^ (2 7 .5 x 4 .0)]H 

+ [0 .37  £2 (2 3 , 4 . 0 3 - 2 .2 0  f 2 (3 2 ,2 4 ) ] ta n h (0 .1 5 H )  

+ 0 .28  f 2 ( 2 7 . 5 , 4 . 0 ) t a n h ( 0 . 3  H).

D is c u s s io n  o f  SFO #11

SFO #11 was o b ta in e d  from Diamond L a b o r a to r i e s .  A f te r  f r a c t i o n ­

a t i o n  th e  heavy f r a c t i o n  chosen  was l lA - 3 ,  h av in g  an i r o n  c o n te n t  o f  41 

p e r  c e n t .  The l i g h t e s t  f r a c t i o n  #11-0 chosen  has  an i r o n  c o n te n t  o f

11 .2  p e r  c e n t .  They have s i m i l a r  a b s o r p t i o n  s p e c t r a  w ith  peak a b s o rp ­

t i o n s  a t  22,500±1000cm -l, 26 ,500±)000cm -l and 32 ,000±2,000 cm "l.  ( In  

g e n e r a l  t h e  com m ercia lly  s u c c e s s f u l  l a b o r a t o r i e s  p roduced  u n ifo rm  p r o ­

d u c ts  . 3

L ik ew ise ,  th e  FR o f  th e s e  two sam ples i s  v e ry  s i m i l a r .  F ig u re s  

15 th ro u g h  18 g iv e  th e  f i e l d  and f r e q u e n c y  dependence f o r  t h e s e  two SFO's, 

The e q u a t io n s  used to  f i t  t h e  e x p e r im e n ta l  d a t a  are

[ 0 / ^ t C ] ^ l A _ 3  =  [ - ( 3 . 8 x 1 0 - 1 4  h ) f j ( 2 3 , 2 . 0 3

-  (1 .3 x 1 0 -1 2 - h ) f ^ ( 2 6 .7 5 ,6 . 0 3 ]H -

(183
-  0 .33 f 2 ( 2 6 . 7 5 , 6 . 0 ) t a n h ( 0 . 4  H)

+ 0 .44  f 2 ( 3 2 , 4 . 0 ) t a n h ( 0 . 1  H)
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(19)

50

and

[0/£C ]^^_^ = [ -1 .5 x lO ’ ^ ^ T i ) f ^ ( 1 6 . 5 ,4 . 5 )

- (2 .7 x 1 0 “ “  Ti)£^ (32 ,24 ) ]H

- 0 .14  f 2 ( 2 2 .5 ,2 .0 ) t a n h ( 0 .3 5 H )

- 0 .22  £ 2 ( 2 7 ,4 . 5 ) t a n h ( 0 . 3  H) ,

where H i s  a g a in  i n  k i l o g a u s s .

The £ i t  i s  g e n e r a l ly  s a t i s £ a c t o r y  e x c e p t  p o s s i b l y  £or th e  £ i e l d  

dependence a t  24,700 cm~^. G£ c o u r s e ,  t a k i n g  more £ requency  £ u n c t io n s  

m igh t improve t h i s .

D is c u s s io n  o£ SFO #14

The l a s t  SFO to  be d i s c u s s e d  i s  #14. T h is  was o b ta in e d  £rom 

Cyanamid L a b o r a t o r i e s .  I t s  i r o n  c o n te n t  i s  10 .7  p e r  c e n t .  E le c t ro n  

m icroscope  d a t a  show t h a t  th e  £ e r r i c  o x id e  p a r t i c l e s  a r e  v e ry  uni£orm 

w i th  a  s i z e  o£ 150 by 20 A ngstrom s. T h is  sam ple was v e ry  uni£orm and 

d id  n o t  f r a c t i o n a t e  i n  t h e  Sephadex column.

The FR i s  i n t e r e s t i n g ,  i t  i s  dom ina ted  by th e  £^ dependence 

e s p e c i a l l y  n e a r  26 ,000  cm ^ . F u r th e rm o re ,  t h e  £ i e l d  dependence i s  

e s s e n t i a l l y  l i n e a r  w i th  H. F ig u re  20 shows t h i s  l i n e a r  dependence as 

w e l l  as  t h e  d e v i a t i o n s  o£ th e  e x p e r im e n ta l  d a t a .  The ex p e r im e n ta l  

e r r o r ,  0 .005 d e g r e e s ,  i s  i n d i c a t e d  w i th  t h e  £ i e l d  dependence d a t a .
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The e q u a t io n  used  t o  f i t  t o  e x p e r im e n ta l  d a t a  i s

[0 /£C ]^4  = [-C 2 .8x lO "lZ  h ) f ^ ( 2 6 , 7 . 0 ) -  0 .3 3  £ 2 (2 6 ,7 .0 ) ]H  (20)

where H i s  i n  k i l o g a u s s .  Both and f^  f re q u e n c y  f u n c t io n s  must 

be u s e d .  I n  t h i s  c a s e  th e y  co r re sp o n d  to  t h e  A and C te rm s  o f  Eqs.

(6 ) and (9) r e s p e c t i v e l y .

Summary

In  t h i s  s e c t i o n  t h e  r e s u l t s  o f  e x p e r im e n ta l  d a t a  and th e  

f i t t e d  c u rv e s  w i l l  be summarized and some com parison  between th e  

d i f f e r e n t  SFO's w i l l  be made.

E v id e n t ly ,  t h e  g e n e ra l  fo rm ula  g iv e n  in  Eq. (3) i s  a b le  t o  

f i t  t h e  d a t a .  The th e o ry  o f  Buckingham and S tephens and e a r l i e r  s im i ­

l a r  t h e o r i e s  can t h e r e f o r e  be u sed  as a b a s i s  o f  d i s c u s s io n .  The 

fo rm er t h e o r y  does p r e d i c t  th e  f i e l d  and f re q u e n c y  dependence i n  r e ­

g io n s  o f  l a r g e  a b s o r p t io n  as w e ll  as in  r e g io n s  f a r  from t h i s .

The s ig n s  o f  th e  A, B and C (o r  f o r  th e  SFO's) term s which 

a r i s e  from t h e  f i t t e d  e q u a t io n s  a r e  summarized in  T ab le  3.
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T able  3 .  Summary o f  t h e  S ig n s  o f  t h e  A, B and C Terms f o r  th e  SFO's

v^Ccm B C (or Qg)

17 ,000*1 ,000 n e g a t iv e p o s i t i v e

22 ,500*1 ,000 n e g a t iv e n e g a t iv e

26 ,500*1 ,000 n e g a t iv e n e g a t iv e

52 ,000*2 ,000 n e g a t iv e n . a .

36 ,000*2 ,000 n . a . n . a .

n . a .

p o s i t i v e  (excep t l l - C )  

p o s i t i v e  and n e g a t iv e  

p o s i t i v e  and n e g a t iv e  

p o s i t i v e  (6A-1 on ly )

The s ig n  o f  t h e  te rm  i s  i n t e r e s t i n g  b ecau se  i t  depends only  

upon t h e  m a t r ix  e lem en ts  o f  t h e  e l e c t r i c  d ip o le  moment. Thus from Eq. 

( 8) i t  i s  seen  t h a t

>0 f o r  s ig n  o f  Q >0 

^"’y^ ja ^  ^<0 f o r  s ig n  o f  Q <0
( 2 1 )

-1For t h e  t r a n s i t i o n  a->-j c o r re s p o n d in g  to  22 ,500*1 ,000  cm th e  

s ig n  i s  a lways p o s i t i v e ,  e x c e p t  i n  th e  c a se  o f  SFO l l - C .  F u rthe rm ore ,  

s in c e  th e  s ig n  o f  th e  A te rm s  i s  n e g a t iv e  f o r  a l l  a ^ j  t r a n s i t i o n s  i s  

fo l lo w e d  from th e  e x p r e s s io n  f o r  t h e  A te rm s in  Eq. (6 ) th e n

[ ( y J
>0 f o r  s ig n  o f  Q <0

- ( u j  1 = (.z / j j  '■'"z^a.a'' ' < 0  f o r  s ig n  o f  Q^>0
(22)
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The s ig n  o f  t h e  B te rm s  can n o t be d e s ig n a te d  a s  due t o  e i t h e r  t h e  mag­

n e t i c  o r  t h e  e l e c t r i c  d ip o le  te rm s .  T h is  i s  r e a d i l y  a p p a re n t  on e x ­

am ining th ç  e x p r e s s io n  f o r  B i n  Eq. (7 ) .

A lthough no s p e c i a l  a t te m p t  has been made to  p rove  t h a t  t h e  

t o t a l  r o t a t i o n  i s  p r o p o r t i o n a l  t o  t h e  i r o n  c o n te n t  I b e l i e v e  t h a t  th e  

r e s u l t s  make t h i s  p l a u s i b l e .  Note t h a t  t h e  heavy and l i g h t  f r a c t i o n s  

have i r o n  c o n te n t s  d i f f e r i n g  by a f a c t o r  o f  10 u s u a l l y .  However, t h e  

n o rm a l ize d  FR i s  o f  t h e  same o rd e r  o f  m agn itude .  T h is  i s  e s p e c i a l l y  

a p p a re n t  i n  SFO #11. In  th e  o th e r  SFO's d i f f e r e n c e s  i n  shape  and mag­

n i t u d e  o f  t h e  FR betw een th e  heavy and l i g h t  f r a c t i o n s  can be  due to  a 

f u r t h e r  d eve loped  c r y s t a l  s t r u c t u r e  in  th e  heavy f r a c t i o n .

The SFO's e x h i b i t  a  f i e l d  dependen t FR which i s  v e ry  s i m i l a r

n?")to  th e  su p erparam agne tism  o b se rv ed  f o r  f i n e  p a r t i c l e s .  In t h i s

t h e  m a g n e t iz a t io n  o f  most a l l  o f  a domain a c t s  a s  an a l ig n e d  m agne tic

moment. The m agnitude o f  t h e  a te rm  in  tanh(aH ) f i t s  t h i s  p i c t u r e .

r i 8 iThus f o r  a p a ra m a g n e t ic  s u b s ta n c e  a t  room te m p e ra tu r e ,  one has

| o t l  = = l O ' G / g a u s s  ,

But th e  a ' s  u sed  f o r  t h e  SFO's a re  i n  th e  range  o f  10 ^ /g a u s s  to  

10 ^ /g a u s s .  Hence, we a re  o b s e rv in g  a l ig n m en ts  o f  domains c o n ta in in g  

10^ t o  10^ m ag n e tic  atom s. The e l e c t r o n  m icroscope  and X -ray  d a t a  show 

t h a t  t h e  l a r g e s t  p a r t i c l e s  a r e  abou t 50 Angstroms in  d ia m e te r .  Assuming 

t h a t  t h e s e  have  a f e r r i t e  s t r u c t u r e s i m i l a r  t o  FeyO^ t h e  t o t a l  

number o f  i r o n  atoms i s  abou t 5x10^. A summary o f  th e  a ' s  f o r  t h e  SFO's 

used  i n  th e  f i t t i n g  e q u a t io n s  as g iven  in  Table 4 .
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T ab le  4 .  Summary o f  th e  a ' s  f o r  t h e  SFO's

a ^ ( i n  k i lo g a u s s "  

SFO V j(2 2 ,5 0 0 ± l ,0 0 0 )  V 2=(26 ,000±l,

^) f o r  v ^ (a  -+

0 0 0 ) V2=(32,

j )

0 0 0 ±2 , 000 ) 36,000

5C-1 1 . 0 - 0 . 1 -

SB-6 0 .4 - - -

6A-1 1 . 0 1 . 0 1 . 0 0 . 2

6 ' - 8 1 . 0 0 .4 0 . 2 -

lOB-2 - 1 . 0 0 .5 -

10 '-(7+8+ 9) - 0 .3 0 .15 -

11 A-3 - 0 .4 0 . 1 -

l l -C - 0 .3 - -

There  a ' s  seen  t o  group r a t h e r  w e l l  i n t o  two groups i . e .

_ T 5C-1

"  6 ^ - 8  
lOB-2

SB- 6
Group I I  10 '-7+8+9

( | a |  <1.0) l lA -3
'max i i _ c
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As was m en tioned  b e f o r e  th e  e x p e r im e n ta l  d a t a  demand t h a t  th e  

f i t t i n g  e q u a t io n  in c lu d e  a t  l e a s t  two tanh(aH ) te rm s  w ith  d i f f e r e n t  

a ' s .  I t  i s  p o s s i b l e  t h a t  t h e  m agnetic  i r o n  atoms e x i s t  i n  d i f f e r e n t  

c r y s t a l  s t r u c t u r e s  w i th i n  a p a r t i c u l a r  SFO. A lso  t h e  u n c o o rd in a te d  

s u r f a c e  atoms m ight be  a s s o c i a t e d  w ith  a  d i f f e r e n t  a ' s  th a n  th e  i n t e r ­

i o r  a tom s. Of c o u r s e ,  a d i f f e r e n c e  i n  m agn itude  o f  a  can be e x p la in e d  

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

l a r  SFO. T h is  does n o t  n e c e s s a r i l y  e x p la in  th e  s ig n  r e v e r s a l  o f  t h e  

ta n h  aH te rm s ,  how ever. The g r e a t e s t  d i f f e r e n c e  i n  a o ccu rs  in  Eq. (12) 

f o r  SC-1 as i t  c o n t a in s  a ' s  o f  b o th  1 . 0 /k i lo g a u s s  and 0 . 1 / k i l o g a u s s .

This  f a c t o r  o f  10 can be accounted  f o r  by a f a c t o r  o f  2 .2  in  th e  c r y s t a l ­

l i t e  d ia m e te r .  T h is  f i t s  th e  e l e c t r o n  m icroscope  and x - r a y  d a ta .

F or t h i n  f e r ro m a g n e t ic  f i lm s  i t  has been  shown t h a t  th e

( 2 )FR/gauss/cm  i s  p r o p o r t i o n a l  t o  th e  m a g n e t i z a t i o n .^  T h is  i s  r e f e r r e d  

to  as K u n d t 's  law and a  v a r i a t i o n  o f  t h i s  i s  u t i l i z e d  by Van Vleck and

n  Ql
Hebb to  i n c r e a s e  t h e  u s e f u ln e s s  o f  FR d a t a .  The SFO's e s p e c i a l l y  

th o s e  w i th  a l a r g e  C (o r  Q^) te rm  sh o u ld  d i s p l a y  t h i s  same e f f e c t .  In 

p a r t i c u l a r  SF0#6A-1 and SFO #10B-2 shou ld  fo l lo w  K u n d t 's  law. Thus, 

f o r  V = 27,400 cm“  ̂ we can w r i t e

[0 /A C ],.  T [ -7 .3 9 ta n h (1 .0 H )  + 5 . 3 0 ta n h (0 . 2H) - 0 .1 4 ta n h  1.0H]/H
---------------------=   (23)
[0/£C]^Qg 2 [ -  1 .8 9 tan h (1 .0 H )  - 1 .2 7 ta n h (0 .5 H )] /H

which r e d u c e s  f o r  sm a ll  v a lu e s  o f  H to

[ -  7 .3 9 (1 .0 )  + 5 .3 0 (0 .2 )  - 0 .1 4 (1 ) ]  
[ -  1 .8 9 (1 .0 )  - 1 .2 7 ( 0 .5 ) ]
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or f i n a l l y

[9ACH1iob_
H £ â  2.56 • (24)

The s u s c e p t i b i l i t y  % o f  t h e s e  samples haye been  measured^^^^ and 

t h e i r  r a t i o  a t  room te m p e ra tu re  i s

X(6A-1) _ 50,500 _ 0 ^  _ „ , 
x (10B-2) 11,000 ^ 0 .6 0  I J

The f a c t o r  o f  0 .4 5 /0 .6 0  was th e  n o r m a l i z a t io n  f a c t o r  f o r  th e  i r o n  

c o n t e n t .  The u n c e r t a i n t y  in  th e  e x p e r im e n ta l  numbers o f  Eq. (241 i s  

±0.25. Comparison o f  Eqs. (24) and (25) does te n d  to  su p p o r t  th e  

c o n te n t io n  t h a t  th e  t a n h  te rm  o f  th e  SFO's fo l lo w s  K undt's  law.

E xperim en ta l  E r ro r

T h is  s e c t i o n  i s  r e s e rv e d  f o r  a d e s c r i p t i o n  o f  th e  e r r o r  in  

th e  e x p e r im e n ta l  d a t a  and th e  p r e c i s i o n  o f  th e  ang le  o f  r o t a t i o n .

In  th e  s e c t i o n  on "E xperim ent"  i t  was m entioned  t h a t

^26)

where 0^ i s  th e  r o t a t i o n  observed  f o r  th e  s o l u t i o n  o f  th e  SFO in  

w a te r  and 0^ i s  t h e  r o t a t i o n  o f  p u re  w a te r .  An e r r o r  in  th e  p a r a ­

m e te rs  on th e  r i g h t  s i d e  o f  Eq. 26 w i l l  c au se  an e n la rg e d  i n a c c u r ­

acy in  [0 /J lC ]. The m a jo r  e r r o r  i s  i n  th e  a n g le .  Because o f  t h e  l a r g e  

o p t i c a l  a b s o r p t i o n  o f  th e  SFO's one must keep th e  i r o n  c o n c e n t r a t i o n



59

r e l a t i v e l y  s m a l l .  As a  r e s u l t  0^ comes v e ry  c lo s e  t o  0^. Using a 

s h o r t  o p t i c a l  p a t h ,  and l a r g e r  c o n c e n t r a t i o n ,  one can  red u ce  t h i s  

e r r o r .  Our c e l l s  were abou t 1 mm wide.

In  m easurem ents  o f  t h e  r o t a t i o n  o f  w ate r  a t  a  p a r t i c u l a r  f i e l d  

and w ave leng th  th e  e r r o r  was as  sm all  as 0.0025° a t  H = 10.1 k i l o ­

g a u s s .  T h is  r e s u l t s  i n  an u n c e r t a i n t y  in  [0/&C] o f

A[G/&C] = ± (27)

T h is  e r r o r  depends upon th e  s i z e  o f  [1/&C] and i s  g iven  f o r  each wave­

le n g th  on th e  f i e l d  dependence c u rv e s .  T h is  u n c e r t a i n t y  i s  as l a rg e  

as 20 p e r  c e n t  o f  [0/5,0] a t  H = 10.1 k i lo g a u s s .

The e r r o r  in  t h e  p a th  le n g th  i s

SL = 0.965 ± .010 mm.

E r r o r s  in  C caused  by th e  a n a l y s i s  o f  th e  i r o n  c o n te n t  and on 

d i l u t i n g  th e  s o l u t i o n ,  a r e  p ro b ab ly  o f  l e s s e r  im portance .  The mea­

surem ent c e l l  was s e a le d  to  p re v e n t  e v a p o ra t io n  d u r in g  a measurement 

o f  th e  FR. The r e s u l t s  a v a i l a b l e  on th e  r e p r o d u c i b i l i t y  o f  th e  chem i­

c a l  a n a l y s i s  show t h a t  th e  a n a l y s i s  rep roduced  to  10 p e r  c e n t .

Of c o u r s e ,  t h e  u n c e r t a i n t y  in  i and C r e s u l t s  in  a s c a l e  f a c t o r  

u n c e r t a i n t y  f o r  0/5-C so  t h a t  a l l  numbers a t  a p a r t i c u l a r  w aveleng th  a r e  

u n i fo rm ly  h ig h  o r  low. " S c a t t e r "  i s  caused by e r r o r s  in  th e  an g le  mea­

su rem en ts  .
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The r e p r o d u c i b i l i t y  o f  t h e  r o t a t i o n  measurem ents i s  i l l u s t r a t e d  

by SFO #6A-1. T h is  was m easured in  two d i f f e r e n t  c e l l s  (o f  th e  same 

p a th  le n g th )  one month a p a r t .  The shapes  o f  t h e  f i e l d  dependent cu rv es  

were found t o  re p ro d u c e  c o n s id e r a b ly  b e t t e r  th a n  th e  e r r o r  Eq. (27) i n ­

d i c a t e s .  The m agnitudes  o f  th e  r o t a t i o n  rep ro d u ced  to  10 p e r  c e n t .
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CHAPTER III

ELECTRICAL PROPERTIES 

I n t r o d u c t io n

The e l e c t r i c a l  r e s i s t a n c e  o f  th e  s t a b i l i z e d  f e r r i c  ox ides  (SFO) 

i s  v e ry  s e n s i t i v e  to  th e  te m p e ra tu re  o f  th e  sam ple .  In  f a c t ,  th e  de ­

pendence upon th e  te m p e ra tu re  i s  e x p o n e n t ia l .  T h is  i s  analogous  t o  th e  

b e h a v io r  o f  a sem iconduc to r .  In  p u re  sem iconduc to rs  t h i s  has le d  t o  an 

u n d e r s ta n d in g  o f  i t s  energy s t r u c t u r e .  T h e re fo re ,  we s h a l l  draw upon 

t h e  l a r g e  amount o f  in fo rm a t io n  a v a i l a b l e  f o r  p u re  sem iconduc to rs  to  

f u r t h e r  o u r  u n d e r s ta n d in g  o f  th e  SFO.

E xperim enta l

The a p p a ra tu s  used  to  make measurements i s  shown in  th e  F ig .

21 below . The sample i s  suspended from i t s  le a d s  i n s i d e  th e  c e l l .  A 

forepump was used  to  keep th e  p r e s s u r e  below lOOp m ercury  p r e s s u r e  i n ­

s id e  th e  c e l l .  T h is  e l im in a te s  cond u c t io n  e f f e c t s  due to  m o is tu re  a t  

t h e  s u r f a c e .  The experim en ts  were perform ed in  t h e  ran g e  o f  room 

te m p e ra tu r e  up t o  200 °C. I n i t i a l l y ,  measurements were ta k e n  w ith  th e  

te m p e ra tu r e  i n c r e a s in g  as w ell as d e c r e a s in g .  However, i t  was found 

t h a t  t h e  d a t a  ta k e n  w ith  th e  te m p e ra tu re  d e c r e a s in g  were more re p ro d u c ­

i b l e .  T h e re fo re ,  a l l  t h e  r e s u l t s  r e p o r te d  h e re  one o b ta in e d  by h e a t in g  

th e  b a th  t o  about 200 °C then  a l low ed  i t  t o  co o l s lo w ly ,  w h ile  th e  r e ­

s i s t a n c e  was m easured.

62
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To OHMMETER

S t i r r e r CONDUCTIVITY CELL

THERMOMETER

To
Forepump

CONSTANT
TEMPERATURE

BATH

Sample

F ig u re  21. Schem atic  o f  a p p a ra tu s  u sed  in  m easuring  r e s i s t a n c e  v a lu e s ,

We u sed  a G enera l Radio Type 1644-A megohm b r i d g e ,  which has  a

w orking ran g e  o f  9x10^ t o  1x10^^ ohms. T h is  i s  q u i t e  c o n v e n ie n t  f o r

ou r  s tu d y :  th e  SFO's co v e r  t h i s  e n t i r e  ra n g e .  I t  i s  a l s o  p o s s i b l e  to  

d e te rm in e  th e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  o f  th e  samples by u s in g  

th e  v a r io u s  m easuring  v o l t a g e s  p ro v id e d  on th e  "megohm b r id g e " .  However,

a l l  t h e  r e s u l t s  g iven  h e r e  a re  ta k en  a t  100  v o l t s .
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Two l e a d s  were a t t a c h e d  to  th e  samples w i th  a com m ercial s i l v e r  

p a s t e .  T h is  p ro v id e d  an e x c e l l e n t  m echan ica l and e l e c t r i c a l  c o n n e c t io n

to  t h e  sam p le .  These le ad s  a re  th e n  s o ld e r e d  to  th e  o u tp u t  le a d s  o f

th e  m easurem ent c e l l .  The "open c i r c u i t "  r e s i s t a n c e  o f  t h e  c e l l  i s  a p ­

p ro x im a te ly  IQlS ohms, which i s  s u f f i c i e n t l y  h ig h  f o r  a l l  measurements 

r e p o r t e d  h e r e .  A ll  th e  sam ples were p r e p a re d  by com pacting them a t  

abou t 2000 b a r  . B efo re  t h e  le a d s  a r e  a t t a c h e d  th e  sam ples a r e  in  th e  

shape o f  a  " p i l l "  h av in g  a d ia m e te r  o f  8 .13  pn and a t h i c k n e s s  o f  1 .5 -6  mm.

D ata  and A n a ly s is

In  t h e  p r e s e n t  s tu d y  i t  i s  found t h a t  t h e  r e s i s t a n c e  o f  our

sam ples can  b e  d e s c r ib e d  by th e  fo rm u la

R = R e+B/kT 
o

where k = 1 .38x10  ^^ e r g . / d e g ,  T i s  t h e  a b s o lu t e  t e m p e ra tu re ,  E i s  th e  

a c t i v a t i o n  e n e rg y  and R i s  th e  sam ple r e s i s t a n c e .  The r e s i s t i v i t y  p i s  

dependen t o n ly  upon t h e  c h a r a c t e r i s t i c s  o f  th e  sample, p i s  g iv e n  by

p = RA/£ = R^CA /ajef/kT 

.  P„eB/kT

w here A i s  t h e  c r o s s  s e c t i o n a l  a r e a  and Z t h e  le n g th .

The a r e a  o f  e l e c t r i c a l  c o n t a c t s  and hence "A" was n o t  th e  same 

f o r  a l l  ru n s  e x c e p t  th o s e  on SFO #14. In  t h i s  c a se  v a lu e s  o f  th e  r e ­

s i s t i v i t y  a r e  g iv e n .  For a l l  o t h e r  sam ples t h e  numeric v a lu e  o f  (A/£)
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i s  i n  t h e  r a n g e  0 .5  cm t o  2 .0  cm. Of c o u r s e ,  p i s  a c o n s ta n t  so t h a t  

a l l  r e s i s t i v i t y  v a lu e s  can be a s c e r t a i n e d  from t h e  r e s i s t a n c e  d a ta  

w i th in  a  f a c t o r  o f  two. T h is  u n c e r t a i n t y  does n o t  a f f e c t  t h e  i n t e r p r e ­

t a t i o n  o f  o u r  r e s u l t s  as we a r e  m a in ly  i n t e r e s t e d  in  th e  s lo p e  o f  th e  

cu rves  and o n ly  in  th e  o rd e r  o f  m agn itude  o f  t h e  r e s i s t a n c e  ( r e s i s t i v ­

i t y )  i t s e l f .  The range  o f  r e s i s t a n c e  v a lu e s  i s  q u i t e  l a r g e .

I t  i s  found e x p e r im e n ta l ly  t h a t  th e  p l o t s  o f  r e s i s t a n c e  - 1/T 

have some c u r v a t u r e .  Hence th e  u se  o f  an e x p o n e n t ia l  i s  an approxim a­

t i o n ,  b u t  a r e a s o n a b le  one. Some o f  t h i s  c u r v a tu r e  c o u ld  be  due to  

te m p e ra tu r e  dependence o f  th e  " m o b i l i ty "  y o f  t h e  e l e c t r o n  w i th in  th e

sam ple . F or p u r e ,  c r y s t a l l i n e  sem ic o n d u c to rs  l a t t i c e  s c a t t e r i n g  g iv es
_?y2 r ]

r i s e  t o  a m o b i l i t y  dependence o f  T a t  room te m p e ra tu re  and above.

Most o f  t h i s  c u r v a tu r e  in  t h e  SFO d a t a  can be acc o u n ted  f o r  by 

assum ing t h a t  c o n d u c t io n  ov e r  th e  t e m p e ra tu r e  r e g io n  obse rved  i s  due to  

e l e c t r o n s  a r i s i n g  from two l e v e l s ,  and above th e  ground s t a t e .  

F ig u re s  22 and 23 a re  two t y p i c a l  r e s i s t a n c e  - 1/T g raphs  i n  which th e  

e x p e r im e n ta l  d a t a  has  been f i t t e d  w i th  th e  ap p ro x im a tio n  d e s c r ib e d  

above. Hence t h e  r e s i s t a n c e  would b e  where

^EXP ^1 ^2 ^0,1  * 0 ,2

The f i t  i s  s e e n  t o  be  w i th in  th e  e x p e r im e n ta l  e r r o r .

The m o b i l i t y  y i s  f u r t h e r  d e c re a se d  by sample i r r e g u l a r i t y  and 

poor m i c r o c r y s t a l l i n e  c o n t a c t s .  F or t h e  p r e s s e d  "powder" samples i t



oEXRDATA 
-  FITTED CURVE-(A + B

SFO 5C-2

o

2Â2.3

F ig u re  22. Tem perature  dependence o f  t h e  r e s i s t a n c e  o f  SFO #5C-2.



SFO 14
0- EXR DATA
_-F [TIED CURVEHA+B)

O '

i t z  23 ZÂ 23 -.2.6 , f.7
lOyT (DEC. ')—B.

F ig u re  23. T em perature  dependence o f  t h e  r e s i s t a n c e  o f  SFO #14.



68

m igh t be  e x p e c te d  t h a t  e l e c t r i c  c o n d u c t io n  m igh t n o t  resem ble  e l e c t r o n  

flow  i n  an ex tended  c o n d u c t io n  band as  o bse rved  i n  o th e r  ions  e x h i b i t i n g  

3 d - e l e c t r o n  c o n d u c t io n .  I t  i s  p o s s i b l e  t h a t  th e  e l e c t r o n  must "hop" 

from one s i t e  t o  a n o th e r  as  in  a  tu n n e l in g  p r o c e s s .  T h i s ,  i n  t u r n  sh o u ld  

le a d  t o  a non-ohmic c o n d i t i o n .

F ig u re  24 shows t h a t  th e  c o n d u c t io n  i s  in d eed  non-ohm ic. How­

e v e r ,  t h i s  c o u ld  be caused  by a sem iconduc ting  b a r r i e r  between th e  con-

f 2 ')t a c t s  and th e  sam ple .  ̂ In  o r d e r  t o  examine t h e  e f f e c t  o f  d i f f e r e n t  

c o n t a c t  m a t e r i a l s  SFO #14 was measured w ith  s i l v e r ,  p la t in u m , g o ld  and 

aluminum c o n t a c t s .  T ab le  5 l i s t s  t h e  r e s u l t s  i n  t h i s  s tu d y .

1 2 "

SFO #SB-4

r* 10

0 100 200  - 300 400 500 V (V olts)  -»

Figure 24. Resistance-voltage characteristic for a typical SFO.
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The v a r i a t i o n  i s  sm all  enough t o  conc lude  t h a t  th e  c o n ta c t  b a r r i e r  i s  

n o t  d o m in a tin g  th e  c o n d u c t iv i t y .  R a th e r ,  some o th e r  p r o c e s s ,  such as 

t u n n e l i n g ,  which a l s o  non-ohmic must g iv e  r i s e  t o  t h e  b e h a v io r  o f  th e  

R v s .  V g raph  o f  F ig .  24. Because o f  t h i s  v o l t a g e  dependence a l l  

sam ples  a r e  m easured  a t  100 v o l t s . More w i l l  be s a id  o f  t h i s  when t h e  

e f f e c t  o f  t h e  p r e s s u r e  on t h e  r e s i s t a n c e  i s  d i s c u s s e d .

T ab le  5 . E f f e c t  o f  th e  C o n ta c t  M a te r i a l  on 
th e  E x p e r im en ta l  E;nergy L e v e ls  E^.

C o n ta c t E^(eV) EgCeV)

S i l v e r 1 . 6 1 . 0

Gold 1 .5 1.15

Aluminum 1 . 6 0 .95

P la t in u m 1 . 6 0 . 8

The c o n d u c t iv i t y  o f  a s u b s ta n c e  i s  g iven  by

a = 1 / p  = ,

where i s  t h e  m o b i l i t y  o f  th e  charge  in  th e  sample and where n^ 

i s  w r i t t e n  f o r  th e  Boltzmann d i s t r i b u t i o n  as

-E . /k T
n . = n e 

1 0

Hence

“^ i /k Te q^y^ (28)
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c o n s id e r in g  t h a t  y i s  much l e s s  te m p e ra tu r e  dependen t th a n  th e  expo ten ­

t i a l  t h i s  r e l a t i o n s h i p  can  be used t o  d e te rm in e  th e  EL ' s .  This  i s  

e s p e c i a l l y  advan tageous  where o p t i c a l  t r a n s i t i o n s  a re  f o rm a l ly  " f o r b i d ­

den" among th e  3d l e v e l s .  For f e r r i c  io n s  t h e  3d e l e c t r o n s  a r e  predom­

in a n t  i n  t h e  e l e c t r o n i c  c o n d u c t io n s .  For Eq. (28) t o  a p p ly  to  t h e  SFO's 

i t  must be  m o d if ied  s l i g h t l y .  F i r s t ,  th e  m o b i l i t y  o f  t h e  "h o le "  i n  t h e  

ground s t a t e  sh o u ld  be much s m a l le r  th a n  t h a t  o f  t h e  e x c i t e d  e l e c t r o n s  

so t h a t  = e o n ly .  S eco n d ly ,  we r e a l i z e  t h a t  e x c i t a t i o n  o f  th e  

e l e c t r o n  i n t o  an e x c i t e d  s t a t e  w i l l  n o t  p roduce  c o n d u c t io n  u n le s s  i t  

can e sc a p e  th e  f e r r i c  n u c l e u s .  T h is  can happen by a t u n n e l in g  p ro c e s s .  

L e t t i n g  t ^  be  t h e  p e rc e n ta g e  o f  e l e c t r o n s  in  s t a t e  " i "  which " tu n n e l "  

f r e e ,  one g e ts  f i n a l l y  f o r  t h e  c o n d u c t iv i t y

~ ^ i/kTa = C % e)E .e  . (29)

At low te m p e ra tu r e s  t h e  l e v e l s  n e a r  E ~0 w i l l  have th e  l a r g e s t  

e x p o n e n t i a l s .  L a rg e r  v a lu e s  o f  T in c r e a s e  t h e  c o n t r i b u t i o n  to  a o f  

t h e  e l e c t r o n s  i n  t h e  h ig h e r  l e v e l s  and a change in  s lo p e  o f  th e  con­

d u c t i v i t y  - 1/T p l o t  w i l l  o c c u r .  We n o te  t h a t  t ^  i s  some f u n c t io n  o f  

th e  l e v e l  B. s i n c e  i f  E. was th e  c o n d u c t io n  band energy  i t  i s  ex pec ted  

t h a t  t  = 1 . 0  w hereas t  sh o u ld  approach  ze ro  f o r  an e l e c t r o n  in  th e  

ground s t a t e .

In  th e  r e g io n  40-»-200 °C u s u a l l y  t h r e e  d i f f e r e n t  s lo p e s  occu r  

in  th e  r e s i s t a n c e  - 1/T g rap h s  f o r  th e  SFO 's . However, t h e  d a ta  can 

be r e p r e s e n te d  by o n ly  two s t r a i g h t  l i n e s  f o r  t h e  r e g io n  T = 200 °C ^

40 °C . These l i n e s  must be " f i t t e d "  t o  th e  e x p e r im e n ta l  d a t a  as e x p la in e d
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T ab le  6 . Summary o f  R e s u l t s  from R e s i s t a n c e - ( 1 / T )  D a ta .

c lSample %
I ro n

R e s is ta n c e
(185°C)

F i t t e d  Exp.

R e s is ta n c e
(85°C)

F i t t e d  Exp.

D e x tr in - - - - - - -

(BACT) - 5.9x lO?n 5.9xlO ?n 2. 2^) eV 5 .8 x103°5î 5.8xlO%0n (E-=E =E)

(Corn) - 1.9x10? 1 . 8x 1 0 ? 3 . 5 9.2xlO lO ^) 9.4x10%%^)
Z 1
2 .1  eV

F*203 69.9% 8.5x106 8.7x106 1 . 6 3.0x10% 2.9x10% 0 . 8

14 1 0 . 6 3.0x10? 3.0x10? 1 .4 7.6xlOlO 7.5x10%% 0.95

llA-B <1 . 0 1.3x109 1 . 2x1 0 % 1 .7 2 . 6 2.7x10%% 0.9

10 -1 35 6.7x106 6.9x106 1 .7 1.5xlOlO 1.4x10%% 0.9

CoFe^O, 3 8 .1 1 . 2x 106 1 . 2x106 0 .5 4 4.1x10% 4.3x10% 0.47

72.4 2.1x103 1.9x103 0 .16 3.9x10% 3.8x10% 0.04

5C-2 3 3 . 4 1.5x103^) 1.5x103®) 0 . 6 2.9x10% 2.9x10% 0.07

5B-4 27 .6 1 . 0x 10?^) 1 . 0x 1 0 ?^) 1 . 1 3.1x10% 3.2x10% 0.45

5A-5 15 .4 1 . 8x 10? 1.9x10? 2 .4 7.1xlOlO 7.3x10%% 1 . 1

5 A- 6 5 .5 1 . 8x 10? 2 . 0x 1 0 ? 1.7 5.3x10%% 5.3x10%% 1 . 0

C a lc u la t e d  from log  R/R^ = E/kT e x c e p t  f o r  d e x t r i n  where log  R/R^ = E/2kT.

1 eV c o r re sp o n d s  to  1 .24 m icron w av e le n g th .

''Samples s e l e c t e d  on b a s i s  o f  a v a i l a b i l i t y  o f  s u f f i c i e n t  sample ( -  100 mm^) . 

'^105 °C.

®150 °C.

•165 °C.
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above. T ab le  6 summarizes th e  r e s u l t s  f o r  th e  SFO's and s e v e r a l  "p u re"  

sam ples .  In c lu d e d  a r e  d a t a  conce rn in g  th e  i r o n  c o n t e n t ,  and r e s i s ­

t a n c e  ran g e  o b se rv ed .

Because t h e  SFO m i c r o c r y s ta l s  a r e  s t a b i l i z e d ,  hence s e p a r a t e d ,  

by p o ly s a c c h a r id e  c h a in s  t h e s e  can c o n t r i b u t e  t o  t h e  r e s i s t a n c e .  As 

t h e  e n t r y  on p u re  d e x t r i n  i n d i c a t e s  i t s  r e s i s t i v i t y  i s  as  h ig h  as o r  

h ig h e r  th a n  t h a t  f o r  th e  p u re  o x id e s .  T h e re fo re ,  t h e  m agn itude  and 

t h e  te m p e ra tu re  dependence o f  t h e  r e s i s t i v i t y  i s  a l s o  a f u n c t io n  o f  t h e  

s t r u c t u r e  o f  th e  specim en.

E v id e n t ly ,  th e  p o ly s a c c h r id e s  ( d e x t r i n s )  th e m se lv es  a r e  sem i­

c o n d u c to r s .  But i f  t h e  cond u c t io n  ta k e s  p la c e  in  t h e  co n d u c t io n  band, 

t h e  h o le  i n  th e  v a le n c e  band can c o n t r i b u t e .  Thus t h e  fo rm u la  f o r  th e  

r e s i s t a n c e  o f  t h e  d e x t r i n s  i s  l i k e l y  t o  be

R = R^e &/2kT ( 3 0 ]

where Eg i s  th e  band gap energy  and th e  f a c t o r  2 r e f l e c t s  t h e  f a c t  t h a t

f31now th e  Fermi l e v e l  i s  in  between th e  c o n d u c t io n  and v a le n c e  band.

I t  i s  seen  t h a t  t h e  two v a lu e s  o f  E /2  f o r  d e x t r i n  a r e  a l s o  found i n
g

s e v e r a l  o f  th e  SFO's. Hence, th e s e  v a lu e s  o f  E i n  th e  SFO's a re  

c h a r a c t e r i s t i c  o f  th e  d e x t r i n  and n o t e x c i t e d  l e v e l s  o f  t h e  f e r r i c  io n .

A ccording t o  v a r io u s  p ie c e s  o f  in fo rm a t io n ,  in  p a r t i c u l a r  th e  

X -ray  d a t a ,  we found t h a t  our SFO's ap p rox im ate  t h r e e  d i f f e r e n t  c a t e ­

g o r i e s ;

1. D i s to r t e d  f e r r i t e s  - g lu c o se  s t a b i l i z e d  ( e .g .  #6A-1, #10 -1)
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2. Hydrous f e r r i c  ox ides  - g lu c o se  complex ( e .g .  #11, #5)

3 . B-FegOg'HgO - g lu c o se  s t a b i l i z e d  (#14)

T h e re fo re ,  a  com parison o f  th e  r e s i s t a n c e  v a lu e s  w i th  p u re  Fe^O^, pure  

FegOg and pu re  d e x t r i n  i s  w orthw h ile .

A ccording  to  Verway et al. th e  r e s i s t a n c e  o f  Fe^O^ i s  low 

b eca u se  th e  e x t r a  e l e c t r o n  o f  Fe^* i s  e a s i l y  t r a n s f e r r e d  t o  Fe^* p la ced  

i n  an e q u iv a le n t  o c ta h e d ra l  s i t e .  In  b o th  c a se s  t h e  o c t a h e d r a l l y  co­

o r d in a t e d  ions  a re  oxygen io n s .  Thus th e  c o n d u c t iv i t y  i s  l a r g e .  The 

r e g u l a r  i o n i c  3d c o n d u c t iv i ty  i s  much s m a l le r .  T h is  i s  e x p e r im e n ta l ly  

d em o n s tra ted  by Verway by examining mixed f e r r i t e s  FeyO^ and Mn'A&gO^ 

where Mn i n d i c a t e s  a m e ta l ion  w ith  v a le n c e  o f  +2. Here A&^* can ta k e  

t h e  l a t t i c e  p o s i t i o n  o f  Fe^^ and th u s  e l im in a te  th e  p a th  o f  easy  con­

d u c t io n .  L ikew ise  th e  r e s i s t i v i t y  o f  FOgO^ i s  much l a r g e r .

The r e l a t i v e l y  sm all r e s i s t a n c e  o f  SFO #5 can be u n d e rs to o d  on

t h i s  b a s i s .  Fo r th e  l i g h t  f r a c t i o n s ,  th e  i r o n  c o n te n t  i s  low so t h a t  

t h e  p a r t i c l e s  a r e  s m a l l .  The i n t e r p a r t i c l e  r e s i s t a n c e  i s  s i m i l a r  to  

t h a t  o f  d e x t r i n ,  w h ile  th e  s c a t t e r i n g  in  th e  sm a l l  i r o n  o x ide  c r y s t a l s  

th e m se lv e s  i s  c o n s id e r a b le .  For th e  heavy f r a c t i o n s  th e  i r o n  co n te n t  

i s  h ig h  and th e  p a r t i c l e s  a r e  l a r g e .  The r e s i s t i v i t y  approaches  t h a t  

o f  th e  p u re  l a t t i c e .  E v id e n t ly  t h i s  i s  c l o s e r  t o  a f e r r i t e  th a n  th e  

p u re  FegOg l a t t i c e .  Perhaps th e  Fe(3+) i s  induced  to  g iv e  up a n o th e r  

e l e c t r o n  when [Fe(OH)]^^ i s  p r e s e n t .  In  any ev en t one would ex p ec t  a 

l o o s e ly  bound e l e c t r o n  to  be p r e s e n t .
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CHAPTER IV

OPTICAL ABSORPTION

G enera l  In fo rm a t io n

A b so rp t io n  s p e c t r a  o f  most o f  th e  s t a b i l i z e d  f e r r i c  complexes 

have been  m easured in  s o l u t i o n  in  t h e  ran g e  200  - 800 m i l l im ic ro n s  

(my). I n  a d d i t i o n  s e v e r a l  have been  measured t o  1700 my and some p u re  

compounds l i k e  FeCI^ have b een  m easured i n  th e  r e g io n  200  - 800 my.

With th e  e x c e p t io n  o f  measurements ta k e n  from 800 - 1700 my on th e  

"DK-1"^^^ a l l  t h e  d a t a  were o b ta in e d  w ith  a  "Beckman DB".^^^ Both 

s p e c t ro p h o to m e te r s  m easure t h e  t r a n s m is s i o n  o f  a s o l u t i o n .  They a r e  

s e t  up a s  " d i f f e r e n t i a l "  in s t r u m e n ts  and p ro v id e  an o u tp u t  T which i s  

g iv e n  by

I / I ^  = T = t r a n s m i t t a n c e  o f  s o l u t e

where 1^ i s  th e  i n t e n s i t y  t r a n s m i t t e d  by r e f e r e n c e  c e l l  f i l l e d  w ith  

s o lv e n t ,  and 1 i s  th e  i n t e n s i t y  t r a n s m i t t e d  by sample c e l l  f i l l e d  w ith  

s o lv e n t  and s o l u t e .  T h is  o u tp u t  i s  re c o rd e d  on a  c h a r t  which i s  r u l e d  

from 0 t o  100  so t h a t  th e  t r a n s m i s s i o n  p e rc e n ta g e  i s  e a s i l y  r e a d .

A l l  r e s u l t s  g iven  h e r e  a re  d e r iv e d  from such  d a t a .  For th e  

most a c c u r a t e  r e s u l t s  i t  was found n e c e s s a ry  t o  f i r s t  o b ta in  a spectrum  

w ith  b o th  "sam ple"  and " r e f e r e n c e "  c e l l s  f i l l e d  w i th  t h e  s o lv e n t .
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T h e re fo re ,  a spec trum  was o b ta in e d  w ith  th e  "sam ple"  c e l l  f i l l e d  w i th  

t h e  s o l u t i o n  and t h e  " r e f e r e n c e "  c e l l  f i l l e d  w i th  t h e  s o lv e n t .  A sm all  

c e l l  m ism atch (= 1%) and some mism atch be tw een  t h e  " r e f e r e n c e "  and 

"sam ple"  beam in  t h e  in s t ru m e n t  n e c e s s i t a t e d  t h i s .  The t o t a l  c o r r e c t i o n  

was abou t 10 p e r  c e n t  i n  th e  r e g io n  200 - 400 my. F o r  th e  two m easure ­

ments d e s c r ib e d  i t  fo l lo w s  t h a t

{ 1 , (Water + S o l u t e ) / !  (W ater)} 1 ^ (Water + S o lu te )
— ±--------------------------------° ------------------------------ = T  .

{ I^ (W a te r ) / I ^ }  (Water)

The a b s o r p t i o n  spec trum  can  be  g iv e n  i n  s e v e r a l  ways. For i n ­

s t a n c e ,  t h e  e x t i n c t i o n  c o e f f i c i e n t  e can  be p l o t t e d  v e r s u s  t h e  wave- 

numb e r  V .  The e x t i n c t i o n  c o e f f i c i e n t  i s  d e f in e d  as

e = ( l / & C ) ' l o g ( l / T )

where Ü i s  th e  c e l l  l e n g th  in  cm and C i s  th e  c o n c e n t r a t i o n  o f  s o l u t e  

i n  m o l e s / l i t e r .  Sometimes one p l o t s  t h e  a b s o r p t i o n  A = 1-T v e r s u s  th e  

wavenumber. By m easuring  th e  a b s o r p t io n  c o e f f i c i e n t  o f  SC-1 over  a 

wide ran g e  o f  c o n c e n t r a t i o n s ,  i t  i s  found t h a t  th e  a b s o r p t io n  o f  th e  

SFO's i s  p r o p o r t i o n a l  t o  th e  c o n c e n t r a t i o n  o f  i r o n .  T h e re fo re ,  we r e ­

duce E t o  a  mole o f  i r o n .  The r e s u l t s  a r e  g iv en  in  T ab le  7.
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T able  7. M o la r .E x t in c t io n  C o e f f i c i e n t s  f o r  SFO #5C-1

V (cm GONG {M ol.(F e) / L i t e r } e

50x103 .224x103 5,700
î ! .1 1 2 6 , 0 0 0
!! .056 6,300
l î .028 6 ,700
I I .014 7 ,400

41 .70 .224 4 ,500
t ! . 112 4 ,500
t t .056 4 ,500
I I .028 4 ,500
I I .014 4 ,600

35.70x103 .224 3,400
I I . 112 3 ,400
I I .056 3 ,500
I I .028 3,400
I I .014 3,500

31.20 .224 2,800
I I .1 1 2 2 ,800
I I .056 2,800
I I .028 2 ,800
I I .014 2,800
I I .0035 2,800
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D e v ia t io n s  from a c o n s ta n t  e, f o r  a g iven  wave le n g th ,  m ight 

i n d i c a t e  t h a t  th e  a b s o r p t io n  was due t o  some o th e r  s p e c ie s  i n  s o l u t i o n  

o r  due t o  s c a t t e r i n g  by t h e  l a r g e  SFO p a r t i c l e s .  However, on ly  a t

50.000 cm  ̂ i s  t h e  v a r i a t i o n  in  e c o n s i s t e n t l y  l a r g e r  th a n  th e  e x p e r i ­

m en ta l e r r o r .  At t h e  o th e r  wavenumbers e d i f f e r s  on ly  a t  th e  low est 

c o n c e n t r a t i o n s  u s e d .  At th e  low est c o n c e n t r a t i o n s  th e  e f f e c t i v e  t h i c k ­

n e ss  o f  t h e  s o l u t e  reduced  to  a s o l i d  l a y e r  i s  l e s s  th a n  th e  average  

p a r t i c l e  s i z e .  T h i s ,  o f  c o u r s e ,  co u ld  cause  a d e v i a t i o n  in  e .  But a t

50 .000 cm  ̂ we b e l i e v e  t h a t  s c a t t e r i n g  o f  th e  beam by t h e  c o l l o i d a l  

s i z e  SFO p a r t i c l e s  becomes s i g n i f i c a n t  and a f f e c t s  th e  acc u racy  o f  th e  

a b s o r p t i o n  d a t a .  T h is  i s  borne  o u t  by an experim en t i n  which b o th  th e  

" r e f e r e n c e "  and "sam ple"  c e l l s  were f i l l e d  w ith  th e  SFO s o l u t i o n ,  th e  

" r e f e r e n c e "  h av in g  a c o n c e n t r a t i o n  o f  h a l f  t h a t  in  th e  "sam ple" c e l l .  

T h is  t e n d s  t o  e q u a l i z e  t h e  e f f e c t  o f  s c a t t e r i n g  s in c e  i t s  e f f e c t  i s  n o t  

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

t h i s  ex p e r im en t a r e  g iv e n  below.

_______V  (ST'D Method) (SFO in  b o th  c e l l s )

50 .0x l03cm "l 6 ,000 5,000

4 1 .7  4 ,500  4 ,400

3 5 .2  3 ,400 3,400

3 1 .2  2 ,800 2,800

Again t h e  r e s u l t s  s u p p o r t  th e  c o n c lu s io n  t h a t  th e  d e v i a t i o n  observed  a t  

SOxlO^cm  ̂ i s  n o t  due to  a d i f f e r e n t  s p e c ie s  b u t  r a t h e r  by s c a t t e r i n g  

o f  th e  SFO's in  s o l u t i o n .
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A graph  o f  t h e  e x t in c t io n  c o e f f i c i e n t  e v e r s u s  wavenumber v 

g iv e s  r i s e  to  s e v e r a l  o b s e r v a t i o n s .  F i r s t ,  th e  ra n g e  o f  v a r i a t i o n  o f  

E i s  l a r g e ,  i t s  maximum i s  ab o u t 20,000 f o r  some SFO's. These l a r g e s t  

v a lu e s  a r e  f o r  w av e le n g th s  i n  t h e  UV. The m agnitude  o f  e i n c r e a s e s  

w i th  wavenumber and r e a c h e s  a  " p la t e a u "  a t  a p p ro x im a te ly  30,000 cm ^ , 

from t h e r e  e r i s e s  l e s s  s t e e p l y  w ith  wavenumber. The m agnitude o f

e (5 ,0 0 0  -  15,000) i n  th e  UV i s  v e ry  l a r g e  f o r  o p t i c a l  t r a n s i t i o n s ,  b u t

CO]

(3)

i t  i s  c o n s i s t e n t  w i th  t h e  v a lu e  ob se rv ed  in  o th e r  Fe^* complexes and

i o n s .

Second, i t  i s  seen  i n  t h e  e v e r s u s  v c u rv es  t h a t  t h e  s t r o n g  UV 

a b s o r p t i o n  band and i t s  " t a i l "  show some f i n e  s t r u c t u r e  in  th e  form o f  

sm all  " w ig g le s "  o r  d i p s .  T hese  a r e  due t o  fo rb id d e n  o p t i c a l  t r a n s i t i o n s .  

T h is  w i l l  be d i s c u s s e d  f u r t h e r  in  th e  fo l lo w in g  s e c t i o n .

E xperim ent and D isc u s s io n

The a b s o r p t i o n  by t h e  i r o n  group e lem en ts  i n  c r y s t a l s  and aqueous

s o l u t i o n  i s  rev iew ed  in  d e t a i l  by B a l lh a u se n .

The e x t i n c t i o n  C o e f f i c i e n t  f o r  t h e  io n s  in  t h e  i r o n  group such

as  Co^^, Fe^*, N i^ ^ ,  have  a s m a l l  e v a lu e  in  t h e  v i s i b l e  and IR, b u t

have much l a r g e r  v a lu e s  i n  t h e  UV. As an example, Co^* (CoCJl^ aqueous

s o l u t i o n )  h as  two bands i n  t h e  v i s i b l e . O n e  a b s o r p t io n  maximum a t  
■ * _  2

= 21 ,600  cm h a s  a maximum e v a lu e  o f  on ly  4 .5 5 ,  t h e  o th e r  l i n e  a t  

19,430 cm  ̂ h as  e = 2 .6 6 .  A l i s t  o f  such  io n s  a long  w ith  a  rev iew  o f  

p r e v io u s  work can be found i n  a paper  by O rge l .^^^
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The sm a l l  v a lu e  f o r  th e  e x t i n c t i o n  c o e f f i c i e n t  i n  th e  v i s i b l e
5

and IR c o r re sp o n d  to  t r a n s i t i o n s  between energy  l e v e l s  o f  th e  (3d)

3+c o n f i g u r a t i o n  o f  Fe . Now e l e c t r i c  d ip o le  t r a n s i t i o n s  between any 

two s t a t e s  o f  a (3d )^  c o n f ig u r a t i o n  a r e  fo rm a l ly  fo rb id d e n .  T h is  i s  

a  consequence  o f  t h e  L ap o r te  r u l e ,  which s t a t e s  t h a t  on ly  t r a n s i t i o n s  

betw een  even and odd s t a t e s  g iv e  r i s e  t o  e l e c t r i c  d ip o le  t r a n s i t i o n s .

A l l  l e v e l s  o f  th e  (3d )"  c o n f i g u r a t i o n  a r e  even t o  a f i r s t  ap p ro x im a tio n .  

S e v e ra l  o t h e r  ty p e s  o f  t r a n s i t i o n s  a r e  p o s s i b l e ,  f o r  example, th e  

e l e c t r i c  q u a d ru p o le  t r a n s i t i o n  and t h e  m agne tic  d ip o l e  t r a n s i t i o n .  

However, th e  c o n t r i b u t i o n  to  th e  e x t i n c t i o n  c o e f f i c i e n t  e by such 

t r a n s i t i o n s  i s  s t i l l  to o  sm all  t o  accoun t f o r  t h e  a b s o r p t io n  bands in  

th e  v i s i b l e  and IR.

The r e a s o n  t h a t  one ob se rv es  a b s o rp t io n  from t h e s e  fo rm a l ly  

f o r b id d e n  t r a n s i t i o n s  i s  t h a t  in  second o rd e r  t h e  energy  s t a t e s  a re  

a c t u a l l y  m ix tu re s  o f  even and odd s t a t e s .  The m ixing o f  th e  s t a t e s  can 

o ccu r  th ro u g h  s p i n - o r b i t  co u p l in g  and th ro u g h  c o u p l in g  o f  n u c l e a r  v i ­

b r a t i o n s .  An a n a l y s i s  o f  t h e  m ixing shows t h a t  t h e  sm all  a b s o rp t io n  

peaks o b se rv ed  i n  th e  v i s i b l e  and IR can be accoun ted  f o r .

For t h e  SFO's we have a t te m p te d  t o  l o c a t e  th e  p o s i t i o n  o f  th e  

maxima o f  t h e s e  sm a l l  a b s o r p t io n  p eak s .  The d i f f i c u l t y  i s ,  o f  c o u r s e ,  

t h a t  t h e  a b s o r p t io n  peaks a r e  m ere ly  sm all i n d e n ta t i o n s  in  th e  b road  

a b s o r p t i o n  band i n  t h e  UV. The l o c a t i o n  o f  t h e s e  maxima i s  found by 

o b s e rv in g  t h e  i n f l e c t i o n s  in  the  p l o t  o f  e v e r s u s  wavenumber. To do 

t h i s  i t  i s  t o  be n o te d  t h a t  a t  a  wavenumber v where a b s o r p t io n  occurs  

due t o  two bands c e n t e r e d  around d i f f e r e n t  wavenumbers we have

I = 0 ^ .2
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where i s  t h e  t r a n s m i t t a n c e  a t  v due t o  a  band a t  (v^) and a.̂  i s

t h e  t r a n s m i t t a n c e  a t  v due t o  a  band a t  fv ) . Then a t  v we have
0  2

e = ( l/£C).*log I ^ / I

= ( -1 /A C )( lo g  + lo g  .

L e t  us c o n s id e r  «2 t o  be th e  t r a n s m i t t a n c e  due t o  th e  UV band and 

t h a t  due t o  t h e  w eaker band c e n te r e d  a t  th e n  «2 and (0 ^*0 2 )

a r e  d e p i c t e d  s c h e m a t ic a l ly  in  F ig .  25. The p o s i t i o n  o f  i s  seen

t o  be  a t  t h e  i n f l e c t i o n  p o i n t .

F ig u re  25. Method o f  s e p a r a t i n g  sm a ll  a b s o r p t io n  from l a r g e  b road  a b s o r p t io n ,
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Hence, s e a r c h in g  t h e  c u rv e s  o f  e v e r s u s  wavenumber f o r  i n f l e c ­

t i o n  p o in t s  we can a p p ro x im a te ly  l o c a t e  t h e  p o s i t i o n s  o f  t h e  secondary  

a b s o r p t io n  p eak s .  The r e s u l t s  a r e  g iven  i n  T ab le  8 a lo n g  w ith  an 

e s t i m a t e  o f  p o s s i b l e  e r r o r .

T r a n s i t i o n s  w i t h i n  t h e  (3d )^  c o n f i g u r a t i o n  a r e  fo rm a l ly  f o r ­

b id d e n  and hence sh o u ld  g iv e  r i s e  t o  sm all  v a lu e s  o f  e .  F u r th e rm o re ,  

such energy  l e v e l  d i f f e r e n c e s  co r re sp o n d  w ith  v i s i b l e  l i g h t .  T h e re ­

f o r e ,  we a t t r i b u t e  a l l  o f  t h e  a b s o r p t io n s  l i s t e d  i n  T a b le  8 t o  t r a n s i ­

t i o n s  w i th i n  t h i s  c o n f i g u r a t i o n .  The e x i s t e n c e  o f  l e v e l s  o f  t h i s  ty p e  

i s  s u p p o r te d  by ESR s p e c t r a  ta k e n  f o r  s e v e r a l  o f  t h e  S FO 's .  These show 

t h a t  th e  g -v a lu e s  f o r  t h e  SFO's a r e  2 .0 ± 0 .1 .  T h e o r e t i c a l l y ,  g = 2 .0  

f o r  t h e  ^S ground s t a t e  - [ p r e d i c t e d  ground s t a t e  f o r  (3d )5 ]  .

For t h e  h ig h e r  ly i n g  l e v e l s  i t  i s  p o s s i b l e  t h a t  th e y  a r e  "mixed 

l e v e l s "  i . e . ,  d ependen t upon b o th  t h e  m e ta l  and l i g a n d  e l e c t r o n i c  

s t a t e s .  A lthough , even i n  t h i s  c a s e  we sh o u ld  s t i l l  have  t h a t  th e  

l e v e l s  a r e  p r i m a r i l y  f e r r i c  l e v e l s . ^   ̂ T h is  w i l l  be  d i s c u s s e d  l a t e r .
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T ab le  8 . Weak A b so rp t io n  Peaks O bserved  f o r  t h e  SFO's,

= 16 ,500±1,000  cm 'l V  = 21 ,500*1 ,000  cm 'l o ’

5B-6

1 0 '- (7 + 8 + 9 ) 6A-1

14 6 ' - 8

= 22 ,500±1,000 cm 'l V = 26 ,500*1 ,000  cm 'l

11-C l lA - 3

l lA -3 11-C

5C-1 lOB-2

5B-6 1 0 '- (7 + 8 + 9 )

lOB-2 5B-6

14 6 ' - 8

10 '- (7 + 8 + 9 ) 6 A- 1

Now c o n s id e r  t h e  b e h a v io r  o f  e i n  t h e  UV e s p e c i a l l y  above 
-1

27 ,500  cm . A b so rp t io n  in  t h i s  s p e c t r a l  r e g io n  c o r re s p o n d s  to  t r a n s i ­

t i o n s  t o  t h e  h ig h  ly in g  l e v e l s  r e f e r r e d  to  i n  th e  p r e v io u s  p a ra g ra p h .

In  th e  UV r e g io n  v a r io u s  f a c t o r s  can i n f l u e n c e  t h e  a b s o r p t io n .  F i r s t ,  

t h e  e n e r g i e s  o f  t h e  h ig h e r  ly in g  l e v e l s  a r e  most i n f lu e n c e d  by th e  s u r ­

ro u n d in g  atoms ( l i g a n d s ) . Thus an e l e c t r o n  in  one o f  t h e s e  s t a t e s  

would be c o n s id e r e d  as  " sh a re d  e l e c t r o n " ,  e . g .  one n o t  bound e x c l u s i v e ly
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t o  th e  c e n t r a l  io n .  T r a n s i t i o n s  from th e  ground s t a t e  o f  an io n  t o  

t h e s e  l e v e l s  a r e  t r e a t e d  b e s t  by t h e  m o lecu la r  f i e l d  t h e o r i e s .  In  

t h i s  th e o ry  some o f  th e  h ig h e r  ly in g  s t a t e s  a re  c o n s id e re d  as  p redom i­

n a t e l y  l i g a n d  l e v e l s  and some as  p re d o m in a te ly  m e ta l  l e v e l s .  In  g e n e ra l  

they  a re  c a l l e d  mixed l e v e l s .  The ground s t a t e s  a r e  u s u a l l y  predom i­

n a t e l y  m e ta l  io n  l e v e l s .  A t r a n s i t i o n  between two mixed l e v e l s  i s  

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

charge  t r a n s f e r  t r a n s i t i o n  can be q u i t e  l a r g e  e s p e c i a l l y  in  com parison 

to  th o s e  f o r  t r a n s i t i o n s  between two (3d)^  l e v e l s .  The charge  t r a n s f e r  

s p e c t r a  o f  t h e  i r o n  group a re  in  th e  wavenumber ran g e  o f  lO^cm ^ . See 

M c C l u r e a n d  o th e r s .

A second f a c t o r  t h a t  can c o n t r i b u t e  to  th e  l a r g e  a b s o rp t io n  in  

th e  UV i s  t h a t  th e  h ig h e r  s t a t e s  m ight a r i s e  from a ( 3 d ) ^ ( 4 s ) ,  (3d)^(4p) 

o r  (3d )^(4d)  c o n f i g u r a t i o n s ,  so t h a t  e l e c t r i c  d ip o le  t r a n s i t i o n s  would 

be fo rm a l ly  a l lo w ed . N ormally, however, t r a n s i t i o n s  t o  th e s e  c o n f ig u r a ­

t i o n s  a re  a t  h ig h e r  e n e rg ie s  (wavenumbers).

In  th e  io n i c  (Fe^*) s p e c t r a  o f  FeCl^, Mulay and Selwood^^^^ 

have shown t h a t  on ly  one s t ro n g  band o ccu rs  i n  th e  UV. I t  has 

V = 41 ,700  cm  ̂ and an e x t i n c t i o n  c o e f f i c i e n t  o f  6 ,0 0 0 .  In  t h i s  s tudy  

HCLO. i s  added to  th e  s o l u t i o n  to  b r in g  t h e  pH below z e ro .  T h is  in -  

s u re s  th e  fo rm a t io n  o f  on ly  one s p e c ie s  o f  io n ,  namely Fe^* o r  

(FefH^O)^}^*. H y d ro ly s is  p ro d u c ts  and a s s o c i a t i o n  s p e c ie s  o f  f e r r i c  

ions  can be numerous in  aqueous s o lu t i o n s  b u t  t h e i r  fo rm a t io n  i s  e f ­

f e c t i v e l y  p re v e n te d  by t h e  a d d i t io n  o f  HCLO^, as shown by Mulay and 

Selwood.
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A com parison  o f  t h e  a b s o r p t io n  s p e c t r a  o f  t h e  s t a b i l i z e d  f e r r i c  

complexes (SFO's) w ith  t h a t  o f  Fe^^ shows t h a t  t h e  m agn itudes  o f  e f o r  

t h e  SFO’s a r e  t h e  o r d e r  o f  m agnitude w h i le

t h e  a b s o r p t i o n  band i s  c o r re s p o n d in g ly  b r o a d e r .  In  o r d e r  t o  e x p la in

t h i s  g r e a t e r  w id th  s e v e r a l  o t h e r  a b s o r p t io n  s p e c t r a  were ta k e n .  These

a r e  shown i n  F ig .  26. The f i r s t  i s  t h e  spec trum  o f  FeCl^ i n  12 .6  m olar

HCL. In  t h i s  c a s e  th e  spectrum  i s  t y p i c a l  o f  th e  a s s o c i a t e d  complex 
(12)

[FeCl^] . T here  i s  a g a in  an a b s o r p t io n  peak  a t  41 ,7 0 0  c m '^ , b u t

i n  a d d i t i o n  two peaks  o f  about th e  same s t r e n g t h  a t  31,900 cm  ̂ and 

27 ,800 cm ^ . A lso  in c lu d e d  in  F ig .  26 i s  t h e  spec trum  o f  FeCl^ i n  aque­

ous s o l u t i o n .  T h is  s o l u t i o n  has been b o i l e d  from s e v e r a l  m inu tes  to  in -

(13')s u r e  fo rm a t io n  o f  f e r r i c  h y d rox ide  Fe(OH)g. I t s  sp ec tru m  c l o s e l y

resem b les  t h a t  o f  t h e  SFO's in  b o th  m agnitude o f  e and w id th  o f  t h e  UV 

a b s o r p t io n  band .  The w id th  i s  com parable  to  t h a t  o b se rv ed  in  th e  

spec trum  o f  [FeCl^]  ̂ i f  we combine th e  t h r e e  b an d s .  Indeed  th e  o v e r a l l  

w id th  i s  n e a r l y  t h e  same f o r  a l l  th e  SFO 's , Fe(OH)g and [FeCl^]  ̂

b u t  t h e  e x t i n c t i o n  c o e f f i c i e n t s  do d i f f e r  by abou t a  f a c t o r  o f  two in  

th e  UV-band. For a l l  t h e s e  s o l u t i o n s  f edv, w hich i s  a m easure o f  th e  

s t r e n g t h  o f  a p a r t i c u l a r  t r a n s i t i o n ,  i s  ro u g h ly  a c o n s ta n t  f o r  a l l  th e  

s o l u t i o n s  d i s c u s s e d  i n  t h i s  p a ra g ra p h .  Thus we conc lude  t h a t  th e  band 

i n  t h e  UV a r i s e s  from t r a n s i t i o n s  t o  l e v e l s  a r i s i n g  from c o n f ig u r a t io n s  

o f  th e  f e r r i c  io n  o f  th e  ty p e  ( 3 d ) ^ ( 4 s ) ,  (3 d )^ (4 p ) ,  (3d )^ (4d )  o r  mix­

t u r e s  o f  t h e s e  c o n f ig u r a t io n s  w ith  t h e  l i g a n d  e l e c t r o n s .  The l ig a n d s  

in  th e  SFO's c o u ld  be  (OH) o r  s im p ly  (0) and H^. Superim posed on 

t h i s  a re  th e  weak a b s o r p t io n  peaks i n  t h e  v i s i b l e  due to  n e a r l y  f o r b i d ­

den t r a n s i t i o n s .
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FECL^eH^ IN 12.6 MOL-HCL .̂

feclv6HoO in heated

fÊ ' ÎFROM MULAY 
SELWOOD, 195

_ J

2 0

Figure 26. Extinction coefficients for some ferric salt solutions.
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The t o t a l  s t r e n g t h  o f  t h e  UV band i s  so l a r g e  t h a t  i t s  w ings 

dom inate  th e  a b s o r p t i o n  in  t h e  v i s i b l e .  D i l u t e  s o l u t i o n s  o f  t h e  SFO's 

ap p e a r  r e d  on i l l u m i n a t i o n  by w h ite  l i g h t  b e c a u se  o f  t h e  n e a r l y  com­

p l e t e  a b s o r p t i o n  o f  t h e  b lu e  and g re e n .  C o n c e n t ra te d  s o l u t i o n s  o f  th e  

SFO's a p p e a r  b la c k  as  no v i s i b l e  l i g h t  i s  t r a n s m i t t e d .

D ata  and A n a ly s is

The maximum v a lu e s  o f  e in  t h e  ran g e  200 - 1700 m i l l im ic r o n  a re  

l i s t e d  i n  T ab le  9. F o r  th e  SFO's th e y  were m easured  f o r  1-3  x 10”  ̂

m olar (Fe) c o n c e n t r a t i o n s .

E v id e n t ly ,  t h e  h ig h  f a c t i o n s  o f  10, 6 and 5 - (group C in  Table  

9 )-h av e  th e  same low v a lu e  o f  e = 5 ,800*150 a t  50 ,000  cm ^ . S i m i l a r i t y  

in  th e  s t r u c t u r e  o f  t h e s e  t h r e e  SFO's i s  a l s o  b o rn e  o u t  by our X -ray  

d i f f r a c t i o n  a n a l y s i s :  t h e s e  l a t t i c e s  re sem b le  f e r r i t e s .  The o th e r  

f r a c t i o n s  have e v a lu e s  o f  about 10 ,600 . T h e i r  s t r u c t u r e  resem bles  

hydrous f e r r i c  o x id e s ,  however, w ith  a  v a r i e t y  o f  d i f f e r e n t  m agne tic  

s t r u c t u r e s .

P o s s ib ly  t h a t  o p t i c a l  a b s o r p t io n  c l a s s i f i c a t i o n  i s  r e l a t e d  to  

m ix tu re s  o f  d i f f e r e n t  f e r r i c  complexes w i th in  a p a r t i c u l a r  SFO. For 

exam ple, s p e c ie s  l i k e  [Fe(OH)]^* co u ld  p re d o m in a te  in  some o f  t h e  h igh  

f r a c t i o n  SFO 's . T hat th e  sm all  v a lu e s  o f  E^^^ i n  group C can be 

caused by fo rm a t io n  [Fe(OH)]^^ i s  su p p o r te d  by ev idence  from Mulay and 

S e l w o o d . A c c o r d i n g  to  t h e i r  r e s u l t s  as  th e  p e rc e n ta g e  o f  [Fe(OH)]^^ 

in c r e a s e s  from zero  t o  about 7 p e r  c e n t  o f  t h e  Fe^* c o n c e n t r a t i o n ,  th e  

e x t i n c t i o n  c o e f f i c i e n t  a t  41 ,750  cm  ̂ d e c r e a s e s .  Indeed  th e  Fe^* band
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T ab le  9. Maximum Values 
200-1700

o f  E in  t h e  Range 
m i l l i m i c r o n s .

^Max. v(cm Sample

31,500 41.75x10 [FeC l^]"^

2 0 , 0 0 0 31.87 t t

21,500 27.62 I i

16,800 50.00 F e (0H) 3

1 0 , 0 0 0 50.00 14

1 1 , 0 0 0 t ! 1 0 '- (7 + 8 + 9 )

10,600 t t 11-C

11,180 I t l lA -3

10,500 t t 5B-6

10,500 41.75 (FeS+)

5,900 50.00 lOB-2

5,650 I t 6A-1

5,880 t t 5C-1

a) 1 cm p a th  le n g th  c e l l .
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a t  41 ,750  cm'^ i s  n o t  even r e s o lv a b l e  f o r  t h e  l a r g e s t  c o n c e n t r a t i o n  

o f  [Fe(OH)]^* and th e  e x t i n c t i o n  c o e f f i c i e n t  r e a c h e s  a maximum a t  

50 ,000  cm  ̂ r a t h e r  th a n  a t  41,750 cm ^ . T h is  i s  s i m i l a r  t o  t h e  p o s i ­

t i o n  o f  e,, i n  th e  SFO 's . We conc lude  t h a t  th e  SFO f r a c t i o n s  o f  Max

group C i n  T a b le  9 s im ply  have a  l a r g e r  p e rc e n ta g e  o f  th e  s p e c ie s  

[Fe[OH)]^^ th a n  th o s e  o f  th e  group B complexes b u t  concede t h a t  more 

work c o u ld  be done to  j u s t i f y  t h i s  c o n c lu s io n .  I t  i s  p o s s i b l e  t h a t  

t h e  p r e s e n c e  o f  such a  s p e c ie s  encourages  t h e  development o f  a f e r r i t e  

s t r u c t u r e  which we o b se rv e  in  th e s e  f r a c t i o n s .

O s c i l l a t o r  S t r e n g th s  f o r  th e  SFO' s

F i n a l l y ,  we s h a l l  examine t h e  o s c i l l a t o r  s t r e n g t h ,  t h e  r a t i o  

o f  th e  a c t u a l  a b s o r p t io n  i n t e g r a l  to  t h a t  o f  c l a s s i c a l  o s c i l l a t o r .  The 

o s c i l l a t o r  s t r e n g t h  " f "  i s  g iv en  by th e  fo l lo w in g  r e l a t i o n .

f  = /edv  , (31)
Aire^

m = e l e c t r o n i c  mass, 

c = v e l o c i t y  o f  l i g h t  i n  vacuum,

A = A vogadro 's  number, 

e = charge  on t h e  e l e c t r o n ,

Y = fu n c t io n  o f  th e  r e f r a c t i v e  index  which i s  
c lo s e  to  u n i t y .

where

S u b s t i t u t i n g  th e  num eric  v a lu e s  o f  th e  c o n s ta n t s  i t  fo l lo w s

f  = 0.43 X  10"®/edv (32)
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Most o f t e n  a  g a u s s ia n  envelope  i s  u sed  a s  a f i r s t  ap p ro x im a tio n  o f  th e  

e v e r s u s  v c u rv e .  However, th e  l a r g e  v a r i a t i o n  o f  m agnitude i n  e makes 

i t  l o g i c a l  t o  p l o t  lo g  e v e r s u s  v .  From t h e s e  g raphs  i t  i s  s een  t h a t  

t h e  l a r g e s t  v a lu e s  o f  e ( ^  1 0 ^) a l l  l i e  i n  t h e  UV.

F ig u re s  27 th ro u g h  31 show t h a t  t h e  lo g  e v s  v cu rv es  can be 

d iv id e d  i n t o  two r e g io n s .  One bounded by t h e  in s t ru m e n t  c u t - o f f  wave­

number o f  5 0 ,0 0 0  cm~^ a t  one s id e  and t h e  s h a rp  c o rn e r  a t  a p p ro x im a te ly

V = 25 ,000  cm ^ . The o th e r  r e g io n  th e n  i s  bounded by v = 0 and

V = 25 ,000  cm . Of c o u r s e ,  th e  l i n e  u sed  t o  approx im ate  lo g  e has  a  

d i f f e r e n t  s lo p e  and i n t e r c e p t  f o r  t h e s e  two r e g io n s .  With t h i s  a p ­

p ro x im a t io n  th e n

lo g  e ,= kv + lo g  b (33)

where k th e  s lo p e  o f  t h e  l i n e  and lo g  b t h e  i n t e r c e p t  a t  v = 0 can be 

r e a d  from t h e  e x p e r im e n ta l  c u rv e s .  A ls o ,  s u b s t i t u t i n g  Eq. (33) i n  t h e  

fo rm u la  f o r  th e  o s c i l l a t o r  s t r e n g t h  i t  fo l lo w s  t h a t

f  = 0 .4 3 x l0 - ° f e 2 .3 0 ( k 3 » lo g  _ (34)

and hence

f  = [10^^2 _  lo ^ v i ]  . (35)

Here and a re  th e  boundary wavenumbers o f  t h i s  l i n e .

T ab le  10 g iv e s  a l i s t  o f  t h e  o s c i l l a t o r  s t r e n g t h s  f o r  t h e  SFO's 

as  found by t h i s  method. A lso g iv e n  a r e  t h e  boundary  wavenumbers.
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□ -SFO  5C-I DATA 
S FO 50"6 

o -S F O  14

cc

20 3025 35
Figure 27. Extinction coefficients of SFO's #5C-1, #5B-6 and #14.



o^SFO 6A-I DATA 
□  ^ S F O  6 “ 8

35

Figure 28. Extinction coefficients of SFO's #6A-1 and #6'-8.
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o -S F O  IOB-2 DATA, 
a ^ 'SFO 10'-(7-1-8+9 ) DATA

o r

VjcMr'jxid
F ig u re  29. E x t in c t i o n  c o e f f i c i e n t s  o f  SFO's #10B-2 and # 1 0 '- (7 + 8 + 9 ) .E x t in c t io n c o e f f i c i e n t s o f SFO



o^ S F O  ll-C DATA 
□  ^ S F O  I I A - 3

QC

20 25 30 35
Figure 30. Extinction coefficients of SFO's #6a 1 and #6'-8.
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Table 10. Oscillator Strengths

Sample ^2 "3

Fe(0H)3 15x103 2 7 . 5x 103 50x103 .03 2 . 0 2

5C-1 15 27.5 50 .04 0 . 3 7

SB-6 16.3 29.3 48 .04 0.48

& -1 14 27.0 50 .03 0.31

6 ' - 8 15 27.5 45 .04 0.66

lOB-2 15 2 7 .8 47.8 .04 0 .36

10 '- (7+ 8+ 9) 15 28 .8 4 7 .8 .04 0 .56

llA -3 10 2 8 . 48 .5 .01 0 .64

l l - C 10 28 .8 50. .05 0.47

14 15 2 8 .5 45 .3 .05 0.62

Note t h a t  t h e  o s c i l l a t o r  s t r e n g t h s  o f  t h e  SFO's a l s o  r e f l e c t  th e  c l a s s i ­

f i c a t i o n  i n  T ab le  10 above. The o s c i l l a t o r  s t r e n g t h s  can be used  in  th e  

c a l c u l a t i o n  o f  th e  m a g n e to -o p tic  r o t a t i o n .

The sum o f  th e  o s c i l l a t o r  s t r e n g t h s  f o r  a l l  t h e  t r a n s i t i o n s  

o r i g i n a t i n g  in  one p a r t i c u l a r  l e v e l ,  in c lu d in g  t h e  t r a n s i t i o n s  t o  th e  

low er s t a t e s  w i th  a minus s ig n ,  obeys th e  fo l lo w in g  re la t io n ^ ^ ^ ^

f  = t o t a l  number o f  e l e c t r o n s  (36)

= 5 for ferric ions. (37)
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Thus from  T ab le  10 we se e  t h a t  f o r  t h e  SFO's t h e  c o n t r i b u t i o n  

to  th e  o s c i l l a t o r  s t r e n g t h  i n  t h e  r e g io n  o f  o b se rv ed  wavenumbers i s  

on ly  abou t 10 p e r  c e n t  o f  t h e  t o t a l  o s c i l l a t o r  s t r e n g t h .  T h is  s im ply  

means t h a t  t h e  s t r o n g  UV band ex ten d s  f u r t h e r  i n t o  th e  f a r  UV r e g io n .

We were n o t  a b l e  t o  o b se rv e  t h i s  r e g io n  b eca u se  o f  t h e  o p t i c a l  l i m i t a ­

t i o n  o f  t h e  in s t r u m e n t s  u s e d .

The Fe(OH)g o s c i l l a t o r  s t r e n g t h  i s  c o n s id e r a b ly  l a r g e r  - a lm ost 

40 p e r  c e n t  o f  t h e  t o t a l .  For FeCOH)^ we a r e  o b s e rv in g  a  g r e a t e r  

f r a c t i o n  o f  t h e  UV a t  wavenumbers below 50,000 cm ^ .



97

REFERENCES

1. Beckman In s t ru m e n ts  Company, F u l l e r t o n ,  C a l i f o r n i a .

2. Ibid.

3 . Gamlen, G. A. and D. 0 .  J o r d a n ,  J o u r .  Amer, Chem. Soc. 156, 1435 

(1953) .

4 .  B a l lh a u s e n ,  C. J . ,  I n t r o . t o  Ligand F i e l d  Theory  (McGraw-Hill Book 

Company, I n c . ,  New York, 1962)p . 226.

5 .  J o rg e n s o n ,  C. K . , A c ta .  Chem. Scand. 1495 (1954).

6 . O r g e l ,  L. E . ,  J o u r .  Amer. Chem. Soc. 1004 (1955).

7. G r i f f i t h ,  J . S . ,  Theory  o f  T r a n s i t i o n  M etal Ions  (Cambridge Univ.

P r e s s ,  Cam bridge, 1961) Chap. 11.

8. B a l lh a u s e n ,  C. J . ,  too. ait.

9. Ibid.

10. M cClure, D. S . ,  S o l id  S t a t e  P h y s ic s  8 ,  (Academic P r e s s ,  New York, 

1959) .

11. M ulay, L. N. and P . N. Selwood, J .  Amer. Chem. Soc. 77 , 2693 (1955)

12. Gamlen, G. A. and D. 0 .  J o r d a n ,  toe. ait.

13. R a b in o v i tc h ,  E . , and W. H. S tockm ayer,  J .  Amer. Chem. Soc. 335 

(1942) .-

14. M ulay, L. N. and P. N. Selwood, too. cit.

15. M u ll ik e n ,  R. S. and C. A. R ie k e ,  R e p ts .  Prog . P h y s . 231 (1941).

16. Ibid. '  -



CHAPTER V

RELATED EXPERIMENTS

E le c t r o n  M icroscope R e s u l t s

We chose s i x  d i f f e r e n t  SFO's f o r  t h i s  s tu d y .  Four o f  t h e s e  

were known from o t h e r  d a t a  t o  c o n s i s t  o f  l a r g e  p a r t i c l e s .  The o th e r  

two sam ples were supposed  t o  c o n ta in  s m a l l e r  s i z e d  p a r t i c l e s .  With 

t h e  e x p e r ie n c e  and f a c i l i t i e s  o f  t h e  OU M edical C e n te r  t h e  t a s k  o f  

t a k i n g  t h e  p h o to g rap h s  became q u i t e  s im p le .  Mr. Warren S t in s o n  i s  

due o u r  th an k s  h e r e .  Mr. S t in s o n  became i n t e r e s t e d  i n  t h e s e  i r o n  

sam ples from th e  p o i n t  o f  view  o f  t i s s u e  s t a i n i n g .

A b r i e f  d e s c r i p t i o n  o f  t h e  p ro c e d u re  fo l lo w e d  may be  g iv e n .

F i r s t  aqueous s o l u t i o n s  o f  t h e  SFO's were p r e p a r e d .  Next th e  co p p er ,  

open m e ta l  " g r id s "  f o r  t h e  e l e c t r o n  m icroscope  were co v e re d  by c o a t in g  

them w ith  Form var^^^ . A f t e r  t h e  Formvar had d r i e d  t h e  g r i d s  were dipped 

i n t o  t h e  s o l u t i o n s  o f  t h e  SFO's and th en  th e y  were a g a in  a l lo w ed  to  d ry . 

Next t h e  g r id s  were p la c e d  i n t o  an RCA model e l e c t r o n  m ic ro sco p e .  The 

v a r io u s  " f ram es"  i n  t h e  g r id s  w ere scanned u n t i l  one was found t h a t  

showed good c o n t r a s t  betw een  background and p a r t i c l e s .  T h ree  p h o to ­

g ra p h ic  p l a t e s  were th e n  exposed and from t h e s e  we a n a ly z e d  th e  p a r t i c l e  

s i z e s .  G rea t c a re  was ta k e n  b e f o r e  any p l a t e s  were exposed  to  in s u r e

98
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t h a t  th e  p h o to g rap h s  would c o n ta in  p a r t i c l e s  s i m i l a r  to  th o s e  found in  

th e  o t h e r  f ra m e s ,  hence t y p i c a l  f o r  th e  specim en. F ig u re  31 i s  a  p r i n t  

o f  one o f  t h e  p l a t e s  o b ta in e d  by th e  method above.

The e l e c t r o n  m icroscope  was equipped w ith  a  s p e c i a l  h ig h  m agni­

f i c a t i o n  u n i t  which r a i s e d  th e  m a g n i f ic a t io n  t o  101 ,500 . T h is  was used  

f o r  a l l  th e  p l a t e s .  Note t h a t  th e  p r i n t s  i n  F ig .  31 depend upon f u r t h e r  

p h o to g ra p h ic  en la rgem en t and hence a r e  m a g n if ied  more th a n  101,500.

In  th e  SFO's th e  f e r r i c  complexes a r e  s t a b i l i z e d  by th e  a d d i t i o n

o f  v a r io u s  ty p e s  o f  o rg a n ic  po lym ers .  These polym ers a r e  u s u a l l y

d e x t r i n s  - a p a r t i c u l a r l y  long  ch a in  m olecu le  c o n s i s t i n g  o f  g lu c o se  r i n g s .

We used  a t y p i c a l  p u re  d e x t r i n  - co rn  d e x t r i n  - as a b la n k  check on t h e

e l e c t r o n  m icroscope  p e rfo rm ance .  Again t h e  same te c h n iq u e s  were u sed  to

p re p a re  th e  g r i d s .  However, even a t  t h e  h ig h e s t  m a g n i f i c a t io n  we n e v e r

ob se rv ed  " p a r t i c l e s "  o f  th e  ty p e  found in  th e  SFO p l a t e s .  E v id e n t ly ,  th e

e l e c t r o n  d e n s i t y  o f  th e  polym ers was so sm all  t h a t  th e  o rg a n ic  polym ers

were n o t  v i s i b l e  i n  t h i s  p r e p a r a t io n .  Hence, in  t h e  SFO's we sh o u ld

see  o n ly  th e  f e r r i c  complexes because  th e  e l e c t r o n  d e n s i t y  a t  th e  i r o n

s i t e s  i s  c o n s id e r a b le ,  s in c e  a l a r g e  number o f  e l e c t r o n s  i s  a s s o c i a t e d

w ith  t h e  sm all io n .  For example, Fe^* has  53 e l e c t r o n s  and th e  r a d iu s

i s  0 .60  Angstrom whereas c o n s t i t u e n t s  o f  th e  polym ers - {C ,(0H )",H *,0^"}

f 21- a l l  have l a r g e r  d ia m e te rs  a n d /o r  f a r  few er e l e c t r o n s .

Hence th e  p a r t i c l e s  which a r e  v i s i b l e  in  t h e  SFO p l a t e s  a r e  

a t t r i b u t e d  to  th e  f e r r i c  com plexes. I t  i s  p r e c i s e l y  t h e s e  complexes 

t h a t  we examined w ith  th e  m agnetic  t e c h n iq u e s .  A p la t f o r m  was b u i l t  

f o r  h o ld in g  t h e  p l a t e s  d u r in g  ex am in a t io n .  The p la t f o r m  in c lu d e s  bottom



1 0 0

SFO #6A-1

0 #

SFO #14

Figure 31, Photomicrographs of some SFO's,
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i l l u m i n a t i o n  o f  th e  p l a t e s  and a  m icro scope  equ ipped  w ith  a s ta n d a rd  

e y e p ie c e .  The m icroscope  p ro v id e d  some m a g n i f i c a t io n  b u t  most im por­

t a n t l y  i t  a l lo w ed  th e  u s e  o f  th e  f i l a r  a t ta c h m e n t  which p e rm i ts  s i z e  

measurem ents w i th o u t  p a r a l l a x .  N orm ally  a,bout t h i r t y  d i f f e r e n t  p a r t i ­

c l e s  were m easured  on each p l a t e .  For a l l  b u t  SFO #14 t h e  p a r t i c l e s  

a p p ea red  a p p ro x im a te ly  s p h e r i c a l . Hence o n ly  one number - t h e  d ia m e te r  

- can c h a r a c t e r i z e  t h e  p a r t i c l e  s i z e .  For SFO #14 th e  le n g th  and w id th  

o f  th e  p a r t i c l e s  was m easured . Of c o u rs e , ,  t h e  t r u e  s i z e  o f  t h e  p a r t i c l e s  

had to  be c a l c u l a t e d  c o n s id e r in g  t h e  e l e c t r o n  m icrqscope  m a g n i f i c a t io n  as 

w e l l  a s  t h e  m a g n i f i c a t io n  o f  th e  e y e p ie c e .

A summary o f  t h e  r e s u l t s  i s  g iv en  i n  T ab le  11 a long  w ith  t h e
f3')

d a t a  o b ta in e d  from  X -ray  d i f f r a c t i o n .

T ab le  11. Comparison o f  P a r t i c l e  S ize  D ata ,

ELECTRON MICROSCOPE DATA X-RAY DATA

SFO 2 i D, . G, X

6A-1 45^ is S 42 30,500x10

lOA-1 31 8 34 7,900

5-1 23 5 22 195

11 A-2 20 4 18 175

11-9 16 3 n . a . 122

11-15 14 2 n . a . 12

14 152 17 49 11 >69# 43
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In  th e  t a b l e  i s  th e  a v e ra g e  p a r t i c l e  d ia m e te r  - o r  le n g th  

i n  th e  case  o f  SFO #14 - and i s  t h e  av e ra g e  w id th  o f  th e  p a r t i c l e s  

o f  SFO #14. and o^ a r e  s t a n d a r d  d e v i a t i o n s  o f  and D^, r e s p e c t ­

i v e l y .

In  our i n t e r p r e t a t i o n  o f  t h e  numbers found , s e v e r a l  p o in t s  

sh o u ld  be s t r e s s e d .  When t h e  SFO sam ples  were f r a c t i o n a t e d  w i th  th e  

Sephadex column i t  was f o u n d 'c h e m ic a l ly  t h a t  th e  heavy f r a c t i o n s ,  l i k e  

5 -1 ,  6A-1, lOA-1, had th e  l a r g e s t  p e r  c e n t  i r o n  c o n te n t .  A lso  th e  mag­

n e t i c  s u s c e p t i b i l i t i e s  were found t o  be l a r g e  f o r  th e  h e a v i e s t  f r a c t i o n s  

and sm all  i n  t h e  l i g h t e s t  f r a c t i o n s  o f  th e  p a r t i c u l a r  SFO. This  sug­

g e s te d  t h a t  in  t h e  heavy f r a c t i o n s  t h e  i r o n  complexes e x i s t  i n  l a r g e  

dom ains. These e x h i b i t  c o o p e r a t iv e  e f f e c t s  l i k e  th o s e  observed  in  

fe r ro m a g n e tism . S im i la r  b e h a v io r  h a s  been  observed  in  p o l y c r y s t a l l i n e  

i r o n  and i s  o f t e n  r e f e r r e d  t o  a s  s u p e r p a r a m a g n e t i s m . E a c h  domain 

moment behaves l i k e  a  magnet s u b j e c t  t o  h e a t  m otions .

The e l e c t r o n  m ic roscope  d a t a  indeed  b e a r  ou t our i n i t i a l  a s ­

sum ptions  ab o u t t h e  p a r t i c l e  s i z e s ,  i . e .  t h e  l a r g e s t  p a r t i c l e s  have t h e  

l a r g e s t  s u s c e p t i b i l i t i e s .  Only f o r  #14, an ex tre m e ly  sm all  s u s c e p t i ­

b i l i t y  v a lu e  o c c u r s .  T h is  must be due to  t h e  f a c t  t h a t  th e  f e r r i c  ions  

a r e  a n t i f e r r o m a g n e t i c a l l y  a l i g n e d .  I t  i s  s im ply  a d i f f e r e n t  f e r r i c  

complex and n o t  a d is c re p a n c y ' o f  o u r  model o th e rw is e .  The th r e e  f r a c ­

t i o n s  o f  SFO #11 a l s o  show t h a t  t h e  p a r t i c l e  s i z e s  a r e  l a r g e s t  in  th e  

h e a v i e s t  f r a c t i o n s .
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Next i t  sh o u ld  be p o in te d  o u t  t h a t  t h e  s t a n d a r d  d e v i a t i o n s  "a "  

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

p e c i a l l y  im p o r ta n t  in  SFO #10A-1 and 6A-1. In  t h e s e  one can o b se rv e  a 

r e l a t i v e l y  b road  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  on f i r s t  s i g h t .  T h is  

i s  p ro b a b ly  due t o  t h e  method o f  p r e p a r a t i o n  o f  th e s e  SFO's.

One can draw an i n t e r e s t i n g  c o n c lu s io n  by  com parison  o f  th e  

d a t a  o b ta in e d  by th e  X -ray  and e l e c t r o n  m ic ro sco p e  m ethods. In p r i n c i p l e  

t h e  X -ray method m easures  t h e  c r y s t a l  s i z e  w hereas th e  e l e c t r o n  m ic ro ­

scope m easures th e  p a r t i c l e  s i z e  be i t  c r y s t a l l i n e  or random. So i t  

sh o u ld  h o ld  t h a t

“̂X-RAY -  °E.M.

Now we n o t i c e  f o r  th e  f i r s t  f o u r  SFO's t h a t  w i th in  t h e  e x p e r i ­

m en ta l e r r o r  t h e  two methods g iv e  t h e  same r e s u l t s  f o r  t h e  p a r t i c l e  

s i z e s .  Hence, t h e  f e r r i c  complexes seem t o  be s in g l e  m i c r o c r y s t a l s .

O th e r  ev id en ce  f o r  t h i s  c o n c lu s io n  comes from e l e c t r i c a l  r e ­

s i s t a n c e  d a t a  on SFO #50-2 which i s  v e ry  s i m i l a r  t o  # 5 -1 .  I t s  r e s i s ­

ta n c e  can on ly  be accoun ted  f o r  by u s in g  m i c r o c r y s t a l s  s i m i l a r  t o  

FOgO^. L ikew ise ,  t h e  a n t i f e r r o m a g n e t i c  a l ig n m e n t  o f  SFO #14 s u g g e s ts  

t h e  p re s e n c e  o f  a r e g u l a r  s t r u c t u r e  w i th i n  t h e  f e r r i c  complex.
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EPR Measurements

In fo rm a t io n  co n ce rn in g  th e  ground s t a t e  o f  t h e  i r o n  in  th e  

f e r r i c  complexes can be  o b ta in e d  by m easuring  t h e  a b s o r p t io n  in  th e  

microwave r e g i o n .  With a  V arian  ty p e  4502 EPR eqp ipped  w ith  a  100 KC 

m o d u la t io n  u n i t  we m easured th e  " g - v a lu e s "  o f  t h e  SFO 's .  Our thanks  

t o  Mr. R obert  DeKinder, who made t h e  a c t u a l  ru n s  f o r  us  on t h e  EPR 

equipment. The v a lu e s  o f  g a r e  d e te rm in e d  by sw eep ing  t h e  m agne tic  f i e l d  

a t  a  f i x e d  microwave f req u en cy  and o b s e rv in g  t h e  p o s i t i o n  o f  th e  maximum 

a b s o r p t i o n .  At t h i s  p o s i t i o n  th e  fo l lo w in g  e q u a t io n  h o ld s .

^2"^1 " " Ggf fPgHR (38)

where

Eg-E^ = energy  d i f f e r e n c e  o f  two a tom ic  s t a t e s  

V = microwave freq u en cy  

yg = Bohr magneton

Hg = v a lu e  o f  m agnetic  f i e l d  a t  maximum- a b s o rp t io n

The f re q u e n c y  v and f i e l d  Hg a r e  r e a d  from t h e  in s t ru m e n t .  To­

g e t h e r  w i th  th e  c o n s ta n t s  yg and h ,  "gg££ f o r  th e  p a r t i c u l a r  SFO th e n  

can be c a l c u l a t e d .

The microwave a b s o r p t io n  o b se rv ed  was a l l  o f  th e  "b road  band" 

ty p e .  T h is  i s  p ro b a b ly  r e l a t e d  t o  th e  p o l y c r y s t a l l i n e  n a t u r e  o f  th e  

sam ples and to  th e  i n t e r a c t i o n s  between th e  i r o n  a tom s. The e x p e r i ­

m ents  were perfo rm ed  a t  room te m p e ra tu r e .
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A b r i e f  e x p la n a t io n  o f  t h e  phenomenon in v o lv e d  can be based  on 

fSlt h e  work o f  M e i j e r .  C o n s id e r in g  f o r  t h e  moment f r e e  f e r r i c  io n s  th e  

ground s t a t e  i s  ^S. T h is  fo l lo w s  from H and 's  Rule f o r  f i v e  (5) 3d 

e l e c t r o n s .  The degene racy  o f  th e  l e v e l  f o r  f r e e  f e r r i c  io n s  i s  r e ­

moved by t h e  e l e c t r i c  f i e l d  o f  t h e  s u r ro u n d in g  atom s. However, t h e  

l e v e l  i s  u n iq u e  i n  t h a t  th e  a n g u la r  momentum i s  z e ro .  Thus th e  s p in -  

o r b i t  p e r t u r b a t i o n  i s  ze ro  in  t h e  f i r s t  o rd e r  and o f  co u rse  s in c e  L = 0 

t h e r e  i s  no "quench ing"  o f  t h e  a n g u la r  momentum.

M e i je r  shows t h a t  in  a  m agne tic  f i e l d  H th e  energy  l e v e l s  f o r  

(Fe)^^  a r e  g iv en  by

E + t'SwB + a /2  ± (SOc^/S + 5a2/16)/2yBH}H

G±3 / 2  = {*3WB + 3a /2  + ( I S c V H  - 5a2/16)/2uBH}H (39)

^±1/2"!^ UR + a + 3c^/2ygH}H

where t h e  "a"  te rm s  a re  due t o  n e a r l y  cu b ic  e l e c t r i c  f i e l d s  o f  th e  s u r ­

ro u n d in g  atoms and th e  "c" te rm s a r e  due to  t h e  t r i g o n a l  e l e c t r i c  f i e l d  

com ponent.

The energy  d i f f e r e n c e  AE f o r  t h e  f i v e  a l low ed  t r a n s i t i o n s  a re  

found from Eq,. (39) to  be

(AE)gy2+ 3 / 2  = 2FBH ± 2a + (15c2)/2yBH

(AE)3 / 2^ 1 / 2  = 2pbH f  5a /2  + (S a ^ / lô  - 3c2/4)2ygH (40)

( A G ) i / 2 + l / 2  "  ZwgH - 6c2/2pBH
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C o n s id e r in g  t h a t  th e  experim en t shows a b road  l i n e  we a re  i n ­

t e r e s t e d  on ly  in  th e  av e ra g e  v a lu e  o f  [AE), we g e t  from Eq. (4 0 ) ,

(ÂË) = {2yg + [ (4  5 / 2 ) 0% + 10a%/16]/10ygH}H (41)

U sing  t h e  Eq. (38) d e f in in g  gg££ and Eq. (41) above, we f in d

gg££ = 2 + [(4  5/2)0% + 10a% /16]/20(ygH)2. (42)

The c o n s ta n t s  "a "  and "c"  a r e  b e s t  d e te rm in e d  by ex p e r im en t .  M eije r

g iv e s  t h e  v a lu e s  as

a I = 0.0128 cm ^

c = 0 .016 cm
^  (43)

Thus f o r  f e r r i c  io n s  p la c e d  in  th e  f i e l d  used  by u s ,  pgH = 0 .2  cm \

i t  fo l lo w s  from Eqs. (42) and (43) t h a t

S e f f .  = 2-01- (4 4 )

In  g e n e r a l ,  c r y s t a l l i n e  f i e l d  e f f e c t s  te n d  to  b roaden  th e  

a b s o r p t io n  l i n e s ,  and te n d  t o  s h i f t  g t o  a s l i g h t l y  h ig h e r  v a lu e .

E x p e r im e n ta l ly ,  we found t h e  v a lu e s  f o r  gg££ as g iven  in  th e

T ab le  12. In d eed ,  t h e s e  te n d  to  exceed th e  g = 2 v a lu e ,  and a re  n e a r l y

eq u a l  to  t h e  v a lu e  p r e d i c t e d  by th e o ry  in  Eq. (4 4 ) .
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T a b le  12. gg££ V alues  O b ta ined  by EPR 

M easurem en ts .

^ e f f e c t i v e Compound

2 .03 Fe(NH^)(SO4 ) 2 •12H2O ( f e r r i c )

2 .09 SFO #11-13

2 .0 4 SFO #11-5

2 .04 SFO #5C-2

1 .99 SFO #14

2 . 2 1 Fe(NH^)2 (SO^)2 •6H2O (fe r ro u s )

This  d a t a  e s t a b l i s h e d  t h a t  t h e  e l e c t r o n i c  ground s t a t e  o f  th e  i r o n  i s  

c l o s e l y  a k in  t o  t h a t  o f  Fe^* ( f e r r i c  i o n s ) . The o b ta in e d  f o r  a

f e r r o u s  compound Fe(NH^)2 (S0 ^ ) 2 ‘ôH^O was a l s o  m easured f o r  com parison , 

s e e  T ab le  12. I t s  v a lu e  2 .2  s t r o n g ly  exceeds 2 .0 .  The ground s t a t e  

o f  Fe^* i s  and h e n c e ,  u n l i k e  Fe^* th e  a n g u la r  momentum i s  n o t  z e ro .  

I t  d i r e c t l y  c o n t r i b u t e s  t o  th e  g v a lu e .

E f f e c t  o f  P r e s s u re  on th e  R e s is ta n c e  

In  g e n e r a l  one can w r i t e  f o r  t h e  c o n d u c t iv i t y

a = ney (45)

where t h e  c a r r i e r  d e n s i t y  n i s  d e te rm in e d  by th e  th e rm a l  e x c i t a t i o n  o f  

t h e  e l e c t r o n s  i n t o  t h e  c o n d u c t io n  band ,  and th e  m o b i l i t y  y depends upon
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t h e  v a r io u s  s c a t t e r i n g  p ro c e s s e s  i n  t h e  b u lk  o f  t h e  sample o r  between 

th e  m icro  c r y s t a l s .  T h is  was a l r e a d y  p o in t e d  o u t  i n  t h e  d i s c u s s io n  o f  

t h e  t e m p e ra tu r e  dependence o f  t h e  c o n d u c t i v i t y .

Because t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  i s  n o t  l i n e a r ,  a 

b a r r i e r  t o  e l e c t r o n  c o n d u c t io n  e x i s t s  i n  t h e  specim en  a s  w e l l .  The 

e l e c t r o n i c - s a m p le  c o n n e c t io n  makes on ly  a m inor c o n t r i b u t i o n  h e r e .  

T h e re fo re ,  t h e  i n t e r f a c e s  i n s i d e  t h e  specim en must p r e s e n t  b a r r i e r s ,  

e l e c t r o n  " t u n n e l in g "  co u ld  o c c u r .  T h is  sh o u ld  b e  s t r o n g l y  p r e s s u r e  

d e p e n d e n t .

We p i c t u r e  o u r  samples as  f e r r i c  complexes o f  v a r io u s  s i z e s ,  

s e p a r a t e d  by a  few g lu c o se  polym er c h a i n s .  The r e s i s t a n c e  o f  th e  p u re  

polym er by i t s e l f  i s  o r d e r s  o f  m agn itude  l a r g e r  th a n  t h a t  o f  th e  i r o n  

o x id e s .  Now on a p p l i c a t i o n  o f  p r e s s u r e  t o  an SFO t h e  o rg a n ic  c h a in s  

w i l l  deform so t h a t  t h e  d i s t a n c e  betw een t h e  f e r r i c  complexes becomes 

l e s s .  T h is  s h o u ld  p roduce  a low er sample r e s i s t a n c e .  In  o rd e r  t o  t e s t  

t h i s  p r e s s u r e  dependence a t  v a r io u s  te m p e ra tu r e s  a p r e s s u r e  ç e l l  was 

b u i l t .  We u sed  c o n i c a l  shaped p lu g s  s e a le d  w i th  epoxy to  make th e  

e l e c t r i c a l  c o n n e c t io n s .  This h e ld  a p r e s s u r e  o f  3 k i l o b a r  a t  150 °C, 

w h ile  i t s  le a k a g e  r e s i s t a n c e  was g r e a t e r  th a n  10^ ohms. A s ta n d a rd  

h y d r a u l i c  pump c a p a b le  o f  40,000 p s i  g e n e ra te d  t h e  p r e s s u r e  i n  th e  

c e l l .  An o i l  b a th  and m easuring  in s t r u m e n ts  s i m i l a r  t o  t h a t  d e s c r ib e d  

in  C hap te r  I I I  was a g a in  used .

In  o u r  ex p e r im en t we in d e ed  do o b s e rv e  a  s i g n i f i c a n t  r e s i s ­

ta n c e  d e c r e a s e .  However, a  r e l a x a t i o n  phenomenon in  t h e  o p p o s i te  

d i r e c t i o n  o c c u rs  h e r e a f t e r .  T h is  p ro c e s s  i s  s k e tc h e d  in  F ig .  32. A
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summary o f  th e  p e r t i e n t  d a t a  from t h i s  f i g u r e  i s  g iv e n  below in  Table

13.

T ab le  13. R e s i s ta n c e  R e la x a t io n  D ata  f o r  SFO #5A-4.

T = 25 °C 

T = 131°C

Time C o n s ta n t  (S ec .)

P = 1 .35  KBAR A f te r  r e l e a s e 1 .35  KBAR A f te r  r e l e a s e

1 . 2 0 1  005 0.991 

1 .278  1.01

175 100 

118 112

A f t e r  t h e  p r e s s u r e  i s  a p p l i e d  th e  r e s i s t a n c e  i n i t i a l l y  d e c re a s e d ,  b u t  

th e n  i t  s lo w ly  " r e l a x e s "  t i l l  t h e  r e s i s t a n c e  becomes equa l t o  - o r

even g r e a t e r  th a n  - t h e  r e s i s t a n c e  a t  =1 atm . On r e l e a s e  o f  t h e  p r e s ­

s u r e  th e  r e v e r s e  s i t u a t i o n  o c c u r s .  This  ty p e  b e h a v io r  had been  ob se rv ed  

b e f o r e  i n  th e  SFO's f o r  t h e  m agne tic  s u s c e p t i b i l i t y  as a f u n c t io n  o f  

p r e s s u r e . I n  th o s e  s t u d i e s  th e  t im e  c o n s t a n t  was found to  be 15-30 

sec o n d s .  In  t h e  r e s i s t a n c e  measurement th e  t im e  c o n s ta n t  i s  60-120 

sec o n d s .  The r e s u l t s  can be e x p la in e d  by assum ing t h a t  t h e  sample does 

a t  f i r s t  compress u n i f o r m i ly .  The d i s t a n c e s  betw een atoms d e c re a se  and 

hence  t h e  r e s i s t a n c e .  T h e r e a f t e r ,  a v i s c o u s  ty p e  rea r ra n g e m e n t  t a k e s  

p l a c e ,  more r a p i d l y  a t  h ig h e r  t e m p e r a tu r e s .  T h is  c o u ld  mean t h a t  th e  

m i c r o c r y s t a l l i n e  s t r u c t u r e  i s  s lo w ly  b e in g  d i s t o r t e d ,  p e rh ap s  m o s t ly  on 

t h e  o u t s i d e .  In  p r i n c i p l e  t h i s  would be p o s s i b l e  f o r  t h e  g e l l i k e  hydrous 

f e r r i c  o x id e s .  I t  shou ld  g iv e  r i s e  t o  a d e c re a s e d  m o b i l i t y .  However,
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Figure 32. Relaxation effect in SFO #5A-4.
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i t  i s  a l s o  p o s s i b l e  t h a t  o i l  s lo w ly  p e n e t r a t e s  i n t o  t h e  specimen and 

th u s  r e l e a s e s  Jthe i n t e r p a r t i c l e  s t r e s s e s .  T h is  w i l l  a g a in  s e p a r a t e  

them and g iv e  r i s e  t o  t h e  i n c r e a s e  i n  r e s i s t a n c e .  F u r th e r  work i s  

n eeded  h e r e  t o  d e te rm in e  th e  e x a c t  causes  o f  t h i s  phenomenon.

In  F ig .  33 t h e  r e s i s t a n c e  o f  SFO #5A-4 as  a  f u n c t io n  o f  tem pera ­

t u r e  has been  p l o t t e d .  T h is  has  been g iv e n  a t  =1 b a r ,  0 .34  and 1.35 

k i l o b a r s .  The d a t a  p l o t t e d  a r e  f o r  t h e  e x t r a p o l a t e d  i n i t i a l  change in  

t h e  r e s i s t a n c e  o b se rv ed  on a p p l i c a t i o n  o f  th e  p r e s s u r e .  T h is  we assume 

t o  be  a m easure  o f  th e  change i n  polym er l e n g t h ,  o r  d i s t a n c e  between 

m i c r o c r y s t a l s  and hence th e  change in  " tu n n e l in g " .  E v id e n t ly ,  th e s e  

changes  a r e  q u i t e  l a r g e .  For i n s t a n c e  t h e  change i s  55 p e r  c e n t  b e ­

tw een  1 b a r  and 1.35 k i l o b a r  a t  52 .5  °C.

However, one a l s o  s e e s  t h a t  t h e  a c t i v a t i o n  energy  - de te rm in ed  

by  t h e  s lo p e  o f  R vs 1 /T  changes on ly  7 p e r  c e n t  from a tm o sp h e r ic  to  

1 .35  k i l o b a r .  T h is  shows t h a t  th e  number o f  e l e c t r o n s  f o r  th e  co n d u c t io n  

w h ic h . i s  a  f u n c t i o n  o f  t h e  a c t i v a t i o n  e n e rg y - (a n d  hence  th e  s lo p e  o f  R 

v e r s u s  1 / T ) - i s  l i t t l e  a f f e c t e d  by th e  p r e s s u r e .  The m o b i l i t y  o f  th e s e  

e l e c t r o n s  i s  d e te rm in e d ,  how ever, by t h e  d i s t a n c e  between th e  f e r r i c  

co m p lex es . T h is  d i s t a n c e  i s  d e te rm in e d  by t h e  polymer and hence 

s e n s i t i v e  t o  p r e s s u r e .  T h is  dependence o f  th e  m o b i l i t y  on p r e s s u r e  

makes t h e  c o n d u c t iv i t y  a  f u n c t i o n  o f  p r e s s u r e  a s  can be  seen  i n  Eq. (45 ) .  

The " d ip "  a t  10^/T = 2 .6  i s  most l i k e l y  due to  a measurement e r r o r .
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8

SFO 5A-4

P^\  BAR 
P=0.33 KBAR 
Pr.1.35 KBAR

7

24
Figure 33.

25 2.6 2.7 2.8 2.9 3.0
T em pera tu re  dependence o f  t h e  r e s i s t a n c e  o f  SFO #SA-4 a t  
s e v e r a l  p r e s s u r e s .
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P h o tô c o n d u c t iv i ty

An a t te m p t  was made t o  d e te rm in e  t h e  e n e rg y  l e v e l s  - o r  p o s s i ­

b ly  band edges -  in  t h e  SFO's by s tu d y in g  p h o to c o n d u c t iv i ty .  Thus a t  

f r e q u e n c ie s  a t  o r  n e a r  t h a t  c o r re s p o n d in g  t o  th e  d i f f e r e n c e  in  energy 

betw een t h e  ground and an e x c i t e d  l e v e l  - o r  band -  we sh o u ld  observe  

an i n c r e a s e  i n  c o n d u c t io n .  The e l e c t r o n s  which a r e  e x c i t e d  in t o  th e  

upper  l e v e l  have  a g r e a t e r  m o b i l i t y  th a n  th o s e  i n  t h e  ground s t a t e .

The o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t s  o f  th e  SFO's a re  l a r g e  i n  th e  v i s i b l e  

and IR and hence  we d id  e x p e c t  t o  o b se rv e  some photo  e f f e c t .

Our e x p e r im e n ta l  s e tu p  i s  q u i t e  s im ple  and i s  p i c t u r e d  schema­

t i c a l l y  below .

C o ll im a te d
L ig h t

I n t e r f e r e n c e
F i l t e r

/ v s a a A-

+ 100 V o lts

> / n
Sample

To OHM Mete:

We a t te m p te d  to  o b se rv e  p h o to c o n d u c t iv i ty  a t  room te m p e ra tu re  (25±3 °C) 

and a l s o  a t  l i q u i d  n i t r o g e n  te m p e r a tu r e  (77 °K) by im mersing th e  sample 

in  a p a r t i a l l y  s i l v e r e d  dew ar. D a ta  were ta k e n  a t  w ave leng ths  o f  0 .4  

m icrons  t o  1 .7  m ic ro n s .

No r e s u l t s  were found t h a t  cou ld  p o s i t i v e l y  be  i d e n t i f i e d  as 

p h o to c o n d u c t io n .  At room te m p e ra tu r e  r e s i s t a n c e  changes o f  th e  o rd e r  

o f  1 p e r  c e n t  betw een th e  " d a rk "  and " i l l u m in a t e d "  sample r e s i s t a n c e
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were o b se rv e d .  However, i t  i s  b e l i e v e d  t h a t  t h i s  i s  due t o  in c re a s e d  

c o n d u c t io n  beca u se  o f  l o c a l i z e d  h e a t in g  o f  th e  sample by t h e  l i g h t ,  

s in c e  no such  a f f e c t  was o bserved  a t  77 °K. The p h o to  p r o c e s s  th e n  i s  

n o t  t o o  p r o d u c t iv e  in  e x a c t in g  e l e c t r o n s . The b u lk  o f  t h e  co n d u c t io n  

e l e c t r o n s  th e n  must o r i g i n a t e  i n  t h e  th e rm a l  e x c i t a t i o n .  Q u i te  p r o ­

b a b ly  t h e  p e n e t r a t i o n  o f  th e  l i g h t  i s  n o t  s u f f i c i e n t  and t h e  photo  

e l e c t r o n s  a r e  im m ed ia te ly  t r a p p e d  a t  th e  s u r f a c e .  I t  s h o u ld  a l s o  be 

k e p t  i n  mind t h a t  t h e  l i f e t i m e  o f  t h e  e l e c t r o n s  i n  th e  co n d u c t io n  band 

i s  r a t h e r  s m a l l .  Of p o u rs e ,  we a r e  aware t h a t  t h e  e f f e c t  may be s m a l l e r  

th a n  our l i m i t  o f  m easurem ent. T h is  s e n s i t i v i t y  was about ±0.1 p e r  cen t  

r e s i s t a n c e  change.



115

REFERENCES

1. Shaw inigan P ro d u c ts  C o rp . ,  350 F i f t h  Avenue, New York 1, New York.

2. K i t t e l ,  C . ,  I n t r o . To S o l id  S t a t e  P h y s i c s , 2nd E d ,( Jo h n  W iley and

Sons, I n c . ,  New York, 1961) pp . 82-83.

3 . W ilson , D . , M.S. T h e s is  ( in  p r e p a r a t i o n )  U n iv e r s i t y  o f  Oklahoma, 

Norman, Oklahoma, 1968.

4 . See, f o r  exam ple. B a te s ,  L. F . ,  Modern Magnetism (Cambridge Univ. 

P r e s s ,  1963) pp . 293-294.

5. M e i j e r ,  P . ,  P h y s ic a  17_, 899 (1951).

6 . W ilson , D. M ., Zoo. cit.



CHAPTER VI

THIN FILMS 

I n t r o d u c t io n

In  o r d e r  t o  o b ta in  i n s i g h t  in  th e  f e r ro m a g n e t ic  c o n t r i b u t i o n  

we exam ined t h e  F a rad ay  r o t a t i o n  o f  pure  m e ta l  f i lm s  o f  i r o n ,  c o b a l t ,  

n i c k e l  and co p p e r .  A l l  d a t a  were ta k e n  a t  room te m p e r a tu r e ,  23*2 °C, 

and f o r  s e v e r a l  w ave leng ths  i n  th e  v i s i b l e  from 436 my t o  685 mp. The 

m e ta l  f i l m s  w ere p roduced  by vacuum e v a p o ra t io n  on t o  cover  s l i p s .  The 

t h i c k n e s s  o f  t h e  f i l m s  have been m easured . The t r a n s m is s i o n  c o e f f i c ­

i e n t s  a r e  0 .5  t o  10 p e r  c e n t  f o r  t h e  w ave leng ths  u sed .

Equipment

A s ta n d a r d  ty p e  vacuum system  was u sed  f o r  th e  e v a p o ra t io n  o f  

th e  f i l m s .  A s ch em a tic  d iagram  i s  g iven  i n  F ig .  34.

The d i f f u s i o n  pump was connec ted  t o  th e  b a s e p l a t e  by a s h o r t  

2" d ia m e te r  tu b e  so t h a t  a h ig h  pumping speed  co u ld  be m a in ta in e d .  The 

d i f f u s i o n  pump^^^ had a  pumping speed o f  200 l i t e r s  s e c .  a t  lO”  ̂ T o r r .  

T h is  was s u f f i c i e n t  t o  h o ld  t h e  p r e s s u r e  below 10~^ T o r r  d u r in g  th e  

e v a p o r a t io n .  The vacuum v a lv e  made i t  p o s s i b l e  t o  remove f i n i s h e d  s l i d e s  

and r e l o a d  w i th o u t  t u r n i n g  t h e  d i f f u s i o n  pump o f f .

116
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H eate r  
S Holder

B e l l  J a rM etal
Source

S h u t te r

B asep la teValve

D if f u s io n
Pump

^  To Forepump

F ig u re  34. Schem atic  o f  th e  vacuum system  used  to  p roduce m e ta l  f i lm s ,

The d i f f u s i o n  pump i s  s i l v e r  s o ld e r e d  to  th e  b a s e p la t e .  The

b a s e p l a t e  has  i n s e r t s  f o r  a therm ocoup le  and a P h i l l i p s  i o n i z a t i o n

gauge m easu ring  t h e  p r e s s u r e .  There a r e  a l s o  a r o t a r y  fe e d th ro u g h ,

a c t u a t i n g  t h e  s h u t t e r ,  and s i x  c u r r e n t  p lu g s .  Four o f  th e s e  were f o r

low c u r r e n t ,  a p p ro x im a te ly  10 am peres. They were i s o l a t e d  from th e

(21b a s e p l a t e  by a h ig h  r e s i s t i v i t y  epoxy w ith  a leakage  r e s i s t a n c e  o f  

b e t t e r  th a n  10^^ ohms. The o th e r  two h ig h  c u r r e n t  le a d s  a r e  used  as 

th e  e v a p o ra t io n  so u rc e  le a d s .

The m e ta l  so u rce  c o n s i s t e d  o f  f o u r  b r a id e d  s t r a n d s  o f  .015" 

tu n g s te n  w ire  wound in  a  s p i r a l  o f  about 3 /8 "  d ia m e te r .  The m e ta ls  t o  

be e v a p o ra te d  were c u t  i n t o  s t r i p s  abou t one f o u r t h  inch  long and 

crim ped on to  t h e  s p i r a l .  Crimping t h e  w i .e s  on to  t h e  tu n g s te n  p ro v id ed  

f o r  a good h e a t  t r a n s f e r  and c o n s e q u e n t ly  a l l  m e ta l  m e lted  a t  t h e  same
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t im e .  T h is  was n e c e s s a ry  because  n i c k e l  and c o b a l t  w i l l  e v e n tu a l ly

a l l o y  w ith  t h e  t u n g s te n  c a u s in g  th e  f i l a m e n t  t o  f a i l . ^   ̂ T h is  c r im ping

f4")p ro c e d u re  as  w e l l  a s  t h e  c le a n in g  and e l e c t r o p o l i s h i n g ^  o f  th e  tu n g ­

s t e n  w ire  made i t  p o s s i b l e  t o  do an e n t i r e  e v a p o ra t io n  i n  l e s s  th a n  two 

m in u te s .  And none o f  t h e  f i l a m e n ts  f a i l e d .  The s h o r t  e v a p o ra t io n  tim e 

a l s o  r e s u l t e d  i n  p u r e r  f i lm s  s in c e  few er r e s i d u a l  gas atoms co u ld  s t r i k e  

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

Most o f  t h e  m e ta ls  used  as so u rce  were o f  h ig h  p u r i t y .  A l i s t  

o f  th e  s u p p l i e r s  and p u r i t y  a r e ;

M etal S u p p l ie r P u r i t y

N ick e l A. D. Mackay Company 99%

Copper E l e c t r o n i c s  Space Prod . 99.999%

Iro n Unknown Unknown

C o b a l t A lfa  In o rg a n ic s  Company 99.7%

The s u b s t r a t e s  were m icroscope  cover  s l i d e s ,  0 .8 6 5 ” sq u a re  and

f S').010" t h i c k .  These were c le a n e d  w ith  a s t a n d a r d  c le a n in g  s o l u t i o n  

and washed in  d i s t i l l e d  w a te r .  A f te r  d ry in g  th e y  were p la c e d  in  th e  

b e l l  j a r  and baked  by t h e  h e a t e r  f o r  a p p ro x im a te ly  30 m inu tes  a t  about 

200 °C. Then th e  s l i d e s  were a l low ed  to  c o o l .  E v ap o ra tio n  on to  co ld  

s l i d e s  sh o u ld  d e c re a s e  th e  s t r a i n  s e t  up in  m e ta l  f i lm s  t h a t  a r e  e v ap o r­

a te d  on to  h o t  s u b s t r a t e s .  The ad h es io n  o f  t h e  f i lm s  d id  n o t  seem to  be 

d im in is h e d  by e v a p o ra t in g  on to  c o ld  s u b s t r a t e s .

A f t e r  t h e  f i lm s  had been p re p a re d  i n  t h e  vacuum system , th e y  

were s t o r e d  i n  a  vacuum d e s s i c a t o r  j a r .  No g ro s s  d e t e r i o r a t i o n  o f  th e  

f i lm s  has  been  o bse rved  ex cep t f o r  t h e  copper f i lm s .  For t h e  copper 

f i lm s  we m easured  t h e  F araday  r o t a t i o n  w i th in  an hour a f t e r  th e  f i lm s  

were p ro d u c e d .
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T hickness  Measurement

The t h i c k n e s s  o f  t h e  f i lm s  was m easured  by  t h e  method o f  F ize au  

f r i n g e s  a s  d e s c r ib e d  by  T o lansky .^^^  T h is  method does  n o t  depend upon 

p h y s ic a l  p r o p e r t i e s  o f  t h e  f i lm s  su ch  as i t s  in d e x  o f  r e f r a c t i o n ,  den ­

s i t y ,  e t c .  Because i n  t h i n  f i lm s  t h e s e  p r o p e r t i e s  do n o t  have t h e  b u lk  

v a lu e s  i t  was f e l t  b e s t  n o t  t o  u se  a  method t h a t  deponds upon t h e s e .

A s c h e m a t ic  d iag ram  o f  t h e  o p t i c a l  sy s tem  i s  shown in  F ig .  35.

M icroscope  =20 x

L ig h t

50% R e f l e c t i n g  F l a t

Coated  F l a t

S u b s t r a t e
W/Film

F ig u re  35. Schem atic  o f  a p p a ra tu s  u s e d  t o  m easure t h i c k n e s s  o f  t h e  
m e ta l  f i l m s .

The m e ta l  f i l m  does no t c o v e r  t h e  e n t i r e  s u b s t r a t e  so t h a t  a 

" s t e p "  e x i s t s  a t  t h e  *^dge o f  t h e  m e ta l  f i l m .  The h e i g h t  o f  t h i s  s t e p  

i s  t o  be m easu red .  T h e r e f o re ,  th e  e n t i r e  s u b s t r a t e  i s  covered  w i th  a
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l a y e r  o f  e v a p o ra te d  aluminum so t h a t  t h e  f i l m  i s  = 100  p e r  c e n t  r e ­

f l e c t i n g .  The o p t i c a l  f l a t  i s  co a ted  u n t i l  i t  i s  abou t 95±3 p e r  c e n t  

r e f l e c t i v e .  T h is  h ig h  r e f l e c t i v i t y  i s  im p o r ta n t  i n  o r d e r  t o  keep t h e  

f r i n g e  w id th  as narrow  as p o s s i b l e .  See T o lan sk y .  The o p t i c a l  f l a t  

i s  th e n  b ro u g h t  c l o s e  t o  t h e  f i l m ,  w i th  i t s  p l a n e  i n c l i n e d  t o  t h a t  o f  

t h e  f i l m  and a f r i n g e  p a t t e r n  i s  s e t  up w ith  t h e  f r i n g e s  ru n n in g  p e r ­

p e n d i c u la r  t o  t h e  s t e p  in  th e  f i lm .  In  t h i s  c a s e  a  f r i n g e  p a t t e r n  w i l l  

be  o b se rv ed  as i s  i n d i c a t e d  i n  th e  d iagram  be low .

E v id e n t ly  t h e  f i l m  th i c k n e s s  " t "  i s  g iv e n  by

t  = (d/D)Xjj

where i s  t h e  w ave leng th  o f  l i g h t  u se d ,  (589oX ), w h i le  d and D a r e  

th e  m easured d i s t a n c e s  in d i c a t e d  above.

With t h i s  t e c h n iq u e  i t  i s  p o s s i b l e  t o  m easure  t h i c k n e s s  o f  f i lm s  

t h e  o rd e r  o f  A/1000 t h i c k .  But i t  i s  ex t re m e ly  im p o r ta n t  t h a t  a l l  o f  

t h e  fo l lo w in g  c o n d i t io n s  a re  met

1) The m i r r o r  on t h e  f l a t  must be 95±3 p e r  c e n t  r e f l e c t i n g .

2) The o p t i c a l  f l a t  and f i l m  to  be  m easured  must be b rough t 

t o g e t h e r  t o  w i th in  about one w a v e le n g th .

3) The l i g h t  s o u rc e  must be monochrom atic.
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The th i c k n e s s  o f  th e  f i lm s  de te rm in ed  by t h i s  t e c h n iq u e  and u sed  in  th e  

measurement o f  t h e  F araday  e f f e c t  a r e  g iven  in  T ab le  14.

T ab le  14. T h ick n ess  o f  Film s Used in  th e  
S tudy o f  Faraday R o ta t io n .

F ilm T h ickness

C oba lt  900±150 X

Iro n  780±50

N ick e l  1180±180

F araday  E f f e c t  Data and A n a ly s is

The Faraday  e f f e c t  has been measured a t  436 my, 478 my, 515 my, 

546 my, 585 my, and 661 my. The r e s u l t s  f o r  T = 23±2 °C a re  d is p la y e d  

in  F i g s . 36 th ro u g h  42. I t  was n e c e s s a ry  to  s u b s t r a c t  th e  r o t a t i o n  o f  

t h e  s u b s t r a t e .  The r o t a t i o n  o f  th e  f i lm ,  0 ^, i s  g iven  by

0 g = 0 - a ,

where 0 i s  t h e  r o t a t i o n  o f  f i l m  and s u b s t r a t e ,  w h ile  a i s  th e  r o t a t i o n  

o f  t h e  s u b s t r a t e .  The V erde t  c o n s t a n t ,  V, o f  t h e  f i l m  th e n  i s

V = (0g - a)/H&

where 0 and a a re  e x p re ssed  in  degrees  o f  a r c ,  H i s  th e  e x t e r n a l  m agne tic
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f i e l d  i n  g a u s s ,  and Z i s  t h e  f i l m  th i c k n e s s  i n  cm. F ig u re s  36 th ro u g h  

38 show th e  dependence o f  t h e  r o t a t i o n  0  ̂ upon t h e  e x t e r n a l  m agnetic  

f i e l d  H. In  th e s e  cu rv es  th e  r o t a t i o n  was m easured f o r  b o th  in c r e a s in g  

and d e c r e a s in g  v a lu e s  o f  H. The r o t a t i o n s  were a l s o  m easured on r e ­

v e r s i n g  H. There i s  some h y s t e r e s i s  in  t h e  r o t a t i o n  f o r  t h e  t h r e e  

f e r r o m a g n e t ic  f i lm s  o f  c o b a l t ,  i r o n ,  and n i c k e l .  Comparing t h e  two 

f i e l d  d i r e c t i o n  i n  t h e  c a se  o f  n i c k e l  t h e r e  i s  a t  most a d i f f e r e n c e  o f  

20 p e r  c e n t .  In  t h e  o t h e r  f e r ro m a g n e t ic s  and copper i t  i s  l e s s .

Except f o r  n i c k e l ,  t h e  f e r ro m a g n e t ic s  do n o t  s a t u r a t e  a t  th e  

f i e l d s  u s e d .  But th e y  do in  a l l  c a se s  f o r  f i e l d s  o f  90 k i l o g a u s s .  A t 

s m a l l  v a lu e s  o f  H, 0 q i s  e s s e n t i a l l y  p r o p o r t i o n a l  t o  th e  e x t e r n a l  f i e l d  

a t  a l l  w a v e le n g h ts .  The r o t a t i o n  o f  n i c k e l  i s  a l s o  p r o p o r t i o n a l  to  H 

w e l l  below t h e  s a t u r a t i o n  v a lu e .

To e x p la in  t h e  dependence o f  th e  r o t a t i o n  on t h e  m agnetic  f i e l d

(7)in  f e r ro m a g n e t ic s  s e v e r a l  t h e o r i e s  have been  p ro p o se d .  A rg y re s '  

t h e o r y  e x p l a in s  t h e  f e r ro m a g n e t ic  r o t a t i o n  on th e  b a s i s  o f  a  band model. 

He c o n s id e r s  a p a r t i c u l a r  domain. Thus th e  r o l e  o f  t h e  m agnetic  f i e l d  

i s  s im p ly  t o  a l i g n  t h e  dom ains. His th e o ry  i s  b e s t  a p p l i e d  t o  bu lk  

f e r r o m a g n e t i c s .  A somewhat q u a l i t a t i v e  th e o ry  p roposed  by S to n e r  and

rs iW ah lfo r th  c o n s id e r s  t h i s  a s p e c t  o f  th e  m a g n e t iz a t io n  i n  t h i n  films.,,. 

They t a k e  i n t o  accoun t t h e  d e m a g n e t iz a t io n  and c r y s t a l l i n e  f i e l d  e f ­

f e c t s  .

We s h a l l  c o n s id e r  t h i s  th e o ry  as f a r  as i t  a p p l i e s  t o  th e  magne­

t i z a t i o n  o f  our f i l m s .  For t h i n  f i lm s  t h e  m a g n e t iz a t io n  v e c t o r  te n d s  

to  l i e  in  t h e  f i l m  p la n e .  Hence, th e  m agne tic  f i e l d  H which i s  always
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Figure 37. Faraday rotation of thin cobalt film as a function of magnetic field.
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Figure 38. Faraday rotation of thin nickel film as a function of magnetic field.
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p e r p e n d i c u la r  t o  t h e  f i l m  p la n e  w i l l  n o t  be v e ry  e f f e c t i v e  i n  a l i g n in g  

domains a s  i t  would i n  a b u lk  f e r ro m a g n e t ic  sam ple . A s i m i l a r  s i t u a ­

t i o n  e x i s t s  i n  s i n g l e  fe r ro m a g n e t ic  c r y s t a l s  where one has  c e r t a i n  

"ea sy "  d i r e c t i o n s  and "h a rd "  d i r e c t i o n s .  Such c a s e s  a re  a n a ly z e d  on 

th e  b a s i s  o f  an a n t i s o t r o p i c  c r y s t a l l i n e ,  i n t e r a c t i o n  energy  whiçh i s  

e x p re s s e d  as  K s in  ^0 . A dopting t h i s  model f o r  t h e  t h i n  f i lm s  we have 

t h a t  t h e  t o t a l  ene rg y  o f  th e  f e r ro m a g n e t ic  domain i n  th e  f i e l d  H i s

E„ = Ksin^G - MH s i n  0. n

M i s  t h e  n e t  m a g n e t iz a t io n  o f  t h e  domain w h ile  0 i s  th e  a n g le  between 

m a g n e t iz a t io n  v e c t o r  and t h e  f i lm  p la n e .

To f i n d  t h e  e q u i l ib r iu m  m a g n e t iz a t io n  we d i f f e r e n t i a t e  w ith  

r e s p e c t  t o  0 and f i n d  f o r  an extremum

= 0 = 2K s in 0  COS0 -  MH cos0  . (46)

Hence s in 0  = MH/2K o r  0 = ïï/ 2. Then i t  fo l lo w s  f o r  th e  induced  mag­

n e t i z a t i o n

= Msin0 = (M2/2K)H . (47)

Thus a  g raph  o f  M v e r s u s  H, w i l l  r e s u l t  i n  a s t r a i g h t  l i n e  th ro u g h  th e  

o r i g i n  up to  th e  p o i n t  where s in 0  = 1, th e n  s a t u r a t i o n  o c c u r s .  T h is  

m a g n e t iz a t io n  g iv e s  r i s e  to  th e  s o - c a l l e d  "h a rd  d i r e c t i o n  h y s t e r e s i s  

loop"  shown below .
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E v id e n t ly  th e  c u rv e s  f o r  th e  F a rad ay  r o t a t i o n  a re  s i m i l a r  to  

t h e  h y s t e r e s i s  loop  shown above. Because we om it t h e  d i f f e r e n c e s  b e ­

tw een H _ and H. ^ th e  loop  i s  j u s t  a  s i n g l e  l i n e .  No h y s t e r e s i s  e x t  i n t  r j

shows up . Thus 0 = C ons t .*  i s  u s u a l l y  r e f e r r e d  to  as  Kundt's Law. 

In  th e  r e f e r e n c e s  t h e  e q u a t io n  i s  o f t e n  w r i t t e n  as

C9)

0 = KM/A ,

where £ i s  t h e  sample t h i c k n e s s  and K, K u n d t 's  c o n s t a n t ,  and has  been 

d e te rm in e d  f o r  v a r io u s  m a t e r i a l s .

T ab le  15. V erde t  C o n s ta n ts  i n  th e  " L in e a r "  Regions f o r  S e v e ra l  
F e r r o m a g n e t ic s .

Co Fe Ni

661 my 

546 

478 

436

5 .5  deg /g .cm . 

3 .3

2 . 2

11.5  deg /g .cm . 

9 .7

7 .1

5.1

8 . 6  deg /g .cm .

4 .7
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Table 16. Saturation Rotation for Nickel.

X OgSAT.(Deg/cm.)

661 my 3.8x10^

470 2 . 0x 10^

470 1.7x10*+

436 1.3x10*+

T a b le s  15 and 16 g iv e  th e  V erd e t  C o n s ta n ts  in  t h e  l i n e a r  r e g io n s  

and th e  s a t u r a t i o n  r o t a t i o n s  f o r  n i c k e l  a t  t h e  w aveleng ths  u sed .

The r o t a t i o n  by th e  copper f i lm s  was found t o  be  v e ry  s m a l l .

The maximum r o t a t i o n  o b se rv ed ,  .015 degrees, i s  b a r e l y  g r e a t e r  th a n  th e  

e x p e r im e n ta l  u n c e r t a i n t y  o f  .01 d e g r e e s .  Hence, t h e  f i e l d  dependence 

w i l l  n o t  be a n a ly z e d ,  b u t  t h i s  measurement p ro v id e d  a  u s e f u l  check on 

t h e  p ro c e d u re .

A n a ly s is  o f  Wavenumber Dependence

In  F ig s .  39 th ro u g h  42 th e  dependence o f  th e  r o t a t i o n  upon 

th e  wavenumber i s  g iv e n .  For p a ram ag n e tic  o r  d ia m a g n e t ic  r o t a t i o n s  

t h i s  f r e q u e n c y  dependence i s  v e ry  p ronounced . However, i n  th e  f e r r o ­

m a g n e t ic s  t h e r e  i s  l i t t l e  v a r i a t i o n  i n  th e  f re q u e n c y  dependence. P e r ­

haps t h e  n i c k e l  f i lm  has  a peak c e n t e r e d  a t  ab o u t 18,500 c m " \  This 

co u ld  b e  due t o  re so n a n c e  betw een two narrow  (3d) bands co r re sp o n d in g
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Figure 39. Faraday rotation of thin iron film as a function of wavenumber.
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Figure 40. Faraday rotation of thin cobalt film as a function of wavenumber.
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t o  an  e n e rg y  d i f f e r e n c e  o f  2 .7  eV. A ccord ing  to  t h e  d a t a  f o r  n ic k e l  

th e  peak  i s  ro u g h ly  sym m etr ica l abou t t h e  wavenumber 18,500 cm We 

now p l o t  t h e  maximum h e ig h t  o f  t h e  peak i t s e l f ,  hence

®R = ®0 -  ®B (48)

v e r s u s  H. H ere 8^ i s  t h e  r o t a t i o n  due t o  " re so n a n c e "  o n ly  0g i s  th e  

t o t a l  o b s e rv e d  r o t a t i o n  and 0 g i s  th e  r o t a t i o n  due t o  t h e  background 

r o t a t i o n .  The r e s u l t  i s  g iv en  i n  th e  F ig .  43.

oio
.0 5 - '

1 2 3 4 5 6 7 8 9 10 11 12

H (k i lo g a u s s )

F ig u re  43 . F i e l d  Dependence o f  t h e  R o ta t io n  0^ a t  18,500 cm

Again a t y p i c a l  f e r ro m a g n e t ic  cu rv e  as observed  i n  t h e  "h a rd "  d i r e c t i o n  

shows up .
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CHAPTER VII

SUMMARY

T h is  t h e s i s  g iv e s  t h e  r e s u l t s  o f  an e x te n s iv e  rev iew  o f  t h e  

m a g n e to -o p t ic  p r o p e r t i e s  o f  a group o f com m erc ia lly  p r e p a re d ,  s t a b i l ­

iz e d  f e r r i c  o x id e s .  These SFO's were i n i t i a l l y  s e l e c t e d  and s tu d ie d  

beca u se  o f  t h e i r  i n t e r e s t i n g  p r e s s u r e  d ep en d en t Faraday  e f f e c t .  To 

b e t t e r  u n d e r s ta n d  and t h e o r e t i c a l l y  a n a ly z e  t h i s  phenomenon t h e  p r e ­

s e n t  work was begun.

F i r s t  t h e  commercial SFO's w ere s i z e  f r a c t i o n a t e d  b e c a u se  o f  th e  

r a t h e r  c o n t in u o u s  range  o f  p a r t i c l e  s i z e s .  The f e r r i c  o x ide  p a r t i c l e  

s i z e s  w ere m easured by X -ray and e l e c t r o n  m ic ro sco p e  te c h n iq u e s .  The 

m a g n e to -o p t ic  and m agne tic  p r o p e r t i e s  a r e  dependen t on th e  s i z e  and , o f  

c o u r s e ,  was t h e  r e a s o n  f o r  t h e  i n i t i a l  f r a c t i o n a t i o n .

The d i s p e r s i o n  o f  th e  m a g n e to -o p tic  rotation-MORD-was m easured 

f o r  a  h ig h  and low end f r a c t i o n .  T h is  d a t a  was f i t t e d  by t h e o r e t i c a l l y  

p r e d i c t e d  f u n c t i o n s .  From t h e s e  i t  i s  found t h a t  t h e  h ig h  end f r a c t i o n s  

te n d  t o  have a  l a r g e r  p a ram ag n e tic  r o t a t i o n  th a n  do t h e  low ends . T h is  

i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  h ig h  f r a c t i o n  has  a g r e a t e r  number o f  

m ag n e tic  moments which can be a l ig n e d  by t h e  m agne tic  f i e l d  in  a manner 

s i m i l a r  t o  f e r ro m a g n e t ic  a l ig n m e n t .  However, t h e  s i z e  o f  th e  f e r r i c  

o x id e  p a r t i c l e s  which i s  in  g e n e ra l  l e s s  th a n  50 Angstroms l i m i t s  th e

135
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number o f  m agne tic  moments t o  abou t 1 0  ̂ so  t h a t  a su p e rp a ram ag n e tic  

r a t h e r  th a n  a  fe r ro m a g n e t ic  e f f e c t  ta k e s  p l a c e .  T h is  superparam ag­

n e t i c  e f f e c t  i s  t h e  cause  o f  th e  l a r g e  p a ra m a g n e t ic  te rm  in  t h e  

t h e o r e t i c a l  e x p re s s io n s  o f  th e  Faraday  e f f e c t .  I t  i s  found a l s o  t h a t  

t h e  m agnitude o f  t h i s  te rm  i s  r e l a t e d  t o  p a r t i c l e  s i z e  in  g e n e ra l  so 

t h a t  th e  h ig h  end f r a c t i o n s  have a  l a r g e r  p a ram ag n e tic  PR te rm  th a n  

th e  low end f r a c t i o n s .

Also t h e  MORD was s tu d ie d  f o r  SFO's o b ta in e d  from d i f f e r e n t  

s o u r c e s .  A t o t a l  o f  f i v e  (5) d i f f e r e n t  SFO's were s t u d i e d .  The b e ­

h a v i o r  was s i m i l a r  ex ce p t  f o r  SFO #14 f o r  which th e  PR depends l i n e a r l y  

on H. This i s  a t t r i b u t e d  to  a a n t i f e r r o m a g n e t i c  a l ig n m en t o f  t h e  mag­

n e t i c  moments so t h a t  on ly  th e  d ia m ag n e tic  com ponent-(w hich i s  p ro p o r ­

t i o n a l  t o  H ) -o f  t h e  Faraday  r o t a t i o n  rem a in s .

The f i t t i n g  o f  th e  ex p er im en ta l  d a t a  c o n s t i t u t e s  somewhat o f  

a  t e s t  o f  th e  new th e o ry  in  t h a t  bo th  t h e  wavenumber and H dependence 

o f  t h e  PR cou ld  be f i t t e d  f o r  th e  most p a r t  t o  w i th in  ex p e r im en ta l  

e r r o r .  Some d e v i a t i o n s  between th e o ry  and ex p er im en t s t i l l  rem ain  bu t 

th e  sample d e f i n i t i o n  and ex p er im en ta l  e r r o r  d id  no t j u s t i f y  f u r t h e r  

a n a l y s i s .

In  c o n n e c t io n  w ith  th e  PR m easurem ents th e  o p t i c a l  a b s o r p t io n  

s p e c t r a  o f  t h e  SFO's was measured. I t  was found  t h a t  t h e  a b s o r p t io n  

i s  due to  a s t r o n g ,  b road  a b s o rp t io n  band i n  t h e  UV so t h a t  t h e  wings 

o f  t h i s  band dom inate  th e  a b s o rp t io n  in  t h e  v i s i b l e .  The p o s i t i o n  o f  

t h e  o th e r  a b s o r p t io n  bands were found to  be  a t  16 ,500*1,000 cm~^.
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21 ,500±1 ,000  c m ' l ,  22 ,500±1 ,000  c m 'l ,  26 ,500 c m "l± l ,0 0 0  c m 'l  and 

32 ,000*2 ,000  cm  ̂ f o r  t h e  SFO 's . The p o s i t i o n s  p f  t h e s e  a b s o rp t io n  

bands was u sed  in  f i t t i n g  th e  MORD' s .  The o p t i c a l  a b s o r p t i o n  s p e c t r a  

was compared t o  t h e  s p e c t r a  o f  s e v e r a l  o th e r  f e r r i c  s a l t  s o lu t i o n s  

and in  p a r t i c u l a r  i t  was found to  be  v e ry  s i m i l a r  t o  t h a t  o f  c o l l o i d a l  

f e r r i c  h y d ro x id e .  A lso  i t  was found t h a t  t h e  h ig h  f r a c t i o n s  o f  t h e  

SFO's had e x t i n c t i o n  c o e f f i c i e n t s  o f  5,700*200{cm ^ •[m o le (F e )]  ^ - l i t e r }  

w hereas t h e  low end f r a c t i o n s  and SFO #14 had v a lu e s  o f  about tw ic e  

t h i s  number.

A s tu d y  o f  th e  e l e c t r i c a l  p r o p e r t i e s  was u n d e r ta k e n  a f t e r  i t  

was found  t h a t  t h e  r e s i s t a n c e  o f  t h e  sam ples was s t r o n g l y  te m p e ra tu re  

d ep e n d e n t .  The r e s i s t a n c e  v a r i e d  e x p o n e n t i a l l y  as T ^ . C o n s id e ra t io n  

o f  th e  t h e o r e t i c a l  e x p la n a t io n  o f  t h i s  phenomenon l e d  t o  t h e  hope t h a t  

t h e s e  s t u d i e s  would e n ab le  u s  t o  d e te rm in e  t h e  en e rg y  o f  t h e  e x c i t e d  

en e rg y  l e v e l s  o f  t h e  SFO 's . The i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  was com­

p l i c a t e d ,  how ever, by t h e  co n d u c t io n  due t o  t h e  o rg a n ic  polymer o f  th e  

SFO. SFO #5C-1 i s  th e  e x c e p t io n  in  t h a t  i t s  r e s i s t a n c e  i s  v e ry  s i m i l a r  

in  m agnitude t o  t h a t  o f  Fe^O^. The a c t i v a t i o n  energy  o f  t h i s  SFO i s  

a l s o  q u i t e  s i m i l a r  which le a d s  u s  t o  b e l i e v e  t h i s  p a r t i c u l a r  SFO i s  

s im ply  s t a b i l i z e d  FeyO^ o r  Fe^O^-yH^O. A s tu d y  on th e  p r e s s u r e  depen ­

dence  o f  t h e  sam ple r e s i s t a n c e  was u n d e r ta k e n  t o  t r y  t o  u n d e rs ta n d  th e  

mechanism o f  t h e  e l e c t r i c a l  c o n d u c t io n .  We found t h a t  t h e  r e s i s t a n c e  

changed s h a r p ly  on a p p l i c a t i o n  o f  about 1 k i l o b a r  b u t  t h a t  a c t i v a t i o n  

energy  changed l i t t l e  i f  any . We i n t e r p r e t e d  t h i s  t o  mean t h a t  t h e  o r ­

g a n ic  polym er which s e p a r a t e s  th e  f e r r i c  complexes i s  e a s i l y  deformed
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by p r e s s u r e  w i th  th e  r e s u l t i n g  e f f e c t  t h a t  th e  r e s i s t a n c e  d e c re a se s  

s h a r p ly .

A te n d en cy  o f  t h e  sample r e s i s t a n c e  t o  " r e l a x "  a f t e r  i n i t i a l  

a p p l i c a t i o n  o f  p r e s s u r e  and a g a in  a f t e r  i t s  r e l e a s e  was a l s o  o bse rved .  

T h is  e f f e c t  i s  a l s o  o b se rv ed  in  t h e  m ag n e tic  s u s c e p t i b i l i t y  and i s  

p ro b a b ly  due t o  e i t h e r  a slow rea r ra n g e m e n t  o f  th e  s u r f a c e  atoms o f  

t h e  f e r r i c  o x id e  complex o r  t o  p e n e t r a t i o n  o f  t h e  p r e s s u r i z e d  o i l  in to  

th e  porous  sam ple  and which te n d s  to  r e l e a s e  th e  p r e s s u r e .

S e v e ra l  s h o r t  te rm  s t u d i e s  o f  th e  SFO's were made. F i r s t ,  

e l e c t r o n  m ic ro sco p e  pho to m ic ro g rap h s  were t a k e n .  We were a b le  t o  ob­

s e rv e  and m easure  t h e  s i z e  o f  t h e  f e r r i c  o x id e  complexes w i th in  t h e  

SFO 's . The o rg a n ic  polym er b e c a u se  o f  i t s  much s m a l le r  e l e c t r o n  

d e n s i t y  was n o t  o b s e rv e d .  The p h o to -m ic ro g rap h s  showed t h a t  th e  h igh  

end f r a c t i o n s  had t h e  l a r g e s t  s i z e  f e r r i c  ox ide  p a r t i c l e s ,  and v ic e  

v e r s a .  The p a r t i c l e s  were ro u g h ly  s p h e r i c a l  w ith  t h e  b ig g e s t  observed  

d ia m e te r s  b e lo n g in g  t o  SFO #6A-1. T h is  d ia m e te r  was 45 Angstroms.:

The s m a l l e s t  p a r t i c l e s  observed  were one o f  th e  low end f r a c t i o n s  o f  

SFO #11. They had a s i z e  o f  20 Angstroms which i s  c lo s e  to  th e  l i m i t  

o f  t h e  r e s o l v i n g  power o f  th e  e l e c t r o n  m ic ro sco p e .  Comparison o f  th e  

e l e c t r o n  m ic ro sco p e  d a t a  and X -ray  d a t a  le d  t o  t h e  i n t e r e s t i n g  c o n c lu ­

s io n  t h a t  t h e  f e r r i c  o x id e  complexes were a c t u a l l y  m i c r o c r y s t a l l i n e .

We had ex p e c te d  t h i s  from th e  m agne tic  p r o p e r t i e s  b u t  t h i s  p roved  an 

i n t e r e s t i n g  c o n f i rm a t io n .
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A second b r i e f  s tu d y  was made o f  th e  EPR s p e c t r a  o f  t h e  SFO's. 

From t h i s  s tu d y  we w ere a b le  t o  d e te rm in e  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  "gg££" f o r  t h e  SFO's. For a l l  t h e  SFO's g^££ i s  s l i g h t l y  g r e a t e r  

th a n  2 .0 .  T h is  i s  ab o u t what one e x p e c ts  f o r  a  f e r r i c  complex w ith  a 

sm a ll  amount o f  " z e ro  f i e l d  s p l i t t i n g ' . ' .

F i n a l l y  f i l m s  o f  i r o n ,  c o b a l t ,  n i c k e l  and copper  were vacuum 

d e p o s i t e d  o n to  g l a s s  s u b s t r a t e s . The F araday  r o t a t i o n  o f  each o f  th e s e  

was th e n  m easu red .  For th e  f e r ro m a g n e t ic  sam ples i t  was found t h a t  th e  

Faraday  r o t a t i o n  te n d s  t o  s a t u r a t e  a t  f i e l d s  n e a r  10 k i l o g a u s s .  In  a 

b u lk  f e r r o m a g n e t ic  t h i s  s a t u r a t i o n  ta k e s  p la c e  a t  much s m a l le r  f i e l d s .

A b r i e f  t h e o r e t i c a l  a n a l y s i s  o f  t h i s  phenomenon i s  g iv e n .  I t  i s  a s ­

sumed t h a t  t h e  f e r ro m a g n e t ic  f i l m  i s  so t h i n  t h a t  domains w ith  a s t ro n g  

f e r r o m a g n e t ic  component a r e  i n  t h e  f i lm  p la n e  and hence  a r e  e s s e n t i a l l y  

p e r p e n d i c u la r  t o  th e  e x t e r n a l  f i e l d  H. I t  i s  shown t h a t  t h i s  model cou ld  

le a d  t o  F a rad ay  r o t a t i o n  which i s  p r o p o r t i o n a l  t o  t h e  m a g n e t iz a t io n  o f  

th e  f e r r o m a g n e t i c .

The t h i c k n e s s  o f  th e  f i lm s  was m easured by u se  o f  a m u l t i p l e  

beam t e c h n iq u e .  T h is  a l low ed  us t o  g iv e  v a lu e s  o f  t h e  V erdet c o n s ta n t  

in  t h e  low f i e l d ,  l i n e a r ,  r e g io n  o f  FR. Also th e  approx im ate  s a t u r a ­

t i o n  V e rd e t  c o n s t a n t  i s  g iv e n .  These v a lu e s  a r e  somewhat s m a l le r  

th a n  th e  s a t u r a t i o n  r o t a t i o n  v a lu e s  u s u a l l y  q uo ted  f o r  b u lk  samples and 

i s  p r o b a b ly  due t o  t h e  t h i n  f i l m  c h a r a c t e r i s t i c  o f  t h e  sam ple. Very 

sm a ll  r o t a t i o n s  o f  t h e  o r d e r  o f  e x p e r im e n ta l  e r r o r  were observed  f o r  

copper  f i l m s .


