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Field-dependent tilt and birefringence of electroclinic liquid crystals: Theory and experiment

Jonathan V. Selinger,1 Peter J. Collings,1,2 and R. Shashidhar1

1Center for Bio/Molecular Science and Engineering, Naval Research Laboratory, Code 6900, 4555 Overlook Avenue, SW
Washington, D.C. 20375

2Department of Physics and Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081
~Received 30 July 2001; published 27 November 2001!

An unresolved issue in the theory of liquid crystals is the molecular basis of the electroclinic effect in the
smectic-A phase. Recent x-ray scattering experiments suggest that, in a class of siloxane-containing liquid
crystals, an electric field changes a state of disordered molecular tilt in random directions into a state of ordered
tilt in one direction. To investigate this issue, we measure the optical tilt and birefringence of these liquid
crystals as functions of field and temperature, and we develop a theory for the distribution of molecular
orientations under a field. A comparison of theory and experiment confirms that these materials have a disor-
dered distribution of molecular tilt directions that is aligned by an electric field, giving a large electroclinic
effect. It also shows that the effective dipole moment, a key parameter in the theory, scales as a power law near
the smectic-A–smectic-C transition.

DOI: 10.1103/PhysRevE.64.061705 PACS number~s!: 61.30.Cz, 61.30.Gd, 64.70.Md
he
he
ic
la

ilt
o
an
ic

on

c
iz
an
x-
.
w
d

si
,
re
o
g

cr
rio
s
ro
ve
til
d
i

d
s,

to

ce-
has

a
res
he
ol-
inic

he
ex
ap-

the
se
ot,
ant

tal
ayer
ce-
er
by
a

e
ly
ld
ies

the
be
dif-
er

w a
c-
I. INTRODUCTION

In liquid crystals, an applied electric field influences t
orientational order of the molecules. In particular, in t
smectic-A (Sm-A) phase of chiral liquid crystals, an electr
field applied in the smectic layer plane induces a molecu
tilt relative to the layer normal. The magnitude of the t
varies continuously with electric field, and the direction
the tilt is orthogonal to the field. This coupling between
electric field and the molecular tilt is called the electroclin
effect. It was predicted on the basis of symmetry@1# and was
subsequently observed experimentally@2#. It is now being
developed for use in electro-optic devices in which the c
tinuously variable tilt leads to a gray scale@3–6#.

Most theoretical understanding of the electroclinic effe
has been developed through Landau theory, which minim
the free energy expanded in powers of the molecular tilt
polarization @1,7,8#. This phenomenological approach e
plains macroscopic aspects of the electroclinic effect
shows that the tilt depends linearly on electric field for lo
fields, and that the coefficient of the linear dependence
verges as the system approaches a second-order tran
from the Sm-A to the smectic-C (Sm-C) phase. However
the microscopic basis of the electroclinic effect is still un
solved. Key questions are: What is the distribution of m
lecular orientations, and how does this distribution chan
under an applied electric field?

There have been two general concepts about the mi
scopic basis of the electroclinic effect. In the first scena
the molecules all stand perpendicular to the smectic layer
the absence of a field, and they reorient together as rigid
under a field. In the second scenario, the molecules ha
random distribution of azimuthal orientations about a
cone before the field is applied, and they become ordere
a single tilted direction under a field. The latter scenario
suggested by the de Vries description of the Sm-A phase@9#.
Each of these concepts is consistent with a net observe
that scales linearly with applied electric field for low field
1063-651X/2001/64~6!/061705~9!/$20.00 64 0617
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and then saturates at high fields. Thus, the issue is how
distinguish between these possibilities.

One way to distinguish between these microscopic s
narios is through molecular-scale simulations. Our group
carried out Monte Carlo simulations of Sm-A liquid crystals
under an applied electric field@10#. These simulations use
model molecular structure consisting of seven soft sphe
bonded rigidly together in the biaxial zigzag shape of t
letterZ. A transverse electric dipole moment makes the m
ecules chiral. These simulations show a strong electrocl
effect, which involves a combination of the ‘‘rigid-rod’’ and
‘‘de Vries’’ scenarios. In the absence of an electric field, t
molecules have a distribution of orientations, with vort
defects in the smectic layers. When an electric field is
plied, the magnitude of the tilt increasesand the azimuthal
orientation of the tilt becomes ordered, perpendicular to
electric field. Thus, the simulations show that both of the
scenarios can occur in model liquid crystals. They do n
however, show which of these scenarios plays the domin
role in actual experimental materials.

To distinguish between these possibilities in experimen
materials, several studies have examined the smectic l
spacing as a function of applied electric field. The two s
narios make very different predictions for the smectic lay
spacing. In the rigid-rod scenario, when the molecules tilt
an angleu, the smectic layer spacing should contract by
factor of cosu. By contrast, in the de Vries scenario, th
molecules are already tilted in zero field, and a field on
orders the azimuthal direction of the tilt, so the field shou
not induce any layer contraction. The experimental stud
have found that most ‘‘conventional’’ Sm-A liquid crystals
show a field-induced layer contraction, consistent with
prediction of the rigid-rod scenario. This contraction can
seen in measurements of the layer spacing through x-ray
fraction @11#. It can also be seen through field-induced lay
buckling, which gives an optical stripe pattern@11–15#.
However, certain materials have been developed that sho
substantial electroclinic tilt with hardly any layer contra
©2001 The American Physical Society05-1
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tion, consistent with the de Vries scenario. These inclu
compounds with a fluoroether tail@16#, a chiral lactic ester in
the tail @17#, and dimethylsiloxane groups in the tail@18#. In
fact, an optical and x-ray study of one organosiloxane co
pound revealed tilt angles as large as 31° in the Sm-A phase
with a layer contraction of less than 1%@19#.

The purpose of our current study is to explore a differ
way of distinguishing between these possibilities. Instead
measuring the smectic layer spacing, we investigate the
tical birefringence as a function of applied electric field. T
birefringence is the difference between indices of refract
for light that is linearly polarized parallel or perpendicular
the average director of a sample. It is an appropriate pr
for the microscopic basis of the electroclinic effect becaus
is sensitive to the degree of orientational order. The rigid-
and de Vries scenarios make different predictions for
birefringence as a function of electric field. In the rigid-ro
scenario, the molecules have strong orientational order e
in zero field, so the zero-field birefringence should be hi
When an electric field is applied, the molecules remain p
allel to each other in a tilted orientation, and hence the b
fringence should vary only weakly as function of field@20#.
By contrast, in the de Vries scenario, the molecules hav
distribution of orientations about a tilt cone in zero field. T
zero-field birefringence should be greatly reduced becaus
the orientational averaging about the tilt cone. When an e
tric field is applied, the molecules become more aligned w
each other in a particular tilted orientation. As a result,
birefringence of a de Vries–type material should incre
substantially with the applied field.

In a preliminary communication, our group reported e
periments on the optical tilt and birefringence of four ele
troclinic liquid crystals with closely related chemical stru
tures: KN125, SiKN105, DSiKN65, and TSiKN105@21#. In
these abbreviations, KN is a label, the numbers on the r
refer to the length of the hydrocarbon chains, and the let
on the left refer to siloxane units in the latter three co
pounds. KN125 is believed to follow the rigid-rod scena
for the electroclinic effect~based on a substantial layer co
traction and buckling @11#!, while the three siloxane
containing compounds are believed to follow the de Vr
scenario~based on the lack of layer buckling!. Our experi-
ments confirmed that KN125 has a large and weakly fie
dependent birefringence, while the siloxane-containing co
pounds have a much smaller and more strongly fie
dependent birefringence. To analyze the data, we develo
a model for the birefringence as a function of the field in
Vries–type materials, based on averaging the molecular
electric tensor over a field-dependent orientational distri
tion function. This model was consistent with the observ

FIG. 1. Molecular structure of the siloxane-containing liqu
crystals studied in this paper.
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field-dependent birefringence in the siloxane-contain
compounds.

In this paper, we go beyond that preliminary communic
tion to present a detailed theoretical and experimental st

FIG. 2. Symbols, data for the field-dependent birefringence
tilt of DSiKN65 at several temperatures: 39.5, 39.75, 40.25, 41,
43.5, 45.5, and 48 °C~top to bottom!. Lines, fits for the field-
dependent birefringence and tilt at the same temperatures~top to
bottom!. ~a! Birefringence vs field.~b! Tilt vs field. ~c! Birefrin-
gence vs tilt.
5-2
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FIELD-DEPENDENT TILT AND BIREFRINGENCE OF . . . PHYSICAL REVIEW E 64 061705
of the optical tilt and birefringence in two of the siloxan
containing liquid crystals, DSiKN65 and TSiKN65. On th
experimental side, we measure the tilt and birefringence
functions of temperature as well as applied electric fie

FIG. 3. Symbols, data for the field-dependent birefringence
tilt of TSiKN65 at several temperatures: 24.5, 24.75, 25.25, 26,
28.5, 30.5, and 33 °C~top to bottom!. Lines, fits for the field-
dependent birefringence and tilt at the same temperatures~top to
bottom!. ~a! Birefringence vs field.~b! Tilt vs field. ~c! Birefrin-
gence vs tilt.
06170
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These measurements show that the tilt and birefringence
pend sensitively on temperature near the Sm-A–Sm-C phase
transition. On the theoretical side, we develop a system
model for the orientational distribution in de Vries–type m
terials through a series of manipulations of the dielectric t
sor, and we note that this model predicts the optical tilt
well as the birefringence. Hence, we use the model to fit
ensemble of data for tilt and birefringence as functions
field and temperature. The overall quality of the fits is fair
good, considering that a simple model is being applied t
large data set. For that reason, we can conclude that
model captures the essential features of the orientationa
dering in de Vries–type materials. Furthermore, compari
between theory and experiment allows us to extract an
portant theoretical parameter, the effective dipole moment
a function of temperature. We find that this quantity scales
a power law near the Sm-A–Sm-C transition. The scaling is
consistent with predictions from the theory of critical ph
nomena.

The outline of this paper is as follows. In Sec. II w
present the experimental method and results, showing
dependence of optical tilt and birefringence on both the e
tric field and temperature. In Sec. III we develop the theo
for the orientational ordering in de Vries–type materia
leading to predictions for optical tilt and birefringence. W
compare the theory with the experiment in Sec. IV, in ord
to assess the quality of the fit and extract the effective dip
moment. In Sec. V we discuss the results and present
overall conclusions of this theoretical and experimen
work.

II. EXPERIMENT

The two siloxane-containing compounds used in this
vestigation, DSiKN65 and TSiKN65, have the structu
shown in Fig. 1. DSiKN65 has a Sm-C–Sm-A transition at
39 °C and a Sm-A–isotropic transition at 55 °C, while
TSiKN65 has these transitions at 24 °C and 56 °C, resp
tively. These liquid crystals were vacuum filled into EH
cells of 5 mm thickness with rubbed polyimide surface
The bookshelf geometry of the Sm-A phase was achieved b
extremely slow cooling through the isotropic-Sm-A transi-
tion in the presence of a 1 Hz bipolar square-wave electri
field with an amplitude of 5 V/mm. The temperature of the
sample cell was regulated by an Instec mK-2 controller a
HS-1 hotstage. The temperature gradient across the po
of the sample being illuminated was less than 0.1 K. T
hotstage was placed on the rotable stage of a polarizing
croscope with a 103 eyepiece and 53 objective. The light
from a halogen lamp passed through a 633 nm filter~full-
width at half maximum of 3 nm! before encountering the
sample. The intensity of the transmitted light was measu
by a silicon diode detector, amplifier, and oscilloscope.
each temperature, various electric-field values were app
to the sample by a bipolar 10 Hz square wave.

For a homogeneous liquid crystal sample between cros
polarizers, with its director perpendicular to the light prop
gation direction, the transmitted intensityI'(g) is given by

d
7,
5-3
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I'~g!5I min1I 0 sin2~d/2!sin2~2g!, ~1!

where I min is the background intensity,I 0 is the incident
intensity,g is the angle between the director and either of
polarizer axes, andd is the phase retardation angle. The la
ter angle depends on the birefringenceDn, the sample thick-
nessd, and the wavelength of lightl through

d52pdDn/l. ~2!

As the sample stage is rotated, the maximum va
@ I'(g)#max occurs wheng5p/4, and the minimum value
I min occurs wheng50.

If the polarizers are parallel to each other instead of be
crossed, the transmitted light intensityI i(g) is

I i~g!5I min1I 0@12sin2~d/2!sin2~2g!#. ~3!

Rotation of the sample stage yields the maximum val
@ I i(g)#max5I min1I 0 at g50, and the minimum value
@ I i(g)#min wheng5p/4. Measurement of the minimum an
maximum values of the intensity with the two polarizer co
figurations in place can be used to find the phase retarda
angle

d52 sin21A@ I'~g!#max2I min

@ I i~g!#max2I min
~4!

and hence the birefringenceDn.
The tilt angle can be easily measured by rotating

sample stage so thatI'(g), the transmitted intensity with the
polarizers crossed, is equal for both halves of the bipo
square wave. In the two halves of the square wave, the
rector orientation isg5g06u tilt , whereg0 is the orientation
of the layer normal relative to either polarizer axis andu tilt is
the electroclinic tilt angle. If the intensities are equal, th
g050 and hence the intensity@ I'#6 is just

@ I'#65I min1I 0 sin2~d/2!sin2~2u tilt !. ~5!

If this measurement is combined with the measurement
the maximum and minimum intensities with crossed pola
ers, the tilt angle can be determined as

u tilt5
1

2
sin21A @ I'#62I min

@ I'~g!#max2I min
. ~6!

We measured the tilt angle and birefringence for elev
values of the electric field at eight values of the temperatu
06170
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starting just above the Sm-C–Sm-A transition and ending
roughly 10 K above the transition. The data for DSiKN65 a
shown by the symbols in Figs. 2~a! and 2~b!, and the data for
TSiKN65 are shown in Figs. 3~a! and 3~b!. Several features
of the data are clear from these figures. The tilt angle
creases linearly with electric field at low field and then sa
rates at an asymptotic value at high field. The birefringen
increases quadratically with field at low field and then sa
rates. Both of these quantities depend more sensitively
field near the Sm-C–Sm-A transition temperature than a
higher temperature, away from the transition. By comparis
with ‘‘conventional’’ electroclinic liquid crystals that follow
the rigid-rod scenario, such as KN125@20#, the birefringence
of these materials is much smaller and varies much m
with electric field.

For an alternative way to look at the data, we plot t
birefringence vs tilt angle for DSiKN65 and TSiKN65 i
Figs. 2~c! and 3~c!, respectively. The most striking feature o
these plots is that, for each material, the measurements a
temperatures collapse onto a single universal curve.
shape of this curve is approximately a parabola.

III. THEORY

To explain the dependence of the birefringence and tilt
DSiKN65 and TSiKN65 on electric field and temperatur
we develop a theory for orientational ordering in de Vrie
type materials. This theory is related to the theory for fie
induced biaxiality in ‘‘conventional’’ rigid-rod Sm-A liquid
crystals@20#. It is also similar to the ‘‘random model’’ for the
optical properties of V-shaped switching materials@22,23#.
One difference from the latter is that it takes into account
inherent biaxiality of the molecules.

This theory is based on a rotational averaging of the
electric tensore. In the coordinate system of a single mo
ecule, the dielectric tensor at optical frequencies has the
agonal form

e5S ea 0 0

0 eb 0

0 0 ec

D , ~7!

where a, b, and c are the principal dielectric axes of th
molecule. Let thec axis represent the long axis of the mo
ecule, whilea andb are orthogonal to that axis. To transfor
this tensor into the laboratory coordinate system, we m
two rotations. First, to represent the tilt of the molecule w
respect to the smectic layer normal, we rotate through
polar angleh about the molecularb axis. Second, to repre
sent the orientation of the tilt direction in the smectic lay
plane, we rotate through the azimuthal anglef about the
laboratory z axis, the smectic layer normal. The result
these two rotation operations is
5-4
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e5S ea cos2h cos2f
1ec sin2h cos2f
1eb sin2f

2eb cosf sinf
1ea cos2h cosf sinf
1ec sin2h cosf sinf

~ec2ea!cosh sinh cosf

2eb cosf sinf
1ea cos2h cosf sinf
1ec sin2h cosf sinf

ea cos2h sin2f
1ec sin2h sin2 f
1eb cos2f

~ec2ea!cosh sinh sinf

~ec2ea!cosh sinh cosf

~ec2ea!cosh sinh sinf

ea sin2h1ec cos2h

D . ~8!
o
le

i
,
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l-
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ctric
We now make three assumptions about the distribution
molecular orientations. First, we suppose that all molecu
have the same value of the polar angleh, which character-
izes the tilt cone. For simplicity, we suppose this angle
independent of the temperature and applied field. Second
suppose that the molecules have a distribution of the
muthal anglef. In zero field this distribution is uniform, bu
under an applied electric fieldE ~in the y direction! this dis-
tribution must be biased~in favor of tilt in the x direction!.
We assume the mean-field distribution function

r~f!5r0 exp~EP0 cosf/kBT!, ~9!
th

a

th

06170
f
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s
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wherer0 is a normalization factor,T is the temperature, and
P0 is an effective dipole moment coupling to the elect
field, which will be discussed further below. Third, we su
pose that there is no distribution of rotations about the m
lecular long axes, i.e., all the molecules have a unique va
of the third Euler angle. This simplifying assumption is ju
tified by the idea that whatever microscopic interaction
vors molecular tilt must prefer a particular part of the mo
ecule to point down toward the smectic layers. It implies th
the molecular dipole moments are in the smectic layer pla
tangent to the tilt cone.

Given these assumptions, we can average the diele
tensor~8! over the distribution function~9!. The result is
e5

¨

ea cos2hS 1

2
1

1

2

I 2~EP0 /kBT!

I 0~EP0 /kBT! D ~ec2ea!cosh sinh
I 1~EP0 /kBT!

I 0~EP0 /kBT!

1ec sin2hS 1

2
1

1

2

I 2~EP0 /kBT!

I 0~EP0 /kBT! D 0

1ebS 1

2
2

1

2

I 2~EP0 /kBT!

I 0~EP0 /kBT! D
ea cos2hS 1

2
2

1

2

I 2~EP0 /kBT!

I 0~EP0 /kBT! D
0 1ec sin2hS 1

2
2

1

2

I 2~EP0 /kBT!

I 0~EP0 /kBT! D 0

1ebS 1

2
1

1

2

I 2~EP0 /kBT!

I 0~EP0 /kBT! D
~ec2ea!cosh sinh

I 1~EP0 /kBT!

I 0~EP0 /kBT!
0 ea sin2h1ec cos2h

©
,

~10!
s
es.
lec-
nce

-

whereI 0 , I 1, andI 2 are the modified Bessel functions.
To model the experimental results, we must predict

optical properties of a sample for light propagating in they
direction, parallel to the applied electric field. For that re
son, we diagonalize the average dielectric tensor in thexz
plane. The eigenvectors give the principal optical axes of
sample. In particular, the optical tiltu(E) is the angle be-
e

-

e

tween the eigenvectors and thex andz axes. The eigenvalue
give the dielectric constants along the principal optical ax
The indices of refraction are the square roots of these die
tric constants, and the birefringence is then the differe
between these square roots.

This diagonalization can be done exactly in the two lim
iting cases of low field and high field. ForE→0, the tensor
5-5
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is already diagonal, and we obtain

u~0!50, ~11a!

Dn~0!5Aea sin2h1ec cos2h2Aea cos2h1ec sin2h1eb

2
.

~11b!

By comparison, forE→`, diagonalization gives

u~`!5h, ~12a!

Dn~`!5Aec2Aea. ~12b!

Note that the high-field limit shows that maximum possib
birefringence, which comes from the difference between
dielectric constantec along the long axis of the molecule an
the dielectric constantea perpendicular to the long axis. Th
low-field limit shows a lower birefringence, because it mix
the dielectric components in a rotational average.

For intermediate values of the electric field, we diagon
ize the tensor numerically usingMATHEMATICA . This numeri-
cal procedure shows that the predicted birefringence and
have the same general form as the experimental data.
low fields, the tilt increases linearly and the birefringen
increases quadratically with field. They both saturate aro
a field ofkBT/P0 and approach a limiting value at high field
The question is thus how well the prediction can fit the d
for birefringence and tiltsimultaneously.

Before we go on to the fits, we should briefly discuss
interpretation of the parameterP0. In the mean-field distri-
bution function of Eq.~9!, P0 is the effective dipole momen
that couples to the applied electric field. Because the m
ecules undergo orientational fluctuations in large correla
groups,P0 can be much greater than the dipole moment o
single molecule. Near a second-order transition from
Sm-A to the Sm-C phase, it should increase as a power la
BecauseP0 represents the susceptibility of the tilt angle
an applied electric field, it should scale with the suscepti
ity exponentg

P0~T!}~T2TAC!2g. ~13!

The Sm-A–Sm-C transition should be in the universalit
class of the three-dimensionalxy model, and hence we ex
pectg'1.33@24#. This expected scaling will be tested by th
fits in the following section.

IV. FITTING

To compare the theory with the experimental data,
note that the theory involves five parameters: the cone a
h, the dielectric parametersea , eb , andec , and the effective
dipole momentP0. The first four of these parameters shou
be independent of temperature and should depend only
the liquid-crystalline material, while the last parameterP0
should be a function of temperature.

To determine the cone angleh, we use the limiting value
of the tilt data at high field, following Eq.~12a!. We use the
lowest-temperature data set because it has the cleares
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tures. To determine the dielectric parametersea , eb , andec ,
we use the limiting values of the birefringence data at l
and high fields, again using the lowest-temperature data
Equations~11b! and ~12b! then give two constraints on th
three dielectric parameters. For a third constraint, we ass
that the isotropically averaged index of refractio
A(ea1eb1ec)/351.6. This value of 1.6 is just a typica
value for an organic liquid, and we have confirmed that
results are not sensitive to this particular choice. With th
three constraints, we can solve forea , eb , andec . The re-
sults for all the temperature-independent parameters
listed in Table I. Note that the cone angles are very simi
33° in DSiKN65 and 34° in TSiKN65, and the dielectr
parameters are also quite similar between the liquid cryst
Presumably this is due to the chemical similarity betwe
these two materials.

Once those parameters are determined, there is only
remaining temperature-dependent fitting parameterP0(T).
To determine this parameter, we fit the combined data for
vs field and birefringence vs field at each temperature. In
fit, we must combine the two contributions tox2 with appro-
priate weighting factors. A reasonable choice is to weight
birefringence data~unitless! by a factor of 1000 relative to
the tilt data ~in radians!, which gives equally good fits to
both data sets. The fits are shown by the solid lines in F
2~a! and ~b! and 3~a! and ~b!, and the extracted values o
P0(T) are listed in Table I. Clearly the theory captures t
field dependence of the tilt and birefringence data. The
are qualitatively good for all of the data and quantitative
good for most of the data.

An alternative way to look at the data is to plot the bir
fringence vs tilt angle. As mentioned in Sec. II, the data at
temperatures collapse onto a single universal curve for e
material. This data collapse is indeed a feature of the the
Because the average dielectric tensor of Eq.~10! depends on
field and temperature only through the combinati
EP0(T)/kBT, the theory predicts a universal curve that d
pends only onh, ea , eb , andec . In Figs. 2~c! and 3~c!, we
plot the theoretical curve along with the data. Note that

TABLE I. Fit parameters for the two liquid crystals studied. Th
first four parameters are temperature independent, whileP0 de-
pends on temperature.

Parameter Temp. (°C) DSiKN65 Temp. (°C) TSiKN65

h 33° 34°
ea 2.484 2.493
eb 2.360 2.379
ec 2.836 2.808

P0(T)(D) 39.5 1768 24.5 2390
39.75 1373 24.75 1952
40.25 946 25.25 1420
41.0 614 26.0 961
42.0 386 27.0 633
43.5 233 28.5 376
45.5 150 30.5 224
48.0 97 33.0 154
5-6
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end pointsof this curve are fixed by the fit parameters, b
the shape of the curve between the end points is determ
by the theory with no further choice of parameters. T
shape is generally close to the data, although there is s
clear discrepancy.

We have tried slightly different estimates for the zero-fie
and high-field limits of the tilt and birefringence, as well as
different fitting procedure that determines all the parame
from the birefringence data and then uses them to calcu
the tilt angle. The results of all these variations are qu
similar to what is shown here. The differences between
theoretical curves and the data are always present at a
the same level.

Note that these fits imply that the molecules are biax
with ea5” eb5” ec . For comparison, we considered a uniax
model with ea5eb5” ec . This model gives good fits to th
birefringence data, but it implies a cone angleh of 24° – 26°,
which is less than the observed tilt angle. As a result, the
involving the tilt angle (u vs E andDn vs u) are unsatisfac-
tory. ~This inconsistency occurs even if we eliminate the co
straint on the isotropically averaged index of refraction.!

In Sec. III, we argued that the value ofP0(T) should
increase as the temperature decreases toward
Sm-A– Sm-C transition. The fit results in Table I are consi
tent with this trend. To analyze the temperature depende
we plot P0 vs T in Figs. 4~a! and ~b! and fit the data to the
power law

P0~T!5AS T2TAC

TAC
D 2g

. ~14!

The power law gives a very good fit to the observed te
perature dependence, with the fitting parameters listed
Table II. Note that the exponentg is 1.51 for DSiKN65 and
1.75 for TSiKN65. This exponent is somewhat larger th
the expected value of 1.33, but we do not have enough
close to the transition to determine the exponent precis
Overall, the fitting results are consistent with the theoreti
concept thatP0 is an effective dipole moment that grow
larger as the system approaches the Sm-A–Sm-C transition,
following a power-law scaling relation.

A further consistency check comes from the amplitude
the power-law variation. The amplitudeA is 0.54 D in
DSiKN65 and 0.44 D in TSiKN65, where 1D
510218 esu cm. This is the same order of magnitude a
typical molecular dipole moment of 1–2 D@25#. Over the
experimental temperature range,P0(T) increases from
roughly 102 to 103 times this value.

One aspect of the fitting results forP0(T) is surprising.
Experimentally, the Sm-A–Sm-C transition occurs within
0.5 °C of the lowest temperature for which tilt angle a
birefringence were measured. However, the fits forP0(T)
shown in Table II indicate a second-order transition tempe
ture almost 2 °C below the actual transition temperatu
Power-law fits to the tilt angle and birefringence data
temperature at the lowest nonzero value of the electric fi
also indicate second-order transition temperatures consi
with those in Table II.
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One possible explanation for the difference between
experimental and the fit transition temperatures is that
transition is weakly first order, with a small discontinuo
change in the tilt angle and birefringence. To test this po
bility, we looked for hysteresis upon heating and cooli
through the transition in DSiKN65 using a differential sca
ning calorimeter. The transition always occurred at a hig
temperature upon heating as opposed to cooling. When
temperature difference was plotted vs the heating/coo
rate ~0.02–0.30 °C/min), it extrapolated linearly to 0.05 °
at zero heating/cooling rate. This hysteresis indicates that
transition has a slight first-order character.

Another possible explanation for this difference is th
there is another phase between the Sm-C and Sm-A phases.

FIG. 4. Symbols, effective dipole momentP0(T), from Table I.
Lines, power-law fits for the temperature dependence ofP0(T). ~a!
DSiKN65. ~b! TSiKN65.

TABLE II. Power-law fit parameters for the temperature depe
dence of theP0(T) data in Table I.

Parameter DSiKN65 TSiKN65

g 1.5160.06 1.7560.08
TAC (°C) 38.060.1 22.360.1
A(D) 0.5460.13 0.4460.12
5-7
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Since this transition involves the establishment of long-ra
azimuthal order of the tilt, there could be an intermedi
phase, perhaps one with a discrete distribution of azimu
angles. We see no evidence for this in the optical and dif
ential scanning calorimetry data, but these types of meas
ments may be insensitive to such structural changes.

V. DISCUSSION

In this paper, we have presented a theory for the orie
tional distribution of molecules in de Vries–type Sm-A liq-
uid crystals. This theory makes the simplest possible
sumptions about the distribution of molecular orientations
a tilt cone, and gives predictions for the dependence of
angle and birefringence on electric field and temperature.
have compared these predictions with experimental data
the tilt and birefringence near the Sm-A–Sm-C transition in
the two materials DSiKN65 and TSiKN65. The overall qua
ity of the fits is good, considering that we are fitting a simp
model to a large amount of data over a wide range of elec
field and reduced temperature. Furthermore, the fits g
quantitatively reasonable values for the effective dipole m
ment, and show how this quantity increases as the sys
approaches the Sm-A–Sm-C transition.

While the agreement between the theory and the exp
ment is generally good, there are clearly some deviatio
These deviations show that the experimental system
some behavior that is more complex than the simple assu
tions of the theory. First, the cone angle probably has so
dependence on temperature and electric field. This de
dence is shown by measurements of the layer spacin
TSiKN65 @19#: For the range of electric field and temper
ture that we have studied, the layer spacing changes
roughly 0.6% with field and roughly 0.1% with temperatur
Second, the molecules may have a distribution of rotati
about the molecular long axes, i.e. a distribution of dip
moment orientations relative to the tilt cone, and this dis
bution may change as a function of field and temperatu
Third, the system may have a distribution of molecular co
e,

p,

.

le

l-

q.
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formations, and this distribution may also change with fie
and temperature. We have not considered these effects in
current theory, because we wish to explain the main trend
the data with the simplest possible theory and to avoid a
ing further fitting parameters. However, these effects can
studied in future work.

As a final point, we speculate that there are not really t
separate classes of Sm-A liquid crystals: ‘‘conventional’’ and
de Vries type. Rather, there may be a whole spectrum
materials between these two extremes. On one end of
spectrum are Sm-A liquid crystals with a very small cone
angle. When an electric field is applied, the main respons
that the molecules tilt uniformly by much more than the co
angle. These are the ‘‘conventional’’ Sm-A materials that un-
dergo layer contraction. On the other end of the spectrum
Sm-A liquid crystals with large cone angles. As an elect
field is applied, the main response is the establishmen
long-range azimuthal order, with a relatively small change
the magnitude of the cone angle. These are the Sm-A mate-
rials that tilt with extremely little layer contraction. In be
tween these limiting cases, other liquid crystals may unde
substantial changes inboth the cone angleand the azimuthal
distribution in response to an electric field. The materials t
we have studied, DSiKN65 and TSiKN65, are clearly ne
the de Vries limit of this spectrum, but their response to
electric field gives insight into the full range of behavior th
is possible in the Sm-A phase.
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