
where D is  the diffusion constant k T  is  the  thermal- 
diffusion  ratio, x is the  thermal  diffusivity,  and p 
is  a  suitably  defined  chemical  potential.  The  other 
symbols  have  been  previously  defined.  Landau 
and  Lifshitz [7] have also shown  that for a  binary 
mixture, 

As the  critical  temperature is approached, the 
chemical  potential  and  its  first  and  second  deriva- 
tives  with  respect to concentration  vanish.  Thus 
near  the  critical  temperature 6c2 goes  to  a  large 
value  and  since 6T remains  nonsingular 6c2 B 6P. 
Under  these  simplifying  assumptions we derive 
from eqs (1)  the single  diffusive  expression 

" 

where K is -sinO/2. Hence we would,  indeed, 

expect  a  Lorentzian  line  shape  at  a fixed scattering 
angle  and  also  a  line  width  dependence on  sin20/2 
at fixed temperature. 

Dr. Raymond  Mountain 181 of the National Bureau 
of Standards  has solved  the  eqs (1) using 

Fourier  and  Laplace  transform  techniques  and  gets 
the same  results  for  the  line  shape in expression (3). 

In  closing I would  like  to  point out  that in the 
past,  researchers  have only been  able to measure 
scattered  intensities. We now have  available 
techniques  as  demonstrated in this  paper of meas- 
uring  spectral profiles.  Hopefully, as  our tech- 
niques  become  more  refined  and our results  more 
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quantitative,  studies of the  spectral profile of 
scattered light such  as we have  performed  can  be 
used  as  a new experimental  basis with  which  to 
construct  theoretical  models of the  nature of 
liquids. 

References 
[l] L.  Brillouin,  Ann.  Phys.  (Paris) 17, 88 (1922). 

[3] H. F. Cummins, N.  Knable,  and Y. Yeh,  Phys.  Rev.  Letters 
[2] E. Gross,  Nature 126, 201  (1930). 

141 T. S. Jaseja, A. Javan,  and  C. H. Townes,  Phys.  Rev.  Letters 

(51 H. F. Cummins  and  N.  Knable,  Proc. IEEE 51, 1246  (1963). 
[6] L. D. Landau  and E. M. Lifshitz,  Fluid  Mechanics  (Addison- 

[7] L. D. Landau  and E. M. Lifshitz,  Statistical  Physics  (Addi- 
Wesley  Publishing Co., Inc.,  Reading,  Mass., 1959). 

(81 R. Mountain, J.  Res. NBS 6 9 A  (Phys.  and  Chem.), No. 6,523 
son-Wesley  Publishing  Co.,  Inc.,  Reading,  Mass., 1958). 

(1965). 

12, 150 (1%4). 

10, 165 (1%3). 

Discussion 

E .  Jacrot: 1 would like t u  comment  on Dr. Marshall's  explanation 
of the inelastic,  neutron  scattering by assuming  that  the  spin 
waves  persist  even  close t o  the  Curie point. Indeed the  line 

the  contribution  estimated  from  spin waves as  shown by Dr. 
width which I observed experimentally is in good agreement w i t h  

Marshall. At  this  time I think i t  is  just  a  coincidence, h u t  the 
explanation  may well be  correct. 

E .  Callen: I am  uncomfortable  with  the  application of the  beauti- 
ful  analysis of Dr. Marshall  to  metals.  because I see n o  evidence 
of a  large  line  width  mechanism.  the complex susceptibility 
arising  from excitation of electrons  among  Landau  states. 

W .  Marshall: I certainly  agree  with you. that  we  must  be  cautious 
in applying  the  theory  to  metals.  which. of course. is the only 
thing I have  done. I would answer  your  remark  in  the  following 
way. What I am  really  trying to  say is that as  soon as  you stop 
damping  the  spin  waves  a  diffusive mode will appear on the 
imaginary  axis.  There  are  various  ways in which you could 
describe  this. You may  prefer  to  describe it in terms of spin 
waves  and  the  damping of spin  waves.  That is perfectly  satis- 
factory. But we have  also  to l o o k .  in this  particular  formula- 
tion.  at  what  this  pole is on the  imaginary  axis.  and  on  the  effect 
of this  diffusive  motion.  In  the case  of a  liquid we know that 
the  sound  waves  are  damped by thermal  conductivity  and vis-  
cosity.  Similarly we can  explain o u r  results i n  terms of  the 
damping of spin  waves. But as  soon as  we put in the  thermal 
conductivity.  a  third  pole  appears in the  expression  on the 
imaginary  axis. And that  pole becomes largest in the proximity 
of  the  critical  temperature. 

H .  B .  Callen: A simple analogy, may make  this diffusive mode a 

gas 'at very low temperatures  are  oscillations of the  Fermi  surface 
little less mysterious. The excitations of a  noninteracting Fermi 

which  are  coherent  excitations of the whole  system  which occur 
at  high  frequency. I think  they  are  the  analog of the  spin waves. 

tion term  becomes  appreciable  these  high  frequency  excitations 
When  the  temperature  becomes  large  enough so that  the  relaxa- 

disappear.  being  replaced by one-particle  excitations  (at very 
low frequencies).  These  one-particle  excitations  seem t o  cor- 
respond t o  the diffusive  mode.  In the  transition  region  the one-  
particle  and  the  collective  mode  may  coexist.  although  the c o l -  
lective  oscillations of the  Fermi  surface  are  then  damped. 

I 

R .  Nathans presented  measurements of  neutron  scattering in  
antiferromagnetic potassium  manganese  fluoride [ I ] .  

B .  Jacrot: I n  connection  with  the  work of  Dr. Nathans. I want  to 
remark  that  the  inelasticity  for  an  antiferromagnetic  system  like 
manganese  fluoride  should  be  ten or twelve  times  larger  than  for 
iron due to the  absence of  kinematical  slowing  down.  This  has 
been confirmed qualitatively by some  unpublished  results  ob- 
tained  a  few  years  ago  at  Saclay.  New  experiments  are now in 
progress. 

R .  Nathans: Well. that may be  possible. We have only seen 
the  data of  Turberfield in manganese  fluoride.  which  indicate  a 
small inelasticity in the critical region. 

M .  S .  Green: Dr. Passell. why did you  expect t o  observe  elastic 
scattering  before you started  the  experiment? 

L.  Passell: Because  the  parameter A which  describes  the  time 
dependence  of  the  spin  fluctuations  should  be  inversely  pro- 
portional  to  the  susceptibility as  indicated by Dr. Marshall. 
This  was  the  argument  which  Van  Hove  used in his  original 
formulation of the  theory.  On  this  basis we assumed  that  we 

ordering  temperature. 
were  going  to  have  essentially  quasi-elastic  scattering  at  the 

M .  S .  Green: Did not  Van  Hove  predict  a  finite  inelastic  scattering 
for finite  k-values? 

L. Passe l :  Yes,  that is right.  But that would  give  only  a  small 
correction. 

what I call  the  conventional  theory  and  which  Van  Hove  gave, 
W. Marshall: May I comment  on  this  point?  First, if you use 

the  difference  between  say  a  neutron  experiment  and  a N.M.R. 
then of course  the  scattering  is  inelastic.  And this gives you 

experiment.  However,  when you ask  theoretically  how  inelastic 
the  scattering is, you discover  that so far as neutrons  are  con- 
cerned  the  spectral  distribution  looks  like  a  sharp  &function. 
So if that  were  true,  we  could  say  that for experimental  purposes 
the  scattering is as  elastic  as  we  could  possibly  want  it  to be. 

situation  than I would have  been.  We  knew about  Jacrot's 
Secondly, Dr. Passell was  much  more  polite  in describing  the 

results  and  that  he  had  found  the  scattering  to  be  inelastic, 
but we did  not  believe  it  could be  true. So we  felt that  there 
probably  was  some  experimental flaw in these  experiments; I 
now apologize  to Dr. Jacrot  for  thinking  that  to  be  the  case. 

I also  like to make  another  point.  It  is  true, of course,  that 
we  would  expect  proportionally  very  much  greater  inelasticity 
in an  antiferromagnet  than  in  a  ferromagnet,  simply  because 

,we do not  have  the  kinematic  narrowing.  However,  we  also 
have  the  fact  that  the  Curie  temperature of iron is 1042 "K com- 
pared  to 80 "K for  manganese  fluoride, so that  the  higher  ex- 
changes  energies  in  iron  compensate  the  difference  to  a  certain 
extent. 

J. Villain: As a  theoretician, I would be very  interested  in  the 
temperature  dependence of the  inelasticity  parameter A. In 
fact, de  Gennes 121 has  predicted  a  thermodynamlc  slowing  down 

dicted  that  the  line  width  close to the  critical  temperature  is 
which must  be  added  to  the  kinematic  slowing  down.  It  is  pre- 

perature. I think  that  the  original  treatment of de  Gennes  and 
smaller  than  at  the  temperatures  higher  than  the  Curie tem- 

myself [2] is not correct  and  that  this  thermodynamic  slowing 
'down  is perhaps  weaker,  but i t  must  exist. Our present 

the  results  of  Jacrot  for  the  temperature  dependence of A. 
theory [3] to  account  for  this  effect  is  in good agreement with 

However,  the  results of Jacrot  do  not  allow  a  detailed  comparison 
with the  theory. I think  it  would  be  very  interesting  to go also 
to  higher  temperatures.  Perhaps,  it  is  necessary  to  work  with 
a  higher  precision  for  this  purpose. 

L. Passell: May I make  a  brief  comment  on  that?  When  we 
tried  to  do  an  energy  analysis, we ran  out of intensity  very  rapidly 
a s  we went  up  in  temperature.  With  the  facilities we had  in 

higher  than 30 "K above the  Curie temperature. We  do  not 
Denmark, we could never hope to get  much  at temperatures 

have  a  sufficient  intensity for that  purpose.  On  the  other  hand, 
I believe  that in Saclay you do  have  the  possibility  to  cover  a 
larger  temperature  range,  because you have  a  cold  neutron 

the  parameter A at  2 "K above  the  Curie  temperature  and  that  at 
source.  We  could  not  see  any  difference  between  the  value of 

small  change of A with  temperature,  which  begins  to  occur  at 
18 "K above  the  Curie  temperature.  It  may  be  that  there  is  a 

higher  temperatures.  Would you care  to  comment  on  this, 
Dr. Jacrot? 

B .  Jacrot: I agree  that i t  is  extremely difficult to  observe  any 
effect of the  temperature.  In the curve  which  we first published. 

just  crude  data  and  after  a  careful  analysis with the  computer. 
we showed  a  temperature  effect  for A. However.  that  were 

i t  turned  out  that A is practically the  same  at  the  Curie point 
and  at  30 "K above  the Curie point. This  means  that we have t o  
carry  out  experiments  with  much  higher  accuracy. It is very 
doubtful  that  this is possible.  In order t o  observe  the variation 
of  A with temperature i t  is better t u  do the  experiments on nickel 
where  the  effect  is  bigger. 

P. Debye: In  connection  wlth  the  paper of Dr. Ford  and Dr. Bene- 
dek, I want  to remark  that  already 30 years  ago  the  spectral 
distribution of  light scattered in liquids  was  photographed by 
Ramm  using  an  echelon [41. I think  this  work  should not be  for- 
gotten  in  any  historical  review. 

P .  Debye gave  also  theoretical  arguments  as t o  why the  line 
width of light scattered by a  binary  mixture  in the vicinity of 
the  critical  point.  as  observed by Dr. Alpert  and  coworkers. 
should  a.  increase  proportional  to s'=4 sin2 (0/2) with  increasing 

scattering  angle 8: 
b. increase  proportional t o  the  temperature  distance T -  T,.. 

The  substance of this  discussion  remark  has  been  published in 
Phys.  Rev  Letters 14,483 (1965). 

W. Marshall: I wonder why the  line  width  observed by Dr. 
Alpert  does not go to  zero  when  the  temperature  approaches 
the  critical  temperature. 

5'. S. Alpert:  There is a  possibility  that we were not exactly  at  the 
critical  point. 

W. Marshall: That IS  one  suggestion  which I was going to make. 
However. I want  to  bring up  another  suggestion.  We  are  used 
to  the  assumption  that  the  scattering  from  a  particular  molecule 
can  be  taken  as  a  constant.  We  associate  with  each  molecule 
a  given  scattering  power  which we allow to  vary  with  angle. 
However.  suppose  that  the  scattering  power of each  molecule  is 
slightly dependent on  its  neighboring  molecules.  Then  the 
scattering  power would depend o n  short  range  order. You may 
then  get  a  term  which  is in fact not divergent.  This  might  be 
something  that would have  to  be  taken  into  account in these very 
delicate  experiments. It  is really  a  question: I do not know 
whether i t  is sensible or whether  the  orders of magnitude are 
right. 
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like t o  congratulate Dr. Dietrich  and Dr. Als-Nielsen on t w o  facts: 
Commenting on the  neutron  scattermg  from beta-brass I would 

people  have  attempted  and  have  failed  to  do. 
( 1 )  They  did  some  very  beautiful  experiments  which  other 

their  experiments.  they  managed  to  destroy  their  crystal.  which 
(2) They  were  very good politicians  because  on  the  last  day of 

was  probably  the only good crystal of beta-brass in the world. We 
may  have t o  wait a  long  time  before  we  get  any  better  results. 

lated by Dr. Benedek’s  talk.  He  commented  and in my talk I 
I would like  to  make  also  some  comments  which  are  stimu- 

referred  to  the  fact  that  as  soon  as  the  sound  waves  get  damped 
a  diffusive  type  mode  appears.  Some of you may  think  that 
sound  waves  are not only damped by the  thermal conductivity 

then ask why the viscosity did not appear in the  formula  for  the 
but also by the viscosity. which. of course. is true. You may 

line  width of  the  central line. The  reason for that is that  the 
viscosity and  thermal  conductivity  appear  quite  differently in 
the  hydrodynamic  equations.  Indeed  there is another  mode 
which appears  as  soon  as you introduce  damping  through vis 
cosity, but it is a  mode  which  stays  on  the  imaginary  axis  and 
never  comes  down  to  the  origin  even  at  the  critical  point.  There- 
fore. it does not produce  any  appreciable  efferts  at  the  kind of 

wave  vectors we are  talking  about. If we indeed go t o  higher 
X.-values in these  systems which seems  possible by pushing  the 
laser  technique  further.  and  certainly  when we use  neutrons 
where we have  higher k-values. i t  is very  important t o  modify 
the  discussion of the fluid to  include  rigidity. At the  higher  fre- 
quencies  the liquid is just  as rigid as  the solid.  In Egelstaff’s 
neutron  experiments  on  liquids  already you can  see  that you  must 
include  rigidity  to  get  the  right  results.  Thus  the  rigidity of the 
liquid will affect the  shape of  the  curve for the  higher K-values. 
Whether  the  laser will reach that  region.  has  to  be  found  out in 
the  future. 
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