
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

Aspects on Applications of IR Reflectivity- and Raman Scattering-
Experiments on Polaritons in Solid State Chemistry and Biophysics
R. Clausa

a Sektion Physik der Universität München, München, FRG

To cite this Article Claus, R.(1976) 'Aspects on Applications of IR Reflectivity- and Raman Scattering-Experiments on
Polaritons in Solid State Chemistry and Biophysics', Spectroscopy Letters, 9: 9, 575 — 614
To link to this Article: DOI: 10.1080/00387017608067450
URL: http://dx.doi.org/10.1080/00387017608067450

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387017608067450
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SPECTROSCOPY LETTERS, 9 ( 9 ) ,  575-614 (1976)  

ASPECTS ON APPLICATIONS OF I R  REFLECTIVITY- AND 

RAMAN SCATTERING-EXPERIMENTS ON POLARITONS IN SOLID 

STATE CHEMI STRY AND B I  OPHYS I cs 

Raman e f f e c t ,  l a t t i c e  d y n a m i c s ,  c r y s t a l  o p t i c s  

R .  C l a u s  

S e k t i o n  P h y s i k  d e r  U n i v e r s i t a t  M u n c h e n ,  

L e h r s t u h l  J .  B r a n d r n u l l e r ,  M u n c h e n ,  F R G  

ABSTRACT 

The c o u p l e d  p h o n o n - p h o t o n  s t a t e  c a l l e d  " p o l a r i t o n "  i s  a n  

e l e m e n t a r y  e x c i t a t i o n  w h i c h  e x i s t s  a t  all t e m p e r a t u r e s  

i n  s i n g l e  c r y s t a l l i n e  m a t e r i a l s  w i t h  w e l l  d e f i n e d  t r a n s -  

l a t i o n a l  s y m m e t r i e s .  In t h e  v i e w  o f  t h i s  a s p e c t  p o l a r i -  

t o n s  t u r n  o u t  t o  b e  m o r e  i m p o r t a n t  f o r  t h e  d y n a m i c s  o f  

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

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

low t e m p e r a t u r e  r a n g e s .  T h e  p r e s e n t  a r t i c l e  s u m m a r i z e s  

e x p e r i m e n t a l  r e s u l t s  w h i c h  a l l  m i g h t  b e  a p p l i e d  a s  

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

n a t i o n  o f  f u n d a m e n t a l  mode f r e q u e n c i e s  i s  d e s c r i b e d .  

P o l a r i t o n  i n t e r a c t i o n s  w i t h  l o c a l i z e d  m o d e s ,  a n d  s e c o n d  

o r d e r  p h o n o n s  a n d  t h e  r e l a t i o n  t o  t h e  f e r r o e l e c t r i c  
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5 7 6  CLAUS AND BRANDMLJLLER 

p h a s e  t r a n s i t i o n  m e c h a n i s m  i s  r e v i e w e d .  F u r t h e r m o r e  

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

T M - r e f l e c t i o n  t e c h n i q u e ,  t h e  ATR-method,  a n d  n o n l i n e a r  

o p t i c a l  e x p e r i m e n t s  a r e  s u m m a r i z e d .  W e  f i n a l l y  d i s c u s s  

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

c o n v e r s i o n  a n d  some t e n t a t i v e  f u t u r e  a s p e c t s ,  

1, I N T R O D U C T I O N  
R e s e a r c h  i n  S z l i c !  S t a t e  P h y s i c s  o v e r  t h e  l a s t  f i v e  

d e c a d e s  h a s  b r o u g h t  t h e  d e t e c t i o n  o f  a l a r g e  s e r i e s  o f  

q u a s i  p a r t i c l e s  s u c h  a s  p h o n o n s ,  e x c i t o n s ,  m a g n o n s ,  

p o l a r o n s ,  p l a s m o n s  o r  p o l a r i t o n s .  E x p e r i m e n t a l  

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

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

p r o b l e m s .  Some of  t h e m  c a n  b e  s t u d i e d  o n l y  a t  l i q u i d  

H e l i u m  t e m p e r a t u r e s  when s i m u l t a n e o u s l y  h i g h  m a g n e t i c  

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

e a s i l y  i n v e s t i g a t e d  a t  room t e m p e r a t u r e .  T h u s  c o n v e n t i o n a l  

l i g h t  s c a t t e r i n g  b y  o p t i c a l  a n d  a c o u s t i c a l  p h o n o n s  h a s  

b e e n  u s e d  w i d e l y  f o r  many y e a r s  i n  o r d e r  t o  d e t e r m i n e  

t h e  f r e q u e n c i e s  o f  f u n d a m e n t a l  a n d  h i g h e r  o r d e r  

v i b r a t i o n a l  m o d e s  i n  c r y s t a l l i n e  m a t e r i a l s ,  w h e r e a s  e . g .  

t h e  p r o p e r t i e s  of m a g n o n s  h a v e  b e e n  s t u d i e d  o n l y  b y  a 

r e l a t i v e l y  l i m i t e d  n u m b e r  o f  a u t h o r s .  A l t h o u g h  p o l a r i t o n s  

a r e  among t h e  y o u n g e s t  o f  t h e  p a r t i c l e s  c i t e d  a b o v e  

/ 1 , 2 , 3 /  t h e i r  o b s e r v a t i o n  b y  R a m a n - s c a t t e r i n g  or 

I R - r e f l e c t i o n  t e c h n i q u e s  h a s  t u r n e d  o u t  t o  b e  r a t h e r  
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APPLICATIONS OF I R  REFLECTIVITY 577 

s i m p l e .  T h i s  h a s  r e s u l t e d  i n  a r a p i d l y  i n c r e a s i n g  n u m b e r  

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

s u c e s s f u l  e x p e r i m e n t s  a b o u t  t e n  y e a r s  a g o  / 3 , 4 , 5 / .  A 

c u l m i n a t i o n  o f  t h i s  d e v e l o p m e n t  t o o k  p l a c e  a t  t h e  e n d  

o f 1 9 7 2  when a c o n f e r e n c e  d e v o t e d  o n l y  t o  p o l a r i t o n s  w a s  

h e l d  i n  T a o r m i n a ,  I t a l y  / 6 / .  A s  a r e s u l t  t h e  b a s i c  

p r o p e r t i e s  o f  p o l a r i t o n s  a r e  w e l l  u n d e r s t o o d  i n  m o s t  

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

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

f e r r o e l e c t r i c  p h a s e  t r a n s i t i o n s  o r  n o n l i n e a r  o p t i c s  

h a v e  b e e n  r e c o g n i z e d .  

T h e  e x p e r i m e n t a l  m e t h o d s  d e v e l o p e d  d u r i n g  t h e  l a s t  

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

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

m a t t e r  w i t h  a t r a n s l a t i o n a l  s y m m e t r y  i s  t o  b e  s t u d i e d .  

The  d e v e l ' D p m e n t ,  h o w e v e r ,  t o o k  p l a c e  r a t h e r  q u i c k l y  a n d  

c o u l d  h a r d l y  b e  n o t e d  v e r y  much b y  o t h e r s  t h a n  s o l i d  

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

o r  t h e  o p t i c a l  p r o p e r t i e s  o f  s o l i d s .  I t  i s  t h e r e f o r e  t h e  

a i m  o f  t h i s  a r t i c l e  t o  d r a w  some a t t e n t i o n  o f  c h e m i s t s  

and b i o p h y s i c i s t s  t o  p o l a r i t o n s .  W e  a r e  n o t  g o i n g  t o  

p r e s e n t  a summary  o f  t h e o r i e s  o r  a d e t a i l e d  d e s c r i p t i o n  

o f  e x p e r i m e n t a l  m e t h o d s ,  w e  m e r e l y  w a n t  t o  show w h a t  Ban 

b e  d o n e  b y  d e s c r i b i n g  t y p i c a l  r e s u l t s  a n d  s u g g e s t  some 

p o s s i b l e  a p p l i c a t i o n s .  
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5 78 CLAUS AND BRANDMULLER 

2, THE COUPLED PHONON-PHOTON STATES AND THEIR 

OBSERVATION BY LIGHT SCATTERING 

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

b e  c h a r a c t e r i z e d  as  c o u p l e d  q u a n t a  b e t w e e n  p h o t o n s  a n d  

any  e l e m e n t a r y  e x c i t a t i o n s  i n  s o l i d s  w h i c h  a r e  a s s o c i a t e d  

w i t h  an  e l e c t r i c  o r  m a g n e t i c  ( d i p o l e )  moment. D i f f e r e n t  

t y p e s  o f  p o l a r i t o n s  a r e  d i s t i n g u i s h e d  b y  t e r m s  a s  

" p h o n o n l i k e "  , " e x c i t o n l i k e "  o r  " m a g n e t i c " .  I n  t h e  wave 

p i c t u r e  on  t h e  o t h e r  h a n d  p o l a r i t o n  modes a l w a y s  a p p e a r  

when r e s o n a n c e s t a k e  p l a c e  b e t w e e n  l i g h t  waves  a n d  a n y  

p o l a r i z a t i o n  waves  c a u s e d  e . g .  b y  l a t t i c e  v i b r a t i o n s ,  

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

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

a c h i e v e d  f rom s t u d i e s  o f  p h o n o n - p o l a r i t o n s  h i t h e r t o ,  

o u r  a r t i c l e  s h a l l  b e  r e s t r i c t e d  t o  t h e s e .  I t  s h o u l d  b e  

n o t e d ,  h o w e v e r ,  t h a t  t h e  d i s p e r s i o n  e f f e c t s  p r e d i c t e d  

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

s i m i l a r  t o  t h o s e  o f  p h o n o n - p o l a r i t o n s ,  s e e  / a / .  

Phonon d i s p e r s i o n  c u r v e s  i n  t h e  1st B r i l l o u i n  d o n e  a r e  

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

o r  b r e a t h i n g  s h e l l  m o d e l s .  N e a r  n e i g h b o r  i n t e r a c t i o n s  

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

t h e  p a r t i c l e s .  Long r a n g e  e l e c t r i c  f i e l d s  i n  i o n i c  

c r y s t a l s  on t h e  o t h e r  h a n d  a r e  t a k e n  i n t o  a c c o u n t  b y  

c a l c u l a t i n g  t h e  l o c a l  e l e c t r i c  f i e l d  (E ) a c t i n g  
-b 

l o c  
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APPLICATIONS OF IR REFLECTIVITY 579 

oii a n  Lon a t  a c e r t a i n  p o s i t i o n  b y  t h e  E w a l d  x e t h o d .  

The n u m e r i c a l  d e t e r m i n a t i o n  o f  E n o r m a l l y  c a u s e s  

g r e a t  p r o b l e m s  i n  p o l y a t o m i c  a n i s o t r o p i c  c r y s t a l s .  

What  i s  b e t t e r  known i s  t h e  n a c r o s c o p i c  e l e c t r i c  f i e l d  

E w h i c h  a p p e a r s  i n  Maxwell's e q u a t i o n s .  G e n e r a l l y  t.he 

t w o  f i e l d s  a r e  r e l a t e d  t o  e a c h  o t h e r  by a n  e q u a t l o n  

+ 
l o c  

+ 

+ +  
E = E  - 

l o c  

+ 
w n e r e  P i s  t h e  m a c r o s c o p i c  p o l a r i z a t i o n  a n d  B t h e  

" L o r e n t z f a c t o r " .  From a n  e l e c t r o s t a t i c  m o d e l  i t  c a n  h e  

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

( T O )  i n  t h e  c e n t r e  o f  t h e  l . B Z .  a r e  n o t  a s s o c i a t e d  w i t h  

a m a c r o s c o p i c  f i e l d  ( d i v  E = 0 )  w h e r e a s  l o n g i t u d i n a l  
T O  

o p t i c a l  modes  ( L O )  a r e .  T h i s  c a u s e s  a n  i n c r e a s e  o f  t h e  

f r e q u e n c i e s  o f  LO-modes a s  t h e r e  a r e  a d d i t i o n a l  r e s t o r i n g  

f o r c e s .  T h e  w e l l  known L y d d a n e - S a c h s - T e l l e r  r e l a t i o n  

+ 

d e s c r i b e s  t h e  e f f e c t  q u a n t i t a t i v e l y .  B o t h  t y p e s  o f  w a v e s  

a r e  w i t h o u t  d i s p e r s i o n  a r o u n d  t h e  c e n t r e  o f  t h e  1 .BZ.  i n  

t h e  e l e c t r o s t a t i c  m o d e l .  T h e i r  g r o u p  v e l o c i t i e s  v a n i s h  

for k = O .  
h 

T h e  e L e c t r o s t a t i c  m o d e l  may b e  i m p r o v e d  b y  t a k i n g  i n t o  

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

i n t e r a c t i o n  b e t w e e n  o t h e r s  t h a n  n e a r  n e i g h b o u r s  t a k e s  

p l a c e  w i t h  a f i n i t e  v e l o c i t y :  t h e  v e l o c i t y  o f  e l e c t r o -  

m a g n e t i c  w a v e s  i n  t h e  m a t e r i a l .  T h e  d i s p e r s i o n  c u r v e  

o f  s u c h  w a v e s  i s  a s t r a i g h t  l i n e  i n  t h e  (0, k ) - d i a g r a m :  
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580 CLAW AND BRANDMULLER 

w =  ( c / n ) k ,  n b e i n g  t h e  r e f r a c t i v e  i n d e x .  B e c a u s e  o f  t h e  

l a r g e  p h a s e  v e l o c i t y  o f  l i g h t  w a v e s  ( c / n ) t h i s  l i n e  a l m o s t  

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

1.BZ. r a n g i n g  f r o m  k = O  t o  k %  l o 8  c m - ' .  F i g .  1 A  i l l u s t r a t e s  

t h i s .  

Raman s c a t t e r i n g  e x p e r i m e n t s  p e r f o r m e d  b y  u s i n g  

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

common r i g h t  a n g l e  s c a t t e r i n g  t e c h n i q u e s  g i v e  i n f o r m a t i o n  

o n  p h o n o n s  w i t h  wave  v e c t o r s  o f  t h e  o r d e r  o f  k~ l o 5  cm 

c o r r e s p o n d i n g  t o  t h e  h a t c h e d  a r e a  i n  F i g .  1 A .  T h i s  c a n  

e a s i l y  b e  r e a l i z e d  f r o m  t h e  c a n o n i c a l  momentum 

c o n s e r v a t i o n  l a w  h k  L 

t h e  l a s e r  p h o t o n  w a v e  v e c t o r  m a g n i t u d e ,  kR = 2nn/AR 

t h a t  o f  t h e  R a m a n - p h o t o n s  i n  a n t i - S t o k e s  o r  S t o k e s  

s c a t t e r i n g  p r o c e s s e s ,  a n d  k t h e  wave  v e c t o r  o f  t h e  

o b s e r v e d  e l e m e n t a r y  e x c i t a t i o n  i n  q u e s t i o n .  When,however ,  

r e c o r d i n g  t h e  s c a t t e r e d  l i g h t  i n  n e a r  f o r w a r d  d i r e c t i o n s  

a t  s m a l l  a n g l e s  away f r o m  t h e  l a s e r  beam t h e  m a g n i t u d e  

o f  k becomes a p p r o x i m a t e l y  o n e  o r d e r  o f  m a g n i t u d e  l e s s  

t h a n  i n  r i g h t  a n g l e  s c a t t e r i n g  e x p e r i m e n t s .  I n  t h e  

k - r e g i o n  l o 3  t o  4 2 * 1 0 4  c m  

a n  i m p o r t a n t  r o l e .  A s  a r e s u l t  s t r o n g  c o u p l i n g s  b e t w e e n  

e l e c t r o m a g n e t i c  w a v e s  ( i n  t h e  i n f r a r e d )  a n d  l a t t i c e  

waves  a r e  r e c o r d e d .  T h e  d i s p e r s i o n  c u r v e s  o f  t r a n s v e r s e  

- 1  , 

+ + 
= hkR 2 b;. kL = 2nn/XL i s  

-f 

+ 

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

m o d e s  r e m a i n  n o  l o n g e r  h o r i z o n t a l  b u t  s h o w  s e v e r e  

d e v i a t i o n s  f r o m  t h o s e  o f  t h e  p u r e  p h o n o n s .  F i g .  1 B  
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APPLICATIONS OF IR REFLECTIVITY 581 

c o r r e s p o n d i n g l y  s h o w s  t h e  c e n t r e  o f  t h e  1 . B Z .  i n  a 

l a r g e r  s c a l e .  B e c a u s e  o f  t h e  t r a n s v e r s e  c h a r a c t e r  o f  

p h o t o n s  c o u p l i n g s t a k e  p l a c e  o n l y  w i t h  TO-phonons  ' a r  

s u c h  w h i c h  n a v e  a t  least a mixed YO-LO c h a r a c t e r  

( e x t r a o r d i n a r y  m o d e s  i n  a n i s o t r o p i c  m a t e r i a l s ) .  N o  

c o u p l i n g  t a k e s  p l a c e  w i t h  p u r e l y  l o n g i t u d i n a l  m o d e s .  

T h e  e n e r g y  q u a n t a  o f  t h e  m i x e d  modes  a r e  t h o s e  w h i c h  

h a v e  b e c o m e  known a s  p o l a r i t 3 r s .  

An e x t e n s i v e  t E t o r i a l  i n t r o d u c t i o n  t o  l i g h t  s c a t t e r i n g  

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

b e e n  p u b l i s h e d  /7/. We t h e r e f o r e  o m i t  a n y  d e t a i l e d  

d i s c u s s i o n  a n d  r e f e r  t h e  i n t e r e s t e d  r e a d e r  t o  t h i s  b o o k  

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

d i s p e r s i o n  r e l a t i o n ,  h o w e v e r ,  may d i r e c t l y  b e  r e c o g n i z e d  

a l s o  by  c o m b i n i n g  t w o  r e s u l t s  w e l l  known f r o m  e l e m e n t a r y  

p h y s i c s  c o u r s e s :  i )  T h e  p r o p a g a t i o n  o f  e l e c t r o m a g n e t i c  

p l a n e  w a v e s  i n  a n i s o t r o p i c  c r y s t a l s  i s  d e s c r i b e d  by  

F r e s n e  1 ' s e q u a t i o n  

IS, s, S3' 

f i i  
s i s  t h e  w a v e  n o r m a l  v e c t o r  = k / ( k l ,  n = ck/w t h e  

refractive i n d e x ,  a n d  E ~ ,  E ~ ,  E~ a r e  t h e  d i e l e c t r i c  
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10' 2 x 1 0 ~  5x104 1 o5 
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APPLICATIONS OF IR REFLECTIVITY 583 

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

T h e s e  c o n s t a n t s  n o r m a l l y  a r e  a s s u m e d  n o t  t o  d e p e n d  o n  

f r e q u e n c y  i n  c r y s t a l  o p t i c s .  2 )  The c l a s s i c a l  d i s p e r s i o n  

t h e o r i e s  d e t e r m i n e  t h e  f r e q u e n c y - d e p e n d e n c e  E = E (a) . 

When s u b s t i t u t i n g  t h e  c o r r e s p o n d i n g  e x p r e s s i o n s  

e x p l i c i t e l y  i n t o  F r e s n e l ' s  e q u a t i o n  t h e  g e n e r a l i z e d  

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

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

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

3 ,  ON THE DETERMINATION OF FUNDAMENTAL ~IODE 
FREQUENCI ES IN SINGLE CRYSTALLINE NEDI A 

B e s i d e s  o f  I R - s p e c t r o s c o p y  i n e l a s t i c  l i g h t  s c a t t e r i n g  

s t i l l  i s  t h e  m o s t  i m p o r t a n t  e x p e r i m e n t a l  t e c h n i q u e  u s e d  

t o  d e t e r m i n e  t h e  f r e q u e n c i e s  o f  f u n d a m e n t a l  a n d  h i g h e r  

o r d e r  v i b r a t i o n a l  m o d e s  i n  c r y s t a l s .  Raman s c a t t e r i n g  

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

p r o v i d e  d e p o l a r i z a t i o n  r a t i o s  w h i c h  may g i v e  i n f o r m a t i o n  

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

FIG, 1 

( A )  P h o n o n  d i s p e r s i o n  c u r v e s  i n  t h e  1 .  B r i l l o u i n  z o n e  
o f  a c r y s t a l  w i t h  t h r e e  r e s t s t r a h l e n b a n d s .  T h e  
r e g i o n  n o r m a l l y  o b s e r v e d  b y  r i g h t  a n g l e  l i g h t  
s c a t t e r i n g  (Raman s c a t t e r i n g )  i s  i n d i c a t e d  b y  t h e  
h a t c h e d  a r e a .  

( B )  The l o n g  wave  l e n g t h  p a r t  o f  t h e  l . B . Z .  o f  t h i s  
c r y s t a l  i n  a l a r g e r  s c a l e  s h o w i n g  t h e  p o l a r i t o n  
r e g i o n .  T h e  h a t c h e d  a r e a  c o r r e s p o n d s  t o  t h e  r e g i o n  
o b s e r v a b l e  b y  n e a r  f o r w a r d  s c a t t e r i n g .  
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584 CLAUS AND BRANDmLER 

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

h a n d  e a s i l y  a l l o w  a d e t a i l e d  d e t e r m i n a t i o n  o f  m o d e s  

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

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

o f  s u c h  e x p e r i m e n t s  s i n c e  t h e  e a r l y  1 9 6 0 ' s .  We i l l u s t r a t e  

t h i s  by o n e  e x a m p l e .  

T h e  n u m b e r  o f  t w o f o l d  d e g e n e r a t e  m o d e s  i n  a - q u a r t z  

o b s e r v e d  b y  i n e l a s t i c  l i g h t  s c a t t e r i n g  w a s  f o u n d  t o  e x c e e d  

t h e  n u m b e r  p r e d i c t e d  b y  g r o u p  t h e o r y .  S e v e r a l  a u t h o r s  

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

a p p r o a c h e s  u n t i l  J . F .  S c o t t  a n d  S . P . S .  P o r t o  i n  1 9 6 7  

could u n a m b i g u o u s l y  i d e n t i f y  t h e  R a m a n  l i n e s  i n  e x c e s s  

t o  o r i g i n a t e  f r o m  l ~ n g i t u d i n a l  m o d e s  / 9 / .  T h e  TO-LO 

d e g e n e r a c y  o f  p o l a r ,  I R - a c t i v e  m o d e s  i s  l i f t e d  f o r  

wave  v e c t o r s  k 9 0 .  A r e v i e w  o f  e x p e r i m e n t a l  m e t h o d s  

f o r  d i f f e r e n t  c r y s t a l  c l a s s e s  i s  g i v e n  b y  R e f .  / l o / .  

-t 

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

t h e  e x p e r i m e n t a l i s t  is s t i l l  c o n f r o n t e d  w i t h  i m p o r t a n t  

p r o b l e m s  when a s s i g n m e n t s  a r e  t o  b e  g i v e n :  Which  m o d e s  

do  o r i g i n a t e  f r o m  h i g n e r  o r d e r  p r o c e s s e s  [ s u m  t o n e s )  o r  

w h i c h  a r e  d u e  t o  i m p u r i t i e s  o r  e v e n k u a l l y  r e f l e c t i o n s  

( g h o s t s ) ?  W e  b e l i e v e  t h a t  a c a r e f u l  s t u d y  o f  t h e  p o l a r i -  

t o n  s p e c t r a  i n  a n  e a s y  way c a n  h e l p  t o  s o l v e  s u c h  

p r o b l e m s  e s p e c i a l l y  i n  a n i s o t r o p i c  c r y s t a l s .  

I t  c a n  be s h o w n  t h a t  t h e  g e n e r a l  p o l a r i t o n  t h e o r y  i n  
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APPLICATIONS OF IR REFLECTIVITY 5 85 

- 1  
t h e  l i m i t  o f  l a r g e  wave  v e c t o r s ,  k s  l o 5  cm 

a n i s o t r o p i c  m a t e r i a l s  d e s c r i b e s  t h e  d i r e c t i o n a l  d e p e n d e n c e  

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

f o r  i n s t a n c e ,  i t  s i m p l y  h o l d s  t g  B = - E , , / E ~ ,  0 b e i n g  t h e  

a n g l e  b e t w e e n  t h e  wave  v e c t o r  a n d  t h e  o p t i c  a x i s ,  a n d  

cll a n d  E~ t h e  d i e l e c t r i c  f u n c t i o n s  f o r  d i r e c t i o n s  

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

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

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

d i s p e r s i o n  b r a n c h e s  w e r e  p o s s i b l e  o n l y  b y  u s i n g  

e x p r e s s i o n s  g i v e n  e . y .  b y  Loudon i n  1 9 6 4  / l l / .  T h e s e  

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

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

p r o v i d e  a c h e c k  o f  a s s i g n m e n t s .  We t h e r e f o r e  s u g g e s t  

t h e  f o l l o w i n g  m e t h o d .  

, i n  

2 

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

d i f f e r e n t  p o l a r  s p e c i e s  h a v e  t o  f o r m  s e q u e n c e s  T O ,  L O ,  

T O ,  L O  . . .  up t o  t h e  h i g h e s t  f r e q u e n c y  LO-mode. B e t w e e n  

t w o  poles o f  t h e  d i e l e c t r i c  f u n c t i o n  t h e r e  i s  a l w a y s  a 

z e r o  d e t e r m i n i n g  a n  L O - f r e q u e n c y !  D i r e c t i o n a l  d i s p e r s i o n  

i m p l i e s  t h a t  a f u n d a m e n t a l  mode ( o f  some s y m m e t r y  

s p e c i e s )  s h o w i n g  a c e r t a i n  f r e q u e n c y  when t h e  wave  

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

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

s y m m e t r y )  when t h e  wave  v e c t o r  d i r e c t i o n  i s  c h a n g e d  u n t i l  
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CLAUS AND BRANDMULLER 

it propagates parallel to another principal axis. The 

frequency then observed is that of another fundamental 

mode in general belonging to another symmetry species. 

For arbitrary directions theextraordinary polar modes 

show a mixed symmetry- and TO/LO-character. When a total 

assignment of all fundamental vibrations has been worked 

out the directional dispersion branches can be calculated 

numerically from the rigorous theory and experimentally 

checked. Measurements exist, for instance, for a-quartz 

/ 1 2 /  and for LiNbO / 1 3 / .  Erroneous assignments of canrse 

predict wrong angular dependences and may therefore be 

identified by such measurements. 

3 

This sort of experiments may be used advantageously also 

in order to find the position of weak LO-components 

e.g. disappearing in the wing of another strong funda- 

mental by recording the changing position of the 

Raman lines for different wave vector directions. 

It should be pointed out that a fitting of isolated 

dispersion branches will always affect the form of 

all the others. Fitting of single branches in general 

is not possible. This can be realized intuitively by 

regarding the Lyddane-Sachs-Teller relation. The TO-LO 

splittings for a certain direction determine the 

magnitude of the dielectric constant which in turn can 

be measured by other experimental techniques. Varying 
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APPLICATIONS OF IR REFLECTIVITY 587 

one certain T O - L O  splitting therefore is not possible 

in an arbitrary way. 

Directional dispersion measurements form a powerful 

complement to the conventional Raman spectroscopic 

methods used hitherto. 

4 I OBSERVABLE INTERACTIONS WITH LOCALrZED MODES AND 

SECOND ORDER PHONONS 
The conditions for observation of polariton modes 

originating from localized oscillators are: a) the 

concentration of the impurities must be small enough 

that they can still be regarded as isolated, and 

b) the concentration must be large enough that a 

sufficient number of centers is still found in a volume 

= l3 where 1 is of the order of the polariton wave 

length. The latter condition allows the localized modes 

still to be described by plane waves which can interact 

with fundamental polaritons. It can easily be realized 

that a high homogeneity of distribution over a large 

volume of t h e  sample will improve the ohservation of 

s u c h  polariton modes. First successful corresponding 

experiments have been carried out on modes originating 

from isotopic impurities in their natural abundance, see 

/ 7 / .  Typical concentrations which fulfill the above 

conditions are of the order of 1 % .  A s  long as the modes 

are associated with a dipole moment they show interactions 
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CLAUS AND BRANDMULLER 

w i t h  f u n d a m e n t a l  p o l a r i t o n  b r a n c h e s .  S u c h  i n t e r a c t i o n s  

a r e  r e c o g n i z e d  a s  r e s o n a n c e  s p l i t t i n g s  i . e .  a d o u b l i n g  

o f  t h e  Raman l i n e s  i n  q u e s t i o n .  A p p a r e n t l y  s m a l l  d a m p i n g  

( s m a l l  h a l f - w i d t h s )  i m p r o v e  t h e  o b s e r v a t i o n .  T h e  

o s c i l l a t o r  s t r e n g t h s  o f  t h e  l o c a l i z e d  m o d e s  may r e m a i n  

v e r y  weak  a s  l o n g  a s  o n l y  t h e  c r o s s  s e c t i o n  o f  t h e  

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

b y  t h e  m a g n i t u d e  o f  T O - L O  s p l i t t i n g s  w e  f i n d  t h a t  

b e a u t i f u l  e f f e c t s o n l o c a l i z e d  m o d e s  a r e  o b s e r v e d  f o r  

w -a o n l y  = 0 , 0 5  cm . - 1  
LO T O  

R a m a n  s p e c t r o s c o p i c  s t u d i e s  i n  o r d e r  t o  d e t e r m i n e  t h e  

e n e r g y  o f  i m p u r i t y  m o d e s  c e r t a i n l y  a r e  n o t  new.  T h e  

b a s i c  p r o b l e m  w e l l  known t o  e v e r y b o d y  who h a s  e v e r  

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

f r o m  s u c h  o s c i l l a t o r s .  T h i s  f r e q u e n t l y  p r e v e n t e d  d e t a i l e d  

i n v e s t i g a t i o n s .  T h e  p r o g r e s s  t h a t  p o l a r i t o n  s p e c t r a  

p r o v i d e  i s  t h a t  a n  i m p r o v e m e n t  o f  t h e  s c a t t e r i n g  

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

a c h i e v e d  i n  t h e  r e s o n a n c e  r e g i o n ,  s e e  a g a i n  / J / .  W e  

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

i n  o r d e r  t o  s o l v e  c e r t a i n  a n a l y t i c a l  p r o b l e m s .  

S e c o n d  o r d e r  p h o n o n s  w i t h  l o w  c r o s s  s e c t i o n s  c a n  b e  

s t u d i e d  i n  a n  a n a l o g o n s  way.  A s  l o n g  as s e c o n d  o r d e r  

p h o n o n s  a r e  T R - a c t i v e  r e s o n a n c e  s p l l t t i n g s  of t h e  

f u n d a m e n t a l  p o l a r i t o n  m o d e s  a r e  e x p e c t e d  i n  t h e  s a m e  w a y .  
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APPLICATIONS OF IR REFLECTIVITY 5 89 

T h e  i n t e r a c t i o n s  i n  s u c h  c a s e s  c a n  b e  i n t e r p r e t e d  a s  

F e r m i  r e s o n a n c e s  w e l l  known t o  e v e r y  Raman s p e c t r o s c o p i s t  

f r o m  t h e  C C 1 4 - s p e c t r u m .  T h e  c o n d i t i o n  f o r  F e r m i  r e s o n a n c e  

to  t a k e  p l a c e  i s  t h a t  a f u n d a m e n t a l  v i b r a t i o n  a c c i d e n t a l l y  

c o i n c i d e s  w i t h  a s e c o n d  o r d e r  phonori  o f  t h e  s a m e  

s y m m e t r y .  T h i s  s i t u a t i o n  c a n  b e  " c o n s t r u c t e d "  when u s i n g  

a p o l a r l t o n  mode b e c a u s e  i t  car .  b e  moved c o n t i n u o u s l y  

i n  t h e  s p e c t r u m  b y  v a r y i n g  t h e  s c a t t e r i n g  a n g l e .  Weak 

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

( <  10 c m  ) .  T h i s  f r e q u e n t l y  m a k e s  i t  p o s s i b l e  t o  

d i n s t i n g u i s h  t h e m  f r o m  f n n d a i n e n t a l s .  

- 1  

I t  s h o u l d  f i n a l l y  b e  m e n t i o n e d  t h a t  Raman l i n e s  s i m p l y  

moved b y  d i r e c t i o n a l  d i s p e r s i o n  a s  d e s c r i b e d  i n  3 )  may 

s h o w  s u c h  r e s o n a n c e  s p l i t t i n g s  t o o  when t h e  p o s i t o n  

o f  a s e c o n d  o r d e r  p h o n o n  i s  b e i n g  c r o s s e d  / 1 4 / .  

5 ,  FERROELECTRIC PHASE TRANSITIONS RELATED TO 

POLARITONS 

O v e r  t h e  l a s t  f i f t e e n  y e a r s  t h e  t h e o r y  o f  f e r r o e l e c t r i c  

p n a s e  t r a n s i t i o n s  h a s  b e e n  g o v e r n e d  b y  t h e  l a t ~ i c e  

d y n a m i c a l  m o d e l  p r e s e n t e d  b y  C o c h r a n  i n  1 9 6 0  / 1 5 / .  V e r y  

r e c e n t l y ,  h o w e v e r ,  new a s p e c t s  h a v e  m o d i f i e d  t h e  p i c t u r e  

s o m e w h a t  / 1 6 / .  I n t e r a c t i o n s  b e t w e e n  d i p o l e  r e l a x a t i o n  

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

o f  c o n s i d e r a t i o n  seem t o  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  
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590 CLAUS AND BRANDMIJLLER 

ferroelectric phase transition mechanism. We shall there- 

fore shortly summarize the ideas of th,e lattice dynamical 

model and compare them with the relaxation-model in 

order to show what polaritons have to do with phase 

transitions. 

The Cochran model in its simplest form is based on a 

diatomic elementary cell with a positive and a negative 

ion the latter consisting of a core and an electron 

shell which may move independently (electronic polariz- 

ability). Interactions between the oscillating cores are 

assumed to take place only via the electron shells. The 

cores are treated as elastically bound to an equilibrium 

position. Furthermore a time dependent local electric 

field in the equilibrium of every core is considered. 

This has necessarily to be done in ionic crystals. A s  

is well known the local electric field can be separated 

into d part originating from oscillating near neighbours 

and another part representing the macroscopic electric 

field E. E essentially summarizes Coulomb interactions 

with the rest of the lattice at larger distances. The 

macroscopic field of longitudinal modes can be determined 

to be - 4 a P  in the center of the 1.BZ. P is the macroscopic 

polarization of the crystal. T h e  macroscopic field of 

transverse modes on the contrary vanishes identically in 

an electrostatic model (div D = 0 ) .  From these basic 

assumptions Cochran succeeded in deriving the frequencies 

+ - +  

-t + 

-+ 

TO 
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APPLICATIONS OF IR REFLECTIVITi 

of TO- and LO-phonons. The important point of the result 

is that the frequencies of the LO-modes alwiys have finite 

values whereas those of the TO-modes can vanish when 

short range elastic forces and long range Coulomb- 

forces are cancelled. A vanishing TO-mode frequency 

at some temperature indicates a partial instability 

of the crystal lattice and can be interpreted as the origin 

of a solid state phase transition. This requires either 

the next neighbour force constants, the long range Coulomb 

forces, or both to be temperature dependent. Generally 

the potential in which the core is oscillating h a s  to he 

assumed as temperature dependent in such a way that the 

frequency softens to zero when the Curie point is reached 

(soft modes). 

The limit of the Cochran model obviously lies in the 

assumption that transverse modes in the centre of the 

1.BZ. generally are not associated with a macroscopic 

lield. From the viewpoint of the polariton theory this 

is correct only in the phonon limit k r ,  2.104 but not in 

the r e g i o n  k <  2 - 1 0 4  ern-'. When taking into account t h e  

existence of polaritons deviations of the predictions 

f r o m  the classical Cochran model therefore occur. 

Besides the fact that the construction of reasonable 

models providing temperature dependent potentials for the 

soft modes causesdifficu1ti.e~ the temperature dependence 

of line widths were not described by the theory so far. A 
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592 CLATTS ANT) RRAWnE.IIJLLER 

damped o s c i l l a t o r  m o d e l  p r e s e n t e d  b y  C o w l e y  i n  1 9 6 3  / 1 7 /  

b r o u g h t  a s i l i t a b l e  g e n e r a l i z a t i o n .  I n  o r d e r  t o  a c h i e v e  

a n  a d e q u a t e  d e s c r i p t i o n  o f  t h e  r e c o r d e d  s p e c t r a  ( f r e q u e n c i e s  

a n d  l i n e w i d t h s  s i m u l t a n e o u s l y )  a c o m p l e x  d a m p i n g  f u n c t i o n  

h a d  t o  b e  i n t r o d u c e d .  T h i s  was j u s t i f i e d  b y  t h e  s u c c e s s .  

T h e  c o m p l e x  d a m p i n g  f u n c t i o n  , h o w e v e r ,  d i d  h a r d l y  a l l o w  

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

I t  w a s  n o t  s u r p r i s i n g  t h a t  t h e  r e l a x a t i o n  m o d e l  w h i c h  

s h a l l  b e  d e s c r i b e d  h e n c e f o r t h  l e d  t o  s i m i l a r  f o r m u l a s  

a s  C o w l e y s  m o d e l  / 1 8 / .  T h e  aim o f  b o t h  t h e o r i e s  i s  t o  

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

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

h o w e v e r ,  s h o w e d  t o  b e  much m o r e  o b v i o u s .  F u r t h e r m o r e  

t h e  e x i s t e n c e  o f  " h a r d  c o r e  f r e q u e n c i e s "  a n d  t h e  

a p p e a r a n c e  o f  " c e n t r a l  m o d e s "  n e a r  t h e  C u r i e  p o i n t  i n  

some c r y s t a l s  may b e  d e s c r i b e d  b y  m e a n s  o f  C o c h r a n s  a n d  

C o w l e y s  t h e o r y  o n l y  b y  i n t r o d u c i n g  a d d i t i o n a l  a s s u p t i o n s  

i n  t h e  a n s a t z  w h e r e a s  t h e y  s e e m  t o  f o l l o w  f r o m  t h e  

r e l a x a t i o n  m o d e l  w i t h o u t  a n y  d i f f i c u l t i e s  / 1 6 / .  

P o l a r i t o n s  a s s o c i a t e d  w i t h  p u r e l y  t r a n s v e r s e  p h o n o n s  a r e  

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

( n  =)  c k / w 2  = E ( w ) .  E ( W )  i s  t h e  d i e l e c t r i c  f u n c t i o n  
2 2 2  

i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  l a t t i c e  d i s p l a c e m e n t  

v e c t o r .  T h i s  r e s u . l t  c a n  e a s i l y  b e  d e r i v e d  f r o m  F r e s n e l s  

e q u a t i o n  c i t e d  i n  2 )  a b o v e .  All p o l a r i t o n  d i s p e r s i o n  
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APPLICATIONS OF IR REFLECTIVITY 59 3 

effects thus are completely determined by the dielectric 

functions of a crystal. We therefore shortly recall 

which phenomena influence these. In the ultraviolet a 

contribution is given by the electrons, in the infrared 

by oscillating ions, and in the microwave region by 

dipole relaxations. The contribution giben by dipole 

relaxations is highly temperature dependent as can be 

seen from the L a n g e v i n - D e b y e - e q u a t i o n .  Note that for the 

polarizability a in this equation Yo& E(U) = 1+4rra ( w ) ) .  

The possibility for a certain static dipole in a 

crystal to change its orientation from one potential 

minimum to another increases with temperature because 

of the higher Brownian motion. We now ask whether such 

dipole relaxations can influence the dynamical phonon 

spectrum of a crystal lattice. The answer is yes if 

we consider that the purely transverse modes show non 

vanishing macroscopic electric fields in the polariton 

region. Any temperature dependence of soft TO-phonons 

thus must not necessarily originate from a temperature 

dependence of long range or short range Coulomb forces 

as derived from Cochrans model. It may as well be 

caused by mode couplings between polaritons and 

relaxations, the latter becoming responsible for the 

strange temperature effects. A simple dielectric 

function written down by taking into account the three 
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59 4 CLAUS AM) BRANDMULLER 

d i f f e r e n t  k i n d s  o f  c o n t r i b u t i o n s  i s  

2 2 .  2 
E ( O )  = c o o + 4 n P o  / ( o  + i y  0-0 :  ) + 4 1 ~ N a ~ / ( l + i w r )  . 

T T T  

s t a n d s  f o r  t h e  h i g h  f r e q u e n c y  r e f r a c t i v e  i n d e x ,  

4 n p  r e p r e s e n t s  t h e  mode s t r e n g t h  of  a p o l a r  phonon  wave ,  

y T  t h e  damping  c o n s t a n t ,  a n d  4 T N a  t h e  s t a t i c  

p o l a r i z a b i l i t y  f o r  o=O. The  l a s t  t e r m  w h i c h  was f i r s t  

d e r i v e d  by  Debye i n  t h i s  fo rm / 2 0 /  c a n  s t r o n g l y  

i n f l u e n c e  t h e  p o l a r i t o n  s p e c t r u m  e s p e c i a l l y  f o r  s m a l l  

w i . e .  when w becomes  o f  t h e  t y p i c a l  o r d e r  o f  l / r .  F o r  

T -f 0 c a l c u l a t i o n s  h a v e  shown t h a t  t h e  d i p o l e  r e l a x a t i o n  

mechanism f o r  t h e  p h a s e  t r a n s i t i o n  g i v e s  same r e s u l t s  

a s  C o c h r a n ' s  mode l  / 1 9 / .  

D i p o l e  r e l a x a t i o n s  may e x i s t  .due t o  i m p u r i t i e s ,  

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

l a t t i c e .  E x p e r i m e n t s  c o n c e r n i n g  t h e  p h a s e  t r a n s i t i o n s  

i n  BaTiO a n d  S r T i 0 3  c a r r i e d  o u t  o v e r  t h e  l a s t  t e n  

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

o b s e r v e d  w e r e  h i g h l y  d e p e n d e n t  on  t h e  s a m p l e ,  i . e .  

i t s  p u r i t y .  T h i s  i n d i c a t e s  a t  l e a s t  q u a l i t a t i v e l y  t h a t  

t h e  r e l a x a t i o n  mechan i sm may c a u s e  a n  i m p o r t a n t  p r o g r e s s  

3 

i n  t h e  u n d e r s t a n d i n g  o f  p h a s e  t r a n s i t i o n s .  L e t  u s  

r e g a r d  a n  i n t u i t i v e  v i e w  p o i n t .  A s  i s  w e l l  known p h a s e  

t r a n s i t i o n s  b e t w e e n  t h e  s o l i d ,  l i q u i d  a n d  g a s e o u s  

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

i m p u r i t i e s  ( h y s t e r e s i s  of  b o i l i n g  and  f r e e z i n g  p o i n t s  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



APPLICATIONS OF IR REFLECTIVITY 595 

in extremely pure materials). Therefore it s h o u l d  not 

be surprising that impurities play an important role 

in solid state phase transitions too. The relaxation 

model thus may also here provide a reasonable description 

of hysteresis effects which in fact are observed. 

Since the existence of polaritons is necessary for 

couplings between lattice waves and dipole relaxations 

to take  lace we finally see a principal possibility 

to influence such phase transitions by external 

electromagnetic radiation in a way that shall be 

described in more detail below, section 11.  

6, PARAMETRIC LIGHT SCATTERING 

When an intense laser beam with frequency o enters a 

resonator containing a nonlinear optical crystal a 

second light beam with a lower frequency o may be 

created an strongly amplified under certain conditions. 

Energy and the canonical momentum have to be preserved: 

h o  =hw +hu and hz =hk +hk . This implies that 
simultaneously with t'ie amplified wave h: a so called 

"idler wave" with frequency o always will be created. 

Momentum conservation in such an experiment is 

equivalent to the well known phase matching condition 

from nonlinear optics. This can easily be realized 

when keeping in mind that the magnitudes of the wave 

L 

+ +  
L S P  L S P  

P 
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596 CLAUS AND BRANDMULLER 

vectors are given by k.=27in./h n being the refractive 

indices and Xi the wave lengths in vacuum. Parametric 

amplification has first been observed in 1965 /Zl/, 

Because the refractive indices are temperature dependent 

1 i' i 

a continuous variation of the phase matching condition 

and consequently the amplified wave frequency w can 

be achieved by temperature tuning. Parametric oscillators 

are used as tunable lasers. 

S 

Before any parametric amplification takes place some 

initial energy quanta ho and 'ho have to be created 

by spontaneous scattering. In solids these are normally 

Stokes-processes associated with idler-phonons, 

polaritons or photons. The spontaneous scattering 

P 

process is identical to inelastic Raman scattering. 

Best conditions for the construction of highly tunable 

Light sources of this kind in general are provided by 

the upper photon-like polariton branches (see Fig. l b )  

in anisotropic materials. The use of birefringence 

effects is important / 7 / .  Strong dispersion of the 

"light branches" allows a remarkable frequency 

variation of the idler-quanta and consequently of the 

Stokes-light wave (us). In suitable cases shifts within 

a range of almost 5000 cm have been recorded. - 1  

Spontaneous creation of idler photons in the infrared 

in many cases turned out to be associated with surprisingly 
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APPLICATIONS OF LR REFLECTIVITY 597 

h i g h  s c a t t e r i n g  i n t e n s i t i e s  a t  w i n  t h e  v i s i b l e .  

T h e s e  s p o n t a n e o u s  p r o c e s s e s  h a v e  b e c o m e  known a s  

p a r a m e t r i c  l i g h t  s c a t t e r i n g  ( o r  l u m i n e s c e n c e ) .  T h e  

i d e n t i t y  o f  p a r a m e t r i c  l u m i n e s c e n c e  a n d  Raman  s c a t t e r i n g  

a t  t h e  u p p e r  p o l a r i t o n  b r a n c i i  h a s  f i r s t  b e e n  shown b y  

K l y s h k o  a n d  c o w o r k e r s  i n  1 9 7 0  / 2 2 / .  

B e s i d e s  t h a t  p a r a m e t r i c  l i g h t  s c a t t e r i n g  car. b e  u s e d  

f o r  t h e  c o n s t r u c t i o n  o f  t u n a b l e  l a s e r s  i t  a l s o  

r e p r e s e n t s  a s e n s i t i v e  m e t h o d  f o r  t h e  d e t e r m i n a t i o n  o f  

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

r e g i o n .  One e a s i l y  v e r i f i e s  t h i s  b y  a d i s c u s s i o n s  of 

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

7, THE TM-REFLECTION TECHNIQUE APPLIED TO BULK 
POLAR I TONS 

I R - r e f l e c t i o n  e x p e r i m e n t s  p e r f o r m e d  i n  s u c h  a way t h a t  

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

l i e  i n  t h e  p l a n e  d e t e r m i n e d  b y  t h e i r  wave  v e c t o r s  h a v e  

b e c o m e  known a s  " t r a n s v e r s e  m a g n e t i c "  ( T M - r e f l e c t i o n  

t e c h n i q u e ) .  A d e t a i l e d  u n d e r s t a n d i n g  o f  s u c h  s p e c t r a  

was  n o t  a c h i e v e d  u n t i l  v e r y  r e c e n t l y  / 2 3 ,  2 4 / .  Common 

I R - r e f l e c t i o n  s p e c t r a  h a v e  b e e n  r e c o r d e d  o n l y  b y  t h e  

" p r o p e r "  t r a n s v e r s e - e l e c t r i c  g e o m e t r y  h i t h e r t o .  

T h e  T M - r e f l e c t i o n  m e t h o d  t u r n e d  o u t  t o  p r o v i d e  q u i t e  

d e t a i l e d  i n f o r m a t i o n  on  t h e  b u l k  p o l a r i t o n  s p e c t r u m  
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598 CLAUS AND BRANDMULLER 

of insulating crystals, see / 7 / .  From a qualitative 

view point this may be realized as follows. We have pointed 

out that the general dispersion relation of bulk polaritons 

is c k / w  = E ( w ) .  The dielectric function E ( w )  thus 

contains the complete information on the dispersion 

of polaritons. E ( W )  on the other hand is also responsible 

for the line shapes in IR-reflection spectra. There- 

fore it is not surprising that certain experimental 

2 2  2 

geometries provide an easy relation between the 

properties of b u l k  polaritons and those of the recorded 

IR-reflection bands. The result is that the turning 

points of the edges of the TM-reflection bands 

correspond to data points on the bulk polariton 

dispersion branches. Variation of k can be achieved 

by changing the angle of incidence (and consequently 

of reflection). The experimental set up issimilar to 

that of the attenuated total reflection method which 

shall be described in the next section. The only 

difference is that the total reflection prism shown in 

Fig. 2 has direct contact with the material when bulk 

polaritons are studied. 

The greatest advantage of the TM-reflection technique 

obviously is that polaritons in all crystal classes may 

be studied. We remember that light scattering experiments 

require a sirnultane(::~s IR- and Raman-activity. This 
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APPLICATIONS OF IR REFLECTIVITY 599 

\ 

FIG. 2 

On the excitation of surface waves by electromagnetic 
radiation, see text. 

k a s  prevented detailed studies of polaritons in e . g .  

alkali-halides, The TM-reflection method, however, should 

make possible such experiments. 

In general the new method can be regarded as a suitable 

tool for complementary investigations relative to 

Raman studies. When, for instance, small LO-TO splittings 

are to be established experimentally the TM-reflection 

method was shown to be superior to light scattering 

experiments / 2 4 / .  

8, THE ATR-METHOD APPLIED TO SURFACE M O D E S  

Optical surface phoncmena have become cf great interest 

because of a rapid development of fiber optics with- 

in the last few years. Surface effects in general, 

however, play an important role also €or catalysis 
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CLAUS AND BRANDMULLER 600 

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

W e  t h e r e f o r e  w a n t  t o  d r a w  some a t t e n t i o n  t o  a p o w e r f u l  

e x p e r i m e n t a l  t e c h n i q u e  w h i c h  a l l o w s  d e t a i l e d  s t u d i e s  

o f  s u r f a c e  w a v e s .  T h e s e  may b e  s u r f a c e - p o l a r i t o n s  

- p l a s m a  w a v e s  o r  o t h e r s  a s  w e l l .  

L e t  u s  s h o r t l y  s u m m a r i z e  w h a t  i n f o r m a t i o n  c a n  b e  o b t a i n e d  

f r o m  s u r f a c e  p o l a r i t o n s .  T h e  b a s i c  d i f f e r e n c e  t o  b u l k  

m o d e s  i s  t h a t  s u r f a c e  m o d e s  p r o p a g a t e  i n  a n  

e s s e n t i a l l y  t w o  d i m e n s i o n a l  medium a n d  t h a t  b o t h  t h e  

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

a n d  t h e  d i s p l a c e m e n t  p e r p e n d i c u l a r  t o  i t  h a v e  t o  a l t e r  

c o n t i n u o u s l y .  T h e  d i s p e r s i o n  r e l a t i o n  d e r i v e d  f r o m  t h e  

c o n t i n u i t y  c o n d i t i o n s  i s  c k /o = E ( w ) / ( E ( w ) + ~ )  f o r  a 

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

p o l a r i t p n  d i s p e r s i o n  f o r m u l a  l i e s  i n  t h e  a p p e a r a n c e  

o f  t h e  d e n o m i n a t o r  E ( w ) + ~ .  T h i s  d e n o m i n a t o r  c a u s e s  t h e  

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

t h e  r e s t s t r a h l e n  r e g i o n s  b e t w e e n  T O  a n d  LO m o d e s  where 

n o  b u l k  p o l a r i t o n  p r o p a g a t i o n  i s  a l l o w e d ,  s e e  F i g .  1 .  

B u l k -  a n d  s u r f a c e - p o l a r i t o n s  t o g e t h e r  c o v e r  t h e  

c o m p l e t e  e n e r g y  s p e c t r u m .  

2 2  2 

A l t h o u g h  t h e r e  h a v e  b e e n  some s u c e s s f u l  Raman s c a t t e r i n g  

e x p e r i m e n t s  o n  s u r f a c e  p o l a r i t o n s  / 2 7 /  t h e  a t t e n u a t e d  

t o t a l  r e f l e c t i o n  m e t h o d  A T R )  s t i l l  seems t o  b e  s i m p l e r  

t o  h a n d l e .  Raman s c a t t e r i n g  f r o m  s u r f a c e  p o l a r i t o n s  
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APPLICATIONS OF I R  REFLECTIVITY 601 

w a s  o b s e r v e d  o n l y  on  t h i n  c r y s t a l l i n e  f i l m s  h i t h e r t o  

w h e r e a s  t h e  A T K - t e c h n i q u e  e a s i l y  a l l o w s  i n v e s t i g a t i o n s  

a l s o  on  s u r f a c e s o f  " s e m i  i n f i n i t e "  s a m p l e s .  L e t  u s  s t u d y  

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

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

T h e  u p p e r  medium i n  t h e  l e f t  d r a w i n g  of F i g .  2 i s  

a s s u m e d  t o  b e  vacuum w i t h  t h e  r e f r a c t i v e  i n d e x  n = l .  

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

c '  a l o n g  t h e  s u r f a c e  e x e e d s  t h e  vacuum v e l o c i t y  c 

b e c a u s e  c' = c / s i n a .  An e x c i t a t i o n  o f  s u r f a c e  w a v e s  

b y  s i m p l y  r e f l e c t i n g  l i g h t  t h u s  i s  i m p o s s i b l e .  T h e  

s i t u a t i o n  i s  c h a n g e d ,  h o w e v e r ,  when vacuum i s  r e p l a c e d  

b y  a medium w i t h  a r e f r a c t i v e  i n d e x  n > l .  T h e  p h a s e  

v e l o c i t y  i n  t h e  medium i s  t h e n  c / n  a n d  t h e  c o m p o n e n t  

c '  = c / n * s i n a .  c '  c a n  now b e  a r r a n g e d  t o  c o i n c i d e  w i t h  

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

i n  a s u i t a b l e  way.  E x p e r i m e n t s  o f  t h i s  k i n d  a r e  

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

t h e  r i g h t  f i g u r e .  T h e  p r i s m  h a s  t o  b e  l o c a t e d  a t  a 

d i s t a n c e  l e s s  t h a n  o n e  vacuum wave  l e n g t h  away f r o m  t h e  

s u r f a c e  a c t i v e  m e d i u m . T h e  c o n t a c t  medium a t  t h e  s u r f a c e  

t h e n  i s  s t i l l  vacuum ( o r  a i r ) .  T h e  e l e c t r i c  f i e l d  o f  

t h e  " t o t a l l y "  r e f l e c t e d  wave  o u t s i d e  t h e  p r i s r n , h o w e v e r ,  

c a n  easi1.y i n t e r a c t  w i t h  s u r f a c e  w a v e s .  W e  t h u s  o b s e r v e  

" f r u s t a t e d "  o f  a t t e n u a t e d  t o t a l  r e f l e c t i o n  w h i c h  i s  
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CLAUS AND BRANDMULLER 602 

e a s i l y  m o n i t o r e d .  F o r  d e t a i l e d  d i s c u s s i o n s  and  

r e f e r e n c e s ,  s e e  r e f s  / 7 , 2 5 , 2 6 / .  

I t  s h o u l d  f i n a l l y  b e  p o i n t e d  o u t  t h a t  c o m p l e t e  A T R -  

e q u i p m e n t s  a r e  a v a i l a b l e  c o m m e r c i a l l y  nowadays .  

9, A CRITICAL VIEW ON TUNABLE POLARITON LASERS 

P o l a r i t o n  f r e q u e n c i e s  o b s e r v e d  by  s p o n a n e o u s  Raman 

s c a t t e r i n g  d e p e n d o n  t h e  s c a t t e r i n g  a n g l e  P b e t w e e n  

t h e  l a s e r  beam and  t h e  d i r e c t i o n  o f  o b s e r v a t i o n .  F o r  

p o l a r i t o n  b r a n c h e s  w i t h  s t r o n g  d i s p e r s i o n  w h e r e  W 

c h a n g e s  r a p i d l y  w i t h  k a l a r g e  f r e q u e n c y  s p e c t r u m  o f  

s t o k e s - ( o r  a n t i - S t o k e s ) r a d i a t i o n  i s  c o v e r e d  when p 

i s  v a r i e d  w i t h i n  a r a n g e  o f  0 

f rom t h e  s t r a i g h t  f o r w a r d  d i r e c t i o n .  When t h e  i n t e n s i t y  

o f  t h e  e x c i t i n g  l a s e r  beam becomes  e x t r e m e l y  h i g h  

( g i a n t  p u l s  l a s e r s )  s t i m u l a t e d  Raman s c a t t e r i n g  t a k e s  

p l a c e .  

0 t o  a p p r o x i m a t e l y  10' away 

The  mechan i sm of  s t i m u l a t e d  s c a t t e r i n g  is d e s c r i b e d  

c l a s s i c a l l y  as f o l l o w s .  A s t r o n g  e x c i t i n g  l a s e r  c a u s e s  

s t r o n g  Raman s c a t t e r i n g .  A t  h i g h  i n t e n s i t i e s  t h e  e x c i t i n g  

l i g h t  wave a n d  t h e  s c a t t e r e d ,  f r e q u e n c y  s h i f t e d  wave 

d o  n o t  p r o p a g a t e  i n d e p e n d e n t l y  t h r o u g h  t h e  c r y s t a l .  

The p r i n c i p l e  o f  s u p e r i m p o s i t i o n  known f rom l i n e a r  

o p t i c a  does  n o t  h o l d  any  l o n g e r .  I n t e r a c t i o n s  t a k e  

p l a c e  d u e  t o  n o n l i n e a r i t i e s  o f  t h e  o p t i c a l  
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APPLICATIONS OF IR REFLECTIVITY 60 3 

s u s c e p t i b i l i t y .  A s  a r e s u l t -  a n  e l e c t r o m a g n e t i c  wave  

a t  t h e  d i f f e r e n c e  f r e q u e n c y  i s  g e n e r a t e d .  T h i s  wave 

c a n  d r i v e  t h e  o r i g i n a l  l a t t i c e  wave b e c a u s e  t h e i r  

f r e q u e n c i e s  ( t r i v i a l l y )  a r e  i d e n t i c a l  a n d  c o n s e q u e n t l y  

c a u s e  f u r t h e r  a m p l i f i e d  s c a t t e r e d  r a d i a t i o n  ( o p t i c a l  

f e e d b a c k ) .  A r e m a r c a b l e  p e r c e n t a g e  o f  t h e  i n c i d e n t  

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

s h i f t e d  wave i n  t h i s  way.  T h e  p o w e r  o f  s t i m u l a t e d  

Raman s c a t t e r i n g  b e c o m e s  o f  t h e  s a m e  o r d e r  a s  t h e  

e x c i t i n g  l a s e r .  S t i m u l a t e d  s c a t t e r i n g  by  p o l a r i t o n s  

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

l a s e r s .  I n  f a c t  t h e r e  a r e  e x p e r i m e n t s  s h o w i n g  t h a t  

s u c h  l a s e r s  w o r k  a t  t h e  f r e q u e n c y  o f  t h e  s c a t t e r e d  

l i g h t  i n  t h e  v i s i b l e  a s  w e l l  a s  i n  t h e  i n f r a r e d  a t  t h e  

d i f f e r e n c e  f r e q u e n c y  b e t w e e n  t h e  i n c i d e n t  l a s e r  a n d  

t h e  f r e q u e n c y  s h i f t e d  wave  /28,29/. 

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

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

p r a c t i c e  by  s e v e r a l  p h y s i c i s t s  e s p e c i a l l y  i n  t h e  l a t e  

6 0 ' t h .  N c w a d a y s ,  h o w e v e r ,  w e  r e a l i z e  t h a t  d y e  l a s e r s  

a n d  s p i n - f l i p  l a s e r s  a r e  much more  e f f i c i e n t .  T h e  f o r m e r  

c o v e r  l a r g e  r e g i o n s  i n  t h e  v i s i b l e  a n d  t h e  l a t t e r  i n  

t h e  i n f r a r e d .  T h e  d i f f i c u l t i e s  f u r  t h e  c o n s t r u c t i o n  o f  

p o l a r i t o n  l a s e r s  a r e  o b v i o u s .  I n  o r d e r  t o  o b t a i n  a 

n a r r o w  p o l a r i t o n  l a s e r  l i n e  t h e  a p e r t u r e  d e t e r m i n i n g  
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604 CLAUS AND BRANDMJLLER 

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

b e  k e p t  v e r y  s m a l l .  T h e  d i v e r g e n c e  d i r e c t l y  d e t e r m i n e s  

t h e  e r r o r  o f  t h e  p o l a r i t o n  wave  v e c t o r  i n  k - s p a c e  a n d  

t h u s  t h e  h a l f  w i d t h  o f  t h e  e m i t t e d  r a d i a t i o n .  T h e  

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

t u r e .  N a r r o w  l a s e r  l i n e s  a n d  a h i g h  t u n a b i l i t y  a r e  

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

f r o m  e a c h  o t h e r .  

A l t h o u g h  t h e  p a r a m e t r i c  o s c i l l a t o r  i n  p r i n c i p l e  i s  

b a s e d  o n  p o l a r i t o n  s c a t t e r i n g  t o o ,  s e e  a g a i n  6 )  i t  

p r o v i d e s  much b e t t e r  c o n d i t i o n s .  T h e  u s e  o f  p h o t o n  

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

f r e q u e n c y  r a n g e .  T h e  h a l f  w i d t h  o f  t h e  e m i t t e d  

r a d i a t i o n  o n  t h e  o t h e r  h a n d  i s  i n d e p e n d e n t l y  d e t e r m i n e d  

b y  t h e  r e s o n a t o r .  

I n  summary  w e  b e l i e v e  t h a t  p o l a r i t o n  l a s e r s  w i l l  n o t  

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

10, NONLINEAR OPT1 CAL EXPERIMENTS WITH POLARITONS 
T h e  p a r a m e t r i c  o s c i l l a t o r  a n d  s t i m u l a t e d  Raman 

s c a t t e r i n g  d e s c r i b e d  a b o v e  a r e  t w o  e x a m p l e s  o f  n o n l i n e a r  

o p t i c a l  e x p e r i m e n t 6  i n v o l v i n g  p o l a r i t o n s .  A t h i r d  

g r o u p  of  e x p e r i m e n t s  i s  c o n c e r n e d  w i t h  mode m i x i n g .  

T h e  p r i n c i p l e  i s  t h e  f o l l o w i n g :  Two s t r o n g  i n c i d e n t  

l a s e r  b e a m s  a t  d i f f e r e n t  f r e q u e n c i e s  e n t e r  a n o n l i n e a r  
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o p t i c a l  medium w i t h o u t  a r e s o n a t o r .  A new wave  a t  t h e  sum o r  

t h e  d i f f e r e n c e  f r e q u e n c y  i s  g e n e r a t e d .  T h e  c o n d i t i o n s  

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

c o n s e r v a t i o n  hw = ho +ho  a n d  t h e  wave  v e c t o r  r e l a t i o n  

k L  = g-+$. T h e  two i n c i d e n t  l a s e r  b e a m s  h a v e  t o  f o r m  

a n  a n g l e  s o  t h a t  t h e  c a n o n i c a l  momentum i s  p r e s e r v e r ? .  

R a d i a t i o n  a t  t h e  d i f f e r e n c e  f r e q u e n c y  iii t h e n  l e a v e s  

L 
-f 

3 

t h e  medium i n  d i r e c t i o n  of t h e  t h i r d  wave  v e c t o r .  

T h r e e  t y p i c a l  e x p e r i m e n t s  a r e  s k e t c h e d  i n  F i g .  3 .  I n  

t h e  g e o m e t r y  3 a  t h e  i n c i d e n t  l a s e r  b e a m s  ( f u l l  a r r o w s ! )  

o p e r a t e  a t  f r e q u e n c i e s  o a n d  w , t h e  l a t - t e r  b e i n g  
I, s 

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

A s  a r e s u l t  s t r o n g  r a d i a t i o n  i s  g e n e r a t e d  i n  t h e  

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

i n  d i r e c t i o n  o f  k a s  i n d i c a t e d  i n  t h e  f i g u r e  / 3 0 / .  

G e o m e t r y  3b c o r r e s p o n d s  t o  m i x i n g  o f  v i s i b 1 . e  ( w , )  a n d  

i n f r a r e d  (w) l i g h t ,  t h e  l a t t e r  a t  some p o l a r i t o n  

f r e q u e n c y .  I n  t h i s  c a s e  s t r o n g  r a d i a t i o n  a t  t h e  

v i s i b l e  S t o k e s - f r e q u e n c y  w i s  g e n e r a t e d  /31/. 

E x p e r i m e n t s  c o r r e s p o n d i n g  t o  F i g .  3 c  f i n a l l y  h a v e  

b e c o m e  known as “ c o h e r e n t  a n t i - S t o k e s  Raman 

s p e c t r o s c o p y ”  (CARS) .  B o t h  a S t o k e s  a n d  a n  a n t i - S t o k e s  

wave  v e c t o r  r e l a t i o r ,  a r e  c o m b i n e d  t o  2 k  = k s + k A  

w h i c h  i s  t h e  w e l l  known c o n d i t i o n  f o r  t h e  a p p e a r a n c e  

o f  s t i m u l a t e d  Kaman s c a t t e r i n g  a t  t h e  a n t i - S t o k e s  

-+ 

+ +  
L 
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606 CLAUS AND BRANDMLnLER 

4 

L k 

FIG. 3 

N o n l i n e a r  o p t i c a l  e x p e r i m e n t s  i n v o l v i n g  p o l a r i t o n s :  
G e n e r a t i o n  o f  d i f f e r e n c e  f r e q u e n c i e s  i n  t h e  v i s i b l e  a ) ,  
and  i n f r a r e d  b ) ,  and  t h e  e x c i t a t i o n  of c o h e r e n t  a n t i -  
S t o k e s  r a d i a t i o n  c ) .  

f r e q u e n c y  o . T W O  l a s e r  q u a n t a  h w L  and  a S t o k e s - q u a n t u m  

h w  a r e  combined  t o  a n  a n t i - S t o k e s  quan tum 

h w A  = 2 b w  - h w  

a g a i n  i s  shown i n  f i g u r e  3c / 3 2 / .  

A 

. The d i r e c t i o n  o f  t h e  e m i t t e d  r a d i a t i o n  
L S  

Mode m i x i n g  o f  t h e  a b o v e  t y p e s  a d v a n t a g e o u s l y  c a n  b e  

u s e d  f o r  t h e  c o n s t r u c t i o n  o f  l a s e r  s o u r c e s  w i t h  
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APPLICATIONS OF IR REFLECTIVITY 607 

v a r i a b l e  f r e q u e n c i e s  i n  t h e  v i s i b l e  a s  w e l l  a s  i n  t h e  

i n f r a r e d .  We b e l i e b e  t h a t  e s p e c i a l l y  i n  t h e  i n f r a r e d  

r e g i o n  chis t y p e  of s o u r c e s  may b e  a b l e  t o  c o m p e t e  

w i t h  s p i n - f l i p  l a s e r s  b e c a u s e  no H e l i u m - c o o l i n g  o f  t h e  

a r r a n g e m e n t  i s  n e c e s s a r y .  T h e  g r o w i n g  i n t e r e s t  i n  

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

c o r r e s p o n d i n g  d e v e l o p m e n t s .  

11, THE QUESTION OF ENERGY CONVERSION AND SOME 
TENTATIVE FUTURE ASPECTS 

The m i x e d  electromagnetic/mechanical c h a r a c t e r  o f  

p o l a r i t o n s  i n d u c e s  t h e  q u e s t i o n  w h e t h e r  s u c h  s y s t e m s  

c a n  b e  used. € o r  e n e r g y  c o n v e r s i o n .  Frcrc  t h e  h a m i l t o c i a n  

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

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

/ I / .  T h e  e x p e r i m e n t  by  F a u s t  a n d  H e n r y  / 3 1 / ,  F i g .  3 0 ,  

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

may b e  h e a t e d  up r e m a r k a b l y  b y  e x t e r n a l  i n f r a r e d  

r a d i a t i o n .  What i s  u n a m b i q u o u s l y  o b s e r v e d  i n  t h i s  

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

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

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

r a d i a t i v e  e n e r g y  i s  c o n v e r t e d  t o  m e c h a n i c a l  e n e r g y .  

C o r r e s p o n d i n g  r e c e n t  e x p e r i m e n t s  b y  Hwang a c d  S o l i n  / 3 3 /  

i n d i c a t e  t h a t  m o s t  o f  t h e  e n e r g y  p o s s i b l y  r e m a i n s  i n  t h e  
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60 8 CLAW AM) BRANDMULLER 

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

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

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

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

r e m a i n s  a c c i d e n t a l .  Raman s c a t t e r i n g  e x p e r i m e n t s  g i v e  

i n f o r m a t i o n  o n l y  o n  a v e r y  n a r r o w  r e g i o n  o f  k - s p a c e  

n e a r  t h e  c e n t r e  o f  t h e  f i r s t  B r i l l o u i n  z o n e ,  P h o n o n s  

w i t h  l a r g e r  wave  v e c t o r s  may b e  d e t e c t e d  o n l y  as s e c o n d  

o r d e r  p r o c e s s e s  b y  l i g h t  s c a t t e r i n g .  F u r t h e r  s y s t e m a t i c a l  

e x p e r i m e n t s  o f  t h i s  k i n d  a n d  n e u t r o n  s c a t t e r i n g  t h e r e -  

f o r e  s h o u l d  t h r o w  more l i g h t  on  t h e  e n e r g y  c o n v e r s i o n  

m e c h a n i s m  i n  t h e  f u t u r e .  

From a n  a n a l o g y  i n  m o l e c u l a r  p h y s i c s  w e  c o n c l u d e  

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

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

y e a r s  b r o u g h t  a n  i n c r e a s i n g  i n t e r e s t  i n  l a s e r  i n d u c e d  

c h e m i c a l  r e a c t i o n s .  M o l e c u l e s  i n  t h e  g a s e o u s  s t a t e  a r e  

i r r a d i a t e d  by a n  I R - l a s e r  o f  s o m e  w a t t s  p o w e r .  C h e m i c a l  

r e a c t i o n s  w h i c h  t a k e  p l a c e  u n d e r  s u c h  c i r c u m s t a n c e s  

i n  many c a s e s  w e r e  f o u n d  t o  b e  d i f f e r e n t  f r o m  s i m p l e  

t h e r m a l  r e a c t i o n s  / 3 4 / .  T h e  m o l e c u l e s  s e e m  t o  r e a c t  

o n  t h e  w e l l  d e f i n e d  f r e q u e n c y  o f  t h e  i n c i d e n t  l a s e r  

r a d i a t i o n  i n  a s p e c i f i c  w a y .  

I t  i s  known f u r t h e r m c r e  t h a t  i n t e n s e  l a s e r  r a d i a t i o n  

c a n  c a u s e  l o c a l  a l t e r a t i o n s  a n d  d e f e c t s  i n  c r y s t a l  
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APPLICATIONS OF I R  REFLECTIVITY 609 

l a t t i c e s .  We t h e r e f o r e  a s k  on  w h a t  c o n d i t i o n s  e x t e r n a l  

e l e c t r o m a g n e t i c  r a d i a t i o n  c a n  i n t e r a c t  w i t h  P o l a r  l a t t i c e  

v i b r a t i o n s .  

T h e  c h a r a c t e r i s t i c  d i f f e r e n c e s  b e t w e e n  t h e  d y n a m i c s  

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

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

i d e n t i c a l  o s c i l l a t o r s  w h e r e a s  t h e  f o r m e r  r e p r e s e n t  

i s o l a t e d  o s c i l l a t o r s .  A s  a r e s u l t  e n e r g y  i s  t r a n s m i t t e d  

t h r o u g h  a c r y s t a l  b y  w a v e s  w i t h  d i f f e r e n t  wave l e n g t h s  

a n d  f r e q u e n c i e s .  O b v i o u s i y  t h e  f r e q u e n c y  o f  t h e  

e x t e r n a l  r a d i a t i o n  m o s t  c o i n c i d e  w i t h  a n  e i g e n f r e q u e n c y  

o f  t h e  s y s t e m  i n  b o t h  c a s e s  f o r  r e s o n a n c e  t o  t a k e  

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

a s o l i d  t h e  wave  l e n g t h  o f  t h e  i n c i d e n t  r a d i a t i o n  a n d  

t h e  l a t t i c e  wave  i n  a d d i t i o n  h a v e  t o  c o i n c i d e .  T h i s  i s  

e q u i v a l e n t  t o  t h e  w e l l  known c o n d i t i o n  t h a t  t h e  

c a n o n i c a l  momenta  A k .  h a v e  t o  b e  o f  t h e  s a m e  o r d e r .  

L e t  us r e g a r d  l a t t i c e  v i b r a t i o n s  a t  t h e  b o r d e r  o f  t h e  

1 . B Z  

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

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

t h i s  c a s e  a n d  n o  m a c r o s c o p i c  e l e c t r i c  p o l a r i z a t i o n  i s  

b u i l t  u p .  M a c r o s c o p i c  f i e l d s  a p p e a r  o n l y  when c e l l s  

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

o t h e r  o s c i l l a t e  i n  o p p o s i t e  p h a s e s ,  t h e  wave  l e n g t h  

(k M 10' ern-') w h e r e  o s c i l l a t i o n s  i n  n e i g h b o r i n g  
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CLAUS AND BRANDMILLER 610 

in question being that of the free electromagnetic 

wave in the material. It turns out that this is exactly 

what happens in the polariton region 10 d k 6  2 l o 4  cm-'. 

We realize that excitations in the real phonon 

region k s  10 cm are not associated with electric fields 

and cannot interact with external radiation. "Polar 

phonons" (with frequency wT) cannot directly be 

excited externally by IR-lasers. This is an important 

difference to molecular vibrations. From Fig. lb it 

can be seen that only slightly below any limiting 

phonon frequency uT there are always polaritons which 

easily fulfil the momentum conservation. External 

electromagnetic energy therefore is transferred into a 

crystal only via polaritons. Polaritons cause the 

thermal equilibrium between a crystal and its radiative 

surrounding. The energy flux between different 

vibrational modes on the other hand is made possible 

by anharmonic couplings. These are taken into account 

by damping terms in the macroscopic theory. Laser- 

induced reactions in solids thus generally are governed 

by the physics of polaritons. 

3 

5 - 1  

Because the polariton theory in its simplest form is 

essentially onedimensional we realize that the wave like 

character of vibrations in suitable linear macromolecules 

strictly should not be neglected but correctly 

described in an analogous way too. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



APPLICATIONS OF IR REFLECTIVITY 611 

M o s t  b a s i c  r e s e a r c h  c o n c e r n i n g  e n e r g y  c o n v e r s i o n  by  

p o l a r i t o n s  s t i l l  i s  m i s s i n g .  T h e r e  a r e  l o t s  o f  o p e n  

q u e s t i o n s  s t a r t i n g  f r o m  p r o b l e m s  a r o u n d  t h e  e l e m e n t a r y  

m e c h a n i s m  o f  electron-lattice-interactiori a n d  e n d i n g  

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

i n  m a c r o m o l e c u l e s .  

12, CONCLUS I ON 

I n  t h e  p r e c e e d i n g  t e n  s e c t i o n s  we h a v e  p r e s e n t e d  a 

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

p o l a r i t o n s .  Some o f  t h e m  r e p r e s e n t  r e f i n e d  t e c h n i q u e s  

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

s u g g e s r  c o n n e c t i z x s  b e t w e e n  d i f f e r e c t  f l e l d s  of 

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

f a t a  m o r g a n a s .  T h e  a i m  o f  t h i s  a r t i c l e  was t o  show 

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

s t a t e  p h y s i c i s t s  b u t  a l s o  t o  t h o s e  w o r k i n g  i n  n e i g h b o r i n g  

f i e l d s .  A l a r g e  n u m b e r  o f  p a p e r s  o n  b i o l o g i c a l  m a t e r i a l s  

c o n t r i b u t e d  t o  t h e  " F o u r t h  I n t e r n a t i o n a l  C o n f e r e n c e  

o n  Raman S p e c t r o s c o p y "  in B r u n s w i c k ,  M a i n e  1 9 7 4  c l e a r l y  

d e m o n s t r a t e d  t h i s .  I t  f u r t h e r m o r e  s h o w e d  t h a t  a b e t t e r  

f l u x  o f  i n f o r m a t i o n  m i g h t  i n c r e a s e  t h e  e f f i c i e n c y  o f  

r e s e a r c h  w o r k  o f  t h i s  k i n d .  

C l a s s i c a l  Raman s p e c t r o s c o p i c  m e t h o d s  n o r m a l l y  p r o v i d e  

a n  e x t r e m e l y  l a r g e  numher  o f  l i n e s  f r o m  b i o l o g i c a l  
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612 CLAUS AND BRANDMULLER 

systems in the liquid state. The only parameter giving 

information on assignments is the depolarisation ratio 

A straight forward examination of Raman spectra from 

a biological system should start with detailed studies 

o f  its single crystalline amino acids or even simpler 

parts in the opinion of this authors. Directional 

dispersion and polariton measurements applied to these 

provide detailed information because only one 

additional parameter (the scattering angle) allows a 

multiple number of eigenfrequencies to be determined. 

Only when the frequency spectra of the "bricks" are 

Understood in detail an analysis of spectra from the 

complete system will give applicable information. A 

new journal dedicated to chemistry and lasers might 

induce some new work in this direction. 
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