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The ultrasonic velocity and attenuation in magnetically aligned liquid crystals has been measured. All

well-known liquid-crystalline symmetries (nematic, cholesteric, and smectic A, B, and C) were studied.

Sound anisotropy measurements in the smectic-B and -C and cholesteric materials are reported here for

the first time; the measurements in the smectic-C and cholesteric liquid crystals are still in a prelimin-

ary stage. ~e unambiguously attributed the sound velocity anisotropy to the existence of a repeated struc

ture (broken translational symmetry) in the hydrodynamic (low-frequency) limit by measuring the aniso-

tropy across the nematic —smectic-A transition in--8-p-cyanobenzylidene-p-octyloxyaniline {CBOOA); a

sudden increase of the anisotropy extrapolated to zero frequency was observed at the transition despite

a large dispersion. The smectic-A —smectic-B transition in ethyl- p -[(p -methoxybenzylidene)amino] cinna-

mate shows a two-dimensional liquid-to-solid transition. A distinct minimum was found at the nematic-
smectic-C transition in p-p'heptyloxyazoxybenzene which was not accompanied by an attenuation peak.
The velocity anisotropy in a cholesteric mixture of cholesteryl chloride and cholesteryl myristate was

tentatively assigned to the dispersion.

I. INTRODUCTION

Many fluid-mechanical theories have been pro-
posed for liquid crystals. In the early stages' the
interest was mainly directed toward the mathe-
matical aspects of the problem of generalizing
conventional fluid mechanics to cover anisotropic
fluids. Lately the problem has been considered
in a wider framework' '; e.g. , to treat liquid
crystals on the same basis as superfluids or binary
liquid mixtures (as having additional internal de-
grees of freedom over normal fluids) and to note'
the similarities between the normal to supercon-
ducting transition and the nematic-smectic-A
transition.

Most of the theoretical work has been limited to
the nematic case. Various points of view have
arisen on how the theory should be constructed and
there are even differences in the final expressions
for the dynamics of the nematics. The differences
occur over the existence of terms with a micro-
scopic character. The relevancy of such terms is
debatable. However, it turns out that these terms
are of higher order in the frequency and the
wave vector q and, in the hydrodynamic limit
(~,q-0), all theories agree. A conclusion is that
there is no sound velocity anisotropy in the nema-
tics. For the smectic and cholesteric liquid crys-
tals, theories predict a velocity anisotropy and
its form. A systematic analysis'4 shows that the
sound velocity anisotropy can be traced back to
the existence of a repeated structure in the liquid
crystals. One can argue this in terms of the break-
ing of translational symmetry. An additional hy-
drodynamic mode introduced by this "symmetry

breaking" brings about the anisotropy of the longi-
tudinal sound velocity. On the other hand, micro-
scopically one can argue that a stress gradient
is supported by the -very molecular forces that
make the repeated arrangement more stable than
a random one. Due to the fact that the structure
can support a stress gradient, the uniaxial com-
pressibility is not isotropic and hence an anisotrop-
ic sound velocity occurs. In any event, the argu-
ments are valid only in the hydrodynamic limit.
As a low-frequency probe, ultrasound is well
suited to test the above theories.

Extensive ultrasonic experiments' have been
performed in aligned nematic liquid crystals;
some studies" in the aligned smectic-A materials
have appeared. In other liquid-crystalline sym-
metries, sound experiments were done only in
nonaligned samples and thus the anisotropic fea-
tures were obscured. We present here a series of
ultrasonic experiments in magnetically aligned
liquid crystals, and we relate the sound anisotropy
to the liquid-crystal symmetry.

Phase transitions between various mesophases,
other than the isotropic-nematic (I-N) and the
nematic-smectic-A (N-A) transitions, have not
been well studied. We draw attention to some of
these transitions as offering great potential for
future study.

In Sec. II we briefly discuss the theoretical back-
ground and the phenomenological formalism used
to analyze the data. Section III deals with the ex-
perimental techniques and in Sec. IV we present
the experimental data and their interpretations.
To maintain an orderly presentation we discuss
each material separately.
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II. DATA ANALYSIS AND THEORY

A. Phenomenological description

Czzuzz + C12u22 + Cz 3 33

+2( 14 23 15 31 16 12)& (2)

When one considers the linearized equations of
motion for an isotropic solid and a simple fluid a
strong resemblance between them is apparent. By
introducing the transformations V,.- iq, an.d &/&i
—-i we note that the equation can in both cases
be written as

I = 2$2[K1411542 +'2p, (2412 —33411512)],

where (in a solid) E& is the ith component of the
force, K=K —ig, where K is the bulk modulus
and ( is the bulk viscosity, p, = p, —ip, where p.

is the shear modulus and q is the shear viscosity,
and u„=2'(&, 24~+&~24;), where u, is the ith compo-
nent of the displacement vector and V,

' is the deriv-
ative with respect to the ith spatial coordinate. It
is understood that in a normal fluid I/K is the
compressibility and p, =0. Equation (1) thus para-
metrizes the equation of motion in an isotropic
body, fluid or solid. A natural way to extend this
approach to liquid crystals is to apply the equation
of motion for anisotropic solids (crystals) to liquid
crystals. We could write an equation similar to
Eq. (1) by making Z and i1 tensors of rank 4. How-
ever, in the traditional theory of elasticity it is
customary to introduce elastic stiffness constants
c,, which relate the strain u, , and the stress a»
as"

2 (V)' = C„sin'8+ C» cos'8+ C«

+ [[(C„—C„)sin'8 —(C„—C„)cos'8] '

+ 4(C» + C«)' sin'8 cos28]'~2, (4)

where 6 is measured from the 3-axis.
For the sound wave to be a well-defined mode it

must propagate many wavelengths without an ex-
cessive attenuation. This requires that V»V'
or, equivalently, C, , » +D„. Under this condition
the attenuation coefficient o.'is written as

~2V /V2

If we further assume that the velocity anisotropy
is small (which is usually the case) the velocity V

and the attenuation coefficient & are easily obtained
as

2V Czz sin 6 + C33 cos & + C44

+ f[(C» —C«) sin'8 —(C» —C«) cos'8] '

+4(C» + C«)' sin'8 cos28]'~2,

& = (~'/2V )[D3„sin'8+D c3o3s'8

+ (2D»+4D« —D» —D») sin'8cos'8],

(7)

where only the first order in &D;,/C» was re-
tained. C44 is the shear component in the 1-3 and
2-3 planes; if the smectic planes can glide freely
over each other C«must be zero. Equations (6)
and (7) are the main results which we used to
analyze our data. The sound velocity and attenua-
tion were measured as a function of the angle 8;
the parameters C and D were determined by the
least-squares method.

22 21 11

If we choose the c,&
matrix appropriate to a hexago-

nal crystal, which also includes uniaxial symmetry
as a special case, the matrix is suitable to de-
scribe the symmetry of the nematic, smectic-A. ,
and smectic-B liquid crystals. There are five in-
dependent nonzero elements in the matrix for a
hexagonal crystal: c =c„, c„, c„=c„,c„,

later, as far as the sound velocity is concerned,
the symmetry of the smectic-C and cholesteric
phases is also expressed by the same c,, matrix.

We make the following substitutions":

c,,/p-C, , =C, , —i&D, , .

The complex sound velocity V (V = V —icuV'), for
the mode which is a pure longitudinal wave for
propagation along a symmetry axis and is domi-
nantly longitudinal for off-axis propagation, is
then given by

B. Dispersion

In some cases C and D are frequency dependent.
This is usually manifested as a frequency depen-
dence of &/~'; this ratio should be frequency in-
dependent in the absence of dispersion.

In an isotropic fluid the ratio between the local
pressure and density change produced by the sound
wave, &P/sp, is not necessarily const:ant because
of the possible existence of a slow internal relaxa-
tion process. The thermodynamic derivative
SP/sp then has the frequency-dependent form"

1 —i ~3.),

where 0 and refer to zero and infinite frequency,
respectively, and 7 is the relaxation time asso-
ciated with internal equilibrium.

In a liquid crystal there might be several (aniso-
tropic) lifetimes. Let us assume for the simplicity
that there is one relaxation process" in our fre-
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quency range with a time constant 7. The param-
eters C, &

are presumed to have different zero-
and infinite-frequency values and have a form
similar to Eq. (8). We consider the differences
C»(id') —C»(&') and D»(id')-D»(&'); the argument
is ' because of the time-reversal symmetry.
Then it is easily shown that

ij)7 2

C„(~')—C„( ') =C„(0)-C„(0)+ 1+ (iv7)'
(9)

(10)

where 6 = C»(~) —C»(0) —C»(~)+C»(0). The rea-
son we have chosen these quantities is that they
can be accurately measured. The above combina-
tions involve both a volume change and a shear
deformation, . Later we shall also consider the
dispersion of a combination Cyg+C33 2C», which
does not involve a volume change.

C. Theory

We use the hydrodynamic theory developed by
Martin et al. Those who are interested in the de-
tails should refer to Ref. 4. The theory starts with
the recognition of two origins for hydrodynamic
modes (defined as modes that have a structure
~-0 as if-0). One origin is the conservation
laws, where a time variation of a generalized den-
sity is proportional to the divergence of a corre-
sponding current. The other origin is broken
symmetries or deformations in an ordered sys-
tem.

What is unique in liquid crystals is the existence
of such hydrodynamical modes due to the order.
The problem is then to find the proper variables
that describe the particular order in each liquid-
crystal symmetry. Let us denote such variables
by (x"). By incorporating a form g„Q,"dV, x"
(iP" is a "force field" conjugate to x") into the
free energy of a simple fluid one can obtain the
desired formalism for liquid crystals. ' We only
show the final results.

1. Nematics

In the nematics the new variable is the director
n. With the director initially parallel to the 3-
axis, a small variation may be expressed as

5n, =2K(Vj v, +V, v, ) ——,'(V, v, —V, v, ), z -1 2

2. Smectic-A

The variable x here is the deformation of the
planes from the equilibrium position. We take the
plane normal parallel to the 3-axis. The equa-
tions are then

p+pV,. v,. =0,

x —v, =)V,. itl,. +ET 'V, T,

Q = @7~V» it'll+ ji~(V2l+V22)T+ ji)) V~~T,

P i iP + la 'Wj+ ljjkl j l

(13)

where r is the diffusion constant and g is a coeffi-
cient which accounts for a coupling between the
diffusion and the temperature gradient. The veloc-
ity anisotropy is readily calculated by neglecting
all dissipative effects in Eq. (13). It is given by
Eq. (6) with the substitutions

'=( )

density of fluid at rest). Compared to this, Eq.
(11) is one order higher in q. Therefore we can
neglect the effect of the director on the reactive
part of the hydrodynamic equations (sound veloc-
ity). Thus the necessary equations are

p+pV v] =0,

Q =E' —p (E yP)p = Kj (Vi + V2)T y ji(~(V~T,

pv, =-V(P+n gar~gVivu~

where K)] and ~~ are the thermal conductivity paral.
lel and perpendicular to the director, respectively.
and the g's are the viscosity coefficients pertinent
to the uniaxial symmetry. There is no velocity
anisotropy; V =(&P/ep)', j2 [i.e. , C» ——C» =C»
= (SP/Sp), ]. The attenuation anisotropy is given
by Eq. (7) with the substitutions

pD„=q, +q, + ji, (y —1)/C~,

pD» ——ii, + ji,~(y —1)/C~,

p (2Dl ~ + 4D4~ —D, l —D33) 2 lf5 + 4'rl3 iii g2 ii4

where C~ is the specific heat at constant pressure,
y =C~/C„, and we have used the viscosity notation
of Ref. 4.

where ~ is a parameter. Let us note that in the
hydrodynamics of a simple fluid the reactive part
of the energy current density, for instance, is"
(p + &0)v, (p is the pressure and eo the energy

The attenuation anisotropy is rather complicated
and will be discussed in Appendix A.
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3. Smectic-B

The smectic-B phase has order in the 1-2 plane.
Therefore terms like (sp', /BV, x, ) enter into the
reactive part, where in this case the generalized
displacement x' is identical to the real space co-
ordinate x, . This affects the C» element in the
notation of Sec. IIA. The C44 element is of higher
order in q. Thus there are four independent non-
zero elastic constants in this case compared with
five for a general hexagonal crystal. Because the

C» element does not affect the longitudinal sound
velocity [Eq. (6)] our data analysis procedure re-
mains the same as before, except that C's contain
more terms like BP,'/BV, x,.

4. Smectie-C

The difference between the smectic-A and smec-
tic-C phases is that in the latter the molecules
are not perpendicular to the planes. As was dis-
cussed in the case of the nematics, the effect of
the molecular orientation on the reactive part is of
higher order in q than that of other variables.
Therefore as far as the sound velocity is con-
cerned, the C matrix is the same as that for the
smectic-A. phase.

Thus the longitudinal sound velocity data of the
smectic-& or -C phases were analyzed in the same
way as those for the smectic-A. The attenuation
in the smectic-B and -C phases is exceedingly
complicated because of all the additional variables
that come into play, and there is no a Priori rea-
son why one variable should have an order-of-
magnitude smaller effect than another. Too many
parameters are thus involved and the measurement
of longitudinal sound is insufficient to reveal the
full diss ipative processe s.

There are two thermodynamic stability condi-
tions that a system must satisfy: The system
should be at the minimum of the free energy and
the entropy production must be positive. We call
the former static stability and the latter dynamic
stability.

In a simple isotropic system, static stability
implies the well-known thermodynamical inequal-
ities: (sp/ep)„&0 and (sT/ss)~ &0 (the compressi-
bility and the specific heat are always positive).
In the smectic-A phase there are additional condi-
tions:

Similarly, dynamical stability demands that the
matrices K, q, etc. , be positive definite. In a
simple liquid this means that the thermal con-
ductivity K and the bulk and shear viscosities, (
and q, are all positive. For the viscosity matrix
for a uniaxial system the conditions are that g„

'g~, Q4
+ 0 and 'g~'g4 + 'g5.

III. EXPERIMENTAL TECHNIQUE

A. Ultrasonics

f

!
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b, t
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IS+ITCH UATTENUATORI LINE ~ATTENUATOR
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A phase-sensitive technique was used for ac-
curate measurements. A block diagram of the
experimental setup is shown in Fig. 1. A con-
tinuous radio-frequency (rf) source was split into
two branches, a signal branch and a reference
branch. Frequencies between 2 and 36 MHz were
used. The rf in the signal branch was switched
(to produce a pulse), amplified, and fed to a sonic
cell. In the reference branch the rf was also
switched (at the time of arrival of a, signal from
the sonic cell), applied to an attenuator and delay
line, and finally combined with the signal pulse.
The combined pulse was amplified, rectified, and
displayed on a scope. The attenuation and delay
time in the reference branch were adjusted so that
the reference pulse canceled the signal pulse, the
condition being a 180 phase difference and an
equal amplitude for the two pulses. We have two
external variables: the temperature and the mag-
netic field. For some initial values of these ex-
ternal variables, the attenuation and the delay
time were marked; the changes necessary to re-
store the cancellation were then recorded as a
function of the variables. This method yielded
accurate values of the attenuation and velocity
change relative to those of the initial values of the
external variables. For instance, at 12 MHz it
took -5 p, sec for a pulse to pass through a path
length of 7.8 mm. The delay line employed could
be varied in 1-nsec steps; therefore, a velocity

PULSE
GE NE RAT OR

TRIGGER

SCOPE—

In terms of the C's these conditions are C» &0, FIG. 1. Block diagram of ultrasonic-phase-comparison
measurement technique.
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change of (1 nsec)/(5 psec) =2&&10 ' was routinely
measured. When more accuracy was desired the
rf frequency was changed within a range which
corresponded to 1 nsec; the change of the fre-
quency is proportional to the change of the veloc-
ity, provided that the transit time of a pulse in the
reference branch is negligible relative to that in

the signal branch and that the frequency-dependent
phase shift introduced by the acoustic transducers
and other elements can be neglected (both condi-
tions are satisfied). The frequency was read to
one part in 10~ but the resolution of the method
(due to signal-to-noise ratio, etc. ) limited the
accuracy to +0.1 nsec. The resolution of the at-
tenuation measurements was +0.1 dB at 12 MHz.
The delay line has a delay-time-dependent inser-
tion loss which is 3.5 dB maximum at the full
delay of 1.11 p. sec. Therefore only a range corre-
sponding to one wavelength was used, to minimize
the change of the insertion loss. This had only a
negligible effect at higher frequencies, where the
delay-time range was small and the absolute at-
tenuation was high. At lower frequencies correc-
tions were made when necessary. The resolution
at 2 MHz was observed to be +2 nsec and +0.3 dB.

The absolute values of the velocity and the at-
tenuation were obtained by varying the path length.
The sonic cell is described in Sec. IIIB. The ac-
curacy was checked by using ethanol and water.
Agreement to better than 0.3% with the literature
values'4 was achieved without difficulty.

B. Sonic cells

Two sonic cells were designed and fabricated,
a fixed-path cell and a variable-path cell.

was enough to maintain the cell at 90'C. Assum-
ing that this heat leak is due solely to the conduc-
tion through the tube and that the heat is supplied
at the bottom of the cell, the temperature gradient
is estimated to be 0.1' from top to bottom. The
actual temperature gradient in the sample must
be negligibly small.

2. Variable-path cell

To measure absolute values of the velocity and
attenuation it is necessary to vary the path length
by a known amount, counting the number of wave-
lengths and measuring the change of the attenua-
tion. The distance swept was measured by a
micrometer-screw and dial arrangement. The
screw had 40 threads per in. and the dial could
easily be read to 1/200 turn; this would provide
a resolution of 5X10 for a length change of 6 mm.
Nonreproducibility in the drive mechanism, how-
ever, limited the accuracy of the measurements to
somewhat less than this ideal value. For one trial
measurement, as was mentioned in Sec. IIIA, an

accuracy of 0.3Vo was achieved and this could be
improved slightly by repeated measurements. Be-
cause the space between the magnet pole pieces
is limited, the screw mechanism must be located
far away from the measuring path. The smooth
displacement and the maintenance of the parallel-
ism of the transducer faces are assured by using
a carefully machined V-block and a rider. No
effect of a magnetic field on the mechanical parts
was noted up to 12.4 ka. The cell is shown in

Fig. 3.
Because of the heavy wall connecting the top

1. Fixed-path cell

A design used by Abraham eI' al. for measure-
ments of liquid-helium properties" was adopted
for this cell, which is shown in Fig. 2. The main
part is composed of a hollow copper block with
two end caps, two cartridge heaters, and a ther-
mocouple. A set of coaxial washers and quartz
transducers are spring loaded against a gold-
plated brass spacer (which is simply a cylinder
with both ends flat and parallel). Spacers of vari-
ous lengths ranging from 0.4 to 2, 5 cm were used
depending on the frequency. The flat faces of the
transducers and ends of the spacer provided a good
seal; once the sample was introduced into the
spacer it did not leak into the remaining space in
the copper block during the course of an experi-
ment.

The cell is placed in a vacuum chamber and sus-
pended by a thin-wall stainless-steel tube to mini-
mize the heat conduction. A power as low as 1 W

FIG. 2. Fixed-path sonic cell. The following elements
are indicated: subminax connector (C), Teflon 0-ring
(0), quartz transducer (Q), brass spacer (S), and ther-
mocouple (T).
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plate and lower part the heat leak was relatively
high; it took about 3 W to maintain the tempera-
ture at 90'C. There is also the heat conduction
through the arms that support the transducers.
The estimated value of the heat leak through the
arms is at most 0.3%. When the thermal con-
ductivity of the sample is really low, this could
cause trouble.

The inside of the cell was evacuated to keep the
sample away from oxygen and moisture. This was
also effective in getting rid of trapped solvent.
A sample kept in this manner did not show any
sign of degradation after repeated cycles of heating
and cooling.

A unique feature of the cell, which was not anti-

cipatedd

at the time of fabrication, is worth men-
tioning. Although it takes a rather large amount
of sample to fill the cell (about 10 cm' compared
to 1 cm' for the fixed-path cell), the deep trough
produces purer material than that loaded. When
the liquid-crystal phase separates from the iso-
tropic phase it starts from the bottom because of
the higher density. Just below the transition point
there are two phases: an impure phase (which
is still isotropic because of the lower transition
temperature) floating on top of the purer liquid-
crystalline phase. When the transducers are
immersed deep into the sample the sound passes
only through the purer part, thus improving the
data significantly. This point will be discussed
further in Sec. IVC.

The variable-path cell was constructed after
much of the data reported here were already
gathered. Thus accurate absolute velocities and
attenuations were determined only in the measure-
ments described in Sec. IVC.

is a diffusive one with the system seeking an orien-
tational-energy minimum. Therefore a high diffu-
sion probability is important for sample align-
ment. In a nematic phase the director follows the
applied field direction (above a few ko) almost
instantaneously (seconds). In a cholesteric ma-
terial, because of its high viscosity and small
magnetic anisotropy, the time constant for re-
adjustment after a change in field direction is
fairly long (10-30 min) and the alignment is not
complete. It is not easy to rotate the director in
the smectic materials once the phase is established
(except in the smectic-C). In fact, with an applied
field of 12.4 ko no sign of rotation of the director
in the smectic phase was observed. Therefore
aligned smectic phases were all obtained by cooling
the sample through the nematic-smectic or iso-
tropic-smectic phase transition in a field.

IV. RESULTS AND DISCUSSIONS

A. Diethyl p,p'-azoxybenzoate (DEAB)

Molecular formula.

c,H, ooc go) I =No Oo cooc,H, .
Txansi tion temperatures.

Crystal '-' ' — Smectic-A. '-"' - Isotropic

The velocity anisotropy of this material has been
reported elsewhere. ' There we found a low-fre-

R V

C. Temperature control

A copper-constantan thermocouple was used to
detect the temperature; the thermal emf was mea-
sured against a pre-set potentiometer. The vol-
tage difference was then amplified by a null de-
tector and its output was applied to a KEPCO-
regulated power supply, the gain of which was in-
creased by slightly modifying the circuit. The
output of the KEPCO was then supplied to the
heater. With a careful adjustment of the gain and
the maximum heater current a temperature sta-
bility of +0.01'C was achieved.

S

R

IN Aw~

»
I

I

D. Sample alignment

The sample was aligned by a magnetic field of
12.4 kG. The molecules usually have a positive
magnetic anisotropy; thus the director tends to be
parallel to the field. The motion of the molecules

INCH

FIG. 3. Variable-path sonic cell. The following ele-
ments are indicated: miter and bevel gears (G), rider
{R), V-block (V), micrometer screw {S), heater (H),
quartz transducer {Q), and thermocouple (T).
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at=(w /2V )[D, +(D„+D —2D, —4D ~)

&& sin'&coss&], (14)

where V is the shear-wave velocity, the maximum
of which, calculated with known C's, occurs at
8=45' and is V =0.24&&10' cm/sec. Because D»
and D,4 cannot be determined independently we

try the most favorable case allowed by the dynamic
stability. If the dominant attenuation mechanism
is the viscosity (which is likely to be the case)
the dynamic stability conditions for the viscosity
result in D», D, D &0, and D»D33-D~3&0.
Because the value for the combination D»+D33
—2D„—4D« is fixed, the minimum & in Eq. (14)
is realized when D4, is smallest; hence D» is
largest. D» cannot exceed D»D33 therefore D, 3

is at most 4.97, which results in D44 =1.40
(Pcm'/g). When these values are inserted in Eq.
(14) a shear-wave attenuation divided by the fre-
quency squared of 26.6&&10 "dB sec'/cm results;
this is two orders of magnitude larger than the
attenuation of the longitudinal wave. There is al-
most no chance of seeing the signal, if any, using
a standard pulse-echo arrangement.

quency sound-velocity anisotropy of 5~/p. The
values for the C parameters obtained imply that
there is a propagating shear wave. In fact, the
first motivation of the experiment was to see the
direct evidence of the shear-wave propagation in a
fluid. An experiment with shear-wave transducers
was performed. Only diffuse patterns were ob-
tained, which might well be because of a longi-
tudinal component (since it is difficult to prepare
a transducer which provides shear waves exclu-
sively). No clear-cut evidence was observed.

Of course, one can estima, te the attenuation of
the transverse wave from the data on the longi-
tudinal wave. As an example the data at 12 MHz
at 115.3'C are shown in Fig. 4. The absolute value
was obtained by measuring the height of successive
echoes. Because of the existence of spurious
amplitude-degrading processes (e.g. , transducer
alignment) it is only approximately correct, but
this will suffice for the following discussion. The
curve is the best fit using Eq. (7), which yields
D» =3.47, D„=7.12, and 2D»+4D -D» -D33
=-2.97 (P cm'/g}. A simple calculation shows
that the attenuation of the shear wave may be
written as

-I5
X IO

E
O

6-0

Kl
5-

ll5 C
l2 MHz

0
I-

w

Transition ternPeratures.
DC c 107 5Crystal '-" - Smectic-A. '-" - Nematic '- "cIsotropic.

This material was chosen for two reasons: (i)
the nematic-smectic-A (N-A) transition was sug-
gested to be second order and the matter was con-
troversial; (ii) continuous measurement across the
N-A transition point enables us to study the quan-
titative differences between the smectic and the
nematic phases.

The material was recrystallized from heptane
solution. This easily yielded single crystals
-1 mm wide by 10 mm long. The material was
kept at about 106'C (close to the isotropic-nematic
transition point} for 2 h in vacuo. After 20-40 h

of measurement no change of the N-A transition
temperature (T,) of 82.9 ~0.2'C was found. T,
was determined optically by a sudden change of
the material to a less turbid state.

It was first suggested by McMillan" that the
N-A transition might be second order, because a
specific-heat anomaly had not been observed.
Many experiments" close to T, showed strong
pretransitional effects which were subsequently
analyzed in the context of a second-order phase
transition. A small but finite specific-volume
change was recently found, "however, and hence
the transition is first order. A "bump" in the
specific heat was also found" in a purified sample.

The occurrence of a pronounced maximum in the
attenuation and a minimum in the velocity at a
first-order transition (as in isotropic-nematic
transitions) is well known. We measured the

B. p -Cyanobenzylidene-p-n -octyloxyaniline (CBOOA)

Molecular formula.

N -=C ~OCH =N~OOC, H„.

I

0
I I I

50 60 90
ANGLE 8 (degrees)

I'IG. 4. Attenuation anisotropy in DEAB. The curve
is a least-squares fit.
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velocity and attenuation change with an applied
field. The frequency ranged from 2 to 36 MHz.
The data are shown in Figs. 5 and 6. Other data.
at 4, 10, 20, and 36 MHz mere practically the
same. As is seen in Fig. 5, no drastic change
occurs at the transition point except that the slope
of the velocity as a function of the temperature
changes slightly. At isotropic-nematic transitions
strong dispersion is commonly observed, mhich
tends to obscure the transition. Therefore the
chance of seeing transitional effects is highest
when the frequency is lowest. For this reason the
data at 2 MHz were taken in 0.1-deg intervals;
although these data, shown in Fig. 6, do not reveal
any drastic change either, we note a slight flatten-
ing of the slope of the velocity around 83.3'C
and a small "hump" in the parallel field attenua-
tion around 83.7'C. Because the above-stated
changes are the same order of magnitude as the
scatter of the data we can only say that the tran-
sitional effects, if any, are very small, in spite
of the large pretransitional behavior in other ex-
periments.

It is possible that our sample was not pure
enough. Because the specific-volume change was
observed" even in dirty samples, it is unlikely
that the impurity content was the reason. It could
be that the lowest frequency, 2 MHz, is not low
enough compared to the relaxation time of the
fluctuations (temporary appearance of the smectic
order in the nematic phase). A phase diagram"
of CBOOA shows that the coexistence curve of the
smec tie-A and nemat ic phases is almost vertical,
i.e. , dT/dP -0. This means that the pressure
field (sound) does not couple with the transitional
behavior and this agrees with our observation.

As was stated before, we can make a quantita-
tive macroscopic comparison between the nematic
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FIG. 6. Same as for Fig. 5, at 2 MHz.

AT TENUATION5- (o~ ~
VELOCITY

and smectic-A phases in this material since
the intermolecular forces should be the same in
both phases. Typical anisotropy data in the ne-
matic phase are shown in Fig. 7, where the iso-
tropic part is subtracted. The theoretical pre-
diction in Sec. IIC is that there should not be any
velocity anisotropy in the nematic phase. The
data, however, clearly show anisotropy. The
curves are the best fit using Eqs. (6) and (7).

Now let us consider the physical idea behind the
theory mhich brings about the velocity anisotropy
in a smectic-A. but not in a nematic material.
There are two different compressibilities in the
smectic-A. . This means that when the planes are
compressed, say, then the stress parallel to the
normal is different from that perpendicular to it.
This difference should be supported by the very
molecular forces that make a planar arrangement
of the molecules more stable than a nematic ar-
rangement. In a nematic phase, on the other hand,
because there is no restriction on the distribution
of the centers of mass of the molecules, any uni-
axial compression, either parallel or perpendicu-
lar to the director, results in the same distribu-
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FIG. 5. Temperature variation of the velocity and at-
tenuation with a field parallel (HII} and perpendicular
(H&) to the sound propagation direction in CBOOA.
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FIG. 7. Velocity and attenuation anisotropy in CBOOA
in the nematic phase.
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nematic phase at 90.74'C and in the smectic-A phase at
77.54 'C.

tion of molecules; i.e., the distribution is deter-
mined only by the pressure and not by the direc-
tion in which it is applied. The molecules simply
flow driven by the stress gradient, if it exists,
and after the rearrangement no stress gradient
remains. Any shear caused by the director defor-
mation is of higher order in q. Thus a nematic
material has an isotropic compressibility and
there should not be a velocity anisotropy. We
have to remember, however, that the molecular
rearrangement process is a diffusive one. It takes
time for molecules to establish a new' equilibrium.
Therefore for short times (i.e. , for high fre-
quencies) the uniaxial compressibility can be an-
isotropic.

The data similar to those shown in Fig. 7 at
various frequencies were analyzed to obtain the
C's and D's. Following the discussion in Sec. IIB,
we first examined the quantities C33 C» and

D33 Dyy which are shown in Fig. 8 ~ The sol id
lines are a least-squares fit of the data (filled
circles) to Eq. (9). The agreement is reasonable
and we can determine three parameters &, 4, and

C»(0) —C»(0). At 77.54'C the material is in the
smectic-A. phase and at 90.74'C in the nematic
phase. In accordance with our expectation, while

C»(0) —C»(0) [which is equivalent to V'(0')
—V'(90')] is nonzero in the smectic-A phase, it
actually extrapolates to zero in the nematic phase
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FIG. 9. Dispersion in the shear part of the parameters
C&& + C33 —2C&3 and D&& +D33 —2D&3 —4D44, in CBOOA.

within our experimental error. We note that there
is a strong dispersion in the smectic-A phase
also. In view of this fact some caution must be
taken in interpreting light-scattering data, since
this technique probes the behavior of very-high-
frequency sound waves.

With v and & determined, D»(~') —D„(&') can be
calculated uniquely using Eq. (10); this quantity
is also shown by solid lines in Fig. 8. The data
(open circles) are always above these lines. This
can be explained easily. In the derivation of the
dissipative part LEq. (10)] it is assumed that the
dissipation is due solely to the existence of a re-
laxational process. But we also have so-called
classical dissipation due to viscosities even when
there is no relaxational process. In fact, in terms
of viscosity coefficients, p(D» -D») =q, —p, —&), .
If we assume that the bulk-viscosity part of n

—q, is accounted for by Eq. (10) and that the shear-
viscosity part has a frequency-independent con-
tribution to the attenuation, a value of 0.2 P (p-1
g/cm') at 90.7'C for the shear part results in the
dotted line in Fig. 8. Note that in the typical ne-
matics P-azoxyanizole and P-azoxyphenetole this
quantity, g, —p, —p4, is 0.334 and 0.140 P," re-
spectively. In both materials no strong dispersion
was seen between 3 and 18 MHz; thus it is rea-
sonable to assign it to the shear viscosity. In the
smectic-A. phase the addition of a simple fre-
quency-independent constant is not sufficient to
explain the difference.

The combinations C» + C33 2Cz3 and D» +D33
—2D„—4D«have expressions similar to Eqs. (9)
and (10). The data are shown in Fig. 9. Because
of the large uncertainties of the points we did not
attempt to fit any curve to them. Note that, al-
though the absolute values of the velocity and at-
tenuation do not change across the transition point,
these combinations do. The quantity C»+C33
—2C» is associated with the deformation of the
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smectic planes, (&p, /&V, x),~. As is seen in Fig.
9, this quantity is almost zero in the nernatic phase
and is nonzero in the smectic phase, as expected.
A weak frequency dependence is discernible. The
corresponding dissipative part also shows smaller
values in the nematic state than in the smectic
state, but the difference is less pronounced be-
cause the existence of the shear viscosity is not
directly related to the presence of the smectic
order. The combinations of parameters are
strongly frequency dependent around T, (Fig. 10),
indicating a slow process (time constant is 10 '
sec or slower). This may be due to a coupling be-
tween the director (fast mode) and density change
manifested by the temporal appearance of the
smectic order.

The hydrodynamic behavior of C» —C», which
is an indicator of the smectic order, and the re-
laxation time constant T as functions of tempera-
ture are shown in Fig. 11. A sudden increase of
C»(0) —C„(0)from zero around T, is clearly seen.
In fact, the increase happens at a higher tem-
perature than T„probably because a less turbid
state, which was used to determine &, optically,
is realized only after all transitional fluctuations
have ceased. Many experiments" on the pretran-
sitional divergence of the Frank elastic constants
essentially measure the squared average of the
smectic order parameter (g'). Because our mea-
surement is on a static property (~-0) and the
velocity anisotropy is a measure of the strength

of the planar arrangement, the quantity C»(0)
—C»(0) should go to zero smoothly as (g) goes to
zero. The abrupt increase of C»(0) —C»(0) then
suggests that the order parameter does not start
from zero at the transition point and hence the
transition is first order.

Surprisingly, there is no apparent change in T

across T, besides a monotonic decrease. Because
the diffusion of molecules between planes in the
smectic phase must be much less probable than
the equivalent diffusion in the nematic phase, the
continuity of 7 seems to indicate that the relaxa-
tional process involves the end chains of the mole-
cule s.

One characteristic of CBOOA is the smallness
of the anisotropy (C» —C»)/C„. For instance,
DEAB has a. value about 7.5/o and other materials
show larger anisotropies, "whereas in CBOOA it
is less than 0.3%. Nevertheless, the smectic
structure appears fairly rigid, since no change
in the velocity occurred on rotating the magnetic
field at 77'C and waiting for a period of an hour.

The absolute value of the velocity and attenua-
tion at S5'C and 2 MHz with the field perpendicular
to the propagation direction was found to be 1.21
+0.07&&10' cm/sec and 0.24+0.01 Np/cm, respec-
tively.

C. Ethyl-p- [(p -methoxybenzylidene) amino]

cinnamate (EMBAC}

lifolecular formula.

CH, O 0 CH = N (QO CH = CHCOOC, H, .
Transition temperatures.

lo7 oC 117.6 oC 138e5 oC
Crystal II- Crystal I = = Smectic-4 = = Nematic = = Isotropic

80 C Smectic-B S1 C.
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(This diagram is according to Demus and Sack-
man. " Because the transition temperatures are
very sensitive to the impurity level the above dia-
gram is given only for the purpose of reference. )

So far we have seen that the theory for the
smectic-A and nematic materials works fairly
well. It is of interest to extend the experiments
to a smectic-B phase. EMBAC was chosen for
this purpose. The variable-path cell was em-
ployed as well as the fixed-path cell. It was the
use of both cells that revealed the strong depen-
dence of the transition temperatures on impurit-
ies and the strong dispersion.

Both purified and nonpurified samples were
used. The purification was done by recrystalliza-
tion from either heptane or ethanol solution. The
purified sample was introduced into the variable-
path cell, which was kept at pressures lower than
0.1 Torr. The sample obtained and maintained in
this manner showed no sign of degradation, which
is easily detected by a decrease of the transition
temperatures, after repeated heating and cooling
cycles for two months. The nonpurified samples,
on the other hand, did not produce consistent data
once they were solidified and remelted again. The
purified sample was also used for the fixed-path
cell and the quality of data was poorer than those
of the nonpurified sample. The sample was in-
spected afterwards and segregation was found;
the top part of the sample had a 10 -lower N-A
transition temperature than the bottom portion.
A careful examination showed a distinct differ-
ence and a clear boundary between the top quarter
and the remainder of the sample. The top layer
could be a eutectic mixture of EMBAC and the
solvent, which was not easily removed by placing
the material in vacuo at an elevated temperature.
In the fixed-path cell the sample is confined in the
spacer, and the sound passes through the whole
sample. Therefore if the material is of a quality

as poor as the above one, the measured quantity
is some kind of an average of pure and impure
material. On the other hand, in the variable-path
cell, as was discussed in Sec. IIC1, segregation
does not affect the experiment.

A quick (0.3 degjmin) temperature sweep with
the field at 45' over the whole mesomorphic range
is shown in Fig. 12; the sample was not purified.
The high attenuation at the smectic-A-smectic-B
(A-B) transition is in strong contrast to the
smooth N-A transition. Temperature sweeps
over the isotropic-nematic-smectic-A region of
both purified and nonpurified samples without an
external field are shown in Figs. 13-15. The
transitions are very well seen in the purified
sample. Note further that the transition tempera-
tures in the nonpurified sample are consistently
lowered by about 9 deg. A typical transitional be-
havior, the velocity minimum and attenuation
maximum, is obvious at the isotropic-nematic
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tion coefficient divided by the frequency squared in the
purified EMBAC without a field. Note the peak at each
phase transition.

(I-Nj transition. Although no velocity dip is found
at the N-A transition, a small hump in the attenua-
tion is seen. This was not found in the N-A transi-
tion in CBOOA. The dispersion is also very large
throughout the temperature range. More interest-
ing is the "softening" of the system toward the
A-B transition. The change is even more drastic,
as is shown in Fig. 16, when a magnetic field is
applied. The velocity anisotropy increases at the
N-A transition as expected. However, the veloc-
ities with the field at 0 and 30 relative to the
sound propagation direction increase monotonical-
ly, whereas those with the field at 60 and 90
bend down. This striking difference clearly illus-
trates that the phase transition occurs within the
planes but not between the planes. The almost
linear increase of the velocity with the field at 0
indicates that there is no rearrangement between
planes, which might occur if the transition is to a

X lO5 EMBAC
4 MHz

l.40

plastic crystal phase rather than a smectic-B
phase. The above observation fits nicely with our
understanding of the A-B transition: It is a two-
dimensional liquid-to-solid transition. It seems
that this A-9 transition offers great potential for
an interplay of theory and experiment. A simple
calculation of the dynamics of hard circular disks,
for instance, may be relevant to the experiments.
A two-dimensional specific-volume-change mea-
surement may be feasible without much elabora-
tion.

The anisotropy in the smectic-A. phase is
strange, as is seen in Fig. 16; the velocity with
the field at 30 is higher than that at 0 and the
velocity at 60 is lower than that at 90; i.e., both
the maximum and the minimum of the velocity
occur off the symmetry axes. This is better
viewed in Fig. 17, where the field was rotated
while the temperature was fixed. The sample
was not purified. In the smectic phase rotation
of the field should not affect the orientation, but it
has been observed' "that impurities "lubricate"
the system so that the field can actually rotate
major parts of the sample. In a purified sample
the rotation of the field produced only a small
sluggish change of the velocity. Thus Fig. 17
may not show the full anisotropy but it still un-
covers qualitative features; the velocity has a
maximum around 85'C and a minimum a,t 55 C.
A three-parameter fit. cannot reproduce this type
of anisotropy. We do not attempt further analysis
until more evidence is accumulated.

The anisotropy of the smectic-8 phase, which
is the main theme of this section, is seen in Figs.
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18 and 19. Because of the large attenuation at the
A-B transition the signal could not be continuous-
ly traced from the smectic-A phase. The data in
the smectic-B phase therefore have an ambiguity
of a multiple of the sound wavelength. Hence we
used the time-of-flight method as well as the in-
terference method. Because of the poor accuracy
of the time-of-flight measurement we could not
determine the absolute values of the velocity for

each frequency separately. Therefore the abso-
lute value at 8 = 90' was fixed for all frequencies
at each temperature and the velocity anisotropy
relative to it was plotted in Fig. 18. The data were
all taken in nonpurified samples. It was difficult
to keep a purified sample in the smectic-B phase;
the sample tends to go into the solid phase not long
after the smectic-B phase is reached. It may be
that impurities stabilize the B phase. The bound-
ary plays a role to some extent because even in a
purified sample it was relatively easy to obtain a
stable smectic-B phase when the layers were
parallel to the transducers (the 0 position). At
83.2 C the absolute value of the attenuation divided
by the frequency squared in the above case was
0.370 and 2.03x10»'dB sec'/cm at 12 and 4 MHz,

respectively.
The data were analyzed using three parameters

(C», C», and C») for the reactive part and four
(D», D», D», and D«) for the dissipative part.
The attenuation was found to be less reproducible
but the velocity anisotropies at 12, 5, and 2 MHZ
were in fair agreement with each other.

The velocity anisotropy shows that the B phase
has a larger anisotropy but no qualitative differ-
ence from that of a typical smectic-A. phase. A
fourth parameter, C44, was also tried. The re-
sult was that C« is small but negative, C«/C»
= —5x10 '. Of course, a negative C44 is nonphysi-
cal. We subsequently tried various fixed C4, val-
ues to see the significance. One example is shown
in Fig. 20. Two values C« = —0.126x 10" (cm/sec)'
(by least squares) and C« =0 give almost identical
curves, but as soon as C«becomes positive [C«
=0.01 and 0.1 x 10" (cm/sec)'], the deviation is
noticeable. From this observation and the physi-
cal consideration we choose to fix C« =0. The
solid curves in Fig. 18 are the best fit obtained
in this way. The value of C,4 is a key to distin-
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guishing a smectic-B phase from a plastic crys-
tal, and the matter should be settled by more
sensitive methods (e.g. , shear-wave propagation
along the plane normal). We attempted shear-
wave measurements, but in vain so far.

The attenuation anisotropy (Fig. 19) is puzzling.
There was a qualitative difference between the
anisotropy at 12 MHz and that at 5 MHz. The data
at 12 MHz did not reproduce well. The analysis
was done only for the data at 5 MHz. Because the
assumption of small velocity anisotropy used to
derive Eq. (7) may not be justified in this case,
we directly calculated the imaginary part of Eq.
(4) with the C's obtained above. All four D's are
then independent. The solid curves in Fig. 19
were obtained by the least-squares technique.
The parameters at 83.2 'C are D„=12.3, D»
= —1042, D» ——19.2, and D« -—517 (P cm'/g).
Those parameters, however, seriously violate
the dynamical stability conditions. A fit using
Eg. (7) is shown in Fig. 19 by broken curves. The
parameters are now D11 12 3 D33 21.5, and

2D» +4D« —D» —D» = -37.8 (P cm'/g). (The last
value for the four-parameter fit is -47.5.) One

can choose certain values for D13 at will to meet
the stability conditions, but the fit is worsened
considerably.

X IO

l.7

I.6

As is discussed in Appendix A, the formalism
outlined in Sec. IIB is, strictly speaking, only
valid when the thermal expansion and the vacancy
diffusion are neglected. In the presence of these
effects a term like D'sin20 cos48 also appears.
The stability criteria for the phenomenological D
coefficients does not hold then because each para-
meter has several contributions. Because neither
the heat capacity nor the thermal conductivity is
known, we cannot calculate the parameter O'. A

rough estimation can be done, however, as fol-
lows. In the nematics, representative values of
the thermal conductivity, "~, andthe heat capacity
at constant pressure, "

C~, are K =3x10 ' cal/cm
sec'C and C~=1000 J/ C mol, respectively. If
we assume that (C~—C„)/C~ -3x 10 ', then we ob-
tain D'=1,1x10 ' Pcm'/g. Because the D's are
of the order of 10 Pcm'/g, any thermal effect
is normally negligible.

The anomalous attenuation anisotropy remains
unexplained. One may relate this anomaly to the
fact that this smectic-B phase is a metastable
state. The boundary effect could be large. More
experiments in a smectic-B phase of other mater-
ials are needed.

Finally, we notice that the attenuation in the
unoriented sample is higher than the attenuation
maximum. This means that the domain boundar-
ies are important in determining the polycrystal-
line attenuation. Let us recall" that the attenua-
tion of sound in a polycrystal can be very high
compared to that of a single crystal because of
the anomalous buildup of temperature gradients
in narrow regions at the grain boundaries. In a
nematic or a smectic-A. phase such a boundary
effect may be negligibly small; as a result of the
softness of those structures the boundary may
well be blurred.
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FIG. 20. Significance of the uniform shear constant
C44 in the velocity-anisotropy fit.

D. p-p'-Heptyloxyazoxybenzene (HAB)

Molecular formula

C,H„O (0) NO = N (QO OC,H„.
Transition temperatures.

74 4 og
Crystal = = Smectic-C

95 a9 OC 124,0 oc
= Nematic = = Isotropic .

The experiments were done only at 12 MHz and
are still in a preliminary stage of investigation.

Azoxy compounds are rather stable relative to
other liquid-crystalline materials, so we did not
attempt any purification. The temperature varia-
tions of the velocity and attenuation with the field
parallel and perpendicular to the propagation di-
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rection are shown in Fig. 21. The isotropic-ne-
matic transition has the familiar features. The
velocity and attenuation anisotropy in the nematic
phase (Fig. 22) reveals nothing new. A striking
feature however, is the smallness of the aniso-

0tropy in the smectic-C phase. Below 95 C only
a slight difference is seen between the attenuation
with the field parallel and perpendicular to the
propagation direction. This is in contrast to the
cases of smectic-A. and -B materials. Because
it is natural to assume that a lower-temperature
phase is more solidlike than higher ones, the ap-

( '/4 ) HAB

12 MHz
104.8 4C

FIG. 21. Temperature variation of the velocity and
attenuation in HAB with a field parallel and perpendicular
to the sound propagation direction. Note the velocity
minimum and the abrupt decrease of attenuation.

parent smallness of anisotropy compared to that
of the nematic phase must be explained not by a
possible lack of anisotropy in the smectic-C
phase itself but by a structural complexity.

It has been shown by optical" and NMR" "ex-
periments that HAB has a tilt angle close to 45 .
When the smectic-C phase is obtained by cooling
through the nematic to smectic-C (N-C) transi-
tion point the molecules are parallel to the field.
The normal to the smectic planes, however, can-
not be specified by a uniaxial external field.
Therefore in the smectic-C phase thus obtained,
grains or domains are expected with the orienta-
tion of their plane normal evenly distributed over
a cone with an apex angle of 90, and with their
axis parallel to the field (Fig. 23). The field was
rotated with such an "oriented" sample; the an-
isotropy is shown in Fig. 24. It is known from
NMR measurements that molecules in the smectic-
C planes can rotate on a cone of the tilt angle, in
contrast to the smectic-A and -B phases. When
the field is rotated molecules reorient themselves,
within t:he range allowed under the condition that
the molecules are at 45' from the plane normal,
to minimize the orientational energy. There is
no anisotropy in the velocity within the resolution
and the attenuation anisotropy is a factor of 2

smaller than that in the nematic case. That the
movement of the molecules is free is shown in
Fig. 24. A field of 2.9 kG produces 80%%uo of the
effect observed with a field of 12.4 kG, and at
5.6 kG the effect appears saturated.

Two remarks about the smectic-C phase are
readily made: (a) The ahsence of a velocity aniso-
tropy in spite of the evidence of molecular re-
orientation suggests that the velocity anisotropy

H

4 01 -OOO
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4 4 ~0
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0 '50 60 90
ANGLE 8 ( degrees)

FIG. 22. Velocity and attenuation anisotropy in HAB
in the nematic phase.

FIG. 23. Molecular arrangement in the smectic- C
phase in a magnetic field. Here H is the magnetic field,
N is the plane normal that lies in the plane of the paper,
M are the molecules, 0. is the molecular tilt angle, A
is the cone of possible plane normal. s, B is the cone of
possible orientations of molecules that belong to the
particular plane normal N.
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does not depend on the orientation of the molecules
within the plane, but only on the direction of the
sound propagation relative to the plane normal;
the planes do not move. This is in agreement with
the absence of a velocity anisotropy in the nematic
phase in the hydrodynamic limit. Even the aniso-
tropy due to dispersion, which exists in the ne-
matic phase, is not found. In fact, in the elasto-
hydrodynamic theory4 the reactive part of the
smectic-C phase is treated the same way as that
of the smectic-A. phase neglecting the molecular
tilt. (b) Conversely, the attenuation anisotropy
(Fig. 24) indicates that at least part of the atten-
uation originates from processes where the
orientation of each molecule relative to the pro-
pagation direction is important; that part of the
attenuation which is sensitive to the direction of
the plane normal relative to the propagation di-
rection is "frozen in" in this experiment. It is
not known how the molecular orientation effects
measured in sound propagation enter the transport
coefficients (q, ~, $, and g).

There is a noticeable decrease in attenuation at
the N-C transition. This may be understood as a,
sudden decrease of diffusivity which is caused by
the layered structure. A decrease of the velocity
is also found at the transition.

Compared with intense studies of the N-A transi-
tion, the N-C transition has rarely been studied.
The absence of an attenuation maximum coupled
with the existence of a distinct velocit;y minimum

HAB

l2 MHz
78.8 OC

is very unusual; the frequency dependence is also
interesting. We can separate the effect of the
planar structure from that of the molecular ori-
entation by observing the difference in anisotropy
when the material is field cooled and when the
field is rotated after the smectic-C phase is ob-
tained.

E. Cholesteryl chloride and cholesteryl myristate mixture

MoLecular formula.

Cholesteryl chloride (CC) C1C„H„;
Cholesteryl myristate (CM)

CH, (CH, )„COOC„H4, ;

CC CM=1."|5:1 by weight.

Transition temPeratu~e.

Cholesteric to Isotropic at 68 C.

Most of the cholesteric materials have positive
magnetic anisotropy; i.e., molecules tend to be
parallel to a field. Hence the helix axis lies per-
pendicular to the field and it is not possible to ob-
tain a uniform sample. The above mixture, how-
ever, has been known" to have a negative mag-
netic anisotropy. Thus the helix axis is parallel
to the field, and the sample is presumably uniform.

A temperature sweep with the pitch axis parallel
to the sound propagation direction is shown in Fig.
25. The high attenuation prevented us from ob-
taining a reasonable absolute attenuation mea-
surement (only one echo was observed and the
variable-path cell was not available at this time);
therefore only its change relative to that at 87.6'C
is shown. The chirality of the helix switches its
sign at 42'C; i.e., at 42'C the pitch is infinitely
long.

o l2.4kG
2.9 kG

0—

I I

30 60 90
ANGLE 8 ( degrees)

FIG. 24. Magnetic-field-rotation diagram of the
sound attenuation in ILAH in the smectic-C phase.
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FIG. 25. Temperature dependence of the velocity and
att;enuation in a cholesteryl chloride and cholesteryl
myristate mixture (CC+CM) with a field parallel to the
sound propagation direction.
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It would be quite interesting if one could ob-
serve an interference when the sound wavelength
matches the pitch. Unfortunately the attenuation
is so high at lower temperatures we could not
make measurements around this chirality change
point.

To observe the anisotropy we rotated the magnet
at a fixed temperature. The cholesteric phase
was first reached without a field and the field was
applied subsequently. The time dependence of the
velocity change in such a process is shown in Fig.
26, where the temperature was held at 51.5'C and
at t = 0 a magnetic field of 12.4 ko was applied per-
pendicular to the sound propagation direction. The
velocity change as a function of the time is well
approximated by a simple exponential form
(V, —V, )/V, =0.0025(1 —e'~" '). Cholesteric
materials are very viscous and the magnetic
anisotropy is very small. This is clearly demon-
strated in Fig. 26 and is in contrast to the case of
nematics, where equilibrium is reached almost
instantaneously. If the rearrangement of the
molecules is driven solely by the magnetic torque
acting against the viscosity, the time constant of
the above exponential form should be the same;
however, the rotation of the field is performed
for a given temperature. Furthermore, the velo-
city should approach the same value after a long
enough time, whatever the previous field orienta-
tion may have been. In reality, however, the time
constant varies from 10 to 30 min and the velocity
anisotropy has a hysteresis. This is shown in
Fig. 27(a). The data were taken at 56.2'C. The
field was rotated from 0 (the pitch axis is parallel
to the sound propagation direction) to 90' and back
to 0', as the arrows indicate. In taking these data
as long as 6~ h elapsed at a given field orienta-

CC+ CM

~O0

O

12.4 kG 56-2 C
12 MHz

tion. After about 100 min following the field rota-
tion no further significant change was noted.
Nevertheless, the velocity measured in this man-
ner depends on the way the field was rotated. The
discrepancy is larger than the expected error in-
troduced by the limited measuring time. The val-
ues at 0' and 90', however, seem always to be
much less history dependent. The nature of the
data suggests that the helix axis prefers to stay
perpendicular to the transducers or to the spacer
wall; it is likely that once these configurations
are realized they tend to be stable against rota-
tion and the observed anisotropy probably results
from only part of the sample rotating. This idea
is further evidenced in Fig. 27(b), where, in-
stead of applying the field at 0' or at 90', it was
first turned on at 60' and then rotated. Once the
90' orientation is realized the sample appears to
stay that way. The same effect is seen for 0'.

Throughout, the measurements field was kept at
12.4 ko. A field of 6.5 kG had almost no effect; a
higher field is obviously needed to overcome the
boundary effects. The variable-path cell was de-
signed to fit in a smaller pole gap (2 in. ) and mea-
surements at a higher field are planned. The tem-
perature dependence of the velocity anisotropy is
shown in Fig. 28. The transition temperature is

0.4

& 0.&

O~ 0.2
I

0. I

CC+ CM
51.5 'C
l2 MHz
12.4 k G
8=904

25 ( I
~- &/20. 1)

CL
O
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C30
UJ
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I

1200 60 90
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FIG. 26. Velocity change after the field was applied
(at t =0) perpendicular to the sound propagation direction.
A simple exponential form fits the data well.

1

900 30 60
ANGLE 8 ( degrees)

FIG. 27. Velocity anisotropy in a CC+CM mixture.
The arrows indicate the way the magnetic field was ro-
tated.
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(15)

where E,' is an elastic constant associated with
the bend deformation of the director q, =2m/A. o,
A, , is the pitch, and h is a field conjugate to the

72. I oc

67.6 'C

~O0
65.3 C

68'C. In all cases the attenuation was constant
within the error.

The hydrodynamic theory of Lubensky' predicts
a small velocity anisotropy. The cause of the
anisotropy, in spite of the similarity between
cholesterics and nematics, can be found in the
broken translational symmetry because of the
twist of the director. More specifically, a de-
formation of the material in the direction of the
pitch axis is different from that in a perpendicular
direction, because the former includes change of
pitch as well as volume change. The actual cal-
culation is similar to that for the smectic-A
phase, the pitch being analogous to the layer
spacing of the smectic phase. A hydrodynamic
theory is valid only when the wavelength of the
excitation is much longer than the characteristic
length of the system, which is the pitch in this
case. Because the pitch is usually in the range of
visible light (-5000 A) the above condition is met
only by ultrasonic experiments. The calculated
anisotropy is, in our notation,

change of A. , (analogous to Q, ). The derivative
(Sq,/Bp) can be either positive or negative and its
absolute value can possibly be large, in which
case we could not determine the sign of Eq. (15);
however, a reasonable guess is that the derivative
is negligibly small. Typically K,' =10 ' dyn,

q, =10' cm ', and p =1 g/cm'. These values yield
C» —C» =10' (cm/sec)'. C» is about 10"
(cm/sec)'; therefore the velocity anisotropy is
(C» —C»)/(C»)'~'=0. 1 cm/sec. The observed
anisotropy is orders of magnitude larger and has
the opposite sign.

The discrepancy is explained if one assumes
that this is a dispersion effect similar to that
observed in the nematics. In view of our mod-
el of cholesterics simply being twisted ne-
matics, this is easily understood. When the
sound propagates along the pitch axis, the director
is always perpendicular to the wave vector. As
was seen in the nematics (Fig. 7), this is the di-
rection where the dispersive velocity is minimum.
When the wave vector is perpendicular to the
pitch axis, the angle between the director and the
wave vector varies from 0' to 360' as a cycle of
the spiral is progressed. Thus the velocity in this
case should be larger, since the elastic constants
both perpendicular and parallel to the director are
sampled. A rough estimate, given in Appendix B
and based on the dispersive velocity anisotropy in
the nematics, shows a reasonable agreement as
to the amount and sign of the measured anisotropy.
If this is truly a dispersive effect the anisotropy
should diminish as the sound frequency is lowered.
Figure 27(c) shows typical data at 4 MHz. The
anisotropy is decreased to about two-thirds of
that at 12 MHz. Systematic measurements re-
main to be done to uncover the behavior in the
zero-frequency limit.

CL
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APPENDIX A

Following the notations in Ref. 4 the rate of
entropy production is written as

T —(ps) = —~, , (V, T)(V, T)+ —g g,"(V,T)(V, P,)..
d 1 2

+7i,,» (v,.v,.)(v, v„) + g r" '(v,. y,. )(V,.y,'. ),
C)

LLI

I

0
I

90
I I

30 60
ANGLE e (degrees)

FIG. 28. Temperature dependence of the velocity
anisotropy in a CC+CM mixture. The isotropic to
cholesteric transition is at 68 C.

(Al)

where z is the thermal conductivity, r] is the
viscosity, I' is the mass diffusion constant (move-
ment of mass relative to the ordered state), and

( is the coupling constant between the mass dif-
fusion and temperature gradient. The rate of
change of the mechanical energy of the sound is
then expressed as"
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~ ~ d
Z „„=-TS=-T d— (Ps)d'x .

The sound attenuation constant is given by

(A2)

(A3)

v, = aq, sin(q r —cu&),

v, =0,

v, =aq, sin(q r ut)-,

(A4)

where Vis the sound velocity, E is the total en-
ergy of the sound, and the angular brackets in-
dicate a time average. We consider a longitudinal
wave in the 1-3 plane,

where a is a constant. Then the calculation of the
attenuation, although laborious, is very straight-
forward. We only show the final expressions for
the smectic-A material for the attenuation due to
the various contributions —the viscosity:

(d

2p V', [(q, +g, ) sin'8 + (2', + 4', ) sin'8 cos'8 +7i, cos'8];

the heat conduction;

(A5)

1 ~T 2 9T ~T 2 ~T
, (/c~ sin'8+le,

~

cos28) — p' —2 —p cos'8+ cos~8 (A6)

the diffusion:

(d g 2 3 2 9 2 9
(A7)

and the coupling term:

(A8)

where we chose s, p, and xas independent vari-
ables. Note that there are trigonometric functions
of higher power than the fourth. Such terms do
not exist in our simplified formula [Eqs. (6) and

(7)] . Therefore the parametrization in Sec. II B
is, strictly speaking, correct only when the
viscosity is the dominant cause of the sound at-
tenuation (which is usually the case).

0.2—
NE IVIAT I C

APPENDIX B

We assume that, due to dispersion, a nematic
phase has an elastic stiffness matrix, at a fre-
quency e, of the simple (block) form

0

, O. I

O
I

0
Cii Cii Ci3

C„ C„ C„

C13 13 33

(B1) 0 30 60
ANGLE 8 (degrees)

90

The cholesteric phase is realized when we twist
the director, which coincides with the 3-axis,
about the 2-axis. The new matrix (B1) twisted by
an angle Q about the 2-axis is"

FIG. 29. Dispersive velocity anisotropy in a model
nematic phase and in a cholesteric material made of
the nematic by twisting the director along a pitch axis
perpendicular to it. The angle (9 is taken between the
sound propagation direction and the pitch axis.
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r
cos'Q 0 sin'P

0 1 0

Cl 1 Cl1 C13

sin'g 0 cae PJ'(C„C„C„/Lisin'ii

0 sin'y )
1 0

0 cos'Q f
(B2)

where only the upper left 3x3 matrix is shown. Averaging over P we have a new matrix

3C„+2C„+3C„
1

Cll + C13

Cii+ C~3+C33

4C„+4C„C„+6C„+C„
8C„ 4C„+4C„

4C~] +4C~3 3C~~ +2C~3 +3C33

The pitch axis is in the 2-direction. If the sound propagation direction ~ is measured from the pitch axis,
as was done in Sec. IVE, the velocity anisotropy is given by Eq. (4) with C» ——8(3C„+2C»+3C»), C»
=-,'(C»+C„), C„=C», and C« =0. We assume that C»C» --C», which means that the velocity anisotropy
has a simple form, V'(8) =C»+ (C» —C»)cos'8; this form is a good approximation to our data on nematics.
In nematics the anisotropy is typically (C»- C„)/C„=0.4' at 12 MHz. Then acholesteric phase made of this
nematic and twisted along the pitch axis has an anisotropy (C» —C„)/C» =——0.2%. Both curves, the aniso-
tropy of the velocity in a nematic phase and that in a corresponding cholesteric phase, are shown in Fig.
29, which compares well with Fig. 27.
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