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The molecular-statistical theory of the ferroelectric smectic C' phase is summarized and 
generalued to the cases of the ferroelectric liquid crystals with large dipole in the chiral 
part of the molecule and to the mixtures of liquid crystals. The molecular model is 
proposed which is used to explain both ferroelectric and flexoelectric properties of the 
C*  phase using a small number of molecular model parameters. In this model we 
consider the chiral intermolecular interaction, modulated by the banana-like shape of 
the molecules. The analysis of the model yields a simple chiral and polar interaction 
potential which is used in the statistical theory. The phenomenological constants of the 
smectic C*  liquid crystals are expressed via the molecular model parameters. 

In this report we consider also the microscopic interpretations of flexoelectricity in 
the smectic C phase. It is shown, that steric interaction of banana-like molecules results 
in the strong temperature dependence of flexoelectric coefficients. This result is used to 
explain the experimentally observed strong temperature variation of the helical pitch in 
the ferroelectric smectic C * phase. 

1. INTRODUCTION 

During the past decade extensive experimental studies have been 
carried out on the ferroelectric liquid crystals. After the first report by 
R. Meyer et al.' a number of various ferroelectric smectic C* liquid 
crystals, including the homologous series4, have been synthesised and 
investigated.*- Recently the ferroelectric properties have been dis- 
covered also in nonchiral smectic C doped with chiral  molecule^.^.^ 

'/' Presented at the IX Int. Liquid Crystal Conference, Bangalore, 1982. 

51 

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

1:
25

 2
1 

Fe
br

ua
ry

 2
01

3 



58 M. A. OSIPOV AND S. A. PIKIN 

The ferroelectric ordering in the smectic C* phase was usually 
discussed in terms of the hindrande rotation of molecules around 
their long axis. However, the microscopic origin of this ordering (and 
hindrance) remained obscure. On the other hand the phenomenologi- 
cal theory8 cannot account for some unusual properties of ferroelectric 
liquid crystals including the experimentally observed strong tempera- 
ture variation of the pitch in the C* phase within 2 K from the 
transition temperat~re.~.~.  lo Therefore it was necessary to develop a 
molecular-statistical theory of ferroelectric liquid crystals which would 
clarify the microscopic origin of the dipolar ordering in the smectic C* 
phase and permit one to express the constants of the phenomenologi- 
cal theory via the molecular model parameters. 

The molecular model of the ferroelectric smectic C* phase has been 
constructed in" by inclusion of the chiral and polar interaction energy 
into the Hamiltonian of the smectic C model proposed by Van der 
Meer and Vert~gen.'~ The refined molecular theory is presented in 
section I1 of the present paper. Here we shall also describe the model 
for the interaction between chiral and polar molecules12 which yields 
the same form of interaction potential as derived in ref. 11. This model 
is specified in sections I1 and 111 in order to describe ferroelectric 
ordering in liquid crystals with a dipole moment in the chiral part of 
the molecule. Such materials are important from the practical point of 
view since they exhibit the larger values of spontaneous p~lar izat ion.~~'~ 
The theory of ferroelectric ordering can be generalized to the case of 
mixtures of liquid crystals.'* The consistent consideration of different 
kinds of mixtures which exhibit ferroelectric properties will be pre- 
sented in section 111. 

The statistical theory of flexoelectric effect in the smectic C phase 
has been developed in 14,15 by generalization of the Straley theory for 
the nematic phase. It has been shown in15 that the steric interaction 
gives rise to the strong temperature dependence of flexocoefficients in 
the smectic C phase. This result enabled us to explain for the first time 
the strong temperature variation of the pitch in the ferroelectric C* 
phase. The results of the molecular-statistical theory of flexoelectricity 
in the smectic C phase are presented in section V. 

Finally we want to emphasize that the main purpose of the present 
paper is the construction of the appropriate unified molecular model 
which can be used to explain the flexoelectric and ferroelectric proper- 
ties of the C* phase using a small number of molecular model 
parameters: the average bend angle c, length to breadth ratio L / D ,  
transverse dipole moment d ,  and the parameter of molecular chirality 
A, which is described in section 11. 
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SMECTIC C* MODEL 59 

II. INTERACTION ENERGY FOR CHIRAL AND BANANA-LIKE 
MOLECULES 

The molecular shape is often considered to be the predominant factor 
in the formation of liquid crystalline phases (see, for 
The molecular shape is often taken to be cylindrically symmetric due 
to the fast rotation of a molecule around its long axis. At the same 
time the effective banana-like molecular shape is taken into account in 
the microscopic theory of the flexoelectric effect.'6,21*22 In this paper 
we shall assume that the polar molecule of a smectic C* liquid crystal 
possesses the effective banana-like shape (see molecule j at Figure 1). 
It can also be stated that the molecular shape is characterized by a 
polar deviation from cylindrical symmetry, i.e. the molecule possesses 
the so called steric dipole.23 The molecule j at Figure 1 can be 

FIGURE 1 The schematic representation of the interaction between the chiral mole- 
cule i and the banana-like moleculej. 
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60 M. A. OSIPOV AND S. A. PIKIN 

characterized by the average bend angle E. When E is small the 
orientation of such molecule can be conveniently specified by two 
vectors ajl and aj2, aj1,2 = -aj  + cb,, E << 1. Therefore, at small E, 
the banana-like molecule can be approximately considered to consist 
of two parts with the long axes ail and aj2. 

Let us consider the interaction energy between the polar molecule j 
and the chiral molecule i. The first term of the general expansion of 
chiral intermolecular interaction energy between uniaxial molecules i 
a n d j  is given 

Now, to obtain the expressions for the interaction energy between the 
chiral molecule i and the banana-like moleculej one has to consider 
the potential’ modulated by the asymmetric form of the molecule j.? 
In the case of small E -sz 1 the interaction potential between the chiral 
molecule i and banana-like molecule j can be approximately written in 
the form:12 

where the intermolecular vectors rijl,2 are shown at Figure 1 and 
ujjl,2 = rijl,2/lrij,,21. The expressions for the vectors r i j l , 2  can be 
readily obtained with the help of Figure 1: 

L 
4 rjjl,2 = r i j  f -aj. (3) 

With the help of Eq. (3) the interaction potential (2) can be approxi- 
mated by the following expression 

?This modulation can be interpreted in the spirit of Gelbart [19], i.e. as a modulation 
by the short range anisotropic repulsion. 

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

1:
25

 2
1 

Fe
br

ua
ry

 2
01

3 



SMECTIC C* MODEL 61 

where the terms, linear in c, have been retained and the coupling 
constants J,J(r,Jl ,2) have been expanded in powers of L/2r,, < 1, L 
being the molecular length. “Other terms” in (4) do not contribute to 
the ground state free energy of the smectic C* phase. 

The second term in (4) is the chiral interaction potential which 
depends upon the direction of the short axis b,, i.e. it is sensitive to the 
dipolar ordering. The mathematical form of the potential (4) can be 
obtained on the general without referring to the particular 
model. The model is important for the calculation of the coupling 
constant u,, in Eq. (5 ) .  In order to detail the expression (5 )  one needs 
an additional expression for the coupling constant 4, which is de- 
termined by chral properties of the molecule i. Therefore the ap- 
propriate model of a chiral molecule can be useful here. 

Ferroelectric chiral smectic liquid crystals can be obtained from 
nonchiral smectogens through the replacement of a hydrogen atom in 
the molecular chain by an appropriate group (CH,, C1, CN, e t ~ . ) . ~ , ’ ~ , ~ ~  
The model for such chiral molecule has been proposed recently by 
Van der Meer and V e r t ~ g e n ~ ~  (see molecule i at Figure 1) who used it 
in the description of non-sterol cholesterogens. In this model the 
coupling constant J,,(r,,) reads: 

where 0, is the long axis of the substitution group, m, is a unit vector 
pointing from the substitution group to the long axis of the molecule, s 
is distance between the substitution group and the long axis, J0(r,,) is 
a coupling constant between the substitution group and the moleculej. 
The chirality of the molecule i at Figure 1 is determined by the 
orientation of the substitution group with respect to the long axis a ,  
and the vector m,. The molecule is chiral when these three vectors are 
not complanar, i.e. ([o,a, Jm,) # 0. In the Eq. (6) the molecular chiral- 
ity is represented by the pseudoscalar A, = (o,a,)([o,a,]m,) which 
changes sign under the inversion of molecular coordinate system. 

Substitution of Eq. (6) into ( 5 )  yields the following expression for 
the coupling constant u,, 

The expression in brackets in Eq. (7) can be further simplified taking 
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62 M. A. OSIPOV AND S. A. PIKIN 

into account that the coupling constant Jo(ri,) is determined by the 
short range interaction, i.e. Jo(rj,) - rGk, where 4 I k s 10. For the 
ordinary dipole-dipole dispersion interaction k = 6. In this case 

ui = 72 J, L E r , ~  ‘s (0, a, ) ( [ oia , ] m ; ) . (8) 

It is worth noting that all relevant parameters in Eqs. (7), (8) 
characterize the molecular shape. These parameters are: the average 
bend angle E, the molecular length L and the parameters of the 
substitution group. We would like to underline that in the present 
model the chiral and polar intermolecular interaction originates from 
the interaction of chiral molecule substitution group with the neighbor 
asymmetric molecule. 

As mentioned above, the largest values of spontaneous polarization 
have been observed in liquid crystals with a dipole moment located in 
the substitution group (chiral part) of the molec~le.’.’~ This fact can 
be understood within the present model. Indeed, if the substitution 
group possesses a large dipole moment, it induces the dipole in the 
polarizable core of the neighbor molecule. Then it is necessary to take 
into account the dipole-dipole induction interaction which is a pre- 
dominant one between the substitution group and the neighbor mole- 
cule due to the large value of the dipole. The corresponding dispersion 
interaction is much weaker because the polarizability of the substitu- 
tion group is very small compared with that of the ring system. 

The chiral part of the dipole-dipole induction interaction averaged 
over the rotations of the moleculej can be written in the form: 

v : d ( i y  j )  = - J I ( ~ ?  i)[(a;aj) - 3(a;uij)(a,~,j)]([aiajI~;j), (9) 

(10) J l ( i ,  j )  = 3 ~ r ~ ~ ~ a , ( o ~ a ~ ) ( [ o ~ a ~ ] m , )  d,?, 

where di = dio, is the dipole of the substitution group and a, is the 
anisotropy of the molecular polarizability. Except for the second term 
in brackets the interaction potential (9) is the same as the chiral 
potential (1) which was used in the present section to derive the 
expressions (5 ) ,  (6). Thus we can assume again that the interaction 
energy (9) is modulated by the effective banana-like shape of the 
moleculej and obtain the expression for the chiral and polar interac- 
tion potential repeating the derivation of the expressions (5) ,  (6) from 
(l), (2). The result is: 

V,  ,*d ( i , j ) = - 0:; (a ,a j )  (a ju ;, )([a ;u ;, ] bj ) , 
uiyd = 72$r,; * ~ e d , ? a ,  (o,a,)([ojaj]m ;), 

(11) 

(12) 
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SMECTIC C* MODEL 63 

It should be noted that the interaction energy (ll), (12) can be 
considered as a particular case of the potential (4), (7) with the 
coupling constant Jo(ri j )  = d,% a r T 6 .  'J 

The induction interaction between uniaxial molecules has been 
considered recently by Van der Meer and Vertogen in their molecular 
theory for the Sm A-Sm C phase tran~ition.'~ However, i d 3  only the 
interaction between the dipole and the isotropic polarizability of the 
neighbor molecule has been taken into account whereas in the present 
model the interaction between the dipole and the anisotropic polariza- 
bility is considered. Secondly, the asymmetric position of the dipole d, 
with respect to the long axis a; is taken into account here in order to 
represent molecular chirality. Thus the potential (ll), (12) corresponds 
to the chral part of the total induction interaction energy between the 
moleculej and the dipole of the substitution group of the molecule i. 

111. STATISTICAL THEORY OF FERROELECTRIC LIQUID 
CRYSTALS 

In the smectic C phase the molecules are arranged in layers. Therefore 
it is possible to introduce the unit vector e which is normal to the 
smectic plane. (The vector e is supposed to be fixed in space.) Then 
ne = cos8, where 8 is the tilt angle. Now the phenomenological 
expression for the free energy of the ferroelectric smectic C* phase can 
be written in the f ~ r m : ~ * ~ ' ~ ' * *  

1 :  a a i O a Z  i i at. -go ~ - n ( n e )  - g ,  P,-n(ne) +-(P: 

-PoE - P, E, 

where only the gradients along the t axis (zlle) are taken into account. 
In Eq. (13) E is the external electric field, Po is the spontaneous 
polarization and P, is the induced one, (POP,) = 0. (See Figure 2) go 
and g ,  are the flexocoefficients. If E = 0, the induced polarization 
P, = 0 and Po = xpl(ne)[ne] - Xg,a/Jzn(ne). 

In the present section it will be shown that the interaction energy (4) 
contributes to the free energy of the smectic C* phase in accordance 
with the phenomenological theory and gives rise to the third term in 
Eq. (13). The transition from Eq. (4) to (13) can be qualitatively 
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64 M. A. OSIPOV AND S .  A. PIKIN 

-- --- 

FIGURE 2 Three orthogonal vectors of the induced polarization in the smectic C 
phase. 

understood in the following way. Indeed, after the statistical averaging 
of the interaction potential (4) over the orientations of the short axis bJ 
at perfect orientation a, = aJ 2: n and u,/ = e we arrive at the follow- 
ing expression (v,} = - u,,(ne)([ne]P) which corresponds to the third 
term in (13). Here P = d ,  (b,) where the brackets denote the statisti- 
cal averaging. 

In the molecular field approximation the free energy density of the 
system with pair interaction potential V,(ij) reads 

where f( i )  is the one-particle distribution function which depends 
upon the orientation and position of the molecule i ,  f(i)  = 

f(a,,b,,n(r,),r,), d ( i )  = 6(aibj) da,db,. One can write f(i)  =fo(i)(l 
+ t+b(i)) where fo(z) is a distribution function for a freely rotating 
molecule i ,  f,( i )  = fo(aj, n(rj), r,). The function t+b is small and depends 
upon the orientation of the short axis b,. In the model described in 
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SMECTIC C* MODEL 65 

section 11 the intermolecular interaction energy V,(i, j )  can be written 
in the form: Vc(i, j )  = V(i ,  j )  + V*(i ,  j )  + V * ( j ,  i )  where U(i, j )  
represents the nonchiral interaction energy and V * ( i ,  j )  is given by 
Eq. (4). Then the expansion of the free energy (14) in powers of J I  
yields the following expression for the free energy of the ferroelectric 
smectic C* phase 

xS(a,b,) da, da,db,dr,,, (15) 

where Fo is the free energy of the nonchiral smectic C phase. The 
distribution function f o (  i )  is determined by the nonchiral interaction 
energy U(i, j ) .  The second term in Eq. (15) represents the average of 
the chiral and polar interaction potential (4). Note that the first term 
in eq. (4) contributes only to the gradient terms of the free energy.'6-24 

In the smectic C phase the orientational order is rather high.30 
Therefore one can assume here that the orientational order is ideal and 
substitute the vectors a, and a, for the director n in Eq. (15). In Eq. 
(15) one has to calculate the average of the interaction potential over 
the directions of the intermolecular unit vector ui j .  This averaging is 
difficult to perform in the general situation. Recently, however, Van 
der Meer and Vertogen have proposed the following interpolation 
procedure for this averaging in the smectic phase: l3 

(Kj)" = y," + [ r$ - y] (cos +)2 

Here (COSI$) is the smectic order parameter, V N  is the interaction 1, potential v, averaged over the orientation of u in the nematic phase 
and Kf is the potential y ,  averaged over the directions of u,, in the 
case of ideal smectic order. In the latter case the molecular centers of 
mass are located in equidistant planes. Then if the molecules i and j 
are located in the same plane, u,,e = 0. On the other hand, if the 
molecules are located in the adjacent planes, u,, = e. Thus the aver- 
aged potential ys can be written as 

'1. 

v: = Jvj[(l - a)6((uije)2 - 1) + aS(u,,e)] duij (17) 

where a is the fraction of nearest neighbors located in the same plane 
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66 M. A. OSIPOV AND S. A. PIKIN 

as the given molecule. Now we can substitute the Eq. (17) into Eq. (16) 
and obtain the following expression for the free energy difference 
between the ferroelectric and nonferroelectric smectic C* phases: 

F = -pu,(ne)([ne]P)(~os+)~($a - 1) d; ’ ,  (18) 

u . . ( r . . ) r 2 & . .  ‘ I  { J  1J ‘ I’ (19) 

where ro is the average diameter of the molecule, ro - L,  P = d, (b,). 
The expression (18) corresponds to the third term of the Eq. (13) for 
the phenomenological free energy of the C* phase and one readily 
obtains the general expression for the phenomenological constant pl: 

Here the particular form of the coupling constant u i j  can be obtained 
withn an appropriate molecular model. In the model of steric interac- 
tion between chiral and banana-like molecules (see section 11) the 
coupling constant ui, is given by Eq. (5). Substitution of (5) into (19) 
yields 

Here JIJ is the coupling constant of the chiral interaction between 
uniaxial molecules. This interaction is responsible for the helicoidal 
twisting in the smectic C* phase and hence determines the phenome- 
nologcal constant X in the free energy of the C* phase (13).29 The 
statistical theory of the smectic C* phase has been developed by Van 
der Meer and V e r t ~ g e n , ~ ~  but the ferroelectric properties have been 
completely ignored in.29 According to ref. [29] the constant X reads 

h = ---Rs[l 1 d o  - (cos+)~ + 3(1 - a)(~~~+)~](o,a,)([~,a,]m,) 

(22) 
2 dR 

The comparison of Eqs. (20), (21) and the Eq. (22) enables one to 
obtain a simple approximate relation between the independent phe- 
nomenological constants pl and A:12 

Pl 
X - - 
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SMECTIC C* MODEL 61 

where R is the average intermolecular distance, R3 - p- ' .  The phe- 
nomenological constants pl and X have been estimated in31 for the 
ferroelectric liquid crystal DOBAMBC (decyloxybenzylidene p'-amino 
2 metilbutilcinnamate) p1 = 3 Cu/m2, X = lop4 J/m2. Taking 
R = m, L = R and d, = 1,5D we can estimate the average bend 
angle of the asymmetric molecule, e - Ths  seems to be a 
realistic value. 

It is possible to obtain the more detailed expression for the constant 
p 1  using the Van der Meer and Vertogen model for a chiral molecule. 
In this case the coupling constant uij is given by Eqs. (7), (8) and one 
arrives at the following expression for the constant uo in (20) 

uo = - ~ ~ L C K J (  ro)ro(a,oj)([aioi]mi), (24) 

where it has been assumed that J ( r )  - F k ,  6 I k _< 10, K = k ( k  - 
4)/(k - 1) = k - 4. The numerous coefficient in (24) should not be 
taken too seriously but we hope that the expressions (20) and (24) 
reveal the dependence upon the molecular parameters. Note that in 
the present model the constant pl (and hence the spontaneous polari- 
zation) is determined by the parameters of the molecular shape. On 
the other hand, the absolute value of the constant p1 cannot be 
determined in this model since the initial coupling constant Jo(r )  is 
not specified. 

The " traditional" ferroelectric liquid crystal DOBAMBC possesses 
a relatively low value of spontaneous polarization, P 2: 1, 5 
C / ~ r n ~ . ' - ~  The larger polarization is observed in liquid crystals with a 
dipole in the chral part of the mole~u le .~ ,~  According to reference3* 
the spontaneous polarization strongly depends upon the value of this 
dipole, reaching the value of 2,2 . lo-' for a molecule with a strongly 
polar C r N  group in the chral part. This strong dependence of the 
polarization upon the dipole moment cannot be explained with the 
help of Eqs. (20,24). Nevertheless, this property can be accounted for 
if we detail the present model, i.e. specify the coupling constant Jq(r,,) 
in (24). Indeed, in section I1 we have considered the dipole-dipole 
induction interaction between the substitution group of the chiral 
molecule and the polarizable core of the neighbor molecule. Ths 
interaction is predominant in the case of the strongly polar substitu- 
tion group. In t h s  case the coupling constant u,, is given by Eq. (12). 
Substitution of the Eq. (12) into (19) and (20) yields the following 
expression for the phenomenological constant pl : 

pl = - y p ( t a  - l)(cos+)2 dlscla,(o,a,)([o,a,]m,). ( 2 5 )  
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68 M. A. OSIPOV AND S. A. PIKIN 

It is evident from Eq. (25) that in this model of the spontaneous 
polarization strongly depends upon the value of the transverse molecu- 
lar dipole d ,  , Po - xpl - d: . Note that the initial dielectric sus- 
ceptibility x - d: for molecules with constant dipoles. Thus the 
dipole-dipole induction interaction between the chiral molecule sub- 
stitution group and the neighbor molecule is responsible for the rapid 
growth of the spontaneous polarization with the increasing dipole 
moment in the chiral part of the molecule.32 

In conclusion we want to emphasize that the expression (25) corre- 
sponds to the most detailed version of the present model. On the 
contrary, in the most general version the constant pFL1 is given by 
the Eqs. (20), (21) which can be used for the description of the smectic 
C* phase composed of any chiral molecules including the ones which 
cannot be represented by Van der Meer and Vertogen model 
(cholesteril derivatives, for example). The general expressions can be 
also used in the case of mixtures. 

IV. FERROELECTRICITY IN MIXTURES 

The possibility of ferroelectric ordering in mixtures of different mole- 
cules in the smectic C* phase is evident from the general form of the 
chiral and polar interaction potential (4). According to section I1 the 
interaction energy yj depends upon the chirality of the molecule i and 
the asymmetry of the molecule j .  Consequently the total interaction 
energy U(i ,  j )  = vj + Ti is nonzero even if one of the interacting 
molecules is not chiral or not banana-like. Then the ferroelectric 
ordering is to be expected, for example, in nonchiral smectic C doped 
with chiral molecules. Recently this possibility has been proved experi- 
mentally.6, 

In the previous section the one-component ferroelectric liquid crystal 
has been considered, i.e. it was assumed that ui, = uji in (4). Now, let 
us consider a mixture of two compounds of concentrations x1 and x2, 
x1 + x 2  = 1. We shall assume that this mixture can form the smectic 
C phase. Then the generalization of the molecular-statistical theory of 
section 111 is straightforward and the phenomenological constant p1 
for this mixture reads 

Here 
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SMECTIC C* MODEL 69 

In the Eq. (26) the constant u,,, a = 1,2, is the coupling constant 
between the molecules of the same compound a. The constant uns, 
(Y # p, is the coupling constant between the molecules of different 
compounds a and p. Note that uns depends upon the chirality of the 
compound /3 and the asymmetry of the compound a and hence 
uas # us,. Thus the spontaneous polarization can appear in the mix- 
ture if uas # 0 for any a, p. When the chiral molecule p has a dipole 
moment in the chiral part the coupling constant uns is given by 

where As = (oaas)([osas]ms) represents the chirality of the com- 
pound p. In the rest of this section some particular cases will be 
considered. 

1.  The nonchiral smectic C liquid crystal doped with chiral molecules. 
In such system the ferroelectric properties have been discovered 

e~perimentally.6.~ The spontaneous polarization in this mixture is 
proportional to the concentration of chiral molecules. Now let us 
consider the general expression (26). In the present case ull = u21 = 0 
because the matrix molecules are not chiral. At small concentration 
x 2  << 1 the last term in (26) can be also neglected. On the other hand 
u12 # 0 and Po - u12x1x2 in accordance with the experiment. Thus the 
spontaneous polarization in this mixture is determined by the asym- 
metry of the matrix molecules and by the chiral properties of mixed 
organic materials. If the mixed chral molecules have a strongly polar 
substitution group the spontaneous polarization can be written as 

Po = fx(cos +)’(& - 1)d,,c1l,A2x1x,sin28, (28) 

where x - d: ,  and the subscripts 1 and 2 correspond to the molecules 
of the matrix and the mixed compound respectively. 

2. The nonpolar chiral smectic C doped with nonchiral polar 
molecules. 

There is no spontaneous polarization in the smectic C* phase 
composed of molecules without transvers dipoles. However, if such 
liquid crystal is doped with polar molecules, the constant u21 # 0 in 
Eq. (26) and the spontaneous polarization of the mixture is propor- 
tional to the chirality of matrix molecules and the dipole moment of 
the mixed material, i.e. Po - h1c2dL2x1x2. As far as we know, this 
system has not been studied experimentally. 

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

1:
25

 2
1 

Fe
br

ua
ry

 2
01

3 



70 M. A. OSIPOV AND S. A. PIKIN 

3. The nonpolar and nonchiral smectic C liquid crystal doped with 
polar and chiral molecules. 

In this case ull  = uZ1 = uI2 = 0 but uZ2 # 0 and the spontaneous 
polarization is determined by the interaction of the mixed molecules 
contrary to the previous two cases. Then the spontaneous polarization 
is proportional to the square of the small concentration x 2 ,  Po - uZ2x; 
and hence we can predict that the polarization will be very small in 
such mixture. 

4. 
In this case Po = Poo - A P ,  where A P  - Ferroelectric liquid crystals doped with nonchiral molecules. 

i.e. the sponta- 
neous polarization of this mixture decreases linearly with the growing 
concentration x2  of the mixed compound. T h s  linear dependence has 
recently been observed in.33 

5. 
The mixtures of ferroelectric liquid crystals have been investigated 

in.5,34,35 In this case all coupling constants uaP # 0 and the sponta- 
neous polarization is a nonlinear function of the concentrations x1 and 
X 2 .  

The mixture of two ferroelectric liquid crystals. 

V. MOLECULAR THEORY OF FLEXOELECTRICITY IN THE 
SMECTIC C PHASE 

The flexoelectric effect in liquid crystals describes the coupling be- 
tween the polarization and the orientational deformation of 
the medium. In the chiral smectic C phase the spontaneous twisting 
of the director around the smectic plane normal results in the flexo- 
electric contribution to the polarization of the smectic layer.8 Thus the 
flexoelectric effect contributes to the spontaneous polarization and to 
the static dielectric constant in the ferroelectric C* phase.8,28’11 
According to the phenomenological theory28*11 there exist three inde- 
pendent flexoelectric contributions to the free energy of the smectic C 
phase: 

where three orthogonal polarizations Po, P, and P,, are shown at 
Figure 2. The flexoelectric effect is not associated with the molecular 
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SMECTIC C’ MODEL 71 

chrality and hence the expression (29) is valid also in the chiral 
smectic C phase. In the ferroelectric C* phase Po is the spontaneous 
polarization Po - sin28d@/az, where @ is the asimuthal angle of the 
director n. The polarizations P, and PI, are zero if the external field 
or stress is absent. In the general situation P ,  - cos 28d8/dz.28.11 The 
difference go - g ,  - 6J2 contributes to the dielectric constant of the 
ferroelectric C* The flexoelectric coefficient go contributes 
also to the expression for the pitch in the ferroelectric C* phase: 

K -  xso’ h = 277 
+ XPlgO ’ 

where K is a bend elastic constant. 
In recent years several authors have observed the strong tempera- 

ture variation of the helical pitch in the number of ferroelectric liquid 
 crystal^.^^^^'^ It has been demonstrated that with decreasing tempera- 
ture after the Sm A*-Sm C* phase transition the pitch increases 
steeply within 1-2 K, attains its maximum and then decreases gradu- 
ally. Thus the temperature variation of the pitch in the ferroelectric C* 
phase is much stronger than that in the cholesteric phase. As shown 
in l5 this strong temperature variation of the pitch cannot be explained 
within the phenomenological theory. Consequently we need a molecu- 
lar theory to account for this phenomena. 

The statistical theory of flexoelectric effect in nematic liquid crystals 
has been developed by Straley.16 Recently we have generalized the 
Straley theory to the case of smectic  phase^.'^*'^ In the case of ideal 
translational and orientational order the induced polarization in the 
smectic C phase reads:14 

tRecently Martinot-Lagarde and Durand have concluded that the flexoelectric effect 
does not contribute at all to the static dielectric constant of the ferroelectric C* phase.” 
This conclusion is based, however, on the incomplete expression for the flexoelectric 
part of the free energy in the C* phase. Indeed in the Eq. (1) of ref. [37] the 
polarizations Po and P, are not distinguished and consequently the constants go and g ,  
are identified, i.e. go - g, = 0. 
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12 M. A. OSIPOV AND S. A. PIKIN 

The expressions for the flexoelectric constants go, g, , g,, can be 
obtained from Eq. (31) provided the potentials U(i ,  j )  and B(i ,  j )  are 
given. The effective potential V(i ,  j )  in (32) is determined by two 
parts: the attractive interaction energy U( i ,  j )  which includes the 
multipole and dispersion interaction potentials and the steric interac- 
tion potential kTB(i, j )  = kTQ(&, - r,,) which depends upon the 
parameters of the molecular shape. Here ti, is the closest distance of 
approach for the molecules i and j and Q ( x )  is a stepfunction. 
Q ( x )  = 0 if the molecules do not overlap and Q ( x )  = -1 otherwise. 
Therefore the flexoelectric constant g ,  (a = 0, I , I I )  can be split into 
two parts: 

g, = g,, + g a s ,  ( 3 3 )  

where go is determined by the attractive interaction and g, is de- 
termined by the steric one. The contributions from the dipole- 
quadrupole interaction and the ordering of molecular quadrupoles 
(which determine go) have been considered in.14 It is important that 
the first term in (33)  weakly depends on temperature in the smectic C* 
phase. 

The steric contribution to the flexoelectric constant go has been 
obtained in.15 It has been shown that the constant go strongly depends 
on temperature through the tilt angle 8. To write out the results one 
has to distinguish between the small tilt angles 0 << D / L  and the 
arbitrary ones. For small tilt angles 8 << D / L  the flexoelectric con- 
stant go, is given by the following expression [15]: 

go, = -p2(1 4@ 1 - a)d*L4 (&)€rn (34) 

where R ,  is the curvature radius at the top of the molecule. For 
example, for a spherocylinder R, = D / 2 .  For the arbitrary tilt angle 
the constant go depends upon the details of the molecular shape. In 
this case the approximate expression for go,(B) can be obtained for 
the model of slightly bent ellipsoidal particles:16 

---p2(1 1 go, = 4@ - a)L4(  5) L 2  d , r  m 
[ 1 + e 2 (  L / D ) 2 ]  7’2 . 

The most important consequence of the Eqs. (34), ( 3 5 )  is the 
temperature dependence of the flexoelectric constant go in 

(35) 

strong 
the C 
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SMECTIC C' MODEL 13 

phase. This unusual behaviour of go is associated with the two small 
parameters of the molecule: the average bend angle z and the breadth 
to length ratio D / L ,  z a D / L .  The dependence of go on 6 is scaled 
by these small parameters, i.e. g o ( d )  = g o ( d / c ,  B / D / L ) .  Therefore, 
when 6 is small one cannot neglect the temperature dependence of go 
since d / z  - 1 or 6 L / D  - 1 although 8 << 1. As follows from the Eq. 
(34) the value of the flexoelectric constant go in the smectic C phase is 
larger than that in the nematic phase. Indeed, taking d ,  = 2 0 ,  L = 25 
A, a = 2, p = 1021 sm-3 one estimates go, - 5 10-3 a/-. 
The average bend angle has been estimated in section I11 for the 
ferroelectric liquid crystal DOBAMBC, z - lo-'. Then, in the vicinity 
of the phase transition point (where 6 5 c )  one estimates go, - 5 lop3 
z - and 5 lop5.  With decreasing temperature, when 6 > z, one 
estimates go, - 5 6. Therefore the maximum value of go is in the 
lop3  range. 

It seems reasonable to explain the experimentally observed strong 
temperature dependence of the pitch in the ferroelectric C* phase by 
the strong temperature dependence of the flexoelectric constant go, 
given by Eqs. (34), (35). Note that the constant go contributes to the 
expression (30) for the pitch. At small tilt angles 6 5 E, go - [ l  + 
d 2 / 2 z 2 ]  = [l + a ( q  - T ) / 2 c 2 ]  according to (34). Substitution of this 
expression into (30) yields the following expression for the pitch: 

where the constants h ,  and u are composed of the parameters of Eqs. 
(30), (34). Thus, when the tilt angle is small, the pitch is growing 
linearly in the ferroelectric C* phase in accordance with the experi- 
ment.4*9*'o Note that the large growth rate of the pitch within lo from 
the transition temperature T, is determined by the parameter c p l  >> 1. 
When the temperature is decreased the growth rate of the flexoelectric 
constant g (and hence the growth rate of the pitch) is reduced since 

go - - 6 - (7'' - T) ' I2  when c < 6 < D / L .  At lower 
temperatures 6 - D / L  and in this region one has to use the more 
complicated expression (35) because the dependence of go upon 
( 8 L / D ) 2  cannot be further neglected. The dependence of go on 
( 6 L / D )  in Eq. ( 3 5 )  reduces the flexoelectric constant go and it can be 
shown that the maximum pitch corresponds to the same tilt angle 6, as 
the maximum flexoelectric constant go. The value of 6, is determined 
by the small parameter D / L ,  i.e. 6, - D / L .  According to ref. [4] 
6, = 1/5 for the liquid crystal DOBAMBC and hence L = 5D. 
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14 M. A. OSIPOV A N D  S. A. PIKIN 

In summary the present molecular-statistical theory permits to 
explain (qualitatively) for the first time the strong temperature varia- 
tion of the pitch in the ferroelectric smectic C* phase. Recently the 
molecular-statistical theory of the chiral smectic C phase has been 
developed by Van der Meer and V e r t ~ g e n ~ ~  who have completely 
ignored ferroelectric and flexoelectric properties of the C * phase. Thus 
the following simplified expression for the pitch has been used in:29 
h = 277 K / X .  Here the elastic constant K is determined by the steric 
interaction and the constant X is determined by steric and dispersion 
interactions. Therefore the temperature variation of the pitch in this 
model is associated with the packing entropy.29 Such temperature 
variation corresponds to the gradual decrease of the pitch far from the 
transition temperature, which is observed in the e~periment.~,~." 

It is worth noting that the flexoelectric constant go contributes also 
to the expression for the critical magnetic field H,  which unwinds the 
helix in the ferroelectric C* phase. Minimization of the phenomeno- 
logical free energy (13) yields 

where xo is the diamagnetic anisotropy. Thus one arrives at the 
conclusion that the strong temperature variation of H, (similar to that 
of the pitch) should be observed in the ferroelectric C* phase. Very 
recently the corresponding temperature variation of the critical mag- 
netic field H ,  has been observed by MuSeviE et aZ.39 in the ferroelectric 
liquid crystal DOBAMBC. It is interesting to note that in DOBAMBC 
the critical magnetic field H, and the pitch h attain their extrema at 
the same temperature. This fact seems to be an independent argument 
in favour of the present theory. 

References 

1. R. B. Meyer, L. Liebert, L. Strzelecki and P. Y. Keller, J .  Phys. (Puris) Lett., 36, 

2.  P. Pieranski, E. Guyon and P. Y. Keller, J .  Phys. (Puris), 36 (1975), 1005. 
3. B. I. Ostrovski, A. Z. Rabinovich, A. S. Sonin, B. A. Strukov and S .  A. Taraslun, 

4. B. I. Ostrovski, A. Z. Rabinovich, A. S. Sonin, E. L. Sorkin, B. A. Strukov and S. A. 

5. T. Uemata, K. Yoshino and Y. Inuishi, Mol. Cryst. Liq. Cryst., 67, (1981), 137. 
6. W. Kuninski and H. Stegemeyer, Chem. Phys. Letts., 70, (1980), 123. 

(1975), L69. 

Ferroelectrics, 20, (1978), 189. 

Taraskin, Ferroelectrics, 24, (1980), 309. 

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

1:
25

 2
1 

Fe
br

ua
ry

 2
01

3 



SMECTIC C* MODEL 75 

7. L. A. Beresnev and L. M. Blinov, Ferroelectrzcs, 33, (19811, 129. 
8. S. A. Pikin and V. L. Indenbom, Usp. Fit. Nauk, 125, (1978), 251; Sou. Phys. Usp., 

9. Ph. Martinot-Lagarde, J .  Phys. (Paris)  CON., 37 (1976), C3 129. 
21, (1978), 487. 

10. K. Kondo, F. Kobayashi, H. Takezoe, A. Fukuda and E. Kuze, Jap. J .  Appl. Phys., 
19, (1980), 2293; K. Kondo, H. Takezoe, A. Fukuda and E. Kuze, Jap. J .  Appl. 
Phys., 21, (1982), 224. 

11. M. A. Osipov and S. A. Pikin, Kristallografia, 26, (1981), 263. 
12. M. A. Osipov and S. A. Pikin, Jurn. Techn. Fiziki, 52, (1982), 158. 
13. B. W. Van der Meer and G. Vertogen, J .  Phys. (Paris)  CON., 40, (1979), C3 222. 
14. M. A. Osipov and S. A. Pikin, Zh.  Eksp. Teor. Fiz., 80, (1981), 2380. 
15. M. A. Osipov and S. A. Pikin, Zh, Eksp. Teor. Fiz., 82, (1982), 774. 
16. J. P. Straley, Phys. Rev. A ,  14, (1976), 1835. 
17. J. Seliger, V. Zagar and R. Blinc, Phys. Rev. A ,  17, (1978), 1149. 
18. Ph. Martinot-Lagarde, J .  Ph.vs. (Paris) ,  38, (1977). L 17. 
19. W. M. Gelbart and A. Gelbart, Mol. Phys., 33, (1977), 1387. 
20. W. M. Gelbart and B. Barboy, Mol. Crysf. Liq. Crysf., 55, (1979), 209. 
21. R. B. Meyer, Phys. Rev. Leffs . ,  22, (1969), 918. 
22. A. I. Derzhanski and A. G. Petrov, Acta Phys. Pol. A ,  55, (1979), 747. 
23. A. I. Derzhanski and A. G. Petrov, Mol. Cryst. Liq. Ctyst., 1982 (in press). 
24. B. W. Van der Meer and G. Vertogen in “Molecular physics of liquid crystals” (ed. 

by G. R. Luckhurst and G. W. Gray), Acad. Press. 1979. 
25. G. W. Gray and G. W. Goodby, Ann. Phys., 3, (1978), 123. 
26. P. Keller, L. Liebert and L. Stnelecki. J .  Phys. (Paris)  Coll. 37, (1976), C3 27. 
27. B. W. Van der Meer and G. Vertogen, Z .  Naturforsch., 34a, (1979), 1359. 
28. S. A. Pikin, Structural transformations in liquid crystals. (in Russian) M. Nauka, 

29. B. W. Van der Meer and G. Vertogen, Phys. Lett., 74A, (1979), 239. 
30. J. W. Doane, R. S. Parker, B. Cvikl, J. L. Johbson and D. Fishel, Phys. Rev. Lefts.,  

31. B. I. Ostrovski, S. A. Pikin and V. G. Chigrinov, Zh. Eksp. Teor. Fiz., 77, (1979), 

32. L. A. Beresnev, E. P. Pozhidaev, L. M. Blinov, A. I. Pavlutchenko and N. V. 

33. T. Uemoto, K. Yoshino, Y .  Inuishi, Jap. J .  Appl. Phys., 19, (1980) 1467. 
34. A. Z. Rabinovich, A. S. Sonin, T. N. Anisimova, M. V. Loseva and N. I. Chernova, 

35. L. A. Beresnev, V. A. Baikalov and L. M. Blinov, Pizma u Zh. Eksp. Teor. Fiz., 33, 

36. J. P. Marcerou and J. Prost, Mol. Cryst. Liq. Cryst., 58, (1980), 259. 
37. Ph. Martinot-Lagarde and G. Durand, J .  Phys. (Paris)  Left., 41 (1980), L 43. 
38. A. Levstic, B. Zeks, I. Levstic, R. Blinc and C. Filipic, J .  Phys. (Paris)  Coll., 40, C3 

39. I. MGeviE, B. ZekS, R. Blinc, Th. Rasing and P. Wyder, Phys. Rev. Lett ,  48, (1982), 

1982. 

28, (1972), 1894. 

1615; Sou. Phys. JETP,  50, (1979), 811. 

Etingen, Pizma u Zh. Eksp. Teor. Fiz., 35, (1982), 430. 

Pizma v Zh.  Techn. Fiz., 6 (1980) 411. 

(1981) 553. 

303. 

192. 

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

1:
25

 2
1 

Fe
br

ua
ry

 2
01

3 


