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Ferroelectricity in Liquid Crystals 

HIDE0 TAKEZOEa and JUNJI WATANABEb 

aDepartment of Organic and Polymeric Materials, To o Institute of Technology, 
0-okayama, Meguro-ku, Tokyo 152-8552, Japan and 2 Department of Polymer 

Chemistry, Tbkyo Institute of Technology, 0-okayama, Meguro-ku, 
Tokyo 152-8552, Japan 

After summarizing ferroelectric and antiferroelectric liquid crystals (LCs) in liquid crystals 
so far discovered, two materials exhibiting a proper ferroelectricity are reported; (1) polar 
order in nematic LC of aromatic polyesters and (2) ferroelectric switching in a lyotropic liq- 
uid crystal of polypeptide. In the polypeptide LC, strong second-harmonic generation (SHG) 
was observed by applying an electric field, and the phase of the SH field was reversed by 
reversing the field, indicating the ferroelectric switching of the nonlinear polarization. SHG 
was also observed in the unperturbed helical state when the incident light with the wave- 
length the same as the helical pitch is passed through along the helical axis. In the aromatic 
polyester LC, SHG arises when the degree of polymerization is larger than 20. It is proposed 
that these polar organization originates from the dipole-dipole interaction, namely the proper 
ferroelectricity. 

Keywords: polypeptide; second-harmonic generation; ferroelectric liquid crystal; proper fer- 
roelectricity; helical structure; SHG interferometry; distributed feedback cavity 

INTRODUCTION 

For the materials to he ferroelectric, the system must be 
noncentrosymmetric. Then, a polarization could exist in the system. If the 
polarization can he reversed by changing the polarity of the electric field 
with a single hysteresis, the system is called ferroelectric. For 
antiferroelectricity, the positive and negative polarizations are located 
alternatively. By applying an electric field, the alternate polarization state 
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(antiferroelectric state) changes to the ferroelectric states with positive and 
negative polarizations. The switching is associated with a double- 
hysteresis loop. 

As well known, the first ferroelectric liquid crystal (LC) was realized in 
the smectic C (SmC) phase by introducing a chiral carbon to reduce the 
symmetry, i. e. ,  SmC*[I]. However, the introduction of chirality is not a 
necessary condition to realize ferroelectricity in LCs. Ferroelectricity 
possibly arises, if one can construct systems with C, or C,, symmetry. 
Some realistic molecular orientations are shown in Fig. 1 ; (a) polar uniaxial 
nematic LC with CmV symmetry, (2) polar biaxial nematic LC with C I ,  
(C,) symmetry, (3) polar uniaxial SmA LC with CmV symmetry and (4) 
polar biaxial Sm LC with C2, symmetry. For rod-like molecules, the 
structures (a) and (c) do not usually appear, since the head-and-tail 
equivalent 

(a) Polar Nematic LC C,, (b) Polar Biaxial Nematic LC C 

(dl Polar Biaxial Smectic LC Cp, 

FIGURE I .  Possible molecular orientation for ferroelectric liquid crystals 
formed by achiral molecules. 
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FERROELECTRICITY IN LIQUID CRYSTALS 327 

arrangement is thermodynamically preferred. The difficulty in constructing 
the structures (a)-(d) had prevented us from realizing such ferroelectricity 
until just recently. 

Recently Tournilhac et ul.121 reported the piezoelectricity in SmA, in 
which molecules forms a polar structure shown in Fig. I(c) as a result of 
the segregation of molecular units into homogeneous microdomains due to 
the polyphilic interaction. More distinct ferroelectricity was reported by 
Niori et ul.l31 in bent-shaped molecular systems. The molecular orientation 
is essentially the same as that shown in Fig. I(d), though a molecular tilting 
model and an antiferroelectric structure were proposed141. Namely, the 
polar ordering is caused by closely packing the bent-shaped molecules. 
Untilted antiferroelectric LC was also discovered recentlyl'l. Thus, 
ferroelectricity in all the examples mentioned above originates from 
particular interactions but is not caused by the dipole-dipole interaction; 
that is improper ferroelectricity. 

We have already reported the polar ordering in a nematic LC of 
aromatic polyestersI6-*l. In this system, the polar ordering seems to occur 
by the dipole-dipole interaction. In this sense, this may be the first example 
of the proper ferroelectricity in LCs. However, because of high viscosity, 
the electric-field induced ferroelectric switching has not been observed. 
Recently, we found that the lyotropic cholesteric phase of polypeptide, i. e . ,  
poly(y-benzyl-L-glutamate-co-y-methyl L-glutamate) (PBMLG) in benzyl 
alcohol is in fact a ferroelectric cholesteric This is the first proper 
ferroelectricity in liquid crystals. In the following, some experimental 
observations suggesting proper ferroelectricity in polyester LC and 
polypeptide LC will be reported. 

EXPERIMENTAL 

Two samples were used; ( 1 )  aromatic copolyester that comprises 4-hydroxy 
benzoic acid (HBA) and 6-hydroxy-2-naphthoic acid (HNA). as shown in 
Fig. 2, and (2)  PBMLG, which exhibits the lyotropic liquid crystal in 
benzyl alcohol. It is characteristic that both molecules are of rigid rod-like 
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328 HIDE0 TAKEZOE and JUNJI WATANABE 

and have a large dipole moment along the molecular long axis. The cell 
preparation method was described previously.16.yl 

FIGURE 2. Aromatic copolyester used. 

The SHG measurements were made using a Q-switched Nd:YAG laser 
(1.06 pm), as described.l6.9] SHG interferometry was also conducted. As 

shown in Fig. 3, a crystal quartz plate was inserted on the optical path. 
Then, SH waves were generated both from the quartz plate and the sample 
and interfered to each other. A fused silica plate was located between the 
quartz plate and the sample cell, and was rotated about the axis parallel to 
the fused silica plate and perpendicular to the optical path, producing a 
relative phase change between SH waves from the two sources because of a 
frequency dispersion of the refractive index of the fused silica plate. In this 
way, we observed interference fringes. 

Anal p e r  

FIGURE 3. Optical geometry of SHG interferometry experiment. 

In order to study the distributed feedback (DFB) cavity effect11°-121 in 
helical state of PBMLG, SHG was measured using normally incident two- 
counter propagating fundamental waves of a Nd:YAG laser (wavelength 
1.064 pm), as illustrated in Fig. 4. 
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laser 

M 
BS 

M M 

FIGURE 4 Optical geometry for observing DFB cavity effect. 

RESULTS AND DISCUSSION 

Figure 5 shows the SHG intensity as a function of degree of polymerization 
of aromatic polyesterlI31. At about a degree of polymerization of 20, SHG 
starts to arise spontaneously. This result strongly suggests that the polar 
ordering originates from the increasing dipole-dipole interaction. 
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FIGURE 5 SHG intensity as a function of degree of polymerization in the 
main chain aromatic polyester LC. 
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330 HIDE0 TAKEZOE and JUNJI WATANABE 

In PBMLG, strong SHG was observed by applying an electric field191. 
In  order to confirm the ferroelectric switching, an SHG interferometry 
experiment was made. The result is shown in Fig. 6. I t  is clear that an 
interference fringe is seen and the phase of the fringe is just reversed by 
changing the polarity of the field 

12 

+ + 1 OV/urn 

10 - 

12 

+ + 1 OV/urn 

10 - 

0' 1 , 
0 5 10 15 20 25 

Rotation Angle (degree) 

FIGURE 6. SHG interference fringes observed under + I  V/pm. Note that 
the fringes are just reversed by the polarity change. 

To further confirm the polar structure in the unperturbed helical state, 
SHG was observed without applying a field. The method used was the 
DFB cavity effect observed in a ferroelectric LC[io-1*1. The sample used 
was a PBMLG film prepared to give a gradient of the helical pitch. The 
SHG intensity was observed by translating the film along the direction of 
the pitch gradient using the optical geometry shown in Fig. 4. The result 
shown in Fig. 7 clearly exhibits a peak at a certain position. The 
transmittance of the SH light of the Nd:YAG laser (532 nm) is also shown 
in Fig. 7 as a function of sample position. The transmittance exhibits a dip 
at the same position where SHG shows the peak. This dip is due to the 
selective reflection and assures that an enhanced SHG is observed when the 
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FERROELECTRICITY IN LIQUID CRYSTALS 33 1 

SH light wavelength coincides with the optical pitch, that is the DFB effect. 
The observation of the DFB cavity effect unambiguously indicates that a 
plane perpendicular to the helical axis is polar. Thus, it is concluded that 
PBMLG has a ferroelectric cholesteric structure. The experiment in the LC 
phase is in progress. 
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FIGURE 7 SHG intensity as a function of sample position, along which the 
helical pitch changes. Transmittance of 532 nm light also exhibits a dip at 
the same position as that showing the SHG maximum. 

Ferroelectric nematic phase has been theoretically predicted1 14.151. 

Trentjev et a/.[14] suggested that ferroelectricity is more likely to occur in 
nematic polymer with directed polar segments. The polypeptide system is 
just an ideal system from this viewpoint. Lee and Lee[ IS] drew several 
phase diagrams as a function of scaled dipolar strength, density and 
pressure, predicting the nematic-ferronematic phase transition. The present 
systems, i .  e . ,  polypeptide and aromatic polyester, provide with the first 
examples of the proper ferroelectricity theoretically predicted. 

CONCIAUSION 

After summarizing ferroelectric liquid crystals in liquid crystals, some 
experimental results suggesting the first proper ferroelectricity were 
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332 HIDE0 TAKEZOE and JUNJl WATANABE 

presented; i. e . ,  polar nematic in aromatic polyester by the spontaneous 
SHG at higher degrees of polymerization than 20 and ferroelectric 
cholesteric in polypeptide by the SHG interferometry and the SHG-DFB 
effect. 
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