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THE CRITICAL BEHAVIOR OF NONLINEAR DIELECTRIC CONSTANTS 
OF FERROELECTRIC LIQUID CRYSTALS IN THE SMECTIC A PHASE 

YASUYUKI KIMURA and REINOSUKE HAYAKAWA 
Department of Applied Physics, Faculty of Engineering, University of Tokyo 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 

Abstract The critical behaviors of the linear and higher-order nonlinear dielectric 
constants of ferroelectric liquid crystals (FLCs) are studied in the SmA phase near 
the SmA-SmC* phase transition. The critical exponents of the linear, third-order 
and fifth-order dielectric constants experimentally obtained are 1, 4 and 7, 
respectively. These exponents and the signs of nonlinear dielectric constants are 
in good agreement with those calculated theoretically from the phenomenological 
theory of Landau type. The influence of the order of phase transition (first or 
second) on the critical behavior of FLCs is also studied. 

INTRODUCTION 

The phase transition between the paraelectric smectic A (SmA) phase and the 
ferroelectric smectic C* (SmC*) phase has been intensively since the 
discovery of ferroelectricity in DOBAMBC3 In these studies, the phenomenological 
theory of Landau type (mean-field model) for the phase transition has been applied to 
interpret the measured temperature dependences of spontaneous polarization, tilt angle, 
heat capacity, dielectric constant etc. in the SmC* phase. The comparison between the 
theory and, the experimental data has shown that the mean-field model accounts 
systematically for the critical behaviors of these q ~ a n t i t i e s l . ~ * ~  and that the critical 
region estimated from the Ginzburg criterion is very narrow in the SmA-SmC* 
transition compared with the other cases.4 The critical behaviors of Curie-Weiss type 
observed in the SmA phase for the permit t ivi t ie~~’~’~ such as dielectric and electroclinic 
constants are also explainable by the mean-field model. 

extended to the nonlinear regime and applied to soft materials including liquid crystals’ 
and polymers’. We have applied the nonlinear dielectric relaxation spectroscopy to the 
ferroelectric liquid crystals (FLCs) in the SmC* phase and found a large dielecrric 
nonlinearity due to the orientational saturation of dipoles related to the unwinding of 
helical structure by the elecmc field.’ We have also found large nonlinear dielectric 
constants even in the SmA phase near the SmA-SmC* transition temperature due to the 

Recently, the dielecmc relaxation spectroscopy in the linear regime has been 
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fluctuation of the tilt angle (the soft mode). 

dielectric constants in the SmA phase of FLCs. The observed behaviors are compared 
with those predicted by the phenomenological theory of Landau type for the phase 
transition. The nonlinear dielecmc constants reflect the higher-power terms of the order 
parameter 8 (or P) in the Landau-type theory and the comparison makes it possible to 
check the applicability of the mean-field model for the SmA phase. The influence of 
the order of the phase transition on the critical behaviors are also studied for two 
different types (first- and second-order) of FLCs. 

In the present study, we investigate the critical behaviors of the nonlinear 

EXPERIMENTAL 

We apply to the FLC sample the sinusoidal elecmc field E with the angular frequency 
w much lower than the relaxation frequency of the sample. The electric displacement D 
detected by a charge amplifier is digitized and averaged by a storage oscilloscope 
(Yokogawa DL3120), and is fed to a personal computer, in which the fundamental and 
harmonic components of D are obtained by the Fourier transform of the time-domain 
data.8 The electric displacement D induced by the sinusoidal electric field E with the 
amplitude Eo i s  given as 

ea 

D = cRe[D2n-l exp(i(2n -,l)wt}], 
n=l 

where Dm is the amplitude of the rn-th order harmonic component of D and is given 

as 

Here, E , , , + ~ ~  is the (rn +2r)-th order dielectric constant. The even-order harmonic 

components of D do not appear owing to the symmetry in the SmA phase. We use the 
terms up to r=l in eq.(2) for the data analysis in this study. The advantage of the 
frequency-domain measurement of nonlinear dielectric constants is that we can easily 
obtain the higher-order nonlinear responses separately from each other by their 
frequencies, which results in a high resolution measurement of the nonlinear responses. 

component FLC, 3M2CPHpOB" (C7). The former shows a second-order SmA-SmC* 
transition"*l2 and the latter shows a first-order one13714. The FLC sample is 
sandwiched between two glass plates with I T 0  electrodes. The surfaces of both plates 

The FLCs used in this study are a FLC mixture, 764E (Merck) and a single 
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are spin-coated with polyimide and rubbed unidirectionally for attaining the 
homogeneous alignment of FLC. 

RESULTS AND DISCUSXON 

The applied electric field dependences of the fundamental, third-order and fifth-order 
harmonic components (real parts) of the electric displacement D 1, D, and D, for 764E 
(12Hz) at various temperatures are shown in Fig. 1, in which the solid lines are the best 
fitting curves using the two terms with r=O and 1 in eq. (2). The temperature 
dependences of the linear, third-order and fifth-order nonlinear dielectric constants E ~ ,  

&3 and E, obtained from the best fitting procedure are shown in Fig. 2. Both the linear 
constant and the nonlinear constants increase their magnitudes as we approach to the 
transition temperature due to the increase of the tilt angle fluctuation (softening). The 
even-order harmonic components are much smaller compared with odd ones. 

constants by using the free energy density of Landau type1*2s11*12,14 as 
To interpret theoretically these data, we calculate the nonlinear dielectric 

1 CP8-  PE - -c0E2, 1 1 P 2  
2 4 2XOEO 2 

g = g o + - ~ ( ~ - - ~ o ) e 2 + - b e 4 + - -  (3) 

where go is the energy density of the SmA phase without the electric field E, 8 the 
tilt angle of the FLC molecules, P the polarization parallel to E ,  x o ~  the 
susceptibility, &o the vacuum permittivity, C the coupling constant between 8 and P ,  
and To the transition temperature of racemic mixture. The constant b is positive for the 
second-order transition and negative for the first-order one, while the constants u, xo, 
and C are always positive. By minimizing g in eq. (3) with respect to 8 and P ,  the 
stability conditions for 8 and P are obtained as 

O(T - T o p  + be3 - CP = o (4) 

P-XoEo(C€'+E)=O (5) 

The stable state in the SmA phase without the electric field (E=O) is &P=O, while in 
the case of E d ,  the dipole moments transverse to the molecular axis align parallel to E 
'and the macroscopic polarization P is induced. At the same time, the tilt angle 8 is also 
induced by the coupling between 8 and P (the electroclinic e f f e ~ t ~ ~ ~ , " ~ ' ~ ~ ' ~ ) .  By use of 
the relation D = coE + P ,  we can calculate the n-th order nonlinear dielectric constant 

E ,, defined as 
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0.0 0.2 0.4 0.6 0.8 
Electric field (MV/m) 

FIGURE 1 The applied electric field dependence of the fundamental, third-order 
and fifth-order nonlinear components of electric displacement D,, D3 and D ,  at 
various temperatures (764E). 
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FIGURE 2 The temperature dependence of the linear, third-order and fifth-order 
nonlinear dielectric constants E ~ ,  E~ and E~ (764E). 
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by differentiating eqs. (4) and ( 5 )  with respect to E.  The results are 

C2Xo2&,2 
u(T - T,) 9 

= (xo + 1)EO + 

&* = 0 ,  

bC4~:~04 
u4(T - T,)4 

E3 = - 

Ed =0 ,  

3b2C6x06&06 
a7(T - T,)7 ’ 

ES = 

where T, is the transition temperature of chiral sample defined as 

The best-fitting curves of eqs. (7), (9), (1 1) for the measured nonlinear constants are 
shown as solid lines in Fig. 2. The fitting is satisfactory near the transition temperature. 
The linear dielectric constant c1 consists of two terms: one is a non-chiral term and the 
other is due to the coupling between 6 and P resulting from the chirality of molecules. 
The latter term shows a critical behavior with an exponent of unity (Curie-Weiss type 
behavior). The third-order nonlinear constant also shows a critical behavior with an 
exponent of four and a negative sign. The fifth-order nonlinear constant shows a 
critical behavior with an exponent of seven and a positive sign. The sign of &3 is 
opposite to the sign of b as seen in eq. (9). For the second-order transition, b>O and 
thus c3c0 which applies to the case of 764E, while for the first-order transition, b<O 
and hence E ~ O .  The signs of and c5 are always positive independent of the order of 
the transition as seen from eqs. (7) and (1 1). To confirm the dependence of the sign of 
c3 on the order of the transition, we have measured c3 for 3M2CPHpOB (or C7) which 
is reported by Ratna et. a1.13 and Ch. Bahr et. aZ.14 to exhibit the first-order SmA-SmC* 
transition. The temperature dependence of ~3 for C7 in the SmA phase measured at 100 
Hz is shown in Fig. 3. The solid line represents the best-fitting curve of eq. (9) for the 
measured data, which indicates that c3 is positive and the critical exponent is 4. The 
magnitude of €3 for C7 is much smaller than that for 764E and hence a much larger 
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56 58 60 
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FIGURE 3 The temperature dependence of the third-order nonlinear dielectric 
constant ~j (C7). 

electric field has been used to keep the accuracy of measurement in this case. 
As mentioned above, the simple phenomenological model given by eq. (3) 
describes at least qualitatively the critical behaviors of the linear and nonlinear 
dielectric constants q, &3 and E~ for both the first and second orders of phase 
transitions. The nonlinear dielectric constants c3 and E~ show a deviation from those 

predicted by eqs. (9) and (11) far above the transition temperature and approach to 
finite values. In order to explain the critical behaviors in a wider temperature range, it 
is necessary to add higher-order terms of 8 and P to the free energy density in eq. (3). 
The detailed discussion will appear in a forth-coming paper. 
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