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A b str a c t

RESONANT-BRILLOUIN-SCATTERING STUDIES 
OF THE AnEXCITON IN CADMIUM SULPHIDE 

by

Xing-Ze Lu

Adviser: Professor Herman Z. Cummins

H i g h - r e s o l u t i o n  r e s o n a n t - B r i l l o u i n - s c a t t e r i n g  e x p e r im e n t s  in  

t h e  s p e c t r a l  r e g io n  o f  t h e  A ^ e x c i to n  in  cadmium s u l p h i d e  w e re  p e r ­

fo rm e d  a t  l i q u i d - h e l i u m  and  s u p e r f l u i d - h e l i u m  t e m p e r a t u r e s  w i th  a 

s i n g l e - m o d e  t u n a b l e  dye l a s e r  and  a  F a b r y - P e r o t  i n t e r f e r o m e t e r  

f o l l o w e d  by a d o u b l e - g r a t i n g  s p e c t r o m e t e r .  A f r e q u e n c y - d e p e n d e n t  

p o l a r i t o n  dam ping m odel was p ro p o s e d  t o  q u a n t i t a t i v e l y  e x p l a i n  t h e  

o b s e r v e d  RBS l i n e w i d t h  b e h a v io r  n e a r  t h e  e x c i t o n  r e s o n a n c e .  We 

h av e  g iv e n  t h e  f i r s t  e v id e n c e  f o r  t h e  k - l i n e a r  i n t e r a c t i o n  in  t h e  

A ^ e x c i to n  in  CdS by p e r f o r m in g  RBS e x p e r im e n t s  in  a weak m a g n e t ic  

f i e l d .  We a l s o  o b s e r v e d  t h r e e - b r a n c h  p o l a r i t o n  b e h a v io r  and  m eas­

u r e d  t h e  k - l i n e a r  c o e f f i c i e n t  o f  t h e  A -e x c i to n  in  CdS f o r  t h e  f i r s t  

t im e  by p e r f o r m in g  RBS e x p e r im e n t s  a t  s u p e r f l u i d - h e l i u m - t e m p e r a -  

t u r e s .  We h av e  shown t h a t  f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  dam ping i s  

c r u c i a l  f o r  s o l v i n g  t h e  a d d i t i o n a l  b o u n d ary  c o n d i t i o n  (ABC) p ro b le m  

from  RBS i n t e n s i t y  m e a s u re m e n t .  None o f  t h e  t h r e e  commonly u s e d  

ABCs a g r e e  w i th  t h e  RBS e x p e r im e n t s .  A . f i t  o f  t h e  t h e o r e t i c a l  i n ­

t e n s i t y  c u r v e  c a l c u l a t e d  from  a  g e n e r a l i z e d  ABC and  t h e  f r e q u e n c y -



iv

d e p e n d e n t  dam ping  m odel t o  t h e  o b s e r v e d  i n t e n s i t y  d a t a  i n d i c a t e s  

t h a t  t h e  d ea d  l a y e r  e f f e c t  i s  n e g l i g i b l e  i n  t h e  A ^ e x c i to n  in  CdS 

and  t h e  c o r r e c t  c h o ic e  o f  ABC f a l l s  b e tw e e n  ABC 1 and  ABC 2 b u t  

c l o s e  t o  ABC 2.
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Chapter 1 . Introduction

S in c e  t h e  p io n e e r i n g  p a p e r  by B ren ig ,  Z e y h e r ,  and B irm an (BZB),1

many r e s o n a n t  B r i l l o u i n  s c a t t e r i n g  (RBS) e x p e r im e n t s  hav e  b ee n  p e r ­

fo rm e d  on n o n m e t a l l i c  c r y s t a l s  su c h  a s  GaAs, Cu20, CdS, and  CdSe. I t

was shown t h a t  t h e  k i n e m a t i c s  o f  RBS ( i . e .  t h e  d e p e n d en ce  o f  t h e

B r i l l o u i n  s h i f t  on t h e  i n c i d e n t  l a s e r  f r e q u e n c y )  was v e ry  w e l l  f i t t e d  

by BZB’s  t h e o r y .  H ow ever, o t h e r  i n t e r e s t i n g  and  i m p o r t a n t  d y n am ica l  

a s p e c t s  i n c l u d i n g  t h e  B r i l l o u i n  l i n e w i d t h  and  i n t e g r a t e d  s c a t t e r e d  

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

t h e s i s  was d e s ig n e d  t o  e x p l o r e  t h e s e  d y n am ica l  a s p e c t s  o f  t h e  t h e o r y  

in  t h e  w u r t z i t e - s t r u c t u r e  s e m ic o n d u c to r  CdS.

B e f o r e  p r e s e n t i n g  o u r  t h e o r e t i c a l  and e x p e r i m e n t a l  i n v e s t i g a ­

t i o n s  on RBS, we p r e s e n t  in  t h i s  c h a p t e r  som e e l e m e n ta r y  c o n c e p t s  

and p r e l i m i n a r y  b a c k g ro u n d  i n f o r m a t i o n .  T h ro u g h o u t  t h e  t h e s i s ,  we 

w i l l  u s e  w = u>/(2 ire) t o  r e p r e s e n t  f r e q u e n c y  e x p r e s s e d  in  u n i t s  o f  

cm” 1, w i th  a  s i m i l a r  d e f i n i t i o n  f o r  t h e  dam ping c o n s t a n t  Y, and  k = 

k /(2 ir )  t o  r e p r e s e n t  wave num ber e x p r e s s e d  in  u n i t s  o f  cm^1.

1.1. Exciton

An e x c i t o n  i s  an e l e m e n t a r y  e l e c t r o n i c  e x c i t a t i o n  i n  n o n m e t a l l i c  

s o l i d s  e x h i b i t i n g  h y d r o g e n n l ik e  e n e r g y  l e v e l s  o f  t h e  C oulom b-bound 

e l e c t r o n n h o l e  p a i r .
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1. Electronic Excitation

In  a to m ic  p h y s i c s  one  u s u a l l y  n e g l e c t s  t h e  i n t e r a c t i o n  b e tw e e n  

a to m s .  U sing  t h e  c e n t r a l  f i e l d  a p p r o x im a t io n ,  e a c h  e l e c t r o n  i s  c o n s i ­

d e r e d  t o  be moving i n d e p e n d e n t ly  i n  a  s e l f - c o n s i s t e n t  Coulomb p o t e n ­

t i a l  due t o  a  s i n g l e  i s o l a t e d  n u c l e u s  ( o r  ion )  and  t h e  o t h e r  e l e c ­

t r o n s  i n  t h e  sam e a to m . The e l e c t r o n i c  e x c i t a t i o n s  can  be  d e s c r i b e d  

by a  s e r i e s  o f  a to m ic  o r b i t s .

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

c r y s t a l s  and  t h e  i n t e r a c t i o n  b e tw e e n  t h i s  s t r u c t u r e  and  t h e  e l e c ­

t r o n s .  Using t h e  e n e rg y  band  a p p r o x im a t io n ,  e a c h  e l e c t r o n  i s  c o n s i ­

d e r e d  t o  be moving in d e p e n d e n t ly  i n  an  a v e r a g e d  s e l f - c o n s i s t e n t  p e r i ^  

o d ic  p o t e n t i a l  due t o  a l l  t h e  n u c l e i  ( o r  io n s )  and  t h e  o t h e r  e l e c n

t r o n s  i n  t h e  c r y s t a l .  The e l e c t r o n i c  e x c i t a t i o n s  ca n  be d e s c r i b e d  by

a  s e r i e s  o f  e n e rg y  b a n d s .

When an  e l e c t r o n  i s  e x c i t e d  from  a  f u l l  v a l e n c e  band  t o  an 

em pty  c o n d u c t io n  ban d ,  an  a d d i t i o n a l  i n t e r a c t i o n  b e tw e e n  t h e  e x c i t e d  

e l e c t r o n  and t h e  h o l e  i t  l e a v e s  b eh in d  a p p e a r s  a s  a  p a r t  o f  t h e  

e n e rg y  g a in  due t o  t h e  t r a n s i t i o n .  T h is  i n t e r a c t i o n ,  w h ich  i s  n e g ­

l e c t e d  in  t h e  band  sch em e ,  c a u s e s  t h e  f o r m a t i o n  o f  h y d r o g e n - l i k e  

bound s t a t e s  o f  an  e l e c t r o n  and  a  h o l e .  The compound p a r t i c l e  fo rm e d

by an  e l e c t r o n  in  a  c o n d u c t io n  band  and  a  h o l e  in  a  v a l e n c e  band  i s

r e f e r r e d  t o  a s  an  e x c i t o n .  T h e r e f o r e  t h e  e x c i t o n  schem e i s  a  m ore 

c o m p le te  d e s c r i p t i o n  o f  e l e c t r o n i c  e x c i t a t i o n s  in  s o l i d s  t h a n  t h e  

band  schem e.
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I n  m e t a l s  t h e  e x c i t o n  l i f e t i m e  i s  e x t r e m e l y  s h o r t  ( -  lO ^ 16 s e c . )  

due t o  t h e  s c r e e n i n g  e f f e c t  o f  t h e  e l e c t r o n w h o l e  i n t e r a c t i o n  by c o n -  

d u c t io n  e l e c t r o n s .  E l e c t r o n s  and  h o l e s  e s s e n t i a l l y  move in d e p e n d e n t ly  

o f  e a c h  o t h e r  and t h e  band schem e i s  a  good a p p r o x im a t io n  f o r  t h e  

d e s c r i p t i o n  o f  e l e c t r o n i c  e x c i t a t i o n s .  H ow ever, in  s e m ic o n d u c to r s  and 

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

in g  e f f e c t s  a r e  n e g l i g i b l y  s m a l l  u n d e r  n o rm a l  c o n d i t i o n s  b e c a u s e  o f  

t h e  l a r g e  e n e rg y  gap  b e tw e e n  t h e  h i g h e s t  v a l e n c e  band  and  t h e  l o w e s t  

c o n d u c t io n  band ; t h u s  e x c i t o n s  ca n  l i v e  l o n g  enough ( ~ 1CT11 s e c . )  so  

t h a t  t h e  e x c i t o n  sch em e i s  n e c e s s a r y  t o  d e s c r i b e  t h e  e l e c t r o n i c  e x c i -  

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

2. Frenkel and Wannier Excitons

E x c i to n s  w hose r a d i i  a r e  c o m p a r a b le  t o  t h e  l a t t i c e  c o n s t a n t  and 

w hich  a r e  l o c a l i z e d  a r e  r e f e r r e d  t o  a s  F r a n k e l  e x c i t o n s .  M obile  e x c i -  

to n s  w i th  a r a d i u s  much l a r g e r  t h a n  t h e  l a t t i c e  c o n s t a n t  a r e  c a l l e d  

W annier e x c i t o n s .  The e x c i t o n s  in  t h e  s e m ic o n d u c to r  CdS a r e  Wannier 

e x c i t o n s .  In  t h e  f o l l o w i n g  we o n ly  d i s c u s s  Wannier e x c i t o n s .

23. Exciton Wave Functions and Degrees of Freedom

U sing t h e  t w o - p a r t i c l e  m odel and  e f f e c t i v e  m ass  a p p r o x im a t io n ,  

t h e  e q u a t i o n  o f  m o t io n  f o r  an  e x c i t o n  in  a n  i s o t r o p i c  medium i s  g iv en  

by
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n 2ve 2
2m0

! !V2m, e  p p s  rv
+ Er ip = E i|> . ( 1 . 1 )

Making a  t r a n s f o r m a t i o n

m ere + m,_r
R h h

m~ + m, e h
r = rP~ rh ( 1 . 2 )

w h ere  R i s  t h e  c e n t e r  o f  m ass c o o r d i n a t e  o f  t h e  e x c i t o n  and r i s  t h e  

r e l a t i v e  ( e l e c t r o n - h o l e )  c o o r d i n a t e ,  we o b t a i n

r2v  *2Y
2u 2M

e—  + Eee r  S ip = E ip (1 .3 )

w h ere

m e mh
me + mh

M = me + mh , (1 .4 )

y i s  t h e  r e d u c e d  m ass  and  M i s  t h e  t o t a l  m a ss .  The e x c i t o n  wave

f u n c t i o n s  and  e n e rg y  l e v e l s  a r e  o b t a in e d  by s o l v i n g  Eq. (1 .3 ) ;  

*<re,rh) -  exp(ik*R ) ^ ( r )  u j r j (1 .5 )

e > / >  s  , R2k 2
n (k )  "  ES 2R2ezn 5 “2M" ( 1 . 6 )

w h e re  a r e  t h e  h y d ro g e n ic  e n v e lo p e  f u n c t i o n s  i n  a  medium o f

d i e l e c t r i c  c o n s t a n t  e, w h i le  u (u ) a r e  t h e  p e r io d i c  p a r t s  o f  t h eCo v 0

B lo ch  f u n c t i o n s  in  t h e  c o n d u c t io n  (v a le n c e )  band  a t  k = 0 .

S in c e  t h e  e x c i t o n s  fo rm e d  from  tw o  g iv e n  ban d s  may hav e  b o t h  

t r a n s l a t i o n a l  m o tio n  an d  i n t e r n a l  m o t io n  o f  t h e  e l e c t r o n  r e l a t i v e  t o  

t h e  h o l e ,  t h e  f o l l o w i n g  i n f o r m a t i o n  i s  n eed ed  t o  s p e c i f y  an  e x c i t o n  

s t a t e :



(a) f rom  w hich  c o n d u c t io n  and  v a l e n c e  band  an  e x c i t o n  i s  fo rm e d ,

(b) quantum  n u m b ers  o f  t h e  i n t e r n a l  m o t io n ,

(c) wave v e c t o r  k o f  t h e  t r a n s l a t i o n a l  m o tio n ,

(d) s p in s  o f  t h e  e l e c t r o n  and  t h e  h o l e .

4 .  S y m m e t r y  P r o p e r t i e s  o f  E x c i t o n s

At k = 0 , t h e  sy m m etry  o f  an  e x c i t o n  s t a t e  i s  d e te r m in e d  by t h e  

p o i n t  s y m m e t r i e s  o f  t h e  c o n d u c t io n  ban d ,  v a l e n c e  band ,  and t h e  e n v e l ­

ope f u n c t i o n  (wave f u n c t i o n  o f  t h e  i n t e r n a l  m o t io n ) ,  and  t h e  s p in  

wave f u n c t i o n .  Thus we may c h a r a c t e r i z e  t h e  e x c i t o n  s t a t e s  by t h e i r  

p o i n t  s y m m e t r i e s  a t  k = 0 , e . g .  t h e  g ro u n d  s t a t e  (1 s )  o f  t h e  A le x e is  

t o n  in  CdS a t  k = 0 c o n s i s t s  o f  f o u r  s u b s t a t e s  o f  p o in t  s y m m e t r i e s  

r 5  ’ r 5  * r 6 » anci r 6» r e s p e c t i v e l y .  The f i r s t  tw o  a r e  s p in  s i n g l e t  

s t a t e s  i n  which  t h e  e l e c t r o n  s p in  i s  a n t i ^ p a r a l l e l  t o  t h e  h o l e  s p in ,  

and  th e  o t h e r  tw o  a r e  s p in  t r i p l e t  s t a t e s  i n  w hich  t h e  e l e c t r o n  s p in  

i s  p a r a l l e l  t o  t h e  h o l e  s p in .

5 .  L -T  S p l i t t i n g  a n d  E x c i t o n  D i s p e r s i o n

U sing t h e  c l a s s i c a l  h a rm o n ic  o s c i l l a t o r  m odel we e a s i l y  o b t a i n  

t h e  d i e l e c t r i c  f u n c t i o n  n e a r  an e x c i t o n  r e s o n a n c e  in  an  i s o t r o p i c  

medium:
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e = eb + fit*)

“ o2 + ( - M- )  k * “ “ iwY

(1 .7 )

The t r a n s v e r s e  e x c i t o n  modes o c c u r  a t  t h e  p o l e s  o f  e. Thus t h e i r  

d i s p e r s i o n  r e l a t i o n  i s

Rkz
u = + 2M~ ' ( 1 . 8 )

w h ere  mo = uip. The l o n g i t u d i n a l  e x c i t o n  mode o c c u r s  a t  t h e  z e r o  o f  e. 

Thus i t s  d i s p e r s i o n  r e l a t i o n  i s

Fikz
113 “L + 2M (1 .9 )

w here

“L 1 +

*lna a)0 0

1
“ 2

( 1 . 1 0 )

6. Observation of Excitons

The s t r u c t u r e  o f  e x c i t o n s  d epends  c r i t i c a l l y  upon t h e  t e m p e r a ­

t u r e .  When t h e  t e m p e r a t u r e  i n c r e a s e s ,  t h e  band gap and  t h e  e n e rg y  

s e p a r a t i o n s  b e tw e e n  e x c i t o n  l e v e l s  d e c r e a s e .  On t h e  o t h e r  hand , t h e  

e x c i t o n  l i f e t i m e  d e c r e a s e s  due t o  t h e  i n c r e a s e  i n  t h e  num ber o f  f r e e  

e l e c t r o n s  and  h o l e s  (w hich  s c r e e n  t h e  Coulomb i n t e r a c t i o n  b e tw e e n  

t h e  e l e c t r o n  and  h o l e  in  an  e x c i to n )  and  phonons  (w hich  s c a t t e r  e x c f -  

t o n s  o r  c a u s e  p h o n o n - r e l a t e d  b ro a d b an d  b ack g ro u n d  e m i s s i o n s ) .  In  

o r d e r  t o  o b s e r v e  e x c i t o n s  c l e a r l y  one m u s t  keep  t h e  s a m p le s  a t  v e r y  

low  t e m p e r a t u r e s ,  e .g .  l i q u i d  n i t r o g e n  o r  l i q u i d  h e l iu m  t e m p e r a t u r e s .
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The f i r s t  i n d i c a t i o n  o f  a  p o s s i b l e  h y d ro g e n ic  e x c i t o n  s e r i e s  in  

CdS w as o b s e r v e d  in  a b s o r p t i o n  m e a su rem en t  by G ro ss  e t  a l  in  1957,

and in  r e f l e c t i v i t y  m e a s u re m e n ts  by D u t to n  in  1958 and Thomas and

H o p f ie ld  in  1959.

1.2. Polariton

1. Polariton, Phonon-Polariton and Exciton-Polariton

The m e c h a n ic a l  modes (phonon, e x c i t o n ,  p la sm o n  e t c . )  i n  a  die-*̂

l e c t r i c  medium p ro d u c e  p o l a r i z a t i o n s  which c o u p le  t o  t h e  e l e c t r o m a g ­

n e t i c  w aves in  t h e  medium. P o l a r i t o n s  a r e  t h e  c o m p o s i te  p a r t i c l e s  

fo rm e d  by t h e  c o u p le d  p o l a r i z a t i o n s  and  p h o to n s .

The p o l a r i t o n s  a r e  r e f e r r e d  t o  a s  p h o n o n s p o l a r i t o n s  i f  t h e  p o l^  

a r i z a t i o n  i s  p ro d u c e d  by p o l a r  o p t i c a l  phonons ,  o r  e x c i t o n - p o l a r i t o n s  

i f  t h e  p o l a r i z a t i o n  i s  p ro d u c e d  by e x c i t o n s .  I n  t h e  f o l l o w i n g  we d i s ^  

c u s s  o n ly  e x c i t o n - p o l a r i t o n s .

2. Polariton Dispersion Relation

S in c e  t h e  e l e c t r o m a g n e t i c  w aves in  an  i s o t r o p i c  medium a r e  

t r a n s v e r s e  w aves ,  t h e y  w i l l  o n ly  c o u p le  t o  t h e  t r a n s v e r s e  d ipole*; 

a l l o w e d  e x c i t o n  modes p r o p a g a t i n g  in  t h e  sam e d i r e c t i o n .  The d isper-^  

s io n  r e l a t i o n  o f  t h e  t r a n s v e r s e  p o l a r i t o n  modes i s  g iv e n  by



= e U , k )  (1 .1 1 )w

w h ere  e i s  t h e  d i e l e c t r i c  f u n c t i o n  o f  t h e  medium.

In  t h e  v i c i n i t y  o f  t h e  B r i l l o u i n  zo n e  c e n t e r  t h e  p o l a r  o p t i c  

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

d e p e n d e n t  o f  k; t h u s  m edia  w i th  o n ly  p h o n o n n p o la r i t o n s  w i l l  d i s p l a y  

c l a s s i c a l  d i s p e r s i o n .  H ow ever,  m edia  w i t h  e x c i t o n - p o l a r i t o n s  w i l l  

d i s p l a y  s p a t i a l  d i s p e r s i o n  ( i . e .  d e p e n d en ce  o f  e on k) due t o  t h e  

^ d e p e n d e n c e  o f  t h e  f r e e  e x c i t o n  e n e rg y .  I n  t h e  p r e s e n c e  o f  s  non-^in- 

t e r a c t i n g  e x c i t o n  s t a t e s ,  t h e  e x c i t o n - p o l a r i t o n  d i s p e r s i o n  i s  g iv e n  by

c zk"
%  + E

j = i

4 TTOtj LUj1

Tl u,
wj 2 + k 2 ~ <°2 ^ iu)Yj

, • <J

( 1 . 12 )

w h ere  w. i s  t h e  j ' t h  e x c i t o n  ( i n t e r n a l  m o tion )  f r e q u e n c y ,  4 irot. i s  t h e  
J  J

o s c i l l a t o r  s t r e n g t h ,  Y i s  t h e  p o l a r i t o n  dam ping e s s e n t i a l l y  due t o  

e x c i t o n  s c a t t e r i n g  by p h o n o n s ,  i m p u r i t i e s  e t c . ,  and  M. i s  t h e  e f f e c t
. J

t i v e  t r a n s l a t i o n a l  m ass .  S in c e  we w i l l  c o n s i d e r  p r o c e s s e s  s t a t i o n a r y  

in  t im e ,  w in  Eq. (1 .1 2 )  i s  r e a l  b u t  k ca n  be co m p lex .

3. Significance of the Polariton Picture

S in c e  e x c i t o n s  e x c i t e d  by l i g h t  a r e  a lw a y s  c o u p le d  t o  p h o to n s ,  

in  p r i n c i p l e  a l l  phenom ena r e l a t e d  t o  o p t i c a l l y  g e n e r a t e d  e x c i t o n s  

s h o u ld  be d e s c r i b e d  in  t e r m s  o f  t h e  p o l a r i t o n  p i c t u r e .  H ow ever,  i f  

t h e  c o u p l in g  b e tw e e n  e x c i t o n s  and  p h o to n s  i s  r e l a t i v e l y  weak com­

p a r e d  t o  o t h e r  i n t e r a c t i o n s  in v o lv e d  in  t h e  p r o c e s s ,  a s  in  r e s o n a n t
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Raman s c a t t e r i n g  (RRS) and  o p t i c a l  a b s o r p t i o n ,  one may u s e  t h e  b a r e  

e x c i t o n  p i c t u r e .  I n  RBS, a s  i t  w i l l  be  show n l a t e r ,  t h e  p o l a r i t o n  p i c ­

t u r e  i s  a b s o l u t e l y  n e c e s s a r y  t o  e x p l a i n  a l l  t h e  r e l e v e n t  phenom ena.

1.3. Spatial Dispersion

1. Definition

The v a r i a t i o n  w i th  wave v e c t o r  o f  t h e  s u s c e p t i b i l i t y  ( o r  d i e l e c - 1 

t r i e  f u n c t i o n )  t e n s o r  o f  a medium i s  r e f e r r e d  t o  a s  s p a t i a l  d is p e r - i  

s i o n ,  o r  e q u i v a l e n t l y ,  t h e  n o n l o c a l  r e s p o n s e  o f  t h e  medium t o  t h e  

e x t e r n a l  e l e c t r i c  f i e l d  i s  c a l l e d  s p a t i a l  d i s p e r s i o n .  I n  a  s p a t i a l l y  

d i s p e r s i v e  medium, e n e rg y  i s  t r a n s p o r t e d  n o t  o n ly  v i a  t h e  e l e c t r o m a g ­

n e t i c  w aves ,  b u t  a l s o  v i a  t h e  c o u p le d  p o l a r i z a t i o n  w aves .

2. Anomalous Waves and Necessity of the Additional Boundary
Condition (ABC)

C o n s id e r  l i g h t  n o r m a l l y  i n c i d e n t  on t h e  b o u n d a ry  o f  a  medium 

w hich  h a s  o n ly  one  o p t i c a l l y  a c t i v e  e x c i t o n  s t a t e  i n  t h e  v i c i n i t y  o f  

t h e  l i g h t  f r e q u e n c y .  I n  t h e  n o rm a l  i n c id e n c e  c a s e ,  o n ly  t h e  

t r a n s v e r s e  p o l a r i t o n  modes a r e  e x c i t e d  in  t h e  medium w hose d i s p e r ­

s i o n  r e l a t i o n  i s  t h e n  g iv e n  by
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JJiraui 2 0 0
( 1 .1 3 )fiai0

“ o2 + k2 " “* ~ itoT

F ig .  1.1 i s  t h e  s c h e m a t ic  r e p r e s e n t a t i o n  o f  Re k(tu) v s .  u> in  t h e  

e x c i t o n  r e g i o n  in  CdS a t  T = k .2  K a c c o r d in g  t o  Eq. (1 .13)*  F o r  e a c h  u 

> , t h e r e  e x i s t  tw o  p o l a r i z a t i o n  modes (a n o m a lo u s  w aves , o r

P ek a r  w aves) w i th  t h e  sam e p r o p a g a t io n  d i r e c t i o n  and t h e  sam e p o l a r ­

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

s i v e  medium. The a m p l i t u d e s  o f  t h e  tw o  t r a n s m i t t e d  p o l a r i t o n  modes 

and t h e  r e f l e c t e d  wave c a n n o t  be a s c e r t a i n e d  s o l e l y  by t h e  M axw ell  

b o u n d a ry  c o n d i t i o n s .  An a d d i t i o n a l  b o u n d ary  c o n d i t i o n  (ABC) i s  n eed ed  

t o  d e t e r m in e  t h e  r e l a t i v e  a m p l i tu d e  o f  t h e  tw o  p o l a r i t o n  modes. Note 

t h a t  i n  t h e  o b l iq u e ^ in c id e n c e  c a s e ,  t h e r e  w i l l  be a l s o  a  l o n g i t u d i n a l

e x c i t o n  wave in  t h e  medium. Thus tw o  ABCs a r e  r e q u i r e d  t o  d e t e r m in e

5
t h e  a m p l i tu d e s  o f  t h e  t h r e e  t r a n s m i t t e d  w aves.

I n  F ig .  1 . 1 , i s  t h e  o n s e t  f r e q u e n c y  o f  t h e  u p p e r  t r a n s v e r s e  

p o l a r i t o n  b r a n c h .  We ca n  o b t a i n  t h i s  f r e q u e n c y  by s e t t i n g  k = 0 in  

Eq. (1 -13)» h u t  t h i s  t u r n s  o u t  t o  be e x a c t l y  t h e  sam e c o n d i t i o n  as  

t h e  one f o r  t h e  l o n g i t u d i n a l  e x c i t o n  f r e q u e n c y  a t  k = 0. Thus t h e  

o n s e t  f r e q u e n c y  o f  t h e  u p p e r  t r a n s v e r s e  p o l a r i t o n  mode i s  t h e  sam e 

a s  t h e  f r e q u e n c y  o f  t h e  b a r e  l o n g i t u d i n a l  e x c i t o n  mode a t  k = 0 .

1.H. Additional Boundary Conditions
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ABC i s  c o n c e rn e d  w i t h  t h e  s u r f a c e  b e h a v io r  o f  t h e  e x c i t o n - p o l a r ­

i t o n s  i n  a  s p a t i a l l y  d i s p e r s i v e  medium.

1. Three Representative ABC3

(1) ABC 1 ( P e k a r ) 5

The sum o f  t h e  e x c i t o n  p o l a r i z a t i o n s  m u s t  v a n i s h  a t  t h e  c r y s t a l  

b o u n d ary :

_2_

Pe i  = 0 a t  x = 0 (1 .14)
1=1

w here  t h e  x ^ a x i s  i s  p e r p e n d i c u l a r  t o  t h e  c r y s t a l  s u r f a c e  , and P6i 

d e n o t e s  t h e  e x c i t o n  p o l a r i z a t i o n  a s s o c i a t e d  w i th  t h e  i ' t h  p o l a r i t o n  

mode. N ote  t h a t  t h e  t o t a l  p o l a r i z a t i o n  a s s o c i a t e d  w i th  t h e  i ' t h  p o l ­

a r i t o n  mode i s

eb ~ 1
pi  = p e i  + p b i  = p e i  + XbEi  = p e^ + ( 4 ^ ) Ei  » 

w here  P ^  i s  t h e  "b ack g ro u n d "  p o l a r i z a t i o n  due  t o  o t h e r  d e g r e e s  o f  

f r e ed o m  and  xb i s  t h e  a s s o c i a t e d  "b ack g ro u n d "  p e r m i t t i v i t y .  S in c e

n . 2 -  1

pi ' < T T - >  Ei •
we c a n  r e l a t e  Pe  ̂ t o  E^ by

2
n. n e.

Pe i  = <   > Ei  <1‘ 15>

w h ere  i s  t h e  e l e c t r i c  f i e l d  a s s o c i a t e d  w i th  t h e  i ’ t h  p o l a r i t o n  

mode, and
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nt  = —  ( 1 . 16 )i  to

i s  t h e  com plex  r e f r a c t i v e  in d ex  o f  t h e  i ' t h  p o l a r i t o n  mode. Thus we 

can  r e w r i t e  Eq. (1 .1 4 )  in  t e r m s  o f  Ei:

( n . 2 r, eb ) E. = 0 . (1 .1 7 )
1=1

(2) ABC 2 (Ting e t  a l ) 6

We may w r i t e  ABC 2 a s  f o l l o w s :

o r  i n  t e r m s  o f  E^:

_2_

)  ni Pe i  = 0  a t  x = 0  (1 .18 )
i =1

_2_

n. ( nj. 2 -  eb ) E. = 0 . (1 .19 )
1=1

(3) ABC 3 ( D i e l e c t r i c  A p p r o x i m a t i o n ) ^ ' ^  

We may w r i t e  ABC 3 a s  f o l l o w s :

—  Pe -
 -------------~~~z---------r  = 0  a t  x = 0  , ( 1 . 2 0 )

i =1 (n i  ‘  n e i  "  eb )

o r  i n  t e r m e s  o f  Ê .:

J L  E. 

i =1 1 e

w h ere  n g i s  t h e  r e f r a c t i v e  in d e x  o f  b a r e  t r a n s v e r s e  e x c i t o n s :



and  k g i s  t h e  wave v e c t o r  o f  b a r e  e x c i t o n s  d e te r m in e d  by t h e  p o l e s  

o f  t h e  d i e l e c t r i c  f u n c t i o n :

o M
ke = ( ^ j “) ( “ 2 n wQ2 + icoY) . (1 .23 )

0

1 02. A Simple Generalized ABC

The t h r e e  r e p r e s e n t a t i v e  ABCs w e re  shown t o  be s p e c i a l  c a s e s  o f  

a  s im p le  ( e x c lu d in g  s u r f a c e  e f f e c t  o f  e x c i t o n s )  g e n e r a l i z e d  ABC:

2
1L

i=1

+

ki  "  ke ki  + k e
E. = 0 , (1 .2 4 )

w h e re  S i s  t h e  e x c i to n  r e f l e c t i o n  c o e f f i c i e n t  i n t r o d u c e d  t h r o u g h  t h e  

e x c i t o n  w a v e f u n c t io n  n e a r  t h e  s u r f a c e

^ ( x )  = [ e x p ( - i k Qxx) + S e x p ( ik gxx ) ]  e(x) .

R e w r i t in g  t h e  p o l a r i t o n  d i s p e r s i o n  r e l a t i o n  a s

4 i r a  a )  2  .2 0 o i
ni  "  eb = n . 2 -• n e 2

M

we can  e a s i l y  r e d u c e  t h i s  s im p le  g e n e r a l i z e d  ABC t o  ABC 1, 2 ,  and  3 

by s e t t i n g  S = p 1, 1, and 0 , r e s p e c t i v e l y .

1.5. Resonant Brillouin Scattering

1. Definition
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B r i l l o u i n  s c a t t e r i n g  i s  t h e  s c a t t e r i n g  o f  l i g h t  by a c o u s t i c  phon

n o n s .  The quantum  t h e o r y  o f  l i g h t  s c a t t e r i n g ,  d e v e lo p e d  by Loudon,

c o n s id e r e d  f r e e  e l e c t r o n s  and  h o l e s  a s  t h e  i n t e r m e d i a t e  s t a t e s .  S ub-  
1

s e q u e n t l y ,  BZB. show ed t h a t  RBS i s  l i g h t  s c a t t e r i n g  by a c o u s t i c  p h o -  

nons v ia  e x c i t o n - p o l a r i t o n s  a s  i n t e r m e d i a t e  s t a t e s  in  t h e  v i c i n i t y  o f  

an  e x c i t o n  r e s o n a n c e  in  a  s p a t i a l l y  d i s p e r s i v e  medium w h e re  t h e  p o l ­

a r i t o n s  a r e  s t r o n g l y  e x c i t o m l i k e .  A b a c k w a rd  RBS p r o c e s s  i s  shown 

s c h e m a t i c a l l y  in  F ig . 1 .2 .

RBS i s  a  p o w e r f u l  t e c h n iq u e  f o r  s t u d y i n g  e x c i t o n - p o l a r i t o n s  and  

s p a t i a l  d i s p e r s i o n .  U sing t h i s  t e c h n iq u e ,  a c c u r a t e  m e a s u r e m e n ts  o f  

t h e  B r i l l o u i n  s h i f t  can  be o b t a i n e d ,  y i e l d i n g  a c c u r a t e  d e t e r m i n a t i o n s  

o f  t h e  e x c i t o n  p a r a m e t e r s  s u c h  a s  t h e  e f f e c t i v e  m ass ,  t r a n s v e r s e  

e x c i t o n  f r e q u e n c y ,  L-T s p l i t t i n g  e t c .  In  a d d i t i o n ,  l i n e w i d t h  m e a s u re ­

m e n ts  p ro v id e  i n f o r m a t i o n  on p o l a r i t o n  l i f e t i m e s  w h i le  i n t e n s i t y  

m e a s u re m e n ts  can  be u s e d  t o  d e t e r m in e  t h e  ABC.

2. Predictions of BZB's Theory

A ccord ing  t o  BZB's t h e o r y ,  a s  t h e  i n c i d e n t  l a s e r  f r e q u e n c y  

s c a n s  u pw ard  t h r o u g h  t h e  e x c i t o n  r e s o n a n c e ,  t h e r e  s h o u ld  be:

(1) A r a p id  i n c r e a s e  i n  B r i l l o u i n  s h i f t  due t o  t h e  c u r v a t u r e  o f

t h e  l o w e r  p o l a r i t o n  b r a n c h  (b r a n c h  2) n e a r  m . The B r i l l o u i n  s h i f t  i s0

v e r y  s e n s i t i v e  t o  t h e  e x c i t o n  p a r a m e t e r s ,  e s p e c i a l l y  t h e  e x c i t o n  

e f f e c t i v e  m ass .

(2) A B r i l l o u i n  o c t e t  r e s u l t i n g  from  t h e  t w o - b r a n c h  p o l a r i t o n  

m odel i n s t e a d  o f  t h e  u s u a l  B r i l l o u i n  d o u b l e t  which  i s  o b s e r v e d  when
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t h e  i n c i d e n t  l a s e r  f r e q u e n c y  Wj. i s  w e l l  b e lo w  m0.

(3) An i n c r e a s e  in  t h e  B r i l l o u i n  l i n e w i d t h  due  t o  t h e  o n s e t  o f

l i n e w i d t h  i s  s e n s i t i v e  t o  t h e  p o l a r i t o n  dam ping c o n s t a n t ,  w hich  i s  

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

(4) The s c a t t e r i n g  c r o s s  s e c t i o n  ( i n t e g r a t e d  i n t e n s i t y )  f o r  d i f ­

f e r e n t  B r i l l o u i n  c o m p o n en ts  s h o u ld  be  s t r o n g l y  f r e q u e n c y - d e p e n d e n t  

and  v e r y  s e n s i t i v e  t o  t h e  c h o ic e  o f  ABC.

Based  on BZB's t h e o r y ,  M a t s u s h i t a  e t  a l  h av e  r e c e n t l y  d e v e lo p e d

a  f a c t o r i z a t i o n  p r o c e d u r e  t o  c a l c u l a t e  RBS c r o s s  s e c t i o n s  n u m e r i -  

11c a l l y .  The d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  b a c k w a rd  S tokes-R B S  from  

t h e  i ' t h  t o  t h e  j ' t h  p o l a r i t o n  b r a n c h  i s  g iv en  by

w h ere  T(ui) i s  t h e  ABC<-dependent t r a n s m i s s i v i t y  o f  p h o to n s  a t  t h e  c r y ­

s t a l  b o u n d a ry ,  V„ and  V„ a r e  t h e  e n e rg y  and  g ro u p  v e l o c i t i e s  o f  p o l -  h u

a r i t o n s ,  A y i s  t h e  e x c i t o n  s t r e n g t h  f u n c t i o n  w hich  m e a s u r e s  t h e  p r o ­

p o r t i o n  o f  e x c i t o n ^ l i k e  b e h a v io r  in  t h e  p o l a r i t o n  u n d e r  c o n s i d e r a t i o n ,

i n c i d e n t  and  s c a t t e r e d  p o l a r i t o n s ,  A i s  t h e  i l l u m i n a t e d  a r e a  on  t h e  

c r y s t a l  s u r f a c e  and  c s i s  t h e  so u n d  v e l o c i t y .

The e x c i to n - p h o n o n  i n t e r a c t i o n  k e r n a l  f0(q) i s  g iv en  by

t h e  u p p e r  p o l a r i t o n  b r a n c h  (b r a n c h  1) when Wj. > The B r i l l o u i n

phonon uLi ‘"Sj
2

d2o
A [1 + n

dfi dm

(1 .25 )

k j  = k j  + i k j  and  k<, = k^ + ik g  a r e  t h e  com plex  wave v e c t o r s  o f  t h e
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i i

r "(<»  ■ ( ' d b )2  ?  <De * V  l , -26)
Li A

f o r  LA p h o n o n s ,  and

z
2 u e a  e _ _i_ _3 m -  m.

r„ (q ) = ------    ( ^ —  ) 2 q 2 ( - ~ ~ r )  (1 .27)
b TA e + mh

f o r  TA p h o n o n s .  The p a r a m e t e r s  o^A> c ^ A> p, Dg , D^, e js e t c .  f o r  CdS

a r e  g iv en  in  T a b le  1 .4 .

S in c e  t h e  l a s t  f a c t o r  in  Eq. (1 .2 5 )  i s  t h e  o n ly  one which

s t r o n g l y  d ep en d s  on f r e q u e n c y ,  t h e  s c a t t e r e d  s p e c t r u m  i s  e x p e c t e d  t o

have  a  L o r e n tz i a n  l i n e  s h a p e .  Thus t h e  S to k e s  B r i l l o u i n  s h i f t  w i l l  be

A -  taJgj n Uj. = r-. c s 

and  t h e  B r i l l o n i n  l i n e w i d t h

k '  + k '  kI i  KSj (1 .28 )

6 -  2 c s

As o r i g i n a l l y  p o in t e d  o u t  by S a n d e rc o c k ,  t h i s  l i n e w i d t h  i s  d e te r m in e d

by t h e  u n c e r t a i n t y  o f  t h e  phonon wave v e c t o r  q ,  and  (k^ + k g )" 1 r e p -

1 2r e s e n t s  t h e  e f f e c t i v e  s c a t t e r i n g  l e n g t h  i n  w hich  RBS t a k e s  p l a c e .  

Damping o f  t h e  a c o u s t i c  p honons ,  which w ould  a l s o  c o n t r i b u t e  t o  t h e  

RBS l i n e w i d t h ,  can  be n e g l e c t e d  a t  l i q u i d  h e l iu m  t e m p e r a t u r e s .

The i n t e g r a t e d  i n t e n s i t y  i s  g iv e n  by

2
+ nphonon(a>I i  “S j ^  ^ /  ̂ “Sj | Ai j (k i i ' k s j ?

;GjU Sj
= irA  -------- ------ 5-------- 5----- —  Ti(au  ) T iU , , . )  1------ ;----- -— 1;

(2ir) (he)  ̂ E i W P  P W ^ S j P

r o(kI i + kSj^

2

x 1 , * (K 3 0 )  
ki i  + kSj

F or d e t a i l s  s e e  Eqs. (7 .2 6 )  t o  (7 .3 5 )  in  t h i s  t h e s i s .
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3. Previous RBS Experiments

(1) Zincblende Structure

In  1977, U lb r i c h  and  W e is b u c h ^  em p lo y ed  a  t u n a b l e  n e a r - d n f r a r e d  

dye l a s e r  a s  an e x c i t i n g  s o u r c e  t o  s t u d y  RBS a t  t h e  1s e x c i t o n  

fo rm e d  by t h e  Tg c o n d u c t io n  band  and  Tg v a l e n c e  band in  t h e  I I I -V  

compound GaAs ( z in c b l e n d e  c u b ic  s t r u c t u r e ) .  U t i l i z i n g  a  [ 1 0 0 ]  backn  

s c a t t e r i n g  c o n f i g u r a t i o n  and a n a ly z i n g  t h e  s c a t t e r e d  l i g h t  w i t h  a 

g r a t i n g  s p e c t r o m e t e r ,  t h e y  w e re  a b l e  t o  o b s e r v e  t h e  e n h a n cem en t  o f  

t h e  B r i l l o u i n  i n t e n s i t y  n e a r  r e s o n a n c e ,  t h e  B r i l l o u i n  s h i f t  d isper^- 

s io n ,  and  t h e  m u l t i p l e  B r i l l o u i n  co m p o n en ts  r e s u l t i n g  from  t h e  i n t e r ­

b ra n c h  and i n t r a b r a n c h  l o n g i t u d i n a l  a c o u s t i c  (LA) phonon s c a t t e r i n g  

b e tw e e n  tw o  e x c i t o n - p o l a r i t o n  b r a n c h e s .  A tw o '-b ra n c h  m odel was a l s o  

u s e d  t o  e x p l a i n  t h e  RBS e x p e r im e n t s  p e r f o r m e d  in  t h e  [1 1 0 ]  d i r e c t i o n  

w h ere  b o th  t r a n s v e r s e  and  l o n g i t u d i n a l  phonon s c a t t e r i n g  b e tw e e n  

p o l a r i t o n  b r a n c h e s  w e re  o b s e r v e d ,  a l t h o u g h  t h e  f o r m e r  (TA) i s  n o r ­

m a l l y  " fo rb id d e n "  by d e f o r m a t i o n  p o t e n t i a l  s e l e c t i o n  r u l e s .  S im i l a r

r e s u l t s ,  by t h e  sam e g ro u p ,  w e re  o b t a i n e d  from  t h e  RBS e x p e r im e n t s

1 4
p e r f o r m e d  on t h e  I I -V I  compound CdTe.

A t h r e e  p o l a r i t o n  b ra n c h  m odel ,  h o w e v e r ,  was n eed ed  t o  e x p l a i n

t h e  RBS d a t a  o b t a i n e d  from  t h e  s e m ic o n d u c to r  ZnSe. S erm age and  F i s h -  

1 Rman,.  J  a l s o  u t i l i z i n g  a  t u n a b l e  dye l a s e r  and  a  g r a t i n g  s p e c t r o m e t e r ,  

p e r fo rm e d  RBS e x p e r i m e n t s  in  b o th  [1 0 0 ]  and  [1 1 0 ]  b a c k s c a t t e r i n g  

c o n f i g u r a t i o n s ,  t h e  l a t t e r  d i r e c t i o n  once  a g a in  sho w in g  b o t h  TA and 

LA phonon co m p o n en ts .  F o r  c r y s t a l s  o f  z i n c b l e n d e  s t r u c t u r e ,  t h e  d e g -
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e n e r a t e  Tg v a l e n c e  b and  r e s u l t s  i n  tw o  d i s t i n c t  e x c i t o n  b an d s ,  e a c h  

o f  w hich  ca n  c o u p le  w i th  an  incom ing  p h o to n  y i e l d i n g  o v e r a l l  a  t h r e e  

e x c i t o n - p o l a r i t o n  b r a n c h  s y s t e m .  T h ese  tw o  e x c i t o n s  a r e  d i s t i n g u i s h n  

a b l e  v i a  t h e i r  e f f e c t i v e  t r a n s l a t i o n a l  m a s s e s ,  one e x c i t o n  h a v in g  a 

l a r g e r  m ass t h a n  t h e  o t h e r .  B o th  o f  t h e s e  " l i g h t "  and  "heavy" e x c i ­

t o n s  h av e  b ee n  o b s e r v e d  t o  p a r t i c i p a t e  in  RBS in  ZnSe. However, o n ly

t h e  h ea v y  e x c i t o n  c o n t r i b u t e s  t o  RBS in  GaAs.

I t  s h o u ld  a l s o  be  n o te d  t h a t  o n ly  o n e -p h o n o n  s c a t t e r i n g

p r o c e s s e s  w e re  o b s e r v e d  in  a l l  t h e  RBS d a t a  on c u b ic  z in c b l e n d e  c r y ­

s t a l s .

(2) Wurtzite Structure

The c r y s t a l  which h a s  had i t s  Raman and  B r i l l o u i n  com ponen ts

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

II -V I  s e m ic o n d u c to r  CdS. Even p r i o r  t o  t h e  RBS p r e d i c t i o n  by BZB,

Pine^ ^ had  i n v e s t i g a t e d  t h e  B r i l l o u i n  s p e c t r u m  o f  CdS by t e m p e r a t u r e -
0

tu n in g  i t s  1s A - e x c i to n  to w a r d s  a f i x e d  f r e q u e n c y  (6328 A) l a s e r .  He

o b s e r v e d  a  s t r o n g  r e s o n a n c e  en h a n cem en t  in  t h e  LA B r i l l o u i n  c r o s s

s e c t i o n  a s  t h e  f r e q u e n c y  o f  t h i s  e x c i t o n  was l o w e r e d  (v ia  i n c r e a s i n g

c r y s t a l  t e m p e r a t u r e )  to w a r d s  t h e  l a s e r  f r e q u e n c y .  T h is  t e m p e r a t u r e -

17tu n in g  t e c h n iq u e  was a l s o  u t i l i z e d  by B ruce and Cummins. who

o b s e r v e d  b o th  r e s o n a n t  d i s p e r s i o n  and  en h a n cem en t  o f  t h e  LA B r i lo u in
0

com ponen t a s  t h e  A - e x c i to n  f r e q u e n c y  was lo w e r e d  to w a r d s  t h e  11880 A 

l i n e  o f  an  a rg o n  l a s e r .  However, t h e  t w o - b r a n c h  f e a t u r e s  p r e d i c t e d  

by BZB co u ld ,  n o t  be o b s e r v e d  due t o  t h e  s e v e r e  b ro a d e n in g  e f f e c t s  a t
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t h e  t e m p e r a t u r e s  r e q u i r e d  t o  a c h ie v e  r e s o n a n c e .  B o th  o f  t h e s e  s t u d i e s

u sed  t h e  F a b ry « P e r o t  i n t e r f e r o m e t e r  t o  a n a ly z e  t h e  s c a t t e r e d  l i g h t .

18I n  1977, W in te r l i n g  and K o te l e s  u t i l i z e d  an  e x p e r i m e n t a l  s e t u p

s i m i l a r  t o  t h e  one u s e d  in  t h e  GaAs s t u d i e s  (d y e  l a s e r  and g r a t i n g

s p e c t r o m e t e r )  t o  p e r fo rm  RBS e x p e r im e n t s  from  b o th  1s An and B - e x c i -

to n  r e s o n a n c e s  in  CdS. F o r  t h e  A - e x c i to n ,  b o t h  LA and  TA phonons w ere

o b s e r v e d  i n  t h e  b a c k s c a t t e r i n g  g e o m e t r y  w i th  t h e  i n c i d e n t  l a s e r  wave

v e c t o r  k j  p e r p e n d i c u l a r  t o  t h e  h e x a g o n a l  c - a x i s .  Only i n t r a b r a n c h

s c a t t e r i n g  i n v o lv in g  t h e  l o w e r  e x c i t o n - p o l a r i t o n  b ra n c h  ( 2 - 2 ' )  c o u ld

be o b s e r v e d  in  t h e s e  o n e -p h o n o n  s c a t t e r i n g  p r o c e s s e s .  Upper b r a n c h

p a r t i c i p a t i o n  ( 1 - 1 ' ,  1 ~ 2 ' ,  2 - 1 ’),  h o w e v e r ,  was w i tn e s s e d  i n  tw o -p h o n o n

1 9s c a t t e r i n g  p r o c e s s e s  which o c c u r e d  when t h e  i n c i d e n t  l a s e r  f r e ­

quency  was above  t h e  l o n g i t u d i n a l  e x c i t o n  f r e q u e n c y .  T hese  tw o -  

phonon e f f e c t s  a r e  p o s s i b l e  due t o  t h e  a n i s o t r o p i c  and p i e z o e l e c t r i c  

p r o p e r t i e s  o f  CdS, t h e  l a t t e r  e f f e c t  a l s o  b e in g  r e s p o n s i b l e  f o r  t h e

o b s e r v a t i o n  o f  t h e  " f o rb id d e n "  TA phonon w hich  was f i r s t  o b s e r v e d  in

20 21 CdS. The B - e x c i to n  was a l s o  i n v e s t i g a t e d  by t h i s  sam e g ro u p .

T h ese  RBS e x p e r im e n t s  p ro v e d  t o  be e x t r e m e l y  i n t e r e s t i n g  s i n c e  t h i s

e x c i t o n  r e s o n a n c e  was shown t o  e x h i b i t  e i t h e r  a  tw o  o r  t h r e e - b r a n c h

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

p e r p e n d i c u l a r  t o  t h e  c - a x i s .  The t h r e e - b r a n c h  b e h a v io r  r e s u l t s  from

t e r m s  in  t h e  B n e x c i to n  e n e rg y  l i n e a r  in  wave v e c t o r  which p ro d u c e

m ixing  among i t s  g ro u n d  s t a t e s .  As in  t h e  A f-exciton c a s e ,  b o th  LA and

TA one-’phonon s c a t t e r i n g  w e re  o b s e r v e d ,  a l t h o u g h  no tw o -p h o n o n

s c a t t e r i n g  p r o c e s s e s  w e re  s e e n .
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22Yu and  E v a n g e l i s t i  hav e  a l s o  c a r r i e d  o u t  an  i n v e s t i g a t i o n  o f  

RBS i n  CdS. They c o n s i d e r e d  t h e  r o l e  o f  t h e  ABCs in  d e t e r m in in g  t h e  

c r o s s  s e c t i o n ,  a s  p ro p o s e d  by BZB, and  hav e  s u g g e s t e d  a  new m odel 

f o r  t h e  CdS s u r f a c e .  F o l lo w in g  H o p f ie ld  and  Thomas, t h e y  i n t r o d u c e d  a 

s u r f a c e  "dead  l a y e r "  w i th  a  l a r g e  dam ping c o n s t a n t  w i th  w hich  t h e y  

w ere  a b l e  t o  f i t  t h e i r  c r o s s  s e c t i o n  d a t a  r e a s o n a b l y  w e l l .

B r o s e r  and R osenzw eig  J have  p e r fo rm e d  RBS e x p e r im e n t s  i n  CdS 

w i th  a  h ig h  m a g n e t ic  f i e l d  p e r p e n d i c u l a r  t o  t h e  c r y s t a l  c n a x i s .  Due 

t o  t h e  f i e l d - i n d u c e d  m ixing  and s p l i t t i n g  o f  t h e  a l l o w e d  r,-T and  f o r ­

b id d en  Tg s t a t e s  o f  t h e  1s A -e x c i to n ,  a t h r e e - p o l a r i t o n - b r a n c h  m odel 

was u s e d  t o  f i t  t h e  B r i l l o u i n  s h i f t  d a t a .  The S to k e s  LA 2 - 2 '  l i n e  a t  

H = 0 was s e e n  t o  s p l i t  i n t o  t h r e e  s u b - l i n e s  w i th  i n c r e a s i n g  m a g n e t ic  

f i e l d .  F o r  a f i x e d  f i e l d ,  t h e  B r i l l o u i n  s h i f t s  o f  t h e s e  t h r e e  l i n e s  

w e re  t h e o r e t i c a l l y  f i t t e d  by c o n s i d e r in g  i n t e r b r a n c h  and  i n t r a b r a n c h  

LA phonon s c a t t e r i n g  b e tw e e n  t h e  tw o  lo w e r  p o l a r i t o n  b r a n c h e s  o n ly .  

T h ese  f i t s  r e s u l t e d  i n  a  d e t e r m i n a t i o n  o f  t h e  s i n g l e t ( r ^ T) - . t r i p l e t (  Tg) 

e n e rg y  s p l i t t i n g .  C o r re s p o n d in g  s p l i t t i n g  o f  t h e  TA S to k e s  l i n e  c o u ld

n o t  be r e s o l v e d  in  t h e s e  e x p e r im e n t s .

oh
R e c e n t ly ,  J .  W ick s ted  e t  a l  p e r f o r m e d  RBS e x p e r im e n t s  in  t h e  

1 s  A -e x c i to n  in  CdS u s in g  a  t u n a b l e  dye  l a s e r  and  a  t r i p l e r p a s s  

F a b r y - P e r o t  i n t e r f e r o m e t e r  in  s e r i e s  w i th  a  tandam  d o u b l e - g r a t i n g  

s p e c t r o m e t e r .  With t h i s  h ig h  r e s o l u t i o n  s e t u p ,  t h e y  h av e  o b s e r v e d  a l l  

t h e  B r i l o u in  co m p o n en ts  ( 1 - 1 ' ,  1 - 2 ' ,  2 - 1 ’ , 2 - 2 ' ,  f o r  b o th  LA and  TA 

phonon s c a t t e r i n g )  in  o n e -p h o n o n  RBS p r o c e s s e s  f o r  t h e  f i r s t  t im e .  

T h e i r  RBS i n t e n s i t y  d a t a  f a v o r e d  ABC 2 f o r m u l a t e d  by T ing e t  a l .  But 

i t  was fo u n d  t h a t  t h e  i n t e n s i t y  r a t i o  b e tw e e n  t h e  S to k e s  LA 1-,1' and
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2-2* c o m p o n en ts  was ~ 100 t im e s  s m a l l e r  t h a n  BZB's p r e d i c t i o n .

CdSe i s  a n o t h e r  II^V I w u r t z i t e  s e m ic o n d u c to r  i n  w hich  RBS h as

25b een  i n v e s t i g a t e d  by Hermann and  Yu. I n  a d d i t i o n  t o  o b s e r v in g  LA 

and  TA s c a t t e r i n g  a s  i n  t h e  c a s e  o f  CdS, n o n - w a v e n v e c to r ^ c o n s e r v in g  

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

A - .exc iton  i n  CdSe. No tw o -p h o n o n  s c a t t e r i n g  p r o c e s s e s  w e re  o b s e r v e d ,  

h o w e v e r .  A tw o ^ b r a n c h  m odel was u s e d  t o  f i t  t h e  m e a su re d  B r i l l o u i n  

s h i f t s  w h ich  r e s u l t e d  s o l e l y  from  t h e  l o w e r  p o l a r i t o n  b r a n c h  

s c a t t e r i n g .

(3) Other Crystal Structures

RBS in  t h e  l a y e r e d  s e m ic o n d u c to r  Hglz n e a r  i t s  A’- e x c i t o n  was i n -

“Pfiv e s t i g a t e d  by Goto and  N is h in a .  T h is  s e m ic o n d u c to r ,  l i k e  CdS, i s

h i g h l y  a n i s o t r o p i c  w i t h  s i n g l e  LA phonon s c a t t e r i n g  b e in g  o b s e r v e d  in

t h e  [0 0 1 ]  d i r e c t i o n  w h i l e  b o th  LA and  TA s c a t t e r i n g  p r o c e s s e s  w ere

d e t e c t e d  i n  t h e  [2 0 1 ]  d i r e c t i o n .  A l l  B r i l l o u i n  s h i f t  d a t a  w e re  f i t t e d

u s in g  a  tw o ^ b ra n c h  m o d e l .

The 2p y e l l o w  e x c i t o n  s t a t e  i n  t h e  c u b ic  c r y s t a l  Cu20 has  r e c -

27e n t l y  b e e n  i n v e s t i g a t e d  by So u s in g  t h e  RBS t e c h n iq u e .  T h is  e x c i t o n  

s t a t e ,  h o w e v e r ,  i s  o n ly  w e ak ly  d i p o l e - a l l o w e d  and  d o es  n o t  c o u p le  

s t r o n g l y  t o  p h o to n s .  O nly  t h e  p h o t o n ^ l i k e  u p p e r  p o l a r i t o n  b r a n c h  was 

o b s e r v e d  th r o u g h o u t  t h e  r e s o n a n c e  r e g i o n  o f  t h i s  e x c i t o n  s t a t e .

1.6. Properties of CdS
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As shown in  F ig . 1 .3 ,  CdS h a s  a h e x a g o n a l  B ra v a is  l a t t i c e .  The 

b a s i s  ( p r i m i t i v e  u n i t  c e l l )  c o n t a i n s  tw o  cadmium io n s  l o c a t e d  a t  (0 ,  

0, 0) and  ( a / 3 ,  2 a / 3 ,  c / 2 )  and  tw o  s u l p h u r  io n s  a t  (0 ,  0 , u) and  ( a / 3 ,  

2 a / 3 ,  c / 2  + u ) ,  r e s p e c t i v e l y .

The p o i n t  g ro u p  o f  CdS i s  Cgv ; a l l  i o n s  i n  t h e  u n i t  c e l l  have

C3v s i t e  sy m m e try .  The s p a c e  g ro u p  o f  t h e  CdS c r y s t a l  i s  Cg^ which

b e lo n g s  t o  t h e  w u r t z i t e  s t r u c t u r e .

Each io n  h as  f o u r  io n s  o f  t h e  o t h e r  k in d  a s  i t s  n e a r e s t  n e ig h ­

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

h e x a g o n a l  a x e s  (at, az, a3) h av e  b e e n  u s e d  w i th  t h e  l a t t i c e  p a r a m e -
0 0 0

t e r s  a = 4 .16  A , c  = 6 .7 5  A , and  u = 2 .53  A.

The s y m m e t r i e s  o f  n o rm a l  modes i n  t h e  lo n g  w a v e le n g th  l i m i t ,  a s

w e l l  a s  t h e  s y m m e t r i e s  o f  e l e c t r o n i c  b an d s  a t  t h e  zo n e  c e n t e r ,  can

be d e te r m in e d  by n e g l e c t i n g  t r a n s l a t i o n s  and  c o n s id e r in g  o n l y  t h e

sy m m etry  o p e r a t i o n s  o f  t h e  m a c ro s c o p ic  p o i n t  g ro u p  Cgy

The e f f e c t s  o f  e l e c t r o n i c  s p in  a r e  d e s c r i b e d  by t h e  c r y s t a l  

d o u b le  g ro u p ,  t h e  c h a r a c t e r  t a b l e  o f  w hich  i s  g iv en  in  T a b le  1 .1 .

302. Normal Vibrational Modes and RBS Selection Rules

S in c e  a p r i m i t i v e  u n i t  c e l l  c o n t a i n s  f o u r  i o n s ,  t h e r e  s h o u ld  be 

t w e l v e  n o rm a l  v i b r a t i o n a l  modes i n  CdS. A g r o u p n t h e o r e t i c a l  a n a l y s i s
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u s in g  T a b le  1.1 show s t h a t  t h o s e  t w e l v e  modes a t  t h e  B r i l l o u i n  zo n e  

c e n t e r  hav e  t h e  s y m m e t r i e s  2T^ + 2 r ^  + 2 T^ + 2Tg One p a i r  (r^  + 

r 5 ) a c o u n t s  f o r  t h e  t h r e e  a c o u s t i c  m odes. The o t h e r  T̂  i s  an  i n f r a r e d  

and  Raman a c t i v e  o p t i c  mode, and  t h e  o t h e r  i s  a l s o  an  i n f r a r e d  and  

Raman a c t i v e  mode. The tw o  d o u b ly  d e g e n e r a t e  modes 2T^ a r e  a l s o  

Raman a c t i v e  and  t h e  2 r ^  modes a r e  b o t h  i n f r a r e d  and  Raman i n a c t i v e .

Using t h e  m a c r o s c o p ic  e l a s t i c i t y  t h e o r y  o f  B r i l l o u i n  s c a t t e r i n g ,  

we may show t h a t  in  t h e  s c a t t e r i n g  g e o m e tr y  x (y  y)x o n ly  t h e  LA 

phonon (w ave v e c t o r  q // x, io n i c  d i s p l a c e m e n t  v e c t o r  u / /  x) w i l l  

p a r t i c i p a t e  in  B r i l l o u i n  s c a t t e r i n g  e v e n t s .  H owever, in  t h e  c a s e  o f

RBS i n  CdS, one o f  t h e  TA phonon modes (q // x, u / /  z )  ca n  p ro d u c e

a l o n g i t u d i n a l  e l e c t r i c  f i e l d  due t o  t h e  p i e z o e l e c t r i c  e f f e c t .  S in ce  

t h e  i n c i d e n t  p o l a r i t o n s  a r e  s t r o n g l y  e x c i t o n ^ l i k e  n e a r  an  e x c i to n  

r e s o n a n c e ,  t h e y  c a n  c o u p le  t o  t h i s  p i e z o e l e c t r i c a l l y  in d u c e d  l o n g i t u ­

d i n a l  f i e l d  v ia  t h e  F r o h l i c h  i n t e r a c t i o n .  Thus one  o f  t h e  TA phonon

modes (q // x, u // z) w i l l  a l s o  c o n t r i b u t e  t o  RBS in  t h e  x(y y)x

g e o m e try  i n  CdS.

3. Energy Bands

31The band  s t r u c t u r e  a t  k = 0 in  CdSJ i s  g iv e n  in  F ig . 1 .4  s h o w r  

in g  t h e  s y m m e t r i e s  o f  t h e  s - l i k e  l o w e s t  c o n d u c t io n  band  (T^)  and t h e  

p i l i k e  h i g h e s t  v a l e n c e  b an d s  ( T̂  and  , T^ b e in g  h ig h e r  in  e n e rg y  

t h a n  r 1 due t o  t h e  e x i s t e n c e  o f  c r y s t a l  f i e l d s ) .  In  t h e  p r e s e n c e  o f  

t h e  s p i n - o r b i t  c o u p l in g ,  t h e  d o u b ly  d e g e n e r a t e  v a l e n c e  band  s p l i t s  

i n t o  Tg and T^ s u b rb a n d s  w i th  Tg l y i n g  h ig h e r  in  e n e rg y  th a n  r .̂ w h i le
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t h e  c o n d u c t io n  an d  lo w e r  v a l e n c e  b a n d s ,  b o t h  h a v in g  T̂  sy m m etry ,  

become . The r 7 c o n d u c t io n  band  and  Tg v a l e n c e  b and  a r e  t w o - f o l d  

s p in  d e g e n e r a t e  and  have  e x t r e m a  a t  t h e  c e n t e r  o f  t h e  B r i l l o u i n  zo n e .  

The tw o  r 7 v a l e n c e  bands  and t h e  l o w e s t  r^. c o n d u c t io n  band  hav e  a  k -  

l i n e a r  t e rm  a s s o c i a t e d  w i th  t h e i r  s t r u c t u r e  f o r  k J_ c .

4. Exciton Series

An e l e c t r o n  in  t h e  Tj  c o n d u c t io n  band  c a n  com bine w i th  a h o l e

fro m  e i t h e r  t h e  Tg , u p p e r  , o r  l o w e r  r^. v a l e n c e  bands  fo rm in g

t h e  A, B, o r  C r e x c i to n  s e r i e s  r e s p e c t i v e l y .

The 1s s t a t e  o f  t h e  A -e x c i to n  s e r i e s  h a s  o v e r a l l  s y m m e tr ie s

ri x rg x r? = r5 + r6

w h ere  b o th  t h e  and Tg e x c i t o n s  a r e  t w o - f o l d  d e g e n e r a t e  a t  k = 0.

The r 5 l e v e l ,  which t r a n s f o r m s  l i k e  Px and Py ( i . e .  l i k e  x and  y ) ,  i s

32a c c e s s i b l e  by a d i p o l e  a l l o w e d  t r a n s i t i o n  and  h a s  b ee n  o b s e r v e d  as

33 34a  s t r o n g  a b s o r p t i o n  l i n e  and a s h a r p  r e f l e c t i v i t y  peak  when t h e

i n c i d e n t  l i g h t  i s  p o l a r i z e d  p e r p e n d i c u l a r  t o  t h e  c - a x i s  (E J_ c ) .  The 

r 6 l e v e l  i s  a p u re  t r i p l e t  s t a t e  ( e l e c t r o n  and  h o l e  s p i n s  a r e  p a r a l ­

l e l )  w hich  h as  b een  o b s e r v e d  in  a b s o r p t i o n  e x p e r im e n t s  a s  a weak

33" fo rb id d e n "  t r a n s i t i o n  when E / / c .

The s p l i t t i n g  o f  t h e  Tg and  Tg l e v e l s  o f  t h e  1s A ^ e x c i to n  i s
nr  q C

p r i m a r i l y  due t o  t h e  e l e c t r o m h o l e  ex c h an g e  Coulomb i n t e r a c t i o n .

The s h o r t - r a n g e  ( a n a l y t i c )  p a r t  o f  t h e  ex c h an g e  e f f e c t  l e a d s  t o  t h e  

s p l i t t i n g  o f  t h e  d ip o le  a l l o w e d  Tg s t a t e  f ro m  t h e  s p in  t r i p l e t  Tg 

s t a t e .  T h e re  i s  a l s o  a l o n g - r a n g e  ( n o m a n a l y t i c )  ex ch an g e  c o n t r i b u ^
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t i o n  which r e s u l t s  i n  t h e  l o n g i t u d i n a l ^ t r a n s v e r s e  s p l i t t i n g  o f  t h e  IV

s t a t e .  The l a t t e r  e f f e c t  i s  d e p e n d e n t  on  t h e  d i r e c t i o n  o f  t h e  e x c i t o n

wave v e c t o r  k. For k / /  c, IV c o n s i s t s  o f  tw o  d e g e n e r a t e  t r a n s v e r s eb

modes; b u t  f o r  k J_ c, r,. h a s  b o t h  l o n g i t u d i n a l  and  t r a n s v e r s e  m odes, 

a s  shown in  F ig .  1 .5 .

The 1s s t a t e s  o f  t h e  B-> (and  a l s o  O )  e x c i t o n  s e r i e s  hav e  sym« 

m e t r i e s

r1 X r7 X r7 = r1 + r2 + r5 

w h ere  ( t r a n s f o r m i n g  l i k e  z) and  r 2 ( p u r e  s p in  t r i p l e t )  a r e  n o n d e­

g e n e r a t e  a t  k = 0. The 1s B ^ e x c i to n  s t a t e  h a s  b ee n  o b s e r v e d  in  r e f ­

l e c t i v i t y  and  a b s o r p t i o n  e x p e r im e n ts  a s  a d i p o l e  a l l o w e d  t r a n s i t i o n  

f o r  b o t h  E / / c  (due t o  t h e  r 1 s t a t e )  and E J_ c (due  t o  t h e  s t a t e )  

p o l a r i z a t i o n s .

The p a r a m e t e r s  o f  t h e  1s A-- and B - e x e i to n s  i n  CdS a r e  g iv e n  in  

T a b le  1 .2  and  T a b le  1 .3  r e s p e c t i v e l y .



29Table 1.1. The Character Table and Basis Functions for the Group C^

r E E C2

C2

2C3 2C3 2C6 2C6 3 o d

3 °d

3 ov

3 ov

B a s i s  F u n c t i o n s

Ai r i 1 1 1 1 1 1 1 1 1 x 2+ y2, z 2 z

a2 r 2 1 1 1 1 1 1 1 -1 -1

b 2 r  3 1 1 -1 1 1 -1 -1 1 -1 x 3- 3 x y 2

Bi i \ 1 1 -1 1 1 -1 -1 -1 1 y 3- 3y x 2

Ei r 5 2 2 - 2 -1 -1 1 1 0 0 ( x z , y z )  ( x ,y )  

(Rx»Ry)

e 2 r  6 2 2 2 -1 -1 -1 -1 0 0 x 2- y 2, xy

r 7 2 - 2 0 1 -1 / 3 -✓3 0 0 { (J>( */ 2 l / 2) ,

4> (V 2, l / 2)}

r 8 2 - 2 0 1 -1 - / 3 ✓3 0 0 r  7 x r 3

r 9 2 - 2 0 2 2 0 0 0 0 {(j>(3/ 2 i ~ 3/ 2) >

<j)(3/ 2, V 2)}
Remark: B a s is  f u n c t i o n  <f>(j,m) means a f u n c t i o n  which t r a n s f o r m s  l i k e  an 

e i g e n s t a t e  o f  th e  a n g u la r  momentum, o p e r a t o r s  J 2 and  J z
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Table 1.2. Parameters 

for the 1s A-Exciton in CdS at T = H .2 K

T r a n s v e r s e  F re q u e n c y 21*

O s c i l l a t o r  S t r e n g t h 21*

B ackground  D i e l e c t r i c  C o n s t a n t 21* 

Damping C o n s ta n t  

E x c i to n  E f f e c t i v e  M ass21*

E x c i to n  E f f e c t i v e  M ass36 

E l e c t r o n  E f f e c t i v e  M ass31*

E l e c t r o n  E f f e c t i v e  M ass33 

H ole  E f f e c t i v e  M ass37 

L-T S p l i t t i n g 37 

S i n g l e t - T r i p l e t  S p l i t t i n g 23 

k - L i n e a r  C o e f f i c i e n t  o f  E l e c t r o n 38 

k - L i n e a r  C o e f f i c i e n t  o f  H o le 39 

k - L i n e a r  C o e f f i c i e n t  o f  E x c i to n 39 

B ind ing  E n e rg y 33 

Bohr R a d iu s 33

E l e c t r o n  E f f e c t i v e  g - v a l u e 23 

E l e c t r o n  E f f e c t i v e  g - v a l u e 1*0 

H ole  E f f e c t i v e  g - v a l u e 1*0 

H ole  E f f e c t i v e  g - v a l u e 1*0 

D ia m a g n e t ic  S h i f t 1*0 

D ia m a g n e t ic  S h i f t 1*0

20588.8  c m '1

T̂TCXo 0 .0142

Eb
9 .38

Y 0 .6 2 5  cm-1

h
- 0 .8 3  m0

M/ / 2 .7  m0

mej_ 0 .2  m0

me// 0.198  m0

I 
3 0 .7  m0

a lt
15.4  c m '1

A s t 1.6 c m '1

Ce 1 .6 x 1 0 “ 10 eV cm

ChA
0

<-e- 1 .9 x 1 0 “ u  cV cm

B 0 .0 2 9 8  eV

a
0

28 A

*tl
1.75

V
1.79

^ 1
0

V / 1.23

si
1 .9 x 1 0 ' 11* eV /G auss

s / / 2 .2 x 1 0 ' 11* eV /G auss
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Table 1.3* Parameters 
for the 1s B-Exeiton in CdS at T = 1J.2 K

T r a n s v e r s e  F re q u e n c y 1*1 

O s c i l l a t o r  S t r e n g t h 30 

B ackground  D i e l e c t r i c  C o n s t a n t 1*1 

Damping C o n s t a n t 1*2 

E f f e c t i v e  M ass1*1

L-T S p l i t t i n g 1*1

K -L in e a r  C o e f f i l i e n t  o f  E l e c t r o n 38 

K -L in e a r  C o e f f i c i e n t  o f  H o le 21 

K -L in e a r  C o e f f i c i e n t  o f  E x c i to n 21 

B in d in g  E n e rg y 31*

Bohr R a d iu s 31*

m TB 207 1 1 .3  cm-1

^irctog 0.01

Eb3 8 .9

? B 0 .605  cm "1

mJ_b 1 .2  m0 ( i f  E J_ c)

1.5 m0 ( i f  E / /  c)

a ltb 7 .7  cm "1

Ce 1 .6x10 ~ 10 eV-cm

ChB -6 .7x1  O'-10 eV-cm

*B 5 . 6 x 1 0 " 10 eV’cm

bb
0 .023  eV

0
a B 28 A
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Table 1.4. Parameters Used in the Expressions 

for Polariton-Phonon Interaction Kernels

Sound V e l o c i t y 1*3 

Sound V e l o c i t y 1*3 

C r y s t a l  D e n s i ty 1*3 

P i e z o e l e c t r i c  C o n s t a n t 1*1* 

D e fo rm a t io n  P o t e n t i a l 1*5 

D e fo rm a t io n  P o t e n t i a l 1*5

“LA

“TA

P

e

4 .2 5 x 1 0 s c m /s e c

1 .7 6 x 1 0 s c m /s e c  

4 .84  gm /cm 3 

-0 .21  Coulomb/m 2 

4 .5  eV 

-2 .9eV
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Chapter 2. Multicomponent 

Exciton-^Polariton Dispersion

In  t h i s  c h a p t e r ,  we w i l l  g iv e  a  g e n e r a l  m ethod  f o r  c a l c u l a t i n g  

e x c i t o n  s t a t e s  and  m u l t ic o m p o n e n t  e x c i t o n - p o l a r i t o n  d i s p e r s i o n  in  t h e  

p r e s e n c e  o f  a n y  t y p e  o f  p e r t u r b a t i o n .

2.1. Effective Hamiltonian Theory

1 2E f f e c t i v e  H a m i l to n ia n  T h eory  ’ i s  a  g e n e r a l  g r o u p ^ t h e o r e t i c a l  

m ethod  u s e d  t o  c a l c u l a t e  e x c i t o n  l e v e l s  in  t h e  p r e s e n c e  o f  any  t y p e  

o f  p e r t u r b a t i o n .  From g r o u p - t h e o r e t i c a l  a n a l y s i s  one can  f i n d  o u t  t h e  

m o s t  g e n e r a l  fo rm  o f  H a m i l to n ia n  a l l o w e d  by t h e  sy m m etry  o f  a  c r y ­

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

b a t i o n s  on a s e t  o f  u n p e r tu r b e d  e x c i t o n  s t a t e s .  F o r  any  p a r t i c u l a r

p e r t u r b a t i o n s ,  one may s im p ly  a s c r i b e  them  t o  t h e i r  c o r r e s p o n d i n g  r e p ­

r e s e n t a t i v e  v a r i a b l e s  an d  w r i t e  o u t  t h e  e f f e c t i v e  H a m i l to n ia n  m a t r ix  

d i r e c t l y ,  and  th e n  o b t a i n  t h e  p e r t u r b e d  e x c i t o n  s t a t e s  by d i a g o n a l i z i n g  

t h a t  m a t r ix .

I n  t h e  f o l l o w i n g ,  we w i l l  c o n s i d e r  o n ly  t h e  g ro u n d  s t a t e  (1 s )

e x c i t o n s  fo rm e d  f ro m  a n  s ^ l i k e  c o n d u c t io n  band  and  a  p->like v a l e n c e  

band a t  t h e  i v p o i n t  (k = 0) in  a w u r t z i t e  c r y s t a l .
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1. Exciton Basis Functions

(1) C o n d u c t io n  E l e c t r o n  E i g e n s t a t e s

S in c e  t h e  c o n d u c t i o n  band i s  s - l i k e ,  t h e  o r b i t a l  w a v e f u n c t i o n  o f  

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

t h e  c o n d u c t i o n  e l e c t r o n  e i g e n s t a t e s  a r e  c h a r a c t e r i z e d  by t h e i r  s p i n  

s t a t e s  o n l y .  We d e n o t e  them a s  a g and f o r  sp in n u p  and s p in - d o w n  

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

(2) V a le n c e  E l e c t r o n  E i g e n s t a t e s

The p - l i k e  v a l e n c e  e l e c t r o n  s p i n  s t a t e s  a r e  d e n o t e d  by a  and 6 

f o r  spin^-up and s p i n - d o w n  s t a t e s ,  r e s p e c t i v e l y .  The o r b i t a l  s t a t e s  a r e

Thus t h e  v a l e n c e  e l e c t r o n  s t a t e s  may t a k e  t h e  f o l l o w i n g  6 com bina­

t i o n s :  11 >ot, 11 >0; | 0 > a ,  10>0; |~ 1 > a ,  |~ 1 > 0 .  The v a l e n c e  e l e c t r o n  e i g ­

e n s t a t e s  may be  o b t a i n e d  by d i a g o n a l i z i n g  t h e  s p i n - o r b i t  i n t e r a c t i o n  

and  a n i s o t r o p i c  c r y s t a l  f i e l d :

|1> = -  2- l / j  (x + iy)

10> = z

| - 1 >  = 2~1/fz (x -  iy)  .

(2 . 1)

r 7 (C):

r?(B): <f>! = 6 | 0 > a  -  Y11 >0 

<J>2 = Y |  “ 1 > a  i  6 1 0 >  0 

<j>3 = ?iY|0>a 6 11 > 0

K  = 6 | -1 > a  + Y10> 0 (2 .2 )

rg (A): 4>s = ~jl>a

<t>6 = |~1> 3 ,

w he re

Y = [2/(2 + Bg)] 1/2
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6 = B0(2 + (2 .3 )

B0 = “ 2 + 3Ax/AgQ , 

and Ax i s  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  r^(A) and r^(B)  v a l e n c e  b a n d s ,  

w h i l e  Aso  i s  t h e  sp in ^ -o rb i t  s p l i t t i n g  o f  t h e  v a l e n c e  band  i n  t h e  v i r ­

t u a l  c u b i c  l i m i t .  The band s t r u c t u r e  a t  k = 0 and t h e  r e l e v a n t  pa ram ^  

e t e r s  i n  CdS a r e  shown i n  Fig .  1 .4 .

(3) E l e c t r o n - H o l e  P a i r  S t a t e s

E l e c t r o n - h o l e  p a i r  s t a t e s  c o u l d  be  o b t a i n e d  by com bin ing  co n d u c ­

t i o n  e l e c t r o n  and  v a l e n c e  h o l e  s t a t e s  and a n t i s y m m e t r i z i n g  them:

$ 1  = | a e (<j*s)|» $ 2  = | o i g ( |t>6)|« $3 = | Se(  s) | * = | 3©( <}>e) |

Tj = | a eU x) | ,  ^  = | ae (<(>a) | , Ts = |Be(<f>i)|, Ye <2 - ^

3̂ = | ae C<t>3) | , n  = | a e((j)J|, y7 = j 6e(4>3) | > = |Be (<h)|.

w here  | ot ( t)>s) | r e p r e s e n t s  t h e  n o r m a l i z e d  S l a t e r  d e t e r m i n a n t  f o r  t h e  

m u l t i e l e c t r o n  s t a t e  in  which t h e  v a l e n c e  s t a t e  <j>s i s  m i s s i n g  and t h e  

c o n d u c t i o n  s t a t e  a g i s  o c c u p ie d .

(4) E x c i t o n  E i g e n s t a t e s

For  g round  s t a t e  (1s)  e x c i t o n s  w i t h  k = 0,  we may a p p r o x i m a t e l y  

t a k e  t h e  e l e c t r o n - h o l e  p a i r  w a v e f u n c t i o n s  a s  t h e  e x c i t o n  w a v e f u n c -  

t i o n s .  However ,  in  o r d e r  t o  c h a r a c t e r i z e  t h e  p o l a r i z a t i o n  b e h a v i o r  o f

e x c i t o n s ,  we c h o o s e  t h e  f o l l o w i n g  c o m b i n a t i o n s  a s  o u r  e x c i t o n  b a s i s

f u n c t i o n s :

T5 (A): | x ) A = 2 ^ / z (*x + *„) ( 3 1/2)

| y ) A = i 2 " l /2 (»x r. * 0  ( 3 1/2)

Tg(A): | t * ) A = 2 “ 1/2 (* ,  n *a) (0)

■ | t ) A = ($ 3 + #a) (0)
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T5 (B): l x ) B
= 2 n i / a  ( V s  + ( 3 i / 2 y)

M b = i 2 - i / z  ( 4<s r. T2) - ( 3 l / z Y)

^ ( B ) : M b
= 2 “ l / z  ( ¥ x r . V 6 ) ( 6 , / z 6)

r 2 (B): M b = - i 2 “ l/2  ( V z + V e ) (0)

Oin M c = 2 “ l / z  ('F7 + n ) ( 3 l / z 6)

M e
= i 2 " l / z  ( f 7 -> <F„) ( 3 l / z 6)

1̂ ( 0 : M e = 2 - 1 / 2 (Vb * ( 6 l / z Y)

r 2 ( c ) : M e
= L 2 r - 1 / 2  + (0)

w h e re  | x ) ,  | y ) ,  and | z )  r e p r e s e n t  t h e  s t a t e s  p o l a r i z e d  a l o n g  x,  y,  and 

z d i r e c t i o n s ,  r e s p e c t i v e l y ,  i . e .  t h e  s t a t e s  o p t i c a l l y  a c t i v e  f o r  l i g h t  

p o l a r i z e d  in  t h o s e  d i r e c t i o n s .  | t )  r e p r e s e n t s  t h e  p u r e  s p i n  t r i p l e t  

s t a t e  which i s  o p t i c a l l y  i n a c t i v e .  The nu m b ers  in  p a r e n t h e s e s  r e p r e ^  

s e n t  t h e  r e l a t i v e  m ag n i t u d e s  o f  t h e  t r a n s i t i o n  d i p o l e  moments  o f  t h e  

e x c i t o n  s t a t e s ,  and Y and  6 a r e  d e f i n e d  i n  Eq. ( 2 . 3 ) .

2. Effective Hamiltonian on the Exciton Basis

The t o t a l  e f f e c t i v e  H a m i l t o n ia n  i n  t h e  p r e s e n c e  o f  p e r t u r b a t i o n s  

c a n  b e  s e p a r a t e d  i n t o  t h r e e  p a r t s ,  i . e .  c o n d u c t i o n  band c o n t r i b u t i o n ,  

v a l e n c e  band  c o n t r i b u t i o n  and e l e c t r o n - h o l e  exchange  i n t e r a c t i o n :

HC? . o^ l .  5) = H ^ ( o  , E) + H^V^ ( 'o , l ,E )  + He x Co ,o )  (2 .6 )o c Q

w h e re  o0 (o) i s  t h e  c o n d u c t i o n  e l e c t r o n  ( v a l e n c e  h o l e )  s p i n  o p e r a t o r ,  

1 i s  t h e  o r b i t a l  a n g u l a r  momentum o p e r a t o r  o f  t h e  v a l e n c e  h o l e ,  E a r e  

t h e  r e p r e s e n t a t i v e  v a r i a b l e s  o f  t h e  p e r t u r b a t i o n .  S in c e  we n e g l e c t e d  

t h e  e l e c t r o n - h o l e  exc h a n g e  i n t e r a c t i o n  i n  d e r i v i n g  t h e  h y d r o g e n - l i k e  

e x c i t o n  s t a t e s , '  t h e  e l e c t r o n - h o l e  exc h an g e  i n t e r a c t i o n  w i l l  a p p e a r  a s
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a  p e r t u r b a t i o n  t o  t h e  u n p e r t u r b e d  e x c i t o n  b a s i s .  Fo r  c o n v e n ie n c e  we

i g n o r e  1 and - - d e p e n d e n c e s  o f  t h e  ex c h an g e  i n t e r a c t i o n s  and s e p a r a t e  

(c)  (v)H '  and  H i n t o  t i m e - r e v e r s a l r s y m m e t r i c  and a n t i s y m m e t r i c  p a r t s .

We d e f i n e  t h e  co m p o n en t s  o f  - a c c o r d i n g  t o  t h e i r  s y m m e t ry  p r o -

p e r t i e s :

r r S [ z ]

r 2 : T [ 1 2]

r 3 : V C(3y2- x 2)x]

V U C(3x2- y 2)y]

V (X, Y) Cx.y]

r , :0 (W,Z) [ x 2- y 2, 2xy]

w here  t h e  t h i r d  co lum n  g i v e s  t r a n s f o r m a t i o n  p r o p e r t i e s  o f  e a c h  ty p e  

o f  ~. Some s i m p l e  p e r t u r b a t i o n  e x a m p l e s  f o r  t h o s e  com ponen t s  a r e  

g i v e n  in  T a b l e  2.1 in  which E r e p r e s e n t s  e l e c t r i c  f i e l d ,  B i s  m a g n e t i c  

f i e l d ,  K i s  e x c i t o n  wave v e c t o r ,  and e i s  s t r a i n  t e n s o r .  P r o d u c t  p e r ­

t u r b a t i o n s  o f  E (S, T, V, U, X, Y, W, Z) and H'

( S ' . T ' . V ' j U ' jX ' j Y ' jW'.Z') a r e  g iv en  in  T a b l e  2 . 2 .  Based on t h e  above  excirs 

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

o b t a i n  t h e  m a t r i x  r e p r e s e n t a t i o n s  o f  e f f e c t i v e  H a m i l t o n i a n s  in  t h e  

p r e s e n c e  o f  p e r t u r b a t i o n s  a s  f o l l o w s  (We r e s t r i c t  o u r s e l v e s  t o  t h e  A, 

and B n e x c i t o n s  i n  CdS):

(1) Exchange I n t e r a c t i o n  M a t r i x  R e p r e s e n t a t i o n

The e x c h a n g e  i n t e r a c t i o n  o n l y  e x i s t s  i n  t h e  d i p o l e  a l l o w e d  e x c i ­

t o n  s t a t e s  whose m a t r i x  r e p r e s e n t a t i o n  i s  g iv en  in  T a b l e  2 .3  where .

j ( u )  -  jo + j i ( 3 u 2 ^ 1) (2 .7)

and j 0 i s  t h e  s h o r t - r a n g e  exchange  i n t e r a c t i o n  p a r a m e t e r ,  j j  i s  t h e
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long->range ex c h an g e  i n t e r a c t i o n  p a r a m e t e r ,  (g,n> c) a r e  t h e  d i r e c t i o n  

c o s i n e s  o f  t h e  e x c i t o n  wave v e c t o r  k w i t h  r e s p e c t  t o  x, y,  z n a x e s ,  and 

Y, 6 a r e  d e f i n e d  i n  Eq. ( 2 .3 ) .

(2) M a t r i x  R e p r e s e n t a t i o n  f o r  t h e  B lo ch  Band C o n t r i b u t i o n s  t o  t h e  

E f f e c t i v e  H a m i l t o n i a n

T hes e  m a t r i x  r e p r e s e n t a t i o n s  a r e  g i v e n  i n  T a b l e s  2 .4  and 2 .5 .  In  

T a b l e  2 . 5 ,  t h e  c o m p l e t e  m a t r i x  s h o u l d  be  o b t a i n e d  by ad d in g  com plex  

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

3 .  R e c i p e :  How t o  F i n d  t h e  M a t r i x  R e p r e s e n t a t i o n  o f  t h e

E f f e c t i v e  H a m i l t o n i a n  o f  t h e  1 s  E x c i t o n s  i n  t h e  P r e s e n c e  o f  P e r n  

t u r b a t i o n  i n  Cgy S t r u c t u r e .

(1) U n p e r t u r b e d  H a m i l t o n i a n  H ^ :

The m a t r i x  r e p r e s e n t a t i o n  o f  t h e  u n p e r t u r b e d  e f f e c t i v e  H a m i l to n

n i a n  ca n  b e  o b t a i n e d by s e t t i n g s  = 1, T = V = I

i n  H(sc) + H^v) (T a b le 2.4) :

r ot2 0 0 0 0 0 0 0

0 a 2 0 0 0 0 0 0

0 0 a 2 0 0 0 0 0

0 0 0 a 2 0 0 0 0

Hp» - 0 0 0 0 a l 0 0 0

0 0 0 0 0 c*i 0 0

0 0 0 0 0 0 <*1 0

0 0 0 0 0 0 0 a
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We d e f i n e  Ax = a i  -  a z» t h e n  

/

h <°>=

0 0 0 0 0 0 0 0 s.

, I X ) A

0 0 0 0 0 0 0 0 | y > A

0 0 0 0 0 0 0 0 l fc,>A

0 0 0 0 0 0 0 0 K

0 0 0 0 A ! 0 0 0 I X^B

0 0 0 0 0 A i 0 0
| y > B

0 0 0 0 0 0 A i 0 l z ) B

0 0 0 0 0 0 0 A i t l « B

(2 .8 )

(2) Exchange H a m i l t o n i a n  He x :

S upp os e  we c o n s i d e r  e x c i t o n s  w i t h  k  = ( k , 0 f0) ,  t h u s

5 = 1, j ( 5) = j o  + 2 j i

n  = C = 0 , j ( n )  =  j ( c ) =  J o  r  j x

and we o b t a i n  f rom  T a b l e  2 .3:

' J L J l y 0 0 0 l x ) A

J LJ J l y 2 0 0 0 lx >B

^ ex  - 0 0 J JY 0 l y ) A

0 0 JY JY2 0 l y )B

v 0 0 0 0 J 6 2 IZ)B
w he re  J l = 3(jo + II,|—5 

C\J 3(jo ~ j i ) .

(3) O t h e r  P e r t u r b a t i o n  H a m i l t o n i a n

We c o n s i d e r  t h e  k ^ l i n e a r  t e rm  in  f i n i t e  k e f f e c t s  f o r  k  = ( k , 0 , 0 ) .  

From T a b l e  2.1 we f i n d  t h e  r e p r e s e n t a t i v e  v a r i a b l e  f o r  kx i-s  X and i s  

a n t i s y m m e t r i c ,  s o  we p i c k  up o n l y  t h e  t e r m s  c o n t a i n i n g  X in  Ha g '<°> ♦



" a s ( T a b le  2 .5 ) and w r i t e o u t :

--
A o o 0 0 0 ie iK 0 N IX)A

0 0 r i yk 0 0 0 - i e tK |y>A

0 0 ii"iK 0 0 0 \ * ' h

% L= 0 0 -si eiK 0 0 | t ) A

0 0 “ i(  E3+y)K 0 l x ^B

H.C. 0 0 - i (  e 3-y)K |y>B

0 0 l z >B

0 , l fc)B

(*J) The t o t a l  E f f e c t i v e  H a m i l t o n i a n  H0

I f  we r e s t r i c t  o u r s e l v e s  t o  t h e  A and B - e x c i t o n  s u b s p a c e ,  we o b t a i n  

t h e  m a t r i x  r e p r e s e n t a t i o n  o f  t h e  t o t a l  e f f e c t i v e  H a m i l t o n i a n

H0 = Ho0) + Hex + HKL (2 .11)

' J L 0 ipK 0 yJ l 0 ieiK 0 " l x ) A

J  0 -ipK 0 YJ 0 ~i EjK I ^ A

0 0 ie iK 0 0 0 | t ' ) A

0 0 - iexK 0 0 | t ) A

Y2J L+Ax 0 - i (  e3+p)K 0 l x >B

Y2J+AX 0 “ i(  £3- p)K I y>B

H.C. 2S2J+Al 0 l z >B

I

E x c i t o n  s t a t e  mixing a n d  l e v e l  s p l i t t i n g  i n  t h e  p r e s e n c e  o f .  p e r t u r b a ­

t i o n  (s y m m et ry  b r e a k i n g  e f f e c t )  c a n  be  o b t a i n e d  by d i a g o n a l i z i n g  H0.
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2.2. Eigenvalue Method

Suppo se  t h e r e  i s  a  s e t  o f  u n p e r t u r b e d  e x c i t o n  s t a t e s  o f  e n e r g i e s

ai. + Fikz/ (2M.)  and o s c i l l a t o r  s t r e n g t h s  4i ra .  ( j  = 1 ,2 , - * * , s )  in  a  n a r r o w  
J J J

e n e r g y  r e g i o n .  They i n t e r a c t  w i t h  e a c h  o t h e r  v i a  some p e r t u r b a t i o n s

and a l s o  c o u p l e  t o  t h e  p h o t o n  f i e l d s .  As a  r e s u l t ,  t h e r e  w i l l  be  2s+2

p o l a r i t o n  co m p o n en t s .  I n  p r i n c i p l e  one  can c a l c u l a t e  t h e  p o l a r i t o n

d i s p e r s i o n  k(u>) by d i a g o n a l i z i n g  t h e  e x c i t o n  H a m i l t o n i a n  t o  o b t a i n  t h e

p e r t u r b e d  e x c i t o n  s t a t e s  o f  e n e r g i e s  w’. + fik2/ (2M .)  and o s c i l l a t o r
J J

s t r e n g t h s  4 not', and s o l v i n g  t h e  p o l a r i t o n  d i s p e r s i o n  e q u a t i o n  
J

2 | 2  J L  ^ T r a ' . r n ' . 2
cflSf = e + \  ____________ i_J__________  .
w2 b f — ha)'.

a)'.2 “ id2 + -rr^- k2 -  iuY.J M. j

However ,  due t o  t h e  m a t h e m a t i c a l  d i f f i c u l t i e s  i n  s o l v i n g  t h e  above  

com plex  p o l y n o m ia l  e q u a t i o n ,  we n ee d  t o  f i n d  some more  p r a c t i c a l  

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

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

s o l v e d  by c o m p u t e r  p r o g r a m s .

1. Derivation

Assume t h a t  t h e r e  a r e  s  u n p e r t u r b e d  e x c i t o n  s t a t e s  o f  e n e r g i e s  <d .
J

+ fikz/(2M ) and o s c i l l a t o r  s t r e n g t h s  4 v a .  ; t h e  i n t e r a c t i o n s  b e t w e e n
J  J

them a r e  s p e c i f i e d  by a  m a t r i x  i i y ( k )  which c o u l d  be  found  by u s i n g  

t h e  e f f e c t i v e  H a m i l t o n i a n  method a s  d e s c r i b e d  ab ove .  We d e f i n e
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Vj = <0| e ( r h -> r e ) |j>*e , (2.12)

w h e re  e  I s  t h e  p o l a r i z a t i o n  u n i t  v e c t o r  o f  a  p h o t o n .  One ca n  r e l a t e  v.
J

t o  a .  by:

Vj = ( a j h a i j / 2 ) 1/ 2 . ( 2 . 1 3 )

The e x c i t o n  H a m i l t o n i a n  i n  t h e  s e c o n d  q u a n t i z e d  fo rm  i s

s
Ho = Y  h . j ( k ) b Jbj  ( 2 . 1  U)

i»j=1

w here  b t  (b^) i s  t h e  c r e a t i o n  ( a n n h i l a t i o n )  o p e r a t o r  o f  an  e x c i t o n  in  

j ' t h  u n p e r t u r b e d  e x c i t o n  s t a t e  a t  k  = 0 .  We t r e a t  p h o t o n s  c l a s s i c a l l y ,  

t h u s  t h e  e l e c t r i c  f i e l d  i s  w r i t t e n :

E = e  E0 + e iu)t ) . (2 .15)

The e x c i t o n - p h o t o n  i n t e r a c t i o n  H a m i l t o n i a n  i s

s  *
H' = -  E„ y  (vj b j e _la)t  + VjbJe1(ot) . (2 .16)

j=1

The t o t a l  H a m i l t o n i a n  o f  t h e  e x c i t o n - p h o t o n  s y s t e m  w i l l  be

H = Ho + H' . (2 .17)

Using t h e  H e i s e n b e r g  e q u a t i o n  o f  m o t io n  f o r  b t  and b.  one o b t a i n s
vl J

y  (h  .-o hoi 1 ) j .  b?  = vjE# (2 .18)
i=1

( h T + Rco 1 ) j i  b i  = VjE, (2 .19)
i=1

w here  h T i s  t h e  t r a n s p o s e d  h ,  and 1 i s  t h e  u n i t  m a t r i x .  On t h e  o t h e r  

hand,  Pex = xex Et , t h u s



n2 -  e

(vj bj  * vj bjT) '  ~ n -
J=1

whe re

(2 . 20 )

n = ck

Combining Eqs.  ( 2 .1 8 ) ,  ( 2 .1 9 )  and ( 2 .2 0 )  one  o b t a i n s  

| ' h l l - R a)*-*hls V,

hgj* * * hgg-hli)

* * 
V j - - *  Vg

h u +fiu)-*-hSI 

h IS* • • hs s +Ru)

Vl” ” Vg

I f  we a p p r o x i m a t e

and d e f i n e

#
Vl

*

( c 2k 2/u)2-  £b)/(4lT)

V
' bl ’

b S

b r

b s

J r 1 m o

h T + Raj 1 = 2 m  1 ,

0 .

(2 . 2 1 )

S V.
J

e; = e. + 2 tt 2 _  —  b b B3
J *

Eq. ( 2 .2 1 )  i s  s i m p l i f i e d  a s

(2 . 22 )

' r  h tb i

hij(k)-fiu)<Sij ! :

. t
Vs bs

v, ........  vs  ( c 2k2/(D2-^eb, ) / ( 4 i r )  J nE0 /

= 0 . ( 2 . 2 3 )

L e t t i n g



r. 1»5 *

h. . (k)  -  H..  + L . .k  + J . . k 2 
i j  i j  i j  iJ

( 2 .2 4 )

o n e  o b t a i n s

where

(S + Tk + Uk2)X = 0 ,

S =
IJ

(2 .25)

T =

L. . 
IJ

0

0

(2 . 2 6 )

U =

J . .
IJ

c 2/ ( 4  irto2)

(2 .27)

X =

/  h t

us

nE0

(2.28)

D e f i n in g

kX = Y , (2 .29)
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We o b ta in

SX + TY + UkY = 0

i . e .

U^SX + Ur l TY + kY = 0 . (2 .30)

Combining Eqs .  (2 .29 )  and (2 .3 0 )  we o b t a i n

’ U - lT+k U ^ S
/

Y *

v -1 k X 4

n am ely

s
\ s  +

k b l

U-'T + k U"XS :

k b !

- k E 0

-1 k bf

••

*. 4

->1 kV € 1 o

. (2 .31)

The p o l a r i t o n  d i s p e r s i o n  r e l a t i o n  c o u l d  be  o b t a i n e d  by s e t t i n g  t h e  d e t e m  

m in an t  i n  Eq. (2 .31)  e q u a l  t o  z e r o ,  i . e . ,  k(w) i s  t h e  n e g a t i v e  o f  t h e  eig-^ 

e n v a l u e  o f  t h e  m a t r i x
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U^1T IT^S

■->1 (2 . 32 )

"1 0 .

O b v io u s ly ,  t h e  d im en s io n  o f  m a t r i x  A i s  (2 s+2)x(2 s+2)  which g i v e s  2s+2 k ' s  

f o r  e a c h  to.

2. Recipe: How to Find the Polariton Dispersion k(ui) for Each
Real oi in the Presence of Several Interacting Exciton States.

(1) W r i t e  o u t  t h e  e f f e c t i v e  H a m i l t o n i a n  m a t r i x  o f  e x c i t o n s .

Supp ose  we c o n s i d e r  t h e  k - l i n e a r  i n t e r a c t i o n  i n  t h e  A - e x c i t o n  o f  CdS 

w i t h  k = ( k , 0 , 0 ) .  A c co rd in g  t o  Eq. ( 2 .1 1 ) ,  t h e  e f f e c t i v e  H a m i l t o n i a n  o f  

e x c i t o n s  i s

IX)A |y>A h ’)A I ^ A

J L 0 iiik 0

0 J 0 - i p k

- i p k 0 0 0

0 ip k 0 0

D e f in in g

C = + TFT n 71 As t

J  = As t

J L = ALT + As t  

P = e
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we o b ta in  H0 = [ h y ( k ) ]  a s  f o l l o w s

I * ) ,

/ ‘0o+ALT+§ r ' ' T ^

H0 = R

I f ) ,

i e k

“ i ek  0 0 (2 .33)

V.1,2 < -V
0 0 <A)o+

0 0

S in c e  | y ) A i s  t h e  o n l y  o p t i c a l l y  a c t i v e  e x c i t o n  s t a t e  and | t ) A i s  t h e  

o n l y  s t a t e  which mixes  w i t h  | y ) A u n d e r  t h e  c o n s i d e r e d  p e r t u r b a t i o n ,  we 

ca n r e s t r i c t  o u r s e l v e s  t o  t h e  s u b s p a c e  | y ) A and | t ) A*

(2) C o n s t r u c t  m a t r i c e s  S, T, and U a c c o r d i n g  t o  Eqs.  (2 .24)  t o  

(2 .2 7 ) :

| y }A l fc>A

0 0

0 0

h k z_ iY 
-2K ~T ■^iek

iek ftkz
“ o- As t +-2rT

' f i (a)o- iy /2-a0 0 (ct0fiu)o/2)l /2

s  = 0 R( tUo” Ag t “ i  7 /  2~ ui) 0 (2 .34)

„  (aohmo/2)1/ 2 0 r e ^ / (4 i r )

0 -ief ik 0

T = iefik 0 0 (2.35)

0 0 0

f  -Bi2M 0 0

U = 0 0 (2 .36)

0 0 c zII' "" M f

and



(3) C o n s t r u c t  m a t r i x  A a c c o r d i n g  t o  Eq. ( 2 . 3 2 ) ,  and c a l c u l a t e  t h e  

e i g e n v a l u e s  f o r  k(ui) o f  t h e  m a t r i x  A f o r  e a c h  g i v e n  m. The n e g a t i v e s  o f  

t h e  e i g e n v a l u e s  a r e  w h a t  we need .

I n  t h i s  ex a m p le  we t r e a t  b o t h  t h e  k - l i n e a r  i n t e r a c t i o n  b e t w e e n  

s t a t e s  | y ) A, | t ) A and t h e  e l e c t r i c  d i p o l e  i n t e r a c t i o n  b e t w e e n  | y ) A and 

t h e  p h o t o n  mode s i m u l t a n e o u s l y  ( i n  one  s t e p ) .  A l t e r n a t i v e l y  we may a l s o  

o b t a i n  p o l a r i t o n  d i s p e r s i o n  in  two  s t e p s :  F i r s t  we c o u l d  d i a g o n a l i z e  t h e  

k - l i n e a r  i n t e r a c t i o n  and o b t a i n  t h e  e n e r g y  l e v e l s  and o s c i l l a t o r  

s t r e n g t h s  o f  two new e x c i t o n  s t a t e s  |Y)a , |T ) a ; t h e n  c a r r y  o u t  t h e  e i g ­

e n v a l u e  method  f o r  |T )a , | T ) a t o  o b t a i n  t h e  p o l a r i t o n  d i s p e r s i o n .  As l o n g  

a s  b o t h  i n t e r a c t i o n s  a r e  s m a l l  p e r t u r b a t i o n s ,  t h o s e  tw o  m e thods  s h o u l d  

g i v e  t h e  same r e s u l t .  Compute r  c a l c u l a t i o n  showed  t h i s  t o  be  t r u e .



r x s

r2 t 

r3 v 

r„ u 

r5 x

Y.

r 6 w 

z

Table 2.1. Simple Examples of Perturbation 5 

in Cgv Symmetry

T i m e - R e v e r s a l

A n t i s y m m e t r i c

T i m e - R e v e r s a l

Symm etr ic

Kx

Kv

Hy

-HX

Kx 2+K y2

KXKZ

KyKZ

Kx 2-Ky2

2Kx Ky

HX2+Hy2

Hz2

HXHZ

HyHz

Hx 2- H y 2

2HxHy

R 2+R 2t x f t y

EX,E XEZ

E y , E y Ez

Ex 2- E y 2

2Ex Ey

eXX+eyy

e zz

eXz

eyz

£XX“ eyy

2 exy



Table 2.2. Multiplication Table 

of Product Perturbation 55* in the Cgy Symmetry

Fi s SS' TT« UU' vv XX’+YY’ WW'+ZZ'

r2 T ST' UV' XY'-YX' WZ'-ZW'

r3 V SV' TU' YZ'-XW

i\ U SU' TV' XZ'+YW

r5 X SX* TY' UZ' -VW' XZ'-YW'

Y SY' -TX’ UW' VZ' YZ'+XW'

r6 W SW* TZ' -ux1 -VX’ XX'-YY' ZZ'-WW'

Z SZ' -TW' UY' VY' XY'+YX' WZ'+ZW'



Table 2.3. Matrix Representation 

for the Exchange Interaction in C^v Symmetry

Ix) a |y)A | t ' ) A | t ) A Ix) b |y>B | z ) b | t > *

| X>A 3 j ( 0  9 j vSn 0 0 3X 3(0 9Y jl 5n 9 / 2 f i j xU 0

| y>A 3j(n ) 0 0 9Y jxen 3X3 (n) 9 /2 6 j  t nc 0

| t ' ) A 0 0 0 0 0 0

| t )A 0 0 0 0 0

I x) b 3Y2j ( 0 9Y2j  iCn 9 / 2 6 Y j , U 0

|y>B 3Y2j ( n ) 9 / 2 6 Y j , n c 0

| z ) b H.C. 662j ( c ) 0

l t ) B 0

Note:

j ( u )  = j 0 + j i ( 3 u 2 -  1)



T a b l e  2 . 4 .  M a t r i x  R e p r e s e n t a t i o n

(e) (v)f o r  Hs  + Hs  i n  C^  S y m m e t r y

I x ) a | y>A | f ) A | t ) A I x ) b | y >B I z ) b i ^ B

l x >A a 2 S 0 0 0 - n , w —n  i Z -exX “ ExY

| y>A a 2 S 0 0 - T l i Z n i W - e , Y exX

1 f ) A a 2 S 0 - e ,X 6 l Y n i W ~ m Z

| t ) A a 2 S e i * e,X ~  n  i  z - n i W

I x > b a 1S 0 0 0

| y>B d j S 0 0

| z ) b H. C. a i S 0

l t ) B o t i S



Table 2.5. Matrix Representation
( n )  ( v )for Has + Has in C^v Symmetry

| x )a |y>A | t ' ) A | t ) A | * ) b | y )B Iz ) b | t ) s

| x )a 0 - i B t T - id jV iCjU iriiW i  n i z i e \ x i e jY

| y)A -iAT 0 iCjU -id^V ih iZ - i n lW iexY -iexX

| t ' ) A -iuX ipY 0 iBiT ie^X - i c j Y -iriiW ih iZ

| t ) A ipY iyX -iAT 0 -iexY -ie^X ih i Z i n :w

| x )b 0 - i B 2T - i e 3X i F 3Y

| y )B iAT 0 - i e 3Y - i e 3X

| z )b iilx iyY 0 iB 2T

| t ) B ipY -ivTx iAT 0

Note: t h e  c o m p l e t e m a t r i x s h o u l d  be o b t a i n e d by ad d in g complex c o n j u g a t e o f  a l l  t

e l e m e n t s  t o  t h e i r  o p p o s i t e  c o r n e r s .
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Chapter 3- Experiment

I n  t h i s  c h a p t e r  we d e s c r i b e  t h e  a r r a n g e m e n t ,  a p p a r a t u s  and pro-,  

c e d u r e  u s e d  i n  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  C h a p t e r s  4, 5, 6, and 7. 

S p e c i a l i z e d  t e c h n i q u e s  w i l l  be  p r e s e n t e d  i n  t h e  i n d i v i d u a l  c h a p t e r s .

3.1. The experimental arrangement

The e x p e r i m e n t a l  a r r a n g e m e n t  u s e d  f o r  RBS s t u d i e s  i s  shown in  

b l o c k  fo rm  i n  Fig .  3-1 • A K ry p to n  i o n  l a s e r  was u sed  t o  pump a  cw 

dye l a s e r  in  o r d e r  t o  o b t a i n  t u n a b l e  s i n g l e  mode o u t p u t  r a d i a t i o n .  

The dye l a s e r  o u t p u t  was m o n i t o r e d  v i a  a  p a i r  o f  b e a m - s p l i t t e r s  in  

o r d e r  t o  (1) m a i n t a i n  a  c o n s t a n t  dye  o u t p u t  pow er  t h r o u g h  t h e  u s e  o f  

a  dye l a s e r  l i g h t  s t a b i l i z e r ,  and (2) m o n i t o r  t h e  mode s p e c t r u m  o f  

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

l o s c o p e ,  and f o c u s e d  o n t o  t h e  s a m p l e  v i a  l e n s  Lx.

The s a m p l e s  u s e d  w e r e  v a p o r - g r o w n  s i n g l e  c r y s t a l  CdS p l a t e l e t s  

g e n e r o u s l y  p r o v i d e d  by Dr. D. M. R o e s s l e r  o f  t h e  G e n e r a l  M o to r s  

R e s e a r c h  L a b o r a t o r y .  The c r y s t a l ,  w i t h  t h e  c r y s t a l l o g r a p h i c  c - a x i s  i n  

t h e  p l a n e  o f  t h e  s a m p l e ,  h ad  t y p i c a l  s u r f a c e  a r e a  d im en s io n s  o f  3mm 

x 5mm w i t h  t h i c k n e s s  ~ i c r *  cm. The s a m p l e  was a t t a c h e d  t o  a  c o l d -  

f i n g e r  in  a LT-3-110 H e l i - T r a n  L iquid  Helium T r a n s f e r  R e f r i g e r a t o r  

( C r y o - t i p ) ,  a s  i n  t h e  m o s t  o f  ou r  RBS e x p e r i m e n t s ,  o r  a  c o p p e r  mount  

i n  a  SUPER VARITEMP l i q u i d  h e l iu m  d ew ar ,  a s  in  o u r  RBS e x p e r i m e n t s  a t
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s u p e r f l u i d  h e l iu m  t e m p e r a t u r e s  v i a  a  m i x t u r e  o f  C r y o - c o n  g r e a s e  and 

N ^ g r e a s e  ( 1 :1 ) .

Backward  l i g h t  s c a t t e r i n g  was u s e d  w i t h  b o t h  t h e  i n c i d e n t  w ave -  

v a c t o r  and t h e  p o l a r i z a t i o n  o f  t h e  dye  l a s e r  l i g h t  p e r p e n d i c u l a r  t o  

t h e  c r y s t a l  c - a x i s  which i s  p a r a l l e l  t o  t h e  c r y s t a l  s u r f a c e .  The u s e  

o f  a  b a c k s c a t t e r i n g  g e o m e t r y  i s  n e c e s s a r y  b e c a u s e  o f  s t r o n g  a b s o r p ­

t i o n  o f  b o t h  i n c i d e n t  and s c a t t e r e d  l i g h t  i n  a  medium n e a r  an  e x c i t o n  

r e s o n a n c e  r e g i o n .  A L i g h t  s c a t t e r e d  by t h e  s a m p l e  was c o l l e c t e d  and 

f o c u s e d  o n t o  a p i n h o l e  Pj by a  l e n s  Lz. A Nikon l e n s  L3 t h e n  c o l l i ­

m a ted  t h e  l i g h t  p a s s i n g  t h r o u g h  t h e  p i n h o l e  Pj which a c t e d  a s  a p o i n t  

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

o f  tw o  m i r r o r s  which s e r v e d  t h e  p u r p o s e ,  a l o n g  w i t h  t h e  Nikon c o l l i ­

m a t i n g  l e n s  L3j o f  a l i g n i n g  t h e  c o l l e c t e d  l i g h t  w i t h  t h e  o p t i c a l  a x i s  

o f  t h e  t r i p l e - p a s s  F a b r y - P e r o t  i n t e r f e r o m e t e r .  The l i g h t  em erg ing  

f r o m  t h e  ramped  Fabry->Perot  was t h e n  f o c u s e d  o n t o  t h e  v e r t i c a l  spec-:  

t r o m e t e r  s l i t  which,  a l o n g  w i t h  a  b r a s s  h o r i z o n t a l  s l i t ,  f o r m e d  a 

s e c o n d  p i n h o l e  P2. The f - n u m b e r s  o f  t h e  l e n s e s  u s e d  w e re  c h o s e n  t o  

m a tch  t h a t  o f  t h e  s p e c t r o m e t e r .  L i g h t  l e a v i n g  t h e  s p e c t r o m e t e r  was 

f o c u s e d  o n t o  t h e  c a t h o d e  o f  a p h o t o m u l t i p l i e r  t u b e  whose  o u t p u t  was 

p r o c e s s e d  w i t h  p h o t o n  c o u n t i n g  e l e c t r o n i c s  and r e c o r d e d  on a s t r i p  

c h a r t  r e c o r d e r ,  o r  o c c a s i o n a l l y  m u l t i s c a l e d  i n t o  a  PDP-8E minicom­

p u t e r .

The f o c a l  l e n g t h s  o f  t h e  s a m p l e  f o c u s i n g  l e n s  Lu  p i n h o l e  f o c u s ­

i n g  l e n s  L2> F a b r y - P e r o t  c o l i m a t i n g  l e n s  L3f and s p e c t r o m e t e r  focus- t

i n g  l e n s  L,, ( i m m e d i a t e l y  f o l l o w e d  by a  p o l a r i z a t i o n  s c r a m b l e r )  a r e

16, 10,  5 .5 ,  and 18.7  cm, r e s p e c t i v e l y .  The d i a m e t e r s  o f  t h e  p i n h o l e s



“i 58 -

Pi and Pz a r e  200 and 150 m i c r o n s ,  r e s p e c t i v e l y .

3.2. Apparatus

A summary o f  t h e  a p p a r a t u s  u s e d  i n  t h e  RBS e x p e r i m e n t s  i s  g iv en  

in  T a b l e  3 . 1 .  B r i e f  d e s c r i p t i o n s  o f  t h e  main c o m p o n en t s  a r e  g iven  

b e lo w .

1 .  K r y p t o n  L a s e r

A SPECTRA PHYSICS model  171 k r y p t o n  ion  l a s e r  w i t h  d e e p - b l u e

m i r r o r s  was  u s ed  a s  t h e  pump l a s e r .  The o u t p u t  was  b e t w e e n  1.3 and
0

1.8 W a t t s  f o r  a l l  l i n e s  i n  t h e  deep b l u e  r e g i o n  ( 4067 -  4226 A ) .  The 

o u t p u t  was  TEM00 mode and  v e r t i c a l l y  p o l a r i z e d .  This  l a s e r  was o p e r ­

a t e d  i n  t h e  l i g h t - c o n t r o l  mode w h e reb y  i t s  power  s u p p l y  c u r r e n t  co n ­

s t a n t l y  a d j u s t e d  by an- e x t e r n a l  dye  l a s e r  l i g h t  s t a b i l i z e r  ( s e e  

b e l o w ) .

2 .  Dye L a s e r 1

The o u t p u t  o f  t h e  k r y p t o n  l a s e r  was  u s e d  t o  pump a  COHERENT 

RADIATION model  590 d y e  l a s e r  t o  p r o v i d e  a  s o u r c e  o f  q u a s i - c o n t i n u - j  

o u s l y  t u n a b l e  c o h e r e n t  s i n g l e  mode l i g h t .  The dye medium was a  m e t h -  

a n o l - e t h y l e n e  g l y c o l  s o l u t i o n  o f  t h e  dye  c o u m a r in  102 (made by EXCI-
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TON CHEMICAL CO. INC.) wh ich  a b s o r b s  i n  t h e  band  4000 t o  4200 A and
0

e m i t s  a t  l o n g e r  w a v e l e n g t h s  4700 t o  5150 A t h r o u g h  f l u o r e s c e n c e .  The 

dye s o l u t i o n  was made by u n i f o r m e l y  mix ing 0 . 6 6 7  g ra m s  o f  t h e  eouma-> 

r i n  102 powder  w i t h  200 ml o f  h ig h  q u a l i t y  m e t h a n o l  and 800 ml o f  

e t h y l e n e  g l y c o l .  S e l e c t i o n  o f  n e a r l y  m o n o c h r o m a t i c  r a d i a t i o n  f r om  

t h e  b r o a d  dye f l u o r e s c e n c e  b a n d w i d t h  was a c h i e v e d  t h r o u g h  t h e  u s e  o f  

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

d i f f e r e n t  t h i c k n e s s e s  p l a c e d  i n  t h e  c a v i t y  a t  B r e w s t e r ' s  a n g l e .  A 

d o u b l e  e t a l o n  s y s t e m  c o n s i s t i n g  o f  a  t h i c k  (10 mm) c o a t e d  e t a l o n  and 

a  t h i n  (0 .5  mm) c o a t e d  e t a l o n  was u s e d  t o  o b t a i n  s i n g l e  mode mono­

c h r o m a t i c  o u t p u t  w i t h  a  f r e q u e n c y  w i d t h  o f  l e s s  t h a n  100 MHz (0 .003 

cm"1).

Tuning o f  t h e  o u t p u t  f r e q u e n c y  was a c c o m p l i s h e d  a s  f o l l o w s :  

f r e q u e n c y  c h a n g es  on t h e  o r d e r  o f  a  t h i n  e t a l o n  mode hop (6 ~ 7 

cm^1) w e r e  o b t a i n e d  by r o t a t i n g  t h e  b i r e f r i n g e n t  f i l t e r  a b o u t  i t s  

s u r f a c e  n o r m a l .  S m a l l  f r e q u e n c y  c h a n g e s  w e r e  made by t i l t i n g  t h e  

t h i n  e t a l o n  w i t h  r e s p e c t  t o  t h e  c a v i t y  beam e n a b l i n g  t h e  l a s e r  f r e n  

quency  t o  hop b e t w e e n  t h i c k  e t a l o n  modes  (0 .3  cm'51 s e p a r a t i o n s ) .  The 

t h i c k  e t a l o n  c o u l d  be  a d j u s t e d  s l i g h t l y  i n  o r d e r  t o  compromise  

b e t w e e n  h ig h  pow er  (o r  low  c u r r e n t  i n  c a s e  o f  l i g h t  mode) and mode 

s t a b i l i t y  w he never  n e c e s s a r y .

C e r t a i n  i n s t a b i l i t i e s  i n  t h e  o u t p u t  f r e q u e n c y  s p e c t r u m  o f  t h e  

dye l a s e r  c o m p l i c a t e d  t h e  RBS e x p e r i m e n t s ,  t h e  m o s t  i m p o r t a n t  o f  

wh ich  was f l u c t u a t i o n  o f  t h e  o u t p u t  pow er  which i n t r o d u c e d  t h i n  

e t a l o n  mode hopp ing.  T h i s  p r o b l e m  was  p a r t i a l l y  a l l e v i a t e d  by i n c o r ­

p o r a t i n g  a  l i g h t  s t a b i l i z e r  i n t o  t h e  e x p e r i m e n t a l  s e t u p .  However ,
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mode hop s  s t i l l  o c c u r r e d  on t h e  a v e r a g e  o f  e v e r y  f i v e  m i n u t e s .  Thus ,  

t h e  o u t p u t  mode s p e c t r u m  o f  t h e  dye  l a s e r  had  t o  be  c o n t i n u o u s l y  

m o n i t o r e d  by a s p e c t r u m  a n a l y z e r  ( s e e  be lo w )  s o  t h a t  u n d e s i r a b l e  

modes  c o u l d  be e l i m i n a t e d  t h r o u g h  t h e  t i l t i n g  o f  t h e  t h i n  e t a l o n .

3 .  Dye L a s e r  S t a b i l i z e r

The dye l a s e r  o u t p u t  pow er  was m a i n t a i n e d  a t  8 mW by t h e  dye 

l a s e r  l i g h t  s t a b i l i z e r  (SPECTRA PHYSICS, model  373)- T h i s  c o n s i s t e d  o f  

a  d e t e c t o r  hea d  and a  c o n t r o l  u n i t .  The d e t e c t o r  h ea d  c o n t a i n s  a  

b e a m s p l i t t e r  which r e f l e c t s  3 .5  % o f  t h e  l a s e r  l i g h t  o n t o  a  p h o t o ^  

c e l l  d e t e c t o r .  The s i g n a l  c r e a t e d  by t h e  p h o t o c e l l  (0 .75 pA/mW) i s  

a m p l i f i e d  and com pared  w i t h  a DC r e f e r e n c e  s i g n a l  s p e c i f i e d  by t h e  

l e v e l  c o n t r o l  ( l o c a t e d  on t h e  f r o n t  o f  t h e  c o n t r o l  u n i t )  which  s e t s  

t h e  d e s i r e d  o p e r a t i n g  pow er  l e v e l  o f  t h e  l i g h t  s t a b i l i z e r .  The a m p l i ­

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

u r n e d  t o  t h e  k r y p t o n  i o n  l a s e r  c o n t r o l  c i r c u i t r y  which t h e n  compen­

s a t e s  f o r  t h e  dye l a s e r  pow er  v a r i a t i o n s  by ch a n g in g  t h e  pump l a s e r  

o u t p u t  p ow er .  The o u t p u t  po wer  o f  t h e  dye  l a s e r  c o u l d  be  s t a b i l i z e d  

t o  w i t h i n  ± 0 . 5  % p e r  hour  f o r  a  f i x e d  w a v e l e n g t h .  In  a d d i t i o n ,  t h e  

l i g h t  s t a b i l i z e r  a l s o  a c t e d  a s  a  p ow er  m e t e r  w i t h  i t s  m e t e r  a c c u r a t e  

t o  w i t h i n  ± 1 0  %.

ij. S p e c t r u m  A n a l y z e r
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The s p e c t r u m  o f  t h e  dye l a s e r  l i g h t  was o b s e r v e d  w i t h  an  o p t i ­

c a l  s p e c t r u m  a n a l y z e r  (COHERENT OPTICS, model  760) i n  c o n j u n c t i o n  

w i t h  a  d u a l - b e a m  o s c i l l o s c o p e  (TEKTRONIX, model  556) and an  a m p l i f i e r  

(KEITHLEY INSTRUMENTS, m ode l  102C). The o s c i l l o s c o p e  was u s e d  t o  b o t h  

ramp t h e  s p e c t r u m  a n a l y z e r  and d i s p l a y  i t s  a m p l i f i e d  o u t p u t .  The 

f r e e  s p e c t r a l  r a n g e  (FSR) o f  t h e  s p e c t r u m  a n a l y z e r  was 8 GHz (= 0 .27 

cm ^1).

5 .  C r y o g e n i c  S y s t e m s

The s a m p l e s  w e re  v e r t i c a l l y  a t t a c h e d  t o  a  c o l d - f i n g e r  c o p p e r  

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

c o n s i s t i n g  o f  Cryo-^con and N - g r e a s e  (1 :1 ) .  O p t i c a l  a c c e s s  t o  t h e  

s a m p l e  was p r o v i d e d  by f u s e d  q u a r t z  windows on t h e  C r y o - t i p .  C o o l in g  

o f  t h e  s a m p l e  was a c h i e v e d  by c o n t i n u o u s  f l o w  o f  l i q u i d  h e l ium  

t h r o u g h  t h e  t i p  f l o w  c a p i l a r y  and t h e  s a m p l e  h o l d e r .  T e m p e r a t u r e  was 

m e a s u r e d  u s i n g  a  g o l d - c h r o m e l  t h e r m o c o u p l e  which was i n  t h e r m a l  

c o n t a c t  w i t h  t h e  s a m p l e  h o l d e r .  Most  o f  t h e  e x p e r i m e n t s  w e re  p e r ­

f o r m e d  a t  4 .2  K n o m in a l  t e m p e r a t u r e ,  a l t h o u g h  s a m p l e  t e m p e r a t u r e s  

w e re  u s u a l l y  so m ew h a t  h i g h e r  due t o  a b s o r p t i o n  h e a t i n g .  The s c h e ­

m a t i c  r e p r e s e n t a t i o n  o f  t h e  C r y o - t i p  s y s t e m  i s  g iv e n  in  Fig.  3 .2 .

When p e r f o r m i n g  RBS e x p e r i m e n t s  a t  s u p e r f l u i d - h e l i u m - t e m p e r a -  

t u r e s  w i t h  s a m p l e s  im m e rsed  i n  l i q u i d  h e l ium  (T < 2 .17 K), we u s e d  a 

l i q u i d r h e l i u m  d ew ar  (JANIS SUPER VARITEMP, mode l  DT) equ ipped  w i t h  a  

c a r b o n - g l a s s  t e m p e r a t u r e  s e n s o r  (LAKE SHORE, model  CGR-1-1000, w ork ­

i n g  c u r r e n t  10 pA, c a l i b r a t i o n  t e m p e r a t u r e  r a n g e  1.4 r> 20 K). In  o r d e r
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t o  o b t a i n  s u p e r f l u i d - h e l i u m r t e m p e r a t u r e s ,  a m e c h a n i c a l  pump (WELCH, 

model  1397,  pumping s p e e d  425 l i t e r s / m i n . ) was  u s e d  t o  e v a c u a t e  t h e  

s a m p l e  t u b e  o f  t h e  d ew a r  w i t h  t h e  n e e d l e  v a l v e  o f  t h e  d e w a r  s l i g h t l y  

op ened  t o  l e t  l i q u i d  h e l i u m  c o n t i n u o u s l y  f l o w  i n t o  t h e  s a m p l e  t u b e  

f r om  t h e  h e l i u m  r e s e r v o i r .

6 .  E l e c t r o m a g n e t

The c o l d  f i n g e r  o f  t h e  Cryo- . t ip  s y s t e m  was p l a c e d  in  t h e  c e n t e r  

o f  an  e l e c t r o m a g n e t  (MAGNION, mode l  L-128A^12 inch )  o f  p o l e  f a c e

d i a m e t e r  8 ^  i n c h e s  and  gap w i d t h  3 y g  i n c h e s .  The m ag n e t  r e q u i r e d

a  p ow er  o f  130 VDC and 65 Amperes  maximum, and c o o l i n g  w a t e r  2 gpm 

minimum.

The magne t  pow er  s u p p l y  (MAGNION, model  HS-1365B/FFC-4)  was  a 

f i e l d  r e g u l a t e d  one which r e q u i r e d  a  3 ^ p h a s e  AC po wer  o f  208 V, 35 

Amperes .

7. Fabry-Perot Interferometer^

A t r i p l e - p a s s  F a b r y - P e r o t  i n t e r f e r o m e t e r  (BURLEIGH INSTRUMENTS,

model  RC-110) was u s e d  f o r  h i g h - r e s o l u t i o n  s p a c t r a l  a n a l y s i s  o f  t h e

s c a t t e r e d  l i g h t .  Thi s  F a b r y - P e r o t  u s e d  tw o  A/200 p l a n e  m i r r o r s  which

were  c o a t e d  f o r  93 % r e f l e c t i v i t y  i n  t h e  s p e c t r a l  r e g i o n  4500 -  5500 
0
A. P i e z o e l e c t r i c  c e r a m i c  t r a n s d u c e r s  (PZT) w e re  u s e d  t o  s c a n  and 

a l i g n  one o f  t h e  p l a n e  m i r r o r s  w i th  r e s p e c t  t o  t h e  o t h e r  m i r r o r
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which r e m a i n e d  f i x e d .  The ramp v o l t a g e  (0 t o  1000 v o l t s ,  s a w t o o t h  i n  

t im e )  a p p l i e d  i n  t h e  s c a n n i n g  mode t o  e a c h  o f  t h e . PZT e l e m e n t s  was 

s u p p l i e d  by a  ramp g e n e r a t o r  (BURLEIGH, model  RC-44).  Two c o r n e r - c u b e  

r e t r o - r e f l e c t o r s  w e r e  u t i l i z e d  t o  o b t a i n  t r i p l e - p a s s  o p e r a t i o n .  Sev­

e r a l  f r e e  s p e c t r a l  r a n g e s  (FSR) r a n g i n g  f r o m  1 t o  14 cm " 1 w e re  u s e d .  

The f i n e s s e  o f  t h e  i n t e r f e r o m e t e r  v a r i e d  b e t w e e n  50 and 70 w i t h  a  

wo rk ing  c o n t r a s t  o f  -  i x 106.

8. DoublenGrating Spectrometer

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

v e r s e d  a  3 / 4  m e t e r  ( f o c a l  l e n g t h  o f  t h e  f i r s t  m i r r o r )  SPEX mode l  

1401 C z e r n y - T u r n e r  d o u b l e  g r a t i n g  s p e c t r o m e t e r  whose  f - n u m b e r  was ~

6 .3 .  The s p e c t r o m e t e r  s e r v e d  tw o  p u r p o s e s :  (1) i t  d e t e r m i n e d  t h e  i n ­

c i d e n t  dye l a s e r  f r e q u e n c y  by s c a n n i n g  t h e  s c a t t e r e d  R a y l e i g h  l i g h t ,  

and (2) i t  a c t e d  a s  a  t u n a b l e  l a s e r  f i l t e r  a l l o w i n g  o n l y  R a y l e i g h  and 

d e s i r e d  B r i l l o u i n  c o m p o n en t s  t o  p a s s  d u r i n g  t h e  F a b r y - P e r o t  s c a n .

9. Photomultiplier Tube

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

o f  an  ITT FW130 p h o t o m u l t i p l i e r  t u b e .  The t u b e  was m a i n t a i n e d  a t  =* 20 

C by a  model  TE-104 t h e r m o e l e c t r i c  r e f r i g e r a t i o n  u n i t  m a n u f a c t u r e d  

by PRODUCTS FOR RESEARCH. The d a r k  c o u n t  o f  t h e  c o o l e d  t u b e  was 

a b o u t  3 c o u n t s / s e c o n d .  A POWER DISIGNS, INC. model  2K-20 pow er  s u p p l y  

p r o v i d e d  1750 v o l t s  t o  t h e  p h o t o m u l t i p l i e r  t u b e .  Two s c r e w s  n e a r  t h e
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o u t p u t  s l i t  o f  t h e  SPEX 1401 a d j u s t  t h e  f i n a l  l e n s  p o s i t i o n  t o  f o c u s  

on t h e  p h o t o m u l t i p l i e r  t u b e .

10. Photon^counting Electronics

The p h o t o n - c o u n t i n g  e l e c t r o n i c s  c o m p r i s e d  a  "PAD" (CANBERRA, 

model  813)  which  co m bines  a  p r e a m p l i f i e r ,  a m p l i f i e r  and d i s c r i m i n a t o r  

i n  a  s i n g l e  Nim bin  m o d u le .  The o u t p u t  o f  t h e  d i s c r i m i n a t o r  was f e d  

t o  a  r a t e m e t e r  (ORTEC, model  880) and r e c o r d e d  on a  s t r i p  c h a r t  r e c ­

o r d e r  (HONEYWELL, mode l  194).

3.3. The Experimental Procedure

Our RBS e x p e r i m e n t s  u t i l i z e d  a  b a c k s c a t t e r i n g  g e o m e t r y  ( x [ y  y]j?) 

w i t h  b o t h  t h e  w a v e v e c t o r  and p o l a r i z a t i o n  o f  t h e  i n c i d e n t  l i g h t  perr? 

p e n d i c u l a r  t o  t h e  c - a x i s  o f  t h e  c r y s t a l  (k J.  c ,  E 1  e ) .  The i n c i d e n t  

po wer  was m a i n t a i n e d  a t  8 mW by t h e  dye  l a s e r  l i g h t  s t a b i l i z e r  d i s ­

c u s s e d  e a r l i e r .

The e x p e r i m e n t a l  p r o c e d u r e  w i l l  be d e s c r i b e d .  The dye l a s e r  was 

f i r s t  t u n e d  t o  some f r e q u e n c y  i n  t h e  v i . c in i t y  o f  t h e  A - e x c i t o n  in  CdS 

(~ 20588 .8  cm-1 ).  D ur i ng  t h i s  t im e ,  t h e  o u t p u t  o f  t h e  8 GHz s p e c t r u m  

a n a l i z e r  was c a r e f u l l y  v i ewed  on t h e  o s c i l l o s c o p e  in  o r d e r  t o  v e r i f y  

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

The l a s e r  f r e q u e n c y  was d e t e r m i n e d  by a l l o w i n g  t h e  F a b r y - P e r o t  

i n t e r f e r o m e t e r  t o  q u i c k l y  ramp t h r o u g h  i t s  FSR w i t h  a  ramp d u r a t i o n
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o f  20 ms. S in c e  t h e  e l a s t i c  R a y l e i g h  com po nent  i s  d o m in e n t  i n  t h e  

o u t p u t  o f  t h e  F a b r y - P e r o t ,  t h e  l a s e r  f r e q u e n c y  c a n  be  o b t a i n e d  by 

s l o w l y  s c a n n i n g  t h e  g r a t i n g  s p e c t r o m e t e r  w i t h  n a r r o w  s l i t  w i d t h  

(1 00-50^50  m ic r o n s )  o v e r  t h i s  e l a s t i c  c om ponen t .  The s l o w  s c a n  (37.5  

cm"Vmin)  a l l o w e d  t h e  e x p e r i m e n t e r  t o  mark t h e  s t r i p  c h a r t  r e c o r d  in  

1 cm"51 i n t e r v a l s  by v i s u a l  c o m p a r i s o n  w i t h  t h e  s p e c t r o m e t e r  w a v e m  

umber  i n d i c a t o r .  S u b s e q u e n t  i n t e r p o l a t i o n  b e t w e e n  t h e  1 cm "1 m arks  

a l l o w e d  t h e  l a s e r  f r e q u e n c y  t o  be  d e t e r m i n e d  t o  t h e  n e a r e s t  0.1 

cm551. M e a s u re m e n t s  made in  t h i s  way w e r e  r e p r o d u c i b l e  t o  a b o u t  0 .2  

c m " 1.

A f t e r  t h e  l a s e r  f r e q u e n c y  was d e t e r m i n e d ,  we p o s i t i o n e d  t h e  

c e n t r a l  f r e q u e n c y  o f  t h e  g r a t i n g  s p e c t r o m e t e r  and op ened  i t s  s l i t s  

( 1 0 0 - 5 0 0 - 5 0 0  m i c r o n s )  t o  s e l e c t  t h e  d e s i r e d  S t o k e s  ( o r  a n t i - S t o k e s )  

c o m p o n e n t s  a s  w e l l  a s  t h e  R a y l e i g h  l i n e .  Then we a d j u s t e d  t h e  s c a n  

r a n g e  o f  t h e  F a b r y - P e r o t  t o  c o n t a i n  tw o  a d j a c e n t  o r d e r s  o f  t h e  Ray-* 

l e i g h  co mpon en t  by v i e w in g  t h e  p h o t o m u l t i p l i e r  o u t p u t  and F a b r y -  

P e r o t  ra mp v o l t a g e  on t h e  o s c i l l o s c o p e .

We t h e n  s t o p p e d  t h e  F a b r y - P e r o t  s c a n  a t  t h e  m i d d le  p o i n t  o f  i t s  

FSR, and o p t i m i z e d  t h e  s i g n a l  i n t e n s i t y  by a d j u s t i n g  t h e  s p e c t r o m e t e r  

f o c u s i n g  l e n s  and t h e  t h r e e  ramp b i a s  v o l t a g e s  o f  t h e  F a b r y - P e r o t  

i n t e r f e r o m e t e r  and v i e w in g  t h e  p h o t o m u l t i p l i e r  o u t p u t  on t h e  r a t e m e -  

t e r .

Then t h e  F a b r y n P e r o t  was s c a n n e d  t h r o u g h  i t s  FSR i n  -  1 0 0  s e c ­

o nds  and t h e  o u t p u t  o f  t h e  combined F a b r y - P e r o t - g r a t i n g  s p e c t r o m e t e r  

s y s t e m  was r e c o r d e d  on a  s t r i p  c h a r t  r e c o r d e r .  The f r e q u e n c y  o f  t h e  

d ye  l a s e r  was'  t h e n  c h a n g ed  by t i l t i n g  t h e  t h i n  e t a l o n  a s  p r e v i o u s l y
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d e s c r i b e d .  The ab ove  p r o c e d u r e  was t h e n  r e p e a t e d .  The end  r e s u l t s  

w e re  t h e n  a  s e r i e s  o f  S t o k e s  (Ant i -^Stokes)  B r i l l o u i n  s p e c t r a  f o r  a 

r a n g e  o f  dye l a s e r  f r e q u e n c i e s  s p a n n i n g  t h e  A - e x c i t o n  r e s o n a n c e  

r e g i o n .  The e f f e c t i v e  r e s o l u t i o n  o f  t h i s  combined  s y s t e m  was a b o u t

0.1 cm ^1 f o r  a  FSR o f  6 .5  cm " 1, o r  0 .015  cm^1 f o r  a  FSR o f  1.0 cm’-1.

S in c e  t h e  f i n e s s e  f  o f  t h e  F a b r y - P e r o t  was a p p r o x i m a t e l y  a  co n ­

s t a n t  f o r  d i f f e r e n t  FSR, t h e  r e s o l u t i o n  R i s  p r o p o r t i o n a l  t o  t h e  FSR 

(R = F SR / f ) ,  i . e .  t h e  s m a l l e r  t h e  FSR, t h e  h i g h e r  t h e  r e s o l u t i o n  one 

c o u l d  o b t a i n .  However ,  t o o  s m a l l  a  FSR makes t h e  s p e c t r a  o f  d i f f e r ­

e n t  F a b r y - P e r o t  o r d e r s  o v e r l a p  and  i d e n t i f i c a t i o n  o f  B r i l l o u i n  compon 

n e n t s  d i f f i c u l t .  We s h o u l d  c h o o s e  t h e  b e s t  FSR by c o n s i d e r i n g  b o t h  

e f f e c t s .

The FSR o f  t h e  F a b r y - P e r o t  was u s u a l l y  m e a s u r e d  by d e l i b e r a t e l y  

a l l o w i n g  tw o  t h i n  e t a l o n  modes  t o  be  p r e s e n t  i n  t h e  dye  l a s e r  

o u t p u t .  This  l i g h t  was t h e n  s c a t t e r e d  o f f  a  p i e c e  o f  t e f l o n  l o c a t e d  

w i t h i n  t h e  h e l iu m  d ew a r .  The s e p a r a t i o n  b e t w e e n  t h e s e  tw o  modes  was 

o b t a i n e d  by s c a n n i n g  t h e  g r a t i n g  s p e c t r o m e t e r  o v e r  t h e  s c a t t e r e d  

l i g h t .  T h i s  t u r n e d  o u t  t o  be  a p p r o x i m a t e l y  6 .7  cm " 1. The s p e c t r o m e t e r  

was t h e n  p o s i t i o n e d  midway b e t w e e n  t h e  tw o  modes  w h i l e  i t s  s l i t s  

w e re  opene d  t o  p a s s  b o t h  o f  them .  The F a b r y - P e r o t  t h e n  s c a n n e d  t h e  

modes,  t h e  s p e c t r u m  o f  which was r e c o r d e d  on t h e  s t r i p  c h a r t  r e c ­

o r d e r .  S in c e  t h e  s e p a r a t i o n  b e t w e e n  t h e  modes  was known,  t h e  FSR 

c o u l d  be  c a l c u l a t e d  f r o m  t h e  s t r i p  c h a r t  r e c o r d .  A s e c o n d  method  was 

t o  u s e  a  s t a n d a r d  m e r c u r y  o r  sodium d o u b l e t  ( e . g .  f o r  Hg: 5789 .66

and 5790.66 A whose s e p a r a t i o n  i s  2 .98 cm " 1; f o r  Na: 5889 .95  and 
o

5895.92 A whose s e p a r a t i o n  i s  17 .20 cm l) i n s t e a d  o f  two  a d j a c e n t
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t h i n  e t a l o n  modes  f r o m  t h e  dye l a s e r .



Table 3.1.
A p p a r a t u s  

K ry p to n  l a s e r

K ry p to n  l a s e r  power  s u p p l y  

Dye l a s e r

Dye l a s e r  s t a b i l i z e r  

S p e c t ru m  a n a l y z e r  

A m p l i f i e r

Dual  beam o s c i l l o s c o p e

Hel ium dewar

H e l i - t r a n  l i q u i d  h e l ium  

t r a n s f e r  r e f r i g e r a t o r  

E l e c t r o m a g n e t

Magnet  po wer  s u p p l y

F a b r y r P e r o t  i n t e r f e r o m e t e r

Ramp g e n e r a t o r

D o u b l e - g r a t i n g  s p e c t r o m e t e r

P h o t o m u l t i p l i e r  t u b e

PM R e f r i g e r a t i o n  u n i t

P h o t o m u l t i p l i e r  p ow er  s u p p l y

P o r t a n i m

(Nim bin  module)  

P r e a m p l i f i e r ,  a m p l i f i e r ,  

d i s c r i m i n a t o r  

R a t e m e t e r

S t r i p  c h a r t  r e c o r d e r

List of Apparatus
M a n u f a c t u r e r  Model

S p e c t r a - P h y s i c s  171

S p e c t r a ^ h y s i c s  270

C o h e r e n t  R a d i a t i o n  590

S p e c t r a  P h y s i c s  373

C o h e r e n t  O p t i c s  760

K e i t h l e y  I n s t r u m e n t s  102C

T e k t r o n i c s  556

J a n i s  DT

Air P r o d u c t s  and

C h e m i c a l s ,  I n c .  LT-3-110

Magnion L-128A-12

inch

Magnion HSrl365B /

FFC-4

B u r l e i g h  I n s t r u m e n t s  RCr110

B u r l e i g h  I n s t r u m e n t s  RC-44

Spex 1401

ITT FW130

P r o d u c t s  f o r  R e s e a r c h  -TE-s1 04

Power  D e s ig n s ,  In c  2K^20

B e r k e l e y  N u c le o n ic s ,

Corp.  AP-M

C a n b e r r a  813

O r t e c  880

H o n e y w e l l  194
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Chapter 4 . Frequency-Dependent 
Polariton Damping and RBS Linewidth in CdS

In  C h a p t e r s  4 t o  7 we p r e s e n t  t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  

RBS in  CdS which fo r m  t h e  c o r e  o f  t h i s  t h e s i s .  I n  C h a p t e r  4 we i n v e s ­

t i g a t e  t h e  d e p e n d e n c e  o f  RBS l i n e w i d t h s  on l a s e r  f r e q u e n c y  and  p r o ­

p o s e  a f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  damping m o d e l .  In  C h a p t e r  5 we 

d i s c u s s  o u r  e x p e r i m e n t s  i n  a  weak m a g n e t i c  f i e l d  which  g av e  t h e  f i r s t  

e v i d e n c e  f o r  a k - l i n e a r  i n t e r a c t i o n  t h r o u g h  t h e  d ep e n d en ce  o f  

l i n e w i d t h s  on m a g n e t i c  f i e l d .  In  C h a p t e r  6 we p r e s e n t  o u r  mos t

r e c e n t  s t u d i e s  o f  RBS a t  s u p e r f l u i d  h e l iu m  t e m p e r a t u r e s  in  which

s p l i t t i n g  o f  RBS c o m p o n en t s  due  t o  t h r e e - b r a n c h  p o l a r i t o n  b e h a v i o r  

was o b s e r v e d  d i r e c t l y  f o r  t h e  f i r s t  t i m e .  In  C h a p t e r  7 we e x p l o r e  

t h e  e f f e c t  o f  t h e  ABC on RBS i n t e n s i t y  and a t t e m p t  t o  e s t a b l i s h  t h e  

c o r r e c t  ABC by c o m p a r i s o n  w i t h  our  e x p e r i m e n t a l  d a t a .

RBS l i n e w i d t h  m e a s u r e m e n t s  we re  r e p o r t e d  by Weisbuch and

U lb r ich ^  f o r  GaAs, by Hermann and Yu^ f o r  CdSe and by Wicksted  e t  a l  

4 4f o r  CdS.-”  In  t h e s e  e x p e r i m e n t s  s i g n i f i c a n t  d i s a g r e e m e n t  w i t h  t h e

p r e d i c t i o n s  o f  t h e  BZB t h e o r y  w i t h  a  f r e q u e n c y - i n d e p e n d e n t  damping 

t e r m  w e re  n o t e d .  On t h e  o t h e r  hand,  t h e  b o t t l e n e c k ^  e f f e c t  o f  e x c i -  

t o n - p o l a r i t o n s  o b s e r v e d  in  l u m i n e s c e n c e  s p e c t r a  i n d i c a t e s  t h a t  t h e

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

r e s o n a n c e  f r e q u e n c y . 6 .7  Also ,  i t  was p r o p o s e d  by Yu t h a t  t h e  damping
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c o n s t a n t  s h o u l d  b e  p r o p o r t i o n a l  t o  k2 w he re  k i s  t h e  p o l a r i t o n  w a ve-
Q

v e c t o r .  B e f o r e  t h e  p r e s e n t  work,  h o w e v e r ,  no s y s t e m a t i c  i n v e s t i g a ­

t i o n s  o f  RBS l i n e w i d t h s  had  b ee n  r e p o r t e d ,  p r i m a r i l y  b e c a u s e  o f  t h e  

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

The i n t e n s i t y  o f  RBS has  b ee n  s t u d i e d  f a i r l y  e x t e n s i v e l y  b e c a u s e  

i t  i s  s e n s i t i v e  t o  t h e  ABC p r o b l e m .  The i n t e n s i t y ,  h o w e v e r ,  d ep e n d s  

n o t  o n l y  on t h e  ABC, b u t  a l s o  on o t h e r  f a c t o r s  s u c h  a s  t h e  dead
Q

l a y e r  t h i c k n e s s .  R e c e n t  n u m e r i c a l  c a l c u l a t i o n s  by M a t s u s h i t a  e t  a l  

h ave  shown t h a t  even  in  t h e  a b s e n c e  o f  a  d e a d  l a y e r ,  t h e  RBS i n t e n ­

s i t y  d ep en d s  s t r o n g l y  on t h e  damping c o n s t a n t  yJ ®  T h e r e f o r e ,  i t  i s  

c r u c i a l  t o  know t h e  f r e q u e n c y - d e p e n d e n c e  o f  Y b e f o r e  one  a t t e m p t s  t o  

u s e  RBS i n t e n s i t y  d a t a  t o  r e s o l v e  t h e  ABC p r o b l e m .

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

l i n e w i d t h  o f  RBS c o m p o n e n t s  f ro m  t h e  l o w e r  b r a n c h  ( b r a n c h  2) A - e x e i -  

t o n  p o l a r i t o n s  in  CdS. We d i s c u s s  d i f f e r e n t  f o r m s  f o r  Y(w) and p r o ­

p o s e  a  new l i n e - b r o a d e n i n g  mechanism -  t h e  d ec ay  o f  I\_T p o l a r i t o n s

11i n t o  d i p o l e - f o r b i d d e n  Tg e x e i t o n s  v i a  t h e  k - l i n e a r  i n t e r a c t i o n .

4 . 1 .  E x p e r i m e n t

The g e n e r a l  f e a t u r e s  o f  t h e  e x p e r i m e n t  was a l r e a d y  g i v e n  in  

c h a p t e r  3 .  The s a m p l e  u s e d  in  t h i s  e x p e r i m e n t  was num bered  CdS 21E- 

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

s t a l  was a b o u t  1 0 - zir S t r ,  and t h e  r e f r a c t i v e  in d e x  in  t h e  r e s o n a n c e  

r e g i o n  n = 7 . 5 ,  s o  t h e  r a n g e  o f  i n t e r n a l  s c a t t e r i n g  a n g l e s  was a b o u t



179 .2°  ± 0 .8° .  T h e r e f o r e ,  l i n e  b r o a d e n i n g  e f f e c t  due  t o  f i n i t e  c o l l e c ­

t i o n  a n g l e  was l e s s  t h a n  5 x 10r5  o f  t h e  B r i l l o u i n  s h i f t  and can be  

i g n o r e d .

Above t h e  r e s o n a n c e  f r e q u e n c y  a s l i g h t  l o c a l  h e a t i n g  e f f e c t  was 

o b s e r v e d  a s  a n  i n c r e a s e  o f  B r i l l o u i n  s h i f t  w i t h  i n c r e a s i n g  l a s e r  

p ow er .  We c h o s e  8 mW l a s e r  power  a s  a  com pro m ise  b e t w e e n  r e d u c t i o n  

o f  l o c a l  h e a t i n g  and m a i n t a i n i n g  s u i t a b l e  s i g n a l  i n t e n s i t y .

The d i a m e t e r  o f  t h e  f i r s t  p i n h o l e  was -  200 ym which d e f i n e d  

t h e  s c a t t e r i n g  vo lume.  We k e p t  t h e  l a s e r  pow er  c o n s t a n t  and  r e d u c e d  

t h e  p i n h o l e  d i a m e t e r  f r o m  200 ym t o  10 ym; no chang e in  l i n e w i d t h  

was o b s e r v e d .  Thus we c o n f i r m e d  t h a t  t h e  l o c a l  h e a t i n g  e f f e c t  did 

n o t  c a u s e  s i g n i f i c a n t  inhomog eneous  l i n e  b r o a d e n i n g  f o r  8 mW l a s e r  

p ow er  and 200 ym p i n h o l e  d i a m e t e r .

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

t e m p e r a t u r e  and l o w e r  t h e  e x c i t o n  r e s o n a n c e  f r e q u e n c y  ui0 ( i . e .  uij,). 

Thus t h e  l a s e r  f r e q u e n c y  s h o u l d  be r e s c a l e d  b e f o r e  one  o b t a i n s  

e x p e r i m e n t a l  l i n e w i d t h s  (o r  any o t h e r  q u a n t i t i e s )  v s .  i n c i d e n t  l a s e r  

f r e q u e n c y  c u r v e s .  The l a s e r  f r e q u e n c y  c o r r e c t i o n  due t o  t h e  l o c a l  

h e a t i n g  e f f e c t  c o u l d  be  o b t a i n e d  by c o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  

B r i l l o u i n  s h i f t  d a t a  t o  t h e  t h e o r e t i c a l  one  a t  l i q u i d  h e l iu m  t e m p e r a ­

t u r e .  We n o t i c e d  t h a t  t h i s  c o r r e c t i o n ,  r a n g i n g  f r o m  0 t o  5 cm-1 (cor-^ 

r e s p o n d i n g  t o  t e m e r a t u r e  c o r r e c t i o n  0 t o  5 K), would  v a r y  f rom t i m e  

t o  t i m e  d e p e n d in g  on t h e  t h e r m a l  c o n d u c t i o n  b e t w e e n  t h e  c r y s t a l  and 

t h e  s a m p l e  h o l d e r  and t h e  t i p  f l o w  s t r e n g t h  in  t h e  C r y o - t i p  s y s t e m  

d u r i n g  t h e  e x p e r i m e n t .
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The FSR u s e d  in  m o s t  o f  t h e  p r e s e n t  work was f r o m  8 t o  14 cmnl  

g i v i n g  an  i n s t r u m e n t a l  l i n e w i d t h s  o f  a b o u t  0 .2  cm1"'1. Below t h e  r e s o ­

na nce  r e g i o n  w h e re  t h e  l i n e w i d t h  w e r e  v e r y  n a r r o w ,  a  s m a l l e r  FSR (1 

~ 4 cm-1) was u s e d  t o  m e a s u r e  l i n e w i d t h s .

We h ave  c o n c e n t r a t e d  on LA 2 - 2 '  s c a t t e r i n g  r a t h e r  t h a n  TA 2 - 2 '  

s c a t t e r i n g  s t u d i e d  i n  R ef .  3 b e c a u s e  t h e  LA 2 - 2 '  compo nen t  h a s  t h e  

l a r g e s t  B r i l l o u i n  s h i f t  and  c a n  be s t u d i e d  o v e r  t h e  l a r g e s t  r a n g e  o f  

l a s e r  f r e q u e n c i e s .  M o reo v er ,  t h e  LA l i n e w i d t h  i s  a p p r o x i m a t e l y  t w i c e  

a s  l a r g e  a s  t h e  TA l i n e w i d t h  and  t h e r e f o r e  a l l o w s  more a c c u r a t e  

l i n e w i d t h  d e t e r m i n a t i o n .

The f u l l  w i d t h  a t  h a l f  maximum o f  e a ch  B r i l l o u i n  com ponent  was 

o b t a i n e d  by s u b t r a c t i n g  t h e  a v e r a g e  R a y l e i g h  l i n e w i d t h  f rom t h e  

o b s e r v e d  B r i l l o u i n  l i n e w i d t h ,  a s s u m i n g  t h a t  b o t h  l i n e s  a r e  L o r e n t z i a n  

which i s  a p p r o x i m a t e l y  t r u e  f o r  to < u D e c o n v o l u t i o n  o f  t h e  l i n e s h -  

a p e  was n o t  p e r f o r m e d .

F ig .  4.1 sho ws  t h e  ra w  s p e c t r a  o f  t h e  S t o k e s  LA 2-2* B r i l l o u i n  

compo nent  a s  t h e  i n c i d e n t  l a s e r  f r e q u e n c y  was v a r i e d  f ro m  b e low  (ô , 

t o  above  to^. The o b s e r v e d  B r i l l o u i n  s h i f t s  a g r e e d  w e l l  w i t h  o u r  p r e ­

v io u s  d a t a , ^  and in  t h e  f o l l o w i n g  a n a l y s i s  we u s e d  t h e  p a r a m e t e r s  

g iv en  in  T a b l e  1 .2 .

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

i n s t r u m e n t a l  l i n e w i d t h )  a r e  shown by t h e  s o l i d  d o t s  i n  Fig .  4 .2  (a) -  

(c ) ,  w h i l e  t h e  s o l i d  l i n e s  a r e  c a l c u l a t e d  l i n e w i d t h s  b a s e d  on t h r e e  

d i f f e r e n t  m o d e l s  f o r  Y(w), t o  be  d i s c u s s e d  b e lo w .  For  l a s e r  f r e q u e n ­

c i e s  w e l l  b e lo w  ioT) t h e  l i n e w i d t h  i s  s m a l l  and c l o s e  t o  t h e  l i m i t  o f  

r e s o l u t i o n  when t h e  FSR o f  t h e  F a b r y - P e r o t  i s  l a r g e  (8 t o  14 cm-1 ).
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However ,  t h e s e  l i n e w i d t h s  w e re  a l s o  m e a s u r e d  w i t h  h ig h  r e s o l u t i o n

(FSR = 1 .2  t o  4 cm” 1) and fo und  t o  be  i n d e p e n d e n t  o f  t h e  FSR u s ed  in

t h e  m e a s u r e m e n t ,  i n  c o n t r a s t  t o  t h e  r e s u l t s  o f  F ly n n  and Ges-  

1 ?c h w m d . 1

The o b s e r v e d  l i n e w i d t h  i n c r e a s e s  f r o m  0.03  cm-1 t o  a b o u t  0 .3  

cm” 1 w i t h i n  a n a r r o w  r a n g e  o f  l a s e r  f r e q u e n c i e s  b e t w e e n  20,585 and 

20 ,595 cm” 1 and r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t  f o r  h i g h e r  f r e q u e n ­

c i e s .  A l th o u g h  t h e  d a t a  a t  h ig h  l a s e r  f r e q u e n c i e s  e x h i b i t  c o n s i d e r ­

a b l e  f l u c t u a t i o n ,  a  s l i g h t  d e c r e a s e  i n  l i n e w i d t h  a r o u n d  20,598 cm” 1 

was  o b s e r v e d  r e p e a t e d l y  i n  s e v e r a l  s e r i e s  o f  e x p e r i m e n t s  and  i s  

b e l i e v e d  t o  be  a  r e a l  e f f e c t .  For  h i g h e r  f r e q u e n c i e s ,  a  r a p i d  d e c r e ­

a s e  i n  t h e  RBS i n t e n s i t y  a s  w e l l  a s  i n c r e a s i n g l y  s e r i o u s  l o c a l  h e a t ­

i n g  (e v en  w i t h  8 mW o f  l a s e r  power)  made a c c u r a t e  m e a s u r e m e n t  o f  t h e  

l i n e w i d t h  v e r y  d i f f i c u l t .

The l i n e w i d t h s  o f  t h e  a n t i - S t o k e s  LA 2 - 2 '  B r i l l o u i n  compon en t  

w e re  a l s o  m e a s u r e d  and a r e  shown by t h e  s o l i d  d o t s  in  F ig .  4 .4 .  The 

s h a r p  i n c r e a s e  and t h e  s l i g h t  d e c r e a s e  i n  l i n e w i d t h  o c c u r e d  a p p r o x i ­

m a t e l y  5 cm^1 l o w e r  i n  f r e q u e n c y  t h a n  f o r  t h e  S t o k e s  LA 2 - 2 '  compo­

n e n t  s i n c e  f o r  a n t i - S t o k e s  s c a t t e r i n g  t h e  s c a t t e r e d  p o l a r i t o n s  hav e 

h i g h e r  f r e q u e n c y  t h a n  t h e  S t o k e s  s c a t t e r i n g .

4.2. Theory

1. Physical Origin of the k«Linear Interaction^
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The k - l i n e a r  t e r m  in  t h e  e x c i t o n  e n e r g y  o r i g i n a t e s  f r om  t h e  k -  

l i n e a r  t e r m s  in  t h e  c o n d u c t i o n  e l e c t r o n  and v a l e n c e  h o l e  e n e r g i e s .

The t h i r d  t e r m ,  l i n e a r  i n  k, r e p r e s e n t s  t h e  s p l i t t i n g  o f  t h e  two s p i n  

s t a t e s  by an  am oun t  2C(kx z + kyz) 1/,z f o r  w a v e v e c t o r s  p e r p e n d i c u l a r  t o  

t h e  c - a x i s  (k J_ c).  I t  c a n  be  d e r i v e d  f r o m  t h e  s p i n - o r b i t  i n t e r a c t i o n  

a s  f o l l o w s .

E f f e c t i v e  mass  t h e o r y  g i v e s  t h e  B lo ch  band e l e c t r o n  e n e r g y  in  a 

u n i a x i a l  c r y s t a l  a s :

In  u n i a x i a l  c r y s t a l s ,  a  c r y s t a l  f i e l d  Ez  may e x i s t  a l o n g  t h e  z - d i r e c ^  

t i o n  (z | |  c, w here  c i s  t h e  c r y s t a l  a x i s )  which i s  s e e n  by an e l e c ­

t r o n  moving i n  t h e  x - y  p l a n e  (k J_ c) a s  a n  e f f e c t i v e  m a g n e t i c  f i e l d .  

Using t h e  L o r e n t z  t r a n s f o r m a t i o n ,  t h e  f i e l d s  ( E *, B ' )  s e e n  by t h e  

e l e c t r o n  moving w i th  a  v e l o c i t y  v  i n  t h e  a b s e n c e  o f  e x t e r n a l  mag­

n e t i c  f i e l d s  w i l l  be :

Group t h e o r y  shows t h a t  e n e r g y  b a n d s  o f  r ,̂ s y m m et ry  s h o u l d  be  o f  

14t h e  fo rm

E = A(kx 2 + ky z) + Bkz 2 ± C(kx 2 + ky z) l / z . (4 .1)

= A(kx2 + ky2 ) + Bkz 2 .

E ' i | = E, i = 0

(4 .2)

B' ,  i = B, i = 0

B ' r
^vx E) = -  —j- v x Ez ,
c



w here  t h e  s u b s c r i p t  | | r e p r e s e n t s  t h e  f i e l d  c o m p o n e n t s  a l o n g  t h e  

d i r e c t i o n  o f  e l e c t r o n i c  mo t io n ,  J_ r e p r e s e n t s  t h a t  a l o n g  t h e  d i r e c t i o n  

p e r p e n d i c u l a r  t o  t h e  e l e c t r o n i c  m o t io n ,  and

Yv = ( i r-v2 / c 2 ) ps1/2.

The c o u p l i n g  b e t w e e n  e l e c t r o n  s p i n  o' and B'j^ p r o d u c e s  a  p e r t u r b a t i o n  

t o  Ho:

H' ~ ?-Ez x v

i . e .

B* = C ( k x o y  — k y o x ) •

Using P a u l i  m a t r i c e s  f o r  ox and ay , t h e  t o t a l  H a m i l t o n i a n  H = Hq + H' 

w i l l  be

f A<kx 2 + ky 2) + Bkz 2 - i C ( k x r  i k y )

H

A(kx 2 + k y 2) + B k z 2 (4 .3), i c (kx + iky)

The e l e c t r o n i c  e n e r g y  i s  o b t a i n e d  by s o l v i n g

HW = £¥ ,

t h u s

0 0 O 0 0 i / 2
e± = A(kx + ky^) + Bkz ± C(kx + ky^) .

The l a s t  t e r m  i n  t h i s  e q u a t i o n  i s  c a l l e d  t h e  k - l i n e a r  o r  f i n i t e  s l o p e

band c r o s s i n g  t e r m  which comes f r o m  t h e  s p i n - o r b i t  i n t e r a c t i o n  o f

Bloch  s t a t e s .  The k - l i n e a r  t e r m  f o r  e x c i t o n s  comes f r o m  t h e  combined

k - l i n e a r  t e r m s  o f  t h e  c o n d u c t i o n  e l e c t r o n  and  t h e  v a l e n c e  h o l e .  The

k - l i n e a r  c o e f f i c i e n t  <f> o f  e x c i t o n s  i s  r e l a t e d  t o  t h o s e  o f  c o n d u c t i o n

15and v a l e n c e  bands  by
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The e x i s t e n c e  o f  t h e  k - l i n e a r  t e r m  i n  t h e  s e c o n d  v a l e n c e  band

r 7  has  b e e n  u s e d  t o  e x p l a i n  t h e  a n o m a l o u s  s t r u c t u r e  ( s h o u l d e r )  n e a r

1 fc\
^  o f  t h e  1s B - e x c i t o n  in  t h e  r e f l e c t i v i t y  s p e c t r a  i n  CdS. I t  i s  

a l s o  r e s p o n s i b l e  f o r  t h e  t h r e e - b r a n c h  p o l a r i t o n  b e h a v i o r  in  RBS n e a r  

t h e  B ^ e x c i t o n  r e s o n a n c e  w i t h  E |  c ,  k J_ c  due  t o  t h e  mixing o f  t h e  

d i p o l e  a l l o w e d  r5 s t a t e  and  f o r b i d d e n  r 2 s t a t e . 15 However ,  no  e v i ­

de n c e  f o r  t h e  k - l i n e a r  e f f e c t  i n  t h e  1s A - e x c i t o n  h a s  b e e n  r e p o r t e d  

b e f o r e  t h e  p r e s e n t  work.

2 .  Theoretical Models for the Polariton Damping Y(co)

We h ave  c o n s i d e r e d  t h r e e  c o n t r i b u t i o n s  t o  Y c o r r e s p o n d i n g  t o  

d i f f e r e n t  dec ay  m echan i sms  o f  p o l a r i t o n s  i n  a t t e m p t i n g  t o  d e t e r m i n e  

Y(w) f r o m  t h e  m e a s u r e d  l i n e w i d t h s .  T h ese  a r e  ( i )  a  f r e q u e n c y - i n d e p e n ­

d e n t  damping c o n s t a n t  Y0, ( i i )  a d e c a y  v i a  e l a s t i c  s c a t t e r i n g ,  and 

( i i i )  damping due t o  t h e  d e c a y  o f  t h e  T5 T(a) p o l a r i t o n s  t o  T6 (A) e x c i -  

t o n s  v i a  a l i n e a r  w a v e v e c t o n i n d u c e d  mix ing  o f  s t a t e s  which i s  s i g n i ^  

f i c a n t  o n l y  i n  t h e  r e s o n a n c e  r e g i o n .

A f t e r  making a t h e o r e t i c a l  model  f o r  Y(u),  t h e  com plex  w a v e v e c -  

t o r  o f  p o l a r i t o n s  k = k' + ik" ca n  be  c a l c u l a t e d  f r o m  t h e  p o l a r i t o n  

d i s p e r s i o n  r e l a t i o n  Eq. (1 .13)  w h i l e  t h e  RBS l i n e w i d t h  c a n  be c a l c u n  

l a t e d  f ro m  Eq. (1 .29 )  an d  co m pared  w i t h  o u r  e x p e r i m e n t a l  d a t a .

Model  I ,  c o n s i s t i n g  o f  t h e  f r e q u e n c y - i n d e p e n d e n t  Y0 a l o n e ,  i s  

t h e  s i m p l e s t  a p p r o x i m a t i o n .  Y0 can  r e p r e s e n t  b o t h  r a d i a t i v e  r e c o m b i ­

n a t i o n  and n o n r a d i a t i v e  dec ay  ( i m p u r i t y  t r a p p i n g  e t c . )  b e c a u s e  s u c h  

i n t e r a c t i o n s  oan s c a t t e r  a  p o l a r i t o n  r e g a r d l e s s  o f  i t s  w a v e v e c t o r  o r
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e n e r g y .  The s o l i d  c u r v e  in  Fig .  4 .2 (a )  i s  t h e  c a l c u l a t e d  b e s t  f i t  t o  

m ode l  I ,  w i th

Y0 = (0 .63 ± 0 .05 )  c m " 1. (4 .5)

O b v io u s ly ,  t h e  s t e e p  i n c r e a s e  o f  t h e  l i n e w i d t h  j u s t  ab o v e  <jj,p c a n n o t

be e x p l a i n e d  by Y0 a l o n e .

Decay o f  p o l a r i t o n s  v i a  i n t r a b r a n c h  e l a s t i c  s c a t t e r i n g  by im p u r ­

i t i e s  and  s c a t t e r i n g  by a c o u s t i c  phonons  c a n  be  t a k e n  i n t o  a c c o u n t  by 

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

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

t h e  d e t a i l e d  w a n d / o r  q  (q  = -  kg) d e p e n d e n c e  o f  t h e  i n t e r a c t i o n

i s  n e g l e c t e d .  Assuming t h a t  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  i n i t i a l  

and f i n a l  s t a t e s  i n  a  s c a t t e r i n g  e v e n t  i s  s m a l l  en ough ( i . e . ,  e l a s t i c

s c a t t e r i n g  o r  s c a t t e r i n g  by a c o u s t i c  phon on s  i s  d o m in an t  ),  and a l s o  

n e g l e c t i n g  t h e  a n i s o t r o p y  o f  t h e  CdS w u r t z i t e  s t r u c t u r e ,  t h e  d e n s i t y  

o f  s t a t e s  i s  p r o p o r t i o n a l  t o  k ' (  m)2/1 VG( w) | . i n  model  I I  we h ave  in ^  

e l u d e d  b o t h  t e r m s  ( i )  and ( i i )  w i t h  a  t o t a l  YU) g iv en  by

Y U ) = Y0 + Yi VU)'
2

VG0

ko ^ q ( to)
(4 .6)

w h e re  kQ = (avpeb1̂ 2/ 0 ) and = VgU t ) h av e  b ee n  i n t r o d u c e d  f o r

n o r m a l i z a t i o n  p u r p o s e s .  S in c e  t h e  d e n s i t y  o f  s t a t e s  f o r  t h e  l o w e r  

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

damping c o n s t a n t  YU) and t h e  B r i l l o u i n  l i n e w i d t h  w i l l  t h e r e f o r e  i n ­

c r e a s e  w i t h  i n c r e a s i n g  f r e q u e n c y .  Fig .  4 .2 (b )  shows t h e  b e s t  f i t  t o  

model  I I  w i t h  t h e  c o n s t a n t s
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^0  = (0 .12 ± 0 .01)  cm” 1

= (0.35 ± 0 .03)  o r a ' 1 •

The Y(u>) o f  Eq. (*4.6) f i t s  t h e  o b s e r v e d  l i n e w i d t h  b e t t e r  t h a n  T0

a l o n e ,  b u t  i s  s t i l l  n o t  s a t i s f a c t o r y .

I t  s h o u l d  be n o t e d  t h a t  i f  t h e  i n t r a b r a n c h  d e c a y  o f  p o l a r i t o n s  

came p r i m a r i l y  f r om  a c o u s t i c  phonon s c a t t e r i n g  which c o n s e r v e s  

e n e r g y  and  momentum, t h e  s e c o n d  t e r m  o f  Eq. (4 .6 )  w ou ld  b e ^

7 i(to) a /  | To(q) |z 6(fiwj-?iu)g-fio| q |) dq « k ' ( w ) 2 (4 .8 )

i n s t e a d  o f  k ' ( w ) 2/1 Vq( u ) | . However ,  s i n c e  k ' (u i )2 i n c r e a s e s  more  s l o w l y  

t h a n  k ' (  to)2/ j  VG( w) | f t h e  l i n e w i d t h  c a l c u l a t e d  u s i n g  Eq. (4 .8 )  was 

fo u n d  t o  g i v e  a  w o r s e  f i t  t o  t h e  d a t a  t h a n  t h a t  shown i n  F ig .  4 . 2 ( b ) .

N e x t ,  we c o n s i d e r "  t h e  t h i r d  t e r m  ( i i i )  i n  Y(u>). From s y m m e t ry  

c o n s i d e r a t i o n s ,  t h e  k-<l inea r  i n t e r a c t i o n  c a n  e x i s t  i n  t h e  1s  A - e x c i t o n  

s t a t e s  due  t o  t h e  Fj  c o n d u c t i o n  band which w i l l  mix Tg(A) s p i n  t r i ­

p l e t  and F5T(a) s p i n  s i n g l e t  e x c i t o n  s t a t e s .  I n  t h e  p r e s e n c e  o f  t h i s  

i n t e r a c t i o n ,  t h r e e  modes  m u s t  be i n c l u d e d  i n  t h e  c a l c u l a t i o n :  T^t (a) 

and T6 (A) e x c i t o n s ,  and p h o t o n s .  I n s t e a d  o f  t h e  t w o - b r a n c h  d i s p e r s i o n  

c u r v e s  g iv e n  by Eq. ( 1 . 1 3 ) ,  one  t h e n  h a s  t h r e e - b r a n c h  d i s p e r s i o n  

c u r v e s .  From Eqs . (2 .23 )  and (2 .33)  t h e  p o l a r i t o n  d i s p e r s i o n  i s  g iv e n  

by
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I ^g.j.(A)> | r 6 (A)> | p h o to n >

uV p+B gk^iY /^-to

i ek

miek (2Trao(Jl>r) 1 /2

( 2 -iTaga^ ) 1 /2

t0g+Bgk2r!iYg/2-(o

0

0

, 2 2 , 2  - e ^ + k  c /to

= 0 . (4 .9 )

w h e r e  B5 = n/2M, Bg = fi/2Mg, cog = c ^ - A s t ,  % ,  M6 and Yg a r e  t h e  

r e s o n a n c e  f r e q u e n c y ,  e f f e c t i v e  mass  and damping c o n s t a n t  o f  t h e  Tg(A) 

s t a t e ,  and we as s u m e  Mg = M, Yg = Y, e ' b  = £b> As t  i s  t h e  f r e q u e n c y  

d i f f e r e n c e  b e t w e e n  t h e  s i n g l e t  T^t (a) and t r i p l e t  Tg(A) e x c i t o n  

s t a t e s  a t  k = 0, and e = <f>A/R,  <j>A i s  t h e  c o e f f i c i e n t  o f  t h e  k - l i n e a r  

i n t e r a c t i o n .  I n  t h e  f o l l o w i n g  c a l c u l a t i o n  t h e  v a l u e s  o f  t h e  r e l a v e n t  

p a r a m e t e r s  a r e  t a k e n  f r om  T a b l e  1 .2 .  Eq. (4 .9 )  c a n  be  s o l v e d  a s  a 

f u n c t i o n  o f  r e a l  f r e q u e n c y  to by r e d u c i n g  i t  t o  an  e i g e n v a l u e  p r o b l e m  

w i t h  r e s p e c t  t o  t h e  com pl ex  w a v e v e c t o r  k a s  we d e s c r i b e d  i n  C h a p t e r

2.  Fig .  4 .3  shows t h e  d i s p e r s i o n  c u r v e s  f o r  t h e  t h r e e  b r a n c h e s  r a , 

and r  t h e  l a s t  o f  which i s  a l m o s t  t h e  sam e a s  t h e  u s u a l  u p p e r  p o l ­

a r i t o n  b r a n c h  1 i n  t h e  t w o - b r a n c h  model  o f  Eq. (1.13)* T h ese  c u r v e s  

f o r  k'(to) a r e  i n s e n s i t i v e  t o  t h e  damping c o n s t a n t s  Y, which h a s  been  

t a k e n  a s  0 .5  cm” 1 i n  t h e  c a l c u l a t i o n  l e a d i n g  t o  Fig .  4.3*

S in c e  t h e  Tg(A) f r e q u e n c y  tog a t  k = 0 i s  1.6 cm” 1 b e lo w  t h e  

T ^ A )  e x c i t o n ,  t h e  l o w e r  tw o  b r a n c h e s  would  c r o s s  a t  toc r  = 2059 4.0  

cm” 1, b u t  t h e  k - l i n e a r  i n t e r a c t i o n  c o n v e r t s  t h i s  t o  an  a n t i c r o s s i n g .  

Most p o l a r i t o n s  a r e  c r e a t e d  on t h e  b r a n c h  f o r  to > tocr and on t h e  

r a  b r a n c h  f o r  to < toCr  b e c a u s e  Tg e x c i t o n s  do n o t  c o u p l e  t o  p h o t o n s .  

To f i r s t  a p p r o x i m a t i o n ,  we n e g l e c t  t h e  u p p e r  p o l a r i t o n  b r a n c h  f y  and
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c o n s i d e r  t h e  mix ing o f  Tg e x c i t o n s  w i t h  l o w e r - b r a n c h  r ^ T p o l a r i t o n s

( r ^ ^ ) .  S in c e  t h e  e x c i t o n  s t r e n g t h  f u n c t i o n  A22 * 1 in  t h e  r e s o n a n c e

r e g i o n , ^  t h e  k - l i n e a r  i n t e r a c t i o n  b e t w e e n  t h e s e  two b r a n c h e s  i s

s t i l l  i e k .  Thus  in  t e r m s  o f  t h e  u n p e r t u r b e d  wave f u n c t i o n s  | r,_ „ (A)>1 z> *

and |Tg(A)>,  t h e  S c h r o e d i n g e r  e q u a t i o n  can  be  w r i t t e n

' " i e k c s '

 ̂ i e k  wg-oj , C‘ '

= 0 .

which g i v e s  e i g e n v a l u e s

tlin = “ 5X,+ ai6 + ( e k ) 5

w5S.+ a)6 . 
~  +

-I 2

+(ek) :

and e i g e n s t a t e s

ra(A)> = c as |r5£(A)> + c a6 |r6(A)> 

re(A)> = Cg5 |r5A(A)> + c 6e |r6(A)>

w i th

lCa« |2 =
e 2ks

'136 | 2  _

(aig ~ua )2 + e 2k2

_______ e 2k2_______
(aig -  aig)2 + e 2k 2

(4.10)

(4 .11)

(4 .12)

(4 .13)

g i v i n g  t h e  f r a c t i o n  o f  Tg i n  t h e  mixed r a  o r  Tg s t a t e s .  Thi s  Tg p a r t  

o f  t h e  p o l a r i t o n  ca n  d e c a y  t o  o t h e r  s t a t e s  on t h e  Tg e x c i t o n  b r a n c h  

v i a  s u c c e s s i v e  i n t e r a c t i o n s  w i t h  a c o u s t i c  phonons  o r  d e f e c t s .  Thus,  

t h e  w a v e v e c t o r - i n d u c e d  i n t e r a c t i o n  ca n  open an e x t r a  d e c a y  c h a n n e l

f o r  t h e  p o l a r i t o n s  w i t h  w = u>c r  . I n  t h e  p r e s e n t  c h a p t e r ,  we
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c o n s i d e r  t h e  r e s u l t  o f  t h e  mixing o f  p o l a r i t o n s  and e x c i t o n s  

t o  be an  a d d i t i o n a l  b r o a d e n i n g  o f  t h e  B r i l l o u i n  co m p o n e n t s .  I n  

C h a p t e r  6 we w i l l  r e p o r t  on  hi gh  r e s o l u t i o n  e x p e r i m e n t s  a t  s u p e r ­

f l u i d  h e l iu m  t e m p e r a t u r e s  w here  t h e  l i n e w i d t h s  a r e  c o n s i d e r a b l y  

r e d u c e d .  We w i l l  t h e n  show t h a t  t h e  e f f e c t  o f  t h e  mixing i s  t o  s p l i t

t h e  co m p o n e n t s  i n t o  t w o  r e s o l v a b l e  s u b - c o m p o n e n t s .  I n  v iew o f  t h e

s i m p l i f i e d  mode l  a d o p t e d  h e r e ,  f o r  to < a>c r  we a p p r o x i m a t e  t h e  e n e r g y  

d i f f e r e n c e  j u)g -o)a | by <$E = -  ua c a l c u l a t e d  a t  k * ( co) o f  t h e  unp­

e r t u r b e d  l o w e r - b r a n c h  p o l a r i t o n  ( s e e  Fig .  4 .3  ) and t a k e  T «

|C a 6 |*. For  to > aicr. we a p p r o x i m a t e  t h e  e n e r g y  d i f f e r e n c e  | -  uig|

by 6E and t a k e  Y « | C | 2. We t h e n  u s e  t h e  f o l l o w i n g  f o r m  f o r  t h e

t o t a l  damping c o n s t a n t  Y(w) (m ode l  I I I  )

YU) = Y0 + Yx " k ' u r
2 " VG0

If
O ^q ( to)

+ v 2 | e k U ) | »  ( 4  1 4 )
6 E U ) 2 +. I ek(w) I2 ‘

The t h r e e  t e r m s  on t h e  r i g h t  hand  s i d e  in  Eq. (4 .14)  c o r r e s p o n d  t o  

t h e  t h r e e  d e c a y  m echani sms  ( i ) ,  ( i i )  and ( i i i )  d i s c u s s e d  e a r l i e r  i n  

t h i s  s e c t i o n .  The s o l i d  l i n e  i n  F ig .  4 .2 (c )  i s  t h e  b e s t  f i t  t o  Eq.

(4 .14)  w i t h

V  = (0 .24 ± 0 .02)  c m " 1

Yi = (0 .09 ± 0 .01)  cm” 1 (4 .15)

%  -  (2.7 ± 0 .3 )  cm” 1 

e = (2 .9  + 0 .3 )  x 101* c m / s e c  .

I t  i s  s e e n  t h a t  t h e  f r e q u e n c y - d e p e n d e n c e  o f  t h e  B r i l l o u i n

l i n e w i d t h  i n c l u d i n g  t h e  r a p i d  i n c r e a s e  n e a r  aiQr i 3 f i t t e d  w e l l  by t h e

model  I I I  YU) o f  Eq. ( 4 . 1 4 ) .  The tw o p e a k s  which  a p p e a r  i n  b o t h  t h e o ­
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r e t i c a l  and e x p e r i m e n t a l  l i n e w i d t h s  r e p r e s e n t  t h e  i n c r e a s e d  damping 

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

w i t h  t h e  f r e q u e n c y  o f  t h e  s t r o n g e s t  mixing,  wcr>

Using t h e  p a r a m e t e r s  d e t e r m i n e d  f r om  t h e  S t o k e s  s p e c t r a  [ g i v e n  

i n  Eqs .  ( 4 . 5 ) ,  (4 .7 )  and ( 4 . 1 5 ) ] ,  t h e  a n t i - i S t o k e s  l i n e w i d t h  was c a l c u ­

l a t e d  f o r  t h e  t h r e e  m o d e l s  f o r  Y(u>) d i s c u s s e d  ab o v e .  The c a l c u l a t e d  

l i n e w i d t h s  a r e  shown by t h e  s o l i d  c u r v e s  i n  F ig s .  4 . 4 ( a ) ,  (b) and (c ) .  

Again ,  t h e  f r e q u e n c y  i n d e p e n d e n t  damping c o n s t a n t  Y0 o f  model  I  

[ E q . ( 4 . 5 ) ]  o r  t h e  Y(to) o f  model  I I  [ E q s .  (4 .6 )  and  ( 4 . 7 ) ]  g i v e  p oor  

f i t s  t o  t h e  d a t a  w h i l e  model  I I I  [E q s .  (4 .14)  a n d  ( 4 . 1 5 ) ]  a g r e e s  r e a ­

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

4.3. Discussion and Conclusions

1. Lifetime of Polaritons

The damping c o n s t a n t s  Y(w) fo u n d  f r o m  f i t t i n g  t h e  RBS l i n e w i d t h  

d a t a  t o  m o d e l s  I ,  I I  and  I I I  a r e  p l o t t e d  i n  F ig .  4 .5 .  L e t  us  com pare  

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

e x p e r i m e n t s .  I n  t h e i r  l u m i n e s c e n c e  e x p e r i m e n t ,  Wiesne r  and  Heim 

e x c i t e d  p o l a r i t o n s  w i t h  a  p i c o s e c o n d  l a s e r  p u l s e  a t  457.9  nm (21,839 

cm " 1 ) which was w e l l  ab o v e  uip , and m e a s u r e d  t h e  e x p o n e n t i a l  d ec ay  

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

Fig .  4 . 6 ( b ) ,  sho ws  t h a t  i n  t h e  v i c i n i t y  o f  Wj,, Tlum i n c r e a s e s  w i t h  

d e c r e a s i n g  f r e q u e n c y  f r o m  a l m o s t  z e r o  ( l e s s  t h a n  t h e  e x p e r i m e n t a l
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r e s o l u t i o n  o f  0 .3  ns  ) up t o  a b o u t  3 n s  f o r  o b s e r v a t i o n  f r e q u e n c i e s  

b e lo w  (oT . Th is  i n c r e a s e  o f  Tlum h a s  b ee n  a t t r i b u t e d  t o  t h e  o n s e t  o f  

t h e  b o t t l e n e c k  e f f e c t  i n  p o l a r i t o n  d ec ay .

Sumi made a  n u m e r i c a l  e v a l u a t i o n  o f  t h e  p o l a r i t o n  l i f e t i m e  t o  

e x p l a i n  t h e  i n t e n s i t y  r a t i o  o f  z e r o - p h o n o n  and one^LO-phonon l u m i n e s ­

c e n c e . 1 ^ His r e s u l t  i m p l i e s  t h a t  t = 10-9 t o  10r l ° s e c o n d s  w i t h  a  

maximum o f  a b o u t  1 n s  a t  f r e q u e n c i e s  s e v e r a l  cm-1 b e lo w  .

I n  c o n t r a s t  t o  t h e  l o n g  l i f e t i m e s  m e a s u r e d  by l u m i n e s c e n c e ,  t( io)

= 2 / Y( to) d e t e r m i n e d  f r o m  t h e  p r e s e n t  RBS e x p e r i m e n t s ,  a s  shown i n

1 ftFig .  4 . 6 ( a ) ,  i s  a b o u t  tw o  o r d e r s  o f  m ag n i tu d e  s h o r t e r .  The e x p e r i ­

m e n t a l  l i n e w i d t h  o f  RBS i n  GaAs has  been  r e p o r t e d 1 t o  i n c r e a s e  f rom  

a b o u t  0 .02  cm " 1 t o  0 .3  cm-11 which i s  s i m i l a r  t o  o u r  r e s u l t s  f o r  CdS.

The d i f f e r e n c e  b e t w e e n  and TRBg c o u l d  be  a t t r i b u t e d  in

p a r t  t o  t h e  f a c t  t h a t  trbs  i s  t h e  l i f e t i m e  o f  a  p o l a r i t o n  c r e a t e d  

d i r e c t l y  a t  a  s p e c i f i c  to and k,  w h i l e  i s  a n e t  l i f e t i m e  d e t e r ­

mined by t h e  b a l a n c e  b e t w e e n  p o l a r i t o n s  e n t e r i n g  and l e a v i n g  a  p a r ­

t i c u l a r  e n e r g y  r a n g e .  Thus ,  Tlum i n c l u d e s  t h e  sum o f  t h e  c o n t r i b u ­

t i o n s  o f  a l l  d ecay  p a t h s  which  p r o d u c e  p o l a r i t o n s  i n  s t a t e s  w i t h  a 

g iv en  a.  A n o th e r  i m p o r t a n t  d i f f e r e n c e  b e t w e e n  RBS and l u m i n e s c e n c e  

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

ch a n g es  t h e  d i r e c t i o n  o f  k w i t h o u t  ch a n g in g  u> can s t i l l  c o n t r i b u t e  t o  

l u m i n e s c e n c e ,  b u t  n o t  t o  RBS. In  RBS, t h e  i n i t i a l  and f i n a l  s t a t e s  a r e  

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

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

t i m e .
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R e c e n t l y ,  As kar y  an d  Yu m e a s u r e d  CdS l u m i n e s c e n c e  by a method  

s i m i l a r  t o  t h a t  o f  Wiesne r  and Heim and  f o u n d  t h a t  t h e r e  a r e  two 

l i f e t i m e s ,  xf a g t  and xs l o w . 19 However ,  t h e i r  xf a g t  i s  s t i l l  s e v e r a l  

t e n t h s  o f  a n a n o s e c o n d  and i s  much l o n g e r  t h a n  t r b b  . when t h e  e l a s ^  

t i c  s c a t t e r i n g  r a t e  [ t h e  s e c o n d  t e r m  in  Eq. ( 4 . 1 4 ) ]  i s  d o m in a n t ,  i . e .  

when r e l a x a t i o n  b e t w e e n  s t a t e s  o f  t h e  same e n e r g y  o c c u r s  much 

f a s t e r  t h a n  o t h e r  r e l a x a t i o n  p r o c e s s e s ,  xRBS can be much s h o r t e r  

t h a n  T2 ura. However ,  o u r  r e s u l t  [Eq.  ( 4 . 1 5 ) ]  f o r  Y(w) i n d i c a t e s  t h a t  

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

t o  t r b s . T h e r e f o r e ,  t h e  o r i g i n  o f  t h e  l a r g e  d i f f e r e n c e  b e t w e e n  xRBS

and Tlum i s  n o t  y e t  c l e a r »

I n  s p i t e  o f  t h e  d i f f e r e n c e  i n  m a g n i tu d e  b e t w e e n  -the tw o  l i f e -?

t i m e s ,  trbb a l s o  shows a n  i n c r e a s e  o f  l i f e t i m e  w i t h  d e c r e a s i n g  w n e a r

tOj, c o r r e s p o n d i n g  t o  t h e  o n s e t  o f  t h e  b o t t l e n e c k  e f f e c t  f o r  l o w e r

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

I t  s h o u l d  be n o t e d  t h a t  i n  l u m i n e s c e n c e  e x p e r i m e n t s  t h e  l i f e t i m e  i s

t o o  s h o r t  t o  be m e a s u r e d  f o r  f r e q u e n c i e s  oo > (Up , w h i l e  RBS l i n e

b r o a d e n i n g  i s  m e a s u r a b l e  i n  t h e  r e g i o n  b e t w e e n  and , which i s

i m p o r t a n t  f o r  t h e  ABC p r o b l e m .

2 .  L i n e w i d t h  E x p r e s s i o n  i n  RBS

So f a r  we have a s s u m e d  t h a t  t h e  RBS l i n e w i d t h  i s  g iv e n  by Eq. 

(1 .29 )  w i t h  k d e t e r m i n e d  by Eq. ( 1 . 1 3 ) .  D e r v i s c h  and Loudon h ave  shown 

t h a t  i f  phonon r e f l e c t i o n  a t  t h e  c r y s t a l  s u r f a c e  i s  t a k e n  i n t o  

a c c o u n t ,  t h e  l i n e s h a p e  o f  RBS c a n n o t  be a  s i m p l e  L o r e n t z i a n  and
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on
s h o u l d  be  a skew ed  L o r e n t z i a n  i n s t e a d .  A c co rd in g  t o  t h e i r  r e s u l t  

and  i t s  e x t e n s i o n  by T i l l e y  t o  t h e  c a s e  o f  RBS v i a  e x c i t o n  p o l a r i T  

t o n s , 2  ̂ t h e  l i n e w i d t h  i s  s t i l l  g iv en  by Eq. (1 .29)  i f  t h e  i n t e r f e r e n c e  

b e t w e e n  s c a t t e r i n g  i n v o l v i n g  d i f f e r e n t  p o l a r i t o n  b r a n c h e s  ca n  be 

i g n o r e d .  S in c e  t h e  LA 2 - 2 '  peak i s  w e l l  i s o l a t e d  f r o m  o t h e r  compo­

n e n t s  and no l i n e s h a p e  d i s t o r t i o n  was o b s e r v e d ,  we b e l i e v e  t h a t  t h e  

l i n e w i d t h  f o r m u l a  Eq. (1 .29)  c a n  s t i l l  be  u s e d  f o r  t h i s  c a s e .

I n  Eq. ( 1 . 2 5 ) ,  we h a v e  a l s o  n e g l e c t e d  t h e  f r e q u e n c y  d e p e n d en ce  

o f  t h e  t r a n s m i s s i v i t y  T(u)) when we c a l c u l a t e  t h e  l i n e w i d t h .  A c t u a l l y ,

T(<ju) c h a n g e s  c o n s i d e r a b l y  b e t w e e n  and a>L d ep en d in g  on t h e  ABC.
i n

However ,  n u m e r i c a l  e v a l u a t i o n  f o r  d i f f e r e n t  ABCs shows t h a t  a 

chang e o f  5 0 ?  i n  T(<o) o c c u r s  o v e r  a f r e q u e n c y  r a n g e  o f  a t  l e a s t  5

cm-1 which i s  much l a r g e r  t h a n  t h e  t y p i c a l  B r i l l o u i n  l i n e w i d t h  ( l e s s  

t h a n  0 .5  cmrrl ) .  T h e r e f o r e  t h e  f r e q u e n c y - d e p e n d e n c e  o f  t h e  t r a n s m i s ­

s i v i t y  and  t h e  ABC which  d e t e r m i n e s  i t  h a v e  l i t t l e  e f f e c t  on t h e  RBS 

l i n e w i d t h .

3 .  W a v e v e c t o r ^ I n d u c e d  M i x i n g  o f  E x c i t o n  S t a t e s

For  k = ( k, 0,  0 ),  w a v e v e c t o r - i n d u c e d  mixing i n v o l v i n g  A and 

B - e x c i t o n s  i n  CdS can o c c u r  i n  t h e  f o l l o w i n g  c a s e s : 22 ( i )  b e t w e e n  A 

and B - e x c i t o n s ,  r^^(A) and  T^(B) (w h e re  L means l o n g i t u d i n a l )  a s  s u g ­

g e s t e d  by H o p f i e l d  and T hom as ,23 o r  rg (A) and  T5 (B); ( i i )  among d i f ­

f e r e n t  B-’e x c i t o n  s t a t e s ,  T5T(b) and F2 (B), o r  T5 l (B)  and F1 (B) which 

was t r e a t e d  by Mahan and H o p f i e l d ; 1^ ( i i i )  among t h e  A ^ e x c i to n  

s t a t e s ,  T^T(A) and r ^ A ) ,  o r  r ^ A )  and r ^ A ) .  The e f f e c t  we have co n ­
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s i d e r e d  i n  s e c t i o n  4 .2  c o r r e s p o n d s  t o  c a s e  ( i i i ) .  A l t h o u g h  t h i s  c a s e  

was  s u g g e s t e d  a s  a  p o s s i b l e  e x p l a n a t i o n  f o r  m a g n e t o - l u m i n e s c e n c e  

o b s e r v a t i o n s  i n  t h e  c o n f i g u r a t i o n  E J_ c  and H 11 c ,2 4  no e x p l i c i t  

e v i d e n c e  f o r  k - l i n e a r  i n t e r a c t i o n  among t h e  A - e x c i t o n  s t a t e s  h a s  been 

r e p o r t e d  b e f o r e  t h e  p r e s e n t  work.

Our r e s u l t  f o r  t h e  k r l i n e a r  c o e f f i c i e n t  o f  t h e  A - e x c i t o n  in  CdS 

a g r e e s  r e a s o n a b l y  w e l l  w i t h  t h e  v a l u e  d e t e r m i n e d  f r om  t h e  l i t e r a ­

t u r e .  R e c e n t  s p i n - f l i p  Raman s c a t t e r i n g  e x p e r i m e n t s  by R o m e s ta in  e t  

a l ^  gave t h e  k - l i n e a r  c o e f f i c i e n t  o f  t h e  c o n d u c t i o n  band a s  Ce =

1.6 x 10'-1 e y cm> w h i l e  t h e  Tg s y m m e t ry  o f  t h e  v a l e n c e  band r e q u i r e s  

t h a t  i t s  k - l i n e a r  c o e f f i c i e n t  v a n i s h e s ,  i . e .  ChA = 0* Thus  t h e  k-  

l i n e a r  c o e f f i c i e n t  o f  t h e  A - e x c i t o n  i s  g i v e n  by [ s e e  Eq. ( 4 . 4 ) ]

*A -  (ChAmh [  "  Ce rae | > / ( m h [  + mej>

Using m = 0.21 m0, mhf  = 0 .70  m0, we o b t a i n
X  nl

|<J>A| = 3 .6  x 10n11 eV cm.

which a g r e e s  w i t h i n  a  f a c t o r  o f  two w i t h  o u r  e x p e r i m e n t a l  r e s u l t

|<f>A| = Re = (1 .9  + 0 .2 )  x 1CT11 eV cm. (4 .18)

I t  s h o u l d  be  n o t e d  t h a t  t h e  k - l i n e a r  e f f e c t  f o r  t h e  A - e x c i t o n  i s

1 5a b o u t  30 t i m e s  w e ak e r  t h a n  t h a t  f o r  t h e  B - e x c i t o n  and c o r r e s p o n d s  

t o  an  e f f e c t i v e  m a g n e t i c  f i e l d  o f  o n l y  3 .6  kG. Th i s  i s  t o o  s m a l l  t o  

c a u s e  any o b s e r v a b l e  s p l i t t i n g  o f  e x c i t o n  l e v e l s  o r  r e f l e c t i v i t y  an o ­

(4 .16)

(4 .17)
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m a l i e s  u n d e r  o u r  p r e s e n t  e x p e r i m e n t a l  c o n d i t i o n s .  However ,  i t  i s  b ig  

enough  t o  c a u s e  s i g n i f i c a n t  l i n e  b r o a d e n i n g  o f  t h e  B r i l l o u i n  compo­

n e n t s  i n  t h e  v i c i n i t y  o f  inc r .

In  c o n c l u s i o n ,  we h av e  shown t h a t  t h e  RBS l i n e w i d t h  m e a s u r e m e n t  

i m p l i e s  t h a t  t h e  p h e n o m e n o l o g i c a l  damping c o n s t a n t  Y(u>) d ep e n d s  on 

f r e q u e n c y  in  a  r a t h e r  c o m p l i c a t e d  way, a s  g i v e n  i n  Eqs .  (4 .14 )  and

( 4 .1 5 ) .  In  o r d e r  t o  e x p l a i n  t h e  s h a r p  i n c r e a s e  o f  t h e  l i n e w i d t h  above  

t h e  e x c i t o n  r e s o n a n c e  f r e q u e n c y  , t h e  d e c a y  o f  r ^ T(A) p o l a r i t o n s  

t o  FgCA) e x c i t o n  s t a t e s  v i a  t h e  w a v e v e c t o r - i n d u c e d  i n t e r a c t i o n  h a s  

bee n  p r o p o s e d .
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Chapter 5. RBS Linewidth 
in a Weak Magnetic Field:

Direct Evidence for the k-Linear Effect 

in the AnExciton of CdS

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

f u r t h e r  t e s t  o u r  model  f o r  t h e  f r e q u e n c y - d e p e n d e n t  e x c i t o n - p o l a r i t o n  

damping g iv e n  i n  C h a p t e r  4 and t o  g i v e  d i r e c t  e v i d e n c e  f o r  t h e  k-  

l i n e a r  e f f e c t  o f  t h e  A - e x c i t o n  in  CdS.

5.1. Theory

1 .  Equivalence of k x and By:

From T a b l e  2 .1 ,  we s e e  t h a t  t h e  k - l i n e a r  t e r m  f o r  an  e l e c t r o n  

( o r  e x c i t o n )  moving a l o n g  t h e  x - d i r e c t i o n  i s  e q u i v a l e n t  t o  a m a g n e t i c  

f i e l d  a l o n g  t h e  y -< d i r e c t i o n .  A s i m p l e  p e r t u r b a t i o n  d e r i v a t i o n  can  

r e a c h  t h e  same c o n c l u s i o n .  C o n s id e r  a n  e l e c t r o n  w i t h  k = ( k , 0 , 0 ) ,  f o r  

e x a m p le .  We o b t a i n  i t s  w a v e f u n c t i o n  by s o l v i n g  t h e  S c h r o e d i n g e r  Equa­

t i o n  H¥ = EV w i t h  H g iv en  by Eq. (4 .3 ) :

¥ = 2 " 1/*  [ | a >  ± ( i k / | k  | ) | B>] , (5 .1)

w he re  | a > ,  | B> r e p r e s e n t  t h e  s p i n - u p  and s p i n - d o w n  s t a t e s ,  r e s p e c ­

t i v e l y .  Supp os e  one a p p l i e s  an e x t e r n a l  m a g n e t i c  f i e l d  B = (0 ,By,0)



92

t h e  e n e r g y  s h i f t s  w i l l  be

Ae± " <*±1 2M0 (S ' B)/R I V

= y0 By <V± | Oy I V

= ± M0 By k /  I k I , (5 .2)

I f  we c h o o s e  By t o  m e e t  t h e  c o n d i t i o n

Ae± ± C | k | = 0

1.e .

i*C)By = ~ Ck , (5 .3)

t h e n  t h e  a d d i t i o n a l  e n e r g y  t e r m s  due t o  t h e  k - l i n e a r  i n t e r a c t i o n  and 

t h e  e x t e r n a l  m a g n e t i c  f i e l d  w i l l  c a n c e l  e a c h  o t h e r .  No te  t h a t  t h e  

f o r m e r  i s  t h e  i n t e r a c t i o n  b e t w e e n  t h e  e l e c t r o n  s p i n  and an  e f f e c t i v e  

m a g n e t i c  f i e l d  due t o  t h e  c r y s t a l  f i e l d  s e e n  by t h e  moving e l e c t r o n ,  

and t h e  l a t t e r  i s  t h e  i n t e r a c t i o n  b e t w e e n  t h e  e l e c t r o n  s p i n  and t h e  

e x t e r n a l  m a g n e t i c  f i e l d .

2. RBS linewidth in a wealk magnetic field

Suppo se  t h e  w a v e v e c t o r  o f  t h e  i n c i d e n t  p o l a r i t o n s  i s  a l o n g  t h e  

x - d i r e c t i o n  and t h a t  o f  s c a t t e r e d  p o l a r i t o n s  a l o n g  t h e  - x - d i r e c t i o n ,  

and an  e x t e r n a l  m a g n e t i c  f i e l d  By i s  a p p l i e d  i n  t h e  y - r d i r e c t i o n ,  a s  

shown i n  F ig .  5 . 1 ( a ) .  Based upon t h e  e q u i v a l e n c e  b e t w e e n  By an d  kx>

we may d e r i v e  t h e  p o l a r i t o n  d i s p e r s i o n  e q u a t i o n  f r o m  Eq. (4 .9 )  w i t h

(ek) r e p l a c e d  by (ek + uBy ) ,  i . e .
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T5t (A)> T6(A)> |pho ton>

wT+B^k - iY /2 - ’to

i ( e k + y B y )

( 2 tT0£q ti>p) 1 / 2

■ n i ( e k + y B y )  

<D£+BgkZ- iY g /2 - id

1 / 2(2-TroiQajj.)

0

- £ b +i<2c z/  a)2

= 0 . (5 . 4 )

I t  i s  c l e a r  t h a t  a  p o s i t i v e  By w i l l  e n h a n c e  t h e  k - l i n e a r  mix ing of  

i n c i d e n t  p o l a r i t o n s  (k > 0) and c a n c e l  t h a t  o f  s c a t t e r e d  p o l a r i t o n s  

(k < 0) ,  t h u s  t h e  p o l a r i t o n  d i s p e r s i o n  c u r v e  bec om es  a s y m m e t r i c , a s  

i l l u s t r a t e d  i n  F ig .  5 . 1 ( a )  f o r  By = + 4 .8  kG. The c a l c u l a t e d  p o l a r i t o n  

d i s p e r s i o n  c u r v e  f o r  By = -  o  kG w i l l  be  t h e  m i r r o r  image  o f  t h e  

c u r v e  i n  Fig .  5 . 1 ( a ) ,  a s  shown i n  F ig .  5 . 1 (b ) .  F o l l o w i n g  t h e  sam e p r o ­

c e d u r e  a s  i n  C h a p t e r  4,  we o b t a i n  t h e  e x c i t o n - p o l a r i t o n  damping in  

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

,2

Y = Y0 + Yx V(w)l

ro _VG0 C

, k° r V “)_

ek ( to) + yB
+ Y2

6E(u>) + |ek(u)) + yB ,2 .
(5 .5)

F ig .  5 . 2 ( a ) ,  (b) ,  and  (c)  show t h e  c a l c u l a t e d  damping c o n s t a n t s  f o r  

i n c i d e n t  p o l a r i t o n s  ( s o l i d  l i n e s )  and s c a t t e r e d  p o l a r i t o n s  (b r o k e n  

l i n e s )  v s .  i n c i d e n t  l a s e r  f r e q u e n c y  f o r  By = + 4 . 8  kG, -  4 . 8  kG and  0,  

r e s p e c t i v e l y .  Using  Eqs . ( 5 . 5 ) ,  (1.13)* and (1 .29)  we can  c a l c u l a t e  t h e  

RBS l i n e w i d t h  i n  t h e  p r e s e n c e  o f  a  m a g n e t i c  f i e l d  By. F ig .  5 .3  shows 

t h e  c a l c u l a t e d  S t o k e s  LA 2 - 2 '  l i n e w i d t h s  v s .  i n c i d e n t  l a s e r  f r e q u e n c y  

f o r  By = + 4 . 8  kG ( s o l i d  l i n e ) ,  By = n 4 . 8  kG ( b r o k e n  l i n e ) ,  and By = 

0 ( d o t t e d  l i n e ) .  The main  new f e a t u r e  o f  F ig .  5 .3  i s  t h e  c u t - ' o f f  of
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t h e  maximum o f  t h e  l i n e w i d t h  a t  o)c r  (2059 4 .0  cm” 1) f o r  By = -  4 .8  kG

and  a t  20601 c m " 1 f o r  By = + 4.8 kG.

I n  t h e  r e g i o n  o f  =. Wcr, t h e  t h i r d  t e r m  in  Eq. (5 .5 )  d o m i n a t e s  

and t h e  damping c o n s t a n t  d ep e n d s  c r i t i c a l l y  on how f a r  t h e  f r e q u e n c y  

i s  f r o m  o)cr>. S in c e  t h e  s c a t t e r e d  f r e q u e n c y  <Ls i s  a b o u t  5 cm” 1 bel ow 

wc r  i n  t h e  S t o k e s  LA 2 - 2 1 s c a t t e r i n g  e v e n t s ,  t h e  main  c o n t r i b u t i o n  t o

t h e  RBS l i n e w i d t h  w i l l  come f r o m  t h e  i n c i d e n t  p o l a r i t o n  damping Ŷ

which i s  g r e a t l y  r e d u c e d  i n  t h e  c a s e  o f  By = n ^ .8  kG. We s h o u l d  be 

a b l e  t o  o b s e r v e  l i n e  n a r r o w i n g  f o r  By = -  4.8 kG (c o m p a red  t o  t h e  

c a s e  o f  By = o)  a t  ujj = u c r .

5 . 2 .  E x p e r i m e n t

The e x p e r i m e n t a l  c o n f i g u r a t i o n  was t h e  sam e a s  t h a t  shown i n  

F ig .  3.1 e x c e p t  f o r  t h e  a d d i t i o n a l  u s e  o f  a m ag n e t .  The K r - l a s e r -  

pumped s i n g l e - m o d e  cw dye l a s e r  (Coumarin  102 dye) p r o v i d e d  t h e  i n c i - ’ 

d e n t  l i g h t  o f  8mW pow er  w i t h  b o t h  E and k p e r p e n d i c u l a r  t o  t h e  c r y ­

s t a l  c - a x i s .  B a c k s c a t t e r e d  l i g h t  was c o l l e c t e d  and  a n a l y z e d  by t h e  

t r i p l e - p a s s  F a b r y n P e r o t  i n t e r f e r o m e t e r  f o l l o w e d  by t h e  d o u b l e  g r a t ­

i n g  s p e c t r o m e t e r .  The f r e e  s p e c t r a l  r a n g e s  (FSR) u s e d  w e re  6.5 cm"*1 

an d  4 .0  cm^1 which g ave  r e s o l u t i o n s  o f  a b o u t  0.1 cmr l  an d  0 . 06  cm” 1, 

r e s p e c t i v e l y .

The s a m p l e  u s e d  i n  t h i s  e x p e r i m e n t  was nu mbered  CdS 21 J .  We 

f o u n d  t h a t  s a m p l e  q u a l i t y  was  q u i t e  d i f f e r e n t  f o r  s a m p l e s  e v e n  f rom  

t h e  sam e s o u r c e .  The c r y s t a l s  which g av e  w e ak e r  and  b r o a d e r  RBS s i g n
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n a l s  a n d / o r  s t r o n g e r  l u m i n e s c e n c e  w e r e  c o n s i d e r e d  o f  p o o r e r  q u a l i t y .  

Good q u a l i t y  s a m p l e s  a l s o  d e t e r i o r a t e  a f t e r  l o n g - t e r m  l a s e r  i l l u m i ­

n a t i o n  a n d / o r  many t e m p e r a t u r e  c y c l e s .  C o n t a m i n a t i o n  o f  t h e  s a m p l e  

s u r f a c e  a l s o  a f f e c t s  RBS l i n e w i d t h  an d  i n t e n s i t y .  Thus  s e l e c t i o n  o f  a  

good q u a l i t y  s a m p l e  and  t h o r o u g h  c l e a n i n g  o f  t h e  s a m p l e  s u r f a c e  w e re  

c r i t i c a l  f o r  o u r  e x p e r i m e n t .  Our c r y s t a l s  w e r e  i m m e rs e d  i n  T o l u e n e  

and p l a c e d  i n  an  u l t r a s o n i c  c l e a n e r  which g av e  r e p r o d u c i b l e  RBS 

l i n e w i d t h  d a t a .  I n  t h e  a b s e n c e  o f  m a g n e t i c  f i e l d s ,  o u r  c r y s t a l  CdS 

21J  showed RBS l i n e w i d t h  b e h a v i o r  s i m i l a r  t o  t h e  c r y s t a l  CdS 21E-2 in  

C h a p t e r  4 f o r  b o t h  g e o m e t r i e s  shown i n  F ig .  5 . 4 ( a )  a n d  ( c ) .

The s a m p l e  was  a t t a c h e d  t o  t h e  c o l d  f i n g e r  o f  t h e  C r y o t i p  

l i q u i d - h e l i u m  c r y o s t a t  (AIR PRODUCT AND CHEMICALS, mode l  LT^3“ 110)

which g i v e s  T ~ 12  K. The C r y o t i p  was m oun ted  i n  t h e  c e n t e r  o f  a  13 

kG e l e c t r o m a g n e t  (MAGNION, model  Lni28A,  12 i n c h ) .  To a v o i d  m ech a n i ­

c a l  d r i f t  due  t o  t h e  m a g n e t i c  f i e l d ,  i t  was c r u c i a l  t o  e l i m i n a t e  mag­

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

g e o m e t r y  w i t h  By < 0 , we t u r n e d  t h e  c r y s t a l  u p s i d e  down a s  shown i n  

F ig .  5 .4 ,  i n s t e a d  o f  r e v e r s i n g  t h e  d i r e c t i o n  o f  t h e  m a g n e t i c  f i e l d  

which i s  t e c h n i c a l l y  d i f f i c u l t .

We h ave  m e a s u r e d  S t o k e s  LA 2-2* l i n e w i d t h s  f o r  By = 0,  ± 4.8 kG, 

and ± 9 .6  kG. The o b s e r v e d  B r i l l o u i n  s h i f t s  w e r e  i n d e p e n d e n t  o f  t h e  

a p p l i e d  m a g n e t i c  f i e l d s  and a g r e e d  w e l l  w i t h  o u r  p r e v i o u s  d a t a , ^  no 

Zeeman s h i f t s  b e in g  o b s e r v e d  due t o  t h e  r e l a t i v e  w e a k n e s s  o f  t h e  

m a g n e t i c  f i e l d .  However ,  B r i l l o u i n  l i n e w i d t h s  f o r  d i f f e r e n t  m a g n e t i c  

f i e l d s  show ed  v e r y  d i f f e r e n t  b e h a v i o r s  i n  t h e  r e g i o n  a r o u n d  w
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F ig .  5 . 5 ( a ) ,  (b) show z e r o - f i e l d  S t o k e s  LA 2-2* l i n e w i d t h s  v s .  

i n c i d e n t  l a s e r  f r e q u e n c y  f o r  two  d i f f e r e n t  g e o m e t r i e s  a s  shown in  

F ig .  5.k(a )  and  ( c ) ,  r e s p e c t i v e l y .  Due t o  t h e  s y m m e t r i c  s t r u c t u r e  o f  

t h e  p o l a r i t o n  d i s p e r s i o n  c u r v e s  f o r  k > 0 and k < 0,  b o t h  g e o m e t r i e s  

showed  t h e  sam e l i n e w i d t h  b e h a v i o r ,  a s  e x p e c t e d .

F ig .  5 . 6 ( a ) ,  (b) show t h e  o b s e r v e d  S t o k e s  LA 2 - 2 '  l i n e w i d t h s  v s .  

i n c i d e n t  l a s e r  f r e q u e n c y  f o r  By = + 4 . 8  kG, r e s p e c t i v e l y .  S i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  r e g i o n  a r o u n d  a>c r  w e r e  o b s e r v e d  c l e a r l y  and r e p e ­

a t e d l y  which a g r e e d  w i t h  o u r  t h e o r e t i c a l  p r e d i c t i o n .  B o th  l i n e  nar-^ 

ro w i n g  f o r  By = r- 4 . 8  kG and b r o a d e n i n g  f o r  By = + it .8 kG w e r e  

o b s e r v e d  due t o  t h e  c a n c e l l a t i o n  o r  en h a n c e m e n t  of  t h e  k - l i n e a r  

mix ing by e x t e r n a l  m a g n e t i c  f i e l d s  a s  shown i n  Fig .  5 .7  f o r  = 

2 0 5 9 2 .0  cm "1. At t h e  h i g h e r  f r e q u e n c i e s  oi  ̂ > 20598 cm~l , t h e  r e p e a t a ­

b i l i t y  became  po o r  and  t h e  d a t a  w e re  s e v e r e l y  s c a t t e r e d .  S i m i l a r  

f e a t u r e s  w e re  o b s e r v e d  f o r  S t o k e s  TA 2 - 2 '  l i n e w i d t h s ,  a s  shown i n  

F ig .  5 . 8 ( a )  and (b) ,  a l t h o u g h  n o t  a s  c l e a r l y  a s  w i t h  t h e  LA-componen t .

F ig s .  5 . 9 ( a )  and (b) show t h e  o b s e r v e d  S t o k e s  LA 2 - 2 '  l i n e w i d t h s  

f o r  By = + 9 . 6  kG, r e s p e c t i v e l y .  When ojj- = wc r  and By > 0, t h e  l o w e r  

a n d  m i d d le  b r a n c h e s  o f  t h e  i n c i d e n t  p o l a r i t o n  h av e  c o m p a r a b l e  o s c i l ­

l a t o r  s t r e n g t h s .  However ,  s i n c e  t h e  f r e q u e n c y  o f  t h e  s c a t t e r e d  p o l ­

a r i t o n s  i s  a b o u t  5 cm“ l b e lo w  in  t h e  S t o k e s  LA 2-.2? s c a t t e r i n g

e v e n t s ,  o n l y  t h e  l o w e r  b r a n c h  o f  t h e  s c a t t e r e d  p o l a r i t o n s  h a s  s i g n i ­

f i c a n t  o s c i l l a t o r  s t r e n g t h .  Thus when By i s  s u f f i c i e n t l y  l a r g e  t o  

c a u s e  t h e  s e p a r a t i o n  b e t w e e n  t h e  l o w e r  an d  t h e  m i d d le  b r a n c h e s  o f  

t h e  i n c i d e n t  p o l a r i t o n s  t o  be r e s o l v a b l e ,  a  d o u b l e  pea k  s h o u l d  be  

o b s e r v e d ,  one  due t o  S t o k e s  LA s c a t t e r i n g  f r om  t h e  i n c i d e n t  m id d le
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b r a n c h  t o  t h e  s c a t t e r e d  l o w e r  b r a n c h  and  t h e  s e c o n d  f r o m  t h e  i n c i ­

d e n t  l o w e r  t o  t h e  s c a t t e r e d  l o w e r  b r a n c h .  We did  o b s e r v e  t h i s  l i n e  

s p l i t t i n g  a r o u n d  o> f o r  B y  = + 9 .6  k G ,  a s  shown i n  Fig .  5 . 1 0 .  As ojj- 

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

l o w e r  b r a n c h  t o  t h e  m i d d l e  b r a n c h  o f  t h e  i n c i d e n t  p o l a r i t o n s  w i l l  

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

l o w e r  f r e q u e n c y  s i d e  t o  t h a t  a t  t h e  h i g h e r  f r e q u e n c y  s i d e  s h o u l d  

a l s o  d e c r e a s e .  Again t h i s  i s  w h a t  we o b s e r v e ,  a s  shown i n  Fig.  5 . 1 0 .  

When By = -  9 . 6  k G , o n ce  a g a in ,  l i n e  n a r r o w i n g  was o b s e r v e d  a r o u n d  

wc r  a s  s e e n  by c o m p a r in g  Fig .  5 .5 (b )  and F ig .  5 . 9 ( b ) .

5.3. Discussion and Conclusions

A c cord ing  t o  Eq. ( 5 . 5 ) ,  i t  i s  t h e  combined  e f f e c t  o f  t h e  k - l i n e a r

i n t e r a c t i o n  and  t h e  e x t e r n a l  m a g n e t i c  f i e l d  which d o m i n a t e s  t h e  RBS 

l i n e w i d t h  i n  t h e  r e g i o n  a r o u n d  u)c r  v i a  t h e  t h i r d  t e r m  i n  Eq. ( 5 . 5 ) .  I f  

t h e  kKLinear  e f f e c t  w e r e  a b s e n t ,  t h e  RBS l i n e w i d t h  w o u ld  show t h e  

same b e h a v i o r  f o r  m a g n e t i c  f i e l d s  o f  t h e  sam e m a g n i t u d e  and o p p o s i t e

d i r e c t i o n s ;  t h e  e x i s t e n c e  o f  t h e  k - l i n e a r  i n t e r a c t i o n  ( a s  w e l l  a s  t h e

c r y s t a l  f i e l d  i n  CdS) makes  t h e  ± c d i r e c t i o n s  o f  t h e  c r y s t a l  i n e q u i ­

v a l e n t .  The l a r g e  d i f f e r e n c e s  b e t w e e n  F ig .  5 .6 ( a )  and  (b) c l e a r l y  

d e m o n s t r a t e  t h e  e x i s t e n c e  o f  t h e  k - l i n e a r  i n t e r a c t i o n  i n  t h e  A - e x c i ­

t o n  s t a t e s  i n  CdS.
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To e s t i m a t e  t h e  k - l i n e a r  c o e f f i c i e n t  o f  t h e  A - e x c i t o n  i n  CdS

_ _ h Q
fr om  o u r  p r e s e n t  e x p e r i m e n t ,  we n o t i c e  t h a t  F ig .  5 .6 (b )  (By “ 

kG) and F ig .  5 . 9 ( b )  (B^ _ _ 3h OW t h e  sam e n a r r o w e d  l i n e w i d t h s

a r o u n d  ^ crf  i , e . n e t  mix ing  e f f e c t  due t o  t h e  c a n c e l l a t i o n  o f  t h e  

k - l i n e a r  i n t e r a c t i o n  by t h e  e x t e r n a l  m a g n e t i c  f i e l d s  h av e  t h e  same 

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

t h e  e f f e c t i v e  m a g n e t i c  f i e l d  o f  t h e  k - : l i n e a r  e f f e c t  i n  t h e  A - e x c i t o n  

o f  CdS i s  a b o u t  7 .2  kG, f r o m  which we f i n d

| 4>a | = (3 .8  ± O.il) x 10 “ 11 eV cm. (5 .6)

which i s  t w i c e  a s  l a r g e  a s  t h e  v a l u e  we d ed u c ed  f r om  o u r  a n a l y s i s  o f  

t h e  z e r o - f i e l d  RBS l i n e w i d t h  [Eq. ( 4 . 1 8 ) ] . ^  A more  a c c u r a t e  d e t e r m i ­

n a t i o n  o f  c|>̂  w i l l  be p r e s e n t e d  i n  t h e  n e x t  c h a p t e r .

The s p l i t t i n g  o f  t h e  S t o k e s  LA 2 - 2 '  component  a r o u n d  w i n  a 

m a g n e t i c  f i e l d  o f  By = + 9 .6  kG f u r t h e r  v e r i f i e d  t h e  k - l i n e a r  e f f e c t  

o f  t h e  A - e x c i t o n  i n  CdS. T h i s  s p l i t t i n g  r a n g e s  f r o m  0.1 t o  0 .3  cm "1 

when By = + 9 .6  kG, wh ich  c o u l d  be u s e d  t o  d e t e r m i n e  some i m p o r t a n t  

p a r a m e t e r s  o f  t h e  A^-exci ton i n  CdS q u a n t i t a t i v e l y .

I n  c o n c l u s i o n ,  we h ave  shown t h a t  o u r  model  f o r  t h e  e x c i t o m  

p o l a r i t o n  damping c o n s t a n t  i n  t h e  A - e x c i t o n  r e g i o n  o f  CdS, a s  g iv e n  

by Eqs .  (-4.14) and ( ^ . 1 5 ) ,  c a n  e x p l a i n  RBS l i n e w i d t h s  . f o r  d i f f e r e n t  

m a g n e t i c  f i e l d s  q u a n t i t a t i v e l y .  In  p a r t i c u l a r ,  we h av e  g i v e n  t h e  f i r s t  

d i r e c t  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  t h e  k - l i n e a r  i n t e r a c t i o n  o f  t h e  

A - e x c i t o n  i n  CdS. Our model  i s  v a l i d  o n l y  f o r  weak c o u p l i n g  c a s e s  a s  

s e e n  f r om  t h e  p e r t u r b a t i o n  c a l c u l a t i o n s  we p e r f o r m e d .
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Chapter 6. RBS Experiment 
at SuperfluidnHelium-Temperature:

Direct Observation of ThreenBranch Polariton 

Dispersion in the AsrExciton of CdS

A l l  t h e  RBS e x p e r i m e n t s  in  t h e  1s A - e x c i t o n  o f  CdS r e p o r t e d  s o  

f a r  w e re  w e l l  i n t e r p r e t e d  u s i n g  a  t w o - b r a n c h  e x c i t o n - p o l a r i t o n  

model .  I n  C h a p t e r  5,  h o w e v e r ,  we g ave  d i r e c t  e v i d e n c e  f o r  t h e  e x i s n  

t e n c e  o f  t h e  k - l i n e a r  i n t e r a c t i o n  among t h e  1s  A - e x c i t o n  s t a t e s  and 

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

was p r o p e r l y  e n h a n c e d  by an  e x t e r n a l  m a g n e t i c  f i e l d  c o m p a r a b l e  t o  i t  

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

t h r e e - b r a n c h  p o l a r i t o n  b e h a v i o r  i n  t h e  A - e x c i t o n  o f  CdS by f u r t h e r  

i m p r o v in g  t h e  i n s t r u m e n t a l  r e s o l u t i o n  i n  o u r  RBS e x p e r i m e n t .

On t h e  o t h e r  hand,  t h e  e x c i t o n - p o l a r i t o n  l i f e t i m e  ded u ced  f rom 

o u r  RBS l i n e w i d t h  m e a s u r e m e n t  a t  l i q u i d - h e l i u m - t e m p e r a t u r e  i n  CdS 

was a b o u t  two  o r d e r s  o f  m ag n i tu d e  s h o r t e r  t h a n  t h a t  o b t a i n e d  f rom  

l u m i n e s c e n c e  e x p e r i m e n t  a t  T = 1 .6  kJ  M ore over ,  i n  a  p r e l i m i n a r y  RBS 

e x p e r i m e n t  i n  CdS, F ly n n  and Geschwind2 r e p o r t e d  t h a t  B r i l l o u i n  

l i n e w i d t h s  w e re  much n a r r o w e r  i f  t h e  s a m p l e s  w e re  im m e rs ed  i n  a 

h e l ium  b a t h  a t  T = 1 .4  K. The d i s c r e p e n c y  b e t w e e n  o u r  r e s u l t  and 

R e f s .  1 and 2 s t r o n g l y  s u g g e s t e d ,  b e s i d e s  t h e  o t h e r  p o s s i b l e  r e a s o n s ,  

s i g n i f i c a n t  t e m p e r a t u r e - d e p e n d e n c e  o f  e x c i t o n - p o l a r i t o n  l i f e t i m e  a t
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l o w - ’t e m p e r a t u r e s .  P e r f o r m i n g  RBS a t  s u p e r f l u i d ^ h e l i u m - t e m p e r a t u r e s  

may h e l p  t o  r e d u c e  RBS l i n e w i d t h  and r e s o l v e  t h e  e x p e c t e d  t h r e e -  

b r a n c h  p o l a r i t o n  b e h a v i o r  i n  t h e  A r e x c i t o n  o f  CdS. The main m o t i v a ­

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

de nce  o f  p o l a r i t o n  l i f e t i m e  and d i r e c t l y  o b s e r v e  t h r e e - b r a n c h  p o l a r i ­

t o n  d i s p e r s i o n  i n  t h e  A - e x c i t o n  o f  CdS.

6 . 1 .  T h e o r y

Wannier e x c i t o n s  i n  s e m i c o n d u c t o r s  =■> m o b i l e  e x c i t a t i o n s  f o r m e d  

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

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

t h e i r  d i s p e r s i o n  c u r v e s  a r e  much more  co m p lex  due t o  i n t e r a c t i o n s  

b e t w e e n  e x c i t o n s  a s  w e l l  as  b e t w e e n  e x c i t o n s  and o t h e r  e x c i t a t i o n s  

s u c h  a s  p h o t o n s .  I n  F ig .  6.1 t h e s e  i n t e r a c t i o n s  a r e  i l l u s t r a t e d  s c h e n  

m a t i c a l l y  f o r  t h e  A - e x c i t o n  i n  CdS. I n  Fig .  6 . 1 ( a ) ,  t h e  c o u p l i n g  o f  

t h e  d i p o l e - a l l o w e d  e x c i t o n  and t h e  p h o t o n  p r o d u c e s  a  t w o - b r a n c h

e x c i t o n - p o l a r i t o n .  I n  F ig .  6 . 1 ( b ) ,  t h e  k - l i n e a r  i n t e r a c t i o n  b e t w e e n  

t h e  r 5T e x c i t o n  and t h e  d i p o l e - f o r b i d d e n  Tg s p i n ^ t r i p l e t  e x c i t o n  p r o ­

d u c e s  mixing and  l e v e l  s h i f t .  I n  F ig .  6 . 1 ( c ) ,  b o t h  i n t e r a c t i o n s  a r e  inw 

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

The A - e x c i t o n  s e r i e s  i n  CdS i s  f o r m e d  by t h e  C o u l o m b - c o u p l in g  

of  an e l e c t r o n  i n  t h e  l o w e s t  c o n d u c t i o n  band f o r  which sy m m et ry  

a l l o w s  a  k - l i n e a r  t e r m  i n  t h e  e n e r g y  o f  t h e  fo r m  Ce ke i» and a h o l e
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i n  t h e  t o p  v a l e n c e  band r g f o r  which  a  k - l i n e a r  t e r m  i s  s y m m e t r y -

f o r b i d d e n .  F o r  k J_ c an d  i n  t h e  l i m i t  k = 0,  t h e  f o u r  1s A - e x c i t o n

s t a t e s  a r e  c h a r a c t e r i z e d  by t h e  s y m m e t r i e s  r^T> a n d rg in

which o n l y  j_a d i p o l e - a c t i v e  f o r  E J_ c . The k - l i n e a r  t e r m  Ce kej^ i n  

t h e  c o n d u c t i o n  band e l e c t r o n  e n e r g y  l e a d s  t o  t h e  k - l i n e a r  t e r m  <l>Akj^ 

i n  t h e  A - e x c i t o n  e n e r g y  v i a  Eq. (4 .16)  w i t h  ChA = o due t o  t h e  r g 

s y m m e t ry  o f  t h e  t o p  v a l e n c e  band  i n  CdS.

From s y m m e t ry  c o n s i d e r a t i o n s ^  t h e  k - l i n e a r  i n t e r a c t i o n  may mix 

r 5T and Tg s t a t e s  a t  f i n i t e  k. The o s c i l l a t o r  s t r e n g t h  w i l l  be  t r a n s n  

f e r r e d  f r om  t h e  d i p o l e - a l l o w e d  s t a t e  t o  t h e  d i p o l e - f o r b i d d e n

s t a t e  The p o l a r i t o n  d i s p e r s i o n  r e s u l t i n g  f ro m  t h e  tw o  h y b r i d

d i p o l e - a c t i v e  e x c i t o n  s t a t e s  w i l l  be  g iv en  by

rgT(A)> T6(A)> |p h o t o n >

(Op+B^k - iY /2 -o )  

i e k

,1 / 2
<2fl«ou>r)

rdek

x)6+b6k " Vm/r+B^k

0

( 2  i t o I q  tu»p) 

0

1 / 2

2 2 , 2 
G /w

= 0 , ( 6 . 1 )

w he re  e = 4»A/ n ,  B5 = Fi/(2M), B& = R/(2Mg ),  mg = ^  -  As t ,  Mg and Yg 

a r e  t h e  e x c i t o n  e f f e c t i v e  mass  and damping c o n s t a n t  o f  t h e  s t a t e ,  

As g i s  t h e  f r e q u e n c y  d i f f e r e n c e  b e t w e e n  and Tg s t a t e s  a t  k = 0.  

F ig .  6 . 1 ( c )  shows  t h e  c a l c u l a t e d  t h r e e - b r a n c h  p o l a r i t o n  d i s p e r s i o n  

c u r v e s  o f  t h e  A i e x c i t o n  i n  CdS a t  T = 1.9 k due  t o  t h e  k - i l i n e a r  

mix ing b e t w e e n  r 5?  and fg e x c i t o n  s t a t e s  u s i n g  = 20 591 .0  cm^1, tj>A



= 2.7  x 10” n  eV cm, d e t e r m i n e d  f ro m  t h e  p r e s e n t  e x p e r i m e n t  a s  

d e s c r i b e d  b e lo w .  The r e m a i n i n g  p a r a m e t e r s  w e r e  d i r e c t l y  t a k e n  f r om  

our  p r e v i o u s  e x p e r i m e n t s ,  a s  g iv en  i n  T a b l e  1 .2 .  The r e s u l t i n g  t h r e e -  

b r a n c h  b e h a v i o r ,  shown i n  F ig .  6 . 1 ( c ) ,  i m p l i e s  t h a t  a n  i n c i d e n t  p h o t o n  

a t  a  f r e q u e n c y  ab o v e  to  ̂ can  c r e a t e  t h r e e  p r o p a g a t i n g  modes i n  t h e  

c r y s t a l  w i t h  t h e  s am e  f r e q u e n c y  b u t  d i f f e r e n t  w a v e v e c t o r s .  Thus  in  

p l a c e  o f  a  s i n g l e  B r i l l o u i n  compon en t  (which  becomes f o u r  co m ponen t s  

i n  t h e  t w o - b r a n c h  p o l a r i t o n  p i c t u r e  o f  F ig .  6 . 1 ( a ) ) ,  a  maximum o f  n ine  

B r i l l o u i n  co m p o n en t s  c a n  a r i s e  f r o m  a l l  i n t e r -  and i n t r a - b r a n c h  

s c a t t e r i n g  p r o c e s s e s .  I n  p a r t i c u l a r ,  a  2-32' B r i l l o u i n  com pon en t  i n  t h e  

t w o - b r a n c h  p i c t u r e  o f  F ig .  6 . 1 (a )  can s p l i t  i n t o  4 c o m p o n en t s  i n  t h e  

t h r e e - b r a n c h  p i c t u r e  o f  F ig .  6 . 1 ( c ) .

S in c e  t h e  k - l i n e a r  i n t e r a c t i o n  i n  t h e  A - e x c i t o n  i s  r e l a t i v e l y  

weak,  we c o u l d  a p p r o x i m a t e  t h e  c o n t e n t  o f  Eq. (6 .1 )  a s  c o u p l i n g  

b e t w e e n  t h e  e x c i t o n  and t h e  p h o t o n  p r o d u c i n g  t h e  t w o - b r a n c h  p o l ­

a r i t o n  shown in  F ig .  6 . 1 ( a ) ,  f o l l o w e d  by c o u p l i n g  b e t w e e n  t h e  Tg 

e x c i t o n  s t a t e  (which  i s  As ^ = 1.6 cm” 1 b e lo w  Tg,j, s t a t e )  and t h e  l o w e r  

b r a n c h  r , -^ o f  t h e  TgT p o l a r i t o n s  p r o d u c in g  t h e  t h r e e - b r a n c h  p o l a r i - .  

t o n  o f  Fig .  6 . 1 ( c ) .  The k - l i n e a r  mix ing,  a s  w e l l  a s  t h e  o s c i l l a t o r  

s t r e n g t h  t r a n s f e r ,  w i l l  o n l y  be  s i g n i f i c a n t  i n  t h e  v i c i n i t y  o f  t h e  

c r o s s i n g  p o i n t  (o>c r  = 20596 .2  cm” 1 f o r  T = 1.9 K) w he re  t h e s e  two 

e x c i t a t i o n s  would  be  d e g e n e r a t e  i n  t h e  a b s e n c e  o f  t h e  k - l i n e a r  t e r m .  

Most  p o l a r i t o n s  a r e  c r e a t e d  on t h e  m i d d le  b r a n c h  f o r  to > <oc r  and on 

t h e  l o w e r  b r a n c h  f o r  to < ioc r . Around toc r , b o t h  b r a n c h e s  have co m par ­

a b l e  o s c i l l a t o r  s t r e n g t h s .  Thus ,  t h r e e - b r a n c h  b e h a v i o r  w i l l  be  mos t
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l i k e l y  o b s e r v e d  i n  RBS when Wj. a n d / o r  ois  f a l l  i n  t h e  v i c i n i t y  o f  wc r .

6 . 2 .  E x p e r i m e n t

The e x p e r i m e n t a l  c o n f i g u r a t i o n  was  t h e  sam e a s  t h a t  shown in  

F ig .  3 .1 .  A K r - l a s e r - p u m p e d  s i n g l e - m o d e  cw dye l a s e r  (c o u m a r in  102 

dye) p r o v i d e d  t h e  i n c i d e n t  l i g h t  o f  8 mW power  w i t h  b o t h  E and k 

p e r p e n d i c u l a r  t o  t h e  c r y s t a l  c - a x i s .  B a c k s c a t t e r e d  l i g h t  was c o l ­

l e c t e d  and a n a l y z e d  by a t r i p l e - p a s s  F a b r y - P e r o t  i n t e r f e r o m e t e r  f o l ­

l o w e d  by a  d o u b l e - g r a t i n g  s p e c t r o m e t e r .  The f r e e  s p e c t r a l  r a n g e  

(FSR) o f  t h e . i n t e r f e r o m e t e r  em ployed  was o n l y  1 .0  cm "1 which gave  a 

v e r y  h ig h  r e s o l u t i o n  o f  a b o u t  0 .015  cm "1.

The s a m p l e  u s e d  i n  t h i s  e x p e r i m e n t  was a  vapor-sgrown s i n g l e ­

c r y s t a l  p l a t e l e t  (n um bered  21N) o b t a i n e d  f r o m  t h e  sam e s o u r c e  (Gen­

e r a l  M oto rs )  and g i v in g  t h e  s i m i l a r  RBS s p e c t r a  a t  l i q u i d - h e l i u m ^ t e m -  

p e r a t u r e  a s  t h o s e  u s e d  i n  C h a p t e r s  4 and 5.

The s a m p l e  was m ounted  i n  a  l i q u i d - h e l i u m  dew ar  (JANIS, model  

DT) eq u ip p ed  w i t h  a  c a r b o n - g l a s s  t e m p e r a t u r e  s e n s o r  (LAKE SHORE, 

model  CGR‘-1 - 1 0 0 0 ,  w o rk in g  c u r r e n t  10 pA, t e m p e r a t u r e  c a l i b r a t i o n  

r a n g e  1.4 n 20 K). I n  o r d e r  t o  o b t a i n  s u p e r f l u i d - h e l i u r m t e m p e r a t u r e s  

(b e lo w  T^ = 2 .17  K), we u s ed  a  m e c h a n i c a l  pump (WELCH, model  1397, 

pumping s p e e d  425 l i t e r s / m i n . )  t o  c o n t i n u o u s l y  e v a c u a t e  t h e  s a m p l e  

s p a c e  o f  t h e  d ew ar .  We f i r s t  opene d  t h e  n e e d l e  v a l v e  f u l l y  t o  l e t
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l i q u i d  h e l ium  f l o w  i n t o  t h e  s a m p l e  s p a c e  f r om  t h e  hel ium  r e s e r v o i r ,  

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

t e m p e r a t u r e  i n  o u r  e x p e r i m e n t  (~ 1 . 7 5  k ) .  The t e m p e r a t u r e  i n  t h e  

s a m p l e  s p a c e  was  t h e n  c o n t r o l l e d  by g r a d u a l l y  open ing  up t h e  n e e d l e  

v a l v e .  We c h o s e  o u r  w o rk in g  t e m p e r a t u r e  T -  1.9 K a s  a  compromise  

b e t w e e n  c o n t i n u o u s  o p e r a t i o n  w i t h o u t  r e f i l l i n g  t h e  s a m p l e  s p a c e  and 

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

a b o u t  2  l i t e r s  p e r  h o u r ,  d o u b l e s  t h a t  r e q u i r e d  f o r  m a i n t a i n i n g  n o rm a l  

l i q u i d - h e l i u m - t e m p e r a t u r e  (4 .2  K). When t h e  s u p e r f l u i d - h e l i u m - t e m p e r -  

a t u r e s  w e re  r e a c h e d ,  t h e  b u b b l e s  i n  t h e  l i q u i d  w o u ld  s u d d e n l y  d i s a p ­

p e a r e d  and t h e  l i q u i d - h e l i u m  became c o m p l e t e l y  t r a n s p a r e n t  ( r e f r a c ­

t i v e  i n d e x  n = 1 ) which a l l o w e d  p e r f o r m a n c e  o f  l i g h t  s c a t t e r i n g  w i t h  

s a m p l e s  im m e rs ed  i n  t h e  h e l iu m  b a t h .  To r e d u c e  v i b r a t i o n s  c a u s e d  by 

t h e  b ig  pump, i t  was c r u c i a l  t o  m e c h a n i c a l l y  f i x  t h e  e n t i r e  dew ar  and 

pump s y s t e m  r i g i d l y .  An e x h a u s t  f i l t e r  was n eeded  t o  e l i m i n a t e  o i l  

v a p o r  p r o d u c e d  by t h e  pump o p e r a t i n g  c o n t i n u o u s l y  a t  h igh t h r o u g h p u t .

The m e a s u r e d  B r i l l o u i n  s h i f t  o f  t h e  S t o k e s  LA and TA 2 - 2 '  com­

p o n e n t s  i n  t h e  t w o - b r a n c h  p o l a r i t o n  model  i s  shown by t h e  s o l i d  d o t s  

i n  F ig .  6 . 2 .  The s o l i d  l i n e s  w e re  c a l c u l a t e d  u s i n g  t h e  v a l u e s  g iv en  

abo ve .  The e x c e l l e n t  a g r e e m e n t  b e t w e e n  them shows t h a t  t h e  e x c i t o n

p a r a m e t e r s  eb , 4irct0, an d  M a r e  i n s e n s i t i v e  t o  t e m p e r a t u r e  w h i l e  iij. i s

a b o u t  2 .2  cm” 1 h i g h e r  t h a n  t h a t  a t  T = 4 .2  K.

When toj. w a 3  i n c r e a s e d  f r om  bel ow  uyp, b o t h  S t o k e s  LA 2 - 2 '  and TA

2 =s2 ' co m ponen t s  u n d e r w e n t  r e s o n a n t  en h a n cem en t  and l i n e - b r o a d e n i n g ,
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as  was p r e v i o u s l y  o b s e r v e d  a t  l i q u i d - h e l i u m n t e m p e r a t u r e .  However ,  a s  

a p p r o a c h e d  toGr , e a c h  S t o k e s  2 - 2 ' ' co m p o n en t s  s p l i t  i n t o  tw o  p ea k s  

(LA -> La + Lg, TA -*• Ta + Tg),  w h e re  La ( o r  Ta ) i s  due  t o  S t o k e s  

s c a t t e r i n g  f r om  l o w e r  b r a n c h  t o  l o w e r  b r a n c h  (3~3' )» and L ( o r  t q)
P P

f rom m id d le  b r a n c h  t o  l o w e r  b r a n c h  ( 2 - 3 ' ) .  The s p e c t r a  a r e  shown in  

F ig .  6 .3  w h i l e  t h e  s p l i t t i n g  i s  shown s c h e m a t i c a l l y  i n  t h e  i n s e t  o f  

F ig .  6 .2 .  Note  t h a t  t h e  k - l i n e a r  mix ing o c c u r s  o n l y  n e a r  w and t h e  

B r i l l o u i n  s h i f t  i n  t h i s  r e g i o n  i s  r e l a t i v e l y  l a r g e  ( g r e a t e r  t h a n  2 

cm "1 f o r  S t o k e s  LA and TA 2 - 2 '  c o m p o n e n t s ) .  T h e r e f o r e  Wj. and ajg 

c a n n o t  f a l l  i n  t h e  r e g i o n  o f  s i g n i f i c a n t  mixing s i m u l t a n e o u s l y ,  s o  we 

o n l y  o b s e r v e d  d o u b l e  p e a k s  r a t h e r  t h a n  t h e  q u a d r u p l e  p ea k s  a l l o w e d  

by t h e o r y .  Thi s  s p l i t t i n g  i s  o n l y  o b s e r v e d  i n  t h e  n a r r o w  r e g i o n  of  

f r e q u e n c i e s  n e a r  u)c r  w h e r e  b o t h  b r a n c h e s  2 an d  3 h av e  s i g n i f i c a n t  

o s c i l l a t o r  s t r e n g t h .

As tUj. i s  i n c r e a s e d  t h r o u g h  wc r , t h e  r e l a t i v e  o s c i l l a t o r  s t r e n g t h  

o f  t h e  l o w e r  b r a n c h  t o  t h e  m id d le  one  o f  t h e  i n c i d e n t  p o l a r i t o n s  

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

l o w e r  f r e q u e n c y  s i d e  (La , Ta ) t o  t h a t  a t  t h e  h ig h  f r e q u e n c y  s i d e  (Lg, 

Tg) s h o u l d  a l s o  d e c r e a s e ,  a s  we s e e  f r o m  F ig .  6 .3 .

The s p e c t r a l  s p l i t t i n g  o f  t h e  B r i l l o u i n  co m p o n en t s  i s  v e r y  s e n ­

s i t i v e  t o  t h e  v a l u e  o f  <j>A. F i t s  o f  t h e  t h e o r e t i c a l l y  p r e d i c t e d  s p l i t ­

t i n g  t o  o u r  d a t a  y i e l d e d

4>a = (2 .7  ± 0 .3 )  x 10~n  eV cm . (6 .2 )

F ig .  6 . s hows  t h e  o b s e r v e d  S t o k e s  LA and TA 2->2' s p e c t r a l  s p l i t t i n g



-  107 -

( s o l i d  d o t s )  an d  t h e  b e s t  f i t  r e s u l t  ( s o l i d  l i n e s ) .

F ig .  6 .5 (a )  sho ws  t h e  m e a s u r e d  S t o k e s  LA 2 -2 ' l i n e w i d t h  vs .  inci^- 

d e n t  l a s e r  f r e q u e n c y  a t  T = 1.9 K. The g e n e r a l  f e a t u r e s  o f  t h e  

l i n e w i d t h  c u r v e ,  i n c l u d i n g  t h e  l i n e ^ b r o a d e n i n g  in  t h e  r e s o n a n c e  

r e g i o n ,  a r e  s i m i l a r  t o  t h o s e  a t  l i q u i d - h e l i u m - t e m p e r a t u r e  r e p o r t e d  i n  

C h a p t e r  4. However ,  t h e  m a g n i t u d e  o f  t h e  l i n e - b r o a d e n i n g  i s  a b o u t  10 

t i m e s  s m a l l e r  t h a n  t h e  l a t t e r .  We have p r e v i o u s l y  p r o p o s e d  t h a t  t h e  

p o l a r i t o n  damping c o n s t a n t  Y(<o) s h o u l d  i n c l u d e  t h r e e  c o n t r i b u t i o n s :  

(1) a f r e q u e n c y - i n d e p e n d e n t  t e r m  Yo, (2) a  f r e q u e n c y - d e p e n d e n t  t e r m  

r e p r e s e n t i n g  p o l a r i t o n  d ec a y  v i a  i n t r a b r a n c h  e l a s t i c  s c a t t e r i n g ,  and

(3) a t e r m  d e s c r i b i n g  t h e  a p p a r e n t  l i n e  b r o a d e n i n g  ( u n r e s o l v e d  t h r e e  

b r a n c h  b e h a v io r )  due  t o  t h e  k - l i n e a r  i n t e r a c t i o n .  S in c e  we h ave  now 

r e s o l v e d  t h e  i n d i v i d u a l  B r i l l o u i n  co m ponen t s  i n  t h r e e - b r a n c h -  p i c t u r e ,  

t h e  t h i r d  t e r m  i s  no l o n g e r  n e c e s s a r y .  We t h e r e f o r e  f i t  t h e  d a t a  i n  

F ig .  5(a)  t o :

V ( w f
2

' vgo

k o
« H

V g ( id)

The b e s t  f i t ,  i n d i c a t e d  by t h e  s o l i d  l i n e ,  c o r r e s p o n d s  t o :

? 0 = (0 .029 ± 0 .003)  cm-1

= (0 .012  ± 0 .001)  c m - 1 . (6 .4)

The f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  damping c o n s t a n t  Y ( id) o f  Eqs.  (6 .3)  

and (6 .4 )  i s  p l o t t e d  i n  F ig .  6 . 5 ( b ) .
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6.3. Discussion and Conclusions

The k - l i n e a r  c o e f f i c i e n t  <|> a s  g iv e n  i n  Eq. ( 6 . 2 ) ,  i s  t h e  f i r s t  

a c c u r a t e l y  m e a s u r e d  v a l u e  and a g r e e s  w i t h  o u r  p r e v i o u s  r e s u l t s  [E q s .  

(4 .18)  and ( 5 . 6 ) ]  w i t h i n  a  f a c t o r  o f  2. Using mej^ = 0 .2  m0 and  =

0-7 mo ( s e e  T a b l e  1 .2 ) ,  w i t h  ChA = 0 i n  Eq. ( 4 . 1 6 ) ,  we f i n d  Ce = 4 .25 

‘♦’a = (1 .2  ± 0 . 1 )  x 10“ l ° eV cm, i n  good a g r e e m e n t  w i t h  t h e  v a l u e  1.6 x 

10 “ 10 eV cm f o u n d  f o r  t h e  c o n d u c t i o n  band by B o m e s ta in  e t  a l . 1*

S in c e  t h e  k - l i n e a r  c o e f f i c i e n t  o f  t h e  A - e x c i t o n  i s  a b o u t  20 

t i m e s  s m a l l e r  t h a n  t h a t  o f  t h e  B - e x c i t o n  i n  CdS,^ t h e  t h r e e - b r a n c h  

b e h a v i o r  o f  t h e  A - e x c i t o n - p o l a r i t o n s  h a s  t h e  f o l l o w i n g  f e a t u r e s :  (a)

The s p e c t r a l  s p l i t t i n g  i n  t h e  2 - 2 '  RBS e v e n t s  i s  r e l a t i v e l y  s m a l l  (~

0.1 cm^1 f o r  S t o k e s  LA and -  0 .05  cm-1 f o r  S t o k e s  TA co m ponen t ) .  

T h r e e - b r a n c h  b e h a v i o r  was  n e v e r  o b s e r v e d  b e f o r e  due  t o  t h e  l i m i t e d  

i n s t r u m e n t a l  r e s o l u t i o n  a v a i l a b l e  a n d / o r  l i n e - b r o a d e n i n g  due t o  

h i g h e r  t e m p e r a t u r e s .  (b) k ^ L i n e a r  mix ing i s  s i g n i f i c a n t  o n l y  i n  t h e  

v i c i n i t y  o f  u)Gr>; d o u b l e  p ea k s  r a t h e r  t h a n  q u a r d u p l e  o n es  s h o u l d  

r e s u l t  f o r  2-2* B r i l l o u i n  co m p o n en t s  when oij. o r  , b u t  n e v e r  b o t h ,  

f a l l s  i n  t h e  r e g i o n  o f  s i g n i f i c a n t  mix ing .  The A o e x c i t o n ^ p o l a r i t o n s  

can  e s s e n t i a l l y  be  d e s c r i b e d  w i t h i n  t h e  f r a m e w o r k  o f  a  t w o - b r a n c h  

model  e x c e p t  f o r  a  s m a l l  r e g i o n  o f  ~ 2  cm-1 s p e c t r a l  r a n g e  a r o u n d  

£>c r  w h e re  b o t h  b r a n c h e s  2 and  3 h av e  s i g n i f i c a n t  o s c i l l a t o r  s t r e n g t h .

The e x c i t o n n p o l a r i t o n  l i f e t i m e  and t h e  RBS l i n e w i d t h  a r e  s e n s i ­

t i v e  t o  t e m p e r a t u r e  f o r  T < 20 K. D i f f i c u l t i e s  i n  t h e  RBS l i n e w i d t h
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m e a s u r e m e n t  a t  " l i q u i d - ’h e l i u m - t e m p e r a t u r e "  m a i n l y  a r i s e  f r om  d i f f i n  

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

may be c o n s i d e r a b l y  h i g h e r  t h a n  4.2 K due t o  t h e  p o o r  t h e r m a l  con ­

d u c t i v i t y  b e t w e e n  s a m p l e  i l l u m i n a t e d  a r e a  and  t h e  t e m p e r a t u r e  

s e n s o r ,  a n d / o r  s p a t i a l  i n h o m o g e n e i t y  due  t o  l o c a l  h e a t i n g  e f f e c t s  by 

t h e  l a s e r  beams ( t h e  c r y s t a l  i s  h i g h l y  a b s o r b i n g  in  t h e  e x c i t o n  r e s o ­

nan ce  r e g i o n ! ) .  The m e a s u r e d  s a m p l e  t e m p e r a t u r e ,  f o r  i n s t a n c e ,  r a n g e d  

f r o m  6 ~ 12 K i n  o u r  JANIS d ew ar  u s e d  in  Ref .  5,  o r  f r om  10 ~ 18 K in  

our  C r y o t i p  u s e d  i n  C h a p t e r s  4 and 5. A r e a s o n a b l e  e s t i m a t e  o f  t h e  

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

and p o l a r i t o n  l i f e t i m e  r e s u l t s  would  be  -  12 K. I n  o u r  s u p e r f l u id - n  

h e l i u m - t e m p e r a t u r e  e x p e r i m e n t  w i t h  t h e  s a m p l e  im m e rs ed  d i r e c t l y  i n

t h e  pumped l i q u i d  h e l iu m  b a t h ,  t h e  a c t u a l  s a m p l e  t e m p e r a t u r e  was 

known a s  T = 1.9 K. T h e r e f o r e  we c o n c l u d e  t h a t  e x c i t o n - p o l a r i t o n  

l i f e t i m e  i n  CdS i n c r e a s e s  by a b o u t  a  f a c t o r  o f  10 when t h e  t e m p e r a ­

t u r e  i s  l o w e r e d  f r om  12 K t o  1,9 K. Th i s  p a r t i a l l y  e x p l a i n s  t h e  d i s -  

c r e p e n c y  b e t w e e n  t h e  p o l a r i t o n  l i f e t i m e s  o b t a i n e d  i n  o u r  RBS e x p e r i ­

m e n t s  an d  in  R e f s .  1 and  2.  O t h e r  p o s s i b l e  r e a s o n s  may be  sample-!  

depe n d en ce  o f  t h e  p o l a r i t o n  l i f e t i m e  and inhomog eneous  b r o a d e n i n g  due 

t o  l a s e r  h e a t i n g  e t c .  which n e e d  t o  be  f u r t h e r  c l a r i f i e d .

I n  c o n c l u s i o n ,  we have g iv e n  t h e  f i r s t  d i r e c t  e v i d e n c e  f o r  

t h r e e ^ b r a n c h  p o l a r i t o n  b e h a v i o r  o r i g i n a t i n g  f r om  t h e  k n l i n e a r  i n t e r ­

a c t i o n  i n  t h e  A - e x c i t o n  o f  CdS, and  d e duced  a  v a l u e  f o r  t h e  c o e f f i ­

c i e n t  (J>A i n good a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  R o m e s ta in  e t  a l  f o r  

t h e  c o e f f i c i e n t  Ce o f  t h e  c o n d u c t i o n  band .  We h av e  a l s o  m e a s u r e d  t h e
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f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  damping a t  1.9 K and shown t h a t  i t  

d ep en d s  s t r o n g l y  on t e m p e r a t u r e  bel ow 20 K.
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Chapter 7. Generalized ABC 
and RBS Intensity in CdS

7.1. Generalized ABC

F o l l o w i n g  t h e  i d e a  o f  Nakayama e t  a l ^ ,  we p r e s e n t  a  g e n e r a l i z e d

v e r s i o n  o f  t h e  ABC i n c l u d i n g  t h e  s u r f a c e  p o t e n t i a l  (o r  dead  l a y e r )

e f f e c t .  The dead  l a y e r  was d e f i n e d  a s  an  e x c i t o n - f r e e  l a y e r  a t  t h e
2

c r y s t a l  s u r f a c e  by H o p f i e l d  and Thomas in  1963.

1. ABC Imposed on the Asymptotic Excitonic Polarizations and 
the Scattering length a.

L e t  Pg = r e p r e s e n t  t h e  sum o f  t h e  b u l k  ( a s y m p t o t i c )
i

e x c i t o n i c  p o l a r i z a t i o n s  o f  t h e  i n t e r n a l  m o t io n  o f  e x c i t o n s .  The ABC 

im posed  on P g ca n  be  o b t a i n e d  f r om  t h e  s c a t t e r i n g  b e h a v i o r  o f  exci- .  

t o n s  a t  t h e  c r y s t a l  s u r f a c e  and w r i t t e n :

dPe
Pe + a "diT = 0 a t  x = 0 ’ 

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

e x c i t o n i c  p o l a r i z a t i o n  a t  t h e  s u r f a c e  and  x i s  t h e  c o o r d i n a t e  whose  

a x i s  i s  p e r p e n d i c u l a r  t o  t h e  s u r f a c e .
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A l t e r n a t i v e l y ,  we can  r e w r i t e  Eq. (7 .1 )  i n  t e r m s  o f  a  com pl ex  

s c a t t e r i n g  ( o r  r e f l e c t i o n )  a m p l i t u d e  S. To do s o  we assum e

p e “  [ e x p ( - i k e x x) + S e x p ( i k fiVx)]  e(x) ,ex ' (7 .2 )

w h e re  k i s  t h e  x -c o m p o n e n t  o f  t h e  b a r e  e x c i t o n  w a v e v e c t o r .  From©X

Eq. (1 .23)  we have

ex

i~T

2 2 j. -i -v0 -  oj0 + loiY 2
— “ k, i

Rtd0
IT

(7 .3)

w h e re  kj j r e p r e s e n t s  t h e  co m ponen t s  o f  t h e  w a v e v e c t o r s  o f  b a r e  e x c i -

t o n s ,  p h o t o n s ,  o r  p o l a r i t o n s  p a r a l l e l  t o  t h e  s u r f a c e  a t  x = 0. They 

a r e  a l l  e q u i v a l e n t  due t o  t h e  p h a s e  m a t c h i n g  r e q u i r e m e n t .

S u b s t i t u t i o n  o f  Eq. (7 .2 )  i n t o  Eq. (7 .1 )  y i e l d s  

1 + S * i k ex a -  iS k e x a = 0 ,

t h u s

S = i k e x a  "  > 

i k e x a '  1

o r

a  = i  S + 1
k S -  1 ’ex

(7 .4)

(7 .5)

No te  t h a t  g e n e r a l l y  b o t h  a  and S a r e  f u n c t i o n s  o f

2. Evanescent Excitonic Polarization Wave and the Decay Length 

b.
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Due t o  t h e  s u r f a c e  r e p u l s i v e  p o t e n t i a l  ( i n t r i n s i c  dead  l a y e r  

e f f e c t ) ,  e x c i t o n  w a v e f u n c t i o n s  m us t  be  d e f o r m e d  n e a r  t h e  s u r f a c e .  

T hi s  i n f l u e n c e  ca n  be a p p r o x i m a t e d  a s  an  a d d i t i o n a l  e x p o n e n t i a l l y  

d e c a y i n g  e v a n e s c e n t  p o l a r i z a t i o n  wave.  Thus t h e  t o t a l  p o l a r i z a t i o n  

w i l l  be

P = P e  + A e x p ( -  | 0  .

S in c e  t h e  t o t a l  p o l a r i z a t i o n  P s h o u l d  v a n i s h  a t  x = 0 w hich  i m p l i e s

A = « P e (0) ,

t h u s

P = p e -  P e (0) e x p ( r  - | )  , (7 .6 )

w he re  t h e  p a r a m e t e r  b i s  t h e  d ec ay  l e n g t h  o f  t h e  e v a n e s c e n t  e x c i ­

t o n i c  p o l a r i z a t i o n .  I t  c a n  be  c o n s i d e r e d  a s  an  e f f e c t i v e  dead  l a y e r

t h i c k n e s s .  T h e r e f o r e  t h e  ABC im posed  on t h e  t o t a l  p o l a r i z a t i o n  w i l l

be  o b t a i n e d  f r o m  Eqs .  (7 .1 )  and (7 .6 ) :

P + a  13T = Pe<°> < t  ‘  1) a t  x= 0 . (7 .7 )

3 .  G e n e r a l i z e d  ABC

In  o r d e r  t o  u s e  ABCs d i r e c t l y  i n  c a l c u l a t i o n s ,  one  s h o u l d  f i n d  

t h e  c o r r e s p o n d i n g  c o n d i t i o n s  im posed  on t h e  e l e c t r i c  f i e l d s  a s s o c i ^  

a t e d  w i t h  e x c i t o n  p o l a r i z a t i o n s .  The Max wel l  e q u a t i o n s

V x E = -  1  IP- 
c a t

V x H « 1  | 2 .
C ot

t o g e t h e r  w i t h
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D = ebE + 4ttP 
B = H

g i v e

- ^ 7 ^ |  + V x ( V x E )  + i l j £ L  = o .  (7 .8)
c 2 a t 2 c a t 2

I f  we n e g l e c t  t h e  common f a c t o r  ex p ( ik j  j•r’ | j ~ i “>t) f o r  a l l  t h e  f i e l d

q u a n t i t i e s  and  show e x p l i c i t l y  o n l y  t h e  x ^ d e p e n d e n c e ,  t h e  c o n s t i t u e n t

e q u a t i o n  can  be w r i t t e n :

P(x)  = dx '  xs ( x , x ’ ) E(x ' )  , (7 .9)

w h e re  xs ( x , x ' )  i s  t h e  e x c i t o n i c  s u s c e p t i b i l i t y  which ca n  be d e r i v e d  

f r om  t h e  s u r f a c e  b e h a v i o r  o f  e x c i t o n i c  p o l a r i z a t i o n  g iv e n  by Eqs . 

( 7 .1 ) ,  ( 7 . 5 ) ,  and ( 7 . 6 ) .  T h e r e f o r e  Eqs .  (7 .8 )  and  (7 .9 )  c a n  be s o l v e d  

f o r  s e l f - c o n s i s t e n t  s o l u t i o n s  o f  E and P a f t e r  some a l g e b r a :

E(x) ^  Et  e x p ( ik l x x) + Eey e x p ( r £ )  (7 .10)
i = f , 2 , L

P(x) -  Xi %  ex p ( ik i x x) + Pev e x p ( - £ ) ,  (7 .11)
i = r , 2 , L

and t h e  r e l a t i o n  among E^ and Eey a r e

f ( k l x ) Ea + f ( i b ^ )  Eey = 0 (7 .12)
i= 1 ,2 ,L

2

7 T  Eev + k e v x ( k e v x Eev> "  2 1  x U , ^ )  Et  = 0 . ( 7 . 1 3 )
i - T , 2 ,L
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Eqs. (7 .12)  and (7 .13)  s e r v e  a s  a  g e n e r a l i z e d  ABC, w he re  i  = 1, 2,  and 

L f o r  u p p e r  b r a n c h  p o l a r i t o n ,  l o w e r  b r a n c h  p o l a r i t o n ,  and  l o n g i t u d i ­

n a l  e x c i t o n  modes r e s p e c t i v e l y ,  k^ i s  t h e  w a v e v e c t o r  o f  t h e  i ' t h

mode, b u t  f o r  t h e  e v a n e s c e n t  wave

k ev = ( k l I’ i b ~

and

x U , k . )
2 0 2 2 

+  ~W~ k i  n w i(1)Y

c 2ki  %
4iru2 ^  ’

b u t  f o r  t h e  l o n g i t u d i n a l  mode

x(m,k ) = -
T tF

and

(7.14)

(7.15)

(7 . 16 )

f (q)  = a u 2 JL0 0  nto 2-----;— zq -  kex

1 + S ( 1
•2k... qf+^Tk

1

ex ex q + ib"
(7.17)

4 .  G e n e r a l i z e d  ABC i n  N o r m a l  I n c i d e n c e  C a s e

In  t h e  n o rm a l  i n c i d e n c e  c a s e ,  a l l  E ' s  a r e  p a r a l l e l  an d  a s su m ed  

t o  be  a l o n g  t h e  y - d i r e c t i o n ,  a l l  k ' s  a r e  p a r a l l e l  and a l o n g  t h e  x -  

d i r e c t i o n ,  and = o. Thus Eqs.  (7.12) and (7.13) a r e  r e d u c e d  t o

f ( k i ) E i  + f (kz )E2 + f ( i b n l )Eey = o (7.18)

X(m,kl ) Ex -  x(«o.ka) E? + ( e b + b“2)Eey = 0 . (7.19)

E l i m i n a t i n g  Eey f r om  Eqs .  (7.18) and (7.19), and  u s i n g  Eqs . (7.15) and
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w i t h

n 117 r

a lEj + a 2E2 = 0 a t  x = 0 (7 .20)

a.
i

»o“ o
Run

4- 1 + S ,
~ > rr:  V i

' “^ 7  Ki  + k e  k +' i b ^ ‘

TO)
TZ-

f)a)„ k <2 ■=» k.“0 1

1 + 1+S , 1 _ J __
( i b " 1) 2 -  k 2 2T<“  i b “ l + k 2 i b ~ l

When b = 0 we have

(7 .21)

a. = 
1

Oto^o
Rw„

1 + s
k. * (< k. + k 

1 e 1 e2k r -^r -)  e  v M

w hich  i s  e q u i v a l e n t  t o  t h e  s i m p l e r  g e n e r a l i z e d  ABC p r o p o s e d  by Z eyhe r

e t  a l . 3  When b = 0 and S = H , 1 o r  0,  ( i . e .  a  = 0 ,  ” , o r  our*
ex

g e n e r a l i z e d  ABC w i l l  be  r e d u c e d  t o  ABC 1, 2,  o r  3 r e s p e c t i v e l y .  This  

c a n  b e  s e e n  e a s i l y  i f  we r e w r i t e  t h e  p o l a r i t o n  d i s p e r s i o n  r e l a t i o n  as

2 ■■ 0 0
n. -  e. = -=----------------1 b ftm (7.22)

M ( k i* -  V >

1 . 2 .  RBS I n t e n s i t y  I n  CdS

1 .  E x p e r i m e n t
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The g e n e r a l  f e a t u r e s  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s ,  p r o c e d u r e s  

and c o n d i t i o n s  w e r e  a l r e a d y  p r e s e n t e d  i n  C h a p t e r s  3 an d  4. The i n t e n ­

s i t y  d a t a  p r e s e n t e d  in  t h i s  c h a p t e r  w e r e  a l l  t a k e n  a t  l i q u i d - h e l i u m -  

t e m p e r a t u r e s  (T ~ 12 K).

F i r s t  we w i l l  show t h a t  a l t h o u g h  d e c o n v o l u t i o n  i s  n e c e s s a r y  f o r  

o b t a i n i n g  r e a l  s c a t t e r i n g  p r o f i l e s  f r o m  raw  s p e c t r a  due  t o  f i n i t e  

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

a f f e c t e d  by t h e  a n a l y s e r  t h u s  i t  c o u l d  be  m e a s u r e d  d i r e c t l y  f rom ra w  

s p e c t r a .

Suppose  t h e  r e a l  power  s p e c t r u m  o f  t h e  s c a t t e r e d  s i g n a l  i s  f ( to) 

and t h e  r e s o l u t i o n  f u n c t i o n  ( t r a s m i s s i o n )  o f  t h e  a n a l y s e r  i s  g ( w , o ' ) ,  

w h e re  to' r e p r e s e n t s  t h e  c e n t r a l  f r e q u e n c y  o f  t h e  t r a n s m m i s s i o n  o f  

t h e  a n a l y s e r  which i s  s c a n n i n g  i n  t i m e .  S in ce  t h e  v a l u e  o f  g(aj.oj’) 

d ep en d s  o n l y  on u>', we r e w r i t e  g ( u , in') a s  g(unui' ).  The t r a n s m m i t t e d  

i n t e n s i t y  when t h e  a n a l y s e r  i s  c e n t e r e d  a t  id' w i l l  be:

00

! ( « ' )  = f(u>) g(o)-o)1) dm

and t h e  t o t a l  i n t e g r a t e d  i n t e n s i t y

00

Kio' )  d u '  = dto'

S in c e
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00
G = gCona)') dm' (7 .23)

i s  an  ^ i n d e p e n d e n t  i n s t r u m e n t a l  c o n s t a n t  we o b t a i n

00

I ( u ' )  du '  = G f(to) dm , (7 .24)
— 00

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

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

I f  a  s c a t t e r i n g  com po nen t  i s  w e l l  i s o l a t e d  f rom  t h e  o t h e r s ,  

( i . e .  t h e  f r e q u e n c y  s e p a r a t i o n s  b e t w e e n  i t  and i t s  n e i g h b o u r s  a r e  

b i g g e r  t h a n  t h e  a p p a r e n t  l i n e w i d t h  which i s  a p p r o x i m a t e l y  e q u a l  t o  

t h e  sum o f  t h e  t r u e  l i n e w i d t h  and t h e  w i d t h  o f  t h e  r e s o l u t i o n  f u n c «  

t i o n )  we can  d e r i v e  a  r e l a t i o n  s i m i l a r  t o  Eq. (7 .24)  f o r  t h i s  p a r t i c u ­

l a r  compon en t .  I n  ou r  e x p e r i m e n t  t h e  s e p a r a t i o n  b e t w e e n  LA 2 - 2 1 and 

TA 2 - 2 1 p e a k s  i s  g r e a t e r  t h a n  2 cm "1 w h i l e  t h e  a p p a r e n t  l i n e w i d t h s  o f  

S t o k e s  LA and TA 2 - 2 1 a r e  l e s s  t h a n  1 cm"’1, t h e r e f o r e  t h e  a r e a  u n d e r  

e a c h  compon en t  i n  t h e  r a w  s p e c t r a  i s  i n d e e d  p r o p o r t i o n a l  t o  t h e  r e a l  

i n t e g r a t e d  i n t e n s i t y  o f  t h e  com pon en t .

We c a l c u l a t e d  t h e  RBS i n t e n s i t y  by

w h e re  A i s  t h e  a v e r a g e d  a r e a  ( i n  s q u a r e  i n c h e s )  o f  a  B r i l l o u i n  compo­

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

d i s t a n c e  ( i n  i n c h e s )  b e t w e e n  tw o  a d j a c e n t  R a y l e i g h  l i n e s ,  R i s  t h e  

f u l l  s c a l e  o f  t h e  r a t e m e t e r  u s ed  d u r i n g  r e c o r d i n g  w i t h  r e s p e c t  t o  a 

s t a n d a r d  v a l u e  1 x 10“ c o u n t s / s e c ,  and FSR i s  t h e  f r e e  s p e c t r a l  r a n g e

(7 .25)
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of  t h e  F a b r y - P e r o t  i n t e r f e r o m e t e r  r e l a t i v e  t o  a  s t a n d a r d  v a l u e  13.3 

cm5"11.

A l th o u g h  t h e  s i g n a l  i n t e n s i t y  was r e l a t i v e l y  r e p r o d u c i b l e  d u r i n g  

e a c h  c o n t i n u o u s  p e r f o r m a n c e  o f  a  RBS e x p e r i m e n t ,  i t  c h a n g ed  c o n s i d e r ­

a b l y  f r o m  t i m e  t o  t i m e  due t o  t h e r m a l  a n d / o r  m e c h a n i c a l  i n s t a b i l i ­

t i e s  o f  t h e  a p p a r a t u s .  We m a tc h e d  i n t e n s i t y  d a t a  o b t a i n e d  on d i f f e r - ’ 

e n t  d ays  by m u l t i p l y i n g  n o r m a l i z i n g  f a c t o r s  which w e re  n e c e s s a r y  f o r  

o b t a i n i n g  a c o m p l e t e  s e t  o f  RBS i n t e n s i t y  d a t a .

The i n t e g r a t e d  i n t e n s i t y  v s .  i n c i d e n t  l a s e r  f r e q u e n c y  f o r  t h e

S t o k e s  LA 2 - 2 '  co m p o n en t  i s  shown by t h e  d o t s  i n  F ig .  7 .5 .  An i n t e n ­

s i t y  maximum o c c u r s  a t  S = 20586 cm711 and a  s h o u l d e r  a t  ai„
ls  zs

20596 cm“ l . When tOj > u t h e  i n t e n s i t y  r a p i d l y  d e c r e a s e s  w i t h  i n c r e ­

a s i n g  l a s e r  f r e q u e n c y .  The a n t i - S t o k e s  LA 2 - 2 '  i n t e n s i t y  d a t a  shows  a

s i m i l a r  s t r u c t u r e  w i t h  a  maximum a t  S = 20582 cm” 1 and a ' s h o u l d e r
Ja s

a t  u> = 20592 cm” 1, a s  s e e n  i n  Fig.  7 .8 .  s s

2 .  T h e o r y

(1) I n t e g r a t e d  I n t e n s i t y

The i n t e g r a t e d  i n t e n s i t y  o f  t h e  S t o k e s  LA 2 - 2 '  com ponen t  i s

g iv e n  by Eq. ( 1 .3 0 )  w i t h  i  = j  = 2 ,  nam ely :



1

kT + k,.
x 1 + n . (01 ^ oi ) 1phonon I z  s2 J

x2 S2

The a n t i - S t o k e s  LA 2 - 2  i n t e n s i t y  i s  o b t a i n e d  by

pi + n
I

. ( oj -  01phonon t s
■']

by n phononU s  "  > 1* E<

e x p l i c i t  e x p r e s s i o n s  f o r  t h e  r e l e v a n t  q u a n t i t i e s  i n  Eq.
ii

f o l l o w s :

The B o s e - E i n s t e i n  d i s t r i b u t i o n  o f  phonons  i s

1n . ( oi) =phonon e x p ( ^ )  -  1

The t r a n s m i s s i v i t y  o f  t h e  b r a n c h - 2  p o l a r i t o n s  i s

2a
T 2( oi) =

n'Y
2

y -  2Boi n 'n"  
2 2

a 2(1+ n t ) -  a ^ l  + n z)

w he re

„ c  . , c . I 11 c , «n = — k , n '  = — k . n = — k , 
2  0 ) 2  2  0 1 2 '  2  0 1 2 ’

B =

The e x c i t o n  s t r e n g t h  f u n c t i o n  i s

H
Me2

V W  =  I  A*(ki 2)2 1 +
u)e (kI 2)a)e (kS2)

oiroig
A2(k,

(7 .26)

r e p l a c i n g  

[. ( 7 . 2 6 ) .  The

(7 .26)  a r e  a s  

(7 .27)

■ (7 .28)
9

(7 .29)

(7 .30)

. Hf (7 .31)

w here
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and we (k 2) i s  a r o o t  o f  t h e  e q u a t io n

2 2 2 

“ o r  “ e  + T  kz ^ 1(V  = 0

The ex c ito n -L A  phonon i n t e r a c t i o n  k e r n e l  i s

r o(q) = ( D p  +  D h )  .

The e n e rg y  v e l o c i t y  o f  t h e  b r a n c h -2  p o l a r i t o n s  i s

(7 .33 )

V t? (  U)) =  C
0 2Boj n1'

n . + n» + — —  {n"z -  n ;  )
r?1

and  t h e  g roup  v e l o c i t y  o f  t h e  b r a n c h - 2  p o l a r i t o n  i s

’1

V:Gz
dkz

L W .

(7 .34 )

(7 .35 )

(2) A f f e c t  o f  Y( to) on RBS I n t e n s i t y

D e t a i l e d  n u m e r ic a l  c a l c u l a t i o n s  u s in g  E qs. (7 .26 )  -  (7 .35 )  show 

t h a t  t h e  e x c i t o n  s t r e n g t h  f u n c t i o n  A^  e n e rg y  v e l o c i t y  V£ and  g ro u p  

v e l o c i t y  Vr  a r e  i n s e n s i t i v e  t o  Y(uj), b u t  k"(w) and T(ai) depend\JZ

s t r o n g l y  on Y(w) i n  t h e  e x c i t o n  r e s o n a n c e  r e g io n .  T h e r e f o r e  t h e  i n ­

t e g r a t e d  i n t e n s i t y  c r i t i c a l l y  d ep en d s  on n o t  o n ly  t h e  ABC, b u t  a l s o  

Y(u).

F ig .  7.1 show s t h e  c a l c u l a t e d  S to k e s  LA 2-.21 i n t e n s i t y  v s .  i n c in  

d e n t  l a s e r  f r e q u e n c y  u s in g  t h e  sam e ABC 1 b u t  d i f f e r e n t  Y(w). The 

s o l i d  l i n e  c o r r e s p o n d s  t o  Y(<o) g iv en  by Eqs. (4 .1 4 )  and  (4 .15 )  (m odel 

I I I )  w h i le  t h e  b ro k e n  l i n e  c o r r e s p o n d s  t o  a  c o n s t a n t  Y = 0 .63  cm”-1 

(m odel I ) .  The tw o  c u r v e s  a r e  d i f f e r e n t  n o t  o n ly  q u a n t i t a t i v e l y ,  b u t
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a l s o  q u a l i t a t i v e l y .  T h e r e f o r e ,  w i t h o u t  knowing t h e  c o r r e c t  u n d ep en n  

d en c e  o f  t h e  p o l a r i t o n  dam ping, one c o u ld  n o t  s o l v e  t h e  ABC p ro b lem  

th ro u g h  t h e  a n a l y s i s  o f  RBS i n t e n s i t y  d a t a .

(3) N e c e s s i t y  o f  a  G e n e r a l i z e d  ABC

F ig .  7 .2  show s t h e  c a l c u l a t e d  S to k e s  LA 2 ^ 2 ’ i n t e g r a t e d  i n t e n ­

s i t y  v s .  i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  Y(w) g iv e n  by Eqs. (4 .1 4 ) ,

(4 .1 5 )  (m odel I I I )  and  t h e  t h r e e  commonly u s e d  ABCs d i s c u s s e d  in

C h a p te r  1. None o f  them  a g r e e  w e l l  w i th  t h e  e x p e r i m e n t a l  d a t a  ( s o l i d

d o t s )  w h ich  s u g g e s t s  t h a t  a  g e n e r a l i z e d  ABC w i th  some a d j u s t a b l e  

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

(4) The F i t  R e s u l t

U sing t h e  g e n e r a l i z e d  ABC w i th  a d j u s t a b l e  p a r a m e t e r s  S = |S |  

exp(i(j>) ( r e s t r i t e d  t o  |S |  ^ 1.0) an d  b and  d i f f e r e n t  m o d e ls  f o r  Y(w), 

we f i t t e d  t h e o r e t i c a l  c u r v e s  t o  o u r  m e a su re d  i n t e n s i t y  d a t a  and 

o b ta in e d  t h e  f i t  r e s u l t s  a s  shown i n  F ig s .  ( 7 .3 ) .  ( 7 .4 ) ,  and  (7 .5 )  f o r  

Y(w) o f  o u r  m odel I ,  I I  and  I I I ,  r e s p e c t i v e l y .  Again Y(oj) o f  m odel I I I  

g av e  t h e  b e s t  f i t .  The ABC p a r a m e t e r s  d e t e r m in e d  by t h i s  b e s t  f i t  

w e re

S = (1 .0  + 0 .1 ) e 1(1,8 ± 0 ' 2)ir (7 .36 )

b = (0 .2 3  ± 0 .02)  A . (7 .37 )

T his  r e s u l t  i n d i c a t e s  t h a t  t h e  d ea d  l a y e r  e f f e c t  i s  n e g l i g i b l e  i n  t h e
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A -e x c i to n  in  CdS. The p h a s e  a n g l e  tj> => n n /6  w hich  show s t h a t  t h e  

p r o p e r  c h o ic e  o f  ABC f a l l s  b e tw e e n  ABC 1 and  ABC 2 ( b o th  h av in g  |S |  

= 1 .0 ) ,  b u t  c l o s e  t o  ABC 2.

Using r e s u l t a n t  f i t  p a r a m e t e r s  f o r  S and b, and  Y(co) o f  m odel I ,  

I I ,  I I I ,  we c a l c u l a t e d  a n t i - S t o k e s  LA 2 - 2 '  i n t e n s i t y  v s .  i n c i d e n t  l a s e r  

f r e q u e n c y ,  a s  shown i n  F ig s .  7 .6 ,  7 .7 ,  and  7 .8  r e s p e c t i v e l y .  Once m ore 

Y(u>) o f  m odel I I I  gave t h e  b e s t  a g r e e m e n t  w i th  t h e  e x p e r i m e n t a l  d a t a  

( s o l i d  d o t s ) .

3. Discussion and Conclusions

(1) E f f e c t  o f  t h e  d e a d  l a y e r  t h i c k n e s s  b

The e f f e c t i v e  d ead  l a y e r  t h i c k n e s s  c r i t i c a l l y  a f f e c t s  t h e  RBS

i n t e n s i t y  i n  t h e  r e g io n  a>j. > T h is  can  be s e e n  from  F ig .  7 .9 ,  in

which t h e  c a l c u l a t e d  i n t e n s i t y  c u r v e s  come fro m  t h e  sam e Y(w) g iv e n

by Eqs. (4 .1 4 ) ,  (4 .1 5 )  and  t h e  sam e S g iv e n  by Eq. (7 -3 6 ) ,  b u t  w i th

d i f f e r e n t  dead  l a y e r  t h i c k n e s s e s  b. As b i n c r e a s e s  t h e  i n t e n s i t y

d ro p s  more q u i c k ly  w i th  i n c r e a s i n g  l a s e r  f r e q u e n c y  a t  ojj- > ojp. When b 
0

> 20 A , t h e  i n t e n s i t y  c u r v e s  s t a r t  t o  e x h i b i t  some p e c u l i a r  s t r u c ­

t u r e  which o b v io u s ly  d i s a g r e e s  w i th  e x p e r im e n t .  The m o s t  p r o b a b le  

v a lu e  seem ed  t o  be b = 0, im p ly in g  t h a t  dead  l a y e r  e f f e c t s  do n o t  

p l a y  an  i m p o r t a n t  r o l e  i n  RBS e x p e r im e n t s  i n  CdS.

(2) E f f e c t  o f  t h e  S c a t t e r i n g  A m p li tu d e  S
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The e f f e c t  o f  |S |  on RBS i n t e n s i t y  c a n  be s e e n  f ro m  F ig .  7 .1 0  

w hich  show s t h e  c a l c u l a t e d  S to k e s  LA 2<->2' i n t e n s i t y  v s .  i n c i d e n t  

l a s e r  f r e q u e n c y  u s in g  sam e Y(w) g iv e n  by Eqs. (4 .1 4 ) ,  (4 .1 5 )  an d  b = 

0 , <j) = 1 . 8 it b u t  f o r  d i f f e r e n t  | S | .  For s m a l l e r  | S | ,  a  s e c o n d  i n t e n t  

s i t y  peak  a p p e a r s  a t  which was n e v e r  o b s e r v e d  e x p e r i m e n t a l l y .  The 

c o r r e c t  c h o ic e  sh o u d  be  | s |  = 1 .0 .

The e f f e c t  o f  t h e  p h a s e  a n g l e  (j> o f  S ca n  b e  s e e n  f ro m  F ig .  7.11 

f o r  0 ^ ij> < i t ,  and  F ig .  7 .1 2  f o r  - i r  S <|> < 0 u s in g  j Sj = 1 .0 , b = 0 

and  Y(ai) g iv e n  by Eqs. (4 .1 4 )  and  (4 .1 5 ) .  The p o s i t i v e  <j>'s a r e  c l e a r l y  

i n a p p r o p r i a t e  s i n c e  t h e y  g iv e  v e ry  s t r a n g e  i n t e n s i t y  b e h a v io r  o v e r  

t h e  e n t i r e  r e s o n a n c e  r e g io n .  F ig .  7 .1 2  show s t h a t  RBS i n t e n s i t y  i s  

v e ry  s e n s i t i v e  t o  4> and  t h e  m ost  p r o b a b le  v a l u e  i s  <p = -  it / 6 .

In  c o n c lu s io n ,  RBS i n t e n s i t y  m e a s u re m e n ts  c o u ld  be a good 

m ethod  t o  r e s o l v e  t h e  l o n g  c o n t r o v e r s i a l  ABC p ro b lem  i f  t h e  p o l a r i ­

t o n  damping Y(co) i s  w e l l  u n d e r s to o d .  None o f  t h e  t h r e e  commonly u s e d  

ABCs can  e x p l a i n  t h e  o b s e r v e d  RBS i n t e n s i t y  b e h a v io r .  A g e n e r a l i z e d  

ABC w i th  3 p a r a m e t e r s  | S | ,  (j> and  b, a s  g iv en  i n  Eqs. (7 .3 6 )  and  (7-37) 

c a n  f i t  o u r  RBS i n t e n s i t y  d a t a  v e ry  w e l l .  RBS i n t e n s i t y  b e h a v io r  i s  

v e ry  s e n s i t i v e  t o  | S | ,  cj> and  b f o r  The dead  l a y e r  e f f e c t  i s

n e g l i g i b l e  in  t h e  A -e x c i to n  in  CdS and  t h e  p r o p e r  c h o ic e  o f  ABC f a l l s  

b e tw e e n  ABC 1 and  ABC 2, b u t  c l o s e  t o  ABC 2.



-  126 -

References

1. Y. S egaw a, Y. Aoyagi, S. Komuro, S. Namba, S. In o u e  and  M. Nakay- 

ama, ( u n p u b l i s h e d ) ;  M. Nakayama e t  a l ,  ( u n p u b l i s h e d ) .

2 .  J .  J .  H o p f i e ld  and  D. G. Thomas, P hys. Rev. 1 3 2 ,  563 (1963) .

3. R. Z e y h e r ,  J .  L. B irm an, and  W. B re n ig ,  P hys .  Rev. B6, 4613 

(1972).

4. M. M a t s u s h i t a ,  J .  W iek s ted ,  and  H. Z. Cummins, P hys. Rev. B29, 

3362 (1984) .



-  127 -

Chapter 8. Summary

High r e s o l u t i o n  RBS e x p e r im e n t s  w e re  p e r f o r m e d  i n  t h e  v i c i n i t y  

o f  t h e  A r e x c i to n  r e s o n a n c e  in  CdS u s in g  a  s in g l e - m o d e  t u n a b l e  dye 

l a s e r  and  a  F a b r y - P e r o t  i n t e r f e r o m e t e r  i n  s e r i e s  w i th  a  d o u b l e - g r a t ­

ing  s p e c t r o m e t e r .  E x p e r im e n ts  w e re  p e r f o r m e d  a t  l i q u id ^ h e l iu m  and 

s u p e r f l u i d n h e l i u m n t e m p e r a t u r e s ,  and  co m p ared  w i th  BZB t h e o r y .  The 

k in e m a t ic  p r e d i c t i o n s  o f  t h e  t h e o r y ,  i . e .  t h e  B r i l l o u i n  s h i f t s  v s .  im? 

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

RBS, a g r e e d  w i th  o u r  e x p e r i m e n t a l  d a t a  v e ry  w e l l  which  d e m o n s t r a t e s  

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

H ow ever, t h e  s im p le  c o n s t a n t  p o l a r i t o n  dam ping m odel a d o p te d  by BZB 

f a i l e d  t o  e x p l a i n  t h e  s h a r p  i n c r e a s e  in  t h e  o b s e r v e d  B r i l l o u i n  

l i n e w i d t h  d a t a  above u^. A lso ,  t h e  t h e o r e t i c a l l y  p r e d i c t e d  RBS i n t e n ­

s i t y  b e h a v io r  u s in g  e i t h e r  o f  t h e  t h r e e  commonly u s e d  ABCs d e v i a t e d  

c o n s i d e r a b l y  f ro m  t h e  e x p e r im e n t  r e s u l t s .

We w e re  f a c i n g  tw o  m ajo r  p ro b le m s ,  i . e .  f r e q u e n c y - d e p e n d e n t  

p o l a r i t o n  damping in  t h e  e x c i t o n  r e s o n a n c e  r e g io n  and  t h e  ABC probr: 

lem . We s t a r t e d  o u r  i n v e s t i g a t i o n  w i th  t h e  RBS l i n e w i d t h  s i n c e  i t  was 

o n ly  r e l a t e d  t o  one o f  them ( t h e  f o r m e r ) .  As t h e  f i r s t  a t t e m p t  t o  

d ed u ce  e x c i t o n n p o l a r i t o n  damping f ro m  RBS l i n e w i d t h  a n a l y s i s ,  we con­

s i d e r e d  a l l  o f  t h e  p o s s i b l e  p o l a r i t o n  d ecay  c h a n n e l s  o t h e r  t h a n  RBS 

i t s e l f  and  fo u n d  t h a t  i t  was n e c e s s a r y  t o  i n c l u d e  a  k - l i n e a r  m ixing
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b e tw e e n  t h e  e x e i t o n  and  lo w e r  b r a n c h  o f  t h e  r ^ T p o l a r i t o n  s t a t e  

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

t h e o r e t i c a l  m odel f o r  p o l a r i t o n  dam ping y i e l d e d  a n  e s t i m a t e  o f  t h e  

v a l u e  f o r  t h e  k - l i n e a r  c o e f f i c i e n t  <j>A in  t h e  A - e x c i to n  in  CdS, a s  

g iv e n  i n  Eq. (4 .1 8 )  w h ich  was a b o u t  30 t im e s  s m a l l e r  t h a n  t h a t  o f  t h e  

B-^exciton in  CdS.

To f u r t h e r  v e r i f y  o u r  f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  damping 

m odel g iv en  by Eqs. (4 .1 4 )  and  (4 .1 5 ) ,  and  t o  g iv e  d i r e c t  e v id e n c e  f o r  

t h e  e x i s t e n c e  o f  t h e  k - l i n e a r  i n t e r a c t i o n  i n  t h e  A n e x c i to n  in  CdS, we 

i n v e s t i g a t e d  RBS l i n e w i d t h s  i n  a  weak m a g n e t ic  f i e l d  c o m p a ra b le  t o  

t h e  k - l i n e a r  i n t e r a c t i o n  i n  m a g n i tu d e .  From sy m m etry  c o n s i d e r a t i o n s ,  

a  p r o p e r l y  ch o o se d  m a g n e t ic  f i e l d  can  e n h a n ce  o r  c a n c e l  t h e  assum ed  

k - l i n e a r  i n t e r a c t i o n  in  t h e  A -e x c i to n  s t a t e s  and  c o n s i d e r a b l y  change  

t h e  RBS l i n e w i d t h  b e h a v io r ,  a s  shown in  Eq. ( 5 .5 ) .  We d id  o b s e r v e  t h i s  

change  a ro u n d  u)c r  by c o m p a r i so n  o f  t h e  m e a s u re d  RBS l i n e w i d t h  c u r v e s  

f o r  e x t e r n a l  m a g n e t ic  f i e l d s  o f  sam e m ag n i tu d e  b u t  o p p o s i t e  d i r e c ­

t i o n s ,  which a g r e e d  w i th  t h e o r e t i c a l  p r e d i c t i o n s  b a s e d  on o u r  f r e o  

q u e n c y -d e p e n d e n t  p o l a r i t o n  damping m o d el .  I n  a d d i t i o n ,  RBS l i n e -

s p l i t t i n g  was o b s e r v e d  c l e a r l y  a ro u n d  w f o r  B = + 9 .6  kG. T h isc r  y

f a c t  s u g g e s t e d  t h e  p o s s i b i l i t y  o f  d i r e c t l y  o b s e r v in g  t h r e e - b r a n c h  

p o l a r i t o n  b e h a v io r  i n  t h e  A - e x c i to n  in  CdS due t o  t h e  a b o v e -m e n t io n e d  

k - l i n e a r  m ixing by f u r t h e r  r a i s i n g  i n s t r u m e n t a l  r e s o l u t i o n  a n d / o r  

r e d u c in g  RBS l i n e w i d t h  by l o w e r in g  t h e  t e m p e r a t u r e .
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We p e r f o r m e d  RBS e x p e r im e n t s  a t  s u p e r f l u i d - h e l i u m  t e m p e r a t u r e  T 

= 1.9 K u s in g  a  v e r y  s m a l l  FSR o f  1 .0  cm~l . We s u c c e s s f u l l y  o b s e r v e d  

RBS l i n e - s p l i t t i n g  (d o u b le  p e a k s )  a r o u n d  wGr> f o r  b o t h  S to k e s  LA 2 - 2 '  

and  TA 2=2 ' c o m p o n e n ts ,  and  o b t a i n e d  a  d i r e c t  and  a c c u r a t e  d e te rm in a '-  

t i o n  o f  t h e  k - l i n e a r  c o e f f i c i e n t  <J>A in  t h e  A -e x c i to n  in  CdS f o r  t h e  

f i r s t  t im e ,  a s  g iv e n  i n  Eq. ( 6 .2 ) .  We a l s o  fo u n d  t h a t  t h e  RBS 

l i n e w i d t h ,  a s  w e l l  a s  t h e  p o l a r i t o n  dam ping w e re  g r e a t l y  r e d u c e d  a t  

s u p e r f l u i d - h e l i u m - t e m p e r a t u r e .

RBS i n t e n s i t y  i s  a  m ore c o m p l i c a t e d  t o p i c  s i n c e  i t  i s  r e l a t e d  t o  

n o t  o n l y  t h e  l o n g n c o n t r o v e r s i a l  ABC p ro b lem  ( i n c l u d i n g  t h e  s u r f a c e  

e f f e c t s  o f  c r y s t a l s ) ,  b u t  a l s o  t h e  f r e q u e n c y - d e p e n d e n e e  o f  t h e  pol-: 

a r i t o n  dam ping. None o f  t h e  t h r e e  commonly u s e d  ABCs a g r e e d  w i th  t h e  

o b s e r v e d  RBS i n t e n s i t y  d a t a .  A f i t  o f  t h e  t h e o r e t i c a l  i n t e n s i t y  

c u r v e s  u s in g  a  g e n e r a l i z e d  ABC w i th  o u r  f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  

dam ping m odel t o  t h e  e x p e r i m e n t a l  d a t a  show ed  t h a t  t h e  dead  l a y e r  

e f f e c t  in  CdS can  be n e g l e c t e d  an d  t h e  r i g h t  c h o ic e  o f  ABC f a i l e d  

b e tw e e n  ABC 1 and  ABC 2, b u t  c l o s e  t o  ABC 2.
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APPENDIX

Computer Programs

The f o l l o w i n g  p ro g ra m s  w ere  u s e d  t o  com pute  t h e  t h e o r e t i c a l  

r e s u l t s  p r e s e n t e d  i n  C h a p t e r s  4 t o  7 o f  t h i s  t h e s i s .  They a r e  a l l  

s t o r e d  in  t h e  L ig h t  S c a t t e r i n g  Group L i b r a r y  on  t h e  S c ie n c e  D iv is io n  

VAX 780 c o m p u te r  a t  t h e  C i ty  C o l le g e  o f  t h e  C i ty  U n i v e r s i t y  o f  New 

York.

1. P o l a r i t o n  d i s p e r s i o n

e l k 4 v . f (3 ~ b ra n c h due t o kx a t  T = 4 .2  K)

p h y k x l . f ( 3 - b r a n c h due t o kx and  By a t  T =

p h y k x 2 .f (3 “ b ra n c h due t o kx and  By a t  T =

2 .  B r i l l o u i n  s h i f t

e p b s 8 v . f  ( 2 ^ b ra n c h  a t  T = 4 .2  K)

s h y k x l . f  (3“ b ra n c h  due t o  kx and  By. a t  T = 4 .2  K)

s h y k x 2 . f  ( 3 r b r a n c h  due t o  kx and  By a t  T = 1.9 K)

3 .  RBS l i n e w i d t h



e p b s 8 v . f  ( f o r  c o n s t a n t  dam ping a t  T = 4 .2  K)

2 2 1 w q lv . f  ( f o r  dam ping o f  m odel I I I  a t  T = 4 .2  K)

w h y k x lv . f  ( f o r  dam ping  o f  m odel I I I  a t  T = 4 .2  K in  B^)

RBS i n t e n s i t y

2 2 s l i 1 v . f  (S to k e s  LA 2 - 2 '  i n t e n s i t y ,  u s in g  g e n e r a l i z e d  ABC

and  f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  dam ping a t  T = 4 .2  K) 

2 2 a l i 1 v . f  ( a n t i - s S to k e s  LA 2 - 2 '  i n t e n s i t y ,  u s in g  g e n e r a l i z e d  ABC 

and  f r e q u e n c y - d e p e n d e n t  p o l a r i t o n  dam ping a t  T = 4 .2  K)

N o n l in e a r  l e a s t  s q u a r e  f i t

c u r f t 2 v . f  (m ain  p ro g ram ) 

n l l s q v . f  ( s u b r o u t in e )

E ig e n v a lu e  and  e ig e n v e c t o r

e i g c c v . f  ( s u b r o u t i n e )
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FIGURE CAPTIONS

F ig .  1 .1 .  S c h e m a t ic  d iag ram  o f  p h o to n  and  A re x c i to n  d i s p e r s i o n  

c u r v e s  in  CdS a t  T = 4 .2  K. Broken  l i n e s  r e p r e s e n t  t h e  u n c o u p le d  

e x c i t o n  and p h o to n  p r o p a g a t i n g  in  t h e  medium. S o l i d  l i n e s  show t h e  

e x c i t o n - p o l a r i t o n  m odes, ml (k) and u>2(k ) .  The p a r a m e t e r  v a l u e s  u sed  

a r e  g iv e n  in  T a b le  1 .2  w i th  Y = 1.0 cm"'1.

F ig .  1 .2 .  S c h e m a t ic  r e p r e s e n t a t i o n  o f  a  b ac k w ard  RBS p r o c e s s

in v o l v in g  a s e m i - i n f i n i t e  s p a t i a l l y  d i s p e r s i v e  medium. Wavy, s o l i d  and  

b ro k e n  l i n e s  d e n o te  p h o to n s ,  p o l a r i t o n s  and  a c o u s t i c  ph o n o n s ,  r e s p e c ­

t i v e l y .  The r e c t a n g l e  n um bered  2 r e p r e s e n t s  t h e  p o l a r i t o n - p h o n o n  i n ­

t e r a c t i o n .

F ig .  1 . 3 . P r i m i t i v e  u n i t  c e l l  o f  CdS which c o n s i s t s  o f  2 c a d ­

mium a to m s  l o c a t e d  a t  ( 0 ,0 ,0 )  and  ( a / 3 , 2 a / 3 , o / 2 ) ,  and  2  s u l f u r  a to m s  

l o c a t e d  a t  ( 0 , 0 , u) an d  ( a / 3 , 2 a / 3 , c / 2 + u ) ,  r e s p e c t i v e l y .  S t r u c t u r e :  

W u r tz i t e .  S pace  g ro u p :  C^^ . S i t e  sy m m etry  o f  4 a to m s :  C ^ .  Conven­

t i o n a l  h e x a g o n a l  u n i t  v e c t o r s :  a !  = a x ,  a 2 = ( - a / 2 )x + ( / 3 a / 2 )y ,  a 3 = 

cz.  L a t t i c e  p a r a m e t e r s :  a  = 4 .16 A , c = 6 .75  A , u = 2 .5 3  A , 6 = 

1 2 0 °.

F ig .  1 .4 .  E nergy  b and  s t r u c t u r e  i n  CdS a t  k = 0 and  T = 4 .2  K.
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F ig .  1 .5 .  1s A - e x c i to n  s t a t e s  i n  CdS a t  k = 0 and  T = 4 .2  K.

F ig .  3 .1 .  RBS e x p e r i m e n t a l  a r r a n g e m e n t .

F ig .  3 .2 .  S c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  C r y o - t i p  s y s t e m .

F ig .  4 .1 .  B r i l l o u i n  s c a t t e r i n g  s p e c t r a  o f  CdS show ing  S to k e s  LA

2 - 2 '  co m p o n en ts  f o r  v a r io u s  i n c i d e n t  l a s e r  f r e q u e n c i e s .  The f r e e  

s p e c t r a l  r a n g e  i s  13 .3  cm ^1. The e l a s t i c  s c a t t e r i n g  peak  i n d i c a t e s  

t h e  i n s t r u m e n t a l  l i n e w i d t h .  N o te  t h a t  t h e  t r u e  i n t e n s i t y  f o r  t h e  

l o w e s t  f o u r  s p e c t r a  i s  tw ic e  a s  l a r g e  a s  show n in  t h e  f i g u r e .

F ig .  4 .2 .  S to k e s  LA 2 p 2 '  B r i l l o u i n  l i n e w i d t h  v s .  i n c i d e n t  l a s e r  

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

s o l i d  l i n e  i n  (a) i s  t h e  b e s t  f i t  t o  m odel (I) w i th  Y0 = 0 .6 3  cm "1. The 

s o l i d  l i n e  i n  (b) i s  t h e  b e s t  f i t  t o  m odel ( II)  u s in g  Eqs. (4 .6 )  w i th  

Y0 = 0 .1 2  cm'51 and Yj = 0 .3 5  cm "1. The s o l i d  l i n e  i n  (c) i s  t h e  b e s t  

f i t  t o  m odel ( I I I )  u s in g  Eq. (4 .14 )  w i t h  Y0 = 0 .2 4  cm "1 , Yj = 0 .09  

cm-’1, Y2 = 2 .7  cm "1 and  e  = 0 .0 6  .

F ig .  4 .3 .  C a l c u l a t e d  d i s p e r s i o n  c u r v e s  o f  T^T(A) e x c i t o n - p o l a r i -  

to n s  and  T^(A) e x c i t o n s  i n c l u d i n g  t h e  k - l i n e a r  i n t e r a c t i o n  b e tw e e n  

th em . I n s e t :  S c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  d i s p e r s i o n  c u r v e s  n e a r  

t h e  c r o s s i n g  f r e q u e n c y  mQr. The b ro k e n  l i n e s  show t h e  l o w e r  b ra n c h
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of t h e  r ^ T(A) p o l a r i t o n  and  Tg(A) e x c i t o n  w i t h o u t  t h e  k - l i n e a r  i n t e r ­

a c t i o n .

F ig .  4 .4 .  A n t i - S to k e s  LA 2 - 2 '  B r i l l o u i n  l i n e w i d t h s  v s .  i n c i d e n t  

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

l i n e s  a r e  c a l c u l a t e d  l i n e w i d t h s  u s in g  t h e  p a r a m e t e r s  fo u n d  f ro m  th e  

S to k e s  LA 2 - 2 '  f i t s  b a s e d  on YC to) o f  m odel I ,  I I ,  and  I I I  r e s p e c ­

t i v e l y .

F ig .  4 .5 .  F re q u e n c y  d ep e n d en ce  o f  t h e  p o l a r i t o n  dam ping Y(id) 

fo u n d  from  t h e  B r i l l o u i n  l i n e w i d t h  d a t a  w i th  m odel I  [E q .  ( 4 . 5 ) ] ,  

model I I  [E q s .  (4 .6 )  an d  ( 4 .7 ) ]  and  m odel I I I  [E q s .  (4 .1 4 )  and  ( 4 .1 5 ) ] .

F ig . 4 .6 .  ( a )  L i f e t i m e  o f  p o l a r i t o n s  c o r r e s p o n d in g  t o ' t h e  Y(u)

o b ta in e d  from  t h e  b e s t  f i t  o f  t h e  RBS l i n e w i d t h  d a t a  t o  m odel I I I .  

(b )  P o l a r i t o n  l i f e t i m e  m e a s u r e d  by W iesner and  Heim w i th  t i m e -  

r e s o l v e d  lu m in e s c e n c e  s p e c t r o s c o p y .

F ig .  5 .1 .  C a l c u l a t e d  d i s p e r s i o n  c u r v e s  o f  r ^ A )  e x c i t o n - p o l a r i ^  

t o n s  and  Tg(A) e x c i t o n s  i n c l u d i n g  t h e  k - : l i n e a r  i n t e r a c t i o n  b e tw e e n  

them  in  t h e  p r e s e n c e  o f  a  m a g n e t ic  f i e l d  ( a )  B = + 4 .8  kG ; (b )  B
O' O

= -  4 .8  kG.

F ig .  5 .2 .  C a l c u l a t e d  damping c o n s t a n t s  o f  i n c i d e n t  ( s o l i d  l i n e s )  

and  s c a t t e r e d  e x c i t o n n p o l a r i t o n s  (b ro k e n  l i n e s )  f o r  ( a )  By = + 4 .8
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kG ; (b) By = -  4 . 8  kG ; and ( c )  By = 0 .

F ig .  5 .3 .  C a l c u l a t e d  S to k e s  LA 2 ^ 2 '  B r i l l o u i n  l i n e w i d t h s  vs  in=

c i d e n t  l a s e r  f r e q u e n c y .  The s o l i d  l i n e  i s  f o r  By = + 4 . 8  kG, t h e

b ro k e n  l i n e  f o r  B = -  4 .8  kG, and  t h e  d o t t e d  l i n e  f o r  Bv = 0.y J

F ig .  5 .4 .  RBS g e o m e t r i e s :  ( a )  B a c k s c a t t e r e d  RBS g e o m e t ry  w i th

B > 0 .  (b )  B a c k s c a t t e r e d  RBS g e o m e tr y  w i th  B < 0 o b t a i n e d  from  (a) 
y y

by r e v e r s i n g  t h e  d i r e c t i o n  o f  t h e  m a g n e t ic  f i e l d ,  (c )  B a c k s c a t t e r e d  

RBS g e o m e tr y  w i th  By < 0 o b t a i n e d  from  (a) by  t u r n i n g  t h e  c r y s t a l  

u p s id e  down.

F ig .  5 .5 .  O b se rv ed  S to k e s  LA 2 - 2 '  l i n e w i d t h s  vs i n c i d e n t  l a s e r

f r e q u e n c y  f o r  B = 0 w i th  ( a )  t h e  s c a t t e r i n g  g e o m e t ry  show n in  F ig .

5 .4 ( a ) ;  (b) t h e  s c a t t e r i n g  g e o m e t ry  show n i n  F ig .  5 . 4 ( c ) .

F ig .  5 .6 .  O b se rv ed  S to k e s  LA 2=?2' l i n e w i d t h s  vs  i n c i d e n t  l a s e r

f r e q u e n c y  f o r  ( a )  By = + 4 .8  kG; (b) By = “ 4 .8  kG. S o l i d  d o t s  r e p ­

r e s e n t  t h e  e x p e r i m e n t a l  d a t a ,  and  s o l i d  l i n e s  a r e  t h e o r e t i c a l  p r e d i c ­

t i o n s .

F ig .  5 .7 .  O b se rv ed  S to k e s  LA 2 - 2 '  p r o f i l e s  a t  to = 2 0 5 9 2 .0  cm "1 

f o r  By = r 4 .8  kG, 0 , and  + 4 .8  kG. F re q u e n c y  i n c r e a s e s  f ro m  l e f t  t o  

r i g h t  i n  e a c h  s p e c t r u m .
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F ig .  5 .8 .  O b se rv ed  S to k e s  TA 2 - 2 '  l i n e w i d t h s  v s  i n c i d e n t  l a s e r  

f r e q u e n c y  f o r  ( a )  = + *1.8 kG; and ( b )  = -  M.8 kG.

F ig .  5 .9 .  O b se rv ed  S to k e s  LA 2 - 2 '  l i n e w i d t h s  v s  i n c i d e n t  l a s e r

f r e q u e n c y  f o r  ( a )  B = + 9 .6  kG ; (b )  B = -  9 .6  kG.
J v

F ig .  5 .1 0 .  O b se rv ed  S to k e s  LA 2 - 2 '  p r o f i l e s  f o r  By = + 9 .6  kG

a t  d i f f e r e n t  l a s e r  f r e q u e n c i e s .  F re q u e n c y  i n c r e a s e s  from  l e f t  t o

r i g h t  in  e a ch  s p e c t r u m .

F ig .  6 .1 .  E f f e c t s  o f  mixing on t h e  A -e x c i to n  in  CdS. ( a )  The 

o p t i c a l l y - a c t i v e  e x c i t o n  i n t e r a c t s  w i th  t h e  p h o to n  p ro d u c in g  th e  

tw o - b r a n c h  p o l a r i t o n .  The lo w e r  p o l a r i t o n  b ra n c h  2 c r o s s e s  t h e  o p t i ­

c a l l y - f o r b i d d e n  Tg e x c i t o n  a t  n)cr>. (b )  The r ^ T and  Tg e x c i t o n s  a r e  

mixed by t h e  k - l i n e a r  i n t e r a c t i o n  p ro d u c in g  tw o  h y b r id i z e d  e x c i to n  

s t a t e s .  N ote  t h a t  t h e r e  i s  no d i s p l a c e m e n t  o f  t h e  e n e rg y  minima in  

t h i s  c a s e  due t o  t h e  r e l a t i v e  w eak n ess  o f  t h e  c o u p l in g  in  c o n t r a s t  t o  

F ig .  1(b) in  R ef .  5 o f  C h a p te r  6 f o r  t h e  B - e x c i to n  in  CdS. ( c )  T h re e -  

b r a n c h  e x c i t o n - p o l a r i t o n  d i s p e r s i o n  c u r v e s  r e s u l t i n g  from  t h e  s i m u l ­

t a n e o u s  i n t e r a c t i o n s  i n  (a) and  (b ) .  The c u r v e s  shown h e r e  r e s u l t e d  

from  Eq. (6 .1 )  u s in g  p a r a m e t e r  v a l u e s  d i s c u s s e d  in  t h e  t e x t .  P o l a r i ­

t o n  b r a n c h e s  2 and  3 b o th  hav e  s i g n i f i c a n t  o s c i l l a t o r  s t r e n g t h  o n ly  

in  t h e  v i c i n i t y  o f  w . N ote  t h a t  (c) i s  d raw n t o  s c a l e ,  w h i le  (a) and
C "

(b) a r e  s c h e m a t ic .
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F ig .  6 .2 .  S to k e s  LA and TA 2 - 2 '  B r i l l o u i n  s h i f t s  ( d o t s )  and t h e ­

o r e t i c a l  c u r v e s  ( l i n e s )  com puted  u s in g  t h e  p a r a m e t e r s  g iv en  in  t h e  

t e x t .  The i n s e t  show s an  e n l a r g e d  s e c t i o n  o f  t h e  LA c u r v e s  n e a r  wc r

w h ere  s p l i t t i n g  i s  o b s e r v e d .  The g r a d a t i o n  o f  t h e  d o t s  i l l u s t r a t e s  

s c h e m a t i c a l l y  t h e  r e l a t i v e  i n t e n s i t y  o f  t h e  La  and L^ co m p o n en ts .

F ig . 6 .3 .  B r i l l o u i n  s p e c t r a  show ing  S to k e s  LA and  TA 2 - 2 '  com­

p o n e n t s  a t  t h r e e  d i f f e r e n t  l a s e r  f r e q u e n c i e s  n e a r  u> . The r e l a t i v e  

p o s i t i o n s  o f  LA and TA co m p o n en ts  i n  (b) and  (c )  a r e  d i s t o r t e d  by  t h e  

e f f e c t  o f  o v e r la p p in g  o r d e r s  i n h e r e n t  t o  t h e  F a b r y P e r o t  o u t p u t .  The 

r e a l  p o s i t i o n s  o f  LA and  TA p e a k s  s h o u ld  be  r e a d  on s e p a r a t e  s c a l e s .

F ig .  6 .4 .  M easu red  and  c a l c u l a t e d  s p e c t r a l  s p l i t t i n g  o f  S to k e s

LA and TA 2 - 2 '  B r i l l o u i n  co m p o n en ts .  The s o l i d  l i n e s  a r e  t h e  b e s t  f i t

r e s u l t s  w i th  <t>A = 2 .7  x 10-11 eV cm.

F ig .  6 .5 .  ( a )  M easu red  ( d o t s )  and c a l c u l a t e d  ( l i n e s )  S to k e s  LA

2 - 2 '  B r i l l o u i n  l i n e w i d t h  vs  i n c i d e n t  l a s e r  f r e q u e n c y .  The c r o s s e s  

r e p r e s e n t  t h e  m easu red  a v e r a g e  l i n e w i d t h  o f  s p l i t  co m p o n en ts  La  and  

L^ n e a r  u)o r  . (b )  R e s u l t i n g  p o l a r i t o n  dam ping c o n s t a n t  Y(oj) a t  1 .9  K

a s  g iv en  in  Eq. (6 .3 )  and  (6 .4 ) .

F ig .  7 .1 .  C a l c u l a t e d  S to k e s  LA 2 - 2 '  i n t e g r a l  i n t e n s i t i e s  v s  i n ­

c i d e n t  l a s e r  f r e q u e n c y  u s in g  ABC 1 and tw o  d i f f e r e n t  Y(w). The b ro k e n  

l i n e  c o r r e s p o n d s  t o  Y = 0 .63  cm "1 (m o d el  I ) .  The s o l i d  l i n e  c o r r e s -
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ponds t o  Y(u)) g iv e n  by E qs. (4 .1 4 )  an d  (4 .15)  (m odel I I I ) .

F ig .  7 .2 .  C a l c u l a t e d  S to k e s  LA 2 r 2 '  i n t e g r a l  i n t e n s i t i e s  vs i n ­

c i d e n t  l a s e r  f r e q u e n c y  u s in g  Y(cj) g iv e n  by Eqs. (4 .14 )  and  (4 .15 )

(m odel I I I )  an d  ABC 1, 2 ,  and 3 r e s p e c t i v e l y .  The s o l i d  d o t s  a r e

e x p e r i m e n t a l  d a t a .

F ig .  7 .3 .  The b e s t  f i t  r e s u l t  ( s o l i d  l i n e )  f o r  S to k e s  LA 2 - 2 T

i n t e g r a t e d  i n t e n s i t y  v s  i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  a  g e n e r a l i z e d

ABC and  a  c o n s t a n t  Y = 0 .6 3  cm "1 (m ode l  I ) .  The r e s u l t a n t  p a r a m e t e r s
0

a r e  S = 1 .0  exp(i1  . 9 tt) ,  b = 0 .0003  A . The s o l i d  d o t s  a r e  e x p e r i m e n t a l  

d a t a .

F ig .  7 .4 .  The b e s t  f i t  r e s u l t  ( s o l i d  l i n e )  f o r  S to k e s  LA 2 - 2 '

i n t e g r a t e d  i n t e n s i t y  vs i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  a  g e n e r a l i z e d

ABC and  Y(ui) g iv e n  by Eqs. (4 .6 )  and  (4 .7 )  (m odel I I ) .  The r e s u l t a n t
0

p a r a m e t e r s  a r e  S = 1 .0  exp(i1 . 8 i t) ,  b = 0 .2 4  A . The s o l i d  d o t s  a r e  

e x p e r i m e n t a l  d a t a .

F ig .  7 .5 .  The b e s t  f i t  r e s u l t  ( s o l i d  l i n e )  f o r  S to k e s  LA 2 - 2 ’ 

i n t e g r a t e d  i n t e n s i t y  vs  i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  a  g e n e r a l i z e d  

ABC and Y(io) g iv e n  by Eqs. (4 .14 )  an d  (4 .15 )  (m odel I I I ) .  The r e s u l c  

t a n t  p a r a m e t e r s  a r e  S = 1 .0  e x p ( i1 .8 u ) f b = 0 .2 3  A . The s o l i d  d o t s  

a r e  e x p e r i m e n t a l  d a t a .
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F ig .  7 .6 .  C a l c u l a t e d  ( s o l i d  l i n e )  a n t i ^ S t o k e s  LA 2 - 2 '  i n t e g r a l  

i n t e n s i t y  vs  i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  a  g e n e r a l i z e d  ABC w i th  S 

= 1 .0  e x p ( i1 .9 i r ) ,  b = 0 .0003  ^ , an d  a  c o n s t a n t  7  = 0 .6 3  c m -1 (m odel 

I ) .  The s o l i d  d o t s  a r e  e x p e r i m e n t a l  d a t a .

F ig .  7 .7 .  C a l c u l a t e d  ( s o l i d  l i n e )  a n t i - S t o k e s  LA 2 - 2 '  i n t e g r a l

i n t e n s i t y  vs  i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  a  g e n e r a l i z e d  ABC w i th  S 

= 1 .0  e x p ( i1 .8 i r ) ,  b = 0 .2 4  A , and  Y(<o) g iv e n  by Eqs. (4 .6 )  and  (4 .7 )  

(m odel I I ) .  The s o l i d  d o t s  a r e  e x p e r i m e n t a l  d a t a .

F ig .  7 .8 .  C a l c u l a t e d  ( s o l i d  l i n e )  a n t i - S t o k e s  LA 2 - 2 '  i n t e g r a l

i n t e n s i t y  vs  i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  a  g e n e r a l i z e d  ABC w i th  S 

= 1 .0  e x p ( i1 .8 u ) ,  b = 0 .2 3  A , and  Y(u>) g iv e n  by Eqs. (4 .14 )  and  (4 .15 )  

(m odel I I I ) .  The s o l i d  d o t s  a r e  e x p e r i m e n t a l  d a t a .

F ig .  7 .9 .  C a l c u l a t e d  ( s o l i d  l i n e )  S to k e s  LA 2 - 2 '  i n t e g r a l  i n t e n ­

s i t i e s  vs i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  Y(w) g iv e n  by Eqs. (4 .1 4 )  and

(4 .1 5 )  (m odal I I I )  and  a  g e n e r a l i z e d  ABC w i th  S = 1 .0  e x p ( i1 . 8 ir), b u t  

d i f f e r e n t  b . The s o l i d  d o t s  a r e  e x p e r i m e n t a l  d a t a .

F ig .  7 .1 0 .  C a l c u l a t e d  ( s o l i d  l i n e )  S to k e s  LA 2 - 2 '  i n t e g r a l  inn  

t e n s i t i e s  vs i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  Y(u>) g iv e n  by Eqs. (4 .1 4 )  

and  (4 .15)  (m odel I I I )  an d  a  g e n e r a l i z e d  ABC w i th  <(> = 1 .8 4 tt , b = 0,

b u t  d i f f e r e n t  | S | .  The s o l i d  d o t s  a r e  e x p e r i m e n t a l  d a t a .
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F ig .  7 .1 1 .  C a l c u l a t e d  ( s o l i d  l i n e )  S to k e s  LA 2 -j2 '  i n t e g r a l  i n "  

t e n s i t i e s  vs i n c i d e n t  l a s e r  f r e q u e n c y  u s in g  7 ( oj) g iv e n  by Eqs. (4 .14 )

and  (4 .1 5 )  (m odel I I I )  an d  a  g e n e r a l i z e d  ABC w i th  S = 1 .0 ,  b = 0 , b u t

d i f f e r e n t  ip r a n g in g  f ro m  0 t o  ir. The s o l i d  d o t s  a r e  e x p e r i m e n t a l  

d a t a .

F ig .  7 .1 2 .  C a l c u l a t e d  ( s o l i d  l i n e )  S to k e s  LA 2 - 2 '  i n t e g r a l  incj 

t e n s i t i e s  vs i n c i d e n t  l a s e r  f r e q u e n c y  u s i n g  Y(w) g iv e n  by Eqs. (4 .14)

and (4 .1 5 )  (m odel I I I )  an d  a  g e n e r a l i z e d  ABC w i th  S = 1 .0 ,  b = 0, b u t

d i f f e r e n t  <f> r a n g in g  f ro m  ^ ti t o  0. The s o l i d  d o t s  a r e  e x p e r i m e n t a l  

d a t a .
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The B a n d  Structure of  CdS a t  k= 0
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