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Material with the phase sequence SmA-SmAP-SmCP is studied as an example of a system in which the
spontaneous electric polarization and the molecular tilt develop independently at the SmA-SmAP and the
SmAP-SmCP phase transition, respectively. The temperature dependence of the spontaneous electric polariza-
tion clearly shows a strong coupling between the polarization and tilt. The system exhibits also very strong
precritical polarization and tilt fluctuations. Experimental observations are explained within the theoretical

model.
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I. INTRODUCTION

In the chiral smectic phases made of rodlike molecules
the polarization is an improper order parameter and as such it
can appear only if the phase is tilted [1]. On the other hand,
in the bent-core molecular systems [2] both the polarization
and the tilt are proper order parameters and they can appear
in the system independently. The appearance of the sponta-
neous electric polarization without the molecular tilt, i.e.,
the phase transition from the paraelectric to the orthogonal
polar phase, has already been reported in some materials
[3-6]. In general, materials exhibiting such a phase transition
are rare since the vast majority of the bent-core liquid crys-
tals tend to form polar tilted phases. In Ref. [6] we reported
on the critical freezing of molecular rotation, which led to
polar ordering through the second order paraelectric-
antiferroelectric phase transition in the achiral liquid crystal
formed by the bent-core molecules. The system was studied
both experimentally and theoretically.

To study the development of polarization and tilt, a mate-
rial with the phase sequence: orthogonal paraelectric—
orthogonal polar—tilted polar phase is needed. Any material
with such a phase sequence can be considered as a model
system in which the spontaneous electric polarization and the
molecular tilt appear independently at the paraelectric-
orthogonal polar and the orthogonal-tilted phase transition,
respectively. In the present paper we report on experimental
and theoretical studies of a liquid crystal formed by the bent-
core molecules exhibiting the phase sequence smectic
A(SmA)-smectic AP,(SmAP ,)-smectic CP,(SmCP,).

II. EXPERIMENTAL RESULTS

In order to examine the polarization and tilt development
in an achiral smectic phase formed by bent-core molecules,
the material named 1g in Ref. [7] with a phase sequence: Iso
(142 °C) SmA (96 °C) SmAP, (90 °C) SmCP, has been
chosen (Fig. 1). Texture observations revealed the interlayer
tilt structure of the SmCP, phase, which shows a strong
memory effect. In the freshly cooled samples the ground
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state is synclinic, SmCqP,. The application of the electric
field switches the sample to the ferroelectric state, however
the synclinic interlayer tilt structure is preserved. The syn-
clinic ferroelectric state transforms into the anticlinic antifer-
roelectric structure after the field is switched off, and even
several hours later the sample does not relax completely to
the initial synclinic state.

The temperature dependence of the tilt (Fig. 2) was
deduced from the x-ray measurements of the smectic layer
spacing. The measurements were performed with the modi-
fied DRON diffractometer (Cu K« line) in the reflection
mode using one surface free sample. The temperature stabil-
ity was controlled with the accuracy 0.1 K. The results
show continuous SmAP,-SmCP, phase transitions with the
tilt temperature dependence as (T—T,)**, where T, is the
transition temperature to the tilted phase.

The polar and optical properties of the materials were
studied in 3—5 um thick glass cells, having ITO transparent
electrodes and surfactant layers for planar orientation.
The cells were placed into Mettler FP82HT hot stage for
temperature control with the accuracy 0.1 K.

In both polar phases, SmAP, and SmCP,, the switching
of the electric polarization upon the reversal of the applied
electric field is accompanied by the double current peak. This
unambiguously confirms the antiferroelectric nature of the
phases. The spontaneous polarization P, was determined by
integrating the current peaks obtained upon the electric field
reversal. It is about ~300 nC cm~2 in the SmAP, phase and
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FIG. 1. Chemical formulas for the studied compounds.
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FIG. 2. Temperature dependences of the tilt angle, 6
(circles), calculated from the changes of the layer spacing,
cos(0)=dsmcp/dsmap and the spontaneous electric polarization,
P, (squares) in material 1g. The tilt dependence was fitted to the
power law (7-T,)%*, where T, is the transition temperature to the
SmCP phase.

it further increases at the phase transition to the tilted
SmCP, phase, following the temperature dependence of
the tilt angle (Fig. 2). This shows that the spontaneous
polarization and the tilt are coupled. The spontaneous
polarization reaches 700 nC cm~2 several degrees below the
SmAP,-SmCP, phase transition.

The dielectric studies, performed with the Solartron Im-
pedance Analyzer SI1260, revealed a single polar relaxation
process active in all phases (Fig. 3). In the SmA phase, far
from the transition temperature to the SmAP, phase the re-
laxation frequency of the mode decreases with decreasing
temperature following the Arrhenius law. Close to the SmA
-SmAP, phase transition temperature the relaxation fre-
quency deviates downward from the Arrhenius dependence,
while the mode strength strongly increases, indicating the
vicinity of the polar phase. At the SmAP,-SmCP, phase
transition there is a slight increase of the relaxation fre-
quency on cooling, directly below the transition to the tilted
SmCP 4 phase. Far from the phase transition temperature the
frequency decreases again, due to the increasing rotational
viscosity.

As dielectric measurements give information on the po-
larization fluctuations, the tilt fluctuations are studied by op-
tical methods. The birefringence was measured with a setup
based on the He-Ne laser, photoelastic modulator PEM-90,
lock-in amplifier EG&G 7265 and photodiode FLCE PIN20,
for the light propagating along the normal to the cell surface.
The birefringence behaves nonmonotonically in the SmA
phase (Fig. 4). At first it increases with decreasing tempera-
ture, while close to the transition to the polar SmAP, phase
the birefringence decreases. The decrease is even more pro-
nounced within the SmA P, phase temperature region. In the
tilted SmCqP 4 phase the sharp increase of the birefringence
on cooling is observed. In order to associate the temperature
dependence of the birefringence with the softening of fluc-
tuations of the polarization or the tilt, we measured the bire-
fringence in the material 2 (Fig. 1) exhibiting a simple phase
sequence: SmA-SmAP, with a continuous phase transition
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FIG. 3. (a) Three-dimensional temperature-frequency plot of the
real part of the dielectric constant for compound 1g. (b) The relax-
ation frequency f, (circles) and the dielectric strength (squares) Ae
of the mode vs temperature obtained by fitting the dielectric disper-
sion data at each temperature to the Cole-Cole formula. The solid
line is the frequency calculated from the Arrhenius dependence,
determined from the data taken above 125 °C and extrapolated to
lower temperatures.

between the two phases [6]. In such a material critical
behavior of the tilt fluctuations is not expected. In the
compound 2 the birefringence increases in the SmA phase
toward the phase transition to the polar SmAP, phase
and the later stabilizes at An=~0.08 (Fig. 4). Therefore the
decrease of the birefringence observed for the compound 1g
in the SmA and the SmAP, phases can be undoubtedly as-
sociated with the collective tilt fluctuations which increase
toward the transition to the SmCgP, phase. The sharp in-
crease of the birefringence in the tilted phase therefore ap-
pears due to the suppression of the tilt amplitude fluctuations
in the tilted phase, similarly as it is observed in the chiral
antiferroelectric liquid crystals [8,9].

III. THEORY AND COMPARISON WITH EXPERIMENTS

It is interesting to look closely at how the order
develops at subsequent phase transitions. We expect that
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FIG. 4. Temperature dependence of the optical birefringence in
compounds 1g (square) and 2 (circles). The dashed lines show a
noncritical background of the birefringence. Solid vertical lines in-
dicate the phase transition temperatures. The birefringence values
measured in the SmCsP, phase have a systematic error, which
depends on the tilt angle as (1-6%) due to the formation of two types
of synclinic domains. The error does not exceed 10% for the tilt
angles below 15°, which is the maximum observed for the SmCqP 5
phase.

the condensation of the polar order should be signified
by the freezing of molecular rotation around the long axis
[6], while the vicinity of the tilted polar phase should
be signified by collective tilting of molecules from the layer
normal. The theoretical analysis of an achiral system should
consider both the polarization and the tilt as proper order
parameters, the coupling between them should be included,
which is suggested by the experimental finding related
to the temperature dependence of the spontaneous polariza-
tion. Thus the free energy, which allows for the observed
SmA-SmAP,-SmCgP, phase sequence is

1 2,1 41 6,1 2.1
G= E 2a0ij + 4b0PPj + 2C0ij + 2aot§j + 4b02‘§?
J

+ %Q(éj X Ej)§+ %alP(Fj : F_,'+1)
+%alt(§j’ gj+l)_E'Fj 1)

The first three terms describe the steric and van der Waals
interactions that lead to the ordering of the molecular
dipoles. The next two terms describe the steric and van
der Waals interactions expressed in the tilt that lead to a tilted
phase. In general, both coefficients agp=ap(T—Typ) and
ay=a,T-T,,) are temperature dependent. The parameter Tp
is the temperature at which the polarization appears in an
isolated nontilted layer and the parameter 7, is the tempera-
ture, at which an isolated nonpolar layer becomes tilted. The
relation between these two temperatures defines the observed
phase sequence, SmA-SmAP-SmCP [7] for Typ>T,, or
SmA-SmC-SmCP [7,10,11] for Typ<Ty, The system stud-
ied here can be modeled by the first condition Tjyp>T,. The
negative parameter () in the coupling term describes the fa-
vorable perpendicular direction of the tilt with respect to the
polarization. The tilt direction is doubly degenerated; the tilt
and the polarization cross product can be either negative or

PHYSICAL REVIEW E 74, 021702 (2006)

positive. The details of the interlayer phase structure, syn-
clinic, or anticlinic tilt order and ferroelectric or antiferro-
electric polar order, are described by the appropriate signs of
the model coefficients a;, and a,p, respectively. In the stud-
ied material the orientation of tilts in the neighboring layers
in the ground state is synclinic, so a;,<0. The orientation of
polarizations in the neighboring layers is antiferroelectric,
therefore a;p>0.

Using the ansatz for the synclinic and antiferroelectric
SmCgP, phase

Pyy=P{1.0,0}: Py = P{-1.0,0%

521: &0, = 1,0}; é?zj+1 = &0, £ 1,0}; (2)

where the + sign stands for the two oppositely tilted syn-
clinic domains; the free energy is minimized with respect to
P and 6. The result is a set of two coupled nonlinear equa-
tions. At high enough temperature the only solution is P=0
and 6=0, which is characteristic of the paraelectric orthogo-
nal SmA phase. At temperatures lower than Typ+a,p/ap the
polar phase is stable and one gets two possible solutions of
the coupled set of equations:

1,2
_ 1 =bop+ \Nbyp—4coplagp — a1p)

P? and #=0 if
2 Cop
(3a)
ag, + |ay,| - 1QIP>>0
(3 1t
and
12
1 = bop+ b5 p —dcoplagp — arp+ Q&
p2_ — 0P Vbop opldop —aip ) and
2 Cop
(3b)
ao, + |ay,| + QP?
%:w if ag, + |ay,| - |QP* < 0.

bOt

The solution (3a) describes temperature dependence of the
polarization in the SmAP, phase, while the solution (3b)
describes the temperature dependence of the polarization and
the tilt in the SmCgP, phase. It should be noted that the
coupling between the tilt and the polarization additionally
favors polar order if the tilt is already present, which is con-
sistent with the increase of the polarization below the transi-
tion temperature to the tilted SmCgP, phase.

One can argue, that the same phase sequence,
SmA-SmAP,-SmCgqP, can be modeled with the parameter
ap, independent of temperature. The tilt order is then driven
by the () coupling term if the polarization exceeds a critical
value. As the majority of banana phases are characterized by
a rather high spontaneous electric polarization, which prob-
ably in most cases exceeds the critical value, it explains why
the orthogonal polar phases are rare. In the case of the stud-
ied system the continuous transition from the SmA to the
SmAP, phase ensures the temperature region where the
condition given in (3a) is fulfilled.
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From the presented model the dependence of the tilt on
the temperature in the SmCqP, phase is described by a criti-
cal exponent close to 0.25, if the effect of the tilt coupling to
the polarization is prevailing. If the tilt appears mostly due to
the temperature dependence of the a,, coefficient, the critical
exponent should be close to 0.5. The experimental observa-
tions show that in the studied system the critical exponent is
somewhere in between, indicating that both processes are
relevant.

The described system has rather complex dynamics. Sym-
metry considerations require four collective modes related to
the order parameters fluctuations in the SmA phase and eight
collective modes in the SmAP, and SmCqP, phases. To
account for the mode frequencies and the type of collective
fluctuations associated with them, the standard procedure
[12] is used. The instantaneous order parameters in the jth
smectic layer are expressed as

A

P Pjoejpi+ SPjejp+ 6Pj ¢jp,

&= E&joeja + 6&ji€ja + O 1 €je s (4)

where unit vectors €;p,€;p, ,€jg, €, are oriented parallel or
perpendicular to the local order parameters. The &Py, 6§
give the amplitude fluctuations of the polarization and the tilt
order parameters, respectively, while the phase fluctuations
of both order parameters are given by 6P;,, 6§;, . The fluc-
tuating order parameters given in Eq. (4) are inserted in the
free energy [Eq. (1)], which is developed up to the second
order terms around the equilibrium values of P and 6.
Defining the fluctuation vector 7 as

n={6P,, 0Py, 0P, | 0P, 8¢, 6&y,0¢,, 66}  (5)

in which the two layer periodic structure of the SmCgP,
system is taken into account, the part of the free energy that
appears due to the fluctuations can be written as

PG=57-G,- 1, (6)

where

A

(7a)

c o Qo o m>»
S Q o o o » I

oS oo M o o
T oo oWl o o
c oM AO oo oQ
co AN MmMo oQ o
- oo oo o
O ooxococo

0 0

with the matrix elements

A =agp+ 3bopP? + 5copP*,
B =agp + bopP* + copP*,
C = ag, + 3by, ¢,

D = ag, + by, ¢,
E=ap,

F=ay,

G =2QP0,

H=QP6. (7b)

The eigenvalues of the matrix G, give, after rescaling with
the appropriate viscosity coefficients, the frequencies of the
modes and the corresponding eigenvectors give the informa-
tion about the type of collective movements and the polarity
of the modes.

In the SmA phase two tilt fluctuation modes exist:
synclinic (instantaneous tilt direction is the same in the
neighboring layers) and anticlinic (instantaneous tilt direc-
tion is opposite in the neighboring layers), as well as
two polarization fluctuation modes: ferroelectric (instanta-
neous polarization direction is the same in the neighboring
layers) and antiferroelectric (instantaneous polarization
direction is opposite in the neighboring layers). Only the
ferroelectric polarization fluctuations, i.e., the condensation
of the ferroelectric mode, can contribute to the dielectric
response. Indeed in the SmA phase the single relaxation
process is observed that, on approaching the SmA-SmAP ,
phase transition, shows collective behavior, as evidenced
by the softening of the dielectric response—the relaxation
frequency decreases more rapidly than predicted by the
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FIG. 6. Theoretical temperature dependence of the eigenmode
frequencies. The coefficient values, expressed in units of ap=a,,
used for calculations are ag=agp+1.9, bop=50, cop=600,
a;p=0.3, byp=100, a;,=-0.2, and Q=-70. The eigenmode num-
bers (1)—(8) correspond to the numbers used in Fig. 5.

Arrhenius dependence [13], while the amplitude of the re-
sponse quickly increases on cooling (Fig. 3). In the SmAP,
phase the degeneracy of the polarization modes is lifted, each
of the polarization modes breaks into a phason and an am-
plitudon. The polarization fluctuation vectors (given by the
difference between the instantaneous and the ground state
vectors) can be in the opposite direction in the neighboring
layers, [phason 1(a) and amplitudon 7(a) in Fig. 5] or in the
same direction [phason 2(a) and amplitudon 8(a) in Fig. 5].
The degeneracy is lifted not only for the polarization modes;
the fluctuations of the tilt parallel [modes 5(a) and 6(a) in
Fig. 5] or perpendicular [modes 3(a) and 4(a) in Fig. 5] to the
polarization also have different energies. Thus, four different
tilt modes exist in the SmAP, phase. Out of 8 polarization
and tilt modes there are two polar modes, 2a and 8a. In the
SmCgP, phase all the polarization and the tilt changes be-
come coupled, however, in the considered model modes are
still exclusively phasons or amplitudons. Two out of four
phason modes preserve the tilt being perpendicular to the
polarization direction, as they involve the molecular rotation
on the tilt cone only [modes 1(b) and 2(b) in Fig. 5]. The
other two involve also the molecular rotation around the long
molecular axis, leading to the instantaneous tilt being oblique
to the polarization direction [modes 5(b) and 6(b) in Fig. 5].
Amplitudons involve either simultaneous increase (decrease)
of the tilt and the polarization magnitude in the layer [modes
3(b) and 4(b) in Fig. 5] or increase (decrease) of the tilt but
decrease (increase) of the polarization in the layer [modes
7(b) and 8(b) in Fig. 5]. In the SmCgP, there are four polar
modes—2(b), 4(b), 6(b) and 8(b).

Temperature dependence of the mode frequencies, for the
system showing the SmA-SmAP ,-SmCsP, phase sequence,
is given in Fig. 6. For such a system, at the SmA-SmAP
phase transition, the antiferroelectric polarization mode con-
denses faster than the ferroelectric one, leading to the anti-
ferroelectric structure of the SmAP, phase. In the SmAP,
phase the system becomes soft with respect to tilt fluctua-
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tions. The synclinic tilt mode 3a condenses faster than the
anticlinic mode 4a, therefore the synclinic structure of the
tilted smectic phase SmCgP, develops.

In the SmAP, phase the main contribution to the dielec-
tric response comes from the phason 2a. The same type of
fluctuations governs the dielectric response of the SmCgP 5
phase, however, in this phase the fluctuations of polarization
are coupled to the tilt angle fluctuations (mode 2b). Since it
is experimentally observed that the strength of this mode in
the SmCqP, is considerably lower than in the SmA P, phase,
it could thus be concluded that the distortion of the antipar-
allel orientation of polarizations in the consecutive layers
is now more difficult, as a simultaneous change of the
azimuthal tilt angle breaks the thermodynamically stable
synclinic tilt arrangement. In the SmCgP, phase also another
polar mode, 6b, having a critical temperature dependence,
contributes to the experimental dielectric response close
to the SmAP,-SmCgP, phase transition temperature. As a
result the relaxation frequency has a minimum at the
SmAP,-SmCsP, phase transition temperature that indicates
softening of the polar fluctuations at this transition.

While the polar fluctuations can be studied by the dielec-
tric spectroscopy, the tilt fluctuations related to the orienta-
tional order of molecules can be observed by optical methods
[8,9,14]. The SmA phase is optically uniaxial with the refrac-
tive indices in the directions perpendicular to the long mo-
lecular axis averaged due to the free molecular rotation. The
SmAP , phase, although biaxial in general, can be considered
as pseudouniaxial in the studied sample geometry. This
is due to the polarization splay, which appears in the sample
[15]: molecules at the glass plates are oriented with the
polarization vector perpendicular to the glass plates, while
in the bulk the polarization is parallel to the glass plane.
The splay causes an averaging between the two refractive
indices in the directions perpendicular to the long molecular
axis, similarly as in the SmA phase. Thus in the studied
samples, the temperature variation of the birefringence
at the SmA-SmAP, phase transition reflects mainly
the change in the order of the long molecular axis; the
increasing (decreasing) tilt fluctuations would decrease (in-
crease) the refractive index in the direction along the layer
normal and increase (decrease) the averaged refractive index
in the direction perpendicular to the layer normal. As a result
the overall birefringence of the sample decreases if the tilt
fluctuations grow. In the SmA phase far from the transition to
the tilted phase, the birefringence increases with decreasing
temperature as the orientational order of the long molecular
axis in the layers increases. In the material 2 where the tilted
phase is not observed, the birefringence further steeply in-
creases at the transition to SmAP, phase. This increase
seems to be due to the sharp increase of the orientational
order of the long molecular axes induced by the appearance
of the polar order (Fig. 4). Contrary, in the studied compound
1g, which exhibits the tilted SmCqP, phase below the or-
thogonal phases, the nonmonotonic temperature dependence
of the birefringence is observed. The reason is in the strong
tilt fluctuations. In the SmA phase the instantaneous tilt, 56,
may appear in any direction around the layer normal, lower-
ing the birefringence as An(T):AnO(T)(l —%((50)2», where
Any(T) is the noncritical background of the birefringence
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and could be extrapolated from the data obtained
far above the SmA-SmAP, phase transition temperature.
In the SmAP, phase the tilt fluctuation in the direction
perpendicular to the polarization are favorable and thus
An(T)=Ang(T) =3 Anpe((86)%), where Anp,, is the differ-
ence between refractive indices in the direction along the
long molecular axis and perpendicular to the banana plane
for ideally ordered molecules. The An,,, value can be
roughly estimated from the birefringence obtained in the
sample subjected to the electric field. The birefringence
An(T) starts to decrease already in the SmA phase—due to
the growing tilt fluctuations it deviates downward from the
Any(T). The decrease in birefringence is even more pro-
nounced in the SmAP, phase, indicating that the appearance
of the polar order further promotes the tilt fluctuations. This
is in agreement with the predicted softening of the tilt modes
3a, 4a in the SmAP, phase. The exact analysis of the fluc-
tuations is difficult, as their calculated magnitudes depend on
the chosen background Any(T) and the An,,,, value, however
it could be estimated that the pretransitional fluctuations in
the SmA and the SmA P, phases involve the average change
of N/(((SH)Z) as high as 6° and 8°, respectively, which is a
rather high value compared to the tilt angle observed in the
SmCgP, phase (up to 15°). The An(T) has its minimum at
the SmAP,-SmCqP, phase transition and sharply increases
on cooling in the tilted phase, as the amplitudon tilt fluctua-
tions, responsible for lowering An(T), are pronounced only
close to the orthogonal-tilted phase transition temperature.

IV. SUMMARY

The bent-core molecular system in which the polarization
and the tilt, both being proper order parameters, appear at
two subsequent phase transitions SmA-SmAP, and SmAP

PHYSICAL REVIEW E 74, 021702 (2006)

-SmCgP,, was studied. Experimental observations were ex-
plained within the scope of the discrete phenomenological
theoretical model. The theoretical considerations show that
the SmAP,-SmCsP, phase transition can result from the
temperature dependence of the Landau coefficient a, or it
can be induced solely due to the strong coupling of the tilt
and the polarization. In both cases the polarization in the
tilted phase increases following the tilt angle temperature
dependence, which is consistent with the experimental re-
sults. The system exhibits strong critical fluctuations of the
polarization and the tilt. In the SmA phase the polar fluctua-
tions show a softening in the vicinity of the SmAP, phase,
that appears due to the critical slowing down of the molecu-
lar rotation around the long molecular axis. In the SmAP,
phase the main contribution to the polar mode comes from
the collective rotation of polarization vectors in the consecu-
tive layers. In the SmCgP, phase the motions of the polar-
ization vectors become coupled to the tilt fluctuations and as
a result the dielectric response decreases. The tilt fluctuations
were deduced from the pretransitional behavior of the optical
birefringence. In materials where the tilted phase is absent
the birefringence increases at the SmA-SmAP, phase transi-
tion, as the polar order apparently favors a stronger orienta-
tional order of the molecular long axis. In the material with
the tilted phase below the orthogonal one, An has pro-
nounced pretransitional decrease as the tilt fluctuation dis-
turbs the orientational order of the long molecular axes,
which is in agreement with theoretical consideration.
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