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We report here a detailed study of the propagation of longitudinal ultrasound through a
magnetically aligned cholesteric liquid crystal (a mixture of cholesteryl chloride and cholesteryl
myristate, 1.75:1 by weight). The observed velocity anisotropy is tentatively attributed to dis-
persion and an attenuation anisotropy was observed for the first time. The temperature depend-
ence of several elastic constants and combinations of viscosity coefficients was determined. A
new expression for the attenuation was derived from the hydrodynamic equations, and from a
twisted nematic model. A more detailed report of the acoustic Brillouin zone effect is also
presented.

INTRODUCTION

In recent years, many hydrodynamic theories have been proposed for liquid
crystals. The generalization of hydrodynamics to include liquid crystals was
first studied by Erickson and Leslie.! Subsequently Lubensky and Martin
and co-workers >~° modified and generalized the formalism.
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the Northwestern Materials Research Center, and the U.S. Energy Research and Development
Agency.

I Visiting Fulbright Scholar. Permanent Address: Physics Department, University of
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Of the different symmetries of liquid crystals, nematics have been the most
extensively studied, both theoretically and experimentally. In spite of some
differences among the different theories, there is general agreement in the
hydrodynamic limit (e, g —» 0). Ultrasonic waves, by virtue of their low
frequency, serve as very effective probes for investigating the low-frequency,
long-wavelength-behavior of liquid crystals.

Extensive work has been done on nematics®~° and theoretical predictions,
such as the absence of a velocity anisotropy in the hydrodynamic limit, have
been confirmed experimentally.'* Some experimental results !*!! in
smectic-A liquid crystals are also available in the literature. Cholesterics,
however, have been very sparsely studied.'® Most experiments were per-
formed on unaligned materials and therefore the anisotropic properties
remained obscure.

A new physical effect, not possible in nematics, can be observed in
cholesterics. This is the so-called Brillouin zone effect.!? For materials and
temperatures such that the cholesteric pitch length is comparable to the
sound wave length, a “Bragg like” interaction can occur which results in
anomalies in the acoustic attenuation.

There are several problems in working with cholesterics. Firstly, most
cholesterics have positive magnetic anisotropy. The molecules tend to align
with their long axes parallel to the applied magnetic field and thus the helix
axis aligns perpendicular to the field. This situation may not, in general,
produce a completely aligned sample since several domains, or textures,
having their helix axes at arbitrary angles in the plane perpendicular to the
field could exist., In addition, under such a situation the field distorts the
helical structure and above a certain critical field, H,, a Fredericks transition
takes place.!® For such materials, a uniform macroscopic alignment is not
obtainable.

Secondly, cholesterics are extremely viscous and for a finite geometry
boundary effects become very prominent. It was observed that by rotating
the magnetic field direction in the cholesteric phase complete reorientation
was not obtained.'*

Thirdly, the high viscosity gives rise to very high attenuation, and there-
fore measurements at higher frequencies become difficult with a sufficiently
long acoustic path-length.

In the present paper we report a detailed study of anisotropic ultrasound
propagation through a magnetically aligned cholesteric liquid crystal. The
material chosen was a mixture of cholesteryl chloride and cholesteryl
myristate (hereafter referred to as CC-CM) (1.75:1 by weight) which becomes
cholesteric at 68°C upon cooling. This material is known '3 to have negative
magnetic anisotropy. The long-axes of the molecules align perpendicular to
the field, and the helix axis is then parallel to the field, i.e., macroscopic
alignment can be obtained.
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Because of the large attenuation at lower temperatures, all measurements
were done at 4 MHz.

In the first section we briefly describe the sound propagation problem. In
the second section we discuss the hydrodynamic theory we used to analyze
our data. A brief description of the so-called “twisted nematic” model is
also given. In Section 3 we present our data on the anisotropic longitudinal
sound propagation at relatively high temperatures in the cholesteric phase.
In Section 4 we give a somewhat more detailed report of the Brillouin zone
effect than has been reported previously.!?

Section ). Sound propagation: A phenomenological approach

A detailed account of this description will be found in Ref. 14; here we
mention only the final results. For a system with uniaxial symmetry and for
the mode that is a pure longitudinal wave along the symmetry axis and is
predominantly longitudinal for off-axis propagation, the velocity and attenu-
ation coefficient are given by

2V3py = Cy; sin? 0 + Cyy
+ {[(Cyy — Caulsin® 6 — (Cy3 — Cyy)cos? 0]°

+ 4Cy3 + Cyu4)* sin® 0 cos? 0} 1))
2
o= 3V, [Dy, sin? 6 + D33 cos? 8
+ (2D13 + 4D44 h Dll - D33)Sin2 0 C052 0] (2)

The angle 6 is measured from the 3-axis which is the uniaxial symmetry axis.
We also assume that the velocity anisotropy is small and the mode propagates
many wavelengths without excessive attenuation. ie. C;; > wDy,. If the
sound velocity and attenuation are measured as a function of 8, then the
combinations of (s and D’s can be determined by least squares techniques.

Section Il. Theory

In order to obtain an expression for sound attenuation in cholesterics we have
to consider the periodicity of the helix axis. We assume that locally in the
1-2 plane cholesterics have nematic ordering. However as one moves along
the 3-direction the director twists around the pitch axis. If we consider the
density and the compressibility to be uniform and not periodic, in the first
approximation there would be no effect of the periodic structure.

In the event that the viscosity tensor is periodic one would expect to see
the effect of the periodicity in the sound attenuation when the component of
sound wave-vector, g, along the 3-direction matches the Brillouin zone
spacing.
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When the wavelength of sound is much larger than the pitch (which is
usually the case) the sound-attenuation should be anisotropic, but no effect
of periodicity will be seen. In that situation we can imagine the cholesteric
to be nothing but a twisted nematic and the attenuation of cholesterics will
be the same as a nematic with the varying director orientation averaged out.

Parsons and Hayes'® obtained approximate expressions for sound
attenuation for different ranges of the sound wave vector q, as compared to
the pitch wave vector, or Brillouin zone spacing, g, = #/P where P is the
pitch. The model they chose to work with is the Leslie incompressible
nematic with the addition of a bulk viscosity term in the dissipative part of
the stress-tensor. In particular, they neglected any anisotropy in the bulk
viscosity; this approximation may not be totally correct. For the nematics
paraazoxyanisole and paraazoxyphenetole, Kemp and Letcher’ showed
that the two bulk viscosity coefficients v; and v, — v, are not identical and
are further two orders of magnitude higher than the shear viscosity coefficients.
Therefore anisotropy in the bulk viscosity cannot be neglected.

We will now extend the work of Parsons and Hayes on the attenuation of
sound in cholesteric liquid crystals to account for bulk viscosity effects. We
start with the equation of continuity

)

P rveg=0 (3)

o
where p is the density, g = pv, and v is the fluid velocity. We will also need
the momentum transport equation given by

dg;
where a; = o} + o} and o} and o) are respectively the reactive and dis-
sipative parts of the stresstensor g;;. In the first approximation, the material
is uniform and we can ignore director fluctuations. In this limit

g = péij' (5

Taking the divergence of Eq. (4) and inserting the time derivative of Eq. (5)

we obtain
2‘ 2 - D 6

We consider small amplitude waves and expand

p=po+ o
and

p=pot+p
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where the primed quantities represent small deviations from equilibrium.
For adiabatic small amplitude sound propagation, we can write p' = V2p’
where V2 = (0p/0p),. Assuming periodic motion of the form e~ Eq. (6)
becomes

w?p + VIV + V Vol =0 (7

-For ¢” we use the expressions of Forsters, ¢t al.,*

50’;‘? = =2, A; — 2(vy — vy)[Aumen; + Agim] — (vq — v2)0i; A
=2y + vy = vdmmmem Ay — (vs — va + Va)[0mm Ay + nn; Al
(8)
where the n;’s are the components of the director and
A,'j = %[VJU, + V,' UJ]
For a cholesteric liquid crystal whose helix axis is along the z-direction the
director # has the following components
n, = cos(qyz); n, = sin(gy 2); n, = 0. 9)

Substituting Eq. (8) in Eq. (7) using Eq. (9) and Vv = (iw/pg)p’ from
Eg. (3) we obtain

[wz Cpagr g VetV o A=)
Po Po
2 172 az a _
X jt(l + Cos 24gg z)iw % + 210')/ gg sin 2qoz 2 % } gv5__;‘;i;.j_L2)

R N or  2v? 9%
x<(l + cos 2q02)lwa—x—2 + o 9 €os 2g,z 5t + qo Sin 2¢pZ = =

dx? 0z
2(v1 + v, —vy)iV2 32 (92
T @ 52 (3 + 4c0s2qgqz + COS 4G, 2)
x p'(r,t) = 0. (10)

We take the Fourier transform of the density fluctuation
prt) = Jb(Q)e‘q"“iw’ dq.
We restrict q to lie in the x — z plane with q, the component along the

x-direction. The translational invariance of the liquid along x implies pure
plane wave motion in this direction. Thus

p'(r, [) — eiqlx f g(qs)eiqu—iwr dq3
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With this substitution then Eq. (10) becomes

f [Ho + H'lg(qs)e* dgy = 0 (1
where
2(v; —
Ho=o? — Vigh + 20 2 i 4 200 = Va0
Po Po
— v, =V 2vy + vy — 2v3) 3 iV2
U TV A A v m ) IVE
Po Po 8w
and
— v, — 2y, — Vig? A
H = Vs Va V3 AP (lwq% cos zqoz _ q]' 4oqs sin 2q0 Z)
Po w
LYtV =2 iViq} c0s 2402
Po
— + v iv?
Is Ve T V2 902 1 42 cos 2, . (13)
Po w

For the asymptotic case, i.e., g5 » ¢, or q; < g, We can ignore the periodic
terms of H'. Setting Hy =0 and writing q, = q,sinf, w = Vq, — iy,
and solving for T, we obtain

r,= q; Lva + va) + (vs — vy + 2v; — vy)sin? 6 + 3(v; + v; — 2v3)sint 6]

We now study the case where Bragg effects are important. We multiply
Eq. (11) by e7™“ and integrate over dz followed by an integration over dg;
to obtain

9g3)Ho + H, g(q5 + 290) + H_g(q5 — 2q0) = 0 (15)
where
) _La iViqtP a2zV2q N%:
H.(q1.45 + 290) = iog} 5 + wa§ 5 ~(q 3+2CI0)+%—-2‘10

and (16)

o iViqtp  a2iVig?
1

yiV?
* F_2- ro_ LA, Po-38.
5t 3T (45 2qo)+2w q°q3

H_(q,,q5 — 2q,) = inq

with
=(vs — vy — 2vy — v2)/Po
B=(vi+ vy — 2v3)/p,
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and
Y= (Vs — Vo + V2)/po.
Setting g5 = +4, in the above and retaining only the terms in g(g,) and
g(—qy), we obtain two coupled equations

Hog(qe) + H_(q1, —qo)g(—q0) = 0
H.i(qy,490)9(g0) + Hog(—go) =0

(note H_{gq,, —qo) = H.(q:,90))
Setting the determinant of the coefficients equal to zero, writing

w = Vg, — i[, and solving for I, we obtain
r’l = I“qn i %G‘l (17)
where

Gy = | (vs — va + 203 = v,)@? + 2q3)sin® 0
2p0

+ (vg — vq + v5)2g3 sin? 0 + (v, + v, — 2v3)sin® 0 qsz] (18)

Let us collect the principal results of the above calculations. We have derived
three expressions which are valid in three regemes
1) For g3 > g, or g5 < qo
I, = ().
2) For ¢4 slightly greater than ¢,
r,=(C) + 3G,
3) For ¢, slightly less than ¢,
r,={,, —1iG,

In particular, at gy = ¢g,cosf = ¢, there exists a “band gap” in the
attenuation given by

2
G, = 25| (5(vs — va) + 6v; + v, lsin2 0 — [4(vs — v,)
2pg

+ 6\'3 - Vl - Vz}SiI‘l46 (19)

The anomaly in the vicinity of the band gap has been called the Brillouin
zone effect by Parsons and Hayes.

Twisted nematic model

Lubensky has shown that the sound velocity in cholesterics is anisotropic.?
The difference in the elastic constants corresponding to propagating sound
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parallel and perpendicular to the pitch axis is given, in our notation, by

2
90 249,
Cy; —Cyy =Ky — —2q,| =—
33 11 z'tp Io(a’))hs]

where K is the bend elastic constant for the director, g, = 2n/4, where
Aq is the pitch, and h is a field conjugate to a change in A,. In this expression
the first term is always positive. The second term is positive or negative
depending on the sign of [0q,/0p],s and if we assume that it is very small
compared to the first term we arrive at an anisotropy in the velocity of the
order of 0.1 cm/sec.!* Previous data showed that the measured anisotropy
is orders of magnitude higher and has the opposite sign. Because the measure-
ments were made at finite frequencies, the sign and magnitude of the anisotropy
could be due to dispersive effects. In order to analyze the data quantitatively
we will use a “twisted nematic” model.

When a sound wave propagates along the pitch axis, i.e,, 2 L §,, we have
a situation which correspond to the minimum velocity configuration for a
nematic. However, when the sound wave propagates perpendicular to the
pitch axis, the angle between 7 and § varies from 0° to 180° as the sound
travels through one pitch-length. Thus the elastic constants C,; and C,; are
both sampled and a larger velocity is expected.

We assume that the nematic elastic constant matrix for A parallel to the
3-axis, is of the form

Cii Gy Cys 0
Cij= Cii Cuy Cis
Cis Ci; Gy

0 0

at a particular frequency w. If we now twist (rotate) the director about the
2-axis by an angle ®,'* and average over ®, we obtain a new elastic stiffness
matrix given by

3C{ +2C3 +3C;; HC, +Ci5) Cy +6C 5+ Cys
Ckl = g 4(C11 + C13) 8C11 4(Cu + Cl3)
Ciy +6C3+Cy3 HCy +Ci3) 3C,, +2C,5 + 3Cs;
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Therefore the elastic constants for our twisted nematic model of a cholesteric
are given by
Ciy = 3(3Cy, + 2C;5 + 3Cy3)
Cy3 = Cyy (20)
Ci3 = #Cyy + Ciy)

Substituting this in our general expression for the velocity, we obtain the
following expression for anistropy for the case C#y = C,;Cs;

VZ(O) = Cll + (C33 - C_‘ll)COSZ 0 (21)

Here the velocity anisotropy has the right sign and, compared to typical
values for nematics, the right order of magnitude.

Forster, et al.* calculated an expression for the attenuation anisotropy in
nematics. The viscosity matrix is of the form

[ ve + v, vy — v, Vs 0
Va— Vg VitV Vs
Vs Vs 2vs + vy} — vy + v,
v = . v . (22)
V3
I V2

Identifying D, =v4 + vy, D33 =2vs+ v} — vy —vy), D;3=v5, and
D,, = vy one gets their expression for the attenuation, neglecting the
thermal conductivities.

Proceeding in the same way as before we obtain an averaged D; matrix
of the form

Dy, =3[3Dy, + 2Dy5 + 3D33] = vs + 3(v; + v3)
?33 = 11)11 = (v4 + vy) 1 23)
Dy =3(Dyy + Dy3) = 3(vs + vy — v3)
Dy = 5(Das + Deg) = 3(v3 + v3)
Substituting in the expression for « we obtain
w? }
) = ——5 vy + V5) + (vs — V4 + 2v3 — v,)sin® B
20V
+ [3(v, + v;) — 2v5]sin* 9} (24)

Compared with Eq. (14) we find that there is an additional term v, sin* 6.
However, both expressions predict the same behavior for the anisotropy and
the magnitude of the anisotropy differs very little because of the smallness of
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vy. The twisted nematic model calculation, however, fails to give the expres-
sion for the band-gap because the model is only valid in the hydrodynamic
limit, i.e., g, < qo- We will be using the Eq. (14) to calculate the combinations
of v’s from our data.

Section lll. Experimental data and analysis

The material chosen for study is a mixture of cholesteryl chloride and
cholesteryl myristate (1.75: 1 by weight). It has a negative magnetic anisotropy
and, as explained in the introduction, can be oriented macroscopically. In
addition CC-CM has a very interesting property: the two constituents have
opposite helicity and, near 42°C (hereafter referred to as Ty), they compensate
each other completely giving rise to a cholesteric with infinite pitch, ie., a
nematic. Below T, however the pitch changes sign and becomes finite again.
Therefore this material is particularly suited to study the anisotropic attenu-
ation for the different regimes of gs/q,, as specified by Eqs. (14) and (18).

In this section, we describe anisotropic sound propagation in the region
where the Brillouin Zone effect is unimportant. Two sonic cells—one with a
fixed path and the other with a variable path—were used at different stages
of the experiment. Both cells have been described elsewhere.'* With the
variable-path cell we could determine the absolute velocity and attenuation
within £0.5% and + 19 respectively:relative measurements gave an accuracy
of +0.1% and +0.5%; respectively. The measurements were carried out using
the phase matching technique. The temperature of the cells was automatically
controlled to +0.01°C. All measurements were done at a frequency of 4 MHz.

The cells were placed between the pole-pieces of an Arthur D. Little
(Bitter type) electromagnet, the strength of which could be varied continuously
up to ~28kG.

Figure | shows a temperature sweep of the velocity and attenuation for a
magnetic field, H, of 28 kG and an angle, 8, between H and g, of 0°. Note the
sharp rise of attenuation at 68°C—the temperature of isotropic-cholesteric
transition. This trace does not show the fine-structure of the attenuation near
Ty « this feature will be discussed later.

Previous experimenis on this material showed a history-dependent
velocity anisotropy when the magnet was rotated while the material was
in the cholesteric phase. A small history-dependence at orientations near
@ = 0°. and 0 = 90° suggested the possible existence of boundary or texture
effects which presumably prevent complete reorientation. Also no attenuation
anisotropy was observed within the accuracy of those measurements. All
these effects suggested that the magnetic field strength of 12 kG was in-
sufficient to overcome the boundary anchoring and rotation induced texture
effects.
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FIGURE I Temperature dependence of velocity and attenuation with the field parallel to the
sound propagation direction.

Figure 2 shows the velocity anisotropy when the magnet was rotated in the
cholesteric phase. The hysteresis, though smaller, is still present. The magni-
tude of the anisotropy is substantially greater indicating a larger degree of
realignment.

Figure 3 shows the attenuation anisotropy which was observed for the
first time: this effect also had a finite hysteresis. Each point was obtained
after waiting for a time sufficiently long that a metastable equilibrium was
established. Figure 4 shows the variation of velocity with time following a field
rotation in the cholesteric phase. The slow response of the molecules can be
characterized by a relaxation time 1. The experimental data could be very
well represented by a growth function of the form (1 — e~*"). Figure 5 shows
the variation of T with the field strength H. The shape of the curve is con-
sistent with a field dependent relaxation time of the form

L e (25)
®H) 1+ bH?

For a temperature of 57.9°C we find
a=04x 10" min"!' kG2
b=04 x 107°kG™?

Here 1(5#) is measured in the bulk: for thin films, it can be quite different.
Using this curve we could estimate how much time one should allow for the
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FIGURE 2 Velocity anisotropy produced by rotating the field in the cholesteric phase. The
arrows indicate the way the field was rotated.
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FIGURE 3 Attenuation anisotropy produced by rotating the field in the cholesteric phase.
The arrows indicate the way the field was rotated.
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FIGUREG6 Field-dependence of the magnitude of the velocity anisotropy produced by rotating
the field in the cholesteric phase.

material to come to equilibrium. However, some degree of hysteresis still
remained after waiting what appeared to be a reasonable time. Clearly
texture and boundary effects could not be completely overcome with the
available field.

Figure 6 shows the field dependence of the magnitude of the anisotropy
[V(90°) — V(0°)], at two different temperatures. At the higher temperature
and with the maximum available field strength, a tendency toward saturation
is observed. But at the lower temperature saturation is not seen. This also
indicates the inadequacy of the field-strength to obtain nearly complete
reorientation.

The largest anisotropies, implying the highest degree of alignment, were
obtained using the field-cooling technique, i.e., the sample was heated into
the isotropic phase followed by a slow cooling into the cholesteric phase at a
desired angle. This was done for each angle and the resulting anisotropy in
velocity and attenuation are shown in Figure 7. The observed increase in
magnitude of the anisotropy points towards a higher degree of realignment.
With the field cooling technique saturation was observed above 15kG.
Taken together these observations imply a nearly complete alignment.

Figure 8 shows the temperature variation of C,, and C,, — Cs; calcu-
lated from Eq. (21). From the twisted nematic model they are related to the
corresponding nematic stiffness coefficients. The anisotropy is fairly large
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FIGURE 7 Velocity and attenuation anisotropy in the cholesteric phase. Produced by cooling
the material from the isotropic phase in a particular field-direction.
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compared to Lubensky’s prediction, and of the opposite sign. However, if
we assume that dispersion, similar to that observed in nematics, is present in
the cholesteric, then the twisted nematic model appears to explain the sign
and magnitude of the anisotropy reasonably well. The zero-frequency limit,
however, could not be ascertained without measurements performed at other
frequencies.
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FIGURE 9 Temperature dependence of two combinations of the viscosity coefficients in the
cholesteric phase.

Figure 9 shows the temperature variation of two combinations of the
viscosity coefficients. Within our resolution no intermediate maximum or
minimum was seen, indicating that the sin” 6 cos? 8 term in the expression
for the attenuation is rather small. With this assumption, both the expressions
derived for attenuation from the twisted nematic model and the hydro-
dynamic equations relevant to the cholesterics give us the same result

w? -
o) = W [(v2 + v4) + (vs — v4 + 2v3 — v,)sin? 0]. (26)

Observe that from Kemp and Letcher’s data, the sin? 8 term would become
positive for the values of v; they obtained. This would produce an anisotropy
of the observed sign. Figure 9 shows the temperature dependence of (v, +v,)/g,
and (vs — v, + 2vy — v;)/py. These values were obtained by least-square
fitting the data using Eq. (26). Here also we have assumed that the contri-
bution from the thermal conductivities is very small compared to the
viscosities.
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Section |V. Brillouin-zone effect

In this section we give a more detailed report of the acoustic Brillouin-zone
effect which was reported earlier.!2 The theory has been discussed in Section
IL. [t has been noted that an accurate measurement of attenuation is necessary
in order to see this effect. A block diagram of the electronics is shown in
Figure 10. The c.w. output of the high-frequency signal generator was fed to
two co-axial crystal switches which were alternately activated by a square-
wave generator. The output of the switches were applied to the sonic-cell and
a precision attenuator (which was adjustable to 0.1dB steps). The outputs of
the sonic cell and the attenuator were combined at the receiver input; the
receiver output was then applied to a lock-in amplifier which was also driven
by the squarewave generator. When the amplitude of the two signals (one
coming from the cell and the other from the attenuator) were equal, no a.c.
component arrived at the lock-in output. Using the amplitude of the lock-in
to interpolate between the 0.1dB steps of the attenuation, a resolution of
better than 0.005dB was routinely achieved. The period of oscillation was
~10*u sec which was much longer than the transit time through the sonic
cell (~1usec) and thus steady-state conditions were achieved. The round-
trip attenuation in the cell was greater than 12dB in the temperature range of
interest; thus the presence of standing waves produced a negligible distortion
of the results. Furthermore, the electromagnetic feedthrough between the
transmitter and the receiver was negligible. A second experimental arrange-
ment was also employed. Here the signal generator was frequency modulated
and any amplitude modulation of the signal traversing the sonic cell (resulting
from a frequency dependence of the attenuation, transducer characteristics,
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FREQUENCY RECEIVER
OSCILLATOR
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L SQUARE Lotk
\ERAT AMPLIFIER
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FIGURE {0 Block diagram of the electronics used for Brillouin zone effect measurement.
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etc.) was detected by a lock-in amplifier (the r.f. switches were not employed
in this configuration). We expected strong amplitude modulation only in the
vicinity of the Bragg condition.

All measurements were done at 4 MHz. The acoustic path-length was
2 mm and the temperature stability was +0.01°C. From the measurements
reported in Section III, the velocity of sound at 42°C was found to be
1.402 x 103 cm/sec which results in a g, = 179.4cm™ "

Figure 11 shows a plot of attenuation versus temperature for an angle of 30°
between the magnetic ficld H the strength of which is 28 KGauss, and the
sound propagation direction, q,. Note that a gap appears at 42.8°C and a
sharp change in slope appears at 41.6°C. This can be interpreted in the
following way: light scattering measurements'® showed that the pitch is a
strong function of temperature, being infinite near 42°C. The two points
corresponding to 42.8°C and 41.6°C represent identical pitches but opposite
helicity. However, since the Brillouin-zone boundary is approached from
opposite directions, the direction in which the attenuation changes should be
opposite, i.e., the lower temperature gap should mark a sharp decrease in
attenuation. It was noted, however, that in that temperature range the back-
ground attenuation rises very rapidly. The flat part of the attenuation curve
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FIGURE 11 Temperature dependence of the attenuation. The angle between g, and q, is 30°.
A gap appears at 42.8°C and a sharp discontinuity occurs at 41.6°C. Note an anomaly occuring
at the nematic point.
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just preceeding the drastic change of slope presumably results from the
combined effects of a small temperature inhomogeneity together with the
competing effects of the zone-effect and the back-ground attenuation. Note
that ananomaly in the attenuation occurs around the point where the pitch
is infinite, i.e., where the material is nematic. Since no phase transition is
expected at that point,'”'® this anomaly must arise from a different
mechanism.
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FIGURE 12 The same as Figure 11 with a suitable background subtracted. Gaps appear at
42.8°C and 41.6°C.

Figure 12 shows the same temperature sweep as Figure 11 with the estimated
background subtracted. Two gaps now appear in the attenuation. Figure 13
shows plots of attenuation versus temperature for angles 45°, 60° and 75°.
It would be interesting to investigate the nature of the anisotropy in this
region. The solutions to the equations, however, are quite complicated for
the intermediate range of values of qy/q, which are appropriate here. In
addition, at Ty the director can be anywhere in the plane perpendicular to
the field for an infinite sample; in a finite sample, the orientationis presumably
determined by the boundary conditions which are quite complicated in our
experimental geometry.

As was discussed in Section I1I, for each angle the material was field-cooled
from the isotropic phase. For each temperature sweep a total time of approxi-
mately 10 hours was required. Data collected at a faster rate were found to be
less reproducible, presumably because of a lack of a uniform macroscopic
orientation in the sample.

For each angle, g5, the component of g along qq is different and therefore
the Bragg-like condition is met at a different temperature because of the
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FIGURE 13 Absolute attenuation versus temperature. The angle between q, and g, are 15°
(triangles), 60° (circles), and 75° {crosses).

strong temperature dependence of the pitch. The two gaps were assumed to
be symmetrically spaced about Ty which was calculated to be 42.2°C. The
temperature dependence of the pitch calculated from the Bragg condition
is shown in Figure 14. The data were fitted to the relation

P=a/T - 1Ty) (26)

which yields the value 1304°C for a which is somewhat higher than that
obtained in the light-scattering experiment. This could be attributed to the
fact that small difference in concentration may change the rate of compen-
sation between the competing constituents of the material. This is also evi-
denced in the fact that Ty is also slightly different from the quoted value of
42°C. It is also possible that the temperature dependence is more complicated
than that given by Eq. (26).

For different angles the magnitudes of the gaps were measured. The angular
dependence of the higher temperature band-gap is shown in Figure 15. This
was fitted to Eq. (18) of Section II from which we derive the following values:

;1—(5v5 — 5v4 + 6v3 + vy) = 9.3 cm?/sec
(1]

1
;)—(v5 — vy + v, + 2v,) = 6.3 cm?/sec
]
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FIGURE 14 The temperature dependence of the pitch calculated from the Bragg condition.
The inverse pitch is plotted against temperature and the straight line is a fit using Eq. (22) with
Ty = 42.2°C.

sl 8

FIGURE 15 Angular dependence of the magnitude of the band-gap. The straight line is a fit
using Eq. (15).

Experiments at higher frequencies were not performed due to the rapid
increase in the attenuation with frequency. However, Figure 16 shows the
results of the frequency modulation experiment at 8 = 45°. A very large
peak in OI'/0 f; is seen as the temperature is swept through the value of g4(T)
satisfying the Bragg-condition. This would appear to eliminate any other
interpretation (e.g., involving a geometrical or size effect) of the data.
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FIGURE 16 Theabsoluteattenuation and its frequency-derivative plotted against temperature.
The angle between q, and qq is 45°.
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