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Brillouin-scattering results are reported for monodomain samples of -m
p[(p m thony benzylidine) amino] cinnamate in both the sme
both phases theoretical predict nf' ' e ne ic ions are confirmed concernin the n

tions of the propagating h

nf' '
g e number and polariza-

ing ypersonic waves. We report uantit
ic envatxves, including the cou li'

g oup ing between density and smectic-lay-
e discuss preliminary evidence concerning one d l f thmo e o e smectic-B phase.

Qualitative differences between the elastic prop-
erties of various liquid crystal phases, and be-
tween those of liquid crystals and crystals, pro-
vide one practical scheme by which the different
phases can be classified. ' Although clas f'

tion in terms of the types of long-range order
may be more fundamental, the two schemes can

elastohydrodynamic theory. "We present here
Brillouin-scattering results on the speed and
polarization of propagating hypersonic waves in
monodomain samples of the smectic-A and uni-
axial smectic-B phases of P-methyl but 1

y benzylxdine)amino] cinnamate. The re-
sults are interpreted in terms f hs o ap enomeno-
logical elastic-hydrodynamic theory and the dif-
ferences between the various phases discussed. '

tal fea
We only sketch the most important ex

a eatures since a more complete description
will be given elsewhere. Samples were placed
between lecithin-treated glas 1 dass s i es separated
by 250 pm and heated (T ~ 99.6'C) to the isotropic

hp ase. Upon slow cooling we obtained succes-
sively samples in the nematic (99.6"C ~ T ~ 81.0'C),
monodomain smectic-A (81.0'C ~ T ~ 59.8'C), and

p ases. Be-monodomain uniaxial B (59.8'C ~ T) h

low 47.0'C the smectic-B phase was actuall
supercooled since slight disturbance would cause
it to suddenly become polycrystalline. Micro-
scopic observations confirmed th e uniaxial mono-
domain character of the samples and were used,
along with calorimetry, to determine the transi-
tion temperatures.

In the experiment a collimated beam of linearly
po arized 5145-A light from a s' l — dm a sing e-mode argon-
ion laser was incident on the sampl 'th wave
vector k . Tot;. To avoid excess absorption and photo-
chemically induced deterioration of the sample,
the incident power was kept below 200 mW. L'

ected polarization, scattered through a
m . ight

selected an le 9g, of wave vector k, , was collect-
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FIG. 1. Typical Brillouin spectra for 8=150 showin
longitudinal &~-), first shear (s1), and second shear (s2)

s owing

modes. (a) Smectic B, g =38.1" smectic A, g
=46.9', (c) supercooled smectic B, g =43.0" d
tic B, g =48.0'.

smec-

ed and frequency analyzed using a double-pass
flat Fabry-Perot interferometer. ' This geom-
etry allowed for the study of elastic modes hav-

; and polariza-ing selected wave vector q =k —k d
tion.

When both incident and scattered light are po-
larized as extraordinary wave (F.-E,s -, we eas-
ily observed twoy d two underdamped resonances that
could be identified as propagating waves Ifor ex-
ample, see Figs. 1(a) and 1(b)j. The magnitude
of q was varied by slightly more th f t

~ Aq/2m s 3.2, X = 5145 A), and in all cases
the ratio of the observed frequency shifts 4+ to
q (Av/q is the speed of propagation) was inde-
pendent of q within experimental error.

In the h

and 0
ydrodynamic approximation the dspec

an polarization of the propagating acoustic waves
of a liquid crystal can be completely de b dseri e

y e same formalism as is conventionally em-
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ployed in the discussion of crystals. ' The rele-
vant elastic tensor of the smectic-A phase is the
same as that of an hexagonal crystal except that

Cyy Cy2 and C44 = 0. This predicts only two prop-
agating waves with speeds v, (() and vs(p), '

v, '+v, =p '[C»+ (C» —C») cos'g],

v, 'v, ' = p '[C„C„—C„']cos'( sin'g,

where p is the mass density and g is the angle
between q and the uniaxial direction (the z axis).
Figure 2(a) is a polar plot of the speeds v, (g) and

vs(P) obtained for both the (0-0) and (E-E) ob-
servations on the smectic-A phase together with
the angular dependence calculated from Eqs. (1)
choosing values of C», C», and IC»l that ob-
tains the best fit. The positive sign (C»&0) is
the only choice that makes physical sense. The
actual values for the C„ for various temper-
atures are contained in Fig. 3. The "shearlike"
mode (v, ) appeared to become weaker as P ap-
proached 45 and could not be observed for angles
greater than those shown in Fig. 1(a). This would

be the predicted behavior if the intensity of the
shear mode was dominated by a flow alignment

----THEORY
~ 8= 150i 8=9o
~ 8=69'

process; 6&„-V', s„. Further experiments will
be necessary to provide a more definite interpre-
tation.

We have also searched for a third propagating
mode using depolarized light scattering (E-0
and 0-E). Although we have observed such a
mode in the smectic-B phase, we could not detect
one in the A phase [see, for example, Figs. 1(c)
and 1(d)]. Since the general expression for the
speed of this wave in an hexagonal crystal is

v, '(g) = (C«/p) cos'P+ [2(C» —C»)p] sin'g, (2)

the present experiments place upper limits on
C«and 2(C» —C») to be less than -3&&10 sC»
for the smectic-4 phase. Other experiments on
the intensity distribution of light by static defects
in these samples actually place a smaller upper
limit of C«/Css~ 10

Figure 2(b) shows the hypersonic speeds ver-
sus g for the smectic-& phase. Two of the modes,
v, (g) and vs(g), are observed in the polarized
spectra (E-E) and the third vs(g) is observed in
depolarized spectra (E-0 or 0-E). The ex-
istence of this third wave follows from the crys-
tal-like ordering within the smectic layers, which
explains the observation that (C» —C»)C» '=0.1
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FIG. 2. Dependence of measured and calculated sound
speeds on polar angle g. (a) Smectic A ('I'=60.7'C);
g) smectic J3 (T =48.1'C).
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FIG. 3. Temperature dependence of various combina-
tions of the first-order elastic constants of smectic A
and B.
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t 0. The ratio does not appear to have a signifi-
cant temperature dependence. One possible dif-
ference, that has been suggested, between the
smectic-B and the crystalline phase is that C4~
=0 in the B and not in the crystal. Comparison
between the data, and Eq. (2) yields C44/C» = 0.02
W 0 with no significant temperature dependence.
This value agrees with estimates obtained from
analysis of a separate experiment on the inten-
sity distribution of light scattered by static de-
fects. In spite of this evidence, given the im-
portance of the question, we believe it would be
prudent to reserve final judgment pending fur-
ther experiments. For example, the apparent
finite value could result from relaxation effects
that cause the effective C«(~, q) at Brillouin fre-
quencies and wavelengths to be different from
the value at (&u, q)-0.

In principle, with a finite value for C44, Eq. (I)
must be modified to properly describe the speeds
of the two other elastic waves in the smectic-B
phase. In practice, the observed value of C44 is
sufficiently small that the errors resulting from
neglecting the modifications are smaller than the
experimental uncertainties. Thus, we also fit
the two modes observed in polarized (E-E) scat-
tering from the B phase to Eq. (I).

In the hydrodynamic regime, (v, q)-0, with

C4~ = 0, the following thermodynamic derivatives
can be related to the elastic constants for smec-
tic A: (sq, /sv, x),~, =C»+C» —2C», (SP/sv, x),~,

Fig. 3 we plot the temperature dependence of the
above combinations. Although the compressibil-
ity (C» ') has only weak temperature dependence
that appears to vary continuously across the dif-
ferent phases, the other combinations of elastic
constants vary strongly with temperature, ex-
trapolating towards zero as T*-T at the nematic-
smectic-A transition temperature T*. This is
exactly the behavior predicted by the de Gennes
analogy to the superfluid when one includes the
coupling required between the smectic layers and
the density to obtain

Cygne

Cy3 Unfortunately,
in its simplest modification that theory predicts
a second-order phase transition between the ne-
matic and smectic phases, and we observe a
latent heat. If we follow McMillan, "de Gennes's
theory can be modified to predict a first-order
transition by introducing coupling between the
smectic and nematic order parameters. The lin-
ear temperature dependence could then be under-
stood in terms of saturation of the nematic or-
dering. The requirement of stability C»C3$ C 3'

&0 provides one test of the calculated elastic
constants. ' Figure 3 shows the temperature de-
pendence of this quantity, and it is positive.

To summarize, the most important results of
this work are (i) confirmation, for both smectics
A and B, of the predictions concerning the num-
ber of propagating hypersonic waves and their
polarization; (ii) the first measure of the thermo-
dynamic derivative that describes the coupling
between density and layer spacing in smectics
(C» —C» c 0)'~; in addition, for the smectic B we
have observed (iii) an apparent C«t 0. This must
be examined more carefully by both the present
technique and others since if C«(cu, q) remains
finite as (&u, q)-0, it eliminates one suggested
model for the smectic-8 phase. '

%e are indebted to Dr. Donald O' Shea for ini-
tial collaboration on the construction of our
Fabry-Perot interferometer, and to Professor
Robert B. Meyer and Professor David Dolphin
for discussions and technical advice.
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