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The velocity and absorption of hypersound are measured in critical mixtures by the light scattering technique 
over a broad temperature range. It is found that as the critical temperature is approached the hypersonic 
velocity increases and remains practically constant near the critical temperature. The absorption of the 
hypersound increases near the critical temperature. The results are compared with ultrasonic data obtained in 
the same mixtures. It is shown that current theories cannot describe the velocity and absorption of 
hypersound in critical mixtures at frequencies above 4 GHz. 

PACS numbers: 43.35.Bf, 07.60. - j, 64.60.Ht 

1. INTRODUCTION 

Molecular acoustics makes i t  possible to obtain exten- 
sive information on critical phenomena and the physical 
characteristics of an investigated substance.' The pur- 
pose of our research was to study the behavior of the 
velocity and the absorption coefficient of hypersound, 
the velocity of ultrasound in binary mixtures of aniline- 
cyclohexane and nitrobenzene-n-hexane over a wide 
range of temperatures and a t  the closest possible ap- 
proach to the critical temperature T,,. 

The studies of the hypersound at frequencies exceed- 
ing 4.5 GHz were carried out by measurement of the lo- 
cation and width of the Mandel'shtam-Brillouin compon- 
ents (MBC). Such measurements a re  greatly complica- 
ted by the extraordinarily intense central component, 
instrumental wings which &e superposed on the MBC 
and distort them. It i s  possible to avoid most of the 
difficulty by increasing the contrast of the spectrum, 
using a multipass Fabry- Perot interferometer .' A two- 
pass interferometer was used in  the present work, con- 
structed at Samarkund University.= The temperature 
dependence of the ultrasonic velocity at a frequency of 
2.8 MHz was measured in the same critical-mixtures 
sample by a method previously d e ~ c r i b e d . ~  

The results obtained are discussed in  the final section 
on the basis of theories existing at the present time. 

2. EXPERIMENT 

The schematic diagram of the experimental setup is 
the same a s  in  Refs. 1 and 3 but with a two-pass inter- 
ferometer. 

The scattering was excited by radiatio? of a single- 
frequency He-Ne laser  LG-159(~= 6328 A), with a power 
-2 mW. The spectrum of the light scattered a t  an angle 
90i0.2" relative to the direction of propagation of the 
excited beam was investigated. The polarization of the 
exciting and scattered light was perpendicular to the 
scattering plane. The spectrum of the scattered light 
was scanned by variation of the pressure in the inter- 
ferometer chamber.' The nonlinear distortion of the 
spectrum did not exceed 1% over the range of three or- 
de r s  of the interferogram. 

The diaphragm in front of the photomultiplier was so 
chosen that i t s  magnitude did not have a significant ef- 
fect on the total value of the instrumental contour. To 
record the light signal we used an F ~ U - 7 9  photomulti- 
plier cooled to a temperature of -30°C and operating in 
the photon-counting regime. Upon cooling, the noise of 
the photomultiplier decreased to 5-10 counts/sec, and 
the sensitivity was not lowered appreciably. The signal 
from the photomultiplier was fed to a linear intensi- 
meter PI-4 and was recorded with a potentiometer 
KSP-4. 

The investigation of stratified mixtures was carried 
out both at a temperature above the critical temperature 
of stratification T, , when the medium is homogeneous 
and a t  a temperature below T, , when the mixture is 
stratified. The measurements were carried out for 
each of the two components separately. The constructed 
thermostat made i t  possible to maintain the temperature 
of the vessel with the liquid under study constant over a 
wide range of temperatures, and to maintain the temp- 
erature of the sample constant to within 0.05 OC. The 
temperature was controlled by a Beckman thermometer 
to within i0.02 "C. The investigated samples were pre- 
pared from optically purified materiaIs of ChDa (ana- 
lytically pure) grade by the method of Martin.' The 
measurement of the velocity of propagation of the ultra- 
sound was performed by the method previously describ- 
ed in Ref. 4, with an e r r o r  not exceeding 0.25%. The 
contrast C = 6 x 10'' and the finesse F =  35 - 30, by 
which our apparatus was characterized, made i t  possi- 
ble to  measure the value of the shift with accuracy to 
within i0 .57~ up to  AT=&1.5 "Cand r l%upon  closer ap- 
proach to T,, , while the value of the absorption, i.e., 
the width of the MBC, was measured to within 5 - lo%, 
significantly decreasing the effect of the central com- 
ponent of the MBC. 

The velocity of propagation of the hypersound is equal 
to 

V=Av,c/Znv sin (0/2), (1) 

where c ,  n and 9 a re  the velocity of light, index of re- 
fraction, and scattering angle, respectively. 

In this case, the actual value Avo was determined from 
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the scattering spectra with account taken of their finite 
width:'. '* 

Here Au is the visible shift of the MBC, bv is the width 
of the MBC. This allowance for the effect of the widths 
of the MBC on their shift gives a correction -1% to the 
value of the hypersonic velocity for mixtures of nitro- 
benzene-n-heptane. 

The absorption coefficient of the hypersound a was 
calculated from the relation1: 

where bv, is the true value of the width of the MBC, ob- 
tained by elimination of the instrumental width of the 
contour 6v,,,, from the observed width. 

The value of the actual width of the components was 
obtained from a graph of the dependence of the ratios 
6v0/6v,,,, and 6v/6vl,, calculated for our two-pass in- 
terferometer similarly to what was done in Ref. 8 for  
three-pass and five-pass Fabry -Perot interferometers. 

3. EXPERIMENTAL RESULTS 

a) Asiline-cy clohexane. The dependences of the shifts 
of the MBC on the degree of approach to the critical 
temperature T,, = 32.2 "C) a re  given in  Fig. 1 for an 
aniline-cyclohexane mixture of critical concentration 
(k= 0.44 molar fraction of aniline). At TCT,,, the 
shifts of the MBC in each component of the mixture dif- 
f e r  considerably from one another, and as the critical 
temperature is approached the difference decreases, 
and near the critical temperature T, the shifts approach 
the shift for a homogeneous mixture. If the critical 
temperature is approached from above, T > T,,, then 
in the temperature range AT = 1.65 - -7 "C, an increase 
in the MBC shift is observed. In the temperature range 
AT-7 - 1.5 "C, the MBC shift practically does not 
change and remains essentially constant within the 
limits of accuracy of the experiment. Upon further ap- 
proach to the critical temperature (AT - 1.5 - 0.3 "C) the 
MBC shift evidently increases somewhat, although the 
accuracy of our experiment did not permit us to make 
an unambiguous inference. 

Since the value of the propagation velocity of hyper- 
sound is linearly related with the MBC shift, the char- 

FIG. 1. Dependence of the value of the MBC shift as  one 
approaches the critical temperature T, in the aniline- 
cyclohexane mixture: .-aniline component, A-cyclohexane 
component (stratified mixture); 0-homogeneous mixture. 

FIG. 2. Dependence of the sound propagation velocity in the 
aniline-cyclohexane mixture as T, is approached: O-hyper- 
sound 4.7 GHz and 0-2.8 MHz-our measurements; A- 
15 MHz and A-2 MHz-data of Ref. 9. 

acter of the change in  the velocity, calculated from the 
MBC shift as a function of temperature, corresponds 
fully to the character of the shift of the MBC (Fig. 2). 

Figure 2 shows, in  addition to the dependence of the 
propagation velocity of the hypersound on the tempera- 
ture, the dependence of the ultrasound of frequency 
2.8 MHz, measured in the same mixtures i n  this re- 
search, as well as the data of Ref. 9, obtained at fre- 
quencies of 15 and 2 MHz. As is seen in Table I, the 
dispersion of the sound velocity reaches a value of - 1.5$, which is beyond the limit of e r r o r  of both ex- 
periments. As the temperature increases, the disper- 
sion of the velocity falls off gradually. 

The agreement of our hypersonic results  with the data 
of Ref. 9 for a frequency of 15 MHz shows that in this 
range of frequencies, sound velocity dispersion is ab- 
sent, within the limits of e r r o r  of both experiments, in 
the temperature range AT = 2 -6 "C. The data of our 
measurements a t  a frequency of 2.8 MHz and the mea- 
surements of Ref. 9 at the frequency 2 MHz a re  in com- 
plete agreement. 

Figure 3 gives the dependence of the MBC width on the 
temperature a s  measured by us. Jus t  as in the case of 
the MBC shifts, the widths were measured for each 
component of the mixture at T <  T,, in the stratified mix- 
ture. As T,, is approached, the MBC width in each com- 
ponent of the mixture increases and reaches a maximum 
value near T,,. 

If T,, is approached from above (homogeneous phase), 
then i t  is seen from Fig. 3 that, f a r  from T,, the width 

TABLE I. Aniline-cyclohexane ( k ,  = 0.44 molar frac- 
tion aniline; T,=32.2 * 0.05 OC). 
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FIG. 3. Dependence of the MBC width in the aniline-cyclo- 
hexane mixture a s  T, i s  approached. Notation i s  the same 
as  in Fig. 1. 

of the MBC increases slowly as To, i s  approached, and 
a rapid increase in the MBC width is observed in the 
temperature range AT = 1.5 - 0.3"C. Such a change in 
the MBC width corresponds to a change in the absorp- 
tion coefficient of hypersound from 13.76 x lo3 c m l  to 
27 X 105 cm' (Table I). According to our measure- 
ments, the character of the change in the hypersonic 
absorption upon approach to the critical temperature 
agrees qualitatively with the ultrasonic data.'' 

b) Nitrobenzene-n-hexane. Figure 4 shows the results 
of measurement of the MBC shift in  a nitrobenzene-n- 
hexane mixture of critical concentration (k = 0.4 molar 
fraction of nitrobenzene) (T,,= 19.95 * 0.05 "C) as  a func- 
tion of the approach to T,,. Figure 5 gives the values of 
the hypersonic propagation velocity, obtained from the 
MBC shifts and from the ultrasonic propagation velocity 
measured in the same mixtures. 

The measurements of the MBC width in this same 
mixture and the values of the absorption coefficient cal- 
culated from formula (1) are given in Fig. 6 and Table 
11. 

The behavior of the propagation velocity and the hy- 
personic absorption coefficient in the nitrobenzene-n- 
hexane mixture is analogous to the change in these 
quantitiesin the aniline-cyclohexanemixture. It must be 
noted that the sound velocity dispersion in the nitro- 
benzene-n-hexane mixture is significantly greater than 
the sound velocity dispersion in the aniline-cyclohexane 
mixture, and reaches a value of 6%. 

In the present research, measurements of the MBC 
shifts and their widths have also been made in aniline- 
cy clohexane and nitrobenzene-n-hexane mixtures with 
different concentrations a t  temperatures of 36.5 and 
25.5 "C, respectively. 

4. DISCUSSION OF RESULTS 

We now discuss the results that we have obtained from 
the viewpoint of current theories which describe the 

Av, an.' 
I I 
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FIG. 4. Dependence of the value of the behavior of the MBC 
as  T, is approached in the nitrobenzene-n-hexane mixture: 
m-nitrobenzene component, A-n-hexane component (strati- 
fied mixture); 0-homogeneous m-e. 

FIG. 5. Dependence of the sound propagation velocity in the 
nitrobenzene-n-hexane mixture as  T, is approached; 0- 
hypersound 4 . 7  GHz and A-2.8 Mhz-our measurements; 
0-1 5 MHz-data of Refs. 9 and 10. 

sound propagation in  critical mixtures. 

In the region of applicability of the formulas of hydro- 
dynamic theory (95 -( 1, where q is the wave vector, [ 
is the correlation radius) the sound absorption coeffi- 
cient is described by the expression 

where 77 is the shear viscosity, 77' the bulk viscosity. 
For  a critical mixture consisting of two liquids, this 
region extends to AT - 0.1 "C, which in  our experiment 
includes the entire range of temperatures in  which the 
experiments were carried out. 

According to the expression (4), in a medium the 
sound absorption coefficient described by hydrodynamic 
theory is the sum of the absorption coefficient 77 deter- 
mined by the shear viscosity and the absorption coeffi- 
cient 77' determined by the bulk viscosity. Knowing the 
value of the shear viscosity 77, measured with a viscosi- 
meter, we can calculate the absorption coefficient con- 
nected with it and, consequently, calculate the absorp- 
tion coefficient determined by the bulk viscosity. 
Figures 7 and 8 give the temperature dependences of the 
quantities a,/f2 and a,,/f2, calculated from formula (4) 
for the aniline-cyclohexane and nitrobenzene-n- hexane 
mixtures. As is seen in Fig. 8, the absorption coeffi- 
cient determined by the shear viscosity is smaller by a 
factor of severalfold than the absorption coefficient de- 
termined by the bulk viscosity, while the absorption co- 
efficient a,./f2 increases rather strongly as T ,  is ap- 
proached closer than 1.5 "C. Such an increase in  a,./fZ 
as T, is approached indicates that the bulk viscosity 
increases as T ,  is approached, since the remaining 

FIG. 6. Dependence of the MBC width as  T, i s  approached 
in the nitrobenzene-n-hexane mixture. Notation is the same 
a s  in Fig. 4. 
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TABLE 11. Nitrobenzene-n-hexane (k,= 0.4 molar 
fraction nitrobenzene. T, = 19.95 + 0.05 "C). 

quantities entering into (4) have a weak temperature de- 
pendence. 

Plots of the ultrasonic and hypersonic propagation ve- 
locities a re  presented in Figs. 2 and 9. These were ob- 
tained by us  and other authors as T,, i s  approached in 
aniline-cy clohexane and nitrobenzene-n-hexane mix- 
tures. 

It is seen from Fig. 9 that our results  and the mea- 
surements of the hypersonic velocity in the nitroben- 
zene-n-hexane mixture a s  T,,is approached a r e  in excel- 
lent agreement with the data of Ref. 11 over the entire 
temperature interval, and differ somewhat from the 
values of the hypersonic velocity obtained in Ref. 12. 
This i s  possibly connected with the fact that a rather 
powerful argon laser  (250 mW) was used in Ref. 12, 
which evidently led to local heating of the sample and to 
some inaccuracy in the measurement of the mixture 
temperature. 

A significant decrease in  the hypersonic velocity was 
observed in  Ref. 11 in the temperature range AT 
-0.5 "C; i t  fell to a value of 1210 m/sec, while in our 
experiment a practically constant hypersonic velocity 
was observed (Figs. 2 and 9) o r  even a rather weak ten- 
dency to increase a s  T,, is approached, although i t  is 
not possible to consider the latter as certain because of 
the rather large e r r o r  (-1.0%) in the determination of 
the hypersonic propagation speed in  this temperature 
range. 

In our work, we made an attempt to describe the ob- 
served sound velocity dispersion (Figs. 2 and 5, Tables 
I and 11) and the increase in the absorption coefficient 
(Tables I and 11) as the critical temperature is ap- 

FIG. 7. Temperature dependence of the quantity a .&'(A) and 
a,/f (c) in the aniline-cyclohexane mixture. 

FIG. 8. Temperature dependence of the quantities a,, /f2(&) 
and a, / fz(@) in the nitrobenzene-n-hexane mixture. 

proached, from the viewpoint of existing theories of 
coupled modes, developed by Kawasaki13 and Chaban14*15. 
Both theories give expressions characterizing the pro- 
pagation velocity and the sound absorption coefficient in 
critical mixtures as Tm is approached, while the form- 
ulas of both theories a r e  practically identical. We use 
the formulas of the Chaban theory15 and consider the re-  
sults that we obtain from the viewpoint of this theory ." 

The sound velocity dispersion and the absorption co- 
efficient a r e  described by the following expressions15: 

v- v M v, 
-= --[~~-~~~l+dll-t~~l~]-~[~,(~r)-- 

v o  Tt 12 

where 

b is a constant of the order of several units, k ,  is the 
Boltzmann constant, u is the coefficient of thermal ex- 
pansion; C, is the heat capacity at constant pressure, 
T1 =[:/DL; and Dl a r e  the correlation radius and the 
coefficient of mutual diffusion, respectively, a t  the 
temperature AT = 1 "C, k is the concentration of the 
mixture and differs from the critical k,, F1(Rr) and 
F,(Or) a re  functions determined on a highspeed compu- 
t e r  up to  the value = lo6. In calculations with form- 
ulas (5) - (7), the quantities given in Table IU were 
used. 

The sound velocity dispersion obtained from the ex- 
perimental vaues near T,, reached values of 1.5 and 6% 
respectively i n  the aniline-cyclohexane and nitrobenzene 
-n-hexane mixtures. The sound velocity dispersion ob- 

FIG. 9. Temperature dependence of the propagation velocity 
of hypersound in the nitrobenzene-n-hexane mixture; A-data 
of Ref. 11, p d a t a  of Ref. 12, C-our measurements. 
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TABLE III. Quantities used in the calculation by formu- 
las  (5)-(7). 

*tl ,  Dl-data obtained by L. L. ~ h a i k o v  in our mixtures 
on the apparatus of the Physics Institute, Acad. Sci., 
USSR. 

tained f r o m  computations with fo rmulas  (5) - (7) i n  th i s  
s a m e  range  of t empera tures  were significantly s m a l l e r  
than those observed experimental ly  and amounted to 

only 0.15 and 0.3% (see Tables  1 and 11). The hypersonic 
absorption coefficient, calculated f r o m  the given formu- 
las is much s m a l l e r  than the measured  value, because 
of the smal lness  of the quantity F,(Qr) (see Tables  I and 
II).2) 

It follows f r o m  the above that  the cited theor ies  do not 
descr ibe  the frequency dependence of the velocity of 
propagation and the absorpt ion coefficient of sound i n  
cr i t ical  mixtures  and a depar ture  f r o m  t h e  experimen- 
tal values is observed i n  the hypersonic range of f r e -  
q u e n c i e ~ . l ~ - ' ~  

We assume that f o r  a complete descript ion of the  ex- 
perimental  resu l t s ,  over  the  en t i re  range of acoust ical  
f requencies  i n  c r i t i ca l  mixtures ,  it is necessary  to take 
into account the  relaxat ion mechanisms studied by  
Mandel'shtam and L e o n t o ~ i c h . ' ~  These,  as a conse- 

quence of the concentration fluctuations i n  the  c r i t i ca l  
region, can  s t rongly i n c r e a s e  the bulk viscosi ty  and 
thus affect the absorption and dispersion of the sound 
velocity. 

In conclusion, the authors  thank I. L. ~ a b e l i n s k i r  f o r  
attention t o  the work, useful advice, and a discussion of 
the resu l t s .  

 he theory of Ref. 15 takes into account the dependence of 
T, on the pressure aT,/aP and is therefore different from 

the theory of Ref. 13. 
 he quantity L, which characterizes the contribution to the 

sound absorption from all the mechanisms except the mecha- 
nism described by the theories of Refs. 13 and 15, was not 
calculated theoretically and therefore could not be taken into 
account. 
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