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- - - - - -- - - ABSTRACT vm 
i 

The r e s o n a n t  ~amh;l spectrum of GaSe h a s  been i n v e s t i -  

cC 
i g a t e d  us ing  a cw t u n a b l e  dye laser. I n  order t o  f u l l y  

comprehend t h i s  spectrum it w a s  n e c e s s a r y  t o  s t u d y  t h e  non- 

r e s o n a n t  Raman spec t rum of GaSe and i ts sister compound Gas. 

The f r e q u e n c i e s  of v i b r a t i o n  oEwthe phonon modes a t  t h e  

zone c e n t r e  have been measured a t  room and a t  l i q u i d  n i t r o g e n  -- - - - - - - - 

t e m p e r a t u r e s  f o r  bo th  compounds. The r e s u l t s  f r o m , t h e  Raman 

exper iments  have made p o s s i b l e  a d e t e r m i n a t i o n  o f  t h e  poly- 

type c o n t e n t  of t h e s e  cornpoufis. I n  p a r t i c u l a r  it h a s  been 
- 

4 found t h a t  Gas c r y s t a l l i z e s  i n  t h e  B-polytype (DGh).' GaSe, 

1 however, is found t o  b e  predominant ly  of  t h e  E-polytype (Djh) 

when o b t a i n e d  i n  p l a t e l e t s  o r  f l a k e s  and o f  t h e  y-polytype 

5 
( C j v )  when o b t a i n e d  i n  n e e d l e s .  A l l  of  t h e  modes have been 

a s s i g n e d ,  on t h e  b a s i s  of t h e i r  observed p o l a r i z a t i o n  depen- 

dence ,  t o  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of t h e  a p p r o p r i a t e  

po3nt  group.  E x c e l l e n t  agreement h a s  also been o b t a i n e d  

between the observed  and p r e d i c t e d  a n i s o t r ~ p i c  behaviour  o f  

t h e  poJar modes i n  GaSe, 
1 

I n  t he  r e s o n a n t  Itax& exper iments ,  a d e t a i l e d  i n v e s t i g a -  

t i o n  of t h e  energy  dependence o f  t h e  s c a t t e r i n g  e f f i c i e n c y  
i . 

has been carried o u t  i n  t h e  region j u s t  belop t h e  energy  gap,  

which for G a S e  falls i n  the middle  of t h e  s p e c t r a l  range of 
- - - - --- - - ----p - - - -- - - - - -- - -- -- - - 

t h e  b y e - I a s e r .  The s c a t t e r i n g  e f f i c i e n c y  was observed  t o  

undergo a maximum when t h e  l a s e r  energy  w a s  e q u a l  to  t h e  
* 

e n e r g y  of the f r e e  e x c i t o n .  The g e n e r a l  energy  dependence 

iii 



I - . . 
was -- found - - - to -p - be -- , i n  --- good agreement w i t h  that pr- 

Martin f o r  q-dependent s c a t t e r i n g .  The observed -angular 

independence of  t h e  s c a t t e r i n g  is ,  however, i n  apparent  . 

d i s c o r d  with t h i s  theoryJ, and for one mode, A;' (M), c r y s t a l  

mamenturn conse rva t ion  i s  observed t o  be broken. The non- 

p o l a r  modes have been observed t o  e x h i b i t  a s t r o n g  anti- 

r e sonan t  behaviour s i m i l a r  t o  t h a t  observed i n  CdS;pbu) 
- - - a - 

t he  p r e s e n t  results cannot  be i n t e r p r e t e d  i n  terms of t h e  

previous empi r i ca l  models. 



7 
- - - - , ACKNOWLEDGEMENTS 

I would l i k e  t o  thank the National ~ e s e a r c h  Council  

of Canada, t h e  Department of Physics and D r .  J . C .  Irwin 

f o r  f i n a n c i a l  suppor t . .  While this support w a s  substantial, 

I would a l s o  like t o  acknowledge the f i n a n c i a l  (and, oh yes, 

moraff suppor t  of M s  B.L. Hoff who made these f ive  years 

I would l i k ~  t o  thank D r .  John ~ r e b & r  of the 

~ n i v e r s i t g  de Montreal and Dr, R.-WA. Lieth of Eindhoven 
- -- -- - - - - 

Univers i ty ,  The Nether lands ,  f o r  the loan  of t h e  GaSe samples 

used in t h i s  work. My thanks go t o  Dr. R,M. Martin for his 

permission t o  u s e  h i s  r e s u l t s  f o r  t h e  Resonant ~aman*cross- 

s e c t i o n  i n  t h e  parameter ized  form. 

I would l i k e  t o  thank D r .  J . C .  I rwin ,  my supervisor, 

for his cont inued,  although a t  t imes  somewhat sarcastic, 

suppor t ,  and t o  t h e  rest' of our  group for their help.  My 
\ 

t h a n k s  go ta Ms M . G .  Jacques f u r  her help in t y p i n g  the 

manuscript ' .  And f i n a l l y ,  

I'LL thank all the guys i n  the shops 
For a l l  the successes and f l o p s  
As t h e  man once sa id  
With hammer on  head 
"It f e e l s  s o  damn good when it stops". 



L . . - .- page 
. 

. . . . . . . . . . . . . . .  . . . . . . . . .  Acknowf edgements .- , V I 

. . . . . . . . . . . . . . . . . . . .  L i s t  of . Tables viii 

. . . . . . . . . . . . . . . . . . . . .  List of Figures 'ix 

. . . . . . . . . . . . . . . . . .  . I . INTRODUCTION t 1 

. THE RAMAH EFFECT IN THE GALLIUM CHALCOCZNIDES Gas . . . . . . . . . . . . . . . .  and GaSe THEORY 5 

. . . . . . . . . . . . . . .  3.3.2 E-y GaSe 70 

. . . . . . . . . . . . . . . .  2.1 Introduction 5 

2.2 The First Order Raman Effect in Crystals . . 9 * 

2.3 Crystal Structure . . . . . . . . . . . . . . .  17 
. . . . . . . . . . . . .  2.3.1 The Unit Layer 17 

. . . . . . . . . . .  2.3.2 Gallium Sulphide 17 

. . . . . . . . . . .  2.3.3 Gallium Selenide 39 

. . . . . .  . 2 . 4  Group Theory and Selection Rules 23 

. . . . . . . . . .  2.5 Normal Modes of vibration' 37 

111 . THE FIRST ORDER RAMAN SPECTRA OF Gas and GaSe . . . . . . . . . . . . . . . . . . . .  EXPERIMENTAL 44 

. . . . . . . . . . . . . . .  3.1*1 Crystals 44 

. . . . . . . . . . . . . . .  . 3.1.2 Apparatus 46 

. . . . . . . . . . . . . . . . . . . .  3 . 2  R e s u l t s  50 

. . . . . . . . . . . . . . . . .  3 . 2 . 1  Gas 50 

. . . . . . . . . . . . . . .  3.2.2 E-y GaSe 53 

. . . . . . . . . . . . . . . . .  3.2.3. y- GaSe 59 

. . . . . . . . . . . . . . . . .  3 .3  Discussion 70 



f V .  F E E - R E S W A W I ~ E C T  I N  -Y . . . 
I 4.1 Intraduction . . . . . . . . . . . . . . . . 83 

4.2 Theoretical Considerations . . . . . . . . . 87 

V. THE RESONANT RAMAN EFFECT 1 N . G a S e  - EXPERIMENT . . 113 
5.1.1 Crystals . . . . . . = . . . . . . . . 113 4 

5.1.2 Method:. . . . . . . . I . . . . . . 113 
5,1,3 ScatteringXf f icxency and A b s o r p t i o ~  - -- 

Corrections . . . . . . . . . . . . . 114 
5.2 Results . . . . . . . . . . . . . . . . . . . 123 

L. 

5.2.3 Angular ~ e ~ e n d e n c e  . ; . . . . . . . . 128 
5.3 Discussion . . . . . . . . . . . . . . . . - 1 3 1  

5.3.1 Spectral Features . . . . . . . . . . 131 
1 

5.3.2 P o f  ar modes . ,. . . . . . . .. . . . . 13f 
5.3.2.1 Wavelength Dependence . . . . 132 
5.3.2.2 Selection Rules . . . . . . . 134 
5.3.2.3 Direction Dependence . . . .  . 136 

5.3.4 Second-Order Phonons . . . . . . . . . 140 
VI. CONCLUSION . . . . . . . . , . . . . ; . . . . . 142 

v 
6 .  Conclusion . . . . . . .. ' .  . . . . . . . . . 142. 
6.2 Suggeskions for Further Work . . , . , , . , 146 

APPENDIX B SELECTION RULES FOR RAMAN SCATTERING . . . . 158 - 
LIST OF REFERENCES . . . . . . . . . . . . . . . . . . . 174 



Table 

LIST OF TABLES 

Paqe 
> 

L a t t i c e  pa rame te r s  of the g a l l i u m  cha l -  . 
cogenides  . . . . . . . . . . . . . . . .  6 20 

S e l e c t i o n  rules for 8 ,  B, and- y p o l y t y p e s  . 35 

Assignments .and F requenc ie s  of V i b r a t i o n  . . . . . . . . . . . . . . . . .  of B-Gas 52 

Assignments and Frequenc ies  of V i b r a t i o n  A - I -  I . . . . . . . . . . . . .  of ( E -  yJ G a S e .  5 8  

Assignme,nts and Frequencies of V i b r a t i o n  . . . . . . . . . . . . . . . . .  ofy -GaSe  67 

Ratios of F requenc ie s  of V i b r a t i o n  6f C O P  
responding  Modes o f  Gas and GaSe . . . . .  7 1  

M a t e r i a l  Pa rame te r s  of GaSe . ./ . 106 

1 3  v i i  i 



F i g u r e  - @ Page 

2 . 1  The six p o s s i b l e  t i m e  o r d e r i n g s  o f  t h e  first 
. . . . . . . . .  o r d e r  Raman s c a t t e r i n g  e v e n t  1 3  

. . . . . . . . .  2 . 2  U n i t  l a y e r  of Gas and GaSe 1 8  
r 

2 . 3  S t a c k i n g  sequences for 6 ,  E, and Y p d y t y p e s .  2 1  

2.4 k&3 I 4Electrostatic l i m i t )  r Phonon d*sper-l-- 
' s i o n  Curves  a t  s m a l l  wavevec to r  i n  e l e c t r o -  

. . . . . . . . . . . . . . . .  s t a t i c  l i m i t  30 

2 . 5  . CASE I1 ( A n i s o t r o p i c  L i m i t )  : Phonon d i s p e r -  
,sign C ~ ~ I P S  at s m l l  wavevector  in anisotrop- 
i c  l i m i t  . . . . . . . . . . . . . . . . . . .  

. . .  2 .6  q o m l  !(!odes of v i b r a t i o n  o f  3- p o l y t y p e  

2 . 7  N o q a l  modes o f  v i b r a t i o n  of E-po ly type  . . .  
* 

2 . 8  N o r m a l  modes of v i b r a t i o n  o f  7 - p o l y t y p e  . . .  
3 . 1  Raman 'spectrum of Gas ; . . . . . . . . . . .  

. , 3 . 2  Raman .spectrum of  E:-{ GaSe: Y ( Z Z )  X geometry . 
3 . 3  ' Raman spectrum o f  5-y' GaSe: Y (ZY) X geometry  . 
3 . 4  Raman s p q c t r u m . o f  E-y-GaSe: Y ( X Y ) ' Z  geometry . 
3.5 Raman. spectrum of E-y GaSe: Y ( X X )  Z . 
3 . 6  Spa t ia l  c o o r d i n a t i o n  o f  atoms i n  ab-p lane  of 
. .  t h e  y -po ly type  . . . . . . . . . . . . . . . . .  - 
3 . 7  Diagram o f  y-GaSe n e e d l e  . . . . . . . . . . . .  

-? 

. . 
\ 

. , 
3 . 8  Raman spectra hf y-GaSe : Z ( X X )  Y and z (YX) Y . . 
3.9 Raman s p e c t r a  of y-GaSe: Z CYZf Y -and Z (XZIY , .' 

- 
3.10 Raman smctra 07•’ Y-GaSe: Z(XX)Z and X(ZZ)Y . . 

\ - 
3.11. Raman spectra of  y-GaSe: Y (ZZIY . . . . . . . .  
3 . 1 2  The s c a t t s r i n g  geometry f o r  a r b i t r a r y  v i e w i n g  

angle w i t h  r e s p e c t  - t o  the y-need le  f a c e  . . .  



Page Figure  ' 

~ i s ~ e r s i o n  of LO-TO phonons i n  y-GaSe ver- . . . . . . . . . . . . . .  s u s  p ropaga t ion  angle 81 

S c a t t e r i n g  ampl i tude  , f o r  Deformat ion Pot- * 
e n t i a l .  s c a t t e r i n g  1 0 4  ? . . . . . . . . . . . . . . .  

- > .  
S c a t t e r i n g  ampl i tude  f o r  ~ r 6 h l i c h ' s c a t t e r -  
~ i n g  (Is  e x c i t o n  o n l y  and u n c o r r e l a t e d  p a i r s ) .  107 

- - 

S c a t t e r i n g  ampl i tude  for. FrchTZch s c a t t e r i n g  . . . . . . . . . . .  . ( comple te  c a l c u l a t i o n ) .  110-1 

. . . . .  S c a t t e r i n g  geometry * used i n  RRE/. 115 

Absorp t ion  c o e f f i c j e n t  I ,  o f - ~ a ~ (  . .  1 2 0  . 
a .  d . . . . . . . .  Resonant Raman s p e c t r a  f  GaSe 1-24 

R e l a t i v e  s c a t t e r i n g  e f f i c i e n c y  o f  holar LO . . . . . . . . . . . . . . . . . . . .  modes 1 2 6  

~ e l a t i v e  s c a t t e r i n g  e f f i c i e n c y  of 'non-polar . 
A ~ '  (1% cm-1)  and E! (TO) , (215  c m - I ) ,  modes . . 127 

- ,  

R a t i o  of backward t o  f o r w a r d - s c a t t e r i n g  c ros s -  . . . . . . . . . . . . . . . . . .  . s e c t i o n  5 130 
c . , 



u s e  

INTRODUCTION 

The s t u d y ,  6 f - - the  T a t t i c e d y n a m i i i o f  c r y s t , a l s  b y t h e p p y  

o f  t h e  v i b r a t i o n a l  Raman e f f e c t  h a s  become q u i t e  ex- 

t e n s 2 v e  i n  r e c e n t  yeirs: The r e a d e r  w i l l  r e c a l l  t h a t  t h e  . - 

R a m a n  e f f e c t  i s r  t h e  i n e l a s t i c  s c a t t e r i n g  o f  l i i h t  w i t h  t h e  
* - .  I, -, i 

b h i f t  i n  , - e n e r g y  of. t h e  fin;i pho ton .  b e i n g  due t o  t h e  c r e a t i o n  

o r  a n n h j l a t i o n  'of a phonon. The t e c h n i q u e  i s  most'? 5 

, e f f e c t i v e  i n  tho-se crystals which are trarrspare-rrt at t h e  - - 

i n c i d e n t  i i g h t  f r e q u e n c g  and t h u s  L t h e  u s e  o f  R m a n  ' s c a t t e r i n g  

h a s  become w i d e s p r e a d  i n  s t u d y i n g  - t h e  l a t t i c e  dynamics  of 

wide  band s e m i c o n d u c t o r s  and i n s u l a t o r s .  

I n  s t u d y i n g  khe l a t t i c e  d y n a p i c a l  p r o p e r t i e s  of a 
A 

c r y s t a l ,  t h e n ,  o n e  u s u a l l y . c h o o s e s  an  e x c i t a t i o n . s o u r c e  b h o s e  

f r e q u e n c y  l i e s  d e e p  i n  t h e  e n e r g y . g a p .  With t h e  a v a i l a b i l i t y  
- ,. 

, 
of  common gas l a s e r s ,  s u c h  a s  t h e  Helium-Neon, Argon i o n ,  

\? 
Krypton  i o n  and Helium-Cadmium l a s e r s ,  it i s  u s u a l l y  q u i t e  

e a s y  t o  o b t a i n  a  s u i t a b l e  l i n e  t o  p e r f o r m  Raman rkeasurernents. 

The t h e o r y  o f  t h e  f i r s t - o r d e r  Raman e f f e c t  i n  c r y s t a l s  

d e v e l o p e d  by Loudon (1963 ,  1964), however,  r e v e a l e d  a n o t h e r  

i m p o r t a n t  consideration'concerning t h e  f r e q u e n c y  of t h e  
. - 
i n c i d e n t  l i g h t .  I t  was p r e d i c t e d  t h a t  as t h e  i n c i d e n t  

-, 

. . 
f r e q u e i c y  a p p r o a c h e s  a r e a l  e l e c t r o n i c  t r a n s i t i o n  of t h e  

c r y s t a l ,  the, c r o s s - s e c t i o n  f o r  Raman s c a t t e + i n g  s h o u l d  i n -  

Resonance Raman qf f e c t  (RRE) . 
The RRE i n  crystals was f i r s t  e x p e r i m e n t a l l y  o b s e r v e d  by .' 



L e i t e  and p o r t 0  (1966) i n  CdS. W i t h i n  a r e l a t i v e l y  s h o r t  - ,  

t i m e  s e v e r a l .  compounds had. b e e n  i n v e s t i g a t e d  w i t h  t h e  

a v a i 1 a b l e " i n e s  o f  t h e  e x i s t i n g  g a s  lasers. S e v e r a l  i n t e r e s t -  
& 

i n g  r e s u l t s  a p p e a r e d  i n c l u d i n g  t h e  ,$bs&vat ion  o f  m u l t i p l e  

LO phonon p e a k s  i n d i c a t i n g  t h e  c r e a t i o n  o f  more t h a n  one  

LO phonon and t h e  breakdown o f  normal  s e l e c t i o n  r u l e s  f o r  , . 

Rarnan s c a t t e r i n g .  

The e x p l a n a t i o n  of t h e s e  e f f e c t s  seemed t o  c e n t r e  on  t w o  

cruci'al q u e s t i o n s .  What * was required $as an  u n d e r s t a n d i n g  o f  

first, t h e  n a t u r e  of t h e ' i n t e r m e d i a t e  e l e c t r o n i c  s t a t e  i n  t h e  

s c a t t e r i n g  p r o c e s s  and s e c o n d  , t h e  b e h a v i o u r  o f  t h e  Rarnan 
+ 

c r o s s - s e c t i o n  a s  r e s o n a k e  i s  approached  (and  t h u s  t h e  form 
i -:A 

of t h e  i n t e r a c t i o n ) .  As o n e  c a n  imagine, t h e  c o i n c i d e n c e  of 

a r e a l  e l e c t r o n i c  t r a n s i t i o n  ' i n  a c r y s t a l  with o n e  of t h e  ex- 

i s t i n g  g a s  laser l i n e s , w o u l d  b e  t r u l y  f o r t u i t o u s .  A s  a r e s u l t  

much o f  t h e  e a r l y  work l e f t  t h e  answers t o  t h e s e  q u e s t i o n s  
.W 

e i t h e r  hazy o r  Feomple te ly  u n r e s o l v e d .  ' A n  a d e q u a t e  e x & a t i o n  

of t h e s e  q u e s t i o n s  r*u i red  an i n t e n s e  l i g h t  s o u r c e  with 

energy r e s o l u t i q n  capable of d i s c r i m i n a t i n g  between t h e  
-. 

vari,ous . . electroriic t r a n s i t i o n s  i n  a se ih iconduc t ing  c r y s t a l .  

A t  t h e  same t i m e  t h e  s o u r c e  must  be able t o  c o v e r  a l a r g e  

f r e q u e n c y  region about the band gap energlr ( s i n c e  t h i s  was the 

W i t h  the  advent of t h e  tunable d y e  laser  such a study 
\ m '% 

-- .- became possible. When this wark  was i n i t i a t e d  t h e r e  had been 
4 



- no q u a n t i t a t i v e  r e s u l t s  f o r  t h e  RRE o b t a i n e d  w i t h  a t u n a b l e  * 

dye l a s e r .  GaSe was an obvious  -choice  f o r e s u c h  a study, 

however, s i n c e  i t s  band gap a t  77OK is  2.10 eV (Mercier e t  

a l . ,  1 9 7 3 )  and t h i s  lies midway i n  t h e  t u n i n g  r ange  of 
\ 

Rhodamine lasers (range 5400A t o  6400A or 

2.3 eV .to- i s  one a•’ onlx a' few comp~unds in - A -- -- 

which t h e  d n  be s t d d i e d  w i t h  such  a laser .  

T h i s  s t u d y  fo l lowed a c h r o n o l o g i c a l  c o u r s e  of f i rst  
*. 

s t u d y i n g  t h e  l a t t i c e  dynamics o f  GaSe and i t s  sister corn- - - 

pound Gas when t h e  l i g h t  was f a r  from t h e  i n t r i n s i c  band edge, 

making assignments, of t h e  one-phonon l i n e s  i n  t h e  R a m a n  
Y 

s p e c t r a ,  and l a t e r  w i t h  t h e  use of  a t u n a b l e  dye laser ob- 

s e r v i n g  t h e  Raman s c a t t e r i n g  e f f i c i e n c y  a s - t h e  band edge i s  , 
8 A.  

approached from t h e  low energy  ( l o n g  wavelength)  side. T h i s  

t hes ig+ i s  t h u s , d i v i d e d  a long  t h e s e  l i n e s .  ?b 
L ; ~  

& .  

C h a p t e r  I f  will begin by p r e s e n t i n g  a q u a l i t a t i v e  and 

t h e n  a q u a n t i t a t i v e  i n t r o d u c t i o n  t o  then Raman e f f e c t .  This 

w i X l  i n v o l v e  the i n c l u s i o n  of t h e  t h e o r y  o f  Raman s c a t t e r i n g  

i n ,  i o n i c  c r y s t a l s  developed ,by Loudon (1963,  l964), which is 
1 

of p a r t i c u l a r  i s e r e s t  for a h i s o t r o p i c  g a l l i u m  compounds. 

The crystal structure and group t h e o r e t i c a l  p r e d i c t i o n s  for 

the number and symmetry of t h e  phonon m d e s  a t  t h e  B r i f f o u i n  

zone centre i n  t h e  g a l l i u m  cha lcogen ides  w i l l  t hen  be pre- 

s e n t e d .   he layered syrmaetry of these c r y s t a l s  g i v e s  rise t o  

what has  been termed "con juga te  modes" and an estimate of t h e  

f r e q u e n c i e s  o f  these modes and t h e i r  p r o b a b i l i t y  of occur-  

rence w i l l  be discussed. Chapter 111 w i l l  present t h e  



work on t h e  f i r s t - o r d e r  ~ a m a i  spectrum of 
- ~~ 

these compounds. 

The r e s u l t s  o b t a i n e d  f o r  t h e  ,Resonant  Rantan E f f e c t  
I 

i n  GaSe w i l l  be p r e s e n t e d  i n  C h a p t e r s  I V  and V. C h a p t e r  I V  

w i l l  p r q s e n t  t h e  t h e o r e t i c a l  d e s & i p t i o n  of t h e  RRE'as 

d e v e l o p e d  by M a r t i n  (1971b,  1 9 7 3 ) .  Ihc l&?ed  w i l l  be a p p l i c a -  

t i o n s  of his f o r m a l i s m  t o  some s i m p l e  i n t e r m e d i a t e  states. 
- -'v - - - - - - - - - - - - - 

C h a p t e r  V c o n t a i n s  the r e s u l t  of t h e  Resonan t  Raman e x p e r i -  

mental work on GaSe. ' The results are compared q u a n t i t a t i v e l y  

t o  t h e  theoretical pred_i_ctions, Finally Chapter VI w i l l  - - 

s u g g e s t i o n s  for  futbre work  and t h e  c o n c l u s i o n s  t g  be 
b 

drawn from this s t u d y .  



THE RAMAiY EFFECT I N  THE GALLIUM CHALCOGENIDES Gas AND GaSe - 
1 THEORY 
/ 

4 2.1 Introduction 

\ 
There are several experimental methods by which the fre- 

quencies of the long wavelength vibrationaf modes in a crystal 
A - - - - - 

may be obtained. One of the- ribsf direct methods is byLthermal 

neutron scattering whereby the phonon frequencies can be 
I 

mapped a throughout the Brillouin zone. This technique, 
- --- 

however, has disadvantages in that it requires quite large 

3 samples ( >  1 an ) and generally needs quite large neutron 
I 

fluxes. In order to obtain frequencies of phonons near the 
< 

zone centre, small angle neutron 5cattering is required and 

thus zone centre phonun frequencies obtained by this method 

lack precision. * 

Optical methods for obtaining these frequencies include 

far infrared absorption, phonon-assisted absorption and 

emission, Raman scattering and Brillouin scattering. It is 

possible in far infrared' absorption to see first-order -phonon 

peaks if the phonon has the symmetry characteristic of a 

translation of the crystal, s i n c e  t h e  dipole moment transforms 

a uniform translation. This is usually a limitstion since - 

- not all phonon branches will be infrared active, but it is for 

this reason as well that identification of phonon modes can be 

made. 



Absorption of l i g h t  near  t h e  band edge dan a l s o  give - 
i n • ’  ormation on the, phonon f requenc ies  when t h i s  absorp t ion  

i s  phonon-assisted.  Th i s ,  however, t a k e s  p l a c d g t i m a r i l y  

i n  compounds which have an i n d i r e c t  energy gap. " -  The phonons " '  

manifes t  themselves i n  absorpt ion  s t e p s  below t h e  gap and are 

i n d i c a t i v e  on ly  of phonons which conserve both energy and 
- -- -=-- - _I_ _ I--- 

~ & t u r n  i n  t h e  absorg t ion  process .  ~ h i %  requires t h e  phonon 

/ 

involved t o  be. from t h e  same point i n  t h e  B r i l l o u i n  zone as 

t h e  i n d i r e c t  energy - gap. S ince  - i n d i r e c t  - energy gaps -- a r e  by - 

d e f i n i t i o n  n o t  a t  t h e  zone c e n t r e  and t end  t o  be a t  or n e a r  

the zone boundary, t h e  energy of t h e  phonons involved w i l l  be 

t h a t  of zone boundary o p t i c a l  o r  a c o u s t i c  phonons. Because of 

phonon d i s p e r s i o n  wi th in  t h e  B r i l l o u i n  zone, one u s u a l l y  does 

not o b t a i n  information on the zone cent're.,phonon f requenc ies  .' 

by t h i s  method. 

B r i l l o u i n  s c a t t e r i n g  g i v e s  informat ion  on a c o u s t i c  phonon 
L + 

frequencie&or phonons r i t h  wavevectdr near  t h a t  of  t h e  i n - '  

c i d e n t  l i g h t .  Thus, t h e  e f f e c t  i s  useful i n  o b t a i n i n g  t h e  

Raman s c a t t e r i n g ,  on the*  o t h e r  ha&, g i v e s  informat ion  on * 

the o p t i c a l  phonons n e a r  t h e  zone c e n t r e  f i n  t h e  f i r s t - o r d e r  

ef feet). The phoncns observed to be' laman active, as' w i l l -  be 

expla ined  i n  t h e  fo l lowing s e c t i o n ,  are those whose syrmnetry pp-pp 

of v i b r a t i o n  t r a n s h r m s . a s . t h e  p o l a r i z a b i l i t y b e n s o r  of t h e  

m a t e r i a l  (Loudon, 1964). This  c& be a completely d i f f e r e n t  
..." . 

set of phonon mdes than thoge ob ta ined  i n  far i n f r a r e d  
b 

t 



- azsfrption-andinaTttor centrosymmetric crystals, the t w o  
* 

effects are complementary. In these crystals, all infrared 

active modes are odd with respect to inversion and all modes 

which are Raman active are even with respect to inversion. 
C 

The above techniques arerisrr complementary to a certain 

extent and all should h.considered in obtaining the fre- 

d a t e '  neutron scattering on the Gallium chalcogenides has been 

performed on GaSe only in the direction of the ;-axis (Brebner 
- --- - - - 

et al., 1973). Far infrared measurements have been done by 

b u n g  et al. f1968), Wieting and Verble (l972), Kuroda et al, 

(1968, 1970) and Irwin et al. (1973) Kamimura (1969) ob- 

served  absorption steps in the edge spectrum. Brillouin 

scattering has not been performed on these compounds to date. 

Raman measurements have been extensive yet contradictqry. I '  

Wright and Moo~adian (1966) performed the first measurements 

of the phonon' freqoencies on unoriented samples and made no 

assignments of the symmetries Uf the phonons; Wieting and 

Verble (19721 made assignments of the phonon frequencies on 

the basis that GaSe crystallized in the 0-plytype- Van der 

Ziel et al. I19731 performed experiments on Gas and obtained 

assignments for the observed spectral features. - Irwin e t  a l .  - - - -  

(1973) analyzed the spectrum of both Gas and GaSe and made~ 

assignments in GaSe wieh the conclusion that GaSe crystal- 

lized in the €-plytype. Hayek et al. (1973) and Yoshida e t  

al. (1973) studied mixed crystals of Gas and GaSel-x ( ~ ~ 5 1 )  
X 



V - and assignments were made whlcn lndlcated tn -. 
e existence of 

"conjugate"  modes. Mercier et al. (1974) also s tud ied  mixed 

crystals of these types and obtained a somewhat different 

in te rpre ta t ion  than the previous two ,papers. F inal ly ,  t h e  
i 

results of the present Resonant Raman experiments (Hoff and 

Irwin, 1974) confirmed the  existence of resonance effects 

t h e  polar nature of GaSe. 



2 . 2  The F i r s t  Order Raman E f f e c t  i n  Crystals 

Raman s c a t t e r i n g  of l i g h t  i n  c r y s t a l s  involves t h e  in' 

C elast ic  s c a t t e r i n g  of l i g h t  of frequency wi ( = - n k i )  to  a 

C 
a 

f requency w ,( = ; ks) with t h e  s imultaneous c r e a t i o n  s 
L ( d e s t r u c t i o n )  of a phonon of frequency coo ( = v q) . The 

P 
scattering event conserves  both momentum and energy:  

I n  a  c l a s s i d a l  s ense ,  the p o l a r i z a b i l i t y  of t h e  medium is 

modulated at the phonon frequency i f  t h e  l a t t i c e  is distorted 

by  some mechanism: 

a = u  *8a ' 
o + 3 q % = a o  + p 1 cos w m t  

and  t h u s  t h e  p o l a r i z a t i o n  of  t h e  medium w i l l  be modulated by: 

- 
P = aE = CI E cos w . t  + a E cos w t c o s  w . t  

0 0 I l o  
"t, 1 

= a E cos w i t  + alEo + cos(wi-wm 
0 o - I,] ( 2 . 4 )  

T h u s , ~ c l a s s i c a l l y ,  t h e  p o l a r i z a t i o n  f i e l d  w i l l  r e r a d i a t e  

energy at w = w + w (+=ant i -Stokes  s c a t t e r i n g ,  -=Stokes s i -  ra 

s c a t t e r i n g ) .  

It is possible t o  t r e a t  t h i s  first order event semi- 

c l a s s i c a l l y  by response theory t e c l y i q u e s .  To do t h i s  dne 

.would look a t  the various c o n t r i b u t i o n s  t o  t h e  d i e l e c t r i c  

susceptibility which give rise to Raman Scattering (Burstein 



and Pinczuk, 19711 . It has proved to be more useful and 

possibly more transparent, to treat the scattering event 

quqntum mechanically. BY this approach each type of inter- 

action is introbuced by an interaction potential (and thus 

through its contribution to the Bamiltonian). The quqntum 

mechanical approach to the Raman effect in crystals has been 

done by Loudon (1963, 1964), and his notation will be modified 

somewhat here. The lowest type  of interaction which gives 

rise to one phonon scattering require: use of third order 
' 

perturbation theory ,  T h e  -Raman scattering probability per' 

unit time is 

where 

n = the number of i photons in field of-state i 

n = the number of 
0 

phonons in the initial state 

electronic intermediate states a,b = the h p i b l e  

?a' wb = the energies of these states , 

'* Hz = the interaction Hagiltoniaq 

The interaction Hamiltonian will consist of an electron- 
- - - - - - - - - - - p-p pp 

r- 
photon term. HeR, and an electron-phonon term, HeL: 



P / 

_- -- - - 
-b + 

The electron-photon part comes from the A'p interaction and 
- - - - - - - 

is: 

where 

+ n = index of refraction 
- * -+ 

E = photon polarization 
Ft 

+ p = photon state 

a = destruction operator in state p. 
F! 

q d  

The electron-phonon part may best be.~ritten in a form 

where the electron-phonon coupling potential is left un- 

specified for the moment: 
-b C ev (;)eiqv 

*; 

 he^' ;5 by + C . C .  

V 
I 

where 

ev7rj = electron-phonon interaction potential 

by = phonon.destruction operator in the state v 

v = phonon state index (includes polarization). 

The form of eq. 2.8 is taken from  arti in (l,W6b) and is appli- 

cable to any form of electron~phonon interaction of which two, 
i 

the deformation potential and the ~r6hlich interaction, will 

be of interest in this work. 

Equation 2.5 can be rewritten after inserting HI into + 

electron-photon interaction will be opes~tive and in the 

other the electron-phonon interaction will be the operator. 
/ ,' , This gives rise to six possible time orderings of the 

4" 



s c a t t e r i n g  shown scherr ia t ical ly  by . the Feynman diagrams of 
~ - -  5.Lp--- 

F i g u r e  2.1." S u b s t i t u t i n g  2.6, 2.7 and 2 .8  into'2.5 one  
' / 

o b t a i n s :  

9 = the j t h  component of t h e  ihonon 
9 

v e c t o r  (7 = x , y ,  z )  

and t h e  summation of r e p e a t e d  i n d i ~ e ;  i s  assumed. ~ h b  ~ & a n  

t e n s o r  R 
12 

i n  2 . 9  i s  g iven  by six terms co r re spond ing  t o  t h e  

o r d e r i n g  of t h e  diagrams of F i g u r e  2 .1  (Loudon, 1964) : 

Here 1 , 2  i n d i c a t e  t h e  p o l a r i z a t i o n s  o f  t h e  incoming and 

s c a t t e r e d  l i g h t ,  r e s p e c t i v e l y ,  a and B are  t h e  intermediate 

e l e c t r o n i c  s t a t e s ,  and the  symbol e = < v l e f p > .  
VP 

j The n o t a t i o n  R12 ( - w ~ . w ~ + w ~ )  i s  r e a d  a s  t h e  Raman t q s o r  

, f o r  t h e  creation of a scattered photon ws f p o l a r i z a t i o n  re- 

- ( m i n u s  s i g n )  of a n  i n i t i a l  photon wi ( p o l a r i z a t i o n  r e p r e s e n t e d  

hy t he  index 1)- This n o t a t i o n  is somewhat over-specific 



the f i r s t - o r d e r   ana an- s c a t t e r i n g  even t .  k repre- 
s e n t s  the i n c i d e n t  and s c a t t e r e d  photons and q 
is the phonon created in the Stokes  process. 

I 



i n  t h i s  'form and w i l l  b e  modi f ied  i n  a l a t e r  s e c t i o n  w h e n . i t  

is n e c e s s a r y  t o  c a l c u l a t e  t h e  s e l e c t i o n  rules for Raman 

s c a t t e r i n g  i n  t h e s e  cornpoGnds. I n  t h e  form of 2 . 9  and 2 .10 ,  

however, s e v e r a l  t h i n g s  shou ld  be  n o t i c e d .  Three  o f  t h e s e  

t e r m s  have enengy denomina tors  which can g i v e  d i v e r g e n c e s  i n  

t h e , o p t i c a l  regime. The t h i r d  term i n a 2 . 1 0  is a second o r d e r  

s i n g u l a k i t y  and t h e  f i r s t  and f i f t h  are f i r s t  o r d e r  s ingu-  
>- - - - - - - - - - -- - -- -- - - 

i l a r i t i e s  i n  t h e  v i s i b l e  f requency  r e g i o n .  I n  t h e  o t h e r  t h r e e  
L 

L terms, t h e  denomina tors  do n o t  go t o  z e r o  i n  t h i s  r e g i o n  and 

t h e  t e r m s  a r e  non- resonant .  I t  i s  p r e c i s e l y  the t h i r d  t e r m  

(cj wbich i s  t r e a t e d  i n  t h e  Resonant Rarna effect of  Chapte r  1 
4 .  I t  must be  no ted  t h a t  when t h e  photon f r e q u e n c i e s  l i e  

w i t h i n  t h e  energy  gap  ( a s  i n  t h e  non-resonant s p e c t r a l ,  t h e  

. Raman s c a t t e r i n g  e f f i c - i e n c y  can  on ly  be found by summing o v e r  
4 

. ~ t h e  'complete set  of fihe possible e l e c t r o n i c  ' l e v e l s ,  a and 6. 
'\ 

T h i s  i s  a hor rendous  problem and h a s \  y e t  t o  be a t t empted .  . I t  
' 

\ 

i s  f o r t u n a t e l y  n o t  n e c e s s a r y  t o  do t h i s  sum t o  de t e rmine  t h e  
;J 

symmetry p r o p e r t i e s  of the s c & t e r i n g  and t h u s  i n  f i r s t  o r d e r  
\ 

Raman s c a t t e r i n g  a b s o l u t e  e f f i c i e n c i e s  a r e  r a r e l y  determined 

from t h e  e ~ p e r i m e n ~ .  I n s t e a d  it i s  u s u a l l y  s u f f i c i e n t  t o  

p r e s e n t  t h e  r e s u l t 4  i n  t e rms  o f  t h e  r p l a t i v e  s c a t t e r e d  in -  
c' 

t e n s i t i e s  and deduce t h e  symmetry p r o p e r t i e s  f r o m  this xe- 
\ 

I wi th  a r e a l  e l e c t r o n i c  t r a p s i t i o n ,  however, t h e  r e s o n a n t  terms 
! 

i n  e q u a t i o n  2.10 s i n g l e  t t h e  terms in-he sum khere a %...,. 



- c h a p t e r .  

The,symmetry p r o p e r t i e s  o f  t h e  Raman t e n s o r  can  be 

d e r i v e d  from e q u a t i o n  2.10 and it w i l l  s u f f i c e  h e r e  t o  re- i, 

produce them f rom Loudon's  paper  (1963); 

and f o r  Stoke's s c a t t e r i n g  (wi=ws+w ) : 
' , 0 

Combining 2.11 and 2-14, one  o b t a i n s :  

Thus i n  g e n e r a l  the Raman t e n s o r  i s  n o t  symmetric. However, 

i f  ~ ~ < < w ~ - w ~ , ~  f o r  all a ,  t h e  dominant t e rms  i n  t h e  t e n s o r  

w i l l  be symmetric under exchange of 1 and 2 ( the p o l a r i z a t i o n  
W 

i n d i c e s )  . Loudon g i v e s  0 c - a  c r i t e r i o n  f o r  

- a , ~ % i , s  -L,J 

the Raman t e n s o r  t o  be symmetric-. For ' G ~ S  and GaSe the 

l o w e s t  energy optical phonons have energy of about 2 REV and 

t h u s  i f*one  were vithin 200 meV of t h e  band edge - w i t h  - - pp p t h e  p --- in- - - - 

c i d e n t  photon e n e r g y ,  one would n o t  e x p e c t  the s c a t t e r i n g  t o  8 

1 \ 
be symmetric. In GaSe all of t he  d a t a ' t a k e n  was w i t h i n  this 

' .  r I 



c r i t e r i o n  r e q u k r e s  t h e  i n c i d e n t  l i g h t  to- be . f a r t h e r  away *I 

d 

from t h e  band edge  t h a n  t h e  width of t h e  gap i t s e l f  

(Eg 2.1 eV i n  GaSe, 2 . 5  eV i n  G a s ) .  If  Loudon's c r i t e r i o n  

i s  ased, then, one  would not e x p e c t  the Rarnan s\pectrum t o  be  

symmetric w i t h  respect t o  i n t e r c h a n g e  of t h e  p o l a r i z a t i o n  

i n d i c e s .  One finds, however, t h a t  t h e  Raman spec t rum i n  t h e s e  
- - - - - - - - -- p- 

compounds a p p e a r s  t o  be  p r e d o m i ' n a n t l y s p e t r i c  and l e a d s  one  

t o  question t h e  s t r i c t n e s s  of t h e  above r u l e .  I n  p a r t i c u l a r ,  

it appears to k e  not n e c e s s a r y  to have such ;r large displade- 

ment of the l i g h t  from t h e  electronic s t a t e s  ( w ~ , ~ - w ~ , ~ )  i n  

o r d e r  t h a t  t h e  Raman tefisor '  be n e a r l y  c o n s t a n t  between t h e  

frequency w and w - w  . From the Resonant Raman work, it is  . i i o 

possible t o  conclude t h a t  for Case t h e  r eg ion  where t h e  t e n -  

sor m y  'be asymmetric will be related t o  the region where 

resonance  effects a-re f m p o r t a n t ,  t h a t  i s  w i t h i n  150 meV of t h e  

exciton ene rgy .  



2 . 3  Crvs ta l  Structure 

4 , e t w o  g a l l i u m  c h a l c o g a i d e  semiconductors  Gas and 

GaSe a r e  l a y e r e d  c r y s t a l s .  While t h e r e  are several p o l y t y p e s  - 
which d e s c r i b e  t h e  s t a c k i n g  sequences  between t h e s e  l a y e r s ,  

t h e  u n i t  l a y e r  i s  s imi l a r  i n  bo th  compounds. I n  t h e  f o l l o w i n g  

s u b s e c t i o n s  t h e  u n i t  l a y e r  w i l l  be  d e s c r i b e d  and t h e  v a r i o u s .  

m a t e r i a l  pa rame te r s  and s t a c k i n g  sequences  f o r  G a s  and GaSe 
- - - - - - - - -  - - 

will be g iven .  

2 . 3 . 1  The Uni t  Layer 4 

The u n i t  layer is composed of a hexagonal  array of atoms 

f o u r  atoms t h i c k .  There are t w o  g a l l i u m  atoms and t w o  cha lco-  

gen ide  atoms, X ,  pe r  l a y e r  i n  t h e  u n i t  c e l l .  The l a y e r  i s  

shown i n  F i g u r e  2 . 2 .  These compounds a r e  111-VI compounds 

and,  t h u s ,  t h e r e  i s  n o t v a  s p e c i f i c  G a X  molecule  a s  such.  The 

compound cou ld  more p r o p e r l y  be d e s c r i b e d  a s  a G a 2 X 2  compound 

s i n c e  t h e  v a l e n c e  c h a r g e s  of a cha l cogen ide  atom are sha red  
. . 

bo th  w i t h  t h e  g a l l i u m  atom and t h e  o t h e r  cha l cogen ide  atom 

(Sapre  and Mande, 1973 ,  Mercier e t  a l . ,  1973). The unit l a y e r  

shown i n  Figure 2 . 2  has a p p a c e  group symmetry , ~ ~ i  (P&TQ) 
- 

f s c h u b e r t  e t  a l .  , 1955) .  

2.3.2. G a l  i im  Sulphi.de 

Gal l ium sulphide h a s  a u n i t  ce l l  spanning t w o  l a y e r s  

and c o n t a i n i n g  eight atoms. It has been round to c r y s t a l l i z e  

i n  m i r y  O n e p o l y t y p e ; T ~ i e ~ ~ - f f  f Ba s i n  s k ietal-, rV6T. X n  - 
3 

t h i s  polytype,  t h e  unit layer is r e p e a t e d  with t h e  l a y e r s  ad- 

j o i n i n g  having b o t h  a r o t a t i o n  of 180•‹ about  the c-axis drawn 

through any t w o  adjacent gallium atoms and a uniform . - .  





t r a n s l a t i o n .  The B-stacking sequence is shown in Figure 

2 . 3 .  T h i s  t y p e  of s t a c k i n g  o f  the  l a y e r s  i s  e q u i v a l e n t  
1- 

t o  t h e  i n t r o d u c t i o n  of an i n v e r s i o n  c e n t r e  between t h e  l a y e t s  

and t h u s  t h e  p o i n t  g roup  of t h e  6-polytype i s  Djh 3 i  = 
D6h* 

The s p a c e  group is  D~: (P6/mm) (Schubert et a l . ,  i95.5). The , 

l a t t i c e  ~ a r a m e t e r s  of 8-Gas a r e  summarized i n  T a b l e  2.1, 
4 

2 . 3 . 3 .  Ga l l ium Se1eni.de 
~~- ~A A -  - . A ~ -  ~ ---L-L - 

Gall ium s e l e n i d e  hag been repor. ted t o  c r y s t d l l i z e  i n  

t h r e e  p o l y t y p e s ,  t w o  hexagonal  and one rhombehedral .  The 

f i ~ s t  twot B and E contain tvo l a y e r s  per un'it- cell, and-  -- 

t h e  rhombehedral  'form, y ,  is t h r e e  l a y e r s  t h i c k .  

The a c t u a l  s t r u c t u r e  o f  GaSe has been t h e  s u b j e c t  of some 

c o n t r o v e r s y .  Wie t ing  and Ve'rble (1972) concluded t h a t  GaSe 
* 

crystallizes i n  t h e  8-polytype a s  does  Gas. They based t h i s  

c o n c ~ u s i o n  on X-ray powder p a t t e r n s  a s  d i d  J e l l i n e k  and Hahn 

(1961) who reached t h e  same c o n c l u s i o n . .  Other  workers ,  

however, by t a k i n g  X-ray photographs  from s i n g l e  c r y s t  

p l a t e l e t s  de te rmined  t h a t  t h e  c r y s t a l  form of t h e  l a r g e s t  

p l a t e  c r y s t a l s  i s  of a mixed E-y c h a r a c t e r  (Schube r t  e t  a l O t  

1955;  Terhell et al., 1971, 1972; Basinski et al., 1961). 

I t  w a s  an objective of  t h e  a n a l y s i s  of t h e  Raman spectrum of 

GaSe t o  determine t h e  exact po ly type  n a t u r e  of  t h e  compound. 

The E-polytype i s  shown i n  FXgure 2 . 3 .  m i l a y e r s  

ferently. I n  t h e  E-poly type ,  each  adjacent l a y e r  d i f f e r s  from 

t h e  preceding l a y e r  by only a uniform t r a n s l a t i o n  with  t h e  
* 

180•‹ r o t a t i o n  of t h e  Gas €3-polytype lacking. .Thus, the 



TABLE 2.1 
LATTICE PAIVFMETERS OF THE GALLIUM CHALCOGENIDES 

o b  Ga-Ga Bond Length = 2 . 5 2  1 a; 2 .46  A 
t rY 

0 a ~b 
S - G a ~ h ~ ~ =  L 3 0  A ;- 2,43-A - -  - - 

o b  , S-S Minimum ~istance = 3 . 7 5  A 

o b  Layer Separation = 3.09 A 

E - GaSe 

o b  Ga-Ga Bond Length = 2.39 A 

o b  Ga-Se Bond Length = 2.37 A 

o b  Se-Se Minimtun Distance = 3 . 8 4  A 

Y - GaSe 

a) Wykoff (1965) ; b) fischer (1963);~) Schubert et al. (1955) 





- - - - 

o v e r a l l  symmetry of t h e  c r y s t a l  i s  merely that of t h e  layer 
P 

1 g i v i n g  the space group D3h (~Zrn2)  ( B a s i n s k i  e t  as., 1961) .  

The y-polytype has a  s t ack ing  sequence which i n c l u d e s '  

three layers  in the u n i t  cell. The re la t ive  position of. 

_ any two adjacent layers is the same as for the E-polytype 

and t h u s ,  there are two t r a n s l a t i o n s  before the . i n i t i a l  

mpee -- - -- - -  
l a y e r  2s repeeated F i g u r F Z ;  3 T  J -. pace g r o u p f o r t E T u  

polytype i s  C; (R3rn) (Brebner et al., 1973 ;  Schubert e t  a l . ,  



eory and S e l e c t i o n  Rules 

Knowledge of t h e - p o i n t  and space group symmetry of the  

c r y s t a l  makes it p o s s i b l e  t o  p r e d i c t  t h e  number grid symmetry 

of t h e  modes throughout  t h e  ~ r i l l o u i n  zone, Since  most of 

t h e  work i n  this t h e s i s  is  concerned wi th  s c a t t e r i n g  around . 

the zone centre, it is sufficient t o  know the  phonon sym- 

- - -  z n e k r k e s  a t - - th i s  pakrxt,-f ; - - T h c p ~ 3 n t g r o i @ a X  T IS lust t h e  

p o i n t  group of the space group: D3h f o r  the r-polytype. Dsh 
6 

for the 8-polytype and CjV for t h e  y-polytype. The normal 
- - 

- - 
- - 

- 

modes of  v i b r a t i o n  can be ob ta ined  from the c o r r e l a t i o n  

method of group theory (Fate ley-  e t  a1.. 1971) . This calcu- 

\ l a t ioh  i s  c a r r i e d  out i n  Apppndix A, and t h e  results w i l l  
a 

mere ly  be s t a t e d  here. 

The  B-polytype contains 8 atoms p e r  u n i t  c e l l  and ' thus 
* 

there a r e  3n or 24  normal mdes of v i b r a t i o n  i n  the c r y s t a l .  

These modes havb syrmnetry given by t h e  i r r e d u c i b l e  representa- 

tions of t h e  DBh point group feq. A. 11) : R 

of which one A2* mode and one doubly aegenerate EIU mode are 
- 

- . - --- -- - - 

acotrst;ic. 
-- 

The E-polytype also has 24 normal modes of, v i b r a t i o n  

given by the irreducible r e p r e s e n t a t i o n s  o f  the D3h point 

group (eq. A.171 : 



t h a t  a phonon c a n  p a r t i c i p a t e  i n  a f i r s t - o r d e r  Raman scatter- 

i n g  e v e n t  i f  and only i f  i t s  i r r e d u c i b l e  r e p r e s e n t a t i o n  i s  

o•’ which one A; and one  E r  a r e a c o u s t i c .  

The y-polytype h a s  12 atoms p e r  u n i t  c e l l  and t h u s  

t h i r t y - s i x  normal modes of v i b r a t i o n  g i v e n  by t h e  C3y p i n t  

group (eq.  A.23): 

o f  which one A1 and one E mode a r e a c o u s t i c .  

From the-symmetry o f  t h e  c r y s t a l  it i s  also possZbIe t o  

d e r i v e  t h e  s e l e c t i o n  r u l e s  f o r  Raman s c a t t e r i n g  and i n f r a r e d  

a b s o r p t i o n .  Many of t h e  t e c h n i q u e s  u sed  t o  do t h i s  are b a s e d '  

on t h e  t h e o r y  o f  t h e  p o l a r i z a b i l i t y  d e r i v a t i v e  as w a s  sug- 

g e s t e d  by e q u a t i o n  2 . 3  (Born and Bradburn,  1947) .  These 

r e s u l t s  are summarized n e a t l y ,  however, by mudon  (1964) who 
,s -- . 

presents r e p r e s e n t a t i o n s  f o r  eacH Raman active v i b r a t i o n  i n  

each  c r y s t a l  class.  The c r u c i a l  a s p e c t  of  t h i s  approach is 

t h e  same as one  of  the i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  t h e  

r e d u c t i o n  of t h e  p o l a r i z a b i l i t y  t ensor . '  The r e d u c t i o n  o f  
* 

the p o l a r i z a b i l i t y  t e n s o r  h a s  been done f o r  e a c h  c r y s t a l  
- - -  - - 

class and can be found b y . i n s p e c t i o n  oE the basis fun&i&s 
--- - -- -pp--p- - 

for each  point. group (Tinkham, 1964). The v a r i o u s  b i l i n e a r  

combinations of c o o r d i n a t e s  r e p r e s e n t e d  by t h e  basis f u n c t i o n s  

t r m s f ~ m a s  do the i r r e d u c i b l e  r e p r e s e n t a t i o n s  of the polari- . 
1 

z a b i l i t y  tensor. 



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

can  b e  found as  t h e  d i p o l e  moment t r a n s f o r m s  as t h e  t r a n s l a -  

t i o n a l  symmetry of. t h e  c r y s t a l .  Thus, phonons w i t h  i r r e d u c i -  

b l e  r e p r e s e n t a t i o n s  which are r e p r e s e n t e d  by l i n e a r  basis 

f u n c t i o n s  of e a c h  p o i n t  group w i l l  be i n f r a r e d  a c t i v e .  

These g e n e r a l  r u l e s  as  are found i n  common-texts  
- ---up ~ -~ - a- - ~ - ~- ~ - - - - -  - -  - - ~  

(Tinkham, 1964;- Wilson,  Decius and Cross, 1955) are v a l i d  as  

long  a s  t h e  Raman a c t i v e  v i b r a t i o n s  concerned  a r e  n o t  a l s o  

i n f r a r e d  a c t i v e .  T h i s  dua l  a c t i v i t y  can  occu r  o n l y  i n  

p i e z o e l e c t r i c  crystals, t h a t  i s  c r y s t a l s  t h a t  do n o t  p o s s e s s  

a c e n t r e  o f  inversion.- Thus, Gas shou ld  obey t h e  s e l e c t i o n  

r u l e s  a s . d e r i v , e d  by t h e  common t echn ique .  Fo r  t h o s e  phonons . 
. . 

which are i n f r a r e d  act ive i n  p i q z o e l e c t r i c  c r y s t a l s ,  t h e  

macroscopic  electric f i e l d  c a r r i e d  by t h e  long  wavelength 

o p t i c  v i b r a t i o n  produces  a s p l i t t i n g  between t h e  t r a n s v e r s e  

phonon and t h e  l o n g i t u d i n a l  o p t i c a l  phonon. I t  w i l l  be 

n e c e s s a r y  t o  t r ea t  these modes i n  some d e t a i l  t o  unde r s t and  

t h e i r  behaviour  and t h u s  complete  t h e  c a l c u l a t i o n  o f  t h e  

s e l e c t i o n  rules. 

I t  h a s  been s h m  (Born and Huang, 1954)  that  f o r  an  

optic v i b r a t i o n  of frequency w o f  polar d i a t o m i c  c u b i c  

lattice (which w e  w i l l  treat firkt for simplicity) the  

r e L a t i ' ~ e & i o n a • ’ n f p 1 ~ b v ~  6 & axLne- ive snhl at tices -- -- 

a r e  r e l a t e d  by t h e  macroscopic  e q u a t i o n s :  



and 

-b 

where r is the relative displacement of the two sublattices, 

5 the electric field of the vibration, w the vibrational 

frequency, wo the lattice dispersion frequency (which at k- 

vectors much greater than wi/c is equal to the TO phonon 
+ 

frequency) , P is -thg poIarization fiela,-V flieLctystalvo~~- - 

and M the reduced mass of the two sublattices. 

From Maxwell's equations in a non-conducting medium it is 
- - -  - - -  - 

easy to show that there is the additional constraint: 
@ 

-+ 
where k is the wavevector of the vibration. From 2.19, 2.20 

and 2.21, one gets the transverse solu$ions (go$ = 0) : 

-+ -f 

and for the longitu2inal solution ( k * P  = kP): 

Equation 2.23 is recognizable as the Lyddane-Sachs-Teller 

equation for the spli.tting between the longitudinal and trans-. 

verse optic phanons. Equation 2.22 also describes the po- 
- - 

lariton dispersion for the transverse optical phonon in a 

cudic piezoelectric material. 

This must, however, be extended to u n i a x i a l  crystals to 



app ly  f o r  GaSe, the p i e z o e l e c t r i c  c r y s t a l  o f  i n t e r e s t  here. 

fri a u n i a x i a l  c r y s t a l  atoms d i s p l a c e d  a long  t h e  c r y s t a l l o -  

g r a p h i c  c - ax i s  d u r i n g  a v i b r a t i o n  w i l l  have a f requency  o - ' 

It 
i n  g e n e r a l  d i f f e r e n t  from t h e  s a m e  v i b r a t i o n  i n  t h e  ab-p lane ,  

' g i v e n  by f r equency  w l .  There  a re  now two h i g h  f requency  
I 

and two static d i e l e c t r i c  c o n s t a n t s ,  p a r a l l e l  t o  and perpen- 

d i c u l a r  t o  the c - a x i s .  Equa t ion  2 . 2 1  w i l l  c o n t i n u e  t o  be 
- - -- - - - - - - - -- - 

v a l i d  and can be d i v i d e d  i n t o  components p a r a l l e l  t o  and 

p e r p e n d i c u l a r  t o  the c - a x i s .  Car ry ing  th rough  a procedure  

similar to that used for cubic symmetry one o b t a i n s  t h e  

71 
f r e q u e n c i e s  f o r  w/c<<k<<; of (Loudon, 1 9 6 4 ) :  

w = w  i 

L 
and 

( o r d i n a r y  phonon) 

. - ( e x t r a o r d i n a r y  phomns )  (2.25) 

where 8 i s  t h e  a n g l e , b e t w e e n  t h e p h o n o n  k-vec tor  and t he  

c-axi8  and where one d e f i n e s  analogous q u a n t i t i e s  t o  

equation 2.23:  

" o r d i n a r y "  phonon i s  a phonon whose k-vec tor  and p o l a r i z a t i o n  

a r e  bo th  p e r p e n d i c u l a r  t o  t h e  c - ax i s .  Equa t ion  2 .25  t h u s  h a s  

two s o l u t i o n s  for each v a l u e  o f  8 co r re spond ing  i n  g e n e r a l  t o  

a "quas iM-1ongi tud inaL optical phonon and to an orthogonal 



" q u a s i n - t r a n s v e r s e  o p t i c a l  phonon. The l o n g i t u d i n a l  

o p t i c a l  f r e q u e n c i e s  ,' and d e f i n e d  by 2.26 and 2.27 are 
II 

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

t h e  l o n g i t u d i n a l  phonon f r e q u e n c y  ( a s  d o e s  t h e  TO phonon 

f r e q u e n c y )  n e a r  ( b u t  n o t  a t )  t h e  zone c e n t r e - v a r i e s  be tween 

t h e s e  two f r e q u e n c i e s  a s  t h e  a n g l e  0 v a r i e s :   his f a c e t  
* 

/ 

w i l l  b e  p robed  i n  d e t a i l  below. 

I f   and^ u2 a re  t h e  two r o o t s  o f  2 . 2 5 ,  o n e  o b t a i n s  a  
1 

m o d i f i e d  LST r e l a t i o n :  

0 2 + p 0 c o s 2 e + c l s i n ~  01 - 
22- = 2 -  OD 2 

Wl/  Il cos 8 + E l  - s i n  8 

F o r  k / / c ,  f o r  example ,  one h a s  roots o f  2 .25  of wL and 
I1 

w = w ,  , t h u s  2.28 becomes 

-=A 
2 m 

which satisfies 2.26 .  

11 !I 
I t  is  a l s o  n e c e s s a r y  t o  p o i n t  o u t  a t  ' t h i s  t i m e  t h a t  

t h i s  c a l c u l a t i o n  i s  based  o n  assumption t h a t  o n l y  one o p t i c a l  

phonon b ranch  is i n f r a r e d  active. When more t h a n  o n e  b r a n c h  

i s  i n f r a r e d  a c t i v e ,  o n e  would e x p e c t  R e s t s t r a h l e n  effects i n  

e a c h  b r a n c h  and thus t h e  s p l i t t i n g  be tween t h e  o p t i c a l  and 

s t a t i c  d i e l e c t r i c  constants s h o u l d  b e  d i s p l a y e d  i n  some' 

c o m b i n a t i o n  of t h e  LO-TO phonon f r e q u e n c y  s p l i t t i n g s  o f  the 
- 

v a r i o u s  b r a n c h e s ,  j. Cochran and Cowley (1962)  have  g e n e r a l -  
- -- - - -- - - - - 

ized t h e  LST r e ' l a t i o n  f o r  more t h a n  one i n f r a r e d  active 
, . 

b r a n c h  4n a c u b i c  (or i s o t r o p i c )  c r y s t a l  t o  t h e  form 
Z 



For  a  u n i a x i a l  c r y s t a l  one may e x p e c t  two p r o d u c t  r e + t i o n s  
1- 

f o r  t h e  s p l i t t i n g  p e r p e n d i c u l a r  and t o  t h e  c-axis. .  

Loudon (1964) t r e a t s  two l i m i t s  f o r  e q u a t i o n  2 .25  which 

are i n s t r u c t i v e .  The f i r s t  case ( I )  i s  t h e  electrostat ic 

l i m i t  where t h e  s p l i t t i n g  between t h e  TO phonon f r e q u e n c i e s  
/ 

caused by t h e  a n i s o t r o p y  o f  t h e  c r y s t a l  is s m a l l  compared 
- - - - - -- -p A 

t h e  o t h e r  l i m i t  (11) c a l l e d  t h e  a n i s o t r o p i c  l i m i t ,  t h e  

s p l i t t i n g  between the TO phonons is predominant .  c u r v e s  

f o r  t h e  phonon d i s p e r s i o n  as a * f u n c t i o n  of p ropaga t ion  

d i r e c t i o n  f o r  t h e  two c a s e s  are reproduced i n  F i g u r e s  2 . 4  and 

2 . 5 .  I n  t k k s e  f i g u r e s  L s t a n d s  f o r  t h e  l o n g i t u d i n a l  o p t i c a l  

phonons and T i s  f o r  t h e  t r a n s v e r s e  o p t i c a l  p h d 2 n s .  Note 

t h a t  t h e  momentum s c a l e  . on ly  ex t ends  t o  approximate ly  t w i c e  
'r 

t h e  mornen& o f  d e  photon (*) -- a t  t h e  energy  o f  t h e  LO --- 
+ 

~ h o n o n s  and t h u s  i s  ex t r eme ly  c l o s e  t o  k O .    he lowes t  

b ranches  are n o t  t o  be confused  w i t h  ac 'oust ic  phonons. The 

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

" p o l a r i t o n "  regime,  t h a t  i s ,  where t h e  "phonon" 

i s  more p r o p e r l y  d e s c r i b e d  as a mix tu re  o f  e l e c t r o m a g n e t i c  

and mechanical  v i b r a t i o n s .  I n , f i r s t  o r d e r  Raman s c a t t e r i n g  
+ 4 *  

t h e  momentum of t h e  phonons sampled is q=k -k or of magni- 
i s 

t h e  i n c i d e n t  a n d  s c a t t e r e d  l i g h t .    his g i v e s  approximate ly  ., 



F
 

gu
re

 
2

.4
. 

C
A

S
E

 
I
 

(E
le

c
tr

o
s
ta

ti
c

 ~
i

m
i

t
)

 
:
 

P
ho

no
n 

d
is

p
e

is
io

n
 

c
u

rv
e

s 
a

t 
s
 
a
1
4
 w

a
v

e
v

e
c

to
r 

in
 a

 
u

n
ia

x
ia

l 
c

ry
s

ta
l 

fo
r 
w
h
i
c
h
 

e
le

c
tr

o
S

ta
ti

c
 f

o
rc

e
s 

p
 k edo

m
in

at
e 

o
v

e
r 

a
n

is
o

tr
o

p
y

. 
P

ho
no

n 
w

av
ev

ec
to

r 
(
a
)
 p

a
ra

 l
el
 

to
 c

-a
x

is
, 

(b
) 

in
 i

n
te

rm
e

d
ia

te
 d

ir
e

c
ti

o
n

, 
an

d
 

(c
) 

ly
in

g
 i

n
 t

h
e
 

ab
-p

 
a
n
e
 

(
A

f
te

r
 L

ou
- 

d
b

n
, 

1
9

6
4

).
 

I 
I 

I 

I 
I 



F
ig

u
re

 
2

.5
. 

C
A
S
E
 
I
I
 

I
' 

(A
n

is
o

tr
o

p
ic

 L
im

it
) 
:
 

P
ho

no
n 

d
is

p
 

s
m

a
ll

 w
av

ev
ec

to
r 

in
 a

 
u

n
ia

x
ia

l 
c

ry
s

ta
l 
f
o
r
 w

h
ic

h
 

a
n

is
c

 
a

to
fi

ic
 f

o
rc

e
s 

p
re

d
o

m
in

a
te

s 
o

v
e

r 
e

le
c

tr
o

s
ta

ti
c

 f
o

rc
e

s.
 

(
a
)
 p

a
ra

ll
e

l 
t

o
 c

-a
x

is
, 

(
b
)
 i

n
 i

n
te

rf
ie

d
ia

te
 d

ir
e

c
ti

o
n

, 
t
h
e
 

ab
-p

la
n

e 
(A

ft
e

r 
L

o
u

d
o

n
, 

1
9

6
4

) 
. 

I 

rs
io

n
 c
u
r
v
e
s
 

a
t 

. 
ro

p
y

 
in

 t
h
e
 

in
te

r-
 

?
h
o
n
o
n
 w

a
v

e
v

e
c

to
r 

m
d

 
(
c
)
 l
y
i
n
g
 
in
 



I d =  A!- 1 {l-cose)* S i n c e  w . ,  t h e  f r equency  of the  l i g h t ,  
1 

is much g r e a t e r  t h a n  oLO or uT0, t h e  f r e q u e n c i e s  of t h e  

phonons, t h e  momentum of t h e  phonon sampled i n  g e n e r a l  w i l l  

be  much f u r t h e r  o u t  i n  t h e  B r i l l o u i n  zone t h a n  t h e  r e g i o n  
i- -- 

drawn. The e x c e p t i o n  t o  t h i s  would b$ s c a t t e r i n g  i n  t h e  very 

f o r w a r d  d i r e c t i o n  ( 0  = 0 • ‹ )  and t h e n  p o l a r i t o n  e f f e c t s  would 

become impor t an t .  I n  viewing t h e  d iagrams  t h e n  one shou ld  
- - -  - L  -- - ---- - - - -  - - A- - -ALL- - - -  

r ecogn ize  t h e  f r e q u e n c i e s  s e e n  i n  t h e  f i r s t  o r d e r  e f f e c t  as 

t h o s e  on t h e  v e r y  right hand edge of each  drawing.  I n  bo th  

cases, for  phmpn propagation a l o n g  t h e  c-axis  t5eP LO fre- 

quency is w e and the TO phonons are b o t h  o r d i n a r y  a t  11 
f requency  w . F o r  phonon p r o p a g a t i o n  i n  the ab-p lane  P 
(d rawing  (c)  of each  f i g u r e ) ,  the LO phonon i s  of f requency 

"I ' and t h e  TO branch  s p l i t s  i n t o  an o r d i n a r y  and a n  e x t r a -  

o r d i n a r y  phonon of f r e q u e n c i e s  w and w r e s p e c t i v e l y .  Fo r  1 H ' 
i n t e r m e d i a t e  d i r e c t i o n s  t h e  f requency  and symmetry o f  t h e  

phonons i s  of mixed c h a r a c t e r  a n d  must be found by e q u a t i o n  

2 . 2 5 . '  I n  a l a t e r  s e c t i o n  i t  w i l l  be s e e n  t h a t  GaSe does n o t  

q u i t e  meet t h e  c r i t e r i a  f o r  e i t h e r  l i m i t  (aLthough t h e  phonon 

c u r v e s  a r e  q u a l i t a t i v e l y  l i k e  c a s e  I )  and the most g e n e r a l  

form of equation 2.25 is  needed to  c a l c u l a t e  t h e  phonon 

d i s p e r s i o n  w i t h  p ropaga t ion  ang le .  

To reiterate, before c o n t i n u i n g  with a discussion of 

t b ~ & u r u X e s - r I n a - m T x i a l  p i e z T e l e i t r  i c  crys talp 

Raman ac t ive  phonons which a r e  a l s o  i n f r a r e d  a c t i v e  d o  n o t  



- -- mply obey t h e  normal  s e l e c t i d @  r u l e s  d i s c u s s e d  i n  common 
-4 

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

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

f i e l d  i s  r e s p o n s i b l e  for e n h a n c i n g  t h e  f r e q u e n c y  of t h e  l o n g i -  

t u d i n a l  o p t i c a l  phonon and g i v e s  rise t o  t h e  Lyddane-Sachs- 

Te l l e r  s p l i t t i n g .  I n  a u n i a x i a l  c r y s t a l  t h e  t r a n s v e r s e  o p t i -  

-- 

'-k 
c a l  p h o n o n ( s )  which  i s  (are)  - - - -- i n f r a r e d  -- - - act ive - - - - - d i s p l a y s  -a a n  - - 

a n g u l a r l y  d i s p e r s i v e  f r e q u e n c y  dependence  d u e  t o  t h e  a n i s o -  

t r o p y  o f  t h e  c r y s t a l .  Depending on  t h e  s t r e n g t h  o f  t h i s  
- 

m a c r o s c o p i c  electric f i e l d  r e l a t i v e  t o  t h i s  a n i s o t r o p y  , t h e  -' 
l o n g i t u d i n a l  o p t i c a l  p h o n o n s - w i l l  show a more c o m p l i c a t e d  

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

A s  was shown i n  e q u a t i o n  2 .9 ,  the s t r e n g t h  o f  the 
4 

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

p r o d u c t  between t h e  u p i t  v e e t o r  o f  t h e  phonon m e c h a n i c a l  * 
p o l a r i z a t i o n  and t h e  Raman t e n s o r  fo r  t h a t  phonon. The 

s e l e c t i o n  r u l e s  c a n  then be o b t a i n e d  by w r i t i n g  t h e  s c a t t e r i n g  

e f f i c i e n c y  i n  t h e  form: 
2 .  

(2 ,301 
d 

X r Y  r z  
where e i ,  es are the i n c i d e n t  and  scattered p o l a r i z a t i o n s  and  

R * i s  t h e  symmetric t e n s o r  ( s i n c e  t h e  s e l e c t i o n  r u l e s  t o  be 
up 

T 
derived are for the nun- resonan t  s p e c t r u m )  and  6 is  the 

~~ -- - 

~ t h  compun+t o f  t h e  phonon p o l a r i z a t i o n .  ' T h i s  e q u a t i o n  is 
#f ' 

v a l i d ,  then, p r i m a r i l y  f a r  from r e s o n a n c e  and where t h e  * 

phonons c o n c e r n e d  a re  not both I R  a n d  Rarnan a c t i v e .  Thus, 



- n  -.C -4 F r r r  t Gu~' -IU &f+H3w 

polar phonons i n  GaSe t h e  above form is adequa te  t o  deter- 

mine t h e  s e l e c t i o n  ru l e s .  The r e s u l t  o b t a i n e d  w i l l  be 

i d e n t i c a l  t o  that of mere ly  i n s p e c t i n g  t h e  basis f u n c t i o n s  of 

t h e  p o i n t  g roup  of the c r y s t a l .  

Fo r  a uniaxial p i e z o e l e c t r i c  c r y s t a l  s e v e r a l  modi f ica -  

iA6ns W L  b e  made,  -mere are-kwh-types-sf - e h c k r o n - L a t t i c e -  
v 

i n t e r a c t i o n  of i n t e r e s t  h e r e :  t h e  deformat ion  p o t e n t i a l  where 
+ 

t h e  l a t t i c e  d i sp l acemen t  ; i s  p a r a l l e l  t o  6 ,  t h e  p o l a r i z a t i o n  
- -  - - -  

of  t h e  phonon, and the p o l a r  s c a t t e r i n g  mechanism (FrGhl ich  
- 

c o u p l i n g )  i n  which the  5 v e c t o r  o f  t h e  macroscopic  f i e l d  is 

p a r a l l e l  t o  z, t h e  phonon wavevector.  Thus, e q u a t i o n  2.30 

must be g e n e r a l i z e d  t o  (Loudon, 1 9 6 4 )  : 
r - 

I OUT= 
X , Y , Z  

J 
where B i s  p r o p o r t i o n a l  t o .  t h e  electric f i e l d  s t r e n g t h  - 1 %  1 . 
It should be n o t e d  that f3 = 0 fa r  e x a c t l y  transverse optical 

phonons . 
The s e l e c t i o n  rules c a l c u l a t e d  by e q u a t i o n s  2.30 and 

2 . 3 1  for 6-Gas  and for  E- and y-GaSe are g j v e n  i n  Appendix k 
The r e s u l t s  are  summarized i n  Table 2 . 2 .  



TABLE 2 . 2  
R-0, E ,  AND y POLYTYPESw - 

4 B - Po ly type  - Dsh - centrosymmetric (no polar phonons) 
Phonon Symmetry Polarizability Tensor 

1 
E - Po ly type  - D3h - piezoelectric (E' modes polar) 

, ' 

Phonon Symmetry Polarizability Tensor 

non-polar modes: 

p o l a r  modes : 

E * (LO) 

E * (TO) 
extraordinary 

y - P o l y t y p e  -, c~: - piezoelectric (All modes polar) 
Phonon Symmetry Allowed Geometries 

LO Phonons: 



Table 2.2 (continued) 

Phonon Symmetry 

LO Phonoris (cont. ) : 

Extraordinary TO: ' 

A1 + E (TO) 
- 

ordinary TO: 

ZI E ( T O )  

Allowed Geometries 

* Unless specifically noted p l a r i z a b i l i t y  tensor elements 
give the Raman selection rules for all geometries. 4 



I 

2 . 5  Normal Modes of  ~ i b r a t i o k ,  

fne normal modes or - vlnratlon ror tias ana wise nave.been - - 

drawn for t h e  v a r i o u s  p o l y t y p e s  i n  F i g u r e s  2 .6 ,  2 .7  and 2 .8 .  
I 

The d e s c r i p t i o n  of t h e  niodes for t h e  f3-polytype is due to 

Wiet ing and Verble (1972) and t h e  E-polytype t o  Brebner  e t  a l .  

C ( 1 9 3 3 )  and Yoshida e t  a l .  (1973) :  The y-polytype d i sp l acemen t s  

have been i d e n t i f i e d  generally by Mercier and Voitchovsky 

The diagrams a re  drawn s o  t h a t  t h e  e i g h t  c o l u m n s . a r e  

each  grouped by t h e  e i g h t  d i s t i n c t  i n t r a l a y e r  v i b r a t i o n s .  
-. 

S i n c e  t h e  bonding between t h e  l a y e r s  i s  v e r y  weak, t h e  l a y e r s  
1 

v i b k a t e  n e a r l y  i ndependen t ly  and thus r i g i d - l a y e r  mode v i b r a -  
k 

and E * i n  t h e  t i o n s  1 deve lop .  These r i g i d - l a y e r  modes :.BZg 
2g 

I t  

8-polytype,  AZ (1) and E' (1) of  t h e  .c-polytype and A1 (1) and 

E ( f )  of t h e  y-pofytype,  are low f requency  modes w i t h  t h e  weak 

i n t e r l a y e r  c o u p l i n g  a s  t h e  o n l y  f o r c e  c o n s t a n t  i nvo lved  i n  t h e  

vibration* While always occurring i n  the B-polytype, the 

t e r m  " r ig id-Xayer"  i s  r e a l l y  o n l y  a p p l i c a b l e  (and t h u s  t h e  

diagxams correct as drawn) i n  t h e  c- and y-poly types  i f  t h e  

interlayer force constant is so sma l l  as t o  leave t h e  i n t r a -  

layer vibrations unpe r tu rbed .   his has been found to be a 

very good approximation i n  t h e s e  - compounds - - - - (Wie t ing ,  - - - - - 1973). - - 

The e i g h t  d i s t i n c t  i n t r a l a y e r  v i b r a t i o n s  (four of which 

are t w o  d imens iona l )  are doubled by this i n t e r l a y e r  c o u p l i n g  

i n  the B and E-po ly types  and t r e b l e d  i n  the y-poly type  to 

g i v e  t h e  24 and 36 normal modes, r e s p e c t i v e l y .  The two modes d 









i n  each  column i n  t h e  8 and E cases and t h e  t h r e e  in each .. 

coiumn i n  t h e  y-polytype should be n e a r l y  d e g e n e r a t e  i n  energy 

i f  t h e  i n t e r l a y e r  c o u p l i n g  is indeed  s m a l l  and t h i s  g i v e s  

rise t o  t h e  te rminology  " c o n j u g a t e  modes" (Wieting and Verb le ,  

1972; Hayek e t  a l . ,  1 9 7 3 ) .  The rows of the t h r e e  f i g u r e s  are 

grouped so  t h a t  t h e  t o p  r o w  o f  v i b r a t i o n s  h a s  t h e  i n t e r l a y e r  
- -- - - --- - - -- - 

se l en ium atoms moving i n  phase ,  t h e  second r o w  h a s  them moving 

out of phase.  The  r a t i o n a l e  f o r  such a grouping  i s  t h a t  i n  

t h e  t w o  layer p l y t y p e s ,  the t o p  row of v i b r a t i o n s  w i l l - h a v e  

e a c h  l a y e r  i n  phase  w i t h  respect t o  a mirror p l a n e  p a r a l l e l  

t o  the l a y e r s .  I n  t h e  8-polytype,  where t h e r e  i s  a c e n t r e  of 
f 

inversion, t h i s  makes a l l  t h e  v i b r a t i o n s  of t h e  t o p  row odd 

w i t h  r e s p e c t  t o  i n v e r s i o n  w h i l e  t h e  bottom row i s  even w i t h  

r e s p e c t  t o  i n v e r s i o n .  In t h c a - p o l y t y p e  such a grouping  

i s  a g a i n  r e t a i n e d ,  and t h e  a u t h o r  w i l l  r e f e r  t o  t h e s e  v ib ra -  

t i o n s  ( f o r  t h e  lack of  a b e t t e r  sys tem) as "odd-typen and 

"even-typen v i b r a t i o n s ,  a l t hough  they  are s t r i c t l y  n e i t h e r  odd 

n o r  even.  I n  t h e  y-polytype t h e r e  i s  an a d d i t i o n a l  deg ree  of 

freedom given  by t h e  t h i r d  l a y e r  o f  t h e  unit ce l l  and t h e  

other p o s s i b i l i t y  i s  t h a t  the l a y e r s  a l t e x n a t e  between be ing  - 
i n  phase  and t h e n  o u t  of phase. 

There has been considerable controversy concerning 

-pf33sibk4bser* i ull of these-c€J*ga-tzL mdfziin- -- - - - 

spectrum of GaSe. The d i f f i c u l t y  a r i s e s  i n  d i s t i n g u i s h i n g  

n e a r l y  degenerate but d i s t i n c t  i n t e r l a y e r  vibxations from t h e  



- - 
- - p r e d i c t e d  c o n j u g a t e  p a i r s  ( o r  t r i p l e t s ) .  Hayek e t  a l .  (1973)  

b a s e d  many of t h e i r  a s s i g n m e n t s  o f  t h e  phonon f r e q u e n c i e s  of 

GaSe on t h e  c o n c l u s i o n  t h a t  t h e s e  c o n j u g a t e  pairs are  v i s i b l e  

i n  t h e  spec t rum.  T h i s  work f i n d s  i t s e l f  i n  d i s a g r e e m e n t  w i t h  

t h a t  c o n c l u s i o n  and o n l y  t h e  symmetry c h a r a c t e r i s t i c s  of t h e  

o b s e r v e d  p h o n o n s a r e u s e d  t o  a s s i g n  t h e  spectral peaks.  

I t  i s  p o s s i b l e  t o  estimate t h e  degree o f  s p l i t t i n g  be- 
~ - L ~  p~ ~ ~ ----A 

tween t h e  c o n j u g a t e  p a i r s  {Wiet ing  and V e r b l e ,  1972;  W i e t i n g ,  
? 

1 9 7 3 ) .  The i n t r a l a y e r  f o r c e  c o n s t a n t  is easily d e t e r m i n e d  

s i n c e  t h e  r5gid layer modes d i f fe r  from the zero frequency 

a c o u s t i c  v i b r a t i o n  by t h e  f r e q u e n c y  i n v o l v i n g  o n l y  t h e  v i b r a -  

t i o n  between t h e  l a y e r s .  Thus, f o r  t h e  t w o  l a y e r  p o l y t y p e s  
C .  
1 S and E : W  = -  i M where M i s  t h e  reduced  mass o f  a  g a l l i u m -  

c h a l c o g e n i d e  pa i r .  T h e r e  are t w o  f r e q u e n c i e s  wA and w E 

c o r r e s p o n d i n g  t o  v i b r a t i o n s  p a r a l l e l  t o  and p e r p e n d i c u l a r  t o  

t h e  c - a x i s ,  g i v i n g  one. c o m p r e s s i o n a l  and one  shear i n t e r l a y e r  

f o r c e  c o n s t a n t .  

From a s i m p l e  c o n c e p t ,  t h e n ,  of  t w o  c o u p l e d  h a r & n i c  

o s c i l l a t o r s  o f  f r e q u e n c y  wa, one  h a s  t h e  two v i b r a t i o n a l  f r e -  

q u e n c i e s  W h  c o u p l i n g  c o n s t a n t  Ci of :  
/ 

T h i s  i s ,  however,  o n l y  a n  a p p r o x i m a t i o n  of the - - s p l i t t i n g  - v a l i d  

for very small i n t e r l a y e r  f o r c e  c o n s t a n t s .  W i e t i n g  (1973) h a s  

c a l c u l a t e d  the f r e q u e n c i e s  o f  s p l i t t i n g s  on the basis of a  

l i n e a r  c h a i n  o f  e i g h t  atoms w i t h  t w o  masses and t h r e e  s p r i n g  - 



-. 
the a c t u a l  
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1 TBE FIRST O m E R  RAMAN SPECTRA OF Gas AND GaSe-EXPERIMENTAL 

3.1 .1  C r y s b a l s  . , %\. 

The c r y s t a l s  used i n  t h i s  study w e r e  grown by t h e  

modified Bridgeman t e c h n i q u e  of Beck and Mooser (1961) , by 

i od ine  vapour tzansport  and by s u b l i m a t i o n  ( T e r h e l l  and L i e t h ,  
I .  

- 1932)- These techniques y i e l d - q u i f e  different r g s u l t s .  The 

Bridgeman t e c h n i q u e ,  wh ich  i n v o l v e s  t h e  drawing o f  t h e  c r y s t a l  

from t h e  m e l t ,  y i e l d s  l a r g e  p l a t e  c r y s t a l s  which i n  some cases 

can g i v e  t h e  v e r y  t h i c k  (1-2 &) samples which were used i n  

t h i s  work. T h e s e  t h i c k  crystals are r a r e ,  however, and 

, we were very fortunateto o b t a i n  thick samples  of Gas and GaSe 

f rom D r .  John Brebner of  t h e  Univers i tG de Montreal .  Crystals 

gram by t h i s  t e c h n i q u e  always y i e l d  t h e  6-polytype f o r  Gas, 

but as w a s  mentioned p r e v i o u s l y  t h e r e  i s  some d i s p u t e  about  

GaSe. While Wiet ing and Verb le  ( 2 9 7 2 )  and J e l l i n e k  and Rahn 

11961) in te rpre t&? t h e  GaSe samples grown from t h i s  t echn ique  

a s  a l s o  of t h e  B-polyzttype, the . rnore  comon i n t e r p w t a t i d  a t  

p r e s e n t  i s  that t hey  a re  a mix tu re  o f  € .and  y s t a c k i n g s .  The 

d e g r e e  of admixin'g, however, h a s  never  been de te rmined  and 

this work sheds some a l i g h t  on t h a t  question. 

GaSe c r y s t a l s  grown by s u b l i m a t i o n  u s u a l l y  y i e l d  t h i n  

f l a k e s ,  r i b b o n s  o r  needles (Terheff  2nd ~ i e t h ,  1972). I t  has 

been found t h a t  the needles- .can be p u r e l y  o•’'.the Y-polytype 

and s e v e r a l  of these needles were o b t a i n e d  from D r .  R.M.A. 

Lieth of Eindhoven U n i v e r s i t y ,  The Nether lands .  Thus, by 



the t h i c k  c r y s t a l s ,  one ,can aDtain c o n s i d e r a b l e  i n f o r m a t i o n  

on t h e  stacking o f  t h e s e  conpounds. 

It shou ld  be noted i n  this regard t h a t  Laue X-ray photo- 
1 

graphs are o n l y  of l i m i t e d  Q s e f u l n e s s  in differentiating be-' 

tween the po ly types .  Laue pictures on t h e  l a r g e  c y r s t a l s  can 
4 

b e e a s i l y  t,ztken-only a b n q t h e  *axis- 2nd irt -%his-ariatat-Son---- - 

4 1 
t h e  Laue r e f l e c t i o n s  from D ( 0 )  and D 3 h ( ~ )  p o l y t y p e s  are 

5 6h 
i d e n t i c a l .  While the C3v(y)  po ly type  does  have s y s t e m a t i c  

- - - - -  

absences when viewed along this ax is ,  t h i s  is of no use in 

determining the c o r n p ~ s i t i u n  of mixed E-y c r y s t a l s  because  of 

t h e  s u p e r p o s i t i o n  of t h e  s p ~ t s .  From r o t a t i n g  c r y s t a l  cechni- 

ques, however, X-ray s t u d i e s  o f  the  l a r g e  s i n g l e  c r y s t a l s  shows 

a high degree of stacking Saqlts ( T e r h e l l  and L i e t h ,  1972)  

and this has been tentatively,ilttributed to polytype mizing 

The gallium sulphide sfmpfcs studied c o n s i s t e d  of an 

-oriented thick layer crystal approximately 0.. 8~1.0~0.2 c m  

i n  s i z e  and several flakes which were less than 0.5m in 

thickness. The c r y s t a l s  were a l l  b r i g h t  ye l low and as grown 

(from the melt) a r m c t e d  t o  be p- type f~ischer, 1963) .  

The ga l l ium sef e n i d e  samples consisted qf . a  thick 
- 

sample which was X-ray orient& and c u t  on a w i r e  saw a long  

the x and y c r y s t a l s  axes (as def ined  by Nye (195711, and of 

several  *large t h i n  flakes. Fhe large o r i e n t e d  c r y s t a l ,  which 
*. ,b- ,2- 

I'* _- 
was also used in t h e  Resonafik Raman experiments, was 



in shape as viewed from the c-axis. The y-face is approxi- 

mately 2 m  x 3mm and the x-face is approximately 2mm x 7mm. 

Attempts at polishing or otherwise improving the q u a l i t y  of 

the faces obtained from the wire saw cut proved unsuccessful 

as the process of mechanical polishing deformed these very 

z-faces  of these crystals could be greatly improved by 

cleaving new surfaces in this direction.   his process is 

easily accomplished with a minim& of strain since the layers 
- 

separate quite easily with the use of cellophane tape. 9 
The y y p o l y t y p e  needles of GaSe used are equilateral tri- 

angles in cross section and are tapered. The f a c e s  of t h e  

needle are thus not along pure symmetry directions but are 

(1 i 0 1) faces [Terhell and Lieth, 1972). However, - since 

the c-axis cell dimension is so large with respect to the ab 

cell dimensions, the angle these faces make with the  orthogon- 
1 

a1 y-crystalline a x i s  is about 8 3 O  and thus near right angle  - 
scattering can be done. Refraction at these surfaces, which 

initially seems to be problematic, proves to be quite useful 

in the study of these needles  and of the y - p l y t y p e -  

3.1.2. Apparatus 

A l l  spectra obtained in,  this work were excited by laser - 

- .. : . 
excitation. Three lasers were used in this work. The highest 

energy excitation was obtained with the various lines of a 

Spectra Physics Mdel 165 Argon Ion  laser. I t  was found that 
2 



- - - 

i n  o r d e r  t o  o b t a i n  s p e c t r a  in Gas far below t h e  band gap at 
0 

room temperature, the 5145 A l i n e  of t h i s  l a s e r  w a s  t h e  most 

advantageous.  With t h e  A=+ laser running  i n  a s i n g l e  i dng i -  

t u d i n a l  mode with the use of  t h e  S p e c t r a  Physics Model 589 . 
i n t r a c a v l t y  e t a l o n ,  it was p o s s i b l e  t o  employ a molecu la r  

i o d i n e  f i l t e r  (Devl in  e t  a l . ,  1 9 7 1 )  in o r d e r  t o  remove the 
- -  - - -  - A-  A- - -  --- - 

u n s h i f t e d  component of t h e  s c a t t e r e d  l i g h t .  The molecula r  

i o d i n e  c e l l  w a s  f i v e  c e n t i m e t e r s  i n  l e n g t h  and i t s  a t t e n u a t i o n ,  

c o n s t r u c t i o n  and  d e s c r i p t i o n  - - - -  - of - q e r a t i o n  may b e  found i n  the 

thesis of  C.G. Hodgins of this depar tment  who c a l i b r a t e d  the , - 
\ 

c e l l  (Hodgins, 1 9 7 4 ) .  

Also used i n  t h i s  study was a 50mW S p e c t r a  Physics Model 
0 

1 2 5 ~ e - ~ e  l a s e r  at 6 3 2 8  A and a S p e c t r a  Physics Model 370 

tunable dye laser. The dye laser contained Rhodamine 6 G  

- as i t s  l a s i n g  e lement  and provided  a t u n a b l e  o u t p u t  from 
0 0 

> 
5470 A t o  6420 A. The maximum o u t p u t  of the dye laser is 

0 

between 5700 and 5900 A and was 300mW a t  its peak. Typical 

power l e v e l s  used i n  t h i s  s t u d y  were less than  15OmW. 

The c r y s t a l s  w e r e  placed on a gonimeter  mclunt for room 

t empera tu re  w&k and i n  a cold finger dewar for t h e  low tern- 

perature work. Because of the number of windows in t h e  opti- 

cal dewar, the sample temperature bras s o m e w h a t  higher-#an 

? 7 * K  when l i q u i d  n i t r o g e n  w a s  used.  The ambient- 

measured with a gold-chrome1 thermocouple was t y p i c a l l y  

81 + laK. 
I 

Spectra were taken in a variety  of gcometried where 



the scattering angle between the incident and scattered 

beam ranged from 0' to 180•‹. The most common geometry, 

however, was the 90•‹ configuration. fn'all cases, the 

geometry of the scattering event is given by the notation 

A(BC)D where A and D are the k-vectors of #e incident and 

scattered photons, respectively, and B and C their respective 

polarizations. 

Light from the sample in all but the backscattering 

spectra was col~lected by an f/1.2 Canon 50 nun focal length 

l e n s  and-imaged o% t h c i n p u t s l i t  of a - - -- - - -  - - - 

, 

Spex 1400 3/4 meter Czerny double monochrometer. An ITT 

W-130  ( S 2 0  response) photomultiplier monitored the output 

of the spectrometer and the signal was fed through standard 

photon counting electronics and displayed on a strip chart 

recorder. 

In the backscattering geometry, a combination of two 

simple lenses replaced the Canon lens in the collecting 

optics. In both cases, the scattered light was analyzed 

with sheet polaroid and then depolarized by a quartz wedge 

before entering the slit of the spectrometer to eliminate 

polarization effects of the gratings. 

When t h e  dye laser was employed as a source, the fre- 

quency of the fine wafs caf if3rittRd bfure &- after ea&- - - 

series of runs at the  wavelengthbehg stud iW W ~ W *  t h o  - ---- 

known lines of a Neon discharge tube. The linewidth of the 

d y e  laser can became somewhat broad at the ends of the tuning 

range of the laser if the resonator controls of the dye laser 



- 4 9  - 
- - - -- 

a r e  n o t  se t  careful .1~.  
- .  

In- order  t o  monztor this l i n e w i  

the dye l a se r  beam was checked p e r i o d i c a l l y  by passing 

t h e  l i g h t  through a Fabry-Perot i n t e r f e r o m e t e r  w i t h  a 2mm 

-1 spacer (AS = 1/2d = 2.5 cm , f r e e  spectral range)  . B; i n -  

spec t ion  of the thickness of t h e  f r i n g e s a t h e  l a se r  linewidth ' 

was constrained t o  be less than 1 crn-I sometimes w i t h  a 



1 3  W ~ F S  7 

T h e  f i r s t  o r d e r  Raman s p e c t r a  of Gas and GaSe were 

s t u d i e d  c h r o n o l o g i c a l l y  by lookiAg a t  B-Gas, t h e n  c-y 

crystals o f  GaSe and f i n a l l y  n e e d l e s  of y-GaSe. There  i s  

an advantage  i n  p r e s e n t i n g  the  results i n  t h i s  c h r o n o l o g i c a l  

form s i n c e  t h e  s t r u c t u r e s  i n  t h e  Raman spectkn b u i l d  on t he  

knowledge o f t h e - i d e n t i f i c a t i o n  o f  the modes i n  the s i m p l e s t  

spec t rum,  Gas. 
4 

3.2.1 GaS 

The Raman spectrum of Gas is shown for two orientat-ions 

i n  F igu re  3.1. The n o t a t i o n  has -been  p r e v i o u s l y  d e s c r i b e d .  

The  s p e c t r a  shown h e r e  were taken a t  room temperature w i t h  
0 

the 5145 A line of the Argon i o n  l a s e r  w i t h  t h e  u s e  of a 

molecu la r  i o d i n e  f i l t e r  t o  d i s c r i m i n a t e  against t h e  u n s h i f t e d  

component of  t h e  s c a t t e r i n g .  There are s i x  f e a t u r e s  i n  t h e  

f i r s t - o r d e r  Raman spectrum and the t w o  o r i e n t a t i o n s  shown h e r e  

c l e a r l y  d i s p l a y  t h e  d i f f e r e n c e s  i n  diagonal p o l a r i z a t i o n s  and 
1 

off-diagonal e l e m e n t s  of t h e  s c a t t e r i n g .  The measured fre- 

quencies of the phonons a r e  g iven  i n  Tab le  3.1 where t h e y  are 

compared t o  the r e s u l t s  of Van der Ziel e t  a l .  (1973) .  These 
i 

assignments were made.on t h e  basis of t h e  synwtry p r o p e r t i e s  

of the s c a t t e r i n g  and are c o n s i s t a n t  with t h e  results obtained 
- - - 

by Van der Ziel. In Table 2 . 2  it was shown t ha t  six first- 
-- - -- 

pppp 

o r d e r  Raman a c t i v e  modes have been p r e d i c t e d  from group t h e o s  

and these six m d e s  have been observed, 





TABLE 3.1  - Assignments and Frequencies  of vibration for 
B - Gas. A l l  values ob ta ined  axe ' 1 . 0  a n - ' .  

Irred. P o l a r i z a b i l i t y  Raman ~ r ~ q u e n c i e s ( c r n - ~  
Feature Rep. Tensor 2 9 3  K 81 O; 

< a r 

v b 3 a 

a) This work b) 'Van d e r  Ziel e t  al. (1973) 



The Raman spectrum of the ' l a r g e  crystals of GaSe is 

shown in Figures 3.2 through 3.5. These four figures display 

all the symmetry components which should be distinct by the 
4 

group theoretical selection rules. The spectra shown here 
: 

were obtained at liquid nitrogen temperature with the He-Ne 
- 

polarization properties and assignments of these features are 

given in Table 3.2. It s h o u l d  be noted thqt while the assign- 
r 
* 

-- - - - - - - - - -  - -  - 
ments shown here are in some disagreement with previous 

authors (Wieting and Verble, 1972; Hayek et al., 14731, 

they are in substantial agreement with o t h e r  recent results 

(Mercier and Voitchovsky, 1974; Yoshida et al., 1 9 7 3 ) .  

The first s p e c f r u m  (Figure 3.2) is the diagonal Y ( Z Z ) X  

geometry. In this Z Z  orientation the only phonons which are 

allowed are 
I 

t h e  Al and 
t 

the A1 

phonons. These modes can be clearly s e e n  to be the dominant 

features in the spectrum. The appearance of t h e  other modes 

i n  the spectrum is due to sample depolarization (most of 
t 
which probably occurs at t h e  surfaces of t h e s e  crystals). 

The relative strength of these features is much stronger in 

t h i s  s p e c t r u m  than in off-diagonal scattering and thus 
- - - -  

identification of t h e s e  mdes.is easily accomplished. 
--- 

---- 
F i g u r e ~ ~ ~ h & ~ % h e o f f - d ~ ~ g ~ Y ( ~ y ) ~ ~ o m e t r y .  In 

t h i s  the 60 c m - I  En (1 1 and t h e  212 cm-I E" (2 ) 

phonons are quite strong as would be expected by group theory 











TABLE 3 . 2  - Assignments  and F r e q u e n c i e s  of V i b r a t i o n  f o r  
( E  - y )  c r y s t a l s  of GaSe. Assignments  a r e  based on t h e  
E-poly type ,  D 3 h .  A l l  f r e q u e n c i e s  are k1.0 an-l unless 

otherzrise n o t e d .  

I r r e d u c i b l e  P o l a r i z a b i l i t y  
Pepresent .  T e n s o r  

* See s e l e c t i o n  r u l e s  ( T a b l e  2 . 2 )  

, # ' T h i s  frequency possibly c o n t a i n s  some A2 phonon in- 
volvement  a t  roan temperature. 



F i g u r e  3.4 shews the othcr .off dia-a1 mm- 

p o n e n t  Y (XY) Z and t h e  o t h e r  E symmetry phonons  E' (12) a t  
i 

20  an-' and  E' (TO) ( 2 )  a t  215 c m - l  become ' r e l a t i v e l y  strong. , 
H /f 

F i n a l l y  ano the r  d i a g o n a l  s p e c t r u m  Y (XX) Z i s  shown i n  ~ i g u r e  

3 .5 .  In t h i s  spectrum all t h e  phonons are r e l a t i v e l y  weak, 

b u t  t h e  E" modes a t  6 0  and 212 cml have a l m o s t  disappeared, 

A which i s  in _agxemnenk with-the lack'-of an= syrmnetry-b9menk- -- 

f o r  t h e s e  v i b r a t 4 o n s .  
ii - 
P 3 . 2 . 3  y-GaSe 
k - - 

The most  conclusive e v i d e n c e  of t h e  above  a s s i g n m e n t s  

G of t h e  modes comes by e x a m i n i n g  t h e  y - p o l y t y p e  of GaSe. 

I n  the y-polytype a l l  modes become Raman a c t i v e  a n d ' t h u s  t h e  

modes w h i c h  were p r e v i o u s l y  o b s c u r e d  by t h e i r  inactivity 

may be deduced. F u r t h e r m o r e ,  i t  i s  p o s s i b l e  t o  s t u d y  t h e  

behaviour of the polar phanons as  a f u n c t i o n  of t h e  angle 

of p r o p a g a t i o n  of t h e  phonons, as was discussed i n  S e c t i o n  

2 . 4 .  

B e f o r e  p r e s e n t i n g  these r e s u l t s ,  however, i t  is 

necessary  t o  d e s c r i b e  the geometry  of t h e  s c a t t e r i n g  e v e n t s  

as a f u n c t i o n  o f  angle. A s  was ment ioned  i n  S e c t i o n  3.1.1, 

the y-polytype samples were t r i a n g u l a r  n e e d l e s  of e q u i l a t e r a l  

cross s e c t i o n .  The needle faces a s  grown i n  t h i s  f a s h i o n  are 

Cl i 0 1) or p e r m u t a t i o n s  of t h e  first t h r e e  i n d i c e s .  The 

end face of the needle is a (0 0 0 1) face. I n  the conven- 

t i o n  of Nye ( 1 9 5 7 ? ,  t h e  group theoretical o r t h o g o n a l  co- 
# 

o r d i n a t e s  x ,  y ,  a n d  z (or Nye's x 1' X 2 #  and x ) are d e f i n e d  3 



r e l a t i v e  t o  the hexagonal coordinates (x ,  y, U, Z) by 2 = z 

and x = xl.  F o r  t h e  y-GaSe n e e d l e s ,  t h e n ,  e a c h  f a c e  is 
" 

c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t , w i t h  t h e  x a x i s  p a r a l l e l  t o  

t h e  face of t h e  n e e d l e ,  t h e  y - a x i s  ( t h e  o r t h o g o n a l  y-axis) 

n o t  q u i t e  n o r m a l  t o  t h e  face o f  t h e  n e e d l e  and t h e  z-axis 

a l o n g  t h e  a x i s  of t h e  need le .  The p , o s i t i o n  o f  t h e  g a l l i u m  

d i r e c t i o n s  a r e  shown i n  Figure 3.6. A d i a g r a m  of t h e  n e e d l e  

i t s e l f  i s  shown i n  F i g u r e  3 . 7 .  From t h e  n o t a t i o n  o f  t h e  l o n g  

faces, it is an-easy matter to s h o w t h a t  t h e  faces-make arr - - 

.are t h e  u n i t  c e l l  d i m e n s i o n s  from Table 2 . 1 ,  
1 

S p e c t r a  were  t a k e n  on t h e  y-needle b o t h  a t  room tempera-  

t u r e  and a t  81•‹X. Var ious  o r i e n t a t i o n s  are shown i n  F i g u r e s  

3 . 8  t h r o u g h  3 .11 .  A l l  t h e  s p e c t r a  a r e  a t  8I0K unless o t h e r -  

wise n o t e d  i n  t h e  d iagrams .  T h r e e  new features are s e e n  i n  

t h e  y-polytype spec t rum.  First i s  the o b s e r v a t i o n  o f  a weak 

phonon near 40 c m - I  (Figures 3 . 8  ( a ) ,  3.10 ( a ) ,  and 3.11) which  

h a s  been t e n t a t i v e l y  i d e n t i f i e d  as the  A 1 ( l )  r i g i d  l a y e r  

-1 compressional mode p r e v i o u s l y  seen a t  37 ern i n  far infrared 

spectra in E-Y crys ta l s  { I r w i n  et al., 1873). The o t h e r  two 

f e a t u r e s  are  the TO-LO phonon p a i r  of t h e  p r e v i o u s l y  i n a c t i v e  

f u l l y  b l o w .  

f i g u r e  3.8 shows ,the d i a g o n a l  Z ( X X ) Y  and off-diagonal 



F i g u r e  3 . 6 .  The s p a t i a l  coordinat ion of atoms in 
T ! a t - & & r -  

ec t ions  ( x  , x 2  , and x ,) and the hexagonal directions 
fx ,y,u,z)  f o r  t h i s  C symmetry crys ta l  are also 
i d e n t i f i e d .  The cry&bl faces c u t  the ab-plane 
along the d i r e c t i o n s  x ,  y ,  and u of t h e  hexagonal 
n o t a t i o n .  



needle 

Figure 3 - 7 .  Diagram of y - G e e  needle, 



FREQUENCY SHIFT (cm'l) .- 
Fi g u m  3 . 8 .  Raman Spectra of -GaSe: Z ( X X ) Y  and Z (YX)Y.  
Spectra taken a t  6328 A a t  81 h. 



FREQUENCY SHIFT ( cm" ) 
Figure 3.9. Raman Spectra of Y-GaSe: Z ( Y Z ) Y  and Z(XZ. )Y.  
Spectra taken at 6 3 2 8  A at 81 OK, - 



F R E Q U E ~ ~ Y  S H I F T  ( cm'' ) 
Figure 3.10. Raman Spectra of y-GaSe: 'Z(XXIZ and X ( Z Z ) Y ,  
30th spectra taken at 6328 A. Top spectrum recorded at 
room temperature and bottom spectrum a t  81 OK. Possible 
ghosts indicated by brackets .  



FREQUENCY SHIFT (cm'') - - - 
Figure 3.11. Raman Spectrum of y-GaSe: Y ( 2 Z ) Y .  Spectrum 
t aken  at 6 3 2 8  A a t  r o o m  temperx&uxe.&tssible_gratlna----- 

- -- - -- - 

ghosts i n d i c a t e d  by brackets. 



TABLE 3 . 3  - Assignments and Frequenc ies  of V i b r a t i o n  for 
y - G e e .  A l l  f r e q u e n c i e s  a r e  51.0 cm'' unless otherwise 
noted. S e l e c t i o n  rules for t h e  vibrations are g iven  i n  
Table 2 . 2 .  

I r r e d u c i b l e  
Representation 



- - 
- - 

Z I Y X ) Y  geome t r i e s .  The d i a g o n a l  spectrum f a )  shows t h e  
- - --- - -- 

mixed E ( 2 )  - ( 2 )  M mode t o  b e  r e l a t i v e l y  s t r o n g  a t  249  c 8  

and t h e  mixed A ( 2 1  - E ( 2 )  TO mode a t  app rox ima te ly  one h a l f  
1 

t h e  M -  i n t e n s i t y .  The TO mode i s  a t  229  c m - l .  A l l  A1 
Q 
'b 

symmetry modes appear q u i t e  s t r o n g  i n  t h i s  spectrum.  F i g u r e  

3 . 8 ( b )  shows the YX geometry which is g e n e r a l l y  much weaker . 
t h a n  t h e  above spectrum.  

- - - - - - - -  A - - - -- - - - - - - - -- - -- 

Figure  3.9 shows t h e  two o t h e r  o f f - d i a g o n a l  e l emen t s  

2 ( Y Z ) Y  (F igu re  3.9 (a) ) and Z ( X Z ) Y  ( F i g u r e  3.9 (b)  ) . I n  b o t h  

P 
-1 these  spectra t e E symmetry phonons a t  59 c m - I  and a t  2 1 1  cm- - 

a r e  q u i t e  s t r o n g .  Figures 3.10 and 3.11 show t w o  d i a g o n a l  

b a c k s c a t t e r i n g  geomet r i e s  5 ( X X ) , Z  and Y ( 2 2 )  Y b o t h  t aken  a t  room 

t empera tu re  and a  right a n g l e  spectrum X ( Z 2 ) Y .  One f e a t u r e  

t o  n o t e  i s  the peak a t  38  cm-I i n  t h e  room t empera tu re  s p e c t r a .  

T h i s  peak is found  to be s t r o n g  only i n  b a c k s c a t t e r i n g  s p e c t r a  ' 

and has been t e n t a t i v e l y  i d e n t i f i e d  a s  t h e . 5  (1) compress iona l  

v i b r a t i o n ,  which was i n a c t i v e  i n  t h e  e-polytype.  I t  is some-, 

what d i s c o n c e r t i n g  t h a t  t h e  peak shou ld  appea r  so s t r o n g l y  i n  

b a c k s c a t t e r i n g  and o n l y  v e r y  weakly ( F i g u r e  3 . . 8 ( a ) )  i n  o t h e r  

diagonal geomet r i e s .  Because o f  t h i s  f a c t ,  and s i n c e  one 

must always be reticent about ass ignments  of l o w  energy  peaks  

in backscattering because of t h e  p o s s i b l e  h igh  i n t e n s i t y  

mode m u s t  be t e m e d  t e n t a t i v e .  The o t h e r  . f e a t u r e  t o  n o t e  i n  

t h e  b a c k s c a t t e r i n g  spectrum from t h e  Y face is the observation 



The f r e q u e n c i e s  o b t a i n e d  fo r  t h e  normal  modes of vibra- 

t i q n  . for  t h e  y-polytype a r e  shown i n  Table 3 . 3 .  The fre- 

q u e n c i e s  g i v e n  for, t h e  A1 (2) and E ( 2 )  LO and TO phonons are 

t h e  l i m i t i n g  

A and p u r e  v i b r a t i o n s .  

values s e e n  i n  t h e  e x p e r i m e n t  and represent pure  

- 



3 -  3 D i s c u s s i o n  -- 

' As was s e e n  i n  T a b l e  2.2, o f  t h e  2 4  normal  modes o f  

v i b r a t i o n  o f  t h e  B-polytype,  on,ly s i x  a r e    am an active. ~ h e s e  

six modes have been i d e n t i f i e d  and a s s i g n e d  t o  t h e  s p e c t r a l  

f e a t u r e s  i n  t h e  Raman s p e c t r u m  a c c o r d i n g  t o  t h e i r  symmetry , 

p r o p e r t i e s  w i t h  no  d i s a g r e e m e n t  w i t h  p r e v i o u s  r e s u l t s  (Van 
- - - - -  - - -  -- -- - 

der Ziel e t  a l . ,  1 9 7 3 ) .  The s i x  Raman a c t i v e  modes are a l l  

e v e n  i n  symmetry a s  t h i s  i s  a c e n t r o s y n u n e t r i c  c r y s t a l  and t h u s  

represent t h e  phonons i n  t h e  lower row o f  F i g u r e  2 .6 .  T h i s  i s  

a n  i m p o r t a n t  o b s e r v a t i o n  bhcause n o t  only d o e s  it i d e n t i f y  

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

c a n c e  t o  t h e  i d e n t i f i c a t i o n  o f  " c o n j u g a t e "  modes i n  GaSe. 

3 . 3 . 2 .  E-y GaSe 

From t h e  s i m i l a r i t i e s  between the s t r u c t u r e s  o f  Gas a n d  

GaSe i n  t h e  l a y e r s ,  one  would e x m c t  t h a t  t h e  s p e c t r a  observed 
. k  

s h o u l d  a l s o  be s i m i l a r  w i t h - t h e  f r e q u e n c i e s  of v i b r a t i o n  
, 

scaled by t h e  ratio of t h e  reduced  mass of t h e  g a l l i u m -  
? 

s e l e n i u m  p a i r  t o  the g a l l i u m - s u l p h u r  pa i r .  Roughly, if the 

e l a s t i c  c o n s t a n t s  a re  e q u a l  one  would have  

W 

ct; Gas GaSe =dF . = d m ) =  Se + " ~ a  
1.356 (1.1) 

T h i s  r a t i o  i s  quite w e l l  obeyed f o r  s e v e r a l  modes in t h e s e  
~ --pp--pp--p ~p ---- ~- 

two compounds. The frequencies of the c o r r e s p o n d i n g  v i b r a -  

t i o n s  and t h e i r  r a t i o s  is g i v e n  i n  Table 3 . 4 .  

One mode i n  t h e  E-y spectra of GaSe i s ,  however ,  n o t  



TABLE 3 . 4  - Ratios of Frequencies of Vibration of Corres- 
ponding Modes i n  GaS and GaSe. 

Vibrational Mode 

Gas, GaSe 
'G~S'' GaSe % Error* 

* This i s  the percentage d i f f e r e ' e  from the rough 
estimate of  1 . 3 6  obtained from the  r a t i o  of t h e  
reduced mass. 



r 

- - -  

comparable t o  &Gas i n  thls rnanner 'and this i s  t h e  mode a t  
- 7 L  pp 

2 3 4  c m  . F r a i -  

fied i n  a p rev ious  work ( I r w i n  e t  al., 1973)  ' a s  the s p l i t  off 

LO phonon E '  ( 2 2 )  from t h e  E'TO at 215 an-'. On the other hand 

Hayek e t  a l .  ( 1 9 7 3 )  a s s i g n e d  this peak and one they observed 

a t  2 4 7  a s  'an E" phonon conjugate p a i r .  The r e s u l t s  o f  

t h e  work on the Resonant,Rarnan e f f e c t l a n d  the spectra taken 

on the y-polytype w-if f show t h a t  t h i s  c o n c l t t s i e n  is e~~-oneous , - - -  - 

and i n  fact is a m a n i f e s t a t i o n  of t h e  RRE. 

with t h e  use pf the selection r u l e s ,  t h e  a s s i g n m e n t s  made 

in Table 3.2 i d e n t i f y * a g a i n  six modes (plus t h e  a d d i t i o n a l  

split off  LO phonon). Group t h e o r y  (Appendix A) p r e d i c t s  t h a t  
fl 

t h e r e  a re  eleven Raman a c t i v e  phonons:  

- t 

To explain why only s i x  features ( p l u s  t h e  -LO phonon) are 

observed, one must return t o  the argum&t of c o n j u g a t e  modes 

and refer t o  Figure 2.7. I n  E-GaSe t h e  A2" modes are Raman 

inac t ive  and t h u s  only s i x  p a i r s  of modes of figure j - 2.7 can 

be Raman active.  S ince  t h e  ~"(1') i s  an a c o u s t i c  mde, that 
'r 

then cmsists of two modes which a r e  n e a r l y  d e g e n e r a t e  i n  

energy by the  a r g w e n t  of t h e  weak coupling between thg layers, 

which leads to equation 2.32. One can, on the b a s i s  of the + 
- pp 

- pp pp 

s y m e t r y  of the nodes and  w i t h  comparison t o  Gas t h r o u g h  

Table  3 . 4 ,  make assignments of each spectral peak to  one  p a i r  

- . , 



of conjugate modes. From e q u a t i o n  2.32 o n e  c a n  estimate 

On\m 

these large  plate crystals are primarily of t h e  E- 

po1yty .e .  The degree of y-pofytypism i n  these samples can  be 

e s t i m a t e d  f r m  the work described i n  t h e  f o l l o w i n g  s e c t i o n .  
r 

From the group theoretical prediction of S e c t i q n  2 . 4 ,  one , 

would expect a l l  the phonons in t h e  c3: y-polytype to be both 
*. 

n e e d l e s  serves both as corroboration of the previous con- 

the f r e q u e n c y  d i f f e r e n c e  between each pair of con jugate modes. 

With wit the c o u p l i n g  f r e q u e n c y ,  being the r i g i d - l a y e r  f re-  

quency f o r  the E symnietry modes (19.5 c m - I )  and 3 6 . 7  crn-I 

( 1 r k i n  et al., 1 9 7 3 )  for t h e  A symmetry. modes, the . o n l y  

e x p e r i m e n t a l l y  r e s o l v a b l e  s p l i t t i n g s  ( t h a t  ii, Aw > 1 an- ')  

-1 would  o c c u r  fo r  the 6 0  cm E '  phonon or t h e  1 3 5  cm-' A ~ *  
- - - - - - - --- 

phonon.  In s p i t e  of a c a r e f u l  s e a r c h  for  t h e s e  s a t e l l i t e  

l i n e s ,  n o  e x p e r i m e n t a l  e v i d e n c e  of conjugate modes w a s  found: 

One must conclude that t h e - c o n j u g a t e  msdes_were either to? - - -  

a. 
weak t o  o b s e r v e  o r  had e x p e r i m e n t a l l y  u n r e s o l v a b l e  s p l i t t i n g s .  

~ e c a u s e  o f  t h i s ,  one c a n  n o t  c o n c l u s i v g l y  d e t e r m i n e  w h e t h e r  

t h e  Raman mode be ing  o b s e r v e d ,  i s  from t h e  upper r o w  or 

lower row of F i g u r e  2 . 7 .  

The w o r k  on t h e  crystals of E-y GaSe demonstrates t h a t  

t h e  Raman.activity of t h e  modes is  c o n s i s t e f f t  with t h e  c o n c l u -  

clusisrrs -about the E-polytyps and also adds much new informa- 

tion a b u t  t h e  modes previously i n a c t i v e .  There are 36 normal 
A- 



- - - . +  , .- .. - . m  

modes ot vibration I n  tne y-polytype. a .  Because or tne aonme 

of t h e  c o n j u d t e  m d e s ,  t h e r e  a r e  o n l y  e i g h t  v e r y  d i s t i n c t  - 

f r e q u e n c i e s  i f ' o n e  ignores t h e  LO phonons. Of t h e s e ,  s i x  

are v i b r a t i o n s  of t h e  form o f  the a c t i v e  phonons t h e  B- and 

E - p o l y t y p e s .  The r e m a i n i n g  t w o  are t h e  A1 v i b r a t i o n s  which , 

are d e r i v e d  from the A;' symmetry of t h e  E-polytype.. Thus,  
C 

one expects' tha -r i-gid--layer compressional z i h r a t F o n - + U L  -2- - -  

( A  (1) in E-GaSe) t o  become v i s i b l e  a s  w e l l  as the Al(2)  

v i b r a t i o n .  T h i s  latter v i b r a t i o n  had m a n i f e s t e d  i t s e l f  i n  
- - - - - - -  - - - 

t h e  E-polytype o n l y  i n  t h e  Resonan t  Rarnan e f f e c t  when a peak 

near 2 1 7  cml a p p e a r e d  i n  s p e c t r a  t a k e n  a t  room t e m p e r a t u r e  

with t h e  He-Ne laser. This phonon was i n t e r p r e t e d  t o  be t h e  

A;' (LO) since the LO phonon s h o u l d  p r e d o m i n a n t l y  be  a f f e c t e d  
. t 

i n  t h e  RRE. The a s s o c i a t e d  TO phonon was n o t  o b s e r v e d  i n  the 

E-po ly type  s i n c e  it was forbidden, Previous infrared 

absorption measurements  i n d i c a t e d ,  however,  a R e s t s t r a h l e n  edge 
+ 4 - 1 

for E!/C at approximately 237 cm (Leung et al. , 1966; ~ i e t i n g  , 

and Verb'le, 1 9 7 2 ) .  

The Raman s p e c t r u m  of y-GaSe shown i n  ~ i g u r e s  3 . 8  - 3.11 
II' 

displays t h e s e  new features. The A1 ( 2 )  TO and LO phonons do 

n o t  show a u n i q u e  frequency dependence  but -  i n s t e a d  mix w i t h  

t h e  E f 2 )  TO and L.Q phonons as  a f u n c t i o n  of t h e  angle  between 
- 

the phonon propagat ion vector and t h e  c - a x i s  which wiff be 

discussed i n  t h e  f o l l o w i n g  s e c t i o n .  The second new feature  

i s  the observation of t h e  weak pe'ak near 40 c m - l  which has been 
5 - 

J 



t a t i v e l y  identified a s  t h e  A (1) r i g i d  layer c o m p r e s s i o n a l  

v i b r a t i o n .  T h i s  i d e n t i f i c a t i o n  i s  made b e c a u s e  t h e  peak o n l y  

a p p e a r s  in d i a g o n a l  s p e c t r a  and t h u s  h a s  t h e  symmetry c h a r a c -  . 
t e r i s t i c s  of A phonons. T h i s ,  P l u s  t h e  p r e v i o u s  identification 

-1 
of t h e  A;' (12) mode i n  f a r  i n f r a r e d  a b s o r p t i o n  a t  36.7 c m  

( I r w i n  e t  . , 1973) s u p p o r t s  t h e  A1 (1) a s s i g n m e n t .  
3 P1 
The i n t e n s i t i e s  - - - - of - t h e  - - o t h e r  phonons - - -- i n  the y - p o l y t y p e  - 

- 

however,  show a s t r i k i n g  s i m i i a r i t y  to  t h e  b e h a v i o u r  of t h e  

.phonons  i n  t re  mixed  E-y c r y s t a l s .  I n  p a r t i c u l a r  t h e  E ( 3 )  

59 c m - I  and E ( 4 )  211 c m - I  v i b r a t i o n s  are strongest i r i  XZ 

o r  Y Z  s p e c t r a .  T h i s  b e h a v i o u r  i s  v e r y  much l i k e  t h e  be- 

haviour of t h e  E" phonons of t h e  E - p o l y t y p e  which  a re  o n l y  

a c t i v e ' w i t h  t h e  above components .  
J 

As i n  t h e  E - p o l y t y p e ,  t h i s  p o l y t y p e  d i s p l a y s  no experi- 

m e n t a l  e v i d e n c e  fo r  c o n j u g a t e  modes i n  t h e  s p e c t r u m .  The 

a rguments  w h i c h  a p p l i e d  to  t h e  E - p o l y t y p e  c a n  a g a i n  be a p p l i e d  

h e r e  w i t h  some c a r e .  The y - p o l y t y p e . h a s  t r i p l e t s  of c o n j u g a t e  

modes ( except  fog hl (1) and E (1) which are d o u b l e t s )  , and 

t h e  argument of two simple coupled oscillators (Wieting and 

Verble, 1 9 7 2 )  must  be altered somewhat. The s o l u t i o n  of t h e  

problem of three simple coupled osc i l l a to rs  of frequency oo 

and coupling constant ~1 = w 'M gives t h e  f r e q u e n c i e s :  i 

T h i s  approxination again reveals that the order of magnitude 
3 

of  t h e  s p l i t t i n g  of the con juga te  modes would be small and. 



- 76 - 
unresolvable e x c e p t  for the lowest lying modes, wh 

- - - - - - - ich 

e x p e r i m e n t a l l y  show no e v i d e n c e  o f  s a t e l l i t e s .  The l i n e a r  

c h a i n  model of Wketing (1973)  c a n n o t  s i m p l y  be applied t o  

the y - p o l y t y p e  s i n c e  a l i n e a r  c h a i n  c o n s t r u c t e d  o f  two 

types  of atoms and o n l y  t h r e e  s p r i n g  c o n s t a n t s  d o e s  n o t  

d i f f e r e n t i a t e  between the E- and y - s t a c k i n g s .  One must  

conclude t h a t  c o n j u g a t e  modes were n o t  seen b e c a u s e  they are 
- - - - - - - - -- - - - - -- - - 

e i t h e r  too weak i n  t h e  Raman s p e c t r u m  and /o r  have  u n r e s o l v a b l e  

s p l i t t i n g s .  
- 

F i n a l l y ,  one can araw some conclusion a b o u t  t h e  amount 
t 

of y -po ly typ i sm i n  t h e  large c-y p l a t e  c r y s t a l s .  U n t i l  t h i s  
* 

w o r k  was completed, n o  estimate of the degree of admixing had 

been made. The  c o n c l u s i o n s  of the p r e v i o u s  work on t h e s e  

crystals ( I r w i n  e t  a l . ,  1973)  was t h a t  t h e  degree of y-poly- 

t y p i s m  must be s m a l l  since-the s e l e c t i o n  r u l e s  for t h e  E- 

p o l y t y p e  a re  w e l l  obeyed. The strength of t h e  A1 phonons i n  

y which are compatible w i t h A ; ' v i b r a t i o n s  of E i n d i c a t e s  t h a t  

these phonons are an adequate i n d i c a t o r  of t h e  degree o f  y- 

polytypisrn i n  t h e  large crystals, From t h e  s t r e n g t h  of t h e  

A1(2) TO l i n e  i n  the y-polytype, one must c o n c l u d e  t h a t  the 

arrtount of ' f -po ly typ i sm in the E-Y c r y s t a l s  i s  less t h a n  5 % .  

3 . 3 . 4  Angular Depe-ndence o f  t h e  S c a t t e r i n g  

A 6  was ~ b n  i n  Geetion 2 . 4 ,  o n e  expects the pu&r 
- -- -- 

pbonon frequencies F A ~  pfezoefectric c r y s t a l  to be strongly- 
. . 

dependent  on the ciirection of phonon propagation as well as 

polarization ~f the phonon, Xn particular one would e x p e c t  



Ir 

a n i s o t r o p i c  p o l a r  crystal t o  vary as  t h e  angle 0 ,  between 

C 
the d i r e c t i o n  of phonon p r o p a g a t i , o n  a n d  t h e  c-axis is v a r i e d  

( c . f .  e q u a t i o n  2 . 2 5  and F i g u r e s  2 . 4  and 2 . 5 ) .  A s  was s e e n  i n  

t h e  p r e c e d i n g  s e c t i o n s ,  the f r e q u e n c i e s  of the  LO and TO 

phonons  i n  the E- and y-polytypes in many cases have values' 

which are indicative-  GC t h e  pherron propagating L a  _nm- -a 

symmetry  d i r e c t i o n .  I t  was possible i n  the y-needles t o  measure , 

this dispersion as a f u n c t i o n  of t h e  a n g l e  of p r o p a g a t i o n  of 

the phonon , 8 . 
The p a r t i c u l a r  g e o m e t r i e s  of interest involved are 

t h o s e  where t h e  light enters the crystal along the c-axis 

of the needle and is viewed at some angle 6 w i t h  respect t o  

the y - a x i s .  
/ < 

By v a r y i n g  this viewing a n g h  6 one i s  then b l e  t o  a d j u s t  Q 
t h e .  angle between the i n c i d e n t  and s c a t t e r e d  beams i n s i d e  t h e  

crystal. By doing this one effectively samples phonona with 
4 

d i f f e r e n t  p r o p a g a t i b n  d i r e c t i o n s  r e l a t i v e  to,the c-axis and 

makes i t  possible t o  sGdy the f r e q u e n c i e s  o f  a n g u l a r l y  

d i s p e r s i v e  phonons. he geometry of t h e  scattering is shown 

h e f i g u r e  3 . 1 2 .  ~ h w  XX polarization component was selected , 

far these measurements for t w o  r e a s o n s ,  F i r s t ,  it g i v e s  a 
- - - - - 

strong spectrum and,  secondly,  since t he  polarization i s  
- - -- - - - -pp-p- --- 

--- 

p e r p e n d i c u l a r  t o  t h e  c - a x i s ,  t h e r e  a r e  m i n i m a l  b i r e f r i r i g e n t  

effects in either the incident or s c a t t e r e d  beams. Thus o n l y  

one i n d e x  of refraction, n , i s  necessary. Since  no 
0 





measurements of the indices of reftaction of the Y-polytype 

have been made, the indices  of h f r a c t i o n  wed here arm f=ol 
I 

the  coy data of Wasscher and ~ i d u ~ n i 1 9 7 2 )  who give 

and since, . 

Prom Snell'r law one har, i f  9 - a-$, 

i . * 1 , *  

(3 .4 )  ' t 

I . .  

Data for i n t e r m d i a t *  angles 8 were taken by ipt -  
i 

temperature and are shown in  Figure 3 . 1 3 ,  

and E121 modes were 0btained.b~ backscattering and right angla 

scattaring in  the pure ~ y m w t r y  direction. fi .e.  boeh 3 , 

& either parallel or p.rp.ndicular to the c-axL8) and were 

given in Table 3 , 3 ,  Ths valuer thu8 obtained give the I 



The theoretical curye is p l o t t e d  in Figure 3 . 1 3 .  The agree- 

ment with the theoretical curve is excellent. 

Several points of clarification are order t h i s  

could not be extended in .practice since scattering in any 

2 ( IY* geometry [where  Y *  is some direction-viewed from the 
n II 

y face, i. e ,  -- L 6 L -) limits the phonon propagation to an 2 2 

, approximately 1 4 O  baqd about 4 5 O  because of t h e  large  index 

of refract ion.  Because, .however, the three intermediate 

angles fall on the most dispersive portion of the curve, it - 
is felt that they give a reliable t e s t  of the theoretical 

predictions here. 

From these results and the agre ment of the observed i 
Raman s y m t r i e s  of the IX, and TO p onons wlth the theory of -7 
Loudon far t h e  electrostatic lirnik (Case I), it seems evident 

. t h a t  GaSe behaves as a Case I uniax ia l  crystal  even though the 

Of-: 
\ 

retain from this conclusion is that the electrostatic eff ts 

dominate thc behaviot~x of the polar phonons. In this limit ' i  





the polarization disturbance 

(Loudon, 1 9 6 4  and t h u s  
/ 

t rea ted  as isotropic. 

can ,  

- 

electric field associated with 

( t h e  

a l so  

polar phonon) is longitudinal 

a good approximation, 

, 



CHAPTER I V  
- - -- --- 

THE RESONANT RAMRN EFFECT I N  GaSe - THEORY 

4.1 I n t r o d u c t i o n  

From t h e  work of ~ o u d o n  d e s c r i b e d  i n  S e c t i o n  2 . 2 ,  \ ,. 

t h e  e x i s t a n c e  of s i n g u l a r i t i e s  i n  t h e  Raman scattering - - 2 - .  

t e n s o r  s u g g e s t e d  t h a t  t h e  Resonant  Raman Effect (RRE) 

s h o u l d  e x i s t  i n  c r y s t a l s .  There are v a r i o u s  e l e c t r o n i c  
- - - P - - - - A- --- -- 

s t a t e s  i n  semiconcTuctin'g c e s  t a l s  which L&ouldL f e a s i b l y  . , 

be r e s p o n s i b L e  for the RRE. The most o b v i o u s  would be . . 

t h e  i n t e r a c t i o n  of a phonon with i s o l a t e d  e l e c t r o n s  which-  i 
~4. 

have been promoted t o  t h e  c o n d u c t i o n  band  by  the i n c i d e n t  . 
. , 

- .  

l i g h t .  Thus ,  t h e  e x i s t e n c e  of a n  e n e r g y  gap p r o v i d e s  o n e  
--  J 

f r e q u e n c y  r e g i o n  t o  f o c u s  t h e  s t u d y  o f  t h e  RRE. I n  semicon- 
% 

d u c t o r s  , however ,  there  are v a r i o u s  c o m p l i c a t i o n s  which  also 

i n v o l v e  this energy  region. The e l e c t r o n  which has been 
, 

promoted t o  t h e  c o n d u c t i o n  band can' be Coulomb a t t r a c t e d  t o  

the h o l e  which  is left b e h i n d  i n  t h e  v a l e n c e  band.  The en- 

ergy of t h i s  correlatecf s t a t e ,  the exc i t on ,  is u s u a l l y  very 

close t o  the gap energy i t s e l f .  The d i f f e r e n c e  i n  e n e r g y  i s '  

the e x c i  t o n  b i n d i n g  energy, %s which is t y p i c a l l y  1 to 30 

meV. Due t o  this small e n e r g y  d i f f e r e n c e ,  one must perfom 

quite sensitive measurements  as a f u n c t i o n  o f  energy i n  or- 

d e r  to d i s t i n g u i s h  between these two p o s s i b l e  cankributions 

t o  the RRE. 

A d d i t i o n a l l y ,  one can have f r e e  electrons or h o l e s  bound 

to ion i sed  donors or, acceptors i n  s e m i c o n d u c t o r ,  Excitons 

can also be b o u ~ d  to n e u t r a l  or i o n i s e d  i m p u r i t i e s .  A l l  t h e s e  



- - ~~ ~ 

s t a t e s  can f e a s i b l y  be r e s p o n s i b l e  for  t h e  RRE and are VP& 
. Z 

L - -1 

d i t f i c u l t  fb dirrerentiate-withTmeasulements taken '  at- o n l y  a _ 

few ene rgy  g G i n t s  as  i s  done w i t h  t h e  discrete l i n e s  of gas 
. b 

? .  . :lasers : I t  i s  p r i m a r i l y  f o r  'this r e a s o n ,  .i.e. the u n c e r t a i n -  

. ,' . ,.ty , of t h e  t y p e  of i n t e r m e d i a t e  e ' iectrohic . & stat55 i n  ,the s c a t t e r -  
, ,  i - , 

i n g  (and t h u s  the t y p e  of i n t e r a c t i o n  between the e l e c t r o n s .  
. . 

9 
.an,d the l a t t i c e ) .  , t h a t  t h e  t h e o r y  of t h e  RRE was unable, to, - 

. . 
s u l t s  u n t i l _  an extensive m o u n t  bf e x p e r i m e n t a l  e v i d e n c e  was . 

1 

' ,.  
. , .  .Although the l i s t  *of. c r y s t a l s  and number o f  o b s e r v a t i o n s  

. .  
of t h e  RRE i n  s o l i d s  is rrm fa r  too long to' l i s t ' h e r k ,  the 

e a r l y  work was confinkd p r i m a r i l y  t o  B e l d .  L a b o r a t o r i e s .  Most 

of the o r i g i n a l  o b s e r v e t i o n s  were done on two c r y s t a l s ,  CdS -, 
and ZnSe, s t a r t i n g  witk t h e  o r i g i n & l  study of CdS ,b.y L e i t e  

-and P o r t o  (1966) . CdS and' ~ n f e  were f i r s t  choices since t h e y  
, . 

...  
gave 3 t r o n g -  n f i l t i p l e  phonon Raman spectra  ( t h a t  - i s ,  gave ' - 

off p h o t o n s  c o r r e s p o n d i n g  t o  the creation of. more'than one ' 

i 
o p t i c a l  phonon) &d s i n c e  the band g a w  of t h e s e  compounds 

were relatively near  the l i n e s  of e x i s t i n g  gas l a s e r s  (Argon 

i o n ,  Krypton ion, and Helium-~admium) . The e a r l i e s t  work 

( P i n c z u k ,  1968; b i t e  et al., 1969a; b i t e  and ~ c o t t ,  1969b; 

M i t e  et aL+, 1 9 69~; Scott e t  a l . ,  1 9 6 9 ,  1970)  was p r i m a r i l y  

tiple LO phonon peaks were observed. The l a s t  three of the 

above works a t t e q t e d  to define the intermediate s t a t e  in the 
* 

i n t e r a c t i o n  m d  it was o b s e r ~ e d  that when a multiple phonon 



- - 

l i n e  w a s  r e s o n a n t  w i t h  the e x c i t o n i c  energy  l e v e l  t h a t  l i n e  

wasenhaicEd--rScG€t et a T 1 9  70)  . Because o n l y  a f e w  d i s -  

c re te  l a s e r  l i n e s  were availab"1e , t h e  q u a n t i t a t i v e  examin- 

a t i o n  o f  t he  s c a t t e r i n g  c r o s s - s e c t i o n  as a f u n c t i o n  of i n -  

c ide r l t  -photon ene rgy ,  however, remained somewhat sketchy. 

1 With t h e  advent  of  the t u n a b l e  dye  laser,' i t  becomes 

p o s s i b l e  t o  study the behav iou r  o f  t h e  c r o s s - s e c t i o n  o v e r  

a wide. energy range w i t h -  the only limi tat-idon- oKpmee =ergy - , 
. - 
s e n s i t i v i t y  b e i n g  the width  of  the dye l a s e r  l i n e  i ~ k s e l f  .f ,-- 

, 
'-, ,-J 

which i s  t y p i c a l l y  ..l &V or  less. When t h i s  w o r k  was ln-/ 

i t i a t e d  t h e r e  had been  n o . q u a n t i t a t i v e  r e s u l t s  f o r  tKe.RRE , 

o b t a i n e d  with. a t u n a b l e  ,dye laser. , GaSe w a s  an obvious  c h o i c e  
J 

as a $ub j e c t  f o r  M e  - R ~ E .  since i t s  .bandgap a t  - 7 7 ' ~  l ies  
P \ 1 , ' 

midway i n  :'the t u n i n g  range ,of Rhodarnine 6 G  dye lajerrj (5400  
. . . . 

0 I t o  6400- A )  .: .As s u c h ' i t  is one of the very  fe; semiconduc- 

tors which covld  be. s t u d i e d -  with such . a  laser: The tunable 
, - . . 

dye lase t r  is s t i l l  ' a  ' f e l d t i v e l y  nove l  t o o l , ,  a i t h&h  new 
, , 

- d y e s  have now been i n t r  duced wkich expand the avail&'b.le ., 

. b . . - 
wavelength range. T o  t h e  d a l e  of t h i s  w r i t i n g ,  fhe only-  - 

q u a n t i - t a t i v e  measurements of t h e  Raman ' c r o s s - s e c t i o n  u s i n g  . . 

a dye laser have b e e n  i n  CuZO (Yu e t  a l . ,  1973; Compaan and 

C u m i n s ,  19731, ~ n s d  (Yu and Shen,  1974) ; CdS  amen' and 

Shah ,  1 9 7 1 )  and t h e  p r e s e n t  work i n  GaSe [Hoff and ~ r w i n ,  - - 

1 9 7 4 ) .  

The primary o b j e c t i v e  of this r e s e a r c h  was to  determine 

t h e  f requency dependence of the Raman c r o s s - s e c t i o n  and thus 

i d e n t i f y  t h e  i n t e m d i a t e  state ( s )  i n  t h e  scattering process. 



The n e x t  t w o  c h a p t e r s  w i l l  p r e s e n t  t h e  r e s u l t s  of t h e  work on 
- - -- -- - 

the r ,  Resonan t  R a m a n  spec t r t im of GaSe, The #.eory o f  M a r t i n  

(1971b ,  1973)  for. t h e  one-phonon RRE w i l l  be p r e s e n t e d  a l o n g  
6- 

w i t h  a d i s c u s s i o n  o f  t h e  p r o b a b i c  i n t e r m e d i a t e  s t a t e s  i n  

t h e  s c a t t e r i n g  p r o c e s s .  C h a p t e r  V b e g i n s  with t h e  o u t l i n e  

o f  t h e  p r o c e d u r e  f o r  o 5 t a i n i n g  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  
. . 

f rom t h e  e x p e r i m e n t a l  s p e c t r a .  The r e s u l t s  of t h e  e x p e r i -  
- - - - - - - - 

rnents 'on the r e l a t i v e  s c a t t e r i n g  e f f i c i e n c y  f o r  R a m a n  s c a t -  

t e r i n g  i n  GaSe w i l l  be p r e s e n t e d .  O$ , p a r t i c u l a r  i n t e r e s t  
I '  

i s  t h e  r e s o n a n t  enhancerent of t h e  E ' ( L 0 )  and A"{LO) phon- 2 

o n s  of c-GaSe in a  geometry where  n e i t h e r  i s  a l l o w e d .  The 

f o r m e r  p r o v e s  t o  be  an example of s e l e c t i o n  r u l e  breakdown 

- and t h e  l a t t e r  i s  an example o f  t h e  b r e a k i n g  o f  Rarnan in 'ac- '  
D 

t i v i t y  i n  r e s o n a n c e .  Both o f  t h e s e  e f f e c t s  have been p r e -  

d i c t e d  by M a r t i n  ( 1 9 7 % )  on #e b a s i s  'of a q-dependent  s c a t -  
. . - 

t e r i n g  mechanism and t h e  p r e s e n t  r e s u l t s  e n a b l e  a q u a n t i t a t -  

i v e  compar ison t o  be made with # a r - t i n '  s theory. . Although 
,F 

\ 

s e v e r a l  such  h a v e  b e e n  a t t e m p t e d  i n  t h e  p a s t  - 
_, 

( C o l w e l l  and ; M a r t i n  and Danend 1 9 7 l a ; .  W i l l i a m s  

and P o r t o ,  1 9 7 3 ) ,  the p s u l t s  a r e  sketchy f o r  t h e  reasons 

e x p l a i n e d  above. % o r e  i m p o r t a n t l y  t h e  c r u c i a l  aspect of t h e  

a ~ g u l a r  dependence  ( M a r t i n ,  19 71bl h a s  been i n v e s t i g a t e d  
, .  

g a t i o n  o f  the  a n g u l a r  d e p e n d e n c e  i n  GaSe, with s i m i l a r  ~ n e g a -  - 
t i v e  r esu l t s ,  



t - 87 - 
TPlerEZmErice behaviour  of the non-paLar modes will 

be prefeff*. e x l l i L i i  -a--ii- 

resonance as t h e  l i g h t  frequency approaches thk-band  edge. 

' This  behaviour  i s  s i m i l a r  t o  t h a t  observed i n  CdS (Rals ton  

e t  ' a l .  , 1 9 7 0  ; Damen and S c o t t ,  1 9 7 1 )  where an empirical 

model was used to ,  e x p l a i n  t hz  da ta .  An  e f f o r t  has been 

made t o  d e s c r i b e  the r e s u l t s  obta ined  h e r e  i n  terns. of th2s 

m o d e l *  

4 . 2  m e o r e t i c a l  -Considerat ions . 7 

d 
The t h e o r e t i c a l  d e s c r i ? t i o n  of t he  f i r s t  o r d e r  RRE 

has  been the cause of  much s p e c u l a t i o n .  The c r u c i a l  ques t -  .\ 

i o n s  can be 1inE.t-ed however t o  two, t h a t  i s ,  what i s  t h e  

i n t e r r w d i a t e  e l e c t r o n i c  s t a t e  i n  t h e  s c a t t e r i n g  and what i s  . .  
the n a t u r e  of t h e - i n t e r a c t i o n  of t h i s  s t a t e  wi th  t h e  l a t -  

t i ce?  Ear ly  work by Grechko and Ovander ($962) and O v h -  

d e r  (1962a, 1962b) t r e a t e d  the s c a t t e r i n g  i n  terms of mole- 

c u l e s  neglec%ing enerqy band e f f e c t s .  This  -'is n o t  p r a c t -  

i c a l  i n  semiconductor c q s t a l s .  Qhere t h e  s c a t t e r i n g  i s  res- 
, , 

. 
onant  nea r  the  band edge- Loudon (1963,1964) developed t h e  

r e s u l t s  of Sec t ion  2 . 2  ,. and us ing  the- assurnpti.on t h a t  f r e e  
*. 

e lec t rons  mci free holes are t h e  i n t e r m e d i a t e  s t a t e s ,  came 
, 

up  with an expression for  the s c a t t e r i n g  c ross - sec t ion  n e a r  

resonance (Loudor,, 1965)  + Loudon in t h i s  la t ter  paper chose 

- -  t5e-a eeef oO=szEi-6-6- al -aj-- hccoup ~n~ b ~ ~ ~ ~ e - G I  g c ~ -  -- 

r o n s  (or holes) ~ ~ r i  the l a t t i c e .  The deformation p o t e n t i a l ,  

t h e  reader w i l l  r e c a l l  ( Z i m a n ,  1960, S e c t .  5 .6 )  , i s  t h e  change 



- - - - - - - - 
- - 

i n  e n e r g y  of the e l e c t r o n  in is latkic~ which i s  W e d  

t o  b e  p e r t u r b e d  by some d i l a t a t i o n  (a l a t t i c e  v i b r a t i o n ,  

f o r  e x a m p l e ) .  Thus,'the r o t i o n  of  t h e  i o n s  i n  the l a t t i c e  

g i v e s  a  s p a t i a l l y  v a r y i n g  p o t e n t i a l  which  couples  t o  t h e  

e l e c t r o n s  ( o r  h o l e s )  i n  t h e  c r y s t a l .  Loudon further choge 

t o  t r e a t  a l l  phonons as h a v i n g  z e r o  w a v e v e c t o r .  I n  Lhat 

limit, t h e  c o n t r i b u t i o f i s  t o  two-band ( i n t r a b c d )  F r o h l l c h  : - 

s c a t t e r i n g  f r o m  t h e  e l e c t r o n s  and h o l e s  e x a c E l y  c a n c e l  and 
'L 

p o s s i b l y  f o r  t h i s  r e a s o n  Loudon i g n o r e d '  t h e  F r o h l i c h  con- 

t r i b u t i o n  t o  t he  RRE i n  t h i s  l a t e r  paper.  

Ganguly and ~ i r m a n  (1967)  ' deve loped  a f u l l e r  t r e a t -  
' ! -  

ment of  t h e  R a w a n  e f f e c t  i n  c r y s t a l s .  They i n c l u d e d  e x c i t o n s  

a s  t h e  p r i m a r y  i n t e r m e d i a t e  s t a t e  and" t r e a t e d  b o t h  t h e  

d e f o r m a t i o n  p o t e n t i a l  i n t e r a c t i o n  and  t h e  ~ r ' d h l i c h  i n t e r -  
+ 

a c t i o n .  The r e s u l t  was i n t e r p r e t e d  o n l y  f o r  s t r i c t l y  k = 0 

phonons and t h u s  t h e y  found  t h a t  t h e r e  was no  c o n t r i b u t i o n  

t o  RRE from i - n t r a b a n d  F r o h l i c h  s c a t t e r i n g .  ' 

- S e v e r a l  workers t h e n  fo1,lowed w i t h  a t r e a t m e n t  o f  t h e '  

e f f e c t  i n  t e r n  of p o l a r i t o n s ,  t h a t  i s ,  mixed s t a t e s  of the 
4 

p h o t o n ,  e l e c t r o n ,  and phonon i n  t h e  d i e l e c t r i c  c r y s t a l  ( M i l l s  

p d  B u r s t e i n ,  1969 ; Bendow and Birman,  1970 ,  1971)  . , 
z ,  

, ** 

 his a?proach  i s  c o n p u t a t i o n a l l y  d i f f i c u l t  and p r o v i d e s  

sorneoh'at inadeqi la te  results f o r  t h e  r e s o n a n c e  b e h a v i o u r  i n  
- - p ~ ~  ~ - -- 

t h a t  t h e  r e s o n a n c e s  p r e d i c t e d  by the t h e o r y  are s h a r p e r  i n  

enerqy t h a n  t h o s e  s e e n  e x p e r i m e n t a l l y .  These  p a p e r s  t r e a t e d  

t h e  e l e c t r o n - p h c n g n  c o u p l i n g  i n  terms of t h e  d e f o r m a t i o n  

p o t e n t i a l .  H a n i l t o n  f 1969)  i n c l u d e d  t h e  



p o s s i b i l i t y  of t h e  ~ r o h l i c h  - i n t e r a c t i o n  - (the i n t e r a c t i o n  o f  
pp pp 

the e l e c t r o n s  o r  h o l e s  i n  a p o l a r  c r y s t a l  w i t h  the electric 

f i e l d  c a u s e d  by  t h e  i o n i c '  d i s p l a c e m e n t s ,  e. g .  e q u a t i o n  2 . 1 9 )  

as the c o u p l i n g  between the e l e c t r o n s  and phonons ,  but h i s  

c a l c u l a t i o n  was v a l i d  o n l y  f o r  l i g h t  i n c i d e n t  a t  f r e q u e n c i e s  . 
g r e a t e r  t h a n  t h e  Sand gap e n e r g y .  

M a r t i n  (1971a ,  197Lb, 1973) t r e a t e d  t h e  Resonan t  Rarnan 
- - - 

e f f e c t  t h r o u g h  t h e  fornalisn d e v e l o p e d  by Ganguly a n d  
- 

.* 

Birman ( 1 9 6 7 )  . . M a r t i n ,  however ,  e x t e n d e d  t h e i r  r e s u l t s  t o  

i n c l u d e  w a v e v e c t o r  d e p e n d e n t  e f f e c t s  and found t h a t  intra- 

band ~ r 6 h l i c h  s c a t t e r i n g  c o u l d  become t h e  dominan t  rnechan- 

ism f o r  t h e  RRE.  H i s  r e s u l t s  a r e  c o m p u t a t i o n a l l y  much s i m -  

p l e r  and i n c l u d e  both , t h e  d e f o r m a t i o n  p o t e n t i a l  and F r G h l i c h  - 
i n t e r a c t i o n .  

~ e c a u s e  of t h i s  r k l a t i v e  s i m p l i c i t y  and s i n c e  t h e s e  

r e s u l t s  s y n t h e s i z e  much of the e a r l i e r  w o r k ,  t h e  theory p r e -  

s e n t e d  i n  this s e c t - i d  w i l l .  f o l l w  t h i s  t r e a t m e n t  ( M a r t i n ,  

1971b)  . I n  do ing  t h i s  ,. an e x p r e s s i o n -  f o r  the R a m a n  cross- 

s e c t i o n  as a f u n c t i o n  o f  f r e q u e n c y  w i l l  be d e v e l o p e d .  Much 

of t he  work w i l l  draw on-Loudon ' s  r e s u l t s  o f  S e c t i o n  2 . 2  and' 

t h e  reader wil f have t o  r e f e r  t o  these e q u a t i o n s  f o r  f u r t h e r  

d e t a l l s .  klL!ough t h e r e  are s i x  p o s s i b l e  t i m e  o r d e r i n g s  of  

the scattering e v e n t  s e e n  i n  F i g u r e  2 . 1  and equation 2.10, 

h e r e .   his n o r r a l l y  c o n s i d e ~ e d  term i s  t h e  . o n l y  term which 

p o s s e s s e s  a seccmd o r d e r  s i n g u l a r i t y ,  that i s ,  the denomin- 

Bator goes to z e r o  a t  two approximate*  e q u a l  f r e q u e n c i e s .  
f 



- - -- - - -- - - - 

The terms (b) , ( d l  , and ( f  1 are non-resonant  a t  t h e  b a n d .  , 
- -- -- - -- 

gap frequency and t h u s  a r e  assumed s m a l l .  The two other 
t 

t e rms a r e  n e g l e c t e d  f o r  two r easons .  I n  bo th  ( a )  and 

( e f  t h e r e  i s  on ly  a f i r s t  o r d e r  s i n g u l a r i t y  when one term 

i n  t h e  denominator  becomes q u i t e  small a s  w approaches 
C 

i 

w o r  o (which a r e  assumed t o  be n e a r  t h e  band gap f requen-  
rj 2 

cy) . The o t h e r  term i n  each  denominator  w i l l  remain ref a- 
- ?!! 

t i v e l y  l a r g e  and t h u s ,  term (c) shou ld  be predominant: The 

second reason  is t h a t  in two-band s c a t t e r i n g  (i.e. on ly  one 
Y .- 

v a l e n c e  and one conduc t ion  b a n d ) ,  t h e  combinat ion of d i p o l e  

m a t r i x  e lements  P P and PBaPaO i n  terns ( a )  and (e)  cause  05 5a 

t h e s e  terns t o  go t o  z e r o  (Ganguly and Birman, 1967) . 
P r o c e s s  ( c )  c o n s i s t s  of an i n c ' i d e n t  photon of  energy 

* / 
%ii, p o l a r i z a t i o n  i *an2 +vevec tor  $ s c a t t e r i n g  t o  a  s t a t e  

' i i 
h 

s of energy fib p o l a r i z a t i o n  c s ,  and wavevector . It is s t  S 

assumed t h a t  . the i n d e x  of r e f r a c t i o n  i s  c o h s t a n t  o v e r  t h e  

s c a t t e r i n g  r e g i o n ,  i .e. n  (ai) = nS(ws) . T h i s  is a very good 
0 

approximat ion  in GaSe i n  a l l  b u t  an approximate ly  20 A , 

w 
r e g i o n  about  the e x c i t o n  (17asscher and Dieleman, 1 9 7 2 ;  S a l a e v  

e t  a r . ,  1972) .  - , 

The s c a t t e r i n g  p r o b a b i l i < y  p e r  second i s  by Fermi's - 

Golden R u l e :  

t h e  photon f i e l d  density i n  the s t a t e  6 .  I f  t h e  wavefunc t ions  

a r e  box nornnlizel t o  the volume of  t h e  c r y s t a l ,  V ,  t h e  den- 

sity of  photon s t a t e s  is:  



T h e  s c a t t e r i n g  p r o b a b i l i t y  p e r  u n i t  s o l i d  a n g l e  per  unit 

l e n g t h  i s  W / ( f l u  o f  i n c i d e n t  p h o t o n s  *L* dR). The f l u x  

of p h o t o n s  a c r o s s  and area A .  (=  V/L) is (c/n) /L so the  

s c a t t e r i n g  p r o b a b i l i t y  p e r  u n i t  l e n g t h  p e r  u n i t  s o l i d  

a n g l e  i s :  
- - 

Kar t i n  d e f i n e s  

F a c t o r i n g  o u t  

/ 
s c a t t e r i n g  c r o s s - s e c t i o n  p e r  unit ce l l :  

t h e  f r e e  e l e c t r o n  Compton c r o s s - s e c t i o n  

( c l a s s i c a l  r a d i u s  of t h e  e l e c t r o n  squared) : 

7 

one .  g e t s :  

the e q u a t i o n s  2 . 5  - 2 . 1 0 ,  e x c e p t  that t h e r e  is some s h i f t i n g  
, 

of constants (i. e .  X f i  # W) . ~ w k v e r ,  since t h e  factors of 
1' 

t h e  H a ~ i l t o n i a n  of $1 above a r e  the same as equations 2 . 6 ,  f  i 
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2 . 7 ' a n d  2 . 8 ,  one  comes to a common m e e t i n g  g r o u n d  by w r i -  
- - - - - -- - - -- 

t i n g  f o r  e a c h  ~ o d e  v :  

which is o f  t h e  f o r n  of e q u a t i o n  2 .30 .  The problem t h e n  

r e d u c e s  t o  one  of deducing t h e  form o f  t h e  Raman tensor, / 
R r 8  , by c a l c u l a t i n g  t h e  t h r e e  m a t r i x  e l e m e n t s  o f  IN 1 v fi 

A- - -- - -  
T o  d o  t h i s  one must have  a  p r o p e r  d e s c r i p t i o n  o f  the- elec- 

.b 

t r o n i c  s t a t e s  in t h e  s c a t t e r i n g  p r o c e s s .  The present work 
, 

w i l l  use  t h e  Wannier exci ton r e p r e s e n t a t i o n ,  and  s i n c e  the 

development  of t h i s  r e p r e s e n t a t i o n  is q u i t e  l eng thy  only the 

r e s u l t s  w i l l  b e  employed here. For  a more comple te  back- 

growid t o  t h e s e  r e s u l t s  t h e  reader i s  r e f e r r e d  t o  Knoxt,s 

Theory of E x c i t o n s  ( 1 9 6 3 ) .  

The s t a t e s  of concern i n  t h e  s c a t t e r i n g  event dia-  

gramxed i n  F i g u r e  2 . 1  (c) 

s t a t e s  f o r  w h i c h  one can 

\ 

a r e  s i n g l e  excited e l e c t r o n i c  

write t h e  e l e c t r o n i c  p a r t  of  e b 
r e p r e s e n t a t i o n  a s  : 

The a d i a b a t i c  a p p r o x i m a t i o n  has been employed i n  t h a t  it 

is  assuned t h a t  t h e  w a v e f u n c t i o n s  are  slowly varying and 

separa3le inka a c o r r ~ l a k i o n  f o r  o v e r l a p )  f unc t i a~  between 

- - the --- e l e c t r o n  and hqle Ui,; ,,-&a p r o h t - f  u n c _ t i u f _ - t h e  

v a l e n c e  band B l o c h  state r e p l a c e d  by a c o n d u c t i o n  band ' 

B I O &  state: 



The e x c i t o n  norenturn can  be w r i t t e n  as ; = $ - Zh and e 

thus one can  w r i t e  t h e s e  Bloch s t a t e s  as:  

where the small u's are t h e  p e r i o d 4 c  band f u n c t i o n s . '  

The c a l c u l a t i o n  can be  f u r t h e r  s i m p l i f i e d  by making 
e3 

t w o  a p p r o x i m a t i o n s .  Tne f i r s t  a p p r o x i m a t i o n  i s  the use of 

an i s o t r o p i c  e f f e c t i v e  mass, t h u s  assuming  s p h e r i c a l  bands. 

While GaSe is an a n i s o t r o p i c  m a t e r i a l .  w i t h  n o n - s p h e r i c a l  

bands  { S c h l u e t e r ,  1 9 7 3 ) ,  t h i s  a p p r o x i m a t i o n  turns o u t  t o  be 

reasonably v a l i d  s i n c e ,  i n  t h e  e n d ,  t h e  r e l a t i v e l y  s m a l l  

q of t h e  phorton res tr ic ts  t h e  momentum t o  the centre of t h e  

zone and band d i s p e r s i o n  e f f e c t s  a r e  n e g l i g i b l e .  F u r t h e r -  - 
more, th c a l c u l a t i o n  w i l l  show that t o  lowest o r d e r  i n  t h e  4 
wavevectoks, on ly  s p h e  i c a l  e x c i t o n i c  s tates are involved i n  % 
the s c a t t e r i n g  2nd thus an i s o t r o p i c  e f f e c t i v e  mass i s  i n  

keep ing  with f5 i s  a p p r o x i m a t i o n .  The s e c o n d  a p p r o x i m a t i o n  . 

3 
Che reasons given above ,  t h i s  is also v a l i d  since near k = 0 

the f u n c t i o n s  u and u a r e  s l o w l y  v a r y i n g .  Thus one  sets: 
c v 



I f  one r e s t r i c t s  t h e  c a l c u l a t i o n  fo r  two sets of bands 

t b 
. *  * * * * 

cv and c'v' and  assune  t h a t  nc = m = m and mv = m = 
c'" e v'. * 

ry, t h e n  one cam t ransforn_ t h e  c o r r e i a t i o n  f u n c t i o n  - 

6 

% 

*A; , c v  t o  t h e  centre-of-mass  s y s t e m  of  the e x c i t o n  t o  

g i v e  (Knox, 1953) : 

H e r e  t h e  band in2ex  T, has been broken up i n t o  valence 

band and conduc t ion  band indices v , c  and e x c i t o n  index  n. 

The c o n s t a n t  * * 

relates t h e  p o s i t i o n  of t h e  centre-of-mass  r e l a t i v e  t o  the 

p o s i t i o n  o f  t h e  e l e c t r o n  and h o l e  (Knox, 1 9 6 3 ) .  

Tn t h i s  c o o r d i n a t e  s y s t e m ,  the  e x c i t o n i c  e i g e n v a l u e s  

are s o l u t i o n s  of the e q u a t i o n :  

' .  -1 where Y = (me * -1 ) + (%*) and v(:) is the electron-hole 

e x c i t o n s  and t h e  s o l u t i o n s  f o r  t h e  energir of the 

E x  ,; = E + h 2 K 2  
g + En 

2h,* + %*I  

e x c i t o n  are: 

(4 .15 f  
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these  i m 9 o r t a n t  e q u a t i o n s ,  one has : . es 
\ 

and ( 1 I ) d e n p t e s  ' i n t e g r a t i o n  over t h e  unit cell. 

5 
With t h e  u se  of 4.18 and 4 . 1 9 ,  4 . 6 ,  2.5  and 2.8, . 

one obtains t 3e  Ranan t e n s o r :  

Here 

One can  n o t e  t h a t  t e r n s  of order h i g h e r  t han  firsk i n  t h e  

wavevectors  have been dropped i n  e q .  4 . 2 1 .  T h i s  g i v e s  rise , 

to t h e  scattering. a m p l i t u d e  F b e i n g  p r o p o r t i o n a l  t o  'Y ( 0 )  n 

which m e a n s  t h a t  only s - e x c i t o n i c  s t a t &  t a k e  p a r t  i n  t h e  

The Panan s c a t t e r i n ?  t e n s o r  OF 4 . 2 1 ;  t h e n ,  w i l l  be cor- 

v rect f o r  any t y p e  of e lect ron-phonon i n t e r a c t i o n  em*, and 



for  s c a t t e r i n g  between two s'&s of bands .  This work w i l l  

c o n c e r n  i t s e l f  p r i n a r i  l y  w i t h  t h e  F r o h l i c h  i n t e r a c t i o n  f o r  . 
* 

i n t r a b a n d  s c a t t e r i n g  s i n c e  GaSe h a s  a s i n g l e  v a l e n c e  pnd 

s i n g l e  c o n d u c t i o n  band a t  % = 0 ( S c h l u O t e r ,  1973)  and s i n c e  

F r o h l i c h  s c a t t e r i n g  s h o u l d  b e  p redominan t  f o r  p o l a r  LO 

phonons .  For t h e  i n t r a b a n d  P r G h l i c h  i n t e r a c t i o n  . - 

= Y  
'm'm q , where  f o r  a . p u r e l y ~ o n g i t u d i n a l  phonon i n  

a two atom p e r  u n i t  c e l & , * c r y s t a l  ( F r o h l i c h ,  1 9 5 4 )  : I?: 

T h i s  form of  t h e  ~rohlich p o t e n t i a l  i s  v a l i d  as w e l l  i n  any 

c r y s t a l  w i t h  more than two atoms p e r  unit c e l l  f o r  any ' 

v i b r a t i o n  where ail atoms of a  g i v e n  s p e c i e s  move t o g e t h e r  

(Gangqly and Birnan,  , 1 9 6 7 )  . Thw: , it i s  v a l i d  i n  t h i s  form 

f o r  t h e  . ~ ' 7 2 )  and E ' (2 )  phonons o f  GaSe.  
2 

The Raman t e n s o r  becomes: 

where  

* I 

4 

f ,  The r a t i o n a l e  f o r  w r i t i n g  t h e  Raman t e n s o r  i n  / t h i s  form .. 
- 

i s  t h a t  t h e  ;-dependence of t h e  s c a t t e r i n g  i s  d i s p l a y e d  
-b 

sxplic=t 17; m e  f e d r r  W%F- independent -o~?$as; q + T  - 
- - 

P 
-b 

and t h e  RaFan t e n s o r  i s  t h u s  p r o p o r t i o n a l  t o  q .  Here r 
P'  

the polaron r a d i u s ,  i s  g i v e n  by: 



and t h u s  qrD is a d i m e n s i o n l e s s  q u a n t i t y .  . - . . 

V -+ f o r  -'a t w o  a t o n  p e r  u n i t  ce l .1  c r y s t a l  where  D ( r )  i s  the ' 
7- ,- 

dp ( B i r  and P i k u s ,  1 9 6 1 ) .  T h i s  p o t e n t i a l  i s  s h o r t  range 

(on t h e  o r d e r  of t h e  i n t e r a t o m i c  s p a c i n g )  and a l l  q de- 
7 

pendences can be set e q u a l  t o  zero i n  e v a l u a t i n g  the 
f 

-f 
- The ~a-man' t e n s o r  f n  t h i s  case is q- independen t  as  q + O .  

' p o t h e r  i m p o r t a n t  f a c e t  i n  t h e  F r o h l i c h  ca$e i s  t h a t  for ' 

. i n t r a b a n d  s c a t t e r i n g ,  t h a t  i s  c' = c, v' = v ,  t h e  middle 

m a t r i x  e l e m e n t  i s  d i a 5 0 L a l  i n  t h e  e l e c t r o n i c  s t a k e  and t h u s  
h A *- 

t h e  Raman t e n s o r  h a s  o n l y  d i a g o n a l  components ( C i  = C s )  - 
The  problem of  f i n d i n g  -the s c a t t & l n g 3  c r o s s - s e c t i o n  

2 4' 9 

as a f u n c t i o n  o f  f r e q u e n c y  has t h u s  b e e n  reduced  t o  the 
-f 

c o m p u t a t i o n  of  t h e  ' f u n c t i o n s  Fc.,.cv (G,w. ) and ~ ~ ( q , w ~ )  . 
I 

To t h e  e x t e n t  of t h e  a p p r o x i n a t i o n s  
- - -  --- - - - - - - -- - 

f r e q u e n c y  dependence  o f  t h e  
\ 

i n  t h e s e  f u n c t i o n s  and one has f o r  t h e  dp case: 
-5 



and for the F r g h l i c h  case: 

T o  cal~xlatc these q u a n t i t i e s ,  Martin ( l g i ' l b )  t rans- 

f o r r s  t he  s i n  ir, equation 4 . 2 3  i n t o  an  i n t e q r a l  over the 
& .  

functions for the internal motion's. Defining a Green ' s 

G r e e n  ' S  f u ~ c t i ~ c  for e q u a t i o n  4 . 1 4 :  

wr i t e  : 

zeedea e q u a t i o n  f o r  F becomes: 
*s 

S ~ Z C P  t h e  z o , e n t s z  ' terns a r e  sma l l  c o r r e c t i o n s  ( t h e s e  eher- 

-. 
L'  .nat 1% :,.!zj t - C. In theit case, t h e  s o l u t i o n  to 4 . 3 1  is: 



2lJ 1 + i k r .  
GE(r,O) = 7 - e ( 4 . 3 6 )  

% 4i~r 

w i t h  
2 2 ;1E k = -  

h2 

From naw on the 

c ,  v ( i n t r a b a n d .  

( 4 . 3 7 )  

d i s c u s s i o n  w i l l  be l i m i t e d  t o  two bands 

- - scattering) so t h a t  Ec,v. - Ecv - Eat then 

2u 1 e 
i k ,  r 

-- 

where  

i n c i d e n t  photon e n e r g i e s  below t h e  gap,  both k, and k, 
* 

i m a g i n a r y ,  so t ak ing  t h e i r  imaginary p a r t s ,  k l  = i k; 

For 

are 

and 

by eq. 4 . 3 3 ,  

.e  iqrcos 9 



L e t t i n g  a = ( k ,  + k2 * ) / q  and x = y, one h a s  

Employing the  r a d i u s  of t h e  po la ron  r-' as d e f i n e d  before 

one h a s ,  

Tnis result is i d e n t i c a l  to t h a t  ob ta ined  by Loudon (1965). 

TYJO thin~s s h o u l d  be  noted. F i r s t  as <-+of t he  f u n c t i o n  F 

is indeed independent of q .  S e c o n d l y ,  t h e  function F does 

no* peak a t  t h e  n = 1 e x c i t o n  l e v e l  b u t  rather a t  the gap. 

where  it remains  finite. 

A second  case w h i c h  can be examined i n  detail is the 

cas? of t h e  dp i n t e r a c t i n g  w i t h  the discrete e x c i t o n s  as 

the interneciiate s t a t e s .  Recall  t h a t  the function needed 

is F I O ,  z,), t h u s  in es. P.33 one has: 

+ -f 

where ' 'nln[r ' 5 , ' ; )  = anl ( r )  Ylrn(lJ ,p) are  t h e  exci tonic  (hydro- 
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g e n i c )  wavefunctions. These wavefunct ions  are orthonomal: 

t h a t :  

( 4 . 4 7 )  

it was shown the course of  the d e r i v a t i o n  of eq. 4 . 2 3 ,  

t h a t  only s-states t a k e  pa r t  in the scatteriw so: -- -, - -- -- 

and a l so  ( S c h i f f ,  1 9 5 5 )  : 

2 z where ? = - r .  

One has t h e n ,  

- 
- - {(&r ln-11:  

2n ( n !  ) 3 

I 
b u t  

w h e n c e ,  

F i n a l l y  fro@ 4 . 4 7 ,  4 . 4 8 ,  qpd 



- - - - -- - - - 

which a g r e e s  w i t h  the r e s u l t  of Ganguly and B i r m a n  (1967). 
- - -- - -- -- 

T h i s  f u n c t i o n  h a s  b e e n  showh ' i n  F i g u r e  4 . 1  along wit; thg.--- - 

r e s u l t  f o r  t h e  u n c o r r e l a t e d  p a i r s .  I n  b o t h  cases, the 

-I' f a c t o r  of ( :ao3)  h a 3  been removed t o  p e r m i t  d i r e c t  c o m -  

p a r i s o n .  T h e  f l u c t u a t i o n s  i n  t h e  f u n c t i o n  a t  e x c i t e d  e x c i t -  . 
o n i c  s t a t e s  (Figure 4 . 1 )  a r i s e  from t h e  f a c t  that f o r  cer- 

t a i n  f r e q u e n c i e s  between n  = 1 and n  = v a r i o u s  terms i n  

the sum o f  eq l ia t ion  4 . 5 3  ale negative and one  -gefs C-~C$F - L  - 

l a t i o n s .  T h i s  S e h a v i o u r  c a r r i e s  o v e r  i n  t h e  more c o m p l e t e  

c a l c u l a t i o n  ( M a r k i n ,  197ib) and t h e s e  " n u l l s "  be tween  t h e  

v a r i o u s  e x c i t e d  states o f  t h e  e x c i t o n  can  s e r v e  t o  d i s t i n -  

g u i s h  between dp and F r o h l i c b  enhanced s c a t t e r i n g ,  The sum 

i n  4 . 5 3  h a s  been S U . ~  351 o n l y  t h r o u g h  n = 5 i n  t* above 
- 

f i g u r e ,  b u t  t h e r e  i s  no  a p p r e c i a b l e  e f f e c t  of e x t e n d i n g  

the sum fu r the r .  

Two o t h e r  c a s e s  which can be solved. e a s i l y ,  which a r e  - .  . .. 

of p a r t i d u l a r  i n t e r e s t  i n v o l v e  t h e  E'rGhlich s c a t t e r i n g  
+ 

a m p l i t u d e  ii (q, u i ) .  F i r s t ,  the s i m p l e  case of ti s i n g l e  cv 

Is e x c i t o n  s t a t e  a s  the i n t e r m e d i a t e  s t a t e  can b e  c a l c u l -  

a ted .  I n  t h i s  c a s e  : 

where - 





F c v c v  , = ~ ~ ~ 1 r 2 d ( c o s ~ ) d r  e iqrcos Be-2r/ao ( 4 . 5 7 )  
- na .3 I o D na 

0 

where 

which  becomes 

Finally then 

which  a g r e e s  w i t h  the r e s u l t  of Toyazawa (1958)  . 
S o  for the F r u h l i c h  amplitude, one has : 

- 2 
H ~ ~ ( ~ , w ~ )  = .(qr P i~~~~~ (aeq ,u i )  - Fcvcv (ahq . w i )  1 

Tne i~?ortant thing to n o t s  about t h i s  result i s  that the 

f r e q u e n q  dependesce is the same as w o u l d b e  obta ined for 

the r e s u l t  f o r  3ifi rmcorrelated electrons and holes using 

t h e  v a l u e s  of T A L e  4 . 1 .  The result  f o r  t h e  exciton-is . - 
+. 



- - - - - - - - - - - - - - - - - - 

TABLE 4.1' - ? f a t e r i a l  ~ a r w e t e r s  of GaSe. Where appro- 
p r i a t e ,  v a l u e s  correspond t o  right angle s c a t t e r i n g  a t  
5900  A.  

m t = ( m ' i J j +  = 
e e e .  

a) W r c i e r  et al- (1973) ; b) This work;  c) Leung e t  al, 
( 1 9 6 9 )  ; d )  O t t a v i a n i  e t  al. (1974) ; Wasscher and Diele- 

man ( 1 9 7 2 2 .  





. " f r e e '  e l e c t r o n s  and h o l e s .  Th i s  f a c t o r  a r i s e s  mainly  f r o m  

t h e  p r e f a c t o r  ( a o / r  ) o b t a i n e d  f o r  eq. 4.60 by expanding 
P 

the q-dependent brack.e t  For s m a l l  q.   his p r e f a c t o r  i s  in -  

d i c a t i v e  of t h e  s p a t i a l  e x t e n t  o f  t h e  t w o  i n t e r a c t i o n s  ( v i t h  

i s o l a t e d  e l e c t r o n s  o r  h o l e s  or  w i t h  t h e  large Wannier 

F i n a l l y  t h e  c a l c u l a t i o n  can be  done comple te ly .  T o  

t h i s  p o i n t ,  e ach  possible * i n t e r m e d i a t e  s t a t e  h a s  been t r e a t -  

e d  d i s t i n c t l y .  U n f o r t u n a t e l y ,  t h e  sum of e q u a t i o n  4 . 2 3  

must he  done ove r  a complete  s e t  of  e l e c t r o n i c  s t a t e s .  When 

Coulomb c o r r e l a t i o n s  a r e  i n c l u d e d  i n .  4 . 1 4 ,  the wavefunc t ions  

Yn(r) must i n c l u d e  t h e  e f f e c t s  o f  " f r e e "  e l e c t r o n s  and h o l e s  
I 

under t h e  p e r t u r b a t i o n  of a coulombic p o t e n t L a l  (Coulomb 

s c a t t e r i n g ) .  I n  t h i s  case, the wavefunc t ions  of t h e  hydro- 

gen atom a o  n o t  form a complete  set even i f  a  s p h e r i c a l  wave 

state for t h e  continuum ( t h e  " u n c o r r e l a t e d "  s t a t e f u n c t i o n )  

is added. Th i s  can be  v i s u a l i z e d  i n  te&s of t h e  hydrogen 

atom since t h e  i o n i s a t i o n  o f  the e l e c t r o n  f r o m  the atom can- 

n o t  be d e s c r i b e d  i n  terns of a s p h e r i c a l  wavefunc t ion-  A l -  

though the i o n i s e d  e l e c t r o n  i s  "free" it s t i l l  e x p e r i e n c e s  
0 

t h e  e f f e c t  of a C a u l o r b  p o t e n t i a l  and one must  incl 'ude cou- 

fombic s c a t t e r i n g  i n t o  t h e  wavefunction, The proper  wave- 
- - - - -  - -- - - -  -- 

_ - -- 

f u n c t i o n  i s  a c o n f l u e n t  hypergeometr ic  f u n c t i o n  (Sch i f  f ,  1955) 

which is n o t  necessary t o  write down here. The problem of 

f i n d i n g  t h e  G r e e n ' s  function (eq. 4 .32)  for t h e  Coulomb - 



. cau-ted case has been done by  ostler (l963) who ,&- 

I ' , 

a n d r  a (Els/E)+, andW (P) i s  .Whit- '; where p. = - 
K f l i  

-. Kao 
t a k e r  func t ion  o f  the f i r s t  kind (Whittaker and Watson, - 

1963). The s o l u t i o n  'of 4.33 is now q u i t e  complicated and ,  

can only b e  p e r f o m d  numerical ly .  For tuna te ly ,  t h e  - cal- -- 

c u l a t i o n  has been done i n  a parameter ized form (Mart in ,  

1973b. I n  t h p t  work the func t ion  t lnr . (q1@ ) has been g iveb  i 

as a func t ion  of the parameter ho - *u,/Els and a reduced- 

energy parameter 

..- + 
A s e r i e s  of curves o f  Hcv(q,ai) is  p l o t t e d  i n  F i g u t e s  4 .3  (a) 

and 4.3 (b)  . Figure 4.3 (a)  shows the  s c a t t e r i n g  amplitude 

f o r  the region b e l w  the n = I s t a t e  of  t h e  e x c i t o n  and 

.Figure  4 . 3 ( b )  shaws the region  between the n = 1 and n = 2 

s t a t e s  of the exc i ton .  -For.G&e t h e  value-of A. is 1.58 

'.>for the A;'(LO) phonon. 

.This completes the necessary c a l c u l a t i o n s  ' f o r  the reson- 

ant c ross - sec t ions  aa a func t ion  of energy for GaSe. One 

point t h a t  should b e  c l a r i f i e d  is Mart in 's  use of t h e  n o t a t -  

ion *Totalu to  descr ibe  the r e s u l t  obta ined  w i t h  the Green's 

A Mart in ,  1971b), he h a  the partial tributions due t o  dis- 

crete excitohs and 'uncorzdaw pairs, This +is mishading 



F i g u r e  

A i  
4 . 3  ( a )  . T h e  s c a t t e r i n g  a m p l i t u d e  for F r o h l i c h  

scattering fur incident photon-energies below the n = f 
s t a t e  of t h e  e x c i t o n .  The curves are given as functions 
of the parameters Aoand A i  (see t e x t )  (After Martin,l973). 



F i g u r e  4 . 3  (b). The s c a t t e r i n g  amplitude fo r  ~ r 6 h l i c h  
s c a t t e r i n g  f o r  i n c i d e n t  photon e n e r g i e s  between the n.= 1 
and n = 2 e x c i t o n  s t a t e s .  The curv%s are ghven as f u n c t i o n s  
of the parameters L o  and G i  (see t e x t )  { ~ f t e i  Martin, 1973) . . 

. . . . 



b u t  r a t h e r  the r e s u l t  of a more @ m p l e t e  c a l c u l a t i o n .  As 
&- 

a result, t h e r e  i s  c o n s i d e r a b l e  c a n c e l l a t i o n  due t o  free 

e l e c t r o n s  and h o l e s  i n  t h e  F r o h l i c h  s c a t t e r i n g  e f f i c i e n c y ,  , 

and the r e s u l t  i s  a much s h a r p e r  resonance than t h a t  for 

t h e  d i s c r e t e  e x c i t o n s  only. This w i l l  be an i m p o r t a n t  

c ~ n s i d e r a t A o n  later, 
r. 

P 



THE FSSONF.:;? W X A N  EFFECT IN GaSe-EXPERIMENT 

5 . 1 . 1  C r y s t a l s  

The crystals used in the e x p e r i m e n t s , o n  t h e  RRE i n  GaSe 

consisted of a la rge  plate c r y s t a l  described i n  Section 3.1.1 

and two thin slices taken from t h e  c r y s t a l .  The l a r g e  crystal 

was approximately 2 nm thick by 7 mm l o n g  on t h e  x-edge and  
- - - - - - - - -. 

two slices both aparoxirnately 0.8 mm thick were t a k e n  frdm 

this edge. These slices were used i n  t h e  forward-backward 
h 

s c a t t e r i n g  experizernts and were necessbry  tu-obta-irn 'f :fie. 
1 

5 . 1 . 2  Method 

The spectra were obtained with t h e  use of a S p e c t r a  

Physics Model 370 t'mable dye laser and w i t h  a 50 mW He-Ne 

laser. A l l  t h e  Ri tE  spectra were obtained zt 81 5 1•‹K in a 

cold finger dewar. 

The observed R m a n  siqnaf w a s  c a l i b r a t e d  against t h e  

4 6 6  cn-l line of an oriented quartz crystal which was mounted 

i r m m e d i a t e l y  prior to the GaSe crystal i n  t h e  l i g h t  pa th .  With 
i 

b o t h  c r y s t a l s  t h u s  imaged o n  the s l i t  of t h e  s p e c t r o m e t e r ,  t h e  9 

heights of t h e  spectral peaks were t h e n  m e a s u r e d  and a ratio 

of the i n t e n s i t y  of t h e  4aman line versus the quartz r e f e r e n c e  

-1 line obtained. Sizce slit widths of approximately 5 crn were 

xsed iz the ,W2 exp~rizents , the peak h e i g h t s - s h o u l d  represent 

- f 
w i d t h s  - 3  c-m ' 1 .  The spectra were analyzed w i t h  t h e  pho ton  

c w x t i n y  t e c h n i q z e s  5escribed in Section 3 .  I .  2. 



5.1.3 Scattering E f f i c i e n c y  and A b s o r p t i o n  Corrections 
- -  

The s c a t t e r e d  e f f i c i e n c y  of th.e GaSe LO phonon l i n e s  

r e l a t i v e  t o  the 4 6 6  an-' q u a r t z  l i n e  w a s  c a l c u l a t e d  f o r  

grazing i n c i d e n c e  ( w i t h  t h e  i n c i d e n t  l i g h t  t r a n s m i t t e d  t h r o u g h  . 

the q u a r t z  r e f e r e n c e )  a c c o r d i n g  t o  t h e  p r o c e d u r e  of C a l l e n d e r  

e t  a l .  ( 1 9 7 3 ) .  The e x p e r i m e n t a l  geometry  i s  shown i n  F i g u r e  

from a q u a r t z  r e f e r e n c e  i n  a  t r a n s m i s s i o n  geomet ry  ( symbol ized  
L 

' i n  F i g u r e  5 . l f a ) )  and Raman s c a t t e r i n g  from t h e  GaSe sample  

each- these 

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

t h e  r e s u l t  for the e x p e r i m e n t a l  geometry  is  o b t a i n e d  by 

combining these  r e s u l t s .  

F i g u r e  5 . l t a )  shows t h e  t r a n s m i s s i o n  geomet ry  w i t h  t h e  

s i g n a l  viewed a t  90'. One can w r i t e  f o r  t h e  s c a t t e r e d  

i n t e n s i t y  per unit l e n g t h :  

w h e r e  1;' = the s c a t t e r e d  i n t e n s i t y  i n s i d e  the sample  

I, 
= t h e  i n c i d e n t  l a s e r  i n t e n s i t y  

S = scattering efficiency per  unit l e n g t h  per u n i t  

s o l i d  a n g l e  ( S / L  a s  d e f i n e d  by M a r t i n ,  eq. 4 . 3 )  

n = s o l i d  angle 
- 



GaSe Sample 

IQuartz Ref. 

F i g u r e  5 . 5 .  Scattering geometry used  in RRE. 
( a&  Transnission g e o m t r y  w i t h  l i g h t  viewed at 
90 . {b) Peflection-geometry. tc) The experi- 
nenkal geazekxy drawn roughly to scale, 



I 

where  I = laser i n t e n s i t y  outside sample 
- - -- J& 

Ri = r e f l e c t a n c e  a t  t h e  l a s e r  energy 
y- 

= a b s o r p t i o n  c o e f f i c i e n t  at laser e n e r g y  

* P S 

sa combining ( 1) and ( 5 . 2 )  
i 

1 

in 
dI5 ( X I  

i = '  S I. (1 - R e )  e 
-agx  ( 5 -  3 )  

dx 

N o w  t h e  s c a t t e r e d  beam is  also absorbed a certain amount 
- -- - A - 

- - A - ----Ap-. --- -- 

before  i t  l eaves  t h e  sample:  

= S I o ( l  - R )  1 - R s ) e  
1. -asd ( - -"" ) (5.5, "a. 

whence, f i n a l l y  
o u t  

For t h e  g r a z i n g  (or non-normal  incidence) o f  F i g u r e  5 . l ( b )  one 

h a s  a more d i f f i c u l t  problem. Suppose t h a t  t h e  medium i s  . 

i s o t r o p i c -  (or oriented p r o p e r l y )  so  t h a t  Snell's law applies I 

w i t h  o n l y  one i n d e x  of r e f r a c t i o n  n ( w f ,  then 

dy  = dx sec $ 
+ 



Then,  aga in  

whefe (1 - Ry, 1 i s  t h e  t r a n s m i t t a n c e  of t h e  s u r f a c e  a t  t h e  a n g l e  

. But the s c a t t e r e d  l i g h t  is i n  t h e  normal (x) d i r e c t i o n :  

o u t  

( 0 )  i 1 - exp ( -  (aesec+ + as)w) 1 - 1 (5.14) 

T h i s  result i s  e q u i v a l e n t  to C a l l e n d e r ' s  r e s u l t  (1973)  f o r  

t h e  reflection geometry if cos + = sec 4 = 1. 

One is now in a position t o  calculate t h e  s c a t t e r i n g  

efficiencyfsr the experimental. geometry of F i g u r e  5 . 1  (c). 

1-e -Get a 
( s e t t i n g  aQ = uQ = 0; 

1, s -it f and t h e  r e s u l t  of e q u a t i o n  
a?. 

( 5 . 1 4 1  f a r  t h e  GaSd a t  g r a z i n g  i n c i d e n c e  (the a p p r o x i m a t i o n  



one has :  
a Q 3 Q 

" ~ a ~ e  - ' ~ a ~ e  ' a k c a s )  
( ' - R ~ )  (1-Rs ) 

- 
S I GaSe GaSe 
Q Q ( 1 - e x p ( - ( a e + a S ) w j  ,(l-Rk) 

The solid angles snbtended  by t h e  o p t i c s  may not be t h e  
- - - -  - - -- -- - -- - - 

same i n  bo th  c a s e s ,  b u t  t h e  assumption is  made t h a t  t h e y  are 
r; 

e q u a l  o u t s i d e  t h e  samples. T h i s  will i n t r o d u c e  no frequency 

dependent e r r o r  and since the Scattered e f f i c i e n c y - w i l l  prove 

t o  be r e l a t i v e  r a t h e r  t h a n  absolute, t h i s  i s  a justifiable 

c h o i c e .  I n s i d e  t h e  sample t h e  r a t i o  of solid angles will 

j u s t  be reduced by t h e  i n v e r s e ' o f  t h e  r a t i o s  of t h e  i n d i c e s  

of r e f r a c t i o n :  

n  GaSe 
nQ - s - 

*GaSe Q u a r t z  
" s  

so  t h a t  f i n a l l y  

w h e r e  
w 

and with 



( v a l u e s  f o r  q u a r t z  f r o m  CRC Handbook, 1 9 6 4 ;  Wasscher  and 

Dieleman (1973)  f o r  ne) one has  K = 0.276. 

I n  t h e  e q u a t i o n  ( 5 . 1 7 )  above ,  t h e n ,  it is n e c e s s a r y  t o  

know t h e  a b s o r p t i o n  c o e f f i c i e n t  as a f u n c t i o n  of f r e q u e n c y  

as w e l l  as t h e  r e f l e c t i o n  c o e f f i c i e n t .  U n f o r t u n a t e l y ,  a 

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

a t  77OK has  n o t  bee% c a r r i e d  o u t  with H/ /e  b e c a u s e  of t h e  
- - - - - - - A - - - - 

i m p o s s i b i l i t y  o f  o b t a i n i n g  t h i n  enough s a m p l e s  w i t h  t h e  ap- 

p r o p r i a t e  o r i e n t a t i o n .  However, o b l i q u e  i n c i d e n c e  methods 

a t  room t e m p e r a t u r e  have indicated. t h a t  t h e  absorption - 

c o e f f i c i e n t  f o r  is a b o u t  35 t i m e s  s t r o n g e r  t h a n  for 512 
n e a r  t h e  e x c i t o n  (Wasscher  and  Dieleman,  1 9 7 2 ) a n d  a s i m i l a r  

r e s u l t  was r e a c h e d  by Bourdon and K h e l l a d i  ( 1 9 7 1 ) .  Thus it 

3 3 
i s  pos s ib l e  t o  e s t i m a t e  an a b s o r p t i o n  c o e f f i c i e n t  f o r  E[lc 

* 
- + - +  3 -f 

from the d a t a  available for E ~ C .  Such rneasuremeqts  for E ~ C  

h a v e  been p e r f o r m e d  a t  4.2OK for e n e r g i e s  below t h e  e x c i t o n  
f 

by Kamimura  e t  a l .  (1969) who found a l o n g  weak t a i l  due t o  

i n d i r e c t  g a p  t r a n s i t i o n s .  By u s i n g  t h e i r  d a t a  ( s h i f t e d  i n  

energy by t h e  band gap s h i f t  f rom 4.Z•‹K t o  77OK) and  t h e  

data for thick samples f o r  b l e  (Kurik e t  al.. 1968) ( s c a l e d  

by t h e  factor of 351, a r e a s o n a b l e  estimate of t h e  absorption 

c w f f  i c i e n t  was made [ F i g u r e  5 . 2 )  . T h e  e&ergy regions 

covered by these  two -works f K m i m w a  et af., 1969;- ~ t t r f k  et - - 

i rFi rF- , l9-68Lazeskow.  in LWiagran--The•’actkk--d&,- - + 

o f  Xamimura is taken a t  4,Z•‹K implies t h a t  t h e  a b s o r p t i o n  co- 

e f f i c i e n t  in the l o w  energy t a i l  is p r o b a b l y  somewhat lower 



GaSe 
7 7 " ~  

ENERGY (eV) 
Figure 5 . 2 .  Absorption C o e f f i c i e n t  of GaSe. To the 
left of the vertical l i n e  is the  data of Kamimura et, 
al. (1969) and to t h e  right that  of Kurik et al. (1968). 



p r o c e s s  would be t empera tu re  dependent .  On t h e  o t h e r  hand,  an 

examina t ion  of  ana logous  d  a a l l ows  one t o  a r g u e  t h a t  t h i s  
C4 $ 

t h e r m a l  e f f e c t  w i l l  n o t  s i g  i f i c a n t l y  a f f e c t  t h e  low energy  3 
I 

t a i l  of  t h e  a b s o r p t i o n  c u r y e  between 77OK and 4.2OK. F o r  

example, in GaP which i s  ' a l s o  an  i n d i r e c t  gap -compound, t h e  

approached do n o t  change s i g n i f i c a n t l y  o v e r  t h e  range  l.G•‹K 

t o  77OK (Dean and Thomas, 1966) .  It is a l s o  impor t an t  t o  n o t e  

t h a t  t h e  
~ - 

the e x c i t o n  and i t s  t a i l  f o r  

-in GaSe does  n o t  change from 77OK t o  1.6OK ( F i s c h e r ,  1963) .  

F i n a l l y ,  t h e  f a c t  t h a t  t h e  p o r t i o n s  o f  t h e  c u r v e  from each set  

o f  measured d a t a  can b e  jo ined  f a i r l y  smoothly p r o v i d e s  an 
* 

a d d i t i o n a l  d e g r e e  o f  j u s t i f i c a t i o n  for t h +  procedure .  I t  
+ 

shou ld  be n o t e d  t h a t  it i s  i n  t h i s  r e g i o n  o f  j u x t a p o s i t i o n  
a 

where measurements have n o t  been performed a t  77OK, and where 

t h e  a b s o r p t i o n  c u r v e  i s  v e r y  s t e e p ,  that t h e  u n c e r t a i n t i e s  

i n  t h e  a b s o r p t i o n  c o e f f i c i e n t  yill , be l a r g e s t  (S308). 
6\, . 

The n e c e s s a r y  r e f l e c t a n c e  v a l u e s  fo r '  normal i n c i d e n c e  

were obtai 'ned.f rorn t h e  gle rnekurements  (Akhundov e t  a l . ,  1966). 

The error i n t r o d u c e d  by u s i n g  d a t a  o b t a i n e d  i n  this o r i e n t a -  

t i o n  w i l l  be s m a l l  compared t o  t h e  o v e r a l l  expe r imen ta l '  e r r o r .  
- - - - -- 

The r e f l e c t h n c e  values for t h e  a n g l e  of grazing i nc iden&e  

were o b t a i n e d  f r o m . F r e s n e l ' s  formula .  The i ndex  of r e f r a c t i o n ,  
h 

n was c o n s i d e r e d  c o n s t a n t  th roughout  the  energy  i n t e r v a l . .  
e 

As a r e s u l t  o f  t h e s e  and t h e  above approx ima t ions ,  t h e  va lues  



obtained for  t h e  scattered e f f i c i e n c y  should be reqarded as  

r e l a t i v e  r a the r  t h a n  absolute e f f i c i e n c i e s .  



-!p-*-&++%s ---- -- 

A series o f  s p e c t r a  r e c o r d e d  w i t h  v a r i o u s  l a se r  wave- 

l e n g t h s  i s  shown i n  F i g u r e  5 .3 .  F a r  f rom r e s o n a n c e  a t  
0 

6328 A ( F i g u r e  5 . 3 ( c ) )  the s p e c t r u m  i s  s imi lar  t o  t h o s e  shown 

i n  C h a p t e r  3 and a l i s t  o f  t h  *ssociated m with t h e s e  

f e a t u r e s  is g i v e n  i n  Table 3.2 .  The r e s o n a n t  b e h a v i o u r  of 

s e v e r a l  of these m o d e s  has  b e e n - i n v e s t  igated-indetai1itrtd-wi-l-l 

be d e s c r i b e d  below. 

5 . 2 . 1  P o l a r  Fiodes' 

The r e s o n a n t  b e h a v i o u r  of t h e  A;'(LO) 2 4 7  cm' mode is 

the m o s t  s t r i k i n g  f e a t u r e  o f  the series of s p e c t r a  shown i n  

F i g u r e  5 .3 .  T h i s  mode i s  n o r m a l l y  Raman i n a c t i v e  a s  w a s -  
t 

shown b e f o r e ,  and far f rom r e s o n a n c e  ( F i g u r e  5 . 3 ( c ) )  it i s  

a b s e n t  f rom t h e  spectra. As t h e  e x c i t i n g  w a v e l e n g t h  i s  

decreased, however,  t h i s  mode appears,  grows i n  i n t e n s i t y ,  

and i n  f a c t  n e a r  r e s o n a n c e  ( F i g u r e  5 . 3 ( a ) )  becomes t h e  domin- 

a n t  f e a t u r e  i n  ( z z )  spectra. The E t  (LO) mode at 254 cml, 
although a Raman active phonon, i s  a lso  f o r b i d d e n  by s e l e c t i o n  

r u l e s  for t h e  ( z z )  geomet ry .  It can be seen a s  g o i n g  from 
0 

t h e  r e l a t i v e l y  w e a k  l i n e  i n  the 6328 A s p e c t r u m  (its appear -  

& ance here is due t o  sample  d e p o l a r i z a t i o n )  t o  t h e  second most 

prominen t  feature i n  the GaSe s p e c t r u m  near r e s o n a n c e .  The 
t 

r e m a i n i n g  f e a t u r e  a s s o c i a t e d  with the polar phonons that be- 

-1 comes prominent is t h e  2 E '  (LO) mode a t  509 crn . 
The relative scattering e f f i c i e n c y  of t h e  t w o  f i r s t . o r d e r  

modes as a f u n c t i o n  of e x c i t a t i o n  energy is  shown i n  Figure  



FREQUENCY S H I F T  f c m 4 j  
F i g u r e  5.3. Resonant  R a m a n  Spectra of GaSe.  Spectra cor- - 

respond to energy s h i f t s ,  E,, - h ~ i  of a) 4 .2  meV; b) 69.5 
, m e V  and c) 1 4 1 . 9  m V .  All spectra obtained at 81 OK1 



+--- * *  4.  16-t31s - -- -- 
l g u r e ,  t h e  e x c i t a t i o n  f requency  i s  w r i t t e n  

b o t h  as  t h e  energy d i f f e r e n c e  from t h e  e x c i t o n  l i n e  i n  meV 
t 

and a s  a  reduced energy pakameter A = (Eg . . - hui)  where 
i 

E i s  t h e  band gap  e n e r g y ,  hwi the e x c i t i n g  f r&uenc$,  and 
9  

5 s  i s  the free e x c i t o n  Rydberg.  his n o t a t i o n  a l l o w s  d i r e c t  

comparison w i t h  the t h e o r y  o f  Mar t in  (1971b .  1 9 7 3 ) .  A t  77OK 
-- 

t h e  e x c i t o n  enekjy h a s  Eeen determined p r e v i o u s l y  t o T F 2  ;I(m-- 

e V  (Merc ie r  e t  a l . ,  1 9 7 3 )  i n  absorpt ion ' .  T h i s  r e s u l t - i s  i n  

good agreement with the v a l u e  of 2 . 6 @ ~ ~ ~  6 . 3  meV) t h a t  w e  

have o b t a i n e d  i n  emis s ion  a t  81•‹K, i f  t h e  band gap s h i f t  of 

- 0 . 3 5  meV/OK i s  i n c l  ded ( F i s c h e r ,  1963) .  From F i g u r e  5 . 4  It, 
it i s  obvious  t h a t  t he '  s c a t t e r i n g  e f f i c i e n c y  of bo th  po la r  

phonons undergoes a d i s t i n c t  maximum a t  t h e  n = 1 free 

e x c i t o n .  

5 . 2 . 2  Non-Polar Hodes 

S e v e r a l  of the non-polar  phonons e x h i b i t  a  much weaker p 

r e s o n a n t  behavicmr than t h a t  of the p o l a r  modes. The s c a t t e r -  

' i n g  e f f i c i e n c y  of the non-pola r  A '  (135 cm-') mode i s  p l o t t e d  1 

versus t h e  e x c i t a t i o n  ene rgy  i n  F igu re  5 .5 .  A l s o  i n c l u d e d  

i n  this f i g u r e  i s  t h e  s c a t t e r i n g  e f f i c i e n c y  of t h e  nun-polar  
----- 

E1(TO) mode a t  215  an-'. I t  should be mentioned t h a t  t h e  

resonance  behaviour and t h u s  only t h e  former  i s  shown. The' 
~ -- 

~ 

maximum of t h e  s c a t t e r i n g  e f f i c i e n c y  i n  each of t h e s e  cases 

i s  approximate ly  a  f a c t o r  of f i v e  weaker  than  t h a t  for t h e  , . - .  
p o l a r  phonons and this i s  i n t e r p r e t e d  a s  being due  t o  t h e  







r e l a t i v e  s t r e n g t h  of the ~ r o h l i c h  i n t e r a c t i o n  which  is a c t i v e  

i n  t h e  polar  phonons  a n d  t h e  d e f o r m a t i o n  p o t e n t i a l  i n t e r a c t i o n  

which i s  a c t i v e  f o r  t h e s e  n o n - p o l a r  phonons.  

The striking feature a b o u t  t h e  b e h a v i o u r  of t h e  A i  

phonons is  t h e  a n t i r e s o n a n c e  a s  t h e  gap i s  approached .  The 

s c a t t e r i n g  efficiency f rom t h e s e  modes passes through a min i -  
- - 

m *  when t h e  e x c i t a t i o n  e n e r g y L  i s  apprKxZm~tely-64 meV below 

t h e  band gap .  T h i s  b e h a v i o u r  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  

observed f o r  t h e  E Z ( l )  mode i n  CdS ( R a l s t o n  e t  a l . ,  1970;  
- - - - 

Damen and S c o t t ,  1971). 

5.2.3 Angula r  Dependence 

3 
The a n g u l a r  dependence  of t h e  s c a t t e r i n g  e f f i c i e n c y  f o r  

t h e  p o l a r  modes h a s  been i n v e s t i g a t e d  i n  a manner s i m i l a r  

t o  t h a t  d e s c r i b e d  by Colwell and K l e i n  ( 1 9 7 0 ) .  The necessary 

e q u a t i o n  they o b t a i n e d  (which i s  also eas i ly  de r ived  by t h e  

g round  work o f  S e c t i o n  5 . 1 . 2 )  for  t h e  backward-forward scat- 

tering r a t i o  is:- 

which i f  aE"a r e d u c e s  s imp ly  t o  
s 

- - 

The ratio of backward t o  f o r w a r d  s c a t t e r i n g  cross sections 
- - -- - - - -- - - - - -- -- ---- 

i i s  shown as  a function of energy i n  Figure 5 . 6 .  I n  t h e  ene rgy  

region below 50 r ; eV  from the e x c i t o n ,  t h e  r a t i o  of backward t o  

forward scattering c r o s s - s e c t i o n s  was found t o  be r e l a t i v e l y  



- 
The r a t i o  has 

to a value of 

a small peak at 30 meV below the e x c i t o n  going 

approximately 3.2 + 0 . 4  and r e t u r n i n g  to a ' - 
value of about  u n i t y  10 m e V  below t h e  exciton, which is t h e  

c loses t  frequency observable in forward s c a t t e r i n g .  
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5 . 3  D i s c u s s i o n  

5 . 3 , l  S p e C t r a l  F e a t u r e s  

I n  Chapter  3 ,  t h e  n o n - r e s o n a n t  s p e c t r u m  of G a S e  was 

d i s c u s s e d .  Some of the i n t e r p r e t a t i o n s  of t h e  phonon modes 

drew h e a v i l y  from t h e  work on R e s o n a n t  Raman s c a t t e r i n g .  In 

p a r t i c u l a r ,  t h e  i d e n t i f i c a t i o n  of t h e  247  c m - I  mode as t h e  
I 

A;' (LO) phonon w a s  made c o n c l u s i v e  by i t s  d r a m a t i c  a p p e a r a n c e  
- - -  - - - - -  - -- - - A 

A A- --- -- 

i n  t h e  R e s o n a n t  Raman s p e c t r u m .  I n  Figure 5 . 3 ( c )  t h e  t y p i c a l  

0 n o n - r e s o n a n t  Raman spectrum for t h e  z z  geometry i s  shown ( 8 1  K). 

I n  this o r i e n t a t i o n  only the -A; (135 c m - l )  and the A; (308 
- 

cm modes a r e  allowed. T h e  o t h e r  modes appear  because of 

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

T h i s  d e p o l a r i z a t i o n ,  however ,  h a s  a much s m a l l e r  e f f e c t  t h a n  

t h e  r e l a t i v e  a m p l i t u d e s  of t h e  modes w i t h  c h a n g e s  i n  o r i e n t a -  

t i o n ,  a n d  c o n s e q u e n t l y  t h e  s e l e c t i o n  r u l e s  c a n  be v e r i f i e d .  

Hayek e t  al. 11973) observed the 2 4 7  c m - l  mode i n  a z z  

s p e c t r u m  w i t h  t h e  u s e  of a H e - N e  l a s e r  a t  room temperature. 

They d e s i g n a t e d  t h i s  mode a s  the conjugate t o  t h e  254 cm -1 

' node which t h e y  assigned as  a n  E n  phonon.. The R e s o n a n t  Raman 

v o r k  here, however ,  shows  t h a t  t h e  2 4 7  crn-I mode i s  obser- 

vable only i n  resonance and thus t h a t  ~ayek's result i s  a 

m t n i f e s t a t i o n  of t h e  RU which  c a n  be s e e n  wi th  t h e  H e - N e  
* - 

laser a t  room temperature. Furthermore, when an  x z  spectrum 

i s  t a k e n  a t  w a v e l e n g t h s  n e a r  that shown i n  Figure 5 . 3 ( b ) ,  t h e  

2 4 7  m-I peak disappears and the 254 cm-' peak r e t i r n s  t o  i t s  

r e l a t i v e  strength of Figure 5 . 3 f c ) .  Thus, t h e  resonant   ode 

a t  2 4 7  c m - I  i s  observed o n l y  i n  z z  spectra. T h i s  b e h a v i o u r  of 
.I 



t h e  2 4 7  py 1 

o f  M a r t i n  (1971b)  and o t h e r  e x p e r i m e n t a l  o b s e r v a t i o n s  on 

f o r b i d d e n  modes ( ~ n a s t a s s a k i s  and  ~ u r s t e i n ,  1 9 7 1 ;  W i l l i a m s  
i 

and P o r t o ,  1 9 7 3 ) .  The r e s u l t  found  i s  t h a t  n e a r  r e s o n a n c e ,  

where  q-dependent  s c a t t e r i n g  p r e d o m i n a t e s ,  i n f r a r e d  a c t i v e  

modes t > a t  a r e  n o r m a l l y  Raman i n a c t i v e  c a n  become Raman 

a l l o w e d .  I t  s h o u l d _  a l s o  - _b_e n-uted - - thg$ t h e  o b s e r v a t i o n  of - - -- - 

r e s o n a n c e  b e h a v i o u r  i n  o n l y  z - o r i e n t e d  s p e c t r a ,  t h a t  i s  
h 

h 

Ci?c, i s  c o n s i s t e n t  w i t h  t h e  t h e o r y  s i n c e  f o r  GaSe t h e  

d ipo l e  m a t r i x  e l e m e n t ,  P ' ( e q u a t i b i  4 .21)  , for b o t h  t h e  - 
c v  

e x c i t o n  and d i r e c t  gap  t r a n s i t i o n s  i s  l a r g e  ~ n l y  f o r  Ciae 
(Wasscher  and  Die leman,  1972)  . Since t h e  s c a t t e r i n g  eFf i c i e n c y  

i s  p r o p o r t i o n a l  t o  t h e  Raman t e n s o r  s q u a r e d ,  t he re  i s  a  
r 

f o u r t h  power dependence  on t h i s  d i p o l e  m a t r i x  e l e m e n t  and 

~ n a n t .  t h u s  t h e  z z  r e s o n a n c e  s p e c t r u m  s h o u l d  b e  dom' 

5 . 3 . 2  Po Modes L E I  (LO) 254 c m - l ,  A;' (LO) 2 4 7  Cm-') t 
5 . 3 . 2 . 1  Wavelength  nependence % 

. . 

The o b s e r v e d  w a v e l e n g t h  dependence  af t h e  s c a t t e r i n g  

e f f i c i e n c y  f o r  t h e  A;(LO) and  E '  (LO) phonons i s  compared t o  

M a r t i n ' s  t h e o r y  i n  F i g u r e  5 . 4 .  I n  t h i s - f i g u r e ,  t h e  c u r v e  of 

t h e  square of t h e  dimensionless s c a t t e r i n g  amplitude (dashed 

curve) f o r  A = % U ~ / E ~ ~  = 1..58 of F i g u r e  4 . 3  h a s  been p i o t t e d  
0 * 

- 

by fitting t h e  curve to one data point E f  {LO) a t  hi 2 and 
t 
- -- ~~- ~-~ ~ 

t h i s  p o i n t  s e r v e s  a s  t h e  o n l y  c o n s t r a i n t .  As can be s e e n  

f rom the f i g u r e  t h i s  cu rve  a g r e e s  f a i r l y  w e l l  with t h e  observed 

s c a t t e r i n g  e f f i c i e n c y  when t h e  i n c i d e n t  photon e n e r g y  is 



i n c i d e n t  photon e n e r g i e s  t h e  c a l c u l a t e d  v a l u e s  become much 

s m a l l e r  than t h e  o b s e r v e d  s c a t t e r i n g  e f f i c i e n c i e s .  In t h e  
* 

case o f  the E1(LO) phonon t h i s  d i s c r e p a n c y  can be p a r t i a l l y  

explained by a return t o  t h e  n o n - r e s o n a n t  i n t e n s i t y  o f  Figure 

5 . 3 ( c ) .  This e x p l a n a t i o n  is not v a l i d ,  however,  f o r  t h e  

2 4 7  cm-I phonon w h i c h  is n o p a l l y  Rapan_ i n a c t i v e .  _ - 
The s o l i d  c u r v e ,  on t h e  o t h e r  hand ,  is t h e  r e s u l t  ob- 

t a i n e d  by i n c l u d i n g  o n l y  t h e  n = 1 e x c i t o n i c  s t a t e  as  t h e  
-l 

i n t e r m e d i a t e  s t a t e  i n  t h e  s c a t t e r i n g  (F'igure 4 . 2 ) .  T h i s  

c u r v e  has been f i t t e d  t o  t h e  B i z  2 A;' (LO) d a t a  p o i n t  and 

g i v e s  a much b e t t e r  r e s u l t  i n  t h e  l o n g  w a v e l e n g t h  r e g i o n  where 

t h e  e x p e r i m e n t a l  d a t a  i s  most r e l i a b l e .  The  agreement  i s  

p o o r e s t  i n  t h e  e n e r g y  r e g i o n  a p p r o x i m a t e l y  40  meV below t h e  

e x c i t o n  e n e r g y  where t h e  measured  p o i n t s  f a l l  w e l l  below t h e  

t h e o r e t i c a l  c u r v e .  I n  t h i s  r e g i o n ,  however ,  o n e  would e x p e c t  

t h e  l a r g e s t  error because of t h e  u n c e r t a i n t y  i n  t h e  a b s o r p t i o n  

c o r r e c t i o n s  a s  was ~ e n t i o n e d  i n  S e c t i o n  5 . 1 . 2 .  S i n c e  t h e  t r u e  

a b s o r p t i o n  c o e f f i c i e n t  i s  a l m o s t  c e r t a i n l y  l a r g e r  than t h e  o n e  

used i n  t h i s  r e g i o n ,  o n e  would e x p e c t  t h a t  t h e  d e p i c t e d  

scattering e f f i c i e n c i e s  a t  these  a n d  lower e n e r g i e s  would be 

somewhat s m a l l .  T h i s  would o b v i o u s l y  improve t h e  agreement 
- 

C ,,h the solid cupre in the 40 meV region  while n o t  seriously 

however , w o r g r i e  agreesent w i t h  t h e  dashed curve r e p r e s e n t -  

i n g  the coAetr se? of intermediate states. One must  c o n c l u d e  



f rom t h e s e  remarks t h a t  t h e  d i s c r e t e  s t a t e s  of the free 

e x c i t o n  a r e  t h e  i m p o r t a n t  i n t e r m e d i a t e  s t a t e s  i n  t h e  f o r b i d d e n  

s c a t t e r i n g  a t  77OK. It s h o u l d  b e  n o t e d  i n  t h i s  r e g a r d  that 

i n  t h e  p r e s e n t  work any r e s o n a n c e  e f f e c t s  a t  the h i g h e r  e x c i t e d  

s tates of t h e  e x c i t o n ,  as w e l l  a s  t h e  s h a r p n e s s  of t h e  re- 

s o n a n c e  a t  t h e  n  = 1 e x c i t o n - s t a t e ,  w i l l  be somewhat 

t h e r m a l  e f f e c t s .  
-- - A -- - - - - 

The s c a t t e r i n q e f f i c i e n c y  of t h e  p o l a r  modes was 

i n  a 4 0  m e V  r e g i o n  above t h e  band gap.  I t  w a s  found 

muted by 

measured  

t h a t  t h e .  

s c a t t e r i n g  e f f&ieneyf  remained essential-Iy c o n s t a n t  t h r o u g h o u t  

this r e g i o n ,  A smaff monoton ic  d e c r e a s e  bZt re*  s c a t t e r i n g  
a 

cross s e c t i o n  w a s  n o t e d  b u t  n o  d i s t i n c t i v e  f e a t u r e s  a p p e a r e d .  

.: :+ 

5 . 3 . 2 . 2  S e l e c t i p n  R u l e s  -& 

I n  G a S e ,  t h e  E 1 f L O )  phonon h a s  symmetry components  xx,  

y y ,  xy (Appendix B j  and as  has been shown t h e  s e l e c t i o n  r u l e s  

are w e l l  obeyed f a r  f rom r e s o n a n c e ,  A s  r e s o n a n c e  i s  a p p r o a c h e d ,  
$ 

t h e  allowed s c a t t e r i n g  d e c r e a s e s  i n  o b s e r v e d  i n t e n s i t y  due t o  

a b s o r p t i o n  and t h e  " f o r b i d d e n "  d i a g o n a l  z z  s c a t t e r i n g  becomes 

predominan t .  T h i s  s i t u a t i o n  i s  v e r y  s i m i l a r  t o  t h a t  o b s e r v e d  

i n  CdS ( M a r t i n  and Damen, 1971a)  for t h e  CdS E' (LO1 mode. 

The E 1 f G O f  mode i n  GaSe t h u s  r e p r e s e n t s  an example  of the t y p e  

of se lec t ion  r u l e  breakdown d i s c u s s e d  i n  d e t a i l  by Martin , . 
{I971 a and bl 

- - 

- - - - - p-p ~ - A F f 3 k ~ ~ ~ ~ ~ - ~ ~  y-forbi4derr 

. - phonon that becomes a c t i v e  when r e s o n a n c e  i s  a p p r o a c h e d  and 

q-dependent scattering predominates. Such a selection r u l e  



- - 
- 

breakdown h a s  a l s o  been predic ted by Mar t in  (197UI and 
- -- - 

has been o b s e r v e d  p r e v i o u s l y  ( A n a s t a s s a k i s  and B u r s t e i n , 1 9 7 1 ;  

W i l l i a m s  and P o r t o ,  1973)  i n  o t h e r  compounds. I n  t h e  p r e s e n t  

c a s e ,  however,  t h e  phonon o b s e r v e d  p r o p a g a t e s  i n  a d i r e c t i o n  

p e r p e n d i c u l a r  t o  the s c a t t e r i n g  p l a n e  and t h u s  c r y s t a l  momentum 
I? 

c o n s e r v a t i o n  i s  a l s o  l a c k i n g .  T h i s  f a c e t  o f  t h e  s c a t t e r i n g  i s  

v e r y  ~ - - - - - - p u z z l i n g  _ _  and a t  - p r e s e n t  - t h e  - - o n l y  - - - p l a u s i b l e  - -  - - e s a n a t i o n  ~ 

known t o  t h e  a u t h o r  i s  p r e s e n t e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n .  

As was ment ioned  earlier t h e  g e n e r a l  b e h a v i o u r  of the  

scattering e f f i c i e n c y  o f  t h e  p o I a r  A'' (LO) -and E '  (ZO) phonons 
2 

in GaSe is very similar t o  that observed i n  CdS  by Mar t in  and 

Damen (1971a) for t h e  E '  (LO)  mode. I n  CdS, however,  t h e  n e a r  

d e g e n e r a c y  of t h e  A-type and E- type  v i b r a t i o n s  ( t h e  wavenumber 

. s p l i t t i n g  of t h e s e  modes i s  1.8 cm-I (Darnen et al., 1970) 

makes t h e  s t u d y  of ' t h e i r  i n d i v i d u a l  b e h a v i o u r  d i f f i c u l t .  The 
L i 

occurrence i n  C d S  of phenomena s i m i l a r  t o  those  o b s e r v e d  h e r e  

for the A;' and  E t  (LO) phonons cannot be r u l e d  out on the 

b a s i s  of p r e s e n t  e x p e r i m e n t a l  e v i d e n c e .  I n  p a r t i c u l a r ,  it , 

i s  possible t h a t  n e a r  resonance t h e  A phonon i n  CdS c o n t r i -  

butes t o  t h e  observed s c a t t e r i n g  enhancement  a t  305 cml 

(Mar t i n  and Damen, f971a). I f  t h i s  were so, a h i g h  r e s o l u t i o n  

RRE experiment on CdS would be d e s i r a b l e  t o  see whether t h e  

non-conservatiori  of 'momentum and a p p a r e n t  angular independence 

g e n e r a l  f e a t u r e  of RRS. .d 

I 
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5 . 3 . 2 . 3  Direct ion Dependence - - - - - 

From t h e  r e s u l t s  of S e c t i o n  4 . 2 ,  i n  p a r t i c u l a r  equation r 

4 . 2 5 ,  it h a s  been shown t h a t  t h e  s c a t t e r i n g  e f f i c i e n c y  for 

RRS by t h e  ~ r o h l i c h  i n t e r a c t i o n  s h o u l d  be p r o p o r t i o n a l  t o  
-t 2 + + 

I q f  . - S i n c e  1 q / = 1% - ks 1 , M a r t i n  t h u s  p r e d i c t e d  that 

-. 2 
s c a t t e r i n g  i n  t h e  f o r w a r d  d i r e c t i o n , w h e r e  1 - k is 

r e l a t i v e l y  s m a l l , s h o u l d  - - go t o  zero. T h i s  p r e d i c t i o n ,  however, - 
- - - - - - A - --- 

i s  i n  c l e a r  d i s a g r e e m e n t  w i t h  t h e  p r e s e n t  e x p e r i m e n t a l  ob- 

s e r v a t i o n  of a nearly a n g u l a r l y  i n d e p e n d e n t  s c a t t e r i n g  ef- 

f i c i e n c y  a s  w a s  depicfed in Figure 5.6 .- W h i l e  f i g u r e  fA - - - -- 

shows a s l i g h t  enhancement  i n  t h e  backward s c a t t e r i n g  approxi- 

m a t e l y  30 meV below t h e  e x c i t o n ,  t h e  magni tude  of t h i s  effect 

i s  f a r  s m a l l e r  than would be p r e d i c t e d  by a  q -dependen t  

s c a t t e r i n g  r n e c h a ~ i s m .  One e x p l a n a t i o n  which  h a s  been used  t o  

e x p l a i n  t h i s  d e v i a t i o n  i n  t h e  o n l y  o t h e r  e x p e r i m e n t  of t h i s  

t y p e  is  t h a t  t h e  scattering may be i m p u r i t y  i n d u c e d  ( C o l w e l l  

and K l e i n ,  1970;  M a r t i n  1971b). T h i s  i s  n o t  a l i k e l y  cause 

h e r e ,  though ,  s i n c e  t h e  s c a t t e r i n g  e f f i c i e n c y  c l e a r l y  peaks 

a t  the n = 1 free  e x c i t o n  a n d  i n  a d d i t i o n  the phonon l i n e w i d t h s  

are o n l y  about 3 c<' even i n  r e s o n a n c e .  C o l w e l l  and K l e i n ,  

-1 
on t h e  o ther  hand, observed a severe (25 rn ) broadening of 

the one-phonon l i n e  due t o  i m p u r i t i e s .  

The non-conservation of momentum i n  t h e  sca t f e r ing  process 
* 
- - - - - - -- - -- pp 

d i s cu s s e d t t h e p r e v i o u s s G m E n a n ~ - E h e 3 - m  koTznyyzrvgaTc---- 

dependence  c o u l d  be e x p l a i n e d  i f  some momentum b r e a k i n g  

mechanism e x i s t e d  that was preferent ia l ly  airected i n  the 
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e x t r i n s i c  mechanism does ex i s t  i n  t h e  p r e s e n t  GaSe crystals 

and c o n s i s t s  o f  t h e  many s t a c k i n g  f a u l t s  t h a t  o c c u r  a l o n g  
i 

t h e  z - a x i s  of t h e  c r y s t a l  ( T e r h e l l  and  L i e t h ,  1 9 7 2 ) .  These'  

s t a c k i n g  f a u l t s  s e r v e  t o  modify  t h e  crystalline p e r i o d i c i t y  

i n  the z - d i r e c t i o n  and t h u s  d e s t r o y  t h e  c r y s t a l  momentum 

c o n s e r v a t i o n  i n  t h e  z - - i r _ e c t i o n .  If this--is_ t h e x a s e , t h e  

a n g u l a r  dependence  of t h e  s c a t t e r i n g  w i l l  t h e n  b e  p r o p o r t i o n a l  
-f -+ 2 

t o  pi - ks + 0q,/ ( M a r t i n ,  l 9 7 4 a )  a n d  i f  A q  is l a r g e  t h e  z I - 
Jk 

s c a t t e r i n g  e f f i c i e n c y  may become i n d e p e n d e n t  of a n g l e .  Thus ,  

t h e  e x i s t e n c e  of s t a c k i n g  f a u l t s  can be u s e d  t o  e x p l a i n  non- 

c o n s e r v a t i o n  o f  momentum and a n  a n g u l a r l y  i n d e p e n d e n t  scat- 

t e r i n g  e f f i c i e n c y .  

U n f o r t u n a t e l y ,  w h i l e  t h i s  e x p l a n a t i o n  g i v e s  a p l a u s i b l e  

r e a s o n  f o r  t h e  n o n - c o n s e r v a t i o n  o f  momentum i n  t h e  z - d i r e c t i o n ,  

o n e  i s  left with the r a t h e r  d i s c o n c e r t i n g  bump a t  30 meV below 

t h e  e x c i t o n  i n  the b a c k w a ~ d - f o r w a r d  s c a t t e r i n g  ra t io .  The 

o s t r i c h  approach seems t o  be a n o t h e r  p o s s i b l e  a l t e r n a t i v e  

s o l u t i o n ,  for i f  t h e  bump t u r n e d  o u t ' t o  be a r t i f i c i a l  t h e  

above e x p l a n a t i o n  p r e d i c t i n g  no  a n g u l a r l y  d e p e n d e n t  s c a t t e r i n g  

would hold.  The fact though  t h a t  t h e  bump appeabs  i n  b o t h  t h e  

A;' (LO) and E'(L01 c r o s s - s e c t i o n s  a t  t h e  same e n e r g y  s u g g e s t s  
- 

that the effect  is a real one. 

Whi le  s e v e r a l  a l t e r n a t i v e  effects h a v e  been examined t o  

explain t h e  bump in t h e  backward-forward scattering r a t i o ,  

a l l  seem u n s a t i s f a c t o r y  a t  t h e  p r e s e n t  t i m e .  One c & c l u s i o n  



is u n t e n a b l e  and t h s t  is t h a t  i f . t h e  LO e f f i c i e n c y  

enhanced 
~p 

and t h u s  

- 

- 

s c a t t e r i n g  i s  q-dependent.  T h i s  would r e q u i r e  a monotonic 

i n t r i n s i c  p r o c e s s ,  

/ 

is s o l e l y  

the 

i n c r e a s e  i n  t h i s  r a t i o  as t h e  e x c i t o n  i s  approached which does  

n o t  e x p e r i m e n t a l l y  o c c u r .  The c o n c l u s i o n  which seems m o s t  

p l a u s i b l e  a t  t h e  p r e s e n t  t ime  i s  t h a t  some e x t r i n s i c  mechanism 

(such as t h e  stacking faults) i s  d e s t r o y i n g  t h e  q-dependent 

f a c e t  of  t h e  RRE 

and f u r t h e r  work 

5 . 3 . 3  Non-Polar 

2 1 5  c m - l )  
*/ 

i s  i n d i c a t e d .  
- - -  

Phonons (A; 135 c m - l ,  A; 308 c m - l ,  E' (TO) 

The observed  a n t i r e s o n a n t  behaviour  for  t h e  135 c m - I  mode 

is q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  observed  f o r  non-polar  modes 

( e - g .  E (1) ) i n  CdS ( R a l s t o n  e t  al., 1 9 7 0 ;  Darrten and S c o t t ,  2 

19711. Ra l s ton  e t  a l .  (1970) suggested that t h e  observed  

minimum i n  the s c a t t e r i n g  c r o s s  s e c t i o n  a r o s e  from t h e  can- 

c e l l a t i o n  of r e s o n a n t  and non-resonant terms i n  t h e  s c a t t e r i n g  

tensor (see e q u a t i o n  2 . 1 0 ) .  They o b t a i n e d  a phenomenological  

form f o r  t h e  cross  s e c t i o n  of 

where w is  the gag f r equency ,  w e  is  t h e  laser f r equency ,  
4 

u is t h e  s c a t t e r e d  photon frequency and A and B are p o s i t i v e  ~-5 

and n e g a t i v e  constants. 

T h e i r  e x p r e s s i o n  f o r  the c r o s s - s e c t i o n  was l a t e r  modified 



n b t a i n e d n l o g i c a l  f n r m  

where w is  t h e  g a p  f r e q u e n c y ,  we i s  t h e  laser f r e q u e n c y  - 
g 

and A and B a r e  p o s i t i v e  o r  n e g a t i v e  c o n s t a n t s .  Damen and 

S c o t t  found t h a t  t h i s  e x p r e s s i o n  g a v e  a  q u a l i t a t i v e  f i t  t o  

t h e  -~ l i m i t e d  ~ 
- number ~p ~~ 

of -- data p o i n t s  t h a t  were  ~ a v a i l a b l e l o r  ~ t h e  

E2 (1) ( 4 3  c m - l )  mode o f  CdS. These  r e l a t i o n s ,  however,  d o  n o t  

y i e l d  even q u a l i t a t i v e  agreement  w i t h  t h e  p r e s e n t  r e s u l t s .  
--- - - 

The a n t i r e s o n a n c e  i n  GaSe o c c u r s  much closer t o  t h e  band e d g e  

and i s  much d e e p e r  t h a n  t h e  a n t i r e s o n a n c e s  o b s e r v e d  i n  CdS. 

A s  a r e s u l t  t h e  e x p r e s s i o n s  (5.24 and 5 .25)  g i v e  a n t i r e s o n a n c e  

minima t h a t  a r e  much n a r r o w e r  t h a n  t h e  o b s e r v e d  d i p .  I t  i s  

c l e a r  t h a t  an a l t e r n a t e  mechanism w i l l  have  t o  b e  found t o  

e x p l a i n  t h e  p r e s e n t  o b s e r v a t i o n s .  The A i  308 c m - I  mode h a s  

been o b s e r v e d  t o  e x h i b i t  an a l m o s t  i d e n t i c a l  behaviour t o  t h e  

135 cm-' mode and is  n o t  shown i n  t h e  f i g u r e .  

The b e h a v i o u r  of t h e  cross s e c t i o n  o f  t h e  E1(TO) mode 

a t  215 c m - l  i s  a l s o  shown in F i g u r e  5 .5 .  This mode shows a 

m n o t o n i c a l l y  i n c r e a s i n g  s c a t t e r i n g  e f f i c i e n c y  below t h e  

e x c i t o n  r i s i n g  t o  a peak a t  t h e  n  = 1 e x c i t o n  level. The 

s c a t t e r i n g  h e r e  i s  i n t e r p r e t e d  a s  b e i n g  due  t o  t h e  d e f o r m a t i o n  
i 

p o t e n t i a l .  T h e r e  is no observed a n t i r e s o n a n c e  i n  t h e  cross 

s e c t i o n  b u t  t h e  bekav iou r  of t h e  mode a t  e n e r g i e s  lower t h a n .  . * 

approximate ly  80 meV from the e x c i t o n  is  unknown s i n c e  the 



phonon is n o t  normal ly  a l lowed in&he Y ( Z Z ) X  geometry. T h i s  
- - - - - - - - - - - - - - 

phonon h a s  a l s o  been seen  t o  be markedly a b s e n t  ( e s p e c i a l l y  

i n  t h e  y-GaSe c a s e )  i n  a l lowed geomet r i e s  a t  some f r e q u e n c i e s  

f a r  i n t o  t h e  gap which i n d i c a t e s  t h e  p o s s i b i l i t y  o f  deep  l y i n g  

a n t i r e s o n a n c e s  as  havebeen observed  for TO phonons i n  CdS 

(Damen and S c o t t ,  1 9 7 1 ) .  The  l a c k  o f  a s o u r c e  a t  e n e r g i e s  

less than  1 . 9 5  eV p r o h i b i t s  a s e a r c h  f o r  such  an a n t i r e s o n a n c e  
- - - - - - - - -- - - - -- -- - - 

a t  t h e  p r e s e n t  t i m e .  

5 . 3 . 4  second-order  Phonons ( 2 E t  (LO) 509 c m - l )  

The  t w o - L O  phonon -feature a t  5 09 em-' can also be clearly 

observed  i n  F i g u r e  5 .3 .  D e t a i l e d  measurements of t h e  c r o s s  

s e c t i o n  of  t h i s  mode shows t h a t  t h e  s c a t t e r e d  e f f i c i e n c y  i s  

n e a r l y  i d e n t i c a l  t o  t h e  215 cm-' TO mode and t h u s  has  n o t  

been d i s p l a y e d .  C e r t a i n  s i m i l a r i t i e s  w i t h  t h e  CdS case can 

be no ted .  T h i s  i n v o l v e s  t h e  f a c t  t h a t  o n l y  t h e  2E1(LO) com- 

b i n a t i o n  a p p e a r s  and ,  a l t hough  t h e  peak i s  smeared o u t  t o  a 

c e r t a i n  e x t e n t  by a n i s o t r o p y ,  t h e  2A;' (LO)  mode i s  c l e a r l y  

a b s e n t  ( a l t h o u g h  both modes are second-order  a l lowed i n  t h i s  

geomet ry) .  The r e l a t i v e  i n t e n s i t y  o f  t h e  2L0  peak i n  GaSe 

i s  much weaker t h a n  t h a t  observed  i n  CdS, and a l a rge  number 

of m u l t i p l e  phonon peaks  has n o t  een obse rved  i n  GaSe (wh i l e  
-=-. k 

CdS has had up t o  n i n e  peak's r e p o r t e d  ( L e i t e ,  S c o t t  and Damen, 

1 9 6 9 a ) I .  W i t h o u t  going i n t o  t h i s  s u b j e c t  i n  any d e t a i l ,  this 

t h e  number of'such peaks  observed  i n  t h e  m u l t i p l e  phonon RRE 
r 

seems to increase n o t  w i t h  t h e  s t r e n g t h  of t h e  ~ r ~ h l i c h  



/. 
but wi tha .F ra r t ck -Condon  coupling parameter S which is 2 . 3  

f o r  CdS and 0 . 1 7  f o r  GaSe (Malm and Haering, 1 9 7 0 ) .  



CONCLUSION 

6 . 1  C o n c l u s i o n  

The object ive of this t h e s i s  w a s  t o  examine t h e  Resonant  

Raman e f f e c t  i n  d e t a i l  t o  a s c e r t a i n  t h e  n a t u r e  and behaviour 

of t h e  i n t e r m e d i a t e  e l e c t r o n i c  s t a t e s  responsible for t h e  

s c a t t e r i n g  p r o c e z  . _  With theLpadvent_  of_ the-tunablcdyclaser-- 

such a n  i n v e s t i g a t i o n  became q u i t e  p o s s i b l e  for c e r t a i n  c o m ~  

pounds whose band gaps  are w i t h i n  t h e  t u n i n g  r a n g e  of t h e s e  

l a s e r s .  Gallium selenide iip one of t h e s e p  compounds and  w i t h  
- 

the u s e  of a Rhodamine 6G cw t u n a b l e  dye laser, t he  Resonant 

Raman Spectrum of ~ a ~ e  w a s  o b t a i n e d .  

I n  o r d e r  t o  completely unde r s t and  t h e  r e s u l t s ,  however, 

it was necessary t o  examine i n  d e t a i l  t h e  non- resonan t  Raman 

s p e c t r a  of t h e  g a l l i u m  l a y e r  compounds Gas and GaSe. S p e c t r a  

were t aken  on all t h r e e  possible p o l y t y p e s ,  8 (as r e p r e s e n t e d  

by Gas) ,  E (as  represented by t h e  l a r g e  mixed crystals) and 

Y fas  represented by t h e  needles). I t - w a s  p o s s i b l e  to o b t a i n  

t h e  frequencies and symmetries of v i b r a t i o n  of t h e  Raman a c t i v e  ; 

phonons i r rdhese  compounds, and as  a r e s u l t  t h e  

the phonon modes at the zone centre is b e l i e v e d  

understood. a 

behaviour  of 

to be well 

. Concfusiuns to be &awn from the non- resonan t  work i n c l u d e  ' 

t h e  observation that the large p l a t e  c r y s t a l s  grown by the 
fl 

;. 

Bridgeman t e c h n i q a e  are p r e d o m i n a n t l y  [at l e a s t  95%) E i n  

c h a r a c t e r .  I t  was shown t h a t  the E and y polytypes disp lay  



an LO-TO phonon s p l i t t i n g  for the E' mode at 215 cm-' t h u s  

establishing the polar nature of this compound. Finally, 

it was shown that the y-polytype shows dispersive behaviour 

i n  t h e  frequencies of the A1(2 )  and E ( 2 )  phonons, which i n  i 

the E-polytype c o r r e s p o n d  to the modes which turn o u t  to be 

. highly resonant. This angularly dispersive behaviour .has been.. 
I< - 

. polar modes and the agreement is excellent. 

This work - did - n o t  - f i n d  - -  any - evidence - - o f  "conjugate - - modes" -- 

as h a s  been suggested elsewhere (Wieting and Verblc, 1972; 

Qayek et al., 1 9 7 3 ) .  It is suggested that if these conjugate 

modes do exist, their splittings from the Raman active modes 

which correspond to the "event' t y p e  of the B-polytype (i.e. 

the lower row of vibrat ions  of Figures 2 . 6  and 2 .7 )  are too 

small to experimentally resolve and in addition their in- 
*-. 

tensities would be expected t o  be q u i t e  small. 

The Resonapt Raman spectrum of t h e  E-y mixed crystals 

was obtained at 81 - + I G K .  The results are consistent with t h e  

observations of t h e  non- resonant  spectrum, and in addition the 

A;' {LO) phonon has been positively identified and placed at 

2 4 7  cm-l, corresponding to the Ax (2) phonon of the y-polytype 

This result a n • ’  i m s  the previous i n • ’  rare& measuremenks - - 

- - - {Leunq et a l .  , 1 9 6 6 . l .  This identification and obse=ation 

of the resonant  behav iou r  of t h e  A;'(LO) and E t ( M ) )  modes of 

- .E-GaSe is a further i n d i c a t i o n  of t h e  polar nature of this 

conpound. 



The s c a t t e r i n g  cross s e c t i o n  f o r  t h e  p o l a r  l o n g i t u d i n a l  
p' 

modes e x h i b i t s  a d e f i n i t e  maximum a t  t h e  n  = 1 free e x c i t o n  

energy  l e v e l .  T h i s  c l e a r l y  i d e n t i f i e s  t h e  e x c i t o n  a s  the 

i n t e r m e d i a t e  state i n  t h e  s c a t t e r i n g  process. The wavelength 

dependence observed  was i n  s a t i s f a c t o r y  agreement  w i t h  t h e  

e x c i t o n  was t r e a t e d  as t h e  sole i n t e r m e d i a t e  s t a t e  i n  the 

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

ineraband Friin'i icn scattering-then- gave better-agreemenk w i t h  

t h e  e x p e r i m e n t a l  da t a  t han  w i t h  t h e  i n c l u s i o n  of hi .gher ex- 

c i t e d  s t a t e s  and t h e  continuum c o n t r i b u t i o n .  

I n  c o n t r a d i c t i o n  t o  the above t h e o r y ,  however, was t h e  

o b s e r v a t i o n  t h a t  the s c a t t e r i n g  for t h e  polar  phonons was 

independent  o f  s c a t t e r i n g  a n g l e  f o r  most of t h e  r e g i o n  

s t u d i e d  and t h a t  momentum c o n s e r v a t i o n  d i d  n o t  h o l d  f o r  the 

A;' (LO) phonon. The breakdown o f  momentum c o n s e r v a t i o n  and 

the angul<r  independence were a t t r i b u t e d  t o  an e x t r i n s i c  

mechanism, thus p r o v i d i n g  no s i g n i f i c a n t  d i s ag reemen t  with 

t h e  t h e o r y  which applies, of course, t o  the i n t r i n s i c  e f f e c t .  

The extrinsic mechanism which seems must p x a u s i b l e  is t h e  
I 

existence of stacking f a u l t s  along the c - a x i s  o f ' t h e  crystal 

ITerhell and ~ i e t l l ,  29723 which w i l l  break thg crystallinS 
- 

- 

s yn=etyTTFr € E G T - d i r e c  1=T-sIlgE~ bumpP'rn t h e  scmXerTng- -- 

c r o s s  s e c t i o n  r a t i o  fo r  backward and forward s c a t t e r i n g  was , 

observed for which no satisfactory explanat ion  h a s  been 

reached. 



, u n d e r g o  a w e l l  def ined a n t i r e s o n a n c e ,  analogous t o  t h a t  

o b s e r v e d  in CdS (Ralston et a l . ,  1 9 7 0 ;  Damen and  Scott, .1971). 

The p r e s e n t  experimental w a v e l e n g t h  dependence  could n o t  be 

r e p r o d u c e d  by the e m p i r i c a l  model ( R a l s t o n  e t  al., 1970; . 

Damen and Scot t ,  1971) used  previously. Fur the r  work on 

0 

a n t i r e s o n a n c e  b_eaviou-r in p ~ l a ~ r ~ s e r n _ i ~ c o n d u c t ~ x s ~ ~ B s i n d i . c a t ~ ~ ~ ~  LL 

Further work on second (and h i g h e r )  order modes i n  these 

semiconductors is also necessary to fully understand the 

n a t u r e  of t he  scattering and distinguish the RRE from re- 

s o n a n t  fluorescence lor  " h o t  e x c i t o n i c  l u m i n e s c e n c e " ) .  



6 . 2 .  S u g g e s t i o n s  for F u r t h e r  Work 

I t  seems apparent a t  this t i m e  t h a t  t h i s  work  has 

. r a i s e d  n e a r l y  a s  many new q u e s t i o n s  a s  i t  o r i g i n a l l y  set  

o u t  t o  answer .  T h i s  is n o t  u n u s u a l  s i n c e  there a r e  many 
t 

a s p e c t s  o f  the R e s o n a n t  Raman e f f e c t  which  c o n t i n u e . t o  be 

p o o r l y  u n d e r s t o o d .  T h e r e  a re  s e v e r a l  n o n - t r i v i a l  experiments 

on  t h e  RRE i n  GaSe y e t  to  be performed.  GaSe f a i l s  i n  i t s  
- - - - - - - - - -- A -  - A PA-- - - 

promise t o  g ive  c l e a n  c u t  a n s w e r s  to some o f  t h e  c r u c i a l  

a s p e c t s  of t h e  t h e o r y  of M a r t i n ,  s u c h  a s  t h e  q-dependence  of 

t h e  scattering, because, it appears, of an extrinsic mechanism, 

t h e  s t a c k i n g  f a u l t s .  These  faults, however,  only o c c u r  i n  

E-y mixed c r y s t a l s  and if t h e  r e s o n a n t  backward-forward 

s c a t t e r i n g  e x p e r i m e n t  could be per fo rmed  on y - n e e d l e s ,  o n e  

w o u l d  have a more conclusive t e s t  o f  the i n t r i n s i c  mechanism. 

T h i s  however w i l l  be very difficult because of the u s u a l l y  

t r i a n g u l a r  c r o s s  s e c t i o n  of t he  n e e d l e s  t h u s  i n h i b i t i n g  for-  
r. 

ward s c a t t e r i n g  i n  t h e  necessary x or y d i r e c t i o n s  ( f ;  must  

be p a r a l l e l  t o  t h e  c - a x i s )  Perhaps  some 

o b t a i n e d  w i t h  a r e c t a n g u l a r  cross section 

e x p e r  b e n t .  

n e e d l e s  c o u l d  b e  

i n  order t o  d o  t h i s  

The quest ior :  of the a n t i r e s o n a n t  b e h a v i o u r  of t h e  A i  

spmetry p h o m n s  has  n o  pos i t i ve  t h e o r e t i c a l  e x p l a n a t i o n .  If 

art a n t i  resonant: effect is r s c c u ~ i n g  the ref a t ive  macpitudes 

-- a n d  s i g ~ s - ~ ~ ~  -rwArt@qt;t;rk%w+•’44+wst be L-vRSidered. -- 

This is not a problem so le ly  i so l a t ed  i n  GaSe b u t  should be 

examined for  the general first order RRE theory .  



The treatment of t h e  second (and h i g h e r  order) modes . 
-- - 

v i s i b l e  i n  the Raman spectrum w a s  i g n o r e d  i n  t h i s  work. 

The c a u s e  o f  such  m u l t i p l e  phonon s c a t t e r i n g  i s  c u r r e n t l y  

open t o  s p e c u l a t i o n  and  it was f e l t  t h a t  s u c h  an e x p e r i m e n t a l  

s t u d y  migh t  lead somewhat. f a r  a f i e l d .  The s t u d y  o f  t h e  

symmetries, i n t e n s i t i e s ,  e f f i c i e n c i e s  and p o s s i b l e  f r e q u e n c y  

d e v i a t i o n s  o f  these modes i n  p o l a r  s e m i c o n d u c t o r s  should b e  
- - - - - - - - - -- - - A - -- - - 

however a subject fo r  a c o n s i d e r a b l e  amount of e x p e r i m e n t a l  

work. 

easily oriented compounds is needed t o  check t h e  t h e o r y .  

Obvious c a n d i d a t e s  for  f u r t h e r  s t u d y  

l a s e r  now u n d e r  c o n s t r u c t i o n  

with a w i d e l y  'tunable 

CdS ( p u r e  c r y s t a l s ) ,  

ZnO, BaTi03, and the z i n c - b l e n d e  compounds s u c h  as  ZnS and 

ZnSe. ZnO i s  a very appea l ing  compound since t h e  e n e r g y  

s e p a r a t i o n  between t h e  A(LO) and E(L0) modes i s  l a r g e r  t h a n  

i n  GaSe and as a crystal t o  s t u d y  for a n i s o t r o p i c  effects, t h e  
' . 

s p l i t t i n g  between t h e  A symmetry and E symmetry modes is  

e a s i l y  r e s o l v a b l e .  T h i s  would be an i n t e r e s t i n g  c r y s t a l  t o  
A 

compare w i t h  CdS and k a ~ e .  

F i n a l l y ,  a more remte p s s i b i l i t y  is  the practical 

application of t h e  Resonant Raman effect to excite Raman 

spectra at the&ium energy (1 to 4 eV) higher excLted states 

05 ~ i r n e t z r ~ c x r s ~ c r t c r r s  wit-gaP. Z v -  

these  compounds a b s o r p t i o n  (and/or h i g h  surface r e f l e c t i o n )  

o f t e n  makes recording of t h e  normal one-phonon Raman spectrum 

d i f f i c u l t .  The use of l i g h t  which  i s  r e s o n a n t  w i t h  electronic 



of the crystalrmght p r o v i r l ~  a way nf 
. . 

phonon f r e q u e n c i e s  which would otherwise be difficult or 

impossible to ob t a in .  



APPENDIX A 
GROUP THEORY FOR LAYER COKPOUNDS 
, 

T k n u m b e r  and symmetry of t h e  riormal modes of .  vib- 

r a t i o n  of  a c r y s t a l  are easily found from t h e  group .he- 
p p  -- - 

o r e t i c a l  knowledge of the space group of the crystal. . I n  

t h i s  append ix ,  the c o r r e l a t i o h  method ( F a t e l e y  e t  al. , 

1 9 7 1 )  w i l l  be  used t o  d e r i v e  t h e  symmetry propert ies--of  t h e  
- - - - - 

crystal a t  the zone c e n t r e ,  I'. I n  S e c t i o n  2 . 4 ,  i t  was 

s t a t e d  t h a t  t h e  symmetry of  the  zone a t  t h i s  p o i n t  is just 

t h e  p a i n t  g roup  of the space group. I n  t h e  f o l l o w i n g  

t h r e e  s e c t i o n s  results w i l l  be d e r i v e d  for t h e  3 ,  E ,  and 

Y p o l y t y p e s .  a? 
A .  1 3-polytype , 

4 - Dsh (PL/mnua) ( G a l l i u m  Sulphide) 

The n o t a t i o n  of t h i s  Appendix w i l l  follm that of 

F a t e l e y  f 1 9 7 1 )  and thus sone d e f i n i t i o n s  are necessary 

F i r s t ,  it i s  3 e c e s s a r y  to know t h e  number of  molecules  

r B r a v a i s  space ce l l ,  zB, which i s  ' e q u a l  t o  the number 

olecules in the crystal~ographic u n i t  ce l l ,  Z ,  div ided  

number of  f a t t ice  p o i n t s  i n  t h e  unit ce l l ,  LP: 

zB = ,/,- - IA- 

S i n c e  n o t  a l l  atoms l i e  on the same s y m e t r s i t a c  in the 

l a t t i c e ,  one must knew l o r  f i g u r e  o u t )  t h e  site group spe- 

c i e s ,  v .  Each seec ies  will have  zero ,  one, two, or three 



t w o ,  or three degrees o f  r o t a t i o n a l  f reedom,  R' . I n  

crystals  o n l y  t h e  d e g r e e s  of t r a n s l a t i o n a l  f reedom need 

be c o n s i d e r e d  and thus f o r  each s i t e  s p e c i e s  one  has t h e  

number of d e g r e e s  of t r a n s l a t i o n a l  f reedom o f :  , 

t h e  B r a v a i s  c e l l .  

5 C is d e f i n e d  as t h e  d e g e n e r a c y  of t h e  s p e c i e s  6 of 
1 - - - - - - - - 

t h e  factor group (which may n o t  be t h e  sane as t h e  site 

group). This is  the d i m e n s i o n a l i t y  of t h e  r e p r e s e n t a t i o n  

of t h e  v i b r a t i o n , w h i c h  is  one for species of symmetry A 

or B ,  two for species E and three f o r  species F. 

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

t i o n s  >is the sum of the i r r e d u c i b l e  r e p r e s e n t a t i o n s  of each 

e q u i v a l e n t  s e t c  of c o n s t i t u e n t  atoms : 

f =C rv 
crystal il 

where I 

ry = C a c a 5  (A. 4 )  
E, 

and a i s  the number of lattice v i b r a t i o n s  of t h e  symmetry 
5 

5 of factor group. 

It is easier to show haw the method works by example. 
- - - - -  - - - -  

4 . - 
for 8-GaS [Dsh space group) , one nee& t o  know t h e  site 

/' 
* 

s y n m t r y  of t h e  Ga and S atoms.  From Wykoff (1965) and 

the I n t e r n a t i o n a l  T a b l e s  of X-Ray Crystallography (19691, 

the s i t e  symmetries are  identified as C3,(3m) w i t h  atoms at: G 
f A 
B 
B 



( A *  5) 

where  z = 0.17 f o r  the G a  atoms and 0 .60  for t h e  S atoms 

(Wykoff,  1 9 6 5 ) .  Thus ,  CjV is t h e  s i t e  group  f o r  b o t h  t h e  

Gallium a n d  S u l p h u r  a t o m s .  One has: 

Z = 4 molecules W = 1  zB = 4 (A-  6 )  

and s i n c e  t h e r e  a r e  f o u r  m o l e c u l e s  per e q u i v a l e n t  se t :  

where  av i s  t h e  n u n b e r  of v i b r a t i o n s  of t h e  s i t e  group 

v s p e c i e s  v and C i s  t h e  degeneracy  of the s p e c i e s  5 of 5 
the factor  group w - h i ~ !  correlates (i-e. is compatible) - 

I 

- 

w i t h  the site species V. 

The groups 

Table A .  1. The 

A * ,  and E with: 

Cjy and D have their e l e m e n t s  l i s t e d  i n  6h 

site g r o u p  C3v h a s  s y m m e t r y  c h a r a c t e r s  A 1' 

f V  

4 

0 

8 

Prom the c o r r e l a t i o n  tables of Wilson, Decius  and Cross 

(1955), one finds L t a t  the symmetries of these v i b r a t i o n s  

of C j v  are corqatible with t h e  symmet r i e s  02 the DCh 

f a c t o r  group as follows: -', 



T h u s ,  

(A. 10) 

s i n c e  t h e  s u l p h u r  a toms l ie $ the 
sites, saxe symmetry 

this doubled : t h e  c rys ta l  r e p r e s e n t a t i o n / s  j u s t  

, (A. 11) 

This g i v e s  2 4  normal modes of vibration iremember that 

E i s  'a doubly d e g e n e r a t e  r e p r e s e n t a t i o n )  . O f  t h e s e  modes, 

t h e  p o i n t  g r o u p  has  AZu and Elu as translational symmetry 

r e p r e s e n t a t i o n s  and t h u s ,  

= 1AZu 9 lElu r a c o u s t i c  (A .  12) 

The  r e p r e s e n t a t i o n s  

: (T inkhan ,  f964) an8 

below have  b i l i n e a r  h a s i s  f u n c t i o n s  

since t h e  po l a r i zab i  lity tensor 
* 

basis f u n c t i o n s ,  t h e y  give  the nofrnal ly 

Ranan ac t ive  Dhonons: 



species basis functions 

(A. 13) 

, 
There are s i x  Raman a c t i v e  modes i n  the B-polytype with : 

the above aym&try e'lemsnti. In infrared absorption one 

should see two modes corresponding to IAzU e Blue 

N o w  t h a t  the method has been s h w n  the ca lcu la t ion  
- - - - - 

i s  only sketched below. The crystal structure of the . 
1 q-polytype was i d e n t i f i e d  as a DU space group ( ~ c h u b e r t  

e t  a l . ,  1955) with the two Ca at- on (g) a i t e s  (Cjv or: 

3m s i t e  group) with: 

u " { O ~ O I Z ;  o~o,; I 
'="I 

(A. l4a) 

and the two t atoms on (i) cites of the convention of 

the International  Tables (1969 )  (again a CjV site group 

s y a ~ n e t r y f  , w i t h :  

where for the Ga a t a m  z-= 0.075 and for the S e  atolas 

z = 0.150 (Wykof f, 1965). Thus, agein the site syarmetriee 

fo r  each apeciea of at- is a C3v. The site specie8  and 

1 degrees of freedom f o r  the sits group nntet ocrrreapond to 
- - 



4 1 2 = 2 + D  A1 

1 2 = 2 + 0  
(A .  15) 

so t h a t  

and s i n c e  t h e  s e l e n i u m  a t o w  are on t h e  same symmetry 

s i t e s ,  one doubles t h i s  t o  g e t  t h e  c r y s t a l  r e p r e s e n t a t i o n :  

r - - 4AL0 4 4A2 ' *  9 4 ~ '  & 4 E P 0  c r y s t a l  (A%)  

Of t hese :  

r 
a c o u s t i c  

= 1A2  0 0  + l E O  (A. 18) 

The bilinear basis f u n c t i o n s  a r e  (T inkhan ,  1 9 6 4 )  : 

species basis f u n c t i o n s  

2 2 2 
x + Y , Z  

2 2  
x - Y  1 Y 

X Z I  y z  

(A .  1 9 )  

T h u s ,  in t h e  E-polytype eleven d i s t i n c t  modes are Raman 

active ( o n e  E'  mode i s  acoust ic  and a l l  E modes are 

t w o  d i m e r k i o n a l )  : 

.. . 
In the i n f r a r e d  one h a s  3A2 p 3E0 a c t i v e  a n d ' t h u s  the 

three E *  nodes are both  R ~ a n  &-I& I R  a c t i v e ,  i .e. p o l a r  



- 
bcnubert  et al. (19551 i d e n t i f i e d  t h e  y-polytype ,as 

(R3rn)  space group w i t h  s i x  G a  atoms on 3 (a)  sites 
a =3v 

( C j v  s i t e  group  s p e c i e s )  ( I n t e r n a t i o n a l  Tables, 1969): 

u = ! U ' , O , Z  1 ( 3  s i tes)  

w h e r e  z = -. 0.050 and t he  s i x  Se a t o m s  a r e  on 3 (a) 

s i t e s  ( C 3 y  s i t e  group species) w i t h :  

A g a i n  t 5 e  s i t e  sym-tetries are C and s i n c e  the 
- 

3v - - -  

s i t e  g roup  i s  isomorphic t o  t h e  factor g r o u p  

of t h i s  p o f y t y ~ e ,  t h e  r e d u c t i o n  is simple. mere are 

ROpi s i x  a t o m  of Sa and s i x  of Se p e r  unit c e l l .  Thus: 

azd s i n c e  t k e  c o r r e l a t i o n  t ab l e  i s  t r i v i a l ,  one can write 

dm-  t h e  c c s t a l  rcgreser.t,ation as twice each  site repre- 

s e n t a t i o n :  

- 
= 123. 5 12E 

C ~ ; S  tal 1 

Of t hese  one h a s :  

basis f u n c t i o n s  

(A .  23) 

A i l  t xen ty - t7+9  cptical mdes  are b o t h  Ranan and IR ac t ive .  



TABLE A . 1  
CHARACTER TABLES 





APPENDIX B 
SELECTION RULES FOR RAMAN SCATTERING 

I n  Appendix A ,  the normal  selection r u l e s  f o r  non- 

p o l a r  o p t i c a l  phonons i n  t h e  t h r e e  p o l y t y p e s  were derived 

groups D6h, D 3 h ,  and C3v- I t  i s  p o s s i b l e  t o  g e t  this . 

d e r i v a t i o n  from e q u a t i o n  2 .30  as w e l l  by u s i n g  the Raman 
- - - - - - - - - - -  

t ensors  g iven  by Loudon f 1964) . T h i s  is  n o t  necessary 

t o  do s ince f o r  t h e  non-polar phonons t h e  results are 

i d e n t i c a l .  I t  w i l l  s u f f i c e  i n  t h i s  s e c t i o n  t o  d e r i v e  

t h e  s e l e c t i o n  rules f o r  the p o l a r  phonons a c c o r d i n g  to 

e q u a t i o n  2 . 3 1 .  

t h i s  

6-polytype Gas) 

There are no po la r  phonons i n  t h e  0-polytype since 

c r y s t a l  s t r u c t u r e  i s  cen t rosymmet r ic .  

of t h e  Raman  a c t i v e  phonons are j u s t  those 

Appendix A ,  t h a t  is:  

w i t h  

The symmetries 

derived i n  

P o P a r i z a b i l i t y  Tenso r  



I n  the E-po ly type  o n l y  the modes E' are b o t h  Raman 
I and i n f r a r e d  a q t i v e .  The  Raman t e n s o r s  f o r  the phonons 

are (Loudon, 1964) : 

For c o n v e n i e n c e ,  i n  t h e  f o l l o w i n g  e q u a t i o n s  these t e n s o r s  . 

will be labelled by the R o ~ a n  numerals I t h rough  V, re- 

The following n i n e  g e o m e t r i e s  will be examined for 

Case I of Loudon's work only ( t h e  e l e c t r o s t a t i c  l i m i t )  : 

(-1) B a c k s c a t t e r i n g  o r  forward scattering x-f ace 

( 2 )  B a c k s c a t t e r i n g  or forward s c a t t e r i n g  y-f ace 

( 3 )  Backscattering or  forward s c a t t e r i n g  z-face 

( 4 )  Right a n 9 f e  

15) Right angle 

f6) Right  ang le  

f ? )  fkight a n g l e  

s c a t t e r i n g  X( ) Y  

s c a t t e r i n g  

s c a t t e r i n g  Y ( ) 2 

s c a t t e r i n g  X f  ) Z 

sca t t e r ing  Z ( )Y 

s c a t t e r i n g  Z ( ) X 

It w i l l  b e  noted t h a t  Loudon's Cases I and 11 ( t h e  electro- 



-- - - - 
* < 

I C  a n > s n t r a p l c  t ~ m ~ t s l  ~ 1 1 1  n i v  d i  ffPrPnf 

rules only when t h e  phonon propagates  at a n  angle with 

r e s p e c t  t o  t h e  c - a x i s  of t h e  c r y s t a l  which is n o t  ze ro  or  

n i n e t y  degrees. T h i s  will o c c u r  f o r  geometr ies  6-9 above. 

In  Case I ,  the phonon is taken t o  be p r i m a r i l y  l o n g i t u d i n a l  

o r  transverse. For Case 11, t h e  phonon p o l a r i z a t i o n  w i l l  

b g eit h x r  para l2.g L ,_r perpen&-ul-arr t o  _the -CY a > r j , S 1 - _ _ F ~ ~  _ 

GaSe, t h e  phonon behaviour near the zone c e n t r e  more c l o s e l y  

obeys Case I as i s  seen by the r e l a t ive  phonon energy 
- - -  

s p a c i n g s  of the pofar  ~ o d e s .  Thus o n l y  case ~ ~ w i l l ~ b e  

c o n s i d e r e d  h e r e .  The ex tens ion  t o  Case I1 is s t r a i g h t -  

f o m a r d .  

( a )  For LO phonon t T =  = R~ 

[bl  For TO extraordinary phonon,  one has  I;-'= z and t h i s  
n u s t  g i v e  zero c o n t r i b u t i o n  since A;' is i n a c t i v e .  

h h 

(c) For TO o r d i n a r y  phonon cT = y ;B = 0 and t h u s ,  



h h 

LO phonon cT=  kT = 

L 

For TO extraordinary  
A A 

phonon cT= z which is not allowed. 
h * 
, T = X ,  and TO o r d i n a r y  phonon 



L 

t h i s  phonon p o l a r i z a t i o n  g i v e s  no c o n t r i b u t i o n .  
n A A 

(b) Two o r d i n a r y  d e g e n e r a t e  TO phonons, cT = x o r  y .  In t h i s  

c a s e ,  the scattered e f f i c i e n c i e s  are added (Loudon, 1 9 6 4 )  : 

h A h 

(a) LO phonon 5' = kT 



- A V - r  - 

h h 

(b) TO extraordinary phonon 5 'r = z q d  is no t  allowed. 

n A  h 

(c) TO ordinary  phonon 5' = - ( x  + y) 
2 

u e. = ( e  0 e . )  
1 -  x z  

f ^T JZ h h 

(a) LO phonon 5 = k = 7 ( y - x ) 

h h 

(b )  TO ex t raord inary  phonon cT= z and is not allowed. 

JZ A 
h 

(c) TO o r d i n a r y  phonon iT = ( x  + y )  

S /  = 0 (see 5 (a )  above) - 



P. J Z A  A 

la)  LO phonon 5' = kT = - (Y - z f .  Now i n  t h i s  geometry + 
- - - - - - - - - 

and those  t o  fol low, the z component of t h e  phonon polar i -  

A; ' phonon is inac t ive ,  z a t i o n  

t h u s ,  

can be n e g l e c t e d  

= 5 .  [I.. 

Y (XX) z 

h 

+ 2). As can be (b) TO 

e a s i l y  

e x t r a o r d i n a r y  phonon 5 L = v L  'Z 
verified t h e  selection rules are the same as f o r  

phonon, t h a t  is ' S  
A 

i I 
ordinary phonon cT= 

the  

(c f  and 



X (YX) z 

n 
^T JrZ e x t r a o r d i n a r y  phonon 5 = 7 (x + z )  which gives the 

TO o r d i n a r y  
- 

phonon 

- h h 

phonon 5' = kT 

h h 

e x t r a o r d i n a r y  phonon tT=$ (z + y )  which.gives the  

except  sI = 4 ex2a2d2 result 



h 

TO ordinary phonon 5T= 
A 

x and 

2 (YX) Y 

LO phonon 

A fi TO e x t r a o r d i n a r y  phonon cT = Z- which gives  the 

sane result as (a )  except s i  = 4 ex2a2d2 ' ( z ( x Y ) x ) .  
h A 

phonon cT = P and ordinary 

t h e  above result for the E-polytype are summarized 

in Table 2.2. 



I n  t h e  y - p o l y t y p e  both t h e  AL and E mocles are both 

Raman and i n f r a r e d  a c t i v e ,  and t h u s  a l l  modes m u s t  be con- 

sidered t o  b e  polar .  The Raman t e n s o r s  for t h e  C 
3v 

p o i n t  g roup  are  (Loudon, 1 9 6 4 )  : 
h 

- R~ - 
ap --- 

.O b O d O  - - 

I - - I I I I E  

The same n i n e  g e o m e t r i e s  will be c o n s i d e r e d  for t h i s  

p o l y t y p e  and the reader s h o u l d  refer t o  t h e  previous 

s e c t i o n  f o r  the g e o m e t r i e s .  

h h h 

(a )  LO phonon cf= kT = x 

A A 

(b)  TO e x t r a o r c i i n a r y  phonon c T =  z 

h C1 

. T ( c )  TO ordinary  ,nhonon 5 = y 



LO phonon 

Y f XX) ili 
. . . . 

TO e x t r a o r d i n a r y  phonon cT= z 

h A 

phonon 5' = x TO ordinary 

LO phonon 



A ' A  h 

(5 )  TO ordinar;.  ~ h o n o n s  ( two-fo ld  degenerate) cT= x or y 

: T - J ~  fi A 

( b i  TO o r d i n a q  phonon 5 - ( x  + y ) .  This will be the 

and 



h A h 

(a) LO phonon g T  = kT = 9 ( y  - x) 
I.. 

h h 

( h )  TO e x t r a o r d i n a r y  phonon ('= z 

Jz A A f (c) TO o r d i n a r y  phcnon ;' = (y + i) . The sele'ction r u l e s  

will be t h e  Bme as fqr  (a) above except: 



?-JZ h h 

(b) TO extraordinary phonon 5 - 2 ( y  + z j  . The 

rules w i i l  be the same as f a )  above except:  

selection 

-- 

h 

T 
TO o r d i n a r y  _~ho:qon 5 

phonon 

A J Z A  * - 
ex t raord inary  phonon iT = -; ( x  + z). 

- 

The selection 



^ T - J Z  * * TO extraordinary phonon f - - 2 Z + y ) .  The selection 

r u l e s  t r i l l  be the s m e  as (a) above excep t :  

T TO ordinary phonan 6 = x 

phonon 



h A 

T 
( c )  TO o r d i n a r y  phonon 5 = y 

of the above resurts for t h e  y-polytype are summarized 

in Table 2 . 2 .  
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