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A series of mixtures comprising an antiferroelectric liquid-crystal host and a chiral dopant is described in
which the layer spacing variation at the orthogonal smectic-A� �SmA�� to tilted smectic-C� or smectic-C�

�

�SmC� or SmC�
�� phase transition changes from the usual strong contraction in the pure system to one in which

there is almost no layer spacing change observed across the transition for dopant concentrations of 7%. The
nature of the orthogonal to tilted phase transition is examined using Raman spectroscopy, to determine the
order parameters �P2� and �P4� in the SmA� phase, and via a generalized Landau expansion to reveal the details
of the phase transition itself. The results show that the value of �P2� at the orthogonal to tilted transition
increases from around 0.6 to 0.7 as the dopant concentration increases, while �P4� remains constant at approxi-
mately 0.4 irrespective of dopant concentration. Further, the generalized Landau potential measurements prove
that the transition is purely second order, while electro-optic measurements confirm that the tilt angle at the
transition becomes smaller with increasing dopant concentration. The combined data show that the high-
temperature tilted phase regime corresponds to a SmC�

� phase rather than the mechanism suggested by de Vries
that is inferred by the layer spacing data alone. We demonstrate that the lower-temperature SmC�

�-SmC� phase
transition is of first order. Further, the temperature range of the SmC�

� phase increases dramatically with
concentration, from around 2 K in the pure system to around 21 K in the 8% doped mixture, showing that the
chiral dopant plays a role in stabilizing this phase. Indeed, we particularly note that for the 8% doped mixture
all other SmC�-like phases disappear and that the only tilted phase remaining is SmC�

� . This implies that we are
reporting a liquid-crystalline phase sequence, namely, cryst.-SmC�

�-SmA�-iso., i.e., a direct transition between
the SmC�

� phase and the crystalline phase.
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I. INTRODUCTION AND BACKGROUND

Liquid crystals are well-known materials that permeate
into our daily life primarily through various display media
including calculators, mobile phones, monitors, and televi-
sions �1�. These displays use the nematic phase, which ex-
hibits orientational order only, and in which the average di-
rection of the rodlike molecules is defined by the director
�n�. Although nematic liquid-crystal displays have been
enormously successful, there has been strong interest in
ferroelectric liquid crystals since their discovery some 30
years ago �2�, as they offer bistability and electro-optic
switching that is up to 3 orders of magnitude faster than that
of nematic systems. The most common liquid-crystal state
that exhibits ferroelectricity is the chiral smectic-C phase
�SmC�� in which molecules are arranged in layers, with the
director inclined to the layer normal by a temperature-
dependent tilt angle, �. The chiral nature of the phase �de-
noted by the asterisk� is apparent in the helicoidal structure
adopted in the bulk of the material in the absence of external
fields. The helical pitch is usually of the order of several
hundred layers; thus, molecules in adjacent layers essentially
point in the same direction �i.e., synclinic ordering�. In addi-
tion to the smectic-C� phase, several other chiral tilted
phases exist with antiferroelectric or ferrielectric properties
�3�, which can be distinguished by the characteristic inter-
layer ordering. In the antiferroelectric SmCA

� phase, the mo-
lecular ordering is anticlinic �two-layer repeat unit�. Further-
more, at least two other phases intermediate to the SmCA

� and
SmC� phases are known to exist: the ferrielectric SmCFI1

�

phase and the antiferroelectric SmCFI2
� phase, which have

three- and four-layer repeat units, respectively �4–6�. These
phases are on occasion also referred to as intermediate
phases. Finally, the SmC�

� phase, which exhibits an incom-
mensurate �7� short helical pitch structure, can occur at tem-
peratures just below the smectic-A� phase, i.e., the untilted
orthogonal smectic phase. It is the SmC�

� phase, and its sta-
bilization over a much wider temperature range than is usu-
ally observed, which are of particular interest in this study.

In discussing the SmC� phase, it is important to recognize
that there is more than one way in which it can form from the
SmA� phase. Specifically, one can envisage a system in
which either the �approximately� orthogonal molecules in the
SmA� phase tilt essentially uniformly at the transition or one
in which the tilted director results from a condensation of a
uniform azimuthal distribution of tilt directions in the SmA�

phase �the diffuse-cone configuration �8��. The former is the
more common manifestation of the transition to the SmC�

phase, in which the transition is typically accompanied by a
significant contraction in layer spacing caused by the mo-
lecular tilting, while the latter is often referred to as a de
Vries material �9� which is currently attracting significant
attention because of its potential for devices. This potential
comes from a recognition that one of the major barriers to
fully commercializing ferroelectric liquid-crystal displays
has been the fact that strong layer contraction normally re-
sults in a chevron structure �10� and associated zigzag de-
fects, which significantly degrade the device performance.
The almost constant layer spacing across the transition from
the de Vries-type SmA� to the SmC� phase means that nei-
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ther the chevron nor the zigzag defects form. The de Vries
system is further characterized by relatively low orientational
order in the SmA� phase as a result of the azimuthal distri-
bution of the director. It is noteworthy that the SmC�

� phase
is actually almost indistinguishable from the SmC� phase of
a de Vries system in the bulk since the SmC�

� phase has an
extremely tight pitch, which can be considered as a distribu-
tion of azimuthal directions of tilt from one layer to another
�as is the case in the diffuse-cone description of the SmA�

phase�. It important to note that, as has very recently been
demonstrated, a nonlayer shrinkage transition can also be
obtained by taking into account intralayer interactions �11�,
allowing systems with low layer shrinkage and relatively
high-order parameter.

Understanding and differentiating these systems is impor-
tant since the nature of the transitions must be distinct and
both have technological importance. In this paper, we report
a detailed study of a system in which the orthogonal to tilted
smectic phase transition shows the low layer shrinkage. By
studying a series of mixtures in which we systematically
vary the concentration of a chiral dopant, we seek to under-
stand the nature of the underlying phase and phase transi-
tions. In particular, we identify features that result in the
stabilization of the SmC�

� phase in a system that also exhibits
the anomalously weak layer contraction usually associated
with the de Vries system.

II. MATERIALS AND EXPERIMENTS

The mixtures are composed of two materials with equiva-
lent handedness �sign of chirality�. The host material �de-
noted AIS179� includes a selenophene ring and a fluorine
substituted benzene ring in the core �Fig. 1�a�� and has been
investigated in detail elsewhere �7,12�. The phase sequence
includes the SmA�, SmCFI1

� , and SmCA
� phases, confirmed by

resonant x-ray scattering, and a SmC�
� phase that was too

narrow ��1 K wide� to be investigated using that technique.
The dopant is the chiral material, S1011 �Merck Ltd� and its
molecular structure is shown in Fig. 1�b�. The host is doped
with the chiral material at concentrations from 1% to 8% �by
weight�. The intermediate phases of these mixtures have also
been studied extensively �6,13�. These systems, and those in
a sister system �14� in which the host does not include the
fluorination, exhibit remarkably wide intermediate phases,
up to 30 K in temperature range. This paper, however, is
concerned with the temperature range in the vicinity of the
orthogonal to tilted smectic transitions.

The SmC�
� phase is difficult to differentiate from the

SmC� phase. Although both phases have the same symmetry,
it is clear that there are distinct thermodynamic phase tran-
sitions between them �15�. The most reliable and straightfor-
ward indicator of the SmC�

� phase is the current response to
an applied triangular electric field �16� which shows two po-
larization reversal peaks �analogous to an antiferroelectric
system�, one of which grows with decreasing temperature,
while the other peak decreases, implying ferrielectriclike
characteristics. On further decreasing the temperature, the
two asymmetric current peaks merge into a single ferroelec-
triclike peak. Examining the current response therefore offers
a method to determine the range of the SmC�

� phase.
In order to fully characterize the systems, we obtained

information on the smectic layer spacing and the orienta-
tional order parameters as functions of temperature, in addi-
tion to examining the phase transitions by deducing the Lan-
dau coefficients. The layer spacing of the mixtures was
measured across the range of all the liquid-crystal phases via
small-angle x-ray scattering �SAXS�. The samples were held
in a Linkam hot stage identical to that used for all other
measurements reported in this paper, providing a relative ac-
curacy of �0.1 K. The experiments were carried out at sta-
tion 2.1 of the Synchrotron Radiation Source, Daresbury, UK
using an incident wavelength of 1.54 Å and a camera length
of 1 m, allowing the layer spacing to be deduced with an
accuracy of �0.05 Å.

The orientational order parameters, �P2� and �P4� were
measured across the SmA� phase via polarized Raman
spectroscopy �PRS� using a method recently shown to
give excellent results in the nematic phase of
4-cyano-4�-octylbiphenyl �8CB� �17�. A Renishaw 1000 Ra-
man microscope was used for the measurements, operating
with an Ar+ laser emitting light of wavelength 514 nm with a
power of 10 mW. For the Raman measurements, devices of
12 �m gap thickness were constructed using 150-�m-thick
glass substrates, with rubbed alignment layers to promote
excellent planar alignment of the liquid crystals. The thicker
liquid-crystal samples and thinner glass improve the Raman
signal, allowing more accurate measurement of the order pa-
rameters. All the samples had two strong Raman-active
bands corresponding to a symmetric stretching of the ben-
zene rings �1605 cm−1� and the selenophene ring
�1444 cm−1� �18�, as well as several weaker bands, as seen
in the typical spectrum shown in Fig. 2. The two main peaks
described above are strongly polarized along the molecular
long axis and are suitable probes for the order-parameter
measurements.

The backscattered Raman peak intensities were measured
with the analyzer set to select the intensity perpendicular
�I�� or parallel �I�� to the incident polarization over a 360°
rotation of the sample in 10° steps. This allowed the depo-
larization ratio �I� / I�� to be obtained and a fit to the depo-
larization ratio curve yields the order parameters �P2� and
�P4� �17� with an accuracy of approximately 10%.

In order to determine the Landau coefficients, both the
total polarization and the tilt angle of the materials need to be
determined as a function of applied electric ac field and tem-
perature across the phase transitions. For these electro-optic
measurements the liquid-crystalline materials were contained

FIG. 1. Molecular structure of �a� the host material AIS179 and
�b� the chiral dopant S1011.
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in devices of nominal thickness 2 �m with transparent
indium-tin oxide �ITO� electrodes to enable the application
of electric fields across the sample. The cells employed
�AWAT PPW, Poland� had unidirectionally rubbed polyimide
on one substrate, while the second substrate was unrubbed.
The optical tilt angle and total polarization of the materials
were measured as functions of applied ac electric field and
temperature using established techniques by Bahr and Hep-
pke �19� and the well-known triangular wave method �20�,
respectively. Both measurements provided input to the gen-
eralized Landau model �21�, allowing parameters associated
with the phase transition to be deduced, as described below.
The tilt angle � was measured with an accuracy of �0.1°,
while the total polarization P was obtained with an accuracy
of 1% after subtracting the ohmic current contribution. The
generalized Landau model �21� gives the change in the Gibbs
free energy as

g − g0 =
1

2
��T − TC��2 +

1

4
b�4 +

1

6
c�6 +

1

2�0�0
P2 − CP�

−
�P2�2

2
− PE , �1�

where �, b, and c are the Landau coefficients, TC is the
transition temperature of the achiral material, �0 is the di-
electric susceptibility at high frequencies, C is the bilinear
coupling coefficient, and � is the biquadratic polarization-tilt
coupling coefficient. When the free-energy density of Eq. �1�
is minimized with respect to P, the polarization is given by
�22�

P =
C� + E

1

�0�0
− ��2

. �2�

From a graph of P ��� the three coefficients C, �0, and � are
obtained by a multicurve fitting procedure which uses tilt
angle and polarization at different applied electric field am-
plitudes. Resubstitution of Eq. �2� into Eq. �1� and minimi-
zation with respect to � gives �22�

T��,E� = TC −
1

�	b�2 + c�4 −

�C� + E�
 C

�0�0
+ ��E�

�
 1

�0�0
− ��2�2 � .

�3�

Because the three coefficients C, �0, and � are already
known, the remaining parameters �, b, c, and TC in Eq. �3�
can be determined from the temperature dependence of the
tilt angle at different applied electric fields. In order to obtain
the Landau coefficients the procedure described was applied
to data for the temperature range of both the SmA� to SmC�

�

and SmC�
� to SmC� transitions with the phase boundaries

determined separately through observation of the current
pulse response.

III. RESULTS AND DISCUSSIONS

The phase diagram of the system �Fig. 3� has been deter-
mined via polarized microscopy, x-ray scattering, and obser-
vation of electro-optic responses. Specifically, the phase dia-
gram close to the orthogonal/tilted transition has been
determined by using the current reversal method described
above to distinguish between the SmC� and SmC�

� phases. It
is noteworthy that increasing concentrations of the chiral
dopant enhances the stability of the intermediate phases at
low concentrations �described elsewhere �6�� and the SmC�

�

phase over a wider concentration range. This stabilization is
remarkable; the SmC�

� phase is stable over a temperature
range of 16 K in the 7% mixture compared to only 2 K for

FIG. 2. Typical Raman spectrum of the 7% doped mixture. Two
intense peaks can be seen at �A� 1444 cm−1 and �B� 1605 cm−1,
corresponding to the symmetric stretching of the benzene rings and
the selenophene ring, respectively. The third peak, �C�, at
1729 cm−1 is associated with carbonyl stretching.

FIG. 3. Phase diagram of the mixtures with chiral dopants. Note
that at high concentrations above 7% a phase sequence of
cryst-SmC�

�-SmA�-iso is observed. ��: isotropic-SmA�, �:
SmA�-SmC�

� , �: SmC�
�-SmC�, �: SmC�-SmCFI2

� , �:
SmCFI2

� -SmCFI1
� , �: SmCFI1

� -SmCA
� , and �: SmCA

�-crystalline phase
transition�
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the pure material. For the 8% mixture the stability regime of
the SmC�

� phase increases even further to about 20 K, but
more importantly, we note that all other tilted SmC�-like
phases have vanished at this concentration, including the an-
tiferroelectric, intermediate �ferrielectric�, and the ferroelec-
tric phases. We thus observe the phase sequence of
cryst-SmC�

�-SmA�-iso, i.e., a direct transition between the
crystalline and the SmC�

� phase.
The stability of the SmA� phase is also increased in the

highly doped mixtures, an indirect indication that the smectic
order has increased �a factor known to stabilize the SmC�

�

phase �23��. Furthermore, the stabilization of the SmC�
�

phase with increasing chirality is in good agreement with the
theory by Cepic et al. �24� although the probable origin of
the SmC�

� phase is the frustration between the nearest and
next-nearest layer interaction �25�.

We now consider the layer spacing of the materials as a
function of temperature and dopant concentration, shown in
Fig. 4. Several features are apparent, which are similar to
those already reported for a similar mixture set �14�. First,
note that the layer spacing in the SmA� phase �above a re-
duced temperature of 0 K on the graph� increases with in-
creasing dopant concentration by approximately 0.3 Å �al-
most 1%� over 15 K in mixtures with sufficiently wide SmA�

temperature range.
There is a strong almost linear expansion of the layers

with reduced temperature for all of the mixtures which ac-
counts for the larger layer spacing in the low-temperature
regime. We are especially interested in the region around the
orthogonal to tilted transition where it is observed that the
layer contraction changes from strong ��5%� at low dopant
concentrations �full circles� to anomalously weak ��0.8%�
at higher concentrations �open stars�. Indeed, for the 7%
mixture, the contraction is about 1 order of magnitude lower
than that observed for the pure system, while for the 8%
mixture a smectic layer contraction is practically absent. It is
noteworthy that typical de Vries materials are reported to
exhibit a layer shrinkage of approximately 1% �26�. The key

observation for the purpose of this work is that, with increas-
ing dopant concentration, the orthogonal to tilted phase tran-
sition becomes less and less characterized by strong layer
contraction. In several other materials such a feature has
been associated with a de Vries-type behavior based on the
diffuse-cone arrangement in the SmA� phase.

Raman spectroscopy allows the order parameters in the
SmA� phase to be readily determined, thus enabling one to
potentially distinguish between a conventional orthogonal to
tilted phase transition or a de Vries-type transition. Figure
5�a� shows two exemplary experimental Raman scattered in-
tensities, I� and I� determined for the pure material at a
temperature of 90 °C �5 °C below the SmA� to isotropic
phase transition�. The corresponding depolarization ratio, R
=I� / I�, can be calculated from these data and is shown in
Fig. 5�b�. The fitted depolarization ratio profile is shown as
the solid line, which is in excellent agreement with the ex-
perimental data. Similar data are obtained for all mixtures
across the SmA� phase regimes.

Figure 6 shows the measured values of �P2� and �P4�
deduced by the fitting method applied to the whole angular
depolarization ratio profile �27�. Comparing the order param-
eters as a function of reduced temperature for each mixture,
it can be seen that both �P2� and �P4� increase and become
saturated with decreasing temperature as expected. It can
also be seen that the order parameters are essentially equiva-
lent for each mixture. Furthermore, the maximum value of
�P4� is approximately 0.4, which is much larger than is ob-
tained for the SmA� phase in a typical de Vries system �28�
and consistent with a conventional SmA� phase. Thus, it
seems unlikely that this large value of the order parameter is

FIG. 4. Layer spacing of the mixtures as a function of reduced
temperature, the temperature where the orthogonal to tilted transi-
tion occurs.

FIG. 5. �a� Polarized Raman scattered intensities I� and I� at
90 °C obtained in the pure host material for all orientations of the
planar sample. �b� Corresponding experimental depolarization ratio
profile �squares� and the fitted theoretical profile �line�.
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associated with a de Vries system even though there is hardly
any layer contraction in the high-concentration mixtures.

The nature of the phase transitions as a function of dopant
concentration can be deduced from the generalized Landau
model. Typical data illustrating the employed method of pa-
rameter determination by the generalized Landau model are
shown in Fig. 7. Since there are two phase transitions involv-
ing the SmC�

� phase, the temperature range is divided into
two regimes around the SmA�-SmC�

� and the SmC�
�-SmC�

phase transitions. The temperature range of Figs. 7�a� and
7�b� is that across the SmA� and SmC�

� transition. The former
shows total polarization P versus tilt angle � and the latter
illustrates the temperature dependence of the tilt angle at
various applied electric fields. Equivalent data are shown in
Figs. 7�c� and 7�d� for the SmC�

� to SmC� transition. Four
different electric fields were applied above the value required
to unwind the helical superstructure completely.

As can be seen in Fig. 7�a�, experimental data are well
fitted by Eq. �2� using one-parameter set consisting of C, �0,
and �. The coefficient C is the only chirality-related param-
eter and is given by the initial slope, dP /d�, at small tilt
angles. The coefficient � describes the deviation from the
linear polarization-tilt coupling at large tilt angles. The coef-
ficient �0 is proportional to the change in polarization with
respect to the applied electric field. These three coefficients

�C ,�0 ,�� can now be fixed in Eq. �3� to determine the Lan-
dau coefficients �, b, and c, as well as TC by simultaneously
fitting all data depicted in Fig. 7�b�. Again, an excellent fit
can be obtained for all materials investigated. In Figs. 7�c�
and 7�d� the same method was applied for the SmC�

� to
SmC� transition. Only one data set is shown for reasons of
clarity, and equally good fits were obtained for all samples
investigated.

Figure 8 summarizes the dependence of all parameters on
dopant concentration for the SmA� to SmC�

� �0–8 % dopant,
triangles� and the SmC�

� to SmC� �0–7 % dopant, circles�
transitions. The chiral bilinear �piezoelectric� coupling term
C increases linearly with increasing dopant concentration for
both transitions �Fig. 8�a��. The increase in the coefficient C
is directly related to chirality, confirming that the chiral dop-
ant increases the chirality of the mixtures. This can be inter-
preted as an important reason for the stabilization of the
SmC�

� phase �24�. The dielectric susceptibility at high fre-
quencies, �0, remains practically constant �Fig. 8�b��, which
implies that the addition of the dopant does not change the
molecular polarizability to any significant extent, as ex-
pected. The biquadratic coupling constant, �, related to the
quadrupolar order of the system, tends to decrease slightly
for the highly doped mixtures �Fig. 8�c��. The biquadratic
coupling constant is one of the parameters that are deter-
mined with the lowest accuracy �an error of approximately
25%�. Within this experimental error � appears to decrease
with increasing dopant concentration, but no functionality
can be deduced. The first Landau coefficient � decreases
with increasing dopant concentration across both the
SmA�-SmC�

� and the SmC�
�-SmC� transitions �Fig. 8�d��.

The decrease in the � coefficient implies an increase in
the electroclinic effect. This decrease in � by approximately

FIG. 6. Dependence of the order parameters �a� �P2� and �b�
�P4� as functions of reduced temperature �where the temperature is
measured with respect to the I-SmA� transition temperature� for
selected mixtures. Data for other mixtures fit the trends indicated.

FIG. 7. Typical examples demonstrating parameter determina-
tion using the generalized Landau model. The data show �a� tilt-
polarization coupling �the symbols are experimental data and the
solid lines are simultaneous best fits to Eq. �2�� of the host material
at various electric field amplitudes and �b� temperature dependence
of the tilt angle �the solid lines are simultaneous best fits to Eq. �3��
for the SmA�-SmC�

� phase transition. Data from similar measure-
ments to those shown in �a� and �b� for the SmC�

�-SmC� phase
transition are presented in �c� and �d�, respectively.
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a factor of 2 is not nearly as pronounced as is observed for de
Vries systems, where � is generally smaller by a factor of 5
or more in comparison to standard materials �22,29�. The
second Landau coefficient b, which is related to the order of
the phase transition �b	0 for a second order and 
0 for a
first-order transition�, has quite different tendencies for the
SmA�-SmC�

� and the SmC�
�-SmC� transition �Fig. 8�e��.

The b coefficient has a positive value and increases with
increasing dopant concentration for the SmA�-SmC�

� transi-
tion, indicating a strongly second-order phase transition, con-
trary to the SmC�

�-SmC� phase transition where the coeffi-
cient b has a negative value for all dopant concentrations,
indicating a transition of first order. In this system, the third
Landau coefficient, c, is always found to be very close to
zero, taking either positive or negative values. There is al-
ways a relatively large error ��25%� associated with this
parameter. As theoretical description does not need this term,
we have therefore chosen to set it to zero for the
SmA�-SmC�

� transition in this system �Fig. 8�f��. In contrast,
the c-coefficient values for the SmC�

�-SmC� transition ex-
hibit values of similar magnitude to these observed in other
investigations �30�. Furthermore, the c-coefficient is found to
increase with increasing dopant concentration, indicating a
steepening of the potential for large tilt angles at dopant con-
centrations larger than approximately 4%.

It is interesting to consider further the difference in the
coefficients of the free-energy expansion in the SmC� and
SmC�

� phase. In particular, the experimentally determined
sign of the coefficient b is negative in the SmC� phase and
positive in the SmC�

� phase, respectively. This means that

without the SmC�
� phase the SmC�-SmA� phase transition

would be of first order, while the actual SmC�
�-SmA� transi-

tion is of second order. This difference can qualitatively be
explained by the existence of the helical superstructure with
a very short pitch in the SmC�

� phase.
One may wonder why the coefficients of the free-energy

expansion appear to be different in the SmC� and SmC�
�

phases, as shown experimentally in this work. The answer to
this question is related to the difference between the two
tilted phases. It is well known that the symmetry of the SmC�

and the SmC�
� phase is indeed the same but the existence of

the normally distinct first-order phase transition between
them indicates that in our case an abrupt change in the heli-
cal structure appears to be very important. �It is worthwhile
pointing out though that the transition can also resemble
second-order behavior when approaching the critical point,
i.e., a continuous evolution of the pitch across the
SmC�

�-SmC� transition, similar to the density at the critical
point of the liquid-gas transition.� One notes that the
SmA�-SmC�

� transition is the tilting transition with the tilt
angle � being the primary order parameter in this case. In
contrast, the SmC�-SmC�

� transition is a transition between
two tilted phases which possess the same symmetry. Thus
there is no symmetry change at the transition, and the tran-
sition resembles the gas-liquid transition, which is character-
ized by a large change in density �which nevertheless is non-
zero in both phases�. In the case of the SmC�-SmC�

�

transition the role of density is taken on by the pitch p of the
helical superstructure which is the scalar order parameter for
this transition.

FIG. 8. Parameters of the generalized Landau model as functions of dopant concentration for the SmA�-SmC�
� phase transition �triangles�

and the SmC�
�-SmC� phase transition �circles�: �a� bilinear �piezoelectric� coupling coefficient C; �b� dielectric constant at high frequencies

�0; �c� biquadratic polarization-tilt coupling coefficient �; �d� first Landau coefficient �; �e� second Landau coefficient b; and �f� third
Landau coefficient c.
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In the general case the free energy of the SmC� and the
SmC�

� phases depends on both the tilt angle and the pitch �or
the wave vector q of the helical structure which is propor-
tional to the inverse pitch 1 / p�. However, in the SmC� phase
the pitch is large �several hundred nanometers to microme-
ters� and the corresponding contribution is known to be small
and can be neglected. On the other hand, in the SmC�

� phase
the pitch is very small �of order ten nanometer�, and the
contribution to the free energy associated with the helical
superstructure may be significant. One notes that the tilt
angle is sufficiently small throughout the SmC�

� phase and
also in the vicinity of the SmC�-SmC�

� transition that the free
energy may be expanded in powers of the tilt angle �which
justifies the experimental approach used in this paper�. More-
over, even in the SmC�

� phase the pitch is several times
longer than the smectic layer period and can be as large as 20
layers close to the transition into the SmC� phase �7,31�.
Thus one can still obtain qualitative results expanding the
free energy also in terms of the wave vector q of the helical
structure. Now one notes, that if the free energy of the SmC�

�

phase is first minimized with respect to the wave vector q
and then the equilibrium q is substituted back into the total
free energy, the resulting energy not only depends on the tilt
angle, but the coefficients of the expansion are renormalized.
This explicitly explains why the coefficients of the Landau
tilt angle expansion corresponding to the total free energy are
expected to be different in the two phases, SmC� and SmC�

� .
The free energy of the SmC�

� phase can then be expressed
as

�GC = G0��,P� +
1

2
Kq2 + 
q , �4�

where G0 �� , P� is the part of the free energy which only
depends on the tilt and the spontaneous polarization. This
part of the free energy of the tilted phase is given by the
general expansion used in the previous sections. In Eq. �4�,
the parameter K is the twist elastic constant of the tilted
phase and 
 is the chiral parameter which has the meaning
of the helical twisting power. Minimizing Eq. �4� with re-
spect to q and substituting back into Eq. �4� one obtains

�GC = G0��,P� −
1

2


2

K
�5�

�i.e., the helical structure gives a negative contribution to the
total free energy and thus stabilizes the phase�.

The dependence of K and 
 on the tilt angle � can be
determined using the simple discrete model of the smectic-C
phase. According to �32�, K and 
 are given by

K = �2d21

2

1

2
� + B�2 − �Ccf� �6�

and


 = �2�� − �C� , �7�

where �=�0 �T−Tac� is the linear coupling coefficient be-
tween neighboring smectic layers which vanishes at the
synclinic-anticlinic transition point. �Tac is the ferroelectric
SmC� to antiferroelectric SmCA

� transition temperature�. In

Eq. �6� B is the so-called biquadratic coupling coefficient
between neighboring layers �not to be confused with the sec-
ond Landau coefficient�, � is the dielectric polarizability of a
smectic layer, cf is the flexoelectric coefficient, and C is the
piezoelectric coefficient which couples tilt and polarization,
and which has been determined experimentally in this paper
for different concentrations of the chiral dopant �Fig. 8�a��.
We stress that the above description does not imply a tem-
perature dependence of the general Landau expansion coef-
ficients �, b, or c. Finally � is the helical twisting coefficient
in the absence of the spontaneous polarization. The wave
vector of the helical structure is q=
 /K. One notes that the
large values of q in the SmC�

� phase are determined by the
abnormally small values of the elastic constant K. According
to Eq. �6� the elastic constant K may be small due to the
negative flexoelectric contribution −�Ccf provided the two
positive contributions are small.

The term �=�0�T−Tac� /2 may be small if the system is
not too far from the synclinic-anticlinic transition where T is
relatively close to Tac. The quadrupolar term B�2 may be
small at small tilt angles. This explains why the SmC�

� phase
is observed only at very small tilt directly below the
SmA�-SmC� transitions and only in materials which also ex-
hibit the anticlinic phase.

Substituting Eqs. �6� and �7� into Eq. �5� one obtains

�GC = G0��,P� −
�� − C��2�2

�0�T − Tac�/2 + B�2 − �Ccf
. �8�

Equation �8� can be expanded in powers of �, keeping the
first two terms of the expansion

�GC = G0��,P� −
�� − C��2

�0�T − Tac�/2 − �Ccf
�2

+
B�� − C��2

��0�T − Tac�/2 − �Ccf�2�4 + ¯ . �9�

One notes that according to Eq. �9� the helical structure
yields a positive contribution to the total coefficient b in the
�4 term. This contribution may be sufficiently large in the
SmC�

� phase where the elastic constant K, and thus the de-
nominator in Eq. �9� are very small. In contrast, in the SmC�

phase the pitch is large and the last two terms in Eq. �9� give
a negligible contribution. According to our experimental data
the Landau coefficient b is negative in the SmC� phase. In
the SmC�

� phase, however, the coefficient b may become
positive if the last term in Eq. �9� is sufficiently large. This
explains the positive value of b as determined experimentally
in the SmC�

� phase in contrast to the negative value of b in
the SmC� phase. Equation �9� can also be used to explain the
increasing stability of the SmC�

� phase. Indeed, the second
term in Eq. �9�, which is proportional to �2, is negative, and
thus it leads to a relative increase in the transition tempera-
ture from the SmC�

� to SmA� phase. Relative in this context
means that the SmC�

�-SmA� transition temperature for the
chiral doped systems is higher than would be expected by
purely doping with the racemate. �Of course all absolute
transition temperatures are still lower than those of the pure
nondoped material, as would be expected from thermody-
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namics�. As a result the temperature range of the SmC�
�

phase is increased. The corresponding term in Eq. �9� is pro-
portional to the square of the chirality parameter ��-C��
which is expected to grow with the increasing concentration
of strongly chiral dopant. According to our experimental data
the coefficient C is indeed increasing with increasing dopant
concentration �Fig. 8�a��, and one may expect the same from
the coefficient �. Thus the temperature range of the SmC�

�

phase should increase with increasing dopant concentration
in agreement with the experiment. Finally, it should be noted
that the present simple phenomenological theory cannot be
used to interpret the experimentally observed dependence of
the Landau coefficients on the dopant concentration because
the corresponding variation in the parameters is unknown.
We expect the chiral coefficients to increase with increasing
dopant concentration, while the synclinic-anticlinic transition
temperature, Tac, is decreasing according to our phase dia-
gram. At the same time the variation in the parameters B and
�0 is unknown.

IV. CONCLUSION

We have investigated a series of mixtures exhibiting vari-
ous ferroelectric, ferrielectric, and antiferroelectric liquid-
crystal phases. Special attention was devoted to the regime
where the SmA�-SmC�

�-SmC� transitions were observed, in
order to elucidate the still enigmatic SmC�

� phase and its
phase transitions. From small angle x-ray scattering the tem-
perature dependencies of the smectic layer spacing suggests
a decreasing layer contraction in the SmC� phase with in-
creasing dopant concentration. Such behavior has often been
associated with de Vries materials and attributed to the
diffuse-cone model. However, we have determined that there

is a SmC�
� phase of increasing stability between the SmA�

and SmC� phases for increasing dopant concentration as
verified by electro-optic experiments. Polarized Raman spec-
troscopy was employed to determine the �P2� and �P4� order
parameters, which are relatively large for all mixtures under
investigation, confirming that despite the decreasing layer
shrinkage, the phase is not deVries-type. Further evidence is
presented through determination of the complete Landau po-
tential, which shows � coefficients which are not as small as
generally observed for de Vries materials. Thus, although the
smectic layer spacing x-ray data alone may thus suggest a
deVries-type transition from the SmA� to the SmC� phases,
in this system the transition is rather via a SmC�

� phase.
Detailed Landau expansion investigations show that the
SmA�-SmC�

� transition is of second order, while the lower-
temperature SmC�

�-SmC� transition is of first order. The find-
ings presented here are consistent with a recent theoretical
description of systems that exhibit anomalous layer contrac-
tion �11�. In the molecular model intralayer interactions are
taken into account to successfully reproduce both conven-
tional and anomalously weak layer contraction. This is done
by varying the model parameters while the orientational dis-
tribution function is qualitatively the same for both cases.
Finally, we draw attention to the fact that at rather high chiral
dopant concentrations above approximately 7% all antiferro-
electric intermediate and ferroelectric phase behavior van-
ishes with increasing dopant concentration, and we report a
phase sequence of cryst-SmC�

�-SmA�-iso.
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