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Mechanism of sign inversion of spontaneous polarization in ferroelectric S@* 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 polarizati®y, 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 tempertutasothe
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 phenomenon using a microscopic model.
In the past, théP4 inversion phenomenon has been inter-
The local ferroelectricity that characterizes the chiralpreted by various microscopic modefs,13,14. Among

smecticC (SmC*) liquid crystal is due to the cooperative them, one of the most well-known models is the dipolar-
hindered rotation about the molecular long axis of the conguadrupolar coupling modgl14-17. Based on Landau’s
stituent molecules. In 1973, McMillan proposed a simpletheory for the SMA-SmC* phase transition, the first math-
physical picture of the smectic- (SmC) phase; the mol- ematical treatment of th_is model was given bgk&et al. in _
ecules rotate freely about their long axis in the smegtic- 1988[18]. In 1993, Meister and Stegemeyer extended this
(SmA) phase and this rotation is partially frozen out in the M0de! to treals sign inversior{14]; they assumed the sign
SmC phase[1]. If McMillan's idea is correct, the S@* inversion occurs due to the competlt'lon betwgen the polar
phase ought to have a spontaneous polarizaipalong the and the quadrupolar orders for the single-particle rotational

local G, axis. In 1975, Meyeet al. realized this and proved potential about the molecular long axis. In this paper, we

. . . " introduce a coupling term between a molecular dipole mo-
I _experlmentally_ in the S phase_ of DOBAMBC[_2,3]_. .. ment and the magnitude of an applied electric field to the
Since then, as is well known, various ferroelectric liquid

X : ) ~ rotational potential and simulate th&, sign inversion phe-
crystalline materials have been synthesized and the physicghmenon under the electric field.

properties of the ferroelectric liquid crystal§LCs) have The paper is organized as follows. In Sec. Il we will show

been investigated. the experimental results. In Sec. lll, to compare with the
One of the most important findings in FLCs is the signexperimental results, we will define the rotational potential

inversion phenomenon @?s by the temperature change. In under an electric field, and calculate the numerical solution.
the past, the sign d?5 had been thought as the characteristic
of the materials by nature. In 1986, however, two groups
independently reported a new class of ferroelectric liquid
crystals showindPg sign inversior[4—6]. Since then, th&g FLC-117, which is known to show thi sign inversion,
sign inversio_n phenomenon has been observed in varioygas ysed in this study7]. Figure 1 shows the chemical
systems: single-component ~ substancdd,6,7, two-  strycture and the phase sequence of this single-component
component mixturef8—10], and polymer systenid1]. material. The glass substrates with patterned indium tin ox-

~ Recently, we performed a detailed texture observation in gje electrodes were washed by acetone, spin coated with
single-component material FLC-11Zhissg near thePsin-  nolyimide, and rubbed unidirectionally. The two substrates
version temperatur&;,, and found thafl;,, depends on the \yere placed together with 2m polyethylenterephthalate
applied voltage. Although the same kind of phenomenon wagheet spacers. FLC-117 was introduced into the cell by cap-

suggested to occur by Glaesal. in the measurement of the jjjary suction in the isotropic phase. By cooling down from
pyroelectricity for the ferroelectric liquid crystal S-2-

metylbutyl-4n-decanoyloxybiphenyl-4carboxylate [12], F
they did not mention it clearly, so that this is essentially the N= [

first report of the phenomenon. Moreover, little is known C8H174©_<\:/>*0_CH2‘§H_C6H13
about the texture nedr;,, . The aim of this paper is to show N
this experimental result unambiguously and to interpret this

Il. EXPERIMENT

SmC* 47°C SmA 84°C TIso

FIG. 1. The chemical structure and the phase sequence of FLC-
*Electronic address: mieda@mbox.op.titech.ac.jp 117.
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FIG. 2. The sign definition of th®,. The circle with dot and Ps<0)
the circle with cross represent the up and down directions with A
respect to the paper surface, respectivElyepresents the magni- R P +40V —40V
tude of the electric fieldP and A represent the polarizer and ana- =

lyzer, respectively.
FIG. 4. The microphotographs of a @2m-thick FLC-117
sample cell between crossed polarizé?sA, andR represent po-

. : €S larizer, analyzer, and rubbing directions, respectively. At 37.9 °C
homogeneous alignment was obtained. Th&Siphase was and at 38.1 °CP; signs are positive and negative, respectively. At

obtained by the cooling process from the Sphase. In the 3 o hoth dark and bright views coexist, and the bistable domains

SmC* phf_ise_ under Zero electric field,_ surface stabilizedshow no response to the field, indicating tifatis zero andT;,,
ferroelectric liquid crystal bistable domaif&9] were real- —3g-°c.

ized, i.e., the uniform textures remain stable after turning off
the field (memory effeck
According to conventiofi20], P was defined by

the isotropic phase to the Snphase, a single domain with

small near the inversion point, the precise valug& gf is not
easy to be determined only by the switching current mea-

surement.
7%n The P inversion process could be directly observed by
Ps= Psm, () using a polarizing microscope. Texture observation was

made under a rectangular wave of 0.05 Hz with 40 V. The
polarizer and analyzer were set to be crossed and arranged to
wherePg is the local polarization vectog, is the layer nor- give a dark view for the situation of Figs(# and 2b);
mal vector, ana is the director. The definition of the sign of positive and negative voltages give a dark view Ry>0
Ps is illustrated in Fig. 2. The magnitude &f; was deter- andP¢<0, respectively.
mined by the switching-current measuremd2ts on apply- Figure 4 shows microphotographs ndgy, . At 37.9 °C,
ing a rectangular wave voltage (40 V,30)HZhe sign ofP; Py is positive, since the situation given by FigaRis ob-
was determined by the tilt direction with respect to the layertained. At 38.1 °C, on the contrary, the behavior is opposite
normal under the dc electric field using a polarizing opticalto that for 37.9 °C;P, is negative. At 38 °C, both dark and
microscope. In Fig. 3, we show the temperature dependendsright views coexist with the tilt angle 9.5°, and the bistable
of Ps and magnitude of the tilt anglé. It is found that the domains do not respond to the field, indicating tiRatis
P sign inversion occurs between 37 °C and 38.5 °C, whiclzero. Namely,T;,, is 38 °C . In this way, from the direct
agrees with the previous res{iftl. However, sincdg is very  texture observation, the exact inversion point could be deter-

mined.

25E T4 Moreover, we measured the electro-optic response by ap-

ok gﬂﬁ% O P di2 plying a triangular wave field near the inversion temperature.
—~ (o] A0 d10 The frequency and the amplitude of the applied triangular
"cE, 15F MAAMAA 8 voltage were 0.1 Hz and 80 V, respectively. At 37 °C,
Q 10} bistable switching was observed, as shown in Fit).5
£ sk Bistable switching was also observed at 39 °C, but the phase
Q; is opposite to that at 37 °C, as shown in Figc)5 These

0 results indicate that the signs Bf are opposite at 37 °C and

el 39 °C. Stars and circles in Fig. 5 specify the response by

positive and negativ®g, respectively. An interesting elec-
o trooptic response was observed at 38 [Fily. 5b)]. At a
Temperature (C) voltage higher than 40 V, the behavior is the same as that at
FIG. 3. The temperature dependencégfind the magnitude of 37 °C, as marked by stars. TherefoRy, is positive above
6 for FLC-117 in a 2um cell. Circles and triangles represé®t 40 V. On the other hand, the response below 40 V shows that
and 6, respectively.P, sign inversion occurs between 37 °C and Pg is negative.
38.5 °C. To investigate the unusual switching in Fig(bh at

021701-2
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FIG. 6. The applied voltage dependence of the texture at 38 °C.
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0.10 P, A, and R represent polarizer, analyzer and rubbing directions,

-40 respectively. The voltage sequencdds20 V, (b) 40 V, and(c) 80
0.05

®, V.
80 @ ) 0.00 ) , ,
0 Time(s) 10 opposite to our experimental results. In this way, we could
R0 unambiguously conclude thdt,, for FLC-117 has an ap-
plied voltage dependence.
40

Ill. DISCUSSION

A. A molecular model for Pg sign inversion

P originates from the hindered rotational motion about
the long molecular axis. To describe the model, right-handed
rectangular laboratory coordinates,y,z) and right-handed

0.25
(c) 39 °C
0.20
© 0.15
0
P<0 0.10
0 0.05
0.00 rectangular molecular coordinateg, §,{) are introduced
) (Fig. 7), where thez axis is the smectic layer normal,s the
0

-80
Time (s) 10 C, axis, { is the molecular long axis, arglis the axis of the
electric dipole moment projected on tl§en plane. More-

A
)

Applied Voltage (V)
Transmittance (arb. units)

FIG. 5. The optical response for a triangular wave of 0.1 Hz . . .
with 80 V at(a) 37 °C, (b) 38 °C, and(c) 39 °C. Stars and circles Ve the angles{, ¢) are introduced to describe the relation

specify the optical response f&x,>0 andP¢;<0, respectively. At between ky.2) gnd € ’7'0] whered is the tilt angl? from
38 °C, P, is positive at a high voltage region and negative at a lowth€ Z axis, andy is the rotational angle about tieaxis (we
voltage region. define the counterclockwise rotation to be positidow we
assume that molecular energy is determined by a molecular
38 °C we applied a rectangular wave field of 0.05 Hz withPotentialVo(¢). The potential under an electric field is given
different voltageg20 V, 40 V, 80 V) and texture observation by
was executed. For 40 V, bistable domains show no switching _
[Fig. 6(b)]. For 20V, switching is observed, as shown in Fig. V() =Vo(ih) = perE. 2
6(a), which indicates thaP; is negative. On the other hand,
for 80 V, the switching indicating positives was observed
[Fig. 6(c)]. Of course, these results are consistent with th
result of the electro-optic response in Fighp But these
results suggest the possibility thag,, has an applied volt-
age dependencd;,,# 38 °C under 20 V and 80 V.

The shift of T;,, under 20 V and 80 V was confirmed by
the same direct texture observation made under 40 V. Th
results are given in Table I. This table shows thgf, in-

Here, E and we are the magnitudes of the applied electric
e{ield and the effective molecular dipole moment for the
direction, respectively. Generally, the molecular distribution
function f(¢) is given by

TABLE I. The applied voltage dependence of tAginversion
%emperaturél’mu determined by the direct texture observation.

creases with the increase of the applied voltage strength. Applied voltage(V) Ps inversion temperature (*C)
It is important to emphasize that the thermal effect of the 20 37.9

voltage does not lead to this behavior. Namely, if higher 40 38

voltage causes a higher temperature of the cell, the observed 80 38.1

Tin, Should shift toward a lower temperature. This is just
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FIG. 7. The definition of laboratory coordinates,y,z), mo-
lecular coordinatesg, »,{), and the anglesd,¢). x’' axis repre-
sents thet axis aty=0.

Vo T
(b)

1 —V(¥)
f(y)= 7 ex;{ W) ; ) FIG. 8. (a) The symmetric rotational potential function. Thig
B represents the angle showing the potential minim{onThe asym-
metric rotational potential function arising from the strong chirality.
If the sign of the chirality is invertedyy(¢) is reversed with re-
spect to theyy=0. The ¢, locates in the positives region in the
present experimental condition as in the figure, hdhge0 at low
temperatures.

whereZ is the partition functionkg is the Boltzmann con-
stant, andT is the temperature. Using this distribution func-
tion, Py is given by

Ps= N<Meﬁ>:NM§<Sin lr//>a (4)

where the constant term is neglected, since only the relative
value is important. Moreover, we expaNg() as a Fourier
series:

whereN is the number density of the molecule, -) repre-
sents the ensemble average, and>0) is the component
of the molecular dipole moment. The sign Bf is deter-
mined by(sing). Here let us consider the mechanismRaf
sign inversion. Suppose th¥ () has a symmetric form at _ _ _ .
=1y (>0) as shown in Fig. &, namely Vy(&o— ) Vo(#) =Dy cosy=w) Dz c0s Ay wp) +
=Vy(t#); such a symmetric potential was actually +D,cosn(¢—w,)+ -, (6)
adopted as the binding site model in Ref2]. However, the

sign inversion is impossible in this potential because the 20

population forg>0 is more than that fory<<0 for all tem- e 10

peratures. On the other hand, if molecular chirality is very
strong andVy(¢) has the asymmetric form as shown in Fig.
8(b), sign inversion is possible. In this case, because of the
asymmetry of the potential, at low temperatuge; 0 has a
large population, while at high temperaturg<0 is more
populated.

B. Numerical calculation using an asymmetric potential

To calculate the numerical solution of the electric field
effect onT,;,,, we consider a more realistic potential. In

general, the potential should vanish at theASBmC* tran- 2200 -150 -100 -50 O 50 100 150 200

sition point, because the molecules in the/Sphase rotate v (degree)

freely about molecular long axes. To consider this effect, we

introduce thef dependent potentiddy(6,4), whered is the FIG. 9. The temperature dependence of the asymmetric potential

primary order parameter of the & phase. Ford depen-  function represented by the Fourier expansion. The parameters used

dence, we assume the following form: for this calculation are A=4.07x10"%2, B=0.3x10 %

w1=—-19 °, w,=40.5 °, andf,=3.25. Temperature sequence is

Vo(0,)=(0+ 6%+ -+ 6"+ )Vo(), (5)  27°C, 38°C, 45°C, and 47 °C.

021701-4
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FIG. 11. The temperature and the applied electric field depen-
FIG. 10. The applied electric field dependence of the asymmetdence of the average effective dipole moment. The sequence of the
ric rotational potential function. We assumed that the sample wagpplied voltage is 0-V bias0 V/cm, 40-V bias=20x 10* V/cm,
introduced between two electrodes with aut gap. The sequence gnd 80-V bias- 40X 10* V/cm.
of the applied voltage is 0-V biasO V/cm, 100-V bias-5
X 10° V/cm, and 1000-V bias5x10° V/cm. In this calculation, the average effective dipole moment. It is clearly found that
we putu;=2 D. P, inversion has occurred. From this figure, it is also found
thatT,,, has the applied voltage dependence. Namely, when
where D, are the expansion coefficients anrg, are the the applied voltage increases,,, also increases, being con-

phases. In particular, we use the following potential sistent with the present experiment.
Vo(0,¥)=—A6 cog lﬂ—wl)—Bﬁz cosAy—wy), (7) V. CONCLUSION
where A>0 andB>0, which has been proposed t;yelé Under the electric fields, the ferroelectric liquid crystal

et al. [18]. This equation is the most simple potential satis-FLC-117, which exhibits th®, sign inversion phenomenon,
fying the symmetry requirementy(60,4)=Vo(— 0, ¢+ 7). was studied. From the analysis of the electro-optic response
According to the Landau theory, the temperature dependenand the direct texture observations by using a polarizing mi-
of @ is given by croscope, it was confirmed that the inversion temperature
05 Tin, Of Pg increases with the increase of the applied voltage
6= 0o(Tc—T)", (8) strength. To explain this applied voltage dependenck, gf,
we introduced a coupling term between a molecular dipole

. " . moment and the magnitude of an electric field applied to the
temperature for the SmSmC” phase transition. Figure 9 asymmetric rotational potential about the molecular long

S:hf;vf Cthgintfg]t?wir?r;[g:eecSlizergijaetgcf? ;/Sﬁ/wzﬁep\rz?;t?olgl IO0:31xis. The numerical calculations using this potential were in
> A . "accordance with our experimental results.
tential vanishes. Under the electric field, the potential is
given by Eq.(2). Figure 10 shows the electric field depen-
dence of the potential function. It is found that the stronger
the magnitude of the electric field is, the bigger the potential The authors thank Chisso Co. for the supply of a good
deviation is. Moreover, the molecular dipole moment undermuality sample. This work is partly supported by a Grant-in-
an electric field is obtained by using Bd). Figure 11 shows Aid for Scientific Research on Priority Are@) (12129202

the temperature and the applied electric field dependence @fy the Ministry of Education, Science, Sports and Culture.

where 6, is the proportional constant anf}, is the Curie
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