


INTKOIIULT ION - 
I l ~ e  pliysical properties of non-crystalline solids are uniquely 

9 
?g susceptible to  study by ap t ica l  techniques such as infra-red and Raman 

( 9 )  spectroscopy, redlectantzc aid absorbti011 measurements, and l ight  scat- 

tering. In addition, highly refined measurements of tile dependence of 
1 

refractive inciex ;ox pressure, density, and other parameters provida a 

serlsitive inciicator of d m g e s  i n  structure. Current developments i n  

optical i n s t m ~ e n t a t i o n  mcl coherent optics llillen co~12)ined with the 

d i e r e n t  high rttsoluticrn of optical  mneasuremerrts, can be expected t o  

prouuce inproved methods of materials characterization. 

In part icular ,  BriIlouin and kbye-Sears l ight  scattering from 

l~ypersonic and ul t rasonic  wares can readily be applied t o  the study of 

both solid, l iquid,  and t ransi t ion range plrases of the amorphous state.  

lke high sens i t iv i ty  of $he scattering process t o  any optical anisotropy 

tilat may be present i n  the substance under study offers the potential 

of direct ly observing the relaxation processes associated with longi- 

tudinal and transverse wave propagation and viscous flow. 

The evolutian of tl9e e l a s t i c  ~noduli of liquids and the formation 

of a shear modulus upon approach t o  tlie glass transition provide an 

important l ink in the study of glass formation. Ultrasonic attenuation 

limsureriients ixt l iquids (Litovitz ard Davis, 1965) provide a direct  

measure of tile d i spe r s im  of compressional waves and the associated 

structural  relaxation b u ~  are  limited t o  the study of complex liquids 

with long relz- ati ion times since tile upper frequency range of these 

teduiiyues in  l iquids is of the  order of 100 I".EiZ. Grillouin scattering 

4 froin thenilal excitatiorrs extends tile frequency range to  10 NIL, wilere 



the onset of f a s t e r  relaxi~tifm processes can readily be observed. In 

addition, it can be expected t h a t  transverse acoustic modes can be 

supported by a f l u i d  at tlxese frequencies, a feature which appears t o  

be verifieu by t he  recent observations of Stegenran and Stoicheff (1968). 

Additional features of de2ola;rizcd scat ter ing from ultrasonic waves in  
I 

6 

viscous media imve been daionstrated by Kiley and Klein (1969) and by 

blangla (1970 j who have used kbye-Sears scat ter ing t o  detemtine the 

relaxation time of viscous f lu ius .  I n  t h i s  case the depolarization is 

at tr ibuted t o  f l a g  birefringence. 

Quantitative in terpre ta t ion  of data obtained i n  l ight  scattering 

experiments o r  i n  re f rac t ive  index measurements ~ x u s t  ultimately r e s t  on 

a tlicory of tire optical constants wliidi includes the magnitude and dis-  

persion of the s t ra in-opt ic  coefficients.  Altlrough such a theory has been 

developed fo r  cubit: crysta3.s ;(hIaraciudin and tbrstein,  1967) , an adequate 

theory is not avai lable f o r  amrphous system. In the following para- 

graphs, a f t e r  a b r i e f  review of present theories of optical constants, it 

w i l l  be shown t h a t  a general $om of tile s train-optic  constants car be 

derived from an adaptation of the KirL~,rood-Yvon theory of the d ie lec t r ic  

constant. In this ~ r ~ i t i n g ,  the  calculation is limited t o  include only 

die major features of  a sinple mlorplious structure whicli contribute t o  

tile optical constants. In tf3is context, a simple structure is taken t o  

\ be a1 enselnble of isotropic,  sp l~er ica l ly  s p n e t r i c ,  non-polar nlolccules 

characterized by a fixed polar izabi l i ty  a. Although such an assumption 

is a radical oversimplification of in teres t in3  non-crystalline systems, 

it w i l l  prove possible t o  infer scvcral features ~diicll may bear on the 

structural  evolut io~l  of more c q ~ l e x  system. I 



Tile Lorentz-Lorenz theory of the refractive index n, given i n  

terms of the n\olecular density p by 

where co i s  tile pen~l i t iv i ty  of the vacuum, has been extensively used 

to  relate optical data to dimges i n  the s t a t e  of a material. Since 

tile only structural  fac tor  i n  t h i s  expression is due to  the modified 

2 local f i e ld  of the Lorentz cavity, which accounts for  the factor n +2 

in t  the dellominator of ttke l e f t  hand side, it cannot bc expected t o  

illuminate subtle s t ructura l  changes, particularly those occurring a t  

constant density. Several authors have extended tlle theory of the re- 

fractive index t o  inelude the correlations of neighboring molecules 

using both phenomenological {bottdier , 1952) and s t a t i s t i c a l  meclranical 

arguments Glazur and Jansen, 1955). 

~ l l e '  theory of tjle s train-optic constants have been developed to  

a lesser degree. The density dependence of the refractive index can 

be approximated from (1) t o  be 

L This expression suffers  tire sariie liriiitations as that  for  the refractive 

index. Furtilemore, tilere is no possibi l i ty of developing the tensor 

properties of the strain-optic constants from an expression for  an 

isotropic refractive index. 

Using arguments s imi lar  t o  those of the Lorentz local f i e ld  correc- 

tion, blucller (1955) was able t o  derive e~y rc s s io~ l s  for  the anisotropy 

of thc  refractive index induced by a unicaxial s t ra in  S. From his 



results ,  

the birefringence: fo r  li&t polarized paral lel  and perpendicular to  

the s t ra in  can bc aerivcd. 'i'llis derivation also provided the f i r s t  

valiu theoretical c s t i n ~ t e  of tile s train-optic constants of isotropic 

solids. The second and th i rd  terms on the right-hand side of these 

equations represent the isotropic and anisotropic local f i e ld  correc- 

tion. 

In order t o  t e s t  the general val idi ty of (3) and (4) and to extend 

these theories to a var ie ty  of systems which may exhibit unique struc- 

tura l  characteristics,  xmre general expressions for  the dependence of 

the refractive index 011 focal  mechanical disturbances nus t be developed. 

Progress in  t h i s  direct ion can be readily made i f  it is assumed that  

the mecllanical disturbances are  infinitesimal strains wllich are ins tan- 

taleous responses t o  applied ~ulifonn forces. This corresponds to the 

response of a sys tern ixl the high-f reoliency l i m i t ,  where the elas t i c  

nloduli display sol id- l ike  bel~avior. 



W M T I O t i  OF OPTICAL CONSTANTS 

The refractive index and strain-optic constants of a simple amor- 

phous system may be calculated i n  the high frequency l i m i t  by using 

the clielectr ic.fom~alisn of Kirkwood and Yvon as extended t o  optical 

frequencies by F h n a n  (1955). Assuming that  the location of each 

polarizabile center i n  a system of microscopic, isotropic, non-polar 

molecules is known and given by a hierarchy of multiparticle correlation 

functions, Fixman has shown that  the optical dielectr ic constant is 

given by tiye expression 
r 

I - 
where a is Zhe assumed free-particle polarizability, p is the part icle 

density , gI2 9 6123 9 etc.  are the two and three part icle correlation 

functions, fj is the unit matrix, and fiij is the dipole interaction matrix 

given by 

where 'kij = $-%j9 and ko is the wavenuinber of l ight  i n  the vacuum. 

Using this formalism t o  calculate fluctuations i n  the refractive index, 

Fixman was &le t o  relate the molecular theory of l ight  scattering t o  the 

phenomenolagical kinstein-Smoluchowski theory. 

Since tfie expansion parameter i n  equation (5) is the inverse density, 

convergence can be expected t o  be slow i n  tlre range of liquid and solid 

densities. Nevertheless, we may gain insight into the role that mole- 

cular  correlations play in  structural studies of amorphous systems by ~ 



consicteri~lg: only ternls i n  the expansion including the f i r s t  non-vanishing 

correlation term and ignoring, for  the nlonent, higher orcler terms. 

Although this may seem a drast ic assumption, it is consistent with 

riumertxls studies of the role of density on refractive index, and w i l l  

k achpted for the balance of this discussion. 

Coilsicker rtow t h e  dependence of the dielectr ic constant on mechanical 

disturbances of the system. In particular, l e t  us assume that the medium 

undergoes a suckle11 uniaxial s t ra in  S in the z direction. Under such 

circumstances it can be expected that the density and the correlation 

functions of a suitably truncated form of equation (5) w i l l  undergo 

change t o  correspond t o  th is  perturbation. In the absence of relaxation 

it follows that the new correlation function g i 2 ( ~ )  can be m i t t e n  in  

tern of the i n i t i a l  g12 by 

Follaring this description, and assuxning that  S is infinitesimal, g12 

can be expanded i n  terms of its derivative so that the s t ra in  dependence 

of expression ( 5 )  car be evaluated. After several changes of variable, 

integrating over the angular variables of the volume integral, and inte- 

grating by par ts  over the radius vector, the expression 

is obtained. &re 3 is the diagonal matrix with trace zero and Bll = 

BZ2 = 1, HjJ = -2 and r is the integral, 

dr  
(9) I 

r 

I which appears i n  other discussions of the refractive index. 



THE OPTICAL C O N S M S  

The optical constants of the isotropic system may now be written 

in terms of the correlation integral. Since there are only two independ- 

ent strain-optic constants in an isotropic system, it is necessary to 

consider only one uniaxial strain condition to obtain both. In addition, 

the density dependence of the refractive index is also of interest since 

it is this quantity which is readily obtained from pressure measurements 

and in Debye - Sears experiments. 

REFRACTIVE INDEX 

The refractive index obtained from direct evaluation of (5) is I 
given most conveniently in the form I 

which can be compared directly to the Lorentz-Lorenz of equation (1). 



To the extent that  our approximations are valid, equation (8) 

can be use& t o  predict both of the high frequency strain-optic constants 

of simple molecular systerils. This can be done by comparing (8) t o  

Pochel's expression for pll, plZ (Piye, 1957) with the result that 

and 

In tlrese expressions, the fourth-rank tensor pi jkQ has been written 

i.11 tile reduced notation anci the refractive index n has been substituted 

2 f o r  the die lect r ic  constant tllrough the Maxwell relation n = e/co. 

The density dependence of the refractive index can be written i n  / I  



EIISUZSSION OF 'DIE IIIGiI FEQUhYCY OKTICAL CONSTANTS 

The physical mechanisms which have a clominant effect on the optical 

calstan'ts of an isotropic molecular system are evident in  expressions 

(11). and (12). The f i r s t  tern1 in  tlle brackets of each expression 

accounts for the ciiange of refractive index due to  density changes 

accaipmying a strain. The second tern is the anisotropic correction 

to  the refractive index which is attributable to  the el l ipt ical  distor- 

tion of the Lorentz cavity and is the same term derived by Plueller from 

phenmenological arguments. 

The  orr relation tent reflects the additional polarizing effect of 

neighboring n~olecules on eadl otlier which is due to  the difference be- 

tween the polarization produced by a dipole spread over tlie volume out- 

side of the Lorentz cavity and the polarization produced by a dipole 

distributed over a spherical surface centered with the Lorentz cavity. 

It may be inferred that since p11#p12 in  the high frequency limit, 

local optical anisotropy ]]lay be induced by either longitudinal or 

transverse hypersonic disturbances in  the medium. Hence, depolari zed 

optical  scattering nay observed which is due to  purely structural 

anisotropies.wilich are unrelated t o  any anisotrapies of molecular struc- 

ture. This property is due to  both the anisotropy of the fluctuating I 



TflE ROLE OF I' I N  TIE ELAXATION OF TÎ& 0I)TICAL CONSTANTS 

Me m y  now enquire what role the correlation term r may play in 

the refractive index and strain-optic constants of a substance. We 

will first show, from the evaluation of a class of correlation func- 

tions g'(r), that I' will increase the Lorentz cavity contribution to 

tile refractive index by 25 to 50 percent and that it may hence be 

expected to have a measurable effect on the observed strain-optic 

constants. Me will also argue that the r contribution is the lowest 

order tern that may be expected to exhibit relaxation and reflect 

structural changes in isotropic, central-force systems, 

? 



EVALUATION OF r 

Mazur and Jansen have cxrnsidered the correlation contributions 

to the refractive index for LRnnard-Jones potentials. Since the be- 

havior of i? under changes of the internal state of a substance are of 

primary interest, we have chosen to evaluate r by choosing a number 

of correlation functions which typify a range of system states. Bali 

(1969) evaluated I? for a nrmigrer of systems for which g(r) could be 

determined. These include three systems exhibiting a continuous g(r), 

i . e . an uncorrelated system, and the Kirkwood-Yvon system of hard 
spheres in both the Kirkwood and Born-Green parametrization. For the 

sake of comparism, three systems with discrete distributions were also 

evaluated. These include the hexagonal and cubic close-packed lattices 

in which averages over angular variables were carried out in order to 

make g(r) isotropic. The third discrete system evaluated was the random 

close-packed rigid sphere model of Bernal as evaluated by Scott (1962). 

In figure 1, the computed values of To have been plotted as a 

3 function of density in units of ao, where a. is the hard sphere diam- 

eter. Since the polarizability a is unknown, To has been defined in 
3 terms of the classical polarizability a. = ro, where ro is the classi- 

cal molecular radius, so that aor = are. It may be expected that the 

results of figure P typify a wide range of physical systems. The three 

discrete models correspond to the limit T+O, while the uncorrelated model 

should correspond to all systems in the limit of high temperatures. The 

Kirkwood-Yvon model displays the behavior of a thermodynamic system over 

a trajectory of temperatures [ad hence density) at finite pressure. 

These results show that I'o will lie between .I25 and ,375, indicating a 

correction to the Lorentz field term of between 25 to 50 percent. 



I t  w i l l  be remembemd that the strain-optic properties as here 

derived were valid onXy i n  the hidl frequency limit - i .e. under the 

assumption that no rekcxation of the molecular correlation would occur 

in response to  a s t rain,  I h c e  a knowledge of r a t  the in i t i a l  density 

is sufficient t o  evaluate the strain-optic constants in the high fre- 

quency limit. On tile other imd,  i f  the predictions of figure 1 can be 

taken seriously, a qualitative view of the isothermal or adiabatic 

changes in  the optical constants which occur with mechanical stresses of 

a substance can be inferred. 

In the simplest case, the value of ro is seen to  be independent of 

density in  an uncorrelated system. This is true in  both the isothermal 

and high frequency 1 ts and implies that no relaxation may be expected 

to  occur in the strain-optic properties of the substance, regardless of 

tile rapidity with w h i c h  rraecflanical disturbances may occur. In the other 

extreme, the density dependence of To for well defined structures such 

as hcp, ccp, and ?he 1-mdom close-packed model a t  T = 0' is given by 

This contiition makes it possible to  derive the coefficient $ directly 
P 

froril the index expression (13). Since the above assunrption is equivalent 

to solid-like behavior, it is not surprising. that relaxation i s  not 

present in  th is  case either.  

I t  should be noted that an estirrlate of structural adjustments a t  

f ini te  temperatures be made by evaluating To for harmonic motion of 

the la t t ice  si tes.  A calculation including thernlal expansion would lead 

directly t o  a quantitative evaluation of the dispersion of r. A t  T = 0' 

it is clear that equation (14) is valid for these systems, the con- 



of I', a t  given density. I t  can be expected that  relaxation of th is  I I 
additive term w i l l  ac any processes of thermal conduction. 

The thermodynamic case is represented by the Kirkwood-Yvon system 

which i l lus t ra tes  the range of beilavior that  may be expected i n  the density 

dependence of the refractive index. Derivation of the strain-optic 

properties i n  the high frequency limit is again consistent w i t h  equation 

(14). This implies t h a t  the slope of the ro vs p curve in  figure 1 is 

given by the l ine  passing f r cn  the  origin t o  the value of ro a t  the 

assunled i n i t i a l  density, Fram t31e figure it is clear that the dependence 
I 

of I' on density in t f ~ e n d y n  e equilibrium is lower than that predicted 

in  the high frequency limit. Hence, under rapid compression from a 

given i n i t i a l  density, the system w i l l  follow the trajectory corresponding 

to  solid- like behavior and subsequently relax (at  constant density) t o  the 

equilibrium value of To. This process is associated with the process of i 

structural relaxation in the substance. From, th i s  point of view, the dis- 

persion in the correlation contribution t o  the strain-optic constants of 

a substance, which we laave argued is the only relaxing term i n  simple 

systems, increases at lower densit ies,  so that its contribution t o  the 

optical properties w i l l  be coazsiderably weaker a t  frequencies below the 

structural relaxation time. .For example, i n  the case of the Born-Green, 
ar - I a r .5 - . T h i s  corresponds t o  the approxinlate relat ive density 
ap wo ap , 



lllc to the rapid decrease of the factor y4 in the integrand of I' , 
this integral is most sesrsitive to the density of nearest neighbors. 

This will be true even for wntinuous distribution functions, since an 

integral equivalent of the coordination number can be defined. Hence, 

althougl~ the wavelength af l ight  is almost three orders of magnitude 

greater than the interparticle spacing, precise determination of the 

optical constants can be exgected to reflect the coordination number. 

This suggests that the refractive index of a simple, glass forming sys- 

tem may indicate the develupient of increased coordination upon approach- 
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