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Electric ® eld induced birefringence in a ferroelectric liquid crystal
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We have measured the d.c. electric ® eld dependence of the birefringence and conoscopic
images for the smectic C* phase of a partially racemized ferroelectric chiral smectic liquid
crystal CE-8. The experiments were performed using 50mm thick homeotropic cells with
lateral electrodes which created a d.c. electric ® eld parallel to the smectic layers. The observed
® eld induced birefringence shows a characteristic step-like behaviour which is due to the step-
by-step unwinding of the helical structure in a sample with ® nite dimensions along the helical
axis. In conoscopic observations we observe that these steps are associated with moving
disclination lines that traverse the sample in the direction of the smectic layers. The observed
electric ® eld dependence of the birefringence is discussed in terms of the soliton-like unwinding
of helical smectic structures and compared with the predictions of the Landau theory. A
qualitatively good agreement is obtained.

1. Introduction theoretically and experimentally for a sample of in® nite
length along the helical axis [3± 5]. The helical periodIn recent years conoscopic observations of polar smectic

phases in an external electric ® eld have often been used and static susceptibility have been predicted to diverge
logarithmically close to the critical ® eld for the helicalto identify di� erent liquid crystalline phases [1, 2]. The

shape and evolution of the conoscopic images in an unwinding, which seems to be in contradiction with
experimental results [6, 7]. The d.c. electric ® eld unwind-external electric ® eld provide a clue to the identi® cation

of di� erent intermediate phases of antiferroelectric liquid ing of the smectic C* with ® nite dimensions along the
helical axis has been considered by Urbanc et al. [8].crystals. Because the conoscopic image contains infor-

mation on the birefringent properties of a given phase, This analysis showed that for a thin sample of only
several helical periods, the unwinding of the helix pro-these conoscopic observations were sometimes used to

extract data on the electric ® eld induced birefringence ceeds via a series of ® nite jumps. Each individual jump
and biaxiality [2]. The birefringence resolution of cono- corresponds to the exclusion of a single domain wall
scopic experiments has been traditionally limited due to from the sample. It has also been shown that for a
poor spatial resolution of the shape of the conoscopic sample thickness of more than typically 10 helical periods,
® gure. It seems therefore worthwhile to re-examine the the discrete helical jumps follow the ® eld dependence
electric ® eld induced birefringence of these new phases of the helical period that is calculated for an in® nite
with newly available high resolution optical techniques, sample (see ® gure 2 of [8]). The optical properties of the
which can give additional valuable information for helicoidally modulated smectic C* phase are on the other
structural identi® cations. This work was initiated by the hand well understood. It has been shown theoretically
lack of systematic and quantitative comparisons of the and con® rmed experimentally that a simple perturbative
electric ® eld induced birefringence and conoscopic images approach to the optics of birefringent modulated phases
in well known systems, such as the chiral ferroelectric can explain the experimental observations [9]. This
smectic C* phase. It could serve as a starting point for approach has been used to explain quantitatively the
the understanding of results from similar experiments magnetic ® eld induced biaxiality in a ferroelectric liquid
on intermediate phases with unknown structure and crystal in a transverse magnetic ® eld.
unknown response to an electric ® eld. The paper is organized as follows. We ® rst describe

The unwinding of the helical smectic C* phase in the behaviour of the ferroelectric smectic C* phase in a
an external d.c. electric ® eld has been studied both transverse d.c. electric ® eld within the CAA approxi-

mation. This is followed by a brief calculation of the
electric ® eld induced birefringence within the ® rst order*Author for correspondence; e-mail: igor.musevic@ijs.si
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1180 M. Conradi et al.

approximation to the optical properties of inhomogeneous It can be shown [10], that the helical period depends
on the electric ® eld,birefringent media. The experiment and the experimental

results are described and discussed in §3, which is
followed by conclusions in §4. p(E )= po A2

pB2

E (h)K (h). (5)

Here, po is the helical period in zero ® eld and K (h) is2. Theory

We ® rst brie¯ y review the behaviour of a bulk ferro- the complete elliptic integral of the ® rst kind. It is easy
to see that the helical period diverges at the critical ® eld.electric smectic C* phase in a transverse d.c. electric ® eld

applied perpendicular to the helical axis [8]. The sample The con® nement of the sample and, in particular the
® nite dimensions of the sample along the helical axisis aligned homeotropically, the normal to the smectic

layers is along the z-axis and is perpendicular to the con- have a considerable in¯ uence on the static and dynamic
behaviour of the smectic C* phase in an external d.c.® ning surfaces. The electric ® eld E is applied along the

y-axis, E = (0, E, 0). In the constant amplitude approxi- electric ® eld [9]. It has been shown by Urbanc et al.
[8], that in this case the helical period does not increasemation (CAA) we consider only the phase-dependent

part of the free energy continuously, but rather shows discontinuous jumps, each
corresponding to the exclusion of a single 2p domain
from the sample. They have also shown that for a sampleg(z)=

1

2
K 3 h2

o AdW

dz B2

Õ Lh2
o

dW

dz
Õ EPo cos W. (1)

thickness of more than typically 10 helical periods, the
discrete helical jumps follow the ® eld dependence of the

Here, K 3 is the torsional elastic constant, L is the helical period that is calculated for an in® nite sample.
coe� cient of the Lifshitz term, ho and Po are the The optical properties of a helical ferroelectric
spontaneous tilt and polarization, respectively, and W(z) smectic C* structure in a transverse d.c. electric ® eld
is the phase pro® le of the helical structure. In zero can be considered in the ® rst order approximation to
® eld, W(z)= qc z, and the critical wave vector qc = 2p/po the wave equation [9]. Within this approximation, the
corresponds to the undisturbed helical period po . After optical properties are described by the space-averaged
minimization of the total free energy, one obtains the dielectric tensor, which is for the smectic C* phase
sine-Gordon equation for the phase pro® le W(z). Periodic
solutions of this equation can be expressed analytically
with Jacobi’s elliptic functions

e(z)=C1

2
[(e1+e2 )+(e3 Õ e2 ) sin2 h]

0

0

W(z)= 4 arctanCA1 Õ h

1+hB1 /2 sn(u; kÄ )

cn(u; kÄ )D. (2)

This phase pro® le represents a 2p-soliton lattice, which
is formed by the linear coupling of electric dipoles to the
external electric ® eld. Here, sn(u; kÄ ) andcn(u; kÄ ) are Jacobi’s
elliptic sine and cosine, respectively. The argument of

0 0

1

2
[(e1 +e2 )+(e3 Õ e2 ) sin2 h] 0

0 e3 Õ (e3 Õ e2 ) sin2 hDthese functions is u = azÄ , where zÄ = z/[(K 3 h2
o )/(Ec Po )]1 /2

is the reduced coordinate, a=p(1+h)qc/8E(h) and the
modulus is kÄ = 2 Ó h/(1+h). The parameter h determines
the degree of deformation of the phase pro® le W(z). For
small h, the pro® le is plane wave-like, whereas for h � 1,
the phase pro® le tends to a soliton-like modulation. +(e3 Õ e2 ) sin h cos hC 0 0 cos W(z)

0 0 sin W(z)

cos W(z) sin W(z) 0 DThe parameter h is determined from the transcendental
equation [10]

h = AE

EcB
1 /2

E(h). (3)
+

1

2
[(e2 Õ e1 )+(e3 Õ e2 ) sin2 h]Ccos 2W(z) sin 2W(z) 0

sin 2W(z) Õ cos 2W(z) 0

0 0 0D .

In these expressions, E(h) is the complete elliptic integral
of the second kind. The critical electric ® eld Ec , where (6)the ferroelectric phase is unwound, is

The spatially inhomogeneous part of the dielectric tensor
has two contributions with two di� erent spatial periods,Ec = Ap

4B2 K 3 h2
o q2

c

Po

. (4)
i.e. pitch and half a pitch, respectively.
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1181FL C birefringence Ð electrically induced

When calculating the space-averaged tensor, one crystal layer. After the analyser, the conoscopic image
was projected on a semi-transparent screen. Here, theneeds to know the spatial averages 7 sinW(z) 8 , 7 cosW(z) 8 ,

7 sin2W(z) 8 and 7 cos 2W(z) 8 . It is straightforward to conoscopic image was observed with a CCD camera
and captured with a video frame grabber into a PC.show that these averages are equal to zero in the absence

of external ® elds. By symmetry considerations, it is also We have used a mixture of 35 wt%chiral and 65 wt%
racemic CE-8 in the experiments. The smectic A±easy to see that a linear coupling induces ® nite spatial

averages of 7 sin W(z) 8 and 7 cos W(z) 8 . In particular, smectic C* phase transition in our samples was at 366 K.
The critical electric ® eld for the unwinding of the helix
in this mixture is several hundred volts for an electrode7 cos W(z) 8 = G 2

h2 C1 Õ
E (h)

K (h)D Õ 1H. (7)
gap of one millimeter. The samples were aligned in 50mm
DMOAP coated glass cells with a good homeotropicSimilarly, quadratic coupling, such as for example with
alignment. The electrodes were made by etching the ITOa transverse magnetic ® eld, induces ® nite spatial averages
conductive layer on the surface of one plate. We could notof 7 sin 2W(z) 8 and 7 cos 2W(z) 8 . These e� ects also have
use copper wire electrodes, as suggestedby other authors,a clear physical interpretation by considering the form
because the electric current with copper electrodes wasof a space-averaged dielectric tensor. For example, a d.c.
too high and resulted in a rapid deterioration of the cellelectric ® eld applied along the y-direction would induce
alignment.a tensor of the form

The electric ® eld dependence of the birefringence, as
observed at an angle of 30ß with respect to the optical
axis is shown in ® gure 1, for di� erent sweep times of the

7 e8 = Cexx 0 exz

0 exx 0

exz 0 ezzD . (8) electric ® eld. In all cases, one can see a stepwise increase
of the induced birefringence with the electric ® eld. This
step-like behaviour is more pronounced close to the
critical ® eld, where the helix is expected to changeThis represents a rotation of an originally diagonal uni-
rapidly with the ® eld. We have noted that the numberaxial tensor around the y-axis. Physically, this represents
of steps is closely related to the number of the helicala rotation of the optical axis around the direction of the
periods in the sample. The period of the helix of theexternal ® eld, which is indeed observed in the experi-
mixture is of the order of 5mm and changes slightly withments. The component exz contains the spatial average
temperature. The number of helical turns in the sample7 cos W(z) 8 , see equation (2), and is
is close to 10, which is in qualitative agreement with the
number of steps observed in the experiment. The electricexz = (e3 Õ e1 ) sin ho cos ho G 2

h2 C1 Õ
E(h)

K (h)D Õ 1H .
® eld induced birefringence shows a signi® cant dependence
on the time of the sweep of the electric ® eld, although(9)
the overall features remain unchanged. For short sweeps,

Here, e3 is the dielectric constant measured along the one can see a characteristic t̀ail’ of the birefringence at
molecular long axis and e1 is the dielectric constant large ® elds. This means that the birefringence does not
measured in a transverse direction. Equation (9) there- change as rapidly with the ® eld as expected from theory.
fore allows us to compare the experimentally determined Consequently, the measured àpparent critical electric
electric ® eld induced birefringence with the predictions ® eld’ is always larger than the theoretically estimated
of the Landau theory. ® eld. This indicates that the experiments were not per-

formed in equilibrium as there was not enough time to
allow for thermal equilibration.3. Experimental results and analysis

The birefringence set-up used in these measurements The stepwise behaviour of the electric ® eld induced
birefringence is observed throughout the temperatureis a standard high resolution polarimeter, based on a

photoelastic modulator, as described elsewhere [11]. The range of the ferroelectric phase, as shown in ® gure 2.
The critical electric ® eld increases with decreasingaccuracy of the polarimeter is 0.01ß of the retardation

between the ordinary and the extraordinary wave. In temperature, as expected due to the increasing ratio of
h2

o /Po in equation (4). We have also calculated the# 50mm thick samples, this gives an accuracy of the
birefringence of the order of dDn# 10Õ 6 , which is high electric ® eld induced birefringence following equation (9)

for the space-averaged dielectric tensor. The calculatedenough to see ® ne variations of the index of refraction
due to electric ® eld induced distortions of the phase change of the birefringence due to the rotation of the

dielectric tensor, equation (8), under the in¯ uence ofpro® le. The conoscopic set-up was constructed using a
high power argon laser, which was polarized and focused the electric ® eld is shown in the inset to ® gure 2,

together with the data for the two experimental runs.by a large numerical aperture objective onto the liquid
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1182 M. Conradi et al.

Figure 1. The electric ® eld dependence of the birefringence in a 35:65 wt% mixture of chiral and racemic CE-8, as observed at
an angle of 30ß with respect to the optical axis for di� erent times of the sweep of the ® eld. The measurement was performed
at Tc Õ T = 25 K. Note the characteristic t̀ail’ for short runs and the clear presence of steps for longer experimental runs.

Figure 2. The electric ® eld dependence of the birefringence in a 35:65 wt% mixture of chiral and racemic CE-8, as observed at
an angle of 30ß with respect to the optical axis at di� erent temperatures. The duration of the ® eld sweep was 100 s. The inset
shows a ® t of data from two experimental runs to the equation (9), using the equations (3) and (4). The tilt angle and
birefringence were determined directly in an independent experiment.

The agreement is only qualitatively good at low ® elds, The step-like behaviour of the birefringence suggests
that the helical unwinding proceeds in individual steps.whereas close to the critical ® eld, the experimental data

signi® cantly deviate from the theoretical predictions. We During each step, a single or multiple number of 2p
domain walls is presumably squeezed out of the sample.think that this deviation is because the ® eld sweeps

were performed in a time that was too short to allow This conjecture is further supported if we calculate the
expected change of the birefringence of the sample, whenfor complete thermal equilibration.
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1183FL C birefringence Ð electrically induced

a single 2p domain is squeezed-out. Using equation (2) and annihilate a single 2p domain wall of the distorted
ferroelectric structure. As a result, the number of helicalfor the phase pro® le, we have calculated that a single 2p

domain wall contributes a birefringence of the order of turns in the sample is reduced by one and the structure
is again in thermal equilibrium. Upon increasing theDn# 1.5 Ö 10Õ 3 , when the electric ® eld is close to the

critical ® eld. This is in reasonable agreement with experi- electric ® eld, the mechanism appears again and we have
a step-by-step increase of the birefringence. These obser-ment, which shows birefringence jumps of the same

order of magnitude. We should also note that the steps vations indicate that the helical unwinding in thin cells
with a ® nite ratio of po /d is of a nucleation character.are sometimes more and sometimes less pronounced, as

can be seen from the inset to ® gure 2. The unwinding proceeds via a series of f̀ronts’ that
annihilate single 2p domain walls. A similar mechanismThe conjecture of a step-by-step-like unwinding of

the ferroelectric structure in an external electric ® eld was observedby Glogarova et al. for thinplanar cells [12].
was also probed by conoscopic imaging. During the
® eld sweep, conoscopic images were captured at regular 4. Conclusions
time intervals, thus capturing a movie of the helical In this paper, the following observations concerning
unwinding. As shown in a sequence of conoscopic images the behaviour of helicoidally modulated polar smectic
in ® gure 3, the image ® rst tilts as a whole in a plane structures in an external d.c. electric ® eld have been
perpendicular to the direction of the electric ® eld. This reported:
is followed by the passage of a series of f̀ronts’ over the
® eld of view, as shown in ® gure 3 (c). Finally, above (i) The unwinding of helical structures in an external

d.c. electric ® eld is a very slow process. Wethe critical ® eld, we have a typical biaxial conoscopic
image of an unwound ferroelectric phase. What is here estimate that the ® eld sweep up to critical ® eld

should always be longer than several minutes orinteresting is the presence of f̀ronts’, which appear at
the edge of a sample and then travel at a uniform speed even tens of minutes. For shorter ® eld sweeps,

metastable states can be clearly observed closethroughout the ® eld of view. These fronts are correlated
with the step-like increase of the birefringence and are to the critical ® eld and the experimentally deter-

mined critical ® eld is always larger than the truevery important in the mechanism of the unwinding of
helical structures. We conjecture that somehow the dis- equilibrium critical ® eld.

(ii) The unwinding of the helical structure alwayslocations are created at the edge of the sample. These
dislocations then travel through the smectic structure proceeds in a step-like manner. This is most

Figure 3. The sequence of conoscopic images, as obtained with a 35 :65 wt% mixture of chiral and racemic CE-8 at a temperature
Tc Õ T =0.5 K. The electric ® eld was increased at a rate of 36 VmmÕ 1 sÕ 1 . The shift of the conoscopic ® gure is accompanied
by the passage of clearly observable disclination lines (dashed lines) that correspond to the unwinding of the helical structure.
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