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Abstract
We report here'the results of longitudinal ultrasound propagation in a

magnetically aligned smectic~C liquid crystal (p-p' Heptyloxyazoxy’beneéene)Q\
In the smectic-C phase the plane normals can lie an&where on a cone with the
axis along the magnetic field direction in which the sample wés cooled. The
effects of the layer normal direction and the molecular orientation within the
planes on the velocity anisotropy were separated by cooiing the sample into the
smectic-C phase at particular orientations of the maghetic field and spbsequently o
rotating the magnetic field. The results were analyzed on the Basis.of‘a multi-~
domain model where the aximutha; angle of the plane normal around the field 

direction was averaged over.
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INTRODUCTION

In recent years a conéiderable effort has gone into the formulation of hydro-
dynamic theories of liquid crystals. Martin and co-w,cn'kers]'"4 have sought to .
treat liquid crystals as having a&ditional internal degreés o & freedom over

mrmal liquids. Similarities have been noted-s"6 between liquid crystals and
systems like'sﬁpérfluids, superconductors,.and ferromagnets --'parﬁicularly
in terms of phaée-transitions in those systems.

Vari&us different points of view have arisen in attempting constructing a
suitable theory of liquid crystals. Howevef, in the hydrodynamic limit.(mbg -+ 0)
most theories agree.' Ultrasounda as a low frequency probe,Ais ideally suited to -
test the various prédictions of the different theories. |

of tbe various crystalline mesophases, hematicé‘have been mést extensively
studied.7’8 Some ultrasonic experimepts were dome in smectic-A liquid crys- .

tals.g’lo’ll

Smectic~C liquid crystals, howeber, have been ﬁery sparsely
studied. Compared to the nematic-smectic-A ghase transition, the nematic—;
- smectic~C phése-transition has received very little attention.A

iIn this paper we present some data on‘the anisotropic'longitudinal ultra-
sound propagation in a magneticélly aligned smectic-C liquid crystal. The
material chosen for this experiment was'p-p' Heptyloxyazoxybenézene (hereéftgr
referred to as HAB) which has the following tranmsition temperatﬁres:
Crystal *Zﬁ452§—4 Smectic-C *224229—+ Nematic égé;ggg%» Isotropic

It was shown by optical12 and NMR13’14

experiments thgt ﬁAB has a tilt angle
close to 45°. However, when it is prepared by cooling from the nematic phase_.
in a magnetic field, a polycrystalline arrangement may result. The molecdles
themselves will tend to lie parallel to the field‘cqolingAdirection. The_
normals to the smectic planes willthen have a polar angle of ~ 45° but their

azimuthal angle will be unspecified; it will be assumed that a polycrystal

consisting at a near random distribution of azimuthal angles is formed on



cooling. It is therefore necessary to modify the problem of sound propagation

in a smectic-C liquid crystal in oxder to account for this polycrystalline -

arrangement.

In Section I we describe Sriefly the sound propagation problem‘in a smectic-

C liquid crystal and derive an expression for the anisotropic velocity of sound

in terms of the so-called "titled smectic-A" model.

Section II contains the experimental results for sound propagation at -

frequencies of 7 and 12 MHz.
Section I: A. Theory of sound propagation

In this section we briéfly describe the theory of sand'propagation in a
liquid crystal. For details, the reader is referred to Ref. 1l1; we give only
the final results.

We introduce elastic stiffness constants cij which connect a six co@ponent

vector formed from the strain tensor uijAto a similar vector formed from the stress

tensor Oy .For a crystal with hexagonal symmetry, which inciudes uniaxial

‘117 %22% €137

c c -=c c_ =2% (¢ _.cC iaxi {ic~ 1
337 4455 and 66 2 ( 11 12). For the uniaxial smectic-A case there will

sysmetry as well, there are five independent non-zero elements:

= =C ¢ . i
€11 c22 12 €13 and 633 Because the smectic

planes can glide freely over one another, the shear component in the:1-3 and'2;3

be three independent constants:

planes i.e., s has been put equal to zero. With the substitution cij/p =

C -iwDij [where we require wDii< < C, . in order that the mode propagates many 3

13 k1

wavelengths without excessive attenuation] we obtain the following expression

for the velocity of longitudinal ultrasound in a smectic-A liquid crystal.

2_ . 2, 2 . 2.
2V —C1151n g+C,, ,cos 9+{C1151n 6-C

33

22,92 .2 2% |
33608 8) +401351n gcos“0}>. | (1)

Here § is the angle between the sound propagation direction and the 3-axis
which is parallel to the layer normal for smectic-A. A corresponding equation

-exists for the attenuation.



- B. Theory
According to the theory of bhrtin_et al3 hydrodynamic modes originaté from
two sources: 1) conservation laws, where a generalized density is proportional
to the divergence of a cofréépon&ing current,'and 2) the existence of broken
symmetries in an ordered system. The theory recogﬁizes that in iiquid
crystals. .hydrodynémic modes having the second origin exist.
The theory is generalized by encorporating a pfoper hydrodynaﬁic variable
X, (corresponding to the partiqular order associated Qith a given 1iqui§ crys- -
talline symmetry) and incorporating a term of the form & QZ dVixd'in the ex-~
pression for the free energy [where 8¢ is fhe_generali:ed force field coﬂjugate‘
to xa]. |
For a smectic-A liquid crystal,the proper variable is 33,the deformation of

the smectic planes, the normal to the planes being parallel to the 3-axis. The

necessary equations are then

0 .

-+ =
pY;v5= O

- . 4 . S
= (V.8 +ET 0, T L (2)

s

V3
- 2 . 2 2
Q= EV,V.8, + K (V] + V)T + K“VST

= - + +
Pvg = Ve ¥ 84¥i% s ¥ T ¥k

where {, E and nijk& are the diffusion constant, diffusion-temperature gradient
coupling coefficient, and viscosity tensor respectively. Neglecting all
dissipative processes, the ﬁelocity of longitudinal ultra-sound is given by

equation (1) with the following substitutions



5
= (92
»PC = (.a.P.) _2 (..QP;.) + .]; (_a}.)_3_.) (3)
33 op ox P BV3x p _BV3x sp

.= 9Py .1 . °p_
PCip= G - 5 Gop

The smectic-C and sméctic-—A cases differ in that for the former the molecules -
are perpendicular to the layers. The effect of this oﬁ the rgactiﬁe part of the
stress-tensor is of highér order in Z than that of other variébleé. Therefore
the real part of the elastic constant matrix of a smectic-C matérial is the same
as a smectic-A. Thus for a monodomain sample of smectic-C, the expression for
sound velocity is the same as Eqn. (1) with the 3-direction along the layer
normal. |
The conditions for static stability (i.e. that the free energy'of the

system is minimal) implies for smectic-A:

) >0and & >0
op % ] os o

93 B§>3'/2
-G >0
3" sp e sx

In terms of the C's the conditions are



€11%3 " C13

These conditions would be the same for the smectic-C case also.

C. The Multi -Domain sﬁecfic-C'Model
Fig. 1 shows the molecular arrangement in the smectic~C phase in a ﬁagnefic

field. Here ﬁ is fhe magnetic field and ﬁ is the élane normal. The plane -
normals are assumed to be distributed evenly on a cone with an apex angie equal
to 90° the axis of which is éiong the magnetic.field.

| The.maénetic field direction is chosen along the z axis; the spherical
coordinates of the plane normal are specified by (¢,%) where & is the azimugﬁal
angle and ¢ is the ﬁilt or polar angle of ~ 45°. ‘If the sound wave-vector is
given by (¥,0) where § is the angle between the magnetic field direction and
the sound propagation direction,‘then the angle‘e between the sound wave~vector

and the plane normal is giveh'by
cosf = cosycosa + sinycosacosd. _ j ' RO}

Substituting (4) in Eq. (1) for the sound velocity and averaging over the cone

azimuthal angle 3, we obtain in first order in the anisotropy -

2 : A __58 A, S8 . 2 138 &, '
Al = 4+ - - == — . — | - — \
v =legty - C11] MR c11)°°s ¥ o3¢ PV ! )

C2

13- Equation (5) was used to analyze the

where A = C_,.~ C.. and B =

33 711

velocity data.

11833

Section II. Experimental Results

The material was obtained from Eastman Organic Chemicals, and was recrys-




tallized from heptane. Traces of solvent change the transition temperature ;-

therefore the recrystallized HAB was pumped on for 48 hours to remove the

solvent. The material was placed in a fixed path sonic cell which. is described A:

elsewheré.11

A phase-sensitive technique was used for accuraté measurements‘of the
velocity‘éhange. Fig. 2 shows a Block-diagram of the electrpnicé. The method
is described iﬁ detail elsewhere.15 We routinely obtained an accuracy of better
than one part in a thousand for relative chaﬁges in velocity. thejabsolute
values were obtainediin_the i#otropic phase By the standaxd pulse-écho technique;
The acoustic path length was-7.8 ﬁm. The temperature of the ceil was controlled
electronically by a feed-back loop and the stability was.better than + .02°%.
Measuréments were performed at frequencies of 7 and 12 MHz. The cell was placed.
between the pole-pieces of an ADL electromagnet (Bitter type), the sfrength'éf
whiéh caﬁ be varied coﬁtinuouslytq)to ~ 28 KG. -

Fig. 3 shows the'variatioﬁ éf velocity and ettenuation with teﬁperature for
a frequeﬁcy of 7 MHz and with the. field perpendicular to the propagation'&irec-
tion. ~The isotropic-nematic phase-transition §howed the familiar features. The

-anisotropy in the nematic phase is shown in Fig. 4. For a frequency of 7 MHz,

the velocity anisotropy was too small to be measured. At a frequency of 12 MHz,

h§wever, the velocity anisotropy was larger, as expected. No.velocity aniso~- -
‘ tropy'wés seen within our experiﬁental accurac& when the magnet was'rdtated in
the smectic-C phase. An anisotropy in the attenuation, however, was seen by
rotating the field which is shown in Fig.lS (b). The attenuation ansiotropy
showved a finite hystéresis and its magnitude was approximately one-half of that
obtained in the nematic phase.

The preseﬁce of an attenuation-anisotropy and the absencevof é Qelociﬁy
anisotropy suggested that once the smectic layers had set in, the appliéd

magnetic field was not sufficient to rotate them. In the hydrodynamic limit,



the velocity is depéndent only on the #ngle bet&een the layer normal éﬁd the
sound wave vector and thus no velocity anisotropy is expected; The moleculeé
themselves, on the other hand, are free to follow £h¢ field—direction subjecf to
the condition that they stayiat 450 with respect to the.plane-nofﬁal (seé Fig. 1).
Part of_the»attenuation anisotrépy is therefofe due to the féarrangement of the
molecules within the planes as the field is rotated. When the sample‘is coéied
from the nematic phase at a particular orientationvof,the field, the-in&ividual
molecules lie parallel to the di:ection of the field in which it. is cooled.

When the field is rotated subsequently, the directbr in each domain reorients sd
as to minimize the free energy. For a compiex multidomain structure in a finite
sample with specific boundary conditions the process of rearrangement can
presunably be a:slow one.

As was discussed iﬁ Section I, the smectig—c phase has the broken trahsla- .
tionvsymmetry of the smectic-A phase in a direction parallel to the pléne—normal.
In addition, it has broken agimuthal rotational symmétry within the planes. One
can separate the effects of planér strucfufe‘from thoée qf the molecular orien-
tation within.che'planesiby : subsequently rotéting‘the'fieldﬁin the smectic-
C phase.

Fig. 5 (a) shows the‘anisotropy in attenuation obtained by field cooling -
for a frequency of 7 Miz. Compafing this with Fig.is'(b) one can sée .the
effects of field-cooling as opposed t those -of field-rofation. Itlwaé, hoWeQer,
pqipted out by Martin et al. that a smectic-C liquid crystal cbntaiﬁs 13 in-
dependent viscosity coefficients and 21 dissipative coefficients in all.
Measuremeﬁts of the anisotropic attenuation of longitudinal ultraéound are not
sufficient to reveal the dissipative processes cpmpletely. |

Fig. 6 shows the field-cooled velocity anisotropy in the smectic-C phase at

93.6°C and 84.7°C for a frequency of 7 MHz. The shape of the velocity aniso-

tropy curve differs from that usually observed in smectic-C materials; however,



it is not surprising in the light of the complex averaging involved in Eq. (5).
Note-ehat the magnitude of the velocity anisotropy is extremely smali. 'Part'of
the smallness is due to the fact that the averaging ﬁrocess used to arrive at-

Ee. (5) has the effect of reduc1ng the anisotropy with respect to the fully
aligned monodomain sample; part may also be due to a breakdown of our assumption
that the director reﬁains ésrallel to the field on cooling through the N-C traﬁsi-
tion. |

By least square fitting the data using Eq. (5) one gets the following

At 93.6°C, C11~ 1 6755 x 101 cmz/secz; C33= 1.6799 x'iO10 cm2/sec2; C13=

10 2 U .al0 2z 2. .
1.6640 x 107 cm 2/sec® and at 84.7° C, Gy, 1.7369 x 107 em “/sec”; Cy,= 1.7426 x
1010 cm /sec : q3" 1 7250 x 1010 cm /sec .

Note that these values satisfy the stability conditions mentioned in section I.

1 1 .
Two combinations of these e1ast1c constants,name y,p(Cl1 Clg* (av - and

8§
3 .
p(Cll 33 2C1£ p BV x)S refer to oerlvatlves of quantities with respect to

the gradient of the deformation of the smectic layers. The weak temperature

dependence of these two combinations compared top011= (%%) indicates that once

sx

the smectic layers set 1in, the tilt angle does not change significantly with
= . e e . 13,14

temperature. This agrees with the observations in NMR experiments. . The

magnitude of the veldeity anisotropy in the fuily-aligne& monodomain smectic-C,
as calculated from the values of the elastie eonstant%is comparabie with thet
of .CBOOp\ which is small compared with other smec'tics.11

Fig. 7 shows the anisotropy in the velocity.and the attenuation at 84.7°C
produced by field—eboling fqr-a frequency of 12 MHz. fhe magﬁieude andvthe
shape of the velocity anisotropy curve do not differ significantly from those
for 7 MHz. Compering this velocity-anisotropy with the ene observed in the
nematic phsse we ideﬁtify the two sources of velocity anisotropy in liquid

crystals. One is the dispersion, as seen in nematics, arising from the presence

of one or more slow internal relaxation processconnected to the average molecular



10

6rientétion, i.e., the director. This anisotropy, as seen in our‘data,4
decreases with frequency and vanishes in the hydrodynaﬁic limit“ The other oné is '
trgly hydrodyﬁamic in character, conﬂected to the appearancé of smectic planes.
From our datain.the‘sméctic—d phase, this anisotropy seems to be freqﬁency
independent within the:range used and appears to be finite.in'the hydrodynamic
limit. -

The nematic-gmectic-ciphase-transition'showed very striking.featureé. A
distinct velocity minimum was seen at the transition, but no maximum iﬁ.attenu-
ation was observed; The sharp decrease in attenuation at the tramsition could
be due toba sudden decreéée in diffusivity on the appearaunce of smectic layers. A

detailed study of this phase transition would be.desirable..
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Figure Captions

Geometry of sound propagation in a multi-domain smectic-C liquid
— . .
crystal. ﬁ is the magnetic field, N is the normal to the smectic

o - . :
layer, M is the molecule, and 9 ound is the sound wave-vector.

" Block diagram of.the electronics.

‘Temperatdre-dependence of the velocity and attenuation of sound .

. - . .
with 9 ound perpendicular to T

The anisotropy of the velocity and the attenuation in the nematic

phase.

The anisotropy in the attenuation in the smectic~-C phase produced

by (a) field-cooling and (b) field-rotation.

The anisotrpy in the velocity in the smectic~C phase at two different
températures produced by field-cooling . The solid lines are the least-

square fit using Eq.(5).

The anisotropy in the velocity aund attenuation in the smectic-C phase

at a frequency of 12 MHz. The solid line is the least-squares fit

using Eq. (5).
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