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Non-linear dielectric spectra of ferroelectric liquid crystals 

by YASUYUKI KIMURA* and REINOSUKE HAYAKAWA 
Department of Applied Physics, Faculty of Engineering, University of Tokyo, 

Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan 

The non-linear dielectric relaxation spectroscopy has been recently developed 
and applied to soft materials such as polymers. We have applied this new method to 
the S z  phases of some ferroelectric liquid crystals. Under a weak AC electric field, 
the original and third order harmonic frequency components of electric displace- 
ment are proportional to the first and third powers of the applied electric field, 
respectively. The linear spectrum obtained from the original frequency component 
shows the relaxation of Debye type and the third order non-linear spectrum shows 
the relaxation with an extended form of Debye type to the non-linear case. The third 
order non-linear dielectric increment is found to be negative, which implies that the 
dielectric non-linearity of the liquid crystal in the S y  phase is due to the saturation of 
molecular dipole moments induced by the applied electric field. The temperature 
dependence of the linear and third order non-linear spectra in the S: phase are also 
studied. Both spectra do not change their forms much through the whole 
temperature range of the S z  phase. In the vicinity of the SA-SE transition 
temperature, the critical behaviour is more remarkable in the third order spectrum 
than in the linear one. 

1. Introduction 
Dielectric relaxation spectroscopy in the linear regime is one of the most useful 

methods to investigate the dynamics of soft materials such as polymers and liquid 
crystals. In the case of ferroelectric liquid crystals, there are many theoretical [l-51 and 
experimental studies [&17] on dielectric behaviour mainly close to the SA-SE 
transition. Two relaxational modes have been observed in the lower frequency range 
(several Hz to MHz) corresponding to the thermal fluctuation of molecular directors. 
One is called the soft mode which is due to the fluctuation of the director tilt angle and is 
observed both in the S, and Se phases. The increment and relaxation time of this mode 
increase as the temperature approaches the SASE transition. The other is called the 
Goldstone mode which corresponds to the fluctuation of the director azimuthal angle 
around the helical axis. This mode is observed in the dielectric relaxation measurement 
as a twisting-untwisting motion of the helix induced by the applied electric field. In the 
S$ phase, except in the vicinity of the phase transition temperature, the Goldstone 
mode is predominant in the dielectric spectrum compared to the soft mode. 

Recently, non-linear dielectric relaxation spectroscopy has been developed and 
applied to solid state polymers, such as ferroelectric polymers [18-201 and polymers 
with large dielectric permittivity [21]. Non-linear dielectric relaxation is the higher 
order effect on the thermal fluctuation in substances induced by applied electric field. 
Therefore, non-linear dielectric spectroscopy is expected to give more detailed 
information on the microscopic environment of the dipoles than linear spectroscopy. 
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428 Y. Kimura and R. Hayakawa 

Non-linear spectra of dielectric relaxation are often analysed in terms of the 
phenomenological non-linear response theory proposed by Nakada [22]. According to 
this theory, if the after-effect function is assumed to be a product of single exponential 
decay functions, the non-linear spectra are given by extended forms of the Debye type 
relaxation spectrum to the non-linear case. 

In this paper, the linear and non-linear dielectric relaxation spectra for ferroelectric 
liquid crystals measured under a weak applied electric field are analysed by using 
Nakada’s phenomenological theory. 

2. Non-linear dielectric relaxation spectroscopy 
The phenomenological treatment of the non-linear dielectric relaxation spec- 

troscopy proposed by Nakada is briefly summarized as follows [22]. The electric 
displacement D(t) is phenomenologically given by a sum of the multi-convolution 
integrals which are the superposition of the effects due to the applied electric field E(t) at 
past multi-time points tl, t,, . . . , t, given by 

D(t)= .f J; dt, 1: d t ,  . . . J m  dt,&,(tl, t,, . . . , t,)E(t-t,)E(t-t,). . . E(t- t , ) ,  (1) 
n =  1 0 

where t2 , .  . . , t,,) is the multi-time after-effect function which characterizes the non- 
linear response studied. In the following discussion, the applied field E(t)  is limited to 
the sinusoidal one, E(t) = E ,  Re [exp (iot)], with the amplitude E ,  and the angular 
frequency w. By using the symmetrical nature of ~,(t,,  t,, . . . , t,) with respect to the time 
variables (tl, t,, . . . , t,), equation (1) can be rewritten as, 

00 

D(t)  = Re [D,*(o) exp (inwt)], (2) 
n= 0 

where D,*(o) is the complex amplitude of the nth order harmonic component in D(t) 
appearing at the angular frequency nw. For example, DT(w) 2nd Dz(w) are given as 

Drf(0) = E o E T ( 0 )  + $iEf(O, 0, - 0) + . . . , 
Df(w) =*E:&:(w, 0, 0) +&E;E:(w, w, w, 0, - 0) + . . . . 

(3) 

(4) 

The complex function $(ol, w2,.  . . , w,) is the Fourier transform of en(tl, t,, . . . , t,) 
defined as, 

x exp [ -i(wlt, +w,t, +. . . +w,t,)]. ( 5 )  

As is seen from equations (3) and (4), D,*(a) is expressed as a summation of the terms 
which are proportional to the powers Ek, (k 2 n) of the amplitude E ,  of applied electric 
field. When E ,  is small enough, D:(o) is almost proportional to E; and the effects of 
higher order terms (k > n) are negligibly small. Then, we can define the nth order non- 
linear dielectric constant $(a) by using the coefficient of the predominant term 
proportional to E: as, 

&,*(a) E,*(W, W ,  . . . , 0) = EL(@) + iEi(O), (6) 
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Non-linear dielectric spectra of FLCs 429 

which is experimentally obtained from the complex amplitude D,*(w) of the nth order 
harmonic component by the following equation: 

It is further assumed by Nakada [22] that the after-effect function cn(tl, t,, . . . , tn) is 
given by a product of single exponential decay functions as, 

where A&, is the increment of the nth order non-linear dielectric spectrum and z, is its 
relaxation time. The spectra obtained by introducing equation (8) into equation (5) 
become the extended forms of the Debye type relaxation spectrum (n = 1) to the non- 
linear case (n> 1) as, 

A&, 
(1 +iwz,)”‘ &,*(O) = (9) 

This formula or its modified form is utilized to analyse the experimentally obtained 
non-linear dielectric spectrum. 

3. Experimental 
The sinusoidal electric field E(t) with the angular frequency w and the amplitude E ,  

is generated by the synthesizer (Hewlett-Packard HP3325A) and applied to the 
sample. The electric displacement signal D(t) detected by a charge amplifier is digitized 
and averaged on the storage oscilloscope (Yokogawa DL3120B). The signal is then 
transferred to a personal computer and transformed into complex spectrum data (the 
amplitude and phase shift) by the FFT algorithm. The complex amplitude D,*(w) of the 
nth order harmonic component of D(t) is obtained for various w and Eo of the applied 
electric field. 

The ferroelectric liquid crystal sample is sandwiched between two glass plates with 
I T 0  as electrodes and spin-coated with polyimide. The glass plates are rubbed 
unidirectionally for attaining the homogeneous alignment of the ferroelectric liquid 
crystal. In the following discussion, we limit ourselves to the results for DOBAMBC as 
a typical example. The thickness of the cell used is about 13 pm. 

4. Linear and non-linear dielectric relaxation spectra of ferroelectric liquid -crystals 
The applied electric field dependences of the complex amplitudes of the linear and 

third order non-linear components of D(t), DT(o)  and Ds(o) ,  obtained at 70°C for 
DOBAMBC in the S$ phase are shown in figures 1 and 2, respectively. The real and 
imaginary parts of D,*(w) are plotted against the nth power E$ of the applied electric 
field amplitude E,(n = 1,3). As seen from the figures, D,*(w) has a linear relationship to 
E$ within the range of E ,  used. Therefore, we can calculate E,*(w) from D,*(o) by using 
equation (7). The calculated spectra E?(w) and E ~ ( o )  are shown in figures 3 and 4, 
respectively. 

4.1. Linear dielectric relaxation spectrum 
It is found that the linear spectrum E?(O) shows a relaxation profile of slightly 

distorted Debye type which is similar to that obtained by other authors [3,7,13]. This 
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Figure 1. The applied electric field dependence of the real and imaginary parts of linear electric 
displacement component DT at 70°C. Real part: 0 , 1 2  Hz; M, 55 Hz; A ,  80Hz; 0,120Hz; 
0, 200Hz; A ,  320Hz; 0, 1OOOHz. Imaginary part: 0, 12Hz; ., 55Hz; A ,  80Hz; 
0,  120Hz; R, 200Hz; A ,  320Hz; 0, 1OOOHz. 
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Figure 2. The applied electric field dependence of the real and imaginary parts of non-linear 
electric displacement component DJ at 70°C. Real part: 0, 8Hz; +, 12Hz; A, 20Hz; 
1 ,40Hz;  0,55Hz; A ,  120Hz; 0,200Hz; 0,320Hz.Imaginarypart: 0 ,SHz ;  +, 12Hz; 
A ,  20Hz; ., 40Hz; 0, 55Hz; A ,  120Hz; 0,200Hz; 0,  320Hz. 
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Figure 3. The comparison between the observed values (open and filled circles) and the best 
fitted curves (solid lines) for the linear dielectric spectrum E?(W) in the SE phase at 70°C. 

Figure 4. The comparison between the observed values (open and filled circles) and the best 
fitted curves (solid lines) for the third-order non-linear dielectric spectrum E$(w) in the S; 
phase at 70°C. 

relaxation mode observed in the S,* phase only and not in the SA phase is regarded as 
the Goldstone mode. We can fit the relaxation formula with a distribution of relaxation 
times given by, 

to the measured spectrum &:(a). In equation (lo), Acl is the first order dielectric 
increment, z1 the apparent relaxation time, em the dielectric constant at sufficiently high 
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432 Y. Kimura and R. Hayakawa 

frequencies, eo the dielectric permittivity in a vacuum. The Cole-Cole parameter fll 
which represents the broadness of the relaxation time distribution is also introduced 
(0</3, ,< 1). Here, the last term with the exponent y1 on the right hand side of equation 
(10) is added to represent the effects of conductivity and electrode polarization which 
are not negligible in the low frequency region. If we set y1 to 1, A ,  is reduced to the DC 
conductivity of the sample divided by e0. We find the best fitted curve of equation (lo), 
drawn as a solid line in figure 3, is in good agreement with the measured spectrum. The 
best fitting values of parameters for figure 3 are Ae1=7.11, z1 =094ms, f11=O*88 
and y,=0.90. The value of p1 is not too far from unity, which indicates a narrow 
distribution of relaxation times. 

4.2. Third order non-linear dielectric relaxation spectrum 
The profile of the third order spectrum E$(u) is more complicated than the linear 

one. The real part of E ~ ( w )  is nearly zero at high frequencies and becomes negative after 
taking the positive maximum value with decreasing frequency. It is found that E$(w) 
shows a similar profile to equation (9) for n = 3. The measured spectrum &$(a) can be 
fitted better by introducing a distribution of relaxation times into equation (9) as, 

QE3 

{ 1 + ( i ~ t ~ ) B ~ } ~ ’  
&$(W) = 

where Ae3 is the third order dielectric increment, z3 the apparent relaxation time, p 3  the 
Cole-Cole parameter. We find the fitted curve from equation (1 l), drawn as a solid line 
in figure 4, is in good agreement with the measured spectrum except at lower 
frequencies. The best fitting values of parameters for figure 4 are Ae3= -4.46 
x 10- 22 Fm V-’, z3 = 1-73 ms and f13 = 0.87. The real part of .$(u) at low frequencies is 
negative and its absolute value amounts to 4.0 x lopz2 Fm V-’, which is much larger 
than that obtained for other organic materials, for example 3.5 x lo-’’ FmVU2 for 
PVDF as a ferroelectric polymer [18]. Thus, the dielectric response in the ferroelectric 
liquid crystal easily becomes non-linear for a rather weak electric field, which implies it 
is one of the most suitable materials for investigating non-linear dielectric relaxation 
phenomena. The negative sign of the third order non-linear dielectric increment 
indicates that the observed non-linearity in this case is caused by the saturation of the 
dipole moment under a strong electric field. This kind of dielectric non-linearity is 
observed also for amorphous polymers with a large dipole moment but its magnitude is 
much smaller by five to nine decades [21]. The large non-linearity of the ferroelectric 
liquid crystal is ascribable to the cooperativeness of the molecular motion concerning 
this relaxation, which is characteristic of ferroelectric materials in general. 

5. Temperature dependence of linear and non-linear dielectric constants at a low 
frequency 

The temperature dependences of the real parts of E?(w) and E$(u) at a low frequency 
(12 Hz) are shown in figures 5 (a) and (b), respectively. The real part of E? increases close 
to 87°C and then becomes almost constant through the S z  range. The real part of e: 
shows a sharp peak around the transition temperature and then monotonously 
decreases in magnitude with decreasing temperature. The corresponding anomaly is 
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Figure 5. The temperature dependences of dielectric constants ET and E: at 12 Hz. (a) the real 
part of E:, (b)  the real part of E:. 

not observed in E:. This peak seems to correspond to the extraordinary increase in 
helical pitch just below the transition point. The detailed profiles of the temperature 
dispersions of ET and E: are not similar for various ferroelectric liquid crystals and will 
be treated in a forthcoming paper. 

6. Conclusion 
We have applied the new technique of non-linear dielectric relaxation spectroscopy 

to ferroelectric liquid crystals in the S: phase. The non-linear dielectric spectrum has 
been obtained from the electric field dependence of the nth order harmonic frequency 
component of the electric displacement for a weak electric field. It is found from the sign 
of the third order non-linear increment that the dielectric non-linearity of the 
ferroelectric liquid crystal is caused by saturation of the orientation of dipole moments 
due to the applied electric field and is not ascribable to strong interactions between 
dipoles. This is consistent with a conventional view that the ferroelectric liquid crystal 
belongs to ferreoelectrics of improper type. 

This work is partly supported by Grant-in-Aid for Scientific Research from the 
Ministry of Education, Science and Culture of Japan. 
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