
The  aluminum-zinc  system  exhibits  greatly 
enhanced  small-angle  x-ray  scattering  at  tempera- 
tures  above  the  separation  temperature of the 
solid solution  phase, 351.520.4 "C. A careful 
study by Münster  et  al. [42, 43, 441, indicates  that 
a  treatment of the  data is feasible by means of an 
extension of the  Ornstein-Zernike  theory  to  eq (1). 
Here,  again,  curvature in the i" ( s )  versus s4 plot 
is  observed. 

The available  light-scattering  evidence  for  the 
a-p transition of quartz [41] is  limited  to  measure- 

ments  at - and  was  found  to  obey  the X-4 law. 

Partial  depolarization  (about 6%) of the  scattered 
light  is  reported.  The  presence of an  opalescent 
strip of finite width  between  the two phases  is  taken 
as evidence  that  the  transition  is not first-order. 
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General Conclusions 

It is clear  that  a  search  for  deviations  from  the 
predictions of the  classical  Ornstein-Zernike-Debye 
theory  must for the  moment  center on observations 
dealing with binary  systems.  There is no clear 
deviation  apparent in any of the  one-component 
studies so far  undertaken.  This is unfortunate, 
since  our  theoretical  understanding is greater for 
the  simpler  systems.  Conversely, it is not unex- 
pected  that  deviations  from  classical  behavior  occur 
in systems of greater  complexity,  where  the  scat- 
tering involves not just  the  intermolecular  poten- 
tial E ( r ) ,  but € 1 1 ,  €22. and cl2 [I]. 

For  binary  systems  investigated by one  tech- 
nique  only,  the  results on the whole are  inconclu- 
sive.  Nearly all the  light-scattering  observations 
have  certain  features in common:  reasonably good 
fit to  the 0.-Z. curves is found,  but  deviations  appear 
at largest  and  smallest  scattering  angles.  Those 
at large  angles  are  usually  upward,  the  others  are 
sometimes  downward for temperatures  quite  near 
T c ,  but  do not appear  regularly;  this may be  a  func- 
tion of the  minimum  scattering  angle  accessible 
in  each  experiment.  Extrapolated  zero-angle  inter- 
cepts  are  proportional to AT for some  systems  but 
not for  others  and in any  case  rather  suspect  since 
few  small-angle  light-scattering  data  exist.  The 
observed  anomalies  unfortunately  often  occur  at 
the limits of experimental  accessibility,  and  un- 
doubtedly  are at least  to  some  extent  rendered 
uncertain by multiple  scattering  effects.  Perhaps 
the  best  light-scattering  results  are  those  for  the 
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n-dodecany-p,p'dichloroethyl ether  system, for 
which  long-range 0.-Z. curvature is reported  for 
AT = 0.002 "C [40] and  where  multiple  Scattering 
is  apparently  negligible,  and  those for cyclohexane- - 
aniline [23] indicating  downward  small-angle  curva- 
ture of the 0.-Z. plots  for AT < 0.01 "C. 

Small-angle x-ray measurements  alone  are  less 
conclusive;  the  small-angle drop-off reported  for 
isooctane-perfluoroheptane is in the  range  where 
collimation  corrections  become  very  significant. r 

In any case only one  or two experimental  points 
are  shown lying below the 0.-Z. curves.  Zero-angle 
extrapolations  are  almost  certainly  misleading  here. 

Additional  evidence  that  the  theoretical  predic- 
tions of the 0 . -Z .  theory  are  inadequate  comes 
from  the  combined  light-scattering  and  x-ray  scat- 
tering  data of references 30-39.  All of these  report 
curvature  over  a  large  range of s ,  but  the  observa- 
tions  are not  sufficient to permit  general  conclusions 
to  be  drawn. 

The  total weight of evidence  indicates  that  there 
are  real  deviations  from  the  Ornstein-Zernike pic.- 
ture,  and  that  these  are in the  direction  suggested 
by newer  theories.  What  is  uncertain  is  the  pre- 
cise  nature of the  deviations.  This  suggests  quite 
clearly  what  needs to be  done: 

1. Future  experiments  should  be  a  composite o f  
light-  and  x-ray  scattering to cover  the maximum 
possible  range in s .  To  this  end,  small-angle  light- 
scattering  studies  should  be  included,  and  a  range 
of wavelengths  should  be  used. With the  avail- 
ability of laser  sources,  much  greater  control over 
the  monochromaticity of the radiation  and  the  scat- 
tering  geometry  can  be  exercised. 

2. The  critical point must  be  approached more 
closely (AT - 0.001") though  this may introduce new 
difficulties which are not now apparent. 

3. A serious  attempt  (theoretical  and  experi- 
mental)  needs  to be made to account for multiple 
scattering,  since  this  problem will be  aggravated as 
the  critical point is approached more  closely. 

4. It is likely that,  at  least for some  time,  the most 
precise  experiments will be  done with  binary  sys- 
tems. It would be of great  value to concentrate 
on relatively  few of these  which  display  deviations 
and  also  are good experimental  systems,  and t o  
test  them with a  much  greater  variety of experi- 
mental  approaches - scattering,  transport  proper- 
ties, etc. It is quite  apparent  that many of the 
phenomena occurring near  critical  points  are poorly 
understood  and  others  still  unknown.  In  spite of  
the  concentration on binary  systems.  precision 

experiments on one-component  systems of spheri- 1211 Debye, P., Chu, B., and Kaufmann, H., J. Chem. Phys. 36, 
ral  molecules  are still desirable. It is t o  be  ex- 1221 Chu, 3378 B., I 1962). J ,  Phys. Chem. 67,  1969(1963), 
pected,  however.  that  deviations  from  classical P31 McIntyre, D., Wims, A. ,  private communication 

behavior will be harder t o  find,  and will occur in 1251 Brady, G. W,,  and Petz, J. I., i b id ,  34, 332 (1961), 
regions  where  the  experimental difficulties are [261 Brady, G. W., and Frisch, H. L.. ibid. 35, 2234 (1961). 
very great. 1281 Brady, G. W., ibid. 40,2747  (1964). 

(271 Frisch, H. L. and Brady, G. W.,  ibid. 37,  1514  (1962). 

(291 Pancirov, R., and Brumberger, H. J.  Am. Chem. So. 86, 
3562 I 1  064). 

1301 Brumberger, H . ,  and Farrar, W. C. Proc.  Interdisciplinary 
Conf. Electromag. Scatt. p. 403 (Pergamon Press, New 
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Experiments on the Critical  Opalescence of Binary 
Liquid  Mixtures:  Elastic  Scattering * 

B. Chu 

University of Kansas,  Lawrence,  Kans. 

The  purpose of this  paper is two-fold. Firstly, 
it tries to provide  a  careful  review of many of the 
pertinent  experimental  studies  an  the  elastic 
scattering of visible light as well as on the  small- 
angle  x-ray  scattering of critical  binary  liquid mix- 
tures.  It  is  hoped  that  the  review portion of the 
article,  although in the main argumentative in 

*Elastic scattering here refers to the unresolved scattered intensity in the absence 
of a spectrometer or an interferometer This differs from inelastic scattering where 
the frequency spectrum of the scattered light has been resolved into central, Brillouin, 
and Raman components by means of optical beat frequency technique, interferometry 
and spectrometry 

character, will clear  up  some of the  confusion 
which  many readers  inevitably  get in trying  to  in- 
terpret  scattering  data on critical  opalescence 
without investigating  the  experimental  details. 
Secondly,  preliminary work on visible light scatter- 
ing of a  binary fluid mixture,  n-dodecane-p,p' 
dichloroethyl  ether,  at  small  values of s/X (s  = 2  
sin 012, X =  wavelength in the  medium)  and very 
close to its  critical mixing  point does  demonstrate 
a  breakdown of the  Ornstein-Zernike [I] and  the 
Debye [2] theories.  Further  theoretical work 
becomes  necessary. 
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Experimental Validity of Elastic Scat- 
tering Measurements 

Accurate  experiments  are not easy  to  perform 
near  the  critical point and  the  interpretation  can 
be  confused by many  experimental  effects,  such  as 
multiple  scattering,  impurities,  and  temperature 
fluctuations.  Qualitatively,  the  observed data on 
binary fluid mixtures  seem  to  confirm  the  classical 
theories [ l ,  21. On  closer  examination,  one  finds 
numerous  “anomalies,”  especially  from  data  pub- 
lished  in  the  past 10 years  or so. Perhaps,  one of 
the  reasons for us  to find so many  “anomalies” 
is because we expect  to  see  deviations  from  the 
classical  theory  on  the  basis of simple  analysis in 
terms of its  theoretical  limitations  and  approxi- 
mations.  Needless  to  say,  the  reported  deviations 
tend  to  coincide with some of the  theoretical  expec- 
tations  and vice versa.  However, I am  reasonably 
certain  that  many  observed  data  are  tinged with 
experimental  effects [3]. It would be  desirable  to 
have  more  accurate  and  extensive  data  to  sub- 
stantiate my suspicions.  Indeed,  several  systems 
have  been  and  others  are  being  reinvestigated. 
For  the  time  being, I am only able  to  provide  mostly 
indirect  experimental  evidence.  Reviews on  both 
theory [4, 51 and  experiment [3, 61 have  been  pre- 
sented  elsewhere.  Data  are  quoted  for  illustrative 
purposes only. 

1. Maximum  scattered  intensity  (light  scattering): 
For  the  system  aniline-cyclohexane, Chow [7] 
observed  a  pronounced  peak  at  a  scattering  angle 
8 of about 90”  from  a plot of scattered  intensity 
versus 8 at  intermediate  temperature  distances 
from  the  critical  solution  temperature ( T -  T,. 
< 0.3”). Debye,  Chu,  and  Kaufmann [8] reinvesti- 
gated  the  system  and  concluded  from  measure- 
ments  at  one  concentration  that  the  maximum 
scattered  intensity  reported by Chow  was an  experi- 
mental  effect. It should  be  noted  that,  in  critical 
opalescence  studies,  scattering  measurements  at 
one  concentration  seldom  provide  definitive 
answers.  This is even more so for the  system 
aniline-cyclohexane  partly  because  aniline  cannot 
be purified easily  and it undergoes  photochemical 
decomposition;  and  partly  because  the  system  scat- 
ters light very  strongly  near  its  critical  mixing 
point. As the  shape of the  coexistence  curve 
changes  markedly in the  presence of impurities, 
it is not certain  whether  the  results  reported by 
Debye,  Chu  and  Kaufmann [8] was indeed  measured 
at  the  critical  solution  concentration.  Furthermore, 
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the  horizontal  curves in reference 8 of figure 3 
may  partially  be  the  result of an over  correction 
on the  alinement of the  light  scattering  photometer 
as  indicated by the  slightly  negative  slope of LUDOX 
in the  same figure [3]. 

It  seems  that  further  investigation  on  the  system 
aniline-cyclohexane  becomes  necessary.  Such 
experiments  have  been  performed  at  Kansas with 
better  instruments  [3,  6, 91. We have  measured 
the  critical  opalescence of the  aniline-cyclohexane 
system  at  three  concentrations, 39.6, 40.6, 41.6 vol. 
percent of aniline.  The  corresponding  phase 
separation  temperatures  are  respectively 29.89& 
29.89;,  29.89; which  are  about 0.5” above  the  values 
reported in the  literature [lo]. A typical plot of 
reciprocal  relative  scattered  intensity  versus sin‘ 012 
at A I ) =  578 m p  is shown in figure 1. For  such  a 

appreciable with cylindrical  cells of about 8 mm in 
inside  diameter  even  at  relatively  large  temperature 
distances.  For  this  reason, we used  an  incident 
wavelength of 578 m p  and  performed  our  measure- 
ments not  very  close  to the  critical  solution  tempera- 
ture so that  the  effects of multiple  scattering  were 
reduced.  The  results  illustrate  that  the  scattering 
behavior of this  binary fluid system is similar to 
that of other  binary  liquid  mixtures  [3, 61. It is 
quite  certain  that  both  the  maximum  scattered 
intensity  and  the  lack of dissymmetry [8] for this 
system  are  experimental  artifacts.  The  Debye 
l-parameter  was  estimated to be in the  same  range 
as  those of other  binary  liquid  mixtures  [3, 61. 

2. Upward  curvature  (light  scattering): Virtually 
all  binary fluid mixtures in the  strongly  opalescent 
region exhibit  upward  curvatures  at  large  angles in 
a plot of reciprocal  scattered  intensity  versus 

(;)‘ (or  sin2  8/2).  Such  a plot is sometimes  re- 

ferred  to  as  an OZD plot. Closer  inspection  shows 
that  the  cylindrical  scattering  cells  are  either so 
large (e.g., 10 mm diam)  that  multiple  scattering 
becomes  appreciable  or so small  (e.g.,  2  mm  diam) 
that  reflection  and  refraction  problems  are no longer 
avoidable. The only exception was  Zimm’s classi- 
cal work [ l l ]  in which a  different  geometry for his 
photometer  was  used.  The  most  convincing  test 
for multiple  scattering  consists of a  tedious  pro- 
cedure involving  collimation  and  detector  slits of 
various  cross  sections,  scattering  cells of different 
diameters  and  geometry,  and  composite  scattering 
curves by means of both  light  and  small-angle 
x-ray scattering [12, 131. With  those  parameters, 
especially from a  composite  curve of light  and  small- 
angle  x-ray  scattering of polystyrene in cyclohexane 
[13], we have  shown that  the  scattering  curves  con- 
tinue from the visible light to  the  x-ray  region 
without  abrupt  bends.  Similarly,  the  same  con- 
clusion  can be drawn from a  superimposition of the 
scattering  curves  using  three  wavelengths (A0 

~ 3 6 5 ,  436, and 578 mp) in the visible region [3, 
61. Therefore,  the  upward  sweep  has to be  an 
experimental  effect.  In  addition,  the  scattering 
due to fluctuations  seems to behave  differently 
from  that  due to particles,  as  a  binary fluid mixture 
could  show  an  upward  curvature in an OZD plot 
indicating  the  presence of multiple  scattering 
while a LUDOX (colloidal  silica)  solution of com- 
parable  scattering  power may reveal only a hori- 
zontal  straight  line in the  same plot [14]. 

3. Attenuation  correction  (light  scattering): For 
very intense  opalescence,  the  extinction of both 
incident  and  scattered light as  the  beam goes 
through  the  critical fluid mixture  has to be  taken  into 
account [6]. Multiple  scattering  usually  changes 
the  shape of the  scattering  curves,  such  as  an  up- 
ward  sweep in an OZD plot. Even in the  absence 
of multiple  scattering,  attenuation  correction  be- 
comes  important  especially  when we want  to  know 
the  temperature  dependence of the  extrapolated 
zero-angle  scattered  intensity  over  large  tempera- 
ture  ranges. 

According to the  Debye  theory, [2] we  may assume 
that in the visible region,  the  scattered  intensity 
I at  constant  wavelength  has  the  form: 

-=A(Z‘)+B sin2 - 
1 8 
I 2 (1) 

while, in fact, we have for the  measured  scattered 
intensity I* after  correction for effective  scattering 
volume: 

-=F’(T) [A(71t~ sin2 5 1 
I* *I (2) 

F’(T)  is an  experimental  correction  factor  based 
on the  temperature  dependence of the  observed 
extinction coefficient and  the  size of the  scattering 
cell.  We  have  assumed  that F ’ ( T )  is independent 
of the  scattering  angle.  In  an OZD plot, we should 
not get parallel  straight  lines  corresponding to 
different  temperature  distances  since,  according to 
eq (2), the  measured  slope is F’(T)  * B. Instead,  a 
small  increase in slope  may  be  detected for strongly 
opalescent  systems  as  the  critical  solution  tempera- 
ture is approached.  This  could  be  one of the  rea- 
sons which  may contribute  appreciably  the  changing 
slopes  reported by R. Pancirov  and H. Brumberger 
[15] and by D. McIntyre, A. Wims,  and M. S. Green 
[16] since  neither  articles  have  discussed  this  ex- 
perimental  effect.  The  same  correction was  also 
ignored in Zimm’s work [6, 111. 

4. Downward  bend in   an OZD plot (light scut- 
tering): Eskin [17] found  a  downward  bend  at 
relatively  large  temperature  distances  from  the 
phase  separation  temperature (T,,) for the  system 
polystyrene-cyclohexane away  from the  critical 
solution  concentration, while McIntyre,  et al. [16], 
found  a  downward  bend  at  only  small  temperature 
distances from TI,. Furthermore,  the  pronounced 
downward  dips  reported by McIntyre,  et  al.,  appear 
only after  the  presence of upward  sweeps for which 
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multiple  scattering  is  responsible.  With  unaccount- 
able  effects  due t o  polydispersity, it should  be 
emphasized  that  only  binary  liquid  mixtures of 
small  molecules  or  one  component  systems  are 
appropriate if we  are  interested  in  testing  theories. 
On  the  other  hand,  polymer fluid mixtures  are of 
interest  in  terms of the  Debye  I-parameter  which is 
related  to  the  cohesive  energy  densities. We have 
shown  that,  in  an OZD plot,  at  very  small  tempera- 
ture ' distances, say T- Tp = 0.002", the  system 
n-dodecane  and beta, beta’ dichloroethyl  ether, [18] indeed 
exhibits a gentle  downward  curvature  virtually 
extending  over  the  whole  range of s/A. More  ex- 
tensive  studies  are  still  in  progress. 

5. Temperature  dependence of extrapolated zero- 
angle  scattered  intensity:  Plots of reciprocal  extrap- 
olated  zero-angle  scattered  intensity  versus  tem- 
perature  are  slightly  concave  upwards  and  tend  to 
level  off  or  to  extrapolate  to a nonzero  value  at Tc. 
For a binary  liquid  mixture, i t  is  very difficult to 
obtain  this  extrapolation  in view of the fact that  the 
measured  scattered  intensity  depends  not  only  on 
the  attenuation  correction  factor  but it is  also a 
sum of two  terms,  one  due  to  concentration  fluctu- 
ations,  and  the  other  due t o  density  fluctuations. 
When  we  want  to  compare  the  observed  data  with 
theory, it is  the  concentration  term  that  is of interest. 
The  density  term  is  usually,  but not always,  negli- 
gible  over  large  temperature  ranges. A plot of the 
reciprocal  extrapolated  zero-angle  scattered  in- 

tensity  due t o  concentration  fluctuations, 
Zc(0)' 

versus  temperature  shows  that  the  straight  line 
behavior,  predicted by the  approximate  Debye 
theory,  holds  over  short  temperature  ranges [6]. 
It  is  conceivable  that  deviations  from  the  form 

1 
" -C(T-T,,) exist  over  large  ranges of tempera- 
Z,.(O) 
ture,  i.e.,  over  decades of the  temperature  distance 
from T,,. We have  identified  the  maximum  phase 
separation  temperature on the  coexistence  curve as 
the  critical  solution  temperature.  Under  these 
conditions,  a  correction  term  for  density  fluctua- 
tions,  in  addition t o  the  attenuation  correction, 
should  be  taken  into  account. So far,  all  the  re- 
ported  data  on  the  temperature  dependence of 
extrapolated  zero-angle  scattering,  except  for  the 
system  n-decane  and p,p '  dichloroethyl  ether [6], 
have  ignored  both  corrections. 

6. Extrapolation  to  zero-angle  from OZD plots 
(small  angle  x-ray  scattering):  It  may  be  justified 
to  extrapolate  the  reciprocal of scattered  intensity 
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to  zero  angle  by  means of light  scattering  where  the 

values of - go down to about 1 X l O - 4  A". The 

validity of this  extrapolation  by  means of small- 
angle  x-ray  scattering  often  becomes  questionable 
at  small  temperature  distances  from  the  critical 
solution  temperature.  It  is my belief  that  the  ab- 
normally  small l (- 2.6 A) for  the  system  nitroben- 
zene-n-heptane [19]  is in  error. 

7. Constant  intensity  (small-angle  x-ray  scatter- 
ing);  The  usual  critical  opalescence  behavior  clearly 
contradicts  the  constant  intensity  results of G. W. 
Brady  and H. L. Frisch [20]. The  same  system, 
n-perfluoro-heptane  and  isooctane,  has  been  rein- 
vestigated  by  light-  and  small-angle  x-ray  scatter- 
ing [21]. Our light  scattering data, although  par- 
tially  qualitative  in  nature  because of multiple 
scattering,  showed  no  region of constant  intensity. 
Instead,  they  were  found t o  be similar  to  the  be- 
havior  observed in other  binary  liquid  mixtures. 

S 

A 

Plan of Attack 

Once  we  know  the  difficulties, it takes a little 
planning  before  we  should  start  our  experiments. 
In  principle, we want  to  select a critical  binary 
fluid mixture  which  satisfies  the  following  con- 
ditions: 

1. Purification:  Both  components  could  be  puri- 
fied by preparative  gas  chromatography. 

2. Stability;  Both  components  are  stable  and  do 
not  undergo  photo-chemical  reactions. 

3. Temperature  control  and  measurements:  The 
phase  separation  temperature  by  means of visual 
observation  could be determined  to  about 0.001' 
without  excessive  patience.  The  same  tempera- 
ture  limit  applies  to  its  controls  (proportional  tem- 
perature  controller)  and  measurements (G-2 Mueller 
bridge).  Therefore, it is  reasonable  to  aim  at a 
(T- Tp value of 0.001'. We also  try to select a 
system  which  has  a  critical  mixing  temperature 
near  the  room  temperature. 

4. Multiple  scattering:  For  strongly  opalescent 
systems,  multiple  scattering  invariably  becomes  the 
most  serious  and difficult obstacle  to  overcome. 
As we  have  mentioned  earlier,  one way is  to  reduce 
the  sample  cell  size  and  the  effective  scattering 
volume. A cleverer  approach  (in my opinion) is 
to  select  a  system  which is not  strongly  opalescent. 
Even  then,  we  are  limited  to  cylindrical  cells no 
larger  than  about 6-10 mm in diameter A small 

value  of An, which  implies  a  small , is a suit- 

index of refraction  and  the  concentration of the 
fluid mixture  respectively. 

5. Large  electron  density diferences: We  want a 
system  which  scatters  x  rays  as  strongly  as  possible. 
It will be  helpful if the  two  components  possess a 
large  difference  in  their  electron  densities. 

6. “Gravitational” effect: In  one  component 
systems,  the  effect of gravity  very  near  the  critical 
point  has  to  be  taken  into  account.  This  effect 
is  negligible  for  critical  binar fluid mixtures  where 

predominant.  Since,  in  many  respects,  the  be- 

analogous  to  the  condensation of simple  fluids, 
we choose tu begin  our  investigation  on  two- 
component  systems.  One-component  systems  are 
much  more  satisfying  in  terms of theory,  although 
they  are  experimentally  more  difficult. 

In  view  of  the  above  conditions  which I have 
imposed, we start  looking  for  a  two-component 
system  in  which  both  components  can  be  purified 
by  preparative  gas  chromatography,  and  are  stable: 
has a convenient  critical  solution  temperature,  a 
small  difference  in  the  index of refraction of the 
two  components,  and a large  difference  in  their 
electron  densities.  Fortunately,  we  have  found  not 
one  two-component  system  but  a  homologous  series 
of saturated  paraffins as one of the two components 
with beta, beta'-dichloroethyl ether  or  chlorex as the 
other  component.  The  paraffin-chlorex  systems 
satisfy  all of the  imposed  conditions.  In  addition, 
the  homologous  series  provides us a series of sys- 
tems  with  increasingly  smaller  refractive  index 
differences  as  the  molecular  weights of the  alkanes 
increase.  Therefore, it is  within  reason  to  expect 
that  experimental  data  on  critical  binary  liquid 
mixtures  very  close to the  critical  point  by  means of 
light  scattering are accessible  with  existing  tech- 
niques. We may  also  take  advantages of the homol- 
ogous  series  for  molecular  interaction  studies  in 
terms of the  Debye  theory. 

able  criterion.  The  symbols  n  and ( 3  c refer  to  the 

the  scattering  due  to  concentration  uctuations is, 

""". havior of two-component  systems  is  closely 

Experimental Details 

Detailed  descriptions of the  light  scattering  pho- 
tometer, 191 purification of materials,  preparation 
of solutions,  phase  separation  temperature  determi- 
nations  are  discussed  elsewhere [6, 181. Only 
the  changes will be specified. 

Further  insulation  on  the  thermostat-tank  inside 
the  light  scattering  photometer  was  necessary. The 
modifications  are  shown  in  figure 2.  We favored 
the  immersion  tank  technique  because  the  bath 
had a reasonably  large  heat  capacity,  and  the 
immersion  oil,  which  matched  the  index of refrac- 
tion of glass,  reduced  both  refraction  and  reflection 
difficulties of a small  light  scattering  cell.  The  bath 
temperature  was  controlled  to  better  than 0.0005". 
All metal  parts in the  tank  were  insulated,  and  there 
was a metallic  shield  around  the  light  scattering 
cell  to  insure  uniformity of temperature  over 
the  whole fluid mixture. The phase  separation 
temperature  of  the  sample  was  measured  in a 
separate  constant  temperature  bath  and  inside  the 
photometer  by  means of a  telescope. The observed 
phase  separation  temperatures  agreed to within 
0.001" for  each  liquid  mixture. 

Results and  Discussion 

The  Debye  theory  provides  an  excellent  repre- 
sentation of experimental  facts  in  the  intermediate 
temperature  distances  over  large  ranges  of s/A. 
Even  deviations  from t h e  straight  line  behavior 
in plots of reciprocal  scattered  intensity  versus 
( S / A ) ~  (or (H/A)2), by means of small-angle  scattering 
of x  rays,  has  been  interpreted  in  terms  of  the  Debye 
theory 112, 13, 221. On  the  other  hand,  deviations 
from  the  straight  line  behavior  in  an OZD plot at 
small  values of s/A and  very  close  to  the  critical 
solution  temperature  do  exist [18]. Figure 3 shows 
a plot of reciprocal  scattered  intensity  versus 
( S / A ) ~  using a cylindrical  cell of approximately 6 mm 
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FIGURE 3. Plot of' reciprocal relative scattered  intensity 

versus (:)'. 

hollow circles for A,, values 01365,436. and 57R m p  respectively 
Values of scattered  intensities are denoted by hollow squares, solid circles and 

in  inside  diameter.  The  curve  with  AT=0.002" 
has  been  reproduced,  and  results  from  cells of 
different  diameters  and  incident  light of different 
wavelengths  agree. A careful  examination of fig- 
ure 3 reveals  that  the  curvature  at AT=0.046" is 
almost  as  large  as  that  at  AT=0.002".  This  could 
partially be attributed  to  the  fact  that  only  the 
scattered  intensities  measured  at A =  3023 8, had 
been  corrected  for  dust  and  stray  light,  while 
measurements  from  the  other  two  wavelengths 
(h=2516 8,, 4027 8,) were not corrected  for  these 
effects.  Note  that  the  three hollow circles  for  the 
curve  at  AT=0.046"  for  the  smallest  values of 
( S / A ) ~  were  much  lower  than the  general  trends 
of the  other  points  belonging  to  the  same  curve. 
When  the  system  is  more  strongly  opalescent,  con- 
tributions  due  to  dust  and  stray  light  become 
negligible  as  shown by the first few hollow circles 
at  small  values of s/A ( A =  4027 A) for  the  curve 
at  AT=0.002". We believe  that,  for  the  system 
n-dodecane  and  P,P'-dichloroethyl  ether,  there 
exists  a  gentle  downward  curvature  in  an OZD 
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plot at  small  values of s/A and at very  small  tem- 
perature  distances  from  the  phase  separation  tem- 
perature.  However,  the  magnitude of the  curvature 
is  yet  uncertain as the  measured  scattered  intensity 
has t o  be  corrected  for  both  attenuation  and  density 
fluctuations.  Furthermore, we do not  know  the 
range of s/A in  which  any of the  modified  theories [SI 
are  expected t o  hold.  According t o  t h e  equation [SI 
- = & [ K ' +  (s/A)'] t-rl''. where DO, K ,  and r) are 
1 
I 
assumed t o  be  three  adjustable  parameters, r) is 
estimated  to  be  in  the  range  0.2-0.3  when T-T,, 
is  small. I t  is expected  that r) should be smaller 
after  the  intensities  have  been  corrected  for at- 
tenuation  and  density  fluctuations.  The  tempera- 
ture  dependence of the  extrapolated  zero-angle 
scattered  intensity  is  sketched in figure 4. It 

is quite  certain  that is approximately  propor- 

tional  to  the  temperature  distance.  Deviations  do 
exist  and  seem  to  concave  upwards.  On  the  other 
hand,  there  is  perhaps  an  uncertainty on the  crit- 
ical solution  concentration of about  1-2 wt percent 
in  our  preliminary  measurements of the  coexistence 
curve  for  the  n-dodecane-chlorex  system.  Further 
scattering  experiments  with  several  concentrations 
near  and  at  the  critical  solution  concentration  are 
in  progress.  We  must  also  remember  that, in an 
OZD plot,  extrapolation  to  zero  scattering  angle 
is  permissible  only  in  the  absence of very  long 
range  correlation, i.e., no  abrupt  change  in  curva- 
ture  in  the  extrapolated  region is present.  For 
this  reason,  measurements  at  even  lower  angles 
b y  means of "long-wavelength" light scattering 
become  desirable. 
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Discussion 

F.  H .  Stillinger:  Dr.  Fisher  has  very  lucidly  pointed  out  that  the 
long  range  behavior of the  critical  pair correlation function 
doesn't  tell  one  very  much  about  specific  heat  anomalies. I 
would  like  to  point  out  that  there  is,  however,  an  analogous 
quantity  which  gives  direct  information  on  the  specific  heat 
anomalies  by  virtue of its  long  range  behavior in the  critical 
region.  It is well  known  that  the  specific  heat C,. is a  fluctuation 
of potential  energy. If one  writes o u t  the  fluctuation  formula 
in terms of  spin  distribution  functions  for  an  Ising  model,  one 
encounters  a  combination  amounting  to  a  quadruplet  distri- 
bution  function  for two pairs of spins, the spins in each  pair 
being  close  together,  minus  the  product of the t w o  pair  correla- 
tion  functions.  The  implication of a  logarithmically  divergent 
specific  heat is that  the  critical  point long range  distance  behavior 
of this  combination would have to be  as r"', where d is the  dimen- 

the  centers of the two pairs. 
sionality.  Here  the  long  range  distance r is the  distance between 

If one goes ahead naively  and  attempts t o  evaluate  this com- 
bination of distribution  functions  using  a  Kirkwood superposi- 
tion  approximation, or something  roughly  equivalent t o  i t ,  one 
arrives  at  the  conclusion  that  the  long  range  distance  behavior 
should  vary as  the  square of the  critical  pair  correlation  function. 

Since we have seen  that  the  exponent 7 is positive  but  small 
relative  to  unity  this  leads  to  a  rather  remarkable  conflict  with 
the  requirement  that  this  combination  should  vary  as r-" as  men- 
tioned  above.  It is rigorously  known, of course,  that  the  specific 
heat for an  lsing  model in two dimensions  diverges  logarith- 

of  flux.  One would have  at  worse  a  small positive index a, 
mically. I think  the  situation in three  dimensions is in a state 

there  could  be  some  slight  deviation of the  index d from 3 for 
perhaps of  the  order of '/lo. In  three  dimensions,  therefore, 

this  quadruplet  distribution  function  long  range  behavior,  but 
i t  certainly would not become  equal t o  the  long  range  behavior 
of the  square of the  pair  correlation  function. 
M .  E .  Fisher: May I make  one  comment  on  that?  What Dr. 
Stillinger  said is, of  course,  correct. If I look in the  Ising  model 

r a n d  r + s  are   near   ne ighbors ,   then   the   behavior   o f  
at slfll, where 0 and 1 are  nearest  neighbors,  and  at s,.s,.+s, where 

( s d ~ ~ d ~ l t ~ )  - ( w l )  (sdSr+6) for  large r should  tell  me  how  the  spe- 
cific  heat  diverges.  John  Stephenson,  a  student of mine,  has  ac- 
tually  evaluated  this  correlation  function  explicitly  which is not 
too  difficult  to  do  in  the  Ising  model [I]. He finds  in  fact, as  one 
might  anticipate,  that  the  behavior is as  e-2Kr/+ in  this  case. 
His  correction  factor [ 1 + QI(K~)] satisfies Q,(x)  "* o as  x + o and 

1 + Q k x ) +  5 as X +  m. Once you can  express  the  problem in 
terms  of the long  range  behavior  and you have  a good theory  for 
the  long  range  behavior, it is fine. However, as  Dr. Stillinger 

tained in this  quantity  (indeed  one  could  also  get  the  pair correla- 
pointed  out  again,  although  formally  all  the  information is con- 

that  are required. 
tion  function  from it) ,  it  is  a  different  set of asymptotic  limits 

G .  S .  Rushbrooke: May I make  a  comment  which  is  due  to  Dr. 
Widom?  It  concerns  the  things  that Dr. Fisher  talked  about, 

simply takes  the  equation  which  relates  the  compressibility  to 
but  below the  critical  temperature  rather  than  above.  Widom 

the  density  fluctuations.  Suppose  the  system  is  separated  into 
two  phases.  Then  in  a  small  volume of dimensions of I /K,  the 
range of the  correlation  function, we ought  to  have  fluctuations in 
the  density  equal  to  the width of the  phase  boundary. Now,  
if one  just  introduces  this  idea,  one  obtains  the  .relation: 

y' = v 'd -  2p ( 1 )  

where y'  is the  exponent of the  susceptibility  below  the  critical 

exponent  for  the  phase  boundary  and t f  the  number of dimensions. 
point, u' the  exponent of K (7') below the  critical  point, p the 

three  dimensions i t  depends what you take  for v’. If you take 
This  works  exactly  for  the  Ising  model in two  dimensions.  In 

beta and delta as  given by Fisher  and  introduce  the  relation y ' = p ( s -  1) 
into (l), you get  exactly w'=0.646 below the  critical  point,  equal 

So for  the  Ising  problem it looks as  if these  ideas  which work 
to the  value  for Y above  the  critical  point  as  given by Dr. Fisher. 

above  the  critical point  might  also  work  below the  critical point. 
I would like  to  ask Dr. Fisher  whether  he  thinks  this is reasonable. 

The  other point I want  to  ask Dr. Fisher  is how far  he  thinks 
the  conclusions  about  exponential  decay  depend  on  short  range 
forces.  This  is  established  for  the  Ising  model  However, 
quite  a lot of people  argue  that  the  direct  correlation  function 
goes off like  the  pair  potential.  This is not a  very  strong  argu- 
ment.  However,  when  the  pair  potential  and  consequently 
C ( r )  decays  as l/+, you cannot  have  the  direct  correlation  function 
decaying  more  rapidly  than  the  total  correlation  function, if the 
Ornstein-Zernike  theory  is  true. 

M .  E .  Fisher:  Well,  that  last  question is one  which I suppose I 

difficult  question! 
have t o  answer  since it was  asked.  However, I think i t  is a  rather 

If one  thinks of  Coulomb forces,  then of course,  they do not 
make  sense  unless  one  has  some  counter-charge. But  then  we 
have  the  phenomena of screening  and the correlations  are 
presumed  to  decay  more  rapidly.  This  seems  to  be  a  property 
of  the  fact  that  Coulomb  forces  obey  the  Poisson  equation. 
This  is, I think,  one  way of interpreting  it. But if you try  and 

a  force  which is like  a  Coulomb  force  and  even  has  counter- 
work the  arguments  which would  give you that  result  with 

charges,  but  which  decays  a  little  faster  than l / r ,  you would not 
get  out complete screening. Now in as  far  as  the Van der  Waals 
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