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Anisotropic ultrasound propagation in a smectic-4 liquid crystal
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Anisotropic ultrasound propagation was studied in a magnetically aligned monodomain smectic-4 liquid
crystal (di-n-decyl azoxy methyl cinnamate). A large attenuation was observed near the isotropic-smectic-4
phase transition. The anisotropy in the sound velocity was found to be in agreement with the predictions of
hydrodynamic theory, and no dispersion was found in the frequency range used (4-12 MHz). The
temperature dependence of the physically meaningful elastic constants was determined. The anisotropy in the
attenuation was also measured. Unlike the velocity anisotropy, no intermediate minimum was observed.

Hydrodynamics describes the low-frequency
long-wavelength behavior of a system. Longitud-
inal ultrasound, by virtue of its low frequency, is
ideally suited to test the predictions of general-
ized hydrodynamic theories for various liquid-
crystalline symmetries. In addition, ultrasound
serves as a very effective tool for studying the
dynamics of phase transitions between the various
liquid-crystalline symmetries.

In contrast with the nematics, which have been
quite widely studied, the smectics have received
significantly less attention. To date only a few
studies have been reported on the anisotropic
propagation of sound in a smectic-A liquid crys-
tal.!-®* The magnitude of the velocity anisotropy
varied by as much as three orders of magnitude
from one material to another.®* The complete
velocity anisotropy by ultrasound propagation??
has so far been reported on only two materials,
namely, diethyl-p, p’-azoxybenzoate (DEAB) and .
ethyl-p-[(p-methoxybenzylidene)amino]cinnamate
(EMBAC); Brillouin scattering? has been studied
only in B-methyl-butyl-methoxy benzylidene amino
cinnamate (MBMBAC). The attenuation anisotropy
has been measured in DEAB!3 but some amount
of controversy exists in terms of the relative
magnitudes of the various viscosity terms that
contribute to the attenuation anisotropy.?®

Furthermore, the isotropic-smectic-A transi-
tion has received very little attention compared
to the isotropic-nematic transition, which has been
studied in great detail.

We report here results on the anisotropic ultra-
sound propagation in a smectic-A liquid crystal
di-n-decyl-azoxy methyl cinnamate, hereafter re-
ferred to as DDAMC, which has the following
transition temperaturess:

o o . .
smectic C ¥ EsmecticA®%%,C isotropic.

crystal 6:6.¢

The paper is arranged as follows: In Sec. I we
shall briefly describe the phenomenological para-
metrization of the sound-propagation problem,
followed by a brief description of the hydrody-
namics of a smectic-A liquid crystal, making the
connection between the phenomenological para-
meters and those appearing in the hydrodynamic
description of sound propagation. Section II con-
tains the experimental details, results, and dis-
cussion.

I. SOUND-PROPAGATION THEORY

A. Phenomenological theory of sound propagation

In this section we briefly describe the sound-
propagation problem. For details, we refer the
reader to Ref. 7.

We start by introducing elastic-stiffness con-
stants c,; that connect a six-component vector
formed out of the strain tensor u,, to a similar
vector formed from the stress tensor oy, via the
generalized Hooke’s law. For a crystal with hex-
agonal symmetry, which includes the uniaxial
symmetry, there are five independent nonzero ele-
ments, namely, c{=Cyy, Cy35 C33y Cqq4=Cs5, and
ceg=13(cy; - cyy) (where the 3 axis is the symmetry
direction). For the uniaxial smectic-A case only
three elastic constants survive, namely, cy, i3,
and cg;3. Because the smectic planes can glide
freely over one another, there is no restoring
force for 1-2 and 2-3 shear, i.e., ¢y4=0. In -
order to account for dissipation we substitute
¢y;/p by Cy;—iwD,;, where wD;;/C,; <1 so that the
wave propagates through many wavelengths be-
fore being excessively attenuated. We obtain (to
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lowest order in wD,;/C,,) the following express-
ions for the velocity and attenuation of longitudi-
nal sound propagating at an angle 6 with respect
to the symmetry direction (i.e., the 3 axis):

2V%(6) =C,, sin’ 6+ C;; cos? @
+[(C,;sin? 6 + C44 cos? 6)*

+4(C}5~Cy4Cyy) sin® f cos? 6]'/? (1)

a(6) =[w?/2V3(8)][ Dy, sin® 8 + D,y cos? @
+(2Dy3+ 4Dy — Dyy — Dy3)
x sin® @ cos? 6]. (2)

If we assume that the anisotropy in the velocity is
small, i.e., C{;=C3%Cj3, then Eq. (1) can be
written

V2(9) ~Cyy— Z(Cn -Cyy) cos? 6
+(C“+C33— 2C13) 00549, (1’)
and the attenuation can be written

a(8) = (w?/2V?)[ Dy, sin? 6 + Dy; cos? 0

+ (2D13 +4Dy - Dy~ D33)
X sin®6 cos? 6], (29

where V is the average velocity. The condition
of elastic stability requires that C,;Cj; >C%;.

B. Hydrodynamics of a smectic-4 liquid crystal

The Martin- Parodi- Pershan (hereafter referred to
as MPP) formalism® of the hydrodynamics of lig-
uid crystals recognizes two sources of hydro-
dynamic modes: (i) the conservation equations,
where a generalized density is proportional to the
divergence of an associated current and (ii) the
existence of broken symmetries in an ordered
system. Modes arising from the first source oc-
cur in ordinary liquids, while modes originating
from the second source exist only in liquid cry-
stals (or superfluids). For a detailed account, we
refer to the original paper® and a recent review
article.” Here we shall only briefly mention the
results.

The theory is generalized by incorporating a
proper hydrodynamic variable u#, corresponding to
-a particular broken symmetry that results in the
addition of a term of the form Z,¢,;dV,u, (where
¢,; is the generalized stress conjugate to #,) in
the free-energy expression. .

For a smectic- A liquid crystal, the proper hy-
drodynamic variable is u3, the deformation of the
smectic layers, the plane normals being parallel
to the 3 axis. The associated stress is given by -
¢3. The complete set of equations are then
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B=pyV;Vy (3)
dy=v3+ (E3/T)V3T + V93, (4)
€= —(e+P) Vv, +k, (ViI+ VYT

*RVIT + £V V04 (5)
POy ==Vp 839,035+ 150 V5V, Vs s (6)

with usual notations (see Ref. 7). Solving these
equations we obtain six modes: one viscous shear
mode, one temperature diffusion mode and two
pairs of propagating modes, with one pair corres-
ponding to the longitudinal sound mode and the
other to a propagating shearlike mode (corres-
ponding to the deformation of the smectic layers,
but involving only a very small volume change).
The shear modes become diffusive for propaga-
tion parallel to the 1 or 3 direction.

The velocity of sound is anisotropic and is given
by Eq. (1) with the following substitutions:

)
C“: (l) ) (7)
op 8, V3ug
_ (% _1/o9;
co= () G ®)
* Vaug 1V 33

c 2(22) j(%) +1<_5£L)
B7N80/ 6950 P\ 2P sy P\OVsU3 /)
(9

The absorption of sound is also anisotropic and
contains (in the small-anisotropy limit) five vis-
cosity coefficients 7, -7, and two thermal conduc-
tivity coefficients k, and x,. The final expression
is given by Eq. (2) with the following substitutions:

Dy =(1/p)[ny +ny +k,(v-1)/c,], (10)
Dygs=(1/p)[ny + k(v-1)/c,], (11)
2Dy3+4Dyy - Dy — Dgz=(1/p)[ 215 + 4n3 - 1,

= 7p= 74l (12)

For liquid crystals, the contribution of the ther-
mal-conductivity terms is small compared with
that of the viscosity terms. Hence the former
can be neglected.

A phenomenological elastic theory of the smec-
tic- A phase proposed by de Gennes?® contains phen-
omenological constants 4,, By, and Cy, which in
our notation are as follows:

op
on:PCu:P(a_p) oo’ (7)
-/ 5,9 3ug .
By=p(Cyy + Cay— 2C15) = (L2 8’
0=p(Cyy +Css 13 8 5115 s (8"
8P

9 .
C0=P(C“—C13)= <3V:1),£3> . (9,)
Sy P
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II. EXPERIMENTAL RESULTS

The material used in these experiments was ob-
tained from CPAC Organic Specialities Group and
used without recrystallization. A phase-sensitive
technique was used for accurate velocity measure-
ments. The details of the method are described
elsewhere.?® An accuracy of better than one part
in 5000 was routinely achieved in the relative vel-
ocity measurements. The acoustic path length
was 8.2 mm. The temperature of the cell was
controlled automatically to approximately +0.02°C.
The cell was placed between the pole pieces of
an Arthur D. Little electro magnet, the strength
of which could be varied continuously up to 28
kG. '

A monodomain sample was obtained by cooling
from the isotropic phase in a field of 15 kG.
Measurements performed at a higher field (~20
kG) gave nearly identical values of the velocity
and the attenuation indicating no significant change
of orientation. The rigidity of the smectic layers
was evidenced by no change in the velocity or the
attenuation when the field was rotated in the
smectic- A phase.

The absolute values of the velocity and attenua-
tion were determined by the standard time-of-

flight technique at 91.9 °C in the isotropic phase,
and were found to be 1.31 x10° cm/sec and 7.5
dB/cm at a frequency of 4 MHz. Because of the
limited accuracy of the method, the error was
estimated to be +5%. The relative changes of the
velocity and attenuation were normalized to their
values in the isotropic phase.

The temperature dependence of the velocity and
the attenuation at 4 MHz, for propagation both par-
allel (6 =0° and perpendicular (6= 90° to the field
H (i.e., the symmetry direction), is shown in Fig.
1. The isotropic—smectic-A transition is found to
be accompanied by an anomaly in the attenuation.
The peak value of the attenuation is higher for
6=0° than for 6 =90°. The velocity parallel to the
symmetry direction rises very sharply following
a pretransitional flattening. This is understood
to result from the appearance of the smectic lay-
ers. The velocity for propagation perpendicular
to the symmetry direction shows a dip near the
transition, which is less marked at 12 MHz.

In order to show the transition behavior, the
attenuation for 6=90° at 4 and 12 MHz is plotted
in Fig. 2. The attenuation is plotted relative to
its value at 94 °C, where it is found to be disper-
sionless within the accuracy of a pulse-echo mea-
surement. The peak of the anomalous attenuation
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FIG. 2. Temperature dependence of the attenuation in
DDAMC for 6=90° at 4 and 12 MHz.

scales approximately as the frequency instead of
the square of the frequency as is expected from
dispersionless behavior.

From a phenomenological theory of dispersion,
the attenuation is given by®

a(w)=[6V/V¥0)]wr/[1+ (w7)?], (13)

where 6V = V(«)-V(0) and V(») and V(0) are the
velocities of sound at infinite and zero frequen-
cies, respectively, and 7 is the temperature-
dependent relaxation time; Eq. (13) is valid in the
limit 8V/V << 1. The above expression has a max-
imum as a function of 7 for w7=1, where
[a(w)]paxx w. As a function of the temperature the
position of the maximum can shift slightly from
the point where w7=1 since both 6§V and 7 are
temperature dependent. Our results appear to
be consistent with this dispersive behavior. Un-
fortunately, however, no theory exists to the best
of our knowledge, that deals with the sound-prop-
agation problem near this transition. Even though
the transition is known to be first order from cal-
orimetric measurements, second-order-like be-
havior, though somewhat weaker than for the iso-
tropic-nematic transition, seems to be present.
The velocity anisotropy in the smectic-A phase
at 4 and 12 MHz is shown in Fig. 3. The velocity
shows a distinct intermediate minimum—in a way
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FIG. 3. Velocity anisotropy in the smectic-A phase in
DDAMC at 4 and 12 MHz.

totally consistent with previous measurement in
other smectic- A materials.?* The anisotropy is
of the same order of magnitude as that in DEAB
and EMBAC, and about two orders of magnitude
larger than that in p-cyanobenzylidene-p-n-octy-
loxyaniline (CBOOA).> The magnitude of the
velocity anisotropy does not differ significantly
between the two frequencies, and thus may rep-
resent the anisotropy in the hydrodynamic limit.
The curve in Fig. 3 is a least-squares fit.

The anisotropy of the attenuation in the smectic-
A phase is shown in Fig. 4. Unlike the velocity
anisotropy, no intermediate minimum was ob-
served. On the basis of earlier data, it was spec-
ulated that the attenuation anisotropy in the smec-
tic-A phase has a cos? 6 dependence as opposed to
cos’? 6 dependence in nematics. Our results are
inconsistent with a predominant contribution-com-
ing from the coefficients of the cos*# term in Eq.
(2). A least-squares fit to the data using Eq. (2)
yields the following values of the combinations of
the viscosity coefficients at 78.8 °C: n,/p=1.7T P
cm?® g™, (1/p)(n,+ny) =1.2 P cm® g™, and (1/p)
(2n;+4n;) =2.5 P cm® g"!. As stated earlier, for
liquid crystals the contribution to the attenuation
due to the thermal conductivities is very small
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FIG. 4. Attenuation anisotropy in the smectic-A phase
in DDAMC at 4 MHz.

compared with that from the viscosities. Hence
the former were ignored.

The velocity anisotropy data were least-squares
fitted using Eq. (1’), which gives the following
three physically meaningful combinations:

The temperature dependence of these combinations
is shown in Fig. 5. The latter two combinations
involve the derivative with respect to Vju3, which
corresponds to the compression and tension of the
layer spacing. These are significantly less sen-
sitive to the temperature change in the smectic
phase compared to the isotropic compressibility.
This suggests that once the rigidity of the smec-
tic layers setsin at the transition, it does not
change significantly. The values of C;;, C33, and
C,; obtained from these combinations satisfy the
condition of elastic stability, i.e., C;C33>Cl;.

In conclusion, we summarize our results. A
strong dispersion is observed in the attenuation
of sound near the isotropic-smectic- A phase
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FIG. 5. Temperature dependence of elastic constants
in the smectic-A phase in DDAMC at 4 and 12 MHz.

transition. The results are qualitatively consis-
tent with critical dispersion near the transition.
The anisotropy in the velocity of sound is found to
be consistent with previous measurements. The
anisotropy in the attenuation does not show an in-
termediate minimum, and is not consistent with

a cos?! 6 dependence, as was proposed earlier. We
have also obtained the temperature dependence of
the physically meaningful combinations of elastic
constants.

Finally, we would like to point out that the vel-
ocity anisotropy in the smectic-A phase in the
liquid crystals studied so far (DEAB, EMBAC, .and
now DDAMC) is two orders of magnitude larger
than that in CBOOA. This indicates, admittedly
from a rather small sample, that CBOOA has an
unusually weak smectic ordering. In view of the
recent observation of a reentrant nematic phase'®
and particularly the recent speculations!! that
the smectic- A phase may actually be better char-
acterized by a strictly sinusoidal density wave
along the symmetry direction, it would be inter-
esting to study smectics with considerably strong-
er ordering. In these materials; the older con-
cept of smectic layers appear to be physically
quite reasonable.
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