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Director orientation and optical stripe texture in electroclinic liquid crystals
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We report the appearance of two types of optical stripes with different spatial wavelengths in electroclinic
liquid crystals exhibiting a layer deformation. The periodicity of one set of stripes~longer wavelength! scales
as twice the thickness of the cell, while the second~shorter wavelength! set of stripes has a periodicity that is
independent of the thickness. Finally, detailed data on the spatially resolved optical studies of the stripe texture
are presented which suggest the origin of the two types of stripe deformation and provide a possible explana-
tion of their dependence on electric field.@S1063-651X~98!13211-7#

PACS number~s!: 61.30.Eb
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I. INTRODUCTION

Chiral smectic-A liquid crystals exhibit the electroclinic
effect wherein the molecules tilt in the layer plane on app
cation of the electric field@1#. In materials where the field
induced tilt angle is large, the layers buckle due to the str
accompanying the decrease in layer thickness@2,3#. The re-
sulting modulation of the layer appears as a stripe tex
when viewed in an optical microscope between crossed
larizers. Although initial studies indicated a triangular profi
for the layer deformation@2#, more detailed studies, couple
with an analysis based on continuum smectic free ene
showed a continuous evolution from sinusoidal to solitonl
profiles with increasing strength of the electric field@4#. Al-
though it is to be expected that the optical stripes sho
have a detrimental effect on the contrast ratio, our ini
results@5# indicated that the contrast ratio for a large bea
size may be similar to that measured for a beam small c
pared to the stripe width. This result in turn indicates that
director orientation within each stripe itself is probably n
uniform.

In this paper we report in more detail the results of o
spatially resolved optical studies of the stripes which sh
that the molecular orientation within the stripes is nonu
form. In addition, we report the observation of a ‘‘seco
set’’ of optical stripes, which is of shorter wavelength th
the stripes reported earlier. This observation is consis
with the recent results of Tang and Sprunt@6#. Finally, we
also show that the wavelengths of the two sets of stripes h
different dependencies on cell thickness, and discuss the
sible origin of this stripe modulation pattern.

II. EXPERIMENT

A. Sample preparation and characterization

The liquid-crystal material studied is KN125@2,7#, whose
phase behavior has been reported earlier. It exhibits a b
range of smectic-A phase~from 33 to 78 °C!. Samples were
prepared using commercial~EHC! cells treated for a plana
alignment. The cell thickness was determined interferome
cally prior to filling with the liquid crystal. A good plana
PRE 581063-651X/98/58~5!/5990~7!/$15.00
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alignment was obtained by cooling from the isotropic pha
in the presence of an ac electric field. The field was remo
in the smectic-A phase and the alignment was retained.

Absorption spectra taken using a Perkin-Elmer Lambd
spectrophotometer show that KN125 is transparent in
visible and near-ir spectral regions. The same instrument
used with polarization optics to determine the temperat
and wavelength dependence of the birefringence. Exp
mental values ofDn obtained between 20 and 70 °C we
fit using the expressionDn5G(T)(1/l0

221/l2)21, as
discussed by Wu@8#. The best fit was obtained fo
l050.2175mm andG(T)52.8780– 0.0108 Tmm22, where
T is the temperature in degrees centigrade.

B. Polarization micrographs

For these studies the cell was placed between crossed
larizers in an optical microscope and photographs were ta
under a bipolar electric field~10 Hz! with variable ampli-
tude. The photographs were scanned into a computer
analyzed using Image-Pro Plus software.

C. Phase retardation measurements

Spatially resolved phase retardation experiments w
performed using the focused output from a tunable cw ar
ion ~488.0–514.5 nm! or cw helium-neon~632.8 nm! laser.
The wavelength was chosen for each sample thickness~and
resulting phase angled! to provide a large change in trans
mission with field. The laser output was mechanica
chopped at 12.5 Hz with a 5% duty cycle and fiel
dependent measurements were made by synchronizing b
lar square electrical pulses with the optical pulses. T
chopped laser beam was expanded to fill the aperture
Glan-Air polarizer, directed through a Babinet-Soliel com
pensator which was adjusted for half-wave retardation at
laser wavelength, and focused onto the liquid crystal sam
using anf /5 lens system. The light transmitted through t
sample is recollimated, directed through an analyzing Gl
Air polarizer, and detected by a photodiode. The measu
extinction with the sample removed was'1024.
5990 © 1998 The American Physical Society
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PRE 58 5991DIRECTOR ORIENTATION AND OPTICAL STRIPE . . .
For these studies, sample thicknesses were less tha
Raleigh range of thef /5 focusing optics~approximately 20
mm at 632.8 nm! to assure reasonably planar wavefron
within the interaction volume. The 1/e beam radii at focus,
measured by knife edge scans, were near-diffraction-lim
at 2.0 and 2.75mm for 488.0 and 632.8 nm radiation, respe
tively. For precise positional control, the liquid-crystal ce
was mounted on anxyz translation stage equipped with di
ferential micrometers on they andz axes and with computer
controlled translation~1 mm resolution! of the x axis. The
cell surface was aligned in thex-z plane and the field was
applied in they direction, the direction of light propagation
The homogeneously aligned samples were oriented so
the stripes, which are parallel to the unperturbed sme
layer normal, lie along thez axis. The polarized transmissio
was measured as the sample was scanned along thex axis,
while the light polarization angle was kept constant.

III. RESULTS AND DISCUSSION

A. Observation and analysis of the second set of stripes

For an overview of the stripe deformity we studied pola
ization micrographs of cells of thickness 2, 4, 10, 15, and
mm under electric fields varying from 0 to 15 V/mm. Typical
optical micrographs are shown in Figs. 1 and 2. All the ce

FIG. 1. Polarization micrographs of the stripe deformation
electroclinic liquid-crystal cells of 4mm thickness.

FIG. 2. Polarization micrograph of the stripe deformation fo
15-mm-thick cell.
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show stripes with a periodic spatial modulation, the period
this modulation depending on the thickness. In the case
thicker cells, a second modulation of shorter wavelength
observed~see Fig. 2!. The second set of stripes is inclined
an angle of about 15° to the larger-wavelength stripes.

To investigate the wavelengths of the two modulatio
we first examined their dependence on electric field. W
scanned the images, measured the intensity as a functio
position, and determined the two periodicities as functions
electric field and cell thickness. Figure 3~a! shows the wave-
length as a function of electric field for both modulations
a 25mm cell. While there is some random scatter in the da
there is no systematic dependence on electric field. Sim
results~not shown! were found for all the other cell thick
nesses studied. Thus the strength of the electric field does
influence the wavelength of either modulation.

Figure 3~b! shows the data for the two wavelengths
functions of cell thickness combining the data for all valu
of the electric field. It is seen that the longer-waveleng
modulation has a wavelength that depends linearly on
thickness. This is similar to the thickness dependence of
stripe wavelength in ferroelectric liquid crystals found b
Fünfschilling and Schadt@9#. By contrast, the shorter
wavelength modulation has a fixed wavelength of appro
mately 3.8mm, which is independent of cell thickness a
well as electric field. For 2mm cells, the two modulation
wavelengths coincide; the extrapolation of the lon

FIG. 3. ~a! The measured stripe wavelength vs electric field
a 25mm cell; ~b! the measured stripe wavelengthL vs cell thick-
nessD. Data for all electric fields that were studied are show
together, because the wavelength is found to be independen
electric field. The solid line indicates the theoretical predictionL
52D for the longer-wavelength stripes; the dashed line indica
the constant value ofL53.8mm for the shorter-wavelength stripes
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wavelength modulation to a 2mm cell gives a wavelength o
about 4mm, the same as the shorter-wavelength modulat

The dependence of the longer-wavelength modulation
the cell thickness can be analyzed in terms of theoret
predictions for wavelength selection in this system. Sh
et al. @10# have developed a model for wavelength select
in these electroclinic cells based on the past history of
modulation. They argue that the stripe modulation devel
out of a chevron distortion across the thickness of the c
and hence that the stripe width is equal to the cell thickne
Because the periodicity of the modulation is two stripes, t
argument predicts that the wavelength is twice the cell thi
ness. Davey and Crossland@11# have developed a model fo
wavelength selection in ferroelectric liquid-crystal-bas
cells on electrohydrodynamics, which might also be appl
to electroclinic liquid-crystal cells. They argue that th
modulation develops out of convective rolls in the cells. B
cause these convective rolls are approximately circular,
stripe width is approximately equal to the cell thickne
Hence, although these two models are quite different, t
both make the same prediction for wavelength selection:
wavelength should be twice the cell thickness, independ
of material-dependent properties such as the elastic
stants. By contrast, in any model based on minimization
an equilibrium free energy, one would expect the wavelen
to depend on the elastic constants as well as the cell th
ness. Thus, it is important to determine experimenta
whether the wavelength is actually twice the cell thickne

To answer that question, we superimpose the solid
with a slope of 2 on top of the experimental data in the str
wavelength versus thickness plot of Fig. 3~b!. This line
agrees very well with the data for the longer-wavelen
stripes over the whole range of cell thickness studied
should be pointed out that this line represents a theore
prediction with no adjustable parameters. The excell
agreement with experiment supports the concept that
wavelength is determined by the past history of the distort
or by electrohydrodynamics rather than by minimization
an equilibrium free energy.

The shorter-wavelength modulation has not been stud
theoretically in any earlier work. As illustrated by the dash
line in Fig. 3~b!, this modulation has a constant waveleng
of 3.8 mm, independent of both electric field and cell thic
ness. The value of this wavelength is presumably determ
by some material-dependent properties of the liquid crys
Later in this paper, we will propose a model for this mod
lation based on the difference between the bulk and sur
regions of the cell. In a forthcoming paper@12#, an alterna-
tive model will also be proposed, based on a chiral instabi
of the smectic layer.

B. Spatially resolved measurements of the director orientation
in larger-wavelength stripes

We shall now turn our attention to the director orientati
within the optical stripes, as probed by our spatially resolv
experiments. The orientation of the molecular director
each region is examined by scanning the tightly focused la
beam across the stripe pattern and measuring the c
polarized transmission. The focused beam is then positio
within a stripe domain and the optical extinction measu
n.
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by tuning the polarization angle to a transmission minimu
If the deformation were triangular, total extinction would b
expected for light focused within a uniform stripe doma
whereas a large optical beam extending over many st
domains should have degraded extinction due to the ave
ing over molecular director orientations. Any nonuniformi
in the director orientation within the stripe should degra
the extinction for a focused beam as well.

The intensity transmitted through a birefringent samp
interposed between crossed polarizers, is described by
expression@13#

I'5I 0sin2~d/2!sin2~2f!, ~1!

whereI 0 is the incident intensity,f is the angle between th
molecular director and the light polarizationP, d
52pDnd/l is the phase angle,d is the sample thickness,l
is the wavelength, andDn is the birefringence. The smecti
layer deformation causesf to vary spatially along thex di-
rection. One can therefore writef(x)5g1C(x)1u, where
g denotes the angle between the polarization vector and tz
axis, C(x) is the angle of the local layer normal relative
the z axis, andu, the electroclinic tilt angle, is the angl
between the local layer normal and the molecular direc
Scanning the focused laser beam alongx ~perpendicular to
the stripes! produces peaks and valleys in the cross-polari
transmission. These correspond to the light and dark str
observed in the polarization micrographs of Figs. 1 and
This modulation reflects the spatial variation in the molec
lar director due to layer deformation. It can be seen from
~1! that, while the magnitude of the transmitted signal d
pends ong, u, and d, the amplitude of the modulation de
pends primarily on variations ofC(x). For a triangular-wave
layer deformation,C(x) should be constant within a give
stripe, with its sign alternating between adjacent stripes.

Figures 4 and 5 show scans along thex direction~perpen-
dicular to the stripes! for 15 and 4mm cells, respectively.
The inset in Fig. 4 illustrates the experimental geometry. T
modulation seen in these figures is a direct indication
spatial variations in the layer normal. The square-wave s
tial modulation of the transmission, expected for a sim
triangular deformation, is not observed. This suggests
the distribution of molecular directors is not uniform with
the stripes.

FIG. 4. x scan, transmitted signal as a function ofx, for a 15-
mm-thick KN125 sample placed between the crossed polarizers
inset illustrates the experimental geometry~not to scale!.
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A nonuniform molecular alignment within the laye
should also affect the extinction of the optical beam in
cross-polarized geometry. Evidence for this is shown in F
6, which plots the field dependence of the transmission m
mum (I min) for a 10-mm-thick cell, for both tightly focused
~circles and squares! and unfocused~triangles! beams. In the
figure, I min is normalized to the transmission maximu
(I max) in order to remove the phase dependence ofI min @see
Eq. ~1!#. No strong variation ofI min /Imax with field is ob-
served for this cell thickness. More importantly, the extin
tion measured for focused laser beams is close to that fo
unfocused beam. The observed extinction for the focu
beams is much poorer than predicted by the triangu
model, indicating a nonuniform distribution of molecular d
rectors within the stripes.

Equation~1! may be generalized to incorporate a positio
dependent local layer normal. Assuming a large optical be
and, for simplicity, thatc varies only withx, one obtains

I'5I 0sin2~d/2!~1/L!E
0

L

sin2@2g12c~x!12u#dx,

~2!

where the transmitted intensity is averaged overL, the stripe
period. For a symmetric triangular wave deformation,C(x)
is equal to 6c0 , where the sign alternates for adjace
stripes, and Eq.~2! becomes@2#

FIG. 5. x-scan data for a 4-mm-thick KN125 sample placed
between crossed polarizers.

FIG. 6. The ratioI min /Imax, as a function of electric field. Large
beam ~m! and focused-beam data~d and j! for a 10-mm-thick
sample are compared. Large-beamI min /Imax data for a 2-mm-thick
sample~.! is also shown for comparison.
e
.
i-

-
an
d
r

-
m

t

I'50.5I 0sin2~d/2!@sin2~2g12c012u!

1sin2~2g22c012u!#. ~3!

The two terms within square brackets correspond to
transmission in adjacent stripe domains. It follows from E
~3! that the minimum occurs atg1u50, whereas the maxi-
mum occurs atg1u5p/4. Consequently, the extinction i
related to the deformation angle by

I min

I max
5

sin2~2c!

sin2~2c1p/2!
5tan2~Dx!, ~4!

whereDx52c0 is the full deformation angle.
One can estimate theI min /Imax expected for a triangula

stripe profile by using the valueDx515° measured by x-ray
techniques@2#. Equation ~4! then yields I min /Imax50.07,
which is nearly an order of magnitude larger than the exp
mental data in Fig. 6. This again suggests that the distr
tion of molecular directors within a stripe is nonuniform
Furthermore, it implies that use of the triangular deformat
model to describe layer buckling would substantially und
estimate achievable device contrast ratios.

To obtain a better description of the stripe deformatio
we first note that the assumption of abrupt discontinuities
the stripe boundaries is unphysical. This can be avoided
considering a sinusoidal deformation, which is smooth
varying at the stripe boundary, but which otherwise clos
approximates the triangular profile. The resulting variation
the molecular directors within a stripe should degrade
extinction of a tightly focused beam. Concurrently, the e
tinction obtained using a large beam should improve si
the average value ofc decreases. Assume a sinusoidal ang
lar distribution of the formc(x)5c0sin(2px/L1), where
c057.5° andL1 defines the spatial period of the stripe
Equation~2! then predictsI min /Imax'0.035, in slightly better
agreement with experiment. The origin of the remaining d
crepancy is suggested by the appearance of the se
shorter-wavelength modulation in the photomicrographs
x-scan data shown above. To approximate its effect
I min /Imax, we simulate the double modulation usin
the simple angular distribution c(x)5c0sin(2px/
L1)@sin(2px/L2)11#/2. AssumingL25L1/4 and c057.5°,
this distribution leads to even better agreement with exp
ment yieldingI min /Imax50.013. Although the precise natur
of the short-wavelength modulation is not yet clear, the
simulations indicate the significance of director variatio
within a stripe domain.

Some insight is obtained from Fig. 7, which shows t
angular dependence of the normalized cross-polarized tr
mission for a large optical beam on a 2-mm-thick sample,
where the applied field is varied up to 8.4 V/mm. These
angular scans are plotted on a logarithmic scale to empha
the minimum in optical transmission and the curves are
to the data obtained using Eq.~2!. The field-induced defor-
mation progressively spoils extinction as the field increas
For the 2-mm-thick sample, this process appears to be
tirely reversible and the transmission minimum returns to
initial value after the field is removed. This suggests th
unlike for the thicker samples, the deformation takes pla
within the elastic limit. The magnitude ofI min /Imax, plotted
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in the inset in Fig. 7, increases monotonically with elect
field. This field dependence is reminiscent of that of the el
troclinic tilt angle, and is consistent with the picture of
distortion of the smectic layers due to the electroclinic def
mation. For the 2mm sample,I min /Imax is found to vary
approximately as the square of the electroclinic tilt ang
These data are also plotted in Fig. 6 for comparison to
results for thicker cells. It is seen that at zero fieldI min /Imax is
significantly lower than that observed for thicker sampl
but is of comparable magnitude at large fields.

The above data suggest that the observed sh
wavelength spatial modulation arises from the surface
gion, while the long-wavelength modulation, whose per
varies with sample thickness, is characteristic of the b
region. This is consistent with the fact that the sho
wavelength modulation does not depend on sample thick
and that its field dependence is reversible, since greate
storing forces are expected to exist in the region near
surface. Polarization microscopy supports this picture si
the short-wavelength modulation seems to disappear at
whereas the longer-wavelength variations do not. Moreo
it has been reported@14# that the electroclinic response tim
depends on the sample thickness suggesting that the su
and bulk respond differently and that surface interactio
have a significant affect on the electro-optical response
more general treatment of the angular distribution sho
account for such surface interactions.

A three-layer model, which treats the active region a
stratified birefringent material composed of a bulk lay
sandwiched between surface regions, has been develop
quantitatively analyze the director orientation. This mode
discussed in the next section.

C. Three-layer model

Figure 8 illustrates a three-layer model that treats the
tive region as a stratified birefringent material composed o
bulk layer sandwiched between two identical surface regi
of thicknesshs . The bulk layer thickness ishb5D22hs ,
whereD is the cell thickness.

The figure also shows the orientation of the optical a
within each layer relative to that of the polarizer~P! and

FIG. 7. Large beamI trans/I max vs polarization angle for a 2-mm-
thick sample at various electric field strengths. The inset shows
field dependence ofI min /Imax.
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analyzer~A!, and illustrates the propagation of the optic
beam through the stratified birefringent medium. The fi
three coordinate frames represent the alignment of the op
axis in the bulk layer and the surface layers, and are rela
by a rotation about the propagation axisy.

The analyzer orientation is indicated in the last coordin
frame. In the first surface region~a! the polarized electric
field EP is shown projected onto the principal axes deno
j i

a and j'
a . The field componentsEj

i
a5EPcosf and Ej

'
a

5EPsinf have spatially modulated amplitudes throu
f(x) and propagate through this region with different velo
ties, so thatEj

'
a is retarded relative toEj

i
a. The emerging

field is then incident on the bulk layer~b! whose major axis
is rotated by an angleh(x) relative to that of the first surface
region. The projection of the field along the principal ax
j i

b and j'
b yields Ej

i
b5Ej

i
acosh2Ej

'
asinh and Ej

'
b

5Ej
'
a cosh1Ej

i
asinh, which vary withx in both amplitude

and phase because of the modulation inf(x) and h(x).
Again the slow component of the field is retarded as it pro
gates through the bulk layer. The second surface region~c! is
assumed to be identical to the first (j i

c5j i
a and j'

c 5j'
a ),

giving Ej
i
c5Ej

i
bcosh1Ej

'
bsinh and Ej

'
c 5Ej

'
b cosh

2Ej
i
bsinh. The field components exiting the liquid cryst

contain a comingling of the phases introduced by the in
vidual layers. These are projected along the analyzer
which is at an anglea relative to the polarizer, yieldingE1
5Ej

i
ccos(f2a) andE25Ej

'
c sin(f2a).

The light intensity transmitted by the analyzer for a pa
ticular x is given by

I 5I 11I 212AI 1I 2 cosb, ~5!

where the phase differenceb and the square amplitudesI j
for the two waves, vary withx due to the stripe modulation
in each region. To calculate the spatially modulated lig
transmission, Eq.~5! is evaluated as a function ofx.

Figure 9 is a plot of the simulatedx scan for cell thick-
nesses of 4, 8, and 16mm. The front and rear surface region
were assumed to be 2mm thick. For the 4-mm-thick sample
(h52 mm; bulk thickness is equal to 0!, the x scan is sinu-
soidal with a 4mm period, similar to that observed exper

e
FIG. 8. Illustration of the propagation geometry for an optic

field in a stratified three-layer birefringent medium.
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mentally. The transmission for the 8mm cell is more irregu-
lar and shows evidence for the long-wavelength modulat
whereas for the 16mm cell a 32mm period predominates
with a short-wavelength modulation superimposed on
This is reminiscent of the data in Figs. 4 and 5 and
photomicrographs of Figs. 1 and 2. The calculations prov
qualitative agreement with the stripe patterns measured
phase retardation experiments and polarization microsco

The above discussion implies discontinuities in layer
formation at the boundaries between surface and bulk
gions. These are clearly unphysical, and the stripe defor
tion probably involves smoothly varying variations in th
local layer normals, as illustrated in Fig. 10. Figure 10~a!
depicts a simple sinusoidal stripe geometry. This elimina
the unphysical discontinuities between stripes that are
plied in the triangular model. However, this picture is n
very satisfying because it implies enormous strains at the
windows. For example, assuming a sinusoidal stripe wit
10 mm period andc0 equal to 7.5°, the peak displacement
the smectic layer is found to be 0.2mm. It is not reasonable
that the stripe deformation end abruptly at the cell surface
illustrated in Fig. 10~a!. Figure 10~b! illustrates a smoothly
varying deformation between the constraining alignm
layer and the liquid crystal. However, it still implies a sing
wavelength in the modulation pattern, which we know
contrary to the experimental results. Figure 10~c! depicts a
smoothly varying deformation involving two modulatio
wavelengths, e.g., one surface region and the bulk regio
can be seen that those values ofx for which both stripe
modulations are in phase~or out of phase! could explain
some of the sharp features observed in thex-scan data.

The period of the deformation in this bulk region

FIG. 9. Calculated transmission vsx for cell thicknesses of 4, 8
and 16mm.
n,
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e
e
by
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-
e-
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s
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ll
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t

It

largely determined by the cell thickness. As discussed e
lier, the extinction data in Fig. 6 suggest that the strip
associated with the bulk region involve an irreversible lay
deformation that does not disappear when the field is
moved. Such a permanent stripe texture has been obse
previously in electroclinic liquid crystals@3#. The short
wavelength shown for the region near the alignment surf
of the cell is independent of the overall cell thickness. T
reversible short-wavelength deformation appears to be a
ciated with an elastic strain induced by the electroclinic
of the molecules within the smectic layers. This is not unr
sonable since this surface region should be under the st
influence of the alignment surface of the cell. While the
results are only illustrative, they do provide a possible exp
nation of the experimental results discussed above and i
cate that the surface region can have properties very diffe
from the bulk liquid crystal and can significantly affect th
electro-optical properties of the material.

IV. CONCLUSIONS

Optical microscopy and spatially resolved phas
retardation measurements provide insight into the struc
of the field-induced stripe texture previously observed
electroclinic liquid crystals. Clear evidence is found for
nonuniform molecular alignment within a stripe domain;
fact, the triangular deformation model substantially under
timates achievable contrast ratios by nearly an order of m
nitude. An examination of the photomicrographs reveals
presence of two spatially periodic features in the stripe
formation; the wavelength of the larger periodic structu
scales as twice the sample thickness while that of the fi

FIG. 10. Illustration ofy-dependent stripe deformation.
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structure is thickness independent. Neither of these wa
lengths is field dependent. Analysis of the spatially resolv
phase-retardation data suggests that the short-wavele
modulation is characteristic of a surface-controlled regi
while the previously reported larger stripes are more typ
of the bulk liquid crystal. Optical extinction data further su
gest that the layer deformation in the surface region is
versible and disappears when the field is removed, oppo
to that of the bulk region. A three-layer~surface-bulk-
surface! model is developed and is shown to adequately
. R

k,

R

r,

a,

p

e-
d
gth
,
l

-
ite

-

scribe the observed stripe texture. These results provide
sight into the smectic layer deformation, and permit mo
realistic predictions of the optical performance of devic
based on the electroclinic effect.
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