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LIGHT SCATTERING AND REFLECTIVITY OF LIQUID INTERFACES 

D. Langevin and J. Meunier 

Laboratoire de Speoirosoopie Hertzienne de l'E.N.S., 24, vue Lhomond, 
7S2S1 Paris Cedex 05, France 

Résumé - L'interface entre deux fluides n'est jamais rigoureusement plat, du 
fait de l'agitation thermique. Ceci modifie les propriétés de réflectivité de 
l'interface et donne naissance à une diffusion de la lumière. 

La dépendance en fréquence de la lumière diffusée par les rugosités de surface 
contient d'intéressantes informations sur la propagation des ondes capillaires. 
Ceci constitue une méthode très fiable de mesure d'un certain nombre de pro
priétés de l'interface : tension superficielle, élasticité et viscosité de 
surface. 

La réflectivité de l'interface diffère de la réflectivité de Fresnel à cause 
de l'existence, non seulement d'un profil "intrinsèque" de densité au travers 
de l'interface, mais également des rugosités de surface. Les différences ne 
sont habituellement importantes qu'au voisinage de l'angle de Brewster. Mais, 
lorsque la tension interfaciale est très faible elles peuvent s'observer faci
lement autour de l'incidence normale. Le problème de la séparation des deux 
contributions : épaisseur "intrinsèque" et rugosités, est encore mal résolu. 

One présentation de ces divers effets de l'agitation thermique aux interfaces 
liquides sera donnée. 

Abstract - Because of thermal motion, a liquid surface is never perfectly flat. 
This modifies the relectivity properties of the surface and gives rise to 
scattering of light. 

The frequency dependence of the light scattered by the surface corrugations 
contains interesting informations about capillary waves propagation. Several 
surface properties can be thus measured : surface tension, surface elasticity 
and viscosity. 

The surface reflectivity differs from the Fresnel reflectivity not only becau
se of the "intrinsic" density profile across the interface, but also because 
the surface corrugations are present. The differences are usually only impor
tant around the Brewster incidence. But when the surface tension is small they 
can be easily observed around the normal incidence. 

A brief summary of these differents aspects of the thermal motion on liquid 
surfaces will be presented. 

I - INTRODUCTION 

The scattering of light from thermally excited surface waves was first predicted by 
V. Schmoluchowsky ( ) in 1908. He noted that thermal motion should constantly dis
tort the surface and gives rise to a certain roughness. In 1913, L. Mandelstam (2) 
derived the mean square amplitude of the thermal fluctuations and, by using Ray-
leigh's theory for the diffuse reflection by a rough surface, he calculated the in
tensity of the scattered light. He qualitatively verified these predictions, from 
visual observations of the light scattered by a carbon disulfide-methanol interface 
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near  t h e  c r i t i c a l  po in t .  But t h e  conventional s p e c t r a l  lamps made t h e  l i g h t  s c a t t e -  
r ing  experiments d i f f i c u l t  t o  perform. I n  p a r t i c u l a r ,  f a r  from c r i t i c a l  po in t s ,  t h e  
surface l i g h t  s c a t t e r e d  i n t e n s i t y  can not be dis t inguished from t h e  l i g h t  s c a t t e r e d  
by the  bulk of t h e  l i q u i d  phases, which i s  usual ly much l a r g e r .  The experimental pa- 
pers  on t h e  sub jec t  were then scarce  u n t i l  t h e  appearance o f  Helium-neon l a s e r s  
around 1965. Lasers made poss ib le  t h e  frequency ana lys i s  o f  t h e  s c a t t e r e d  l i g h t .  The 
d i s t i n c t i o n  between bulk and sur face  s c a t t e r i n g  became then f e a s i b l e  : indeed t h e  
c h a r a c t e r i s t i c  frequencies and dispersion r e l a t i o n s  a r e  very d i f f e r e n t  i n  the  two 
cases. 

The f i r s t  experiments using l i g h t  beat ing spectroscopy were performed i n  our labora- 
t o r y  i n  1968 ( 3 ) .  A t  t h e  same time Katyl and Ingard (') obtained independently s i m i -  
l a r  r e s u l t s  under more d i f f i c u l t  experimental condit ions with a  Fabry-Perot i n t e r f e -  
rometer. The l i g h t  beat ing spectroscopy is much b e t t e r  s u i t e d  f o r  sur face  l i g h t  
s c a t t e r i n g  experiments and was adopted i n  a l l  f u r t h e r  s tud ies .  

The technique has now be widely used. A b r i e f  summary of both theory and experiments 
w i l l  be given i n  t h e  following. 

The s c a t t e r i n g  of l i g h t  is expected t o  give r i s e  t o  a  r e f l e c t i v i t y  l o s s ,  t h a t  should 
increase  close t o  a  c r i t i c a l  po in t  where t h e  s c a t t e r e d  i n t e n s i t y  becomes very la rge .  
This e f f e c t  was inves t iga ted  by Webb and co l labora tors  s ince  1965 ( ' ) .  But they a t -  
t r i b u t e d  t h e  r e f l e c t i v i t y  l o s s  t o  t h e  diffuseness  of t h e  i n t e r f a c e  r a t h e r  than t o  
i ts roughness. Indeed the  i n t e r f a c e  between two f l u i d s  i s  never e i t h e r  p e r f e c t l y  
f l a t ,  nor p e r f e c t l y  sharp. A s  a  c r i t i c a l  po in t  is  approached, the  i n t e r f a c e  thickens 
and becomes extremely d i f fuse ,  u n t i l  a t  t h e  c r i t i c a l  po in t ,  it disappears completely. 

More recen t ly  ( 6 )  (') t h e  problem of  t h e  r e f l e c t i v i t y  of a  rough and d i f f u s e  i n t e r -  
face was reconsidered. We have shown i n  p a r t i c u l a r  t h a t  t h e  e a r l i e r  experiments a r e  
i n  b e t t e r  agreement with the  theor ies  when the  roughness contr ibut ion i s  properly 
taken i n t o  account. Unfortunately, t h e  complete ca lcu la t ion  is only easy f o r  t h e  
normal incidence and there fore  only app l ies  f o r  very th ick  i n t e r f a c e s  where re f lec -  
t i v i t y  l o s s e s  a r e  observable. 

A b r i e f  summary of t h e  e x i s t i n g  theor ies  and experiments w i l l  a l s o  be given here- 
a f t e r .  

I1 - LIGHT SCATTERING BY LIQUID SURFACES 

-f 
The v e r t i c a l  displacement of a  given po in t  of t h e  surface r and a t  a  given i n s t a n t  t 
can be wr i t t en  a s  a  sum of Fourier  components 

++ 

Each component Tq behaves l i k e  a  s inuso ida l  d i f f r a c t i o n  grat ing.  When q i s  smaller 
than k ,  t h e  wave vector  of t h e  inc iden t  l i g h t ,  t h e  g ra t ing  s c a t t e r s  t h e  l i g h t .  The 
zeroth order  con t r ibu tes  t o  t h e  regular  r e f l e c t i o n  and t h e  f i r s t  o rder  t o  t h e  sca t -  
t e r i n g .  The higher o rders  a l s o  give a  contr ibut ion t o  t h e  s c a t t e r i n g ,  which is  ne- 
g l i g i b l e  compared t o  t h e  f i r s t  order  one, because t h e  roughness amplitude i s  very 

small ( t y p i c a l l y  <C2>' Q, 10 8 ) .  The contr ibut ion of t h e  higher  o rders  t o  t h e  re- 
f l e c t i o n  w i l l  be considered l a t e r  on (§  111). 

The l i g h t  s c a t t e r e d  by a  p a r t i c u l a r  gour ie r  component 5-t is  found then i n  a  well- 
defined d i r e c t i o n  simply r e l a t e d  t o  q by : 

9 

+ -f 
Where kdC and kC a r e ,  respec t ive ly ,  t h e  p ro jec t ions  of the  wave vectors  of  t h e  scat-  

t e r e d  and r e f l e c t e d  l i g h t  on t h e  sur face  plane. 

-+ 
The c rea t ion  of a sur face  v ibra t ion  mode of wave vector  q (surface r ipplon)  requ i res  



a c e r t a i n  amount of work aga ins t  g rav i ty  and c a p i l l a r y  forces.  The energy equipart i -  
t i o n  theorem leads  t o  

where y is  t h e  surface tens ion ,  pl  and p2 the  d e n s i t i e s  of  t h e  upper and lower 
f l u i d s  respect ively.  The grav i ty  term (pl  - p2)g  is usual ly neg l ig ib le  f o r  t h e  wave 
vectors  of i n t e r e s t  i n  l i g h t  s c a t t e r i n g .  I t  follows t h a t  t h e  i n t e n s i t y  I of  t h e  
s c a t t e r i n g ,  which is proport ional  t o  <c2>,  becomes very l a r g e  i f  t h e  sur face  tension 

9 
is  small. This happens f o r  instance c lose  t o  a c r i t i c a l  po in t  and give r i s e  t o  "sur- 
face opalescence". 

I t  follows a l s o  from equation ( 2 )  t h a t  I decreases very rapidly when t h e  s c a t t e r i n g  
angle increases.  I n  p r a c t i c e ,  t h e  experiments a r e  o f ten  r e s t r i c t e d  t o  very small  
s c a t t e r i n g  angles A0 6 l o .  In  t h i s  domain t h e  s c a t t e r e d  i n t e n s i t y  per  u n i t  s o l i d  
angle around t h e  r e f l e c t e d  beam i s  

where IQ  is  t h e  inc iden t  l i g h t  i n t e n s i t y ,  R t h e  r e f l e c t i o n  c o e f f i c i e n t ,  8 t h e  angle 
of re f lec t ion .  

Let us  est imate t h e  i n t e n s i t y  i n  t h e  case of  t h e  f r e e  surface of water  y = 72 dyn/cm 
p = lg/cm3. I f  we use an He-Ne l a s e r  (k % lo5 cm-I), an inc iden t  heam normal t o  t h e  
sur face  8 = 0 ,  and i f  we d e t e c t  t h e  s c a t t e r e d  l i g h t  i n  t h e  d i r e c t i o n  A8 = l o ' ,  then 

This  value i s  la rge  compared with t h e  s c a t t e r i n g  by densi ty f luc tua t ions  i n  t h e  bulk 
water (% f o r  a s c a t t e r i n g  volume 1 cm t h i c k ) .  But t h e  sur face  s c a t t e r i n g  de- 
creases  very rap id ly  a s  t h e  s c a t t e r i n g  angle increases,  whereas t h e  bulk s c a t t e r i n g  
remains constant .  

I n  order  t o  separa te  t h e  sur face  l i g h t  s c a t t e r i n g  from t h e  hulk s c a t t e r i n g  o r  from 
t h e  s t r a y  l i g h t  ( a t  low s c a t t e r i n g  angle) a s p e c t r a l  ana lys i s  is required most of  
t h e  time. We have seen t h a t  t h e  angular dependence of t h e  s c a t t e r e d  i n t e n s i t y  re- 
f l e c t s  t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  f luc tua t ions  <. The s p e c t r a l  ana lys i s  w i l l  
r e f l e c t  t h e i r  temporal evolut ion : 

+ + 
I (kd , old) = F F(q  , W )  W = ("d - 

W Q  being t h e  frequency o f  the  inc iden t  l i g h t .  F depends only on t h e  inc iden t  beam 
proper t ies  and s c a t t e r i n g  geometry, P only on t h e  s c a t t e r i n g  system : P is  t h e  space 
time Fourier transform of t h e  c o r r e l a t i o n  funct ion of 5, i - e . ,  <<($,t) <(; ' , t r )  > . 
After  i t s  c rea t ion ,  a sur face  r ipplon w i l l  tend t o  disappear under t h e  inf luence of 
r e s t o r i n g  forces ( c a p i l l a r i t y  + grav i ty )  and damping forces  due t o  bulk v i scos i ty  i n  
t h e  case of  simple f l u i d s .  Depending on whether t h e  r e s t o r i n g  force  is  l a r g e r  o r  
smaller  than t h e  damping force,  t h e  sur face  r ipplon w i l l  propagate a s  a damped os- 
c i l l a t i o n  o r  w i l l  be damped exponential ly  without propagation. I t  behaves o p t i c a l l y  
a s  a moving d i f f r a c t i o n  gra t ing  and t h e  s c a t t e r e d  l i g h t  i s  frequency s h i f t e d  by the  
Doppler e f f e c t .  I f  the  f l u i d  v i s c o s i t i e s  rll and n2  a r e  small,  t h e  frequency of pro- 
pagation Wq and t h e  l i f e t i m e  of surface r ipplons,  rq a r e  (propagating case)  

and i f  t h e  f l u i d  v i s c o s i t i e s  a r e  l a rge ,  o r  i f  t h e  sur face  tens ion  Y is very s m a l l ,  
t h e i r  l i f e t i m e  is (overdamped case)  : 
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AS a consequence, the spectrum as the scattered light in the first case has two 
Lorentzian components symmetric with respect to wo. They are centered at a,, 2 w, . 
and their half width is hq (eq 3 ) .  In the second case, the spectrum is a single 
Lorentzian curve centered at wo, of half width AU (eq 4). 

9 

In the intermediate viscosity range, which is encountered very often experimentally, 
the spectrum is much more complex. In a first approximation, the surface can be re- 
placed by a thin elastic membrane having the same vibration modes ( '). The spectrum 
is then identical to that of an harmonic oscillator. Closer to the transition bet- 
ween propagating and overdamped regime, the exact theoretical spectrum ( ' ) , still 
more complex, has to be used. Indeed the coupling between the surface and the bulk 
fluids becomes then important. 

The study of the spectrum of the light scattered by surfaces of simple fluids allows 
the determination of the surface tension Y and of the bulk viscosity TI. Many others, 
often more precise methods can be used to measure these quantities. The advantages 
of the light scattering techniques are : 

- the system us at thermal equilibrium, 
- the only perturbation to the surface is the light beam whose intensity can be 
lowered if necessary. 

The technique can therefore be used when more simple methods may fail. It can also 
allow the measurement of different parameters in more complex systems. The following 
lise will review briefly the experiments performed in recent years. 

Surqace tension measurements 

~rikical points pure fluids CO, (''1 Xe (I1) SF, (I2) 
binary mixtures cyclohexane-methanol (' ) ; 

Nematic liquid crystals (14) ; 
Nematic isotropic interface (' ') ; 

Lipid bilayers (I6) (I7) ; 
Multiphase microemulsion systems . 
Other surface forces 

Surface elasticity : insoluble monolayers on water (19)-(22) interactions between two 
surfactant layers in soap films (electrostatic, Van der Waals forces) (23) ( 2 4 ) .  

BULK viscosity 

Nematic liquid crystals, 
Polymer solutions (' ) (' ) , 
Critical points of pure fluids. 

Surface viscosities 

Insoluble monolayers on water, 
Lipid bilayers. 

I11 - FZFLECTIVITY OF LIQUID SURFACES 

As pointed out before, the surface corrugations can lower the reflectivity of a li- 
quid surface. 

For the Fourier components of the surface displacement Cq of wave vectors such as 
q < k (eq I ) ,  the reflectivity loss is due to the scattering. A very good approxima- 
tion of the new reflectivity can be obtained when the incidence is normal, by gene- 



r a l i z i n g  ( 6 )  a r e s u l t  of Beckman and Spizzichino ( 2 7 )  f o r  p e r f e c t l y  r e f l e c t i n q  rough 
surfaces : 

(5) 
-4k2<5:> 

R = R F e  

where RF i s  the  Fresnel  r e f l e c t i v i t y  and <5:> = <5 > 2  4d9 represents  t h e  con- [ 9 2." 

t r i b u t i o n  of t h e  wave vectors  0 < q < k i n  t h e  mean square displacement. The remai- 

ning contr ibut ion is  : <c2> = , where t h e  c u t  o f f  wave vector  qmax 

i s  r e l a t e d  t o  t h e  e f f e c t i v e  i n t e r f a c i a l  thickness  L : qmax % T/L. The contr ibut ion 
<5;> does not l ead  t o  s c a t t e r i n g ,  bu t  t o  evanescent waves t h a t  lower fu r ther  t h e  
r e f l e c t i v i t y .  The work of P.  Bousquet (") r e l a t i v e  t o  d i f f r a c t i o n  gra t ings  of pe- 
r i o d i c i t i e s  smaller  than h = 2T/k g ives  t h e  corresponding r e f l e c t i v i t y  l o s s  t o  t h e  
f i r s t  order  i n  <5:>. 

A more complete r e s u l t  can be obtained independently with an "e f fec t ive  medium" type 
theory. Indeed, t h e  sharp but  rough p r o f i l e  can be replaced by a space averaged den- 
s i t y  p r o f i l e  ('') 

2 % where L is t h e  mean square displacement L = <<,> . 

The r e f l e c t i v i t y  of the  equivalent  d i f f u s e  i n t e r f a c e  i s  given by ( 3 0 )  : 

m 
dp e2ikz - R=%[kI, dz d z ] '  

one obtains  f i n a l l y  : 

(6) 
Generalizing f u r t h e r  t h e  r e s u l t  of Beckman and Spizzichino one can replace i n  equa- 
t i o n  5 t h e  r e f l e c t i v i t y  RF by t h e  r e f l e c t i v i t y  R2 corrected f o r  t h e  contr ibut ions of 
l a r g e  wave vectors  (eq 8 ) .  F ina l ly  t h e  complete expression o f  the  r e f l e c t i v i t y  i s  : 

Let us  note t h a t  Buff, Lovett and S t i l l i n g e r  already obtained t h i s  r e s u l t  by repla-  
c ing t h e  whole f luc tua t ions  by t h e i r  space averaged p r o f i l e  : eq 6 with L = <c2>lL2 . 
However t h i s  procedure is not rigourous s ince  e f f e c t i v e  medium theor ies  a r e  not  ap- 
p ropr ia te  t o  describe f luc tua t ions  of  wavelengths l a r g e r  than : i n  p a r t i c u l a r  they 
do not  p r e d i c t  any s c a t t e r e d  l i g h t .  

Let us  a l s o  note t h a t  t h e  der iva t ion  of Ziel inska,  Bedeaux and Vlieger ( 3 1 )  f o r  a l l  
incidence angles  but  t o  t h e  f i r s t  order  i n  <c2> i s  a l s o  i n  agreement with eq 9. 

When eq 9 is  f i t t e d  with t h e  e x i s t i n g  experimental d a t a ,  a good agreement is found 
f o r  multiphase microemulsion systems ( 6 ) ,  but  se r ious  discrepancies  a r i s e  i n  t h e  
case of pure f l u i d s  o r  binary mixtures c lose  t o  a c r i t i c a l  po in t  ( 3  O )  ( 3 2 )  . 
I t  is  then tempting t o  a t t r i b u t e  these  discrepancies  t o  an " i n t r i n s i c  dens i ty  pro- 
f i l e "  across  t h e  in te r face .  The i n t e r f a c e  w i l l  then be both rough and d i f fuse .  

The r e f l e c t i v i t y  l o s s  assoc ia ted  with a dens i ty  p r o f i l e  depends on t h e  d e t a i l e d  
shape of t h i s  p rof i l e .  The most accurate  descr ip t ion  of  t h e  i n t e r f a c e  between two 
f l u i d s  c lose  t o  a c r i t i c a l  po in t  i s  expected t o  be t h a t  proposed by Fisk and Widom 
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(33) which is a refined form of the Van der Waals profile (34) : 

where Lp % 2 5 , 5 being the correlation lenght for the concentration fluctuations 
in the coexisting bulk phases. 

It has been noted by Webb and collaborators that the Fisk and Widom profile (eq 10) 
gives reflectivity values close to the error function profile ones (eq 6) : 

By generalizing again eq 9 one then obtains a very good approximation for the re- 
flectivity of a both rough and diffuse interface (') : 

Coming back to the experimental data, the reflectivity values can now be well ac- 
counted for by using eq 11 with Lp % 25 , 5 being deduced from bulk light scattering 
measurements. Eq 9 is convenient for microemulsions systems because in these sys- 
tems : Lp << <c2>'j2 % L , whereas for simpler fluids the current situation is 
Lp % <<>'I2 , i.e. roughness and diffuseness contribution are equivalent. 

The complete calculation of the reflectivity properties is not yet available for a 
non zero angle of incidence. Separate calculations have been performed for a rough 
interface to the first order in k<c2>'/' (31) (35) and for a diffuse interface close 
to the Brewster angle (36). It is not yet clear whether the ratio of the two contri- 
butions is the same for different angles of incidence. Preliminary experiments on 
microemulsions systems seems to indicate that the roughness contribution is very 
small around the Brewster angle (D. Beaglehole, M.T. Clarkson, A. Upton, to be pu- 
blished). Further theoretical and experimental work are needed to clarify this pro- 
blem. The case of the Brewster incidence is specially interesting because it allows 
to study very small interfacial thicknesses L & 5 A whereas for a normal incidence 
L 2 200 A. 

Finally, let us point out, that the distinction between roughness and diffuseness 
is somewhat artificial when q % kmax . A coherent description of the interfacial 
thickness has been proposed recently by Jasnow and Rudnick (37). Their result for 
the normal incidence reflectivity is formally identical to eq 11. It has the advan- 
tage of giving a precise value for equivalent cut-off wave vector qmax . The know- 
ledge of is not fundamental for the interpretation of these reflectivity 
data since it goes into a logarithm (eq 9). But it affects more seriously the re- 
flectivities around the Brewster angle ( 3 5 )  . A coherent description of the inter- 
facial profile is then also certainly needed to solve the problem of the q,,, de- 
termination in the general case. 

CONCLUSIONS 

The role of thermal fluctuations at the interface between two fluids has been ana- 
lyzed. Part of these fluctuations give rise to a scattering of light. The frequency 
analysis of the scattered light is a promising technique for the study of surface 
properties : surface tension, surface viscoelasticity. The whole fluctuations also 
modify the reflectivity properties of the interface. Excepted for the normal inci- 
dence, this effect remains very poorly understood. Although also very promising, the 
technique is not yet able to give valuable informations about interfacial density 
profiles. Prior to this, a convenient theoretical description has to be given. 
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