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The full Landau potential of a ferroelectric liquid crystal, doped with two different bent-core molecules at
varying concentration, was determined experimentally. Using a multicurve fitting procedure, temperature and
electric field dependent tilt angle and polarization measurements were analyzed according to the generalized
Landau model of ferroelectric liquid crystals. From this analysis the three Landau coefficients as well as the
polarization-tilt coupling parameters were obtained as a function of dopant concentration. It is shown that the
two most varied parameters are those of the first Landau coefficient and the �chiral� linear polarization-tilt
coupling constant. The results quantitatively verify the chiral induction capability of nonchiral bent-core
shaped dopants and an observed increase in the electroclinic effect with increasing dopant concentration.
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I. INTRODUCTION

Ferroelectric liquid crystals �1–3� have been the subject of
extensive investigations since Meyer et al. �4� first demon-
strated that a tilted smectic liquid crystal composed of chiral
molecules can exhibit a spontaneous polarization PS. The
most prominent manifestation of such behavior is found in
the helielectric SmC* phase. On application of an electric
field the spontaneous polarization aligns along the field di-
rection. This realignment can be exploited to switch between
two states on application of an ac electric field. It was the
discovery of the surface stabilized geometry by Clark and
Lagerwall �5� that largely promoted the study of helielectric
liquid crystals and made them of key technological impor-
tance. In the simplest case, liquid crystals can be viewed as
long “rodlike” molecules. In the SmA* phase these mol-
ecules form layers in addition to the purely orientational or-
der of the nematic phase, such that the director, n, lies par-
allel to the smectic layer normal. In the low-temperature
SmC* phase the director is inclined at an angle �, the tilt
angle, with respect to the layer normal. In thin surface stabi-
lized devices with cell gaps smaller than the pitch of the
intrinsic helical superstructure of the SmC* phase, the helix
is suppressed and ferroelectric behavior is observed �5�.

Subsequent to the discovery of ferroelectric liquid crystals
much work has been undertaken to develop a theoretical ba-
sis of the second order phase transition from the paraelectric
SmA* phase to the ferroelectric SmC* phase. The bulk of
this work is based on the general Landau theory for phase
transitions. For both achiral and chiral systems, the primary
order parameter of the transition from the nontilted SmA�*�

to the tilted SmC�*� phase is generally considered to be the
scalar parameter of the tilt angle, �. Nevertheless, the basic
description is in very close analogy to ferromagnetic sys-
tems, where the magnetization M is taken as the primary
order parameter. The reason for the choice of � instead of PS

as the primary order parameter for the smectic A to C liquid
crystal transition is the fact that a comprehensive theory
should describe both achiral and chiral systems. As a spon-
taneous polarization can only occur in a chiral system, PS is
considered as a secondary order parameter of the SmA* to
SmC* transition, which is coupled to the tilt angle �.

The classic Landau theory expands the free enthalpy den-
sity difference g−g0 between the high-temperature SmA and
the low-temperature SmC phase in even powers with respect
to the �achiral� order parameter � as

g − g0 =
1

2
��T − TC��2 +

1

4
b�4 +

1

6
c�6 + ¯ . �1�

The coefficient a=1/2��T−TC� is linearly dependent on
temperature, reversing its sign as the phase transition is
crossed at TC. Further it is b�0 for a second order transition
�b�0 for a first order transition� and c�0 �6,7�. The expan-
sion is generally cut off after the third term in �, with the �6

term having been shown to be of importance in the descrip-
tion of the potential �7�.

Considering chiral materials the occurrence of a local
spontaneous polarization, as well as the formation of a heli-
cal superstructure with wave-vector q0, have to be taken into
account �8�. In the case of the surface stabilized geometry the
helical pitch is infinite, i.e., q0=0. This condition was ful-
filled in all the experiments presented below. The total po-
larization P is accounted for by �i� a dipolar ordering term
P2 /2�0�0, with �0 being the dielectric susceptibility at large
frequencies along the electric field direction, and �ii� a bilin-
ear coupling term between tilt � and polarization P is added,
−C�P, which describes electroclinic �piezoelectric� effects
�9�. We note that the bilinear coupling coefficient C is chiral
in nature:
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1
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Equation �2� implies a linear dependence of polarization with
tilt, a relation, which is generally in contradiction to experi-
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mental findings, especially for large tilt angles at tempera-
tures well below the transition temperature. Within the gen-
eralized Landau theory of ferroelectric liquid crystals �10,11�
these deviations are accounted for by quadrupolar ordering,
leading to a biquadratic coupling term −�P2�2 /2, with �
being the quadrupolar coupling coefficient, which is achiral
in nature. The difference in free enthalpy density within the
generalized Landau model is then given by

g − g0 =
1

2
��T − TC

* ��2 +
1

4
b�4 +

1

6
c�6 +

P2

2�0�0
− C�P

−
�P2�2

2
, �3�

where we neglect a term 1/4�P4���0�, which was origi-
nally added for stability reasons, but which has no physical
justification. On electric field application of amplitude E the
free enthalpy density is finally given by

g − g0 =
1

2
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6
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−
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This description neglects any detailed surface interactions
besides the unwinding of the helical superstructure �q0=0�,
as well as flexoelectric effects. For the analysis presented
below, this is justified, because experiments were carried out
at constant cell gap in the bookshelf-geometry, i.e., possible
small surface interactions would be equivalent for all
samples and spatial variations of the director field are absent.

Prior to the electro-optic investigations of Giesselmann et
al. �12,13�, only a few attempts have been made to experi-
mentally obtain a quantitative determination of the Landau
coefficients of ferroelectric liquid crystals. The latter were
mainly based on calorimetric measurements �14–16� and the
electroclinic effect �17�. In this investigation we determine
the full Landau potential of a ferroelectric liquid crystal,
doped by different mesogenic and nonmesogenic achiral
bent-core molecules �18–20� with varying bent-core angle,
and additionally varying their concentrations, in order to elu-
cidate the effects of achiral dopants on the individual, chiral,
and nonchiral coefficients of the general Landau expansion.

II. EXPERIMENTAL METHODOLOGY

Minimization of the Landau free energy density �Eq. �4��
with respect to the total polarization gives �13,21�

P =
C� + E

1

�0�0
− ��2

. �5�

Thus, from the variation of the temperature dependence of
the polarization with that of the tilt angle, C, �0 and � can be
determined by use of a simultaneous multicurve fitting pro-
cedure with respect to the electric field dependence. Minimi-
zation of the free energy density �Eq. �4�� with respect to the
tilt angle and rearranging terms, leads to the expression
�13,21�:

T��,E� = TC
* −

1

��b�2 + c�4 −

�C� + E�� C

�0�0
+ ��E�

�� 1

�0�0
− ��2� � .

�6�

Equation �6� does not directly describe the temperature and
electric field dependence of the tilt angle, but rather the in-
verse relationship, the temperature as a function of tilt and
field. A respective representation and use of the previously
determined parameters C, �0, and � then allows the values
of �, b, c, and TC

* to be determined from the second set of
simultaneously fitted curves, ��T ,E�.

Substituting the polarization �Eq. �5�� into the generalized
Landau expansion �Eq. �4��, the difference in free energy
density between the high temperature SmA* and the low
temperature SmC* phase is given by
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With all parameters known, Eq. �7� can be employed to vi-
sualize the full Landau potential on a quantitative basis at
varying external conditions, i.e., temperature, electric field,
and dopant concentration. Especially, the temperature depen-
dence of the zero electric field tilt angle can be calculated, a
quantity that is otherwise not accessible from electro-optic
experiments. The electric field induced electroclinic tilt, 	�,
can then be deduced on both sides of the transition by sub-
tracting the extrapolated zero field tilt, �0, from the mea-
sured tilt angles, �m:

	� = �m − �0. �8�

The ferroelectric liquid crystal matrix employed is the com-
mercial mixture FELIX M4851/050 from Clariant, Wies-
baden, Germany whose phase sequence on cooling was de-
termined to:

I ——→
75.5 °C

N* ——→
69.9 °C

SmA* ——→
65.6 °C

SmC*

The liquid crystal was doped with various concentrations of
two different bent-core shaped molecules denoted here as
“859” and “HXVIII.” The first bent-core molecule, “859”:

P. ARCHER AND I. DIERKING PHYSICAL REVIEW E 72, 041713 �2005�

041713-2



is nonmesogenic with an isotropic to crystalline transition at 138 °C on cooling. The second bent-core molecule, “HXVIII”:

is mesogenic with phase sequence on cooling of

I ——→
149 °C

B2 ——→
148 °C

B4 ——→
121 °C

X .

Doping the commercial FLC mixture with either of the bent-
core molecules resulted in decreased phase transition tem-
peratures with increasing dopant concentration. This how-
ever does not influence the analysis shown below, as TC* is
one of the fitting parameters. The bend angles, i.e., the angle
between the two molecular arms, and the arm lengths of the
dopant molecules was determined by molecular modeling
with HYPERCHEM 7.5. The bend angles of the molecules were
144° and 119° and the arm lengths were 21.7 and 21.1 Å for
“859” and “HXVIII,” respectively. Mixtures were prepared
for dopant concentrations up to 2.5% by weight, and phase
separation was observed for concentrations larger than 3%.

The mixtures were capillary filled into 4 
m thick sand-
wich cells consisting of a transparent ITO electrode area with
antiparallel rubbed polyimide alignment layers and cells
were sufficiently thin to suppress the helical superstructure
of the SmC* phase in all cases. The electro-optic setup in-
cluded a polarizing microscope �Leica DMLP� in conjunc-
tion with a Linkam hotstage �TDS600� and temperature con-
troller �TP92� for relative accuracy within 0.1 K. Electric
fields were applied by a function generator �Thurlby Thandar
TGA1241� via a fixed-gain amplifier. For the tilt angle mea-
surements a digital oscilloscope �Tektronix TDS3014B� was
used to record the electro-optic response from a photodiode.
Tilt angle measurements were carried out according to a
method described in �22�, with a square wave electric field
applied to the sample while recording the corresponding
light transmission intensities of the polarization up and down
states for various rotation angles � of the sandwich cell be-
tween crossed polarizers. The obtained data is then simulta-
neously fitted to two sin2 � curves and the tilt angle, �,
determined from the phase difference between the two

curves: ��=2�. Polarization measurements were performed
using the well-established triangular wave method �23�. A
triangular wave is applied to the sample and the correspond-
ing current response curve recorded. The total polarization is
the integrated value of the whole reversal current, not only
the peak as for the case of the spontaneous polarization. Prior
to integration the ohmic contribution was subtracted.

III. RESULTS AND DISCUSSION

Through small angle x-ray analysis �Daresbury synchro-
ton source, station 2.1�, the layer spacing in the SmA* phase
of the FLC host was measured to be 29.9 Å, which is sig-
nificantly larger than the arm lengths of either the “859” or
“HXVIII” molecules, with 21.7 and 21.1 Å, respectively.
Consequently, and in contrast to the observation of induced
antiferroelectric phases �24–26�, where the bent-core dopant
arm length matched that of the hosts layer spacing, no such
behavior was observed in this study.

Figure 1�a� shows the tilt angle variation with dopant con-
centration at a reduced temperature TC* −T=33.5 K, i.e.,
close to room temperature in the SmC* phase. A decrease in
the tilt angle with increasing bent-core concentration was
observed. A decrease in the spontaneous polarization is asso-
ciated with the decrease in tilt angle �Fig. 1�b��, as also pre-
viously reported �24�. “859,” the dopant molecule with the
larger bend angle, was observed to cause a slightly larger
decrease of the tilt angle as compared to “HXVIII.”

To illustrate the employed method of parameter determi-
nation of the generalized Landau expansion, sample data for
the undoped matrix FLC is shown for polarization P versus
tilt angle � and temperature T versus tilt angle � in Figs.
2�a� and 2�b�, respectively, across the SmA*-SmC* transi-
tion. Figure 2 depicts data for the pure FLC FELIX M4851/
050, but it should be noted that equivalent sets of curves
were obtained for all systems at varying concentrations of
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both dopants. In all cases the threshold field was much
smaller than 1 V 
m−1. Parameters �0, C, and � are deter-
mined by simultaneously fitting all of the P�� ,E�-data �all
symbols� displayed in Fig. 2�a� to Eq. �5�. The result is
shown as solid lines, very well describing all five
P���-curves at different applied electric field amplitudes E
with only one parameter set ��0 ,C ,��. �0 is proportional to
the constant polarization steps at small tilt angles for con-
stant increase of field amplitude, C is determined by the ini-
tial slope dP /d� for small tilt angles and � by the deviation
of the linear polarization-tilt relationship at large tilt angles.
Figure 2�b� illustrates the respective simultaneous fit �solid
lines� of the experimentally determined temperature and field
dependent tilt angle ��T ,E�-data �all symbols�, or as given
here in the representation of Eq. �6�, T�� ,E�. From this the
parameter set �, b, c, and TC* is inferred, with the previously
determined values of �0, C, and � kept constant. The ex-
trapolated zero-field tilt angle �0�T� is additionally shown in
Fig. 2�b� as the dotted line. Already from Fig. 2�b� the in-
trinsically chiral electroclinic effect �solid lines and symbols
as compared to the dotted line for zero-field�, which is re-
lated to the parameters � and C, is clearly apparent. It will be
discussed in more detail below, especially with respect to
bent-core dopant concentration.

Equivalent sets of curves as depicted in Figs. 2�a� and
2�b� were also obtained for all of the bent-core doped
samples. As we cannot present all original data involved in

the study, because this would imply another eight figures
very similar to both parts of those of Fig. 2, we restrict our-
selves to give exemplary concentration dependent data for
the “859” dopant at a field amplitude of 4 V 
m−1. The re-
lation between polarization P and tilt angle � is depicted in
Fig. 3�a�, for increasing concentration of the bent-core dop-
ant. Solid lines represent the original fit to Eq. �5� using all
temperature and field dependent data. The initial slope,
dP /d� at small tilt angles, which determines the value of the
bilinear �piezoelectric� coupling term C is found to increase
with increasing dopant concentration. The corresponding
temperature dependence of the tilt angle is shown in Fig.
3�b�, where reduced temperatures T−TC* have been used,
because the SmA*-SmC* phase transition temperature
slightly changes with increasing dopant concentration. Solid
lines represent the original fit to Eq. �6� using all temperature
and field dependent data. The steepness of the curves de-
creases with increasing bent-core dopant concentration, illus-
trating a decrease of the �-term. Each single set of Landau
constants, for each concentration of the two dopants, is thus

FIG. 1. �a� Tilt angle � and �b� spontaneous polarization PS as
a function of bent-core dopant concentration at reduced temperature
of T−TC* =−33.5 K �� room temperature in the SmC* phase� for
the “859” �closed squares� and “HXVIII” �open circles� doped
samples. Lines are a guide to the eye.

FIG. 2. Exemplary demonstration of the multicurve fitting pro-
cedures employed to determine the full Landau potential. Data is
shown for the neat ferroelectric liquid crystal host material FELIX
M4851/050, but it should be noted that all bent-core doped systems
displayed equivalent behavior. �a� Experimental polarization data
P�� ,E� �symbols� and simultaneous best fits to Eq. �5� �solid lines�
to determine the parameters �0, C, and �. �b� Experimental tilt
angle data ��T ,E� �symbols� and simultaneous best fits to Eq. �6�
�solid lines� to determine �, b, c, and TC*. The dashed line denotes
the calculated temperature dependence of the tilt angle at zero elec-
tric field.
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determined by approximately 150 temperature and electric
field dependent measurements.

Figure 4 summarizes the dependence of all parameters of
the generalized Landau model, �, b, c, �0, C, and �, deter-
mined as a function of the dopant concentration for both
bent-core molecules, “859” �closed squares� and “HXVIII”
�open circles�. The coefficients determined with the highest
confidence are those of the first Landau constant � and of the
linear polarization-tilt coupling C, because these are the ones
that lead to the largest change in electro-optic behavior
across the second order SmA*-SmC* transition. The first
Landau coefficient � clearly decreases with increasing dop-
ant concentration, as depicted in Fig. 4�a�. This implies a
broadening of the potential at the phase transition and is
supported by the experimentally observed increase of the
electroclinic effect for increasing bent-core molecule concen-
tration.

The second Landau coefficient, b �Fig. 4�b��, is related to
the order of the phase transition. We determine b�0 in all
cases, thus indicating a second order transition, which is not
altered as the concentration of the bent-core dopant is in-
creased. Within experimental error the Landau coefficient b
is constant, b= �1±0.2�
106 J m−3, independent of dopant
concentration as well as the specific molecular constitution
of the dopant material. The third Landau coefficient, c, is not
very well determined from the analysis procedure outlined

above. It mainly influences the steepness of the potential at
large tilt angles, which means that only minute changes in �
can imply a relatively large change in c. The c-coefficients
depicted in Fig. 4�c� should thus be taken to be correct
within a factor of about 2, and suggested trends should not
be considered of being of significant relevance. Within the
scope of this analysis the third Landau coefficient can be
considered to be in the order of c= �2±1�
107 J m−3, and
independent of the dopant’s molecular constitution and con-
centration within the limit of dopant solubility.

The dielectric susceptibility at high frequencies �0 re-
mains largely unchanged for both of the bent-core doped
mixtures �Fig. 4�d��, being basically independent of dopant
constitution and concentration. The value obtained is �0
=2.55±0.05. This result can be understood by the only very
small amount of added bent-core molecules, smaller than
3%, and dopants being of a comparable chemical constitu-
tion, thus similar molecular polarizability, as the FLC host
material.

In contrast, the linear polarization-tilt coupling coefficient
C clearly increases for increasing dopant concentration. Be-
sides the Landau coefficient �, this is another parameter,
which is very well defined through the analysis procedure,
because it significantly determines the electro-optic behavior
of the doped FLC matrix in the temperature region across the
SmA*-SmC* transition �Fig. 4�e��. As the linear polarization-
tilt coupling parameter is intrinsically chiral in nature, the
observed increase in C with dopant concentration of an
achiral bent-core dopant implies a chiral induction capability
of achiral bent-core molecules. This significant result will be
discussed in more detail below.

Finally, the biquadratic coupling constant � is related to
the quadrupolar order of the system. In first approximation,
liquid crystal molecules are often considered to be either of
ellipsoidal or cylindrical shape. However, deviations from
the cylindrical molecular shape towards a lathlike or brick-
like structure need to be accounted for by quadrupolar order-
ing. In the Landau description of FLCs this is quantified
by the biquadratic polarization-tilt coupling coefficient, �.
The effects of quadrupolar ordering are generally of compa-
rably small magnitude. Consequently, the determination of
the dopant concentration dependence of the biquadratic
polarization-tilt coupling parameter has to be taken with
some caution. For both of the bent-core dopants investigated
at relatively small concentrations, � should practically be
considered as constant within the limits of uncertainty, inde-
pendent of dopant concentration and constitution �Fig. 4�f��,
at �= �3.5±0.5�
1010 V m C−1.

The determined constants are in accordance with coeffi-
cients determined on undoped commercial ferroelectric liq-
uid crystal mixtures �13,21� and are of the same order of
magnitude as some neat FLCs �14–17�. It should also be
noted that the SmA*-SmC* phase transition temperatures ob-
served by polarizing microscopy are absolutely consistent
with those obtained by the fitting procedure. Due to the
rather small spontaneous polarization of the host material,
the transition temperatures of the hypothetical achiral �TC�
and the chiral materials �TC*� are practically equivalent.
Their difference is governed by the ratio �0�0C2 /� which in
the present case yields approximately 0.02 K.

FIG. 3. Exemplary data of �a� P��� and �b� T��� at varying
concentration of the “859” bent-core dopant molecule at a fixed
electric field amplitude of E=4 V 
m−1. Solid lines represent the
fits obtained from Eqs. �5� and �6�, respectively, using all tempera-
ture and field dependent data for each concentration. The data im-
plies an increase of the bilinear �piezoelectric� coupling constant C
and a decrease of the �-term for increasing dopant concentration.

EXPERIMENTAL DETERMINATION OF THE FULL… PHYSICAL REVIEW E 72, 041713 �2005�

041713-5



Having determined the full set of material parameters of
the generalized Landau expansion, the free energy density,
g−g0, can be studied in detail using Eq. �7�. Note that this
can be done on a real, quantitative basis, relating to the ac-
tual materials under investigation. For illustration, the tem-
perature and electric field dependence of the potential is dis-
cussed for the pure FELIX M4851/050 matrix in Fig. 5,
noting that equivalent behavior is observed for all doped
systems as well. Figure 5�a� depicts the temperature evolu-
tion of the potential across the SmA* to SmC* transition at
zero electric field. In the SmA* phase, i.e., for reduced tem-
peratures T−TC* �0, the potential has a single minimum at
�=0, corresponding to the fact that the director is parallel to
the smectic layer normal. Directly at the SmA*-SmC* phase
transition �T=TC*� the potential broadens considerably �Fig.
5�a�, solid line�. This makes it easy for the director to deviate
from the �=0 position under small electric fields, account-
ing for the fact that the electroclinic effect is largest directly
at the transition. For temperatures T−TC* �0, i.e., in the
SmC* phase, two potential minima are observed for ±��0,
corresponding to the two possible tilt positions in the surface
stabilized state. The potential wells deepen for decreasing
temperature, in accordance with the decrease of the electro-
clinic effect well below the transition. At the same time the
potential minima move further apart for decreasing tempera-
ture, consistent with an increase of tilt angle. Figure 5�b�
shows the evolution of the potential at T=TC* for increasing
electric dc field amplitude. The potential is skewed to one

side and develops a minimum at nonzero tilt angle, which
reflects the electroclinic effect. Further, the potentials mini-
mum position shifts to larger tilt angles for increasing elec-
tric field, in accordance with the expected behavior of the
electroclinic effect. The determined potentials for tempera-
ture and electric field variation �Figs. 5� qualitatively con-
form with the generally expected behavior: they explain the
appearance and increase of the tilt angle with decreasing
temperature below the SmA*-SmC* transition, as well as the
temperature and electric field dependence of the electroclinic
effect in both the paraelectric SmA* and the ferroelectric
SmC* phase. In addition, the accessibility of the potential g
−g0 allows predictions of all of the quantities mentioned
above on a quantitative basis for all temperatures and elec-
tric fields, thus also a complete electro-optic description of
the system.

In the following we discuss the quantitative influence of
bent-core dopant concentration and constitution on the po-
tential. Figure 6 depicts potentials at T−TC* =−1 K in the
SmC* phase just below the transition temperature at zero
electric field. In Fig. 6�a� the variation of the potential with
increasing bent-core dopant “859” concentration is shown
for the pure matrix and selected concentrations. For reasons
of clarity, potentials are not shown for all concentrations in-
vestigated. It is apparent that the minimum of the potential
becomes shallower with increasing dopant concentration.
This implies a smaller threshold voltage for the ferroelectric
switching process for increasing dopant concentration. At the
same time the angular difference between the two potential

FIG. 4. Dependence of all parameters of the generalized Landau potential on bent core dopant concentration for the molecules “859”
�closed squares� and “HXVIII” �open circles�. �a� First Landau coefficient, �, �b� second Landau coefficient, b, �c� third Landau coefficient,
c, �d� dielectric constant at high frequencies, �0, �e� bilinear polarization-tilt coupling coefficient C, and �f� biquadratic polarization-tilt
coupling coefficient �. Lines are a guide to the eye; for a detailed discussion see the text.
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minima decreases with increasing dopant concentration, in-
dicating a reduction in tilt angle, as it was also found from
direct measurements �Fig. 1�a��. Figure 6�b� compares the
effect of the different bent-core dopants with varying bend
angle, on the Landau potential at equal concentration of 2%
by weight. For both dopants the potential minima are less
deep than those of the pure matrix �solid line�, but there
seems to be no significant effect of the bent-core molecular
constitution, i.e., the bend-angle, on the potential.

Figure 7 depicts a quantitative comparison of the potential
for applied positive electric fields of E=5 V 
m−1, again at
T−TC* =−1 K in the SmC* phase. As expected, one of the tilt
angle positions, the one with the deeper potential minimum,
is preferred over the other. From Fig. 7�a� it is clear that the
tilt angle decreases as compared to the pure FLC matrix,
with increasing “859” dopant concentration, but again no
significant difference is observed for the two dopants with
varying bent-core angle at equal concentrations of 2% by
weight �Fig. 7�b��.

If a comparison of the relative contributions of the differ-
ent terms in the free energy density �Eq. 8� is made, it is

found that in the vicinity of the transition the most significant
influence is clearly that of the electric field dependent con-
tribution, exemplifying the electroclinic effect �Fig. 7, for the
pure FLC matrix; equivalent graphs are obtained for all bent-
core doped systems investigated�. Further below the phase
transition the electric field contribution to the free energy
density quickly becomes very small and the potential is
dominated by the original Landau expansion of Eq. �1�.
Within this regime the �-term is the most important, while
the b- and c-terms exhibit approximately equal influence at a
level of about 10% of that of the �-term.

As mentioned above, the employed experimental method
implies that the electroclinic effect can be studied on both
sides of the SmA* to SmC* phase transition. This is only
possible as the temperature dependence of the SmC* tilt
angle can be calculated for zero electric field conditions. The
electroclinically induced tilt, 	� of the SmA* phase depends
linearly on the applied electric field. Figure 8 exemplary de-
picts the comparison of an analysis of 	��T ,E� using the
calculated coefficients �solid lines� with experimental data
�symbols� for varying electric field for the 2% HXVIII doped
FLC matrix. Note that Fig. 9 depicts the temperature depen-
dence of the electroclinically induced tilt in both the SmA*

FIG. 5. �Color online� Exemplary calculated free enthalpy den-
sity difference, g−g0 �Eq. �7�� for the neat ferroelectric liquid crys-
tal host FELIX M4851/050 for �a� varied temperature across the
SmA* to SmC* transition, i.e., T−TC* �0, T=TC*, and T−TC* �0
and �b� varied electric field amplitude E at reduced temperature T
=TC*. The potentials calculated from the experimentally determined
parameters �Fig. 4� are in accordance with the generally expected
behavior: the occurrence of a tilt angle � at the SmA*-SmC* tran-
sition, increasing tilt angle with decreasing temperature, and the
generally observed behavior of the electroclinic effect. Note that the
potentials are given in quantitative units.

FIG. 6. �Color online� A quantitative comparison of the Landau
potential in the SmC* phase at reduced temperature T−TC* =−1 K
and zero electric field for �a� varying bent-core dopant concentra-
tion and �b� varying bent-core molecular constitution at constant
concentration with respect to the potential of the neat liquid crystal
host �solid line�.
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as well as the SmC* phase. Again, comparable results were
obtained for all concentrations of the two different bent-core
dopants as well as the pure FLC matrix. The calculated be-
havior from the full Landau potential �solid lines� fits very
well with the actually determined experimental data �sym-
bols� for all electric fields applied.

Figure 10 shows the determined electroclinic coefficients
e*=�0�0C / ���T−TC*�� �2, Chap. 5.8� for both bent-core
dopants “859” �squares� and “HXVIII” �circles� as a function
of dopant concentration. e* is obviously chiral in nature as it
contains the bilinear coupling coefficient C. For both dopants
the electroclinic coefficient linearly increases as a function of
dopant concentration, giving unambiguous, quantitative evi-
dence for the chiral induction capability of achiral bent-core
molecules added to a chiral host material. An enhancement
of chirality by achiral bent-core dopants had previously been
observed through pitch measurements in the cholesteric �27�
and the chiral SmC* phase �28�, as well as the induction of
frustrated Blue Phases �29�.

Such a behavior has very recently been predicted theoreti-
cally and through computer simulations �30,31�. The latter
revealed several hundred conformations of a bent-core mol-
ecule with relatively similar energy, many of which were
chiral. Introducing a chirality parameter, it was shown that
equal distributions of left- and right-handed configurations

are present, making the bent-core molecule achiral on a tem-
poral average scale. Nevertheless, subjecting such a mol-
ecule to a chiral environment, as done in our experimental
investigations, can bias this distribution of chiral configura-
tions towards the handedness of the chiral host, either by
shifting the symmetric distribution of chiral conformers or
by making the distribution asymmetric about the zero value
of the chirality parameter. The dopant bent-core molecule is
made chiral on an average temporal basis by its chiral host
and thus enhances the chiral properties of the doped system.
At the same time the bent-core dopants also change the steric
environment of the host molecules, influencing their rota-
tional bias around the long molecular axes, which in turn
influences the piezoelectric coupling. The overall effect is
evidenced by the presented investigations, as the intrinsically
chiral parameters of the bilinear polarization-tilt coupling
term C �Fig. 4�e�� and thus also the electroclinic coefficient
e* �Fig. 10� clearly exhibit an increasing value for increasing

FIG. 7. �Color online� A quantitative comparison of the Landau
potential in the SmC* phase at reduced temperature T−TC* =−1 K
and applied electric field amplitude of E=5 V 
m−1 for �a� varying
bent-core concentration and �b� varying bent-core molecular consti-
tution at constant concentration with respect to the potential of the
neat liquid crystal host �solid line�.

FIG. 8. �Color online� A quantitative comparison of the relative
contributions of the Landau expansion terms to the potential of a
ferroelectric liquid crystal, as exemplified for the neat FELIX
M4851/050 host. Within the direct vicinity of the SmA*-SmC*

phase transition �T−TC* small and thus � being small�, the electric
coupling terms are most dominant. For lowering the temperature in
the SmC* phase the Landau terms become dominant. Note that an
equivalent behavior is also observed for all of the bent-core doped
systems.

FIG. 9. Temperature and electric field dependence of the elec-
troclinically induced tilt angle 	� in both the SmA* and the SmC*

phase for the 2% by weight HXVIII doped sample. The experimen-
tal results �symbols� are very well predicted by the calculations
from the fully determined generalized Landau expansion �solid
lines�.
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concentration of the achiral bent-core dopants. Within the
limits of error, the increased chirality of the doped systems
does not seem to be significantly correlated with the consti-
tution of the dopant, i.e., the bent-angle between the two
arms of the dopant molecule.

IV. CONCLUSIONS

The full Landau potential of bent-core doped ferroelectric
liquid crystals was determined for different concentrations of

dopant molecules of varying molecular constitution. Two ba-
nana molecules with differing bend angles were doped into a
commercial ferroelectric liquid crystal mixture and a multi-
curve fitting procedure was employed on temperature and
electric field dependent tilt angle and polarization data to
determine all parameters of the generalized Landau expan-
sion. The most significant effects were observed for the first
Landau coefficient, �, and the bilinear coupling constant, C.
For increasing dopant concentration of both bent-core mol-
ecules the �-term was found to decrease, giving evidence of
an enhancement of the electroclinic effect. The bilinear cou-
pling term between polarization and tilt was observed to in-
crease with increasing dopant concentration, while other pa-
rameters were found to be largely unaffected within the
margin of experimental error. The effect of bent-core dopants
on the Landau potential of ferroelectric liquid crystals was
discussed in detail on a quantitative basis. It was shown that
the electroclinic coefficient, a quantity solely chiral in nature,
is increased for increasing concentrations of achiral bent-
core dopant molecules.
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