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Bi ref ri ngence I nd uced by U It rason ic 
Waves in the Isotropic Phase of PCBt 
M. BADER and P. MARTINOTY 
Leboratoire d'Acoustique Molbculeire (E.R.A. eu C.N. R.S. ) .  Universite Louis Pesteur, 
4, rue Bleise Pascel, 67070 Stresbourg Cedex, France 

(Received April 3, 1981; in final form June 26, 1981) 

We have studied the birefringence induced by ultrasound An in the isotropic phase of pentyl- 
cyanobiphenyl (PCB) as a function of temperature, frequency and acoustic intensity. We have 
found that An is proportional to the square root of the acoustic intensity P and that the ratio 
An/J3idecreases with increasing frequency indicating that our data are within the WT 2 1 re- 
gime, where rdenotes the orientational relaxation time. We have also measured in the same exper- 
iment the ultrasonic absorption coefficient (1. From the comparison between the behavior of the 
induced birefringence and that of the ultrasonic absorption we have shown that the optical relaxa- 
tion frequency (ri;)  issmaller by a factor6 to 8 than theacoustical relaxation frequency(sh This 
result is explained by the fact that the absorption coefficient contains the contribution of all the 
fluctuation modes of the order parameter, while the induced birefringence is governed by the 
modes of longest wavelengths. 

I INTRODUCTION 

Some liquids, isotropic at rest, become birefringent when traversed by ultra- 
sonic waves. This effect is dependent on the acoustic intensity and the fre- 
quency of the wave. Experimentally, the induced birefringence, An, is deter- 
mined by measuring the angle S by which the light polarization vector is 
rotated. Since An is dependent on the acoustic intensity P, it is in fact neces- 
sary, t o  obtain quantitative results, to measure 6 and P simultaneously. 

Although birefringence induced by ultrasound is a sensitive probe to  study 
the dynamics of molecular orientation, the technique has not been widely used 
because of the experimental difficulties resulting from the low value of the in- 
duced birefringence and of the presence of parasitic effects, such as heating 
and streaming effects, related to  the value of the acoustic intensity.'-3 

tPresented at the Eighth International Liquid Crystal Conference, Kyoto (1980). 
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210 M. BADER and P. MARTINOTY 

Recently we have made some improvements in the traditional technique 
which has allowed us to study the pretransitional effects which appear in p -  
azoxyanisole (PAA) near the nematic-isotropic transition temperature T, = 
135°C.4 This study has shown that An is proportional to O a s  for pure liq- 
uids, and that the ratio An/@ diverges as one approaches the transition. 

We present here a study of the 07 - 1 regime, which can be easily reached 
at ultrasonic frequencies by choosing a room-temperature liquid crystal such 
as pentylcyanobiphenyl (PCB). 

Since our ap aratus presents the advantage of simultaneously measuring 
the ratio A d  P Pand the ultrasonic absorption a, it has been possible to com- 
pare, for identical experimental conditions, the relaxation time as measured 
by induced birefringence to the relaxation time as measured by ultrasonic 
absorption. 

II EXPERIMENTAL 

Experimental details of the set-up have been given in Ref. 4 so they will not be 
discussed further. We simply recall here the principles of the experiment. 

In an experiment of birefringence induced by ultrasound the direction of 
propagation of the incident light is perpendicular to that of the ultrasonic 
wave and the light is polarized at an angle of 45" to the direction of sound 
propagation. In the absence of ultrasonic waves an analyzer is adjusted for a 
transmission null. When the medium becomes birefringent under the influ- 
ence of ultrasonic waves, the light polarization vector is rotated through an 
angle 6 and a small amount of light is transmitted through the analyzer. The 
change in light intensity I is detected by a photomultiplier and is recorded on 
an oscilloscope as a voltage. The phase angle 6 is related to the change of in- 
tensity I by the formula 

I = 10 sin* 6 
2 

where I0 is the intensity measured in the absence of the sound waves when the 
polarizer and analyzer are parallel. Therefore by measuring the ratio I/Zo it is 
possible to deduce 6 and thereby An which is related to 6 by 

2 d  6=- An 
A 

where lis the optical path length in the medium and A the optical wavelength 
in vacuo. 

If the medium exhibits a sinusoidally varying birefringence, then the bire- 
fringence is the r.m.s. value of An). 

As mentioned above, the acoustic intensity Pa t  the position where the bire- 
found in this way is Amax/fi(i,e. 
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BIREFRINGENCE BY ULTRASOUND IN PCB 27 I 

fringence is measured, must be known in an acoustically induced birefringence 
experiment. In our apparatus the birefringence is induced by pulse ultrasonic 
waves. This allowed us, not only to reduce heating and streaming effects, but 
also to measure the variations of the acoustic intensity Pand of the ultrasonic 
absorption o! as a function of temperature. 

If A(dB) represents the number of decibels needed to maintain the received 
acoustic pulse at a fixed value when the temperature is varied from T I  to Tz, 
then the relative variation of P is given by 

and that of o! by 

A(dB) is directly read on a calibrated attenuator. d is the acoustical path 
length and the factor 0.1 15 converts (Y from decibels to nepers. In formula(3), 
it has been assumed that the induced birefringence is observed at the middle of 
the acoustical path. 

The present study was made at frequencies of 8.2,4.45 and 1.11 MHz. The 
acoustical path length d was 6.1 mm at 8.2 and 4.45 MHz, and 1 1.8 mm at 1.1 
MHz. The length of the ultrasonic pulse was adjusted to the maximum value 
permitted without reflected sound, at the time of the observation was made. 
The ultrasonics were pulsed at a frequency of about 10 Hz. The optical path 
length submitted to ultrasound was 10 mm at 8.2and4.45 MHz, and28 mm at 
1.1 MHz. Values of the acoustic intensity on the emitting transducer were in 
the range of 10 mW/cmz. The light source was a 5 mW He-Ne laser that could 
be attenuated using neutral density filters. The transmitted light was detected 
by a photodetector and recorded on a storage oscilloscope. Typical recorded 
traces showing the electric, acoustic and induced birefringence pulses were 
presented in Ref. 5 .  The cell was thermostated to f0.01"C. PCB was obtained 
from Hoffman-La Roche and used as received. The transition temperature 
was T,  = 355°C. 

111 RESULTS AND DISCUSSION 

a) Behavior of the induced birefringence 
With small molecules the induced birefringence An is due to the velocity gra- 
dient caused by the wave and varies sinusoidally.6 An is related to flow bire- 
fringence and may be written as: 
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212 M. BADER and P. MARTINOTY 

w h e r e z  is the r.m.s. value of An and 6n/G is the quantity measured in a flow 
birefringence experiment, v and w are respectively the velocity and the fre- 
quency of the wave, and r is a relaxation time. 

According to the de Gennes' model' of the isotropic phase of liquid crystals, 
rand 6n/G are proportional to (T - T:)Y. T:is the virtual second order tran- 
sition temperature which is less than the actual transition temperature T,, and 
y is an exponent that is unity in a mean field theory. 

Therefore in the hydrodynamic regime (wr Q 1) 

and for wr S 1 

3 a - constant. 

FIGURE 1 with the voltage Vat the receiving trans- 
ducer. The linear variation shows that An is proportional to the square root of the acoustic 
intensity. 

Variation of thr r.m.s. birefringence 
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BIREFRINGENCE BY ULTRASOUND IN PCB 273 

Figure 1 shows the variation of the r.m.s. birefringence& with the voltage 
V at the  receiving transducer for various temperatures. As predicted by Eq. 
( 5 ) ,  should be proportional to the square root of the acoustic intensity P, or 
to the voltage V, and the results in Figure 1 show that this is the case. 

Figure 2 presents the temperature dependences of &(curve a and @(curve 
b) for one frequency (0/27r = 8.2 MHz). Also shown, as curve c, in Figure 2, is 
the temperature dependence of the ratio (z/@)a.* This ratio, which ac- 
cording to Eq. 5 is the relevant quantity, reveals no pretransitional increase, 
thus showing that the  measurements near T, are within the w r  S 1 regime. 
The variation of this ratio, but measured at lower frequencies (4.45 and 1 . 1  
MHz), is shown in Figure 3. One observes that this ratio increases with de- 
creasing frequency, indicating that the system changes from the w~ S 1 re- 
gime to the wr 2 1 regime. By fitting the data at 1 . 1  MHz with Eq. 5, 
T*, - 35°C and T - 400 10-9/ATs are obtained. The value of r is in satisfac- 
tory agreement with the value deduced from the optical Kerr experiments.' 

PCB 

A= 8.2 MHz 
2 H  

I 1 I I I 

37 3 9  41 43 45 
TOC 

FIGURE 2 Temperature dependence of (a) the r.m.s. birefr ingencen(b)  the square root of 
the acoustic intensity f i a t  the middle of the acoustic path length where the induced birefring- 
ence was measured (c) the ratio An/*. The measurements were made for a fixed value of the 
acoustic receiving level as  described in the text and the data have been normalized at  T =  45OC. 
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214 M. BADER and P. MARTINOTY 
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FIGURE 3 Temperature dependence of the ratio (-an/*) &?for 8.2,4.45 and 1.1 1 MHz. 
Dots: experimental points: lines: theoretical fit given by Eq. (5). The data have been normalized at 
T = 45OC. 

One can show that these results are consistent with those deduced from a 
flow birefringence experiment." Indeed (z/fi)m can be calculated 
from Eq. 5 using &/G" and 7 data, and compared to the measured values. 
Fkure 4shows that the agreement between calculated and measured values of 
( A n / f i G  is good except near T,. However, it is difficult to say if the small 
discrepancy which appears near T, is due to a physical effect. Indeed this dis- 
crepancy could result from differences in the samples which came from differ- 
c-' sources and/or from the errors made, for each experiment, in the determi- 

.ion of T*,. 
Now concerning the values of the acoustic intensity P, as already mentioned 

in part 11, only the relative variation of P as a function of temperature is 
known in the present experiment. Absolute values of P can be obtained by 
making experimental and calculated values of (z/fi)o equal at a given 
temperature (for example at T - T*, = 10°C as done in Figure 4). The values 
of Pare small (4,8 and 45 mW/cmz at the emetting transducer at T - T, for 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

2:
51

 2
3 

Fe
br

ua
ry

 2
01

3 



BIREFRINGENCE BY ULTRASOUND IN PCB 275 

m 

!i 
0 e 

o 8.2 
A= + LXSMHz \ 2r 8 1.11 

FIGURE 4 Comparison between measured values of (z/\/p) and those (the lines) de- 
duced from Eq. 5 using 6dG.  T and Y data. 

1.11,4.45, and 8.2 MHz) and consistent with the values estimated in part I1 of 
this paper. 

b) Comparison between the behavior of the induced birefringence and that 
of the ultrasonic absorption. 
In  Figure 5 we present the relative variations of A n / @ ) G  and of a / f 2  at 
f = 4.45 MHz. It is observed that (E/fi h- pv stays constant, while a / f 2  
increases, as the temperature decreases to T,. This result shows that the relaxa- 
tion times involved in each of these two measurements are different. This is 
explained by the fact that the ultrasonic absorption is due to the coupling of 
the wave with all the modes of the system, and is expressed in the form of inte- 
gral over wavelength, whereas the induced birefringence is governed by the 
longest mode. It follows that the variation with the frequency of these two 
quantities is different. The expression of the induced birefringence is given by 
Eq. 5 ,  and that of the ultrasonic absorption 

d f 2  = B(T - T : ) - 3 ’ 2 F ( ~ * )  (6) 
whereB is a weakly temperature dependent coefficient andF(w*) the function 
which provides the frequency-dependence of d f  ’ . I 3  
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216 M. BADER and P. MARTINOTY 

I 1 1  1 1 1 1 1  I I  

36 38 40 42 44 
TOC 

FIGURE 5 
MHz. The data show that the acoustical relaxation frequency is higher than the optical one. 

Relative behavior of (hn/fi)a and a/f2 as a function of temperature for 4.45 

where w* is a reduced frequency equal to w/wo, wo being the characteristic fre- 
quency of the longest mode. 

By analyzing our birefringence and absorption data at 1 MHz using Eqs. ( 5 )  
and (6) we find that there is a factor of 6 to 8 between the ultrasonic relaxation 
time and the optical relaxation time. 

In conclusion, this study has shown two different aspects of the coupling 
between the molecules and the ultrasonic wave. The first concerns the fluctua- 
tions in molecular orientation, which are coupled to fluctuating acoustic 
modes, and the second involves the orientational ordering which is effected by 
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BIREFRINGENCE BY ULTRASOUND IN PCB 277 

the mechanical interaction of the wave with the molecules. We have only de- 
termined the root mean square value of An. Maximum information could be 
obtained by measuring the phase lag between the induced birefringence and 
the wave at the acoustic frequency. This would allow a direct measurement of 
the relaxation time rap. This experiment is currently under way. 
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