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LIQUID CRYSTALS, 1988, VOL. 3, No. 2, 259-264 

Low frequency polarization of ferroelectric liquid crystals 

by S. A. PIKIN and E. M. TERENTJEV 
Crystallography Institute, Academy of Sciences, 1 17 333 Moscow, U.S.S.R. 

(Received 4 March 1987; accepted 24 September 1987) 

The possibility of the separation of free charge carriers in ferroelectric liquid 
crystals has been investigated in terms of the kinetic equation for the charge 
density. The non-uniformity of the charge distribution leads to an additional term 
in the free energy of the system, which can be essential for low-frequency external 
fields. The corresponding correction to the dielectric response of the system is 
proportional to the spontaneous polarization of the sample and thus has an 
anomalous temperature dependence near the phase transition. 

Liquid crystals are weak electrolytes. This fact has a noticeable effect on the 
polarizational properties of different mesophases. For instance, a hysteresis loop is 
observed in nematics caused by the existence of free charge carriers and the formation 
of double electric layers in the vicinity of electrodes. This nematic property has been 
mistakenly ascribed to ferroelectricity in the phase. It is known that the flexoelectric 
effect in nematics and cholesterics depends considerably on the existence of ions in the 
bulk and on a non-uniform electric field E,  [ I ,  21. It is interesting to discuss similar 
effects for the chiral smectic C* phase which exhibits a spontaneous polarization. 

The existence of a non-uniform electric field in the chiral smectic C* can lead to 
an effective change of the static and low-frequency dielectric constant. In this case the 
change & ( T )  exhibits a temperature dependence which is different from that usually 
observed. An alternating field with a frequency of - 50Hz is very often used while 
making dielectric measurements. The phenomena of injection and separation of 
charges can be neglected at this frequency. However, if the applied voltage changes 
more slowly the effects of charge and field non-uniformity in a sample cannot be 
neglected. Qualitatively these effects lead to the following results. 

If there is a non-uniform spatial dependence of polarization P(r) and electric field 
E(r) in the expression of the free energy there must be an additional term which can 
be written in the form 

$8 SP'divPdV, ( 1 )  

where a is a coefficient. We suppose that near the surface the polarization is 

P = Po + 6P 

(Po is a spontaneous polarization), and take into account the non-uniformity of an 
electric field in the area close to the boundaries. After variation of the free energy 
functional including the additional term we obtain 

6P z Xo/lPo6E,/d. 

Here x0 is the dielectric susceptibility, d is the layer thickness and 6Es is the difference 
between the values of the electric field E, measured on the two boundary surfaces of 
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260 S. A. Pikin and E. M. Terentjev 

the liquid crystal layer. The electric field E and polarization P are supposed to be 
perpendicular to the layer surface. The value of 6P can be noticeable depending on 
the type of electrode-liquid crystal interface and asymmetry of the boundary condi- 
tions. A small change of voltage applied to the electrodes means a small change of 6Es.  
It provides an opportunity to obtain the change of the dielectric constant by measuring 
the value of 6 P  (the spontaneous polarization is supposed to be uniform in the bulk) 
via 

~ c ( T )  5 XoBPo(T)/d. 

Thus the temperature variation of 6~ is the same as that of P,(T).  The temperature 
dependence like &( T )  was observed experimentally [3], and this fact stimulated our 
research. 

Let us consider the simplest system exhibiting this effect: the surface stabilized 
ferroelectric liquid crystal with an unwound helix. The direction of the applied electric 
field is parallel to the direction of the spontaneous polarization P, and to the cell 
normal along the s axis. We suppose that weak currents do  not disturb the uniform 
smectic structure. In this case the free energy density can be written as [4] 

1 
F = ~((f + (:) + h((:  + (f)' - p p P ( ,  + P' - P - E - ipP 'd ivP.  (2) 

2x1 

Here 4 ,  and c2 are components of the order parameter for the chiral smectic C*, pp 
is a piezoelectric coefficient, in the additional term (1) div P = dP/dx (under given 
conditions). It is convenient to use Maxwell's equation here 

d ivP = er - divE/(4n), 

where Q, is the density of free charges. When the external field is not applied the value 
of the spontaneous polarization has the form 

Po = PPX% 

P = P o +  6P 

Minimization of the free energy ( 2 )  with respect to 

results in an expression for 6 P  generated by the external field 

1 
4n 
1 

E - /lP,Qf + - /lP, divE 
(3) 6 P  = x; 

1 + Bx"lef - 4.n Bx? divE 

If the value of the spatial charge separation is small it is possible to expand 6P as a 
series in divE: 

For calculations of the macroscopic susceptibility measured in an experiment it is 
necessary to use the bulk averaged polarization (P)  and electric field (E) .  By 
definition xI = d(P) / a<E)  if (E)  + 0. Thus the problem is to  find the spatial 
dependencies of P ( x )  and E ( x )  when there is spatial charge separation. 
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Polarization of ,ferroelectrics 26 1 

To simplify the problem we assume that the charge transport results from move- 
ment of the two sorts of ions: positive ( e + )  and negative ( e - ) .  The equations 

( 5 )  

express the concentration change of positive and negative ions with time [5,6], where 
n + ,  n- are the concentrations of the corresponding ions, a is the dissociation 
coefficient, m+ , m -  are the mobility coefficients of positive and negative ions and D+ , 
D- are the diffusion coefficients. Further we do not take into account recombination 
(k , )  and dissociation processes. We expect only one-dimensional non-uniformities, 
therefore equations (5 )  can be reduced to the form 

1 r i+  = CY - k,n+n- - m ,  div(n+E) + D+ divVn+, 

r i p  = a - k,n+n-  + m-div(n E) + D-divVn-,  

1 r i ,  = -m+(n+E) '  + D+n;, 

% = m-(n-E) '  + D - n l .  

Here and in what follows the prime (') denotes the derivative d/dx. Let us introduce 
dimensionless functions v +  and v describing small deviations from the equilibrium 
concentration values 

n+ = nt(1 + v + ) , n -  = n!(I + v-). 

From the very beginning we assume that the system is electrically neutral 
(nt  e ,  = n! e - ) .  The Maxwell equation 

divE = 471~,/Z 

yields a relation between E and the functions v, and v - ,  namely 

(7) 
471 0 471 

E' = T(n:e+v+ - n-e .v - )  = =(v+ - v-)n0,e+. 
E E 

Now equations (6) can be linearized. Taking into account the Einstein relations 
D, = k T m + / e +  - -  we obtain 

Here Eo is a constant electric field applied to the smectic layer, En = U/d ,  where U is 
the applied voltage. We denote the coefficients of equations (8) by the parameters 

e+ En e En 471 0 2 471 n 2 K: = EkTn,e+, u2 = - 
EkTn e c '  i + = k T ' :  = -  kT ' 

Now equations (8) can be written in a dimensionless form 

where the dimensionless variables are defined as 

t ,  = [:D,t, t -  = [YD--t, X +  = [ + x ,  X -  = [-x. 
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262 S. A. Pikin and E. M. Terentjev 

Equations (9) are still elaborate. However we can simplify them using the smallness 
of t i / [ .  In liquid crystals a typical value of no is - loi4 cmP3. For the sake of simplicity 
we can think of all the ions as having unit charge. In this case we obtain 
ti: N 109cm-'. Usually the experimental value of the applied voltage U Z 1 V and 
the layer thickness d - lOpm, thus we have 5, 105cm-'. We can see that if 
v +  4 1 (small value of charge separation), which means that the external constant 
field is applied for a short time, the terms - (ti/i)* can be neglected in equations (9). 
In this case the description of the diffusion of ions of each sort appears to be 
independent. 

It is necessary to determine the boundary conditions. The main aim of this paper 
is to give a quantitative description of the effect of the spatial charge separation on 
the low frequency polarizational properties of smectic C* phases. For this reason we 
choose the simplest boundary conditions, so that we do not take into account the 
injection of additional carriers from one electrode and the ion discharge on the 
opposite electrode. These conditions mean that the particle flow through the surface 
is equal to zero; 

j, = +m,n,E - D,Vn, = 0, 

where a denotes the nature of the ion. Using dimensionless variables and taking into 
account our previous approximations, the boundary conditions become 

v' = 0, v; - 1 - v +  = 0, at x, = - 

i- d v; = 0, v' + 1 + v- = 0, at x- = - - 
2 .  

i ; d 2  1 (10) 

Equations (9) together with equations (10) let us obtain the functions v+(x, t ) .  
Without presenting the detailed solution of the diffusion equation we write the final 
results. For negative charge carriers, v -  takes the form 

(1 1) 

There is no need, however, to use the exact solution in equation (1 1). We can take into 
account that t ,  - ['Dt B 1 if t >> 10-4s. (This means that the frequency of the 
alternating field w 4 lo4 Hz.) So within the framework of our approximations it is 
sufficient to use the limit t -  % 1, which has a very simple form, namely 

/ 

v -  z t -  exp -x- - 

For positive ions we have a similar result 

v +  % t,exp x, - - ( 
Equations (1 2) and (1  3) describe a charge accumulation effect near the electrodes 
when an external field is applied. We do not take into account the depletion of the rest 
volume of a sample, because this effect is of a higher order in v, % 1. Equations (12) 
and (13) are not valid in the vicinity of corresponding electrodes, where the initial 
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Polarization of, ferroelectrics 263 

assumption of the linearity of charge balance equations is no longer valid. The 
thickness of this area 6 is decreasing with an increase in the frequency of the applied 
external field E. Estimation at  the frequency, w - 1 Hz yields 6 - IO-’d. It should 
be noted that the effect of charge injection and conductivity in a sample cannot be 
neglected if w 6 1 Hz. Thus our approach is valid at w 2 1 Hz. 

Now we can write the expression for the electric field E(x, t )  acting in a medium 
during the half-period of the external alternating field as 

1 + K:D+texp ( -- ‘id)exp(c+x) + KzD texp ( - - ‘id) exp ( - i- x)) . 

(14) 

During the other half-period we should change the sign of E, in the corresponding 
expression for E(x, t ) .  The reason for this follows from the relaxation time determi- 
nation. This time z, - (D(*)-’ - 10-4s is taken for the relaxation of the spatial 
charge separation after the external field polarity switching (cf: with the approximation 
in equation ( I  I)). So at w 6 lo4 Hz the charge (and field) distribution has no memory 
about the previous half-period of the external field. 

To  calculate the averaged polarization (P)  we use the expansion in equation (4). 
Carrying out the bulk integration and preserving terms linear in E,, which give a 
contribution to xl, we obtain 

Notice that ( E )  = E,. The renormalized expression for the mean susceptibility 
should be averaged over the external field period (- l/w). In this way we obtain 

where P, is the spontaneous polarization, 

j = ( E  - 1)/(47~). 

There is no imaginary part in equation (15) because we were not interested in it, using 
equation (4) without a relaxational term like y P .  

As we can see from equation (1 5) ,  the value of the correction to x: depends on the 
asymmetry of charge carrier properties. In liquid crystals positive ions are usually 
small and have a considerable mobility. The value of the diffusion coefficient of 
negative acid residues is less than that of positive ions; for example, D, 2 lo-’”, 
D- - 10-”m2/s. 

Thus the spatial separation of free charge carriers in a ferroelectric liquid crystal 
sample can occur when a low frequency electric field is applied externally. In this case 
additional terms (proportional to an electric field gradient) have to be taken into 
account in the free energy. We have just shown that the motion of free charge carriers 
in the bulk causes new macroscopic effects. 

The low frequency susceptibility (1 5) depends on the coefficient P generated from 
the additional term ( I )  in the free energy. Let us estimate B using the available 
experimental data. The anomalous temperature dependence Sx,( T )  - Po( T )  was 
obtained at  the frequency w 6 1 Hz [3]. To be exact, equations (9) and ( 1  1 )  do not 
hold at this value of the frequency. However, there is a hope that the qualitative 
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264 S. A.  Pikin and E. M. Terentjev 

dependence on system parameters is still valid. In this case we can obtain 
6~ 1 0 4 ~ y ( P / ~ ) C m - 3 s - '  with P,(T) - 10-4Cm-2.  In the experiment with the 
liquid crystal DOBAMBC the measured value gives 6~~ % 10'8 C mP3 - 10. Taking 
into account the approximate nature of our estimates the value of the coefficient P in 
DOBAMBC is in the range to lop8 C-'  m3. 

In conclusion we should emphasize our main result. Electrolyte properties have to 
be taken into account when investigating the low frequency polarization of liquid 
crystals. It should be noted that the phenomena of conductivity and charge injection 
from electrodes must cause the formation of double electric layers close to the surfaces 
and in this way increase the value of divE, and this in due turn increases the effects 
considered. 
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