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Numerical and Experimental Dynamical Studies of
Electro-Optical Response of Twisted FLC SmC� Cells

Nicolas Gallé and Mimoun Ismaı̈li
Laboratoire de Dynamique et Structure des Matériaux Moléculaires,
U.M.R. CNRS n� 8024-U.F.R. de Physique, Bat. P5, Université des
Sciences et Technologies de Lille, F59655 Villeneuve d’Ascq Cedex,
France

We report electro-optical studies of twisted SmC� (TSC) cell with high spontaneous
polarization which is known to exhibit a V-shape like switching profile. In this
study we are particularly interested in the influence of both polarization and ionic
charges on the transmitted light intensity. Experimental studies show that the V-
shape profile can be strongly affected because of the contribution of the ionic field
to the internal one. Indeed, we show that the V-shape can be either distorted
and=or sometimes shifted by the ionic field. The developed theoretical model shows
that these effects are related to the azimuthal angle distribution in the cell follow-
ing the ionic charges redistribution. Our studies explain firstly how the azimuthal
angle distribution is modified in the presence and in the lack of ions impurities in
the cell and secondly how the transmitted light intensity is affected. The reported
numerical results show a good agreement with experimental one.
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1. INTRODUCTION

Among several advantages of the ferroelectrics liquid crystals devices
over the conventional nematics ones, high speed of operation and
bistable device configuration [1–5]. The most common electro-optical
studies concern surface-stabilized ferroelectric liquid-crystals cells in
planar configuration. The major problem of these devices is the lack
of gray-scale capability. Several solutions were proposed to overcome
this problem. Nowadays, many groups work particularly on the
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behaviours of devices with a V-shape electro-optical response [6–12].
In 1991, Patel studied another kind of planar cells where the rubbing
directions of the electrodes are perpendicular to each other [13]. He
used a material in the SmC� phase with a high tilt-angle (almost
45�) showing the first order SmC� to N� phase transition. If strong
anchoring is assumed, on the cell electrodes the molecules are aligned
within the plane of the electrode and deviate from the cell plane in the
bulk. The smectic layers are perpendicular to the cell surfaces and the
angle between the layers normal and the rubbed axis is approximately
equal to 45�. The projection of molecules, on a plane parallel to the cell
surfaces, rotate by an angle close to 90� from one electrode to other and
the ferroelectric polarization by an angle close to 180� [14]. So, the
particular orientations of the director on both surfaces produce a heli-
cal structure with a helical axis perpendicular to the glass plates; the
helical pitch is then equal to four times the cell thickness. The cell is
placed between crossed or parallel polarizers. These cells give also a
V-shape electro-optical response [13]. Our previous studies of these
type of cells [14–15] have shown that a weak polarisation allows the
development of a regular twisted structure in the whole bulk (wave
guide regime), whereas a high spontaneous polarisation of molecules
forces the director to be aligned in the bulk (‘‘block polarisation’’ model
[8]); so that the twists are throw back to the surfaces [8,13]. The effect
of an applied voltage to the cell will be then to turn the molecules
around their smectic cone, so the SmC� liquid crystal acts as a birefrin-
gent plate in the middle of the cell and as a rotator close to the sur-
faces, producing a V-shape electro-optical response [14].
Experimental studies are generally in good agreement with these
interpretations. Recently we show that the observed widening of the
V-shape transmission curves is related to the alignments layers thick-
nesses that separate the conducting electrodes from the liquid crystal
in the cell [8,12,16]. It remains however some points to clarify such as
the asymmetry and the shift of the V-shape transmission curves
observed sometimes. It is generally accepted that the ionic charges
are partly responsible for the shift leading sometimes to an asymmetry
of the transmission curves [10]. When a twisted cell is filled with a
SmC� liquid crystal with a high spontaneous polarisation, the diver-
gences of ~PP produces polarisation charges which give rise to an electric
field which is localised near the surfaces [8,14]. Even if any voltage is
applied to the cell, the ionic charges originate from impurities nat-
urally present in the liquid crystal compound moves in order to
counteract the polarisation electric field. As consequence, an inhomo-
geneous initial repartition of the ionic charges must be present in
twisted cells [16], whereas in classical SSFLC cells this repartition
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is homogeneous. So, studies of the TSC optical transmission are parti-
cular since the ionic field exists even if any external field is applied to
the cell. When an electric field is applied to this cell, the liquid crystal
director reorients and the ionic impurities redistribute in the cell, so
it’s important to take into account the ionic field which tend to oppose
to applied electric fields effects.

In this work, the main attention is directed on the studies of the
ionic charges when an external field of a given frequency is applied
to the TSC cell. Experimental studies show that the V-shape profile
is affected by the ionic field. The internal electric field which takes into
account polarisation and ionic charges contributions is given. Numeri-
cal results show how the ionic charges distribution in the cell influ-
ences the director orientations. Our studies explain firstly how the
azimuthal angle distribution is modified in the presence and in the
lack of ions impurities in the cell and secondly how the transmitted
light intensity is affected. The reported numerical and experimental
results agree well.

2. THEORETICAL STUDIES

2.1. Theoretical Model

Calculation of the transmitted light by TSC cells requires the knowl-
edge of the azimuthal angle distribution through the cell. The sym-
metry of the problem suggests that the internal electric field E(z,t)
and the azimuthal angle uðz; tÞ are only time and z-dependants [16].
The z-axis is perpendicular to the electrodes of the cell. To obtain
uðz; tÞ distribution, we follow Nakagawa et al. and Anabuki et al.
[17–18] by minimizing the total free energy which is the sum of the
dielectric energy, the elastic one, and the interaction energies between
the internal field and both the spontaneous polarisation vector of the
material and the net charge nðzÞ. Let us recall that the internal elec-
tric field is the sum of the applied field, the polarization and the ionic
one. The minimization of the total free energy leads to the Euler-
Lagrange equations which describe the elastic and electric (Poisson
equation) properties of the cell. The liquid crystal reorientation is
described by the following equation:

c � @uðz; tÞ
@t

¼ A
@2uðz; tÞ
@z2

� �
� PS � sin uðz; tÞ � Eðz; tÞ ð1Þ

Where c is the effective rotational viscosity coefficient, A ¼ K sin2 h
where K is the elastic constant (in the one elastic constant approxi-
mation) and h the smectic tilt angle and E(z,t) is the internal electric field.
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In order to obtain an expression of the internal effective electric
field, we developed the Poisson’s equation in the same way as Scaler-
andi et al. and Maximus et al. [19–20]. The internal electric field is
then given by:

Eðz; tÞ ¼ b �V0

d
þ PS

e?d

Z d

0

cosð/ðz; tÞÞ dz� 1

d

Z d

0

eiðz; tÞ dz

� �

þ eiðz; tÞ �
PS

e?
cosð/ðz; tÞÞ ð2Þ

Where eiðz; tÞ is the ionic field in the z position: eiðz; tÞ ¼ q
e?

R z
0 nðz; tÞ dz

and n(z,t)¼nþ(z,t)�n�(z,t) where nþ(z,t) and n�(z,t) are the density of
the positive and negative ionic charges respectively. The coefficient b
depends on the cell and the alignment layers thicknesses (d and kal)
and the dielectric permittivity of the liquid crystal (e?) and the
alignment layer one (eal): b�1 ¼ 1þ 2e?�kal

d�eal
if both alignment layers

thicknesses are equal and b¼ 1 if the alignment layers thicknesses
are neglected. Here the anisotropy of the dielectric permittivity is
neglected, so e? ¼ e0er.

In the Eq. (2), V0 represents the applied voltage to the cell by the
power supplier, d is the liquid crystal thickness, the term
b PS

e?d

R d
0 cosðuðz; tÞÞ dz� PS

e?
cosðuðz; tÞÞ is the resultant field of the polar-

isation charges repartition. The last contribution to the internal field
is � b

d

R d
0 eiðz; tÞ dzþ eiðz; tÞ which is related to the ionic charges repar-

tition.
The motion of ions impurities will be described by the following

equation [7,18,19]:

@n�
@t
¼ @

@z
�l�n�EþD�

@n�
@z

� �
ð3Þ

Where l� is the mobility of the positive or negative ions and D� the
corresponding diffusion constant: D� ¼ l�kBT=q (kB is the Boltzmann
constant).

The last equation will be solved by considering that the number of
the two ions species is constant in the cell and the current vanishes
on the cell boundaries (z¼ 0) and (z¼d):

J�ðz; tÞ ¼ q �l�n�Eðz; tÞ �D�
@n�
@z

� �
¼ 0; for z ¼ 0 and z ¼ d: ð4Þ

The migration of ions in the cell is related to the applied voltage. In
the classical SSFLC cells, the repartition of ionic impurities at the first
step of the calculus n�ðz; t ¼ 0Þ is homogenous. On the other hand, the
situation is quite different in TSC cells. Indeed, the main particularity
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of these cells is the presence of a natural internal electric field due to
the polarisation charges even if no voltage is applied to the cell. There-
fore, ions must migrate in the media to counteract this internal field;
and the consequence is that the ionic impurities repartition before
applying any voltage is not homogeneous. Thus when an external volt-
age will be applied to a TSC cell, the ions migration will be quite dif-
ferent in comparison with classical SSFLC cells.

Equations (1), (2) and (3) will be used to study the dynamical
properties of the TSC cell when an external electric field of frequency
f is applied to this cell. The azimuthal angle distribution of the director
will be modified as well as the transmitted intensity. According to the
applied electric field frequency, the ionic charges distribution and then
the ionic field in the cell will be more or less influenced. Equations (1),
(2) and (3) will be solved numerically by using the initial conditions (4)
and assuming hard anchoring (i.e. uð0; tÞ ¼ 0 and uðd; tÞ ¼ p. In order
to simplify the problem, we consider that the cell contain the same
number of positive and negative ions. We consider also that the nega-
tive and positive ions have the same diffusion coefficient and mobility.
The precedent set of equations were solved with the following values
(see Table 1).

2.2. Results and Discussions

Let us start by giving some results for a frequency f¼ 10 Hz and when
the ionic impurities effects are neglected (Figs. 1 and 2). For lower
applied voltages (almost �4 Volts), the azimuthal angle is weak in
practically all the cell except close to the upper surface where it varies
abruptly to reach 180�. The transmitted light intensity reaches a
maximum. When the applied voltage is increased, the spontaneous
polarization aligns gradually with the total electric field and the azi-
muthal angle distribution and the transmitted light intensity change.
When this intensity reaches a minimum, the curve of the azimuthal
angle distribution is practically symmetrical with respect to the center

TABLE 1 Values of the Physical Constants used in our Calculations

l� (Ionic mobility) 10�12 m2=Vs
n� (Ionic density) 2.1021 m�3

D� (Diffusion coefficient of the two species of ions) 25.10�15 m2=s
PS (Spontaneous polarization) 72 nC.cm�2

A (Elastic constant) 8.10�11 N
eCL (Dielectric permittivity of the liquid crystal) 13
eAL (Dielectric permittivity the alignment layer) 4
c (Viscosity) 3 Pa.s

72 N. Gallé and M. Ismaı̈li

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

39
 0

9 
A

ug
us

t 2
01

2 



FIGURE 1 Azimuthal angle distribution in the absence of ion impurities.

FIGURE 2 Transmitted light intensity in the absence of ion impurities. The
observed hysteresis is due to the viscosity effect.
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of the cell. By increasing the applied voltage, strong twists of the direc-
tor are rejected towards the lower parts of the cell and the intensity
increases to reach the plate which corresponds to its maximum. We
should mention that the shift of the minimum of the transmitted light
intensity with respect to the zero of the applied voltage increases with
frequency.

Figure 3 shows the calculated ionic field for ionic impurities density
n� ¼ 21021m�3 and viscosity c ¼ 3Pa � s. When no voltage is applied to
the cell, the azimuthal angle distribution is not constant. So, the ionic
impurities are not homogeneous and the ionic field exists in the cell
(Fig. 3). As result, the twists are less strong in the cell (Fig. 4). When
a voltage is applied to the cell, except near the cell surfaces where the
ionic field varies abruptly, this field remains almost constant every-
where else in the cell. The cell acts as if a constant field is added or
subtracted to the applied one. What results in one hand on smoothing
the azimuthal angle distribution and the transmitted light intensity
and on the other hand on a shift and a deformation of the transmission
curve in comparison with the curve obtained when the ionic impurities
are not considered (Figs. 1 and 6).

FIGURE 3 Ionic field in the TSC cell calculated for the ionic impurities
density n� ¼ 2 1021m�3.
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FIGURE 4 Azimuthal angle distribution calculated for ionic impurities
density n� ¼ 2 1021m�3. The twists are less abrupt in the cell.

FIGURE 5 Transmitted light intensity calculated for ionic impurities density
n� ¼ 2 1021m�3. The observed hysteresis is related to the viscosity and ionic
impurities effects.
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3. EXPERIMENTAL STUDIES

The rubbing directions of the electrodes of the studied cell are perpen-
dicular to each other. The thickness of the cell is equal to 5.4 mm. The
cell is filled with a SmC� liquid crystal (CS2005 – from Chisso). This
compound possesses high tilt-angle (almost 43�) which is almost
temperature independent. A strong anchoring is assumed so, the
molecules are co-planar on the cell electrodes and deviate from the cell
plane in the bulk. The smectic layers are perpendicular to the cell
surfaces and the angle between the layers normal and the rubbed axis
is approximately equal to 45�. From one electrode to other, the polar-
ization vector of the ferroelectric rotate by an angle close to 180�.
The cell is put between parallel polarizers and illuminated by a HeNe
laser (k¼ 632.8 nm). The transmission of the normally incident
polarized light through the cell and the analyzer was monitored with
a photodiode and a HP54645A digitizing oscilloscope. A triangular
voltage is applied to cell by using an HP33120A function generator.
The entrance polarizer is aligned parallel to the analyzer and the cell
is placed in such a way that the transmitted light intensity reaches a
maximum when a sufficient voltage is applied to the cell. All measure-
ments were carried out at room temperature.

FIGURE 6 Transmitted light intensity curve obtained when applying a
triangular wave of frequency f¼ 10 Hz. Experimental curves (circle and
rectangle). Calculated curves: discontinued line (cell without ion impurities),
continued line (cell with ion impurities).
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Figure 6 shows the experimental transmission curves (square and
circle) when applying a triangular wave of frequency f¼ 10 Hz and
the theoretical ones obtained first in the case where the ionic impuri-
ties are not considered (discontinued line) and then accounted for (con-
tinued line). The arrow indicates the direction of variation of the
applied voltage. Both electro-optical response curves resemble to a
deformed V letter and show the existence of threshold and hysteresis.
This type of response was already reported in the literature and was
referenced as ‘‘W-shape’’ [21]. However the curve corresponding to
the increase of the applied voltage differs slightly from the one which
corresponds to a decrease of the applied voltage. It is well known that
these behaviours are related to the alignment layers, the viscosity of
the material and the ionic charges present in the cell [21]. It’s well
established that the alignment layers controls also the widening of
the transmission curves [16]. Consequently, the thicknesses of the
alignment layers are found to be equal to 40 nm. On the other hand,
it’s well known that the viscosity effect appears more at high frequen-
cies and the ions impurities effect at low frequencies. The theoretical
curves calculated without considering the ionic impurities do not cor-
respond at all to the experimental one. However curves obtained by
considering the ionic impurities of density 2.1021 m�3 agree well with
the experimental curves. At the frequency f¼ 10 Hz, the ionic charges
have no more time to move under the applied electric field in order to
counteract its effects. They remain localized at same place of the cell
and the ionic field does not vary and acts only close to surfaces (see
Fig. 3). The applied electric field is then used to reorient the liquid
crystal and to eliminate the ionic electric field effect. As a result, when
ion impurities are present in the TSC cell, the azimuthal angle distri-
bution and the transmission curve are modified. The observed asym-
metry in the experimental curves is probably related to the presence
of several ionic species in the cell and to their mobility differences.

4. CONCLUSION

We study the electro-optical behaviour of twisted SmC� cell with high
spontaneous polarization which is known to exhibit a V-shape like
switching profile. We show that the viscosity and the ionic impurities
modify the electro-optical response. The viscosity effect amounts to the
shift of the minimum of the transmitted light intensity with respect to
the zero of the applied voltage. The ionic impurities act in the TSC cell
even if any field is applied to the cell. Their distribution is inhomoge-
neous and the ionic field always exists in the cell. In this case, the
effect of the polarization charges can be totally canceled by the
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presence of ions impurities, the cell behaves then like if the polariza-
tion charges are neglected [13]. As result, the twists are less strong
in comparison with the case where the ionic impurities are not con-
sidered. For the case of the applied voltage considered in this study,
the cell acts as if a constant field is added or subtracted to the applied
one. The azimuthal angle distribution and the transmitted light inten-
sity curves become smooth. A shift and a deformation of the trans-
mission curve is observed in comparison with the one obtained when
the ionic impurities effect is not considered. The experimental studies
confirm the observed behaviors.
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