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The experimental results of anisotropic propagation of ultrasound in the vicinity of the nematic-smecticd 
phase transition are analyzed within the framework of the Landau-Khalatnikov theory and the fluctuation 
theory. It is shown that the experimentally observed features of the temperature and angular dependences of 
the ultrasound velocity anisotropy are in qualitative agreement with the predictions of the theory. 

PACS numbers: 43.35.Bf, 61.30. - y, 64.70.E~ 

INTRODUCTION 

Increased attention has recently been given to ex- 
perimental and theoretical investigations of the ne- 
matic-smectic-A phase transition (N -S,). The close- 
ness of this phase transition to second-order phase 
transitions allows u s  to exploit for their description 
previously developed concepts concerning the h tran- 
sition in helium. In addition, there is a basis for a s -  
suming that the uniaxial symmetry inherent in the 
nematic and smectic-A phases brings on the appear - 
ance of specific features of the dynamics of the N - S ,  
phase transition that exert, in particular, an effect on 
the process of the propagation of ultrasound of finite 
frequency. Results a r e  given below of a comparison of 
existing theoretical ideas on the features of the propaga- 
tion of acoustic waves in the vicinity of the N-S, phase 
transition with the f irst  obtained experimental data on 
the anisotropic character of the ultrasound velocity in 
the indicated region. 

The anisotropic propagation of ultrasound in the 
vicinity of the temperature of the N-S, phase transi- 
tion (T,,) has been considered in theoretical 
from the viewpoint of two different mechanisms. The 
f i rs t ,  which i s  connected with the correlated fluctua- 
tions of the smectic order parameter ($1 and is anal- 
ogous to the corresponding mechanism in the vicinity of 
the A transition in He4, leads in the temperature region 
T > T,, to the following expression for the ultrasound 
velocity :' 

where c, i s  the ultrasound velocity at 0 = 90G, A is a 
coefficient that depends weakly on the temperature and 
frequency, AT,,= T - T,,, and 8 i s  an exponent that 
i s  equal to -4/3 and -3/2 in the similarity theory and in 
the mean-field theory, respectively. The relation (2) 
and the expressions that follow below were obtained 
under the assumption Ac(8)<< c , .  The index F denotes 
the fluctuation contribution. 

For the high frequency limit WT>> 1, the quantity 
Ac(%)/c, has the form 

where B is a coefficient that depends weakly on the 
temperature and the frequency. 

The second mechanism (the Landau-Khalatnikov mech- 
a r ~ i s m ) ~  is connected with the relaxation of the smectic 
order parameter. In contrast to the A transition in 
helium, this mechanism shows an effect on the propa- 
gation of ultrasound waves of finite frequency and at  a 
temperature that i s  greater than T,,, which i s  a con- 
sequence of the conservation of uniaxial symmetry in 
the N - S, phase transition. It follows from the con- 
sidered mechanism, in particular, that there exist two 
acoustic modes ("first" and "second" sound), the prop- 
agation velocities of which c and c* a r e  described at  
T > T,, by the expressions 

cZ=c,2-6c11(o) +p-'o Im @ ( a )  cos' 8, (1 ) cz=coZ + aZz. [Pi, cosZ 8+pI sinZ @Iz, 
q p ( l + o a ~ z )  (4) 

where c, = (ap/ ap)l/' is the value of the ultrasound velo- 0% 

city in the hydrodynamic region without account of fluc- c . ~  - no(l+02sz)  ( $ , , - $ L ) Z ~ ~ ~ 2  8 sin2 8, (5) .. . 
tuations, p is  the pressure,  p i s  the density, bc: i s  the where q i s  a kinetic coefficient which has a dimension- 
isotropic fluctuation contribution, which depends on the 

ality reciprocal to those of viscosity, P,, and 6, a r e  ultrasound frequency w, O(o) i s  a function which takes 
dimensionless material coefficients characterizing the 

into account the connection of the fluctuations of the dynamical connection of the order parameter with the 
order  parameter with the density, and 0 i s  the angle hydrodynamic variables. We note that numerical values 
between the wave vector and the director. of the coefficients p,, and Dl and also their temperature 

For the low frequency limit (w T<< 1 ,  where T is the dependences have not been established a t  the present 
characteristic relaxation time of fluctuations of the time. The expression (4) allows u s  to obtain the rela-  
order parameter $), the expression (1) with account of tive change in the ultrasound velocity [ ~ c ( @ ) / c , l ,  which 
the explicit form of the function O(w) allows us  to obtain i s  connected with the relaxation of +: 
the following dependence of the relative change in the Ac (€9 1 022 

[2pLA9 cos' 8+ (Ap)kos' 81. (6) ultrasound velocity &(8)/c, on the angle of orientation: 
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Here AP = P,, - P,. The temperature changes of the quan- 
tity [AC(O)/C,]~ a r e  defined in implicit fashion, with ac- 
curacy to within the dependence P,,,,(T), in t e rms  of the 
t ime 7, which diverges according to a power law upon 
approach to T,,: 

T = T O ( A T N A I T N ~ )  -'. (7) 

In this case,  it follows from the relation (6) that at  W T  

<< 1, 

and a t  WT>> 1, 

We note that the applicability of the theory considered 
above is  limited by the temperature range in which the 
Landau expansion in powers of I I ,  is valid. 

EXPERIMENT 

In the present work, results  a r e  given of the mea- 
surement of the anisotropy of the ultrasonic velocity 
in the vicinity of the phase transition N-S, in butoxy- 
benzylidene-butylaniline (BBBA). There is  reason to 
assume that the phase transition in this material  i s  
close to a second order phase transition. In corre-  
spondence with the existing theoretical r e p r e ~ e n t a t i o n s , ~  
a decrease in the length of the terminal molecular 
chains in compounds forming liquid-crystal phases 
leads to a change in the form of the phase transition 
iV -SA from first  to second o rde r ,  andalso toadec rease  
in the rat io r = T N A / ~ , ,  (T,, i s  the temperature of the 
phase transition from a nematic to an isotropic liquid). 

These regularities a r e  confirmed by investigations of 
the mesophases in homologous ~ e r i e s . ~  In FBBA the 
parameter  r amounts to 0.920, which i s  l e s s  than the 
value r = 0.932 in cyanobenzylidene-octyloxyaniline 
(CBOOA), in which the N-S, phase transition is  a s -  
sumed to be of second order for a number of  reason^.^ 
In connection with what was said above, effects connect- 
ed with the deviation of the rea l  phase transition from 
the classical second-order phase transition a r e  not 
taken into account8 (in part icular ,  the possible differ- 

FIG. 1.  Angular dependence of the quantity Ac(O)/c, at ultra- 
sound frequencies 15 MHz (curves 1-3) and 3 MHz (curve 4) 
and at different T (in degrees C):  1-64.9, 2-48.7, 3-43.6, 
4-43.8. 

TABLE I .  

is MHz 

T. 'C 1 81.9 1 68.7 1 43.6 

b.10' 

ence between TNA and the temperature corresponding to 
the divergence of a number of physical parameters) .  

The investigations were car r ied  out in the regime of 
cooling of the sample in a magnetic field having an  in- 
duction 0 .3  T.  The temperature TNA, which was de- 
termined by an  optical method, amounted to 43.5"C and 
was equal within 0. lo to the temperature a t  which r e -  
orientation of the magnetic field with respect  to the wave 
vector ceases  to produce changes in the acoustic pa- 
rameters .  The measurements were  made a t  frequen- 
c i e s  of 3 and 15 MHz by an pulse-phase method a t  var-  
iable frequency, based on interference of the continuous 
sinusoidal signal with a radio pulse i s  coherent with it 
and passing through the investigated medium. The e r -  
r o r  in measurement of Ac/c, amounted to 0.3 x lo4. 

Figure 1 shows the angular dependence of the relative 
change in the ultrasonic velocity a t  various tempera- 
t u r e s  at  the frequency 15 MHz. As the temperature TNA 
is  approached, the form of the angular dependence 
changes materially, a s  reflected in the appearance of 
a minimum in the value of 0 < 90" (curve 3). This 
singularity also occurs a t  the frequency of 3 MHz, a s  
illustrated by curve 4. The curves shown in Fig. 1 
were  obtained a s  a result  of a least-squares approxima- 
tion of the experimental data to a relation of the form 

The values of the coefficients a and b are given in the 
Table I. The coefficient a decreases with decrease in 
the temperature,  changing sign in the neighborhood of 
T,,; in part icular ,  a t  T = 64.9 "C the value of the coef- 
ficients b i s  equal to zero  within the limits of e r r o r  
and, consequently, the angular dependence is  described 
by a function of the form 

FIG. 2 .  Temperature dependence of the relative anisotropy of 
the ultrasound velocity at frequencies 3 MHz (curve 1) and 15 
MHz (curve 2). 
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which corresponds with the results obtained in nematic 
phases of other materials. 

Figure 2 shows the temperature dependence of the 
relative anisotropy of the ultrasound velocity: 

(c,, i s  the ultrasound velocity at 9 = 0") at the frequencies 
2 and 15 MHz. Upon approach to T,,, an increase is 
observed in the indicated quantity. At T > 50 "C, the 
quantity Ac/c, becomes temperature independent and 
takes on values equal to 1 x lo4 and 7 x lo4 at 3 and 15 
MHz, respectively. The existence of a non-vanishing 
normal component [Ac/c,], in the value of Ac/c, far 
from T,, is  probably connected with the relaxation of 
the terminal molecules of the groups possessing the 
same structure a s  the MBBA butyl chain. Extrapola- 
tion of the temperature dependence of the relaxation 
time T,, of the normal contribution for MBBA1" in the 
region T > 50 "C yields values that a r e  equal within 5% 
of the value .r,= 8x lo-' s, estimated in correspon- 
dence with Ref. 11 from the given experimental data. 
The estimates that have been made show that in the 
temperature range 43.5 "C < T <  50 "C the change in the 
value of the normal contribution [Ac/c,], can be neg- 
lected in comparison with the experimentally deter- 
mined changes in the quantity Ac/c,. 

We note that the data given in Table I indicate that the 
relaxation of the terminal molecular groups makes a 
contribution only to the values of the coefficient a .  

DISCUSSION OF THE RESULTS 

Analysis of the experimental data within the frame- 
work of the theories set  forth above shows that not one 
of them individually describes the characteristic fea- 
tures of the represented dependences. In particular, 
the fluctuation mechanism: which leads to the expres- 
sion (2), does not explain the existence of a term pro- 
portional to cos2 9 in the angular dependence oft he quan- 
tity Ac/c, that is. The Landau-Khalatnikov mechanism, 
a s  will be shown below, explains only certain features 
of the experimental dependences. For example, the 
temperature dependence of the coefficient z (see Table 
I) is obviously governed by the relaxation contribution 
(61, which depends significantly on the temperature 
through the time T in accordance with (7). 

As a result of the approximation of the temperature- 
dependent part of the quantity a by expression for the 
proportionality coefficient of cos2 0 in ( 6 ) ,  with account 
of (7), we obtained the values T, = (1.50* 0.05) -10"' s, 
and z = -1.07 - lo-'' s, where 

The approximations were carried out using the values 
of the coefficient a at T=43.6, 43.8, and 48.7"C. 
The temperature-independent part here was taken to 
be equal to the value of Ac/c, a t  T > 50 "C . Moreover, 
the value of z was assumed to be weakly dependent on 
the temperature near T,,. 

The analysis that has been carried out allowed us  to 
estimate for the first time the value and sign of the 

combination of the material coefficientsP,AP/q- -23 kg/ 
ms, wperimental data on whichare lackingat the present 
time. The values of the ultrasound velocity and the 
density were taken from Refs. 12 and 13. We note that 
it is possible to establish the sign and magnitude of the 
difference A0 directly in experiments on the flow. 

In spite of the fact that the relaxation mechanism 
describes the temperature dependence of the coefficient 
a ,  this mechanism is not sufficient for the explanation 
of the corresponding dependences of the relative aniso- 
tropy Ac/c, (see Fig. 2). Actually, it follows from ex- 
pression (6) that the quantity K, does not depend on the 
frequency at the given temperature: 

At the same time, the calculated values of the quantity 
K2 at the obtained T,, differ by about an order of magni- 
tude at the frequencies 3 and 15 MHz. This is evidence 
of the existence of an additional contribution [Ac/c,], 
to the relative anisotropy &/c,. Here 

An estimate of this contribution can be made in the fol- 
lowing way: 

The temperature dependence of the quantity [AC/ c,], 
for 3 and 15 MHz, determined from (15), is  shown in 
Fig. 3. In the calculation of the relaxation contribution 
according to (6) it was assumed that I Afl/P,, ,, I << 1. The 
values obtained for the temperature dependencesof 
[Ac/c.], agree qualitatively withthe conclusions of fluctua- 
tion theory [relations (2) and (3)]. At the frequencies 3 and 
15 MHz, the values of AT,,=O. 1 K and ATNA=O. 5 K 
divide the range of change of the quantity W T  into two 
regions; w T >  1 and 0 7 <  1. 

As follows from Fig. 3, the quantity [AC/C,], at 15 
MHz, for the case T,,< 0 .5  K does not depend on the 
temperature within the limits of e r ro r .  This agrees 
with expression (3). For AT,,> 0.5 K a monotonic 
increase is  observed in the exponent of the power-law 
divergence to a value that is close to the theoretical 
(2). The dashed lines correspond, to within a constant 
factor, to the limiting dependences (2) and (3) for 
j3= -4/3. The indicated value of j3 corresponds to the 
conclusions of similarity theory, which i s  confirmedby 
the experimental investigations of the divergence of a 

FIG. 3 .  Temperature dependence of the fluctuation contribu- 
tion to the quantity Ac/c, at frequencies 3 MHz (curve 1) and 
15 MHz (curve 2). 
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FIG. 4. Temperature dependence of the quantity y (16). 

number of physical quantities, in part icular  t h e  elast ic  
coefficients14 and t h e  viscosity." At the  frequency 3 
MHz, a significant change should take place,  in accord 
with the given est imate,  in  the  exponent of the power- 
law divergence a t  AT,,< 0.1 K,  which does not contra-  
dict the experimental  data. 

The relat ions (2)  and (3) allow u s  to explain qualita- 
tively the existing dependence of [Ac/c,], on the  f re -  
quency. It follows f rom these  expressions that t h e  ra t io  
of the fluctuation contributions a t  the two frequencies  
(15 and 3 MHz) decreases  with increase  in the quantity 
WT, which in turn depends on the tempera ture  in c o r -  
respondence with (7 ) .  The experimental  dependence 
of the quantity y on the tempera ture  has  a s imi la r  fo rm.  
This  is il lustrated in Fig. 4 (the indices 15 and 3 r e f e r  
to  the corresponding ultrasound frequencies) .  Here  y 

denotes the quantity 

The dashed l ines  on this  f igure correspond to the  theo- 
ret ical  dependences of the fluctuation contribution on the  
ultrasound frequency for  the two limiting c a s e s :  W T  

>> 1  and WT<< 1. A s  i s  seen  f r o m  the  f igure,  the  most  
rapid change of this  quantity takes place in t h e  vicinity 
of the t empera ture  AT,,-0. 5  K ,  a t  which w r = l  (for 
15 MHz), which is  in agreement  with the  data  on the  
tempera ture  dependence of the  quantity [~c/c,],. We 

a l s o  note that  t h e  experimental  values given in Fig. 4 
l i e  in the  r a n g e  predicted by the  theory. 

Thus the  analysis  presented shows that  the  aggregate  
of theoret ical  ideas concerning t h e  anisotropic propaga- 
t ion of ultrasound in t h e  neighborhood of T,,, which 
have been considered above; descr ibe  qualitatively the 
given experimental  resu l t s .  F o r  a quantitative compar-  
ison of the resu l t s  of the  experiment  with the  conclus- 
ions of theory,  fu r ther  acoust ical  study of th i s  phase 
t ransi t ion over  a wide range  of values of W T  i s  neces- 
s a r y .  
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