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Light Scattering by Deformation of the Plane Texture
of Smectic and Cholesteric Liquid Crystals*

Noel A. Clark and P. S. Pershan
Division of Engineeving and Applied Physics, Havvarvd University, Cambvidge, Massachusetts 02138
(Received 18 October 1972)

Distortions of the plane texture of smectic-A and cholesteric liquid crystals are shown
to combine with the uniaxial birefringence of the plane texture to produce a strong char-
acteristic light-scattering effect. We have observed static deformations, arising from
surface defects, as well as dynamic deformations arising from thermal or mechanical
stress. An immediate application of this effect is to confirm theoretical speculations on

the elasticity of smectic-A phases.

Theoretical work, firstly by de Gennes® and
subsequently by others,? suggests that for an in-
compressible smectic-A liquid crystal in the lin-
ear hydrodynamic approximation, the elastic
strain can be described in terms of a single vari-
able u(x,y,2) that specifies local displacements
of the smectic layers similar to the manner in
which the strains in single crystals are described
in terms of the displacement of lattice points. The
theoretical prediction is that away from bound-
aries and localized defects and in the absence of
externally applied body forces, u(x,y,z) satisfies
the differential equation

32 32 82 2
% ”s;z-K[s,?*a—yz]

where the z axis is taken normal to the smectic
layers. For the incompressible isothermal smec-
tic,? b is the single first-order elastic constant
required and K is the single Frank-like second-
order elastic constant. Although Eq. (1) is quali-
tatively consistent with observations on the gross
morphology of smectic-A systems, there have
not been any serious attempts to test it more
quantitatively. We present here first observa-

tions on a new optical effect which will allow quan-
titative study and which has enabled us to place

ux,y,2)=0, 1)

an upper limit on the ratio K/b for a smectic-4
sample. Experimental data are reported on a
racemic mixture of p-butoxybenzal-p-(8-methyl-
butyl) aniline (BBMBA)® at 20°C. This compound
is nematic from 58 to 37°C, smectic A from 37 to
18°C, and has smectic-B and crystalline phases
at lower temperatures.

Single-domain smectic-A samples in the planar
texture were produced between two glass slides
separated by amounts varying from 25 to 750 um
by cooling from the nematic. The samples were
observed to be optically uniaxial with a positive
birefringence and optic axis normal to the glass
slides. The samples showed almost no turbidity.

The experimental geometry is schematically
shown in Fig. 1(a). A collimated beam LS from
a 20-mW He-Ne laser (6328 i&) is incident on a
smectic-A sample at an angle ¢; to the uniaxial
(or z) direction in the y-z plane. The illustration
in Fig. 1(a) assumes that the light is polarized
perpendicular to the principal plane (in the x di-
rection) such that it propagates as an ordinary
wave in the sample. For ¢;=0, only the trans-
mitted laser beam, striking the observation plane
at point O, is visible. However, for ¢;# 0 we ob-
serve, in addition to this spot, a bright crescent
of scattered light, ABC, polarized locally nor-
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FIG. 1. (a) Schematic of the experimental geometry.
The angles ¢; and ¢, are measured outside the sample.
(b) Incident and scattered wave vectors measured inside
the sample subject to the condition ké‘ =k,S.

mal to the crescent. The crescent consists of a
speckled pattern of coherence areas, which are
fixed in time, indicating that the scattering is
produced by microscopic inhomogeneities which
are also fixed in time. Microscopic observations
of the scattered light, obtained with a polarizing
microscope using tilted samples and oblique il-
lumination, showed that the detailed spatial dis-
tribution of scattered light remained unchanged
under conditions where the sample was made to
flow between the slides. This suggests that, in
an equilibrium sample, the scattering originates
from defects which are pinned to the surface.
The geometry and polarization of the crescent
is completely described by assuming static di-
electric constant inhomogeneities 6€ () that de-
pend on only x and ¥ so that their Fourier trans-
forms 6€(q,,q,,9,) are sharply peaked at q,=0.
Thus, an incident light beam of wave vector k!

= (k' k', k') is elastically scattered into a wave
of wave vector k°= (k' +q,,k,' +q,,k,"). Figure
1(b) illustrates the wave vectors of the scattered
light (inside the sample) allowed under the con-
dition that ¢,=0. The line SO is the wave vector
(inside the sample) for the incident light, polar-
ized as an ordinary wave. The wave vector for
an extraordinary wave of the same frequency and
2 component of wave vector, SB, is confined to
a cone of apex angle ¢,° (as measured inside the
sample) leading to circular crescents in accord
with our observations. Figure 2 demonstrates
the quantitative agreement between the cone an-
gles ¢, measured outside the sample, and those
calculated assuming ¢,=0 and using the measured
values of the refractive indices of BBMBA?® (,
=1.746, n,=1.507). Results are presented for
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FIG. 2. Cone angles ¢; measured outside the sample
of BBMBA at 20°C compared with values of ¢ calculat-
ed using the measured refractive index ratio of BBMBA
(n,/n,=1.16).

both the geometry shown in Fig. 1 (O—E) and
the other possibility where the incident light is
an extraordinary wave and the scattered light is
ordinary (£ —~O). In the latter case the crescent

a) SMECTIC (O—E) b) SMECTIC (E—0Q)

d)CHOLESTERIC (E=0)

c) CHOLESTERIC (O~E)

FIG. 3. Multiple-exposure photographs of the scat-
tered-light crescents for the following angles ¢;: (a) 5°,
25°, 40°, 49°, 55°, 58° (b) 5°, 25°, 40°, 50°, 60°, 70°,
80°; (c) 20°, 70°, 85°% (d) 10°, 45°, 63°, The circular
spot at the center of each picture is the attenuated la-
ser beam, Note the reversal of crescent position for
the cholesteric since it is negatively rather than posi-
tively birefringent.
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(A’B’C’) of scattered light appears to the left of
point O in Fig. 1(a) with polarization locally tan-
gent to the crescent. Figures 3(a) and 3(b) show
multiple-exposure photographs of scattered-light
crescents obtained from a 125-um-thick sample
of BBMBA for a series of sample orientations

@; and the two polarization conditions.

The effects presented here can be explained in
terms of static distortions in the uniform layered
structure of the idealized smectic system that re-
sult from either localized defects (i.e., disloca-
tions or disinclinations) or irregularities in the
surfaces of the glass slides containing the sam-
ple. At any point (x,¥,2) not near to either the

u(x,y,z)= [dq,dq,{AG.) expl- (K/b)"/?q %]+ B(.) expl+ (K/b)"?q .2z ]} expli(@ .- F.)],

where 4, = (g,,9,) and T = (v,,7,). The Fourier
amplitudes A(g,) and B(q,) are determined by the
boundary conditions on the regions for which Eq.
(1) is applicable.

We have also considered and rejected alterna-
tive interpretations for the scattering mechanism.
For example, suppose the scattering were due to
the core regions of dislocations (which cannot be
described by the linear theory). Then the resul-
tant inhomogeneities 6€ would have to be slowly
varying along the z axis [(k*~k*,~0], and would
appear as bright lines when viewed under a mi-
croscope. Defects of this type can be observed
if the samples are intentionally disturbed but are
not present during our measurements.

Crude estimates of the factor K/b, which must
have the dimension of a length squared, are K/b
~(a/2m)?, where a is the smectic layer spacing
of the order of 20-30 A.“* Taking ¢, = 107127/
A), where A=6328 A, yields (K/b)/2¢,2~5 cm™!
to be compared with ¢, ~10* em™. Thus, 6€,(q)
induces scattering with an uncertainty A(k’ -]T{s)z
=~ (K/b)"?q 2~ 0. The length of ¢, is fixed by the
index-of-refraction condition sketched in Fig.
1(b). Alternatively, we can measure the angular
dependence of the scattered intensity normal to
the crescent and determine the ratio of K/b. In
all our experiments to date, with samples up to
750 pm thick, the angular dependence has been
determined by the finite sample thickness, i.e.,
A(k* —Kk®),~ 271", where [ is the sample thick-
ness. For the £ -0 polarizations this condition
gives, near the point B’,

(K/b)2<22(27l) Y ny/ (n, — 1) P (sing ) 2.
For ¢,~80° and =750 um, (K/b)"/2<56 A.®

core of a defect or some irregular surface-bound-
ary condition, the layers can be described in
terms of the variable u#(x,¥,z) which will locally
satisfy Eq. (1). In those regions of the sample
for which the local linear theory is applicable the
dominant light scattering mechanism can be at-
tributed to inhomogeneities in the optical fre-
quency dielectric tensor, 6€,,~8,u and b€ ,~8 u.
For the geometry of Fig. 1(a) the intensity is
roughly given by I ~{l8€,({)!? ~q,21u(d)!? where
d=¢.9,,9.) =k*-k'. The factor ¢,2 explains the
dark spots observed at point B in Fig. 1(a) and on
the crescent along the y axis in Fig. 3.

The selection rule (ES—E‘)zzqzzO can be under-
stood in terms of the following solution to Eq. (1):

)

This upper limit represents the first quantitative
confirmation of the structure of elastic theories
proposed for smectic liquid crystals.»** Mea-
surements of the relative intensity of scattered
light along the crescent (ABC) can be used to de-
termine (u (g )?)Y/2.°

Similar effects have also been observed in the
cholesteric phase of p-ethoxybenzal-p-(8-meth-
ylbutyl) aniline® (EMBMA) which has a pitch P
=2230 A at 20°C. Photographs of the scattered
light from EBMBA are shown in Figs. 3(b) and
3(c). This is particularly interesting since the-
oretical arguments have been made to the effect
that for ¢ ™' > P, the elastic-hydrodynamic prop-
erties of cholesterics are identical with those of
smectic A,*7 the sole difference being that (K/
)% is larger in the cholesteric.® One conse-
quence of this difference is the observed fact that
the crescent is relatively wider in the cholester-
ic than in the smectic and the width can be used
as some measure of (K/b)2. Since (b/K)Y%q "2
> P, comparison can be made to the long wave-
length limit of the theory for cholesterics,*®
(K/b)*2 = (3)"2P /21 ~200 A, where we have taken
the three Frank constants equal. This is to be
compared with a value of (K/5)/2~310+100 A
deduced from the observed width of the crescents
(i.e., 8¢ ~0.5°) for ¢,=60°.

We have, in addition, found the scattered light
useful in detecting time-dependent distortions
associated with mechanical or thermal stressing
of samples confined by glass slides. We observe
that an applied stress directed towards compres-
sion of the smectic layers, i.e., squeezing the
slides together, reduces the intensity of light
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scattered into the crescents. Presumably this
tends to straighten out the layers. McMillan®
observed an increase in layer spacing in a smec-
tic A with decrease in temperature. For fixed
slide spacing, a decrease in temperature would
thus produce a compressive stress, and we do
observe a decrease of scattered intensity on cool-
ing our samples. On the other hand, stresses
of opposite sign, such as allowing the slides to
move apart, are always accompanied by a dra-
matic increase in the scattered intensity and,
therefore, distortion of the layers. Both revers-
ible and irreversible distortions upon expansion
have been observed. For sufficiently weak and
slow expansion, the excess scattered intensity
disappears when the expansion is stopped. How-
ever, continued alternate squeezing and expan-
sion of the sample always results in a gradually
increasing level of static scattering, which, mi-
croscopic study shows, is associated with en-
hanced static surface defects. These observa-
tions suggest the possibility of acoustic detection
by expansion-induced deformations and surface
defects in the smectic and cholesteric plane tex-
ture.

We would like to acknowledge the continued in-
terest and assistance of R. Meyer and of Z. Mul-

jiani and D. Dolphin who prepared the compounds
studied here. We have profited from discussions
with G. Durand concerning this effect.®
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dation Grant No. GH-33576 and by the Division of Engi-
neering and Applied Physics, Harvard University,
Cambridge, Mass. 02138.
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Ygimilar results to those presented here have been
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Magnetic-Field—Induced One-Dimensional Behavior in the Specific-Heat Transition
in Dirty Bulk Superconductors

R. F. Hassing* and R. R. Hake ¥
Indiana Univevsity, Bloomington, Indiana 47401

and

L. J. Barnes
Mavrlborough School, Los Angeles, California 90004
(Received 3 November 1972)

The specific heat is calculated in the transition region for an extreme type-II bulk su-
perconductor [zero-temperature Ginzburg-Landau (GL) coherence length £ (0)~ 48 A,
dirtiness parameter §,/l~ 120, GL parameter K = 67] for various values of applied mag-
netic field #, and compared with previously published data. Nonlocality is neglected
and the quartic term in the GL free-energy functional is treated in a Hartree approxima-
tion. The calculated and measured transitions broaden with increasing H, the latter in a
manner suggestive of an approach to the theoretically predicted one-dimensional form.

There has recently been both theoretical® and
experimental® interest in the question of a possi-
ble magnetic-field—induced reduction of effective
dimensionality in superconductors. As noted by
Lee and Shenoy,® application of a magnetic field

6

to a bulk superconductor can lead to effective
one-dimensional behavior in the fluctuation spe-
cific heat near the critical temperature 7,,(H).
In the presence of the field the order parameter
is expanded in Landau orbitals (instead of plane
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FIG. 3. Multiple-exposure photographs of the scat-
tered-light crescents for the following angles ¢;: (a) 5°,
25°, 40°, 49°, 55°, 58° (b) 5°, 25°, 40°, 50°, 60°, 70°,
80°; (c) 20°, 70°, 85°% (d) 10°, 45°, 63°, The circular
spot at the center of each picture is the attenuated la-
ser beam. Note the reversal of crescent position for
the cholesteric since it is negatively rather than posi-
tively birefringent.



