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Mechanism of sign inversion of spontaneous polarization in ferroelectric SmC* liquid crystals
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The ferroelectric liquid crystal FLC-117, which is known to exhibit at a certain temperature the sign
inversion of spontaneous polarizationPs , is studied under an electric field. From the analysis of the electro-
optic response and the direct texture observations, it is concluded that the inversion temperature ofPs has the
applied voltage dependence. To interpret our experimental result, we introduce a coupling term between the
molecular dipole moments and the magnitude of the applied electric fields to the asymmetric rotational poten-
tial about the molecular long axis. The simulated results using this potential are in accordance with our
experimental result.
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I. INTRODUCTION

The local ferroelectricity that characterizes the chi
smectic-C (SmC* ) liquid crystal is due to the cooperativ
hindered rotation about the molecular long axis of the c
stituent molecules. In 1973, McMillan proposed a simp
physical picture of the smectic-C (SmC) phase; the mol-
ecules rotate freely about their long axis in the smecticA
(SmA) phase and this rotation is partially frozen out in t
SmC phase@1#. If McMillan’s idea is correct, the SmC*
phase ought to have a spontaneous polarizationPs along the
local C2 axis. In 1975, Meyeret al. realized this and proved
it experimentally in the SmC* phase of DOBAMBC@2,3#.
Since then, as is well known, various ferroelectric liqu
crystalline materials have been synthesized and the phy
properties of the ferroelectric liquid crystals~FLCs! have
been investigated.

One of the most important findings in FLCs is the si
inversion phenomenon ofPs by the temperature change. I
the past, the sign ofPs had been thought as the characteris
of the materials by nature. In 1986, however, two grou
independently reported a new class of ferroelectric liq
crystals showingPs sign inversion@4–6#. Since then, thePs
sign inversion phenomenon has been observed in var
systems: single-component substances@4,6,7#, two-
component mixtures@8–10#, and polymer systems@11#.

Recently, we performed a detailed texture observation
single-component material FLC-117~Chisso! near thePs in-
version temperatureTinv and found thatTinv depends on the
applied voltage. Although the same kind of phenomenon w
suggested to occur by Glasset al. in the measurement of th
pyroelectricity for the ferroelectric liquid crystal S-2
metylbutyl-4-n-decanoyloxybiphenyl-48-carboxylate @12#,
they did not mention it clearly, so that this is essentially t
first report of the phenomenon. Moreover, little is know
about the texture nearTinv . The aim of this paper is to show
this experimental result unambiguously and to interpret
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phenomenon using a microscopic model.
In the past, thePs inversion phenomenon has been inte

preted by various microscopic models@5,13,14#. Among
them, one of the most well-known models is the dipol
quadrupolar coupling model@14–17#. Based on Landau’s
theory for the SmA-SmC* phase transition, the first math
ematical treatment of this model was given by Zˇekšet al. in
1988 @18#. In 1993, Meister and Stegemeyer extended t
model to treatPs sign inversion@14#; they assumed the sig
inversion occurs due to the competition between the po
and the quadrupolar orders for the single-particle rotatio
potential about the molecular long axis. In this paper,
introduce a coupling term between a molecular dipole m
ment and the magnitude of an applied electric field to
rotational potential and simulate thePs sign inversion phe-
nomenon under the electric field.

The paper is organized as follows. In Sec. II we will sho
the experimental results. In Sec. III, to compare with t
experimental results, we will define the rotational potent
under an electric field, and calculate the numerical soluti

II. EXPERIMENT

FLC-117, which is known to show thePs sign inversion,
was used in this study@7#. Figure 1 shows the chemica
structure and the phase sequence of this single-compo
material. The glass substrates with patterned indium tin
ide electrodes were washed by acetone, spin coated
polyimide, and rubbed unidirectionally. The two substra
were placed together with 2-mm polyethylenterephthalate
sheet spacers. FLC-117 was introduced into the cell by c
illary suction in the isotropic phase. By cooling down fro

FIG. 1. The chemical structure and the phase sequence of F
117.
©2003 The American Physical Society01-1
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the isotropic phase to the SmA phase, a single domain wit
homogeneous alignment was obtained. The SmC* phase was
obtained by the cooling process from the SmA phase. In the
SmC* phase under zero electric field, surface stabiliz
ferroelectric liquid crystal bistable domains@19# were real-
ized, i.e., the uniform textures remain stable after turning
the field ~memory effect!.

According to convention@20#, Ps was defined by

Ps5Ps

z3n

uz3nu
, ~1!

wherePs is the local polarization vector,z is the layer nor-
mal vector, andn is the director. The definition of the sign o
Ps is illustrated in Fig. 2. The magnitude ofPs was deter-
mined by the switching-current measurements@21# on apply-
ing a rectangular wave voltage (40 V,30 Hz!. The sign ofPs
was determined by the tilt direction with respect to the la
normal under the dc electric field using a polarizing opti
microscope. In Fig. 3, we show the temperature depende
of Ps and magnitude of the tilt angleu. It is found that the
Ps sign inversion occurs between 37 °C and 38.5 °C, wh
agrees with the previous result@7#. However, sincePs is very

FIG. 2. The sign definition of thePs . The circle with dot and
the circle with cross represent the up and down directions w
respect to the paper surface, respectively.E represents the magni
tude of the electric field.P andA represent the polarizer and an
lyzer, respectively.

FIG. 3. The temperature dependence ofPs and the magnitude o
u for FLC-117 in a 2-mm cell. Circles and triangles representPs

and u, respectively.Ps sign inversion occurs between 37 °C an
38.5 °C.
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small near the inversion point, the precise value ofTinv is not
easy to be determined only by the switching current m
surement.

The Ps inversion process could be directly observed
using a polarizing microscope. Texture observation w
made under a rectangular wave of 0.05 Hz with 40 V. T
polarizer and analyzer were set to be crossed and arrang
give a dark view for the situation of Figs. 2~a! and 2~b!;
positive and negative voltages give a dark view forPs.0
andPs,0, respectively.

Figure 4 shows microphotographs nearTinv . At 37.9 °C,
Ps is positive, since the situation given by Fig. 2~a! is ob-
tained. At 38.1 °C, on the contrary, the behavior is oppos
to that for 37.9 °C;Ps is negative. At 38 °C, both dark an
bright views coexist with the tilt angle 9.5°, and the bistab
domains do not respond to the field, indicating thatPs is
zero. Namely,Tinv is 38 °C . In this way, from the direc
texture observation, the exact inversion point could be de
mined.

Moreover, we measured the electro-optic response by
plying a triangular wave field near the inversion temperatu
The frequency and the amplitude of the applied triangu
voltage were 0.1 Hz and 80 V, respectively. At 37 °C
bistable switching was observed, as shown in Fig. 5~a!.
Bistable switching was also observed at 39 °C, but the ph
is opposite to that at 37 °C, as shown in Fig. 5~c!. These
results indicate that the signs ofPs are opposite at 37 °C an
39 °C. Stars and circles in Fig. 5 specify the response
positive and negativePs , respectively. An interesting elec
trooptic response was observed at 38 °C@Fig. 5~b!#. At a
voltage higher than 40 V, the behavior is the same as tha
37 °C, as marked by stars. Therefore,Ps is positive above
40 V. On the other hand, the response below 40 V shows
Ps is negative.

To investigate the unusual switching in Fig. 5~b!, at

h

FIG. 4. The microphotographs of a 2-mm-thick FLC-117
sample cell between crossed polarizers.P, A, andR represent po-
larizer, analyzer, and rubbing directions, respectively. At 37.9
and at 38.1 °C,Ps signs are positive and negative, respectively.
38 °C, both dark and bright views coexist, and the bistable dom
show no response to the field, indicating thatPs is zero andTinv
538 °C.
1-2
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38 °C we applied a rectangular wave field of 0.05 Hz w
different voltages~20 V, 40 V, 80 V! and texture observation
was executed. For 40 V, bistable domains show no switch
@Fig. 6~b!#. For 20 V, switching is observed, as shown in F
6~a!, which indicates thatPs is negative. On the other hand
for 80 V, the switching indicating positivePs was observed
@Fig. 6~c!#. Of course, these results are consistent with
result of the electro-optic response in Fig. 5~b!. But these
results suggest the possibility thatTinv has an applied volt-
age dependence,TinvÞ38 °C under 20 V and 80 V.

The shift ofTinv under 20 V and 80 V was confirmed b
the same direct texture observation made under 40 V.
results are given in Table I. This table shows thatTinv in-
creases with the increase of the applied voltage strength

It is important to emphasize that the thermal effect of
voltage does not lead to this behavior. Namely, if high
voltage causes a higher temperature of the cell, the obse
Tinv should shift toward a lower temperature. This is ju

FIG. 5. The optical response for a triangular wave of 0.1
with 80 V at ~a! 37 °C, ~b! 38 °C, and~c! 39 °C. Stars and circles
specify the optical response forPs.0 andPs,0, respectively. At
38 °C, Ps is positive at a high voltage region and negative at a l
voltage region.
02170
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opposite to our experimental results. In this way, we co
unambiguously conclude thatTinv for FLC-117 has an ap-
plied voltage dependence.

III. DISCUSSION

A. A molecular model for Ps sign inversion

Ps originates from the hindered rotational motion abo
the long molecular axis. To describe the model, right-han
rectangular laboratory coordinates (x,y,z) and right-handed
rectangular molecular coordinates (j,h,z) are introduced
~Fig. 7!, where thez axis is the smectic layer normal,y is the
C2 axis,z is the molecular long axis, andj is the axis of the
electric dipole moment projected on thej-h plane. More-
over, the angles (u,c) are introduced to describe the relatio
between (x,y,z) and (j,h,z), whereu is the tilt angle from
the z axis, andc is the rotational angle about thez axis ~we
define the counterclockwise rotation to be positive!. Now we
assume that molecular energy is determined by a molec
potentialV0(c). The potential under an electric field is give
by

V~c!5V0~c!2meffE. ~2!

Here,E and meff are the magnitudes of the applied elect
field and the effective molecular dipole moment for they
direction, respectively. Generally, the molecular distributi
function f (c) is given by

FIG. 6. The applied voltage dependence of the texture at 38
P, A, and R represent polarizer, analyzer and rubbing directio
respectively. The voltage sequence is~a! 20 V, ~b! 40 V, and~c! 80
V.

TABLE I. The applied voltage dependence of thePs inversion
temperatureTinv determined by the direct texture observation.

Applied voltage~V! Ps inversion temperature (°C)

20 37.9
40 38
80 38.1
1-3
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f ~c!5
1

Z
expS 2V~c!

kBT D , ~3!

whereZ is the partition function,kB is the Boltzmann con-
stant, andT is the temperature. Using this distribution fun
tion, Ps is given by

Ps5N^meff&5Nmj^sinc&, ~4!

whereN is the number density of the molecule,^•••& repre-
sents the ensemble average, andmj (.0) is thej component
of the molecular dipole moment. The sign ofPs is deter-
mined by^sinc&. Here let us consider the mechanism ofPs
sign inversion. Suppose thatV0(c) has a symmetric form a
c5c0 (.0) as shown in Fig. 8~a!, namely V0(c02c)
5V0(c01c); such a symmetric potential was actua
adopted as the binding site model in Ref.@22#. However, the
sign inversion is impossible in this potential because
population forc.0 is more than that forc,0 for all tem-
peratures. On the other hand, if molecular chirality is ve
strong andV0(c) has the asymmetric form as shown in Fi
8~b!, sign inversion is possible. In this case, because of
asymmetry of the potential, at low temperature,c.0 has a
large population, while at high temperature,c,0 is more
populated.

B. Numerical calculation using an asymmetric potential

To calculate the numerical solution of the electric fie
effect on Tinv , we consider a more realistic potential.
general, the potential should vanish at the SmA-SmC* tran-
sition point, because the molecules in the SmA phase rotate
freely about molecular long axes. To consider this effect,
introduce theu dependent potentialV0(u,c), whereu is the
primary order parameter of the SmC* phase. Foru depen-
dence, we assume the following form:

V0~u,c!5~u1u21•••1un1••• !V0~c!, ~5!

FIG. 7. The definition of laboratory coordinates (x,y,z), mo-
lecular coordinates (j,h,z), and the angles (u,c). x8 axis repre-
sents thej axis atc50.
02170
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where the constant term is neglected, since only the rela
value is important. Moreover, we expandV0(c) as a Fourier
series:

V0~c!5D1 cos~c2v1!1D2 cos 2~c2v2!1•••

1Dn cosn~c2vn!1•••, ~6!

FIG. 9. The temperature dependence of the asymmetric pote
function represented by the Fourier expansion. The parameters
for this calculation are A54.07310222, B50.3310222,
v15219 °, v2540.5 °, andu053.25. Temperature sequence
27 °C, 38 °C, 45 °C, and 47 °C.

FIG. 8. ~a! The symmetric rotational potential function. Thec0

represents the angle showing the potential minimum.~b! The asym-
metric rotational potential function arising from the strong chirali
If the sign of the chirality is inverted,V0(c) is reversed with re-
spect to thec50. Thec0 locates in the positivec region in the
present experimental condition as in the figure, hencePs.0 at low
temperatures.
1-4
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where Dn are the expansion coefficients andvn are the
phases. In particular, we use the following potential

V0~u,c!52Au cos~c2v1!2Bu2 cos 2~c2v2!, ~7!

whereA.0 andB.0, which has been proposed by Zˇekš
et al. @18#. This equation is the most simple potential sat
fying the symmetry requirementV0(u,c)5V0(2u,c1p).
According to the Landau theory, the temperature depende
of u is given by

u5u0~Tc2T!0.5, ~8!

where u0 is the proportional constant andTc is the Curie
temperature for the SmA-SmC* phase transition. Figure 9
shows the temperature dependence ofV0(c). Above Tc
547 °C, since the molecules rotate freely, the rotational
tential vanishes. Under the electric field, the potential
given by Eq.~2!. Figure 10 shows the electric field depe
dence of the potential function. It is found that the strong
the magnitude of the electric field is, the bigger the poten
deviation is. Moreover, the molecular dipole moment un
an electric field is obtained by using Eq.~4!. Figure 11 shows
the temperature and the applied electric field dependenc

FIG. 10. The applied electric field dependence of the asymm
ric rotational potential function. We assumed that the sample
introduced between two electrodes with a 2-mm gap. The sequenc
of the applied voltage is 0-V bias50 V/cm, 100-V bias55
3105 V/cm, and 1000-V bias553106 V/cm. In this calculation,
we putmj52 D.
s.

S
tal

,
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the average effective dipole moment. It is clearly found th
Ps inversion has occurred. From this figure, it is also fou
that Tinv has the applied voltage dependence. Namely, w
the applied voltage increases,Tinv also increases, being con
sistent with the present experiment.

IV. CONCLUSION

Under the electric fields, the ferroelectric liquid cryst
FLC-117, which exhibits thePs sign inversion phenomenon
was studied. From the analysis of the electro-optic respo
and the direct texture observations by using a polarizing
croscope, it was confirmed that the inversion temperat
Tinv of Ps increases with the increase of the applied volta
strength. To explain this applied voltage dependence ofTinv ,
we introduced a coupling term between a molecular dip
moment and the magnitude of an electric field applied to
asymmetric rotational potential about the molecular lo
axis. The numerical calculations using this potential were
accordance with our experimental results.
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