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A B r i l l o u i n  s c a t t e r i n g  a p p a r a t u s  has  been c o n s t r u c t e d  

and measurements performed on t h e  11-VI semiconductor 

ZnSe, I n  t h e  exper iments  a s i n g l e  mode of  t h e  514.5 nrn 

l i n e  o f  an argon-ion laser w a s  used as t h e  l i g h t  source  

and a molecular  i o d i n e  f i l t e r  w a s  used t o  r e s o l v e  t h e  

B r i l l o u i n  components ' in  t h e  presence  of a s t r o n g  Rayleigh 

component. An a n a l y s i s  of t h e  s p e c t r a  has  provided t h e  

fo l lowing  v a l u e s  f o r  t h e  e l a s t i c  c o n s t a n t s  of s i n g l e - c r y s t a l  

ZnSe : Cll = 87 .2  2 0 .6 ,  C12 = 5 2 . 4  2 0 .8  and C 4 4  = 39 .2  k 0.4 

i n  u n i t s  of 1 0 ~ ~ d ~ n e / c r n ~ .  The p r e s e n t  r e s u l t s  w e r e  com- 

pared t o  p rev ious  piezo-resonance and u l t r a s o n i c  measure- 

ments and also t o  v a l u e s  determined from neut ron  d a t a .  

I n  a d d i t i o n ,  comparisons w e r e  made w i t h  t h e  e l a s t i c  moduli 

of p o l y c r y s t a l l i n e  ZnSe and f u r t h e r ,  an  e s t i m a t e  was made 

of t h e  r e l a t i v e  magnitude of t h e  p h o t o e l a s t i c  c o e f f i c i e n t s .  
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CHAPTER 1 

INTRODUCTION 

1.1 Preface 

The long wavelength acoustic vibrations of dielectric 

crystalline solids have been investigated in the past by 

various methods. These methods include ultrasonic techniques 

(Huntington, 1947, 1958), piezo-resonance techniques (Cady, 

1964), neutron scattering experiments (Batchelder et al., 

1970) and Brillouin scattering measurements (Gornall et 

al., 1971). The results of such experiments provide infor- 

mation on the velocity of sound (elastic moduli), photo- 

elastic constants and piezoelectric coefficients of the 

crystal. In addition, if the measurements are made as a 

function of frequency the long wavelength dispersion of 

the acoustic phonon branches can be determined. This infor- 

mation is of course not only of direct interest, as it 

pertains to the properties of the crystal, but is impor- 

tant as a basis for any theoretical analysis of the 

vibrational spectrum. A brief discussion of the merits of 
'C/ 

the above techniques is given in the following sections. 

1.2 Ultrasonic Methods 

Ultrasonic techniques are used to generate long wave- 

length acoustic vibrations in crystalline solids. Transducers 



are used to excite the longitudinal and transverse elastic 
% 

8 
waves at frequencies up to about 10 Hz. The sound velocity 

is determined from the time taken for the impressed pulse to 

travel through a known crystal dimension and the elastic 

constants are then determined from these measured sound 

velocities (Fedorov, 1968). Using pulse-echo techniques, 

as outlined by McSkimin (1950; 1961), the sound velocities 

can be determined to within .I%. 

Due to their poor performance at higher frequencies 

transducers are limited in operation to frequencies 10 
8 

Hz and as a result only acoustic phonons within this rather 

limited frequency range can be investigated. Furthermore, 

the requirement of sufficiently large samples (-1 cm3) limits 

the range of available crystals. A discussion of the 

experimental technique is given by Huntington (1947, 1958). 

1.3 Piezo-Resonance Techniques 

The piezo-resonance technique, also known as the resonance 

or dynamic method, uses the response of a piezoelectric crys- 

tal to an alternating electric field to determine the elastic 

and piezoelectric constants. The specially cut piezoelectric 

crystal is oriented in an external electric field in sudh  

a manner as to excite the desired vibrational mode. The 

applied electric field produces a deformation of the crystal 

through the action pof the converse piezoelectric effect and, 



as a result of the direct effect, this deformation induces 

a polarization in the crystal. This polarization, in turn, 

has an associated electric field whose reaction on the 

external field can be monitored. When the frequency of 

the applied field corresponds to a normal vibrational 

mode of the crystal the amplitude of the deformation reaches 

a maximum. This resonance can be observed by monitoring 

the current in the driving circuit. This current is maxi- 

mized at resonance. The measured resonant and anti-resonant 

frequencies of the driving field can be related directly to 

the elastic, piezoelectric and dielectric constants of the 

crystal (Cady, 1964; Berlincourt et al., 1964; Mason,1950). 

This technique has the advantage in that it provides 

a measure of the dielectric constants as well as the elastic 

and piezoelectric coefficients. This method is further 

useful in determining the effect of external influences, 

such as temperature and pressure, on these parameters. Also, 

due to the present interest in piezoelectric devices much 

technical information exists on the piezoelectric effect. 

In this technique typical resonant frequencies occur in 

the range of .1 - 50 MHz and thus only very low frequency 
phonons are sampled. Also, the elastic constants determined 

by this method have an uncertainty of about 1-2%; due mainly 

to the complex mathematical analysis required and uncertainty 



i n  t h e  dimensional measurements of t h e  c r y s t a l  samples. 

The method requ i re?  r a t h e r  l a r g e  c r y s t a l s  ( . l  cm x 1 cm x l  cm) 

usua l ly  i n  t h e  form of a  pa ra l l e l ep iped .  The a n a l y s i s  of 

t h e  d a t a  wi th  d i f f e r e n t  f i e l d  o r i e n t a t i o n s  i s  n a t u r a l l y  

s i m p l i f i e d  i f  t h e  e x t e r n a l  f i e l d  i s  appl ied  along a  symmetry 

a x i s  of t h e  c r y s t a l  and becomes inc reas ing ly  complex a s  o t h e r  

o r i e n t a t i o n s  a r e  used. Furthermore, t h i s  method i s  only  

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

1 . 4  Neutron S c a t t e r i n g  

A d i r e c t  measure of phonon d i spe r s ion  throughout t h e  

B r i l l o u i n  zone i s  provided by neutron s c a t t e r i n g  (Leake 

e t  a l . ,  1969; Hennion e t  a l . ,  1971) .  Thermal neutrons 

from a r e a c t o r  have ene rg ies  and wavelengths comparable t o  

those  of t h e  v i b r a t i o n a l  f requencies  and l a t t i c e  spacings,  

r e spec t ive ly .  The energy change of t h e  neutron a s  a  func t ion  

of s c a t t e r i n g  angle  can be used t o  determine t h e  frequency 

and wavelength of , the l a t t i c e  v i b r a t i o n s .  However, due t o  

i n s u f f i c i e n t  energy r e s o l u t i o n  and small  f l u x e s  it i s  

d i f f i c u l t  t o  analyze t h e  s c a t t e r i n g  from long wavelength 

a c o u s t i c  phonons. 

A l t e r n a t i v e l y ,  an in te ra tomic  f o r c e  cons tan t  model i s  

u s u a l l y  used t o  f i t  a t h e o r e t i c a l  d i spe r s ion  curve t o  t h e  

da ta .  The model has s e v e r a l  parameters which a r e  determined 

from measured phonon f requencies  and t h e  model is  then used 

t o  determine t h e  e l a s t i c  c o n s t a n t s  from t h e  s lope  of t h e  

acous t i c  branches i n  t h e  long wavelength l i m i t .  



Since  neu t ron  beams a r e  n o t  i n t e n s e  l a r g e  c r y s t a l  

volumes ( ~ 1  cm3) and long count ing times a r e  r equ i r ed .  

Some m a t e r i a l s  a r e  n o t  s u i t e d  f o r  t h i s  method because of  

t h e i r  h igh  neu t ron  a b s o r p t i o n  o r  l a r g e  incohe ren t  s c a t t e r -  

i n g  c r o s s - s e c t i o n s .  Also,  t h e  e l a s t i c  c o n s t a n t s  determined 

from t h e  neu t ron  d a t a  may d i f f e r  s i g n i f i c a n t l y  from t h o s e  

determined by more d i r e c t  methods ( I rw in  and LaCombe, 1972) .  

On t h e  o t h e r  hand neu t ron  d a t a  does prov ide  va luab le  i n f o r -  

mation about  phonon d i s p e r s i o n  and when used wi th  o t h e r  

measurements can prov ide  an a c c u r a t e  i n d i c a t i o n  of  d i s p e r -  

s i o n  throughout  t h e  B r i l l o u i n  zone. 

1 . 5  B r i l l o u i n  S c a t t e r i n g  

The i n v e n t i o n  of t h e  l a s e r  renewed i n t e r e s t  i n  t h e  

phenomena of t h e  s c a t t e r i n g  of  l i g h t  by c r y s t a l  l a t t i c e  

v i b r a t i o n s  f i r s t  proposed by B r i l l o u i n  (1914, 1922) .  This  

method s e r v e s  t o  complement t h a t  o f  u l t r a s o n i c s  i n  t h a t  i t  

e n a b l e s  one t o  ex tend  t h e  measured phonon f r equenc ie s  t o  t h e  

g i g a h e r t z .  

I n  B r i l l o u i n  s c a t t e r i n g  l a s e r  l i g h t  i s  i n c i d e n t  on a 

sample and t h e  s c a t t e r e d  l i g h t  i s  f requency analyzed.  The 

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

t e n s o r .  These f l u c t u a t i o n s  a r e  gene ra t ed  by t h e  thermal  sound 

waves i n  t h e  medium. From an a n a l y s i s  of  t h e  spectrum of 

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

can be measured and t h e  e d a s t i c  c o n s t a n t s  determined.  



Essentially there are no restrictions on crystal size 

or type other than that the crystal transmit a portion of 

the exciting light. Phonon phase velocities can be deter- 

mined for practically any crystallographic direction but 

the more symmetric directions naturally provide the simplest 

relations between phase velocity and elastic constants. The 

relative ease of applying Brillouin scattering measurements 

in various scattering geometries can result in more infor- 

mation about phonon dispersion than from either ultrasonic 

or piezo-resonance methods. However, the experimental 

uncertainty associated with phase velocity measurements in 

Brillouin scattering is usually about 1% as compared to .1% 

for ultrasonic methods; due primarily to a lack of angular 

resolution associated with the former. A review of the 

Brillouin scattering technique is given by Benedek and 

Fritsch (1966) and an outline of their analysis is presented 

in Chapter 2 of this thesis. 

From this discussion it can be concluded that ~rillouin 

scattering is a versatile method for obtaining sound veloci- 

ties and complements ultrasonic and piezo-resonance measure- 

ments. However, in the past Brillouin scattering experimentation 

in solids has been complicated by the large amount of light 

scattered at the unshifted laser frequency. This unshifted 

component will hereafter be referred to as the Rayleigh 

component. The intensity of this central component was 



4 to 5 orders of magnitude larger than that of conventional 

R a y l e i y h  scattering. This increased scattering was mainly 

due to scattering from crystal imperfections and the collection 

of specularly reflected light from the 'crystal faces. This 

component may be so intense that the instrumental "wings" 

are not sufficiently rejected by the experimental apparatus 

and as a result the Brillouin components cannot be resolved. 

This problem is particularly severe in solids with a large 

refractive index due to the enhanced reflections from such 

arystals; as for example the ZnSe crystals used in the 

present experiment. 

This problem has been overcome by using a molecular 

iodine filter as proposed by Devlin et a1.(1971) to attenuate 
0 

the 5145 A single mode output of an argon-ion laser. This 

arrangement sholrld now make the technique of Brillouin scat- 

tering applicable to an extremely wide range of solids and 

in particular to wide band semiconductors of the 11-VI and 

111-V groups where large single crystals are hard to obtain. 

1.6 Present Work 

Due to our interest in 11-VI semiconductors it was 

decided to construct an apparatus for performing Brillouin 

scattering measurements. The assembly and experimental method 

of such an apparatus is described in Chapter 3 of this thesis. 

An evaluati~n of the apparatus and method is given in Chapter 

4 where measurements were performed on crystalline a-Quartz 

for which the elastic constants are well known (McSkimin, 1962; 

Cecchi et al., 1970) . 



The primary aim of this experiment was, however, to 

measure the elastic constants of Zinc Selenide (ZnSe). The 

elastic constants were first determined by Berlincourt et al. 

(1963) from piezo-resonance data. A more recent ultrasonic 

measurement by Lee (1970) produced values which disagreed 

with Berlincourt's. Furthermore, on the basis of his neutron 

results Hennion et al. (1971) suggested that Berlincourt's 

results were grossly in error. This suggestion was reinforced 

by Talwar et al. (1972) on the basis of an interpretation of 

the neutron data using a seven parameter model called the 

second neighbour ionic (SNI) model (Banerjee and Varshni , 1 9 6 9 )  . 
Due to the large discrepancies between these sets of 

data it was decided that an independent measurement was 

warranted. The method of Brillouin scattering was chosen 

since it seemed the most appropriate, especially due to the 

small crystal samples available and further because of the 

recent discovery (Devlin et al., 1971) of the molecuEar 

iodine filter. 

Furthermore, this technique would complement the previous 

measurements by extending the phonon frequencies to the 

gigahertz range, thus providing an indication of any serious 

dispersion in the acoustic phonon branches near = 0. 

The results of the Brillouin scattering measurements 

are presented in Chapter 5 where a comparison is made to the 
i 



previous experimental results. In particular, the present 

work is compared to the measurements of Berlincourt et al. 

(1963), Lee (1970) and the neutron results of Hennion et al. 

(1971) and Talwar et al. (1972). In addition, a comparison 

is made to the polycrystalline elastic moduli of ZnSe (Chung 

et al., 1967) and a discussion of the consistency of the 

data is made using a relation due to Martin (1970). Finally, 

the present data is used to estimate the relative magnitude 

of the photoelastic coefficients. 



CHAPTER 2 

THEORY 

2 . 1  In t roduc t ion  

I n  t h e  f i r s t  p a r t  of t h i s  chap te r  t h e  theory of B r i l l o u i n  

s c a t t e r i n g  i n  cubic  c r y s t a l s  i s  presented.  The a n a l y s i s  

fol lows t h a t  given by Benedek and F r i t s c h  (1966).  Resul t s  

f o r  t h e  s c a t t e r e d  f i e l d  and s p e c t r a l  d e n s i t y  funct ion  a r e  

der ived  and a weighting f a c t o r  i s  def ined  f o r  t h e  s c a t t e r e d  

i n t e n s i t y .  I n  t h e  second p a r t  a  theory of e l a s t i c  waves i n  

cubic  c r y s t a l s ,  due t o  Fedorov ( l968) ,  i s  used t o  determine 

t h e  r e l a t i o n  between the  sound v e l o c i t y  and t h e  e l a s t i c  

cons tan t s .  F i n a l l y ,  r e l a t i o n s h i p s  between t h e  ~ r i l l o u i n  

frequency s h i f t s  and t h e  e l a s t i c  cons tan t s  a r e  der ived 

(Tables I - V )  f o r  the  var ious  s c a t t e r i n g  geometries used i n  t h e  

p resen t  experiment. 

2.2 B r i l l o u i n  S c a t t e r i n g  

~ r i l l o u i n  s c a t t e r i n g  r e f e r s  t o  t h e  s c a t t e r i n g  of l i g h t  

by long wavelength a c o u s t i c  phonons. The s c a t t e r i n g  r e s u l t s  

f r o m  i n t e r a c t i o n s  between t h e  i n c i d e n t  e lectromagnet ic  f i e l d  

and propagating thermal f l u c t u a t i o n s  i n  t h e  medium. These 

thermal f l u c t u a t i o n s  cause a l o c a l  change i n  t h e  po la r i zab i -  

l i t y  o r  d i e l e c t r i c  cons tan t  and t h e  s c a t t e r i n g  can be analyzed 

i n  terms of these  thermally generated f l u c t u a t i o n s .  



such an a n a l y s i s  follows from t h e  i d e n t i f i c a t i o n  (Debyc, 

1912) of t h e  thermal content  of t h e  medium with t h e  e x c i t a t i o n  

of c r y s t a l  l a t t i c e  v i b r a t i o n s .  The connection between t h e  sound 

wave and t h e  f l u c t u a t i o n s  i n  t h e  d i e l e c t r i c  cons tant  w a s  

der ived  by Pockels ( 1 9 0 6 ) .  I n  h i s  a n a l y s i s  Pockels r e l a t e d  

t h e  f r a c t i o n a l  change i n  the  d i e l e c t r i c  t ensor  t o  t h e  s t r a i n  

t ensor  components of t h e  sound wave. The f l u c t u a t i n g  com- 

ponent of t h e  d i e l e c t r i c  t ensor  causes t h e  i n c i d e n t  r a d i a t i o n  

t o  be s c a t t e r e d .  

The s c a t t e r i n g  may a l s o  be viewed c l a s s i c a l l y  a s  "Bragg" 

r e f l e c t i o n  from f l u c t u a t i o n s  whose wavelength ( A f )  and 

s c a t t e r i n g  angle  ( 8 )  a r e  r e l a t e d  t o  t h e  wavelength of t h e  

e x c i t i n g  r a d i a t i o n  i n  t h e  medium by t h e  Bragg condi t ion:  

where n  is  t h e  index of r e f r a c t i o n  of t h e  medium. A l t e r n a t i v e l y ,  

t h e  s c a t t e r i n g  may be viewed a s  a  doppler s h i f t  i n  frequency 

of t h e  i n c i d e n t  r a d i a t i o n  due t o  propagating d i e l e c t r i c  

f l u c t u a t i o n s  of phase v e l o c i t y  Vs. Tee corresponding f rac -  

t i o n a l  s h i f t  i n  frequency i s  given by t h e  B r i l l o u i n  formula: 

where C is  t h e  v e l o c i t y  of l i g h t  i n  vacuum. This formula 



was f i r s t  obtained by B r i l l o u i n  (1914, 1922) and shows 

t h a t  t h e  spectrum of t h e  s c a t t e r e d  l i g h t  can provide a 

determinat ion of t h e  phase v e l o c i t y  of thermally exc i t ed  

sound waves whose wavelength i s  of t h e  same o rde r  a s  t h a t  

of t h e  d e t e c t i n g  r a d i a t i o n .  Such sound waves have f requencies  

of t h e  o rde r  of 1 - 5 0  G H z  i n  s o l i d s .  

Ear ly  t h e o r i e s  of B r i l l o u i n  s c a t t e r i n g  were made by 

B r i l l o u i n  (1914, 1922) and Landau and Placzek (1934) . 
More r e c e n t  t h e o r i e s  were formulated by Pecora (1964) 

and Mountain (1966).  I n  these  l a t e r  t rea tments  t h e  spectrum 

of t h e  s c a t t e r e d  l i g h t  was r e l a t e d  t o  t h e  space-time 

c o r r e l a t i o n  func t ionfo r  t h e  d e n s i t y  f l u c t u a t i o n s  i n  t h e  

s c a t t e r i n g  medium. A c l a s s i c a l  t rea tment  appropr ia t e  t o  

c r y s t a l l i n e  s o l i d s  has been given by Benedek and F r i t s c h  

(1966) and an o u t l i n e  of t h e i r  a n a l y s i s  i s  presented here .  

2.3 S c a t t e r i n g  Amplitude 

I n  t h i s  s e c t i o n  an expression f o r  t h e  amplitude of the  

s c a t t e r e d  f i e l d  i s  derived.  S c a t t e r i n g  of t h e  i n c i d e n t  

r a d i a t i o n  a r i s e s  from t h e  presence of a  f l u c t u a t i n g  component 

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

P ( g , t )  a t  g i v e s  r i s e  t o  a  s c a t t e r e d  f i e l d  d E 1 ( R , t )  a t  t h e  - - - 
f i e l d  p o i n t  - R and time t: 



where t h e  v e c t o r s  - R ,  - r and t h e  u n i t  v e c t o r s  9 R - r  and 9 - - k 

a r e  shown i n  F igu re  1. 

F igu re  1. The S c a t t e r i n g  Geometry 

F o r  s i m p l i c i t y  t h e  f i e l d  p o i n t  - R i s  taken w i t h i n  t h e  

medium, t h e  e x t e r i o r  f i e l d  g iven  by t h e  g e n e r a l  l a w s  of  

r e f l e c t i o n  and r e f r a c t i o n .  I n  equa t ion  2.3,  t '  i s  t h e  

r e t a r d e d  t i m e  (t - ) c a l c u l a t e d  us ing  t h e  v e l o c i t y  

'n 
of  l i g h t  i n  t h e  medium (Cn = C/n) . 

The macroscopic p o l a r i z a b i l i t y  t e n s o r  - a ( L , t )  - may be w r i t t e n  

as t h e  sum of a  t i m e  averaged p a r t < g ( t , t ) >  - and a f l u c t u a t i o n  

6 2  (2,  t) . The d i e l e c t r i c  t e n s o r  i s  r e l a t e d  t o  t h e  p o l a r i -  

z a b i l i t y  t e n s o r  accord ing  t o :  



where Gg(r - I t) = 6h (5, t) / 4 ~ .  Here t h e  d i e l e c t r i c  cons tan t  

t e n s o r  & ( r ,  - t) i s  ~ r i t t e n  a s  t h e  s u m  of a  t i m e  averaged 

p a r t  < C (r , t ) >  and a  f l u c t u a t i o n  (r , t) wi th  t ensor  compo- 
ry - 

nents " i j  
(5, t) 

The coupling between t h e  thermal sound wave and t h e  

f l u c t u a t i o n  i n  t h e  p o l a r i z a b i l i t y  i s  provided by t h e  photo- 

e l a s t i c  ( e l a s to -op t i c )  c o e f f i e n t s  Pijkl (Pockels,  1906; 

Nye, 1957; Born and Huang, 1 9 5 4 ) :  

where ni is  t h e  component of t h e  r e f r a c t i v e  index r e f e r r e d  

t o  t h e  i - t h  coordina te  a x i s  and S i j ( r , t )  - a r e  t h e  s t r a i n  

t ensor  components a s soc ia ted  with t h e  sound wave. The 

s t r a i n  t ensor  components a r e  def ined  t o  be: 

where Ui i s  t h e  i - t h  component of t h e  displacement ( U ( r , t ) )  - -  
of t h e  atom a t  p o i n t  - r and time t and x r e f e r s t o  t h e  j - th  

j 

coordina te  a x i s  r e l a t i v e  t o  which t h e  t ensor  components 

' i j k k  
a r e  def ined.  

I n  t h e  s p e c i a l  c a s e  of a  cubic  c r y s t a l  t h e r e  a r e  only 

t h r e e  non-zero p h o t o e l a s t i c  t ensor  components and equat ion 

2 . 5  t a k e s  t h e  form (Benedek e t  a l . ,  1966; Nye, 1957):  



where 6 i j  i s  t h e  kronecker d e l t a  funct ion  and t h e  reduced 

form of t h e  p h o t o e l a s t i c  t ensor  has  been used. The t r a n s -  

formation Pi jkQ + P has  t h e  same form a s  t h a t  f o r  t h e  
aB 

e l a s t i c  cons tan t s  CijkQ (Appendix Af Fedorov, 1968).  The 

re fe rence  coordina te  axes employed here  correspond t o  t h e  

four-fold r o t a t i o n a l  symmetry axes of t h e  cubic  l a t t i c e .  

The p o l a r i z a b i l i t y  a t  each p o i n t  - r i n  t h e  medium 

can be w r i t t e n :  

To eva lua te  t h e  'second t i m e  d e r i v a t i v e  of - P as requi red  by 

equat ion 2 . 3  it should be remembered t h a t  t h e  c h a r a c t e r i s t i c  

frequency f o r  thermal f l u c t u a t i o n s  i s  5 10' H z  compared t o  

t h e  l i g h t  frequency of about 1 0 1 4 ~ z .  Thus &g(r , t )  - may be 

regarded a s  a slowly varying func t ion  of time and w e  may 

wr i t e :  



On substitution of equations 2.8 and 2.9 in equation 

2.3 and integrating over the illuminated volume V at the 

retarded time t' we have for R>>r: 

where 2 'Z !Lk 
B-2. 

and in the denominator I - R - - r ) r R. 
The volume integral in equation 2.10 represents the 

superposition of phases of waves scattered from each il- 

luminated point in the medium. In the absence of the 

fluctuations 8% this superposition leads to a complete 

cancellation of the scattered field. The contribution 

to the integral from the <s> term is zero except in the 
forward direction ( 0  = 0 ) .  Scattering out of the incident 

direction results entirely from fluctuations in the 



polarizability. 

The fluctuaiiions in the polarizability tensor can be 

analyzed into spatial fourier components: 

where 9 and w (2) are the wavevector and frequency of 1-I 

the fluctuation respectively. The index 1-1 denotes the 

possibility of a number of branches in the dispersion 

relation w (q) - which correspond to the different phonon 
modes. In general w (5) can be complex to include damping 

F.l 

of the fluctuation. Also w (9) is double valued (2) to 
1-I 

account for degeneracy in the dispersion relation for 

positive and negative running waves. 

The scattered field (2.10) can now be written using 

where : 



i s  t h e  s c a t t e r e d  wavevector which corresponds t o  t h e  

s c a t t e r i n g  from a v i b r a t i o n  of frequency w ( 5 ) .  
lJ 

The f i n a l  i n t e g r a l  i n  equat ion 2 . 1 2  is  a d e l t a  

func t ion  [d  (L-k + K)] - provided t h e  i l luminated  region  is 

very l a r g e  compared t o  t h e  wavelength of t h e  l i g h t .  This  

merely expresses  t h e  conservat ion  of momentum between 

t h e  i n c i d e n t  photon ( 1  I t h e  s c a t t e r e d  photon (k) - and t h e  

s c a t t e r i n g  f l u c t u a t i o n  ( c r y s t a l  momentum) 5 = - 4  k-k . I t  i s  

emphasized t h a t  only t h e  - K-th f o u r i e r  component of t h e  

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

a t  t h e  f i e l d  po in t  - R. 

S u b s t i t u t i o n  of equat ion 2 .4  i n  2.11 and r e l a b e l l i n g  

E' - ( R ,  - t) by E l  - ( K , t )  - t o  emphasize t h e  dependence on s c a t t e r i n g  

wavevector ( K )  - equat ion 2 . 1 2  becomes : 

P 
where it i s  noted t h a t  ~ D ' ( K )  - - = 6 & ( g  *& i s  t h e  f l u c t u a t i o n  

i n  t h e  displacement vec to r  f o r  t h e  IJ-th v i b r a t i o n a l  mode 

of wavevector - K .  

The amplitude of t h e  s c a t t e r i n g  from each branch OJ) 

i s  seen (2.14) t o  be propor t ional  t o  t h a t  s p a t i a l  f o u r i e r  

component of t h e  f l u c t u a t i o n  i n  which has wavevector 



K .  The frequency of t h e  s c a t t e r e d  wave (u') i s  s h i f t e d  - 
from t h e  i n c i d e n t  wave by an amount 2 ~ ~ ( 5 ) .  The s c a t t e r e d  

f i e l d  con ta ins  peaks i n  amplitude a t  t h e  f requencies  

w o i ~ ~ ( 5 ) .  For a given phonon mode(l.~)these peaks are 

r e f e r r e d  t o  as t h e  B r i l l o u i n  double ts .  The peak a t  

w - w (K) is  c a l l e d  t h e  Stokes component and t h a t  
0 IJ - 

a t  w + w ( K )  i s  c a l l e d  t h e  ant i -Stokes component. 
0 v - 

2 . 4  Angular Dependence 

The angular  dependence of t h e  B r i l l o u i n  double t  spacing 

may be analyzed i n  t h e  fol lowing manner. Let  t h e  i n c i d e n t  

l i g h t  be s c a t t e r e d  through an ang le  8 .  Since t h e  phonon 

energy i s  much l e s s  than  t h a t  of t h e  photon, t h e  i n c i d e n t  

and s c a t t e r e d  wavevectors a r e  nea r ly  of t h e  same magnitude. 

Using conservat ion of momentum t h e  phonon wavevector can 

then be given by: 

0 2nw 0 K s 2k s i n ( T )  = ----a- s i n  (T) 
0 C 

The corresponding frequency s h i f t  is  determined 



by the acoustic dispersion relation: 

where R - K/K is the unit phonon wavevector. (Note: in 
K- - 

this analysis the long wavelength limit is assumed). 

Combining equations 2.15 and 2.16 the Brillouin formula 

(2.2) can be derived: 

The dispersion relation (2.16) for acoustic phonons 

in solids contains in general three branches. These branches 

correspond to a longitudinal and two transverse vibrational 

modes. Thus there are three frequencies associated with the 

wavevector K - and the Brillouin spectrum will in general 
contain three sets of doublets located "symmetrically" about 

the incident light frequency. 

The derivation of the ~rillouin formula (2.2) ignored 

the small change in the magnitude of the wavevector of the ' 

scattered radiation. A complete analysis has been given by 

Chandrasekharan (1965). The only modification is a slight 

asymmetry in the placement of the Brillouin doublets about the 

unshifted frequency wo. The correction 6w being towards higher 
1.1 

frequencies for both Stokes and anti-Stokes components. 



6 w  l w  
It can be shown that the fractional shift is: u = 7 $ . 

W 
P 

This fraction is approximately 10'~ for most solids and 

in the present experiment was too small an effect to be 

measurable. 

2.5 Weighting Factor 

In this section a weighting factor for the scattered 

field is defined. The weighting factor provides a measure 

of the amplitude of the scattered field and was found use- 

ful in predicting polarization selection rules in the 

scattering experiments. 

The analysis of the scattered field (2.14) involved 

computing the fluctuation in the displacement vector 

~ D I '  - (K). - This requires a knowledge of the - K-th fourier 

component of the fluctuation in the dielectric tensor 

( 64"~) ) . Taking the fourier transform of equation 2.7 

and using equqtion 2.6 the following equations result: 



where w e  have inc luded  t h e  mode index  p and assumed a  

t r a v e l l i n g  wave whose ampli tude can be f o u r i e r  analyzed 

i n t o  s p a t i a l  components: 

where : 

Equat ion 2 . 2 0  r e p r e s e n t s  t h e  K-th - f o u r i e r  component o f  

t h e  e l a s t i c  d i sp lacement  of  t h e  sound wave. The o s c i l l a t o r y  

c h a r a c t e r  of  the wave i s  con ta ined  i n  t h e  exponen t i a l  f a c t o r  
/ 

and uY(K) - - i s  assumed t o  c o n t a i n  a slow t i m e  dependence which 

cor responds  t o  t h e  decay of  t h e  sound wave due t o  v i scous  

damping, thermal  conduct ion and s c a t t e r i n g  from c r y s t a l  

d e f e c t s .  

S u b s t i t u t i o n  of equa t ions  2 . 1 7  and 2.18 i n  t h e  d e f i n i t i o n  

o f  ~D'(K) - (2.14) g i v e s :  

where t h e  v e c t o r  - p p  i s  g iven  by (Benckert  and ~ H c k s t r o m  , 



where il-I is a  u n i t  vec tor  i n  t h e  d i r e c t i o n  of p o l a r i z a t i o n  

of t h e  sound wave. The components of Gbloong  t h e  cube 

*u A 

axes  a r e  (TI ) , , a  = 1,2,3. The u n i t  vec to r  L K  p o i n t s  i n  
A 

t h e  d i r e c t i o n  of t h e  sound wave and has components (!LKIL 
h 

along t h e  cube axes. The u n i t  vec to r  kE  points in the 
0 

d i r e c t i o n  of p o l a r i z a t i o n  of t h e  i n c i d e n t  l i g h t  wave wi th  

n 
('E ) along t h e  cube axes. lL a r e  u n i t  v e c t o r s  

0 R 

along t h e  four-fold symmetry axes of t h e  cubic  l a t t i c e .  

The d i r e c t i o n  and magnitude of vec tor  - p' i s  determined 

by t h e  v e c t o r s  - K ,  E and E" and t h e  magnitude of t h e  
-0 

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

I n  genera l  t h e  e l e c t r i c  d i s -  

placement &D'(K)  - - i s  i n  a d i f f e r e n t  d i r e c t i o n  from t h a t  of 

t h e  i n c i d e n t  f i e l d  (s). Comparison with equat ion 2 . 1 4  

r e v e a l s  t h a t  w e  measure no t  pu bu t  t h e  vec tor  cU which - - 
is r e l a t e d  t o  pl' by: - 

That is  w e  measure t h e  component of t h e  displacement 

vec to r  i n  t h e  plane perpendicular  t o  t h e  s c a t t e r e d  

wavevector (k)  - . The f a c t o r s  I <'I a r e  c a l l e d  weighting - 
f a c t o r s  s i n c e  they determine t h e  r e l a t i v e  i n t e n s i t y  

of t h e  l i g h t  which i s  s c a t t e r i n g  from a  phonon of mode 

1-I 



The expression (2.14) for the scattered electric 

field can now be written using equations 2,20, 2.21 and 

2.23 as: 

2.6 Spectral Distribution 

The spectral distribution of the scattered radiation 

is best described by introducing the auto-correlation 

function for the scattered field: 

limit - 1 lT sf - E ~ ( K ,  - _ t) dt 
T-- ZT 

-T 

The usual spectral density function S ( K , w l )  - is then 

defined by: 
w 

n 

which satisfies: 

S ( K , w l )  - d w '  = 1. 



The t o t a l  power r ad ia ted  i n  a l l  f requencies  which i s  

s c a t t e r e d  i n t o  the  s o l i d  angle  dQ a t  t h e  f i e l d  p o i n t  - R i s  

p ropor t iona l  t o  t h e  mean squared f i e l d  s t r e n g t h  and can be 

expressed as :  

Using equat ions 2.26, 2 . 2 7 ,  and 2.28 t h e  power s c a t t e r e d  

i n t o  t h e  s o l i d  angle  dii a t  t h e  f i e l d  p o i n t  - R which l ies  i n  

t h e  frequency i n t e r v a l  between w' and w '  + dm' i s  given by: 

To determine t h e  au to -cor re la t ion  funct ion  (2.25) 

equat ion  2.24 can be used t o  d e r i v e  t h e  following expression:  

a 

-iw -r X Id' ( 'XU'' ( K ,  t + - r )  * U C ( K , t )  > e o 
p = 1  - - - - 

where it i s  remembered t h a t  sound waves belonging t o  d i f -  

f e r e n t  p o l a r i z a t i o n  branches a r e  mutually or thogonal .  

W e  c a l l  

t h e  auto-corre la t ion  funct ion  f o r  - U' ( K  - , t) . This funct ion  may be 

obtained by reasoning along t h e  following l i n e s .  I n  equat ion 

2.20 t h e  temporal dependence of t h e  sound wave displacement 



was broken into two parts. One contained the rapid sound 

oscillation (etiwv (K) lJ ' - ) the other (2 ( 5 ~ ) )  being the much 

slower statistical fluctuation of the amplitude factor. 

This amplitude factor is a random variable and is cha- 

racterized by a temporal coherence with correlation time 

r (K) and a correlation rate l/r (K) . Assuming that the 
lJ - I.r - 
correlation function for this amplitude is exponentially 

damped in time then: 

(2.31) 

Physically r (K) represents the decay rate for a sound 
1-I - 

wave of mode and wavevector K. - 
The mean squared amplitude of the sound wave (2.31) 

can be related to the temperature (T) by the equipartition 

theorem for harmonic oscillators: the total vibrational 

energy is equal to twice the kinetic energy (K.E.) : 

where p is the mass density. Allowing for the double 

degeneracy in w (K) for positive and negative running 
1-I - 

waves and using the fourier expansion of - U(r,t) - (2.19) :  



Since - U ( q )  are the normal coordinates for the lattice 

vibrations it is reasonable to denote <E (q)> as the 
1-I 

thermal average of the energy for each normal mode. Using 

this correspondence the total energy can be written as the 

sum over all normal mode energies. This sum can be replaced 

by an integral over Idq\ with an appropriate density of 

states function: 

where V is the volume of the solid. Comparing equations 2 . 3 3  

and 2.34 and for kT >>%w (k is Boltzmann's constant) using 
1-I 

< E p ( q ) >  = kT we find: 

Substitution of equation 2.35 in 2 . 3 1  gives the 

following expression for the correlation function ( 2 .30 ) :  

where it is remembered that the 2 notation indicates a 

sum over both positive and negative running waves. 



The total power scattered into the solid angle dQ 

at - R is given by,equation 2.28 and the spectral density 

function (2.26) is given by: 

It is seen from equation 2.37 that the spectrum of the 

scattered radiation consists in general of three pairs 

(1-1 = 1,2,3) of doublets split around the incident light 

frequency w by the amount + w (K). Also the lineshape 
Q IJ - 

of the Brillouin components is lorentzian with linewidth 

P (K) and lifetime 2n/Tll(N . 
IJ - - 

U The coefficients 15 - 1 act as weighting factors which 
* 

determine the relative intensity of each Brillouin com- 

ponent. The magnitude of these coefficients depend on 

(2.22,  2.23) propagation directions and polarizations of 

the phonon and photons and on the value of the photoelastic 

tensor components. 

- 

*The relation between the weighting factors and the 

classical scattering coefficient defined by Fabelinskii 

(1968) is given in Appendix B. 



I n  t h e  p resen t  experiment va lues  f o r  t h e  weighting 

f a c t o r s  were determined from equat ions  2.22 and 2.23.  

The propagation d i r e c t i o n s  and p o l a r i z a t i o n s  of t h e  phonons 

and photons were used a s  parameters i n  t h e s e  equat ions  and 

t h e  r e s u l t s  a r e  given i n  Tables  I - V .  Also presented i n  

t h e s e  Tables a r e  expressions f o r  t h e  phonon phase v e l o c i t y  

a s  a  funct ion  of t h e  e l a s t i c  cons tan t s .  The r e l a t i o n  

between t h e  phase v e l o c i t y  and the  e l a s t i c  cons tan t s  i s  

d iscussed  i n  t h e  following s e c t i o n .  

2 .7  Theory of E l a s t i c  Waves i n  Cubic Crys ta l s  

I n  t h i s  s e c t i o n  a  b r i e f  d e s c r i p t i o n  of t h e  theory of 

e l a s t i c  waves i n  cubic  c r y s t a l s  i s  presented.  A more 

complete a n a l y s i s  i s  presented i n  Appendix A .  

The theory of B r i l l o u i n  s c a t t e r i n g  presented i n  t h e  

previous s e c t i o n s  of  t h i s  chapter  a l lows f o r  a  measure of 

t h e  phase v e l o c i t y  ( w p / K )  of t h e  acous t i c  v i b r a t i o n s  a s  

a  funct ion  of propagation d i r e c t i o n .  I n  t h e  p resen t  

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

angular  dependence of t h i q  v e l o c i t y  a r e  considered.  

The  theory of l a t t i c e  v i b r a t i o n s  i s  wel l  e s t a b l i s h e d .  

I t  i s  known (Fedorov, 1968) t h a t  a  genera l  formulism e x i s t s  

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

I n  t h i s  formulism t h e  phase v e l o c i t y  i s  obtained 



by diagonalizing the so-called dynamical matrix. It is 

known (Maradudin et al., 1963) that when the wavelength 

of the lattice vibrations become very long compared to the 

interatomic distances the elements of this matrix can be 

written in terms of the elastic constants. In this limit 

the phase velocity can be determined from an eigen- 

equation for the normal mode vibrations. This equation is 

referred to as Christoffel's equation and may be written: 
3 

C(ilim - v2dim) Um = 0 for i = 1, 2, 3 

where the second-rank tensor Aim is given by: 
a 

and hijQm = %ern 
P 

A 

where R K  is the unit phonon wavevector with components 
A 

(kK)% (i = l,, 2, 3) along the cube axis, hijQm the reduced 

elastic modulus tensor, Ci Qm the elastic constant tensor, 

P the mass density, V the phase velocity and Urn the m-th - 
component of the unit displacement vector (6 of the 
acoustic vibration. The cube axes are chosen parallel to 

the four-fold rotational axes of the cubic lattice. 

Christoffel's equation (2.38) is the eigen-equation 

for normal mode vibrations where unit ~olarization vectors of 

the phonons are the eigenvectors and the square of the phase 



velocity is the eigen-value. The eigen-values are 

determined from the root of the characteristic equation: 

- = 0 (2 .40)  

The problem of determining the normal mode acoustic 

vibrations in an elastic solid reducesto solving for 
h 

the eigen-vectors (U) and eigen-values ( v 2 )  of the tensor 

A. 

The elastic constant tensor for a cubic crystal 

contains only three non-zero components (Nye, 1957), 

namely Cll, C12 and C44.  (Note: the reduced form of 

the elastic constants has been used, see Appendix A ( A 4 ) ) .  

The components of the A tensor (2 .39)  are given by: 

Qll = ell" + C44 (9 + 

where Q =pA and (iK) = . 
j 

As a sample solution to the problem of determining 

the normal mode vibrations in a cubic crystal consider 



the following Brillouin scattering experiment. Light is 

incident along the edge of the cube and scattered light 

is observed at an angle of 8 = 90' along another edge of 

the cube. 

Let the light be incident along (100) and scattered i 

along (010). From conservation of momentum the wavevector 

of the scattering vibration is given by: 

and the unit vector: 

The components of the tensor Q (2.41) are given by: 

i - -  +c44) Q11 = Q22 - 2 11 

The eigen-equation (2.38) can be written in the 

expanded form: 

where X = pv2 is the eigen-value for this set of equations. 

For a non-trivial solution the determinant of the matrix 

(Q - XGim) must vanish (2.40): 



The three non-trivial solutions to the characteristic 

equation (2.46) are: 
A 

i) Xl = pv; = C441 U = (001) 

1 h 

ii) X2 = pv; = -(C 2 11 - C12) , u = JZ (L, L, 0) 
2 2 

A A 
which correspond to the two transverse waves (U-R = 0) and 

K 
1 iii) Xj = pv; = - ( C  + C12 C 2Cd4) 2 11 

A A 
which is a longitudinal wave (U-R = 1) 

K 

In a similar manner Christoffel's equation (2.38) can 

be solved for any arbritrary direction of wave propagation 
h A 

(9 iK) .  The solutions provide the polarization (U) and phase 

velocity (V) of the elastic wave. In each case the phase 

velocity is given as a function of the mass density (p) 

and the elastic constants (C ) . 
aP 

Results for the polarization and phase velocity of 

the acoustic vibrations which are relevant to the present 

experiment are given in Tables I-V. Presented are the 

frequency shifts (ern-') calculated from the Brillouin 



formula (2.2) where the phase velocity is used as a 

parameter. Also given are the weighting factors tii 
0% 

defined by equations 2.22 and 2.23 where the subscripts 

CT and T refer to the polarizations of the incident and 

scattered radiation respectively. 



TABLE .I 

Fine s t r u c t u r e  of l i g h t  s c a t t e r e d  i n  a  cubic  c r y s t a l  f o r  
which l i g h t  i s  i n c i d e n t  and observed qlong an edge of t h e  
cube. (Lo = k, (100) , k - = k, (010) , 0 = 90') 

Weighting Factor  5gT # 

a r e  t h e  weighting f a c t o r s  ( s e c t i o n  2.5, equat ions 
# '" 2 . 2 2 ,  2.23) f o r  which t h e  p o l a r i z a t i o n s  of t h e  
i n c i d e n t  and s c a t t e r e d  r a d i a t i o n  a r e  denoted by t h e  
s u b s c r i p t s  a and r r e s p e c t i v e l y .  The correspondence 
1,2,3 -- x , y , z  i s  used and t h e  n o t a t i o n L , ( \  denotes 
t h e s e  p o l a r i z a t i o n s  a s  perpendicular  o r  p a r a l l e l  t o  
t h e  s c a t t e r i n g  p lane ,  r e s p e c t i v e l y  (x= (100) , y= (010) , 
z=(001) ,  with r e spec t  t o  t h e  cubic  a x e s ) .  

L 

Phonon t 
Mode IJ 

T1 

T2 

L 

t The modes T1 and T a r e  po la r i zed  p a r a l l e l  and 
perpendicular  t o  tHe s c a t t e r i n g  p lane ,  r e spec t ive ly .  

f i n  * The common f a c t o r  - has been de le ted  i n  t h e  expressions 
f o r  t h e  frequency s h i f t s .  

Frequency-l 
S h i f t  (cm ) * 

4 -  
,,IF 

<ill 

= c i  1 1  

0 

- P 4 4  
JZ 

0 

5k 
=ql 

0 

0 

1 

=clll 1.I 

0 

% 
d2- 

0 

G1 

= 6 l 1 1  

0 

0 

P44 



TABLE 11 

Fine  s t r u c t u r e  o f  l i g h t  s c a t t e r e d  i n  cub ic  c r y s t a l  
f o r  which l i g h t  i s  i n c i d e n t  and observed a long  a 
d i agona l  t o  t h e  f a c e s  of t h e  cube. (k, = ko ( I l O ) ,  
k  = k ( 1 1 0 ) ,  8 = 90•‹)  
- 3 

JZ 

IJ Weighting F a c t o r  COT 

t The modes T1 and T are p o l a r i z e d  p a r a l l e l  and 
pe rpend icu la r  t o  t$e s c a t t e r i n g  p l ane ,  r e s p e c t i v e l y .  

* T h e  common f a c t o r  has  been d e l e t e d  i n  t h e  
exp res s ions  f o r  CX t h e  frequency s h i f t s .  



TABLE I11 

Fine structure of light scattered in a cubic crystal for 
which light is backscattered along an edge of the cube. 
(k, = k, (TOO) ; k = k, (100) , 8=180•‹) 

Weighting Factor cET 

* The common factor 2n has been deleted in the expressions 
for the frequency shifts. 

Phonon 
Mode P 

T1 

T2 

L 

. 
G 3  

lJ 
=522 

0 

0 

P12 

Frequencyml * 
Shift (cm 

,/7- 
,/.?jr 

<;2 

=t i3  

0 

0 

0 

b 



TABLE IV 

Fine  s t r u c t u r e  of  l i g h t  s c a t t e r e d  i n  a  cub i c  c r y s t a l  f o r  
which l i g h t  i s  b a c k s c a t t e r e d  a long  a  d i agona l  t o  t h e  f a c e  
o f  t h e  cube.(k,=k (TTo) , k = k, (110) , 0 = 180') 

73 - 7'7 

Phonon t 
Mode p 

Frequency-I 
S h i f t  ( c m  ) 

qe igh t ing  F a c t o r  5ET 

t The t r a n s v e r s e  modes T and T2 a r e  p o l a r i z e d  a l o n g  (1i0)/n 
and ( O O l ) ,  r e s p e c t i v e l * .  

2n * The common f a c t o r  - h a s  been d e l e t e d  i n  t h e  e x p r e s s i o n s  
f o r  t h e  . f requency s h i f t s .  



!I'ADI,I? V - --- --- 

Fine s t r u c t e ~ r c ;  oi L i y l l L  .c;c:,~ttcrcd i n  a cubic  c r y s t a l  
for which l i q i l t  i s  inc i t l cn t  a lony an edyc o f  t h e  cube a n d  
observed a t  90•‹ a lony  a d iagona l  t o  t h e  f a c e  of t h e  cube. 
(L = k, ( l o o ) ,  k = k (011) )  

- 3 

T2 t 
(pure)  

Phonon 
Mode LI 

t The pure  t r a n s v e r s e  T2 mode i s  p o l a r i z e d  pe rpend icu la r  t o  
t h e  s c a t t e r i n g  p lane .  

Pv2 ( V ,  i s  t h e  sound v e l o c i t y )  * 

* The frequency s h i f t s  are g iven  by t h e  B r i l l o u i n  formula 
( 2 . 2 ) .  The a p p r o p r i a t e  weight ing  f a c t o r s  a r e  no t  g iven 
h e r e  s i n c e  t h e  quas i -na ture  o f  t h e  v i b r a t i o n a l  modes 
l e a d s  t o  a  l eng thy  formula t ion  o f  t h e s e  f a c t o r s .  However, 
it has  been determined t h a t  f o r  t h i s  s c a t t e r i n g  geometry 
a l l  modes c o n t r i b u t e  t o  t h e  s c a t t e r e d  f i e l d ;  whether 
s u f f i c i e n t  t o  be  d e t e c t e d  has  n o t  been determined.  



CHAPTER 3 

EXPERIMENTAL METHODS 

3 .1  I n t r o d u c t i o n  

This  c h a p t e r  p r e s e n t s  a d e s c r i p t i o n  of t h e  exper imental  

a p p a r a t u s  and method used t o  perform t h e  B r i l l o u i n  s c a t t e r i n g  

exper iments .  The g e n e r a l  exper imenta l  arrangement i s  ou t -  

l i n e d  and followed by a d e t a i l e d  d e s c r i p t i o n  of t h e  i n d i v i -  

d u a l  components. 

3.2 Experimental  Arrangement 

A schemat ic  of  t h e  p r e s e n t  exper imental  appa ra tus  appea r s  

i n  F i g u r e  2 f o r  bo th  t h e  r i g h t - a n g l e  and b a c k s c a t t e r i n g  geo- 

metries used.  

The l i g h t  sourcewas  an argon-ion l a s e r  o p e r a t i n g  s i n g l e  

mode i n  t h e  '5145 A l i n e .  The l a s e r  beam en te red  a l i g h t  

t i g h t  box which conta ined  t h e  sample and o p t i c s .  For r i g h t -  

a n g l e  s c a t t e r i n g  t h e  l i g h t  was focussed on to  t h e  sample by 

a l e n s  of  180 mm. f o c a l  l e n g t h .  The sample, mounted on a 

goniometer,  was pos i t i oned  w i t h  one of i t s  f a c e s  normal t o  

t h e  i n c i d e n t  l a s e r  beam. The sample was a l i g n e d  t o  w i t h i n  

230' by matching t h e  s p e c u l a r l y  r e f l e c t e d  beam from t h e  f r o n t  

f a c e  of t h e  c r y s t a l  t o  t h e  i n c i d e n t  l a s e r  beam. 
1 
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A l m m .  d iameter  p inho le  was p o s i t i o n e d  about  15mm. 

from t h e  sample, a iong  a l i n e  a t  r i g h t  a n g l e s  t o  the l a s e r  

beam. Thi s  p inho le  served a s  t h e  source  a p e r t u r e .  A s h e e t  

p o l a r o i d  could be  i n s e r t e d  a d j a c e n t  t o  t h i s  p inho le  t o  inves-  

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

l i g h t .  The s c a t t e r e d  l i g h t  w a s  c o l l e c t e d  and co l l ima ted  by 

an achromat ic  l e n s  of 115mrn. f o c a l  l e n g t h .  The l i g h t  then  

passed through a  molecular  i o d i n e  f i l t e r  t h a t  a t t e n u a t e d  t h e  

s t r o n g  Rayleigh component found i n  t h e  s c a t t e r e d  l i g h t .  The 

f i l t e r e d  l i g h t  passed through an  a d j u s t a b l e  i r i s  diaphragm 

and e n t e r e d  a  p r e s s u r e  scanned Fabry-Perot  i n t e r f e r o m e t e r .  

An o b j e c t i v e  l e n s  w i t h  a f o c a l  l e n g t h  of 35cm. served a s  

t h e  e x i t  window of t h e  Fabry-Perot  and focussed t h e  i n t e r -  

f e r e n c e  p a t t e r n  on to  a  meta l  s c r een .  A l m m .  d iameter  p inho le  

was mounted on t h i s  s c r e e n  and p o s i t i o n e d  a t  t h e  c e n t e r  of 

t h e  i n t e r f e r e n c e  p a t t e r n .  Adjacent  t o  t h i s  p inho le  a  5145% 

f i l t e r  w i t h  10; bandpass was i n s e r t e d  t o  d i s c r i m i n a t e  a g a i n s t  

luminescence from t h e  sample and s p e c t r a l  l i n e s  from t h e  l a s e r  

plasma. F i n a l l y ,  t h e  s c a t t e r e d  l i g h t  was al lowed t o  e n t e r  

a  p h o t o m u l t i p l i e r  t u b e  housing which conta ined  an  I T T  FW-130 

p h o t o m u l t i p l i e r  tube .  The p h o t o m u l t i p l i e r  response  was f e d  

i n t o  a photon count ing  system and e v e n t u a l l y  d i sp l ayed  on a  

c h a r t  r e c o r d e r .  

The s c a t t e r i n g  a n g l e  ( 0 )  was measured by a t r i a n g u l a t i o n  

technique .  The v e r t i c e s  of t h e  r e f e r e n c e  t r i a n g l e  w e r e  l o c a t e d  



a t  t h e  sample, t h e  c e n t e r  of t h e  p inho le  a d j a c e n t  t o  t h e  

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

l i n e  de f ined  by t h e  i n c i d e n t  l a s e r  beam. Using t h e  c o s i n e  

law and measuring t h e  l e n g t h  of t h e  s i d e s  of t h i s  t r i a n g l e  

t h e  s c a t t e r i n g  a n g l e  was determined.  

I n  t h e  b a c k s c a t t e r i n g  geometry t h e  l a s e r  beam was 

focussed by a  197mm. f o c a l  l e n g t h  achromat ic  l e n s  through 

a  90•‹ prism o n t o  t h e  sample. The pr ism was mounted i n  f r o n t  

of  t h e  115mm. f o c a l  l e n g t h  achromat ic  c o l l e c t i n g  l e n s .  A 

7mm. d iameter  s p o t  a t  t h e  c e n t e r  of t h e  c o l l e c t i n g  l e n s  

was made opaque t o  p reven t  c o l l e c t i o n  of s p e c u l a r l y  r e f l e c t e d  

l i g h t  from t h e  f r o n t  f a c e  of t h e  c r y s t a l .  An a d j u s t a b l e  

i r is  diaphragm was a l s o  i n s e r t e d  between t h e  90" prism and 

t h e  sample t o  a i d  i n  t h e  e l i m i n a t i o n  of t h i s  r e f l e c t e d  l i g h t .  

A spectrum was ob ta ined  by changing t h e  g a s  p r e s s u r e  

between t h e  Fabry-Perot  p l a t e s  l i n e a r l y  w i t h  t i m e .  The f r e -  

quency ou tpu t  of t h e  spec t rometer  was t h u s  scanned l i n e a r l y  

i n  t i m e  and one e f f e c t i v e l y  o b t a i n s  a n  o u t p u t  on t h e  c h a r t  

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

Component D e s c r i p t i o n  

3 . 3 .  L i a h t  Source 

The l i g h t  source  was a  Spec t r a  Phys i c s  model 165 Argon- 

i o n  l a s e r  tuned t o  t h e  5145A l i n e .  A s i n g l e  mode o u t p u t  was 



obtained by us ing  a Spec t ra  Phys ics  model 589 i n t r a c a v i t y  

t i l t e d  e t a l o n ,  a s  desc r ibed  by Hercher (1969) . Such an 

e t a l o n  i s  s u f f i c i e n t l y  detuned t h a t  it i s  decoupled from t h e  

main l a s e r  c a v i t y .  I n  such a  s i t u a t i o n  it a c t s  simply a s  

a  bandpass t r ansmis s ion  f i l t e r .  

The f r e e  s p e c t r a l  range  of t h e  i n t r a c a v i t y  e t a l o n  ( 8  GHz) 

i s  l a r g e r  t han  t h e  t o t a l  g a i n  bandwidth of t h e  l a s e r ( 6  GHz) 

and t h u s  t r a n s m i t s  on ly  one mode of t h e  l a s e r  l i n e .  D i f f e r e n t  

modes can  be s e l e c t e d  by r o t a t i o n  of  t h e  e t a l o n .  The bandpass 

of t h e  e t a l o n  was l e s s  t han  t h e  s e p a r a t i o n  of a d j a c e n t  c a v i t y  

modes (approximately  143 M H z )  and t h u s  s i n g l e  mode o p e r a t i o n  

was ob ta ined .  The s i n g l e  mode power o u t p u t  was found t o  be 

about 50% of t h e  t o t a l  multimode power and no d r i f t  i n  f r e -  

quency was d e t e c t e d  w i t h i n  t h e  i n s t r u m e n t a l  r e s o l u t i o n  of --JGHz. 

The l a s e r  ou tpu t  was checked f o r  s i n g l e  mode o p e r a t i o n  

w i t h  t h e  Spec t r a  Phys ics  model 4 7 0  O p t i c a l  Spectrum Analyser .  

F igu re  3  shows a  t y p i c a l  o s c i l l o s c o p e  t r a c e  f o r  bo th  t h e  

multimode p a t t e r n  and f o r  t h e  s i n g l e  mode o p e r a t i o n  r e s u l t i n g  

from t h e  use  of t h e  i n t r a c a v i t y  e t a l o n .  

Molecular Iod ine  F i l t e r  

3.4 I n t r o d u c t i o n  

A major d i f f i c u l t y  i n  B r i l l o u i n  s c a t t e r i n g  exper iments  

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



( a )  Free-Running; N o  I n t r a c a w i t y  E t a l o n  (-850 MHz/cm) 

(b)  S i n g l e  Mode Obtained w i t h  I n t r a c a v i t y  E t a l o n  ( ~ 4 2 5  M~z/cm) 

F i g u r e  3 .  Free-runninq ( a )  and s i n q l e  mode (b )  argon- ion  
l a s e r  o p e r a t i o n  a t  5145 A showlng r e l a t l v e  
i n t e n s i t y  ( v e r t i c a l  s c a l e )  v e r s u s  f requency  
( h o r i z o n t a l  s c a l e ) .  



t h e  u n s h i f t e d  l a s e r  f requency.  The i n t e n s i t y  of t h i s  

Rayleigh component may be s o  g r e a t  t h a t  i t s  "wings" com- 

p l e t e l y  mask t h e  s i g n a l  under s tudy .  I n  t h e  s c a t t e r i n g  

exper iments  performed on ZnSe t h i s  was found t o  be t h e  

c a s e  and some method had t o  be found t o  overcome t h i s  

d i f f i c u l t y .  

The problem was r e so lved  by us ing  a molecular  i o d i n e  

(I2) f i l t e r  (Devlin e t  a l . ,  1971) which has  a s t r o n g  ab- 

s o r p t i o n  l i n e  s i t u a t e d  w i t h i n  t h e  g a i n  p r o f i l e  of t h e  5149i 

l i n e  of  t h e  argon-ion l a s e r .  

The s p e c i f i c  i o d i n e  t r a n s i t i o n  used i s  approximately  

1500 MHz h igher  i n  f requency than  t h e  c e n t e r  of  t h e  argon-ion 

l a s e r  g a i n  p r o f i l e  and approximately  700 MHz i n  width .  That  

mode of t h e  argon-ion l a s e r  t h a t  i s  c l o s e s t  t o  t h e  c e n t e r  of 

t h i s  t r a n s i t i o n  i s  chosen by t i l t i n g  t h e  i n t r a c a v i t y  e t a l o n ,  

whose o p e r a t i o n  was desc r ibed  i n  t h e  prev ious  s e c t i o n .  

A t t enua t ion  r e s u l t s  from a b s o r p t i o n  i n  t h e  i o d i n e  vapour 

and can be v a r i e d  by changing t h e  c o n c e n t r a t i o n  of  i o d i n e  

vapour i n  t h e  f i l t e r .  

3 .5  Cons t ruc t ion  

The molecular  i o d i n e  f i l t e r  was made from a 5-cm. d i a -  

meter  pyrex tub ing ,  10-cm. i n  l e n g t h ,  whose ends w e r e  s e a l e d  

w i t h  s t anda rd  o p t i c a l l y  f l a t  pyrex g l a s s .  An amount of s o l i d  

i o d i n e  ( I  ) was placed i n  t h e  c e l l  corresponding t o  approxi-  
2 

mate ly  4 0  mg/cc. of c e l l  volume. The c e l l  was evacuated f o r  



about ten minutes with a mechanical pump then sealed, 

leaving behind about one-half of the original iodine. This 

procedure removes the foreign gases and also ensures that 

there was always some solid iodine inequilibrium with its' 
a 

vapour at the highest cell temperatures used (-80•‹C). 

To prevent condens'zvtion of the iodine vapour on the end 

windows it was necessary to install 3-cm. diameter apertures 

about 1-cm. away from these end windows. Each aperture was 

machined in the end of a metal cylinder which fitted over the 

ends of the cell. Heating tape was wrapped around the cell, 

the wrappings were concentrated at the ends of the cell to 

ensure that condensation did not occur. A copper-constantan 

(#30 wire) thermocouple was epoxied to the center of the cell, 

away from the heating tape, to monitor the cell temperature. 

3.6 Calibration 

The attenuation provided by the filter was strongly 

dependent upon the partial pressure of iodine (I ) vapour in 
2 

the cell. This pressure was controlled by varying the 

temperature of the cell. The present cell was calibrated by 

measuring the laser power transmitted through the cell as a 

function of the cell temperature. The results are shown in 

Figure 4. The attenuation is given in db as a function of 

cell temperature. Also shown in this figure is the attenuation 

as a function of cell temperature for two filters used by 

Devlin et al., (1971), one 4.5 cm in length, the other 





20 cm. i n  l e n g t h .  I n  t h e  p r e s e n t  experiment t h e  ce l l  tempera- 

t u r e  was v a r i e d  from about  4 0  t o  70•‹C r e s u l t i n g  i n  an a t t e n u a -  

t i o n  of  from 5  t o  20  db. 

3 . 7  I o d i n e  Spectrum 

The s p e c i f i c  molecular  i o d i n e  t r a n s i t i o n  used has  been 

a s s i g n e d ,  Devlin e t  a l . ( 1 9 7 1 ) ,  t o  a b s o r p t i o n  from t h e  vl'=O l e v e l  

of t h e  X'L' e l e c t r o n i c  ground s t a t e  t o  t h e  v 1  = 43 v i b r a t i o n a l  
4  

l e v e l  of t h e  B' noU+ e x c i t e d  s t a t e .  For t h e  c o n s i d e r a t i o n  of 

t h e  p r e s e n t  experiment. it i s  impor tan t  t o  r e a l i z e  t h a t  t h e  

above i o d i n e  t r a n s i t i o n  i s  on ly  one of many t r a n s i t i o n s  occur-  

r i n g  nea r  (w i th in  2 cm") t h e  l a s i n g  frequency.  Devl in  e t  a l .  

(1971) mentioned t h a t  t h e r e  a r e  a s  many a s  f i v e  o t h e r  sha rp  

l i n e s  w i t h i n  1 cm-l. Furthermore,  Kurzel  and S t e i n f e l d  (1970) 

i n d i c a t e  t h a t  t h e  fo l lowing  s i x  r o t a t i o n a l  l i n e s  occur  w i t h i n  

1 (". 4 cm-' ) of t h e  l a s e r  l i n e :  

43-0 P (12 )  t R ( J - 4 )  

45-0 P (64 )  

49-1 R(18) 

50-1 P (39) 

51-1 P (53) 

Kurzel  e t  a l .  ( l97O) ,  (from Campbell e t  a l .  (1969) and 

LeRoi e t  a l . ,  unpubl ished)  commented t h a t  95% of t h e  f l u o -  

r e scence  observed by pumping w i t h  t h e  argon-ion l a s e r  (5145.36%1 

a r o s e  from t h e  43'-0" t r a n s i t i o n ,  wh i l e  on ly  5% was due t o  

t h e  45'-0" t r a n s i t i o n .  This  i m p l i e s  t h a t  it was l i k e l y  t h e  



J = 11, 1 5  r o t a t i o n a l t  l e v e l s  of  t h e  v' = 4 3  v i b r a t i o n a l  

s t a t e  of t h e  B3noU+ t h a t  was t h e  s p e c i f i c  e x c i t e d  s ta te  

which gave r i s e  t o  abso rp t ion  o f  t h e  l a s e r  l i n e .  

The presence  of t h e s e  o t h e r  abso rp t ion - f luo re scen t  

l i n e s  i n  t h e  p r e s e n t  experiment w a s  e v i d e n t  from t h e  ob- 

s e r v a t i o n  t h a t  some of t h e  B r i l l o u i n  components were o f t e n  

p a r t i a l l y  o r  even complete ly  a t t e n u a t e d .  This  c o n d i t i o n  

proved troublesome i n  ana lyz ing  t h e  d a t a  and a s  a consequence 

d i f f e r e n t  s c a t t e r i n g  geomet r ies  w e r e  employed a s  cross-checks  

on each o t h e r .  

- T h i s  a c c i d e n t a l  o v e r l a p  of  an  i o d i n e  abso rp t ion  l i n e  

w i t h  a B r i l l o u i n  component is  a l s o  e v i d e n t  i n  Love 's  (1973) 

B r i l l o u i n  s p e c t r a  of fused  s i l i c a .  I n  p a r t i c u l a r  t h e  S tokes  

l o n g i t u d i n a l  B r i l l o u i n  component was absorbed by t h e  f i l t e r .  

A thorough i n v e s t i g a t i o n  of  t h e  i o d i n e  a b s o r p t i o n  spectrum 

i n  t h i s  r e g i o n  has  n o t  been c a r r i e d  o u t  t o  d a t e  b u t  would 

be v a l u a b l e  i n  t h a t  it would prov ide  an  unambiguous a n a l y s i s  

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

P r e s s u r e  Scanned Fabrv-Perot  I n t e r f e r o m e t e r  

3.8 I n t r o d u c t i o n  

A p r e s s u r e  scanned Fabry-Perot  In t e r f e rome te r  s i m i l a r  t o  

t h a t  desc r ibed  by Biondi (1956) was used t o  f requency ana lyze  

t h e  s c a t t e r e d  r a d i a t i q n .  A d e s c r i p t i o ?  of t h e  i n t e r f e r o m e t e r  

and i t s  o p e r a t i o n  i s  g iven  i n  t h e  fo l lowing  s e c t i o n s .  



3 . 9  Cons t ruc t ion  

A c r o s s - s e c t i o n a l  drawiny of t h e  i n t e r f e r o m e t e r  i s  

shown i n  F igu re  5 .  For s i m p l i c i t y  t h e  c ros s - sec t ion  has 

been shown a s  symmetric about  t h e  o p t i c  a x i s  (K). I n  a c t u a l  

f a c t  t h e r e  i s  on ly  a  t h r e e - f o l d  r o t a t i o n a l  symmetry about  

t h i s  a x i s ,  de f ined  by t h e  p o s i t i o n s  of t h e  t h r e e  adjustment  

screws (J). 
0 

The Fabry-Perot  p l a t e s  ( P ) ,  98% r e f l e c t i n g  a t  5145A, 

w e r e  mounted i n s i d e  a  c y l i n d r i c a l l y  machined b r a s s  t u b e  

r e f e r r e d  t o  a s  t h e  p l a t e  ho lde r  ( F ) .  The p l a t e s  ( P )  w e r e  

p o s i t i o n e d  i n s i d e  t h e  p l a t e  ho lde r  by a  c y l i n d r i c a l  space r  

(Q). The p l a t e s  were s e p a r a t e d  from each o t h e r  by a  p l a t e  

s p a c e r  ( 0 ) .  The p l a t e  space r  w a s  formed from a  set  o f  t h r e e  

i n v a r  p i n s  each o f  l e n g t h  d  (0.2052 * 0.0002 c m ) .  The p i n s  

w e r e  mounted 1 2 0 '  a p a r t  i n  a  b r a s s  r i n g .  The d i e l e c t r i c a l i y  

coa t ed  s u f a c e s  of t h e  Fabry-Perot  p l a t e s  w e r e  h e l d  a g a i n s t  

t h e  p l a t e  space r  by t h e  p r e s s u r e  e x e r t e d  from t h r e e  r e t a i n e r  

s p r i n g s  ( I ) .  The r e t a i n e r  s p r i n g s  a c t e d  upon a t h i n  t e f l o n  

r i n g  which was p o s i t i o n e d  a g a i n s t  t h e  o u t e r  non-coated 

f a c e  of  t h e  p l a t e .  

The p l a t e  ho lde r  ( F )  was p o s i t i o n e d  i n s i d e  t h e  Fabry- 

P e r o t  housing (B) by t h e  c y l i n d r i c a l  suspension housing ( E l .  

Th i s  assembly (E and F) was he ld  f i x e d  i n s i d e  t h e  Fabry- 
< 

P e r o t  housing by retainer r i n g s  (D) . T,he ends of t h e  

Fabry-Perot  housing ( B )  w e r e  f i t t e d  w i th  end p l a t e s  (A)  
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forming a vacuum s e a l  w i th  t h e  o - r ings  ( M ) .  

A g l a s s  window ( S )  mounted t o  one of t h e  end p l a t c s  (A)  

served a s  t h e  e n t r a n c e  window, a l lowing  l i g h t  t o  e n t e r  t h e  

housing.  An achromat ic  l e n s  of  35-cm. f o c a l  length,mounted 

on t h e  o t h e r  end p l a t e , s e r v e d  a s  t h e  e x i t  window f o r  t h e  

i n t e r f e r o m e t e r .  

Adjustment of t h e  Fabry-Perot  p l a t e s  f o r  p a r a l l e l i s m  

was accomplished by va ry ing  t h e  p r e s s u r e  exe r t ed  by t h e  t h r e e  

s p r i n g  r e t a i n e r s  ( I)  on t h e  p l a t e s .  The p r e s s u r e  e x e r t e d  

by each  s p r i n g  r e t a i n e r  was c o n t r o l l e d  by t h e  ad jus tment  

screw ( J ) .  The i n t e r f e r e n c e  p a t t e r n  formed from a  low 

p r e s s u r e  Mercury Arc Lamp was viewed and t h e  p l a t e s  a l i g n e d  

p a r a l l e l  by t h e  s t anda rd  v i s u a l  procedure  o u t l i n e d  i n  

J e n k i n s  and White ( 1 9 5 7 ) .  

Vent h o l e s  ( R )  al lowed t h e  r e g i o n  between t h e  i n t e r -  

fe rometer  p l a t e s  a s  w e l l  a s  t h e  rest of  t h e  i n t e r i o r  of t h e  

housing t o  be pumped o u t  and p r e s s u r i z e d  uniformly.  The 

pumping scheme used appea r s  i n  F igu re  2 .  The housing was 

evacuated through t h e  pumping l i n e  ( G )  and t h e  l i q u i d  n i t r o g e n  

c o l d  t r a p  by a  mechanical  vacuum pump., The co ld  t r a p  was 

used t o  p revent  d e p o s i t  of  pump o i l  vapour on t h e  i n t e r -  

fe rometer  p l a t e s .  A vacuum gauge (DVIM thermocouple) 

was used t o  monitor t h e  g a s  p r e s s u r e  ( 1 0 ~  t o  1000 mm. of 

mercury) i n  t h e  i n t e r f e r o m e t e r .  



Argon g a s  from a  high p r e s s u r e  r e s e r v o i r  was al lowed 

t o  enter the i n t e r f e r o m e t e r  through a  need le  va lve-cons tan t  

d i f f e r e n t i a l  f low c o n t r o l l e r  assembly,  a s  shown i n  F igu re  2 .  

The Moore Cons tan t  D i f f e r e n t i a l  Type Flow C o n t r o l l e r  

(model 63BU-L) w a s  ob t a ined  from t h e  Moore Ins t rument  

Company Limited,  Rexdale, Ontar io .  Th i s  f low c o n t r o l l e r  

mainta ined a  l i n e a r  ra te  of p r e s s u r i z a t i o n  of t h e  Fabry- 

P e r o t  housing t o  w i t h i n  1%. The r a t e  of p r e s s u r i z a t i o n  w a s  

c o n t r o l l e d  by t h e  p r e s s u r e  of t h e  g a s  r e s e r v o i r  ( 3 0  p . s . i . )  

and t h e  need le  v a l v e  s e t t i n g .  The d e s i r e d  r a t e  of p r e s s u r i -  

z a t i o n  was a d j u s t e d  such t h a t  t h e  t i m e  taken t o  scan through 

one i n t e r f e r e n c e  o r d e r  was about  t h r e e  minutes .  This  r a t e  

al lowed ample t i m e  t o  d i s p l a y  t h e  p h o t o m u l t i p l i e r  s i g n a l  on 

a  c h a r t  r e c o r d e r  t r a c i n g .  

3.10 Operat ion 

The s c a t t e r e d  l i g h t  was co l l ima ted  by t h e  c o l l e c t i n g  

l e n s  and al lowed t o  e n t e r  t h e  i n t e r f e r o m e t e r  through t h e  

g l a s s  window ( S ) .  The Fabry-Perot  i n t e r f e r e n c e  p a t t e r n  

w a s  focussed on a  s c r e e n  c o n t a i n i n g  a  p inho le  a p e r t u r e .  

The p inho le  a p e r t u r e  was s i t u a t e d  a t  t h e  c e n t e r  of  t h e  

p a t t e r n  and t h u s  t r a n s m i t t e d  on ly  t h o s e  wavelengths f o r  

which 2nd = mX where n  is  t h e  r e f r a c t i v e  index of t h e  

medium between t h e  Fabry-Perot  p l a t e s ,  d  i s  t h e  p l a t e  sepa- 

r a t i o n ,  and m i s  t h e  o r d e r  of  t h e  i n t e r f e r e n c e .  Wavelength 



( o r  f requency)  scanning was achieved by vary ing  t h e  index 

of r e f r a c t i o n  between the plates. Thi s  was accomplished 

by a l lowing  argon gas  t o  p r e s s u r i z e  t h e  i n t e r f e r o m e t e r  

l i n e a r l y  i n  t ime.  

The number of i n t e r f e r e n c e  o r d e r s  swept through i n  one 

p r e s s u r i z a t i o n  of t h e  Fabry-Perot  housing i s  determined by 

t h e  change i n  t h e  r e f r a c t i v e  index  of argon.  (N.T.P. r e -  

f r a c t i v e  index of argon i s  1.000281, Biondi ,  1956) .  The 

number of o r d e r s  swept through i n  p r e s s u r i z i n g  t h e  i n t e r -  

fe rometer  t o  a tmospher ic  p r e s s u r e  i s  thus :  

Th i s  cor responds  t o  a p r e s s u r e  change from 1 0  microns t o  
0 

760 m i l l i m e t e r s  of mercury f o r  A = 5145A . I n  t h e  p r e s e n t  

experiment t h e  p r e s s u r e  changed from about  1 0  microns t o  

1 ,000 m i l l i m e t e r s  of mercury r e s u l t i n g  i n  t h e  d i s p l a y  of 

about  4 i n t e r f e r e n c e  o r d e r s .  

The corresponding s p e c t r a l  range  < A X >  between o r d e r s  

i s  determined by m A, = ( m - 1 )  ( A ,  + A X ) .  The f r e e  s p e c t r a l  
I A 

X 
r ange  < A h >  ( < A T > )  i s  t h u s  g iven  by < A X >  = 

1 ( < A ? >  = -). 
2d 

The f r e e  spe)ct ra l  range used i n  t h e  p r e s e n t  exper iment  was 

chosen t o  be 2.437 + 0.002 cm -' (d=0.2052 k 0.0002 cm. ) .  

With t h i s  f r e e  s p e c t r a l  range  most of t h e  s p e c t r a  t o  be 

i n v e s t i g a t e d  occupied a s p e c t r a l  range  l e s s  than  <AS> and 

t h u s  were r epea t ed  s e v e r a l  t i m e s  (wi thout  o r d e r  o v e r l a p )  



as t h e  i n t e r f e r o m e t e r  was scanned. 

3 .11 Photon Counting System 

An ITT FW-130 p h o t o m u l t i p l i e r  t ube  of S-20 response  

was used t o  d e t e c t  t h e  i n t e n s i t y  of t h e  s c a t t e r e d  l i g h t .  

The p h o t o m u l t i p l i e r  t ube  was housed i n  a  Produc ts  f o r  

Research model TE-104 r e f r i g e r a t e d  chamber. The photo- 

m u l t i p l i e r  tube  was mainta ined a t  a tempera ture  of  -20•‹C 

5 .5OC. The cathode was mainta ined a t  a  v o l t a g e  of 

-1750 5 10 v o l t s  w i t h  r e s p e c t  t o  t h e  anode and t h e  anode 

c u r r e n t  passed through a  1M52 low n o i s e  r e s i s t o r .  The 

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

commercial photon count ing  system. 

The commercial count ing  system was ob ta ined  from t h e  

P r ince ton  Applied Research Corpora t ion  ( P A R )  and c o n s i s t e d  

of a  model 202 preampl i fe r  ( g a i n  of  l o ) ,  model 281 power 

supply and model 231 d i s c r i m i n a t o r  and r a t e  m e t e r .  

The v o l t a g e  s i g n a l  a c r o s s  t h e  1MS2 load  r e s i s t o r  was 

ampl i f i ed  by t h e  p r e a m p l i f i e r  and a p p l i e d  t o  t h e  i n p u t  of 

t h e  d i s c r i m i n a t o r .  The d i s c r i m i n a t o r  v o l t a g e  was a d j u s t e d  

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

and a d j u s t i n g  t h e  d i s c r i m i n a t o r  v o l t a g e  ( . 4  v o l t s )  u n t i l  

t h e  n o i s e  s p i k e s  were j u s t  e l imina t ed .  The r e s u l t i n g  dark  

count  was about  two coun t s  p e r  second. 



The s p e c t r a  were recorded a s  t h e  Fabry-Perot i n t e r -  

fe rometer  was l i n e a r l y  p r e s s u r i z e d .  The r a t e  meter  output 

was a p p l i e d  t o  t h e  Y-input of a  c h a r t  r eco rde r  and t h e  t r a c i n g  

made a s  a f u n c t i o n  of t i m e .  Th is  a l lowed f o r  a  r eco rde r  

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

f u n c t i o n  of  f requency.  

3.12 Reso lu t ion  

E f f e c t s  on t h e  measured l i n e w i d t h  of t h e  s c a t t e r e d  r a d i a -  

t i o n  w i l l  be d i scus sed  i n  t h i s  s e c t i o n .  Both i n t r i n s i c  and 

i n s t r u m e n t a l  c o n t r i b u t i o n s  w i l l  be cons idered .  

The u l t i m a t e  r e s o l u t i o n  of a  Fabry-Perot  I n t e r f e r o m e t e r  

i s  b e s t  desc r ibed  i n  t e r m s  of i ts  f i n e s s e .  The f i n e s s e  (F) 

i s  de f ined  as t h e  r a t i o  of  t h e  f r e e  s p e c t r a l  range  (FSR)  

of  t h e  i n t e r f e r o m e t e r  t o  the  s p e c t r a l  i n t e r v a l  t h a t  can j u s t  

be r e so lved  by t h e  i n t e r f e r o m e t e r .  I n  t h i s  s ense  t h e  s p e c t r a l  

i n t e r v a l  r e f e r s  t o  t h e  f u l l  width  a t  ha l f  maximum i n t e n s i t y  

of an i d e a l  monochromatic sou rce .  

I n  a  Fabry-Perot i n t e r f e r o m e t e r  t h e r e  a r e  t h r e e  d i s t i n c t  

c o n t r i b u t i o n s  t o  t h i s  f i n e s s e .  F i r s t  t h e  e f f e c t  of t h e  d i a -  

meter  of t h e  p inho le  used t o  s e l e c t  t h e  c e n t r a l  o r d e r  of t h e  

i n t e r f e r e n c e  p a t t e r n  must be  cons ide red .  I n  t h e  p r e s e n t  

experiment t h i s  p i n h o l e  was l o c a t e d  i n  f r o n t  of  t h e  photo- 

m u l t i p l i e r  t ube  and i n  t h e  f o c a l  p l ane  of  t h e  i n t e r f e r e n c e  

p a t t e r n .  The r e s o l u t i o n  a s s o c i a t e d  w i t h  t h i s  p inho le  a p e r t u r e  



i s  d i scussed  i n  terms of t h e  i n s t rumen ta l  width .  The 

instrumental width is  de f ined  a s  t h e  f r a c t i o n a l  spread  i n  

f requency ( o r  wavelength) a t  t h e  f o c a l  p l ane  of t h e  i n t e r -  

f e r e n c e  p a t t e r n  f o r  a  d i s c  of r a d i u s  R cen te red  on t h i s  

p a t t e r n .  The i n s t r u m e n t a l  wid th  can  be e s t ima ted  from t h e  

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

3R - f 2  - - -  
a h  R A '  (Biondi ,  1956) 

where f  i s  t h e  f o c a l  l e n g t h  of t h e  o b j e c t i v e  l e n s .  The 

i n s t r u m e n t a l  wid th  (6v ) is g iven  by: 
P 

f o r  a  1 mm. diameter  p inho le  l o c a t e d  i n  t h e  f o c a l  p l ane  of 

a  35-cm. f o c a l  l e n g t h  l e n s .  This  cor responds  t o  an  i n s t r u -  

mental  wid th  6v S! .6 GHz (6;  2 .02 cmyl ) .  The correspon-  
P  P  

d ing  f i n e s s e  i s  F = )rcl z 120 (& = 2.437 + 0.002 cm-') . 
P 6"v P 

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

from t h e  r e f l e c t i v i t y  of t h e  i n t e r f e r o m e t e r  p l a t e s .  The 

o p e r a t i o n  of  t h e  i n t e r f e r o m e t e r  depends upon t h e  i n t e r f e r e n c e  

between wavefronts  which have undergone many r e f l e c t i o n s  

between t h e  p l a t e s  b e f o r e  being t r a n s m i t t e d .  The r e s o l u t i o n  

i n c r e a s e s  w i t h  t h e  number of  such r e f l e c t i o n s  and t h u s  

depends upon t h e  r e f l e c t i v i t y .  Expressed as  a  f i n e s s e  



(Davis ,  1963)  t h e  c o n t r i b u t i o n  from t h e  r e f l e c t i v i t y  of t h e  

p l a t e s ,  assuming no l o s s e s  from t h e  d i e l e c t r i c  c o a t i n g s ,  i s :  

- where R i s  t h e  r e f l e c t i o n  c o e f f i c i e n t ,  FR - R' 
assuming t h a t  bo th  p l a t e s  have t h e  same r e f l e c t i v i t y .  I n  

t h e  p r e s e n t  experiment R = .98 which 'corresponds t o  a f i n e s s e  

of FR z 155. The a s s o c i a t e d  in s t rumen ta l  l i newid th  i s  about  

6v = .5 G H z .  (6c = 0.016 cm-'1. 
R R 

F i n a l l y  t h e  r e s o l u t i o n  i s  l i m i t e d  by t h e  f l a t n e s s  of t h e  

i n t e r f e r o m e t e r  p l a t e s .  Davis (1963) has  shown t h a t  p l a t e s  

f l a t  t o  h/k y i e l d  a  s p e c t r a l  f i n e s s e  of about  FD e k/2. The 

p r e s e n t  i n t e r f e r o m e t e r  p l a t e s  were f l a t  t o  h/50 and t h u s  t h e  

a s s o c i a t e d  f l a t n e s s  f i n e s s e  was of t h e  o r d e r  of 25. This  

f i n e s s e  corresponds t o  u s ing  t h e  f u l l  p l a t e  a r e a  t o  o b t a i n  

t h e  i n t e r f e r e n c e  p a t t e r n  and can be s u b s t a n t i a l l y  improved 

by us ing  on ly  a p o r t i o n  of t h e  p l a t e s .  I n  t h e  p r e s e n t  expe r i -  

ment t h e  a c t i v e  p l a t e  a r e a  u s e d  w a s  about  1 c m .  i n  d iameter  

a s  compared t o  t h e  f u l l  p l a t e  d iameter  of 5 cm. Consequently 

an  achieved exper imental  f i n e s s e  of about  4 0  was n o t  s u r p r i -  

s i n g .  Th i s  f i n e s s e  cor responds  t o  a  l i newid th  of about  

1 .8  G H z  ("0.06 cm.- l ) .  

An in s t rumen ta l  c o n t r i b u t i o n  t o  t h e  l i newid th  of  t h e  

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

obse rva t ion  determined by t h e  c o l l e c t i n g  o p t i c s .  This  cone 

of l i g h t  accep tance  c o n t r i b u t e s  t o  t h e  l i n e w i d t h  s i n c e  one 



e f f e c t i v e l y  samples t h e  s c a t t e r i n g  which a r i s e s  from a 

cor responding  d i s t r l h u t i o n  i n  phonvn wavevectors.  To 

e s t i m a t e  t h e  magnitude of t h i s  e f f e c t  f o r  r igh t -angle  

s c a t t e r i n g  an f-number of about  1 5  i s  assumed f o r  t h e  

c o l l e c t i n g  o p t i c s .  Th i s  r e s u l t s  i n  an  angu la r  spread 

1 1  5 6 '  about  t h e  s c a t t e r i n g  a n g l e  6 ,  ( 6  = 90") of 6 0 '  -- --- - 2 f - 3 0  
r a d i a n s  a s  viewed e x t e r i o r  t o  t h e  c r y s t a l .  The co r r e -  

sponding angula r  spread  68 w i t h  r e f e r e n c e  t o  t h e  i n t e r i o r  

68 of t h e  c r y s t a l  i s  6 0  S - !z- r a d i a n s  (n  = 2.71) .  n  80 

Assuming no d i s p e r s i o n  i n  t h e  phonon phase v e l o c i t y  t h e  

f r a c t i o n a l  spread  i n  f requency 6vg can be es t imated  from 

t h e  B r i l l o u i n  formula ( equa t ion  2 .2)  t o  be: 

where v i s  t h e  B r i l l o u i n  f requency s h i f t .  Typ ica l ly  t h e  

B r i l l o u i n  f requency s h i f t s  a r e  of  t h e  o r d e r  of 30 GHz 

("1 cm" ) . The a s s o c i a t e d  l i n e w i d t h  c o n t r i b u t i o n  i s  

6v0 CZ .2 GHz ("0.006 cm-' ) . 
I n  t h e  b a c k s c a t t e r i n g  exper iments  t h e  c o l l e c t i n g  o p t i c s  

a r e  e s t ima ted  t o  be about  f / 4 .  The a s s o c i a t e d  l i n e w i d t h  

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

6v0 s. 7 MHz (ml~ -5cm-1)  . 
F i n a l l y  t h e r e  i s  t h e  c o n t r i b u t i o n  t o  t h e  l i newid th  

which a r i s e s  from t h e  f requency c o n t e n t  of t h e  l i g h t  source .  



The argon-ion l a s e r  o p e r a t i n g  s i n g l e  mode wi th  a  power ou t -  

put s t a b l e  t o  I& had a l i n e w i d t h  of  about  4 0  MHz.  

I n  summary t h e  impor tan t  i n s t rumen ta l  l i newid th  con- 

t r i b u t i o n s  a r i s e  from t h e  p inho le  d iameter  and t h e  f l a t n e s s  

of t h e  Fabry-Perot  p l a t e s .  These two c o n t r i b u t i o n s  a r e  com- 

p a r a b l e  i n  magnitude and t o g e t h e r  y i e l d  an  in s t rumen ta l  

f i n e s s e  of about  4 0 ,  corresponding t o  an  in s t rumen ta l  r e so -  

l u t i o n  of approximately  1 G H z .  The o t h e r  i n s t rumen ta l  con- 

t r i b u t i o n s  t o  t h e  appa ra tus  wid th  a r e  n e g l i g i b l e  i n  com- 

p a r i s o n .  

Th i s  a p p a r a t u s  width  should be compared t o  t h e  i n t r i n s i c  

phonon l i newid th .  A s  d i s c u s s e d  i n  t h e  s e c t i o n  on B r i l l o u i n  

s c a t t e r i n g  t h e  phonon can be cons idered  a s  an  e x p o n e n t i a l l y  

damped f l u c t u a t i o n .  This  damped f l u c t u a t i o n  r e s u l t s  i n  

broadening of  t h e  B r i l l o u i n  l i n e  over  t h a t  caused by the 

ins t rument  ( i.e. a p p a r a t u s  width) .  An e s t i m a t e  of t h e  i n t r i n s i c  

phonon l i n e w i d t h  i s  made from Love 's  d a t a  (1973) and a  v a l u e  

of about  1 GHz i s  obta ined .  This  i n t r i n s i c  c o n t r i b u t i o n  is  

comparable t o  t h e  r e s o l u t i o n  of t h e  p r e s e n t  ins t rument  ( - I G H z )  

and t h u s  an  e s t i m a t e  of t h e  phonon l i n e w i d t h  should be p o s s i b l e .  

3.13 Zinc Se l en ide  

Zinc Se l en ide  (ZnSe) i s  a  group 11-VI semiconductor that 

c r y s t a l l i z e s  i n  t h e  z inc-blende s t r u c t u r e .  This  can be des -  

c r i b e d  a s  a two component diamond s t r u c t u r e ,  o r  r a t h e r ,  two 

i n t e r p e n e t r a t i n g  face-cen te red  cub ic  l a t t i c e s  w i t h  one l a t t i c e  



c o n t a i n i n g  z inc  atoms and t h e  o t h e r  selenium atoms. The 

cube s i d e s  a r e  of l e n q t h  2;1 and t h e  two s u b l a t t i c e s  a r c  

d i s p l a c e d  from each o t h e r  a d i s t a n c e  6 $- a long  t h e  body 

d i agona l .  This  s t r u c t u r e  i s  i l l u s t r a t e d  i n  F igu re  6 .  

The symmetry of  t h e  z inc-blende s t r u c t u r e  i s  desc r ibed  

i n  t h e  S c h 6 n f l i e s  group n o t a t i o n  a s  T (Nye, 1957) .  The d 
e l a s t i c  c o n s t a n t  t e n s o r  f o r  such a  s t r u c t u r e  has  cub ic  

symmetry, t h e r e  being on ly  t h r e e  independent e l a s t i c  c o n s t a n t s ,  

namely Cll ,  C12 and C 
4 4 '  

The two s i n g l e - c r y s t a l  samples used h e r e  were ob ta ined  

from a  l a r g e  p o l y c r y s t a l l i n e  sample grown by t h e  Harshaw 

Chemical Company. The impur i ty  c o n c e n t r a t i o n s  of t h e  poly- 

c r y s t a l  were n o t  g iven ,  however, t h e  sample was purchased a s  

an undoped "pure" sample. The samples w e r e  l i g h t  yel low i n  

co lou r  and were bo th  approximately  1 mm x 2 mm x 3 mrn i n  

s i z e .  

The d e n s i t y  of ZnSe was taken  from Lee (1970) t o  be 
1 

5.264 g/cc.  a t  a  t empera ture  of  22OC and a t  a tmospher ic  p res -  
0 

s u r e .  The r e f r a c t i v e  index a t  5145A was c a l c u l a t e d  from 

t h e  r e s u l t s  of Marple (1964) .  Marple u s ing  t h e  prism re- 

f r a c t i o n  method f i t t e d  h i s  r e s u l t s  t o  t h e  s t anda rd  formula:  

where n  i s  t h e  r e f r a c t i v e  index and h t h e  wavelength i n  



F i g u r e  6.  ' The z i n c - b l e n d e  l a t t i c e  s t r u c t u r e .  



microns .  For ZnSe t h e  b e s t  v a l u e s  f o r  t h e  parameters  a r e :  

A = 4 . 0 0 ,  B = i . 9 0  and  C 7  = 0.113. The r e f r a c t i v e  index 
0 

c a l c u l a t e d  from t h e  above formula i s  2.705 ' 0.005 a t  5145 A . 
(The e r r o r  of .005 i s  a s s o c i a t e d  w i t h  t h e  range of  Marp le ' s  

d a t a ) .  

A s i m i l a r  r e s u l t  f o r  t h e  r e f r a c t i v e  index r e s u l t s  from 

a n  e x t r a p o l a t i o n  of Rambauske's d a t a  (1964) .  Rambauske used 

t h e  method of minimum d e v i a t i o n  f o r  a p r i s m a t i c  c u t  c r y s t a l .  
0 

The e x t r a p o l a t e d  r e s u l t  i s  2.71 + . O 1  a t  5145 A . A v a l u e  

of  2.71 f o r  t h e  r e f r a c t i v e  index was used i n  t h e  p r e s e n t  ex- 

per iment .  

Two d i f f e r e n t l y  c u t  s i n g l e - c r y s t a l s  were used i n  t h e  

p r e s e n t  work and t h e i r  o r i e n t a t i o n s  a r e  desc r ibed  w i t h  r e s -  

p e c t  t o  t h e  l a b o r a t o r y  r e f e r e n c e  frame i n  t h e  fo l lowing  manner. 

A r e c t a n g u l a r  X ,  Y ,  Z l a b o r a t o r y  c o o r d i n a t e  system was adopted.  

The c r y s t a l  de s igna t ed  ( 1 0 0 )  w a s  o r i e n t e d  wi th  < l o o >  d i r e c t i o n s  

p a r a l l e l  t o  each of  t h e  X ,  Y ,  Z axes  w i t h  f a c e s  c u t  and 

po l i shed  pe rpend icu la r  t o  t h e s e  axes .  The second c r y s t a l  

de s igna t ed  (110) had < 1 1 0 >  axes  a long  X and Y and a < l o o >  

a x i s  a long  Z w i t h  f a c e s  c u t  and po l i shed  pe rpend icu la r  t o  

t h e s e  axes .  Both c r y s t a l s  w e r e  X-ray o r i e n t e d  t o  b e t t e r  

t han  lo  i n  a l l  d i r e c t i o n s .  

Standard n o t a t i o n ,  A(B$)D, (Damen e t  a l . ,  1966) was used 

i n  each of t h e  s p e c t r a .  The f i r s t  and l a s t  l e t t e r s  s p e c i f y  

t h e  d i r e c t i o n  of p ropaga t ion  o f  t h e  i n c i d e n t  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 .  The second and t h i r d  bracketed l e t t e r s  

s p e c i f y  t he  p o l a r i z a t i o n  d i r e c t i o n s  o f  t h e  incident 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 complete d e s c r i p t i o n  of 

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

sample used.  For example t h e  n o t a t i o n :  

ZnSe (100) 

i n d i c a t e s  l i g h t  s c a t t e r i n g  from t h e  (100) c r y s t a l  sample 

where t h e  s c a t t e r e d  l i g h t ,  observed a t  90•‹ from t h a t  of t h e  

i n c i d e n t  l i g h t  d i r e c t i o n ,  was observed i n  t h e  absence of an 

a n a l y z e r .  



CHAPTER 4 

RESULTS 

4.1 Introduction 

In this chapter the Brillouin spectra are analyzed 

and the Brillouin frequency shifts are determined. The 

theory of elastic waves in cubic crystals (section 2.7) and 

the Brillouin formula (equation 2.2) are then used to 

determine values for the elastic constants from these 

measured frequencies. In the first part of this chapter 

the elastic constants C 3 3  and C 4 4  of alpha-Quartz are 

determined in order to test the applicability and relia- 

bility of the experimental technique . In the second part 

the Brillouin spectra obtained for Zinc Selenide are 

presented and analyzed to provide values for the elastic 

constants. 

4.2 Alpha-Quartz 

As an evaluation of the present experimental technique 

several Brillouin spectra of a-Quartz were recorded. A 

typical spectrum is shown in Figure 7 where scattering from 

two transverse (TI, T2) and a longitudinal ( L )  mode is 

evident. (R  denotes the Rayleigh component). This spectrum 

was not used in the present analysis because piezoelectric 

corrections to the elastic constants are required. 





The measurements were performed on a single crystal 

sample obtained from the ~alpey-Fisher Corporation. The 

crysta1,was a z-cut wafer which measured 2mm x lcm x lcm 

in size with the c-axis normal to the large face. The 

crystal was mounted with the c-axis parallel to the laboratory 

Z-axis and one of the three a-axes parallel to X (IRE 

Standards on Piezoelectric Crystals, 1949). 

The density of a-Quartz is 2.6485 g/cc at 25OC 

(McSkimin, 1962). The refractive index was obtained from 

an extrapolation of Martenst (1901) data at 23OC 

(American Institute of Physics Handbook). The 

extrapolated values are : no = 1.548 and ne = 1.557 at 

Experimentally it was found that the intensity of 

the Rayleigh component was comparable to that of the 

Brillouin components and as a result the molecular 

iodine filter was not required to attenuate this component. 

It is emphasized that this Rayleigh component was 

mainly due to the scattering from crystal defects and also 

from surface scattering. 



The e l a s t i c  c o n s t a n t s  C and C 4 4  w e r e  determined 
3 3  

from t h e  measured B r i l l o u i n  f requency s h i f t s  f o r  t h e  back- 

s c a t t e r i n g  geometry ? (Y  ,') Z and t h e  r e s u l t s  a r e  given i n  
X 

Table  V I .  The e l a s t i c  c o n s t a n t s  w e r e  determined from t h e  

sound v e l o c i t i e s  of t h e  l o n g i t u d i n a l  (VL = 1 and 

t r a n s v e r s e  (VT =dT ) phonon modes. ( p  i s  t h e  d e n s i t y  

of a - Q u a r t z ) .  The sound v e l o c i t i e s  w e r e  determined from 

t h e  measured f requency s h i f t s  by us ing  t h e  B r i l l o u i n  f o r -  

mula (eqn.  2 .2 ) .  No c o r r e c t i o n s  have been made i n  t h e  

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

measured sound v e l o c i t i e s .  A ' d i s c u s s i o n  of t h e  j u s t i f i c a -  

t i o n  of  t h i s  omission i s  p re sen ted  i n  t h e  Appendix, s e c t i o n  C .  

A s  a  comparison some p rev ious ly  determined va lues  

f o r  t h e s e  e l a s t i c  c o n s t a n t s  a r e  a l s o  g iven  i n  Table  V I .  

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

c o n s t a n t s  C and C q 4  a g r e e  t o  w i t h i n  about  2% w i t h  t h e s e  3 3  

prev ious  measurements. I n  p a r t i c u l a r  t h e r e  i s  good agree-  

ment ( . 7 % )  between t h e  p r e s e n t  v a l u e  of C q 4  and t h e  ~ r i l l o u i n  

measurement of Cecchi e t  a l .  (1970) .  Agreement t o  w i th in  

2% between t h e  p r e s e n t  d a t a  and t h e  prev ious  r e s u l t s  i s  

i n  l i n e  w i t h  t h e  expected o r d e r  of  agreement. The major 

exper imenta l  sou rces  of e r r o r  c o n t r i b u t e  an u n c e r t a i n t y  

i n  t h e  measurements which a r e  of  t h e  o r d e r  of 1%. These 

sou rces  of e r r o r  i n c l u d e  t h e  deg ree  t o  which t h e  r a t e  of  

p r e s s u r i z a t i o n  of t h e  i n t e r f e r o m e t e r  was l i n e a r  i n  t i m e  



TABLE V I  

T h e  Elastic C o n s t a n t s  C and C of a-Quar tz  33 44 

a .  p r e s e n t  Data 
E l a s t i c  

S c a t t e r i n g  Phonon Frequency-l Sound Ve loc i t y  Cons tan t  
Geometry Mode S h i f t  ( c m  ) (10~cm/sec.) (10 ' dyn/cm2 

* I n d i c a t e d  e r r o r  l i m i t s  r e f e r  t o  s t a n d a r d  d e v i a t i o n  o f  
r e s u l t s  and do n o t  i n d i c a t e  a b s o l u t e  accuracy.  

b .  Previous Data 
E l a s t i c  Cons t an t  

Reference  Method (10 '  0dyn/cm2) 

1. Atanasof f  e t  a l .  (1941) # piezo-resonance - '44 C33 - 
(35OC) 57.86 106.8 

2 .  Koga e t  a l .  (1958) p iezo-resonance 58.2567 105.94 
(20•‹C) t .  0065 t .  1 2  

u l t r a s o n i c  58.18 105.74 
(25OC) t .06  t . 10  

4 .  Cecchi  e t  a l .  (1970) B r i l l o y i n  57.7 105.1  
(4880 A , 25OC) t . 3  + .5  

# R e s u l t s  as c o r r e c t e d  by Lawson's method (1941) .  

t Sound v e l o c i t i e s  w e r e  de termined u s i n g  t h e  o r d i n a r y  i ndex  
o f  r e f r a c t i o n  (no) . 



(1%) and the error in the scattering angle (1%) . Con- 

sequently, it is not surprising that the present results, 

which include an intrinsic error of about 1-2%, deviate 

within this range from the earlier measurements. In con- 

clusion it is felt that the present results for a-Quartz 

confirm the correctness of the present experimental technique. 

4.3 Zinc Selenide 

A general description of the Brillouin spectra obtained 

from the single-crystal ZnSe samples is presented here. As 

mentioned previously (section 3.7) the accidental coincidence 

of an iodine absorption line with a particular Brillouin 

component could cause the component to be absent or severely 

attenuated. This problem necessitated the use of several 

scattering geometries so that a determination of a11 three 

elastic constants could be made. The frequency shifts were 

measured only for those Brillouin components which were 

upattenuated and symmetric. A qualitative description of 

the individual Brillouin spectra taken is given in the 

following paragraphs. 

ZnSe (100) 
z 

X ( Z , * ) Y  (Figure 8) 

As outlined in section 3.13 this spectrum of Figure 8 

was obtained using the (100) crystal with the laser beam 

incident along (loo), polarized along (001) and the scattered 



light observed along (010) in the absence of an analyzer. 

The scattering angle was measured to be 8 5 91•‹28'+ 16'. 

The central Rayleigh component of the spectrum was chosen 

to be the origin of the frequency scale (cm-'1. A free 

spectral range of < A ? >  = 2.437 20.002 em-' was chosen for 

all measurements in the present experiment. 
i 

The polarization selection rules (section 2.7, Table I) 

predict for this orientation that light should be scattered 

from only two acoustic phonons. The scattering should occur 

from the fast transverse (T2) and the longitudinal (L) 

modes. The observation of only two Brillouin components 

in this spectrum agrees with these predictions. The frequency 

shifts were measured for only the Stokes transverse (TZS) 

component since the other modes were attenuated by the mole- 

cular iodine filter. 

Z ZnSe (110) X ( Z r X ) y  (Figure 9) 

The polarization selection rules (Section 2.7, Table 11) 

predict scattering from the fast transverse (TZ) and the 

longitudinal (L)  modes and these two modes can be observed 

in the spectrum shown in Figure 9. Attenuation of the anti- 

Stokes modes for both the fast transverse and longitudinal 

modes and the increased noise level at the estimated positions 

of these components is evident. The Brillouin frequency 

shifts were measured from the Stokes components. The 



s c a t t e r i n g  ang le  was measured t o  be 8 = 91•‹28' t 1 6 ' .  

2 
znse  (100) X ( Z , ~ ) X  (F igu re  1 0 ) .  

I n  t h i s  b a c k s c a t t e r i n g  geometry of F igure  1 0  t h e  

p o l a r i z a t i o n  s e l e c t i o n  r u l e s  ( s e c t i o n  2.7, Table  111) 

p r e d i c t  s c a t t e r i n g  from on ly  t h e  l o n g i t u d i n a l  mode. The 

B r i l l o u i n  f requency s h i f t  of t h i s  mode being more than  

one-half  of t h e  f r e e  s p e c t r a l  r ange  of t h e  i n t e r f e r o m e t e r  

r e s u l t e d  i n  an  o v e r l a p  of  t h e  S tokes  and an t i -S tokes  

components. The presence  of  a  s m a l l  peak about - 4 3  cm'l 

on t h e  h igh  f requency s i d e  of t h e  Rayleigh l i n e  i s  a t t r i -  

buted t o  f l u o r e s c e n c e  from t h e  i o d i n e  f i l t e r .  This  peak i s  

a l s o  e v i d e n t  i n  t h e  s p e c t r a  o f  F igu res  8 ,  9 ,  11, and 12.  

znse  ( 1 1 0 )  % ( Y , ; ) x  ( F i g u r e l l )  

For t h i s  geometry t h e  s e l e c t i o n  r u l e s  ( s e c t i o n  2.7, 

Table  I V )  p r e d i c t  s c a t t e r i n g  from a l l  t h r e e  phonon modes 

(TI ,  T 2 ,  L ) .  However t h e  f requency s h i f t s  of  t h e  t r a n s v e r s e  

modes a r e  such t h a t  t h e s e  components (T and T ) occur  nea r  1 2 

t h e  s i d e s  of t h e  s t r o n g  l o n g i t u d i n a l  components and i n  

t h e  p r e s e n t  experiment could  n o t  be  r e so lved .  The i r  p resence  

was evidenced on ly  by t h e  i n c r e a s e d  n o i s e  l e v e l  on t h e  s i d e s  

of t h e s e  l o n g i t u d i n a l  components. Only t h e  f requency s h i f t  

of  t h e  S tokes  l o n g i t u d i n a l  component was measured due t o  

t h e  s l i g h t  a t t e n u a t i o n  of  t h e  an t i -S tokes  l o n g i t u d i n a l  



mode by the iodine filter. Also, as in Figure 10, the 

Stokes and anti-Stokes longitudinal components overlap, 

Y 
ZnSe (110) X(Y ,'X) Z (Figure 12) 

For this scattering geometry selection rules 

(section 2.7 , Table V) predict that scattering should 

occur from a slow quasi-transverse mode (Q.T ) ,  a fast 1 

pure transverse mode (T ) and a quasi-longitudinal mode 2 

(Q.L). Only the quasi-modes were observed due to the 

weaker scattering from the pure transverse mode. Atten- 

uation of the Stokes quasi-longitudinal and the absence 

of the anti-Stokes quasi-transverse modes indicate 

extensive attenuation by the iodine filter. The scatter- 

ing angle was measured to be 8 = 90'48' + 10'. 

A summary of the measured Brillouin frequency shifts 

is given in Table VII. For near right-angle scattering 

geometries the measured frequency shifts have been corrected 

to correspond to 90' scattering angle. From the frequency 

shifts the phonon phase velocities were calculated using the 

Brillouin formula (equation 2.2) and the elastic,constants 

were related to the phase velocity and scattering 

geometry using the procedure outlined in section 2.7 

(Tables I-V) . 
The final values for the elastic constants were 

determined from a weighted average of the results which 

appear in Table VII. The values obtained are: 



TABLE VII 

Rril1.ou.i.n Measurements in ZnSe 

Crystal Scattering Phonon ~ r e ~ u e n c y - ~ t  
Sample Geometry Mode Shift (cm 1 

Result 
(10 10dyn/cm2) 

Indicated error limits refer to standard deviation of 
results and do not indicate absolute accuracy. 

# The results for C12 were determined using the final values for 
Cll and C 4 4  (Table VIII) 

'The listing of more than one measurement for a given scattering 
geometry and phonon mode indicates that these measurements 

Ill 

Ill1 

lllll 

I l l  

'Ill 

were made from data which were taken on different experimental 
runs. 



C44 = 3 9 . 2  L0.4 

2 in units of 1 0 ~ ~ d p / c m  . 
Throughout the present analysis the piezoelectric 

nature of ZnSe has been neglected. The effect of piezo- 

electricity on the values determined for the elastic 

constants is discussed in Appendix C. 

An estimate of the intrinsic phonon linewidth can 

be made from the present data. The experimental 

finesse was approximately 40 and from a measure of the 

increased linewidth broadening of the Brillouin compon- 

ents the intrinsic phonon linewidth is estimated to be 

about$.lGHz. This value is of the order of that estimated 

from Love's data (--1GHz; section 3.12). 
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CHAPTER 5 

DISCUSSION 

5.1 Introduction 

In this chapter the results described in the previous 

chapter are compared to earlier measurements. In section 5.2 

the values obtained for the elastic moduli of ZnSe are 

compared with values determined previously by Berlincourt 

et al. (1963) and Lee (1970) from measurements on single- 

crystals. In addition, the polycrystalline elastic moduli 

are calculated from the single-crystal values and compared 

in section 5.3 to the experimental values of Chung and 

Buessem (1967). Further, in section 5.4 an estimate of 

the relative magnitude of the photoelastic coefficients 

is made from the present data. In section 5.5 a relation 

between the single-crystal elastic moduli due to Martin 

(1970) is used to compare the present data with the earlier 

measurements. The chapter concludes with a comparison of 

the present results with those obtained from neutron data. 

5.2 Single-Crystal Elastic Moduli L- 

The present single-crystal elastic moduli of ZnSe 

are tabulated in Table VIII together with the previous 

values of Berlincourt et a1. (1963) and Lee (1970). 

Berlincourt et al. (1963) determined the elastic constants 



I:ldstic Constants of ZnSe ------ 

a. E : l  astic Constants 
-- 

Elastic 
constants 

Present Work 
5.264 g/cc. 

Lee (1970) Berlincourt et al. 
5.264 g/cc. 5.262 q/cc.(1963) 

(2950~) (2950~) (2980~j. 
1-50 GHz 15MHz .1~100 MHz 

Brillouin Ultrasonic Piezo-Resonance 

87.2k0.6 * 85.950.3 81.0k6.0 

b. Sound Velocities 
Velocity 

Propagation Displacement (10~cm/sec.) 
Desiynation Mode direction direction Lee -- Present 

* 
Long 001 001 4.0386 # 4.07i.01 

"2 Shear 001 110 2.7770 # 2.735.01 
* 

v3 Long 110 110 4.5496 # 4.555.02 
* 

v4 Shear 110 001 2.7782 # 2.73k.01 
* 

v5 Shear 110 170 1.8323 # 1 . 8 2 ~ 0 2  

* Indicated error limits refer to standard deviation of results 
and do not indicate absolute accuracy. 

, # ~ee's values accurate to .2%. 

c. ~nisotropy Factor (A) 

2 C"" 'Present Work Lee - Berlincourt 



( 2 S • ‹ C )  from piezo-resonance measurements. In their 

experiment Berlincourt et al. investigated phonons with 

frequencies between about lOOKHz and a few MHz. Berlincourt 

commented that the large errors in their elastic constants 

resulted from the method of deriving all moduli from only one 

crystal plate. More recently, Lee (1970) determined the 

elastic moduli (22OC) using ultrasonic pulse-echo methods 

(McSkimin, 1961) to excite 15 MHz phonons. The discrepancy 

between these two sets of data was considerably in excess 

of the quoted experimental errors. 

It is evident from Table VIII that there is agreement 

between our present elastic moduli and the previous 

results of Lee. This agreement is further evident from a 

comparison of the measured sound velocities shown in 

Table VIII. There is agreement to better than2% between Lee's 

and the present measured sound velocities. However, there 

is a discrepancy between the present data and Berlincourt'sY 

This discrepancy is particularly evident in the case of 

C44 where our value is about 11% smaller than ~erlincourt's. 

Also our values of Cll and C12 are about 8% and 7% respec- 
I 

tively, larger than Berlincourt's. i 

This discrepancy is further evident from a comparison 

of the anistropy factor (A = 2C44/(Cll-C12)). This factor 

is a measure of the degree of anisotropy of the crystal. 

For an isotropic crystal the anisotroby factor takes on 



the value 1. The anisotropy factor is calculated from the 

elastic constants and the results appear in Table VIII. 

Due to the agreement between our results and those of 

Lee and the present discrepancy when compared to Berlincourt's 

results it is concluded that our results substantiate 

the correctness of Lee's work. 

5.3 Polvcrvstalline Elastic Moduli 

The only other measurement of the elastic moduli of 

ZnSe were carried out on polycrystalline samples by Chung 

and Buessem (1967). In their experiment a modified 

FGrster-type resonance method in the kilocycle range 

(Spinner and Tefft, 1961) and ultrasonic methods (McSkimin, 

1964) were used. The isotropic shear modulus (G*) , longi- 

tudinal modulus (L) and Young's modulus ( E )  for a bar- 

shaped polycrystal were determined. 

The single-crystal elastic moduli can be compared 

with those of the polycrystal by means of the Voigt-Reuss- 

H i l l  (V-R-H) approximation methods (Chung et a1 . , 1967) . 
The V-R-H approximations provide a useful scheme by which 

anisotropic single-crystal elastic constants can be used 

to estimate theisotropic polycrystalline elastic moduli. 

These approximations are valid for all crystal c l a s ~ s  and 

can provide a practical and accurate (to better than 1%, 

Anderson, 1963) estimate of the mean, sound velocity in 



crystals. 

The isotropic V-R-H moduli can be calculated from 

those of the single-crystal according to the following 

relations: 

- the Bulk modulus, KVRH - - K~ = K~ = K* = c ll-2C/3 

- the Shear modulus, GVRH = G* = (G + GR)/2 v 
where C = 

5 1  
- C12) and the subscripts V and R denotethe 

Voigt and Reuss limiting moduli, respectively and 

G~ = (C + 3C44)/5 

Young's modulus (E) can be calculated (~nderson, 1963) 

from the Bulk modulus (K*) and Shear moduli (GV and G ~ )  

according to : 

E = (E + E R ) / 2  where v 

Ei 
= 9 K. G./(3p. + G.) for ~c{v,R}. 

1 1  1 1 

The V-R-H moduli are calculated from the single-crystal 

values according to the previous relations and the results 

are given in Table IX. It is evident that the V-R-H 

moduli calculated from both the present single-crysta& 

moduli and those of Lee show better agreement to the 

experimental values of Chung et al., than do those deter- 

mined from Berlincourt's data. This result is expected 

due to the smaller value in the anisotropy factor for both 

the present samples and those of Lee as compared to that 



TABLE IX 

The Isotropic Polycrystalline Elastic Moduli of ZnSe 

Elastic Modulus 

(10 ' dynes/cm2 ) 

SAMPLE Shear 
(G* > 

Bulk 
(K* 

1. Single crystal. 2.945 
(Berlincourt et al., 
1963) 

2. Single crystal. 2.91 
(Lee, 1970) 

3. Single crystal. 2.83kO. 05 
(Present work) 

4. Polycrystalline. 2.88*0.07 
(Chung et al., 
1967) 



of Berlincourt's (Table VIII). 

5.4 Photoelastic Coefficients 

It has been pointed out by Benckert and ~ZckstrGrn 

(1973) that it is possible to determine the photoelastic 

coefficients of transparent crystals by means of Brillouin 

scattering. In the present experiment the relative 

magnitude of these coefficients can be estimated from the 

ratio of peak intensities of the Brillouin components. 

This ratio may be expressed (Benckert et al., 1973) as a  

function of the weighting factors 1 - gP I (section 2.5) and 

the phonon phase velocity (V) . 
An expression for the relative intensity of the 

Brillouin components can be developed in the following 

manner. In the present experiment it was observed t h a t  

the natural linewidths of the Brillouin components 

( 5  . ~ G H z )  were much less than the instrumental width 

(~1.8GHz). This implies that a measure of the integrated 

intensities of the Brillouin components can, to a good 

approximation, be replaced by a measure of the peak inten- 

sities of these components. The intensity of the scattered 

field was seen (section 2.6, 2.36) to be proportional to 

< l~'(K,t) - - 1 2> and it follows that the ratio of peak inten- 
> 

sities between the Brillouin components of modes p1 and 

p2 is given by: 





where 1110 and I100 are the incident laser intensities 

used in the (110) and (100) experiments, respectively. 

The spectra were performed with different incident power 

levels and consequently the ratio of peak intensities 

P1l must be weighted by this factor. The value (-1 
P12 

estimated in this manner is : 



5.5 Martin's Consistency Relation 

To compare the consistency of the present results 

with those determined previously by Berlincourt et al. (1963) 

and Lee (1970) a relationship between the elastic constants 

due to Martin (1970) is applied. Martin used an expansion 

of the elastic strain energy in terms of nuclear displace- 

ments (Keating, 1966) to develop a relation between the 

elastic constants. This relation can be expressed as a 

function of the optic-mode splitting (wLo - W ~ o  ) , the force 

constants (k) , the equilibrium bond length (r) and the 
internal-strain parameter ( F ; )  defined by Kleinman (1962). 

Using an approximation for the internal-strain parameter 

suggested by Keating (1966) the relation between the 

elastic constants and the optic-mode splitting can be 

written as: 

(5.1) 

where C' = 0.314 SCo 

for the unit cell volume ( a ) ,  the reduced mass (m) and 

electron charge (e) . I 



Using the value of the optic-mode splitting for ZnSe 

given by Irwin et al. (1970) the value of S can be deter- 

mined (S = 0.715). Using the elastic constants determined 

by Berlincourt, Lee and those of the present experiment 

the left-hand side of equation 5.1 has been evaluated 

and the results are given in Table X. Also listed for 

comparison are values obtained for other similar crystals. 

As can be seen from Table X the relation (equation 5.1) 

between the elastic constants and the optic-mode splitting 

is not well satisfied using ~erlincourt's values for the 

elastic moduli. Martin (1970) commented that since there 

is no a priori reason to suspect that ZnSe would be dif- 

ferent from similar crystals that this discrepancy would 

suggest that Berlincourt's value of C may be in error. 
4 4  

This hypothesis has been verified by the present work and 

as is evident from Table X the present value of equation 5.1 

agrees well with the values obtained for similar crystals. 

5. h Neutron Results 

The phonon dispersion curves of ZnSe have been measured 

(Hennion et al., 1971) at room temperature in the [OOl], 

[I101 and [Ill] crystallographic directions by inelastic 

neutron scattering. These dispersion curves can be used 

to estimate values for the elastic constants which can in 

turn be compared to previous results. Hennion et al. (1971) 



TABLE X 

The Value of Martin's Consistency Relation (5.1) 

Material Left-hand side of Eqn.5.1 

1) ZnSe (Berlincourt et al., 1963) 1.311 

2) ZnSe (Lee, 1970) 1.124 

3) ZnSe (present work) 1.092 

4) ZnS # 1.082 

5) ZnTe# 1.059 

6) AlSb # 1.056 

7) CdTe # 

8) GaAs # 

9) Gap # 

10) GaSb# 

11) InAs# 

12) InP # 

13) InSb # 

# Pertinent references given by Martin (1970) 



attempted to fit the neutron data with a second-neighbour 

rigid ion model containing ten general parameters. These 

parameters were determined by the frequencies of the cri- 

tical point zone boundary phonons. 

The elastic constants were also calculated from the 

model and an appreciable discrepancy was found between the 

theoretical value for C44 (20.8 x 10'~dyn/crn~) and that of 

Berlincourt et al. (44.1 x 10' 'dyn/cm2) (Table XI) . Hennion 

also commented that an increase in the value of Cll beyond 

the experimental limits of Berlincourt's data produced a 

slight improvement in the match of the data. 

Hennion's data was also analyzed by Talwar and Agrawal 

(1972) with a 7-parameter second-neighbour ionic model 

( S . N . .  The model parameters were determined from the 

measured critical point phonon frequencies and the calcu- 

lated elastic constants again differed significantly from 

Berlincourt's. In particular the theoreticalvalue of 

C44 (19.5 x 10' 'dyn/cm2) was similar to that determined 

by Hennion et al. The results are summarized in Table XI. 

On the basis of the above comparison with Berlincourt's 

results, Talwar and Agrawal suggested that Berlincourt's 

values were grossly in error and recommended that the 

elastic constants should be reinvestigated. In view of the 

results of Lee (1970) and the present work it now appears 

that Berlincourt's (1963) results were indeed slightly 



TABLE XI 

Summary of the Elastic Constants of ZnSe 

Elastic Resonance Ultrasonic Brillouin Neutron 
Constant (Berlincourt) (Lee) (present) (Hennion;Talwar) 

5 1  
81.0t6.0 85.9k0.3 87.2k0.6 84.0 ; 95.7 

5 2  
48.8k6.0 50.6k0.4 52.4k0.8 47.0 ; 51.0 

C44 44.1k1.3 40.61t0.2 39.2k0.4 20.8 ; 19.5 

in units of 10" dyn/cm2. 



erroneous (5%). However it is also evident that fitting 

a theoretical model to the neutron data has provided 

values that are grossly in error (50%). This somewhat 

limited applicability of rigid ion models has been noted 

previously. Irwin et al. (1972) commented that such models 

cannot accurately predict the acoustic modes throughout 

the Brillouin zone. In particular, if zone boundary 

frequencies are used to determine the model parameters a 

good fit will be obtained for large wavevectors but the 

small wavevector frequencies are highly inaccurate (20-50% 

error). The present results are further indication of the 

correctness of this statement. 



CHARTER 6 

CONCLUSIONS 

6.1 B r i l l o u i n  S c a t t e r i n g  i n  ZnSe 

An appa ra tus  f o r  performing B r i l l o u i n  s c a t t e r i n g  mea- 

surements has  been cons t ruc t ed .  The appara tus  i nco rpo ra t ed  

a p r e s s u r e  scanned Fabry-Perot  i n t e r f e r o m e t e r  and a s i n g l e  

mode of  t h e  514.5nm l i n e  of an  Argon-ion l a s e r  w a s  used 

as a l i g h t  source .  The s c a t t e r e d  l i g h t  was d e t e c t e d  w i t h  

a s t a n d a r d  photon count ing  system. To r e s o l v e  t h e  B r i l l o u i n  

components i n  t h e  presence  of t h e  s t r o n g  Rayleigh component 

a molecular  i o d i n e  f i l t e r  (Devl in  e t  a l . ,  1971) was used.  

The f i l t e r  provided a con t inuous ly  v a r i a b l e  (5-50db) a t t enua -  

t i o n  of  t h e  Rayleigh component. A s  an  e v a l u a t i o n  of t h e  

p r e s e n t  exper imenta l  t echnique  measurements were performed 

on a -Quar tz  f o r  which t h e  e l a s t i c  moduli a r e  w e l l  known. 

Agreement of t h e  p r e s e n t  r e s u l t s  w i t h  prev ious  measurements 

has  i n d i c a t e d  t h e  a p p l i c a b i l i t y  of t h e  p r e s e n t  exper imenta l  

t echnique .  

The e l a s t i c  moduli of ZnSe have been determined i n  t h e  

p r e s e n t  experiment and p r e s e n t  work has  confirmed t h e  co r -  

r e c t n e s s  of p rev ious  u l t r a s o n i c  measurements by Lee (1970) .  

Th i s  conc lus ion  i s  f u r t h e r  s u b s t a n t i a t e d  from comparisons 

w i t h  t h e  e l a s t i c  moduli of p o l y c r y s t a l l i n e  ZnSe and a l s o  



from comparisons w i th  a  c o n s i s t e n c y  r e l a t i o n  f o r  t h e  

elastic cons ta -n t s  de r ived  by Mart in  (1970)-  

Furthermore,  a  d e t a i l e d  comparison of t h e  p r e s e n t  d a t a  

w i t h  t h e  neu t ron  r e s u l t s  has  suggested t h a t  t h e  SNI model 

a s  used by Talwar e t  a l .  (1972) y i e l d s  u n r e l i a b l e  v a l u e s  

f o r  t h e  phonon f r e q u e n c i e s  near  t h e  c e n t e r  of t h e  B r i l l o u i n  

zone ( K  - = 0 ) .  A s i m i l a r  conc lus ion  w a s  a r r i v e d  a t  p r ev ious ly  

by I rwin  and L a  Combe (1972, 1974) from comparisons of 

phonon d i s p e r s i o n  cu rves  u s ing  t h e  SNI model w i t h  neu t ron  

r e s u l t s  and s p e c i f i c  h e a t  measurements. 

6 .2  Sugges t ions  f o r  Fu tu re  Research 

The p r e s e n t  r e s e a r c h  was made p o s s i b l e  by t h e  u s e  of  a  

molecular  i o d i n e  f i l t e r  (Devlin e t  a l . ,  1971; Sec t ion  3.4) 

t o  a t t e n u a t e  t h e  s t r o n g  Rayleigh component found i n  t h e  

l i g h t  s c a t t e r i n g  exper iments .  However, t h e  a c c i d e n t a l  co in-  

Cidence of a  B r i l l o u i n  component w i t h  an  i o d i n e  abso rp t ion  

l i n e  r e s u l t e d  i n  a t t e n u a t i o n  of t h e  B r i l l o u i n  component. 

This  problem was e v i d e n t  i n  t h e  p r e s e n t  experiment and 

se rved  t o  h inder  t h e  measurement of t h e  B r i l l o u i n  f requency 

s h i f t .  

I t  would be worthwhile t o  determine from a b s o r p t i o n  and 

f l u o r e s c e n c e  exper iments  t h e  d i s t r i b u t i o n  and r e l a t i v e  i n t e n -  

s i t y  of  t h e  i o d i n e  a b s o r p t i o n  l i n e s  w i t h i n  about  10 cm-' 

of  t h e  tuned argon-ion l a s e r  l i n e .  A knowledge of t h e  



i o d i n e  ( I  ) abso rp t ion  s p e c t r a  i n  t h i s  r eg ion  would f a c i l i -  2 

t a t e  t h e  a n a l y s i s  of B r i l l o u i n  exper iments  and t h e  a b s o r p t i o n  

l i n e s  could  a l s o  be used a s  an a l t e r n a t e  method f o r  c a l i -  

b r a t i o n  of t h e  B r i l l o u i n  f requency s h i f t s .  

The technique  demonstrated i n  t h i s  work should a l s o  

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

semiconductors such a s  GaSe. These c r y s t a l s  a r e  i n  g e n e r a l  

v e r y  t h i n  i n  a d i r e c t i o n  pe rpend icu la r  t o  t h e  l a y e r s  and a s  

a r e s u l t  u l t r a s o n i c  t echn iques  a r e  n o t  r e a d i l y  a p p l i c a b l e .  

B r i l l o u i n  s c a t t e r i n g  however could  be used t o  measure sound 

v e l o c i t i e s  i n  such c r y s t a l s  and t h e  in format ion  gained would 

be  ve ry  u s e f u l  i n  a i d i n g  i n  an  unders tanding  of t h e  

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



Appendix A 

Theory of ~lastic Waves in cubic Crystals 

In this section a theory of elastic waves in cubic 

crystals due to Fedorov (1968) is outlined. The theory 

is applicable to acoustic vibrations in the long wave- 

length limit. 

~f a symmetric stress tensor T is defined such that 

Ti j is the i-th component of the force acting on unit 
h 

area whose.norma1 has the direction R then,expanding each 
j 

component of the stress tensor as a ~aclaurin series in 

the deformation: 

where S are the normal strain tensor components (2.6). m 
We assume all deformations S are small so we need only 

a m  
retain terms up to the first order. The requirement of 

absolute elasticity implies Tij (0) = 0. This simplifica- 

tion results in a linear homogeneous relation between the 

components of stress and strain (deformation) tensors: 



where the set {Cijkm forms an orthogonal fourth-rank 

tensor. This relation (A2) is known as the generalized 

Hookels law and the coefficients Cijkm are referred to 

as the elastic moduli or elastic constants. 

From the symmetry of the stress and strain tensors 

it follows that the components of the elastic constant 

tensor obey: 

- - 
'i j ern - 'ji~m - 'ijrna - '!?,mij A3 

These relations (A31 reduce the number of independent 

'i j km considerably. It is convenient to pass from the 

three dimensional fourth-rank tensor to a six dimension 

matrix representation. This transformation is accomplished 

by replacing pairs of subscripts with values 1, 2, 3 by 

one taking on the values L through 6 in the following 

manner : 

11 + 1 23 = 32 -t 4 

22 -+ 2 13 = 31 -t 5 

33 + 3 12 = 21 -+ 6 

for example: Cllll = '11' '1223 = C64 

The number of independent Ci am equals the number of 

independent elements in a six-row symmetric matrix. It 

further follows from the symmetry of the cubic crystal 

(Nye, 1957) that : 
A 5  

C1l = c22 = c33 I '44 = '55 = '(56 

C12 = C13 = C 2 3  , all other components being identi- 



cally zero. 

Hence, for the cubic class the six dimensional matrix 

representation of the elastic constants is given by: 

A  further 

arises from the 

restriction on the elastic constants 

requirement that the energy associated 

with the deformation be positive. This implies for the 

cubic class: 

C1l > ! r Cll -I- 2 5 2  ' 0 ,  C 4 4  > 0 A 7  

The general equations of motion followfrom equating 

the i-th component of the force with the acceleration: 

Substitutioq of equations A 2  and 2.6 in A 8  gives the 

following wave equation: 

or equivalently 



which fo l lows  from t h e  symmetry of C i j R m  (A3) 

W e  seek  t r a v e l l i n g  wave s o l u t i o n s  of  t h e  form: 

and on s u b s t i t u t i o n  i n  equa t ion  A9: 

where K is  
j 

Of 'i j ~ m  
w e  

A i jem: 

t h e  j - t h  component of wavevector - K .  I n  p l a c e  

i n t r o d u c e  t h e  reduced e las t ic  modulus t e n s o r  

and r e p l a c e  K by K ( E ~ ) ~  t hen  equa t ion  A l l  becomes: 
j 

A A 

\ j ~ m  ( R K )  ( R K )  v2 6im )Urn = 0 A13 

where 6im i s  t h e  kronecker  d e l t a  f u n c t i o n  and V = w/K i s  

t h e  phase v e l o c i t y .  

I f  w e  d e f i n e  t h e  

A = i m  j C , R = l  

second-rank t e n s o r  A by: 

t hen  equa t ion  A13 becomes: 
3 

2 
) u  = o  - 

' im m f o r  i = 1 , 2 , 3  



This equation (A15) is referred to as Christoffel's 

equation and is the fundamental eigen-equation for normal 

mode vibrations in crystalline solids. The Square of the 

phase velocity (v2) is the root of the characteristic 

equation : 

A 

and the eigenvectors (U) are the unit polarization vectors 

of the acoustic vibrations. 

The problem of determining the normal mode vibrations 

in an elastic solid reduce to solving for the eigenvectors 

and eigenvalues of the tensor A .  The form of this tensor 

for the cubic class of crystals is given in section 2.7, 

equation 2.41. 



Appen'dix B 

Scattering Coefficient 

In this section the present analysis of the scattered 

field (sections 2.5, 2.6) is compared with the classical 

treatment of the scattering coefficient. The intensity of 

the scattered radiation was found (2.24, 2.37) to be pro- 

portional to the square of the weighting factor ( 151  - ' ) .  

The magnitude of these factors depends on propagation direc- 

tions and polarizations of the phonon and photons and on 
' 

the photoelastic tensor components (2.22 and 2.23). 
- 

A comparison between the present formulism due to 

Benedek and Fritsch (1966) and that of Fabelinskii (1968) 

can be made in the following manner. The classical scat- 

tering coefficient R (Fabelinskii, 1968) is given by: 

where Sn and SI; are the normal components of the Poynting 

vectors for the incident and scattered waves respectively 

and L is the length of the scattering medium of volume V. 

The scattering coefficient R is related to the weighting 

factor 6' in the following manner: 

where k is Boltzmann's constant, T the temperature of the 
A 

medium and the subscripts ~ ( o  = LE ) and r indicate the 
0 

polarizations of the incident and scattered waves respectively* 



The scattering coefficient (R) and the weighting factor 

(5) are designated by the phonon mode and by the pola- 

rization of the photons. The term p 
":(@ is only a 
x2 

function of the elastic constants (C ) and the factor 
aB 

- is the common Rayleigh scattering factor. 
xY 



Appendix C 

Piezoelectric Stiffening of the Elastic Constants 
- - 

The effect of piezoelectricity on the measured sound 

velocities is discussed in this section. Crystals which 

possess no inversion center are piezoelectric in character. 

Examples of such crystals are:ZnSe, a-Quartz, CdS and CdSe. 

The piezoelectric effect associates an induced electric 

field with a state of deformation of the crystal and it is 

natural to conclude that the dynamics of such a deformation 

would be affected by the presence of this induced field. 

In particular, the phase velocity of the sound wave will 

depend on its interaction with the field. This piezoelectric 

contribution to the phase velocity must be considered for 

any complete theory of Brillouin scattering in piezoelectric 

crystals. 

The effect of piezoelectricity on the velocity of sound 

waves may be interpreted as a "stiffening" of the elastic 

constants since the induced electric field acts in such a 

manner as to oppose the deformation. In the present experi- 

ment this was a second order effect since no external D.C. 

electric field was applied to the crystal. An analysis of 

the piezoelectric effect follows that given by O'Brien et 

al. (1969) in which simultaneous solutions to Maxwell's field 

equations and Newton's second law provides the following 



results : 

The basic wave equation is the same as that of pure 

elastic theory (A8) : 

where p is the mass density, Tij are the stress tensor 

components. The strain tensor components S 1 are defined i j 

in the usual manner (2.6) . 
For quasi-static fields in non-magnetic, non-conducting, 

charge free media, Maxwell's equations are given by: 

where - E is the stress induced internal field and - D the 

displacement vector. The fundamental piezoelectric equations 

for adiabatic conditions are: 

and 

Dm 
E - = S + 

'mn n 
4 .rr i, j=l mij ij n= 1 47J 

E is the elastic constant tensor for constant 
where 
field, emij the piezgelectric tensor and Cmn the dielectric 

constant tensor. 



Simultaneous plane wave solutions of equations C1 

through C4 yieldwthe displacement U as solutions to the - 
normal mode equation: 

where the "stiffened" 

by: 

elastic constant (in c.g-S.) is given 

where K is the phonon wave vector with direction cosines - 

The important result is that the displacement U satisfies - 

the same wave equation as in pure elastic theory (All) with 
* 

the inclusion of a; effective elastic constant C i jkR'  

The effective elastic constant contains a positive contri- 

bution from the piezoelectric effect (if both e's are 

positive). This "stiffening" of the elastic constant causes 

the sound velocity to be enhanced and the Brillouin frequency 

shifts to be increased. 

To estimate the importance of the piezoelectric effect 

in the present experiment on Zinc Selenide,~erlincourt et al.'s 

(1963) value for the piezoelectric stress tensor components 



e = e  14 25 = e36 are used (e14 = 0.049 coul/rn2). (Note: 

the crystal symmetry of ZnSe is T and thus the only non- d 
zero components are e = e - 14 25 - e36' where the reduced form 

epi j*ep a has been used (A4)). Using the present value for 

the elastic constants (Table VIII) and a value of €= 6.1 

(Berlincourt et al., 1963) the piezoelectric corrections to 

the elastic constants are given by the following: 

i 1 

ii ) 

iii) 

the correction to Cll: 

hence C is unstiffened (no corrections are 11 

required). 

the correction to C12: 

hence C12 is unstiffened. 

- - the correction to Cp4 (Cg4 - C55 - CG6): 

A A * 47~ 2 
C44 = C44 + E e 14 ( K ~ )  and since (K 1 ) * 5 1 then 

thus the correction to C14 is at most ".I%. 



iv) the correction to the other elastic constants: 

By symmetry the only other elastic constants which 

are stiffened are C 45' C46 and CS6 where the stiffening 

is at most .05% of C44. 

Now since the experimental error in this work 

was of the order of 1% and because the contribution 

from the piezoelectric effect is at most .1%, the 

effect of piezoelectric stiffening should be negligible. 

Furthermore, the results of pure elastic theory (section 

2.7; Appendix A) can be used without any modifications 

to calculate the phase velocity and polarization of the 

sound waves. 

Zinc Selenide is only weakly piezoelectric and no cor- 

rections for piezoelectric effects were necessary. However 

these effects have to be considered in strongly piezoelectric 

crystals such as a-Quartz. In a-Quartz the only non-zero 

piezoelectric stress coefficients are e and ell (Bechrnann, 11 

1958). It has been determined that the elastic constant Cj3 

is unstiffened for all directions of wave propagation while 

C44 
is stiffened only for phonons which have a component of 

wave propagation normal to the optic axis. Hence for the 

present backscattering geometry along the optic axis the \ 

values obtained for Cjj and C44 (Table VI) need no 

corrections from piezoelectric effects. 
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