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Light Scattering Study of Structures 
in a  Smectic  Liquid Crystal 

Abstract: The effect of surface treatment, sample thickness, and cooling rate on the structural order in the smectic phase of p-n- 
octyl-p’-cyano-biphenyl has been investigated by light scattering, and the results have been interpreted in terms of theories developed for 
crystalline polymers. Fan-shaped superstructures are found when the long dimension of the liquid crystal molecules is aligned parallel to 
the wall  of a cell. But banded two-dimensional spherulites exist when the long dimension of the molecules is aligned perpendicular at one 
wall and parallel at the opposite wall. Uniaxially oriented rodlike structures  are observed when the wall surface is lapped. Because 
surfaces have a strong effect, the superstructures are less highly ordered in thick than in thin cells. With an increase in cell thickness, the 
size of the superstructures increases along with the degree of disorder. If a sample is cooled rapidly to the solid state and then heated to 
the smectic state,  the  order in the smectic liquid crystal is reduced, as shown by a marked increase in the effect of density fluctuations on 
light scattering patterns. In a sample cooled slowly from the nematic to the smectic state, light scattering results primarily from orienta- 
tion fluctuations. 

Introduction 
Liquid crystals,  as the name implies, are characterized by 
the existence of molecular order intermediate between 
that of the liquid  and crystalline states. The nature of such 
order has  been  used  to  classify  liquid crystals into three 
categories-smectic, nematic, and cho1esteric”each of 
which reflects a different type of local  molecular  organiza- 
tion [ I ,  21. The order in these phases, at short range, de- 
rives from  parallel  or  nearly  parallel arrangements of 
elongated  and  fairly rigid molecules.  This short-range or- 
der, characteristic of the distance between molecules  and 
layers of molecules, as well as the orientation of mole- 
cules  with respect to each other, can be  measured by x- 
ray scattering. The correlation distance, which  is a meas- 
ure of the range of the  order, is observed to be less than a 
few tens of nanometers. The actual short-range order, 
however, can extend to distances on the order of 100 nm 
or more. The x-ray studies become  difficult because the x- 
ray scattering associated with such long correlation dis- 
tances occurs at very small angles, which for experimen- 
tal purposes are difficult to access. These large-ordered 
domains do, however, scatter visible  light at much  larger 
angles  and thus present no experimental difficulties to 
characterization by the light scattering techniques. The x- 

ray scattering is primarily sensitive to the electron density 
of the systems and is only  indirectly related to the molec- 
ular orientation. On the other hand, the light scattering is 
dependent on the anisotropy of the system, which  is de- 
termined by the type and orientation of the chemical 
bonds constituting the molecules. The description of the 
arrangement of these bonds is of prime importance in de- 
scribing structures in liquid crystals. 

The light scattering technique has been widely used for 
structural characterization in crystalline polymers [3]. 
The interpretation of structural information  has  been 
based on two approaches, the model approach and the 
statistical approach. The model approach is  suited to sys- 
tems that have  definite structural units; it provides infor- 
mation about the shape and size of these structures. The 
statistical approach is applied  to systems that cannot be 
characterized by a discrete model; the structural informa- 
tion is thus described by statistical parameters. Both of 
these approaches have been  applied to structural charac- 
terization of  liquid crystals [4-91. For example,  Stein et al. 
[4] showed that the solid state of certain cholesteryl esters 
can exist either in a negatively  birefringent spherulitic 
form  with a size dependent on crystallization temperature 
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(model approach),  or in the form of randomly  correlated 
aggregates of crystals  best characterized by a  correlation 
function  (statistical approach). 

In this work, we have used light scattering  to investi- 
gate the  structures in the smectic phase of p-n-octy1-p'- 
cyanobiphenyl and the variations in these  structures  due 
to surface  effects,  sample thickness,  and thermal  history. 

Experimental 

Material and cell  preparution 
The liquid crystal, p-n-octyl-p'-cyanobiphenyl, was ob- 
tained from  Gallard-Schlesinger Chemical Corporation, 
New York.  The transition temperature,  for  the  state 
change  from solid to  smectic, T,,, is  19.48"C  (292.63 K); 
from smectic  to  nematic, T,,, it is 32.60"C  (305.75 K); and 
from  nematic to  isotropic, TN,, it is 39.54"C (312.69 K), as 
measured by differential scanning calorimetry. 

Cells for light scattering studies  were  formed by placing 
a spacer of  13 pm between  two  sheets of 0.50-cm-thick 
glass that was filled with the liquid crystal and  then  sealed 
with an epoxy-covered Myla?" (E. I .  du Pont de  Nemours 
& Co.). The glass  was treated to obtain  different align- 
ments of the liquid crystal  at its surfaces. A parallel 
alignment with the cell surface  was  obtained by either 
coating the glass with plasma-deposited SiO, or by lapping 
the glass with AB gamma alumina #3  for two  minutes on 
a wheel 18 in. (45.72 cm) in diameter. The homeotropic 
alignment was achieved by plasma-depositing  a poly- 
fluorocarbon film onto  the  substrate [lo]. A cell with 
mixed alignment, i.e., parallel alignment at one cell surface 
and  perpendicular alignment at  the  opposite  surface, was 
constructed with one  Si0,-coated glass  and one poly- 
fluorocarbon-coated  glass. This mixed-alignment cell is 
similar to  that  reported by Kahn [ 1 11. 

In order  to  study the structure  dependence on cell 
thicknesses, a  wedge-shaped cell was constructed by 
placing a spacer  between two sheets of glass along one 
edge and placing the  two  sheets in contact with each other 
along  the opposite  edge.  The surface treatment was the 
same  as  that of the mixed-alignment cell. 

The designations  and  descriptions of these cells are 
summarized in Table 1 .  

Cells, after being filled with the liquid crystal, were 
heated to 38°C  (31 1.15 K) to convert  the system  into  the 
nematic state. Reversion of the liquid crystal to  the smec- 
tic phase  was  then  accomplished by allowing the cell to 
cool by natural convection to ambient temperature (about 
23°C or 296 K). In this manner,  the possibility of non- 
uniform filling of cells  was  avoided. The thermal treat- 
ments to the samples involved different degrees of super- 
heating  and rates of cooling  carried out in a  Mettler FP-52 
hot stage. For  the superheating treatment, a  sample  was 
heated to 10, 20, and 30 K above the TxI and  then 
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Figure 1 Schematic diagram of a  photographic light scattering 
apparatus (from [ 161). 

Table 1 Description of sample  cells. 

Sample Surface  Alignment  Thickness 
cell freutment (ctm) 

A polyfluorocarbon coated perpendicular 13 .O 
B SiO, coated parallel 13.0 
C lapped parallel 13.0 
D combined* mixed I3 .O 
E combined* mixed variable 

"" 

*One surface  coated with SiO,; the other  surface  coated with polyfluorocarbon. 

cooled slowly to 296 K. Two cooling rates were applied 
to the  samples. The slow-cooled  sample was made by 
cooling the  sample  from the nematic state  to  the  smectic 
state by natural  convection  and  the  fast-cooled  sample 
was  obtained by quenching  the  sample from the  nematic 
state with liquid nitrogen and then allowing it to slowly 
reach 296 K. 

Light  scattering  experiment 
A photographic light scattering apparatus was used to re- 
cord  scattering patterns. A schematic diagram of the ap- 
paratus is shown in Fig. 1 .  The light source was a Spectra 
Physics Model 133-01 helium-neon laser  equipped with a 
Spectra Physics  Polarization rotator whose  power  and 
wavelength are I .0 mW and 632.8 nm, respectively. The 
scattering patterns were recorded on Polaroid Type 52 
films, ASA400. 

In a light scattering  experiment,  two  types of polariza- 
tion arrangement are generally used. The H,, pattern is 
obtained when the polarizer and analyzer  are per- 
pendicular to  each  other and the Vp pattern is obtained 41 
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Figure 2 Scattering  patterns and  photomicrograph of SiO, 
coated cell. (a) H,; (b)  V,; and (c) photomicrograph  between 
crossed  polaroids, with the  enclosed  center  portion a schematic 
representation of optic axis orientation. 

when the  polarizer  and  analyzer  are parallel. The H, scat- 
tering arises mainly from  orientation  fluctuations, while 
the V, scattering derives from  both  orientation  and den- 
sity  fluctuations [12]. In this work, mainly H, patterns 
were  employed to  interpret  the  structures found in the 
liquid crystal  samples. Polarizing  photomicroscopy  was 
used to  complement  structural information obtained  from 
light scattering patterns. 

Results and discussion 

Efect of surface  treatment 
Sample cell A (see Table l), with the liquid crystal homeo- 
tropically  aligned, appeared  to be  clear  and the  scattered 
light intensity was  too weak to be recorded.  The cell, 
when observed between crossed polaroids on a polarizing 
microscope, was  not  totally dark but appeared  to be light 
greyish-blue in color.  Such a “homeotropic blue” has 
been observed in cholesteryl myristate and was  attributed 
to the scattering of visible light by structures of sizes 
smaller than  the wavelength of the light [9]. The homeo- 
tropic alignment in sample cell A must have  caused  the 
elongated  molecules to  orient parallel to  the optical paths 
(cell surface  normal to  the incident light beam)  and thus 
reduced the  scattering  cross section of the aggregates 
formed, resulting in a  very weak scattering state. 

The H, and V, scattering patterns  from sample cell B 
are shown in Figs. 2(a)-(d). The H, pattern  appears  to be 
a superposition of two similar scattering patterns, a very 
bright one  at low  angles and a weaker one  extended to 
larger  angles. While the low-angle H, pattern may be ex- 
pected  from randomly  oriented rods [13], such  structures 
do not seem to closely represent  the fanlike structure ob- 
served in the photomicrograph [Fig. 2(c)]. Yoon [ 141 and 
Tatematsu  et al. [15] have shown that  such  patterns can 
also  be  obtained  from structures having  a single sheath- 
like or sector  shape. When the  sector angle is greater than 
12V, the  patterns  are  characteristic of spherulite  scatter- 
ing; e.g.,  there  exists  an intensity  maximum in the H, clo- 
ver-leaf lobe [16]. When the  sector angle is less  than 120”, 

as in the fan-shaped structure in Fig. 2(c), the scattering 
patterns  are like those from  rod scattering.  Thus,  the low- 
angle patterns  observed from sample cell B can best  be 
interpreted as coming from large  fanlike structure instead 
of from rods. A closer look at Fig. 2(c) shows  that within 
a fanlike region, there  are  short  striations of different 
shades, which indicate a variation in orientation of the 
optic  axis. The fluctuation in orientation has a  strong  cor- 
relation  along the  striation and thus may be describable 
by the  “nonrandom orientation  fluctuations”  theory 
[17, 181. In  such a system,  the probability that  the optic 
axes ai and aj (Fig. 3) of two  scattering elements  are paral- 
lel depends on the separation vector rij and  the angle p 
between one of the  axes and rij. When p is close  to O”, the 
optic axes tend to  be parallel to  the long direction of the 
correlated domain and form the so-called fiberlike struc- 
ture. When p is close  to 9O”, a disklike structure is 
formed. Such a system  is different from one described by 
“random  orientation  fluctuations” [19]  in that  the  corre- 
lated  orientation in the  “random”  systems  depends only 
on the  separation of the optic axes  and  thus usually gives 
rise to spherical domains. Schematic representations of 
the  random, fiberlike,  and disklike orientation  correla- 
tions are shown in Figs. 4(a)-(c). The scattering patterns 
obtained  from systems with random  orientation fluctua- 
tions are cylindrically  symmetric about  the incident 
beam. The  scattering from both fiberlike and disklike 
structures  results in the  same four-fork  H, pattern. How- 
ever, in the  case of disklike structures, the V, pattern is 
extended longer in the direction parallel to  the polarizer; 
while for fiberlike structures, extension is in the direction 
perpendicular to  the polarizer. In Fig. 2(b) the wide angle 
V, pattern  extends  farther in the  direction  perpendicular 
to  the  polarizer, suggesting  that the  structure in the stria- 
tion is fiberlike. The orientation of the  optic  axis  was fur- 
ther verified by determining the slow axis of the corre- 
lated  regions within a sector by using a polarizing micro- 
scope.  The slow axis was found to lie along the striation. 
Since  the  polarizability  anisotropy of the liquid crystal is 
positive [2O], the liquid crystal  domain thus can  be as- 
sumed to lie  parallel to  the long direction of the  striation, 
a  condition  which results in fiberlike correlated domains. 
Such fiberlike correlated domains are smaller  than the 
host fanlike structure and are responsible for  the wide- 
angle scattering pattern [Fig. 2(a)], since  these smaller 
scattering domains will scatter  at larger  angles. The sche- 
matic representation of the orientation of the optic axis 
within the fanlike structure is shown in the enclosed cen- 
ter portion of Fig.  2(c). The  dark  edge  between  the fanlike 
structures  and  the different shades of the striation within 
the fanlike structure result from the  change in orientation 
of the  optic  axis. 

The H, pattern  from sample cell C, with the lapping 
direction  close to  the polarizer direction,  is shown in Fig. 

w. n. CHU AND J .  T. JACOBS IBM 1. RES. DEVELOP. VOL. 22 NO. 1 JAN 1978 



Figure 3 The angles a, p ,  and Oij for two scattering elements 
with  their optic  axes  oriented  at angles Oi and Oj and  separated by 
rij in two dimensions  (from [18]). 

5(a). The  pattern  shows a long streak extending in a direc- 
tion perpendicular to  the lapping direction.  The  pattern 
rotates with the rotation of sample; that  is, the  streak  re- 
mains extended perpendicular to  the lapping direction,  as 
shown in Figs.  5(b)  and  5(c), in which the lapping  direc- 
tion is parallel to and at 45" to  the polarizer direction, re- 
spectively.  The  scattered light intensity in Fig. 5(c) is 
much  stronger than  that observed in Figs. 5(a) and 5(b). A 
5x shorter  exposure time  must  be  used to record Fig. 
5(c), so that  the  streak will not be washed out through 
overexposure. Diffuse scattering  at wide-angle could  be 
observed in the Fig. 5(c) arrangement if the normal  ex- 
posure time  were  used.  Such diffuse scattering  could not 
be  observed from the  arrangements  shown in Figs. 5(a) 
and 5(b) even if a much longer exposure time  were used. 

Figure S(d) shows long fiberlike structure  extended 
mainly in the lapping  direction,  indicating a highly aniso- 
tropic  orientation for  the  structure.  The HY pattern shown 
in Fig. 5(a) can be  reproduced by the  theoretically  calcu- 
lated pattern [Fig. 6(a)] obtained by using the Stein- 
Rhodes rod theory [ 131. The  theory is based on scattering 
from  independent rods without  consideration of the  scat- 
tering  interference  from other rods. However,  for qualita- 
tive structural identifications, the  theory  has been suc- 
cessfully  applied to  systems having either randomly  dis- 
tributed or  oriented  rods [13, 211. The calculated pattern 
consists of five intensity levels spaced uniformly in the 
logarithmic scale  between  the maximum and the mini- 
mum shown by the  markers in the  order of 0 > A > + > 
X > e. In the calculation  a  delta  function is used to de- 
scribe  the orientation  distribution of rods;  i.e., the  proba- 
bility of finding a rod oriented in one particular direction, 
the lapping direction, is the greatest, while that  for any 
other direction is almost  zero.  The  pattern in Fig. 5(b) can 
also  be  calculated  [Fig. 6(b)] by taking the maximum ori- 
entation direction to  be  at 90" to  the polarizer  direction. 
Thus,  the  structure in sample cell C can be  described  as 
consisting of uniaxially oriented rods, in agreement with 
the  structure shown in Fig. 5(d). 

( a )  ( b )  ( C )  

Figure 4 Schematic of (a)  random, (b)  fiberlike, and (c )  disklike 
correlation in orientation (from [19]). 

( c )  ( d )  

Figure 5 H, scattering  patterns  and photomicrograph of lapped 
cell. (a) Lapping  direction parallel to  analyzer; (b) lapping direc- 
tion parallel to  polarizer;  (c) lapping direction at 45" to polarizer; 
(d) photomicrograph between  crossed polaroids. 

When the optic axis of these rods is at 45" to  the polar- 
izer  or  analyzer,  two effects  can be expected.  First,  the 
scattered light intensity is increased. This is because  the 
induced  dipole is a vector  quantity,  and  the magnitude of 
the observed scattered intensity depends  on  the com- 
ponent of the  vector with respect  to  the polarization  di- 
rection of the  analyzer. When the optic axis of the  rods  is 
at 45" with respect  to  the  crossed  polarizer  and  analyzer, 
one  has  the  best  compromise between the induced  dipole 
and the magnitude of its component that  is passed by the 
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analyzer.  Thus  the increased  scattering  intensity  ob- suggests that  the liquid crystal domain is aligned parallel 
served in Fig. 5(c) suggests that  the optic  axis of the rods to  the  rods.  Second,  the uniaxial orientation of the  rods 
is oriented either parallel or perpendicular to  the long di- causes macroscopic polarizability anisotropy. This means 
rection of the  rods.  The slow axis of these  rods was deter- that  the sample is birefringent. The scattering pattern 

44 mined to be in the long direction. This observation  further from such a sample can  be significantly altered when the 
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polarization  direction of the incident  beam does not  coin- 
cide with the principal  optic axes of the birefringent 
sample [21, 221. Sample cell C was  found  to be highly 
birefringent  with a retardation greater  than  two 
wavelengths  and the slow axis lying along the lapping 
direction.  Thus,  the scattering pattern is expected  to be 
altered due  to  the birefringence  effect.  Calculated scatter- 
ing patterns with birefringence effect included [21] are 
shown in Figs. 6(c) and 6(d). In the calculations, the  same 
rod  orientation  distribution  function was  used, and retar- 
dation  values of 0.7843 and 13.3338 radians were  used for 
Figs.  6(c)  and 6(d), respectively. It is noted  that  for a 
small value of retardation,  the scattering pattern is not 
much affected but  is of a much higher intensity  than those 
calculated for Figs. 6(a) and 6(b). When the retardation is 
large,  the basic  long  scattering streaks still remain [Fig. 
6(d)] and a much diffused scattering pattern is shown  at 
wide angles in,  at  least, qualitative agreement with the 
experimental observations described  before. 

The  structures in  sample cell C can  thus be  interpreted 
as having a uniaxially oriented  rod structure in which the 
liquid crystal is aligned parallel to  the long direction of the 
rod.  The unusually  long structure must be  due  to the  for- 
mation of long microgrooves on  the  surface,  due to lap- 
ping, in which the liquid crystals can  be aligned. Such 
highly preferred  orientation in one direction  also causes 
the sample to be highly birefringent. 

The  scattering  patterns from sample cell D are shown in 
Figs. 7(a)-(d). Figures 7(a) and  7(b) are Hv and V, scatter- 
ing patterns, respectively, covering scattering angles 0 (see 
Fig. 1),  of  25". Both  patterns  consist of a low-angle pat- 
tern and a wide-angle pattern.  The wide-angle patterns 
are located in between Os of 15 and 20" while the low- 
angle patterns  cover  about 4". The enlarged low-angle H, 
and Vy patterns  are  shown in Figs. 7(c)  and  7(d),  respec- 
tively. The low-angle Hv pattern  clearly shows a clover- 
leaf pattern with an intensity maximum in each lobe along 
p = 45", 135", etc.  (see Fig. 1 for definition of p),  suggest- 
ing that  the  scattering  is from anisotropic  spherulites [16]. 
The photomicrograph of the  sample, shown in Fig. 8,  con- 
firms the  existence of such a structure.  The size of the 
structure  as  measured from Fig. 8 is of the  order of 30 = 
40 pm, which is greater than the  thickness of the sample. 
Thus,  the spherulitic structure is two-dimensional.  Light 
scattering theory  for two-dimensional spherulites [23] 
shows  that  the maximum  scattering  angle, Om, can be re- 
lated to  the  average size of the spherulites by the relation- 
ship h(R/h)sin (O,/2) = 3.9, where R is the radius of the 
spherulite  and h is the wavelength of the light within the 
medium. The Om in Figs.  7(a)  and 7(c) was  measured with 
a photometric scattering  apparatus [24] and found to be at 
1.73'. The  calculated average  spherulite diameter was 35 
pm, in agreement with the size observed in the photo- 
micrograph. In addition to  the well-defined low-angle 
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Figure 7 Light scattering  patterns  from a  mixed-alignment 
sample.  (a) Wide-angle H,; (b) wide-angle V,; (c) low-angle H.,; 
and (d) low-angle H,. 

Figure 8 Photomicrograph of mixed-alignment sample in be- 
tween crossed  polaroids. 
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(b)  

Figure 9 Calculated  scattering  patterns for two-dimensiona 
banded spherulites (a) V, and (b) H, (from [17]). 

scattering patterns resulting  from spherulites, higher or- 
der diffraction peaks can be observed in both H, and V, 
with a much  higher  intensity associated with the V, 
peaks.  Such diffraction peaks have  also been  observed 
from polyethylene  spherulites  and are  attributed  to  the 

46 periodical  twisting of optic  axis within the spherulites 

[16, 251. The periodical  change in optic axis orientation 
gives rise to a banded  appearance of the  spherulites,  as 
shown in Fig. 8. The scattering patterns from such 
spherulites  have been  calculated [17] and are shown in 
Figs. 9(a) and  9(b). For  these figures, W is defined as W = 

(2nR/h)sin 0,  a function of the  scattering  angle 0. The nu- 
meral at  each  contour  represents  the  scattered light in- 
tensity in logarithmic scale.  The calculation  predicts  a 
much stronger scattering intensity associated with the Vv 
diffraction peak than with  the HY peak.  The experimental 
patterns  observed in Figs.  7(a)  and  7(b)  agree well  with 
the theoretically  calculated patterns, indicating  that  the 
structure in sample cell D consists of these twisting  optic 
axis spherulites. The explicit  description of how the liquid 
crystal is oriented  to give a periodic change in orientation 
of the optic  axis cannot be  obtained by the light scattering 
results. Nevertheless,  such a twisted structure can  only 
be observed in the mixed-alignment cell. In the mixed- 
alignment cell,  the orientation of the liquid crystal must 
change from a parallel alignment at  one  surface  to a per- 
pendicular  alignment  at  the other  surface.  Such a change 
in orientation  must have affected the packing of liquid 
crystal in such a way as  to give a periodic  optic  axis  orien- 
tation. 

Another  observation noted in the mixed-alignment cell 
is that the  size of the  superstructure is smaller  than  that 
observed in sample cells B and C. This may be  attributed 
to  the fact that  the  change in orientation of liquid crystal 
from  one surface  to  the  other  surface in the mixed-align- 
ment  cell can  cause discontinuities or  defects in orienta- 
tion. Such  orientation fluctuations may act  as nuclei for 
crystal growth. The increased  number of nuclei results in 
more  crystalline domains but  with  a  smaller  size due to 
the impingement from the growth of neighboring crystal 
domains. The periodic twisting of crystallites within the 
spherulites  also  seems  to produce superstructures with 
more order,  as  the scattering  intensity  from the mixed- 
alignment cell was  found to be much stronger than that 
observed from  sample cells B and C. A better  ordered 
structure usually results in a  more  effective polarizability 
anisotropy, which gives  rise to stronger scattering. 

Effect of sample thickness 
In the wedge-shaped  sample  cell, four regions  were  stud- 
ied. They  are  designated E1 through E4 with thicknesses 
of 1.73, 5.08, 8.64, and 12.70 pm respectively.  The HV 
patterns from these  four regions are shown in Figs. 10(a)- 
(d). The  exposure time for each pattern was different, 
with decreasing  exposure time for increasing  sample 
thickness in order  to  show  the low angle pattern.  Other- 
wise the  patterns in E3 and E4 would be  washed out  due 
to  overexposure. All these  patterns  show a low-angle 
spherulitic scattering  pattern and a high order diffraction 
peak, indicating that they all have the twisted  spherulitic 
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Figure 10 H, scattering  patterns from a wedge-shaped  cell. 
Cell  thicknesses are (a) 1.73 pm, (b) 5.08 pm, (c) 8.64 p m ,  and 
(d) 12.70 pm. 

structure.  The Om is different in each pattern and  was 
photometrically measured.  The calculated average radius 
of the spherulites  based on different Om values is 6.2, 7.0, 
10.8, and 13.2 pm for El through E4, respectively. These 
spherulites of different  sizes are also  clearly  shown in 
Figs. 1 ](a)-(d). The  increase in spherulite  size with in- 
creased  sample  thickness  has  also  been  observed by 
Jabarin and Stein in cholesteryl myristate [6, 71. They  con- 
cluded that  the nucleation is strongly affected by the  sur- 
face and the nucleation  rate is less  for  the  thicker sample 
resulting in large structures. In the mixed-alignment cell, 
when the sample thickness becomes greater  and the sur- 
face effect becomes  less influential, the  change in orienta- 
tion of liquid crystal becomes less  drastic and  results in 
fewer nuclei and slower nucleation rate.  The overall scat- 
tering pattern  and  the high-order diffraction peak in Figs. 
IO(a)-(d) become more diffuse with increasing  sample 
thicknesses. The diffuseness  can  be due  to an increase in 
multiple scattering with increasing  sample  thickness or 
due to the  existence of disorder within the spherulite as 
has been observed in polyethylene [26-281. In a separate 
experiment, we noted that the  scattering pattern  from two 
stacked thin cells  was not as diffuse as that  from  a thick 
cell of comparable  thickness.  Therefore,  the diffuseness 
associated with the thick cell was  attributed greatly to the 
presence of disorder.  The  disorder can  result  from fluc- 
tuations in the  optic axis  orientation  and in the polar- 
izability anisotropy.  Since  the mixed alignment produces 
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Figure 11 Photomicrographs  from a wedge-shaped  cell.  Cell 
thicknesses  are (a) 1.73 gm, (b) 5.08 pm, (c) 8.64 p m ,  and (d) 
12.70 pm. 

better ordering within the spherulite due  to  the surface 
effect, the  thicker samples are less affected by the surface 
and  thus  can have more disorder. Also, the thicker sam- 
ples contain  larger structures in which the probability that 
the optic axis orientation  deviates from perfect order  cer- 
tainly becomes greater during the crystallization. There- 
fore,  the effect of thickness on the structure is directly 
related to the surface effect. 

0 Effect of thermal history 
The effect of superheating on structures was observed by 
heating  a  sample to 10, 20, and 30 K above  the T,,, 
cooling slowly to  the  smectic  state, and  then  checking for 
any structure  changes.  For all samples, no structural 
change due  to  superheating could be observed. 

In a  cross-linked polyethylene, a  spherulitic  scattering 
pattern can be observed even when the polymer is in the 
melt state.  The  pattern  disappears only when the material 
is superheated [29]. This  indicates that  the  structural  or- 
der can  persist into  the melt and is destroyed when super- 
heated. Such a behavior was not observed from  the liquid 
crystal samples,  since  no scattering could be observed as 
soon as the  samples were in the melt state.  That  the  same 
structure was observed  after  the samples  were  cooled 
from the  superheated melt indicates that  the nucleation 
must  be  related to  the surface  effect. 

The  structures in these samples are strongly affected by 
the  rate of cooling. In Figs. 12(a)-(d), the HI, scattering 47 
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Figure 12 H, scattering from a quenched wedge-shaped cell. 
Cell thicknesses are (a) 1.73 pm,  (b) 5.08 pm, (c) 8.64 gm, and 
(d) 12.70 pm. 

patterns from the fast-cooled  sample cell E show  the 
change in scattering  as  compared  to  those in Figs. IO(+ 
(d). In general, the scattering  from  the  fast-cooled  sample 
is much more  diffuse. In Figs. 12(a) and 12(b), the  scatter- 
ing from E l  and E2 still shows  the clover-leaf spherulitic 
scattering pattern;  however, in Figs. 13(a) and 13(b), the 
well-defined spherulites can no longer  be observed in the 
photomicrographs. This means  that the  structure in E l  
and E2 still has a spherulitic  symmetry but  does not have 
a well-defined shape.  The size of these  domains remains 
about the same  as in the slow-cooled samples,  as judged 
by the Om from these  patterns. In these thinner samples, 
E l  and  E2,  the surface effect is strong  and thus  the  spheri- 
cal  symmetry in the  structure is preserved.  However, as 
the sample  was fast cooled  from a less  ordered  state,  the 
nematic phase,  some  disorder must have been frozen  in, 
forming disordered spherulites which give  rise to the dif- 
fuse  scattering  patterns.  In Fig. 12(c), the spherulitic pat- 
tern is lost  apd the  pattern  assumes  the  characteristics of 
scattering  from  rodlike or disklike structures,  i.e., a four- 
fork pattern with scattering intensity  decreasing  monoton- 
ically with  increasing  scattering  angles. In this thicker 
sample,  as  the  surface effect is  less  prominent,  the  frozen- 
in disorder  prevents  the formation of large  spherical  sym- 
metrical domains.  However,  over a  smaller distance,  the 
liquid crystals still can align so that  their optic axes  are 
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correlated in one direction. It  cannot be  determined 
whether  the optic axes  are parallel (rodlike) or  per- 
pendicular (disklike) to  the longer  direction because  the 
V, scattering pattern  is very diffuse. In  such a disordered 
system,  the V, pattern  consists of a larger  contribution 
from  density  fluctuation  scattering, which is cylindrically 
symmetrical about  the incident  beam. Thus, any  polariza- 
tion-dependent scattering from orientation  fluctuation is 
masked. 

The  Hv  pattern  from  sample E4 is  shown in Fig. 12(d). 
The  pattern  has  lost  its fourfold symmetry and is cy- 
lindrically symmetrical about  the incident beam.  Such a 
pattern is expected from structures with “random orien- 
tation  fluctuation” [19] in which the  correlated domains 
are randomly oriented  (see Fig. 4). In this  thick sample, 
as  the surface effect became even  less effective,  the 
amount of frozen-in disorder must have  prevented the 
formation of structures with preferred orientation.  Thus, 
in sample E4, only  randomly  oriented correlated domains 
are  formed. Judging by the slow decrease in scattered 
light intensity with increased  scattering angle,  one can  al- 
so conclude  that  the size of these  domains is quite small 
compared with the  superstructures  observed in the slow- 
cooled samples. The increasing disorder  caused by faster 
cooling rates can also be  seen in the photomicrographs of 
Figs. 13(a )-(d). 

As described earlier, sample cell A scattered little light 
when it was slowly cooled to  the smectic state from the 
nematic state.  Thus,  the photomicrograph  shown in Fig. 
14(a) appears  dark  (sample between crossed polaroids). 
However, when the sample  was rapidly quenched,  one 
can observe small scattering structures formed [Fig. 
14(b)]. The H, scattering  pattern  (not  shown)  was similar 
to  that of Fig. 12(d), indicating a “random-orientation- 
fluctuation”-type structure.  Evidently,  the  fast quenching 
trapped  the  disorder during cooling from the nematic 
state before the  surface  force could align the liquid crystal 
to form the  homeotropic  structure. 

The effect of cooling on the structures of liquid crystal 
is similar to  that in crystallization of polymers;  i.e., a fast- 
er cooling results in smaller  and  less ordered  structures. 
During polymer crystallization,  the packing of molecules 
depends  on  thermal fluctuations and  the interaction be- 
tween  molecules. In liquid crystals,  the packing  must  be 
additionally dependent upon the  surface effect, which can 
provide  ordering  during  crystallization. Thus,  structures 
observed in liquid crystals  are usually much more  regular 
than those  observed in crystalline  polymers. 

Conclusions 
The  structures in smectic liquid crystal cells have  been 
characterized by using the light scattering  theories devel- 
oped for crystalline  polymers. The  surface effect is the 
predominant force in determining the  structures in the 
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smectic  phase. In a  polyfluorocarbon-coated cell,  the liq- 
uid crystals  are aligned homeotropically to form a struc- 
ture with a small cross section. In a Si0,-coated cell, 
large fanlike structures  are formed in which the liquid 
crystal  tends  to align parallel to  the radial  direction  and 
form smaller fiberlike correlated  domains. When the cell 
surface is lapped,  the liquid crystal tends  to align parallel 
to  the lapping directions and to form uniaxially oriented 
rods of a few  hundred  micrometers in length. The uniaxial 
orientation of these  rods  causes  the cell to be macroscopi- 
cally birefringent  and thus the light scattering from the 
cell is strongly dependent upon  the  polarization  direction 
of the incident light beam. When the cell is coated with 
polyfluorocarbon on one surface and SiO, on the other 
surface, two-dimensional  spherulites of 3 0 ~ 4 0   p n  in di- 
ameter  are  formed.  Because of the different treatments  to 
the surface,  the liquid crystal  changes its orientation  from 
parallel to  the  Si0,-coated surface to perpendicular to  the 
polyfluorocarbon surface.  The change in orientation 
causes a twisting of optic  axes within the spherulites  and 
gives the  spherulites a banded appearance.  These  spheru- 
lites  seem to have  better internal order than the  other 
cells, as  the  scattering from this mixed-alignment cell is 
stronger than  that from  the  other cells. 

The effect of cell thickness on the structure is directly 
related to  the  surface effect.  When the cell is thin and the 
surface effect is strong, more ordered  structures  are 
formed. The crystallization of liquid crystal is similar to 
that of polymers;  i.e., quenching produces smaller and 
less ordered  structures.  However, the structures formed 
are still highly dependent on the  surface  effect. 

It  should be noted that the structure determined by the 
light scattering methods is of long-range order.  The size 
of the  ordered  domains is at  least  comparable  to  the 
wavelength of the  incident light. The  subtle  structural dif- 
ference between a smectic A and  smectic  B phase,  for 
example in p-aminoazobenzene,  thus  cannot be dif- 
ferentiated because  both phases give the  same scattering 
patterns [SI. However, light scattering provides  structural 
information averaged  over the  thickness of the sample, 
which is difficult to obtain from microscopy, especially if 
the  sample is so thick that  surface structures  dominate  the 
results. 
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