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ABSTRACT

New tech n iq u es  have been developed f o r  the  a n a ly s is  

o f  r e f l e c t i o n  d a ta  ob ta ined  from m eta l s u r f a c e s .  An o p t im iz a t io n  

s tu d y  has been c a r r i e d  out and i t  has been shown th a t  f o r  n and 

k v a lu e s  observed f o r  m eta ls  o p t im iz a t io n  becomes c r i t i c a l .  

Optimized r e f l e c t i o n  tech n iq u es  have been used in  experim en ta l  

s tu d ie s  on te rb ium  and gadolin ium  f i lm s  p repared  in  u l t r a  h igh  

vacuum, and the  r e s u l t i n g  o p t i c a l  c o n d u c t iv i ty  curves a re  shown 

to  be in  good agreement w ith  the  p r e d ic t io n s  of a simple th eo ry  

based  on in te rb a n d  o p t i c a l  t r a n s i t i o n s .



INTRODUCTORY REMARKS

The o v e r a l l  o b je c t iv e  of the  work d esc r ib ed  here  was 

to  g a in  in fo rm a tio n  about the  e l e c t r o n i c  band s t r u c tu r e s  of the 

r a r e  e a r th  m e ta ls ,  terbium  and gadolin ium . The t h e o r e t i c a l  

im portance of th e se  m eta ls  i s  d iscu ssed  in  Chapter V I. I t  

was decided  to  use o p t i c a l  techn iques  f o r  t h i s  s tudy  as these  

can y ie ld ^ d i r e c t l y , e n e r g y  a b so rp t io n  c o e f f i c i e n t s  f o r  in c id e n t  

photons o f  known energy . The way in  which o p t i c a l  s tu d ie s  

r e l a t e  to  the  e l e c t r o n i c  band s t r u c t u r e s  o f  m eta ls  i s  d esc rib ed  

in  Chapter I .  The s tu d ie s  were made in  r e f l e c t i o n  so t h a t  

p r o p e r t i e s  c h a r a c t e r i s t i c  o f  the  b u lk  m eta ls  could be observed . 

( Transm ission s tu d ie s  r e q u i r e  th in  f i lm  sam ples .)  The 

a n a ly s i s  o f  r e f l e c t i o n  d a ta  i s  d iscu ssed  in  Chapters I I  and. I l l  

and the  r e s u l t s  o f  th e se  c h a p te rs  form the  b a s i s  o f  the  design  

o f  r e f le c to ra e te r  systems d e sc r ib e d  in  Chapter IV. The r e s u l t s  

o f  o p t i c a l  s tu d ie s  on terb ium  and gadolin ium  a re  g iven  in  

C hapter VI and th e se  a re  i n t e r p r e t e d  in  terms o f r e c e n t  

energy  band s t r u c t u r e  c a l c u l a t i o n s .  Chapter VII d e sc r ib e s  

some work on copper and g o ld ;  t h i s  work i s  o f  a  somewhat 

t e n t a t i v e  n a tu re  and was performed l a r g e ly  as a  c o n t ro l  

f o r  the  more im p o rtan t work on t h e ' r a r e  e a r t h s .  Chapter V 

i s  devoted to  a  d e s c r ip t i o n  o f  the  techn iques  used in  the  

p re p a ra t io n  o f  samples s u i t a b l e  f o r  o p t i c a l  s t u d i e s .
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CHAPTER I

THE ROLE OF OPTICAL CONSTANT DETERMINATIONS IN SOLID STATE PHYSICS

1 .1 .  In t r o d u c t io n

This work w i l l  he p r im a r i ly  concerned w ith  the  behaviour 

o f l i g h t  waves in c id e n t  on a  vacuum-metal i n t e r f a c e .  Maxwell's 

e le c tro m a g n e t ic  th eo ry  o f  l i g h t  p rov ides  the  b a s i s  o f  an under

s ta n d in g  of such an i n t e r a c t i o n ,  and one o f  the  most remarkable 

r e s u l t s  o f  Maxwells th eo ry  may be expressed  in  the  fo l lo w in g  

r e l a t i o n s h i p  f o r  a  non magnetic medium;-

& i s  th e  d i e l e c t r i c  c o n s ta n t  of the  medium and n i s  the  

r e f r a c t i v e  index de fined  as the  r a t i o  o f  the  v e l o c i t y  of l i g h t  

i n  the  medium to  the  v e l o c i t y  o f  l i g h t  in  vacuum.

The q u a n t i ty  è  i s  a  m a te r ia l  c o n s ta n t  so t h a t  equa tion  ( l )  

p ro v id es  a  r e l a t i o n s h i p  between the  beh av io u r  o f  l i g h t  in  a medium 

and a  p ro p e r ty  of t h a t  medium. This i s  o f  fundam ental im portance; 

we know t h a t  G must be r e l a t e d  to  the  e l e c t r o n i c  p r o p e r t i e s  of 

the  medium, th e re fo re  a  s tudy  of the  p ro p ag a tio n  o f l i g h t  in  

a  medium should u l t im a te ly  lead  to  in fo rm atio n  about those 

p r o p e r t i e s .  The phenomenon o f o p t i c a l  d i s p e r s io n  shows 

im m ediate ly  t h a t  £  , and th e re fo re  n , i s  frequency  dependent# 

A p p lic a t io n  o f  Maxwells eq u a tio n s  to  a  conducting  medium f u r t h e r  

shows t h a t  n must, in  g e n e r a l ,  be a  complex q u an tity#  In  

p r i n c i p l e  a  knowledge o f  the  r e f r a c t i v e  index o f a m a te r ia l  i s



s u f f i c i e n t  to  d e f in e  the  subsequent behav iou r  of a  l i g h t

wave in c id e n t  on t h a t  m a te r i a l .  We s h a l l  th e re fo re  be concerned

w ith  the  frequency  dependence of the  complex r e f r a c t i v e  index .

I f  the  r e f r a c t i v e  index of a system can be c a lc u la te d  from a 

model of t h a t  system, then  an in c id e n t  l i g h t  wave may be used 

as  a probe to  t e s t  the  v a l i d i t y  of t h a t  model, and p o s s ib ly  

to  o b ta in  measurements o f  some o f the  param eters  used in  

c o n s t r u c t in g  the  model.

1 .2 .  D e f in i t io n  of O n tic a l  C onstan ts

From the o u t s e t  we assume the m eta l to  be homogeneous, 

i s o t r o p i c  and l i n e a r  in  i t s  response  to  e le c t ro -m a g n e t ic  waves. 

J u s t i f i c a t i o n  of the  i s o t ro p y  assum ption w i l l  be g iven  where 

n e c e s s a ry .  A l i g h t  wave in c id e n t  on a vacuum-metal i n t e r f a c e  

undergoes two changes on t ra n s m is s io n :  the  wave v e lo c i ty  changes,

and the e l e c t r i c  am plitude i s  a t t e n u a te d .  These two e f f e c t s  

a re  b ro a d ly  c h a r a c te r iz e d  by the  q u a n t i t i e s  n ( r e a l  p a r t  of 

r e f r a c t i v e  index which i s  o f te n  r e f e r r e d  to  as simply " r e f r a c t i v e  

in d ex ")  and k ( e x t in c t i o n  c o e f f i c i e n t )  which emerge when Maxwells 

e q u a tio n s  a re  ap p l ie d  to  a  system having  non-ze ro  e l e c t r i c a l  

c o n d u c t iv i ty .  In  such a system the  a l t e r n a t i n g  e l e c t r i c  v e c to r  

w i l l  produce an e l e c t r i c  c u r r e n t  o th e r  than  the  d isp lacem ent 

c u r r e n t .

W ithin  the  framework of the  assum ptions given in  1 .2 .  the  

c u r r e n t  w i l l  be d e sc r ib ed  by an eq u a tio n  of the  fo rm :-

’ ^  <5‘(V0) ^ 0  ( l u Z i Y )    -  (2)



5 .

where I -

= The frequency  dependent c o n d u c t iv i ty .

-  The e l e c t r i o  am plitude  of the  in c id e n t  
wave.

W "  The an g u la r  frequency  of the  in c id e n t  
wave.

I t  i s  d e s i r a b l e  to  o b ta in  a r e l a t i o n s h i p  between S’ and 

the  q u a n t i t i e s  n and k , s in ce  t h i s  w i l l  in  p r in c ip l e  enable  one 

to  ex p lo re  e l e c t r o n i c  b ehav iou r  v i a  the  observab le  o p t i c a l  

p a ram ete rs .

I f  we a r b i t r a r i l y  d e f in e  the  s p a t i a l  and tem poral o r ig in s  

X = o and t  = o r e s p e c t iv e ly ,  we can r e p r e s e n t  a  p lane  wave 

in c id e n t  on the  vacuum-metal i n t e r f a c e  b y : -

■ E  = Eo exjp ~  ^  — - I— — —  — *(3 )

The t r a n s m i t te d  wave can be com ple te ly  d e sc r ib ed  by%-

E  ~ E Q  ç.x)o ^ V LÔX — —  ( 4 )
^  ' C

Where : -  .

n = c / v ,

k i s  a c o n s ta n t  

and V  = v e l o c i t y  of l i g h t  in  the  metal# 

k c l e a r l y  g ives  a  measure o f  s p a t i a l  a t t e n u a t io n  w i th in  the  medium. 

We can th e r e f o r e  w r i te

E  “ E q I  — —  —  — ( 5 )

where :

n -  n -  i k  (6)

n i s  d e f in ed  to  be the  complex r e f r a c t i v e  index of the  m e ta l .



4 .

n and k a re  r e f e r r e d  to  c o l l e c t i v e l y  as the o p t i c a l  co n s ta n ts  

o f  the  medium.

O ther d e f i n i t i o n s  of complex r e f r a c t i v e  index a re  sometimes 

u sed ,  f o r  exam plei-

”n = n ( l  -  ik )

"n » n + ik

The r e l a t i o n s h i p s  between o p t i c a l  c o n s ta n ts  based on 

the  d i f f e r e n t  d e f i n i t i o n s  o f  n and k a re  s im ple , b u t  some 

s t a n d a r d iz a t io n  would seem d e s i r a b l e .  Throughout t h i s  work the  

d e f i n i t i o n  s t a t e d  in  eq u a tio n  (6) w i l l  be used , s in c e  t h i s  seems, 

from a survey  of the  l i t e r a t u r e ,  to  be g a in in g  ascendancy over 

o th e r  d e f i n i t i o n s ,

1 . 3 , O n tic a l  C on d u c t iv i ty  and A bsorption C o e f f ic ie n t

From e lec tro m ag n e t ic  th eo ry  i t  can be shown t h a t  ; —

(Mott and Jones  I 93&)

Rate of lo s s  o f  enerfcv/unit volume ^ ^
Square o f  E l e c t r i c  v e c to r  “  .

w h e re : -  • ‘

V  a frequency  of in c id e n t  r a d i a t i o n .

By analogy  w ith  the  flow of d i r e c t  e l e c t r i c  c u r r e n t  we see t h a t  

the  q u a n t i t y : -

nkY  =

can be a p p r o p r ia te ly  c a l l e d  the  o p t i c a l  c o n d u c t iv i ty .

Furtherm ore , the  a b so rp t io n  c o e f f i c i e n t  of the  medium can 

be shown to  b e : -

2nk/x



5.

Thus the  o p t i c a l  c o n d u c t iv i ty  i s  d i r e c t l y  p ro p o r t io n a l  

to  a b so rp t io n  c o e f f i c i e n t  and b o th  g ive  a measure of the  cap a c i ty  

o f  the  m eta l to  absorb energy a t  the  frequency  ^  ,

At t h i s  s tag e  we n o te  t h a t  the  q u a n t i ty  (n^ -  k" 

forms the  r e a l  p a r t  o f the  d i e l e c t r i c  c o n s ta n t .  I f  ( i^  -  ^  Q

f o r  a  medium then  an e lec tro m ag n e t ic  wave cannot propagate  in  th a t  

medium and the  o p t i c a l  behav iou r  i s  s a id  to  be " m e ta l l i c " .

1,4# C la s s i c a l  Models f o r  the  C a lc u la t io n  of O p tic a l  Constants 

Thus f a r  the  d is c u s s io n  has been based on p u re ly  

phenomenological e lec tro m ag n e t ic  th e o ry .  In  o rd e r  to  o b ta in  

in fo rm a t io n  about the  e l e c t r o n i c  p r o p e r t i e s  of the  m a te r ia l  a 

d e t a i l e d  m icroscopic  a n a ly s i s  of the  i n t e r a c t i o n  between e l e c t r o 

m agnetic  waves and e le c t r o n s  in  a  s o l id  i s  r e q u i r e d .  Lorentz (1906) 

c a r r i e d  ou t a  c l a s s i c a l  a n a ly s i s  o f  the  o p t i c a l  p r o p e r t i e s  o f  

d i e l e c t r i c s .  Drude ( 19OO) c a r r i e d  out the  f i r s t  a n a ly s i s  f o r  

m e ta ls .  C la s s i c a l  c a l c u l a t i o n s  determ ine the  q u a n t i t i e s  2nk 

and (n^ -  k"̂  ) d i r e c t l y .  Crude suggested  t h a t  the  o p t i c a l  

p r o p e r t i e s  of m eta ls  might be ex p la ined  by assuming the  e x is te n c e  of 

a  f r e e  e l e c t r o n  gas moving through ions  which form the c r y s t a l  

l a t t i c e  of the  m a te r i a l .  An ap p l ie d  e l e c t r i c  f i e l d  a c c e le r a te s  

the  e l e c t r o n s  which a re  impeded by c o l l i s i o n s  w ith  the  l a t t i c e  

io n s .  The motion o f an e l e c t r o n  can then be d e sc r ib ed  by a 

mean d r i f t  v e l o c i t y  ^  and a  r e l a x a t i o n  time >  • This th eo ry



6,

a llow s a c a l c u l a t i o n  of the o p t i c a l  c o n d u c t iv i ty  as a  fu n c t io n  

o f  f r e q u e n c y *-

CLu:?) -
\ ^  '— — ----- 17/

wbere CT(ô  i s  the  d . c .  c o n d u c t iv i ty  

E quation  (^) may he expected to  hold  under c o n d i t io n s  such th a t  

the  mean f r e e  p a th ,  defined  as the  q u a n t i ty  V  , i s  s h o r t  

compared w ith  the wavelength of the  in c id e n t  l i g h t .

This equ a tio n  i s  th e r e f o r e  most o f te n  used in  the  i n f r a 

red  re g io n  of the  spectrum ,and i s  u s e f u l  when a low energy e x t r a 

p o la t io n  i s  r e q u ire d  f o r  use w ith  the  d i s p e r s io n  r e l a t i o n s h i p s  

developed by Kramers and Kronig, and d e sc r ib e d  by Landau and 

L i f s h i t z  ( i 960) .  The f r e e  e l e c t r o n  th e o ry  p r e d i c t s  t h a t  the 

q u a n t i t i e s  (n"  ̂ -  ) and 2nk a re  l i n e a r l y  r e l a t e d ,  A P lo t

o f th e se  q u a n t i t i e s  on an Argand diagram g iv es  a  u s e f u l  in d ic a t io n  

o f  th e  v a l i d i t y  of the  Crude th eo ry  and in  a d d i t io n  an e s t im a te  o f  

the  q u a n t i ty  'V • The h igh  frequency  l i m i t  o f  a p p l i c a b i l i t y  of 

the  Crude th eo ry  has formed the  major i n t e r e s t  in  a la rg e  volume 

o f ex p er im en ta l  work, of which t h a t  performed by Bennet e t  a l  

( 1963) i s  t y p i c a l .  The f r e e  e l e c t r o n  th eo ry  was used by Zener 

( 1933) to  e x p la in  the  tran sp a ren c y  of the  a l k a l i  m eta ls  to  

u l t r a - v i o l e t  r a d i a t i o n .  This work a llow s an e s t im a te  to  be 

made of the  frequency  a t  which the  onse t of c o l l e c t i v e  

o s c i l l a t i o n s  of e l e c t r o n s  occurs  ( th e  plasma frequency  W  p ) .
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1*5 # Cu*!n\j 1 n.t'icnn of E le c t r o n ic  Band S t r u c tu re

Althoug}i suocooafu l in  many r e s p e c t s ,  the  above theory  

Uikt'ii no aocoun L of the  quan Lam m echanical a b so rp t io n  processes  

which a re  known to  be in t im a te ly  involved in  the p h o to n -e le c t ro n  

i n t e r a c t i o n s  w i th in  the  m e ta l .  More r e a l i s t i c  c a lc u la t io n s  

r e q u i r e  the  use o f  the  band model of e l e c t r o n s  in  s o l i d s .

The e l e c t r o n i c  band s t r u c t u r e  d e sc r ib e s  the  energy-momentum 

r e l a t i o n s h i p  of e l e c t r o n s  in a  m a te r i a l  in  terms of the  d i s t r i b u t i o n  

of  t h e i r  wave v e c to r s  throughout the  r e c ip r o c a l  l a t t i c e  o f  the 

c r y s t a l  s t r u c t u r e  o f  t h a t  m a te r i a l .  The c a l c u l a t i o n  of e l e c t r o n i c  

band s t r u c t u r e s  i s  v e ry  much a s p e c i a l i s t  t a s k  and the  te chn iques  

employed have been reviewed by P in c h e r le  ( i9 6 0 )  H a rr iso n  (1970) 

and K i t t e l  (196$) . The c a lc u la t io n s  a re  n e c e s s a r i l y  approximate 

s in c e  the  r e s u l t s  w i l l  depend on many-body e f f e c t s  and th ese  

must be handled in  an average sen se .  In  o rd e r  t h a t  the  

c a l c u l a t i o n s  remain t r a c t a b l e ,  th e  energy-momentum r e l a t i o n s h ip s  

a re  c a lc u la te d  a long  l i n e s ,  and a t  p o in t s ,  o f  h igh  symmetry in  

th e  r e c ip r o c a l  l a t t i c e .  C onsiderab le  l i m i t a t i o n s  a re  then p laced 

on the  form of the  e ig e n s ta t e s  by  group t h e o r e t i c a l  c o n s id e ra t io n s .  

The problem may then  be considered  in  two p a r t s .  The H am iltonian 

f o r  an e l e c t r o n  i s  c o n s t ru c te d  i d e a l l y ,  c o n ta in in g  a  p o t e n t i a l  ' 

r e p r e s e n t in g  the  e f f e c t  of a l l  the  e l e c t r o n s  in  the  m a te r ia l ,  

in c lu d in g  exchange e f f e c t s .  The n ex t  p a r t  o f  the  c a lc u la t io n  

in v o lv e s  the  s o lu t io n  of the  r e s u l t i n g  Schrded inger eq u a t io n .

A s e l f  c o n s i s t e n t  approach i s  n e ce s sa ry  s in c e ,  in  o rd e r  to  

c a l c u l a t e  the  exchange in t e r a c t i o n s  to  be inc luded  in  the  p o t e n t i a l .
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a knowledge of the  s t a t e s  to  he determ ined i s . r e q u i r e d ,  and the 

p o t e n t i a l  i s  in  tu rn  needed to  c a l c u l a t e  the  s t a t e s .  The way in  

which Iho f i n a l  computed s t a t e s  depend on the i n i t i a l l y  assumed 

form of p o t e n t i a l  i s  no t  w e ll  unders tood  and a t  t h i s  p o in t  an 

ap p ea l  to  experim ent i s  u s e f u l .  Any experim ent, the  i n t e r p r e 

t a t i o n  of which depends on the  e l e c t r o n i c  hand s t r u c t u r e  of the  

m a te r i a l ,  may he u l t im a te ly  cons ide red  a t e s t  of the  p o t e n t i a l  

used f o r  the  c a l c u l a t i o n  of the  hand s t r u c t u r e .  B lo c h 's  

theorem allow s the  c a lc u la t io n s  to  he r e s t r i c t e d  to  the u n i t  

c e l l  o f the  r e c ip r o c a l  l a t t i c e ,  o f te n  c a l l e d  the  B r i l l o u i n  

zone. The n o ta t io n  used most f r e q u e n t ly  f o r  the  d e s c r ip t io n  

o f  symmetry p o in ts  and l i n e s  in  the  B r i l l o u i n  zone i s  t h a t  used 

hy B ouckaert ,  Smoluchowski and Wigner (1956)* F igure  ( l )  

shows the  r e c ip r o c a l  l a t t i c e s  f o r  the  face  c en tred  cubic  and 

ihexagonal c lo se  packed c r y s t a l  s t r u c t u r e s ,  w ith  symmetry p o in ts  

and l i n e s  acco rd ing  to  the  above n o t a t io n .  C a lc u la t io n s  have * 

been c a r r i e d  out f o r  a la rg e  number of c r y s t a l l i n e  s o l i d s ,  

b u t  th e se  have been l a r g e ly  r e s t r i c t e d  to  symmetry d i r e c t io n s  

and p o in t s .  This d e f ic ie n c y  may be im portan t when c o n s id e r in g  

the  o p t i c a l  p r o p e r t i e s  of s o l i d s .

1 .6 .  I n t e r p r e t a t i o n  of O p tic a l  Bata in  Terms of E le c t ro n ic
Band S t r u c tu r e "

A v e ry  g e n e ra l  ex p re ss io n  r e l a t e s  the  o p t i c a l  c o n d u c t iv i ty

to  the  e l e c t r o n  s t a t e s  throughout the  B r i l l o u i n  zone (Kubo 1957),

(Greenwood 1958). In  g en e ra l  we do n o t know a l l  th e se  s t a t e s ,  and



/

H i lA'

F igu re  1, Labelled  f i r s t  B r i l lo u in  zones f o r  th e  f . c . c .  and
h . c .p .  l a t t i c e s .
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any ex p er im en ta l  r e s u l t s  depend s t ro n g ly  on the  p r o p e r t i e s  of 

the  o p t i c a l  s u r fa c e  and o th e r  e f f e c t s  n o t  accounted f o r  in  the  

Kuho-Greenwood fu rm ula . For th e se  rea so n s  i t  i s  n o t conside red  

w orthw hile  to  a t tem p t comparisons between ex per im en ta l  d a ta  and the  

Kubo-Greenwood fo rm ula . The e x p e r im en ta l ly  determ ined num erical 

v a lu e s  o f  o p t i c a l  c o n s ta n ts  n and k a re  p robably  most u s e f u l  

f o r  comparison pu rposes , to  g ive  an in d ic a t io n  of specimen 

s u r fa c e  c o n d i t io n s .  At t h i s  p o in t  i t  must be mentioned th a t  

o p t i c a l  c o n s ta n ts  determ ined by d i f f e r e n t  o b se rv ers  a re  no t 

g e n e r a l ly  in  good num erica l agreem ent. Of g r e a t e r  i n t e r e s t  

i s  th e  shape o f the  o p t i c a l  c o n d u c t iv i ty  d i s p e r s io n  curve which 

ought to  be i n t e r p r e t a b l e  in  terms o f the  e l e c t r o n i c  band 

s t r u c t u r e  of the  m a te r i a l .  We expect from symmetry c o n s id e ra t io n s  

t h a t  e l e c t r o n  t r a n s i t i o n s  w i l l  occur v e r t i c a l l y  in  the  B r i l l o u i n  

zone and such t r a n s i t i o n s  w i l l  cause an in c re a s e  in  th e  o p t i c a l  

c o n d u c t iv i ty .  We would expec t pronounced s t r u c t u r e  in  the  

o p t i c a l  d i s p e r s io n  curve to  occur a t  e n e rg ie s  f o r  which th e re  . 

e x i s t s  a  h igh  j o i n t  d e n s i ty  of s t a t e s  between bands, i . e .  

where bands a re  p a r a l l e l .  We know from symmetry c o n d i t io n s  t h a t  

the  bands w i l l  be f l a t  a t  symmetry in te rb a n d  p o in ts  ( P e i e r l s  1955) 

so t h a t  th ey  must be p a r a l l e l  a t  th e se  p o in t s .  ' Thus i t  i s  

re a so n a b le  to  assume t h a t  the  energy a t  which s t r u c t u r e  occurs  

i n  an o p t i c a l  c o n d u c t iv i ty  d i s p e r s io n  curve i s  l i k e l y  to  

correspond  to  an energy gap a t  a  symmetry in te rb a n d  point*
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The ass ignm ent of observed s t r u c tu r e  to  c a lc u la te d  band gaps i s  

always somewhat t e n t a t i v e  in  the  absence of independent 

e x p e r im en ta l  d a ta ,  e .g .  De Haas-Van-Alphen e f f e c t  and pho to- 

em ission  d a ta .  At p re s e n t  i t  i s  o f te n  found t h a t  the  above 

procedure  i s  in cap ab le  o f  com ple te ly  d e s c r ib in g  the  o p t i c a l  

p r o p e r t i e s  of m a te r i a l s  and i t  may be n e ce ssa ry  to  co n s id e r  

e f f e c t s  which a re  n o t  inc luded  in  the  band c a l c u l a t i o n s .  

C le a r ly ,  t r a n s i t i o n s  may occur in  r e g io n s  of th e  B r i l l o u i n  

zone f o r  which c a l c u l a t i o n s  have n o t  been perform ed. Non

v e r t i c a l  t r a n s i t i o n s  a re  p o s s ib le  v i a  phonon c r e a t io n ,  or 

e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  n o t  inc luded  in  the  band 

s t r u c t u r e  c a l c u l a t i o n .  ' The e f f e c t  of the  s u r fa c e  may be 

im p o r tan t  in  so f a r  as i t  can e f f e c t i v e l y  absorb momentum 

and allow  non v e r t i c a l  t r a n s i t i o n s .  The e f f e c t s  of im purity  

c e n t r e s  and l a t t i c e  f a u l t s  have n o t  been co n sid e red  in  t h i s  

c o n te x t .  I t  has been sugges ted  by  B lo d g e t t  and S p ic e r  ( 1966) 

t h a t  th e  o p t i c a l  a b so rp t io n  of n i c k e l  can be ex p la in ed  alm ost 

e n t i r e l y  in  terms o f n o n - v e r t i c a l  e l e c t r o n  t r a n s i t i o n s .  This 

would invo lve  the  use o f  an eq u a tio n  of the  fo rm ;-

nkW = ft  \ N^ (e ) N^ ( E - c ^ E  - "B
W

where*-

B » an a r b i t a r y  c o n s ta n t  

and Nq_ (e ) and Ny.(E -  W )  a re  the  d e n s i ty  of s t a t e s  in  the  

conduction  and v a len ce  bands r e s p e c t iv e ly .
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This view has n o t  gained  wide accep tance  however, and 

Attempts hy Shiga  and P e l l s  ( l9o9 )  to  i n t e r p r e t  o p t i c a l  d a ta  

u s in g  (§) were u n s u c c e s s fu l .  The view adopted here  in  

i n t e r p r e t i n g  ex p er im en ta l  r e s u l t s  w i l l  he t h a t  the  g e n e ra l  shape 

o f  the  o p t i c a l  a b so rp t io n  curve may be determ ined by one or 

more of the  above-mentioned noi4c-conserving p ro c e sse s ,  whereas 

any s t r u c t u r e  superimposed on t h i s  'background ' i s  l i k e l y  to  

be due to  t r a n s i t i o n s  a t  symmetry in te rb a n d  p o in t s .
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CHAPTER I I

THE DETERMINATION OF OPTICAL CONSTANTS FROM REFLECTANCE MEASUREMENTS

2 .1 .  I n t r o d u c t io n

O p t ic a l  c o n s ta n ts  may be deduced from v a r io u s  s e t s  of 

e x p e r im en ta l  o b s e rv a b le s .  In  t h i s  c h a p te r  we a re  concerned 

p r im a r i ly  w ith  de te rm in in g  o p t i c a l  c o n s ta n ts  by measuring 

changes in  l i g h t  i n t e n s i t y  on r e f l e c t i o n  from a s u r f a c e .  Other 

common methods invo lve  the  changes in  p o l a r i s a t i o n  on r e f l e c t i o n  

( e l l ip s o ra e t ry )  or changes in  the  l i g h t  wave on t ra n sm is s io n  

( r e s t r i c t e d  to  t h in  f i lm s )  and th e se  methods have been r e c e n t ly  

reviewed by T aylor (1972). The r e f l e c t a n c e  method has been 

chosen f o r  a  d e t a i l e d  s tudy  because r e c e n t  work has made i t  

co m p u ta t io n a l ly  the  most c o n v en ien t .  In  a d d i t io n  i t  i s  more 

s u i t e d  to  the  d e te rm in a t io n  o f  o p t i c a l  c o n s ta n ts  of m a te r ia l s  

m ain ta ined  in  a  vacuum system than  a re  e l l ip s o m e t r i c  d e te rm ina

t io n s  where s t r a i n  e f f e c t s  in  the  en tra n ce  and e x i t  windows 

become im p o r tan t .

2 .2 .  The F re sn e l  R ef lec ta n ce  Equations

The r e f l e c t i o n  c o e f f i c i e n t s  R^ and R„ may be de fined  as 

fo l lo w s .  Rj^ f o r  a  su r fa ce  a t  a wavelength  X i s  the  r a t i o  of 

th e  i n t e n s i t y  of an e lec tro m ag n e t ic  wave r e f l e c t e d  from th a t  

su r f a c e  to  the  i n t e n s i t y  o f  the  in c id e n t  wave having  i t s  E -v ec to r
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p e rp e n d ic u la r  to  the  p lane of in c id e n ce .  i s  s im i la r ly

d e f in e d  f o r  an in c id e n t  wave w ith  i t s  E -v ec to r  p a r a l l e l  to  

the  p lane  of in c id e n c e .  These r e f l e c t i o n  c o e f f i c i e n t s  can he expressed 

in  terms of the  o p t i c a l  c o n s ta n ts  n and k ,  and Q , the  angle of 

in c id e n c e .  The r e s u l t i n g  r e l a t i o n s h i p s  a re  c a l l e d  the  F resn e l  

r e f l e c t a n c e  e q u a t io n s .  P r i o r  to  I 969 i t  had n o t  been p o s s ib le  

to  so lv e  th e se  e q u a tio n s  to  y i e l d  n and k e x p l i c i t l y  in  terms of 

R^ , R|^ and ^  . Querry (1969') ach ieved  such a s o lu t io n  as fo llow s 

Making the  s u b s t i t u t i o n s s -

R x  +  1

^  “ Ri -  1 ' .

R„ + 1
°  " R y - r r -  ----------------------------^

and p u t t in g

(F -  G) S in  Ô Cot l b  
^ “ GF + (1 -  F"*- ) Cos'^9 -  1 •

- 2 F Q C o s 9  -  Cos^G  --------- :---- :----------- — ( 4 )

i n t o  the  F re sn e l  r e f l e c t a n c e  eq u a tio n s  w r i t t e n  in  the  form*-

(Q -  Cos 6  ) + P 
-  (Q + Cos 6 )'- + "  ■ (5)

(% -  S in  6 tan  & ) + P

then  * -

x â T i ï T ë i i ^ r r y r r F -------------------------- (&)

ÿ "  -  p'" -  -  S in’- B — r  — —  ;-------------------  (7 )

Q P  o n k   :-----------------------------   :--------  (8)
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P and G a re  fu n c t io n s  of Rj_ and R „ on ly .  Thus ? and Q, can 

hb c a l c u la te d  f o r  a  g iven  9 and hy s u b s t i t u t i n g  in  ( 7 ) and ( s )  

n and k may be found. C le a r ly ,  as B - 4-  45° Cot2 0 —v  O' and 

th e r e f o r e  Q - ^ 0  and the  s o lu t io n  f a i l s .

2 . 3 . The Regions J,n. (Ri . R// ) Space f o r  which Real S o lu t io n s
to  the  F resne l Equations  E x i s t .

At normal in c idence  R ^  = R,, . Thus a t  6  -  0 a l l

s o lu t i o n s  to  the  F re sn e l  r e f l e c t a n c e  eq u a tio n s  must l i e  on a

s t r a i g h t  l i n e  in  (R j. , R // ) sp ace .  ' The fo l lo w in g  a n a ly s i s  shows

t h a t ,  a t  g e n e ra l  an g les  o f  in c id e n ce ,  s o lu t io n s  a re  r e s t r i c t e d

to  bounded re g io n s  in  (Rj_ , R/y ) space .

E quation  ( 3 ) shows Q to  be a  r e a l  q u a n t i ty .  T herefo re , 

f o r  r e a l  n and k , from e q u a tio n  ( s )  we see t h a t  ?  must be r e a l .

I t  fo l lo w s  t h a t  r e a l  s o lu t io n s  to  the  F resn e l  eq u a tio n s  a re  ob ta ined
i  . a.

i f ,  and only  i f ,  P 0. The c o n d i t io n  P = 0 d e l in e a te s  a

boundary o u ts id e  which no r e a l  s o lu t io n s  to  the  r e f l e c t a n c e

e q u a t io n s  e x i s t .  I t  i s  r e a d i l y  shown t h a t  on one s id e  o f  the

boundary P i s  in  f a c t  im aginary  and t h a t  Pv » 0 i s  n o t  a  zero

minimum. S u b s t i t u t i n g  f o r  Q from ( 3 ) i n t o  (4 ) we g e t* -

(L [(F -  G) S in  G Cot2&

^ "  ** \  GF + (1 -  F^) C o s '6 -  1 )

2F Cos 9  (F -  G) S in  6 Cot2 0 ^

GF + (1 -  F ^ ' c o s - ^ i à " "    ®
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R earran g in g * -

Sin'^0 C o t^ ie  + Cos 6 (Cos 9 -  2Sin 6  Cot2 Ô

+ G Y_2F Cos 9  (Cos 9  -  S in  9  Cot2 9  ) [  (1 -  P^) Cos^G -  l \
+ 2F S in  9 Cot2 Ô (P^CosG -  S in  9  Cot2 0

+ F^Sin^ 9  Cot^ 20  + 2p'^ Cos 0 Sin  Ô Cot2 0
^ ( 1 -  F^) Cos^ 9 - 1 ^  + Cos*'’ 9  ^  (l  -  F ^  ) Cos"  ̂ 0 -  l j  ------ (10)

F o r tu n a te ly  t h i s  eq u a tio n  s im p l i f i e s  to * -

P ^  -  ̂ G ^  ^Cot ^ 2 0  + F*^ -  G [ (1  + Cot ^ 2  0 ) F -  F^^

+ F ^ S in ^ ô  + Cos^ G + Cot^ 2 ô*^

+ Cos^ 0 Sin'^Ô (1 + P ^ ^  S in^  ^  — :---------------------------— -- ---  (11)

Thus P may he w r i t t e n

P "  a  G + h G  + o -̂----- :...............................................................................——- (12)

where a , h ,  and c a re  the  fu n c t io n s  of F and 6  im plied  "by . 

e q u a t io n  ( l l )

The v a lu e s  o f  G f o r  which P = 0  may he c a lc u la te d  

from e q u a t io n  (12) and the  s o lu t io n s  when transform ed, v i a  equ a tio n  

( 2 ) , w ill"bound  the  re g io n  f o r  which a l l  r e a l  n and k may he o b ta in e d .

The b o u n d ar ie s  gen era ted  in  t h i s  way a l s o  r e p r e s e n t  the  c o n d i t io n  

k = 0, s in c e  i f  ^

(n^^ -  k*̂  -  S in^  0  ) + 4n^k^j ^

-  ( n ^ -  k^ -  S in  0  )*̂  » 0 *----------------------------------  ( l 3 )

then

4n*" » 0------------- ----------------------- ------------ ——........  ( 14)

and th e r e f o r e

k -  0   ( 15 )
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i . e .  the  boundary v a lu es  of R j_ and R a re  those  corresponding  

to  p e r f e c t  d i e l e c t r i c s .  F igure  (2) shows the boundaries  f o r  

v a r io u s  a n g le s  of in c id e n c e .  F igu res  ( 5 ) and ( 4 ) show the  

d i s t r i b u t i o n  o f  n and k v a lu e s  th roughout the  v a l id  reg io n s  

f o r  0  = 16^ and 0  = 74°. I t  was found th a t  "bunching" o f  

the  n , k l o c i  occurs  n e a r  to  the  upper boundary f o r  0 -Ĉ 0  45°

and n e a r  to  the  upper boundary f o r  45° ^  9  -C .90°. This bunching 

i s  a s s o c ia te d  w ith  h igh  v a lu e s  of n , and a r i s e s  from the  ra p id  

approach  o f Q to  + 00 as  Q changes sign*

(O^ ) = n^ -  k ^  -  S in^ 6
P"- » 0 ( 16)

n 0.
I f  th e  Q, yO  boundary i s  c lo se  to  one o f  the  P « 0 c o n d i t io n s ,  

then  k '^ - ^ 0  i n  (1 5 ) .  For (Q^) to  go to  , n ^  must

2 . 4 . S e n s i t i v i t y  of n and k to  Rj. and Rv .

A ll  p o in ts  (Rj^ , R,j ) f o r  which th e re  e x i s t  r e a l  n and k , 

a re  enclosed  in  the  a r e a  d e f ined  by the  P = 0 c o n d i t io n  transform ed 

to  th e  (R ^  » R/ y)  p la n e .  I t  i s  re a so n a b le  to  assume t h a t  s e n s i t i v e  

d e te rm in a t io n s  o f  n and k a re  most l i k e l y  to  be made a t  an g les  o f  

in c id e n c e  f o r  which the  bounded re g io n s  have a maximum a re a .  

Num erical i n t e g r a t io n  shows th a t  maxima in  a r e a  as a  fu n c t io n  o f  Ô 

occu r a t  0 = 16° and 0  « 74°. E m pir ica l  o b se rv a t io n ,  r a t h e r  

th an  ex ac t  a n a ly s i s ,  has p re v io u s ly  in d ic a te d  t h a t  a  maximum in  

the  s e n s i t i v i t y  occurs  f o r  ang les  c lo se  to  70° (Humphreys-Owen I 96I ) .
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of 16,



17.

According to  the  above c r i t e r i o n ,  the  optimum angles  of inc idence  

f o r  d e te rm in in g  o p t i c a l  c o n s ta n ts  from r e f l e c ta n c e  measurements 

a re  16° and 74°. In s p e c t io n  of f ig u r e s  ( 5 ) and (4 ) shows t h a t  f o r  

n and k v a lu e s  ty p i c a l  of most m eta ls  74° i s  the  b e t t e r  an g le .

C le a r ly ,  s in ce  the  d i s t r i b u t i o n  of (n , k) p o in ts  v a r ie s  

w ith  ang le  o f  in c id e n c e ,  i t  should n o t  be expected t h a t  one 

an g le  o f  in c id e n ce  should  prove optimum f o r  a l l  combinations of 

n and k .  T herefo re  a  com puter-based num erica l techn ique  was developed to  

i n v e s t i g a t e  the  s e n s i t i v i t y  of the  method in  more d e t a i l .

2 . 5 . Numerical Technique f o r  E r ro r  I n v e s t ig a t i o n

The b a s i s  of the  method i s  i l l u s t r a t e d  in  f ig u r e  ( 5 ) .

This shows a t y p i c a l  re g io n  in  » ^ / /  ) space . A p o in t  P 

w i th in  the  bound re g io n  d e f in e s  unique v a lu e s  o f  the o p t i c a l  

c o n s ta n ts  (n* , ko) v i a  the  F re sn e l  r e f l e c t a n c e  equations#  I f  

th e r e  i s  an u n c e r t a in t y  -& R  in  the  r e f l e c t i o n  c o e f f i c i e n t s ,  

th e n  the  extreme d e v ian t  v a lu e s  of o p t i c a l  c o n s ta n ts  w i l l  occur 

f o r  p o in t s  ly in g  on the  p e r im e te r  o f  a  square  o f  s id e  2<S' R drawn 

w ith  P as  th e  c e n t r e .  These v a lu es  a re  c a lc u la te d  a t  400 e q u a l ly  

spaced p o in ts  on the p e r im e te r .  We assume 5 = G R»/ =0  &

independen t o f  Rj_ and R/  ̂ . The p roduct o f  the  o p t i c a l  c o n s ta n ts

was chosen as a  s u i t a b l e  param eter f p r  the  i n v e s t i g a t i o n  because 

o f  i t s  re le v an c e  to  the  e l e c t r o n i c  p r o p e r t i e s  o f  m a te r i a l s .

The f r a c t i o n a l  e r r o r  in  the  p roduct n k f o r  a  p o in t  on the  

square  g iven  by*-
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P ro d u c ts  nk f o r  whicii 0* took nicLXimuin p o s i t iv e  and neg a tiv e  

e r r o r s  were determ ined  u s in g  the  techn ique  d esc r ibed  below.

These v a lu e s  o f  0“ r e p r e s e n t  the  l a r g e s t  p o s i t iv e  and nega tive  ' 

e r r o r s  r e s u l t i n g  from u n c e r t a i n t i e s  ^ S r in  the r e f l e c t i o n  

c o e f f i c i e n t s .

2 .6 .  The Computer Programme used f o r  E r ro r  I n v e s t ig a t io n

The s tu d ie s  were c a r r i e d  out on the  U n iv e r s i ty  o f  London. 

C.D.C. 6600 Computer. The flow diagram of the computer programme 

used  in  t h i s  i n v e s t i g a t i o n  i s  shown in  f ig u r e  ( 6 ) .  This programme 

r e l i e s  on s e v e ra l  s u b ro u t in e s .  The su b ro u tin e  c a l l e d  SOLVE uses 

the  a n a ly t i c  s o lu t io n s  to  the  F resn e l  equa tions  as  d esc r ib ed  in  

( 2 . 2 . )  to  r e t u r n  n and k f o r  in p u t  param eters  Rj  ̂ , R/yand 8 .

The su b ro u t in e  c a l l e d  CHECK performs the  re v e rs e  c a lc u la t io n  

( i . e .  re tu rn s  R ^  and R̂  ̂ f o r  in p u t  param eters  n , k and % . )  The 

su b ro u t in e  c a l l e d  GEMT i s  c a l l e d  from the  main programme and 

perform s the  sea rc h  around a t e s t  sq u are .  This su b ro u tin e  i s  

shown in  d e t a i l  on the  flow diagram and a  l i s t i n g  i s  g iven  in  

appendix  ( 1 ) .

2 .7 .  A,n g u la r  Dependence of

The method d esc r ib ed  in  the p revious s e c t io n  was used 

to  c a l c u l a t e  G" f o r  a  la rg e  number of combinations n^, in  

th e  range  1 . 0 4 n  <4 4 .0  and 1 . 0 ^ k <  4 .0  and f o r  ang les  o f
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in c id e n ce  in  the  range 0 ° <  Q X 90^, Q ^  45° ,  The va lues  

n -  2,000  and k -  5.000  were chosen to  ty p i f y  the  r e s u l t s ,

(Thono v a lu e s  occur in  subséquent s tu d ie s  made on the  r a r e  e a r th  

m e ta l s . )  The p o in t  no » 2.000 ko -  5 .000 l i e s  c lo se  to  the 

upper b ounda rie s  in(Rj_ , space f o r 0 <  45° and c lo se  to  

the  lower boundary 0 >  45° (see  f ig u r e s  3 and 4 ) .  F igure  (? )  

shows the  v a r i a t i o n  w ith  6  o f the  l a r g e s t  p o s i t iv e  and 

n e g a t iv e  e r r o r s  taken  by the  q u a n t i ty  O' w ith  S R s e t  a t  

0 . 00005 . The two minima show th a t  the  g e n e ra l  o p tim iza t io n  

c r i t e r i o n  e s t a b l i s h e d  in  2 . 4 , i s  q u i te  good. F igure  (8) shows the 

r e s u l t s  o b ta in ed  u s in g  & R = 0.001 which re p re s e n ts  a  r e a d i ly  

o b ta in a b le  accu racy .  The i r r e g u l a r  behav iour of the  n ega tive  

p o r t i o n  of the  curve can be a s s o c ia te d  w ith  p o r t io n s  of the  t e s t  

square  f a l l i n g  o u ts id e  the  v a l id  r e g io n .  The broadness of the 

minima a t  h ig h  an g les  of inc idence  in d ic a te s  t h a t  n ea r  optimum 

c o n d i t io n s  can be ach ieved  s im u ltan eo u s ly  f o r  q u i te  a la rg e  , 

range  o f  n and k .  For o th e r  v a lu es  o f  o p t i c a l  c o n s ta n ts  the  

g e n e r a l  shape o f  the  v a r i a t i o n  o f  CT w ith  9 . remains the same 

b u t  the  s i z e  and p o s i t io n  o f the  minima v a ry .  Alvrays, however, 

th e  minimum a s s o c ia te d  w ith  the  o p t im iz a t io n  i s '  q u i te  b road .

The an g le s  a t  which O 'ta k e s  a  minimum va lue  f o r  v a r io u s  (n , k), 

v a lu e s  i s  shown in  f ig u r e  ( 9 ) .  For (n, k) combinations in  the 

range  1^ n ^ 4  and 1^ k:( 4 the  range o f 9  f o r  o p tim iza tio n  i s  

o n ly  10°. F igure  (8) shows t h a t  a 10^ s h i f t  from optimum 9  w i l l  

n o t  g r e a t l y  reduce the  s e n s i t i v i t y  o f the method.
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2 . 0 , Vari n.Lion of w ith  P) B.

!1 I, w/i.n oP p r a o t lo a l  j n Lnrout to  seo how the value  of 

VMi'iod w:i L)i known e r ro ro  (S R in  the two r e f l e c t i o n  c o e f f i c i e n t s .  

The r e s u l t s  f o r  n = 2.000 and k = 5.000 and 6  = 74° a re  

shown p lo t t e d  in  f ig u r e  ( IO .)  For ^ R <  0.005 the curves a re  

sy m m etr ica l ly  p laced  about the  l in e  0  ̂ = 0 and G v a r ie s

l i n e a r l y  w ith  S  R. These f e a tu r e s  emerge f o r  a l l  (n , k) in  the 

range  1 ^  n 4  4 and 1 4  k 4  4 , provided th a t  the  c a lc u la t io n  

i s  made f o r  an g les  of in c id en ce  n e a r  to  optimum v a lu e ,

2 . 9 . P r e c i s io n  of Angular S e t t in g s

I t  was a l s o  of i n t e r e s t  to  e s t im a te  the  e f f e c t  o f  small 

e r r o r s  in  the  ang le  o f  in c id e n c e .  F igure  ( I I )  shows the e f f e c t  

of u s in g  in c o r r e c t  v a lues  f o r ô  in  the  c a lc u la t io n s  of n and k . 

C le a r ly  f o r  t h i s  case the  e r r o r s  a r i s i n g  from in a c c u ra te  Ô may 

be v i r t u a l l y  e l im in a te d  by normal p rocedures  f o r  measuring 

a n g le s  o f  in c id e n c e .  In  any experim ent to  determine o p t i c a l  

c o n s ta n ts  from r e f l e c t i o n  c o e f f i c i e n t s  the  q u a n t i ty  6  R w i l l  

de term ine the  r e s u l t i n g  e r r o r s  in  o p t i c a l  c o n s ta n ts .

2 ' , \ 0 .  Normal Inc idence  Measurements

The p r in c ip a l  reason  f o r  making measurements near 

'Q  » 0, i s  t h a t  f o r  sm all ang les  the  fo l lo w in g  r e l a t i o n s h ip  

h o ld s  approm ixa te ly :

(18)
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and thus  the  t o t a l  r e f l e c t i v i t y  may he w r i t t e n : -  

R x  + R /;
2 "       (19)

Thus, u n p o la r iz ed  l i g h t  may he used and only one measurement 

i s  made f o r  each d e te rm in a t io n .  C le a r ly ,  the F resn e l  r e f le c ta n c e  

e q u a t io n s  a re  i n s u f f i c i e n t  to  so lve  the  system f o r  n and k .  An 

e x t r a  c o n d i t io n  i s  requ ired , an example of which i s  provided hy 

th e  Kramers-Kronig r e l a t i o n s h i p .

The eq u a tio n s  r e l e v a n t  a t  normal inc idence  a re :  

n = 1 -  R

Y + R -  2r'^Cos ------- :------------- ;---- :-------    (^O)

k = -2  R S in  cf)______________________ ____________

and

(21)
1 + R -  2R^ Cos cÇ 

These fo l lo w  d i r e c t l y  from the F resn e l  r e f l e c ta n c e  equations  i f  

we e x p re ss  the  complex r e f l e c t i o n  am plitude in  the  form expiC^ , 

where Cp i s  the  phase change on r e f l e c t i o n .  The r e l a t i o n s h i p ’ 

between cÇ a t  a  p a r t i c u l a r  frequency CJ and the measured r e f l e c t i o n  

c o e f f i c i e n t  may he expressed in  the  form (Bode 1945)*

- V

C le a r ly  d i f f i c u l t i e s  a r i s e  because (22) i s  an i n t e g r a l  over a l l  

f r e q u e n c ie s  and we only have an incomplete knowledge of the  

r e f l e c t i v i t y  spectrum . I t  w i l l  he assumed^ however, fo r  the  sake 

o f  t h i s  d is c u s s io n  t h a t  the  Kramers-Kronig type o f  a n a ly s is  i s  

cap ab le  o f  y ie ld in g  c o r r e c t  o p t i c a l  co n s tan ts  from normal inc idence
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r e f l e c t i o n  d a ta .  The im portan t q u es t io n  now a r i s e s  as to  how 

s e n s i t i v e  w i l l  a normal inc idence  r e f l e c t i v i t y  he to  the o p t ic a l  

oo n n lan ta  n and k .

Normal in c id en ce  c o n d i t io n s  a re  assumed to  hold f o r  angles

o f  in c id e n c e  as h igh  as 12°. (Kress and Lapere 1970) .  At such

an an g le  i t  i s  s t i l l  assumed th a t  Figure (12) shows the

v a lu e s  o f  R x  R ^ c a lc u la te d  f o r  n « 2.000 and k « 5.000

f o r  v a r io u s  an g les  of inc idence  n e a r  ze ro .  This f ig u r e  shows

t h a t  any a t te m p t to  determ ine n and k hy the  d i r e c t  so lu t io n s  to

th e  F re sn e l  eq u a tio n s  and assuming R ^ »  R/y would prove d i s a s t r o u s .

We n o te  h o th  ;from f ig u re  ( 2 ) and f ig u r e s  (7  and 8 ) th a t  we would

n o t  e x p e c t . r e f l e c t i o n  c o e f f i c i e n t s  to  he s e n s i t iv e  to  changes in  
&

o p t i c a l  c o n s ta n t s .  The fo llow ing  example i l l u s t r a t e s  the  p o in t 

most f o r c i b l y : -

When: il -  2 .000 , k = 5.000 & = 12°

E_j_ = 0.563 R„ = 0.548

We now c o n s id e r  a sm all change in  r e f l e c t i o n  c o e f f i c i e n t s  to

R X  " 0,564  R „ “ 0,547

th e  o p t i c a l  c o n s ta n ts . r e q u i r e d  to  produce th i s  change a r e : -  

n Ç, *» 0,760  and k g = 1,954

This ag a in  shows th a t  i t  would he d is a s t ro u s  to a ttem p t to  

de term ine  o p t i c a l  co n s tan ts  hy so lv in g  the  F resne l equations  

a t  such an ang le  of in c idence . The va lue  of O" corresponding 

to  such a change i s  "jSfo, The same c a lc u la t io n  performed f o r  

^  B 74° y i e l d s  C  » 2 ,7 ^ ,  In  terms of changes in  the 

r e f l e c t i v i t y  spectrum the above c a lc u la t io n  i s  s i g n i f i c a n t .
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I t  OMti ho ohown hy uo ing  a l a rg e  number of s i g n i f i c a n t  f ig u r e s  

in  the  ahovo c a l c u l a t i o n  t h a t  n and k v a ry  c o n tin u o u s ly  between 

tho two c o ts  oT r e f l e c t i v i t y  d a ta  g iven  above. I f  a m a te r ia l  

has o p t i c a l  c o n s ta n ts  such th a t  the  r e f l e c t i o n  c o e f f i c i e n t s  va ry  

in  the  above way, only  sm all changes w i l l  be observed in  the 

normal in c id en ce  r e f l e c t i v i t y  spectrum . To emphasize the  p o in t ,  

i f  the  s m a l le s t  ob se rv ab le  change in  r e f l e c t i v i t y  measured 

on a s p e c i f i c  normal in c id en ce  r e f l e c to m e te r  i s  0 . 001 , changes 

as la rg e  as  n = 2 . 000 -*?-n = 0 . 7^0 and k = 5*000- ^  k = 1.954  

a re  only  j u s t  r e s o lv e d .  Thus i t  would seem t h a t  normal in c idence  

methods a re  n o t  u s e f u l  f o r  the  d e te rm in a t io n  o f  o p t i c a l  c o n s ta n t s .

However, the  f a c t  must be faced  t h a t  normal in c id en ce  

methods have been used and some re a so n a b ly  sm all changes in  

o p t i c a l  c o n s ta n ts  have been d e te c te d .  In  p a r t i c u l a r ,  o p t i c a l  

c o n s ta n ts  have been determ ined  in  t h i s  work which produce a  

re a so n a b ly  s e n s i t i v e  normal in c id en ce  spectrum .

The fo l lo w in g  goes some way towards r e s o lv in g  the  

dilemma? an experim ent performed a t  an ang le  o f  in c id en ce  of 5° 

i s  c o n s id e re d .  The bounded re g io n  in  (Rj^ , R̂ y ) space i s  shown 

in  f ig u r e  (1 5 ) .  The shaded re g io n  r e p r e s e n t s  those  v a lu e s  of 

n and k f o r  which the  r e f l e c t i o n  i s  m e ta l l i c  ( i . e .  (n^ -  k ) ^ 0  

A c i r c l e  o f  r a d iu s  p  i s  drawn w ith  c e n t r e  a t  the  p o in t  co rrespond ing  

to  "  2 ,000 and k^ = 5 .000 . R ad i i  a re  then  drawn making angles, c f  

w ith  the  a x is  ( f ig u r e  1 5 ) .  C a lc u la t io n s  o f n and k a re  then

-y ■ ' .
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c a r r i e d  ou t a long  the r a d iu s  v e c to r  u s i n g j -

"  ^10 + p Cos ^  ------------------------------- -— :c-(23)

R), = R//0 + p  S in  cf>------------------------------------ - ( 24 )

where (Rj_o , R%o)  i s  the  p o in t  co rrespond ing  to  n = 2.000  

k » 3 . 000 . The maximum v a lu es  o f  p was s e t  a t  0.001 and i t  i s  

assumed t h a t  t h i s  i s  the  s m a l le s t  d e te c ta b le  change in  r e f l e c t i v i t y  

f o r  a  g iven  e x p e r im en ta l  system . Thus the  minimum d e te c ta b le  

changes i n  o p t i c a l  c o n s ta n t s  a re  o f  the  o rd e r  o f  those  o ccu r ing  

f o r  p  = 0 .001 . The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a re  shown in  ( I 4 ) .

We n o te  the  extreme dépendance of the  minimum d e te c ta b le  change in  

n and k on ^  . I n  f i g u r e  ( I 4 ) the  p roduc t nk i s  p lo t t e d  a g a in s t  jQ •

Table ( 1 ) shows how n and k v a ry  in d iv id u a l ly  w ith  p  f o r  c|) « 40°

and cÇ = 45°. C le a r ly  the  s e n s i t i v i t y  o f  the  r e f l e c t i o n  spectrum 

to  sm all  changes in  o p t i c a l  c o n s ta n ts  i s  g r e a t e s t  f o r  c|) = 45° .

A sm all  change in  (() produces a  la rg e  decrea se  in  s e n s i t i v i t y *  

f o r  example, w ith  = 44° th e  minimum d e te c ta b le  fo change in  

the  p roduc t i n 13^.  At t h i s  s tag e  i t  i s  i n t e r e s t i n g  to  no te  

t h a t  a l l  normal in c id en ce  experim ents  assume t h a t  = R,/ and there* 

fo r e  cj) « 45° .  For t h i s  re a so n  i t  w i l l  a t  l e a s t  appear t h a t  the  

normal in c id en ce  r e f l e c t i v i t y  i s  s e n s i t i v e  to  sm all changes in  

o p t i c a l  c o n s ta n t s .  F u r th e r  c a l c u l a t i o n s  f o r  v a r io u s  n and k 

i n d i c a t e  t h a t  maximum s e n s i t i v i t y  always occurs  f o r  = 45 *

There a re  two p o s s ib le  co n c lu s io n s  which one may draw 

from t h i s  work. The f i r s t  i s  t h a t  because  o f  the  l im i te d  

p r e c i s io n  o f  r e f l e c to m e te r  systems only  c e r t a i n  types o f  v a r i a t i o n



Tho Product (nk)  a» a  funct ion of Reflection Coeffic ient

0  = 4 4

0  -  43
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Figure  14. Change i n  (nk) a long ra d iu s  v e c to r  ç  f o r  v a r i o u s *



4 > « 40° (p -  45*

e n k n k

0.0000 2.000 5.000 2.000 5.000

0.0001 1.861 2.958 1.998 2.999

0.0002 1.777 2.678 1.995 2.999

0.0005 1.684 2.821 1.995 2.998

0.0004 1.601 2.766 1.990 2.997

0.0005 1.526 2.714 1.988 2.996

0.0006 1.459 2.664 1.985 2.996

0.0007 1.598 2.616 1.985 2.995

0.0000 1.342 2.571 1.981 2.994

0.0009 1.291 2.528 1.978 2.995

0.0010 1.245 2.486 . 1.976 2.992

TABLE f l )
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in  o p t i c a l  c o n s ta n ts  w i l l  be d e te c te d ,  ( i . e .  those  f o r  which 

Cij) = 45 ) .  t h i s  case  normal in c id en ce  d e te rm in a t io n s  y ie ld  

incom ple te  in fo rm a t io n  about the  o p t i c a l  p r o p e r t i e s  of m a te r i a l s .  

The second p o s s ib le  c o n c lu s io n  i s  t h a t  normal in c id en ce  experim ents  

do y i e ld  a  complete d e s c r ip t i o n  o f  the  o p t i c a l  p r o p e r t i e s  and 

th e r e f o r e  o p t i c a l  c o n s ta n ts  o f  r e a l  m a te r i a l s  v a ry  in  such a 

way t h a t  c o n d i t io n s  o f  h igh  s e n s i t i v i t y  h o ld .  In  view of the 

a p p a re n t ly  good agreement ob ta in ed  between experim ent and 

th eo ry  f o r  some normal in c id en ce  experim ents  the  l a s t  

p o s s i b i l i t y  cannot be d ism issed . C le a r ly  t h i s  co n c lu s io n  im p lie s  

a  c o n s t r a i n t  o th e r  than  the  F re sn e l  eq u a tio n s  on the  v a r i a t i o n  

o f  o p t i c a l  c o n s ta n ts  w ith  wave le n g th .  The Kramers-Kronig 

a n a ly s i s  shows t h a t  the  beh av io u r  of the  r e f l e c t i v i t y  in  the 

neighbourhood o f a  p a r t i c u l a r  f req u en cy » is  in  fa c t ,d e p e n d a n t  

on i t s  beh av io u r  th roughout the  spectrum . A survey  o f o p t i c a l  

d a ta  i s  b e in g  c a r r i e d  ou t a t  th e  p re s e n t  time in  o rd e r  to  

e s t a b l i s h  the  s e n s i t i v i t y  o f  normal in c id en ce  s p e c t r a  to  the  

o p t i c a l  c o n s ta n ts  of s e v e r a l  m e ta ls .

Summary o f  R e su l ts

The c o n d i t io n s  f o r  r e a l  s o lu t io n s  to  the  F resn e l  

r e f l e c t a n c e  e q u a t io n s  have been e s t a b l i s h e d .  The b e s t  range 

o f an g les  f o r  the  d e te rm in a t io n  of o p t i c a l  c o n s ta n ts  has been . 

de te rm ined . I n  p a r t i c u l a r ,  i t  has been shown t h a t  r e s u l t s  ob ta ined  

a t  an g le s  f a r  removed from optimum v a lu e s  a re  s u b je c t  to  la rg e  

in h e r e n t  e r r o r s .  I t  has been shown t h a t  normal in c idence
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r e f l e c t i v i t y  s p e c t r a  a re  only s e n s i t i v e  to  l im i te d  types of 

v a r i a t i o n  in  o p t i c a l  c o n s ta n t s .
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CHAPTER I I I

NUMERICAL TECHNIQUES FOR THE DETERMINATION OF OPTICAL CONSTANTS 
FROM OBSERVED FUNCTIONS OF R x  AND R^, MEASURED AT TWO ANGLES 
OF INCIDENCE,

5 . 1 . I n t r o d u c t io n

I t  i s  o f te n  con v en ien t to  measure a fu n c t io n  of the  

r e f l e c t i o n  c o e f f i c i e n t s  R and R ,, r a t h e r  than  the  c o e f f i c i e n t s  

them selves . In  o rd e r  to  o b ta in  n and k t h i s  fu n c t io n  i s  

measured a t  two an g le s  of in c id e n ce  and v a lu e s  of n and k 

found t h a t  w i l l  reproduce  the  fu n c t io n  v a lu e s  a t  b o th  ang les  

of inc idence#  The s o lu t io n s  to  F re s n e l  e q u a tio n s  a re  used in  

a num erica l techn ique  f o r  the  s o lu t io n  o f  the  system and t h i s  

p e rm its  a  r a p id  com putation of n and k .  O p tim iza tio n  techn iques  

e s t a b l i s h e d  in  C hapter I I  a re  then  used to  o b ta in  optimum 

e x p er im en ta l  c o n d i t io n s .

5 . 2 . Numerical Technique

The te chn ique  w i l l  be o u t l in e d  f o r  the  g e n e ra l  case  

and d e sc r ib e d  in  d e t a i l  f o r  a  p a r t i c u l a r  c a se .

I f  f o r  some o bservab le  fu n c t io n  < f  CÇ (R_  ̂ , R^ ) th e re
.

i s  a  l i n e a r  r e l a t i o n s h i p : -

Rj. “ C)(R̂ , + ^  . ( 1 )

where and depend only  on cf a n d /o r  known c o n s ta n ts  o f  the  

system , then  measurement o f  (R^ , R/y ' ) a t  two an g les  of in c id e n ce .
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9 » and 8 ^ , a l low s n and k to  be c a lc u la te d  as  fo llow s#

At ang le  0 |  , we can w r i t e s -

RX. -  R/i +  (2)

S e ts  of (n , k )  p a i r s  a re  c a lc u la te d  such t h a t  the  r e l a t i o n s h i p  

( 2 ). h o ld s .  These v a lu e s  are then used to  determ ine (Rj_ , R,y ) 

a t  9^#  The q u a n t i t y : -

S  =  — ( 3 )

i s  then  made a r b i t r a r i l y  sm all u s in g  the  (n , k )  v a lu e s  gen era ted  

by ( 2 ) .  The (n , k )  p a ir ,  which m inim ises S i s  the  r e q u i re d  

(n ,  k )  so lu t io n #

5 . 5 . R e f le c ta n c e  R a t io  Measurements

At t h i s  p o in t  i t  i s  conven ien t to  d e sc r ib e  the  advantages 

o f  m easuring r e f l e c t a n c e  r a t i o s  r a t h e r  than  r e f l e c t i o n  c o e f f i c i e n t s .

I f  a r a t i o  i s  measured, no beam n o rm a l iz a t io n  i s  r e q u i r e d  provided  

t h a t  the  in c id e n t  i n t e n s i t y  components, Ioj_ and Ion , a re  equal#

When m easuring  a b so lu te  r e f l e c t i o n  c o e f f i c i e n t s  some rearrangem ent 

o f  the  system i s  n e ce ssa ry  in  o rd e r  to  measure the  in c id e n t  beam under 

n e a r  i d e n t i c a l  c o n d i t io n s  to  those  f o r  which th e  r e f l e c t e d  i n t e n s i t y  

i s  measured# Rearrangement i s  l i k e l y  to  in tro d u ce  e r r o r s  i n to  the  

d e te rm in a t io n  through  sm all d i f f e r e n c e s  in  o p t i c a l  pa th  f o r  the  

two measurements. I n  a d d i t io n ,  the  a c c u ra te  rearrangem ent o f  

the  system i s  l i k e l y  to  take  a  long  time compared w ith  t h a t  r e q u ire d  

to  sim ply r o t a t e  a  p o l a r i s e r ,  and t h i s  p la c e s  s t r i c t  requ irem en ts
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on the  source  and d e te c to r  s t a b i l i t i e s  in  the  system . The 

r a t i o  method i s  i d e a l l y  s u i t e d  to  measurements on samples 

m ain ta ined  in  a  vacuum system . In  t h i s  s i t u a t i o n ,  f o r  

r e f l e c t i o n  c o e f f i c i e n t  measurement, two i d e n t i c a l  windows a re  

needed o r e l s e  they  need to  be c a l i b r a t e d  a t  each w avelength .

This i s  because  f o r  most system s, n o t  employing s tan d a rd  

r e f l e c t o r s ,  i t  i s  im possib le  to  view the  in c id e n t  and r e f l e c t e d  

beams through the  same window. For r e f l e c t i o n  r a t i o  measure

ments b o th  components in  the  r a t i o  can be measured under 

i d e n t i c a l  o p t i c a l  c o n d i t io n s  provided t h a t  the  windows a re  

n o n -d ic h ro ic  and l i g h t  i s  in c id e n t  on them n o rm ally . For th ese  

rea so n s  t h i s  method i s  p robab ly  the  most e x p e r im en ta l ly  conven ien t 

f o r  the  d e te rm in a t io n  o f  the  o p t i c a l  c o n s ta n ts  o f  samples 

(m ain ta ined  in  u l t r a - h i g h  vacuum sy s tem s) .

5 . 4 . C a lc u la t io n  o f O p tic a l  C onstan ts  from R ef lec ta n ce  R atios  

In  t h i s  c a s e : -

4  (Hi. . H„ ) -     (4 )

Rx -  R'f — ---------------- -̂-------- (5 )

T here fo re  eq u a t io n  ( 1 ) becomes

■  w
In  t h i s  case  we can c o n s id e r  the  s o lu t io n s  in  terms of s t r a i g h t  

l i n e s  drawn in  (Rj _ , R// ) sp ace .  F igu re  ; ( l 5 a ,  b ,  ) shows bounded 

re g io n s  in  (Rj ^ ,  R j j )  space a t  the  two an g les  o f  in c id en ce  ô j and ,



lb)

/  +  l

0 10 0 10

Figure  15.
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The observed r a t i o s  (R^ / r „  ) qj , and (Rj_ / R /, ) correspond 

to  the  s lo p e s  of the  l i n e s  OA and OB p ass in g  through the  o r ig in s  

o f  the (R l , R //) diagTaniH oV. Q ^^-Q^respectively. Consider the  

l i n e  OA, of s lope  (Rjl /R/, ) 9, • Each p o in t  corresponds to  a 

d i f f e r e n t  (n , k ) p a i r  g iven  by s o lu t io n s  to  the  F re sn e l  

r e f l e c t a n c e  e q u a t io n s .  The r a t i o  (R i / r  may be used to  

c a l c u l a t e  n and k in  the  fo l lo w in g  way. P a i r s  of (n ,  k) 

v a lu e s  d e r iv ed  from (Rj_ , R̂y ) v a lu e s  g en era ted  by e q u a tio n  ( 5 ) 

a re  used to  lo c a t e  a  fa n  of l i n e s  such as OC, OB, OE and OF 

o f  f ig u r e  ( l 5 b ) .  Each l i n e  has a  d i f f e r e n t  s lope  and only one 

w i l l  correspond  to  the  observed r e f l e c t a n c e  r a t i o  (R^ /R;, )q^.

The fc, k )  p a i r  g e n e r a t in g  t h i s  l i n e  i s  the  re q u i r e d  s o lu t io n .

3 . 5 . Com putational D e ta i l s

The method d e sc r ib e d  in  ( 3 . 4 *) i s  p a r t i c u l a r l y  conven ien t 

f o r  d i g i t a l  com puta tion . S t a r t i n g  a t  the  o r ig i n  0 , on. the  l in e  

OA, f ig u r e  ( 14&); v a lu e s  of n and k a re  c a lc u la te d  a t  a  number

of equ ispaced  p o in t s ,  P, , , P^ P  ̂ a lo n g  OA and f o r  each

p o in t  the  s lope  of the  l i n e  a t  i s  computed. The c a l c u l a t i o n  

proceeds u n t i l  the  q u a n t i t y : -

S -  [(^) (H  ̂ , E , )ca lo  -  f  ( V

R i \  /  E A  1  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ( 6 )

' c a l o  '' ' 0 \ i ^  0 =

s t a r t s  to  i n c r e a s e .  I f  S s t a r t s  to  in c re a s e  a t  a  p o in t  ?[ on 

OA the  c a l c u l a t i o n  i s  r e s t a r t e d  a t  a  p o in t  » th e  s tep  s iz e
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d e f in ed  as the  le n g th  i s  r e s e t  to  a v a lu e  OA/^^ where jL

i s  an a r b i t r a r y  re d u c t io n  f a c t o r .  The c a l c u l a t i o n  proceeds 

in  t h i s  way u n t i l  9 re ach es  an a r b i t r a r i l y  sm all v a lu e .

The p o in t  on OA a t  which c a l c u l a t i o n  ceases  thus  corresponds 

to  the  d e s i r e d  s o lu t io n s  f o r  n and k .  In  p r a c t i c e  S min
i s  s e t  m a rg in a l ly  l e s s  than  the  ex p er im en ta l  u n c e r t a in ty  in  the 

v a lu e  of the  r a t i o .  G en era lly  the  i n i t i a l  s t e p  s iz e  was s e t  

so t h a t  v a r ie d  by 1^ f o r  each s t e p .

The flow  diagram f o r  the  computer programme used in

the  c a l c u l a t i o n  i s  shown in  f ig u r e  ( l 6 )  and a  l i s t i n g  i s  g iven  

i n  appendix ( l ) .  The s u b ro u t in e s  SOLVE and CHECK a re  those  

d e sc r ib e d  in  ( 2 , 6 , ) .  I n  the  programme i t  was n e ce ssa ry  to  a llow  

f o r  case s  where the  r e q u i r e d  p o in t  l i e s  c lo se  to

boundary . This was ach ieved  as fo l lo w s .  I f  the  su b ro u tin e

SOLVE re tu rn e d  n e g a t iv e  v a lu e s  f o r  k a  check was made to  see 

i f  any p o s i t i v e  v a lu e s  had been r e tu rn e d  p re v io u s ly  d u r in g  the  

s e a rc h .  I f  p o s i t i v e  v a lu e s  had been r e tu rn e d  then  t h i s  im plied  

t h a t  the  t e s t  p o in t  had t r a v e r s e d  the  v a l id  r e g io n .  This b e in g  

the  case  the  c a l c u l a t i o n  was r e s t a r t e d  tvro s te p s  back w ith  a  

reduced s te p  s i z e .  I f  p o s i t i v e  v a lu es  had n o t  been re tu rn e d  

then  the  sea rc h  was con tinued  w ith  no ad jus tm en t to  the  s t e p s i z e .  

The fo l lo w in g  d a ta  i l l u s t r a t e  the  e f f i c i e n c y  of the  c a l c u l a t i o n .  

The v a lu e s  o f  th e  r a t i o s  imput i n to  the  programme were c a lc u la te d  

f o r  n -  2 .000  and k =' 3 .000 w ith  0 . »  67.3  and 75*0
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Figure  16, Plow diagram o f techn ique  f o r  d e te rm ina tion  of 
n and k from r a t i o  measurements.



Value of n Value of k Optimum region 
for #1

Optimum region 
for 02

E rror in product nk

low; ~ 1 high; ~ 4 56° 1^01 <69° 80° <02 <85° <2-0
mod; ~ 2 mod; ~ 3 58° <01 <69° 78° <02 <85° <1-0
high; ~ 4 low; 50° <01 <69° 70° <02 <85° < 0  5

Table  2.

Value of n Value of k Optimum region 
for 01

Optimum region 
for 02

Error in product nk

~ 4 50° <01 <67° 77° <02 <80° < 1 0
~ 2 ~ 3 50° <01 <67° 74°<02<81° < 1 0
~ 4 ~  1 50° <01 <68° 75°<02<81° < 1 0

Table  3*
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s t e p  s iz e  ' n k

0.01 4.052  5.002
0.001 2.025  5.042
0.0001 2.000  3.000

n and k a re  the  b e s t  v a lu e s  ob ta ined  f o r  the  s t e p s iz e  in d ic a te d .  

S o lu t io n s  a c c u ra te  to  1 p a r t  in  3OOO are  t y p i c a l l y  ob ta in ed  in  

l e s s  than  0.05  seconds, (poRKlAN^IVj r e f l e c t i o n  r a t i o  method 

has been d is cu s sed  by Avery (1952) and h i s  a n a ly s i s  improved by 

M i l l e r  and T aylor (1971)• The method d e sc r ib e d  h e re ,  however, 

i s  co n s id e red  to  be f a r  more e f f i c i e n t  th an  any d e sc r ib e d  

p r e v io u s ly .  Kolb (1972) has r e c e n t ly  found a n a ly t i c  s o lu t io n s  

f o r  the  r a t i o  method which a re  c o m p u ta t io n a l ly  lo n g e r  and more 

com plica ted  than  the  above te ch n iq u e .

5 . 6 . The S e n s i t i v i t y  of the  R a t io  Method

The ra p id  convergence of the  com puta tiona l procedure 

a llow s a  comprehensive s tu d y  o f the  r e f l e c t i o n  r a t i o  method to  be 

made. O' , d e f in ed  in  ( 2 . 5 . ) ,  was c a lc u la te d  f o r  v a r io u s  

com binations o f  and ^ 2.* The r e s u l t s  a re  summarized in  

t a b l e s  ( 2 ) and ( 5 ) f o r  n and k in  the  ranges  1 ^  n ^  4 , 1 ^  k 4  4 # 

The q u a n t i ty  0" was c a l c u la te d  f o r  a l l  com binations o f  G, and 0^, 

in  the  ranges  50° ^  B, ^  69° and 7 0 ^ ^  ^  85° f o r  each (n , k)

p a i r .  I n  com piling  ta b le  (2 ) e r r o r s  o f  + O.OO5 were assumed in  

th e  r e f l e c t i o n  r a t i o ,  and no e r r o r s  in  Ô, and . An e r r o r  

o f  -  0.005  should  n o t  be too  d i f f i c u l t  to  ach ieve  e x p e r im e n ta l ly .
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Since th e re  was no d ram atic  v a r i a t i o n  of CT w ith  and Gg. i t  

was decided  t h a t  optimum an g u la r  re g io n s  could he d e f in e d ,  

r a t h e r  than s p e c i f i c  a n g le s .  For any v a lu e s  o f  9^ and 8 ^  i n  the  

ranges  in d ic a te d  the  v a lu e s  o f CT w i l l  he l e s s  than  the  va lu e  

shown. In  the  range  S f  A -  0.005 --f-0.01 i t  was found th a t
\  Ru I

CT v a r ie d  a lm ost l i n e a r l y  w ith  e r r o r s  in  the  r e f l e c t i o n  r a t i o .  

Table ( 5 ) was o b ta ined  by assuming no e r r o r s  in  r e f l e c t i o n  r a t i o  

and e r r o r s  of 0 .1 °  in  and 8 ^  . Again th e re  was no dram atic  

v a r i a t i o n  o f  ^  w ith  and 9 ^  when th e se  were in  e r r o r  by 

-  0 .1 ° ,  however, CT was found to  v a ry  s t r o n g ly  w ith  and 8  % 

when th e se  were in  e r r o r  by -  0.5 . For e r r o r s  o f  t h i s  s iz e  

the  optimum re g io n s  were c o n s id e ra b ly  sh o r te n ed .  As an example, 

f o r  n » 2 .000 , k = 3 .000 and 0* ^ 2 . 5 ^  theoptimum re g io n  f o r  G % 

was found to  be 50° ^  ^  60° and f o r  the  v a lu e  9^  the  s in g le

v a lu e  9 ^ »  78° was o b ta in e d .  A comparison w ith  the  r e f l e c t i o n  

c o e f f i c i e n t  method w i l l  n o t  be made a t  t h i s  s t a g e .  We n o te  t h a t  

an e r r o r  o f  0.005  i n  the  r e f l e c t a n c e  r a t i o  w i l l  r e p r e s e n t  a 

Sm aller p e rcen tag e  e r r o r  than  i t  w i l l  in  the  s e p a ra te  c o e f f i c i e n t s  

and allow ance must be made f o r  t h i s  b e fo re  making comparisons 

on a  pe rcen tag e  e r r o r  b a s i s ,

3 , 7 . Two-Angle Methods f o r  L igh t In c id e n t  w ith  A r b i t r a r y
P o l a r i s a t i o n s

I f  l i g h t  i s  in c id e n t  on a  s u r fa c e  w ith  i t s  e l e c t r i c  v e c to r  

p o la r i s e d  a t  an ang le  to  the  p lane  of in c id en ce  then  the 

r e f l e c t i o n  c o e f f i c i e n t  may be w r i t t e n ; -
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= E Cos^Y^ +  R X"  --------------------------------------------------- ( 7 )

Thus t -

cP (Rj_ , R„ ) = R„ Cos'll + R^Sin*^^ ---------------------- - ( e )

and equation (2) hecomes:-

^  ^  % V" Sin^ - R,/Cot 6  (9 )

Therefore the calculation can proceed in precisely the same way as 

in (3.5.) except that in this case the geometrical interpretation 
is in terms of intercepts rather than slopes.

We can immediately identify an experimentally interesting 

case. If ^ » 45° then;- 

Rj. + R //
R y ----- 2----    (10)

Thus By m By (ths total reflectivity) and the method may prove 

suitable for determinations where polarisation of the light beam 

is either difficult or inconvenient (e.g, for infra-red measurements),

3 . 8 , S e n s i t i v i t y  o f  T o ta l  R e f l e c t i v i t y  Methods

With minor modifications the programme described in 3*5. 

was used to estimate the optimum conditions for the determination 

of optical constants from total reflectivities measured at two 

angles of incidence. It was found that small errors occur for 

small errors in the reflectivity when measurements are made for 

02 ̂  45° and 45°. The sensitivity was found to be almost

indépendant of 9 , Generally for 2 the minima associated with

the optimization were shallow. Figure (17) shows the variation
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Figure 17» Variation of % error in  product (nk)
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with angle of incidence



n

0̂ E r ro r  in  P roduct 
(n k)

Due to  Due to  
e r r o r s  in  e r r o r s  in  

Optimum i n t e n s i t y  Angular Shape
m easure- d e te rm in -  o f  ^  =201 ments ations

1,000 1.000 70° 0.9 1.2 -

1.000 2 .000 79° 1 .6 1.7
1.000 3.000 81° 2 .5 0 1 .6

1.000 4 .000 85° 3.3 3.1

2 .000 1.000 75° 0.21 0.04
2 .000 2.000 83° 1.1 2 .0

2 .000 3.000 ' 85° 1.3 2.5
2 .000 4 .000 89° 1.9 2 .6

3.000 1.000 83° 0 .6 4.9
3 .000 2.000 84° 0 .6 0.9
3 .000 3.000 84° 1.1 1 .6

3.000 4 .000 85° 1.4 2.4

4 .000 1 .000 78° 3.9 4.7
4 .000 1.000 73° 0.002 0.070

4 .000 1.000 85° 0.9 1.32

4 .000 1.000 86° 1 .2 2 .52

&R-0.2# 0.1^

Shallow 

' Shallow 

Sharp 

Sharp

Shallow

Shallow

Sharp

Sharp

Shallow

Shallow

Sharp

Sharp

Sharp

Shallow

Sharp

Sharp

TABLE (4)
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o f  CT w ith  9, f o r  n =  1 . 0 0 0 ,  k -  1 . 0 0 0  and n »  2 . 0 0 0 ,  k = 3 . 0 0 0  

C le a r ly ,  even f o r  the  n = 2 .000 , k = 3 .000 , case  the  range of 

o p t im iz a t io n  i s  q u i te  b ro ad . We n o te ,  however, t h a t  la rg e  

e r r o r s  a re  l i k e l y  to  occur under n o n - id e a l  c o n d i t io n s .  The 

e f f e c t  of sm all e r r o r s  in  ang le  becomes im portan t in  t h i s  method; 

however, good an g u la r  d e te rm in a t io n s  a re  p robab ly  e a s i e r  to  

make than  i n t e n s i t y  measurements. Table ( 4 ) was compiled as 

fo l lo w s .  G R was s e t  a t  0.001 and the  change in  the  p roduct 

n k c a l c u l a t e d ,  C was then  c a lc u la te d  and the  a n g le ,  , a t  

which CJ took a minimum v a lu e  was assumed to  be optimum w ith  

G  ̂ « 20° ,  The c a l c u l a t i o n s  were n o t  a f f e c t e d  by changes in  0 ^  

^  3 ° .  With £ R = 0 the  e f f e c t  o f  sm all changes in  and '

B ^w as e s t im a te d  by u s in g  0^ = 0^ + § 9  and 9^ = 0^ -  i n

the  c a l c u l a t i o n .  The r e s u l t s  w ith  SS = 0 .1 °  a re  shown in  the  

Table ( 4 ) .  Also g iven  in  t h i s  t a b le  i s  an i n d ic a t io n  of the 

shape o f the  minima of the  curve Where the  minima a re

sh a llo w , o p t im iz a t io n  i s  n o t  g e n e r a l ly  im p o r tan t ,  and where the

minima a re  sh arp  a  d e v ia t io n  ^ 1 0 °  from th e  optimum r e s u l t s  

in  a s i g n i f i c a n t  in c re a s e  in  th e  e r r o r s  a s s o c ia te d  w ith  the  

d e te rm in a t io n .

3 , 9 , V a r i a t io n  o f  &■ w ith  P o l a r i s a t i o n  Azimuth

A computer programme was w r i t t e n  to  c a l c u l a t e  the  

s e n s i t i v i t y  o f  tw o-angle  methods f o r  v a r io u s  azimuth 't in  the  

range  0 % % <L 9 0° , The programme was run  f o r  many combinations
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o f n and k and the  r e s u l t s  always showed th a t  maximum s e n s i t i v i t y  

occurs  f o r  ^  = 0. F igure  (16) shows a ty p i c a l  v a r i a t i o n .  Thus 

i f  a f ix e d  p o l a r i s a t i o n  i s  used a t  two an g les  of in c id e n ce ,  

c o n s id e ra b le  advantage i s  to  be gained  by m easuring Rfj . This 

c o n c lu s io n  i s  in  accordance w ith  f ig u r e s  ( 3 ) and ( 4 ) (C hapter I I ) .

3 .10  S e n s i t i v i t y  of the  Hjj Method

S ev e ra l  m o d if ic a t io n s  to  the  p re v io u s ly  used programme 

were n e c e s sa ry  in  o rd e r  to  o b ta in  s o lu t io n s .  This was because 

the  optimum va lu e  o f  0 ,  occurs  n e a r  43° . F igure  ( 2 ) (C hapter I I ) 

shows t h a t  the  bounded re g io n  in  (Rj_ , R /, ) space i s  narrow. 

Thus, in  o rd e r  to  o b ta in  s o lu t io n s ,  a  v e ry  sm all s te p  s iz e  i s  

needed. T h is ,  in  tu r n ,  causes  an in c re a s e  in  computing tim e. 

However, the  boundary i s  d e f in ed  by eq u a tio n  ( I I ,  2) thus  we 

can in  p r in c ip l e  s t a r t  the  programme w ith  R ^  s e t  a t ' a  p o in t  

on the  boundary . C le a r ly ,  from ( I I ,  2) i s  a  q u a r t i c  fu n c t io n  ' 

o f  F so t h a t  f o r  a  g iven  v a lu e  o f  R fo u r  boundary v a lu e s  , 

o f  Rj_ can be c a l c u l a t e d .  A r o u t in e  based  on B airstow s 

i t e r a t i v e  method o f q u a d ra t ic  f a c t o r i z a t i o n  (W ilkinson 1939) 

was used to  so lve  the  q u a r t i c  e q u a t io n .  F igure  ( 2 ) shows th a t  

a t  some an g les  of in c id en ce  f o r  R,  ̂ 10^ fo u r  r e a l  ro o ts

to  the  q u a r t i c  e q u a tio n  a re  p o s s ib le .  This b e in g  th e  case ,  

a w arning d ia g n o s t ic  was p r in te d  and,, i f  n e ce ssa ry ,  the  

c a l c u l a t i o n  r e s t a r t e d  a t  an a p p ro p r ia te  va lue  of Rj_ . I f  

two r e a l  r o o t s  were o b ta in e d ,  the  c a l c u l a t i o n  was s t a r t e d  a t
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F igure  18, V a r ia t io n  o f  s e n s i t i v i t y  w ith

p o la r i s a t i o n  asim uth, a 'X.o o û



n k Optimum
e :

io E r ro r  in  (n k)

Due to  Due to  
I n t e n s i t y  Angular 
E r ro r s  E r ro rs

1 .000 1.000 56 - 67 ' I  1 . / I

1 .000 2 .000 72 - 76 4 1 <1

1.000 3 .000 73 - 79 /  2 <1

1 .000 4.000 81 42 <1

2.000 1.000 58 - 86 <1 <1

2.000 2.000 66 - 80 41 <C1

2.000 3.000 74 - 81 <1 41

2.000 4.000 81 - 82 41

3.000 1.000 69 - 75 <1 <ri

3.000 2.000 69 - 85 <1 <1

3.000 3.000 74 - 83 ' <1 / I

3.000 4.000 • 79 - 83 <1 <1

4.000 1.000 75 - 76 <1 <1

4.000 2.000 65 - 86 <1 <1

4 .000 3.000 75 - 85 <1

4 .000 4.000 78 - 84 <1 <1

TABLE (5)
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the v a lu e  which gave the sm a lle s t  va lu e o f  Rj_ . This procedure 

allow ed  two orders o f  magnitude decrease in  the i n i t i a l  s te p  s iz e  

w ith  no lo s s  in  programme e f f ic ie n c y .  Again i t  was found th a t the  

s e n s i t i v i t y  was alm ost independent o f  one o f  the an gles o f  in c id e n c e . 

For D , =48° the errors in  the product n k r e s u lt in g  from changes 

in  r e f l e c t i v i t y  o f 0 .0 0 1  fo r  variou s 9^  are shown in  Table (5) .

A lso  shown i s  the e f f e c t  o f  changes in  9^ and 9^ o f 0 .1 ° .  In 

g en era l the minima in  the curves are sh a llo w . F igure (19) shows the  

v a r ia t io n  fo r  n = 1 .0 0 0 , k = 1 .000  and n = 2 ,0 0 0 , k = 3 .000 .

3 .1 1  Comparison o f  Techniques

At th is  s ta g e  i t s  ' w orthw hile to  compare the techn iques developed  

in  t h is  and the p rev iou s chapter. I t  i s  assumed th a t an accuracy  

o f  0 . 2 % can be ach ieved  in  th e measurement o f  a l l  the in t e n s ity  r a t io s  

and no account i s  taken o f  the f a c t  th a t  th is  accuracy i s  more r e a d ily  

ach ieved  in  the r a t io  system .

The r e s u lt s  o f  t h is  study are shown in  Table (6 ) .  This 

ta b le  was ob tained  by c a lc u la t in g  the e f f e c t s  o f  c h a n g e s 0 . 2 % in  

in t e n s it y  r a t io s  measured under optimum c o n d itio n s .
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CHAPTER IV

REFIECTOMETER SYSTEMS

4 . 1 . I n t r o d u c t io n

The d i f f i c u l t i e s  a s s o c ia te d  w ith  the  d e te rm in a t io n  of

o p t i c a l  c o n s ta n ts  from s e p a ra te  r e f l e c t i o n  c o e f f i c i e n t s  have heen

d is c u s s e d  in  3.5* However, a  one-ang le  d e te rm in a t io n  of n and k

may, under c e r t a i n  c ircu m stan c es ,  become n e c e s sa ry .  For example a

one-ang le  method i s  e s s e n t i a l  when the specimen i s  o p t i c a l l y

a n i s o t r o p ic  (eg .  some e p i t a x i a l  f i l m s ) .  There may a l s o  be

s i t u a t i o n s  where measurement a t  two an g le s  i s  e x p e r im en ta l ly

in c o n v e n ie n t ;  f o r  example i n  m ag n e to -o p t ic a l  work where a  .

magnetic  f i e l d  i s  a p p l ie d  p e rp e n d ic u la r  to  the  s u r f a c e .  • For th e se

re a so n s  a r e f l e c to m e te r  was dev ised  which enab les  a cc u ra te

d e te rm in a t io n s  o f  o p t i c a l  c o n s ta n ts  to  be made a t  one angle  of

in c id e n c e .  In  p a r t i c u l a r  the  system was c o n s t ru c te d  so t h a t

measurements could  be made on samples c re a te d  and m ain ta ined

in  an u l t r a - h i g h  vacuum chamber. I t  was decided  to  b u i ld  a

demountable r e f l e c to r a e te r ,  because  a system which remained in

p o s i t i o n  th roughou t the  pumping cy c le  o f  the  vacuum would have

to  be e i t h e r  w e ll  removed from the  chamber, thus  in t ro d u c in g
0ex ce ss iv e  p a th  l e n g th s ,o r  would need to  be hak ab le  to  300 C.

For th e se  rea so n s  a  r e f l e c to m e te r  was b u i l t  which could be 

removed w h i l s t  the  system i s  baked . I d e a l l y  such a system should 

be co m p le te ly  r e p ro d u c ib le  in  o rd e r  to  avoid  len g th y  rea l ig n m e n t .
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The r e f l e c to m e te r  de sc r ib ed  below f u l f i l s  t h i s  requirem ent and 

overcomes some of the  d i f f i c u l t i e s  d iscu ssed  in  ( 3 .3 . )

4 .2 .  R e f lec to m e te r  P r in c ip le

The p r in c ip l e  of the  in s trum en t i s  s im i la r  to  t h a t  used 

by Querry e t  a l  However, the  number of m ir ro rs  has been

reduced  to  two and the  r e f le c to m e te r  has been designed to  opera te  

under near optimum c o n d i t io n s .  The geometry of the  system i s  

i l l u s t r a t e d  in  f ig u r e  (2 0 ) .  A c o l l im a te d ,  monochromatic, p lane p o la r iz ed  

l i g h t  beam i s  in c id e n t  on the  window , In  the  "sample ou t"  

c o n f ig u r a t io n ,  the  l i g h t  passes  s t r a i g h t  through the  chamber, 

th rough  ^ 3  and f a l l s  on m j . The beam r e f l e c t e d  by m  ̂ , i s  

then  r e f l e c t e d  by m ^ through an a p e r tu re  S, onto a  d i f f u s in g  

s c re e n ,  and the  i n t e n s i t y  i s  measured by a p h o to m u lt ip l ie r  P.M. . •. .

In  the  "sample in "  c o n f ig u ra t io n  the  l i g h t ,  a f t e r  r e f l e c t i o n  

from the  sample Sp, passes  through then  fo llow s  a  s im i la r

p a th  to  t h a t  d e sc r ib e d  f o r  the  "sample o u t"  c o n f ig u ra t io n .

C le a r ly  the  t r i a n g l e s  Sp, m̂  ̂ , m̂  and 8p,m , m'  ̂ a re  s im i la r  

i f  we make the  ang le  Sp, m, , mg, equal to  the  angle  of inc idence  

o f  th e  l i g h t  on the  sample. The ang le  o f  inc idence  chosen was 

75®, t h i s  b e in g  the  c l o s e s t  to  the  optimum v a lu es  d iscu ssed  in  

Chapter I I  p e rm it ted  by the  vacuum system. C le a r ly ,  the r a t i o  

o f  the  s ig n a l s  ob ta ined  f o r  the  "sample in "  and the  "sample ou t"  '  ; 

w i l l  on ly  r e p r e s e n t  an a c c u ra te  r e f l e c t i v i t y  i f  the  windows 

V ^an d V /a  a re  o p t i c a l l y  i d e n t i c a l .  This l i m i t a t i o n  i s  d iscussed  

below.
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F igure  20,
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4*3• Deaiigm of M irro r  System

Tho demountable p a r t  o f the  re f le c to m e te r  i s  shown in  

p la n  and s id e  e le v a t io n  in  f ig u r e  (2 1 ) .  Unique lo c a t io n  i s  

ach ieved  by p la c in g  the  s p h e r i c a l  bases  of the  leg s  in  the  s l o t  

c o n f ig u r a t io n  shown in  f ig u r e  (21C). The s l o t s ,  made from in v a r ,  

rem ain b o l te d  to  the  vacuum system du rin g  b a k e -o u t .  I t  was found 

t h a t ,  ' a f t e r  the  f i r s t  pumping c y c le ,  ex ac t  rep lacem ent could be 

ach ieved  many times b e fo re  rea lignm en t became n e ce ssa ry .  The 

r e f l e c to m e t e r  c o n s i s t s  o f  two f r o n t  s i lv e r e d  m ir ro r s ,  one mounted 

a t  the  end o f  an arm and the  o th e r  f ix e d  c e n t r a l l y  above the 

a x i s  o f  r o t a t i o n  of the  arm. The c e n t r a l  m ir ro r  can be ro ta te d  

th rough  45° and $0^ independan tly  of the  arm and the end m irro r  

can be r o t a t e d  through 75°» aga in  independen tly  of the  arm.

The r o t a t i o n s  o f  the  m ir ro rs  a re  s e t  as a c c u ra te ly  as p o s s ib le  ■ 

by u s in g  tap e red  p in s  and h o le s ;  i t  i s  e s t im a ted  t h a t  the  

r o t a t i o n s  a re  a c c u ra te  to  w i th in  0 ,0 5 ° .  The arm moves on a 

b r a s s  b e a r in g  and can r o t a t e  about an a x is  A . ' Stops on a th ic k  

back p l a t e  d e f in e  the  angle  through which the arm r o t a t e s .  The . 

t o t a l  system in c lu d in g  the s to p s  can aga in  r o t a t e  about A on a 

main b e a r in g  o f b ra s s  s e t  c o - a x ia l l y  w ith  the  a x is  o f  r o t a t i o n  

o f  the  arm. The t i l t  and p o s i t io n  of t h i s  main b e a r in g  can be 

a d ju s te d  and f ix e d  as shown in  (21b),

4 , 4 , Alignment o f  R eflec to m eter

The f i r s t  s te p  in  the  alignm ent i s  to  ensure t h a t  the 

r e f l e c to m e te r  arm r o t a t e s  through 180°, The p h o to -m u l t ip l ie r  was
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re p la c e d  "by a He-Ne l a s e r  and a ground g la s s  d is c  w ith  a linm hole 

d r i l l e d  c e n t r a l l y  i s  f ix e d  in  the p o s i t io n  p re v io u s ly  occupied "by 

the  d i f f u s i n g  sc reen  used f o r  d e te c t io n .  This h o le ,  to g e th e r  w ith
I

the  s l i t  S ( f ig u r e  20), d e f in e s  a  l i n e  which i s  to  "be made 

p e rp e n d ic u la r  to  the  l i n e  mj m, . L igh t from the l a s e r  i s  used 

to  d e f in e  t h i s  l i n e ,  and i s  in c id e n t  norm ally  on m^ , t h i s  be ing  

ach ieved  by making the in c id e n t  and r e f l e c t e d  beams c o in c id e n t .  

Using the  tap ered  p in s  and h o les  the  m ir ro r  i s  ro ta t e d  

th rough  45° 80 t h a t  the  l i g h t  i s  now in c id e n t  on m, . m , i s  s e t  

normal to  the  beam by again  making the in c id e n t  and r e f l e c t e d  

beams c o in c id e n t .  The r e f le c to m e te r  arm i s  r o ta t e d  through 

app rox im ate ly  180° and m t h r o u g h  90°to  the p o s i t io n  m^ . The 

arm s to p  i s  s e t  in  such a p o s i t io n  t h a t  the  in c id e n t  and r e f l e c t e d  

beams a re  c o in c id e n t  w ith  no ad justm en t of m., . This procedure

e n su res  t h a t  the  angle  of r o t a t i o n  i s  180° to  b e t t e r  than  0 .1 ° ,  

s in c e  the  beam d isp lacem ent i s ' ^ 4 r 6 0  where ^ © i s  the  

d i f f e r e n c e  from 180°, andrthe  d is ta n c e  of the' l a s e r  from m .

The l i n e  de fined  by m^ , S and the  sc reen  a p e r tu re  i s  now made to  

c o in c id e  w ith  the  b i s e c t o r  of the  angle  m ,Sp ro* as fo l lo w s .

A r e f l e c t o r  i s  p laced  in  the  sample p o s i t io n  and l i g h t  from the- 

f i l a m e n t  source L i s  r e f l e c t e d  from i t  a t  an angle  o f inc idence  of

75° , , i s  now a d ju s te d  u n t i l  the beam passes  a long the l in e  

mi;. S .  The sample i s  removed from the beam and the "sample ou t"  

c o n f ig u r a t io n  ob ta ined  as  fo l lo w s .  The r e f le c to m e te r  arm i s  

r o t a t e d  through 180° and m^ through 90° to  the  p o s i t io n  m^ ,
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i s  a l s o  r o t a t e d ,  through 75° to  the  p o s i t io n  m, . I f  the 

r e f l e c to m e t e r  i s  c o r r e c t l y  o r ie n ta te d  the  beam w i l l  now emerge 

from m 2. a long  the  l i n e  m S. The whole m ir ro r  system i s  

r o t a t e d  on the  main b e a r in g  u n t i l  t h i s  c o n d i t io n  i s  achieved .

I t  may be n ece ssa ry  to  move the  whole system in  a  d i r e c t io n  

p e rp e n d ic u la r  to  the  l i n e  m%S in  o rd e r  to  ensure  t h a t  l i g h t  i s  

in c id e n t  on the  same sp o t  f o r  b o th  p o s i t io n s  of m^ . The ax is  

o f  r o t a t i o n  of the  r e f le c to m e te r  arm i s  made p e rp e n d icu la r  to  the 

p lan e  of inc idence  a t  t h i s  s tag e  by observ ing  the  p o s i t io n  o f  the  

beam on the d i f f u s in g  sc reen  f o r  the  "sample in "  and '^sample ou t"  . 

c o n f ig u r a t io n s .  The system i s  now locked in  p o s i t i o n .  The 

ang le  o f  inc idence  i s  s e t  u s in g  a  h o r i z o n ta l  s c a le  c a l i b r a t e d  

in  mm, p o s i t io n e d  1 .8  m etres  from the  c e n t r e  of the  sample.

The m ir ro r  system i s  shown in  p o s i t io n  in  f ig u r e  (2 2 ) .

4 . 5 . Source O ptics

The l i g h t  source used was a  q u a r tz  halogen lamp enclosed  

in  a  w a ter  cooled housing . The lamp i s  powered by two s t a b i l i z e d  

power s u p p l ie s  (F am e 11 E50/IO )  connected in  p a r a l l e l  through 

Zener d io d e s .  The i n t e n s i t y  d r i f t  u s in g  t h i s  system was g e n e ra l ly  

found to  be l e s s  than  1^ /h o u r .  However, some lamp i n s t a b i l i t y  was 

found to  occur on o cca s io n s .  A deteriOHakoAin b u lb  q u a l i ty  o r  

o x id a t io n  of e l e c t r i c a l  c o n ta c ts  in  the  v i c i n i t y  o f the  bulb  

were found to  be the  most l i k e l y  causes o f t h i s  i n s t a b i l i t y .

The c o l l im a to r  comprised a  s l i t  and a  le n s  o f  f o c a l  length'^ZOcms 

m anufactured from s p e c t r o ^ i l  B. The beam d ivergence  was e s t im a ted
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to  be c o n s id e ra b ly  l e s s  than 0 .1 ° .  The monochrofnatef'comprised a 

c i r c u l a r  graded in te r f e r e n c e  f i l t e r  (B arr  and Stroud type CGS1 ) 

which produced rnonochfomitlc r a d i a t i o n  in  the  range 4000S -  70002.

The band w id th  of the  r a d i a t i o n  was t y p i c a l ly  15o2 and the 

t r a n s m is s io n  of the  f i l t e r '*^25% throughout the  s p e c t r a l  range .

The whole range could be ob ta ined  f o r  a  500° r o t a t i o n  of the 

f i l t e r .  The f i l t e r  was mounted on a b e a r in g ,  the  a x is  of which was 

made p a r a l l e l  to  the  o p t i c a l  axis, of system. The b e a r in g  was 

r o t a t e d  by a  b i - d i r e c t i o n a l  e l e c t r i c  motor mounted c o - a x ia l l y  

w ith  a  p r e c i s io n  c i r c u l a r  p o te n t io m e te r .  The speed of the  motor was 

f ix e d  a t  0 .2  r e v o lu t io n s /m in u te .  The o u tp u t  from the p o ten tiom ete r  

in d ic a te d  the  an g u la r  s e t t i n g  of the  f i l t e r  to  a degree of p re c is io n  

v e ry  much b e t t e r  than  the  band-w idth  of the  f i l t e r .  The l i g h t  

was p o la r i s e d  by a  square  Gian Thompson prism f i t t e d  w ith  a  . 

sm all  c i r c u l a r  a p e r tu r e .  The procedure adopted f o r  o b ta in in g  p o l a r i s e r  

s e t t i n g s  p e rp e n d ic u la r  and p a r a l l e l  to  the  p lane  of inc idence  was 

as  fo l lo w s .  The p o l a r i s e r  was s e t  approx im ate ly  to  give l i g h t  

p o la r i s e d  p e rp e n d ic u la r  to  the  p lane o f  inc idence  ( t h i s  s e t t i n g  

cou ld  be ob ta in ed  by r e f l e c t i o n  from a  d i e l e c t r i c ) .  The 

s e t t i n g  was noted  and the  p o l a r i s e r  c ro ssed  w ith  an a n a ly s e r .  - 

The a n a ly s e r  was then  r o ta t e d  through 180° about an a x is  

p e rp e n d ic u la r  to  the  p lane  of in c id e n ce .  The p o l a r i s e r  was then 

a d ju s te d  to  g ive  e x t in c t io n  and the  s e t t i n g  again  n o ted .  The 

mean o f the  two p o l a r i s e r  s e t t i n g s  was the  r e q u ire d  s e t t i n g  

f o r  th e  component p e rp e n d ic u la r  to  the  p lane  o f  in c id en ce .
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u n t i l  no r e s e t t i n g  of the  p o l a r i z e r  was needed on r o t a t i o n  of 

the  a n a ly s e r .  At t h i s  s tag e  the  e r r o r s  l i k e l y  to  occur from 

e r r o r s  in  the  p o l a r i s e r  s e t t i n g s  a re  considered  by n o t in g  th a t  ' 

the  r e f l e c t i o n  c o e f f i c i e n t  f o r  l i g h t  p o la r i s e d  a t  an angle 

to  the  p lane  o f  inc idence  i s  g iven  h y : -

Rcj> -  R Cos^cj) + R ^  Sin^cj? __________ __________  , ( l )

C onsider now the_i_ s e t t i n g  i . e .  (ji = $0° and assume 4 .0

th en  i f  cf> i s  in  e r r o r  by 0 .5 °

R i  -  1.00152

Thus the  e r r o r  in  the  r e f l e c t i o n  c o e f f i c i e n t  i s  l e s s  t h a t  0 .2 ^ .  

I t  was found t h a t  the  p o l a r i s e r  s e t t i n g s  were rep ro d u c ib le  to  

w i th in  0 .1 ° ,  however, e r r o r s  were l i k e l y  to  occur in  s e t t i n g  the 

p lan e  o f  r o t a t i o n  of the  a n a ly s e r  p e rp e n d icu la r  to  the  p lane of 

in c id e n c e .  I t  was a l s o  found t h a t  the  p o l a r i s e r  s e t t in g s  

v a r i e d  by l e s s  than  0 .3 °  th roughout the  s p e c t r a l  range . I f  

the  same p o l a r i s e r  s e t t i n g s  were used throughout the  s p e c t r a l  

range  i t  was assumed t h a t  e r r o r s  of l e s s  than  0 .2 ^  would a r i s e .  

The source  o p t ic s  system i s  shown in  f ig u r e  ( 25) .

4 . 6 . T a te c t io n  System

I n t e n s i t y  measurements were made w ith  an Elill ( type  9558QB) 

p h o to m u lt ip l isT .  This tube h as ,  t y p i c a l l y ,  a q^uantum e f f ic ie n c y  

o M 4 ^  a t  300o2 f a l l i n g  to-3?^ a t  ?OOo£. The dynode chain  was 

designed  to  g ive  a l i n e a r  h igh  g a in  in  accordance w ith  the
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recommendations g iven  in  the  EMI p h o to m u lt ip l ie r  handbook, and 

i t  wan pounib le  to  o b ta in  a s ig n a l  to  n o ise  r a t i o  of b e t t e r  than 

5000 . The tube wai.i nh ie lded  w ith  mu-metal, t h i s  be ing  e s s e n t i a l  

because  of the  c lo se  p rox im ity  of the  ion pump magnet. The ; 

s i g n a l  from the  p h o to m u l t ip l ie r  was fed  to  a c h a r t  re c o rd e r  or 

a  d i g i t a l  v o l tm e te r  as d iscu ssed  below. A ground g la s s  screen  

was f ix e d  in  f r o n t  of the  p h o to m u l t ip l ie r  window to  reduce 

p o l a r i s a t i o n  e f f e c t s  and e r r o r s  due to  non -un ifo rm ity  of the 

p h o to -c a th o d e .

4 . 7 . Window C a l ib ra t io n

The windows, o f  s p e c t r o § i l  B, were s e le c te d  f o r  t h e i r  

o p t i c a l  homogeneity. I f  the  r e f l e c t i o n  c o e f f i c i e n t s  a re  to  be
'■

o b ta in ed  from the  r a t i o  of the  i n t e n s i t i e s  f o r  the  "sample in"  

and "sample ou t"  c o n f ig u ra t io n s ,  c l e a r l y  the  a b so rp tio n  

c o e f f i c i e n t s  of the  two windows a re  i d e a l l y  req u ire d  to  be 

th e  same. This c o n d i t io n  may be checked as  fo l lo w s :  the

unconnected  r e f l e c t i o n  c o e f f i c i e n t  of a  s tandard  r e f l e c t o r  was 

measured, the  windows in te rchanged  and the  r e f l e c t i o n  c o e f f i c i e n t  

ag a in  m easured. The s tandard  r e f l e c t o r  used was a n ic k e l  f i lm  

which had been allowed to  o x id ise  by exposure to  atmosphere fo r  

s e v e r a l  days . I t  was assumed th a t  the  r e f l e c t i o n  c o e f f i c i e n t  of 

the  f i lm  did  n o t  va ry  over the  time of the  measurements. The , 

r a t i o  o f  the  two measurements p rov ides  a  measure of the  d i f f e r e n c e  

in  a b so rp t io n  c o e f f i c i e n t s  as  fo l lo w s* -

I f  I  ■ in c id e n t  i n t e n s i t y ,  the  i t e n s i t y  of the  l i g h t  
0
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emerging from W^CFigure 20) w i l l  be g iven b y : -

I ,  « o( ^ l o _____________________   - ( 2 )

Where R q  » r e f l e c t i v i t y  of s tandard  r e f l e c t o r  

6 2̂. “ a b so rp t io n  c o e f f i c i e n t  o f  

The i n t e n s i t y  of l i g h t  emerging from W ^ is  given b y j -

I  2 *" C<3   :______________   ( 5 )

T herefore  the  unoorrec ted  r e f l e c t i v i t y  w i l l  be given b y : -

K ,  E»----------- L___ :______:__________________ (4)

I f  the  windows a re  now in te rchanged  the unoorrec ted

r e f l e c t i v i t y  w i l l  be g iven  b y : -

R, .  _ 2 b  Ec,__----------------------------------------------(5)
^  CXa. .

P u t t in g  -  X ( th e  a p p ro p r ia te  c a l i b r a t i o n  f a c t o r )

th en  ( 4 ) 4  ( 5 ) g ives

X ^  « R, / R 2.

X = J Ë T Â I  — _________ -   ( 6)

Thus the  r e f l e c t i v i t y  of the  "s tan d a rd "  r e f l e c t o r  need n o t  be known, 

the  only  requ irem en t b e ing  t h a t  i t s  r e f l e c t i v i t y  remains c o n s tan t  

w ith  t im e . The q u a n t i ty  x was measured f o r  l i g h t  p o la r is e d  a t  45° 

to  th e  p lane  of inc idence  throughout the  range 400o2—> 7000Î. For 

a l l  p o in ts  sampledyX d i f f e r e d  from u n i ty  by le s s  than 0*2^ and showed 

no sy s te m a tic  v a r i a t i o n  w ith  w avelength. The c a l i b r a t i o n  was 

checked p e r i o d ic a l ly  to  ensure  th a t  th in  f i lm  d e p o s i ts  had no t 

occured and t h a t  the  windows had u o t  become s t r a in e d  to  d i f f e r i n g  

d e g re e s .



• ; 47.

4 .8 .  Choice of M irro rs

C le a r ly ,  a major source of e r r o r  in  the  system i s  

d i f f e r e n c e s  in  o p t i c a l  pa th  f o r  the 'feample in "  and "sample out" 

c o n f ig u r a t io n s .  These w i l l  occur i f  the  ang les  of inc idence  on 

m , and m^ f o r  the  two c o n f ig u ra t io n s  d i f f e r .  The two most 

commonly used m ir ro r  m a te r ia l s  a re  s i l v e r  and aluminium. The 

o p t i c a l  c o n s ta n ts  of th e se  m a te r ia l s  (Heavons 1955) were used to  

c a l c u l a t e  the  change in  r e f l e c t i v i t y  r e s u l t i n g  from a 0 .5°  change 

i n  a n g le  o f  inc idence  f o r  an angle  o f  inc idence  of 45°. The r e s u l t s  

o f  t h i s  c a l c u l a t i o n  a re  shown in  f ig u r e  (2 4 ) .  From the curves we 

see t h a t  s i l v e r  g iv es  a  un ifo rm ly  sm all e r r o r  over the  whole 

spectrum  range and f o r  t h i s  reason  s i lv e re d  m ir ro rs  were used . 

Aluminium would, of n e c e s s i ty ,  he used f o r  work below 400o2 

because  of the  decrease  in  the  r e f l e c ta n c e  of s i l v e r  which , 

occurs  below t h i s  wavelength , and we no te  t h a t  the  e r r o r s  in  

r e f l e c t a n c e  c o e f f i c i e n t s  a re  d e c rea s in g  in  t h i s  range . The 

m ir ro r s  were p repared  by therm al ev ap o ra t io n  o f  s i l v e r  a t  a  

p re s s u re  < 1 0  i .

4 . 9 . H eflec tom ete r  O peration

F igu re  (21) shows an arm a t ta c h e d  to  the m ir ro r  m, .

This arm i s  r o ta t e d  by a micrometer screw, thus  enab ling  the  

m ir ro r  to  be r o t a t e d  s low ly . This was n ecessa ry  because of the 

o p t i c a l  lev e rag e  ex e r ted  by the ,tw o  m ir ro r s .  When tak ing  

measurements, m ^ was f ix e d  in  the  a p p ro p r ia te  p o s i t io n  u s in g
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the  ta p e red  p in ,  and m , was then r o ta t e d  slowly about the 

c o r r e c t  p o s i t io n  and the ou tpu t from the p h o to m u lt ip l ie r  fed 

to  a  c h a r t  r e c o r d e r .  (Panax Servoscrihe  £REC-2p) In  t h i s  way 

peaks were ob ta in ed  on the  c h a r t ,  the  maximum h e ig h t  of which 

r e p re s e n te d  the  i n t e n s i t y  to  be measured. This procedure 

was adopted in  o rd e r  to  reduce e r r o r s  due to  the  v a r i a t i o n  in  

s e n s i t i v i t y  of the  photo-cathode ac ro ss  i t s  a r e a .  Typical output 

peaks a re  shown in  f ig u r e  (2 5 ) .  From t h i s  f ig u r e  we see t h a t  the  

b e s t  accu racy  o b ta in a b le  w ith  t h i s  system i s  0 .2 ^ .  This i s  

c l e a r l y  the  major source of e r r o r  in  the  system. However, such 

an accu racy  i s  s u f f i c i e n t  f o r  the  a c c u ra te  de te rm in a tio n  of 

o p t i c a l  c o n s ta n t s .  At a  l a t e r  s tage  the  c h a r t  re c o rd e r  was 

re p la c e d  by a d i g i t a l  v o l tm e te r  (S o la r t ro n  LM1480.3)* This 

v o l tm e te r  i s  capable  of d e te c t in g  the  maximum or minimum va lu es  

o f  t im e -v a ry in g  s ig n a l s .  The micrometer and <*.îwv. were rep laced  

w ith  a  b i - d i r e c t i o n a l  e l e c t r i c  motor having a speed of 0.1 

r e v s . /m in u te .

With th e se  m o d if ic a t io n s ,  r e f l e c t i v i t i e s  could be 

o b ta in ed  to  b e t t e r  than  0 .1 ^ .

I
4 .1 0  Sample Replacement

Good r e p r o d u c i b i l i t y ,of sample p o s i t io n  was needed, 

and t h i s  was achieved  u s in g  the  system i l l u s t r a t e d  in  f ig u r e  ( 26) .  

The sample i s  f ix e d  a t  the  end of a  rod which can be r a i s e d  and 

lowered by means o f  a  s t a i n l e s s  s t e e l  be llo w s. The rod can be 

r o t a t e d  about an a x is  in  the  p lane of the  sample and p e rp e n d icu la r
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to  the  p lane  of incidence# Outside the  vacuum system the 

h e llo w s  a re  supported  hy th re e  s t e e l  leg s  a t  the  v e r t i c e s  of 

an e q u i l a t e r a l  t r i a n g l e .  SvVieres a re  f ix e d  a t  the  bottom of 

each l e g ;  th e se  in  tu rn  r e s t  in  c o n ic a l  h o le s .  T i l t  a d ju s t 

ment can be achieved  w ith  the th re e  l e g s .  The leg s  a re  a 

lo o se  f i t  in  th re e  gu id in g  tu b es ,  which allow  the  smooth 

r a i s i n g  and low ering  o f the  sample f o r  v a r io u s  t i l t  a d j u s t 

m ents . A p u l le y  system i s  used to  r a i s e  and lower the  sample.

4.11 R e f lec ta n ce  R a t io  Measurements

As mentioned in  (3 .3 * )  r e f l e c ta n c e  r a t i o  measurements 

a re  e a s i e r  to  make than  measurement of r e f l e c t i o n  c o e f f i c i e n t s .  

The p h o to m u l t ip l ie r  i s  f ix e d  in  a  p o s i t io n  to  r e c e iv e  l i g h t  

a t  the  a p p ro p r ia te  ang le  of inc idence  and the i n t e n s i t i e s  a re  

measured f o r  the  p a r a l l e l  and p e rp e n d icu la r  p o l a r i s e r  s e t t i n g s .  

However, in  g e n e r a l ,  the  i n t e n s i t i e s  o f ' t h e  in c id e n t  components 

a re  n o t  e q u a l .  This can be overcome by p lane p o la r i s in g  the 

l i g h t  a t  45^ b e fo re  p o l a r i s in g  in  the  p a r a l l e l  or p e rp en d icu la r
I . ■

d i r e c t i o n s .  A l t e r n a t iv e ly  a  c a l i b r a t i o n  experiment may be 

performed whereby the a c tu a l  i n t e n s i t y  r a t i o  i s  measured. 

D e p o la r i s a t io n  i s  an o th er  p o s s i b i l i t y  and some success was 

ach ieved  in  t h i s  d i r e c t i o n  by u s in g  a perspex l i g h t  p ip e ,  b u t ,  

some p o l a r i s a t i o n  o f  the  in c id e n t  beam always remained. I t  was 

decided  t h a t  the  d i r e c t  in c id e n t  beam c a l i b r a t i o n  was most 

co n v en ien t  s in ce  the  use o f  the  p o l a r i s e r  tended to  y ie ld
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n o n - re p ro d u c ib le  r e s u l t s .  This was because the  in c id e n t  

i n t e n s i t i e s  v a r ie d  r a p id ly  w ith  the  s e t t i n g  of the f i r s t  , '

p o l a r i s e r ,  and t h i s  in  tu rn  was wavelength dependant. The 

windows were checked f o r  d ichro ism  by measuring the in c id e n t  

r a t i o  of the  l i g h t  b e fo re  i t  en te red  W, and a f t e r  i t  emerged 

from W3 , the  r a t i o s  measured were the  same to  b e t t e r  than 0 . 1$̂ . ' 

For th e  r a t i o  method i t  i s  im portan t t h a t  th e re  i s  no beam movement 

when the  p o l a r i s e r  i s  r o t a t e d .  The Gian Thompson prism was 

t h e r e f o r e  re p la c e d  w ith  a  sh ee t  of p o la ro id  f o r  r e f l e c t i o n  

r a t i o  measurements.
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CHAPTER V

THE PREPARATION OP THE SPECIMENS BY THERMAL EVAPORATION

5*1. In t r o d u c t io n

Any d e te rm in a tio n  of the  o p t i c a l  co n s tan ts  of a 

m a te r i a l  r e q u i r e s  the  p re p a ra t io n  of a su rface  f r e e  from 

c o n tam in a tio n  and the  maintenance of th a t  su rface  f o r  a_ 

p e r io d  of time s u f f i c i e n t  to  complete the  measurements. The 

methods a v a i l a b le  f o r  su rface  p re p a ra t io n  have been reviewed 

by R ober ts  ( 1963) ,  In  the  p re se n t  work, su r fa ce s  have been 

p rep a red  by therm al ev apo ra tion  in  u l t r a - h i g h  vacuum. Jhe 

h igh  r e a c t i v i t y  o f  some o f  the  m a te r ia l s  s tu d ied  made t h i s  

method th e  most s u i t a b l e .

5 . 2 . The Thermal Evapora tion  P rocess
I

The co n d it io n s  t h a t  must be r e a l i z e d  f o r  the  gen era t io n  

o f  c le a n  s u r fa c e s  by therm al evapo ra tion  have been d iscussed  

by Heavens (1955) and h i s  r e s u l t s  a re  summarized h e re .  The 

v a r i a b l e s  most l i k e l y  to  a f f e c t  the  o p t i c a l  p ro p e r t ie s  on an 

evap o ra ted  f i lm  a r e ; -

( i )  N ature  and p re ssu re  of r e s id u a l  gas in  chamber.

( i i )  I n t e n s i t y  of beam of atoms condensing on su r fa c e .

( i i i )  N ature  and c o n d it io n  of t a r g e t  su r fa c e .

( i v )  Temperature o f  evap o ra t io n  sou rce .

(v )  Contamination of evaporated  m a te r ia l  by supporting  
m a te r ia l  o f  so u rce .
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In  th e  p re s e n t  work, these  v a r ia b le s  were c o n t ro l le d  as f a r  as 

p o s s ib le  in  the  fo l lo w in g  ways:

(a )  E vapora tion  was c a r r ie d  out in  u l t r a  h igh vacuum

and the  r e s id u a l  gas monitored w ith  a mass spec trom eter.

(b) A uniform  h igh  evapora tion  r a t e  was used f o r  a l l  

e v ap o ra t io n s  ~70oX /m inute.

(c )  The s u b s t r a t e  was sub jec ted  to  r ig o ro u s  c lean s in g  

p ro ced u res .

(d ) The tem peratu re  was made to  be c o n s i s te n t  w ith  (b)

(e )  Lengthy o u tg a ss in g  procedures were employed and c a r e fu l  

s h u t t e r i n g  used du ring  ev ap o ra t io n .

5 . 3 . E vapora tion  Chamber.
-»o

The a t ta in m en t  of u l t r a - h i g h  vacuum ^^10 T  was achieved 

as  fo l lo w s .  A 12" d iam eter s t a i n l e s s  s t e e l  chamber was rough 

pumped w ith  an Edwards a lum ina-trapped  r o ta r y  pump. At a p re ssu re  

o f  ap p rox im ate ly  lO ^ T  a V arian  Triode ion pump was s t a r t e d .

This pump had a pumping speed of I 40 l i t r e s / s  a t  h igh  p re s su re ,  

and a p re s su re  of lO ^w as qu ick ly  a t t a in e d  w ith  the  system 

i s o l a t e d  from the  r o t a r y  pump w ith  a bakeable  v a lv e .  At t h i s  

s ta g e  th e  B ayard -A lpert  gauge, used f o r  t o t a l  p re ssu re  measurement, 

was ou tgassed  by e le c t r o n  bombardment. Titanium sub lim ation  

pump f i l a m e n ts  were a l s o  outgassed  a t  t h i s  s ta g e .  The system 

was then  baked a t  250^0 u n t i l  a  p re ssu re  *^3 * 10 'TT , ( in d ic a te d  

by th e  ion  pump c u r r e n t )  was a t t a in e d .  The le n g th  of '^neded
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to  ach ieve  t h i s  depended c r i t i c a l l y  on the  c le a n l in e s s  o f  the

system . The system was allowed to  cool and the gauge again

o u tg a sse d .  The p re s su re  a f t e r  coo ling  was The t i tan iu m

s u b lim a tio n  pump (T .S .P . )  was then used for~42 h r  s .  with the

ion  pump to  reduce the  p re ssu re  to  ^  1 0 ,  At t h i s  s tage

l i q u i d  n i t r o g e n  was fed  to  a s t a i n l e s s  s t e e l  b a f f l e  in s id e  the

chamber. This b a f f l e  was s i tu a te d  d i r e c t l y  above the T .S .P .

f i l a m e n t .  The condensation  of gas onto t h i s  b a f f l e  f u r th e r
"• n

reduced  th e  p re s su re  to  10 HT. Low p ressu re  measurements

were made w ith  a modulated B ayard-A lpert io n iz a t io n  gauge.

E i t h e r  copper c o n - f l a t  g aske ts  or gold w ire s e a ls  were used 

on a l l  the  p o r t s .  In  o rder  to  reduce the  time taken to  achieve 

minimum p re s su re  the  fo l lo w in g  p r a c t ic e s  were adopted.

( i )  The m a te r ia l s  used f o r  s t r u c tu r e s  in  the  UÏÏV chamber 

were c a r e f u l l y  chosen f o r  t h e i r  low ou tgass ing  p ro p e r t ie s  

and low vapour p re s su re .  Wherever p o s s ib le ,  s t a i n l e s s  

s t e e l  was used f o r  major s t r u c tu r e s  and oxygen-free 

h ig h  c o n d u c t iv i ty  copper f o r  e l e c t r i c a l  connec tions . 

S t a i n l e s s  s t e e l  components were f i r s t  degreased by 

u l t r a s o n i c  a g i t a t i o n  in  a degreas ing  agent (DECON 90) 

and then  a smooth su r fa ce  produced by e le c t ro p o l i s h in g  

in  o r th o -phosphoric  a c id .  The components were f i n a l l y

washed in  d i s t i l l e d  w a te r .

( i i )  The system was norm ally  l e t  up to  atmospheric p ressu re  

w ith  dry  n i t r o g e n ,  and was sea led  as qu ick ly  as p o s s ib le .
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Pumping was ty p i c a l ly  r e s t a r t e d  w ith in  90 minutes of 

f i r s t  l e t t i n g  the  system up to  atmospheric pressure# 

Although p e r f e c t  c lean  room co n d it io n s  were no t ob ta ined , 

ca re  was taken to  keep the room as d u s t  f r e e  as p o s s ib le ,  

the  p o r t s  and the main chamber being  covered w ith  polythene 

w h i l s t  experim ents were assembled. A ll  f lan g es  in  c o n tac t  

w ith  gold w ire s e a ls  were c leaned w ith f in e  grade emery 

c lo th  w etted  w ith  is o -p ro p y l  a lc o h o l .  A ll to o ls  used in  

the  assembly of experiments to  go in to  the  chamber were 

u l t r a s o n i c a l l y  c leaned in  a  degreas ing  agen t.  Rubber 

g loves  and face  masks were worn during  assembly.

These p rocedures allowed the system to  be pumped to  i t s

ba se  p re s s u re  w i th in  about 3^ hours , t h i s  time in c lu d in g  a 12 h r .

bak e .  However, when the  system was l e f t  a t  atmosphere f o r  times 

in  excess  o f 2 h r  s .  i t  was found n ecessa ry  to  bake f o r  approxim ately  

36 h r s .

An A .E .I .  "MINIMASS" mass spec trom ete r  was used to  o b ta in

a  r e s i d u a l  gas a n a ly s is  of the  chamber. F igure  ( 27) shows a

ty p i c a l  mass spectrum f o r  the system a t  i t s  base p re s su re .  The

peak a t  mass number 18 i s  i d e n t i f i e d  unambiguously as w ater vapour.

That a t  28 may c o n s i s t  o f N^/CO^or . However, the ions N^

and N"̂  (mass number I 4 ) should occur in  the r a t i o  IO1I so the

absence o f  a  s i g n i f i c a n t  peak a t  mass number 14 in d ic a te s  th a t

and CO*were p re s e n t  to  a g r e a te r  e x te n t  than n i t ro g e n .
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The peak a t  mass number 44 i s  l a r g e ly  due to  CO^ b u t  the  hydro

carbons and C^Eg may be c o n t r ib u t in g  to  t h i s  peak. The

hydrogen peak i s  ob ta ined  s e p a ra te ly  from the r e s t  o f  the  mass 

spec trum . Hydrogen did  n o t  g r e a t ly  c o n t r ib u te  to  th e  r e s id u a l  

p re s su re  excep t d u r in g  the  o p e ra t io n  o f  f r e s h l y  i n s t a l l e d  T .S .P . 

f i l a m e n t s .  We no te  the  p o s s ib le  p re ssu re  o f  a  sm all q u a n t i ty  

o f  oxygen. S ev e ra l  methods were t r i e d  to  reduce the  w ater 

vapour peak . Baking through the  backing  l i n e ,  rep ea ted  f lu s h in g  

w ith  d ry  n i t r o g e n  and extended baking f a i l e d  to  improve the  

s i t u a t i o n .  E s t im a tes  g iven  below show, however, t h a t  the  

p a r t i a l  p re s su re  of w ater yapour should no t g r e a t l y  a f f e c t  the  f i lm  

com p o si t io n .  The r e l a t i v e  s iz e s  o f  the  peaks a t  28 and 18 v a r ie d  

from cy c le  to  cy c le  b u t  th e se  two peaks always dominated the  

mass spectrum .

5 .4 . F ilam en t P re p a ra t io n

E vapora tion  took p lace  from a  tu n g s ten  h e l i c a l  c o i l  

h ea ted  to  h igh  tem pera tu res  by Jo u le  h e a t in g .  The c o i l s  

had an i n t e r n a l  d iam eter  '*̂ 2mm and a le n g th  o f  '"^Pfciis. The f i lam e n ts  

were f i r s t  ou tgassed  in  an o rd in a ry  h igh vacuum system a t  a p re ssu re  

o f  b e t t e r  than 10 The c o i l s  were he ld  a t  red  h e a t  f o r

ap p rox im ate ly  15 m inu tes , A rod of the  m a te r ia l  to  be evaporated 

was then  in s e r t e d  in  the  h e l ix  and the  tem perature  in c reased  u n t i l  

|, th e  rod m e lted , thus  w e t t in g  the  tu n g s ten  w ith  évaporan t.  This 

I p rocedure  was re p ea ted  w ith  f u r t h e r  rods  u n t i l  g lo b u les  o f  

év ap o ran t  p reven ted  f u r t h e r  ra ck in g .  The g lobu les  were then
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h e ld  in  a  l i q u i d  s t a t e  f o r  approxim ately  30 seconds to  

complete the  o u tg a ss in g .  Throughout the ou tgass ing  a micro

scope s l i d e  was f ix e d  above the  f i lam en t so t h a t  observation  

confirm ed t h a t  excess ive  q u a n t i t i e s  of évaporant were not 

l o s t  d u r in g  o u tg a ss in g .  The h ig h es t  m e lting  po in t metal 

s tu d ie d  in  t h i s  work was terbium , which m elts  a t  1450°C.

Tungsten m elts  a t  3580°C, so t h a t ,  a t  f i r s t  s ig h t ,  i t  would 

appear t h a t  con tam ination  of the  f i lm  by the tungsten  f i lam en t i s  

u n l i k e l y .  However, i t  i s  known th a t  in  the  evaporation  of 

aluminium (m e lt in g  p o in t  660^0 ) from tungsten  f i la m e n ts ,  some 

tu n g s te n  d i s s o lv e s  in  the  aluminium.: .Heavgns (1952) has shown, 

u s in g  r a d io a c t iv e  t r a c e r  techn iques , th a t  the  so l id  so lu t io n  

lo s e s  th e  charge m a te r ia l  p r e f e r e n t i a l l y  during  evapora tion  and 

the  e x te n t  o f  con tam ination  o f s i l v e r  and germanium f ilm s  by 

tu n g s te n  source  m a te r ia l s  was le s s  than a few p a r ts  per m i l l io n ,  

Film  con tam in a tio n s  of t h i s  o rder a re  considered  to  have 

n e g l i g i b l e  e f f e c t s  on the  o p t i c a l  p ro p e r t ie s  of evaporated 

f i l m s .  The most l i k e l y  contam inant, p a r t i c u l a r l y  f o r  the  r a r e  

e a r th  m e ta ls  te rb ium  and gadolinium , i s  the oxide of the évaporan t. 

This i s  expec ted  to  be minimised by the ou tgass ing  procedure. 

F ilam en ts  p repared  in  t h i s  way were s to red  in  h igh  vacuum u n t i l  

im m edia te ly  p r i o r  to  i n s t a l l a t i o n  in  the u l t r a - h i g h  vacuum 

chamber. The ev ap o ra t io n  system i s  shown in  f ig u re  (28) .

F ig u re  (29a) shows a f i la m e n t  ready  f o r  i n s t a l l a t i o n  in  the 

IJ.H.V. system .
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5 .5 .  S u b s t r a te  P rep a ra t io n

F lo a t  g la s s  microscope s l id e s  were used as s u b s t r a te s  

th ro ughou t t h i s  work. They were prepared as fo l lo w s .  Two 

s l i d e s  were s e le c te d  f o r  t h e i r  c le a n l in e s s  and freedom from 

é c r a tc h e s .  These were then clamped v e r t i c a l l y  in  a beaker of 

d e g re a s in g  ag en t  (DECON 90 ) and u l t r a s o n i c a l l y  cleaned f o r  

abou t an hour. The d eg reas in g  agent was then d isp laced  w ith  

d i s t i l l e d  w a ter  and the s u b s t r a te s  r in s e d  f o r  ten  m inutes.

They were then  aga in  c leaned u l t r a s o n i c a l l y ,  t h i s  time in  . 

d i s t i l l e d  w a te r .  The s u b s t r a te s  were then s to red  under 

d i s t i l l e d  w a ter  u n t i l  approxim ately  f i f t e e n  minutes be fo re
\

i n s t a l l a t i o n  in  th e  u l t r a - h i g h  vacuum chamber. The s l id e s  were 

th en  removed from the d i s t i l l e d  w ater and i t  was checked th a t  the  

w a te r  flowed un ifo rm ly  from the s l id e  s u r fa c e .  They were then 

a llow ed to  dry  in  a i r ,  covered lo o se ly  w ith  len s  t i s s u e .  P r io r  

to  i n s t a l l a t i o n ,  dry  n i t ro g e n  was blown acro ss  the  s l id e  

s u r f a c e  to  complete the  d ry in g . One s l i d e  was then taken 

and examined under a  b r ig h t  l i g h t  source f o r  s c ra tc h e s  and w ater 

m arks. The s l i d e  was then  checked f o r  the  uniform condensation 

o f  w a te r  vapour ( th e  b r e a th  t e s t ) .  The rem aining s l i d e  was 

then  checked f o r  s c ra tc h e s  and w ater  marks and f i t t e d  to  the 

s u b s t r a t e  h o ld e r  d esc rib ed  below,

5 . 6 . S u b s t r a te  Holder

F igure  50 shows a s u b s t r a te  mounted in  i t s  h o ld e r .



Figure 30.
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The h o ld e r  i s  o f  s t a i n l e s s  s t e e l  .and comprises a  b lock  w ith  

a channel c u t  deep enough to, take fou r  microscope s l i d e s .  These 

a re  f ix e d  w ith  two s t e e l  b a rs  screwed to  the b lock . The 

s u b s t r a t e s  were l i g h t l y  clamped to reduce s t r a i n  e f f e c t s .  The 

h o ld e r  i s  f ix e d  to  the r o ta to r y  d r ive  as in d ica ted  in  f ig u re  50 

and the  mounting was co n s tru c ted  so th a t  the f r o n t  face  of the 

s u b s t r a t e  passed  through the ax is  of r o t a t i o n  of the d r iv e .  

S u b s t r a te  h e a t in g  always proves d i f f i c u l t  in  u l t r a - h ig h  vacuum 

bedause  o f  o u tg ass in g  problems. For t h i s  reason  a new type 

o f  h e a te r  was developed. A microscope s l id e  was coated with 

nichrome to  approx im ate ly  2000% by evaporation  in  o rd inary  

h ig h  vacuum. To produce a m echanically  hard f i lm  the  s l id e  

was hea ted  to  250°C during  evap o ra tio n . The r e s u l t i n g  s l id e  

was then  used as a  s u b s t r a te  h e a te r  by pass ing  c u r re n t  through 

i t .  I t  was found th a t  s u b s t r a te  tem peratures of approxim ately  

500°C could  be r e a d i ly  achieved us in g  t h i s  system. Contact on 

the  nichrome was achieved by clamping copper b a rs  to  the f i lm .  

Annealed gold w ires  were used f o r  e l e c t r i c a l  c o n tac ts  to  the 

low te n s io n  c u r r e n ts  fe e d - th ro u g h s .  The source-subs t r a t e  

d i s t a n c e  was f ix e d  a t

5*7- Film P u r i ty

A n e ce ssa ry  c o n d i t io n  f o r  an evaporated f i lm  to  be 

f r e e  from contam ination  by the  r e s id u a l  gas in  the chamber i s  

t h a t  the  atoms of the  évaporan t have a long mean f r e e  path  

compared w ith  the  source s u b s t r a te  d is ta n c e .  An estim ai '.
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shows t h a t  t h i s  c o n d it io n  i s  s a t i s f i e d  even a t  IO 't s o  the

c o n tam in a tio n  produced hy c o l l i s io n s  w ith  the r e s id u a l  gas

m olecu les  d u r in g  evaporation  may he ignored. However, i f  we 

c o n s id e r  the  r a t e  a t  which gas molecules s t r i k e  a su rface  

then the  p re s su re  l im i t a t i o n s  become s t r i c t e r .  From k in e t ic  

th e o ry  we see t h a t  the  number of molecules s t r i k in g  u n i t  a rea  

in  u n i t  t im e, N, i s  given b y : -

^ “ (2  & mkl)-k ( 1)

Where T i s  the  ab so lu te  tem perature of the gas and p i t s  p re s su re ,  

m the  mass o f  a  molecule and k Boltzmann’s c o n s ta n t .  From (1) 

we see t h a t  low mass numbers are  the most im portan t.  T yp ica lly  

the  p a r t i a l  p re s su re  of w ater vapour was 5 x 1 0 'u  . Using t h i s  

f i g u r e  in  (1 ) we g e t : -

N = 2 ,4  X 10 m olecu les/seo i..

I f  we tak e  the  a re a  covered by a w ater vapour molecule to  be 

1 .5  sq .  2 , the  time f o r  form ation  of a monolayer of w ater 

vapour i s  78 h r s ,  assuming u n i t  s t i c k in g  p ro b a b i l i ty .  The 

a p p ro p r ia te  f ig u r e  f o r  n i t ro g e n  a t  the same p a r t i a l  p re ssu re  i s  

about 98 h r s ,  thus  we see t h a t ,  a t  the p re ssu res  a t t a in e d  in  

th e  chamber, the  f i lm s  w i l l  be f r e e  from contam ination by the 

r e s i d u a l  g ases  i f  experiments a re  completed in  l e s s  than about 

60 h r s .

5 .8 .  Film Thickness

The a n a ly ses  given  in  Chapters I I  and I I I  apply to
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r e f l e c t i o n  from film e  in  which m u ltip le  r e f l e c t i o n  can he ignored . 

The th ic k n e s s e s  f o r  which such oond iticns  hold have been d iscussed  

by T a y lo r ( l971 )• G enera lly  the fo llow ing  r e la t io n s h ip  should ho ld :

d = f i lm  th ickness

A a wave-length of in c id e n t  l i g h t .

The s h o r t e s t  w ave-length  used in  th i s  work was 4000Î. Thus

the  minimum th ick n ess  req u ire d  i s  80o2. P h y s ic a l ly ,  as w ell 

as  o p t i c a l l y ,  these  f i lm s  a re  th ick  and e f f e c t s  due to  the 

f i n i t e  mean f r e e  pa th  of the e le c t ro n s  may he ignored . In  g e n e ra l  

co m p le te ly  opaque f i lm s  were grown in  o rder to  ensure th a t  the  

c o n d i t io n  (2 ) h e ld .  In  a d d i t io n ,  f i lm  th ickness  measurements 

were made u s in g  m u lt ip le  beam Piz'LOH.fringes (Tolansky I 965) .

This  method a ls o  allowed the smoothness of the su rface  to  be

a s s e s s e d .  The s te p  in  the f i lm  necessary  f o r  such d e te rm ina tions  

was in tro d u ced  by p la c in g  a microscope cover s l i p  under one of 

th e  s t e e l  b a rs  shown in  f ig u re  (30 ) .  Figure ( 51) shows a ty p ic a l  

m u l t ip l e  beam in te rfe ro g ram  of a terbium f i lm  grown in  the 

U.H.V. chamber.

5 . 9 . Film Growth

The co n d i t io n s  n ecessa ry  f o r  the production of an opaque, 

c o n t in u o u s ,  th ic k  f i lm  were determined by performing s e v e ra l  

t r i a l  ru n s  in  o rd in a ry  h igh vacuum. The f i lam e n t ,  prepared as 

d e sc r ib e d  above, was in s e r te d  in to  the vacuum system and the
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system  pumped to  i t s  base  p re s su re .  F u r th e r  ou tgassing  of the

f i l a m e n t  was then found to  he n ecessa ry .  T yp ica lly  the co n d itio n s

re q u i r e d  f o r  ev ap o ra tio n  of the r a re  e a r th  m etals were achieved

hy p ass in g -5 5  Amps f o r  2 mins. through the f i la m e n t .  On pass ing

'50 Amps th rough  the  f i lam en t w ith  the s h u t te r  in  p o s i t io n  the

p re s s u re  ro se  to  approxim ately  10 ' t  . On reach ing  th i s  p re ssu re

the  c u r r e n t  was switched o f f  and the system allowed to  r e tu r n

i t s  hase  p r e s s u r e .  This procedure was repeated  u n t i l  no

p re s s u re  h u r s t  was observed. The c u rre n t  was then inc reased  and

the  same p ro cess  repea ted  u n t i l  50 Amps could he passed w ithout

a s i g n i f i c a n t  p re s su re  h u r s t .  The ou tgass ing  was l im ite d  to

50 Amps because  evaporation  oocured a t  g r e a te r  c u r r e n t s .  The

f i l a m e n t  was then  l e f t  to  outgas a t  50 Amps, f o r  about 5 mins.

From mass spectrum  o b serva tions  i t  was noted th a t  H^O, N ^and  Hj,

were evolved du rin g  o u tg ass in g . The s u b s t r a te  was then  r o ta t e d

i n t o  p o s i t i o n  and the s h u t t e r  opened and the c u r re n t  inc reased

to  55 Amps. A p re s su re  r i s e  was u s u a l ly  observed as the

e v a p o ra t io n  proceeded, p o s s ib ly  caused by f u r th e r  ou tgass ing

from the  f i l a m e n t  or by ou tg ass in g  from the co n ta in e r  due to
- a

h e a t i n g  from the  f i l a m e n t .  I f  the  p ressu re  approached 10 r t h e  

c u r r e n t  was sw itched o f f  and the system re tu rn ed  to  i t s  base 

p r e s s u r e .  The p rocess  was rep ea ted  u n t i l  the  s u b s t r a te  had 

been  exposed to  the  f i la m e n t  f o r  two minutes a t  5 5  Amps*
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U su a lly  the  ev ap o ra t io n  could he allowed to  proceed so th a t  

the  f i lm  was d e p o s ited  in  one evapora tion .
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THE OPTICAL PROPERTIES OF TERBIUM AJTD GADOLINIUM IN THE VISIBLE 
PART OF THE SPECTRUM 7
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6 .1 .  In t r o d u c t io n

Terbium and Gadolinium are  c l a s s i f i e d  as heavy, r a r e  e a r th  

m e ta l s .  The r a r e  e a r th  e lem ents, sometimes c a l le d  the  la n th a n id e s ,  

a re  th o se  e lem ents  having atomic numbers in  the  range 57 to  71 •

The e l e c t r o n i c  s t r u c tu r e  of the  ra re  e a r th s  may be w rit ten*

Xe ( l s - 4 d )  4^‘* ' 5 s ^ 5 p ^ , n = O-+14 

The Xenon terms may be w r i t t e n : -

I s '  2s’- 2p‘- J s ’ J p '  3d'° 4s’- 4p'" 4d'° ( a l l  f i l l e d )  p lus  5s’ 5p'“ 

We n o te  the  zero  popu la tion  of the  4 f  l e v e l .  At lanthanum the 4 f  

s t a t e  has a  h ig h e r  energy than the 5& l e v e l ,  so th a t  the 4 f  s t a t e  

rem ains  empty. The a d d i t io n  of another e le c t ro n  and proton to  the  ■ 

system  makes i t  e n e r g e t i c a l ly  favourab le  f o r  the  e le c t ro n  to  e n te r  

the  4 f  s t a t e .  There i s  a lso  a  tendency f o r  the  e le c t ro n  in  the 

5d l e v e l  to  be t r a n s f e r r e d  to  the 4 f l e v e l ;  hence the  c o n f ig u ra 

t i o n  o f  Cerium, (Z « 58) i s

Xe ( l s - 4 d )  4P  5P  Sp*” 5 à ° h s ‘- 

Thus th e  r a r e  e a r th s  eure ty p i f i e d  by the  p rog ress ive  f i l l i n g  of

the  4 f  l e v e l .

There i s  a l s o  a  tendency to  r e t a i n  the s ta b le  h a l f 

f i l l e d  ot* f u l l  c o n f ig u ra t io n s  and hence to  repopu la te  the 5d 

l e v e l ,  so  t h a t ,  f o r  gadolinium , we have the  c o n f ig u ra t io n  

Xe ( l s - 4 d )  4 f  5 ^  5P^ 5^'
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' t e r b iu m  th e  %  e l e c t r o n  i s  a g a in  t r a n s f e r r e d  to  th e  4 f  l e v e l ,

g i v i n g ; -

Xe ( l s - 4 d )  4P  5 s '  5p'“ 5d'°'>6s’- 

Gadolinium (z  -  64) i s  the f i r s t  of the heavy r a r e  e a r th s  in  the  

p e r io d ic  t a b l e ,  and those th a t  fo llow  i t  have hexagonal c lo s e -  

packed ( h . c . p . )  c r y s t a l  s t r u c tu r e s ,  w ith  the exception  of 

Y tte rb iu m . (This element i s  d iv a le n t  and, to g e th e r  w ith  europium, 

i s  e x c e p t io n a l  s in ce  the  remaining r a r e  e a r th s  are  t r i v a l e n t . )

At lanthanum the empty 4f s h e l l  i s  s i tu a te d  ou ts ide  the  

Xenon 5^^ 5P^ s h e l l ,  b u t  f o r  the  remainder of the s e r i e s  the 4 f  

e l e c t r o n s  l i e  w ith in  the Xenon co re . This i s  because an e le c t ro n  

added to  th e  4^ s h e l l  cannot screen  the remaining 4f  e le c t ro n s  

from th e  added p o s i t iv e  n u c lea r  charge. This phenomenon, known 

as  the  la n th a n id e  c o n tra c t io n ,  causes the m e ta l l ic  ra d iu s  to  

d e c rea se  w ith  in c re a s in g  atomic number. This c o n tra c t io n  i s  

i n t e r e s t i n g  t h e o r e t i c a l l y  s ince  g^adolinium e x h ib i t s  ferromagnetism 

and terb ium  e x h ib i t s  ferromagnetism and antiferrom agnetism , 

and i t  i s  th e  4f  e le c t ro n  which gives r i s e  to  t h e i r  magnetic 

p r o p e r t i e s .  However, the 4 f  le v e l s  a re  bu ried  deep in  the  atom 

' and th e  co u p lin g  mechanism between atoms, which i s  necessa ry  f o r  

m agnetic  o rd e r  to  e x i s t ,  cannot occur by d i r e c t  overlap  of the 

e l e c t r o n s  in  the  incomplete s h e l l  (as i t  does f o r  H i, Co and Fe) 

and some o th e r  exchange mechanism i s  e s s e n t i a l .  This then forms 

the  broad t h e o r e t i c a l  i n t e r e s t  in  the heavy r a r e  e a r th s .  In  

a d d i t i o n ,  the  s c a r c i t y  of o p t i c a l  d a ta ,  thé  in c re a s in g  a v a i l a b i l i t y



of the  pure m e ta ls  and the  r e c e n t  energy band s t r u c tu r e  

c a l c u l a t i o n s  p rov ide  the  m o tiv a t io n  behind t h i s  experim en ta l 

s tu d y  of terbium  and gadolin ium .

6 .2 .  The Growth of Gadolinium Films

The p re p a ra t io n  of the  Gadolinium f i lm s  was d esc rib ed  

in  Chapter V. A t y p i c a l  s e t  o f r e s u l t s  i s  g iven  here  and the  

r e p r o d u c i b i l i t y  between d i f f e r e n t  s e t s  of d a ta  i s  d iscu ssed  

below.

The growth c o n d i t io n s  f o r  the  f i lm  d iscu ssed  h e re ,  were 

as f o l l o w s *-

i )  The r e s i d u a l  gases were H^O, N^, CO and CO^i and the

p a r t i a l  p re s su re s  as fo l lo w s *-

H^O / 1 . 2  X

and CO (mass 28) 8 x 10 ^

CO;  ̂ (mass 44 ) < . 2 x 1o ' V  

The t o t a l  in t e g r a te d  p re s su re  measured on the  B ayard- 

A lp e r t  io n iz a t io n  gauge was < 3  x 10 'V (modulated r e a d in g ) .

i i )  The f i lm  was grown from a 99-9^ pure sample, ob ta ined  from 

the  Koch-Light l a b o r a t o r i e s .

i i i )  An e v ap o ra t io n  c u r r e n t  of 55 Amps was passed f o r  120 s e c s ,  

du rin g  which time the  p re s s u re ,  measured on the l i n e a r  

s c a le  o f  the  B ayard -A lpert  gauge, remained a t  8 x 10 ^  •

The f i lm  was d e p o s ited  in  one ev ap o ra t io n .

iv )  The measured f i lm  th ic k n e ss  was 1400& (an ev apora tion  

r a t e  1o2/ s e c . )
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v ) V is u a l  in s p e c t io n  showed t h a t  the  f i lm  was f r e e  from

p in -h o le s  on removal from the  u l t r a - h i g h  vacuum chamber,

b u t  p in -h o le s  were formed q u i te  r a p id ly  on exposure to  

a i r .

v i )  The f i lm  was grown on a cold s u b s t r a t e .

v i i )  The system re tu rn e d  to  i t s  base  p re s su re  w i th in  20 secs

of com ple tion  of e v a p o ra t io n ,

v i i i )  Room tem pera tu re  was observed to  be 27°C throughout 

measurements, and thus  the  gadolin ium  remained in  the  

param agnetic  s t a t e .

6 . 3 . Method of Measurement

The r e f l e c t i o n  r a t i o  method o f measurement was used f o r  

d e te rm in a t io n s  on t h i s  f i l m .  The v o l ta g e  from the  photo

m u l t i p l i e r  was measured w ith  a  d i g i t a l  v o l tm e te r .  Measurements 

were made f o r  an g les  of in c id en ce  o f  76^ and 68^, measured to  

-  0 . 25° u s in g  th e  c a l i b r a t e d  head on the  r o t a r y  d r iv e .  The 

in c id e n t  beam was c a l i b r a t e d  to  g ive  the  in c id e n t  i n t e n s i t y  r a t i o  

a t  energy s te p s  o f  0 . I  eV. The c a l i b r a t i o n  f a c t o r  v a r ie d  by 1 .6 ^  

th roughou t the  s p e c t r a l  ra n g e ,  t h i s  b e in g  a much sm a l le r  v a r i a t i o n  

than  t h a t  in  the  r e f l e c t i o n  r a t i o .  Measurements were completed a t  

one a n g le ,  the  ang le  changed, and measurements made a t  the  o th e r  

a n g le .  This procedure  was thought p re f e r a b le  to  o b ta in in g  b o th  

measurements a t  the  same time f o r  each wavelength , because 

movement of the  sample could  cause sp u rio u s  e f f e c t s  ikrougW 

sm all d i f f e r e n c e s  in  the  ax\çte. of in c id en ce  and beami \iAQ>\r*-wQ,<v*Cg
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w ith  r e s p e c t  to  the  sample s u r f a c e .  The measurements on t h i s  

i Urn were completed w ith in  4 hours of growth so t h a t  i t  can

he s t a t e d  w ith  some c e r t a i n t y  t h a t  the  f i lm  was n o t  a f f e c t e d

hy th e  r e s i d u a l  gas in  the  system .

6 .4 .  R e f le c ta n c e  R a t io  Measurements

F igure  $2 shows the  "raw d a ta " ,  which was used as 

in p u t  f o r  the  programme d esc r ib ed  in  Chapter I I I ,  which re tu rn e d  

v a lu e s  f o r  n and k from v a lu es  of r e f l e c t a n c e  r a t i o  a t  given 

an g les  of in c id e n c e .  We n o te  the  la rg e  v a r i a t i o n  in  r e f l e c t i o n

r a t i o  f o r  an ang le  of in c id en ce  of 76° compared w ith  t h a t  a t  68^.

We a l s o  n o t ic e  the  s t r u c tu r e  occu r ing  ih  b o th  c u rv e s .  The p o in t  

a t  2 .6  eV was remeasured and found to  be c o r r e c t  to  w i th in  the  

ex p er im en ta l  u n c e r t a in ty  of the  measurements. The e r r o r  b a rs  

shown were e s t im a te d  by m easuring the  same r a t i o  s e v e ra l  times 

and the  r e s u l t i n g  u n c e r t a in t y  was found to  be 'n- 0.5/^# The v a lu es  

o f  n and k shown in  f i g u r e s  33 and 34 were d e r iv ed  from the 

observed r e f l e c t a n c e  r a t i o s .  The c a lc u la te d  o p t i c a l  c o n d u c t iv i ty  

curve i s  shown in  f ig u r e  35a and i s  d iscu ssed  below,

.6,5* Specimen R e p r o d u c ib i l i ty

At t h i s  s tag e  i t  i s  a p p ro p r ia te  to  d is cu s s  the  e x te n t  

to  which r e s u l t s  g iven  h ere  a re  t y p i c a l  o f  a l l  the  samples 

measured. In  a l l ,  20 f i lm s  o f gadolin ium  were grown and t h e i r  

o p t i c a l  p r o p e r t i e s  measured. About h a l f  were measured u s in g  th e  

r a t i o  method and the  rem ainder u s in g  the  r e f l e c t i o n  c o e f f i c i e n t
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Some r e s u l t s  had to  be d isca rd ed  because  they  were 

made on samples grown over p la tinum  c o n ta c ts  used f o r  r e s i s t i v i t y  

measurements. In  o rd e r  to  keep the c o n ta c ts  on the  g la s s  s u b s t r a t e s  

i n t a c t ,  c le a n in g  could no t be c a r r i e d  out a f t e r  ev ap o ra tio n  in  

o rd in a ry  h igh  vacuum. The e f f e c t s  of the  p la tinum  c o n ta c ts  could 

be seen as a t r a n s p a r e n t  reg io n  round the  c o n ta c t s .  In  a d d i t io n ,  

subsequent a n a ly s i s  showed t h a t  the  o p t i c a l  c o n s ta n ts  of f i lm s  

grown over the  c o n ta c ts  were n o t  re p ro d u c ib le .  Most of the  

r e s u l t s  d e r iv ed  from the r e f l e c t i o n  c o e f f i c i e n t  method were 

ob ta in ed  b e fo re  the  i n s t a l l a t i o n  o f  the  c i r c u l a r  f i l t e r  d esc rib ed  

in  Chapter TV, so t h a t  only  a  few p o in ts  th roughout the  s p e c t r a l  

range could  be measured u s in g  narrow band f i l t e r s .  These r e s u l t s  

ag ree  n u m e r ic a l ly  to  w i th in  1 wi t h the  d a ta  g iven h e re ,  b u t  

no c o n c lu s io n s  can be drawn, f o r  th e se  samples, about the  f in e  

s t r u c t u r e  in  the  o p t i c a l  c o n d u c t iv i ty  c u rv es .  There remained 

seven s e t s  o f  d a ta ,  f iv e  of which were in  good num erical 

agreement and showing s im i la r  s t r u c tu r e  in  the  o p t i c a l  c o n d u c t iv i ty  

c u rv e s .  The rem ain ing  two f i lm s  appeared contam inated , probably  

because  o f  inadequate  s u b s t r a t e  c lea n in g  and the  c o n d u c t iv i ty  

curve ro se  s h a rp ly  a t  the  u l t r a - v i o l e t  end of the  spectrum . The 

rem ain ing  f iv e  s e t s  of d a ta  were a l l  ob ta ined  a t  good base 

p re s s u re s  and the  f i lm s  appeared smooth and con tinuous . The 

v a lu e s  o f  n and k de rived  from th ese  f i lm s  agree to  w i th in  10^.

The g e n e ra l  shapes o f  the  o p t i c a l  c o n d u c t iv i ty  curves remained 

th e  same, w ith  s h i f t s  in  the  peak p o s i t io n s  of t  0.05 eV.
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Thus, a f t e r  i n i t i a l  problems w ith  f i lm  p re p a ra t io n  f iv e  c o n s i s te n t  

s e t s  of d a ta  have been produced, o f  which the  r e s u l t s  given here 

a re  t y p i c a l .

6 .6 ,  E f f e c t s  of Ageing

F igure  36 shows the  r e f l e c t a n c e  r a t i o  curves of a

gadolin ium  f i lm  o b ta ined  w i th in  2 hours and then w ith in  24 hours
* * ioof growth, the  f i lm  be ing  l e f t  in  the  vacuum system a t  ^  5 x 10  'V • 

There i s  good num erica l agreement between the two s e t s  of d a ta  and 

i t  was concluded t h a t  ageing  e f f e c t s  were n o t l i k e l y  to  be im p o r tan t .  

For t h i s  reason  f i lm s  were grown on cold  s u b s t r a t e s  which had been 

p re v io u s ly  o u tg a ssed . S u b s t ra te  h e a t in g  du rin g  evap o ra tio n  caused 

a v a r i a b l e  in c re a s e  in  th e  p a r t i a l  p re s su re  o f w ater  vapour, and 

i t  was th e r e f o r e  decided t h a t  in  o rd e r  to  produce s tandard  

c o n d i t io n s ,  f i lm s  would be grown on cold s u b s t r a t e s ,

6 . 7 , F ilm Surface  and S t r u c tu re

Scanning e le c t r o n  microscopy and X-ray r e f l e c t i o n  

d i f f r a c t i o n  s tu d ie s  we made a t  the  Fulmer I n s t i t u t e .  This 

n e c e s s i t a t e d  t r a n s p o r t in g  the  f i lm  in  an evacuated d e s ic c a to r  

to  the  I n s t i t u t e s  l a b o r a t o r i e s ,  so t h a t  we cannot s t a t e  w ith  

any c e r t a i n t y  t h a t  the  p r o p e r t i e s  re v e a le d  by the  s tudy 

c o r r ( p l a t e d  to  those  p r o p e r t i e s  which e x is te d  du ring  measure

ments in  u l t r a - h i g h  vacuum. The f i lm  s tu d ie d  had been s to re d  

f o r  48 hours  in  u l t r a - h i g h  vacuum and the  growth condii. tons
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were no t  s i g n i f i c a n t l y  d i f f e r e n t  from those  d esc rib ed  in  6 .2 .

The main r e s u l t s  of the  scanning  e le c t r o n  microscope s tu d ie s  

may he summarized as  f o l l o w s ; -

i )  There i s  no s i g n i f i c a n t  d e t a i l  on the  su rface  of the  

f i lm .

i i )  One or two minor t e a r s  were ap p aren t  in  the  f i lm  and 

th e se  were probab ly  produced hy the  subsequent hand ling  

of the  f i l m s .  F igure  37' shows such a t e a r ,

i i i )  By fo c u s s in g  on the  t e a r s  i t  was p o s s ib le  to  d e te c t  

some to p o g ra p h ic a l  f e a t u r e s .  F igu re  38 shows a b l i s t e r  

in  the  f i lm  s u r f a c e .  These b l i s t e r s  were spread 

un ifo rm ly  over the  su r fa c e  and have been d iscu ssed  by 

Taylor (1972) who concludes t h a t  t h e i r  e f f e c t  on the  

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

The r e s u l t s  of the  X-ray s tudy  were poor because of the  r e l a t i v e l y  

sm all th ic k n e ss  a v a i l a b l e .  The f i lm  produced a weak d i f f r a c t i o n  

p a t t e r n  showing arced  d i f f r a c t i o n s  from a te x tu re d  d e p o s i t .  A ll  

the  d i f f r a c t i o n  a r c s  were c o n s i s t a n t  w ith  the  h . c . p .  s t r u c tu r e  

o f  gadolin ium  w ith  a  c / a  r a t i o  of 1 .590 . Because of the  poor 

q u a l i t y  of the  r e s u l t s  i t  was n o t  p o s s ib le  to  make e s t im a te s  

o f  g ra in  s iz e  o r  s t r a i n .  However, the  observed p a t te r n s  were 

n e i t h e r  unduly broadend (a  c h a r a c t e r i s t i c  of sm all c r y s t a l l i t e s )  

no r  s p o t ty  (a  c h a r a c t e r i s t i c  of la rg e  c r y s t a l l i t e s ) .  From these  

o b se rv a t io n s  i t  was e s t im ated  th a t  the  f i lm  g ra in  s iz e  was 

g r e a t e r  than  25oS in  a d i r e c t i o n  p e rp e n d icu la r  to  the  plane of 

th e  f i lm  and l e s s  than  150£ in  the  p lane of the  f i lm .  From



m
Figure 37.
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the  r e l a t i v e  i n t e n s i t i e s  of th e  d i f f r a c t i o n  a rc s  i t  was p o s s ib le  

to  i n f e r  t h a t  th e re  was some f i b r e  o r i e n t a t i o n  w ith  a (OOOl) 

p lane  p a r a l l e l  to  the  s u r fa c e  i . e .  w ith  the  c - a x is  of the  h . c . p .  

l a t t i c e  p e rp e n d ic u la r  to  the  p lane of the  f i lm .  The main 

co n c lu s io n  of t h i s  s tudy  i s  th en , t h a t  the  f i lm  was e s s e n t i a l l y  

p o l y c r y s t a l l i n e  w ith  some degree of p re fe r r e d  o r i e n t a t i o n .

6 .8 .  The O p tic a l  C o n d uc tiv ity  Curve of Gadolinium

Figure  35a shows the  o p t i c a l  c o n d u c t iv i ty  ( nkv) o f 

gadolin ium  p lo t t e d  as a  fu n c t io n  of photon energy . S evera l 

o th e r  workers have measured t h i s  curve and t h e i r  r e s u l t s  a re  

d iscu ssed  below. F igure  35a a l s o  shows the  r e s u l t s  of Hodgson 

and C leye t (1989). We no te  the  good num erica l agreement w ith  

Hodgson 's work*^105  ̂ and the  agreement between the s lope  of 

Hodgson's Curve and the  average s lope  of the  curve in  the 

p re s e n t  work.' S chu le r  ( 1986) o b ta in s  v a lu e s  which a re  about 

tw ice  th o se  shown h e re .  However^Hodgson c laim s th a t  S c h u le r 's  

v a lu e s  o f  c o n d u c t iv i ty  need some r e v i s io n  and t h i s  p o in t  has 

been conceded by S c h u le r .  To com plicate  the  s i t u a t i o n  we no te  

t h a t  r e c e n t  r e s u l t s  ob ta ined  by P e t ra k ia n  (1972) appear to  be 

i n  good agreement w ith  the  u n t r e a te d  r e s u l t s  of Schuler!  I t  

i s  i n t e r e s t i n g  to  no te  a t  t h i s  s tag e  t h a t  the  no rm al-incidence  

d a ta  used by Hodgson to  compare h is  r e s u l t s  w ith  S c h u le r 's  may 

be i n s e n s i t i v e  to  the  d i f f e r e n c e s  in  f i lm  c o n d i t io n s  which 

produce changes in  o p t i c a l  c o n s ta n ts .  The q u a n t i t i e s  (n*" -  )

i n  t h i s  work a l s o  agree  w e l l  n u m erica l ly  w ith  those  ob ta ined
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by Hodgson. A part from the good g e n e ra l  agreement between the  

r e s u l t s  of Hodgson and the  p re s e n t  work, we n o t ic e  t h a t  the  

curves  o b ta ined  here  c o n ta in  a  c o n s id e ra b le  amount o f  s t r u c tu r e  

n o t  p re v io u s ly  observed . Other exper im en ters  have g e n e ra l ly  

c a r r i e d  ou t t h e i r  experim ents  over a w ider energy range than  

h e re ,  and they  have d e te c te d  broad g ro ss  f e a tu r e s  in  the  o p t i c a l  

c o n d u c t iv i ty  cu rv e s .  S chu le r  o b ta in s  an e s s e n t i a l l y  f l a t  curve 

between 2 and 5 eV, w h i l s t  P e t r a k i a n 's  curve has a p o s i t iv e  s lope  

from 2 to  about 2 .6  eV. This i s  obv ious ly  in  d isagreem ent w ith  

the  p re s e n t  work and Hodgson’s work. A ll  the  r e l e v a n t  s e t s  of 

d a ta  a re  shown in  F igure  39* For t h i s  f ig u r e  the  g e n e ra l  l e v e l s  

o f  the  curves  have been a d ju s te d  so t h a t  they  can be shovm on 

the same diagram . The agreement ob ta in ed  here  w ith  Hodgson’s 

work i s  most welcome when we c o n s id e r  the  d isagreem ent between 

p rev io u s  s e t s  o f  d a ta  in  the  range 2 -  3 eV. In  f ig u r e  35a 

i t  w i l l  be n o t ic e d  t h a t  th e re  i s  the  p o s s i b i l i t y  of s t r u c tu r e

a t  2.15  eV, The assignm ent o f  a  peak a t  t h i s  energy would be

somewhat t e n t a t i v e  s in ce  s t r u c t u r e  was n o t  always observed a t  

t h i s  energy . Peaks a t  1.95» 2 . 5O and 2.75 sV were found in  a  

m a jo r i ty  of f i lm s  measured, w ith  only s l i g h t  v a r i a t i o n s  in

p o s i t io n  ( -  0.03  eV). The f a c t  t h a t  s t r u c t u r e  occurs f o r

a l l  the  f i lm s  measured a llow s one to  say w ith  confidence t h a t  

s e n s i t i v e  d e te rm in a t io n s  of the  o p t i c a l  c o n s ta n ts  of gadolinium  

on c lea n  samples y i e ld s  in fo rm atio n  n o t  y e t  ob ta ined  by o th e r  

methods. I t  i s  d i f f i c u l t  a t  t h i s  s tag e  to  d i s t i n g u i s h  between 

the  d i f f e r e n c e s  in  the  observed o p t i c a l  c o n s ta n ts  due to
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d i f f e r i n g  methods o f  measurement, and d i f f e r e n c e s  due to  

d i s s i m i l a r  specimen s u r f a c e s .  C e r ta in ly  we would expect 

v a r i a t i o n s  in  the  f i lm s  prepared  hy d i f f e r e n t  ob se rv ers  because 

of the  d i f f e r e n t  methods of p r e p a r a t io n .  Schu ler  s t a t e s  t h a t  

h i s  f i lm s  were prepared  in  u l t r a - h i g h  vacuum and h is  d e te rm in a tio n  

o f  k r e q u i r e s  a d e te rm in a t io n  of the  v a r i a t i o n  in  t ra n sm iss io n  

w ith  f i lm  th ic k n e ss  a t  each w avelength . This seems an ex trem ely  

te d io u s  method of d e te rm in in g  k , and the  whole procedure whereby 

a l a y e r  i s  d e p o s i te d ,  the  o p t i c a l  p r o p e r t i e s  measured and then 

an o th e r  l a y e r  grown seems to  w arran t c a r e f u l  s tu d y . P e tra k ia n  

makes much of the  f a c t  t h a t  h i s  f i lm s  were grown in  s t a t i c  

u l t r a - h i g h  vacuum-v. 5 x 10 • However, i t  i s  to  be in f e r r e d

from h is  paper t h a t  the  p re s su re  r i s e  du rin g  e v ap o ra t io n  was

'Y . Also i t  must be noted  t h a t  P e t r a k ia n  used r e l a t i v e l y  

i n s e n s i t i v e  normal in c id en ce  methods f o r  th e  d e te rm in a t io n  of 

o p t i c a l  c o n s ta n t s .  Hodgson used the  g l a s s - f i lm  in t e r f a c e  

of a specimen prepared  on a g la s s  prism  f o r  p o la r im e t r ic  

d e te rm in a t io n s  of o p t i c a l  c o n s ta n ts .  I t  i s  f e l t  t h a t  t h i s  techn ique  

a l s o  needs c a r e f u l  exam ination  to  determ ine  w hether the  g l a s s -  

f i lm  in t e r f a c e  y i e ld s  p r o p e r t i e s  t y p i c a l  o f  the  b u lk  m e ta l .  

F urtherm ore , the  e f f e c t s  of th e  subsequent h e a t in g  used by Hodgson f o r  

red u c in g  r e s id u a l  r e s i s t i v i t y  a re  unknown, and might be im portan t 

s in ce  the  s u r fa c e  a c t u a l l y  used f o r  measurements w i l l  be s u b je c t  

to  s t r a i n  due to  the  d i f f e r e n t i a l  expansion between the  g la s s  

I  and the  f i lm .  I t  i s  f u r t h e r  to  be noted th a t  con tam ination  

o f the  measured su r fa c e  may occur from the  e v o lu t io n
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of gas m olecules from the g la s s  du ring  h e a t in g .  I t  i s  f e l t  

t h a t  because o f the  improved p re p a ra t io n  and measurement techn iques  

t h a t  the  r e s u l t s  ob ta ined  in  t h i s  work a re  p robably  the  b e s t  

ob ta in ed  to  d a te  and should be i n t e r p r e t a b l e  in  terms of the  

t h e o r e t i c a l  r e s u l t s  which have been c a lc u la te d  f o r  gadolin ium .

6 . 9 . T h e o re t ic a l  I n t e r p r e t a t i o n  of the  O p tic a l  C onductiv ity
Curve of Gadolinium

As s t a t e d  in  Chapter I ,  the  o p t i c a l  c o n d u c t iv i ty  

d i s p e r s io n  curve f o r  v i s i b l e  wavelengths should  be in t e r p r e t a b l e  

in  terms of the  energy band s t r u c t u r e  diagram. Band s t r u c tu r e  

c a l c u l a t i o n s  have been performed by Dimmock and Freeman ( 1964) .  

S e v e ra l  d i f f e r e n t  s t a r t i n g  p o t e n t i a l s  have been subsequen tly  

t r i e d  (Dimmock e t  a l  ( 1966) )  and the  r e s u l t s  found to  be g e n e r a l ly  

s i m i l a r .  T yp ica l o f  the  s t a r t i n g  p o t e n t i a l s  used i s  one c a lc u la te d  

f o r  th e  f r e e  atom c o n f ig u ra t io n  4f^  6s^ 5d̂ '  ̂ . The c a lc u la t io n s  

have so f a r  been n o n - r e l a t i v i s t i c  and have used an augmented p lane  

wave method, f i r s t  d e sc r ib e d  by S l a t e r  The r e s u l t s  of

Dimmock and Freeman a re  shown in  F igure  40a and F igure  40b shows 

the  a p p r o p r ia t e ly  la b e l l e d  1 s t  B r i l l o u i n  zone of the  hexagonal 

c lo se -p ack ed  c r y s t a l  l a t t i c e .  Each band i s  l a b e l l e d  acco rd in g  to  

the  i r r e d u c ib l e  r e p r e s e n t a t i o n  acco rd ing  to  which the  e ig e n fu n c t io n s ,  

which g e n e ra te  the  e ig e n -v a lu e s ,  tran s fo rm .

S ta te d  d i f f e r e n t l y ,  the  C ry s ta l  symmetry l i m i t s  the  type 

o f  wave fu n c t io n  which s a t i s f i e s  the  Schroed inger eq u a tio n  f o r  an 

e l e c t r o n  moving in  a  p o t e n t i a l  having  the  symmetry of the  c r y s t a l
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R ad ia t io n  Allowed A ssoc ia ted
Symmetry P o in t  D ire c t io n  T r a n s i t io n  Energy eV

X, y —>-K 2.045

K z 5.17

X, y -»K ^ 2.24

M z M't’ 2,79

y ' 1.755

X  2.045

y - - 2.585

z -  M" 2.95

L X -» L 2.48

y , z D̂  -m L , 2.44

A X ,  y Â  A^ 5.185

z Â  *r»A^ 2.84

H X ,  y H, , 2.56

2.44

TABLE 7

I '
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l a t t i c e .  The l a b e l s  in  F igure  40a i d e n t i f y  the  d i f f e r e n t  types 

o f  wave fu n c t io n .  From 40a we see t h a t  the  hands a re  f l a t ,

( i . e .  o f  zero  s lo p e )  and th e re fo re  p a r a l l e l  a t  symmetry in te rh an d  

p o in ts  such as P  » K, M and A. Thus, we might expec t s t r u c tu r e  

to  occur in  the  c o n d u c t iv i ty  curve a t  e n e rg ie s  co rrespond ing  to  

the  energy d i f f e r e n c e  between hands s i t u a t e d  above and below th e  

F e rm i - le v e l .  However, th e re  a re  a d d i t i o n a l  s e l e c t io n  r u l e s  which 

have to  be c o n s id e re d .  These depend on the symmetries of the  i n i t i a l  

and f i n a l  s t a t e s  to g e th e r  w ith  the  o r i e n t a t i o n  of the  e l e c t r i c  

v e c to r  of the  in c id e n t  l i g h t  wave w ith  r e s p e c t  to  the  r e c ip r o c a l  

l a t t i c e .  The c a l c u l a t i o n  o f  th e se  s e l e c t i o n  r u l e s  i s  a  somewhat 

len g th y  t h e o r e t i c a l  e x e rc is e  and has been c a r r i e d  out f o r  the  

h . c . p .  l a t t i c e  by P e t r a k ia n  (1972), These r u l e s  a re  g iven  in  

Table 7 and we n o te  t h a t  they  may be changed by the  pre-Ç ence 

of s p i n - o r b i t  c o u p lin g .  We a l s o  note  t h a t  the  r u le s  g iven  by 

S ch u le r  a re  thought to  be in c o r r e c t  as a re  th e  e n e rg ie s  read  

from the  band s t r u c t u r e  diagram b} S ch u le r .  I n  view of the  

c o n f l i c t i n g  views on the b e s t  t h e o r e t i c a l  approach f o r  the  

i n t e r p r e t a t i o n  of o p t i c a l  d a ta  in  terms o f the  band s t r u c tu r e  

c a l c u l a t i o n s ,  i t  was decided  to  adopt the  fo l lo w in g  s im p l i f ie d  

procedure

I t  was assumed t h a t  a l l  a llowed t r a n s i t i o n s  were e q u a l ly  p ro b a b le  ■ 

and the  in te rb a n d  o p t i c a l  a b so rp t io n  a t  a  photon energy E was 

p ro p o r t io n a l  to  the  number o f  allowed t r a n s i t i o n s  in  the  range 

E - £E. Using t h i s  assum ption w ith  E s e t  in  s te p s  of 0.1 eV
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*nd S e  » 0.05  eV F igure  55b was o b ta in e d .  C le a r ly  the  peak 

p o s i t io n s  deduced t h i s  way have, a s s o c ia te d  w ith  them an 

u n c e r t a in ty  of -  0.05 eV. The f i r s t  th in g  we n o t ic e  i s  the  

s u r p r i s i n g l y  good matching between the  peak p o s i t io n s  and those  

in  the  exp er im en ta l cu rve . The peak a t  Û.0 eV can be a s s o c ia te d  

w ith  the  observed s t r u c t u r e  n e a r  1.95 eV and t h i s  can be a ss igned  

a s i -

and M- -̂------ *— M ^

The peak a t  2 .2  eV corresponds to  the s t r u c t u r e  f r e q u e n t ly  

observed a t  2.15  eV and t h i s  may be w r i t t e n  a s i -

K ç -------

T h e o r e t ic a l ly  e s t im a ted  s t r u c t u r e  between 2 .4  and 2 .6  eV i s  

c l e a r l y  seen in  the  ex p er im en ta l  curve and may be a ss igned  to  the  

fo l lo w in g  group of t r a n s i t i o n s : -

r+Ma V

L,  V- L| (n o t  shown on diagram)

H, (n o t  shown on diagram)

L ,  **— (n o t  shown on diagram)

H ,----- ^  H, (n o t  shown on diagram)

(a  more complete diagram i s  g iven  by Dimmock e t  a l  ( 1966) ) .

The observed peak a t  2.75 eV corresponds f a i r l y  w e l l  w ith  the 

e s t im a te d  curve a t  2 .80  eV and may be ass ig n ed  t o ; -

^

A ,----- W .A ,

The ex p er im en ta l  curve a l s o  shows a  peak near  5.1 eV, which a lso
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ag rees  w e l l  w ith  the  t h e o r e t i c a l l y  p re d ic te d  peak n e a r  5.1 eV 

which i s  a ss ig n ed  t o : -

K ^ K  2̂

Thus we see t h a t  the  s t r u c tu r e  in  the  o p t i c a l  c o n d u c t iv i ty  curve 

can he exp la in ed  e n t i r e l y  in  terms of d i r e c t  k -co n serv in g  

t r a n s i t i o n s  a t  symmetry in te rh an d  p o in ts  in  the  f i r s t  B r i l l o u i n  

zone. At t h i s  s tag e  we can o f f e r  a t e n t a t i v e  ex p lan a t io n  f o r  

the  s l i g h t  energy v a r i a t i o n  in  the  peaks observed in  d i f f e r e n t  

sam ples. As s t a t e d  above, the  o p t i c a l  s e l e c t i o n  r u l e s  depend 

on the o r i e n t a t i o n  of the  e l e c t r i c  v e c to r  of the  in c id e n t  l i g h t  

wave w ith  r e s p e c t  to  the  c r y s t a l  l a t t i c e ,  we a l s o  no te  t h a t  the 

a n a ly s i s  of (6 .7 )  showed a p re fe r re d  o r i e n t a t i o n  of the  c r y s t a l l i t e s  

in  the  f i lm .  Thus the  s t r e n g th  of observed t r a n s i t i o n s  w i l l  depend 

on the  type and degree o f  o r i e n t a t i o n  in  the  f i lm .  I f  we reg a rd  

the  in te rb a n d  o p t i c a l  c o n d u c t iv i ty  a t  any energy p o in t  as  the 

sum of in te rb a n d  c o n t r ib u t io n s  c e n tred  ih  the  neighbourhood 

o f t h a t  p o in t ,  then  the  r e s u l t a n t  peak p o s i t io n s  w i l l  va ry  w ith  

the  type and degree o f  o r i e n t a t i o n  of the  c r y s t a l l i t e s  in  the  

f i l m .  I f  then , the  p re fe r r e d  o r i e n t a t i o n s  in  the  o therw ise  

p o ly c r y s t a l l i n e  randomly o r i e n ta te d  f i lm  v a ry  from sample to  

sample the  sm all s h i f t s  observed in  the  peaks a re  to  be expec ted . 

This i n t e r p r e t a t i o n  d i f f e r s  from t h a t  g iven by P e tra k ia n  and 

S chu le r  who b o th  i n t e r p r e t  t h e i r  curves by assuming th a t  the  

la rg e  peak in  the  v i s i b l e  i s  due to  an average e f f e c t  due to  a l l  

in te rb a n d  t r a n s i t i o n s .  Thus P e tra k ia n  averages  the  e n e rg ie s  a t
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which allow ed t r a n s i t i o n s  occur and a r r i v e s  a t  a  maximum in  the  

o p t i c a l  c o n d u c t iv i ty  curve a t  3.1 eV which i s  some 0 .3  eV h ig h e r  

than  h i s  observed maximum.

The above model, based  on in te rb a n d  t r a n s i t i o n s ,  would 

appear to  g e n e r a l ly  account f o r  the  p o s i t io n s  of the  peaks in  

the  o p t i c a l  c o n d u c t iv i ty  cu rv e .  I t  i s  n e c e s sa ry ,  in  a d d i t io n ,  to  

account f o r  the  g e n e ra l  tren d  o f  the  curve i . e .  i t s  o v e r a l l  

n e g a t iv e  s lo p e .  T h e re 'a re  s e v e ra l  p o s s ib le  i n t e r p r e t a t i o n s .

As s t a t e d  in  Chapter I  the  o v e r a l l  background, upon which the  

above in te rb a n d  t r a n s i t i o n s  a re  superimposed, may be due to  

no n -k -co n serv in g  t r a n s i t i o n s .  A l t e r n a t iv e ly ,  th e  g e n e ra l  

s lo p e  of the  curve could be sim ply due to  a  sy s te m a tic  v a r i a t i o n  

in  the  r e l a t i v e  s t r e n g th s  o f  the  observed in te rb a n d  t r a n s i t i o n s  

(a l lo w in g  f o r  f i n i t e  l i n e  w id th s ) .  A f u r t h e r  p o s s i b i l i t y  i s  

t h a t  f r e e  c a r r i e r  a b so rp t io n  dom inates, however, an Argand 

p l o t  o f  (n^ -  k^ ) ag a in s  nkv does n o t  y i e l d  a s t r a i g h t  l i n e  

and t h i s  p ro cess  does n o t  seem l i k e l y .  In  a d d i t io n ,  a l l  o th e r  

workers have found an a b so rp t io n  edge n e a r  0 .8  eV, and f r e e -  

c a r r i e r  a b so rp t io n  must c o n t r ib u te  l e s s  in  the  v i s i b l e  than i t  

does a t  the  base  of t h i s  edge.

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

g iven  h e re  would be in  terms of t r a n s i t i o n s  from the  4 f  l e v e l  

to  s t a t e s  j u s t  above the  F e rm i- le v e l .  Such t r a n s i t i o n s  would 

appear as sharp  a b so rp t io n  edges, j u s t  as observed e .g .  a t  

2 .75 eV in  F igure  55a. However the  photo -em iss ion  s tu d ie s  of
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^\o<àgett e t  a l  (1966) in d ic a te  th a t t r a n s it io n  from the 4 f le v e ls  

si Mild n ot occur in  the energy range o f  the p resen t experim ents. A lso  

B lo d g e tt  e t  a l  base much o f  th e ir  in te r p r e ta t io n  on th e assumption  

th a t non-k-conserving  tr a n s it io n s  are im portant. For th ese  reasons  

we are drawn to  our assum ption made in  Chapter I th a t  th e  main 

t r a n s it io n s  co n tr ib u tin g  to  the co n d u ctiv ity  curve are n o n -d irec t  

and a d d it io n a l s tr u c tu r e  i s  due to  a llow ed tr a n s it io n s  a t  symmetry 

in terband  p o in ts .  C onsideration  o f  the d en s ity  o f  s ta t e s  histogram  

obtained  by Dimmock and Freeman by sampling the eq u iv a len t o f  192 

p o in ts  throughout the B r illo u in  zone adds w eigh t to  th is  in te r p r e ta t io n .  

The d e n s ity  o f  s t a t e s  h istogram  i s  shown in  F igure 41. I f  the  

energy from the F er m i-lev e l to  the f i r s t  maximum in  the d en sity  o f  

s ta t e s  i s  measured we ob ta in  a p red ic ted  maximum a t  1 .5  eV. There 

i s  a maximum in  the curve ob ta in ed  by Hodgson a t  1 .55  eV. This 

agreement i s  e x c e l le n t  and s in c e  the r e s u lt s  ob ta ined  here agree as 

to  g en era l shape above 2 eV, i t  i s  l ik e ly  th a t  th is  agreement would 

p e r s i s t  and th a t  the same_maximum would be ob ta in ed . This c le a r ly  

im p lie s  th a t  the background may be d escr ib ed  in  terms o f  non-k- 

con serv in g  t r a n s it io n s .

6 .1 0  Further Data on Gadolinium

At th is  s ta g e , because o f  the importance o f  the observed  

s tr u c tu r e , i t  i s  d e s ir a b le  to  p resen t some fu rth er  o p t ic a l  

c o n d u ctiv ity  cu rves. These are shown in  F igure 42. These r e s u lt s  

were taken u sin g  a lower energy r e so lu tio n  and ch r o n o lo g ic a lly  th ese  

were the f i r s t  curves measured fo r  gadolin ium . The stru ctu re
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n e a r  1 ,9  eV i s  c l e a r l y  e v id e n t ,  as  i s  the  2.45 eV. There i s  

a l s o  s t r u c t u r e  n e a r  2 .8  eV. The s t r u c t u r e  between 2.1 and 2 .3  eV 

i s  n o t  p re s e n t  in  a l l  the  curVes. C le a r ly  from t h i s  d a ta  we 

have evidence f o r  s t r u c tu r e  in  the  o p t i c a l  c o n d u c t iv i ty  curve 

of gado lin ium . These s e t s  of d a ta  provided the motive f o r  

the  h ig h e r  energy r e s o lu t io n  s tudy  d e sc r ib ed  p re v io u s ly  and 

we see t h a t  such r e s o lu t io n  i s  needed to  lo c a te  the  s t r u c tu r e s  

p r e c i s e ly .  The measurements by o th e r  workers on gadolin ium  

were w ith  l a r g e r  energy s te p s  ^ o . 2  eV, From the  d a ta  p resen ted  

we can be f a i r l y  su re  t h a t  measured on the  ap p a ra tu s  d e sc r ib e d ,  

gadolin ium  f i lm s  show s t r u c t u r e  in  t h e i r  o p t i c a l  c o n d u c t iv i ty  

c u rv e s .  In  o rd e r  to  reduce the  l ik e l ih o o d  o f sy s tem a tic  e r r o r s  

p a ss in g  u n n o tic e d ,  the  f i lm s  were removed from the UHV system 

and p laced  in  an evacuated  g la s s  c e l l .  These f i lm s  were then 

measured by e i t h e r  Taylor (1972) or Hasan (U npublished),

These workers used the r e f l e c t io n  c o e f f i c i e h t  method d escr ib ed  

in  Chapter I I .  A d if f e r e n t  wave le n g th  f i l t e r  and p o la r iz e r  

Y/as used by them and in  a d d it io n  some sam ples were measured in  

a ir ,  thus rem oving the p o s s i b i l i t y  o f  sp uriou s s tr u c tu r e  due 

to  a b so rp tio n s  by the g la s s  c e l l .  F igure 4 3  shows the r e s u l t s  

o f  T aylor on a f i lm  which was measured w ith in  6 hours o f  removal 

from the vacuum system . C le a r ly , th ere  i s  ev idence o f  s tr u c tu r e  

in  the curve and the p o s it io n s  correspond f a i r l y  w e ll  w ith  th ose  

observed in  t h i s  work. Thus as fa r  as the measurements are  

concerned , i t  can be s ta te d  th a t the peaks observed in  the o p t ic a l
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c o n d u c t iv i ty  curve a re  n o t l i k e l y  to  be caused by sy s tem a tic  

e r r o r s  in  the  m easuring a p p a ra tu s ,  ( t h i s  i s  f u r t h e r  confirmed 

by the work of Chapter V I I l ) .  Thus the  only l i k e l y  e r r o r s  w i l l  

be due to  poor groWth c o n d i t io n s  and, as d e sc r ib ed  above, g re a t  

c a re  has been taken  to  produce pure gadolin ium  f i lm s ,

6,11 The O p t ic a l  P r o p e r t i e s  of Terbium

Following the  s tu d ie s  on gadolinium  i t  was decided to  

i n v e s t i g a t e  te rb ium , t h i s  b e in g  the  n ex t  elem ent in  the  r a r e  

e a r t h  s e r i e s .  There were s e v e ra l  reasons  f o r  t h i s .  As s t a t e d  

in  6 , 1 , ,  the  o u te r  e l e c t r o n  c o n f ig u ra t io n  f o r  terb ium  and 

gadolin ium  may be w r i t t e n

4f^ 6s^ Gadolinium

4f*  ̂ 58^ 5p  ̂ 5d'"^6s^ Terbium

However, th e se  assignm ents  a re  by no means c e r t a i n  and s e v e ra l  

o th e r  c o n f ig u ra t io n s  a re  p o s s ib le .  Gadolinium f o r  example may 

have an o u te r  e l e c t r o n  c o n f ig u ra t io n  as  fo l lo w s

4f^ 5p  ̂ *

I f  t h i s  i s  the  case  and the  terb ium  c o n f ig u ra t io n  i s  as 

w r i t t e n  th en  the  only d i f f e r e n c e  between the  e l e c t r o n i c  

c o n f ig u ra t io n s  of the  two elem ents i s  in  the  4 f  l e v e l .  Since 

the  4 f  l e v e l  i s  deep ly  b u r ie d  w i th in  the  r a r e  gas core  we 

would n o t expec t any la rg e  d i f f e r e n c e s  between the  o p t i c a l  

p r o p e r t i e s  of the  two m eta ls  i f ,  however, the  a d d i t io n a l  

e l e c t r o n  f o r  te rb ium  goes i n to  the  s h e l l ,  the  e n e rg ie s  

o f  which a re  n e a r  the  F e rm i - le v e l , th e n  we might expect co n s id e ra b le
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d iffe ren ce^ b e tw een  the  two e lem en ts . Thus i t  i s  of t h e o r e t i c a l  

i n t e r e s t  to  compare the  o p t i c a l  p r o p e r t i e s  of the  two m e ta ls .

I n  a d d i t io n ,  s in ce  the  e lem ents  a re  n ex t to  each o th e r  in  the  

p e r io d ic  t a b l e ,  we might expec t the  th eo ry  which worked w e ll  f o r  

the  p r e d ic t io n  of peak p o s i t io n s  f o r  gadolin ium  would work f o r  

te rb ium . Band s t r u c t u r e  c a l c u l a t i o n s  f o r  terbium  have r e c e n t ly  

become a v a i l a b le  (Jackson  19^9 ) and we should t h e r e f o r e ,  be in  

a  p o s i t io n  to  app ly  an a n a ly s i s  to  any terbium  r e s u l t s .

E xperim enta l d a ta  on terb ium  a lm ost non-exis-tf^nt, Schu le r  

and P e t r a k ia n  in  t h e i r  work on gadolin ium  claim  to  have ob ta ined  

d a ta  on terb ium  b u t  t h i s  has n o t been p u b l ish e d ,  T aylor (1972) 

o b ta ined  some p re l im in a ry  r e s u l t s  f o r  terb ium , however, the  

growth c o n d i t io n s  used by him were poor and i t  i s  thought t h a t

h i s  f i lm s  may have had a c o n s id e ra b le  oxide c o n te n t ,

6 ,12 P r e p a ra t io n  of Terbium Films

The te rb ium  f i lm s  were grown under c o n d i t io n s  s im i la r  

to  those  d e sc r ib e d  in  ( 6 , 2 , ) ,  The r e s u l t s  f o r  a  f a i r l y  t y p i c a l  

f i lm  a re  g iven  h ere  and the  specimen r e p r o d u c i b i l i t y  i s  d iscu ssed  

below,
-II

The base  p re s su re  o f  the  system was measured as <  6 x 10 T'

The mass spectrum  aga in  showed two main peaks one a t  mass number

18 ( H ^ )  and one a t  28 (CO.), The f i lm  was p repared  from a 

pure sample of terb ium  su p p lied  by Rare E a r th  P roducts  L td , A 

th ic k n e ss  ^v1400Î was o b ta ined  by p a ss in g  a c u r r e n t  o f  50 Amps 

f o r  2 m inu ts ,  d u r in g  which time the  p re s su re  in  the  system remained
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a t  5 X 10 The f i lm  was produced in  one ev ap o ra t io n

and the  system re tu rn e d  to  i t s  base  p re s su re  in  < 5 0  seconds,

6,15 Specimen R e p r o d u c ib i l i ty  f o r  Terbium Films

In  a l l  ten  f i lm s  o f terb ium  were grown. Again f iv e  

s e t s  of r e s u l t s  were d isca rd ed  because th e se  had been grown 

over p la tinum  c o n ta c t s .  Of the  rem aining f iv e  s e t s  of d a ta  

fo u r  s e t s  showed s t r u c t u r a l  s i m i l a r i t i e s .  The rem aining  

f i lm  was e x c e p t io n a l  and when v i s u a l l y  examined i t  had a 

contam inated  appearance ,

6.14  R e s u l ts  on Terbium

The r e f l e c t i o n  r a t i o  method was aga in  used f o r  ang les  

of in c id en ce  o f  75^ and 69° ,  The observed r e f l e c t a n c e  r a t i o s  

a re  shown in  F ig u res  44 and 45- The v a lu e s  of n and k d e rived  

from th e se  r a t i o s  a re  shown in  f ig u r e s  46 and 47*

6.15  The O p t ic a l  C o n d u c t iv i ty  Curve f o r  Terbium

The o p t i c a l  c o n d u c t iv i ty  d is p e r s io n  curve f o r  te rb ium  

i s  shown in  F igure  48a ,  A peak n e a r  1 ,9  eV i s  e v id en t  and 

t h i s  was fonnd to  va ry  in  p o s i t io n  from sample to  sample by 

0,05  eV, Another peak i s  e v id en t  a t  2 ,2  eV and the  energy 

v a r i a t i o n  of t h i s  peak i s  ag a in  found to  b e l  0,05 eV, The 

peak n ea r  2,45 eV did  n o t  v a ry  in  p o s i t io n  and was c l e a r l y  

ev id e n t  in  a l l  samples measured. S t r u c tu re  can only  be a ss igned
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t e n t a t i v e l y  a t  the  energy 2 .9  eV. There was, in  most f i lm s  

measured, some evidence f o r  s t r u c t u r e  in  the  range 2 ,7  -  2 ,9  eV, 

An X-ray a n a ly s i s  of the  f i lm  was d i f f i c u l t  owing to  the  sm all 

th ic k n e ss  o f  the  specimen, b u t  i t  could be rea so n ab ly  concluded 

from the  poor d i f f r a c t i o n  d a ta  t h a t  the  s t r u c t u r e  was h , c . p .  w ith  

the  c o r r e c t  c / a  r a t i o  and p o ly -  c r y s t a l l i n e  w ith  some degree of 

f i b r e  o r i e n t a t i o n .

6.16 T h e o re t ic a l  I n t e r p r e t a t i o n  of the  O p t ic a l  C onductiv ity  
Curve of Terbium.

Figure  49a shows the  energy-bands of te rb ium  c a lc u la te d  

by Jackson  (19&9) who used a r e l a t i v i s t i c  augmented-plane wave 

approach . The atomic c o n f ig u ra t io n  used to  g e n e ra te  the  

s t a r t i n g  p o t e n t i a l  w as:-

Xe ( l s - 4 d )  4f^̂  5s^ 5p ^

I t  has aga in  been found t h a t  the  c a lc u la te d  energy bands 

do n o t  v a ry  too much w ith  s t a r t i n g  p o t e n t i a l  (Keeton and Louks 

1968) ,  I t  w i l l  be n o t ic e d  t h a t  the  bands a re  n o t  l a b e l l e d  as 

they  a re  in  F igure  40a, The rea so n s  f o r  t h i s  a re  a s s o c ia te d  

w ith  modern methods of band s t r u c tu r e  c a l c u l a t i o n s .  The 

symmetry p r o p e r t i e s  of the  e ig e n fu n c t io n s  a re  u s u a l ly  determined 

by o b se rv a t io n  of the  computer o u t -p u t ,  o r  a l t e r n a t i v e l y  

l a b e l l i n g  can be achieved from group t h e o r e t i c a l  c o n s id e ra t io n s  

u s in g  observed degen e rac ies  a t  symmetry in te r -b a n d  p o in ty .
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I n  a r e l a t i v i s t i c  c a lc u la t io n  such as the  one d iscu ssed  here  

the  d eg en e rac ies  a re  removed hy the  p resence of s p i n - o r h i t  co u p ling , 

th e r e f o r e  t h i s  approach i s  u n te n a b le .  In  o rd e r  to  l a b e l  the  

diagram i t  would th e r e f o r e  be n ece ssa ry  to  use the  o r i g i n a l  

programme to  determ ine the  a p p ro p r ia te  symmetries and t h i s  

would be an ex trem ely  long procedure r e q u i r in g  c o n s id e ra b le  

e x p e r t i s e  in  group th e o ry .  Obviously a few p o in ts  could be 

la b e l l e d  by d i r e c t  comparison w ith  the  diagrams f o r  gadolin ium . 

However, we n o te  t h a t  n o t many t r a n s i t i o n s  in  th e  range 1 . 8 -Y-$.1 eV 

a re  excluded f o r  gadolin ium  by the  s e l e c t i o n  r u l e s  g iven in  

Table ( ? ) •  In  the  absence of l a b e l l i n g ,  we w i l l  d is re g a rd  

the  s e l e c t i o n  r u l e s  and deduce f ig u r e  48b, co rrespond ing  to  

f ig u r e  40b f o r  gadolin ium . The energy d i f f e r e n c e s  between 

bands above and below the  F e rm i- le v e l  a t  symmetry in te rb an d  

p o in ts  a re  l i s t e d  below. These were taken  from the  o u t-p u t  

o f  J a c k s o n ’s programme r a t h e r  than a d i r e c t  measurement from 

th e  diagram.

Symmetry P o in t  Energy Gan A E

M 1.836
2.992
2 .788
2.380
2 .788

K 2.230
2.462
1.754  
1.986  '

2.924
1.822
I . 9I 8
2.856
1.714
2.652
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Symmetry P o in t  Energy Gap & E

A No t r a n s i t i o n s  w ith in  range o f
measurements,

L 1.938
(This l e v e l  i s  a ss ig n ed  a s t r e n g th  

4 because  b o th  the  upper and 
lower l e v e l s  a re  doubly 
deg en e ra te )

H 3.046
3,005
2,965

p  No t r a n s i t i o n s  in  t h i s  ran g e .

The e s t im a ted  peaks a re  shown in  f ig u r e  48b, We see immediately 

t h a t  the  e s t im a te d  peak p o s i t io n s  a re  s im i la r  to  the  e s t im a ted  

p o s i t io n s  f o r  gadolin ium . Again the  agreement between experim ent 1 

and th eo ry  i s  good. In  the  t h e o r e t i c a l  diagrams the  low energy 

peak f o r  te rb ium  i s  s h i f t e d  to  lower e n e rg ie s  by 0,1 eV 

and t h i s  ag rees  w e ll  w ith  the  observed s h i f t s  in  the  ex p er im en ta l  

c u rv e s .  The peak a t  2 .2  eV i s  due to  a t r a n s i t i o n  a t  the  K 

symmetry p o in t ,  as  i t  was f o r  gado lin ium . The peak a t  2,45 eV 

i s  due to  a t r a n s i t i o n  a t  the  M symmetry p o in t .  From the  

t h e o r e t i c a l  diagram , we would expec t the  h igh  energy peak 

to  move to  h ig h e r  e n e rg ie s  f o r  te rb ium . This i s  indeed observed 

f o r  the  f i lm  measured here  b u t  in  g e n e r a l ,  as s t a t e d ,  the  s t r u c t u r e  

n e a r  t h i s  energy i s  u n c e r t a in .  Thus,we have ve ry  good agreement 

between experim ent and th eo ry  b o th  f o r  the  in d iv id u a l  curves and 

f o r  the  p re d ic te d  s h i f t  in  peak p o s i t io n s  a t  the  low energy

end of the  spectrum . F igure  50 shows an Argand p lo t  of nky a g a in s t



Figure  50,
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(n^ -  ) and t h i s  i s  c l e a r l y  a good s t r a i g h t  l i n e  and the

r e s u l t s  might he i n t e r p r é t a b l e  in  terms of an o v e r a l l  back-ground 

of f r e e  c a r r i e r  a b so rp t io n .  However, one i s  r e l u c t a n t  to  

i n t e r p r e t  th e  o p t i c a l  p r o p e r t i e s  of the  two m eta ls  d i f f e r e n t l y .  

F igure  49b shows the  d e n s i ty  of s t a t e s  h is tog ram  f o r  te rb ium .

I f  the  main peak p o s i t io n  i s  e s t im a ted  f o r  terbium  as i t  was 

f o r  gadolin ium  we o b ta in  1 .4  eV which i s  c o n s i s t a n t  w ith  the  

s l i g h t  d ecrease  in  s lope  on going from gadolin ium  to  te rb ium . 

Because of the  s i m i l a r i t y  between the  two o p t i c a l  c o n d u c t iv i ty  

curves  i t  i s  p o s s ib le  t h a t  the  d i f f e r e n c e  in  the  e l e c t r o n i c  

c o n f ig u ra t io n s  of the  two elem ents  i s  in  the  4 f  l e v e l .

This could be achieved in  s e v e r a l  ways, f o r  example 

4 f   ̂ 5s^  5p ** 6s^ (Gadolinium)

4f*  ̂ 5 s^  5p ** 6 s ^  (Terbium)

or

4f^  5s^ 5p  ̂ 5^' 6s"̂  (Gadolinium)

4f^  5s'* 5p^ 5d' 6s^ (Terbium)

6.17 F u r th e r  Bata on Terbium

I t  was ag a in  thought n e ce ssa ry  to  p re s e n t  f u r t h e r  d a ta  

on terb ium  to  add c r e d i b i l i t y  to  the  observed s t r u c t u r e  in  the  

o p t i c a l  c o n d u c t iv i ty  c u rv es .  F igure  51 shows a d d i t io n a l  o p t i c a l  

c o n d u c t iv i ty  c u rv es .  The g e n e ra l  l e v e l  of agreement between the  

curves  i s  n o t  as good as i t  was f o r  gadolin ium , however, t h i s  

might be expected s in ce  terb ium  i s  known to  be more chem ica lly
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r e a c t iv e  than gadolin ium . The curves showh here  a re  c o n s i s t a n t  

w ith  the c o n d u c t iv i ty  curve d iscu ssed  in  ( 6 . 15) w ith  the  

ex cep tio n  of the  behav iour above 2 .6  eV. C le a r ly  the  assignm ent 

o f a peak a t  h igh  e n e rg ie s  i s  t e n t a t i v e .  The poor r e p r o d u c i b i l i t y  

a t  the  b lue  end o f the  spectrum i s  n o t  w e ll  und e rs to o d . 

T e n ta t iv e ly ,  i t  can be suggested  t h a t  th e re  i s  a  s t ro n g  peak 

j u s t  above 3 .0  eV and t h a t  t h i s  peak i s  s t r u c t u r e  dependant, 

t h i s  would account f o r  d i f f e r e n c e s  in  observed s lope  between 

d i f f e r e n t  f i l m s .  P e t r a k ia n  and Schu le r  b o th  c la im  to  have 

observed s t ro n g  s t r u c t u r e  j u s t  above 3*0 eV. F igure  52 shows 

the  o p t i c a l  c o n d u c t iv i ty  of te rb ium  f i lm s  measured by Hasan 

(U npublished) in  a i r  and th e se  r e s u l t s  confirm  the  e x is ta n c e  

o f  s t r u c t u r e  in  th e  o p t i c a l  c o n d u c t iv i ty  cu rve .

6 ,18  Summary on the  Rare E a r th  Data

The o p t i c a l  p r o p e r t i e s  of te rb ium  and gadolin ium  have 

been measured on c a r e f u l l y  p repared  s u r f a c e s .  The c o n d u c t iv i ty  

curves  show s t r u c t u r e  n o t  p re v io u s ly  observed and t h i s  s t r u c t u r e  

Can be i n t e r p r e t e d  q u i te  w e l l  in  terms o f  in te rb a n d  t r a n s i t i o n s  

a t  symmetry in te r -b a n d  p o in t s .  The o v e r a l l  background to  the  

curve may be in t e r p r e t e d  in  terms of no n -k -co n serv in g  t r a n s i t i o n  

from the  F e rm i- le v e l .
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CHAPTER V I I

7.1 In t ro d u c t io n

In  t h i s  c h a p te r  an o p t i c a l  s tudy  of copper and gold i s  

d e sc r ib e d .  In  view of the  importance of the  r e s u l t s  o f  the  

p rev io u s  c h a p te r  i t  was f e l t  t h a t  a g e n e ra l  check of the  appara tu s  

should he made u s in g  specimens f o r  which w e ll  e s ta b l i s h e d  d a ta  

was a v a i l a b le  f o r  comparison pu rposes . Recent work by P e l l s  

and Shiga ( 1969) was c a r r i e d  out on samples p repared  by h ea t  

t re a tm e n t  in  U,H.V, and i t  was of i n t e r e s t  to  compare r e s u l t s  

on s u r fa c e s  p repared  by d i f f e r e n t  methods. Copper i s ,  perhaps, 

the  b e s t  unders tood  of a l l  the  m e ta ls ,  M ueller  and P h i l l i p s  

( 1967) have c a r r i e d  out a c a l c u l a t i o n  o f  the  im aginary p a r t  o f  . 

the  d i e l e c t r i c  c o n s ta n t  (2nk) based on band s t r u c tu r e  c a lc u la t io n s  

c a r r i e d  ou t by B urdick  This i s ,  to  d a te ,  one of the  few

c a lc u la t io n s  o f  i t s  kind and th e re fo re  p rov ides  a  r a r e  o p p o r tu n i ty  

f o r  comparisons to  be made between experim ent and a comprehensive 

t h e o r e t i c a l  c a l c u l a t i o n .  However, the  prime o b je c t iv e  of the  

s tu d y  was to  p rov ide  a c o n t ro l  f o r  the  s tu d ie s  made on the  r a r e  

e a r t h s .  This s tudy  was, t h e r e f o r e ,  l e s s  comprehensive^only two 

f i lm s  of each m eta l b e in g  measured,

7.2  The P r e p a ra t io n  of Conner Films

Copper was evaporated  from oxygen f r e e  m a te r i a l  e s t im ated  

to  be 99 , 99^  pure (su p p l ie d  by the  Johnson-M atthey Company),
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The m eta l was ag a in  evaporated  from a tu n g s ten  h e l i x .  The hase
- | 0

p re s su re  used f o r  ho th  f i lm s  was 10 T , The predominant 

peak in  the  mass spectrum was a t  mass number 28 (CO) w ith  

a d d i t i o n a l  peaks a t  mass number 18 (H%0) and 44 (C0%). For 

the  f i lm  d iscu ssed  here  a c u r r e n t  of 50 Amps was passed f o r  one 

minute g iv in g  a th ic k  copper f i lm  ~ 1 4 0 0 2 .  During the  ev ap o ra tio n  

the  p re s su re  of the  system remained a t  ^ 5  % 1 .  Measurements 

were completed w ith in  fo u r  hours of growth.

7.5  R e f lec ta n ce  R a t io  Measurements of Conner

R e f lec ta n ce  r a t i o s  of the  sample were m easu red 'a t  ang les  

o f  in c id en ce  o f  and 68° u s in g  the  system d esc r ib e d  p re v io u s ly .  

Again the  accuracy  of the  measurement was a sse ssed  a t  ^  0 .3  %,

The measured r e f l e c t a n c e  r a t i o s  a re  shown in  f ig u r e s  55 and 54» 

C le a r ly  th e re  i s  an a b so rp t io n  edge a t  about 2.15 eV as might be 

expected  from the  red  co lo u r  of copper.

7 , 4 . The O p t ic a l  C onstan ts  o f  Cooper

The v a lu e s  of n and k de rived  from the  r e f l e c ta n c e  

r a t i o s  a re  shown in  f ig u r e s  55 and ^6 , The r e s u l t s  f o r  n a re  

shown from 1 .9  eV and those  f o r  k above 2.1 eV. This i s  because 

i t  was found t h a t  below the  a b so rp t io n  edge n was ve ry  sm all and 

k r e l a t i v e l y  la rg e  le ad in g  to  e x c e s s iv e ly  h igh  e r r o r s  in  the  

determ ined o p t i c a l  c o n s ta n ts .  For example a t  1 .8  eV the  programme 

re tu rn e d :
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n  .  0.09  -  0.965

k = 4.58  -  14.00

Thus we have encountered  a reg io n  of v e ry  poor s e n s i t i v i t y  and 

f o r  t h i s  reaso n  some r e s u l t s  have been d is c a rd e d .  Those r e s u l t s  

p re sen ted  here  do, however, have a c c e p tab le  accu racy . In  

a d d i t io n ,  the  r e s u l t s  of P e l l s  and Shiga a re  shown to g e th e r  w ith  

those  of S chu ltz  ( l9 5 4 ) .  The d e te rm in a t io n s  made by P e l l s  and 

S h iga  were e l l ip s o m e t r ic a i ; :  ■ u s in g  ap p a ra tu s  de sc r ib ed  by 

P e l l s  ( 1967) .  S c h u l t z *8 d e te rm in a t io n s  were based on i n t e r -  

f e r o r a e t r i c a l  techn iques  and were made on samples p repared  by 

therm al ev ap o ra tio n  and measured in  a i r . ,  The agreement between 

the  p re s e n t  work and t h a t  of P e l l s  and Shiga i s  encouraging ,

p a r t i c u l a r l y  when we co n s id e r  the  poor agreement o f te n  ob ta ined  ■

by o th e r  w orkers . IJhen  c o n s id e r in g  the  d a ta  a v a i l a b le  on 

germanium Heavçns ( l9 5 ^ )  was moved to  s t a t e ,  "On the  whole th e re  

i s  d e p re s s in g ly  l i t t l e  correspondence between d i f f e r e n t  o bse rvers  

r e s u l t s " .  I f  we c o n s id e r  the  v a lu e s  of e x t in c t io n  c o e f f i c i e n t s  

k we n o te  one marked d isc rep an cy  between the  p re s e n t  work and 

th a t  of P e l l s  and S h iga . W ithin the  l i m i t s  of the  exper im en ta l  

u n c e r t a in t y  o f  t h i s  work th e re  i s  a  minimum p re s e n t  a t  2 .50  eV.

I t  i s  .not p o s s ib le  to  a s s e s s  the behaviour o f  S c h u ltz 's  curve in  

t h i s  r e g io n , however, h is  lim ite d  data does n o t exclu d e the p o s s i b i l i t y  

o f  a minimum. This minimum in  the e x t in c t io n  c o e f f i c i e n t  has 

im portant consequences when the o p t ic a l  c o n d u c t iv ity  curve i s  

d is c u s se d . At t h is  s ta g e  we n o te  th a t the main o b je c t iv e  o f  t h is
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Figure  59, Energy bands of copper.
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F I.M'ly has been achieved* A to l e r a b l e  agreement has been ob ta ined  

between r e s u l t s  taken  w ith  the  ap p a ra tu s  used f o r  the  r a r e  e a r th  

measurements and the  r e s u l t s  of a d i f f e r e n t  o b se rv e r ,  u s in g  

d i f f e r e n t  s u r fa c e  p re p a ra t io n s  and a d i f f e r e n t  measuring 

te ch n iq u e ,

7*5 The O p t ic a l  C o n d u c t iv i ty  Curve of Copper

The o p t i c a l  c o n d u c t iv i ty  o f  copper i s  shovm in  f ig u r e  (57)* 

The a b so rp t io n  edge i s  seen to  s t a r t  n e a r  2,05 eV and i s  cen tred

a t  2 ,2  eV, Between 2 ,5  and 2 ,4  eV th e re  i s  a sharp  in c re a se  in

s lo p e  i n d i c a t i n g  p o s s ib le  s t r u c t u r e  n e a r  2,25 eV, There i s  

a l s o  p o s s ib le  s t r u c t u r e  n e a r  2 ,40  eV and 2 ,80  eV, F igure  (5?) 

shows the  q u a n t i ty  2nk/^ (a b s o rp t io n  c o e f f i c i e n t )  p lo t t e d  as  a  

fu n c t io h  o f  photon energy to g e th e r  w ith  the  r e s u l t s  o f  P e l l s  and 

S h iga , The p o s i t io n s  of the  a b so rp t io n  edges a re  in  good 

agreem ent, as a re  the  g e n e ra l  magnitudes of the  r e s u l t s .  The 

d e t a i l e d  behav iou r  above the  edge and the  b ehav iou r  n e a r  2 ,5  eV i s  

d i f f e r e n t ,

Î

7 ,6 ,  T h e o re t ic a l  I n t e r p r e t a t i o n  of the  R e su l ts  f o r  Conner

F ig u r e (5*5/) shows the  a p p r o p r ia te ly  la b e l l e d  energy  band 

s t r u c t u r e  diagram f o r  copper ob ta ined  by B urd ick  ( I 965) M ueller  

and P h i l l i p s  have used the  r e s u l t s  of the  c a l c u l a t i o n  to  o b ta in  

the  q u a n t i ty  2nk by e v a lu a t in g  the  fo l lo w in g  summation,

( c i)  .  S  \  ( W
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where K r e p r e s e n t s  a  v e c to r  in  the  r e c ip r o c a l  l a t t i c e  and

= i s  the  volume o f the  u n i t  c e l l .

The form of (1) i s  p l a u s ib le  s in ce  i t  r e p r e s e n t s  a double sum 

over a l l  r e c ip r o c a l  space of a l l  wave fu n c t io n s  g iv in g  e ig e n -  

v a lu e s  b e in g .e q u a l  energy d i f f e r e n c e s  n o  . The a c tu a l  com putation 

o f  t h i s  i n t e g r a l  i s  n o n - t r i v i a l  and the  r e s u l t s  a re  shown in  . 

f ig u r e  5^. We n o te  in  p a s s in g  t h a t  t h i s  i s  the  type o f  c a l c u l a t i o n  

which could be performed f o r  the  r a r e  e a r th  m e ta ls ,  b e in g  more 

comprehensive than  t h a t  g iven  in  the  p rev ious  c h a p te r .  The 

r e s u l t s  o f  a  s im i l a r  c a l c u l a t i o n  by D resse lhaus  ( 1969) a re  a l s o  

shown in  f ig u r e  59# A f e a tu r e  o f  b o th  o f  th e se  t h e o r e t i c a l  

cu rves  i s  the  s t r u c t u r e  n e a r  2 ,2  eV and, in  the  case  o f  

M u e l l e r ’s cu rve , below the  top  o f  the  main a b so rp t io n  edge.

This ag rees  v e ry  w e ll  w ith  the  s t r u c t u r e  observed e x p e r im en ta l ly  

in  t h i s  work. Thus acco rd in g  to  M u e l l e r ’s work, we can a s s ig n  

the  t r a n s i t i o n  to  ^  ^  \ ^  in  F igure  57* M u e l le r ’s

work a l s o  shows a marked l e v e l l i n g  o f f  o f  the  curve above 

2 ,6  eV which could  w e l l  be a s s o c ia te d  w ith  the  e x p e r im en ta l ly  

observed peak a t  2 ,8  eV, However, b o th  the  ex p er im en ta l  and 

t h e o r e t i c a l  cu rves  o f  o th e r  workers a re  r i s i n g  a t  5 ,0  eV whereas 

t h a t  ob ta in ed  here  i s  d e c re a s in g  s lo w ly . In  common w ith  those  of 

P e l l s ,  the  r e s u l t s  here  in d i c a t e  t h a t  the  energy a b so rp t io n  

edge s t a r t s  a t  a  s l i g h t l y  lower energy than i s  p r e d i c t s ^  by 

th e o ry .  Thus on the  b a s i s  o f  the  r e s u l t s  o b ta ined  f o r  oÇ-
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the  copper f i lm s  we might conclude t h a t  we have achieved  somewhat 

b e t t e r  agreement w ith  theo ry  than p rev ious  w orkers .

7*7. F u r th e r  R esu l ts  on Conner

F igure  tO shows the  o p t i c a l  c o n d u c t iv i ty  o f  a  copper f i lm  

grown under s l i g h t l y  d i f f e r e n t  c o n d i t io n s .  Although the  hase  

p re s su re  of the  vacuum system and the  r e s i d u a l  gas a n a ly s i s  were 

a lm ost i d e n t i c a l  to  those  d iscu ssed  f o r  the  p rev ious  f i lm ,  a 

d i f f e r e n t  e v ap o ra tio n  r a t e  was used . A c u r r e n t  o f  42 Amps was 

passed f o r  two m inutes to  g ive  a f i l m I 400Î .  The d i f f e r e n c e  

in  ev ap o ra t io n  r a t e s  a ro se  because  i t  was no t  p o s s ib le  to  

ev ap o ra te  the  copper a t  the  lower c u r r e n t  f o r  the  f i r s t  f i lm  

d is c u s s e d .  Presumably the  d i f f e r e n c e s  in  c u r r e n t  re q u ire d  to  

ev ap o ra te  the  copper in  the  two cases  was caused by d i f f e r e n t  

lo a d in g  c o n d i t io n s  f o r  the  f i l a m e n t .  We no te  t h a t  the  l e v e l  o f  

the  top  of the  a b so rp t io n  edge i s  reduced .-  The s t r u c t u r e  n e a r

2.5  eV i s  n e i t h e r  confirmed nor excluded by t h i s  s e t  o f  r e s u l t s .

In  p a r t i c u l a r  the  v a lu es  o f  the  e x t in c t io n  c o e f f i c i e n t  a re  c o n s id e ra b ly  

reduced and a re  n e a r e r  to  those  ob ta ined  by S c h u l tz ,  The v a lu es  

o f  n were a l s o  sm a l le r  and a re  s h i f t e d  towards those  ob ta ined  by- 

S c h u l tz ,  Because i t  i s  cons ide red  th a t  the  r e s u l t s  o f  P e l l s  and 

Shiga  in  vacuum, a re  s u p e r io r  to  those  of S c h u l tz ,  i t  i s  thought 

t h a t  the  f i r s t  s e t  o f r e s u l t s  p re sen ted  here  a re  p robab ly  n e a re r  

i d e a l  than the  second s e t .  I n  the  absence o f f u r t h e r  d a ta  i t  i s  

on ly  p o s s ib le  to  draw the  fo l lo w in g  c o n c lu s io n s  v e ry  t e n t a t i v e l y .
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However, th ey  do rep re se n t an encouraging h a s is  fo r  fu r th e r  work,

i )  The o p t ic a l  co n sta n ts  o f  copper measured u s in g  the 

r e f l e c t io n  r a t io  method d escr ib ed  p r e v io u s ly , and on 

s u r fa c e s  prepared by therm al evap oration  in  u ltr a -h ig h  

vacuum, are in  reason ab le  num erical agreem ent w ith  th ose

measured by d i f f e r e n t  tech n iq u es on su r fa c e s  prepared j
i  !

by d i f f e r e n t  m ethods, .

i i )  There i s  some p o s s i b i l i t y  th a t s tr u c tu r e  has been

d e te c te d  in  the o p t ic a l  c o n d u c t iv ity  curve o f  copper 

th a t has n o t been p r e v io u s ly  observed ,

i i i )  From the o b se r v a tio n s , i t  would seem th a t h igh  evap ora tion

r a te s  are n ecessa ry  in  order to  produce f ilm s  having  

o p t ic a l  c o n sta n ts  c lo s e  to  th ose  o f  f i lm s  prepared by 

d if f e r e n t  te ch n iq u es ,

i v )  For copper, i t  would seem th a t the d if f e r e n c e s  in  the

g en era l l e v e l  o f  observed o p t ic a l  co n sta n ts  betw een  

d if f e r e n t  workers i s  probably due to  d i f f e r e n t  su rfa ce  

c o n d it io n s  ra th er  than m easuring te ch n iq u es ,

7 , 8 , O p t ic a l  P r o p e r t i e s  o f  Gold

Two f ilm s  o f  go ld  were measured u s in g  the r e f le c ta n c e

r a t io  method. For both  eva p o ra tio n s the base p ressu re  o f  the
~\o

system  was ^  3 x  10  -y and the r e s id u a l gas com p osition  was s im ila r

to  t h a t  d iscu ssed  in  7*2, D i f f e r e n t  ev ap o ra t io n  r a t e s  were used

fo r  each f i lm ,  D ata t##  p resen ted  fo r  one f i lm  and com parisons w ith

the second f i lm  made a t  a la t e r  s ta g e .  F igu res (o[i and show
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the r e f le c ta n c e  r a t io  o f  a f ilm  having a th ick n ess  o f  ^  140oR 

prepared by p a ssin g  a current o f  55 Amps fo r  one minute through 

a tungsten  h e l ix  loaded w ith  99.99% pure go ld  su p p lied  by 

Johnson-M atthey Ltd, The n and k v a lu es ob ta ined  from th ese  

r e f le c ta n c e  r a t io s  are shown in  f ig u r e s  6^ and 6j ,̂ to g e th er  w ith  

th ose  o f  P e l ls  and Sh iga . Again a region  o f  poor s e n s i t i v i t y  

was encountered and r e s u lt s  had to  be d iscard ed . There i s  

to le r a b le  num erical agreement between the r e s u lt s  ob ta in ed  in  

t h is  and th ose  o f  P e l l s  and Shiga: the n va lu es ob ta ined  here  

are c o n s is te n t ly  lower but the k v a lu es  agree q u ite  c lo s e ly .

T heir r e s u l t s ,  however show a deeper minimum near 2 .5 5  eV 

than th a t  ob tained  in  the p resen t work.

7 .9  The O p tica l C onductiv ity  o f  Gold

F igure ( 6 5 )  shows the measured o p t ic a l  c o n d u ctiv ity  o f  

g o ld . The r e s u lt s  o f  P e l l s  and Shiga are a ls o  shown to g e th er  

w ith  th e  r e s u lt s  ob tained  on a second g o ld  f ilm  measured in  

the p resen t work. The cen tre  o f  the absorption  edge measured 

in  -the p resen t work co in c id es  f a ir ly  w e ll  w ith  the cen tre  o f  th e  

edge ob ta ined  by P e l l s ,  although the e f f e c t iv e  "widths" o f  the edges 

appear d if f e r e n t .  The gen era l v a r ia t io n  o f  the o p t ic a l  c o n d u c t iv it ie s  

are in  good agreement. A current o f  50 Amps was p assed  fo r  90 

seconds to  y ie ld  a f ilm  o f  th ick n ess  ^  140oS. Again i t  i s  observed  

th a t  the r e s u lt s  on the f ilm  grown a t  the lower r a te  are fu rth er  

removed from the r e s u lt s  ob ta in ed  by P e l l s
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than are those obtained on the first film discussed. No new 

structural detail for gold was observed in the optical conductivity 

curve. The theoretical interpretation of the optical conductivity 
curve of gold has been discussed "by Pells.

7.10 V a r ia t io n  of O p tica l  C onstan ts  of Gold and Conner
w ith  E vapora tion  R ate ,

Levinstein (1949) has examined the structure of a large 
number of metals using both electron microscopy and electron 
diffraction. It was found that gold showed a marked preferred 
orientation when condensed on glass so that the type of effect 
discussed in 6.S may be present. We note the slight shift in 
energy of the whole curve for the gold evaporated at the lower 

rate. Work by Puffendack (1943) showed that copper and gold may 
form agglomerates on condensation separated by interstices much 
smaller than the widths of the aggregates. The interstitial 

separation is likely to vary with evaporation rate, since the 
formation of aggregates depends on the surface mobility of atoms 

at the substrate on condensation and this in turn depends on 

the local temperature. Large interstitial separations will tend 
to produce films with low optical conductivity. Thus the 
observed variations in optical constants are not inconsistant 

with previous electron microscope studies.
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CHAPTER V I I I

CONCLUSIONS AND SOME SUGGESTED FURTHER WORK

This study of methods for the determination of optical 

constants has yielded a considerable amount of new information. i

Querry's solutions to the Fresnel reflectance equations have ;
been critically examined and applied for the first time to 
measurements on metal surfaces. The existence of optimum angles 
of incidence for the determination of optical constants from reflectance . \
measurements has been confirmed and their values estimated. New {

I
computer-based search techniques were established to accomplish I

i
this optimization. During this work, analytic equations to the i

I
boundaries in (Rj_ » R /; ) space, outside which no real solutions '
to the Fresnel equations exist, have been established. It is |

noted in passing that Armaly et al (l972) have subsequently 
reported similar studies. They have used the same conditions 
as stated here and draw similar conclusions. Their work has 

not been as detailed as the studies made here. Perhaps the 
most important aspect of the optimization studies is the 

discovery of the large magnitude of errors in optical constants, 
arising from errors in reflectance measurements measured at 

angles well removed from optimum. In particular, the sensitivity 

of the normal incidence reflectivity spectrum to small changes in 

optical constants has been studied and conditions established 

for this spectrum to be sensitive to small changes in optical
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p ro p e r t ie s #  Work i s  a t  p re s e n t  b e in g  performed to  determ ine 

whether o p t i c a l  c o n s ta n ts  of r e a l  m eta ls  f u l f i l  th e se  c o n d i t io n s .

Following t h i s  s tudy  new methods f o r  the  computation 

of o p t i c a l  c o n s ta n ts  from measured v a lu es  o f  com binations of the 

r e f l e c t i o n  c o e f f i c i e n t s  and R,  ̂ a t  two ang les  of inc idence  

were evolved and the  s e n s i t i v i t y  of th ese  com binations to  sm all 

changes in  o p t i c a l  c o n s ta n ts  s tu d ie d .  Again the  importance of 

working in  optimum reg io n s  f o r  the  an g les  of in c idence  was

Iestablished. In particular, the combination 1— r— I was
'  R// I

s tu d ie d  in  d e t a i l  and the  method a p p l ie d  e x p e r im en ta l ly  to  v a r io u s  

m eta l  s u r f a c e s .  F u r th e r  work in  t h i s  f i e l d  should enable  even 

more s e n s i t i v e  d e te rm in a t io n s  of o p t i c a l  c o n s ta n ts  to  me made.

For example, i f  the  fu n c t io n s  of Rj_ and Ry, a re  measured a t  

more than two ang les  of inc idence  then  n and k may be determ ined 

more a c c u ra te ly  because c o n s is te n cy  i s  re q u i re d  between 

a d d i t i o n a l  s e t s  of o b se rv ab le s .  Another p o s s i b i l i t y  i s  th a t  

o p t i c a l  c o n s ta n ts  may be de r ived  from the  s lo p es  o f  curves 

o b ta ined  by measuring Rj^ and R^ co n tin u o u s ly  over a  range of 

a n g les  of in c id e n c e .  I n  a d d i t io n  i t  may a ls o  be p o s s ib le  to  

o b ta in  o p t i c a l  c o n s ta n ts  from the  s lo p es  of d is p e r s io n  curves 

of Rx and R,  ̂ measured under v a r io u s  c o n d i t io n s .  The b a s ic  

techn ique  r e q u ire d  f o r  th e se  c a l c u l a t i o n s  has been w ell  

e s t a b l i s h e d  in  Chapter I I I .

A r e f le c to m e te r  o p e ra t in g  a t  n e a r  optimum c o n d i t io n s  has 

been c o n s t ru c te d  and i t s  s e n s i t i v i t y  e v a lu a te d .  In  p a r t i c u l a r  

the  cho ice  o f  m if ro r  m a te r ia l  has been shown to  be im p o r ta n t .
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A procedure has been evolved f o r  the  a c c u ra te  a lignm ent o f  the

r e f l e c to m e t e r .  The main new f e a tu r e s  o f  the  r e f le c to m e te r

a re  t h a t  only  two n o n -s tandard  m ir ro rs  a re  r e q u i r e d ,  and the  

system was c o n s t ru c te d  f o r  use w ith  samples p repared  and m ain ta ined  

in  u l t r a - h i g h  vacuum. The p re p a ra t io n  of c lean  s u r fa c e s  by 

therm al ev ap o ra t io n  in  u l t r a - h i g h  vacuum has been d is c u s s e d .

The o p t i c a l  c o n s ta n ts  of the  r a r e  e a r th  m eta ls  terbium

and gadolin ium  have been measured under what i s  considered  to  be

the  b e s t  c o n d i t io n s  to  d a te .  P r i o r  to  t h i s  work no agreement

had been ob ta ined  between d i f f e r e n t  o b serv ers  r e s u l t s  in  the

v i s i b l e  p a r t  o f  the  spectrum . In  t h i s  work t o l e r a b l e  agreement

has been ob ta ined  w ith  the  g e n e ra l  tren d  of one of the  th re e

prev ious  o bse rvers  r e s u l t s .  This th e re fo re  r e p r e s e n ts  a  s te p

forward in  the  f i e l d  of the  s tudy  of the  o p t i c a l  p r o p e r t ie s

of r a r e  e a r th  m e ta ls .  Apart from the  g e n e ra l  agreement w ith  
\

Hodgson’s work, new s t r u c t u r e  in  the  o p t i c a l  c o n d u c t iv i ty

curve of gadolin ium  has been observed . This s t r u c t u r e  can be

accounted f o r  f a i r l y  w e ll  on the  b a s i s  o f  a ve ry  simple model 

developed in  t h i s  work. G reat care  was taken  to  e s t a b l i s h  the  

e x is ta n c e  of the  observed s t r u c t u r e  and th e  p o s s i b i l i t y  o f  

sy s te m a tic  e r r o r  was l a r g e ly  removed by re p e a te d  o b se rv a t io n  

and comparisons w ith  work on the  same f i lm s  c a r r i e d  out by 

d i f f e r e n t  o b se rv e rs  u s in g  d i f f e r e n t  a p p a ra tu s .  O bservations  

were c a r r i e d  out on terb ium  f i lm s  and the  measurements r e p re s e n t  

the  f i r s t  pub lished  d a ta  on t h i s  m e ta l .  The s i m i l a r i t i e s
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"between the  o p t i c a l  c o n d u c t iv i ty  curves  o f  te rb ium  and gadolinium, 

led  to  c o n c lu s io n s  on the  p o s s ib le  e l e c t r o n i c  c o n f ig u ra t io n s  

of the  two m e ta ls .  The good agreement between the  simple theo ry  

and ex p er im en ta l  r e s u l t s  lends  c r e d i b i l i t y  to  the  energy band 

s t r u c t u r e  c a l c u l a t i o n s  used in  the  model. D i f f i c u l t i e s  were 

encoun tered  in  d i s t i n g u i s h in g  between causes o f  d i f f e r e n c e s  in  

d i f f e r e n t  o b serv ers  r e s u l t s .  The m a t te r  remains l a r g e ly  unreso lved  

(and has been f o r  d e ca d e s ) .  However, the  obvious d i f f e r e n c e s  in  

s u r fa c e  p r e p a ra t io n  could be s in g le d  out as a major l i k e l y  cause .

I t  can , on the  b a s i s  of the  r e s u l t s  ob ta ined  in  t h i s  work, be 

s t a t e d  t h a t  o p t i c a l  c o n s ta n ts  measured on f i lm s  p repared  under 

c a r e f u l l y  m ain ta ined  c lea n  c o n d i t io n s  and measured u s in g  

optim ized  tech n iq u es  y i e ld  new in fo rm atio n  on the  r a r e  e a r th  m eta ls  

te rb ium  and gadolin ium . This in fo rm a tio n  i s  c o n s i s t a n t  w ith  

r e c e n t  energy band c a l c u l a t i o n s .  In  a d d i t io n  i t  was observed 

t h a t  the  i n t e r p r e t a t i o n  of th e  g e n e ra l  shape of the  r a r e  e a r th  

o p t i c a l  c o n d u c t iv i ty  curves could be made in  terms of n o n -k -co n serv in g  

t r a n s i t i o n s .

Additional work was carried out on copper and gold and 

reasonable agreement obtained with results of measurement using 

different techniques on surfaces prepared by different methods.

New s t r u c tu r e  was observed in  the  o p t i c a l  c o n d u c t iv i ty  curve o f copper 

and t h i s  agreed  ex trem ely  w e l l  w ith  t h e o r e t i c a l  p r e d ic t io n s  based on 

energy band s t r u c t u r e  c a l c u l a t i o n s .  However, the  r e s u l t s  on copper 

and gold remain somewhat t e n t a t i v e .  F u r th e r  e x ten s io n s  of t h i s  

work a re  d e s i r a b l e .  The e x te n s io n  of the  s p e c t r a l  range to
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to  i n f r a - r e d  re g io n s  should lead  to  new in fo rm atio n  p a r t i c u l a r ly ,  

concern ing  the  f r e e  e l e c t r o n  behav iour o f  the  m e ta ls .  Low 

tem peratu re  measurements ( a t  p re se n t  b e in g  perform ed) may be 

expected to  letxd to  fundam ental in fo rm a tio n  on the  magnetic 

p r o p e r t i e s  o f  the  r a r e  e a r th s .  Optimized techn iques  may a l s o  

r e s o lv e  the  narrow t r a n s i t i o n s  from the  4 f  l e v e l s .  Because 

of the observed s t r u c t u r e  ob ta ined  in  t h i s  work i t  i s  thought t h a t  

s tu d ie s  a t  h ig h e r  energy r e s o lu t io n  should prove p r o f i t a b l e ,  

p a r t i c u l a r l y  in  r e l a t i o n  to  4 f  “t “ 4i‘ t r a n s i t i o n s .  In  view of the 

good agreement' ob ta ined  w ith  th eo ry  in  t h i s  s e r i e s  of experim ents 

i t  i s  f e l t  t h a t  th e re  i s  some j u s t i f i c a t i o n  f o r  the  r e - e v a lu a t io n  

of the  o p t i c a l  c o n s ta n ts  of some o th e r  m eta ls  in  the  hope th a t  

a  somewhat b e t t e r  agreement w ith  theo ry  may be ob ta ined  than 

has been observed in  th e  p a s t .  M ag n e to -o p tica l  s tu d ie s  a re  

a t  p re s e n t  b e in g  conside red  and the  techn iques  e s ta b l i s h e d  

f o r  o p t i c a l  c o n s ta n t  d e te rm in a t io n s  w i l l  be in co rp o ra te d  in to  

such s tu d ie s .  However, in  view o f  the  d is c u s s io n  in  Chapter V II ,  

perhaps the  most im portan t fu tu r e  s te p  to  be taken  i s  to  perform 

experim ents  on s in g le  c r y s t a l s  of the  r a r e - e a r t h  m e ta ls .  This view 

has a l s o  been s t a t e d  by S c h u le r ,  Coupled w ith  a c c u ra te  s e le c t io n  

r u l e s ,  experim ents  should be a b le  to  a s s ig n  in d iv id u a l  t r a n s i t i o n s  

to  s t r u c t u r e  in  the  o p t i c a l  c o n d u c t iv i ty  c u rv e s .  At t h i s  s tag e  

we no te  t h a t  band s t r u c t u r e  c a l c u l a t i o n s  converge to  b e t t e r  than 

0,01 eV, and coupled w ith  improved energy r e s o l u t i o n ,  experim ents 

on s in g le  c r y s t a l s  should p rov ide  a b e t t e r  ex p er im en ta l  check
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on the  s t a r t i n g  p o t e n t i a l  used in  the  hand s t r u c t u r e  c a lc u la t io n  

than has y e t  been ach ieved . From the  t h e o r e t i c a l  p o in t  of view 

i t  i s  to  be hoped t h a t  band s t r u c t u r e  c a l c u l a t i o n s  f o r  the  

rem ain ing  r a r e  e a r th  m eta ls  become a v a i l a b le  and t h a t ,  a t  the  

time of c a l c u l a t i o n , t h e  a p p ro p r ia te  band symmetries a re  deduced. 

(U n fo r tu n a te ly  t h i s  seems to  be one of the  very  few f i e l d s  

where t h i s  knowledge i s  im p o r ta n t ) .  Work of the  type performed by 

M u elle r  on the  c a l c u l a t i o n  of o p t i c a l  c o n d u c t iv i t i e s  may a lso  

prove u s e f u l .

Thin f i lm  p r o p e r t i e s  have n o t  been d iscu ssed  in  t h i s  

work and i t  i s  though t t h a t  such a s tudy  might prove w orthw hile .

Throughout t h i s  work th e re  has been a  d e f ic ie n c y  of 

in fo rm a tio n  on the  s t r u c t u r e  and c o n d i t io n  of the  s u r fa c e  b e in g  

measured. Almost a l l  o th e r  work on o p t i c a l  c o n s ta n ts  a l s o  

s u f f e r s  from t h i s  d e f e c t .  The problems r e l a t e d  to  e l e c t r o n -  

o p t i c a l  s u r fa c e  s tu d ie s  a re  fo rm id ab le .  For example, the  

s tu d ie s  must u s u a l ly  be c a r r i e d  out in  r e f l e c t i o n  and r e s u l t i n g  

d i f f r a c t i o n  p a t t e r n s  a re  of poor v i s i b i l i t y , '  In  g e n e ra l ,  

specimens have to  be removed from the  u l t r a - h i g h  vacuum 

environment and p laced  in  a co n v en tio n a l  e l e c t r o n  m icroscope.

This in e v i t a b ly  le ad s  to  doubts concern ing  the  c o r r e l a t i o n  

•between p r o p e r t i e s  as  measured in  the  microscope and p r o p e r t i e s  

a t  the  time o f the  o p t i c a l  measurements. The i n t e r a c t i o n  of 

a h ig h  energy e le c t r o n  beam w ith  the  specimen s u r fa c e  i s  a l s o  

l i k e l y  to  cause changes in  the  specimen s u r f a c e .  In  r e c e n t  

y e a r s  s e v e ra l  new techn iques  f o r  s u r fa c e  s tudy  have been developed .
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The r e l e v a n t  new techn iques  may he summarized as  fo l lo w s .

Low energy e le c t r o n  d i f f r a c t i o n  (L .E .E .D .) a llow s the  f i r s t  

few la y e r s  of a su r fa ce  to  he s tu d ie d  u s in g  th e  d i f f r a c t i o n  

p a t t e r n  o b ta ined  from a p p r o p r ia te ly  s c a t t e r e d  e l e c t r o n s ' 

in c id e n t  norm ally  on the  s u r f a c e .  I n t e r p r e t a t i o n  of the  

L.E .E.D . p a t t e r n s  i s ,  a t  p r e s e n t ,  d i f f i c u l t .  R e f le c t io n  h igh  

energy e l e c t r o n  d i f f r a c t i o n  (R .H .E .E .D .) a llow s the  s t r u c tu r e  

of the  specimen su rfa c e  to  be s tu d ie d  to  a  g r e a t e r  d ep th .

Glancing inc idence  h igh  energy  e le c t r o n s  a re  used to  produce 

a d i f f r a c t i o n  p a t t e r n  r e s u l t i n g  from the f i r s t  few atomic 

l a y e r s .  This techn ique  has been used to  observe the  a b so rp t io n  

of oxygen on the  s u r fa c e  of n i c k e l .  Auger e l e c t r o n  spec troscopy  

i s  e f f e c t i v e l y  a techn ique  which can be used foi* the  non d e s t r u c t iv e  

chem ical a n a ly s i s  of s u r f a c e s .  The techn ique  depends on an energy 

a n a ly s i s  of e l e c t r o n s  ^km itted  from atoms by a r a d i a t i o n l e s s  

p rocess  r e s u l t i n g  from the  rearrangem ent of o r b i t a l  e le c t ro n s  

a f t e r  an e l e c t r o n  has been removed from an in n e r  s h e l l ,  ,

Systems which a llow  th e se  s tu d ie s  to  be c a r r i e d  out in  u l t r a -  

h igh  vacuum a re  now com m ercially  a v a i l a b le  b u t  to  da te  th e re  

has been no a t tem p t to  perform o p t i c a l  experim ents  a t  the  

same time as  the  d e t a i l e d  s u r fa c e  a n a ly s i s  which i s  now p o s s ib le .
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Abstract. The shape of the boundary enclosing analytical solutions to the generalized 
Fresnel reflectance equations for n and k in terms of reflectances and angle of incidence 
has been investigated and the optimum angle of incidence for experimental measure
ment determined to be 74 The distribution of reflectance values for fixed n and k 
for which the method is accurate to within ±0 05 has been deduced to be n<3-0 
and/: <3-2.

1. Introduction
In order to investigate the optical constants of metals, it was desired to determine n, the 

refractive index, and k, the extinction coefficient, by measuring the reflectances and 
of light polarized respectively parallel and perpendicular to the plane of incidence, at an 
angle of incidence 6. The generalized Fresnel equations correlating these quantities have 
been solved analytically by Querry (1969) for all angles except 0 ° and 45 ° and can therefore 
be used to evaluate n and k as required.

Since the experimental method consists of measuring and i?,, for a given 6, it is of 
interest (a) to determine which value or values of 6 give the best sensitivity to changes in 
n and k, and (b) for what ranges of n and k  the method is experimentally useful. In the 
following discussion, it is shown that Querry’s analysis can be extended by examining the 
boundary values for R±_, R  ̂ and 6 which satisfy Fresnel’s equations. The useful range of 
n and k to which the method can be applied is obtained by plotting Rj  ̂and R̂  ̂ for a series 
of fixed n and k, at the optimum 6.

2. Determination of the boundary, in (Rj ,̂ i?„, 6) space, enclosing values which satisfy
Fresnel’s equations

Querry’s solution to the Fresnel reflectance equations may be summarized as follows: 
Making the substitutions

and putting
„ _  ( F -  G) sin 6 cot 26 .
^ ~ G F + (1 - F 2 )  cos2 0 - 1

P 2 =  — Q^—2FQ cos 0 —cos2 0 (4)

into Fresnel’s reflectance equations in the form

-^"(G + COS 0)2+?2
^  ( g - s in 0 ta n 0 ) 2 + p 2

" •’•(g+ sin  0 tan 0)2+p2
1957
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Figure 1. Boundaries enclosing ali possible solutions to the Fresnel reflectance equations.

then

and
(7)

QP=nk  (8)

F  and G are functions of the observables Rj  ̂ and R  ̂ only. Therefore P  and Q can be 
calculated for a given 6, and by substituting in (7) and (8), n and k  are obtained.
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Equation (3) shows Q to be real, and therefore real n and k are only obtained for real P 
in (8). It follows that solutions satisfying the Fresnel equations are only obtained for 
P^>0. The condition P^ =  0 delineates a boundary for these solutions, and it is readily 
shown that on one side of this boundary P  is indeed imaginary, i.e. the boundary does not 
merely indicate a zero minimum value for P^. Substituting for Q from (3) into (4) we get:

/  (F —C) sin 0 cot 20 2Fcos 0(F—G) sin 0 cot 20 — cos2 0. (9)

(10)

\G F + (l-F 2 )c o s2  0 - i ;  G F + (l-F 2 )c o s2  0 - 1
Rearranging,

F2 =  G2(sin2 0cot2 20 +  F2 cos 0 (cos 0—2 sin 0 cot 20)}
+  C[2Fcos 0 (cos 0 —sin 0 cot 20) {(1 — F^) cos^ 0—1}
+ 2F sin 0 cot 20 (F^ cos 0 —sin 0 cot 20)]
+  F2 sin2 Q cot2 20+2F2 cos 0 sin 0 cot 20 {(1 —F^) cos^ 0 —1}
+ C0s2 0 {(1 —F2) COs2 0 — 1}2,

F 2 is thus a quadratic function of G, which changes sign when

aG2 + 6G + c=0 (11)
where a, b and c are the functions of F  and 0 indicated by equation (10). The solutions 
of (11), when transformed to the (R^, R,,, 0) space, via (1) and (2), bound the region for 
which all real n and k values may be obtained. This boundary also represents the condition 
k =  0, since if

F2 =  ̂ [((„2_y^2_sin2 0)2 +  4;^2yt2jl/2 _  („2 _  ̂ 2̂ _  sin2 0)] =  O (12)
then

4n^k^=0  (13)
and therefore

k =  0 (14)
i.e. the boundary values of Rj^ and R,, are those corresponding to perfect dielectrics.

0 4

0 3

0 02
0 2 0-4 0 8

for 6 = 16°

Figure 2. Distribution of n and k loci for 0=16°.
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0 4 7t :

0 02
0-3 0 860 4

f o r  e

Figure 3. Distribution of n and k loci for 6 — 1 A'

Figure 1 shows sections of the boundary within which solutions for real n and k exist, 
for a range of angles 6 between 0 and 90 obtained by computer, using the f% ^0  condition. 
Loci have also been plotted of and values for which n or k are fixed, and it is found 
that the distributions of these « and k loci are similar within the ranges 0 ° < ^ < 4 5 °  and 
45 ° < 0 < 90 ° (figures 2 and 3).

The ‘bunching’ of n and k loci which occurs near the upper boundary for 0 ° <  0< 45° 
changes to the lower boundary for 45 ° < ^ < 90 ° as 9 passes through 45 This bunching is 
associated with high values of n, and arises from the rapid approach of g  to +oo as g  
changes sign :

(Q^)p2=o=n^—k  ̂— s'm  ̂ 6. (15)

If the Q > 0  boundary is close to one of the F^ =  0 solutions, then k^-^0 in (15). For 
(0^)p2=o to go to + 00 , «2 must tend to +  oo.

3. Sensitivity of n and k to and
All points (Rj ,̂ i?||) generated by all possible n and k, for a given 6, are contained in the 

area enclosed by the ?2  =  0 boundary transformed to the R±, R  ̂ plane. The most sensitive 
measurements of n and k can therefore be performed for angles 6 such that this area is 
largest, since the largest change in R̂  ̂ and will be produced at these angles for a given 
change in n and k. Numerical integration shows that the maximum area, and therefore 
the best values of 6, occurs at 16° and 74° (figure 1). Empirical observation, rather than 
exact analysis, has previously indicated the most sensitive angle to be about 70 ° (Humphreys- 
Owen 1961). The area of the bounded region is in any case stationary with respect to 6 at 
16° and 74°, and therefore small changes in 6 near these values will not greatly affect the 
results.

The distributions of n and k loci within the bounded regions at the best angles demonstrate 
the ranges of n and k to which the method may usefully be applied. In figure 2, for 0 =  16 °, 
the loci corresponding to values of n and k which are of practical interest are so close together 
that accurate determination from measurements of i?j_ and are impossible. Figure 3 
shows 74° to be practically useful, the distribution being such that R̂ _ and i?„ are sensitive 
to n and k  values normally observed.
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The precise range of n and k  for which the method is acceptably sensitive can be found 
by determining the 7?^ and i?,, values for which an acceptable uncertainty in n and k  produce 
a typical experimental uncertainty in and i?,,. Assuming n and k are required within 
± 0 05, and the reflectances are measurable to within ± 0-004, the method is found to be 
applicable for n<3-0 and 7c<3-2, This region of usefulness is included in figure 3.

4. Conclusion
The shape of the boundary in (Rj ,̂ i?,,, 6) space, which includes all possible solutions for 

n and k from the Fresnel reflectance equations has been determined. Consequently the 
optimum angle 9, for the determination of n and k, from measurements of and i?„ has 
been found to be 74 and the useful ranges of n and k to which the method is applicable 
have been found to be «<3-0 and k<3-2.
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Abstract. For n and k in the ranges l*0^/2<4 0, 1 0<A:<4 0, a computer study has 
been made of the way in which large errors in n and k may arise from errors in reflection 
coefficients, when the latter are measured at angles of incidence other than 74 °. It is 
shown, as an example, that at near normal incidence errors in the product nk of 
±76% are possible for n = 2 00, &=3 00 when the measured reflection coefficient is 
in error by ± 0-001.

1. Introduction
In a previous paper (Miller et al. 1970) the general solution to the Fresnel reflectance 

equations (Querry 1969) was used to obtain an optimum angle of incidence, 74°, for 
measuring optical constants n and k from reflectance measurements. We now investigate 
in more detail how changes in the values deduced for n and k, produced by small changes in 
the measured reflection coefficients and 7?,,, depend on the angle of incidence 6. R̂  ̂
and R n are the respective reflection coefficients for incident light polarized perpendicular 
and parallel to the plane of incidence. The values of n and k  were selected to be in the 
ranges 1 -0 ̂  ^  4-0, 1 -0 ̂  A: ̂  4-0 (ie values relevant to the optical properties of metals in the 
visible region). Computer programs, written for a GDC 6600 computer, allowed a 
study of a large number of combinations of the parameters concerned. In  particular, 
reflection coefficients measured near normal incidence have been shown to be insensitive 
to changes in n and k. Specific examples are used to illustrate our work.

2. Method for error investigation
The basis of the method is shown in figure 1. For an arbitrary value of 6, the bounded 

region in the (R̂ ,̂ 7?n) plane includes all values of 7?j_ and 7?|, which will give solutions to 
the Fresnel equations. A point P within this boundary is related to unique values of the 
optical constants «o and ko via the generalized Fresnel reflectance equations. If  there is 
an uncertainty in the reflection coefficients of ± AR, then the extreme deviant values of 
optical constants, n and k, will be obtained from points lying on the perimeter of a square 
of edge 2 At? drawn with P as centre. These values of n and k are computed for 400 equally 
spaced points on the perimeter, assuming A7? =  A7?j^= AT?,,, independent of 7?j_ and 7?„.

The product of the optical constants nk was chosen as a suitable parameter for the 
investigation because of its relevance to band structure calculations. The fractional error 
in the product noko for a point on the square is given by

noko—nk

Products nk for which or took the largest positive and negative values were determined 
using a computer search technique. The values of o- associated with these nk products 
represent the maximum positive and negative errors resulting from uncertainties ± AR 
in the reflection coefficients.

1100
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I LR

Figure 1. Boundary enclosing all possible solutions to the Fresnel reflectance equations, for an
arbitrary value of 0.

3. Angular dependence of o
The method described in the previous section was used to calculate a for a large number 

of combinations of «o and ko in the ranges TO 4-0, TO^^o<4-0 and for angles of 
incidence in the range 0<  0<7r/2 (^#7t/4). We choose no =  2 00 and /co=3 00 to typify 
our results. The point no=2-00, A:o =  3*00 lies close to the upper boundary of the valid 
region in {R^, i?,,) space for values of 0<7t/4, and close to the lower boundary for values 
of 0> 7t/4 (see figures 1, 2 and 3 of our previous paper).

Figure 2 shows the variation with 6 of the largest positive and negative percentage errors 
in the product noA:o for Af?= ±0-00005. The latter value appears to be the best accuracy 
currently obtained in reflectance measurements. The two broad minima (figure 2) are in 
accordance with the results shown in our previous paper which clearly identified two 
regions of maximum sensitivity at 0= 16° and 0=74°. Furthermore, the shallower of the 
two minima occurs for large 0 (shown in our previous paper to be that region of 0 most 
sensitive for the determination of optical constants from reflectance measurements in the 
range Mo <3-0 and A'q<3-2). This broad shallow minimum indicates the existence of a 
large range of 0 at which accurate determinations of mq and ho may be made. Catastrophic 
behaviour occurs as 0 approaches 0 ° and 45 ° : or increases significantly and, beyond the 
points at which the curves are discontinued, the possibility exists of values of and R „,

Angle of incidence 0 Cdeg)
65 0 8 7 04 5 0,5 0 25 0S 50 0

•500

1000

Figure 2.

84

Angular dependence of the largest percentage error in the product mko (ie ax  100%, 
for Ail= ±0-00005, M o=2-00, A:o=3-00).



1102 R. F. Miller, L. S. Julien and A. J. Taylor

within the range ± Aiî, to produce non-valid solutions to the Fresnel equations (eg negative 
values for k).

For a modest degree of accuracy A/?= +0-001 and the same optical constants no = 2-00 
and A 'o  = 3-00, figure 3 shows a shape similar to figure 2. However, the minima have 
sharpened and there is a dramatic increase in a a s #  approaches 0 ° and 45 Parts of the

 ̂ 100 0

-1000

870650) 4 5 0  (
Angle of incidence 0 (deg)

25 05 0

Figure 3. Angular dependence of the largest percentage error in the product /foAo (ie ctx 100%,
for Ai?= ±0 001,7/0 = 2 00, Ao = 3 00),

negative curve in figure 3 show little variation with cr for #<45°. In our previous paper 
(Miller et al. 1970) we have shown that for #= 16° the point no = 2-00, / c o  =  3-00 will be 
near to a boundary in the R„, Rj  ̂ plane. We showed that close to such a boundary 
7/-> 00 , A->0. Further numerical work showed that the product nk passes through a 
maximum near this boundary. For A / ? = +0-001, t 7 o = 2 - 0 0 ,  Ao =  3-00, the perimeter of 
the test square approaches the (R„, R j)  boundary and therefore the computer search 
technique locates the above maximum for certain values of #. From figure 3 it is seen 
that the maximum in the nk product maintains a fairly constant value in this range of #. 
Even so, the individual errors associated with no and ko  may still increase rapidly. For 
different values of no and ko our work indicates that the general shape of the a against # 
curves remains the same, but differs only in detail.

Previous work has indicated that # =  74 ° is the best angle for determining optical constants 
from reflectance measurements. In figure 4 the angular positions at which minimum a

8 3 0

80 0

’o“
74 0

3 0 3-8I 4 2 20 6
Extinction coefficient 

Figure 4. Angles for which the value of a is smallest for A/?= +0-001.
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occur have been plotted for a number of combinations of no and for Ai?= ±0-001. 
If, for example, no= 2  00 and /to =  3-00, figure 4  shows 80-5 ° to be the angle of incidence for 
greatest sensitivity. If this angle is used instead of the ‘optimum’ 7 4 ° ,  figure 3 shows the 
gain in accuracy in n k̂o to be only 0-5%.

4. Variation of a with ER
It was of practical interest to see how the value of a varied with known errors ÊsR in the 

reflection coefficient. Figure 5 shows the results of this study for the optimum angle 7 4  °  

and for no =  2 00 and / c q = 3 - 0 0 .  For ùsR less than ±0-005 the positive and negative portions 
of the graph are symmetrically placed about the line c t = 0 ,  and a varies linearly with AR. 
Above this value of AR the negative portion of the curve varies more rapidly, owing to the 
‘bunching’ eflfect of the constant n and k curves shown on a plot of R_̂  against R„ at 7 4 °  

(see figure 3 of our previous paper).
4 0 08

b
20 0

cf

I
-20  0

,E

E - 4 0 0

-60  0

- 8 0 0

5 -100-0
0-020 0-0240-0160-0120 0-004 0-008

Error in reflection coefficient ^A/R 

Figure 5. Variation of a with Ai? for no = 2-00, ko = 3-00, 0 = 74°.

5. Normal incidence measurements
In this section we shall consider the errors likely to occur in normal incidence reflection 

methods for obtaining the optical constants no and ko. Such methods measure one 
reflection coefficient for a range of optical frequencies co. At normal incidence Rj^=R,f = R  
and an ancillary relationship between R and oj is used to obtain no and ko. A suitable 
method is based on the Kramers-Kronig (KK) dispersion relation.

The equations relevant at normal incidence are

and

« 0  =

ko=

1 - R
l+7?-2i?i/2 cos(f>

— 2R î  ̂sin ^ 
1+7?-27?i/2 cos f

(1)

(2)

These follow directly from the Fresnel reflectance equations if we express the complex 
reflection amplitude in the form R̂ i  ̂e^ ,̂ where ^  is the phase change on reflection. The 
dispersion relation between ^  at a particular frequency ojo and the measured reflection 
coefficients may be expressed in the form (Bode 1945, p. 335)

<̂(cuo) = ̂  J In Cl)  +  Clio 

Ctl — COO
(In RJ/^) dw. (3)
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The difficulties associated with this method are well known. Calculations based on the 
considerations of the foregoing sections show that values of no and ko obtained by the 
K K  method are subject to large inherent errors.

‘Normal incidence’ measurements are made at angles as high as 12° (Kress and Lapeyre
1970); at these angles it is assumed For 0= 12°, figure 3 shows that for a small
change in reflection coefficient (A/?= ±0-001) there is a large error in the product noko. 
This means that the measured reflection coefficients are insensitive to the values of no and 
ko. The following numerical example will emphasize this fact.

When «0=2-00 and ko =  3 00, the values of Rj  ̂ and 7?,, at 0= 12° are 0-563 and 0-548 
respectively. If we assume AR =  ±0-001, R^  ̂and i?„ may become, as an extreme example, 
0-564 and 0-547 respectively, and the resulting values of no and ko will be 0-760 and 1-934. 
The corresponding value of a expressed as a percentage is 76 %, which shows that a change 
in «0 and ko of this size will not change the value of the reflection coefficients by more than 
the uncertainty AR. Hence, there is a host of no and ko values contained within the range 
determined by AT? and therefore the substitution of measured reflection coefficients into 
equations (1), (2) and (3) are likely to lead to erroneous values of «o and ko. The same 
calculation performed at 0= 74° gives a, expressed as a percentage equal to 2-7%.

6. Conclusions
The angular dependence of the errors in optical constants (l-0^«o^4-0 , 1-0^ ko<4-0) 

obtained from reflectance measurements has been determined, and shown to be large for 
angles well removed from the optimum region about 74 °. In particular, it has been shown 
that reflectances measured at near normal incidence are inherently insensitive to wide 
variations in no and ko. This insensitivity may be a contributory factor to the wide dis
crepancies observed between the results obtained by near normal incidence and other 
methods for optical constants (Robin 1966, p. 208).
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Abstract. A rapid accurate computational procedure has been devised for obtaining 
n and k  from reflectance ratio values measured at two angles of incidence, Bi and 6%. 
This technique has been used to study the sensitivity of the reflection ratio method, and it 
is shown that the errors are less than 2% in the product nk  (nk<6), when the reflection 
ratios are in error by ± 0  005, or 0i and 02 are in error by ±0-1°, for measurements in the 
angular ranges 58°^ 0i<67° and 80° <  02^ 81°.

1. Introduction

Optical constants n and k of bulk materials and opaque films can be obtained from 
measurements of the ratio R J R  n at two angles of incidence 0i and 02, where R n and R_̂  
are the reflection coefficients for incident light polarized parallel and perpendicular to the 
plane of incidence. The experimental advantages of this method have been discussed by 
Avery (1952),

In addition, it should be pointed out that the method is particularly suitable for 
measurements on a sample in vacuum when the source and detector optics are outside the 
vacuum system. Whereas the windows must be calibrated for most other methods of 
obtaining n and k  under these conditions, this is not necessary for the reflection ratio 
method, because the optical geometry is identical for each component in the ratio, pro
vided that the light passes normally through nondichroic windows.

Although Avery’s original graphical method has been improved (Miller and Taylor 
1971), the processing of the experimental data by this means in order to obtain n and k 
can be inconvenient and tedious, especially if a full-sensitivity study is required. Kolb 
(1972) has obtained an analytical solution for the ratio method, and we have also derived 
such a solution, but both are computationally longer and more complicated than the 
method described below.

We have developed a computational procedure for obtaining n and k from measured 
reflection ratios which is rapid, accurate and convenient, and which enables the sensitivity 
of the reflection ratio method to be studied.

2. The computational procedure

The procedure is based on the analytical solutions to the generalized Fresnel reflectance 
equations (Querry 1969). Querry’s analysis enabled equations for n and k to be^ritten  in
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terms of T?,,, and one angle of incidence, 6. Figure 1 shows two bounded regions in 
(/?ii,y?L, 6) space enclosing all possible solutions to the reflectance equations for two 
angles of incidence, d\an d  (Miller ct al 1970). Let us suppose that the ratios 
and {R jR f)o 2  are measured at di and These ratios are the slopes of lines DA and OB 
passing through the origins of the (T?,,, Rf)  diagrams for 6i and 02 respectively. Consider 
the line OA of slope {R jR f)oy  Each point on this line within the enclosed region cor
responds to a different («, k) pair given by solutions to the Fresnel reflectance equations. 
The measured ratio {R jR f)o 2 may be used to isolate a unique {n, k) pair in the following 
way. Pairs of (/?, k) values at 0i are used to generate a fan of lines such as OC, OD, OE, OF 
of figure 1(6).

0 10

'J.

0 10

Figure 1. Bounded regions in (/?n, J?x, 6) space for two angles of incidence, and 02, 
showing lines of slope equal to reflection ratios.

Each line has a different slope RJR^,  and only one (OB) will correspond to the 
measured ratio {RjR^)ez- The {n, k) pair generating this line is the required solution. 
This method of solving the reflection ratio equations is particularly convenient for digital 
computation.

Starting at the origin 0 on the line OA, values of n and k are calculated at a number of 
equispaced points P i, Pg, P 3, . .  •, P«, • • •, Py along OA, and for each point the slope of 
the line at 02 is computed. The calculation proceeds in this way until the quantity S/n, 
defined as | calculated slope -  observed slope {RjRf)\ez,  starts to increase. If the calcula
tion has proceeded to a point P< on OA, and at this point there is an increase in Bin, the 
calculation is then restarted at a point Pi-2  on OA. The step size, defined as the length 
OA//, is reset to OA///, w here/is an arbitrary reduction factor—in our case we pu t/ =  10, 
The calculations are allowed to proceed until Bm reaches some arbitrarily small value, and 
are then stopped. The point on OA at which calculation ceases thus corresponds to the 
desired solutions for n and k. In practice, the calculation is stopped when Bm is approxi
mately equal to the experimental error in the measured ratios. An example of the speed 
and accuracy of this computational procedure is demonstrated for n = 2 , A: =  3 by setting 
the limit on Bm to 0-001. The initial step size was 0-01 of the Rj  ̂ axis, and we set / =  10. 
Solutions accurate to 1 part in 3000 were obtained in less than 0-05 s (computing time 
required for a CDC 6600 computer using a F o r tr a n  iv  compiler).
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3. The sensitivity of the reflection ratio method

The rapid convergence of this computational procedure allows a comprehensive study to be 
made of the sensitivity of the reflection ratio method. In a previous paper (Miller et al
1971), a method for studying the sensitivity of n and k to T?,, and R̂  ̂was developed. We 
used a quantity o- which was defined as the fractional error introduced into the product nk 
by known errors in i?,, and i? l- For the ratio method the definition of a remains the same 
but the coefficients and R̂  ̂ are replaced by the ratios {RjRifj^^ and {RjR[\)o2 - We 
have used these previously described computational techniques to investigate the varia
tion of CT with changes in the quantities 0i, 02, {RjR\<)oi and {RjRfjo^  for combinations 
of n and k in the ranges 1 ^  < 4, 1 ^  A: ^  4.

Table 1. Optimum regions of 0i and 02 for an error of ± 0  005 in the reflection ratios
{Rx!R\\)Oi and (/?l//?h)o.

Value of n Value of k Optimum region 
for 01

Optimum region 
for 02

Error in product nk  
((;%)

low; ~1 high; ~ 4 56° < 0 1  <69° 80° <02 <85° <2-0
mod; ~ 2 mod; ~ 3 58° <01 <69° 78° <02 <85° < 10
high; ~ 4 low; ~1 50° < 01  <69° 70° < 0 2  <85° < 0 5

Table 2. Optimum regions of 01 and 02 for an error of ± 0 1 °  in the angles of incider

Value of n Value of k Optimum region 
for 01

Optimum region 
for 02

Error in product nk  
((;%)

~1 ~ 4 50° < 0 1  <67° 77° <02 <80° < 1-0
~2 ~ 3 50° <01 <67° 74°<02<81° <1-0
~ 4 ~1 50° < 0 1  <68° 75°<02<81° <1-0

The results are summarized in tables 1 and 2. The quantity a was calculated for all 
combinations of 0i and 02 in the ranges 50° ̂  0i ^  69° and 70° ̂  02 ^  85° for each {n, k) 
pair. In compiling table 1 we assumed errors of ± 0-005 in the two ratios and no errors in 
01 and 02 for each («, k) pair. An error of ± 0-005 in the ratios should not be too difficult 
to achieve experimentally. We were interested in obtaining optimum values for 0i and 02 
for each (n, k) pair. However, there is no dramatic variation of a with 0% and 0 2 ; and so 
we chose to represent as optimum those regions of 01 and 02 in which measurement at any 
combination of angles would give smaller values of a than those shown. The value of ct at a 
given 01 and 02 was found to be approximately proportional to the known error in the 
reflection ratios. The range of ratio errors investigated was ±0-005 to ±0-01. The data 
shown in table 2 were obtained by assuming no errors in the reflection ratios and errors in 
01 and 02 of ±0-1°. Again there was no dramatic variation of ct with 01 and 02 when these 
were in error by ±0-1°, but a was found to vary strongly with 01 and 02 when these were 
in error by ± 0-5°. For an error in 01 and 02 of ± 0-5° the optimum regions for 01 and 02 
were shorter in range than those for ±0-1°. As an example, for n =  2, k =  3 and cr<2-5% ; 
the optimum region for 01 was 50° ^  01 ^  60°, and for 02 the single value 02 =  76° was 
obtained.

If  we compare the above reflection ratio method with a direct measurement at one 
angle, we see that the former has a greater inherent sensitivity to n and k. For example.
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figure 5 of Miller et al {\91\) shows a ~ l M %  for ?î =  2, /c = 3 when the individual co
efficients 7? II and 7?^ are in error by ±0-005. Table 1 shows or< 1% for the same {n, k) 
pair when the ratios are in error by ±0  005. In addition, the ratio method allows a 
considerable choice for optimum angles compared with the more rigid requirements of the 
coefficient method.

4. Conclusions

A new method has been devised for computing n and k from the reflectance ratio data 
measured at two angles of incidence. The method is convenient, accurate and economical 
in terms of computer time. This computational procedure has been used to examine the 
sensitivity of the reflection ratio method, and it is found that errors of less than 2% may be 
attained in the product nk for nk ^  6, when the reflection ratios are in error by ± 0-005, or 
01 and 02 are in error by ± 0-1°, for measurements in the angular ranges 58° < 0i ^  67° and 
80° <02 <81°.

The reflection ratio method is thus shown to have a rather greater inherent sensitivity to 
n and k, and a wider range of optimum angles than a method which measures reflection 
coefficients 7? n and 7?  ̂at one optimum angle.
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