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1. INTRODUCTION 

The idea either to reveal or to construct a liquid ferroelectric was 
never abandoned by researchers since the discovery of ferroelectricity 
in solid crystals at the beginning of this century. In principle, nature 
does not forbid the existence of ferroelectric liquids. For instance, a 
centro-symmetric liquid can change its point symmetry from the K, 
to C,, group with the formation of a uniform ferroelectric phase. A 
liquid without the inversion center can have a phase transition 
K 3 C, into the inhomogeneous, helical structure. In both these 
hypothetical cases the spontaneous polarization, P,, would play the 
role of the true order parameter. However, such liquid ferroelectric 
phases (proper ferroelectrics) have not been discovered as yet. 

The reason for such a situation is the absence of dipole moments 
in atomic liquids and the weakness of the dipolar interaction in mo- 
lecular liquids. To form a ferroelectric state at temperature T, the 
energy of the dipole-dipole interaction p2/a3 ( p  is the dipole moment 
and a is an average distance between the dipoles) has to be of the 
order of k,T,. In dipolar liquids with relatively bulky molecules the 
energyp2/a3 is usually less than k,T even at the melting temperature. 
Thus crystallization takes place before the hypothetical phase tran- 
sition to the ferroelectric state. On the other hand, when the mole- 
cules possess very large dipoles, they tend to form dimers with op- 
posite directions of the dipole moments. This effect also prevents the 
appearance of the spontaneous polarization. 

Fortunately there exist quite another way to success proposed orig- 
inally by R. Meyer in 1975. The idea was to construct a liquid crystal 
with polar molecular ordering resulting from other, not dipole-dipole, 
interactions. In this case the order pararmeter can be related to a 
certain type of molecular orientation and the spontaneous polariza- 
tion appears as a secondary effect (quasi-proper ferroelectrics). Such 
a situation takes place, for example, at the transition from the smectic 
A* (point group 0%) to the smectic C* (point group C,) phase in a 
substance composed of chiral molecules having no mirror planes, Fig. 
1. The phenomenon of ferroelectricity in liquid crystals was discovered1 
in the smectic C* phase of the chiral isomer of p-decyloxybenzylidene- 
p-amino-2-methylbutyl-cynnamate (DOBAMBC). 

The appearance of the ferroelectric state is assisted by the for- 
mation of an incommensurate structure in the spatial distribution of 
molecular axes, Fig. 2. If the average molecular orientation is spec- 
ified by a unit vector n (the director) its direction would form a helix 
with an axis along the normal z to the smectic planes. The modulation 
of the direction n(z) is analogous to the twist of the director in cho- 
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4 BERESNEV, et a[. 

FIGURE 1 Smectic monolayers with point symmetry C,. 

lesteric liquid crystals. In both cases the Lifshitz invariant 

has a finite value. The situation reminds one of the solid helical 
ferromagnetics where the macroscopic magnetic moment rotates with 
a large spatial period., 

The spontaneous polarization, P,,, in the ferroelectric phase lies in 
the smectic layers, in the direction of the C, axis perpendicular to 
the director. Hence, the vector P,, is also rotated forming the helix 
with the axis along the normal to the smectic layers. To obtain the 
non-zero macroscopic polarization the helix has to be unwound by 
the external field,’ flow of a liquid crystal4 or by the interaction with 
solid  surface^.^ 

Liquid crystal ferroelectrics have much in common with conven- 
tional solid ferroelectrics, for example, the temperature behaviour of 
the spontaneous polarization and dielectric permittivity,6 Fig. 3, the 

Z 

I----- ho------t 
FIGURE 2 Helical structure in the chiral smectic phase C*. 
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FERROELECTRIC LIQUID CRYSTALS 

1:: 6 -  

5 

Re 6, 

-q 
1 1 1 

Tc-T 30 20 I0 0 

a> b) 
FIGURE 3 Temperature dependence of the spontaneous polarization (a)h, and the 
tilt angle (a)6, and of the dielectric constant (b)25 in decyloxybenzylideneaminocinnamate 
(DOBAMBC). 

presence of the pyro-electric and piezo-electric (electroclinic) ef- 
f e c t ~ . ~ - ~  At the same time, there are a lot of specific features in the 
behaviour of ferroelectric liquid crystals. First of all, their electro- 
optical properties have no solid state analogs. The pitch of the in- 
commensurate helical structure depends anomalously upon temper- 
ature,l'-12 Fig. 4. In freely suspended smectic C' films one can ob- 
serve polarization effects which are characteristic of two-dimensional 
degenerate systems. l3 Of special interest are multi-component fer- 
roelectric mixtures and ferroelectric liquid crystalline polymers. 

8 

4 

~~ 

Tc-T I6 

FIGURE 4 Temperature dependence 
DOBAMBC". 
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helical path in the C* phase of 
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6 BERESNEV, ei al. 

At present, there is no comprehensive review which would include 
the variety of information on theory, structure, properties and ap- 
plication of ferroelectric liquid crystals. In the Institute of Crystal- 
lography of the USSR Academy of Sciences a group of theoreticians 
and experimentalists has been working for many years on these sub- 
stances and the present review is a result of their mutual efforts to 
shed light upon this problem. The questions included in the review 
are phenomenological and microscopic theories of ferroelectricity, 
chemical aspects, optical, electric and electro-optical properties, and 
some problems of technical applications. We sincerely hope that our 
work will be useful for a wide circle of researchers in this new fas- 
cinating field of science. 

II. GENERAL PHENOMENOLOGICAL THEORY 

2.1. Parameters of the phase transitions A*-C* and A-C 

A parameter of the orientational transition is such a combination of 
physical parameters which could serve to describe a one-dimensional 
structure of smectic liquid crystals (SLC), the presence of an average 
molecular orientation n ( d  = 1) and the symmetry properties of 
SLC. One-dimensional crystal order can be described by the density 
wave J, = IJ,l exp [i(kr + a)], where IJ,) is the amplitude, a-the 
wave phase, k-the wave vector. The two-component parameter $ 
is known to serve both as an order parameter of the phase transition 
NLC-SLC A, point symmetry D,, being preserved, and of the phase 
transition CLC-SLC A*, point symmetry also being preserved. The 
magnitude kr = kz is invariant to symmetry operations in the groups 
Dxh, D,, C,,, C,. The parameter of the A-C transition is to be 
invariant to the change n + - n  due to the physical identity of the 
counter direction of the director. Such symmetry properties are char- 
acteristic of the two-dimensional symmetry (relating to inversion) 
representation E,, in the group D,,,. The corresponding parameter 
of the transition A-C, transformed according to El,, is two-compo- 
nent and can be written as follows14 

e.. n.n ~ "* - (nk) [nk] J, 
'I1 I axl dx, 

on condition that J, = 0, that is, the density wave being absent, this 
parameter is transformed to 0. Assuming that in the phase transition 
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FERROELECTRIC LIQUID CRYSTALS 7 

described IIJJI = const and the wave vector k is parallel to the z axis, 
the given order parameter, within an accuracy of an unimportant 
constant factor, is the combination of two components (E l ,  &)15 

A similar order parameter can serve to describe the orientational 
phase transition A*-C*, even in the case when spontaneous polari- 
zation is absent, on condition that molecules have no constant dipole 
moments. In such cases components (el, &) are transformed accord- 
ing to two-dimensional representation E, of the group D,. It should 
be noted that components of the polarization vector ( P x ,  P y )  trans- 
form according to the same representation (E , ) .  Consequently, there 
must be a linear relation between the components (t,, c2) and the 
components (P,, Py) of the symmetry group D, which is as follows 

and is shown in Fig. 1. According to the expression ( 3 ) ,  the com- 
ponents P, and P, transform respectively, like E2 and - AS, under the 
symmetry operations of the group D, (turns through an angle around 
the C, axis and turns through the angle ?r around the axes perpen- 
dicular to the C, axis). It follows from ( 3 ) ,  which is true only for 
chiral SLC (with no inversion centre) and corresponds to the piezo- 
electric effect, that in the C* phase of this substance spontaneous 
polarization is to appear (in case molecules have transverse electric 
dipole moments) as a result of the final tilt of the molecules through 
an angle 8 which is, in fact, the parameter of the transition A*-C*. 
At low magnitudes of 8 the proportionality P - 8 is valid. 

It should be noted that the antisymmetry of the two-dimensional 
representation E,, of the group D,, points to the possibility of the 
transition of SLC A from the nonpolarized to the polarized state 
accompanied by symmetry lowering Dxh -+ C, without any tilt of the 
molecules. Simultaneously, polarization could be a parameter of the 
transition and imply the effect of significantly strong dipole-dipole 
interactions. Till now such a mesophase has not been discovered. 

Obviously, analogous to the proportionality of the components 
( P x ,  P,) in ( 3 ) ,  components of the intensity vector of the electric field 
( E x ,  E,) are to be proportional too. Respectively, the expression ( 3 )  
describes the effect of the tilt of the molecules in phase A* induced 
by the external field. As it was mentioned above, this effect was 
called electroclinic. 
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8 BERESNEV. et al. 

Equation ( 3 )  belongs to point symmetry group D, and can describe 
the appearance of the spontaneous polarization both in the phase 
transition A*-C* and in other phase transformations, for instance, 
in the first order transition CLC-SLC C * .  This transition, to our 
knowledge, is accompanied by a jump-like change of the tilt angle 8 
from 0 to the finite magnitude of the order of 0 - d 6 .  According to 
( 3 )  the given orientational transition is to be accompanied by the 
jump-like appearance of spontaneous polarization as shown by ex- 
periment. l6 At larger magnitudes of 0 in the expression describing 
spontaneous polarization P (e), one should account for larger 0 :  P ( 0 )  
- 0 (1 + const 0* + . . .). We should point out here that orientational 
contributions of a higher order to spontaneous polarization can be 
induced by various physical factors and can differ, for example, in 
their relaxation properties. To make a correct analysis of the polar- 
ization effects of various types, one should study the invariants which 
enter the expansion for the free energy density and are formed from 
the components of various order parameters. 

2.2. Invariants of components of electric polarization 

Piezoeffect (3) testifies to the existence of an invariant in the expres- 
sion for free-energy density F of chiral SLC with symmetry group 
D, 

where p,, is the piezoelectric coefficient. Besides (4), F contains usual 
invariants, quadratic with respect to the components ( P x ,  P y )  and (cl, 
52) 9 

where the phenomenological coefficient a, is assumed to depend on 
the temperature T and can vanish at the point T,, (a,(To) = 0), the 
coefficient x0 > 0 and hardly depends on T. These assumptions cor- 
respond to the case discussed when the orientational phase transition 
A*-C* with the order parameter (El,  e2) is taken into account, and 
when the polarization ( P I ,  P y )  is not responsible for the given tran- 
sition. The combination of (4) and ( 5 )  is a simple interpretation of 
the phenomenon discussed and shows that spontaneous polarization 
occurs even at a weak piezoelectric coupling p., in the phase C* 
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FERROELECTRIC LIQUID CRYSTALS 9 

(8 # 0). Indeed, minimizing the sum of the invariants (4) and ( 5 )  
with respect to the polarization (P.v, Py) and taking into account the 
smallness of the angle 8, we obtain 

where the magnitude 8 can be deduced by minimizing the functional 
F [ 8 ]  in the common form. 

As it was mentioned above, in the chiral system with symmetry 
group D, we can observe the effect of space modulation of the ori- 
entational order parameter owing to the presence of Lifshitz invar- 
iants in F which have the following form for the components ( E l ,  k2)  
and Px, PJ 

The account of linear coupling (3) shows that these invariants can be 
reduced to the one containing an effective chiral parameter h and at  
small tilts of the director n from the z axis (nZ = 1) this invariant has 
the form of (1). 

Spontaneous inhomogeneous space distribution n(r) induces ad- 
ditional contribution to the polarization (the so-called flexoelectric 
effect) owing to the linear connection 

which is permitted by the symmetry group D, associated with the 
invariant in F 

where p; is the flexoelectric coefficient. Note, that the relations (7) 
and (8) are also permitted by the symmetry group D,,, and are con- 
nected in no way with the chiral aspect of the system. In principle, 
orientational distortions can also be characterized by the dependence 
of the components (c1, e2) on the coordinates x and y .  In this case 
we observe the appearance of the polarization component 

p, - (2 + 5) (9) 
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10 BERESNEV, et al. 

and the invariant in F 

P, (5 + %) 
There are no other flexoelectric contributions to the polarization 
which are proportional to the first spatial derivatives of the compo- 
nents of the transition parameter (t,, t2) in the first order in the tilt 
angle 0. 

Flexoelectric effects in SLC A and C can also be caused by the 
bending of the smectic monolayers which is, in fact, a displacement 
of the layer u along the crystal axis z .  For smooth bendings the 
invariants in the expression for F should be taken into account” 

Under considerably larger shifts of 0 and u,  F should include invar- 
iants of the order PO2, Pu0, etc., which also have additional derivatives 
with respect to space coordinates. Flexo-electric contributions of a 
higher order to the polarization of SLC were analysed by Dahl and 
Lagerwall.’* For the invariants proportional to PO2 and PuO we can 
take into account scalar values of the type (8), (10) and (11) multiplied 
by a p~eudoscalarl~ 

and also the scalar value 

and besides (12) remains valid only for symmetry group D,, whereas 
(13) is permitted by symmetry groups D, and Dmh. Use of (12) and 
(13) is necessary in case the order parameters are dependent on the 
coordinates x and y. As it will be shown, under thermodynamic equi- 
librium and the absence of an external field, however, the components 
(tl, &), (Px, P,,) cannot change in the smectic plane x y ,  since the 
presence of the corresponding gradients would increase free energy. 
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FERROELECTRIC LIQUID CRYSTALS 11 

Under thermodynamic equilibrium and at a considerably low tem- 
perature a certain effect can be caused by invariants of flexo-electric 
nature of the order PO3, in particular, the values 

It is clearly shown that the invariant (8) and the first of the invariants 
(14) contribute to F 

where Po is the projection of the polarization vector P on the C, axis 
(in the plane xy), PI is the projection of the polarization vector P on 
the component of the director n in the xy plane and perpendicular 
to the C2 axis (Fig. 1). The second invariant in (14) includes only a 
contribution proportional to the value 6p,jP,03(dcp/dz). Thus, the gra- 
dients dcp/dz # 0 and d0/& # 0 in the smectic plane give rise to the 
polarization components 

which have the corresponding flexo-electric coefficients pf, pf - 6pf 
which differ by a value of the order of 02:8pf = 6p;O2 at 02 << 1. 
Nearby the phase transition point of the second order A* - C* the 
difference 6pfis not significant. Far from the transition point in phase 
C* the coefficients pf and pf - tipf can differ considerably, and the 
magnitude 6pf can have either sign. Note that the presence of the 
gradients dO/dz $. 0 together with the gradients dcplax, dcpldy, a e l a ~ ,  
dO/dy is not energetically favourable, though a homogeneous electric 
field can induce heterogeneous distribution of O(2) .  

2.3. Invariants to describe the elastic energy 

The invariants of the second order with respect to the derivatives 
of the components of the transition parameter (El, e2) contributing 
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12 BERESNEV, ef at. 

to the elastic free energy of SLC C and C* have the form 

.! 2 {KO[ (!%)2 + (!!)'] + K t ( Z  + z)' + K i $  - 2)2 
2 

K[ (2)2 + (z)2 + (2)' + (?) ] 
+ K  ( ",',z :!)($--%)? (15) 

where KO, K', K ,  K,  K are the elastic moduli. The latter of the 
invariants (15) is proportional to the value of O 3  and appears effective 
when far from the transition point T,. Within the temperature region 
lower than T, the components proportional to the constants K',  K ,  
K, K"' can be very effective as well as the component proportional 
to the constant KO. In this case the fluctuations of the polar angle 0 
can be neglected and the components mentioned appear to be squared 
combinations of derivatives of the azimuthal angle cp. l9 Nearby T, 
these components are the values of a higher order of the infinitesimal 
parameter 0 if compared to the first member in (15) proportional to 
the value 02q& The invariant containing the coefficient K '  reflects 
the possibility of heterogeneous distribution of the azimuthal angle 
in the chiral smectic C* along the x and y axes. Nearby the transition 
point, however, the polar angle being small, the heterogeneity of this 
kind is not beneficial energetically. Let us take, for instance, the 
model equality of the constants K" = 2K' = 2 K  = 2K = K and 
the appearance of the heterogeneity cpl(x, z )  = cp - cpn(z) where /dcp,/ 
dxl << idcpddzl = 14). The minimization of the functional of the free 
energy with respect to the magnitude cpI gives the equation of the 
following form 

3'91 d291 d2cpl 
__ + - - 20 cos(q()z) - = 0. az2 ax2 dXdZ 

The substitution of cpl(x, z) = +(z )  exp( -px) gives the following 
form of the equation for the function +(z ) :  

d2+ d+ - + 20 pcos(q2) - + $4 = 0. dz2 dz 

The solution of +(z)  in the form 
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FERROELECTRIC LIQUID CRYSTALS 

will give, at fY << 1 the equation for the function u(z) 

13 

d 2u - + ( p 2  - qpe sin(qz))u = 0 
dz2  

7T 
or-the Mathieu equation, in case the argument qz = 2t + - is 
substituted, 2 

As it is known, the general solution of (16) at be/q( << 1 has the 
following form 

where A and B are arbitrary constants, the coefficients Czk are ap- 
proximately (at p 2  << q2) given by the expressions 

Thus, the function searched for cpl(x, z)  in this case is 

[ A  exp(ipr - i z) + B exp( -ipz + i - 

= e - p x  1 - - sin(qz) ( A  cos(pz) + B sin(pz)) (17) ( 2;e 1 
The amplitudes A and B and the characteristic scale p ~ of the het- 
erogeneity in the distribution of the azimuthal angle are determined 
by the substitution of the function (17) in the equation for the free 
energy density (15), by integrating the expression obtained with re- 
spect to the liquid crystal volume and by minimizing this functional 
for A ,  B and p. As it follows from (17) the derivative dcp,/dz contains 
the characteristic contributions p8 cos(qz), p cos(pz) and p sin(pz). 
Substituting the function cpl(x, z) into the last term of equation (15) 
in the functional for the free energy we observe terms of the order 
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14 BERESNEV. et al. 

p2g4 cos2(qz) and p2g3 cos(qt) containing also squared amplitude 
combinations A and R .  The integration with respect to the coordinate 
z gives the magnitude of the order p2g4, simultaneously the first four 
components of equation (15) have a positive sign and the integration 
results in the magnitude of the order p2g2. Thus, the contribution of 
the heterogeneity of the azimuthal angle to the free energy is positive, 
at least at small polar angles 9,  in other words this kind of hetero- 
geneity (p # 0) is indeed not energetically favourable. 

The contribution to the elastic energy due to the change of the 
distance between the monolayers (dulaz # 0) and by the bending of 
the layers, under condition that a2uldx2 f 0, a2uldy2 # 0 ,  a2uldxay 
# 0 can be obtained with the help of the following invariants (and 
corresponding coefficients): 

4(*)' axay + (2 - $)2 (18) 

In addition, the equation may have mixed scalar invariants (for the 
symmetry groups Dah and D,) 

- . - + - . -  a2u at, a2u at2 
axaz az ayaz az 

and also pseudo-scalar invariants (for the symmetry group D x ) ,  for 
example, 

The invariants in (18)-(20) are analogous to the values analysed by 
the Orsay group.20 

We shall not dwell further upon the bending of the monolayers 
and the distance variations between them. Owing to the account of 
these distortions according to (18) and (19)-(20), which are a result 
of orientational deformations, the elastic constants K', K", K, K are 
reevaluated. The invariants of a higher order with respect to the 
components (Px, P,,) will not be taken into account either, and also 
those with respect to the derivatives from these components and 
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FERROELECTRIC LIQUID CRYSTALS 15 

corresponding mixed invariants, since these effects will not change 
the results and will contribute to the effectiveness of the already 
known phenomenological coefficients. Generally speaking, a consid- 
erably strong interaction of the polarization components, of the ori- 
entational transition parameter and the shift of the layers can cause 
the sign to change to “-” for the coefficient for O4 in F(OZ), which, 
in turn, causes a phase transition of the first order. 

2.4. Helical ferroelectrics 

Assuming the polar angle 8 to be small and taking into account all 
the remarks made concerning the absence of spontaneous deforma- 
tions (dellax) + (ai$3y) . . . and the renormalization of phenome- 
nological coefficients, we write the free energy density of the smectic 
phase A* in the form (see invariants (4)-(6), (8), (14), (15)) 

. [ (g + 

1 + -(P: + 
2x0 

where a = ab(T - To), ab > 0, b, > 0, KO > 0, xo > 0. 

components 
The variation of the expression (21) with respect to the polarization 

P, = P sin cp(z), P, = -P  cos q ( z )  (22) 
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16 BERESNEV, et al. 

permits one to obtain at 0 = const << 1 

As it follows from (24), the minimal free energy is characterized 
by the distribution of the azimuthal angle 

and the helical distribution of the polarization with the amplitude 

The equations (24) and (25) include revalued effective coefficients 
u, b ,  K, A ' ,  q ' ,  and the phenomenological dependence 
qo = qO(O*) ,14,21,22 i.e. temperature dependence of the spiral pitch 
h,(T) = 2n/q0(02) is determined by the value q' = -[A' + xopr, 
(CL; + 8&)]/K. The value qc = qo(T,) at the phase transition tem- 
perature T, is determined from 

Below the point T, in phase C* the finite tilt angle of the director is 

112 

0 = eo = (- g )  
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FERROELECTRIC LIQUID CRYSTALS 17 

It is to be noted that incommensurate and polarized structures are 
induced owing to two Lifshitz invariants in (21), which are charac- 
terized by different physical effects. In case the dominant role is also 
played by piezo- and flexoelectric effects (3) and (7), the following 
equations can be obtained from (25) by neglecting the contribution 
of the invariant (6) qo - -xopPpf/K and P, - x01~$3. In another 
extreme case, the flexoelectric effect being small (7), helical twisting 
is determined by the invariant (6), and qo - - h/K and P, - x01~PLp18. 
Under condition 

+ XOPpPf = 0 (27) 

the Lifshitz invariants mentioned above are counterbalanced, allow- 
ing for the existence of a macroscopic ferroelectric state at qo = 0. 
This appears possible in mixtures, whose various components make 
various contributions to the cholesteric twisting and polarization ef- 
fects. 

The expression (26) shows that in the first approximation P, - 0. 
Taking into account the terms of a higher order in (21) with respect 
to the tilt angle 8, we obtain an expansion of Ps(0) and a small 
correction to (26) of the order of €I3. Small corrections such as these 
induced by the same piezo-electric effect (4) are of little interest since 
they can be characterized by the same relaxation times as the main 
contribution. Additional small contributions to the spontaneous po- 
larization ps(€)) can be singled out if they are due to various molecular 
mechanisms and are characterized by different relaxation times.23 For 
instance, an additional contribution P, to the polarization P, can result 
from the development of the degree of order with respect to some 
additional degree of freedom possessed by the molecules, in partic- 
ular, with respect to the orientation of the transverse molecular axis. 
In the last case the order parameter for transverse axes Q, # 0. 

The ordering of short molecular axes is to occur lower than the 
point of the phase transition A*-C* as a secondary phenomenon and 
to have its own relaxation time. The parameters of this ordering are 
the components (ql, q2) formed by square combinations of projec- 
tions of the cross director n': 

where n: = -sin cp, n; = cos cp. The components (ql, q2) are trans- 
formed with respect to irreducible vector representation E,  of the 
symmetry group D,. Since the components (.&, e2) are the proper 
parameter of the transition A*-C", and the components ( P x ,  P,) 
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18 BERESNEV, et al. 

transform as (t2, - E l ) ,  the expression for F has an invariant 

where k, is a phenomenological parameter. 

rection to the free energy 
The qualitative dependence Q,(9) can be determined from the cor- 

where g and xl > 0 are phenomenological constants. Minimizing 
6F(Q,) with respect to the parameter Q,, we find 

Taking into account ( 5 ) ,  (28) and (29) one can see that the addi- 
tional contribution PI to the spontaneous polarization of phase C* is 
to be proportional 

in other words, the component of the polarization P, can be described 
by both its relaxation time, corresponding to rotation of the molecules 
around their long axes, and its cubic dependence on the tilt angle of 
the molecules, 8. 

Pozhidaev et aLZ3 (1983) used the pyroelectric effect to observe 
the temperature dependence of the “fast” component of the pyro- 
electric response, the relaxation time being less than lo-* s. The 
substance DOBAMBC and thermo-laser impulses, 2 * lops s long, 
were used during the experiment. The temperature dependence of 
the “fast” component of the pyroresponse, reproducing laser impulse, 
was used to determine, by integration, the temperature dependence 
of the corresponding component of the spontaneous polarization which 
appeared proportional to the cubic power of the angle of the molec- 
ular tilt. Equation (30) agrees well with this observation. As it follows 
from the experiment, the coefficient in (30) is strongly dependent on 
the magnitude of the dipole moment of the molecules, and the in- 
crease of the dipole moment gives a sharp increase of this coefficient. 
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FERROELECTRIC LIQUID CRYSTALS 19 

This fact points to a strong dependence of the “fast” component of 
the polarization P, on the polar structure of chiral molecules. 

2.5. The behaviour in an external electric field 

The analysis of the behaviour of chiral SLC in the external field E 
demands that the term -PE should be added to (21). Variation of 
the functional F - PE with respect to the values P, 0 and cp gives 
the necessary equations for the functions 0(r) and cp(r). Under the 
effect of the external field the incommensurate structure of phase C* 
gets distorted, the distortions 0(r) - 0, and cp(r) - cp0(z) being 
insignificant in weak fields. These distortions are due to the spiral 
untwisting of dipole moments and the increase of the tilt angle 0 in 
strong fields. In weak fields, considerably weaker than the value of 
E, at which the full untwisting of the spiral occurs, the disturbances 
of the director orientation can be divided into asimuthal ‘p - ‘po (at 
the homogeneous distribution of 0 = 8,) and polar 0 - 0,, (at an 
undisturbed pitch of the helix ho = 27r/q0). 

We shall assume that the electric field E has an orientation in the 
smectic plane xy ,  that is E, = 0. Under this condition the effects 
induced by the polarization component P, and orientational distor- 
tions in the plane xy can be neglected, and the values 8 and cp can 
be taken for the functions of the coordinate z. In other words this 
phenomenon is a linear response of the system to the external field. 
The value of the dielectric susceptibility should have a correction S x  
= x - xo due to the orientational distortions mentioned above, 
moreover, both asimuthal and polar deformations make their con- 
tribution to the value Sx owing to the piezoeffect, while macroscopic 
polarization of the medium can be due to the flexoeffect only under 
the modulated polar deformation. 

Assuming that the field E is parallel to the axis y ,  varying the sum 
of the expressions in (21) and -PE with respect to the values P,, Py,  
and also 0(z )  and cp(z), we obtain the following results: 
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20 BERESNEV. et al. 

where the functions O(z) = OO + O,(z) and cp(z) satisfy the following 
equations 

d21P KOO- + xoppE sin cp = 0, 
dz2 

on condition that E << E,, l0,l << 0". 
The first of the equations in (32) describes the distortion of the 

helix in the electric field if cp(z) = cpO(z) at E = 0. This problem 
seems analogous to the one concerning the cholesteric Mak- 
ing use of the known solution, we find2' 

In weak electric fields ( E  << E,) the periodic solution O,(z) has 
the following form 

and the function q ( z )  is described by the following expression 

Using (31), (34) and (35) we obtain the macroscopic average value 
of the polarization P along the y axis in phase C* l4 

In phase A *, that is at T > T,, the structure of SLC is homogeneous 
(q  = dcp/dz = O), if the electric field is absent. Owing to this, we 
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FERROELECTRIC LIQUID CRYSTALS 21 

obtain15 in the linear approximation with respect to the field E using 
(23) and (24)  where the component -PE is added to F 

X ; &  
2a + Kqz’ ax* = 

Thus, in phase A* the value 6x is determined only by the piezo- 
electric coefficient kp, since there is no macroscopic twisting of the 
molecular orientation, and, consequently, no flexoeffect. It should 
be stressed that dielectric susceptibility becomes infinite at the point 
T,, that is at a = 0, since the low-temperature phase is modulated, 
and, consequently, it is only the response of the system to the external 
field, modulated correspondingly, that can be infinitely large. At 
a >> Kq: the expression (37) reminds one of the Curie-Weiss law 
because in a situation like this the radius of the correlation r, - 
( K / u ) ~ ’ ~  is much smaller than the pitch of the spiral h, = 2 d q ,  in the 
fluctuation region (of the radius r,),  i.e., the medium has homoge- 
neous orientations. 

It should be noted that equation (36) is valid at E << E,. According 
to (33) the critical value of E, is transformed to 0 at the transition 
point T,. Therefore the inequality E << E, is violated at the point 
T, and equation (36) is no longer valid; instead, equation (37) should 
be used which proves to be valid within the temperature region T - 

The experimental measurements of the dielectric permeability25,26 
show that the value - ( ~ ~ p , ) ~ / K q ~  is much smaller than the value 
6x,, if the field E is much smaller than the field of untwisting E,, and 
v.v., 6 b  = 6xc, if the helix in phase C* is untwisted by a strong 
field. The corresponding estimates give (x0p,J2 << Kqz. The anom- 
alous increase of the dielectric permeability in phase C* of a perfect 
large sample (i.e. , of samples having about 100 mcm in thickness 
with no structure defects) can be accounted for by the flexoelectric 
contribution to the value Exc in weak fields [see (36) ] .  At the tran- 
sition point T, this contribution transforms to 0, it can be, however, 
considerable at lower temperatures; the value 6kfis noted to increase. 
Glogarova et aLZ6 pointed to another factor contributing to the in- 
crease of axc,  in particular, the disturbance of the defective (discli- 
nating) structure in phase C* by the field. 

T, > -1°K. 
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22 BERESNEV, et al. 

The study of dielectric properties is usually carried out in an al- 
ternating electric field. In this case the dispersion of the dielectric 
permeability and corresponding relaxation processes, typical of a chiral 
system, should be taken into account. Relaxation phenomena can be 
described phenomenologically, by adding to the right hand side of 
(32) terms containing the derivatives with respect to the time t of the 
functions cp(z, t )  and O(z, t ) ,  in particular, yq 8, dcpldt and y,  d0, ldt  
where y1 and yc are the viscosity coefficients, in the general case 
y, # yV. As it can be seen from the solution of such equations, there 
are, at least, two characteristic relaxation times in phase C*, T~ and 

and only one relaxation time in phase A* 

Y1 

2a + Ky,2 TOIA = 

The relaxation time, T,, characterizes deterioration of azi- 
muthal disturbances cp - cpi at a constant value of the polar angle 
f3 = €lo, i.e. the reconstruction process of the helix. The time T~ serves 
to describe a relaxation of the disturbances of the polar angle €Il, the 
pitch of the helix being unchanged h = h,. The relaxation time T~ in 
phase A* is absent, since the orientational structure here is homo- 
geneous. 

Taking into account (31) and the linear dependence between weak 
orientational disturbances and macroscopic polarization, we easily 
obtain quantitatively the dispersion of dielectric susceptibility, and 
the real parts of the correction are 

B l i n ~ ~ ~ - ~ ~  and Blinc and Zeks30 analyzed dynamic aspects of fer- 
roelectric phenomena by comparing the orientational fluctuations in 
chiral systems and soft and Goldstone modes in the usual solid fer- 
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23 FERROELECTRIC LIQUID CRYSTALS 

roelectrics. “Goldstone mode” is used here for azimuthal disturbance 
of the director orientation and the polarization, restoring the sym- 
metry of the high temperature phase A*,  while a “soft mode” is used 
for synphase fluctuations of the polar angle and the polarization of 
the low-temperature C* phase. These modes can be energetically 
described by reciprocal values of the corresponding relaxation times 
(of the type 7;’ and ~ 8 ~ ) .  The phase transition A*-C* can be imag- 
ined as a sort of “condensation” of the above mentioned soft mode. 
The “frequencies” of such fluctuation modes at the zero value of the 
wave vector remain finite at the transition p ~ i n t . ~ ”  

The temperature dependence of the dielectric permeability E(W) = 
E, + 4.rrSx(o), shown in Fig. 3b, is experimentally proved to have a 
characteristic maximum at low frequencies and temperature, which 
is some degrees lower than the transition temperature. Such behav- 
iour can be qualitatively accounted for by the expressions (36)- 
(38).25 Also the pitch of the spiral h,(T) (Fig. 4) is experimentally 
proved to have nonmonotonic temperature dependence. The strong 
dependence of h,(T) within a narrow temperature interval can hardly 
be accounted for by a phenomenological approach.21 Indeed, the 
expansion of the (25) type in terms of increasing O2 implies the as- 
sumption that the coefficients in the terms of the expansion from O2 
and O4 should be anomalously large (about lo2 times as large as 
ho(T,)). This anomaly can be accounted for by using the molecular- 
statistical approach which deals with the anomalous temperature de- 
pendence of flexoelectric coefficients.21 

It follows from (24) and (36) that the maxima of the temperature 
dependencies of E(T) and h,(T) correspond, generally speaking, to 
temperatures which do not coincide with the transition point T,. 
Levstik et a1.22 proved this phenomenon experimentally. 

It should be stressed that the temperature dependence of 6x(T) 
outside the narrow region of the C* phase, mentioned above, can be 
determined by both the absolute values and the signs of the values 
pp and 6pfqo,  according to the expression (36). Since 6pf - O2 - 
(T, - T), we can expect both an increase and a decrease of the 
function 6x(T) at the lower temperatures. Levstik et a1.22 observed 
a slowly increasing dependence 6x(T) on decreasing temperature in 
a liquid crystal mixture. 

The problem of assigning values to the material constants pp, p f ,  
6pf has been much discussed in the l i t e r a t ~ r e . ~ ~ , ~ l - ~ ~  It was Ostrovsky 
et a1.25 who first estimated these values and showed that pP - p f p  
under certain assumptions concerning the values of other material 
constants. Durand and Martinet-Lagard~~l concluded that p p  >> p,q, 
assuming that even under the influence of the flexoeffect the polar 
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24 BERESNEV. et al. 

angle 0 remains a homogeneous function of the coordinates within 
the electric field. This assumption is, however, not true. Beresnev et 

found that p p  >> p,q, basing their conclusion on the data on 
the minimum of the electro-optic modulation amplitude in a mixture 
at some concentration of the components, assuming that this mini- 
mum corresponds to the zero value of the complete polarization of 
the mixture. This assumption is not true either. Let's analyze in more 
detail the experiments by Beresnev et al.32 who studied the diffraction 
of polarized light on a periodic structure of chiral smectic C* under 
the effect of an external electric field. 

Since the helix becomes distorted by the external field, the in- 
tensities of the passing and diffracted waves change their values ac- 
cording to the piezo- and flexocoefficients. The dielectric permeability 
tensor of phase C* contains the following termsss 

where 1 is a unit vector of the normal to the layers of the smectic. 
Within linearity with respect to 8 in the expansion of the tensor a 
into a Fourier series 

the only terms (as far as optical frequencies are concerned) differing 
from the zero, the field being absent, are as follows: 

where E~~ = + e2 + e3 + 2e4, E, = e3 + e4. Under the effect of 
a constant field E the corrections to Cn, taking account of (34) and 
(35) ,  have the form 
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FERROELECTRIC LIQUID CRYSTALS 25 

where 

Thus, within the external field a second diffraction order appears, 

Beresnev et al.32 studied the intensity of the direct beam whose 
while the zero and the first orders become dependent on the field. 

amplitude is 

where J, is the angle between the axis of the Polaroid and that of the 
spiral. The intensity of the zero diffraction maximum in the kinetic 
approximation is, correspondingly, as follows 

where the upper bar serves to denote averaging with respect to the 
coordinate z and, consequently, the linear part of the intensity is 
proportionalss 

The temperature and concentration dependence of the relation 
61AOl2/A& as well as the concentration dependence of the parameter 
kp were measured experimentally, and were discovered to transform 
to zero at certain values of the concentration of the mixtures used. 
At T > T, the ratio 61A,[2/Ag is negligible no matter what concen- 
tration is used, and therefore en(Xopp /Kg~)  can be neglected. Thus, 
to account for the observed complex temperature dependence of 
6(A0/2/Ag one should assume that the difference 6pf as a part of U is 
of importance. It is also obvious that 61A,)2 # 0, if P, = 0 (see eq. 

It should be noted that, generally speaking, the main axis of the 
dielectric ellipsoid does not coincide with the direction of the director 
n. As it can be seen from simple calculations, at the fixed angle 0 
the main axis of the dielectric ellipsoid is found in the plane given 
by the vectors n and 1 and makes up the following angles5 

(26) 1. 
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26 BERESNEV, et al. 

with respect to the direction 1; owing to this the second term the 
magnitude of IAoI2 contains a corresponding factor. Consequently, 
the optical axis of phase C* does not coincide with the direction n 
either. In the case when one of the axes (1') coincides with the director 
n and the other (2') is in the plane (n, I ) ,  the tensor I? can not be 
diagonal: E , . ~ ,  = (e2 + ~$3.  Here the differences of the diagonal 
components E , , ~ , ;  E ~ , ~ ~  and of the corresponding primary values ell ,  
E~~ are proportional to ( E , , ~ ,  - e l l )  - O 2  and ( E ~ . ~ ,  - eZ2) - O 2  with 
coefficicnts which depend on the constants eZ, e3, e4. Thus, in principle 
one may determine the constants of the dielectric tensor at a given 
value of the angle 8. 

As to the relation of the parameters pfq!/kp and 8bfqo/p,p, recent 
experimental data32 offer the following estimates at several temper- 
atures: 

Thus, one can observe a marked increase to a relatively large value 
8p fqo /pp  within the interval 0.7 K < T, - T < 4 K. 

2.6. Lifshitz point in a liquid crystal ferroelectric 

The so-called Lifshitz point3' was observed by Musevich et  al.34 in a 
substance DOBAMBC in the phase diagram in the following varia- 
bles: external field-temperature, and it is, in other words, a triple 
point between the phases A*, C* and the phase Cx completely un- 
twisted by the external field (Fig. 5). In this situation either the 

FIGURE 5 Lifshitz point as a triple point between the chiral smectic A* phase, the 
helical smectic C* phase and the untwisted chiral smectic CE phase. 
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FERROELECTRIC LIQUID CRYSTALS 21 

magnetic or the electric field can serve as the external field. It should 
be noted here that unlike the linear interaction with respect to E, the 
effect of the magnetic field H upon the orientational helix is quadratic 
with respect to H and is due to the diamagnetic anisotropy of a liquid 
crystal xa. The corresponding contribution to the magnetic energy 
has the following value 

(39) 
1 

FH = - - xa (H.n)2 
2 

Adding (39) to (24) and assuming that the field H is oriented along 
the x axis, we obtain the expression for small values of the angle 

(2 qo)2 - ~ ~ ~ H * 0 ~ c o s ~ q ,  1 F = ae2 + be4 + -K02 - - 
2 

whose minimization with respect to cp gives the following equation 

- = -  d2cp XaH2 sin 2q 
dz2 2K 

As is well known24 the solution of the non-linear equation (40), cor- 
responding to the minimum of the free energy, describes the so-called 
phase solitons whose number becomes zero at a critical value of the 
field H = H, = ( 7 r / 2 ) ( W ~ ~ ) ~ ’ ~ q ~ .  At H 2 H ,  a complete untwisting 
of the spiral can be observed, i.e. within this region of the H values 
the C* phase can set in if T < T,. Since the wave number qo depends 
on the temperature and the K and xu values do not, the dependence 
H,(T) must be analogous to the dependence qo(T) which is observed 
experimentally (see Fig. 5) .  In this case the value Hc(To) is finite, 
since qo(T,) = qc. 

Analogous phenomena can be observed in the electric field. How- 
ever, due to the linear dependence (4) between polarizational and 
orientational degrees of freedom, the corresponding formulas change 
their forms. The formula (33) may have the following form 

where the critical temperature T,(E) is a transition point from a 
homogeneous state (the C,* phase) to a heterogeneous state (the C* 
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28 BERESNEV, et al. 

phase), the value of the field being constant. In case the temperature 
dependence qO(T) is neglected the equation (Tc - Tc(E)) - E2 is to 
be valid35 which can be confirmed by experiment.12 

Such structural transformations in weak fields are phase transitions 
of the second order. However, in strong fields the nature of the 
transition becomes different .36 Indeed, the energy of the homoge- 
neous state (with 8 = (~~p~E/4b , , ) ’ /~ )  

( XZ0E)4’3 FT7, = a,B2 + boo4 - xowpF8 = -3b0 - 

being compared to the energy of the heterogeneous structure (with 
8 = Bo = ( - ~ / 2 b ) ’ / ~ )  

shows that in a strong field, i.e. at E >> (blXnpp) B& a transition of 
the first order occurs at the point 

accompanied by a corresponding jump of the tilt angle, which is 

At a certain intermediate value of the field E = E,,, 

there is a tricritical point T, = T,(E,), on the curve T,(E) at which 
the first order phase transition is transformed into one of the second 
order. 

The dependence of the critical field E on temperature according 
to (33) can be, mainly, determined by the proportionality E,(T) - 
B,,(T)/h$(T). Far from the phase transition point T, where h,(T) is a 
weak function, the temperature dependence of the untwisting field 
is mainly determined by the temperature dependence of the tilt angle 
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FERROELECTRIC LIQUID CRYSTALS 29 

8,(T). Within the narrow temperature region (2°K) near the transition 
point, where the pitch of the spiral changes anomalously non-mon- 
otonically (see Fig. 4), the function E,(T) must have a local minimum 
corresponding to the local maximum of the function h,(T). At the 
very point T, the field of untwisting E, vanishes owing to the zero 
value of the tilt angle €lo. Such behaviour of E,(T) was experimentally 
observed12 as is shown in Fig. 6. Thus, the phase diagram of the 
variables (T, E) points to a possible appearance of a certain reentrant 
phase C* at temperatures near T, within a certain region of the values 
of the field E analogous to the behaviour of the system in an external 
magnetic field (cf. Fig. 5). 

2.7. The role of the boundary conditions 

The surface layer of the C* phase has a considerable effect on the 
orientational distribution of the director and the phase transition 
A*-C*, especially when the samples are not thick. One of the first 
models of the interaction of a SLC C* with a solid surface was the 
one shown in Fig. 7.14x3' It was assumed that the layer of the C* 
phase has the thickness d and the strong anchoring between molecules 
and the solid surface where the angle 8 = 0; the azimuthal angle cp 
is fixed in the plane xy,  the value of the coordinate z along the spiral 
axis being fixed. In this situation the term 1/2 g (de/dy)* from (15) 
should be taken account of in (21), since it corresponds to the energy 
of elastic distortions in a subsurface layer, and for simplicity it was 
assumed that g = K '  + K = K" + K. 

I0 5 0 Y/J! 

FIGURE 6 Temperature dependence of the critical electric field in DOBAMBC2. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



30 BERESNEV, et al. 

g L  ------- 
/ /////I/- 

- 
Z 

FIGURE 7 Geometry of the C* layer for strong planar anchoring conditions. 

Outside the field the minimum value of F has a corresponding 
function cpo(z) = q0z at any value of y and the function 8 ( y )  which 
agrees with the equation 

d28 
g- - 2 ~ 8  - 4be3 = 0 

dY2 

if 8(0) = 8 ( d )  = 0. The value of the angle 8 in the centre of the 
layer at y = d/2  is 

,- 

8, = eo[l - 4exp  (- d d ? ) ] ?  

if g << luld2. These results are valid for comparatively thick samples 
and for the temperatures not very close to the transition point. As- 
suming that la1 - lo-' nlm2 and g - lo-', n (for DOBAMBC), we 
obtain that the deviation 8, - 8, becomes noticeable when the thick- 
ness of the sample is about 1 mcm at IT - T,( < 1°K. 

The solution of equation (41) in the general case is as follows 

where k2 = -Xb€J%(b62, + u ) - I ,  8, = 8(d /2 ) ,  the magnitude 8, is 
the value of the angle 8 on the boundaries, 8, = {8(0), e ( d ) } ,  and 
O(y) obeys the equation (at y = 0 and y = d )  
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FERROELECTRIC LIQUID CRYSTALS 31 

Here W is the effective anchoring energy, the signs 7 correspond to 
the values y = d and y = 0. At  W >> (g ~ul)*'* the magnitude Bs = 
( m / I q ) B ,  for y = 0, and from (42) it follows that at y = d/2 

or 

1 
2' 

=% T,(d, W) - Tf - - 

2a' (d + $) (43) 

where T,* is the transition point at d + a or W --$ 0. 
It can be seen from (43) that at large values of the anchoring energy 

W ,  l q d  >> g, there appears a strong dependence of the transition 
point shift on the thickness of the layer: IT, - T,*I - d P 2 ;  when the 
anchoring is weak, lwd << g, the transition point is shifted very 
little and hardly depends on the thickness of the layer. The experi- 
mental data37 show that strong anchoring gives the predicted de- 
pendence T,(d) (Fig. 8). Note that a similar dependence T,(d) is 
observed when the effective elastic constant g is small. 

The effective value of the constant g can depend considerably on 
the presence of other degrees of freedom, for example, the defor- 

IPc 
u 

-5 

-10 

I I 1 

20 40 60 80 d, mcm 
FIGURE 8 Dependence of the phase transition temperature T, on the layer thickness 
d: O-strong anchoring  condition^,^' O-weak anchoring conditions.'2 
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32 BERESNEV, ef al. 

mation duldz (see (20)), the heterogeneity of the azimuthal orientation 
dcpldx (see (15)), etc. In the case of a “suppressed” SLC C*, i.e. at 
auldz = 0, d2uldx2 = 0, etc., which occurs under rigid boundary 
conditions, the constant g must be larger if compared to the case of 
free development of such deformations. In the case of free conditions 
such deformations can be found by minimizing the free energy, for 
example, in (18)-(20) and (15). Here, the magnitudes duldz and 
d2ulaz2 turn out to be proportional to the magnitude delay which 
causes the renormalization of the coefficient before ( d 8 l i l ~ ) ~ ,  while 
the effective value of the constant g decreases. Such a case is possible 
under free boundary conditions, in particular, for the orientation of 
the helix axis and rigid planar orientation of the director. According 
toI2 the dependence T,(d) under such boundary conditions includes 
a larger derivative dT,/dd - W3/g2 for a thinner layer (Fig. S), this 
can be accounted for by a low value of the effective constant g .  

It was assumed above that the constant dipole moments of the 
molecules do not affect the orientational boundary conditions. One 
can imagine a situation where transverse molecular dipoles have a 
strong interaction with a solid surface, being rigidly directed, for 
example, from the surface. Glogarova et a1.26 showed that under such 
conditions in the layer of the C” phase there appear disclinations 
localized near the surface. Fig. 9 shows a model according to which 
the director in the plane of the surface makes an angle with the 
axis of the helix, and the asimuthal angles of the director on the 
opposite surfaces differ by the value IT, in case the directions of the 
dipole moments on these surfaces are mutually opposite. Such bound- 

X 

t 

FIGURE 9 Planar helical structure with equivalent boundary conditions: surface 
dipole moments antiparallel, + 2  and - 2 twist disclinations exist.26 
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FERROELECTRIC LIQUID CRYSTALS 33 

ary conditions can, evidently, be possible if the solid surface is iso- 
tropic, i.e. it does not have a direction which could be energetically 
advantageous as far as the long molecular axes are concerned, the 
position of the smectic monolayers being fixed. Also, at all temper- 
atures T < T, the polar angle 0 is constant throughout the sample 
(0 = O,), whereas the azimuthal angle cp has a heterogeneous distri- 
bution cp(y,z). The developing twist disclinations have the indices 
+ 2 ~  and - 2 ~ .  

It should also be noted that the disclinations mentioned above are 
characterized by a peculiar distribution of the electric dipoles (see 
Fig. 9). In the dipole distribution near the surfaces similar singularities 
should set in the case of rigid anchoring (Fig. 7). And near each of 
the surfaces one can observe the formation of periodic systems of 
polarization peculiarities with the period ho along the z axis, more- 
over, such diffraction patterns are displaced from one another by hol 
2. 

2.8. Free-standing films 

As for small thickness a question arises concerning the ferroelectric 
properties of the film in the C* phase with free boundaries. For the 
first time this case was realized in the experiment carried out by Young 
et al.I3 who studied the properties of the films several smectic layers 
thick. It is natural that in such a situation there is a plane system of 
two-dimensional rotators (&(r), t2(r)), and this system is degenerate 
with the anisotropy of smectic layers being absent. Similar plane 
systems (superfluid liquid, superconductors, ferromagnetics, etc.) 
possess peculiar properties. As is known, they may have a phase 
transition at a certain temperature Tc, however, the low-temperature 
phase has no macroscopic spontaneous moment (cy, c!) ,  since the 
components c,(r) diffusively change their values from one point to 
another in the xy plane. The latter condition corresponds to the 
logarithmic divergence of the mean square fluctuation of the azi- 
muthal angle (8(p2(r)), and the equation for it can be easily obtained 
from (21). 

Along with this, below the point Tc there is a value of the critical 
index At which is different from zero and which describes the gradual 
decrease of the correlation (<,(r)cp(r‘)) when long distances are con- 
cerned 
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34 BERESNEV, et al. 

The index A, = (T/4nKl), where K is the modulus of elasticity and 
1 is the thickness of the thin film, depends here on temperature and 
can be estimated for various models.41 Nelson and P e l c o v i t ~ ~ ~  showed 
that renormalized elastic constants of the layer within the long-wave 
region, together with an account of the fluctuations, equal one ef- 
fective constant K .  Pelcovits and G a l ~ e r i n ~ ~  analysed, in particular, 
the model of the phase transition in a two-dimensional smectic layer, 
according to which in the high-temperature phase there appear sep- 
arate disclinations (“curls”), and in the low-temperature phase dis- 
clinations of the opposite sign are twinned. The energy of the indi- 
vidual disclination with the k 2n strength (without spiral twisting) is 
u d  = (Ti4 AS) In (Wl), and the entropy of the curl is S d  = 21n 
( M ) ,  where R is the radius of the curl. Thus, the change of the 
thermodynamic potential due to the separate curl is 

and becomes negative at AE > 1/8, i.e. At(Tc) = 1/8. 
Expression (44) shows that in a plane system like this below the 

transition point Tc there is no definite correlation radius. Above the 
transition point the correlations decrease exponentially. The suscep- 
tibility of the system x(E) at T < Tc becomes infinite at the external 
field E tending to zero as confirmed by the non-linear dependence 
of the average moment on the external field44 

This type of phase transition may take place in the smectic layer only 
when the piezoelectric link is absent, for example in the non-chiral 
C phase. In the chiral C,* phase (untwisted) owing to the piezoeffect 
the plane system is somewhat different in its properties. Primarily 
the chiral system differs in the following: its orientational fluctuations 
are to be suppressed as they are accompanied by polarization fluc- 
tuations which give rise to strong Coulomb interaction of the polar- 
ization charges impeding the development of these  fluctuation^.'^ If 
the energy parameter of such Coulomb (dipole-dipole) interaction is 
u - (ppf)2, the macroscopic polarization P and the finite average 
6: may exist owing to the piezoelectric effect in a thin film. Obviously, 
these values are small since u is small. This case reminds one of the 
effect of weak anisotropy in a plane f e r r~ rnagne t i c .~~  Since the main 
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FERROELECTRIC LIQUID CRYSTALS 35 

interaction v ,  responsible for the transition A-C, is much greater 
than the interaction u, the following estimates can be made14 

At u 0 the averages 6: and P, turn to zero and the correlation 
radius r, and the susceptibility x become infinite. 

With the increase of the number of monolayers in a film N the 
transition temperature Tc acquires its “volume” value T,, and rela- 
tions (45) are substituted for the temperature dependencies discussed 
above. So far there is no detailed experimental investigation of the 
critical behaviour of plane ferroelectrics. The data obtained till nowl3 
point to high susceptibility of thin films of the C,* phase below the 
transition point T,. The difference between T, and T, goes up to the 
value of the temperature region within which the C* phase exists, 
which indicates a significant interaction of the monolayers. 

Heinekamp et a1.45 proved theoretically and experimentally that 
the temperatures T,(N) and T, may not coincide when the thickness 
is large, in case on the surface of the film, i.e. in the boundary 
monolayers, there is an order parameter 6: different from zero (at 
TI?,(2) > T,). To prove this the authors used a model of the monolayer 
system in which every layer has its own order parameter Oi, and took 
into account the interaction of the nearest monolayers O r O r t l  in de- 
veloping the free energy as a series in powers of Oi, including the 
sixth one. According to the experiment, in the free-standing bi-lay- 
ered film of DOBAMBC the transition temperature Tc(2) is consid- 
erably higher than the transition temperature T, in a sample of large 
thickness, which indicates a significant effect of the free boundary 
conditions. The increase of the number of layers N is accompanied 
by the decrease of the ferroelectric transition temperature. Near the 
transition point in a bi-layered film within the interval 0,5 K the 
average angle of the director tilt (the parameter of the transition 6;) 
turns to zero in a jump-like manner, which is altogether different 
from the temperature dependence predicted by the mean field theory. 
Such a behaviour may be due to the anisotropic dipole-dipole in- 
teraction (see (45)). 
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36 BERESNEV, et ul. 

111. 
CRYSTALS 

DIPOLAR ORDERING IN FERROELECTRIC LIQUID 

3.1. Technique for the measurement of the spontaneous 
polarization 

There are some classical methods for the measurements of the P, 
value in solid ferroelectrics (capacitive , 6956 ,57  p y r o e l e c t r i ~ ~ , ~ . ~ ~  etc.) 
which may be useful for the investigation of liquid crystalline ferro- 
electrics as well. In addition, one can use several techniques specific 
to liquid crystals. For example, it is possible to measure an a.c. 
piezoelectric voltage induced by a shear flow of the liquid c r y ~ t a l . ~ ? ~ ~  
The spontaneous polarization can also be calculated from the analysis 
of experimental data on light scattering by freely suspended smectic 
C* films with a thickness of several molecular layers.6n 

The well known technique for measuring P, uses the observation 
of transient currents i. For the square-wave form of the applied volt- 
age U the current i = iR + i, + ip includes the conductive term 
iR = U/R, the capacitive term ic = CdU/dt  and the term ip = dPJ 
dt which is due to the polarization switching (C and R are the capacity 
and resistance of a liquid crystal layer). 

Here, the principal problem is the extraction of the i, term from 
the total current. For example, currents ic and i, may be compensated 
for by a Souyer-Tower circuit61,6z with a sine-form voltage. The cor- 
responding dependencies of ip and the spontaneous polarization (in 
the form of a hysteresis loop) on an external voltage are shown in 
Fig. The term ip may also be separated using the voltage pulses 
of a special form64 and subsequent processing oscillograms. In par- 
ticular, the capacitive term ic depends on time e ~ p o n e n t i a l l y ~ ~  or 
linearly66 for the square-wave and triangular pulses, respectively, Fig. 
11. 

The compensation for the conductive term i, is especially difficult 

FIGURE 10 Typical hysteresis loops for polarization (a) and switching current (h) 
for a ferroelectric liquid crystal; frequcncy = 40 Hz (from Ref. 63). 
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FERROELECTRIC LIQUID CRYSTALS 37 

.4 b 

FIGURE 11 Current oscillograms in an a.c. field of the triangular form (a) and the 
rectangular form (b). Currents: switching (Q, ohmic (iR) and capacitive (ic). The 
hatched area of the pulses reduced to unit surface of the cell is equal to 2Ps. 

as it depends upon the amplitude and the duration of the pulses, 
temperature, e t ~ . ~ ~  

When the transient current technique is used the voltage is chosen 
high enough to unwind completely the helical structure of a ferro- 
electric liquid crystal. Thus, the measured value of P, does not include 
the flexo-electric contribution which just results from a non-uniform 
structure. The other limitation of the technique discussed is the prob- 
lem with too low frequencies which are necessary for switching the 
polarization in relatively viscous substances. The frequency of the 
external voltage must be lower than the inverse of the relaxation time 
for the director depending on sample thickness, anchoring energy, 
defects, etc. For example, to study the polarization of low temper- 
ature phases (others than the smectic C* one) one has to use fre- 
quencies up to tenths of herz6’ even for fields as high as tens of 
kVcm-’.68 

The high strength of the electric field enhances the polarization to 
be measured by a value PE due to the electroclinic e f f e ~ t . ~  The latter 
value is usually not taken into account. However, its contribution 
becomes appreciable near the C*-A* phase transition where the 
dielectric susceptibility increases critically. Therefore, the critical in- 
dex p for the temperature dependence of the measured polarization 

P, - (T, - T)P 
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38 BERESNEV. et al. 

becomes markedly decreased. For example, the values of p = 0.4 or 
even 1ess,6~57,69~70 obtained from the transient current technique, can 
be accounted for by the field-induced term without any references to 
the fluctuating nature of the phase transition” (note, p = 0.5 for the 
mean-field model). 

Now, let us discuss the pyro-electric method. The first observations 
of the pyroelectric effect in ferroelectric liquid crystals were made 
using permanent heating of a sample at a given rate.7 This technique 
is rather qualitative and allows only rough estimates of the pyro- 
electric coefficient to be made at  several temperature points (DO- 
BAMBC). 

More precise measurements of the magnitude and the temperature 
behaviour of the spontaneous polarization can be made using a pulsed 
pyroelectric technique. In such s t ~ d i e s ~ , ~ ~  a liquid crystal layer was 
heated by light pulses of a Nd-glass laser (A  = 1.06 p,) operating 
either in the free running or the Q-switching regime. In the first case, 
the pulse duration (100 p,S) is longer than the relaxation time T~ for 
the tilt of the director 8 (soft mode) and such a regime may be 
considered as a steady-state regime. In the second case, the giant 
pulse with duration -10 nS allows the relaxation time 7, to be meas- 
ured directly from the exponential decay of the pulsed pyro-electric 
signal.’l For the high rate of heating by laser pulses rather small 

m aY 
be measured with high temperature resolution (the total laser heating 
of a sample is of the order of 0.02-0.05 K). The method is especially 
sensitive in the vicinity of the C*-A* transition where the pyro- 
coefficient y = dP,/dT passes through a maximum. The value of the 
spontaneous polarization P,(T) is calculated by integration of y(T) 
over temperature 

values of the pyroelectric coefficient, y I 10-l2 C * cmP2 9 K -  

Generally, the pyro-electric coefficient is measured in the field-on 
condition in order to deal with the uniform untwisted structure of a 
ferroelectric liquid crystal. Therefore, it consists of two terms, the 
equilibrium y,(T) and the field-induced, or electro-clinic y,(T) ones: 
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FERROELECTRIC LIQUID CRYSTALS 39 

The equilibrium part y,(T) and the corresponding equilibrium value 
of PJT) may be calculated from the extrapolation of the series of 
curves y(T,E) to zero field, Fig. 12. The critical index for P, ought 
to be determined only after such an extrapolation and its corrected 
value usually corresponds to the mean-field 

Of particular interest is an isobestic point in the set of curves in 
Fig. 12. It is the point which defines the phase transition temperature 
TC***. This fact could be understood from the following considera- 
tion. The dielectric susceptibility xs for the tilt of the director (soft 
mode) is maximum at TC'A.. At the same time there is a thermo- 
dynamic equality.'* 

which results in ax/aT = ay/dE = 0 at TC*A*. The appearance of the 
isobestic point (aylaE = 0) allows the phase transition point and 
critical index (3 for P, to be found with high accuracy. 

Moreover, the susceptibility xe may be calculated by integration of 
ax,/aT over temperature, Fig. 13, and this value may be used for 
subsequent calculations of the elastic modulus 

FIGURE 12 Temperature behaviour of the pyroelectric coefficient y (T, E) in 
electric field E = 1.5 10'' Vxm-'  (+) and the zero-field pyro-coefficient (0) 
DOBAMBC. 

the 
for 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



40 BERESNEV, et al. 

FIGURE 13 Temperature behaviour of the dielectric susceptibility xe and its tem- 
perature derivative dx$dT obtained by a pyroelectric technique for DOBAMBC at E 
>> E,. 

and the twist-viscosity coefficient 

for the tilt of the director (for details see Ref. 72). 

3.2. Experimental studies of the dielectric properties 

The response of liquid crystalline ferroelectrics to an external electric 
field is more complicated than that of the conventional solid ferro- 
electrics since it involves not only collective intermolecular modes 
but also the molecular and intramolecular modes as well. As com- 
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FERROELECTRIC LIQUID CRYSTALS 41 

pared with non-ferroelectric liquid crystals, where the dielectric prop- 
erties are due mainly to the quadratic interaction of the electric field 
with the anisotropy of the dielectric permittivity (E,E*), in ferroelec- 
tric liquid crystals the additional linear term P,E appears for the 
interaction of the field with the spontaneous polarization. The latter 
dominates at weak fields and low frequencies (e.g. for P, = 10-4C 

m-* and E, = 10, P,E > e,E2 at field strength 0 < E < lo5 V + 

m-*). For example, the linear term manifests itself in a strong (up 
to several times) increase of the dielectric permittivity at low fre- 
quencies (f 5 103Hz). 

In this part we review the dielectric behaviour of ferroelectric liquid 
crystals over a wide frequency range and discuss the various mech- 
anisms of their field response. The discussion will be illustrated mainly 
by experimental data obtained for the “classical” liquid crystalline 
ferroelectric D (or L)-2-methylbutyl ester of the 4-cetyloxybenzyli- 
dene-4’-aminocinnamic acid (DOBAMBC). 

The frequency dependence of the real part of the dielectric per- 
mittivity ~’(f) of DOBAMBC is shown in Fig. 14. The curve is a 

-. 
\ 
\ 
\ 
\ 

ID+ lo’ I 10 10’ lo’ lo4 10’ 10‘ lo7 f . H r  

FIGURE 14 The generalized frequency dependence of the dielectric permittivity E ’  

for the helical structure of the ferroelectric smectic C* phase of DOBAMBC. 
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42 BERESNEV, ef ul. 

combination of various experimental results obtained under weak 
field conditions E << E,, where E, is a critical field for unwinding 
the helical structure of the smectic C* phase. The several frequency 
domains of the ~ ‘ ( f )  dispersion seen in Fig. 14 will be discussed 
separately. 

For frequencies f > lo* Hz all 
intermolecular motions are frozen and the value of E includes only 
the electronic contribution and some intramolecular modes. The value 
E -- 2.5 is found for f > 100 MHz.’~ 

In the range f = 1-50 MHz the main 
contribution to the €-value results from the rotation of molecules 
around their long axes. For weak fields E << E, when the helical 
structure exists the average perpendicular dielectric permittivity (el) 
is nearly equal to the component E, for the smectic A p h a ~ e . ~ ~ , ’ ~  At 
the strong field limit E > Ec, when the helix is unwound, the com- 
ponent eL becomes anisotropic in the plane perpendicular to the 
director. Of two new perpendicular components E? and e2, Fig. 15, 
the former, which is perpendicular to the symmetry plane, is higher 
than that which lies in this plane, i.e. E~ > e2 and E? > (el). In the 
achiral smectic C phase such an a n i ~ o t r o p y ~ ~  results from the hind- 
erance of the molecular rotation around the long axes which is de- 
scribed by the order parameter (cos 214) where $ is an azimuthal angle 
of a transverse molecular axis. The chirality eliminates the two-fold 

3.2.1. Ultra-high frequencies 

3.2.2. High frequencies 

.. 

-. 
c z 

t i  
--c z 

FIGURE 15 A molecule in the smectic C phase in thc planar orientation. zy- 
electrode plane, xy-smectic layer plane, 0-molecular tilt angle with respect to the 
normal z ,  9-azimuthal angle, c, (i = 1.2.3) components of the dielcctric tensor. 
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FERROELECTRIC LIQUID CRYSTALS 43 

degeneracy and results in the appearance of polar ordering described 
by the order parameter (cos I)).’~ According to7’ the difference 
e3 - (el) increases linearly with increasing tilt of the long molecular 
axes 8, Fig. 16, and this difference remains positive within the fre- 
quency range 1-50 MHz.’~ 

Of special interest is the temperature behaviour of the value e3 - 
( e l )  for ferroelectric mixtures composed of achiral smectic C matrices 
and chiral additives with large dipole moments in chiral moieties. In 
such systems, in contrast to7’ one may anticipate a strong nonlinear 
dependence of E~ - (el) on the tilt angle due to the dipole-induced 
dipole interactions. Such interactions appear to be responsible for 
the additional contribution to the spontaneous polarization of these 
mixtures23 which is cubic in 8 and very fast (relaxation times are less 
than lo-%). 

3.2.3. Middle frequencies. Tilt angle dynamics, soft mode, electro- 
clinic effect. The frequency range 103-105 Hz is especially re- 
markable because of the contribution of the molecular tilts and their 
rotation around short axes to the longitudinal component of the di- 
electric permittivity. (e.g., for DOBAMBC E,, = 6-7 atf = 20 H Z ~ ~ ) .  
The corresponding relaxation times lie in the microsecond range .5x 

It is this molecular mode, i.e., the tilt of the long molecular axes 
or, in other words, their turn over the short axes, results in the phase 
transition from the smectic A to the smectic C phase. Such a lowering 
of symmetry is assisted by the hinderance of molecular rotation around 

0.3 

0.2 

0. I 

FIGURE 16 Temperature dependence of the difference between the field-on, E = 
2 + 5 kV . cm-I > E, (e3)  and the field-off ((el)) values of the dielectric permittivity 
(DOBAMBC, f = 1.5 MHz, the amplitude of the measuring field 17 V I cm-I ,  the 
experimental geometry is shown in Fig. 15). 
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44 BERESNEV, et a1 

the long axes and the appearance of the non-zero value of the average 
perpendicular dipole moment, that is, the spontaneous polarization. 

The dynamics of the tilt angle and the spontaneous polarization, 
in the simplest case of the absence of the helical structure, obey the 
Landau-Khalatnikov equations2': 

Here, the decay constant rl = l/yl, where y1 is the twist viscosity 
coefficient, and the free energy is expanded in the series: 

One of the solutions of (50) corresponds to the in-phase fluctuations 
of 8 and P. It is the soft mode which is responsible for the appearance 
of the ferroelectric order at T = T,. For r2 >> r,, near the phase 
transitions one gets 

Yl  

2a'(T - T,) 
7* = 

for the smectic A phase, and 

Y1 

4a'(T, - T) 
7< = (53) 

for the smectic C* (or C) phase. 
For the helical structure equations (52, 53) are true in the vicinity 

of T, excluding an extremely narrow interval, AT, where the corre- 
lation length of the tilt angle fluctuations is comparable with the pitch 
of the helix ho = 2n/q, at the transition point.79 At the very point 
T, in contrast with (52, 53) the soft mode has a finite relaxation time 
7* = 7C' = T~ = y,/Kqg. 

In experiments the dynamics of the tilt angle near the C* - A 
phase transition in DOBAMBC was investigated by two different 
techniques, namely, using either the pyroelectric or the electroclinic 
effect. In the first case, one measures the angle 8 indirectly by ob- 
serving the relaxation of the electric polarization (or its temperature 
derivative, that is the pyroelectric coefficient y = dP/dT)  caused by 
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FERROELECTRIC LIQUID CRYSTALS 45 

a heat pulse. This technique was applied to the smectic C* phase and 
allowed the relaxation time 7, to be found71 (see left part of Fig. 17 
for T < T, and compare with eq. (53)). 

The other technique uses the field-induced change of the tilt angle 
0(E) of the director in the smectic A p h a ~ e . ~ , ~ ~  The electric field E 
has to be directed along the smectic planes, say, in the y-direction 
(z - is the normal to layers). If molecules have the transverse dipole 
moments, d,, the field will orient them in the y-direction propor- 
tionally to the factor exp(d,Elk,T) where kB is the Boltzman con- 
stant. For achiral molecules the yz-plane would remain a mirror plane 
even in the field-on condition. However, for chiral molecules the 
mirror symmetry is lost and the f x  and --x directions become non- 
equivalent. As a result the director is tilted in the xz-plane (see insert 
in Fig. 18). This electroclinic effect is an inverse of the change in the 
polarization due to the molecular tilt. From the temperature de- 
pendencies of 8(E) of DOBAMBC shown in Fig. 18 for different 
f r e q u e n c i e ~ ~ ~ * ~  one can calculate the temperature behaviour of the 
relaxation time T~ (T) for the smectic A phase (the right curve in 
Fig. 17). 

Thus, the critical increase in the relaxation time 7, for the molecular 
tilt has been observed for both sides of the C* - A phase transition. 
However, the accuracy of the  measurement^^,^^,^^ is not sufficient for 
the calculations of the corresponding critical exponent. The estimates 
show that the critical exponent o in the dependence 7, - IT, - TI" 
is close to 1 predicted by the mean-field theory when IT, - TI exceeds 

- 0.5 0 T-T,K 
FIGURE 17 Soft modes in the smectic C* and smectic A phases of DOBAMBC. 
Left part (T < T,) is obtained from the dynamics of the pyroelectric response (Ref. 
71); right part (T > TJ-from data on the electroclinic effect (Ref. 9). 
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46 BERESNEV, et a[. 

FIGURE 18 Field-induced tilt of the director in the smectic A phase as function of 
the temperature for various frequencies (from Ref. 9). Inset: geometry of the exper- 
iment. 

the value of the order of 0.1 K characteristic of the non-ferroelectric 
C-A transition.*’ In the close vicinity of T, the exponent may be 
enhanced up to the value o = 1.3 typical of the helium analogy.8’ 

The same exponents (o = 1 for the mean-field model and o = 
1.3 for the helium analogy) are predicted for the temperature be- 
haviour of the susceptibility x,, near the second order C* - A phase 
transition. In the smectic A phase an estimation of o was made from 
the curves O(T), Fig. 18 for the electroclinic effect. The value o = 
1.1 obtained in9@ agree neither with the mean-field nor with the 
helium (scaling) model. In our opinion, the reason for the discrepancy 
lies in the optical technique for measuring the electric response. The 
electric susceptibility is due to the dipolar parts of the molecules which 
are located near their flexible chiral tails (in the case of DOBAMBC, 
e.g.) while the optical response is due mainly to the easily polarizable 
rigid skeletons of the molecules.82 There is no rigid and temperature 
independent coupling between the two moieties and the value of the 
critical exponent has to be corrected to take this temperature de- 
pendence into account. 

The pyroelectric techniq~e’~ based on the measurements of the 
field derivative of the pyro-coefficient dyldE according to the equality 
(47) is free of the shortage mentioned above. In this case the dielectric 
susceptibility is measured in an electric way. In addition, the tech- 
nique is of a differential type that is, one measures not xe but the 
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FERROELECTRIC LIQUID CRYSTALS 41 

derivative dxe/dT which is insensitive to other background components 
of the permittivity. 

The temperature dependence of the derivative dxe/dT for the un- 
wound helical structure (E >> E,) of DOBAMBC is shown in Fig. 
13. In the range 0.15 < T, - T < 1.5 K the dependence obeys the 
equation (dx/dT( = a(T, - TIps where 6 = 2.0 k 0.1 both in the A 
and C* phases and the coefficient u for the A-phase is two times 
more than that for the C*-phase. Such a behaviour corresponds to 
the Currie-Weiss law for the susceptibility xe and, therefore, the 
Landau expansion (51) is true. From (51), it follows (for E >> E,): 

m2[a’(T - Tc)], T > T, 
’-’ = { m2[2a’(T, - T)], T -=c T, (54) 

These equations allow the elastic modulus for the tilt of the director 
a’ to be calculated when the coefficient a coupling the tilt angle and 
the spontaneous polarization, P, = me, is known from independent 
experiments. For DOBAMBC the value of a’ = 5 . 104J . m-’K-’ 
obtained in Ref. 72 agrees with the independent data of Refs. 83, 
84. The insert of Fig. 13 illustrates the temperature dependence of 
susceptibility xe obtained by integrating the curve dxe/dT. 

Thus, the soft mode susceptibility has the Curie- Weiss behaviours 
in the vicinity of the second order A - C* phase transition. However, 
in contrast with solid ferroelectrics, the anomaly in the susceptibility 
at T, is small (xe = even against rather small background value 
of x = 0.378 in both the smectic A and C* phases. This is the con- 
sequence of the improper nature of ferroelectricity in liquid crystals. 
Because of this smallness the anomaly predicted t h e o r e t i ~ a l l y ~ ~ , ’ ~ ? ~ ~  
is hardly detected by other traditional (capacitance)  method^.^^,^^,^^ 

3.2.4. Low frequencies. The Goldstone mode. Switching the polar- 
ization. There are a lot of papers which contain rather contra- 
dictory information on the temperature behaviour of the low- 
frequency dielectric permittivity of ferroelectric liquid crys- 
t a l ~ . ~ ~ , ~ ~ , ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ , ~ ~ , ~ ~  Recently, however, an important thing 
became clear. As a matter of fact, most of the investigators did not 
pay sufficient attention to distinguishing polar cases of strong and 
weak fields. As a result, the effects of the distortion of a helix as well 
as fluctuation effects in uniform samples with compensated helical 
structure or stabilized by solid surfaces are usually masked by other 
effects caused by a field-induced change in the direction of sponta- 
neous polarization coupled with the director. 
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48 BERESNEV, ef al. 

Let us try to clarify the question. The theory of 32.5 for the case 
of low frequencies and weak electric field, E << E, predicts the 
dielectric response including the polar (angle 0) and azimuthal (angle 
cp) distortions, see formulae (34-36). The criterion of weak field 
means that the field does not change the equilibrium character of the 
initial orientation of the director but only adds infinitesimal values 
60 and 6cp to angles 0 and cp. In fact, the field must be smaller not 
only than the critical field E, of unwinding the helix but also smaller 
than any other field which is capable to distort the director. For 
instance, it may be a field resulting in a motion of defects or switching 
the vector P, of spontaneous polarization. The latter effect is of par- 
amount importance as switching polarization needs extremely low 
voltages (sometimes it is an effect analogous to the Fredericks tran- 
sition with a threshold field Ef but, in the case of a inhomogeneous 
initial orientation the effect has no threshold and the condition of a 
weak field cannot be satisfied in principle). At present, we do not 
know of any reliable experiment where the Goldstone mode in the 
helical smectic C* structure would be observed. What we mean by 
the Goldstone mode is as follows. In the achiral smectic C phase this 
mode is referred to the motion of the director along the conical surface 
around the normal to the smectic layers, the angle 0 being constant. 
This mode restores a symmetry of the smectic A phase. In the chiral 
smectic C* phase the same mode is also accompanied by a process 
of twisting and untwisting the helix. In particular, the process of the 
restoring of the helix distorted by an external field is described by 
this relaxational mode. Thus, we speak of the same restoring mode 
in two senses. 

The theory (02.5) of the dielectric susceptibility corresponding to 
the Goldstone mode in the uniform case (q = 0) predicts qualitatively 
the curve xc(T) without any anomaly in the vicinity of the phase 
transition T,.,, Fig. 19. The value of x, is finite at the transition 
temperature and the exact temperature behaviour in the C* phase 
depends on parameters kf, pp, h,  etc. This curve, in principle, can 
be obtained experimentally only for the ideal structure (without de- 
fects) weakly distored by the external field. 

Now, let us consider the uniform structure of the chiral smectic C* 
untwisted, say, by solid boundaries or by a compensation of right 
and left components, but not by an external field. The external field 
is again small, E << Eth, where Eth corresponds to any process of 
reorientation of the director. In this case, one should observe the 
susceptibility curve corresponding to the soft mode, curve xs in Fig. 
19. In a thermodynamic limit, E = 0, this curve diverges at the 
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FERROELECTRIC LIQUID CRYSTALS 49 

T 
FIGURE 19 Qualitative temperature behaviour of the low frequency dielectric sus- 
ceptibility for the chiral ( x G )  and the uniform (xs )  structures in the weak field limit 
and the apparent susceptibility ( x p )  in the strong field spontaneous switching polari- 
zation. 

transition point. This curve is to be compared with the experimental 
curve xs(T), obtained under conditions of a rather high d.c. field, 
E >> E,, Fig. 19. 

If the same uniform structure is placed in a a.c. field which is high 
enough to switch the direction of spontaneous polarization, strong 
displacement currents caused by this switching are observed. These 
currents make a contribution to the observed (apparent) value of the 
dielectric susceptibility. This component is proportional to the value 
of the spontaneous polarization in the C* phase and vanishes at the 
phase transition point TC**, curve xp in Fig. 19. 

Thus, we come to conclusion that new dielectric measurements 
with precisely fixed experimental conditions are necessary. RecentIy 
we managed to measure separately the temperature curve xJT) using 
the field dependence of the pyro-electric coefficient, Fig. 19.93 The 
curve xJT) is similar to the curve P,(T). Such experiments correspond 
to characteristic times of switching of the order of minutes, that is to 
frequencies 10-3-10-4 Hz (near to the limit o + 0). 
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50 BERESNEV, et al. 

The calculated values of the dielectric permittivity, E = 1 + ~ T X , ,  
for DOBAMBC according to93 are considerably higher than those 
obtained at frequencies of the order of tens of herz. 11,26,56,57,78,87,90,92 

We think that such frequencies are not small enough to provide a 
steady-state regime for the measurement of E in inhomogeneous sam- 
ples. In this case, the dynamics of spontaneous polarization is limited 
by the motion of defects and the frequency dispersion of permittivity 
is expected at frequencies below 10 Hz, (Fig. 14, dashed line). 

The hysteresis loops in the field dependences of dielectric permit- 
tivity, Fig. 20 can also be accounted for by the creation and annihi- 
lation of  defect^.^^,^^ 

3.3 Chemical classes of ferroelectric liquid crystals 

According to the simple symmetry considerations of R. Meyer' and 
strict theoretical group analysis94 the appearance of spontaneous po- 
larization is possible in any system having a lamellar structure and 
consisting of tilted chiral and dipolar rod-like elements. 

Fig. 21 demonstrates a model for dipolar ordering in the chiral 

€'  

20 

L 

I0 - 

1 I I I 
0 !i 10 

E , k V/cm 
FIGURE 20 Hysteresis curves for the low frequency dielectric permittivity E' of 
DOBAMBC in electric and magnetic (insert) fields. D is the region where disclinations 
disappear with increasing E. 
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FERROELECTRIC LIQUID CRYSTALS 51 

FIGURE 21 
tilted smectic. Position (a) is more preferable for the molecules than (b). 

A model for the ordering of transverse molecular dipoles 2 in a chiral 

smectic C* phase. This model is rather similar to that with “ferro- 
electric fishes” mentioned in the de Gennes bo0k.l’ The chirality 
results from a tripod at the molecular end, the three legs of which 
have different length and form a single (e.g. right) triple of vectors. 
In such a model transverse dipolar moments are not compensated for 
since the monoclinic surrounding makes the molecular position (a) 
more preferrable than (b). Thus, there appears an asymmetry in the 
hindered rotations of the molecules around their long axes and, as a 
result, a non-zero average dipolar moment perpendicular to the plane 
of the molecular tilt. 

At the present time, the majority of syntesized ferroelectric liquid 
crystals consist of molecules which meet simultaneously all the re- 
quirements necessary and sufficient for the appearance of sponta- 
neous polarization. The conventional way to construct a liquid crys- 
talline ferroelectric is as follows: one looks at an achiral tilted smectic 
phase, e.g. smectic C, and tries to syntesize a chiral analog of the 
compound. In many cases the chirality is due to the asymmetric 
carbon atom in the optically active residue of isopentyl alcohol 

H 
I 
I 

CH, 

R* = -CHZ- C* -C,H, 

The temperature range of the chiral smectic C* phase (asterisk 
means chirality) does not markedly differ from that of the C-phase 
of the achiral analog. It may be seen from the comparison of the 
homologous series of 4-alkoxybehzylidene-4’-amino-pentylcinnamate 
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52 BERESNEV, et al. 

(I) and its optically active isomers (I*) 

A classical compound DOBAMBC also belongs to the second series 

There have been syntesized this way tens of single-component fer- 
roelectric liquid crystals from various chemical classes. Table I sum- 
marizes the corresponding data on molecular structure, temperature 
ranges of the C*-phase and the spontaneous polarization. The ad- 
ditional data may be found in.95 

All the compounds whose chirality is due to the isopentyl moiety 
R* have a P, value not exceeding lO-*C cm-2. There are two reasons 
for this effect. 

First, the hinderance of the rotation of the molecules around their 
long axes is rather weak, presumably for some steric reasons. This 
fact is confirmed by direct measurements"4 of the order parameter 
for short molecular axes (cos I)), where JI is an azimuthal angle of 
the molecular rotation around the long axes, Fig. 23. 

Second, there is rather free internal rotation of the dipolar group 
with respect to the chiral fragment. Indeed, the further the dipolar 
moment is removed from the chiral fragment the less is the P, value, 
see Table 11. 

As it is easily seen, the dipolar group -COO- in substance N o  
1 from Table I1 is weakly coupled with the assymetric carbon atom 
due to the almost free relative rotation of the benzene rings in the 
biphenyl moiety. In this case the spontaneous polarization is negli- 

(n  = 10). 

FIGURE 22 Temperature ranges of existence of liquid crystalline phases for chiral 
compounds (1*) and their achiral counterparts (1) with homolog number n. The sym- 
bols Is, A, B,  H mean the isotropic and different smectic phases (the parenthezis show 
monotropic ones). The ranges of the smectic C and C* phases are hatched. 
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T K  16 12 8 4 0 7  

FIGURE 23 The polar order parameter (cos $) for the -0 group as a function 
of temperature for DOBAMBC (0) and HOBACPC (0). 

gible. For compound No 2, the dipole moment formed by an oxygen 
atom -0- is situated closer to the asymmetric carbon atom and 
the P, value is easily detected. In compound No 3 the same dipolar 
-0- group is directly coupled with the asymmetric atom and the 
P, value is one or two orders of magnitude higher. 

A similar increase in P,7 with decreasing distance between a dipolar 
group and a chiral moiety was also observed for other chemical classes 
of ferroelectric liquid crystals, see for example. 11' 

The effect of the variation of other molecular fragments on the 
value of the spontaneous polarization is rather weaker. For instance, 
compounds No 10, 12, 19-23 and 24 from Table I have nearly the 
same P, = 10-9C * cm-* though the central cores of their molecules 
are quite different. An increase in the number n of carbon atoms in 
an alkyl chain results, as a rule, in some decrease in the P,r value 
(look at, e.g., compound 10, 12, 24 in Table I). The latter effect can 
be accounted for by the zig-zag overall form of the molecules,x2 see 
Fig. 24, which, with increasing n ,  results in a decrease in the effective 
tilt angle 8, for the chiral tails defining the polarization value (3). 

3.4. Ferroelectricity in mixtures. 

The conditions which are sufficient for the origin of the spontaneous 
polarization may be satisfied not only in single-compounds but in 
binary or multi-component mixtures as well. The most important case 
corresponds to mixtures of nonchiral smectic C compounds with chiral 
dipolar a d d i t i ~ e s . ~ ~ ) J ' ~ . ~ ~ '  Such mixtures have the same point sym- 
metry (C,) which is typical of single component ferroelectric liquid 
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63 

FIGURE 24 A zig-zag model for molecular packing in the C* phase. 

crystals. Thus, the mixture composed from non-ferroelectric com- 
ponents are ferroelectric and the value of the spontaneous polari- 
zation can be of the same order of magnitude or even higher than 
that for single component liquid crystals."* The mechanisms for di- 
polar ordering in the two cases are similar, Fig. 21. 

From a practical point of view, it is much easier to synthesize 
separately achiral smectic C matrices and chiral dipolar additives. 
The matrix should satisfy only some requirements with respect to the 
temperature range, stability and optical properties and there are a 
lot of compounds'*9 of this kind. The chiral dipolar additive deter- 
mines the P, value and, on the one hand, must have rather compli- 
cated molecular structure but, on the other hand, may be non- 
mesogenic. 

The exact value of the spontaneous polarization in mixtures is 
determined by a variety of factors. We can list the dipole moment 
and its vicinity to the chiral moiety of additives, the molecular tilt 
angle for the matrix and the mutual accordance in molecular lengths 
of the matrix and the additive. For small concentrations of additives 
(C) the induced polarization is proportional to C,'18 Fig. 25. The 
chiral impurity, naturally, twists the director of an achiral smectic C 
matrix and the corresponding wave vector is also proportional to 
concentration (for small C). In this respect the situation is similar to 
the case of the induced chirality in nematic mixtures.l*O 

The microscopic theory1*',lZ2 also predicts the possibility of induc- 
ing the spontaneous polarization in mixtures of the same symmetry 
(C,) but containing other components. For instance, one may com- 
pose a ferroelectric mixture from an achiral tilted smectic C matrix 
with dipolar molecules and chiral but non-polar additives. Another 
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5 10 I$ 
& h a i l  impurity conc., wt.% 

FIGURE 25 The value of the spontaneous polarization P, induced by a chiral additive 
in an achiral smectic C matrix as a function of the concentration (C) of the additive. 

way is to combine a chiral non-polar smectic C* with achiral but 
strongly polar impurities. However, the last two combinations do not 
result in high values of P,-because of weak coupling between the 
dipolar and chiral moieties. 

There are attempts to control the P, value of single component 
ferroelectrics by introducing dipolar or chiral additives. A monotonic 
decrease in P, was observed for DOBAMBC doped with small (< lo  
wt%) amounts of an achiral dipolar impurity.58 The further increase 
in impurity concentration usually results in disappearance of both the 
smectic C* phase and the polarization."'0~'2'. The small chiral mol- 
ecules of L- or D-carvone 

0 
\\ 

dissolved in DOBAMBC change its polarization in a rather compli- 
cated way,124 Fig. 26. The behaviour depends on the sign of the 
chirality and is due to specific packing effects of the small impurity 
molecules between the tails of the relatively large DOBAMBC mol- 
ecule~ . '*~  The asymmetry of the influence of the left and right isomers 
on the concentration dependence of P, can probably be connected 
with a different change in the angle formed by the tails of the 
DOBAMBC molecules with the smectic planes. Similar behaviour 
was observed in bilayers of optically active phospholipids doped with 
left and right amino-acids.126 
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FIGURE 26 
concentration 

ps , to9c c ~ 2  

4 5i 
I 0 I 

I I 1 
0 10 20 30 

Carvone concentration 

of the 

Let us return to the ferroelectric mixtures. From high temperature 
compounds of various classes one can compose room-temperature 
mixtures suitable for technical applications. For example,llO a six- 
component mixture: 

n = 9, 25 wt 70, 
n = 10,20 wt %, 

n = 9, 10 wt %, 
n = 10,10 wt %, 

15 wt 70, 

C"H2".,++" 

C,H,,+ l ~ o - c ~ ~ R *  

20 wt %. 
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with the following phase transition temperatures: 
Smectic 111 --+ smectic C* - smectic A ---+ nematic 
4 isotropic-has (at T = 28°C) the polarization P, = 9.4 * lo-' 
C . cm-2, tilt angle 8 = 22" and helical pitch h = 4p. 

25°C 58°C 73°C 

82°C 

3.5. Non-helical liquid crystalline ferroelectrics 

The chirality of the compounds which form the smectic C* phase 
results in two consequences. First, it removes the inplane mirror 
symmetry and gives rise to a polar microscopic structure. Second, 
the chirality induces a macroscopic helical structure with a pitch ex- 
ceeding the thickness of the smectic layers by two or three orders of 
magnitude. The microscopic mechanisms of these two effects are 
different and one may imagine a specific case when the helical struc- 
ture vanishes but the polar direction remains. 

In electro-optical devices, the helical structure, as a rule, is un- 
desirable because of numerous defects and inhomogeneities of the 
orientation of the director even at zero field.'27,'28 Thus, it is of 
practical importance to have an untwisted but ferroelectric liquid 
crystal. 

There are several ways to  prepare untwisted structures with a finite 
value of the spontaneous polarization. In thin cells where the thick- 
ness of a liquid crystal layer is less than the helical pitch, d < h,  the 
helix is unwound for the interaction of a liquid crystal with solid 
surfaces. Another way is to compose a mixture of two (right and left) 
components with different molecular structures (otherwise we would 
obtain a racemic non-ferroelectric mixture). Two different compo- 
nents compensate for their twisting abilities. 

For the first time a non-helical ferroelectric has been prepared from 
two classical single-component liquid crystals, DOBAMBC and 
HOBACPC with different signs of chirality.12' For a certain concen- 
tration of HOBACPC (c = 55 wt %) the spiral is completely un- 
wound, Fig. 27, but the value of the spontaneous polarization remains 
finite (P,, = 4 cm-2 at T,, - T = 20°, wave vector 
qo = 0). Another example is a mixture of an achiral smectic C matrix 
with right and left additives which are not mirror isomers of the same 
compound.32 Further, for some specific set of parameters the twist 
may be compensated for even in a single component ferroelectric 
liquid crystals.13o And, lastly, the twist can disappear for the specific 
elastic properties of other ferroelectric phases (besides the SmC*) 
which occur at lowered  temperature^.'^^ 

lo-' C 
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t 

J 
conc. HO0ACfC ,wt .% 

FIGURE 27 Compensation for the helical structure and the vanishing of the polar- 
ization in a mixture of DOBAMBC and HOBACPC. 

3.6. The effect of the steric and dipolar interactions on the value of 
the spontaneous polarization 

From the conventional point of view the dipolar ordering in chiral 
tilted smectics is a secondary effect which results from a more fun- 
damental, primary reason, namely, from the hinderance of molecular 
rotation around their long axes caused by some steric interactions 
(the model with molecular tripods discussed above is an example of 
these interactions). The spontaneous polarization, as a secondary 
parameter, is proportional to the true order parameter (the tilt angle 
8) of the smectic C* phase, Eqn. ( 3 ) .  The role of steric factors could 
be seen if one compares the P,-values for substances N 6 and 7 
(n  = 10) in Table I .  The chiral moiety of substance N 7 is a little 
more forked than that of substance N 6 because of an extra -CHI? 
group and this factor enhances the P, value more than two times. 

Besides the main part of P,?, which is a linear function of the tilt 
angle 8, there exists an additional contribution to P, which is cubic 
in The relaxation time for this novel part of the polarization is 
less than lops  S, which is markedly shorter than the tilt angle relax- 
ation times (soft mode). To explain this contribution to P, one should 
consider the additional degree of freedom for molecular motion. For 
example, the fast part of the polarization may result from fast motion 
of the chiral dipolar tail of a molecule. In that case, the tilt of the 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



68 BERESNEV, ei al. 

molecule as a whole, which is necessary to have P, for symmetry 
considerations, represents a slow background against which the fast 
process of the relaxation of a dipolar tail occurs. The experiment 
confirms the predicted (cubic) dependence 

for the fast contribution. The two terms (slow and fast) can be sep- 
arated using the pulse pyroelectric t e ~ h n i q u e . ~ ~  For DOBAMBC the 
fast polarization is small, Pt = 0.03 P, but is easily detected thanks 
to the time selection. The temperature behaviour of the slow, P,(T), 
and fast, P,(T), polarization modes is shown in Fig. 28 for 
DOBAMBC.23 The fast term of P, can be more pronounced in multi- 
component mixtures. 

Apart from steric interactions the ordering of the short molecular 
axes may also be caused by long-range forces. According to the mi- 
croscopic theory121J22 (see below, part IV), an increase in the trans- 
verse component of the dipole moment di2 in a chiral moiety of a 
molecule results in increasing interactions of the type “dipole-induced 
dipole.” These interactions also increase with increasing transverse 
polarization of neighbouring molecules xL. 

To discuss the role of the dipole-dipole interactions let us look at 
the well known compounds DOBAMBC and HOBACPC. Their main 
difference is due to the compact but strongly polar C-C1 group 

0.1 0.2 0.3 $rad 
1 I I s 

2 4 6  
0 3 ,  10“ d3 

FIGURE 28 Slow (P,) and fast (P , )  contributions to the spontaneous polarization 
of DOBAMBC as functions of the tilt angle. 
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FERROELECTRIC LIQUID CRYSTALS 69 

instead of non-polar but “forked” C--C,H, group in the chiral moiety. 
As a result of this compactness one can anticipate the smaller order 
parameter (cos JI) for the short molecular axis (labelled, for example, 

by C=O group) of HOBACPC versus that of DOBAMBC (may- 

be, two-times or more in analogy with substances No 6 and 7 from 
Table I). However, experiments114 show that (cos JI) for the C=O 
bond of HOBACPC is higher than that for DOBAMBC, Fig. 23. In 

our opinion, this increase in (cos +) of the C=O bond is a result 

of the dipole-dipole interactions between the C-Cl bonds of neigh- 
bouring molecules121.122 which are stronger than the interactions be- 
tween the ethyl groups in DOBAMBC. 

The measurements of the spontaneous polarization in specially 
composed mixtures allowed us to separate the contributions from 
steric and dipolar interactions to the total dipolar ordering.132 The 
slow and fast components of the polarization were measured for a 
mixture of an achiral smectic C NOBAPC. 

\ 

/ 

\ 

/ 

cyH 1y-+H=N+=CH-coo-c5H 

and its chiral isomer L-NOBAMBC 

which differs from NOBAPC only by the location of the CH,-group 
in the molecular tail. With this mixture it is possible to change smoothly 
the steric and dipolar intermolecular interactions. Let, for example, 
the concentration of the “forked” component (NOBAMBC) in a 
mixture be increased. Then the hinderance of the rotation of the 
molecules around their long axes caused by steric factors also in- 
creases. At the same time, the interaction between the dipolar 
\ 

C=O groups in neighbouring molecules becomes weaker for an 
/ 
increase in the distance 1 between them, Fig. 29 (the dipole-dipole 
interaction energy strongly depends on 1, W,, - d2/13). 
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70 BERESNEV, ei al. 

FIGURE 29 A model for mutual packing in the chiral C’ phase of two chiral mol- 
ecules of NOBAMBC (a), and of a chiral (NOBAMBC) and achiral (NOBAPC) 
molecule (b). 

The concentration dependences of P,, and P, reduced to the same 
tilt angle 0 of the director (data taken from’”) are demonstrated in 
Fig. 30. The corresponding values for the piezocoefficients p6 and pt 
calculated with Eqns. (3) and (55 )  are also shown. It is easily seen 
that an increase in the concentration of the chiral component results 
in an increase in the “steric” piezo-coefficient p+, and a decrease in 
the “dipolar” piezo-coefficient kt. Thus, though the energy for the 

canc. NOBAmBC , % 
20 40 60 80 
Lonc N O a A m B C  ,% 

FIGURE 30 Maximum values of slow (P,) and fast (P,) polarizations and the cor- 
responding piezo-moduli pa and p, in the smectic C* phase of a NOBAPC-NOBAMBC 
mixture as functions of the NOBAPC concentration. 
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FERROELECTRIC LIQUID CRYSTALS 71 

dipole-dipole interactions w d ,  = 0.2 kT (T = 350 K, d ,  = 2 0 ,  1 = 
5 - 7 A, w&, = J) can not control the transition to a ferroe- 
Iectric phase it does give an additional contribution to the dipolar 
ordering and spontaneous polarization as soon as the ferroelectric 
phase occurs for some other (e.g. steric) reasons. This contribution 
is small for DOBAMBC and for the discussed mixture (Pt - 3-5% 
of P,) but it becomes essential for mixtures of achiral smectics C and 
chiral additives with a large dipole moment in the chiral moiety. For 
instance, in a mixture of HOPE OOBA and HOBACNPC (5  wt %) 

the fast dipolar contribution P, = 0.43 Pi'. The temperature de- 
pendences of the fast components of the spontaneous polarization P, 
and pyro-electric coefficient -yr as well as of the total polarization 
P, = P, + P, are shown in Fig. 31 for the above discussed mixture. 

The increase in the transverse dipole moment d,, in a chiral mo- 
lecular fragment of an additive increases sharply the polarization p,. 
This may be seen from Fig. 32a. Various chiral additives with a general 

Ps = P@+ P t  2 t L  4 

2 i 
40 50 6 0  T,"C 

FIGURE 31 Temperature dependences of the fast contributions in the pyro-coeffi- 
cient y, and polarization P, and of the total polarization P, = P, + P, for a mixture 
of the achiral smectic HOPE OOBA and the chiral additive HOBACNPC (5  wt%). 
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72 BERESNEV, et al. 

p5 , I O - ~ C ~ ~ - ~  

0.1 0.2 0.3 0.4 JLi  

FIGURE 32 Spontaneous polarization P, induced in achiral smectic C matrices OOOPP 
(l), HOPE OOBA (2), HOHSA ( 3 )  by chiral additives as functions of the dipole 
moment d,, of the additive (a) and of the transverse component xL1 of the matrix (b). 
Concentration of the additive is 5 wt% everywhere. 

formula 

where XI = -C2H5 (HOBAMBC, d - 0.3 - 1 D ) ,  X2 = -C1 

were introduced in three different smectic C matrices. The increase 
in P, value agrees with the theoretically predicted dependence 
P, - d3,. The spontaneous polarization also increases markedly with 
increasing value of the transverse molecular polarizability xl of an 
achiral matrix. Fig. 32b shows the data for P, for three mixtures based 
on different smectic C matrices (OOPOP, HOPE OOBA and HOHSA) 

(HOBACPC, d - 2 D), X, = - C S N  (HOBACNPC, d - 4 D) 

‘0 H 
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FERROELECTRIC LIQUID CRYSTALS 73 

with the same additive (HOBACNPC). The additive concentration 
was held to be constant (C = 5 wt %> and the P,-values were reduced 
to the same tilt angle of the smectic C matrices. The linear dependence 
of P, on xI predicted by the theory121,122 for small impurity concen- 
trations agrees well with the experimental data. 

Our  experiment^^^-^^^,'^^ have shown that high values of P, can be 
provided only for high values of the parameter p,, and its value, in 
turn, correlates with the dipolar properties of both the matrix and 
the additive. This result should be taken into account when preparing 
mixtures with high spontaneous polarization for applications. 

3.7. Polymorphism of ferroelectric phases 

From symmetry considerations, the appearance of spontaneous po- 
larization is allowed for all chiral smectic phases with the director 
tilted with respect to the layers. The most studied case is the smectic 
C* phase, especially for DOBAMBC and HOBACPC. There are 
also data on the temperature behaviour of the spontaneous polari- 
zation for other, low-temperature ferroelectric phases of the same 
c o m p o ~ n d s . ~ ~ ~ J ~ ~  For instance, at the transition from the C*-phase 
of HOBACPC into phase one may observe a sharp peak of the 
pyroelectric coefficient y(T),lo2 Fig. 33, and a corresponding rise in 
the spontaneous polarization. 135 The critical exponent of the relax- 
ation time for the soft mode appeared to be equal to 1.0 & 0.1 on 
both sides of the transitionlo2 which is indicative of its second order 
character. At the same time, the DSC measurements show that this 
transition is of the first order. The reason for the discrepancy lies, in 
our opinion, in the fact that the spontaneous polarization is mainly 
determined by the tail part of the molecules, where the chiral and 
dipolar groups are located, and the phase transition occurs in a dif- 
ferent way for flexible tails and for rigid molecular skeletons. 

Rich polymorphism is typical of ferroelectric mixtures. An example 
is shown in Fig. 34. The temperature dependence of the pyro-coef- 
ficient for a mixture of achiral NOBAPC with chiral HOBACPC 
reveals a rather complicated behaviour. 

There are only smectic A, smectic C and smectic B phases119 in 
pure NOBAPC while the mixtures have four pyroelectric phases or 
even more. For one of them the molecular packing is presumably 
anti-ferroelectric, Fig. 34. 

The low temperature phases are, as a rule, more viscous and the 
switching times for the director are markedly 10nger .~~?~*  However, 
they appear to be suitable for some memory devices. Some low tem- 
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K7aCcm-2 fD I ~ ~ C C G ~ K - '  

T 
'.. - 

'4 

A 

L 
60 70 T.'C 

FIGURE 33 Temperature behaviour of the pyroelectric coefficient y and the spon- 
taneous polarization P, of HOBACPC. 

perature ferroelectric phases of single component substances are un- 
twisted even in the zero-field condition13' and may be referred to as 
both liquid crystalline and solid ferroelectrics. 

3.8. Polymeric liquid crystalline ferroelectrics 

In some cases, polymeric liquid crystals may be considered as con- 
sisting of two independent sub-systems, namely, mesogenic fragments 
and flexible chains. For example, a flexible chain, in the first ap- 
proximation, does not influence such static parameters as refractive 
indices, magnetic susceptibility, etc. The same may be said of the 
point symmetry of a polymeric liquid crystal. When mesogenic moie- 
ties form a structure satisfying the symmetry requirements, which are 
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FERROELECTRIC LIQUID CRYSTALS 75 

f, Iiii'cni2K-' 

30 SO 70 T,'C 

FIGURE 34 Temperature dependence of the pyro-coefficient for a mixture of NO- 
BAPC and HOBACPC (20 wt%). 1*-4" are different smectic phases. Upper right: 
the sequence of phase transitions for pure NOBAPC. Upper left: a herring-bone anti- 
ferroelectric structure. 

necessary and sufficient for ferroelectricity , spontaneous polarization 
appears in the polymeric liquid crystal. The comb-like polymers of 
the general formula 

1 
O= C-O--(CH-J,,-CO 

* 
where RT = -CH,-CH-C,H, (polymer P5*M) 

* 
and R,* = -CH2-CH-CH2-CH(CH,), (polymer P6 CM) 

I c1 

were s y n t h e s i ~ e d ' ~ ~ ~ ~ ~ ~  with the aim of producing a ferroelectric struc- 
ture. 
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76 BERESNEV, et al. 

FIGURE 35 The packing of mesogenic groups (1) and polymeric chains ( 2 )  in the 
smectic C* phase of the comb-like ferroelectric polymers PS*M and P6CM. 

X-ray analysis showed the layered smectic structure with the tilted 
orientation of the side mesogenic groups, Fig. 35, in the temperature 
ranges 43-73°C (P5*M) and 52-71°C (P6 CM). 

As was anticipated, the spontaneous polarization was detected in 
both polymers. Its value, P, i= 10-9C * cmP2 is typical of liquid 
crystalline (low molecular) ferroelectrics. The temperature depend- 
ences of the pyro-coefficient and the spontaneous polarization meas- 
ured by the pulse pyroelectric technique are shown in Fig. 36. 

Polymeric liquid crystalline ferroelectrics have some specific fea- 
tures. First, polarization and the pyro-effect remain even in the glassy 
state at temperatures below the vitrification point (T, = 43°C for 
P5*M and T, = 52°C for P6 CM). Second, when we use a polarizing 

2 

0.4 1 3 
I 

I I I I I 

so 70 T,'C 30 70 T,"c 30 

Q b 
FIGURE 36 Temperature behaviour of the pyro-coefficient y(T) (a) and the spon- 
taneous polarization (b) of polymers PS*M and P6CM. 
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FERROELECTRIC LIQUID CRYSTALS 17 

electric field to obtain a monodomain state in the smectic C* phase 
this state relaxes very slowly (hours) because of the high viscosity of 
the polymer. Third, near the transition into the smectic A phase the 
critical behaviour of the soft mode relaxation times is strongly ex- 
tended and the corresponding times are two order of magnitude longer 
(1 mS) than those for low-molecular analogs of the polymeric fer- 
roelectrics. In fact, polymeric chains influence the fluctuations in the 
tilt of the mesogenic groups. 

A ferroelectric liquid crystalline polymer P6 CM has been made138 
by polymerization of a low-molecular liquid crystal. To this aim a 
double-bond group -CH=CH- was introduced in the molecular 
structure of the latter. The monomer itself (M6 CM) 

CH2=C-CH3 
\ 

O=C-%( CH2),0-C0 

0 

-0C*!-O-CH2- 2. H-CI 
I 

H*--CH(CH3)2 

has a monotropic ferroelectric C*-phase in the range 15-25°C and 
its ferroelectric properties are standard. For example, polarization 
P, = 2 . 10-*C - cmP2 almost coincides with the P, value of HOB- 
ACPC which has the same - C * - C l  bond in the chiral center. How- 
ever, it is worth noting that the double unsaturated bond sharply 
decreases the temperature range of the mesophase. This may be 
useful for the development of low temperature materials for appli- 
cations. 

Thus, the main features of the ferroelectricity in low- and high- 
molecular weight compounds are similar. However, the presence of 
spontaneous polarization in the glassy state opens up the possibilities 
for investigations and technical applications of the pyro- and piezo- 
electric properties of the corresponding solid films. In addition, the 
polarization measurements allow the mutual influence of the flexible 
chain and the mesogenic groups to be studied. 

3.9. The possibility of ferroelectric ordering in living tissues 

There are some reasons for a search of ferroelectricity in biological 
systems. Some biological structures are lamellar (e.g. membranes), 
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78 BERESNEV, et al. 

others are ~ h i r a l ' ~ ~ ' ~ '  and, lastly, there are examples of polar bio- 
logical structures (e.g. pyroelectric t i s s ~ e s ~ ~ ~ , ' ~ ~ ) .  

In paper Ref. 143 an idea was given for a search for ferroelectricity 
in lamellar membrane structures with chiral additives. This possibility 
is due to the analogy in the structure of the membranes and ferro- 
electric liquid crystals. The chirality of biologically active molecules 
included in membranes (e.g. cholesterol) provides automatically one 
of the necessary conditions for the presence of spontaneous polari- 
zation. The second condition, namely, the molecular tilt in the la- 
mellar structure is also satisfied in bilayers with the tilt of the lipid 
molecules with respect to the normal of the b i l a y e ~ - , l ~ ~ , ' ~ ~  Fig. 37. 
Such a tilt may occur, for example, locally under the action of some 
external factors (chemical, mechanical, etc.). The vector of sponta- 
neous polarization must lie in the bilayer plane perpendicular to the 
tilt plane. 

To evaluate the polarization value which can be induced by bio- 
logically-active, chiral molecules in bilayers, the polarization induced 
by cholesterol in achiral smectic C liquid crystals was measured. The 
in-plane polarization appeared to be surprisingly high, P, = 10-l0 - 
10-9C * cm-2, even for rather small concentrations of the additive, 
Fig. 38. The extrapolation of the P, value to the concentrations of 
cholesterol typical of natural membranes gives the magnitude P, -L 

1 0 - T  * cm-*. Similar results were obtained in experiments with anti- 
biotics. 

b 
FIGURE 37 
taneous polarization induced by cholesterol. 

Structure of the srnectic C" phase (a) and lipid bilayers (b) with spon- 
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FERROELECTRIC LIQUID CRYSTALS 19 

40 50 60 T, *C 

FIGURE 38 Temperature behaviour of the pyro-coefficient y and spontaneous po- 
larization P,v in a mixture of smectic C HOHSA(1) and cholesterol (2). The concen- 
tration of cholesterol is 6 wt%. 

The direct detection of spontaneous polarization in biomembranes 
would, in our opinion, help in understanding the physical nature of 
such biological processes as excitation transfer, ion transport, ensyme 
action, etc. 

IV. MOLECULAR-STATISTICAL THEORY OF 
FERROELECTRIC LIQUID CRYSTALS 

4.1. Microscopic origin of spontaneous polarization in liquid 
crystals 

The spontaneous polarization in ferroelectric liquid crystals appears 
as a result of the partial ordering of transverse molecular dipoles (Fig. 
39). In the chiral smectic C* phase the average dipole moment is 
parallel to the smectic layer and orthogonal to the director n. The 
microscopic origin of spontaneous polarization can be clarified if one 
considers first the orientation of a given molecule in the smectic C* 
phase, represented in Fig. 39. The orientation of molecule "i" can 
be specified by two unit vectors ai and bi which determine the ori- 
entation of the long and short axes of the molecule, respectively, 
(aibi) = 0. In liquid crystals the average orientation of the long 
molecular axis ai is determined by the director n, which is tilted with 
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80 BERESNEV, et al. 

FIGURE 39 Relative orientation of the director n, the spontaneous polarization P 
and the smectic plane normal e in the ferroelectric smectic C* phase. 

respect to the smectic plane normal e.  In the smectic C phase the 
orientational order is rather high145 and the long molecular axis ai 
does not deviate strongly from the average direction. At the same 
time the experiments of Zagar, Blinc et ~ 1 . l ~ ~  show that in the achiral 
smectic C phase the molecules rotate freely about their long axes. 
On the contrary, in the chiral ferroelectric C* phase a small hindrance 
of rotation is observed146 and hence the dipole order parameter ((xbi)) 
f 0, where vector x is fixed in the laboratory frame. For typical 
ferroelectric liquid crystals the dipole order parameter is very small. 
For example, ((bix)) - lo-* for the liquid crystal DOBAMBC.146 
Thus, in the smectic C* phase the molecules rotate almost freely 
about the long axes, but the opposite directions of the short axis b, 
become nonequivalent. This results in the nonzero spontaneous po- 
larization of the smectic layer in the direction determined by the 
symmetry of the C* phase. 

If the short axis bi is parallel to the transverse molecular dipole 
dL, the spontaneous polarization can be written as 

where p is the number density. The Eq. (56) can be rewritten in the 
familiar form (see Eq. (7) of Section 2.1) which corresponds to the 
phenomenological theory 

P = pd, X [ne] (57) 
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FERROELECTRIC LIQUID CRYSTALS 81 

where (bj) = X[ne] and the parameter X << 1 is the dipole order 
parameter of the short axes. The direction of the average dipole is 
determined by the vector [ne], as shown in Fig. 39. The parameter 
X can be estimated also from the ratio of the experimentally measured 
polarization P and the maximum polarization P,,, = pd, which would 
appear under the condition of perfect dipolar ordering. In DO- 
BAMBC p = 1.5 * 10-9Cu/cm3 d, = 1D and p - 1021cm-3 which 
also yields X - lou2. Therefore, the dipolar ordering in the smectic 
C* phase is rather weak in comparison with the strong orientational 
order of long molecular axes which determine the structure of the 
C* phase. 

The weak ordering of transverse molecular dipoles in the smectic 
C* phase confirms the conclusion of the phenomenological theory 
that chiral smectics C* are the pseudoproper ferroelectrics with the 
spontaneous polarization being the consequence of the symmetry of 
the chiral C* phase. 

So far we have considered only the dipolar ordering within a smectic 
layer. In the adjacent layers the direction of spontaneous polarization 
is slightly changed due to the helicoidal twisting of the director about 
the smectic plane normal. It should be noted that helicoidal twisting 
in the smectic C* phase is analogous to the twisting in cholesterics 
and is determined only by the molecular chiralty. The spontaneous 
macroscopic twist results in an additional contribution to the spon- 
taneous polarization of the smectic layer due to the flexoelectric 
effect. This effect has been described in Section 2.2. The molecular 
theory of the flexoelectric effect in the smectic C* phase is presented 
in Refs. 21 and 147. 

4.2. Model potentials of interaction between chiral molecules in 
smectics C* 

Perhaps the most important problem in the molecular theory of fer- 
roelectric liquid crystals is the origin of the intermolecular forces 
which can cause the spontaneous polarization. In the majority of 
classical ferroelectrics the interaction between permanent dipoles is 
usually responsible for the ferroelectric ordering. In contrast? the 
electrostatic dipole-dipole interaction cannot account for the order- 
ing of dipoles in the smectic C* phase. Indeed, the spontaneous 
polarization is observed only in chiral smectics, while the interaction 
between permanent dipoles is the same in chiral and nonchiral liquid 
crystals, since this interaction does not reflect the molecular chirality. 
Thus, the ferroelectric ordering in the smectic C* phase can be ex- 
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82 BERESNEV, et al. 

plained only on the basis of some other intermolecular forces which 
are sensitive to molecular chirality. The corresponding intermolecular 
interactions will be discussed in the following section. In this Section 
we shall follow another way and construct appropriate model inter- 
action potentials which can be used to describe ferroelectric ordering 
in the C* phase. As mentioned above, this potential should reflect 
the chirality of interacting molecules. In the theory of liquid crystals 
the expression for the chiral interaction energy was first proposed by 
Goosens. 148 The simplest chiral interaction between molecules i and 
j can be written as 

V* (i,j) = - J* (ri,) (aiaj)( [aiaj]uij) (58) 

where rij is the intermolecular distance and uij = rijlrij1-l. In Eq. (58) 
the pseudoscalar ([aiaj]ui,) changes sign under the inversion operation. 
The coupling constant J*(rij) also changes sign if one changes the 
handedness of the molecules. Thus J*(ri j )  = 0 for achiral molecules. 
Note that the interaction energy V*(i,j), being a scalar, is invariant 
under the inversion. The interaction (58) is equal to zero if both 
molecules i and j are achiral. 

The interaction potential (58) is widely used in the description of 
helical twisting in cholesterics and smectics C*.148-151 However, it is 
evident that ferroelectric ordering cannot be caused by this interaction 
since the potential (58) corresponds to cylindrically symmetric mol- 
ecules. In the theory of ferroelectric liquid crystals one can use only 
those model potentials which depend on the direction of the short 
molecular axis bi (i.e. the direction of the transverse dipole). The 
appropriate potential should be even in uij, also, since this interaction 
contributes to the free energy of the undistorted (unwound) smectics 
C* . Then the simplest potential of interaction between chiral and 
polar molecules can be written in the form 

The interaction (59) is even in aijaj, uij and odd in bi and hence it is 
sensitive to the direction of the molecular transverse dipole. At the 
same time the interaction (59) is chiral, similar to the potential (58),  
since the quantities ([b,a,]u,) and V*(r,) are pseudoscalars which 
change sign under the inversion. Similar to the potential (58), the 
coupling constant V*,(rij) = 0 if both molecules i and j are achiral. 
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FERROELECTRIC LIQUID CRYSTALS 83 

The simple potential (59) was used in the first statistical theory of 
ferroelectric liquid crystals.122 The general statistical theory of fer- 
roelectric ordering in smectics C* will be presented in section 4.3. 
However, one does not need the general theory in order to be con- 
vinced of the fact that interaction (59) can be responsible for the 
dipolar ordering. 

Indeed, let us consider for simplicity the smectic C* phase with a 
perfect orientational and translational order. In this case the contri- 
bution from the interaction (59) to the internal energy of the smectic 
C* is given by 

where the (. . .) stands for the averge over the intermolecular distance 
rij and the short axis bj. Let us assume now that the interaction U*( i j )  
is a short-ranged one, and consider only interactions between nearest 
neighbours. In the case of ideal smectic order the centres of mass are 
located in equidistant smectic planes and move freely in the planes. 
Then the average over rij is different for the two molecules, located 
in the same plane in the adjacent planes. In the former case the vector 
rjj lies in the smectic plane (uijle) while in the latter one rji is per- 
pendicular to the plane ( ( I I ~ , ~ ) ~  = 1) .  Finally, the average interaction 
(60) can be written as 

AU = -U,*p2{(1 - u)(ne)([ne](bi)) 

3 
= U,*p’( 2 u - I)(ne)([ne1(bi)) 

where u is a fraction of the nearest neighbours located in the same 
plane as the central molecule, and 

With the help of Eq. (56) we have 

AU = -p(ne)([ne]P) 

p = U,*pd;‘; 
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84 BERESNEV, el al. 

The expression (62) has the same form as the so-called “piezoelectric” 
term in the phenomenological free energy of the ferroelectric smectic 
C* phase (see Eq. (21)). As shown in Section 2.2, this “piezoelectric” 
term is responsible for the appearance of spontaneous polarization 
in the C* phase, i.e. 

where x is the dielectric susceptibility. 
The oversimplified derivation, presented above, has been included 

here to demonstrate the main ideas only. The general theory, pre- 
sented in Section 4.3, enables one to obtain the same result in a more 
consistent manner. 

4.3. Induction interaction between polar and chiral molecules 

Let us now proceed to the discussion of concrete intermolecular 
interactions which can be responsible for the ferroelectric ordering 
in the smectic C* phase. As mentioned above, these interactions 
should be sensitive to the chiral and polar molecular properties. Then 
it is useful to analyze the molecular structure of typical ferroelectric 
liquid crystals. 

Ferroelectric liquid crystals can be obtained from the achiral smec- 
togens through the replacement of a hydrogen atom in the alkyl chain 
by an appropriate group (CH,, CI, CN, etc.).’.’0.132The same method 
is used in the synthesis of chiral nematics.lZ0 The schematic model of 
such chiral molecule is presented in Fig. 40. The chirality of the 
molecule i, in Fig. 40 is determined by the orientation of the substi- 
tution group with the long axis 0, with respect to the long axis of the 
whole molecule a,. The molecule is chiral if the vectors a, ,  m, 0, are 
not coplanar, i.e. ([a,m,]o,) # 0. A possible effective bend angle E 
<< 1 of the molecule is also shown in Fig. 40. Using the terminology 
proposed by Derzhanski and PetrovIs2 one can say that the molecule 
i possesses the so-called steric dipole Is,I = ED, where D is the mo- 
lecular diameter. It should be noted that an analogous molecular 
model was used by Van der Meer and Vertogen in the theory of 
cholesteric ordering.lS3 

The chiral interaction between molecules, presented in Fig. 40, is 
determined by the interaction of the substitution group (i.e. the chiral 
centre) with the polarizable core of the neighbouring molecule. It 
should be stressed that maximum spontaneous polarization has been 
observed in smectics C* with a large dipole in the chiral part of the 
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FERROELECTRIC LIQUID CRYSTALS 85 

FIGURE 40 Model for a chiral molecule with transverse steric dipole s, and substi- 
tution group of long axis 0,. 

mo1ecule.ll8 The best known example of such ferroelectric liquid 
crystals is 4-hexybenzylidene-4’-amino(2-chloropropyl) cinnamate 
HOBACPC which possesses the dipole moment d -- 20 due to the 
polar bond C-C1 in the chiral moiety. Thus, at least in the case of 
molecules with large transverse dipoles in the chiral part, the chiral 
interaction is mainly determined by the induction interaction between 
this dipole and the polarizable core of the neighbouring mole- 
cule.121J22 The energy of the induction interaction, averaged over the 
rotation of molecule i about its long axis, is given by 

with 

Jl(i j)  = 3 5 ’  Aajd2,,(o,ai)([oiai]mi) (64) 
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86 BERESNEV, et al. 

where di = d l q  is the dipole moment located in the chiral moiety of 
molecule i and Aa, is the anisotropy of the polarizability of molecule 
j .  Note that the chiral potential (63) cannot be used directly in the 
theory of ferroelectricity since it does not depend on the direction of 
the short molecular axis, and hence it cannot cause the ordering of 
transverse dipoles. Therefore, it is necessary to take into account the 
polar asymmetry of the molecule. A simple model of an asymmetric 
molecule is presented in Fig. 41. The anisotropic polarizability of 
molecule j in Fig. 41 is located at two effective centres Oil and O,, 
with point polarizabilities &,, and &,,. The tensor &,, can be trans- 
formed into by a small rotation. As a result the two induced 
dipoles make a small angle E << 1 as shown in Fig. 41. The present 
model represents the asymmetric molecular polarizability which can 
be related to the asymmetric molecular hard core. 

Now the symmetry of chiral induction interaction between mole- 

FIGURE 41 Model for an asymmetric molecule with polarizable centers. 
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FERROELECTRIC LIQUID CRYSTALS 87 

cules i and j can be written as 

V*(i,j) = VG + V*. 1, ’ 

where 

ail,* = ‘aj + Eb,; 

and 1 is the distance between two polarizable centres. The induction 
interaction V:, between the chiral group and one of the polarizability 
centres is given by Eqs. (63), (64). 

Expanding the interaction (65) in powers of E one readily obtains 

with 

U*(r,) = 72r,i81~dfAor,(oia,)([oiai]mi). (67) 

Thus, the consideration of the induction interaction between the di- 
pole of the chiral group and the asymmetric polarizability of the 
neighbouring molecule results in the effective interaction potential 
which has the same mathematical form as the model one (see Eq. 
59), constructed in the preceding section with the help of symmetry 
arguments. However, the analysis of the particular model yields an 
explicit expression (67) for the coupling constant U*(r , ) .  Note that 
U*(r,)  is proportional to the pseudoscalar A, = (o,a,)([o,a,]m,) which 
reflects the molecular chirality and changes sign if the handedness of 
the molecule is reversed. The coupling constant U* (rJ is proportional 
also to the square of the molecular transverse dipole, located in the 
chiral part, and to the parameter E which characterizes the polar 
asymmetry of the molecule. 

The model of a chiral molecule, presented in Fig. 40, enabled us 
to find some intermolecular forces which can be responsible for fer- 
roelectric ordering in the smectic C* phase. These forces represent 
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88 BERESNEV, et al. 

the induction interaction between the constant dipole in the chiral 
center of the molecule and the polarizability of the nearest neigh- 
bours. Clearly, it is only an example of such forces. For example, the 
molecular polarity can influence the chiral intermolecular interaction 
through the polar asymmetry of molecular shape and not through the 
asymmetry of the quadrupole molecular polarizability. The general 
case will be considered in Section 4.3 with the help of the general 
molecular statistical theory. 

Nevertheless, the qualitative arguments, presented here, enable 
one to conclude that the spontaneous polarization is influenced by 
every chiral intermolecular interaction potential which changes sign 
under rotation over 180" about one of the principal axes of the in- 
teracting molecules. 

It is interesting to note that the chiral intermolecular interaction 
(59), (66) is essential only in tilted smectic phases. Indeed, in the 
cholesteric phase the molecular centres are randomly distributed (lo- 
cally) and the potential (59) can be averaged over the intermolecular 
unit vector u,,. Then it can be readily shown that the averaged po- 
tential vanishes. On the other hand, for the smectic A phase the 
smectic plane normal e is parallel (or antiparallel) to the director n 
and the averaged potential (59) also vanishes since [ne] = 0. Thus 
the chiral intermolecular interaction, considered above, is specific for 
ferroelectric liquid crystals. 

4.3. The general theory of ferroelectric ordering 

It has been mentioned al- 
ready that the dipole ordering is very weak in the smectic C" phase 
and the energy, associated with this ordering, is small compared with 
typical orientational intermolecular potentials. Therefore, ferroelcc- 
tric ordering can be described with the help of a perturbation theory. 
Then the orientational distribution functionf,(i) can be approximately 
expressed in the form: fi(i) = A,(i)[l + g , ( i ) ] ,  where fo(i) is the 
distribution function of the nonchiral smectic C and the function g , ( i )  
is small. The function g , ( i )  depends upon the direction of the short 
molecular axis b, and hence determines the ferroelectric ordering in 
the smectic C* phase. Then the spontaneous polarization of the fcr- 
roelectric smectic C* can be written in the form 

4.3.1. Free energy of the  smectic C". 

where d( i )  = 6(a,b,)d2a,db,. In Eq. (68) the short axis b, is taken in 
the direction of the transverse molecular dipole d,, d18 = d,b,. 
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FERROELECTRIC LIQUID CRYSTALS 89 

The functions fo(i) and gl(i) can be determined by minimization of 
the free energy density of the smectic C* phase. Let us consider the 
different contributions to this free energy. 

In the molecular theory of liquid crystals the total intermolecular 
interaction potential is written as a sum of two parts which represent 
the hard core repulsion and the intermolecular a t t r a ~ t i o n . ~ ~ ~ . ' ~ ~  Then 
the attractive interaction is taken into account in the molecular field 
approximation while the repulsion is treated more exactly. As a result 
the free energy of a liquid crystal can be written in the form 

1 
F(r,) = 2 p2 S a((,, - r i , ) V ( i , j ) f , ( ~ ) f l ( ~ ) d 3 r , , ~ ( i ) d ( j )  

where V(i,j) is the attractive interaction energy between molecules i 
and j and tij is the closest distance of approach for these molecules. 
a([;, - rij) is a stepfunction, a(S, - rij) = 0 if the molecules pen- 
etrate, i.e. rij < S i j ,  and f 2 ( S i j  - rlj)  = 1 if rij > Eij .  The function tij 
is completely determined by the molecular shape and depends on the 
relative orientation of the molecules i and j .  The constant A is a 
function orelative orientation of the molecules i and j .  The constant 
A is a function of the number density p and molecular dimensions. 
In the first approximation X = 1.ls6 

The first term in Eq. (69) is the internal energy of a liquid crystal. 
The stepfunction a([, - rij) determines the excluded volume for the 
centers of the two molecules and hence the attraction is modulated 
by the asymmetric molecular shape. The second term in Eq. (69) is 
the so-called packing entropy and the third one is the mixing entropy 
of a liquid crystal. 

The distribution function fl(i) can be determined by minimization 
of the free energy density (69) taking into account the normalization 
conditions for the functions f,(i) and fo(z). Note that the distribution 
functionfo(i) correspond to a minimum of the free energy (69) in the 
case of an achiral liquid crystal. When the molecular chirality is in- 
cluded, the attration interaction energy V(i,j) is changed slightly and 
the free energy minimum is determined by the distribution function 
f,(i). Then the function gl(i) is determined by the chiral part of the 
intermolecular attraction and repulsion. The resulting expression for 
g, ( i )  can be substituted into Eq. (68). Finally one obtaines the fol- 
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90 BERESNEV, et al. 

lowing general equation for the spontaneous polarization of smectic 
C* 

P = - p2Pd,.fbjfl(Sij - rij)[V(iJ) + kBT]fo(i)fo(j)d3rijd(i)d(j). (70) 

It can be shown that the spontaneous polarization (70) vanishes in 
the nematic (cholesteric) phase for an arbitrary intermolecular in- 
teraction. This general result can be obtained based on symmetry 
grounds as discussed in Section 4.2. It is obvious also that the spon- 
taneous polarization vanishes if the functions V(i,j) and fl(cij - ri,) 
are odd in b,, i.e. if the molecules are nonpolar in the transverse 
direction. However, the polar asymmetry of a molecule is not a suf- 
ficient property for ferroelectric ordering since the spontaneous po- 
larization (70) vanishes also in the case of a nonchiral liquid crystal. 
Thus, ferroelectric ordering in the smectic C* phase is determined 
by chiral and polar terms in the intermolecular interaction potential. 

In the general case the dipolar ordering can be caused by chiral 
and polar asymmetry of the molecular shape. Then it is sufficient to  
consider the isotropic attraction V(iJ)  = V(r,,). On the other hand, 
the experimental facts indicate13* that the polarization in the smectic 
C* phase is affected more by the molecular dipole than by the mo- 
lecular shape. Therefore, it is reasonable to neglect the chirality of 
the molecular shape and take into account only the chiral part of the 
dispersion interaction V*(i,j). In this case Eq. (70) can be rewritten 
in the form 

P = - p2pd, J b,fl(sij - r,)V*(i,j)d3r,d(i)d(j) (71) 

Eq. (71) indicates that the spontaneous polarization is determined 
by chiral attraction interaction V*( iJ)  modulated by anisotropic re- 
pulsion. 

According to Eq. (71) the polarization P does not vanish only if 
the product - rjj)V*(iJ) is odd in b;. This property can be related 
to the asymmetry of the chiral attraction potential V*(i , j )  or (and) 
to the polar asymmetry of the molecular shape. In the latter case the 
closest distance of approach for molecules i and j can be approxi- 
mately written as 

tij = [; + (D/4L)[(SiUij) + (Sp,)] (72) 

where S, = Desi is the transverse steric dipole of moleculc i, ls,I = 

1, and E << 1 is the effective bend angle. The function C y j  is the 
closest distance of approach for the two molecules without steric 
dipoles, i.e. sij + c?j when E + 0. 
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FERROELECTRIC LIQUID CRYSTALS 91 

The general Eq. (71)  can be symplified in the case of ideal ori- 
entational and translational order. Indeed, in the smectic phase the 
orientational order is rather high, S = 0.8-0.9.'45 The translational 
order is also high in ferroelectric smectics C* since the majority of 
ferroelectric liquid crystals exhibit the smectic A phase at higher 
temperatures. Therefore, it is possible to neglect the influence of the 
orientational and translational order variation on the spontaneous 
polarization of the smectic C* phase. In this case one obtaines 

p2pd, [ ( l  - a) J W(n,uj,)G(u,e)d2uij + a W ( n , e ) ,  (73)  

where a is the fraction of the nearest neighbors of a given molecule 
located in the same plane. The first term in Eq. (73)  determines the 
contribution from the interaction of the molecules located in the same 
smectic plane, while the second term corresponds to molecules lo- 
cated in the adjacent smectic layers. The spontaneous polarization is 
determined by the effective potential W(n,uij) which in turn is a sum 
of two terms given by Eq. (74) .  The first term in Eq. (74)  is a con- 
tribution from the asymmetric polar part of the chiral attraction V*(i,j) 
modulated by the averaged (uniaxial) molecular shape. In contrast, 
the second term in Eq. (74) is a contribution from the symmetric part 
of the chiral interaction potential V*(i,j) modulated by the asymmetric 
molecular shape. Thus, ferroelectric ordering can be explained with 
the help of two different molecular models which will be considered 
below. 

Ferroelectric ordering in smectic C* composed of molecules 
with steric dipoles. The steric dipole Si characterizes the polar asym- 
metry of the molecular shape. For a banana-like molecule presented 
on Fig. 40 the steric dipole is expressed as ISi( = DE, where E is the 
bend angle. It is clear that the asymmetric shape of many real mol- 
ecules cannot be approximated by the banana-like model. Then the 
parameter E has no direct interpretation and can be considered as an 
effective measure of the asymmetry. 

4.3.2. 
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92 BERESNEV. el al. 

Let us consider again the model of a chiral molecule presented on 
Fig. 40. As mentioned in section 4.2, the chiral interaction between 
such molecules is determined by the interaction between the chiral 
center of one molecule and the polarizable core of another one. In 
the general case the chiral attractive interaction is a part of the dis- 
persion interaction between chiral molecules. The dispersion inter- 
action can be divided into the induction interaction between per- 
manent multipoles and the polarizability of the neighboring molecules, 
and the purely dispersion interaction between molecular polarizabil- 
i t i e ~ . ’ ~ ~  In this section we consider the model of a chiral molecule 
with a large dipole in the chiral part. In this case the predominant 
part of the chiral attraction is the induction interaction between the 
dipole di and the polarizability of the neighboring molecule. Note 
that the corresponding purely dispersion interaction is much weaker 
since the polarizability of the chiral group is small. 

The simplest chiral induction interaction which contributes to the 
spontaneous polarization of the smectic C*”l is the dipole-dipole, 
dipole-quadrupole induction interaction, 

where ( 0 ~ 1  and (nil represent the ground state and the excited state of 
molecule I ,  respectively, and E ,  - En, is the excitation energy of the 
molecule. The potentials Udd(i,j) and Udq(i,j) correspond to dipole- 
dipole and dipole-quadrupole interaction energies, respectively, which 
can be written as 
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FERROELECTRIC LIQUID CRYSTALS 93 

where dj is the permanent dipole of molecule i, e(p,) is the charge 
density of molecule j and p, is the vector pointing from the center of 
mass of molecule j to the given point. 

Substituting Eqs. (75)-(78) into the general Eq. (73) one obtains, 
after some mathematical manipulations, the final expression for the 
spontaneous polarization of smectic C" 

P = p(n e)[n e] (79) 

with 

(p2/k,T)(S d)h(D6IL)~(2x, + 15 Ax + Ax,), (80) p =  -4 
and 

Here A x  = xzz  - + xyy)/2 is the anisotropy of molecular po- 
larizability, xI  = xxx + xyv is the transverse molecular polarizability 
and AxL = xIx - xyy  is the anisotropy of the transverse polarizability. 

Note that the spontaneous polarization (79, 80) is proportional to 
the fraction of nearest neighbors located in the smectic plane. It can 
be shown'21 that the contribution from molecules located in adjacent 
planes is proportional to the small parameter (D/L)5  and hence it can 
be neglected. It is interesting to note also that the polarization P 
depends on the angle between the steric dipole S and the electric 
dipole d of the same molecule. In the limiting case, when S l d ,  the 
steric dipoles can be still ordered due to the steric intermolecular 
interaction while the electric dipoles are disordered and the spon- 
taneous polarization is absent. 

In conclusion, ferroelectric ordering in the smectic C* phase con- 
sisting of molecules with large steric dipoles is determined mainly by 
the induction interaction between the chiral group and the polarizable 
core of neighboring molecules. The latter interaction is modulated 
by short range steric forces. 

4.3.3. Ferroelectric ordering in the system of symmetric mole- 
cules. When the molecules do not possess steric dipoles the ferro- 
electric ordering can be determined by the polar part of the chiral 
dispersion intermolecular interaction. In this case one is interested 
in the chiral attraction potential which changes sign under the 180" 
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94 BERESNEV, et at. 

rotation of the molecular coordinate frame about the long axis ai. It 
can be shown that the dipole-dipole, dipole-quadrupole induction 
(or dispersion) interaction, considered in the previous section, does 
not possess all the necessary properties. The simplest chiral and polar 
dispersion interaction potential is related to the r i *  term in the gen- 
eral expansion of the dispersion interaction 

where Ud9(i,j) is the dipole-quadrupole interaction potential given 
by Eq. (78). Substituting Eqs. (83) and (78) into the general Eq. (73) 
one arrives at the familiar expression for the spontaneous polarization 

P = p.(n e)[n e] (84) 

with 

where the pseudoscalar parameter A and the transverse molecular 
polarizability xI are given by Eqs. (81) and (80), respectively, and 
Q,,, Q,, are the components of the molecular quadrupole. 

The parameter p. in Eq. (85) is determined by the interaction be- 
tween the permanent quadrupole Q,, of the given molecule and the 
induced dipoles of nearest neighbors. Therefore, it depends on the 
dipolar polarizability xI. Note that in the derivation of Eq. (85) we 
have neglected the contribution from the interaction between the 
permanent dipole and the quadrupolar polarizability since it is ex- 
pected to be small. 

4.3.4. Discussion. In sections 4.3.2 and 4.3.3 we have consid- 
ered two different intermolecular interactions which can be respon- 
sible for ferroelectric ordering in the smectic C* phase. The first 
contribution is related to the induction interaction between the dipole 
of the chiral group and the polarizability of the neighboring molecule 
modulated by the asymmetric molecular shape. In this case the mol- 
ecule possesses a steric dipole (which is proportional to the average 
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FERROELECTRIC LIQUID CRYSTALS 95 

bend angle E in the case of banana-like molecules) and the ferro- 
electric ordering is a consequence of the ordering of steric dipoles. 
Note that the corresponding contribution to the spontaneous polar- 
ization is proportional to cos + = (Sd), where + is the angle between 
the electric and steric dipoles. 

Thus, in smectic C* composed of molecules with large steric di- 
poles, the phenomenological constant p is related to the following 
molecular model parameters: the electric dipole d, the steric dipole 
S, the components of the molecular polarizability xu,, a = x,y,z, the 
molecular length L and the diameter D. 

The second contribution to the spontaneous polarization is deter- 
mined by the chiral induction interaction between the permanent 
quadrupole and the polarizability of neighboring molecules. There- 
fore, if the steric dipole is small enough, the constant p is related to 
the dipole d,, quadrupole Q,,, (a = x,y ,z )  and the transverse po- 
larizability xI. 

In the general case the spontaneous polarization is determined by 
both contributions and it is difficult to conclude which contribution 
is predominant in real ferroelectric liquid crystals. The answer to this 
question depends on the detailed experimental information. How- 
ever, at present there is an argument in favor of the interaction 
associated with steric dipoles. Indeed, it will be shown in section 5.3 
that the steric interaction between asymmetric banana-like molecules 
results in the strong temperature variation of the helical pitch in the 
smectic C* phase. Thus the model of a molecule with steric dipole 
enables one to explain different properties of ferroelectric liquid crys- 
tals. 

The general statistical theory supports the main qualitative results 
which have been obtained in sections 4.2,4.1 with the help of a simple 
model. In both cases the spontaneous polarization is proportional to 
the pseudoscalar parameter A = (da)([da]m) which characterizes the 
chirality of the molecule with a substitution group, presented on Figs. 
40,42. The parameter A determines the variation of the spontaneous 
polarization with the change in position and orientation of the chiral 
group with respect to the molecular hard core. The polarization de- 
pends also on the molecular dipole d. Note that P - d 3  within the 
model of molecules with steric dipoles. This result enables one to 
explain the large value of the spontaneous polarization in ferroelectric 
liquid crystal HOBACPC which possesses the strongly polar C-Cl 
bond in the chiral part of the molecule. The correlations between the 
experimentally observed spontaneous polarization and the dipole d 
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96 BERESNEV, et al. 

FIGURE 42 Interaction of molecules “i” and “j” with large dipoles 

and the polarizability x of the molecule will be discussed in more 
detail in the following section. 

It should be stressed that in the present model the molecule is 
considered to be rigid and possible rotations of the dipole with respect 
to the chiral group are not taken into account. It is clear that such 
rotations can reduce the spontaneous polarization substantially. In 
the first approximation the reduction of the spontaneous polarization 
is determined by the parameter (cos +), which characterizes the ro- 
tational freedom of the dipole. Then the polarization P = Po (cos +), 
where Po is calculated in the model of rigid molecules. The analysis 
of experimental data shows that the reduction of the spontaneous 
polarization is large when the dipole is located far from the chiral 
center. For example, in the ferroelectric smectic DOBAMBC the 
predominant contribution to the dipole moment of a molecule is 
related to the polar bond C k O  which is separated from the chiral 
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FERROELECTRIC LIQUID CRYSTALS 97 

center by the CH2 group. As a result, the spontaneous polarization 
in DOBAMBC is rather low, P - C/cm2. On the other hand, 
the molecular structure of the ferroelectric liquid crystal 
DOBA-1-MPC is the same as that of DOBAMBC with the only 
exception that the C L O  group is directly attached to the chiral center. 
This minor change in the molecular structure results in a substantial 
growth of the spontaneous polarization which acquires the value of 
1.8 C/cm2.105 The large spontaneous polarization in 
DOBA-1-MPC is related also to the location of the dipole, which 
is attached directly to the chiral group. Therefore, the dipole takes 
part in the chiral induction interaction with the neighboring molecules 
according to the theory presented above. In contrast, when the dipole 
is located far from the chiral center the chiral intermolecular inter- 
action potential is determined by the relatively weak dispersion in- 
teraction between the polarizability of the chiral group and the po- 
larizability of the neighboring molecule. In this case the spontaneous 
polarization is proportional to d (and not to d3, as in section 4.3.2) 
and to the parameter A' = (a,o,)([o,a,]rn,), where of is a unit vector 
in the direction of the long axis of the chiral substitution group. 

4.4. Ferroelectricity in mixtures 

The statistical theory of ferroelectric ordering in the smectic C* phase 
can be generalized to the case of many-component liquid crystals.I2' 
In the general situation the spontaneous polarization of the mixture 
is a sum of the contributions from all the components I = 1,2. 

where pxI is the number density of component 1, Ex, = 1. Taking 
into account only pair intermolecular interactions we arrive at the 
following expression for the internal energy of the mixture 

where v k / ( i , j )  is the interaction potential for molecule i of component 
k and molecule j of component 1. Then the spontaneous polarization 
of the mixture is also a quadratic function of the concentrations x l  

P = k(n e)[n e] 
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with 

BERESNEV, et al. 

Here the constant k k /  (k,l = 1,2, . . .) is determined by the interaction 
between a molecule of component k and a molecule of component 
1. The constant P k k  is determined by the interaction of identical mol- 
ecules and is given by Eq. (80) in the case of molecules with large 
steric dipoles. The constants k k /  ( k  f 1 )  are related to the interaction 
between different molecules and depend on the molecular parameters 
of both components k and 1. In the model of molecules with large 
steric dipoles the constants p k /  are given by the following expressions 

with 

and 

Here the parameter Ak reflects the chirality of the component k .  Note 

At present many-component ferroelectric liquid crystals are con- 
sidered to be the promising materials for technical applications. It is 
reasonable, therefore, to discuss different kinds of such mixtures in 
more detail. 

In this case 
both components exhibit the ferroelectric smectic C* phase and the 
spontaneous polarization of the mixture is a quadratic function of the 
concentrations x A  and x B ,  xA  + x B  = 1. In fact the concentration 
dependence of the polarization is even more complicated since the 
transition temperature TAc, and hence the tilt angle 0, is also a func- 
tion of a x,, x B .  The nonlinear concentration dependence of the 

that kkf  P/k. 

4.4. I. Binary mixtures of ferroelectric liquid crystals. 
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FERROELECI'RIC LIQUID CRYSTALS 99 

spontaneous polarization has been observed by different au- 
t h o r ~ . ' ~ ~ , ' ~ ~  It should be noted, however, that the strongly nonlinear 
concentration dependence is expected only for mixtures of liquid 
crystals which correspond to different chemical classes. In mixtures 
of smectics C* composed of similar molecules one can neglect the 
concentration dependence of the tilt angle 0 and put pAB + pBA = 
pAA + pBB. Then the general Eq. (88) results in a linear concentration 
dependence of the phenomenological constant 

The nearly linear concentration dependence of the spontaneous 
polarization has been observed in mixtures of different members of 
a homologous of smectics C* with similar molecular structure'58 
and even in mixtures of DOBAMBC and HOBACPC.'2y Note that 
in mixtures of a right-handed and left-handed smectics C* the con- 
stants pAA and pBB have opposite signs and hence the spontaneous 
polarization can vanish at an appropriate concentration ratio xAlxB. 
This effect has been observed in Ref. 129. 

4.4.2.  Achiral smectics C doped with chiral molecules. The spon- 
taneous polarization in an achiral smectic C doped with various chiral 
molecules has been observed by many a~thors.~~~'""~~'~~''~~'~~~'~~ The 
ferroelectric properties of such mixtures can be naturally explained 
by the present theory. Indeed, let us denote the concentration of the 
chiral molecules by xB. Then the general Eq. (88) for the spontaneous 
polarization can be rewritten as 

P = p (n e)  In el 

with 

The parameter pAA = 0 because component A is achiral. 

second term in Eq. (94) can be neglected and we arrive at 
When the concentration of chiral molecules is small (xB << 1) the 

i.e. the polarization is proportional to the concentration of chiral 
molecules. This concentration dependence has been observed in all 
experiments at small x E .  
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100 BERESNEV, et al. 

Thus, the spontaneous polarization in an achiral smectic C doped 
with chiral molecules is caused by the interaction between the non- 
chiral molecules of the matrix and the chiral molecules of the ad- 
mixture. This interaction results in nonzero P A B .  The explicit expres- 
sion for pAB can be obtained with the help of Eqs. (89)-(91). In the 
model of molecules with steric dipoles one obtains 

where the parameter A,, given by Eq. (92) with k = B ,  characterizes 
the chirality of the admixture. 

It follows from Eq. (96) that the maximum spontaneous polari- 
zation can be obtained in mixtures of strongly chiral molecules with 
large transverse dipoles and an appropriate smectic C composed of 
molecules with transverse dipoles. When dlB >> diA,  the contri- 
bution from the second term in Eq. (96) is predominant and the 
spontaneous polarization strongly depends on the dipole moment of 
the chiral molecule, P - d i .  This correlation between the sponta- 
neous polarization and the dipole moment is supported by experi- 
ment. 132 The correlations between the polarization and the polariz- 
ability of the matrix 

Ferroelectric liquid crystals doped with nonchiral mole- 
cules. In this case the constant is given by 

are discussed in Ref. 132. 

4.4.3. 

where x B  is the concentration of achiral molecules. The spontaneous 
polarization P = Po - yxB is a decreasing function of the concen- 
tration of achiral molecules. This result is also in agreement with 
experiment. 58~160 

In conclusion, it should be noted that the general theory, discussed 
in this section, can be used also in the description of ferroelectric 
liquid crystals composed of molecules with different structure which 
can not be represented by the model of Fig. 40. For example, one 
can use cholesterol derivatives, etc. In this case the explicit expres- 
sions for the spontaneous polarization, obtained in this review, are 
not valid. However, one can obtain new results with the help of the 
general expressions presented in section 4.3 provided the appropriate 
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FERROELECTRIC LIQUID CRYSTALS 101 

expressions for the chiral intermolecular interaction potential are 
available. In the most general case we can conclude that the chiral 
part of the dispersion interaction, modulated by the asymmetric mo- 
lecular shape, can be responsible for the ferroelectric ordering. 

5. 
HELICOIDAL TWISTING IN FERROELECTRIC LIQUID 
CRYSTALS 

MOLECULAR THEORY OF FLEXOELECTRICITY AND 

5.1. Introduction 

The flexoelectric effect in liquid crystals manifests itself in the ap- 
pearance of an induced polarization under the condition of applied 
strain. The origin of flexoelectricity is not related to the molecular 
chirality and hence the flexoelectric properties of the ferroelectric 
smectic C* phase are analogous to those of achiral smectics C. On 
the other hand, the flexoeffect influences the ferroelectric properties 
of the C* phase. Indeed, in the chiral smectic C* phase the sponta- 
neous twist of the director around the smectic plane normal results 
in the additional flexoelectric contribution to the polarization of the 
smectic layer. Thus the flexoelectric effect contributes to the spon- 
taneous polarization, static dielectric constant and other parameters 
of ferroelectric liquid crystals. Then it becomes obvious that a con- 
sistent microscopic description of the ferroelectric state is impossible 
without a molecular theory for the flexoelectricity in the smectic C 
phase. 

In smectics, the flexoelectricity can be related both to the inhom- 
ogeneous director field and to the distortion of the smectic 1ayers.l’ 
In the present paper, however, we shall not take into account the 
latter effect since smectic layers can be distorted only by strong ex- 
ternal fields or stresses. The corresponding effect is important in 
smectics A because the director is always normal to the smectic plane 
in the A phase. On the other hand, in the smectic C phase the 
inhomogeneous orientation of the director is the most important ef- 
fect and the flexoelectric properties of smectics C are partially anal- 
ogous to those of nematics. 

In the nematic phase there are two independent contributions to 
the induced polarization 

P = e, n(Vn) + e, (nV)n. (97) 
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102 BERESNEV, et al. 

The smectic C phase is biaxial and is characterized by two inde- 
pendent unit vectors: the director n and the smectic plane normal e 
(see Fig. 39), (ne) = cos 8. Note that the unit vector e is fixed in the 
laboratory frame while the director orientation is changed in the 
deformed smectic C .  As a result one can distinguish between three 
orthogonal contributions to the polarization induced by the flexo- 
electric effect: Po, P,, Pil. The vectors Po, P,, PII are shown on Fig. 
39. Note that the vector Po is in the direction of the spontaneous 
polarization in the chiral smectic C* phase, i.e. Poll [ne]. Three con- 
tributions to the induced polarization correspond to three independ- 
ent flexocoefficient pf, p; and py, as discussed in section 2.2. The 
corresponding contributions to the free energy of the smectic C phase 
are given by Eq. (21). For the comparison with the results of the 
molecular theory discussed in the following section it is convenient 
to rewrite this expression in the form 

where the z axis is parallel to the smectic plane normal e and V, = 
V - eV,. It should be noted that in the smectic A phase the vectors 
Po and P, are equivalent and hence pf - pj - O2 when 0 << 1. At 
small tilt angle O 

where cp is the azimuthal angle which determines the orientation of 
the director in the projection to the smectic plane 

n, = sin 0 cos cp, ny = sin 0 sin cp, n, = cos 8. 

Thus, the induced polarizations Po and P, correspond to different 
distortions of the director field n(r) in the C phase. The polarization 
Po is nonzero when the orientation of the director n(r) is different in 
the adjacent smectic layers, while the polarization P, is related to 
the gradient of the tilt angle O(z). The polarization PI, is induced by 
a bending strain within the smectic layer. 

From the microscopic point of view there exist two different inter- 
pretations of the flexoelectric effect in liquid crystals. The first inter- 
pretation (dipolar flexoeffect) was proposed by R. M e y e P  who 
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FERROELECTRIC LIQUID CRYSTALS 103 

assumed that the macroscopic polarization is related to the orientation 
of asymmetric polar molecules in the distorted liquid crystal. One 
can assume that the molecule possess a geometrical asymmetry which 
can be related to different end chains (effective wedge-like shape) or 
to a small molecular bend (effective banana-like shape). In the gen- 
eral case the polar geometrical asymmetry can be represented by the 
steric dipole. In the distorted liquid crystal the opposite directions of 
the steric dipole are nonequivalent and hence the dipoles are partially 
ordered. In this situation the macroscopic polarization is observed if 
the molecules also possess electric dipoles. 

f 

FIGURE 43 Ordering of electric and steric dipoles in distorted liquid crystals com- 
posed of cone-like (a) or banana-like (b) molecules. 
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104 BERESNEV, et al. 

The quadrupolar interpretation of the flexoelectricity is related to 
the fact that the very symmetry of liquid crystals leads to nonzero 
quadrupole density. Then the macroscopic polarization can be caused 
by the gradient of the quadrupole density in a distorted liquid crystal. 
The quadrupolar flexoeffect is more general since it does not require 
steric or electric molecular dipoles. 

In the smectic C phase both contributions to the flexoelectric effect 
are important. It will be shown, however, that these contributions 
correspond to essentially different 8 dependences of the flexocoef- 
ficients. The quadrupolar contribution to the flexocoefficient pf ap- 
pears to be a constant while the dipolar one strongly depends on the 
tilt angle 8. This result enables one to explain the strong temperature 
variation of the helical pitch in the chiral smectic C* phase as shown 
in section 5.3. 

5.2. Dipolar and quadrupolar flexoelectricity 

crystal can be written as 
In the most general case the macroscopic polarization in a liquid 

P = p(dj) + PV.(Qi) (100) 

where d, is the dipole and Qi is the quadrupole of the molecule “ 2 ’ .  
Let us consider first the quadrupolar flexoeffect which is determined 
by the second term in Eq. (100). 

Let us assume for simplicity that the molecular quadrupole tensor 
Q is diagonal in the molecular reference system which is determined 
by the long axis a, and short axes b, and c,, b , l c , l a , .  Then the 
averaged quadrupolar density in the smectic C phase is given by 

where Q, = Q,, - (Q, + Qyy)/2. The polarization induced by the 
gradient of the quadrupole density can be written in the familiar form 

It follows from Eq. (102) that the quadrupolar contribution to all 
flexocoefficients pf, pf’ and p! is the same, i.e. p,q = pQ,S. This 
contribution is approximately constant in the smectic C phase and 
does not depend on the tilt angle 8. Note that in the ferroelectric 
smectic C* phase the dielectric constant is a function of the difference 
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FERROELECTRIC LIQUID CRYSTALS 105 

of flexocoefficients pf - $ and hence it does not depend on the 
quadrupolar contribution. 

The dipolar flexoelectricity is described by the first term in Eq. 
(100). The averaging of the dipolar moment di = aidll + b,d, in Eq. 
(100) is performed with the one-particle distribution function of the 
nonuniform liquid crystal fl(n(r)). This function can be determined 
by the minimization of the free energy of the nonuniform smectic C. 
In section 4.3.1 we have discussed the free energy of the smectic C 
phase in the molecular field approximation. In the case of nonuniform 
smectic C the free energy (69) can be rewritten as 

with o(i,j) = U(i,j) - k,TLR(Sij - rij)  (104) 

where U(i,j)  is the intermolecular attraction potential and the step- 
function 

The flexoelectric effect describes the coupling between the induced 
polarization and the orientational deformation of the medium. In the 
case of small distortions the free energy of the nonuniform liquid 
crystal can be calculated with the help of the expansion of the first 
term in Eq. (103) in powers of VJl(Qj,rj). The flexoeffect is described 
by the first term of this expansion. In the smectic C phase the po- 
sitional dependence of the distribution function is related both to the 
periodic density modulation and to the nonuniform orientation of the 
director n(r). As mentioned above, we consider only the flexoelectric 
effect related to the director orientation and hence only this kind of 
positional dependence will be taken into account. 

The distribution function of the nonuniform smectic C can be writ- 
ten as 

- rij)  describes the steric intermolecular repulsion. 

fi(A = fi(.n,,n(r/)) = fi(a/>n(rL>> + (r l ,v)f l (~/>~(rl))  (105) 

where r,, = r, - r,. Substituting Eq. (105) into Eq. (103) we arrive 
at the following free energy correction 

1 
2 F(r) = F, - - p2 1 f i (Ri )~( ( iJ) (r ,V)f~(~j ,n(r i ) )dzr i jd~id~j ,  (106) 
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106 BERESNEV, et al. 

where F, is the free energy density of the uniform smectic C. In Eq. 
(106) we have written down only the terms linear in the gradient of 
the distribution function. The second order terms determine the elas- 
tic constants of smectic C. 

In the case of weak nonuniformity the distribution function can be 
written in the form fl(i) = fo(i)[l + $(i)], where f o ( i )  is the distri- 
bution function of the uniform liquid crystal and the small correction 
$(i) is proportional to the gradients of the director V,np(r). Then the 
induced polarization in the nonuniform liquid crystal takes the form 

The function $(i) can be determined by the minimization of the 
free energy of the nonuniform liquid crystal (103) taking into account 
the normalization conditions for the functions fo(i) and fl(i). The 
resulting expression can be substituted into Eq. (107). The result is 
substantially simplified in the case of ideal orientational and trans- 
lational order. As discussed already in section 4.3, real ferroelectric 
smectics C are rather close to this ideal model. Then the induced 
polarization in the smectic C phase is given by 

with 

V( i ,j) = V(n,,nj, bi , u j j )  = o( n,, nj, bj , bj,rjI)db,r$drij I 
Here u is the fraction of nearest neighbors located in the same 

smectic plane. The contribution from u molecules, located in the 
same smectic plane, is given by the first term in Eq. (108). Note that 
these molecules are characterized by the intermolecular unit vector 
u , l e .  The contribution from the remaining 1 - u nearest neighbors, 
located in adjacent smectic planes, is given by the second term in Eq. 
(108). 

Eq. (108) is the general expression for the polarization of the srnec- 
tic C phase induced by the dipolar flexoeffect. Eq. (108) can be used 
to obtain detailed information about the flexocoefficients 
pf, pj, p!, taking into account different kinds of intermolecular in- 
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FERROELECTRIC LIQUID CRYSTALS 107 

teractions. In the following section we consider the contributions from 
the multipolar and steric intermolecular interactions. 

5.3. Flexoelectric coefficients in the srnectic C phase 

Dipolar flexoelectricity is determined by the intermolecular inter- 
actions which can cause the ordering of the molecular dipoles. There- 
fore, the corresponding interaction potential should change sign under 
the inversion of the molecular dipole. It can be shown that the dipole- 
quadrupole interaction is the simplest interaction of this kind. 

The dipole-quadrupole interaction potential is given by Eq. (78). 
Substitution of Eq. (78) into the general Eq. (108) yields the following 
contribution to the induced polarization of smectic C 

1 
2 

P, = - - p'P(1 - o)Q, 

15 dn an 
2 dz az ' 

- - dlksin 20n, + d i  - n(2 - 5 4 )  -1 (109) 

where the unit vector k is shown on Fig. 39, k = [n[ne]]/sinO. 
At small tilt angles 8 << 1 the polarization PII reads 

3 
PI, = s udf(5nz - l)n(V,n) 

Eqs. (109) and (110) can be compared with the phenomenological 
expression (21) for the flexoelectric contribution to the free energy 
of the nonuniform smectic C. The comparison yields the following 
expression for the flexocoefficients 
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108 BERESNEV, et al. 

The dipole-quadrupole contribution to the flexocoefficients (1 11)- 
(113) can be compared with the quadrupolar one p,q = pQ,/3. Indeed, 
the ratio of the two contributions is determined by the molecular 
dipole, i.e. pfq/pfdq - pd2/k,T. In the case of molecules with small 
dipoles d < lD, pd2/kBT << 1 and the dipole-quadrupole contri- 
bution is small compared with the quadrupolar one. However, in the 
case of strongly polar molecules, which are used in the synthesis of 
ferroelectric smectics with large spontaneous polarization ( d  = 

3 i 4 0 ) ,  both contributions are of the same order of magnitude. On 
the other hand, it is important that the dipole-quadrupole interaction 
contributes to the difference of flexocoefficients Apf = k, - p/ which 
is equal to zero in the case of the purely quadrupolar effect. Note 
that pf - p i  = tip; O2 in accordance with the phenomenological 
theory. 

It is interesting to note also that the dipole-quadrupole interaction 
does not contribute to flexoelectricity in n e m a t i c ~ l ~ ~  and hence this 
contribution is specific for the smectic C phase. 

The steric interaction between asymmetric molecules, which de- 
termines the dipolar flexoeffect in the nematic phase, also contributes 
to the flexocoefficients of the smectic C phase. The steric contribution 
can be calculated substituting the following effective interaction po- 
tential a(i,j) into the Eq. (108) 

o(i,j) = -k,T {exp[ -PU,(i,j)] - 1) = -k,Tfl(Sij - rl,) (114) 

where t,, is the closest distance of approach for the molecules i and 
j .  and a([,, - r,,) is a stepfunction. R(t, - r,)  = 0 if the molecules 
do not overlap and a([, - r , )  = - 1 otherwise. Note that for mol- 
ecules with steric dipoles the function t,, is sensitive to the direction 
of the dipole. 

The steric contribution to flexocoefficient pf has been considered 
in reference 21 using the simple model for a banana-like molecule 
(see Fig. 40). The banana-like molecule possess the transverse steric 
dipole s, = €0, where E is the effective molecular bend angle. Note 
that this model has been used in the theory of ferroelectric ordering 
discussed in section 4.3. The steric contribution to the flexocoefficient 
pf is given by 

It follows from Eq. (115) that the steric interaction between asym- 
metric molecules results in the strong 8 dependence of the flexo- 
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FERROELECTRIC LIQUID CRYSTALS 109 

coefficient pf in the smectic C phase. From the experimental point 
of view, Eq. (115) predicts a strong temperature variation of the 
constant pf since 8 - (T - Tc)P near the phase transition point. This 
strong variation is associated with two small parameters of the asym- 
metric molecule: the average bend angle E << 1 and the breadth to 
length ratio DIL, E << DIL. The 8 dependence of the flexocoefficient 
pf is scaled by these small parameters, i.e. p$O) = p;(8k, 8LID). 
Therefore, when the tilt angle 8 is small (8 - E or 8 - DIL) one still 
cannot neglect the temperature dependence of @ since WE - 1 or 
BLID - 1. In this case the expansion of the flexocoefficients in powers 
of O2 is incorrect even in the vicinity of the A-C phase transition point 
when IT - TAcl = 1 f 2” and 8 - lo-’ t Indeed, the 
expression [l + ( ~ I E ) ~ ] ” ~ ,  for example, cannot be approximated by 
a few terms of the Taylor expansion in powers of O2 when 8 2 E. 

For typical ferroelectric smectics C* the parameter DiL is not very 
small, DIL = 115. Then one can consider the range of tilt angles 
E << 8 << DIL, since E - lo-’ f lo-*. In this range Eq. (115) is 
simplified to 

1 
pj = - p2(1 - a)d,L4(L/2R,)~[1 + ( O / E ) ~ ] ” ~ ,  (116) 4-\/2 

where R, is the radius of curvature at the top of the molecule. 
It should be noted that Eq. (115), which is valid for an arbitrary 

tilt angle 8, has been obtained only for a model of slightly bent 
ellipsoidal particles. This model, however, overestimates the value 
of the flexocoefficient p; at small tilt angles 8. Indeed, when the tilt 
angle is small, 8 << 1, the molecules, located in the adjacent smectic 
planes, touch each other at their ends. In this case the flexocoefficient 
p; is determined by the radius of curvature at the end of the molecule. 
Now it is clear that the model of the ellipsoidal particle is quantita- 
tively incorrect since the ellipsoid possess a very small radius of cur- 
vature at the top, R, = (D/2)(DIL) ,  while it is natural to expect that 
R, = DI2. Thus, the coefficient L4(LID)2 in Eq. (115) should not be 
taken too seriously and only the 8 dependence of the steric contri- 
bution to the flexocoefficient should be taken into account. 

5.4. Macroscopic helicoidal structure of the ideal smectic C’ 

In the chiral smectic C* phase the long molecular axes are tilted with 
respect to the smectic plane normal e and the partial ordering of the 
transverse molecular axes results in the nonzero polarization of the 
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110 BERESNEV, et al. 

smectic layer. At the same time the molecular chirality causes the 
helicoidal twisting of the director n(r) and the polarization P(r) around 
the smectic plane normal e (See Fig. 2). From the microscopic point 
of view this spontaneous twist is analogous to that in the cholesteric 
phase and hence it is not determined by the ferroelectric ordering. 
Then one can imagine smectic C* with helical structure and without 
spontaneous polarization of the layer. For example, the spontaneous 
polarization vanishes when the total transverse molecular dipole is 
equal to zero. Perhaps, this property can be attributed to the smectic 
C* liquid crystal synthesised by Gray and McDonnel.16* However, 
the spontaneous polarization has not been measured in this material. 

From the phenomenological point of view the helical twisting is 
related to the so called Lifshitz invariant in the free energy expansion 
for the smectic C* phase. (See Eq. (6)). In ferroelectric smectics C* 
the helical twisting influences the spontaneous polarization of the 
layer since the spontaneous twist along the z-axis results in an ad- 
ditional contribution to the polarization due to the flexoelectric effect. 
As a result, in the first approximation the helical pitch p is given by 

with 

K = K - x $ ,  
= A + XPpPf 

where the phenomenological constants A, pf, pp and K are discussed 
in section 2. Thus, according to Eqs. (117), (118) the helical pitch of 
smectic C* is a function of the flexocoefficient pf and the piezocoef- 
ficient kp. For comparison, in the cholesteric phase the helical pitch 
is written as p = IK’/A’I~IT, where the constants K’ and A’  have the 
same physical interpretation as the parameters K and A in Eq. (118). 
In Eq. (118) both A and pp are related to  the molecular chirality. On 
the other hand, the parameters A and pp are determined by different 
intermolecular interactions. Indeed, as shown in section 4.3, the pie- 
zoelectric coefficient kp is determined by polar interactions between 
chiral molecules, while parameter A is related to any nonpolar ani- 
sotropic chiral intermolecular potential. Therefore, the parameters 
p p  and A are different functions of the molecular parameters and 
hence the ratio of these contributions to the helical pitch can depend 
strongly on the molecular structure. The most interesting situation 
can be found in mixtures of liquid crystals since in this case the 
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FERROELECTRIC LIQUID CRYSTALS 111 

parameters pp and A are functions of the concentrations of the com- 
ponents. In the two-component smectic C* parameter pp is written 
as (See Eq. (88)) 

where X, ,xB are the normalized number densities of the components 
“A” and “B”, X, + x B  = 1, and the constants paP(a,p = A,B) are 
determined by the interaction between the molecules of components 
A and B .  A similar expression can be obtained also for parameter A 

Now let us consider the mixture of two smectics C* composed of 
molecules with opposite chirality. In this case the constants pAA and 
pBB (and also A A A  and ABB) will have opposite signs. Then the constant 

in Eq. (117) can vanish at a certain concentration x:, xi and one 
will have smectic C* without a helical structure. At the same time 
the constant pp in Eq. (119) is not equal to zero at xA = x i ,  x B  = 
x i  and hence the spontaneous polarization does not vanish. This 
nonhelicoidal ferroelectric liquid crystal has been observed by Be- 
resnev and B l i n ~ v . ~ * ~  

It should be noted that in this section we considered only the helical 
twisting in the ideal smectic C* phase and neglect the influence of 
the boundary conditions. In real ferroelectric smectics C* the situation 
is more complex as discussed by Glogarova et dz6 

5.5. Temperature variation of the helical pitch in the smectic C* 
phase 

In contrast to the cholesteric phase, the helical pitch in the ferro- 
electric smectic C* phase depends strongly on the temperature in the 
vicinity of the phase transition point. The typical temperature vari- 
ation of the pitch is presented in Fig. 4. The most interesting feature 
of this temperature variation is the location of the maximum pitch 
which does not correspond to the transition temperature. Indeed, in 
all ferroelectric liquid crystals, investigated so far, the helical pitches 
attain their maximum within 0.5-2°C below the A-C transition 
p ~ i n t . ’ ~ * ” , ~ ~ ~  Thus, the strong temperature variation of the pitch is 
not related to the critical behaviour at the phase transition point. 

The temperature variation of the pitch in the smectic C* phase has 
been measured in different classes of ferroelectric liquid crys- 
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112 BERESNEV, et al. 

t a l ~ . l l J ~ ~ J ~  At  the same time one may be puzzled by the large dif- 
ferences in the helical pitches determined by some investigators for 
the same compound. These differences are shown in Fig. 44 which 
presents the temperature variation of the pitch in DOBAMBC, de- 
termined by three experimental groups. 11,39~163 It can be easily seen 
that the results obtained by the different investigators are qualitatively 
similar while the absolute values of the pitch differ by a factor of two 
or three. The results presented in Fig. 44 have been obtained using 
different methods and this fact could be considered as a reason €or 
the observed disagreement. However, the results of Ref. 165 make 

; p" k 

8 

6 

4 

2 

0 

c 
n 
D 

0: 
0 
O D  

A 4  

1 

t - I 1 L 

Y 

-20 -10 0 
T - - - L A  7 " C  

FIGURE 44 Temperature variation of the helical pitch in DOBAMBC determined 
by Ostrovskii et. al.," Martinot-Hagarde et. al.29 and Takezoe et. 
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4 

‘ 

this conclusion doubtful. Indeed, Rozanski measured the pitch in 
DOBAMBC by four different methods used by other investigators 
and was able to show that the results agree very well. Then the 
disagreement? presented on Fig. 44, can be attributed only to different 
treatments of the cell surface or to the difference in the concentration 
of defects and disclinations which can play a substantial role in the 
formation of the helical structure.26 It should also be noted that the 
typical temperature variation of the pitch observed only in relatively 
thick samples. In thin cells the boundary conditions influence the 
pitch as shown on Fig. 45. 

In general one can point out the following peculiar features of the 
helical pitch behaviour in the smectic C* phase. : 

1. Finite value of the pitch at the A-C phase transition point (ex- 

2. The pronounced maximum at IT-T,I - 1 t TC, 
3 .  The slower diminishing of the pitch with decreasing tempera- 

trapolation), 

3.0 

2.5 

2.0 

1.6 

ture. 

- 0  
-20 - i o  0 

r-r, “C 
FIGURE 45 The cell thickness dependence of the helical pitch in DOBAMBC.’@ 
Cell thickness: 100 pm (l), 150 prn (2), 250 prn (3), 350 pm (4). 
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114 BERESNEV, et al. 

Within the frame work of the phenomenological theory the helical 
pitch is determined by Eq. (117) where the constants A and K are 
independent on the temperature in the first approximation. It is ob- 
vious that the temperature variation of the pitch in the smectic C* 
phase can be described with the help of the phenomenologicai theory 
taking into account the higher order invariants in the free energy 
expansion. However, it remains unclear if one can describe the 
observed strong variation with the help of the first few terms in 
the expansion. In this connection we shall show that the tempera- 
ture variation of the pitch plotted in Fig. 4 can not be described 
by the expansion in powers of 02 .  Indeed, let us expand the pitch p 
as follows: 

p = p,[l + a02 + be4 + . . .] 

Note that the maximum value of the pitch corresponds to the very 
small tilt angle 0 = 8, - 10- '. At the same time the pitch is changed 
by a factor of two with increasing tilt angle, from 0 = 0 to 8 = 8,. 
Then it follows from Eq. (121) that a02 - 1 and hence the coefficient 
a is anomalously large, a - lo2. Moreover, the maximum of the pitch 
at 8 = 8, can be described by Eq. (121) only if b - 104,a - lo2. 
Thus the coefficients in the expansion (121) grow rapidly with in- 
creasing power of 82 and all the terms in the expansion are of the 
same order of magnitude even at small tile angle 8 << 1. As a result 
expansion (121) is useless. 

Attempts to describe the unusual temperature variation of the pitch 
in the ferroelectric smectic C* phase have been made by different 
a ~ t h o r s . ~ ~ * ~ ~ ~ , ' ~ '  However, Musevic et al. have shown that the critical 
fluctuations considered by Yamashita and Kimuralh7 can not cause 
the observed temperature variation of the pitch. The interpretations 
suggested by Blinc et al. 166 and Glogarova et ~ 1 . ~ ~  are more consistent. 
It should be noted, however, that the model presented by Glogarova 
et al. is only qualitative and is not supported by a theory. The possible 
theoretical description of the temperature variation of the pitch, tak- 
ing into account the energy of disclinations, is a matter of great 
interest. 

Now let us consider in more detail the theory developed by Blinc 
et ~ 1 . ' ~ ' .  As mentioned already, the helical pitch is independent of 
temperature in the first approximation of the phenomenological the- 
ory. Then it is clear that the temperature variation of the pitch can 
be explained taking into account additional terms in the free energy 
expansion. Blinc and Zeks considered the following correction of the 
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FERROELECTRIC LIQUID CRYSTALS 115 

free energy of the smectic C* phase 

(5, - 5’5) a2 (122) 

Note that the first two terms in Eq. (122) are not chiral while the 
third term is the first correction to the Lifshitz invariant in Eq. (21). 
The numerical calculations presented by Blinc et al. 166 show that the 
free energy expansion including the terms in Eq. (122) can be used 
to describe qualitatively the temperature variation of the pitch in the 
smectic C* phase. At the same time this interpretation is open to 
criticism for the same reason as the simple expansion of the inverse 
pitch in powers of 8*. Indeed, the rapid growth of the pitch within 
T - T, < 1K can be explained only if dlh - 8;* >> 1, where the 
tilt angle 8, corresponds to the maximum pitch pmax = p(8,). There- 
fore, the correction to the Lifshitz invariant is of the same order of 
magnitude as the invariant itself even at small tilt angles. However, 
the most serious shortcoming of this theory is the prediction of non- 
zero spontaneous polarization in the achiral smectic C phase. Indeed, 
the minimum of the free energy corresponds to the nonzero value of 
P2 = (R/q)(8* - 8:) at 8 > f10 in achiral smectic C. Therefore, 
nonchiral smectic C should possess the corresponding spontaneous 
polarization P. The latter conclusion is in contradiction to the existing 
experimental data. Thus the theory developed by Blinc et al. requires 
some modification. 

In this section we consider another interpretation of the temper- 
ature variation of the pitch in the chiral smectic C* phase, taking into 
account the temperature dependence of the flexoelectric coefficient 
pf discussed in section 5.3. The most important consequence of Eqs. 
(115) and (116) is the strong dependence of the steric contribution 
to the flexocoefficient pf on the tilt angle 8 in the smectic C phase. 
As mentioned above, this unusual behaviour is associated with two 
small parameters of the molecule: the average bend angle E and the 
breadth to length ratio DIL, E << DIL. Then one can not neglect 
the temperature variation of the constant pf even at  small 8 - E or 
8 - DIL, since pf is a function of the combinations 81E - 1 or  BL/D - 1. 

It seems reasonable to explain the experimentally observed strong 
temperature variation of the pitch in the smectic C* phase by the 
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116 BERESNEV, et al. 

strong temperature variation of the flexocoefficient pp At small tilt 
angle O % E, p f  - [l + 02/2~2]. Substitution of this expression into 
Eq. (117) yields the following expression for the pitch 

where the constants po and 6, are composed of the parameters of 
Eqs. (117), (116). Thus, when the tilt angle is small, the pitch is 
growing linearly with temperature in the smectic C* phase in ac- 
cordance with experiment. 

Note that the large growth rate of the pitch within 1" of the tran- 
sition temperature is determined by the parameter e c 2  >> 1. When 
the temperature is decreased, the growth rate of the constant kf (and 
hence the growth rate of the pitch) is reduced since p f  - E[I + ( O /  
E ) ~ ] " ~  - 6 - (T, - T)P when E < 8 < DIL. At lower temperatures 
8 - DIL and in this region one has to use Eq. (115) which is valid 
for arbitrary tilt angle 8 < 1. The dependence of pfon (OLID) reduces 
the flexocoefficient pf and it can be shown that the maximum pitch 
corresponds to 8" = DIL. For the typical ferroelectric liquid crystal 
DOBAMBC 8,) = 1/5 and hence L = 5D. The slow decrease of the 
pitch far from the transition temperature TAc can be explained by 
the weak temperature variation of the constants A and K in Eq. (1 17) 
according to the theory of Van der Meer and Vertogen.lS1 

The present molecular model enables one to explain also the odd- 
even effect observed in the dependence of the maximum pitch in 
ferroelectric liquid crystals nOBAMBC, n = 6 - It is inter- 
esting to note that the odd-even effect is not observed in the de- 
pendence of the Sm A* - Sm C* transition temperature on the alkoxy 
chain length. Thus the odd-even effect can not be explained in the 
same way in the nematic phase since the well known odd-even effect 
in nematics manifests itself in the phase transition temperature. At 
the same time the odd-even effect in the dependence of the maximum 
pitch in the smectic C* phase can be readily explained by the odd- 
even variations of the average bend angle E. The transition temper- 
ature T,,. does not depend on the parameter E in the first approxi- 
mation and hence it is not sensitive to the odd-even variations. 

In conclusion we want to emphasize that the real origin of the 
strong temperature variation of the helical pitch in the smectic C* 
phase is still unclear and the solution of this problem requires new 
experiments. 
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6 Z 8 9 f o  
n 

FIGURE 46 Odd-even variation of the maximum pitch in DOBAMBC.'64 

VI. OPTICAL PROPERTIES OF THE CHIRAL SMECTIC C* 
PHASE 

6.1. A mirror-symmetrical smectic C 

Before the consideration of the optical properties of the helical smec- 
tic C" phase let us discuss the simplest case of an achiral smectic C, 
Fig. 47. As the director n is tilted by the angle 8 with respect to the 
normal z to the smectic layers a smectic C is described by the point 
symmetry group C, and is optically biaxial.16$ For such symmetry only 
one principal axis of the dielectric tensor is strictly defined.'69 It is a 
second order axis C, which coincides with the y-axis (or axis 1) in 
Fig. 47. Directions of the other two principal axes (axes 2 and 3 in 
Fig. 47) depend on the exact properties of a substance and, in general, 
do not coincide, say, with the director or the z-normal. 

In the general case, the tensor of the dielectric permittivity of the 
smectic C phase has four linearly independent terms? 

E,, = a a,, + b z,z, + c n,n, + d(n,i, + i,n,)(n z) (124) 

where n = (sin 8, 0, cos 8) is a director, z is the unit vector of the 
smectic normal. This tensor can be reduced to a diagonal form and, 
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118 BERESNEV, et al. 

FIGURE 47 The choice of the coordinate frames for an achiral smectic C. x ,  y ,  z is 
the Cartesian system coupled with the smectic normal z ;  x ' ,  y ' ,  z '  is the system coupled 
with the director z '  = n; 1 ,  2, 3 are principal axes of the dielectric tensor; I ,  I1 are 
the optical axes. 

in this way, one can find the directions of its principal axes with 
respect to the director. The corresponding expression is rather bulky 
and, to discuss the idea, we shall limit ourselves to the case of small 
&angles. For 8 << 1 the angle 8, between the z-axis and one of the 
principal axes of the dielectric ellipsoid (in this case we speak of the 
longest axis) is a linear function of 855: 

c + d  
b + c + 2 d  

8 = -  

and may, in principle, be expressed as a function of the principal 
values of the dielectric tensor 

8, = f ~ , ,  e2, E3)e (126) 

and 6, may be either more or less than 8. In experiments, the values 
of 8, obtained from optical measurements seem often to be more 
than the corresponding angles 8 obtained from X-ray data (see par- 
agraph 6.4). 
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FERROELECTRIC LIQUID CRYSTALS 119 

In the frame of the axes 1, 2, 3 shown in Fig. 47 the dielectric 
tensor is diagonal and its components may be related to the corre- 
sponding refractive indices 

For other directions, for example for the direction of the director, 
these simple relationships are not fulfilled. 

Sometimes it is important to find the dielectric permittivities in a 
frame system x ,  y ,  z connected with the smectic layers (we meet such 
a case when discussing spiral structures with the helical axis parallel 
to z). Then one should use a dielectric tensor introduced by Berreman 

(127) 
where, in contrast to170J71 we use 8, instead of 6. 

The refractive indices in the x, y ,  z system are defined by formulas 

lt3% nz = 
Vnz sin20 + nt cos20 

n3n2 n, = nz cos28 + n$ sin20 

ny = n, 

obtained in a standard way.’72 
Using the tensor (127) and the angle 0, - O between the principal 

axis 3 and the direction z‘ of the director one can calculate the die- 
lectric permittivities eL> in the frame system of the director and, after 
that, according to (128) one can find the corresponding refractive 
indices n:, and nL(n; = n l ) .  Thus, the relationships between the val- 
ues of ei and ni in the two coordinate systems are derived. 

Unfortunately, up to now such a treatment of experimental data 
was not realized. Usually one considers a smectic C either to be 
uniaxial with an optical axis parallel to the director or to be biaxial 
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120 BERESNEV, et al. 

with one of the principal axis of the dielectric tensor coinciding with 
the director. The latter approximation was made, for instance, in 
paper'73 where refractive indices were studied in the frame system 
x ' ,  y ' ,  2' fixed to the director. In this case the maximum refractive 
index corresponds to the direction of the director 2'-direction in Fig. 
47), and the two other indices are nearly equal, ny. = n,  n x t ,  Fig. 
48. The observed temperature behaviour is accounted for when taking 
pair correlations between molecules into account and neglecting all 
interaction forces apart from the steric ones.174 

Knowledge of the principal values for the refractive indices allows 
the calculation of the angle 2p between the two optical axes of a 
smectic C175 

nT2 - nL2 
nCZ - nq2  tgp = '' 

Here, the angle ?p  is reckoned from the principal axis 3 of the 
dielectric tensor. The optical axes I and I1 are also shown in Fig. 47. 
The temperature behaviour of the angle p for thioester compounds 
was shown'73 to differ markedly from that of the director tilt angle 
0 = 0,. 

1.498 

i .497 

1.Y96 

1.495 

h, 

1.660 

1.655 

1.650 

f. 6US 

4 . 6 ' f O  

4 , 6 3 5  

T> 

FIGURE 48 The refractive indices of 4-pcntylphenylthio-4'-n-nonyloxybcnzoate (from 
Ref. 173). 
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FERROELECTRIC LIQUID CRYSTALS 121 

Since the difference between E, and eZ is small the angle p in 
smectics C is also small, namely, of the order of several degrees. 
Hence, in many cases, a smectic C is considered to be uniaxial with 
n3 = rill, n, = n2 = n l .  In this approximation the principal axis 3 
coincides with the direction z' of the director. Such an approximation 
allows the tilt angle 0 of the director to be calculated from optical 
measurements (see 6.4). 

6.2. The ideal helical structure of a smectic C* 

In the chiral smectic C* phase the director is rotated by angle cp = 
q z when proceeding along the normal to smectic planes. The tensor 
of dielectric permittivity is rotated together with the dire~tor'~".' '~: 

E : ) ~  + E , C O S ~ ~ ~  ~,sin2cp ~Acoscp 
€,sin29 E;! - E,COS(P EAsincp 
~hcoscp ELsincp 

Here 

1 
2 

= = - (q + e2 cos20, + e3 sin%,) 

1 
E, = (el - E~ cos2e, - E~ sin'0,) 

E: = ( E ~  - E ~ )  sin 0, cos 0, 

and the principal values el,  E ~ ,  e3 are defined as earlier, Fig. 47. 
An infinite sample being locally biaxial became macroscopically 

uniaxial with the optical axis z parallel to the helical axis. This has 
been shown by a conoscopic technique in the same pioneering studies 
where ferroelectric phases have been discovered. 1,4 

Optical properties of the chiral smectic C* phase are similar to 
those of the cholesteric phase. A smectic C* strongly rotates the light 
polarization plane and reveals selective light scattering and circular 
dichroism. However, there is a serious difference between the optical 
properties of the two phases. The period of a change in all the physical 
properties of a smectic C* is equal to the pitch of the helix while it 
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122 BERESNEV, et al. 

coincides with half of the pitch in the cholesteric phase. This differ- 
ence, however, is not seen in the light incident along the helical axis. 
In this case ( k  = d 2 )  only the second order (rn = 2) reflection is 
observed at wavelength h2 = h E according to the Bragg formula 

2i i s ink  = rnh 

Here ii is the refractive index averaged over a smectic plane. If a 
locally biaxial smectic C* is considered to be uniaxial (0, = 0) the 
index ii for light incident along the normal to layers is equal to 
1/2 d m  where ny = n1 and n, = nIlnL/v‘nf cos20 + nt sin2€) 
In the limiting case 0 3 d 2  we have n, = n,,, n, = ny = n,, that is 
the situation characteristic of a cholesteric liquid crystal. The case of 
0 

The measurements of refractive indices in the smectic C* phase 
are difficult because of the very existence of the helical structure. As 
a rule, the values nil and nI are calculated by an extrapolation of the 
corresponding temperature dependences for the smectic A phase, 
see, e.g. Refs. 82, 163 and 176. An exception is the paper176 where 
independent measurements were carried out of the refractive indices 
for two linearly polarized and two circularly polarized beams incident 
on a chiral smectic C* along the helical axis. In addition, the wave- 
length for the maximum selective scattering A,  was measured. From 
these data with the help of the tensor (127) all the three principal 
values e l ,  e2 and e3 as well as the angle 8, were c a l ~ u l a t e d . ’ ~ ~  The 
experimental data for a sample of the 4-n-hexyl-oxyphenyl ester of 
4-(2”-methyl-butyl)biphenyl-4-carboxylic acid (HOPE MBBCA) are 
shown in Fig. 49. A weak temperature dependence of the angle 
reflects a weak temperature dependence of the tilt angle 0(T) which 
is due to the absence of the smectic A phase and the first order nature 
of the cholesteric-smectic C* phase transition. This substance has a 
small pitch of the helix which allows the second order reflection to 
be observed using ordinary light sources. In other cases, e.g. for 
DOBAMBC, the second order reflection takes place in the IR spec- 
tral range and one must use a more complicated technique, for ex- 
ample, a tunable laser on F - c e n t e r ~ . ’ ~ ~  

The measurements of the optical rotatory power for light incidence 
along the helical axis of a smectic C” are carried out in paper Refs. 
177 and 178 and agree qualitatively with theoretical results16 obtained 
for the cholesteric phase. 

For an oblique incidence of light on the helical smectic C* structure 
a local tilt of the director results in the periodicity of the optical 

0 corresponds to a smectic A,  n, = n,,, n, = n, = n,. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



FERROELECTRIC LIQUID CRYSTALS 123 

1,60 

4 5  

40 

35  

55 60 

FIGURE 49 The principal values of the dielectric tensor (n, = fi) and the incli- 
nation angle for the principal axis of the tensor E', as functions of temperature for 
HOPE MBBCA (from Ref. 179). 

properties corresponding to the full pitch of the helix.170 A new max- 
imum for the Bragg reflection appears at the wavelength hl = 2 2. 
For the first time, the first order reflection was observed by Chilaya 
et ~ 1 . l ~ ~  in the same substance HOPE MBBCA, see also Ref. 180. 
For the classical ferroelectric DOBAMBC the first order reflection 
is observed in the IR spectral range.165 

The polarization properties of light reflected into the first diffrac- 
tion order are markedly differ from those for the second order. For 
instance, the right-polarized wave transforms into a left-polarized one 
and vice versa 170 (by the way, in cholesterics one circular polarization 
does not reflect at all and the other keeps the polarization after 
reflection). For oblique incidence of light with a wavelength consid- 
erably less than the helical pitch a strong forward diffraction is ob- 
served with a change of linear polarization by the angle d 2 .  This 
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124 BERESNEV. ef ut. 

effect is magnified under certain phase matched conditions for the 
wave vectors.18' 

In an absorbing medium, e.g., when some dyes are dissolved in a 
smectic C* matrix one can observe179 a diffractional decrease in light 
absorption near the selective reflection band (Bormann's effect). 

6.3. Preparation of optically homogeneous samples 

In fact, the ideal helical structure of a smectic C* is never realized 
in experiments since the solid boundaries play an important role even 
in the case of thick samples. Usually one tries to prepare as perfect 
a sample as possible, however it is very difficult to avoid various 
structural defects such as walls, disclinations, focal-conic domains, 
spherulites, etc. The most important, from the practical point of vien , 
are the two orientation geometries of the smectic layers with respect 
to the limiting solid surfaces, shown in Fig. 50. 

The first one, called homeotropic, corresponds to smectic planes 
parallel to the limiting boundaries. As the molecular tilt angles 0 are 
usually small (< 45%) the boundaries are treated by surface-active 
substances which force the molecules of a liquid crystal to stay per- 

X 

G 
a) 

FIGURE 50 Upper: Two typical geometries for the investigation of the helical struc- 
ture of smectic C'. The helical axis is perpendicular (a) and parallel (b) to the limiting 
surfaces. Lower: The same structures under conditions of hclix unwinding in thin cclls. 
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FERROELECTRIC LIQUID CRYSTALS 125 

pendicular to the support. Conventional orienting substances for DO- 
BAMBC are cetyl-trimethylammonium bromide,1J6s hexadecyl-tri- 
methylammonium bromide, 123 and others. Usually a liquid crystal is 
oriented in the smectic A phase (if it exists) and an additional strong 
shear of one plate with respect to the other favours the orientation 
of the smectic layers parallel to the plates. The reason is the easy 
sliding of the smectic A layers relative to each other. 

After preparing the uniform homeotropic orientation in the smectic 
A phase the substance is cooled down into the smectic C* phase. In 
the volume of the sample the molecular tilt and the helical structure 
appear and the surface parts of the sample become distorted (bend- 
deformation). In the case of small thickness (microns) the helix is 
untwisted and the sample becomes homeotropically oriented, Fig. SO 
(left lower part). 

The second type of orientation corresponds to the case (Fig. SO, 
right part) when the smectic layers are perpendicular and the helical 
axis is parallel to the limiting surfaces. It is very difficult to  obtain a 
high quality orientation of such a type since the helical structure in 
the volume of a sample does not joint with the uniform molecular 
orientation at the surface. In this case, the system of linear defects, 
disclinations appear. The disclinations are perpendicular to the di- 
rector at the surface and the distance between them is equal to the 
pitch, Fig. 51. A similar system of defects occurs in the cholesteric 
phase, however, in that case, its period is equal to half of the pitch. 
The difference is accounted for by the fact that in addition to the 
second order diffraction the first order one is allowed in the smectic 
C* phase. 

To obtain the homogeneous planar molecular orientation at the 
boundaries one usually uses some combination of a surface treatment 
and the influence of external fields. First of all one should provide 
for the anisotropy of the surface forces. For this purpose one often 
uses either the vacuum deposition of SiO with oblique incidence of 
the molecular beam1s2,1x3 or the depositon of a polymeric layer with 
its subsequent unidirectional rubbing. Good results may be obtained 
using an adhesion promoter.184 Such a technique allows planarly ori- 
ented layers of DOBAMBC, HOBACPC and some ferroelectric mix- 
tures to be obtained even without external fields. 

As external factors one often uses a magnetic field185 or a weak 
mechanical shear of the supports either manually with microscopic 
screws186 or electrically with an acoustic diffuser18'. When the initial 
planar orientation is made at the cell walls and the magnitude of the 
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126 BERESNEV, er al. 

FIGURE 51 
lying in the plane of the sample (from Ref. 127). 

Linear domains characteristic of chiral smectic C* with the helical axis 

shear does not exceed 1 0 0 ~  the smectic layers would stay perpen- 
dicular to the walls with their planes oriented along the shear direc- 
tion. This method is especially effective in the case of thin cells when 
the spiral structure is absent and a so-called “bookshelf” geometry 
is achieved, Fig. 50 (right lower part). 

An electric field188J89 and a temperature gradientIg0 are sometimes 
applied as additional orienting agents. For example, homogeneous 
samples of the smectic A phase of DOBAMBC were grown in a 
temperature gradient using the edge of a polymeric spacer as the 
seed. 

6.4. Optical methods for measuring the pitch of the helical 
structure and the molecular tilt angle 

Following165 let us briefly describe various experimental techniques 
for measuring the helical pitch of the smectic C* phase. The most 
popular is the method of measurement of the distance between par- 
allel strips (domains) in the planar texture when the helical axis is 
parallel to the cell boundaries. This method allows the full pitch to 
be directly measured. 10~11,22 However, as was shown recently12Jh’ the 
value of the pitch and its qualitative temperature behaviour as well 
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FERROELECTRIC LIQUID CRYSTALS 127 

as other parameters strongly depend upon the sample t h i c k n e ~ s . ’ ~ ~  
This method may be recommended only for sufficiently thick samples 
(hundreds microns). 

of measuring the pitch by the deviation angle for a light beam incident 
perpendicular to the helical axis on the planarly oriented sample. 

In the case of homeotropically oriented samples with the helical 
axis perpendicular to the limiting plates one measures either the 
distance between Grandjean disclinations in a wedge-form cell,165 or 
the spectral position of the Bragg reflection m a ~ i u m . l ~ ~  In the latter 
case, to calculate the pitch one should have data of the refractive 
indices. In general, for thick cells the different methods give close 
agreement for the pitch. 

There are several optical means for measuring the tilt angle 8 for 
both achiral (C) and chiral (C*) smectics. As a rule, smectic C is 
considered to be uniaxial. For example, for achiral smectics there 
have been developed in t e r f e r~met r i c l~~  and conoscopicx’~193 tech- 
niques. The angle 8 may be also determined from dichroism meas- 
urements in an electric field (guest-host effect). In the latter case,194 
a dye is dissolved in a liquid crystalline matrix. In all the cases men- 
tioned, the angle measured is considered to be equal to the angle of 
deviation of the director from the normal to the smectic layers. How- 
ever, there are significant discrepancies between 8 values obtained 
from optical and X-ray data. This may be explained, first, by ne- 
glecting the biaxiality and, second, by the different contributons of 
various molecular moieties (flexible tails and rigid skeletons) to the 
scattering of X-ray and optical beams.82 

For chiral smectics C* the angle 8 may be determined optically 
either for sufficiently thin samples where the helix is unwound or in 
a strong field unwinding the helix. If the director has no preferrable 
orientation in the plane of a cell the defect structures may be observed 
in polarized light different parts of which are darkened at  different 
angles of orientation of an analyser with respect to a polarizer. From 
these observations the angle 8 may be determined.1x6J91 More con- 
venient, however, is an electro-optical techniquelOJ1 which uses field- 
induced switching of the director by an angle 20 which is easily meas- 
ured when rotating an LC-cell. In addition, the optical anisotropy of 
the substance is determined.13) Naturally, our previous note con- 
cerning inequality 8, and 8 is still true, and all these methods in fact 
provide the inclination angle for the principal axis of the dielectric 
tensor. 

The same difficulties are characteristic of the diffraction 
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128 BERESNEV, et al. 

6.5. Nonlinear optical properties 

Ferroelectric liquid crystals are polar, noncentrosymmetric substances 
for which the expansion of the electric polarization 

with a non-zero second order polarizability x2 is valid (here, x,, = P,, 
is the spontaneous polarization, x, is the ordinary linear polariza- 
bility). Therefore, for such substances the most important nonlinear 
effects are due to the x2 # 0. One of these effects is the optical second 
harmonic generation. In the experiment an intensive light wave of 
fundamental frequency w is directed at the sample and the light with 
double frequency o’ = 2w is detected. The amplitude of the field at 
2w is proportional to the squared amplitude of the exciting beam 

E(2w) cc X2E2(@) 

and the corresponding light intensities are 

For the first time, the second harmonic generation in ferroelectric 
liquid crystals was observed on unoriented samples of DOBAMBC.19s 
The utilization of oriented samples and a specific temperature de- 
pendence of the tilt angle 0 allows the second harmonic to be observed 
in a phase-matched The latter is achieved by a change 
in the refractive index for an extraordinary wave with increasing 0 
(and, therefore, 0,) under cooling the sample, Fig. 52. The value for 
the nonlinear polarizability x2 correlates with the magnitude of the 
spontaneous polarization. Unfortunately, in materials studied until 
now xz is small. The reason is the small value of the order parameter 
for short molecular axes which is responsible for ferroelectricity 
((cos $) s 0 .1 ) .114  

VII. ELECTRO-OPTICAL EFFECTS 

In this chapter we discuss experimental data on electro-optical effects 
in ferroelectric liquid crystals and compare them, where it possible, 
with theory. For the sake of completeness we begin the discussion 
with the properties of the achiral smectic C phase. 
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20 

0 
30 2 0  40 0 T,-T, OC 

FIGURE 52 The intensity of the phase-matched optical second harmonic generation 
in DOBAMBC achieved by the temperature tuning of the angle 0 (from Ref. 196). 

7.1. The Fredericks transition in a smectic C 

In contrast to smectics A where a change in orientation of the director 
must be accompanied by a distortion of the smectic layers, the ap- 
plication of an external (d.c. or a.c.) electric field to the smectic C 
phase results in the orientation of the director either in the field 
direction or perpendicular to it in accordance with the sign of the 
dielectric anisotropy E,. In this case, the director is switched from an 
initial to a final state along the surface of a cone with the angle 20 
at its apex, where 0 is the tilt angle of the director with respect to 
the smectic normal (to the first approximation 0 is considered to be 
independent of field and, in addition, for the sake of simplicity we 
assume 0 = 0,). 

If, for example, E > 0 and in the initial state the director is parallel 
to the continuing glass plates and perpendicular to the field, then the 
process of reorientation will have a threshold character in complete 
analogy to the Fredericks transition in nematics. 

The first investigation of the Fredericks effect in a smectic C was 
made by P e l ~ l . ” ~ , ~ ’ ~  The corresponding geometry is shown in Fig. 
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130 BERESNEV. et a!. 

53. Under action of a field applied across transparent electrodes the 
director in the bulk of the sample changes its direction from no to nE 
in order to decrease the field term q,E2 in the free energy. The only 
difference from the case of nematics is the fact that all positions of 
the director are limited by the cone surface. From optical measure- 
ments of birefringence or dichroism accompanying the switching of 
the director one can calculate the angle 28 at the apex of the cone 
and, for known value of E,, evaluate an effective elastic modulus 
defining the threshold voltage for this effect.'98 

It should be noted that this type of director switching is also im- 
portant for ferroelectric smectics C* when the value of the sponta- 
neous polarization is small and E, is high, that is, the inequality E,,E~ 
> P,yE is obeyed. 

7.2. The chirel smectic C* phase in a weak electric field 

It is convinient to discuss the field behaviour of a chiral smectic C 
separately for three different cases. For a weak field, E << E, where 
E,. is a critical field for helix unwinding the helical structure is only 
slightly distorted and using such a technique one may study the dy- 
namics of a nearly undistorted helix. The case E = E, corresponds 
to the process of helix unwinding. For E > E, the interaction of the 
external field with the vector of the spontaneous polarization results 

FIGURE 53 The geometry for observation of the Fredericks transition in smectic 
C. 
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FERROELECTRIC LIQUID CRYSTALS 131 

in the field switching of the director accompanied by a change in 
birefringence. 

Let us consider the case of a weak field. The two experimental 
geometries often used for a study of the linear electro-optical effect 
in smectic C* are shown in Fig. 50. In the geometry of Fig. 50(a) at 
zero field, under a polarizing microscope one can observe a conos- 
copic figure in the form of the Maltese cross. When applying a weak 
field along the X-axis the center of the figure is shifted perpendicular 
to the field in the Y-direction. The reason is a field-induced optical 
biaxiality. The shift of the cross depends linearly upon the field and 
the direction of the shift (say +Y) is inverted (to -Y) when the 
polarity of the field is changed. This effect has already been dem- 
onstrated in the original paper of Meyer and others.' From the shift 
of the cross one may calculate the average value for the azimuthal 
angle (cp(z)), see eqn. (35) of Chapter 11, and, knowing the value of 
the spontaneous polarization find the elastic modulus K". Such an 
attempt was made in Ref. 199. In the same paper an estimate was 
made of the twist-viscosity coefficient y1 for a ferroelectric mixture 
consisting of an achiral matrix (4-n-nonyloxy-4'-n-hexylphenyl ben- 
zoate) doped with a chiral additive. 

The geometry for the electro-optical measurement shown in Fig. 
50(b) is used more often. In such an experiment one may observe a 
change in the helical pitch either directly under a microscope or using 
the diffraction of laser light by the helical structure. A light beam is 
directed at the cell along the X-axis. In particular, such a geometry 
was used in paper Ref. 32 where an attempt was made to  evaluate 
the flexo-and piezo-contributions to the total value of the spontaneous 
polarization of the undistorted helical structure. 

The idea of the latter experiment is as follows. Since in eqn. (34) 
for the angle O(z) the piezo-(pp) and the flexo (SF& contributions 
are included with different signs we could hope to find a certain 
compensation point for an electro-optical response when varying 
the composition of a mixture of right and left ferroelectric liquid 
crystals. Indeed, a minimum has been observed in the dependence 
of the light modulation depth upon the composition of a mixture of 
DOBAMBC and HOBACPC, Fig. 54(a). The curves were obtained 
for two different frequencies, 40 Hz and lOkHz, which 
correspond to two different conditions, w = 27~f << 7i1 and w > 
7;'. Here -rS = y,/Kqi is a characteristic time for relaxation of the 
helix which corresponds to the frequency dispersion of the electro- 
optical response. For pure DOBAMBC this dispersion is shown in 
Fig. 54(b). 
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(a) 

BERESNEV, et al. 

FIGURE 54 Thc depth of the electro-optical modulation as a function of the com- 
position of a mixture (a), and of the frequcncy (b) according to Ref. 32. (a) A mixture 
of DOBAMBC and HOBACPC; (curve 1-frequency 40 Hz, voltage SV; curve 2- 
frequency 10 kHz, voltage 15V). (b) DOBAMBC, T,, - T = 2°C. 

From these experimental data the flexo- and piezo-coefficients were 
calculated in paper Ref. 33, based on eqns (34, 35). 

7.3. The helix unwinding 

With increasing electric field applied perpendicular to the helical axis 
the spiral structure loses its stability. 

In the limit of strong field, the director is oriented along the field 
direction and the structure becomes uniform. The threshold field for 
helix unwinding E, is defined by eqn. ( 3 3 )  which was derived ne- 
glecting both the dielectric anisotropy E, and the field dependence of 
the tilt angle, 8 = 8,,. The field dependence of the helical 

h (E) = % F ,  (.rr,K) F2 (IT,K) 
71 

includes the field implicitly through the constant 0 d K G 1 according 
to the equation’85 D
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FERROELECTRIC LIQUID CRYSTALS 133 

Here, h, is the helical pitch at zero field, and 

F2(a,K) = (1 - K2 sin2t)1/2dl i 0 
are elliptic integrals of first and second orders, respectively. 

The purpose of an experiment is a check on the theoretical model 
and, if possible, the determination of material parameters such as 
elastic moduli, piezo- and flexo-coefficients, etc. In addition, the 
application possibilities of the effect of helix unwinding were analysed 
in the experiments (controllable light diffraction, electro-optical mod- 
ulation, etc.).'59 

Despite a variety of experimental works concerning the effect of 
helix unwinding in chiral smectic C* liquid crystals the simple theo- 
retical model described above has only recently been quantitatively 
confirmed. First of all, this refers to the value of the threshold field 
E,. Experimental data on E, for DOBAMBC (E, =4.102-5.107 Vxm- ' 
agree with the theoretically predicted values. Indeed, for T,-T = 
20 K ,  h = 2 d q 0  = 4 ~ ,  0" = 0.5, K = dyn, xI = 0.2 and prl 
= 120 CGS units" eqn. (33)  gives E, = 3 CGS units = lOV-cm-'. 
In earlier investigations once could not manage to detect the anomaly 
in the temperature behaviour of E, due to the non-monotonic tem- 
perature dependence of the pitch, Fig. 44. However, T a k e ~ o e ' " ~  and 
Kuczynski202 did recently observe this anomaly, Fig. 55. 

The experimental curve for the field dependence of the pitch of 
DOBAMBC differs markedly from the earlier analytical result, Fig. 
56.199 This discrepancy appears to be due to neg1ectingl7-ls5 the die- 
lectric anisotropy. Numerical calculations of h ( E )  taking into account 
E,, were carried out by D m i t r i e n k ~ . ~ " ~  In a particular case, namely, 
for R = P,2h;/m,K = 1 the latter theory gives the very simple de- 
pendence 

in the temperature range T, - T between 0.2 and 20 K11,189,200.201 ) 
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2 :i 1 

1 I I \ I 

- .Is - f 0  - 5  0 
T.-T&, “C 

FIGURE 55 Temperature dependence of the threshold field of helix unwinding for 
DOBAMBC. Curve 1-from Ref. 12, cell thickness 100~; curve 2-from Ref. 165, 
thickness 120 wrn. 

For DOBAMBC P, = 9 CGS u., h, = 2.10-4 cm, 2.4 and 
R = 1 for the very reasonable value of K = 3*10-’ dyn. The cor- 
responding theoretical curve is given in Fig. 56. It may be seen that 
the experimental curves lie between the two theoretical ones, that 
is, in general, the theory agrees with experiment. 

The interaction of a liquid crystal with the limiting solid boundaries 
plays an important role in experiments with helix unwinding. For 
instance, the critical field depends considerably on the cell thickness. 
The picture becomes even more complicated in the vicinity of the 
smectic A-smectic C* phase transition. In fact, such a situation is 
typical of the experiments with DOBAMBC and other ferro- 
lectrics studied until now. First, a field blurs the phase transition, 
Fig. 12 and, second, it influences the tilt angle 8 for a given 
temperature difference T, - T (an electro-clinic effect). The corre- 
sponding corrections should be taken into account in any strict future 
theory. 

The role of the solid boundaries in the unwinding process manifests 
itself by the fact that the helical pitch increases with increasing field 
in a non-monotonic way. This problem was investigated in d e t a i P  
using an analysis of the corresponding optical pattern with respect to 
the wave vectors (the technique included a polarizing microscope 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



FERROELECTRIC LIQUID CRYSTALS 135 

2.5 

2 . 6  

1.5 

.F 
0 0. S 

FIGURE 56 The helical pitch as a function of the external field. Curve 1-theory 
of Ref. 17 for E, = 0; curve 4-theory of Ref. 203 for E, = 2.4 and R = 1; curve 
2-experimental data from Ref. 165, for T, - T = 0.7 K; curve 3-experimental 
data from Ref. 165 for T, - T = 1.7 K. 

with a video camera and a microprocessor). It was shown, that the 
process of helix unwinding in a sample of DOBAMBC with thickness 
6 0 ~  proceeds more or less in accordance with theory only for tem- 
peratures close (T, - T = 1-2 K) to the C* - A  transition. In this 
case, a discrete line in the power spectrum of the scattered light is 
monotonically shifted to smaller wave vectors with increasing field. 
When the difference T, - T is larger (say, 10 K) an increase in the 
field results not only in the shift of the line but also in its broadening 
and even in the appearance of new lines in the power spectrum. This 
means a distortion of the uniform system of linear domains shown in 
Fig. 51. For still lower temperatures (Tc- T = 25 K) an external 
field (E = 3.3 kV.cm-l, cell thickness 6 p )  converts an initial system 
of equidistant linear domains into a set of groups of closely located 
lines with large distances between The increase in viscosity 
with decreasing temperature appears to harden the process of un- 
winding which is surely accompanied by the motion of disclinations. 
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136 BERESNEV, et al. 

According to the Glogarova the disclination lines exist 
near the upper and the lower solid boundaries of a layer of a ferro- 
electric liquid crystal, Fig. 57(a). With increasing field the upper and 
lower rows of disclination approach each other, Fig. 57(b) and then 
form pairs, i.e., n-disclinations, Fig. 57(c). Further increase in the 
field results in the broadening of the domains with a homogeneous 

FIGURE 57 The Glogarova modelzb for unwinding the planar helical structure in an 
electric field. The boundary conditions are symmetrical. Symbols 0 and 0 are cross 
sections of f 2 disclinations. 
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FERROELECTRIC LIQUID CRYSTALS 137 

orientation of the director at the cost of the areas with the opposite 
orientation. Eventually the uniform structure is achieved. The first 
critical field E, corresponds to the formation of n-disclinations and 
the second critical field E, is associated with the formation of the 
uniform structure. For DOBAMBC the situation is especially com- 
plicated as El = E2. 

The modelz6 explains a lot of optical observations and can be a 
basis for the quantitative measurements of the material parameters. 

The dynamics of helix unwinding was investigated theoretically and 
experimentally in Ref 205. Experimental results were compared with 
a numerical solution of the equation 

d2q  dv K O,,- - y 8 - + x ppE sin cp = 0 
dz2 ' d t  

which is written for an infinite sample and 8o = const. For a small 
distortion of the helical structure in a weak field its relaxation is 
described by the time T," = y,/Kq$ (§ 2.4). However, a decrease in 
a wave vector with increasing field results, in general, in an increase 
of the relaxation time. At the point E = E, the relaxation time T,(E,) 
becomes infinite, i.e. the ratio T,(E)/T:' tends to zero, see Inset to Fig. 
58. The effect of a strong (E > E,) field on the unwound structure 
is reduced to switching the director from one position to the other 
after a change in the sign of the field. In the latter case, the experiment2OS 
shows the linear field dependence of the inverse time of switching 
T,-', Fig. 58. 

The recent s t ~ d i e s ~ ~ ~ , ~ " ~  of the dynamics of helix unwinding in the 
smectic C* phase point, however, to a more complicated nature of 
this phenomenon. For example, the fast photography of the process 
carried out with a pulse lamp (DOBAMBC, cell thickness 100p2O6) 
shows that the distance between parallel strips of the domains does 
not increase smoothly, but instead, separate lines disappear during 
the transient regime. It looks as if the field pushed some defects 
(dechiralization lines) out of the sample. These results confirm the 
Glogarova model, shown in Fig. 57. The important role of structural 
defects, namely, walls deviding spatial areas with opposite directions 
of the spontaneous polarization was also emphasized in Ref. 131. 
Moreover, the walls should remain even in the strong field limit when 
the helix is unwound. In this case, the speed of switching the director 
in an a.c. field is limited by the motion of the walls and the switching 
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138 BERESNEV, et at. 

FIGURE 58 Response time for the helical structure of DOBAMBC as a function 
of the strength of the field in the form of a single pulse. Upper: theoretical curve T, 

= y, /Kqt .  Lower: experiment with a cell of thickness 100 pm (from Ref. 205). 

time is proportional to the square root of the external voltage. The 
experiment carried out on thin (- lop) samples of DOBAMBC131 
appears to confirm this root dependence. Therefore, for thin and 
thick (Fig. 58) samples the data are controversial and the whole 
problem requires new investigations. 

7.4. Switching the director in a strong field 

The linear electro-optical effect is the most remarkable property of 
liquid crystalline ferroelectrics and is the basis for their practical 
applications. The first observation of the effect was already made in 
the pioneering work' where a linear field-induced shift of a conoscopic 
figure was detected for a homeotropic layer 'of DOBAMBC. The 
same effect may be used for light modulation by a sequence of voltage 
pulses with changing polarity. In the latter case, as it was shown in 
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FERROELECTRIC LIQUID CRYSTALS 139 

FIGURE 59 Switching the director by the interaction of the field & E x  with the 
spontaneous polarization P,. 

Ref. 185, a ferroelectric liquid crystal has three stable states corre- 
sponding to positive, zero, and negative voltages. 

The experimentls5 was performed in the following way. The initial 
structure was helical with the spiral axis lying in the plane of the cell. 
The helix was unwound in a sufficiently strong field. The homoge- 
neous, optically uniaxial layer was obtained with the direction of the 
director determined by the field polarity ( + 8 or - 8 with respect to 
a certain mean position). A change in the field polarity switches the 
director by the angle 28. A number of different ways for optical 
modulation were realized for various polarization directions of the 
incident light (a He-Ne laser) and the position of the analyser. 

In the first  experiment^'^^ a full cycle of 100% optical switching 
comprised 500 $3 (DOMBAMBC, E = 6.103 V-cm-', cell thickness 
= 100p) and the inverse time 7;' linearly increased with the voltage 
exceding the threshold for helix unwinding, Fig. 58.205 Clark and 
L a g e r ~ a l l ~ ~ ~ " ~  improved considerably the fastness of switching using 
very thin (microns) liquid crystal layers. In the latter case, the helix 
is unwound by surface forces even at a zero field. The initial direction 
of the director is preset by rubbing glass surfaces, e.g. along the t- 
axis, Fig. 60. A light shift of the glasses along the y-axislX6 forces the 
smectic layers to align perpendicular to the plane of the glasses. In 
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140 BERESNEV, er al. 

FIGURE 60 
in ferroelcctric liquid crystals. 

Electrooptical arrangement for the observation of the director switching 

this case, the angle, 8, between the director and the normal to the 
smectic layers remains constant. 

An applied field interacts with the spotaneous polarization vector 
and tends to orient P,, 11 E. The reorientation of P, is accompanied 
by the turn of the director ii which remains at the conical surface 
with the apex angle 2 6 as discussed above, Fig. 60. The turn of the 
director means the turn of the optical axis by the angle, say + 8,, 
from its initial orientation along the z-axis. The change in the field 
polarity results in the same turn of the director but in the opposite 
direction and the optical axis turns by the angle - 0". Thus, switching 
the optical axis by the angle 2 8, after a change in the field polarity 
allows the 100% light modulation to be obtained for a proper set of 
a polarizer and an analyser (remember, that 6, = 8, is assumed), 
Fig. 60. 

The switching time may be estimated by the formula D
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‘z, s 

141 

FIGURE 61 
HOBACPC. 

Switching time VS applied voltage for different ferroelectric phases of 

which agrees qualitatively with experiment. In Fig. 61 the curve T 
(E) for a layer (thickness = 1,5p) of HOBACPC was reproduced 
from the original paper.*08 Short times of the order of 0.5pS were 
obtained at strong field (E = 3 ~ 1 0 ~  V-cm-’). This figure agrees qual- 
itatively with an extrapolation from referencels5 where the field was 
50 times less (the difference in the P, values for DOBAMBC and 
HOBACPC should also be taken into account). 

For mixtures having the smectic C* phase at lowered temperatures 
the switching times increase for an increase in the viscosity coefficient 
y,.209,210 At room temperature the switching times lie in the milli- 
second range. Strictly speaking, there are two twist-viscosity coeffi- 
cients corresponding to changes in the tilt (0) and the azimuthal (cp) 
angles of the director. Fortunately, the $ coefficient which defines 
the electrooptical behaviour of ferroelectric liquid crystals is one or 
two order of magnitude smaller than $ 226 and this fact accounts for 
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142 BERESNEV. et al. 

the faster switching of smectic C* as compared to nematics at nearly 
the same values of e,E2 and P,E. 

The director switching process does not envelope simultaneously 
a whole sample. Domains where the polarization follows the new 
field direction are generated in the form of separate islands sur- 
rounded by the domain walls. The thickness of the wall is of the order 
of the coherence length 5 = (WP,E)"2.211 The area of the islands 
increases during a transient process and the velocity of the wall is 
proportional to the field strength and is markedly different for the 
direction along (q) and transverse (uI) to the smectic layers, ul, = 
2vl2I2. The linear dependence u 0: E obtained in Refs. 212 and 211 
using a stroboscopic technique for very thin (- 11.) layers does not 
agree with the square root dependence u obtained in Ref. 131 
for rather thick ( 1 0 ~ )  layers of DOBAMBC where the helical struc- 
ture is still preserved. The intensive light scattering by the domain 
walls, which accompanies switching the director, may be used for 
manufacturing electro-optical devices with response times in the mi- 
crosecond range and with no polaroids. 

The detailed investigations of the switching process in the smectic 
C* phase were recently carried out for DOBAMBC and HOB- 
ACPC.hX,213 The latter paper contains useful data on various material 
parameters for HOBACPC which is a classical ferroelectric liquid 
crystal with a high value of the spontaneous polarization. A field 
parallel to the plane of a liquid crystal layer also causes the director 
switching accompanied by an appearance of interference colours. 
Such an effect was recently studied in Ref. 214. 

In addition to the smectic C* phase the optical switching effect is 
also observed in other, low temperature phases. However, in this 
case the switching times are considerably longer. This is seen, e.g. 
in Fig. 61 where the upper curve (62" C) is referred to the smectic 
I* phase of HOBACPC studied in more detail in Ref. 208. 

According to Refs. 137 and 215 the low temperature phases I*, X* 
and others are truely bistable, i.e., have two or more stable states 
analogous to those of solid ferroelectrics. The electric field can switch 
a liquid crystal from one state to the other. In the case of the smectic 
C* phase, the true bistability could probably be obtained only for 
specific boundary conditions caused by the polar interaction of the 
spontaneous polarization with the solid surfaces.216 

In conclusion of this chapter, it should be noted that a strong electric 
field interacts not only with the spontaneous polarization but can give 
rise to an ordinary quadratic orientational effect,217 electrohydro- 
dynamic instabilities218 and various modulated structures.21q 
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VIII. POSSIBILITIES FOR THE PRACTICAL APPLICATION OF 
FERROELECTRIC LIQUID CRYSTALS 

From the practical point of view the electrooptical properties of the 
smectic C* phase are the most important. In comparison with con- 
ventional nematics, smectics C* provide an improved speed of re- 
sponse and bistable switching which allows one to display the infor- 
mation in the field-off state. It is acceptedlS6 that smectics C* could 
be switched even in a submicrosecond range. With decreasing tem- 
perature a strong increase in spontaneous polarization somewhat 
compensates for an increase in viscosity y1 and, hence, the speed of 
response (T = y,/P,E) becomes worse not to such an extent as is 
typical of nematic mixtures (T -- yl/eaE2) where the value of the 
dielectric anisotropy quickly reaches saturation. Besides, the twist 
viscosity coefficient y: itself is less than the value obtained by an 
extrapolation of the “nematic” value of y1 into the temperature range 
of the smectic C* phase.226 

High speed of response opens up strong possibilities for utilization 
of ferroelectric liquid crystals in various light controlling devices such 
as optical shutters and modulators, controllable transparencies in 
optical processing systems, matrix displays, flat TV screens and large 
information pannels.220 One of the first practical realizations is a 
linear modulating array for the Xerox system.221 A wide distribution 
of ferroelectric liquid crystals is still delayed by an absence of the 
necessary spectrum of substances with a wide temperature range and 
high spontaneous polarization. In addition, the technique for pre- 
paring optically homogeneous samples is still weakly developed. 

The phase transition between a twisted smectic C* and a homo- 
geneous smectic A, in fact, does not reveal a latent heat. It opens 
up the possibility to use smectic C* as visualizers of the heat radiation. 
This principle is the basis for recording information by a laser beam223,222 
which is of interest for manufacturing some auxiliary computer de- 
vices, e.g., graph plotters. The shift of the phase transition temper- 
ature with impurity concentration can be used for the detection of 
radiolysis products and for constructing detectors of ionizing radia- 
tion. 

The utilization of ferroelectric liquid crystals in piezo- and pyro- 
electric elements, that is in the traditional sphere of application of 
solid ferroelectrics, is also interesting as a liquid crystalline (i.e., in 
fact, liquid) medium allows the sufficiently bulky devices of an ar- 
bitrary form to be constructed. However, in this respect the most 
important substances are the ferroelectric liquid crystalline polymers 
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144 BERESNEV, ef al. 

which allow one to prepare solid films with pyro- and piezo-electric 
p r 0 ~ e r t i e s . l ~ ~  In addition, there exists the possibility to build com- 
posite materials based on polymeric (non ferroelectric) liquid crystals 
with solid ferroelectric  inclusion^.^^ 

Further investigations are necessary of the non-linear optical 
properties224 of ferroelectric liquid crystals. Apart from the giantic 
orientational non-linearity characteristic of centrosymmetric phases, 
these substances reveal optical second harmonic generation and other 
effects caused by a lack of an inversion center. A remarkable feature 
of liquid crystalline materials (as compared to crystals) is an enhanced 
optical strength. 
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