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The results obtained from depolarised light scattering experiments as a function of temperature are compared with ultra- 
sonic impedance measurements previously obtained by Barlow and Erginsav. At low temperatures (in the supercooled region) 
a depolarised propagating doublet is observed and the velocity thus obtained is concordant with Barlow's results. At higher 
temperatures the relaxation time, rc, is obtained from the width of the depolarised spectrum. Contrary to the suggestion of 
Barlow, there is little correspondence between r c and the retardation time for viscous response. 

1. Introduction 

The longitudinal viscoelastic properties of liquids 
(velocity and at tenuat ion of longitudinal sound waves) 
as obtained from ultrasonic measurements and from 
polarised light scattering (Brillouin scattering) have 
been compared some time ago for a number of viscous 
liquids [1- 31 . However, similar comparisons for the 
transverse viscoelastic properties do not yet  exist. 
Barlow and Erginsav [4] have recently tried to under- 
take such a comparison. Although they present a very 
complete set of  ultrasonic measurements of  the propa- 
gation and at tenuation of  shear waves in benzyl 
benzoate ( f rom+3.85°C to 70°C) they were not 
able to carry out the corresponding experiments on 
the depolarised light scattering spectrum. Their com- 
parison therefore is based on a single light-scattering 
measurement made at +22.4°C by Stegeman and 
Stoicheff  [5]. This comparison involves a number of  
difficulties, firstly because it is made for a single point 
- thus excluding any comparison of temperature 

dependence; secondly because the ultrasonic measure- 
ments were made at a lower temperature and it was 
thus necessary to extrapolate Barlow's results from 
3.85°C to +22.4°C. Barlow and Erginsav have analyzed 
their results in terms of  the complex shear compliance 
J*(j~o) and suppose that the compliance contains in 
addition to the normal Maxwell term (viscous flow) a 

term describing the retarded response of  the liquid. 
They suppose that the characteristic retardation time 
is described by a Cole Davidson distribution and write: 

i jr/j Pqo.,) l + 
j -  - 1 + jCVrm] . (1) 

(1 + jCOrr )1/2" 

J~  is the infinite frequency limiting compliance, the 
term in square brackets describes the behaviour of  a 
normal maxwellian-type fluid. The second term de- 
scribes the retarded compliance, r m = r/J~ (where r/is 
the viscosity) is Maxwell's shear relaxation time. r r is 
the largest time in the distribution of  retardation times. 
Jr is the retarded part of  the shear compliance, and 

c*(joo) = 1/J*(joo) 
is the complex shear modulus. 

Stegeman and Stoicheff  [5] have observed a narrow 
doublet structure in the depolarised VH spectrum and 
have analysed its spectrum in terms of  Rytov's  theory 
[6].  In this theory the lineshapes are functions of  an 
infinite frequency shear modulus,/a~o, and two relaxa- 
tion times which Stegeman calls r x and r,, associated 
respectively with the relaxation of  local anisotropy and 
local shear strain. We will assume, as suggested by Rytov 
that r x = r u. This implies that the times obtained from 
analysis of  the VH and HH spectra should be identical 
- this is generally found to be true within the experi- 
mental error. In agreement with Barlow's notat ion we 
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will call this relaxation time %. 
In some of  the more recent microscopic theories 

[8-11  ] the time r c is identified with the relaxation 
of  molecular orientation rather than local shear. 

Barlow concludes that r c and ;too have values very 
different from r m and G= (= 1/J=) but are close to 
and possibly identical to r r and G r (= 1/Jr)" We have 
made measurements of  the light scattering spectra of  
benzyl benzoate over a large range of  temperatures in 
order to test Barlow's hypothesis. 

2. Comparison OfXc,Xr,X m 

The experimental apparatus and the deconvolution 
procedure for the analysis of  the spectra has been brief- 
ly described elsewhere [7].  For these measurements, 
we used a scattering angle of  90 ° -+ 0.5 ° and a F a b r y -  
Perot etalon with a free spectral range of  25 GHz. 

In our experiments, we preferred to measure the 
relaxation time r c from the linewidth of  the HH spectra 
rather than from the VH spectra. This is for a number 
of  reasons: firstly, although we observed the presence 
of  the narrow doublet structure in the VH spectra at 
temperatures above room temperature, this structure 
was not sufficiently resolved with our apparatus to 
permit an accurate determination o f  the lineshape 
parameters. This fine structure is absent in the HH 
spectra and the fine structure arising from coupling 
with the longitudinal modes is sufficiently small to be 
negligible. The HH spectrum may then be supposed 
to be lorentzian in form. Secondly, the various theories 
proposed to explain the VH lineshape [6 ,8-10]  con- 
tain the assumption that the liquid is at a temperature 
well above its melting point. As the melting point of  
benzyl benzoate is between 17 and 21°C, this assump- 
tion is therefore not verified at and below room tem- 
perature. It has already been noted that these theoreti- 
cal lineshapes fail completely to describe the spectra 
of  liquids supercooled to around the glass point [7].  
This uncertainty in the effect of  the coupling of  the 
shear modes into the VH spectra below the melting 
point may be at the origin of  an apparent discrepancy 
sometimes observed between the linewidths o f  the VH 
and HH spectra in this region [5].  Tsay and Kivelson 
[11 ] have recently published a calculation for the line- 
shape of  VH spectra in which they retain terms of  high- 
er order in k2rl/p (k is the scattering wave vector, r/is 

the viscosity and p the density). This term increases in 
value as the temperature decreases. They report good 
agreement with experimental lineshapes well below the 
freezing point. 

We have measured r c down to 3°C. Below this tem- 
perature the depolarised line was not well resolved. The 
measured values of  r c are shown in fig. 1 along with the 
values of  rr, r m and 7) given by Barlow and Erginsav 
[4] and also the value of  r c reported by Stegeman and 
Stoicheff [5]. The latter value of  r c is in excellent agree 
ment with our values. It can be seen that the tempera- 
ture dependence of  r c is very similar to that of  r7 (and 
hence also rm) but is apparently quite different to that 
of  Barlow's retardation time, r r. Barlow does not give 
error limits on his values of  r r but he considers that it 
is improbable that the extrapolated values of  r r could 
pass through the value of  r c at 22.4°C and suggests that 
a more likely extrapolation of  r r would be asymptotic 
to a value of  5.5r m. This suggested extrapolation is 
shown by the dotted line in fig. 1. Our error limits on 
r c are upper limits, the probable error is somewhat 
smaller. Although a non-Arrhenius type of  behaviour 
for r c is normal in supercooled liquids there is no evi- 
dence of  the sudden change in slope that would be re- 

I / '  , /  / 
/~ ./ / 

j ,  ] A" 
/ ~  , '  =" /3"m 

i i i i 

Z 

o 

-2 

3 . 0  3 .4  3 . 8  4 . 2  

103/T 

Fig. 1. %: 4~, our measurements .  The error bars indicated are 
upper limits; o, Stegeman and Stoicheff  [51. rr, r m  and r~ are 
taken f rom ref. [4]. The dot ted  line is the ext rapola t ion  of  r r 
proposed by Barlow. 
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quired if r c were to follow r r. Moreover, such a change 
would be very unlikely, in our opinion. In other super- 
cooled liquids the apparent activation energy for r c is 
seen to increase only slowly below the freezing point 
[7,11 ] .  In the case of  acetopheuone [13] which has a 
similar freezing point ,  viscosity and depolarised line- 
width,  we have measured r c down to 40°C below the 
freezing point without finding any anomaly. It seems 
scarcely probable therefore that there is a direct con- 
nection between r r and r c in this temperature range. 

3. Shear wave velocity at low temperatures 

Fig. 2 shows the depolarised VH spectra at low tem- 
peratures in the supercooled liquid. The central depo- 
larised peak is no longer resolved below 0°C and has 
the form of  the instrumental function. About  45°C be- 
low the melting point a weak doublet ,  corresponding 
to propagating shear waves in the liquid, appears on 
the wings of  the centre line. The doublet  separation 
increases and the width decreases as the temperature 
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Fig. 2. VH depolarised spectra of benzyl benzoate showing the 
presence of propagating shear waves. 

Table 1 
t:requency and velocity of the shear waves, from our measure- 
ments. Maxwell's shear relaxation time r m is taken from ref. 
[4]. The experimental error in V T is about -+40 ms -~ (data 
for fig. 3) 

Frequency Transverse Maxwell's 
Temperature shift velocity shear relaxatior 
(K) (Gttz) (ms -l  ) time r m 

(ns) 

248.15 2.475 533.0 0.395 
246.15 2.346 505.0 0.501 
242.45 2.656 571.0 0.824 
237.95 3.091 663.6 1.69 
235.65 3.215 689.6 2.59 
229.65 3.602 771.2 10.11 
217.95 4.085 871.6 90.7 

is lowered. We have analysed these spectra using our 
convolution technique and supposing that  the decon- 
voluted spectrum contains a central delta-function and 
pair of  lorentzian-dispersion shaped lines in analogy 
with the Brillouin spectra [12].  The corresponding 
transverse velocities are shown in table 1 and fig. 3. In 
order to compare our results with Barlow's ultrasonic 
measurements we have plot ted our results as a function 
of  the reduced parameter,  COrm, where co is the frequen 
cy of  the shear waves and r m is obtained from Barlow 
[4] at the corresponding temperature.  Barlow states 
that in the region wr  m > 1 (our measurements are con- 
fined to this region) the ultrasonic measurements are 
described equally well by the simpler expression 

J*(Jco) -  1 + 1 + 2 (2) 
J~  jcor m (jcorm)l/2 

from which we may calculate an expression for the 
shear wave velocity: 

1 ]1/2 (co'rm)l/2 

VT = \ ~ ]  1 + (2COrm) 1/2 

1 + [1 + (2corm)l/2]2 
X (3) 

[1 + (~corm)l/2 ] 2 + ½cor m" 

The calculated values of  VT, using Barlow's values of  
J ~ ,  p and rm, are also shown in fig. 3. The agreement 
between measured and calculated values is satisfactory 
although the low-temperature (high-frequency) limit- 
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Fig. 3. Shear wave velocity as a function of the reduced variable ~or m. The barred o's denote our measurements. Solid line: shear 
wave velocity according to eq. (3). Dotted line: infinite frequency shear wave velocity taken from [4]. 

ing velocity (1/J~p) 1/2 given by Barlow is only just 
within our error limits. 

4. Conclusion 

In the supercooled liquid well below the freezing 
point,  we have observed the appearance of  a weak dou- 
blet in the depolarised light scattering spectrum. This 
structure arises from a propagating transverse distur- 
bance in the liquid and the velocity obtained from our 
spectra is in satisfactory agreement with the shear wave 
velocity deduced from the ultrasonic impedance meas- 
urements of  Barlow and Erginsav [4].  As the tempera- 
ture is increased towards the melting point  the shear 
wave velocity decreases and this doublet  structure is 
no longer resolved. 

At higher temperatures (above and below the melt- 
ing point) ,  we have measured the relaxation time r c. 
The evolution of  r c as a function of  temperature is 
very similar to that of  77 (and also rm) but  seems quite 
different to that o f  r r. It is doubtful  that there exists 
a close relationship between r c and rr,  contrary to 
Barlow's suggestion. 

It has recently been noted that Rytov 's  theory of  
the spectral lineshape o f  light scattered from viscous 
fluids does not  describe the experimental  spectra as 
accurately as the more recent hydrodynamic  theories 
[ 13] do, particularly as the melting point  is approached.  
Moreover, even these hydrodynamic  theories fail at 
sufficiently low temperatures [7].  It seems hazardous 

therefore to try to compare the values of  G r with the 
values of  the parameter/~oo obtained by applying Ryto 
theory to spectra obtained at the melting point.  

It is interesting to note,  however, that the interme- 
diate temperature range where light scattering spectra 
show that the shear disturbance exchanges its dissipa- 
tive character for a propagative one is the same tempe~ 
ture range for which Barlow observed a very rapid vari', 

tion in the value of  r r. 
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