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An unconventional description of ultrasonically induced changes of the orientational state of 
planar nematic liquid crystals (NLCs) is discussed. The NLC is described on the basis of 
nonequilibrium hydrodynamics approach, which takes into account the relaxational character of 
these changes and the anisotropy of the elastic properties of the mesophase, whereas the approach 
based on classical Leslie-Ericksen hydrodynamics considers only the anisotropy of the viscous 
properties of the NLC. The agreement between the theory and the obtained experimental data on 
the threshold characteristics of the observed spatially modulated structures confirms that the new 
approach is well-grounded. 

INTRODUCTION AND FORMULATION OFTHE PROBLEM 0,,=0 ( ~ ~ U . ~ + A E U , , )  
The effect of acoustic oscillations on an oriented sample 

of a nematic liquid crystal (NLC) under certain conditions 
leads to a change inthe ordering of the molecules. This 
change is manifested in the formation of stationary spatial 
structures having different scales.' Thus at acoustic frequen- 
cies structures with a spatial period A-d or A-R are 
formed in planar samples of an NLC.2-5 (Here d is the thick- 
ness of the layer of NLC and R is the wavelength of the sound 
wave. ) Such structures also arise in the samples in the ultra- 
sonic range.6 However they form by a different mechanism 
from those of Refs. 2-4, which are valid for acoustic frequen- 
cies. According to Ref. 2, at acoustic frequencies, where the 
wavelength of the viscous wave satisfies A,,, )d, spatial 
structures form via orientational instability of acoustically 
driven oscillatory hydrodynamic flow of a nematic liquid. 

In this paper we present the results of experimental in- 
vestigations of the conditions under which spatial structures 
appear at ultrasonic frequencies in samples with planar ori- 
entation of the molecules. The results obtained are interpret- 
ed on the basis of the theoretical model of Ref. 7, where a new 
approach is proposed for describing structural transforma- 
tions induced in NLC by ultrasound. This model presup- 
poses the following physical interpretation of the phenome- 
non in an NLC layer: Random and nonuniform (parallel to 
the layer) deformation of the planar structure, when the 
molecules protrude out of the plane of the layer by an angle 
8 = 8,J(x,z), and compression of the medium in the ultra- 
sonic wave generates anisotropic shear stresses in the NLC 
layer of the form 

(see Fig. 1 ) . Here u, and v, are, respectively, the compres- 
sion and the rate of compression in the ultrasonic wave; 8, is 
the amplitude of the angle of deflection; p3 = f(w, T,, 7 2 )  

and AE = f(w, T,, T,) are the real and imaginary parts of the 
modulus of elasticity; 7, and T, are the relaxation times of the 
order parameter and the orientation of the terminal groups 
of the molecules, respectively; and w = 25-f, where f is the 
ultrasonic frequency. These stresses generate oscillatory 
vortex flows (which are periodic along the layer) with the 
velocity v: - 8, cos qz. The interaction of these flows with 
the starting ultrasonic field results in the appearance of sta- 
tionary shear stresses (a,,). (Here q is the wave number, 
describing the periodicity of the distortion along the x axis, 
and the symbol ( a  ) signifies averaging over the period. ) 

The model postulates two physical mechanisms which 
are responsible for this effect: a )  convective interaction of 
these flows and of the oscillatory motion of the nematic liq- 
uid in the ultrasonic field and b) periodic variation of the 
viscosity accompanying the compression u, -e - '"' of the 
medium, which destroys the temporal symmetry of the oscil- 
latory flow, in the ultrasonic wave. Stationary stresses gener- 
ate stationary flows in the layer whose velocity varies peri- 
odically along the layer, just as does the velocity v' of the 
oscillatory flows. The viscous stationary moments, which 
are proportional to the gradients of the velocities of the sta- 
tionary flows, amplify the initial distortion of the structure 
and hence the spatial harmonic of the form 

8-8, sin qxsinpz,  

FIG. 1.  Illustration of the mechanism of orientational dis- 
tortion of a planar sample of NLC in an ultrasonic field 
according to the theoretical model of Ref. 7: 1 )  ultra- 
sound, 2) oscillating flow, 3 )  stationary flow, 4) profile of 
distortions of the orientation of the NLC, 5 )  NLC mole- 

I' Ultrasound v =  uo exp ( - ~ w  t )  

cule, 6)  acoustically rigid boundary, 7 )  acoustically non- 
rigid boundary. 
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where p = n-/d and q = T/A, is amplified most. At the 
threshold of the effect the action of the viscous stationary 
moments on the molecules is compensated by the Franck 
elastic moments. 

This interpretation of the phenomena, based on non- 
equilibrium hydrodynamics and taking into account the ani- 
sotropy of the dynamic modulus of elasticity and the coeffi- 
cient of bulk viscosity of the NLC, differs from the usual 
approach based on Leslie-Ericksen hydrodynamics, which 
considers the anisotropy only of the viscous properties of the 
mesophase. 

In Ref. 7 the calculation was performed for the case of 
normal incidence of ultrasound on a layer of NLC with an 
acoustically rigid boundary (z = 0) that completely reflects 
the ultrasound. This results in the formation of a standing 
wave of the form 

V, = 2 Vo sin kz. cos a t ,  

where k = a/c, c is the velocity of ultrasound in the NLC, 
and Vo and V, are, respectively, the amplitude of the particle 
velocity and its component along the z axis. The region of 
applicability of the theoretical model is determined by the 
following inequalities: 

(Here T,I andp are, respectively, the viscosity and density of 
the NLC. ) 

EXPERIMENT 

The NLC studied-a eutectic mixture of MBBA and 
EBBA-filled a flat capillary, consisting of a 2 mm thick 
glass plate and a thin polymer film with a light-reflecting 
aluminum coating. In order to create a planar orientation 
the surfaces bounding the layer were coated with polyvinyl 
alcohol and then polished in a definite direction. In the ex- 
periments the thickness of the layer was varied from 10 to 
360pm. 

The orientational state of such samples was observed in 
polarized reflected light using the standard schemes, which 
are described in Refs. 1 and 6, for a wave field with a different 
degree of nonuniformity. For this, in one series of experi- 
ments the distance I between the radiator and the sample, 
which were immersed in water, was varied (it reached 
0.75R ' /A ,  where R is the radius of the ultrasound radiator), 
while in another series a Straubel r a d i a t ~ r , ~  which produced 
a quasiuniform wave field in the NLC layer, was em- 
~1oyed.l) In the latter case acoustic contact between the ra- 
diator and the NLC was made through a thin adhesion layer, 
which was deposited on the outer surface of the polymer film 
and had a thickness I,, . The driving frequency was varied 
from 0.3 to 3 MHz. The magnitude of the perturbation was 
checked by measuring the voltage supplied to the ultrasonic 
radiator as well as by measuring the intensity of ultrasound 
incident on the NLC layer by the acoustic-radiometer meth- 
~ d . ~  The thermal-stabilization system made it possible to 
regulate the temperature of the NLC over the range 22- 
45 "C and to maintain a constant temperature to within 
0.5 "C. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The observations showed that an ultrasonic field, 
whose frequency satisfies the condition presented above, at a 

certain threshold in planar NLC layers generates a special 
type of nonuniform distribution of the director orientation. 
This distribution is manifested in the form of a system of 
alternating light and dark bands which are orthogonal to the 
director m0 in the undisturbed state. In order to describe this 
effect quantitatively, we studied experimentally the dynam- 
ics of the development of structures and determined their 
period A and threshold particle velocity Vo ,, . In the experi- 
ments we varied one of the wave field parameters, the thick- 
ness of the sample, and the temperature of the NLC. 

Figure 2a shows a plot of the spatial period A of the 
structures versus the degree of excitation. Here U and Uth 
are, respectively, the running and threshold values of the 
voltage supplied to the radiator. It is easy to see that near 
threshold the period of the structures is somewhat greater 
than its value above threshold and at U=: 1.5 Uth it reaches a 
constant value of -0.5d, which, according to visual obser- 
vations, corresponds to stabilization of the pattern of distor- 
tion in the NLC. These data pertain to a 40pm thick sample, 
placed at a distance I = 2 cm from the radiator. The ultra- 
sonic frequency is equal to 3.2 MHz and the temperature of 
the NLC is equal to 30.2"C. As the observations showed, 
such changes in the period of the structure accompanying a 
transition into an above-threshold regime occur for all NLC 
samples studied in the experiments. 

The plot in Fig. 2b summarizes the results of these ob- 
servations. It  shows the values of the spatial period A, corre- 
sponding to a stable pattern of distortion ( U  = 2Ut, ), for 
10-360pm thick samples in wave fields with different degree 
of nonuniformity. The labels 1 and 2 show the values of A for 
NLC samples placed at distances 1 = 2 and 20 cm, respec- 
tively, from the radiator. The ultrasonic frequency was equal 
to 3.2 MHz and the temperature was equal to 30.2 "C. The 
data 3 were obtained in a quasiuniform wave field (I  = I,, ), 

for which the ultrasonic frequency was equal to 1 MHz and 
the temperature was equal to 21 "C. It is easy to see that the 
above threshold, for U> 1.5 Uth , the relation between the spa- 
tial period of the structures and the thickness of the film is 
linear, and in the range of values of d studied for wave fields 
with different degree of nonuniformity is of the form 
Az0.5d. 

Data on the effect of the ultrasonic frequency on the 
spatial period of the structures above threshold at U = 2Uth 
are presented in Fig. 2c. The data labelled 1 and 2 show the 
values of A for 40 p m  thick samples 2 and 20 cm from the 
radiator; the temperature was equal to 30.2 "C. As one can 
see, for ultrasonic frequencies in the range 2.8-10 MHz the 
spatial period of the structures remains practically constant 
and is determined by the thickness of the NLC layer. 

The experimental results on the effect of the tempera- 
ture of the NLC on the spatial period of structures above 
threshold at U = 2Ut, are presented in Fig. 2d. They pertain 
to a 60 p m  thick sample, a frequency of 3 MHz, and I = 2 
cm. 

It  is easy to see that in the temperature interval 20- 
40 "C the period of the structures is practically constant and 
is determined only by the thickness of the NLC layer. We 
note that the distortion becomes irregular at 45 "C and these 
structures vanish at 49 "C. 

We now discuss the basic relationships characterizing 
the magnitude of the effect at threshold. Table I summarizes 
the experimental data, which were obtained in a series of 
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FIG. 2. Effect of acoustic parameters, the dimensions of the 
sample, and the temperature of the NLC on the spatial period 
of the structures formed in an ultrasonic field: (a)  change in 
the spatial period of the structures above threshold; (b) ef- 
fect of the thickness of the NLC layer on the period of the 
structures; (c)  spatial period of the structures in the frequen- 
cy band 2.8-10 MHz; (d)  effect of the temperature on the 
period of the structures. 
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independent experiments for wave fields with different de- 
gree of nonunifonnity, on the effect of the thickness of the 
NLC layer and the ultrasonic frequency on the threshold 
particle velocity. These data show that as the thickness of the 
samples increases in the interval of values of d studied the 
threshold particle velocity V,, decreases within comparati- 
vely narrow limits. Decreasing the ultrasonic frequency de- 
creases V,, . Thus, for samples 90-100 pm thick, V,, from 
2.5 to 7.8 cm/s, i.e., approximately by a factor of three as the 
frequency decreases from 3 MHz to 1 MHz. 

The experimental data on the temperature dependence 
of the threshold voltage U,, at which structures form are 
presented in Fig. 3. These voltages are normalized to the 
threshold voltage U,*, at 22.8 "C; 

AT= T N - ,  - T 

is the difference between the temperature T,,-, of the nema- 
tic-phase-isotropic-liquid phase transition1' and the run- 
ning value of the temperature. The thickness of the sample 
was equal to 40pm and the frequency was equal to 3.2 MHz. 
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TABLE I. The threshold amplitude as a function of the thickness of the NLC layer and the 
ultrasound frequency. 

*The threshold amplitude was determined from measurements of the ultrasonic radiation pres- 
sure.' 
**The threshold amplitude was determined from measurements of the voltage on the radiator 
and its conversion to Voth by the method described in Ref. 9. 

VOtht cm/s 
d p m  I JMHz 1 A T ° C  I 

Experiment 1 Calculation 

One can see that as the phase transition is approached the 
threshold decreases somewhat. 

We now compare the experimental data on the behavior 
of the threshold characteristics with the theoretical premises 
which follow from the model of Ref. 7. According to Ref. 7, 
the amplitude of the threshold particle velocity is described 
in the most general form by the following expression: 

Type of 
apparatus 

Here K,  and y, are the Franck elastic constant and the rota- 
tional viscosity of the NLC, s = q2/p2, and smin is the value of 
the parameters that minimizes the function F(s) .' This im- 
plies a relation between the spatial period A of the structures 
and the thickness of the NLC layer: 

cies, which are determined by the limiting values of the pa- 
rameter 

(B) 1 and B( 1, respectively), the minimum of the function 
P(s )  corresponds to the following values of s,,: 3.7 and 4.8. 
This gives for the spatial period A the values 0.52d and 
0.48d, respectively. Thus the changes produced in the spatial 
period by a change in the ultrasonic frequency are very insig- 
nificant; this agrees with the experimentally observed fact 
that the period of the structures does not depend on the ul- 
trasonic frequency. The theoretical values of A presented 
above are equal to the period of the structures observed 
above threshold U) 1.5 U,. The difference between the 
theoretical and experimental values of A at threshold could 
be due to the development of hydrodynamic flows,3' which 

d also give rise to deflection of the director. Near threshold the 
A = -  

' / r S  
Smin 

(2 )  main effect is still small, and because of the influence of this 
factor a spatial distribution of the director with wave vector 

Estimates show (see Ref. 7) that at low and high frequen- different from q = ?r/A can form in the NLC layer. 

Nematic phase Isotropic phase 

VOth 1 @,h 3 

uth 1 4  -I- 
---___ I I I FIG. 3. Effect of the temperature of the NLC on the parameters char- 

O  Ooo 0 0 0 0  o o  0 ---. 
\ I acterizing the wave field in the NLC layer: the running values of U,, 
\ 
\ I and Voth are normalized to the values of U$ and V$ corresponding to , the lower limit of the temperature interval studied ( T  = 22.8 "C). 

I 
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Table I gives the values of the threshold particle veloc- 
ity which were calculated from Eq. ( 1 ) for 10-170pm thick 
layers of MBBA in the frequency range 1-10 MHz at the 
temperature AT= TN-, - 10 "C. As one can see, V,, is 
virtually independent of the thickness of the layer. This 
agrees with the experimental data. As the ultrasonic fre- 
quency increases V,,, decreases. This also agrees qualita- 
tively with the experimental results. The small difference 
between the absolute experimental and computed values of 
the threshold particle velocities could be associated with the 
errors of measurement of the intensity of ultrasound by the 
acoustic-radiometer method, which gives the average inten- 
sities over the cross section of the beam, as well as with the 
approximate character of the amplitudes of the particle ve- 
locities estimated by the well-known bridge method of calcu- 
lating the voltage supplied to the r a d i a t ~ r . ~  In addition, the 
value used in the calculations for the energy of adhesion of 
molecules to the surface of the supporting plates 
w = 2.2. lo3 cal/mole can differ somewhat from the true val- 
ue of w, corresponding to the conditions of the experiments, 
in which this quantity was not checked. 

According to Ref. 7, in the band of frequencies satisfy- 
ing the condition or, ) 1 (for MBBA the relaxation time of 
the order parameter is equal to 2.2. lo-' s, so that the fre- 
quencies at which the corresponding experimental data were 
obtained fall into this band), the amplitude of the threshold 
particle velocity is virtually independent of the temperature 
and satisfies the following law: 

V,,, -AT - 'I3. 

The plot in Fig. 3 shows this dependence, calculated from 
the relation ( 1 ) with s,, = 4 for a 50pm thick MBBA sam- 
ple at an ultrasonic frequency of 3.5 MHz. It  was construct- 
ed from the numerical value of the amplitude of the particle 
velocity at a temperature corresponding to the condition 
AT = 10 "C. The value of s,, chosen in these calculations is 
the average of the values corresponding to low and high fre- 
quencies. One can see that this plot fits the experimental data 
obtained under conditions close to the design conditions 
( d  = 60pm and f = 3.2 MHz). 

The foregoing analysis provides that the new mecha- 
nism, proposed in Ref. 7, of stationary distortion of planar 
samples of NLC in a standing ultrasonic wave is valid. The 
new ideas take into account the relaxational character of the 

change induced in the orientational state of an NLC by ultra- 
sound and they are important for correctly interpreting pre- 
vious data,6*' '-I3 obtained independently in different labora- 
tories at ultrasonic frequencies while studying different 
types of mesophases. 

We take this opportunity to thank E. N. Kozhevnikov 
for participating in a discussion of the results. 

') Here we mean a quartz radiator in the form of a plate, whose shape 
follows the curve of the square root of the modulus of elasticity (accord- 
ing to Straubel), thanks to which the oscillations of the surface of the 
plate accompanying thickness perturbations are more uniform. 

') The expression for the function F ( s )  is not given here because it is too 
complicated. It can be found in Ref. 7. " The mechanism responsible for hydrodynamic flows in an NLC layer 
under conditions similar to those described in the experiments discussed 
in Ref. 1. These include: the presence of nonuniformities in the NLC 
layer, nonuniform distribution of the wave parameters over the cross 
section of the ultrasonic wave, oblique incidence of ultrasound on the 
layer, etc. 
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