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Field-induced optical biaxiality in chiral smectic-A liquid crystals
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Observation of field-induced optical biaxiality in a chiral smectic-A liquid crystal is reported for the first
time. Optical transmission measurements as a function of electric field demonstrate that a material exhibiting
a large electroclinic effect also exhibits a pronounced optical biaxiality. It is shown that the biaxiality is
correlated with the electroclinic tilt angle and its field dependence can be qualitatively explained in terms of a
simple molecular model involving reorientation about the long molecular axis.@S1063-651X~97!50102-4#

PACS number~s!: 42.70.Df, 61.30.Gd, 78.20.Fm, 78.20.Jq
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Smectic liquid crystals composed of chiral molecules
important electro-optical materials, whose physical prop
ties depend strongly on the degree of order in these m
morphic phases. In general, the smectic-A and smectic-C
phases are orientationally ordered fluids with a den
modulation or layering in one dimension and liquidlike m
lecular arrangement in the other two dimensions. In
smectic-A ~Sm-A! phase the molecules within a layer are,
the average, parallel to the layer normal, while in t
smectic-C ~Sm-C! phase they are uniformly tilted. In add
tion to molecular tilt, the dielectric biaxiality of the Sm-C
phase also distinguishes it from the uniaxial Sm-A phase, as
demonstrated experimentally@1,2#. When the constituen
molecules are chiral, the resultant chiral smectic-C* ~Sm-
C* ! phase has no mirror symmetry and exhibits macrosco
polarization.

The chiral Sm-A* phase is particularly interesting. In th
absence of an electric field, the molecules are free to ro
about their long axis, and the Sm-A* phase is uniaxial even
though the molecular environment is monoclinic. When
electric fieldE is applied parallel to the smectic layers, th
free rotation is restricted, since the transverse componen
the permanent molecular dipoleP tends to align with the
field, resulting in a tilt of the molecule within the layer. Th
effect, known as the electroclinic effect, was first observ
and explained in terms of symmetry by Garoff and Mey
@3#, and has since been the object of intensive investiga
@4,5#. The symmetry-breaking tilt of Sm-A* should be ac-
companied by field-induced biaxiality@6#, which, like the
electroclinic effect, arises from the interaction of the appl
field with the transverse dipole moment of the molecule.

The extent to which field-induced biaxiality affects th
optical response of the Sm-A* phase is not well understood
Although field-induced dielectric biaxiality@7# has been re-
ported at low frequencies for Sm-A* liquid crystals, the op-
tical analog of this effect has not been observed so far
fact, such an observation is not necessarily a foregone
clusion@8# in view of the fact that strong electric-dipole con
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tributions play little role at optical frequencies and that t
naturally tilted smectic-C* phase is frequently regarded a
optically uniaxial@6,9# even when the biaxiality at low fre
quencies is large@1,2#. A critical examination of optical bi-
axiality is needed for a fundamental understanding of
electro-optic response in the Sm-A* phase. Further, the na
ture of the biaxial order, its field dependence and prec
relation to electroclinic tilt remain to be elucidated.

In this Rapid Communication, observation of field
induced optical biaxiality in a chiral smectic-A phase is re-
ported. By measuring the optical transmission as a func
of polarization angle and electric field, it is shown that
material exhibiting a large electroclinic effect also exhibits
pronounced optical biaxiality. It is further shown that th
biaxiality is correlated with the electroclinic tilt and its fiel
dependence can be qualitatively explained in terms o
simple molecular reorientation model.

The liquid crystal material, denoted as KN125, has
structure shown in Fig. 1, and possesses the following ph
sequence: crystal–~33 °C!–chiral Sm-A–~78 °C!–isotropic.
Bipolar, square-wave electric fields were applied across
temperature-controlled cells, which are similar to those
scribed in an earlier work@10#. Their thicknesses~10–20
mm! were determined from interference fringes. The me
surement geometry is also illustrated in Fig. 1. The homo
neously aligned chiral smectic-A liquid crystal is in the
bookshelf geometry, the smectic layers being perpendic
to the cell windows responsible for surface alignment. A
plication of the electric field causes the molecular directod̂
to rotate through an angleu ~the electroclinic tilt angle! rela-
tive to the smectic layer normaln̂, in a plane perpendicula
to the electric field. We define a tilted coordinate syste
(XL ,YL ,ZL) whoseZL axis lies in the plane normal toE but
is rotated by an angleu with respect to the smectic laye
normal so as to coincide with the molecular directord̂. The
YL axis is normal to the cell windows and parallel to th
electric field, andXL is orthogonal toYL andZL.

The transmission of an optical beam propagating alo
YL is measured as a function of light polarization angle fo
series of applied voltages with the sample between ei
crossed or parallel polarizers. For crossed polarization,
transmitted signal is given by@11#
R1271
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FIG. 1. The measurement geometry, illustra
ing the rotated laboratory coordinated fram
(XL ,YL,ZL), obtained from the sample coord
nates (X,Y,Z) by a u rotation about theY axis,
and the molecular frame (x,y,z) obtained by af
rotation about theZL axis. The molecular struc-
ture of KN125 is also shown.
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I'5I ~0!sin2~2a!sin2~c/2!. ~1!

Here,a is the angle between the polarization vector and
molecular director,c52pDnd/l is the phase angle, and th
birefringence,Dn[nZL2nXL, is the difference in refractive

indices for light polarized along theZL and XL axes. The
variation of the electroclinic tilt angleu ~and hencea! with
electric field causes a shift in the angular position of
maxima and minima. Any change in the value of the tra
mission maximum would indicate a field-dependent birefr
genceDn.

Figure 2 illustrates the measured transmission as a fu
tion of an applied field and angular orientation of the sam
relative to that of the crossed polarizers. The experime
dependence of the transmitted signal on angle varies sys
atically as the electric field varies from 0~lowest curve! to
10.5 V/mm ~highest curve!. Two prominent features shoul

FIG. 2. Crossed-polarized transmission as a function of po
ization angle for KN125, subjected to electric fields of 0.0 V~low-
est data set!, 1.0 V/mm, 2.1 V/mm, 3.1 V/mm, 4.2 V/mm, 5.2 V/mm,
7.3 V/mm, and 10.5 V/mm ~highest data set!.
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be noted:~i! the variation in the angular positions of th
transmission minima and maxima, from whichu (E) may be
determined, and~ii ! the change in the amplitude of the tran
mission maximum. As shown in Fig. 3~a!, u initially in-
creases rapidly with electric field, but saturates at hig
fields. Tilt angles as high as 15° were measured, consis
with results reported earlier for KN125@10#.

It should be noted that large electroclinic tilt angles a
induce strain, since they tend to decrease the local sme
layer spacing which is constrained at the alignment surfa
The resulting deformation of the bookshelf geometry can
shown to reduce the magnitude of the crossed-polari
transmission maximum by no more than a few percent@10#.
This deformation may be safely ignored here, since the p
dicted change in transmission is over an order of magnit
too small, and is of the wrong sign~see Fig. 2!. A detailed
discussion of this deformation in KN125 will be the subje
of future work.

The magnitude of the crossed-polarized transmiss
maxima doubles between 0 and 10.5 V/mm, indicating a
field-dependentDn. This is, to our knowledge, the first ob
servation of field-dependent birefringence in smectic-A* liq-
uid crystals. Note that the effect of this variation inDn on
the electro-optic response is comparable in magnitude to
of the electroclinic tilt. The experimental transmission da
for various samples were fit using Eq.~1!, andDn was de-
termined as a function of an applied field. Figure 3~b! shows
the field dependence ofdDn(E)[Dn(E)2Dn(0) for a 10-
mm-thick sample. The rapid increase in birefringence at
lowest fields and subsequent saturation at the highest fi
are similar to the observed field dependence of the elec
clinic tilt angle. At the highest fields, the measured values
dDn represent a several percent change inDn, which varies
from 0.14 to 0.16 across the visible spectrum. The variat
in Dn could in principle be related to either a change
nXL, arising due to field-induced biaxiality, or a change
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nZL @12#. The latter could arise, for example, if the field we
to deform the liquid crystal so that the long molecular ax
and hence the largest axis of the refractive index ellipsoid
longer lies in the plane normal to the electric field~i.e., the
XL-ZL plane!. This in turn would lead to a decrease innZL
and thereforeDn, contrary to our experimental observatio
@Fig. 3~b!# which showDn increasing with increasing field
strength@13#. An increase inDn is in fact what would be
expected for field-induced biaxiality. From the molecu
structure shown in Fig. 1, the larger of the two minor axes
the polarizability and hence refractive index ellipsoid is e
pected to be along the transverse component of the di
moment. Therefore, the electric field tends to align the lar
of the two axes in theYL direction, causingnXL to decrease

andDn to increase. It is thus clear that the observed incre
in Dn for this surface stabilized smectic-A* liquid crystal
arises from field-induced biaxiality.

To relate these experimental results to molecular par
eters, we assume that all molecules have their long a
aligned alongZL , and that their azimuthal orientation is d
scribed by some angular distribution function. Hence,
define the molecular coordinate system (x,y,z), where z
5ZL, andx andy are rotated by an anglef with respect to
XL andYL. In the molecular coordinate system, the dielect
tensore of a locally correlated group of molecules is diag
nal with componentsexx , eyy, and ezz. By transforminge
into the laboratory coordinate system and averaging it o
the distribution off, we obtain the refractive indices

nXL
2 'exx^cos

2f&1eyy^sin
2f&

nYL
2 'exx^sin

2f&1eyy^cos
2f& ~2!

nZL
2 'ezz.

From Eqs. ~2!, the birefringence,Dn5nZL2nXL, and its

variation with field,dDn(E)'nXL(0)2nXL(E), can be cal-
culated for comparison with experiment. For zero fie
where the molecules rotate freely,̂cos2f&5^sin2f&51

2,
and the liquid crystal is optically uniaxial withnXL

2 5nYL
2

5(exx1eyy)/2. When EÞ0and the molecular rotation i
hindered, these expectation values are not equal and the
tem becomes biaxial. In the high-field limit,nXL

2 'exx.

To calculate the expectation values in Eqs.~2!, we aver-
age overf, employing the mean-field distribution functio
r~f!5exp (EP0 cosf/kBT), whereP0 is the transverse com
ponent of the electric dipole moment of a locally correlat
group of molecules. Noting thateyy2exx,exx at optical fre-
quencies, we obtain an approximate expression for the fi
dependent change in birefringencedDn,

dDn~E!'
1

2
~eyy

1/22exx
1/2!

I 2~EP0 /kBT!

I 0~EP0 /kBT!
, ~3!

whereI 0 andI 2 are the modified Bessel functions. The so
curve in Fig. 3~b! is a fit of Eq. ~3! to the experimenta
dDn(E), employingeyy

1/22exx
1/250.01andP051800 D. Note

that the calculated curve scales asE2 for small E, then
passes through an inflection point and saturates for largE,
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in qualitative agreement with the experimental results. B
cause the transverse molecular dipole moment for KN12
approximately 5 D@14#, this simple model suggests that ea
locally correlated group consists of several hundred m
ecules. A more accurate treatment of this problem sho
probably account for possible variations of the dipole cor
lation length with electric field.

Using the fact thatnZL@Dn@(nYL2nXL), one can obtain
from Eq. ~2! an approximate relation between the fiel
induced biaxialitydn[nYL2nXL and the change in birefrin
gence

dn~E!'2dDn~E!. ~4!

As a result,dn(E) may be evaluated directly from the me
sureddDn(E). An alternative way to characterize the in
duced biaxiality is by the biaxial angleb that the two optical
axes for wave normals make with theZL axis.b is related to
the refractive indices by the expression@11#

tanb5S nXL222nYL
22

nYL
222nZL

22D 1/2

. ~5!

Combining Eqs.~4! and ~5!, we obtain the approximate re
lation b'A2dDn/Dn, indicating thatb can be derived di-
rectly from the measured values ofDn anddDn(E).

In Fig. 4,b is plotted as a function of the tilt angleu for
KN125. The solid curve is a least-square fit of the da
showing thatb varies linearly with tilt angleu over a wide
range of electric-field strengths. This also implies that
biaxiality dn is proportional tou2 ~sincedn varies roughly
asb2!. A similar correlation between refractive index biax
ality and the smectic-C phase tilt angle has been reported

FIG. 3. Variation of ~a! the optical tilt angleu and ~b! the
change in birefringencedDn as a function of applied electric field in
the smectic-A* phase of a 10-mm-thick KN125 liquid crystalline
sample; the curve in~b! is a fit of Eq.~3! to the experimental data
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Galerne@15#. The biaxiality measured here for KN125 in th
chiral smectic-A* phase is appreciably larger than that r
ported earlier for similar tilt angles in the smectic-Cphase
@15,16#. Goudaet al. @1# studied the dielectric biaxiality in a
chiral smectic-C* liquid crystal and also found it to vary a
the square of the tilt angle, consistent with our findings.
quadratic dependence ofdn on u is also expected from sym
metry arguments. Since the refractive index is a continu
even function ofu, Dn(u)5Dn(2u) and dDn}u2. While

FIG. 4. b, the half angle between the two optic axes, as a fu
tion of optical tilt angle for the smectic-A* phase of KN125. The
sample is the same as for Fig. 3. The curve is a linear least-squ
fit to the data.
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these arguments establish a clear relationship betweenu and
dn in the low field limit, the relationship between these tw
quantities is more general and should hold for a wide ra
of fields. This is so because the electroclinic tilt as well
the field-induced biaxiality arise due to the force exerted
the field on the dipole momentP.

Finally, it should be emphasized that the primary effe
caused by the electric field acting on Sm-A* liquid crystals is
the reduction of the azimuthal angle degeneracy. This
duces tilt as well as biaxiality, removing two important cha
acteristics that differentiate the Sm-A* and Sm-C* phases.
The induced optical biaxiality observed here for the chi
smectic-A phase is surprisingly large, particularly whe
compared to the biaxiality in the smectic-C phase with com-
parable tilt angles. Our data also show a strong correla
between the electroclinic tilt angle and biaxiality. These
sults raise fundamental questions regarding the nature o
Sm-A* phase in the presence of an electric field, a
whether a single order parameter and its associated ang
distribution might be sufficient to describe the physical pro
erties of Sm-A* . While further studies are needed to resol
these questions, the optical techniques employed in this w
provide a powerful probe of these phenomena.

The authors wish to thank the Office of Naval Resea
for support of this research, A. T. Harter for experimen
assistance, and J. Naciri for synthesizing the liquid crys
studied here.
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