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A review is given of practically all the theoretical and experimental results on ferroelectric liquid
crystals based on chiral smectics with molecular tilt. The symmetry aspects of the problem are
examined, and the fundamentals of the phenomenological theory are discussed. The microscopic
approach to the description of the dipolar ordering in tilted smectics is set forth, and several
molecular models are considered. The critical behavior of a liquid crystal at the second-order
transition between the smectic A and smectic C phases is also discussed. Considerable space is
devoted to considering the relationship between the actual structure of the molecules and the size
of the spontaneous polarization and to discussing the behavior of ferroelectric liquid crystals in
various external fields. Data are presented on the physical parameters of the known liquid-crystal
ferroelectrics. The article concludes with a discussion of the possibilities for practical application
of ferroelectric liquid crystals.
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1. INTRODUCTION. THE LIQUID-CRYSTAL AND
FERROELECTRIC STATES

Over the sixty-year history of the physics of ferroelec-
tricity and the almost one-hundred-year history of the phys-
ics of liquid crystals these two scientific disciplines have ac-
cumulated an enormous conceptual baggage which has been
the subject of a voluminous literature. We shall mention here
only the recent monographs of Refs. 1-9. Until 1975 these
two fields of knowledge developed practically independent-
ly, although there had been repeated attempts to arrive at a
theoretical understanding of whether liquid or liquid crystal
ferroelectrics could exist.

From the time of the classical studies by Born in the
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early part of the century it has been known that nematic
liquid crystals and also certain smectic phases (A, B, and C),
like ordinary isotropic liquids, lack a spontaneous polariza-
tion because they have a center of inversion. If, however, the
liquid crystal is in contact with a solid surface, it becomes
possible for polarization to be induced in a thin surface layer
whose thickness is determined by the elastic properties of the
mesophase. The change with temperature of this induced
polarization gives rise, for example, to a pyroelectric current
in an external circuit if the liquid crystal and the bounding
surfaces form a capacitor.

Another situation which can look like a manifestation
of ferroelectricity arises when the free charges in such a
layered structure form a double layer near conducting sur-
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faces in contact with the liquid crystal or isotropic liquid.
Here a change in temperature causes a change in the density
of surface charge and produces a current in an external cir-
cuit which is experimentally similar to a pyroelectric cur-
rent.

Still another spurious manifestation of ferroelectricity
in sandwich structures is due to the nonlinearity of the vol-
tage-current characteristics of the conducting-surface con-
tacts with the liquid crystal or liquid. In this case an experi-
ment to detect the polarization-reversal currents in an
alternating electric field could find hysteresis loops, for ex-
ample.

In these cases, of course, one cannot speak of ferroelec-
tricity in the sense that the term is understood for solid ferro-
electrics. Ferroelectrics are usually understood to be solid
crystals which in a certain temperature interval have a spon-
taneous polarization {or dipole moment per unit volume)
which is reversible or reorientable by an external electric
field or external stress.*

The term liquid crystal usually refers to all the interme-
diate phases (mesophases) between isotropic liquids and sol-
id crystals with three-dimensional translational ordering.
The absence of long-range order in one or two measure-
ments, as we shall see, does not preclude the possibility that a
spontaneous polarization will arise in a certain temperature
interval.

In 1975, R. B. Meyer (USA) showed that dipolar order-
ing should arise in smectic C or H phases of liquid crystals
which consist of optically active (chiral) molecules (such
phases are sometimes denoted by an asterisk, S or S§). This
approach stimulated the chemical research at the University
of Orsay (France) which culminated in the discovery of a
liquid-crystal ferroelectric.'®!!

It should be particularly emphasized that according to
the symmetry conditions proposed by Meyer, spontaneous
polarization can arise not only in the thermotropic liquid-
crystal phases S% and S} but also in any other system having
a layered structure, tilt, and chirality of the constituent mol-
ecules. Systems of this kind could include, for example, solid
layered structures, lyotropic liquid crystals, and also many
bilogical objects (biomembranes of animal cells, protein mol-
ecules, etc.).

The theoretical and experimental study of the sponta-
neous polarization in thermotropic liquid crystals is there-
fore important not only for the physics of liquid crystals or
ferroelectricity but apparently also for comprehending the
microscopic nature of certain mechanisms in life processes.

The present review is intended to elucidate from a uni-
fied point of view all the available information on the struc-
ture and properties of liquid-crystal ferroelectrics. Since
Meyer’s discovery there have been almost two hundred pa-
pers published on this subject. The theoretical aspects of the
problem have been elucidated by S. A. Pikin and co-workers
in a monograph,® a review article,'? and a number of pa-
pers.13-*0-3257 Some experimental results have been present-
ed in the reviews by Meyer'! and by G. Durand and Ph.
Martinot-Lagarde.'*

For our subsequent discussion of ferroelectric meso-
phases it will be expedient to start off from the physics of

493 Sov. Phys. Usp. 27 (7), July 1984

liquid crytals (rather than ferroelectrics), since all known
liquid-crystal ferroelectrics have a spontaneous polarization
arising not as a result of the dipole—dipole (static) interaction
but as a side effect of intermolecular interactions of other
kinds (the dispersional and steric interactions, in particular).
The spontaneous polarization is not the order parameter of
the ferroelectric transition as is characteristic of improper
ferroelectrics, but it is proportional to the true order param-
eter. For this reason S. A. Pikin and V. L. Indenbom have
classified the known liquid-crystal ferroelectrics as pseudo-
proper. It is not ruled out, however, that ferroelectric meso-
phases of other types will also be discovered.

2. DIPOLAR ORDERING IN LIQUID CRYSTALS

a) The structure of liquid crystals and the symmetry of the
ferroelectric phase

To remind the reader of the terminology, let us briefly
list the main types of liquid-crystal structures.®*?

Let us suppose that we have an isotropic melt of an
organic material whose molecules are rod-shaped and have
mirror symmetry (the point symmetry group of the isotropic
phase is K, ). Then upon cooling the material can pass
through a sequence of phases as shown in Fig. 1: Nematic,
with point symmetry group D _,, smectic A (of the same
point symmetry but with a density which is periodic along z),
smectic C (symmetry C,, ), and more-highly ordered phases
(smectic B, C, H, etc.). Smectic C is characterized by a tilt
angle 6 of the vector specifying the predominant molecular
orientation (the director) with respect to the normal to the
smectic layers.

Let us now start from an isotropic melt of molecules
which lack mirror symmetry; such molecules are called
chiral (from the Greek “cheiros,” meaning ‘““hand”), and the
melt has symmetry K. The sequence of phases usually ob-
served (others are possible) upon cooling of the material is
shown in Fig. 2. In this figure an asterisk denotes a chiral
phase and a tilde (e.g., C,) denotes a structure having a spa-
tially periodic modulation which is incommensurate with
the period of the lattice in the case of the smectic phases. The
isotropic phase now goes over to a cholesteric phase with the
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FIG. 1. Schematic of the phase transitions usually observed in materials
with mirror-symmetric molecules. a) Symmetry point groups, b) packing
of molecules; n is the director.
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FIG. 2. Schematic of phase transitions for materials with mirror-asymme-
tric (chiral) molecules. a) Symmetry groups, b) packing of molecules; p,
pitch of the modulated structure.

same local symmetry as the nematic phase, but without a
center of inversion. Over large spatial intervals, however, the
cholesteric phase is a helix with pitch p, hundreds and thou-
sands of times greater than the dimensions of the molecules.
The director has components n, = cos, n, = sing, n, =0,
where the z direction coincides with the axis of the helix.

As the temperature is lowered the cholesteric under-
goes a transition to the mirror-asymmetric unmodulated
smectic A* and then to smectic C* whose macroscopic
structure is again modulated at scale dimensions p,~ 1 zm
and larger. One of these angles, as in the unmodulated smec-
tic C, is the constant (along z) tilt angle @ describing the
inclination of the director to the z axis. The other is the azi-
muthal angle @, which has period p:

n, = sin 8 cos ¢;
n, = sin 8 sin @, (1
n, = cos 8.

The structure of a helical smectic C* liquid crystal is
shown in Fig. 3. Let us examine one of the smectic layers. In

z

FIG. 3. Structure of the helical smectic C* and the definition of the angles
6 and @.
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the mirror-symmetric smectic C phase (Fig. 1) there is a mir-
ror plane (the plane of the figure, zx) and a two-fold rotation
axis C,, which is perpendicular to the zx plane and lies in the
plane of the smectic layer. In a chiral smectic phase the mir-
ror plane is lost, but the C, axis is preserved locally in each
smectic layer (it is perpendicular to the plane zn containing
the molecular axes). Consequently, the C, axis in the case of
the chiral smectic C* phase is a polar axis which admits the
existence of a spontaneous polarization along it. As one goes
along the helical axis z, this polar axis swings around in ac-
cordance with the change in the azimuthal angle ¢ of the
director.

b) Dipolar ordering

What we have said above has no direct bearing on
whether or not the molecules forming the liquid crystal have
permanent dipoles. Real molecules have rather large static
dipole moments, reaching 5 D and higher [1 debye
(D) = 10~ '® cgs esu]. It is possible in principle for a ferroe-
lectric state to form in a liquid crystal on account of the
direct interaction of the permanent dipoles with one an-
other. The phenomenological theory of such a phase transi-
tion for an ensemble of molecules with dipole moments par-
allel to the long axes has been considered by
Khachaturyan.'® By minimizing the free energy (which is
the sum of the elastic energy and the energy of the dipole-
dipole interaction) of the nematic, Khachaturyan showed
that the resulting phase cannot be homogeneous, but is twist-
ed. The spontaneous polarization P has components only in
the plane perpendicular to the twist axis, so that the ferroe-
lectric is similar, on the whole, to a cholesteric liquid crystal
with a pitch proportional to P ~2/3,

This type of ferrophase has not been observed in experi-
ment. Also unconfirmed are the many experimental results
on the detection of ferroelectric properties in nematic liquid
crystals through the piezoelectric and pyroelectric effects,
polarization-reversal currents, and optical second-harmonic
generation. The last method is apparently the most sensitive,
but it is based on the widespread belief that the second-har-
monic generation of light is possible only in the absence of a
center of inversion. It has been shown,!”!® however, that
second-harmonic generation can also occur in centrosym-
metric liquid crystals on account of a quadrupolar (and not
dipolar)interaction of the light with the molecular ensemble.

In all ferroelectric liquid crystals studied to date the
dipolar ordering results from an ordering of the short molec-
ular axes which is not due to the presence of dipole moments.
Let us explain what we have said. Suppose we have a chiral
smectic C* phase formed by nondipolar molecules. Then, on
account of the steric and other interactions between the
chiral molecules,® the average {cos ¥) over the smectic lay-
er acquires a nonzero value (¢ is the orientation angle of the
short molecular axes with respect to, for example, the per-
pendicular to the tilt plane of the molecules). This means
that the rotation of the chiral molecules about their long axes
is no longer completely free; one of the short axes of the
molecule spends a somewhat longer time at the azimuth cor-
responding to the polar axis of the smectic layer (Fig. 4). The
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FIG. 4. Directionality diagram for the short axis of a molecule rotating
about its long axis in a smectic C* layer.

values of the order parameters {(cos ) for the short molecu-
lar axes, as measured directly by nuclear magnetic resonance
in the smectic C phase of the now classical liquid crystal
ferroelectric L-n-decyloxybenzylidene-p’-amino-2-methyl-
butylcinnamate (DOBAMBC), were of the order of 5.102
(Ref. 19).

If the moleucle has a dipole moment 4, directed along
the same short axis which undergoes the ordering, the smec-
tic layer will acquire an uncompensated dipole moment
d, (cos ¥) or, in other words, a macroscopic spontaneous
polarization P, (see Fig. 4). From one layer to the next the
polarization vector will swing around together with the po-
lar axis. If the helical structure of the ferroelectric is not
disrupted, the average polarization over the volume turns
out to be zero.

True, the role of the molecular dipoles in the formation
of the spontaneous polarization of the smectic layer in the
chiral phase C* is not fully understood, and, in addition to
the improper (or pseudoproper) mechanism described above
there can also be important contributions from the dipole-
dipole forces and from interactions of the permanent-di-
pole-induced-dipole type (see Sec. 5).

¢) Simplest phenomenological theory of the transition to the
ferroelectric phase

The phenomenological theory of liquid crystal ferro-
electrics is an extension of the Landau theory of phase transi-
tions? in the form proposed by V. L. Ginzburg for solid
ferroelectrics.! This theory is presented in its most complete
form in the monograph by Pikin.® First, however, we shall
discuss a simplified version which preserves the main fea-
tures.

Let us first consider the uniaxial case, i.e., a phase tran-
sition from an isotropic liquid to a nematic or smectic A
phase. In the absence of an external field the free-energy
density of an ensemble of rod-shaped molecules with perma-
nent dipole moments directed along the long molecular axes
can be expanded into the series.

F=Fy+ 3 a(T) $*4 4 bS*++cP2—dSP2+...;  (2)

where F, is the free-energy density of the isotropic phase,
S = (1/2){3cos*y — 1) is the nematic order parameter (i is
the angle between the molecular axis and the director),
a =a'(T — T,), where T, is the temperature of the transition
in question, P is the polarization, and &', b, ¢, and d can be
considered independent of temperature.
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Minimizing F, we obtain

o~ a8 b3 —dP2=0,
oF (3)
a—P—TCP—QdSP =0.

One of the solutions, which is stable for T'> T, is the isotrop-
ic phase (P =0, S = 0), and another, stable for T < T, de-
scribes a nonferroelectric nematic phase (P=0,
S=+ —a(T)/b). The third solution, corresponding to
P #£0,5 = ¢/2d, does not give afree energy minimum, and so
aferroelectric nematic with a homogeneous orientation can-
not occur, in agreement with the results obtained in Ref. 16.

We can now consider the biaxial case, which is realized
at the transition from the smectic A* phase with point sym-
metry D _ to the smectic C* phase with symmetry C,. Let us
set aside for now the helical structure of the chiral C* phase
and for simplicity assume this phase to be spatially homo-
geneous. This assumption is admissible because helical twist
is in principle not a necessary condition for the appearance
of a spontaneous polarization (we shall give examples later).
Near the temperature T, of the transition from the smectic
A* phase to the smectic C* phase, the free-energy density
can be expanded in a series in powers of the angle 8 = eXn
describing the molecular tilt with respect to the normal e to
the smectic planes and the polarization component P, =P
lying in the smectic layer:

F=F,ta(T)|0]210b |e[4+21_x1p|z—p,,ep+ (4

here F,; describes the elastic energy of the initial, smectic A*
phase, and the coefficient a(T') = a’(T — T)is the elastic mo-
dulus for deviations of the moleucles from the normal to the
smectic layers; this coefficient describes the “pure” transi-
tion A*—»C* (without allowance for the polarization) that
would occur at temperature 7 if, for example, the molecules
did not have a dipole moment. The inverse susceptibility 1/
x = 1/y{T — T{)describes a “‘pure” ferroelectric transition
(at temperature T';)) that is not allied to the formation of the
C phase. The piezoelectric coefficient iz, and the parameter
b can be treated as constants.

The equilibrium values of the tilt angle 8, and polariza-
tion P are obtained from the minimization conditions dF /
d0=0and dF /dP =0 as

ST 0 — iy
b=V — (5
P = pyx8,. (6)

The spontaneous polarization displays a characteristic
proportionality to the tilt angle of the molecules in the C*
phase, i.e., the smectic C order parameter (we have a pseudo-
proper ferroelectric).

d) Generalization to helical phase

Formula (4) for the expansion of the free energy does
not describe a number of experimental facts. First of all, one
should incorporate the helicity of the smectic C* phase, and
then, in addition to the piezoelectric term — 1, 6°P which
couples the molecular tilt angle with the spontaneous polar-
ization of the homogeneous phase, one should include the
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flexoelectric contribution to the spontaneous polarization,
which is due to the spatial (z) dependence of the azimuthal
angle .

The most complete form of the phenomenological the-
ory of Pikin and Idenbom®?? incorporates the helicity of the
ferroelectric phase by introducing on the right-hand side of

the expression for F a Lifshitz invariant?® of the form
A sin? 0 9oz, (7)

Then, assuming that the degree of ordering S of the long
axes of the molecules is constant and the tilt angle 8 is small,
and considering only those distortions of the structure which
leave the polarization vector in the plane of the smectic lay-
er, we obtain the following expression for the free energy
density:

FeFy+ a62+beﬁ+wil~ P2—p, o+ 202 0L

+uwPO L —PEL .., (8)

where the sum of the first five terms is analogous to expres-
sion (4) (the vector notation is dropped), while the flexoelec-
tric contribution due to the change in the angle ¢ with the
coordinate z, ¢ (z) = q,z, is given by the term with coeflicient
4. The last term takes into account the influence of the ex-
ternal field.

By minimizing the free energy (8) we can obtain a for-
mula for the wave vector of the helix as a function of 8:

Q=g+ q®¥+q0+ ..., g= ——————x+xKlppm .0

In the expression for g. {the wave vector at the transi-
tion point), y, corresponds to the susceptibility in the direc-
tion perpendicular to the director, and K = K,; — y, pul is
the “nematic” elastic modulus for longitudinal bending, re-
normalized by the flexoelectric effect [in Eq. (8) this modulus
is included in the quantity F, ]. The temperature of the tran-
sition from the C* to the A* phase is given by the expression

1
Tc———To‘*’AT:To‘*"W(XJ.p'?J‘*'qu)» (10)

where T is the temperature of the transition from the smec-
tic A to the nonferroelectric C phase.

Below the transition point the tilt angle 6, depends on
the temperature through the renormalized parameter
a*=a— (uly,/2) —(Kq3/2), and near the transition we
have

a*
eo=—l/——2;,

while the spontaneous polarization is

[Pl =1 lpup—peg, 6. (12)

Qualitatively similar temperature dependences 6,(7)
and P (T') are also found in the phenomenological theory de-
veloped for the helical C* phase by Michelson ez al.** with-
out allowance for the flexoelectric contribution. Nonclassi-
cal values are obtained for the critical exponent in (11), viz.
B = 0.37 instead of 0.5, if fluctuations of the order parameter
are taken into account.”® The influence of solid boundaries
on the A*—C* transition temperature was considered in
Ref. 26; it was found (in agreement with experiment) that the

(11)
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value of T, decreases by several degrees as the layer thick-
ness is decreased.

On the whole, formulas (10)—(12) are confirmed by ex-
periment. As to the temperature dependence of the pitch, the
experimental data require the assumption of a negative value
of the coefficient ¢” in (9). The microscopic approach devel-
oped in Ref. 13 is able to satisfy this condition.

e) Dynamics of the polarization

The dynamics of the fluctuations of the tilt angle & and
spontaneous polarization P on both sides of the smectic
A*e—smectic C* phase transition point was first considered
by Blinc®’ for a one-dimensional model corresponding to
expansion (4), i.e., without allowance for the helical struc-
ture of the C* phase (with a wave vector g, = 0). The initial
Landau-Khalatnikov equations (see Ref. 28) with the char-
acteristic coefficients I, and I, for the tilt angle and polar-
ization, respectively (", <71,)

® _ _p oF P

oF
T R (13)

—T, 5
are written for the fluctuating variables 6 =0, + 6 0 and
P=P,+ 6P and analyzed separately for the smectic
AMT>T,., P,=6,=0) and smectic C* (T < T, P,,0,#0)
phases.??

For the smectic A* phase equations (13) correspond to
the degenerate (with respect to right-hand and left-hand ro-
tations) rotation of the molecules about their long axes in
combination with the precession of these axes about the nor-
mal to the layers. As a result, there are two relaxation times
for the coupled quantities 8 and P. One of these times,

Tipgx% + T

=S =Ty’ !> Te

(14)
corresponds to fluctuations of P and & in phase with each
other. It is this soft mode that is responsible for the onset of
ferroelectric order at the transition point 7—T,. Taking
into account that I",> 7", = 1/¥,, where ¥, is the coefficient
of viscosity, we obtain 7_ = ¥,[2a'(T — T,)]~'. The other
solution
X1

corresponds to the rapid (7 =y, /I",) damping of the out-
of-phase fluctuations of the polarization and tilt angle. At
the transition point this (stiff) mode, unlike (14), does not
exhibit critical behavior.

In the smectic C* phase (T'< T.) a new fluctuational
mode appears, recovering the broken symmetry (the Gold-
stone mode). This mode corresponds to motion of the mole-
cules about the normal to the smectic layers along the sur-
face of a cone at a constant angle §,. Such a motion requires
no expenditure of energy; the orientation fluctuations 66,

r>T1.,, (15)

T+=

and 6P, are in phase with each other (P=P,,
86, = 6P, = 0), and the corresponding relaxation rate is
1
== 0. (16)

Besides the Goldstone mode there is a branch corre-
sponding to out-of-phase orientational fluctuations 86, and
8P, with a relaxation time 7, =7, [see (25)] and two
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FIG. 5. Temperature dependence of the relaxation time of the fluctua-
tional modes with zero wave vector for the smectic A<>smectic C phase
transition in the homogeneous approximation (a) and for a helical ferroe-
lectric (b).

branches describing amplitude changes in the parameters
6=06, and P=P, (60, =6P, =0, 66,,6P, #0); these
changes are in phase (7,) and out of phase (75) with each
other, respectively.

The in-phase amplitude fluctuations of the tilt angle
and polarization (7,) represent the soft mode for the low-
temperature phase.

Figure S5a shows a diagram, of all the fluctuation
branches corresponding to the simplest expansion (4). The
theory has been generalized® to the case of a helical ferroe-
lectric with allowance for the flexoelectric contributions on
the basis of expansion (8). In this case the picture shown in
Fig. 5a remains completely valid for fluctuations of P and 8
with wave vectors corrsponding to the equilibrium pitch of
the helix, g = g,. For the Goldstone mode this means that it
is only for those fluctuations in the orientation of & and P
which have a period equal to the pitch of the helix that there
is no energy requirement. For homogeneous distortions with
q = 0 the corresponding relaxation times in the C* phase
turn out to be finite (see Fig. 5b):

T = }(’—;% . (17)
The time 7, characterizes the slow damping of pertur-
bations of the azimuthal angle ¢ at a constant tilt angle
8 = B,, i.e., it describes the recovery of the disrupted helical
structure.
The soft modes at the transition point also have finite
relaxation times:

T_[g=0="1 (20" (T —T.)+ Kgal™,
Tulgmo =71 [40" (Te—T) + K@,

T>T, (18
T<T,. (19)

.The times 7_ and 7, correspond to relaxation of the
molecular tilt angle in the A* and C* phases, respectively.

3. MICROSCOPIC APPROACH

a) Interaction potential of the molecules in the ferroelectric
phase

One of the problems in the microscopic theory is to
evaluate the phenomenological coefficients of expansions (4)
and (8) by proceeding from the molecular characteristics.
Such a theory was developed recently by Osipov and Pi-
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kin,'*3%-32 The theory proceeds from the fact that ferroelec-
tricity is observed only in materials which consist of chiral
molecules. At the same time, the thermodynamic character-
istics of the smectic C phase are practically independent of
whether or not it is a chiral phase. In particular, the tempera-
ture of the transition from the C (or C*) phase to the A (or
A*) phase is almost independent of the chirality. Conse-
quently, the ferroelectric ordering of the short molecular
axes can be treated as a small correction to the overall smec-
tic C order in the position of the long molecular axes. This
correction is due precisely to the chirality of the molecules.

It is thus assumed that smectic C order (i.e., a layered
structure with the long axes of the molecules tilted with re-
spect to the normals to the layer) is already present on ac-
count of intermolecular interactions which are not due to the
chirality of the molecules. Such interactions might include
static interactions of the permanent-dipole-induced-dipole
type,>* which do not require a mandatory hindering of the
rotation of the molecules about their long axes (in accor-
dance with experiment for the nonchiral C phase®). Next,
the molecules are given an “admixture” of chirality in the
form of a certain distortion of the molecular structure, and
one then treats the interaction of the chiral molecules with-
out assuming that they are cylindrically symmetric. Without
yet specifying the type of intermolecular interaction but pro-
ceeding solely from symmetry considerations, Osipov and
Pikin®*-32 write the interaction energy of the chiral mole-
cules i and j (Fig. 6) in the simplest form

W= —v (a}~nij)([aj)<uijl~bi), (20)
which corresponds to an ideal orientational order and satis-
fies the following requirements’®: a) the interaction potential
is even with respect to the directions of the long axes a,, a;, as
it must be, since the two directions along the long molecular
axes in the C phase are equivalent; b) the interaction poten-
tial is odd with respect to the directions of the short axes b,
and b; and thus describes the required ferroelectric ordering;
c) the potential changes sign upon spatial inversion and so
corresponds to chiral molecules; d) the potential is even in
the direction of the intermolecular vector u; and therefore
contributes to the ground-state energy (although only a
small amount, in accordance with the experimental thermo-
dynamic characteristics of the chiral C* phase).

Potential (20) is fundamentally different from the po-
tential of the form V'* = Ja,-a;(a; X a,-u;) that was used in
Ref. 35. This latter potential describes the interaction of
chiral, but cylindrically symmetric {(on account of the rota-
tion) molecules and can be used only to calculate the helical
pitch of the smectic C* phase. The ordering of the short axes
is not taken into account by this potential, and so all the

N7

FIG. 6. Interaction of two molecules having preferred longitudinal (a,, a;)
and transverse (b;, b;) axes.
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FIG. 7. Structural formula of the DOBAMBC molecule (top) and the
corresponding model structure (bottom).

ferroelectric effects contained in potential (20) drop out of
consideration.

b) Molecular models

Figure 7 shows the structural formula and layout of the
molecule of the compound DOBAMBC, mentioned above,
which has a ferroelectric smectic C* phase. It is for this com-
pound that the bulk of the experimental information on fer-
roelectric liquid crystals has been obtained. The DO-
BAMBC molecule contains the following fragments of
fundamental importance (from left to right): a long alkoxyl
tail “a” which together with a rigid lath-shaped part “b > is
responsible for the formation of the nonchiral smectic C
phase; the transverse dipole moment of the

0

l
_C_
group “c,” relatively flexibly connected with the central
fragment “b”’; and an asymmetric carbon atom C which,
with a right-handed or left-handed vector triplet of the
bonds

|
—C*—C,H;, —C*—CH;,
I

|
(which have different lengths) forms a chiral center “d.” This
chiral center is responsible for the ordering of the short mo-
lecular axes in the chiral C* phase, and the attendant order-
ing of the dipoles “c” gives rise to spontaneous polarization.
The flexibility of the bond between the chiral center “d * and
the dipole “c,” resulting from intramolecular rotations of
both “c”’ and “d ” about the single “b—"’ and “c—d *’ bonds,
causes the polarization to be smaller than it would otherwise
be.

The microscopic theory of the C* phase takes the actual
shape of the molecules into account only partially: It is
asumed>®-? that the molecules have a curved lath-shaped
form with (or without) a transverse dipole moment and with
a chiral fragment at the end of the molecule. The corre-
sponding interaction models are illustrated in Fig. 8. The

[
—C*—H,
|
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possibility of intramolecular rotations is completely ignored
here, and for this reason a number of experimental laws
which depend on the relative position of the dipole “c”” and
chiral center “d ” have droppped out of consideration.

The interaction model considered in Ref. 32 (Fig. 8a)
approximates the chiral center of molecule i by an additional
fragment (vector o,) whose center of mass is located a dis-
tance m; off the longitudinal axis of the molecule. The vector
triplet a,, m;, o; creates a chirality of the molecule as a
whole. To simplify the treatment the second molecule j is
assumed to be nonchiral, but with a curved banana-shaped
form which models the bending of the rigid fragment of the
DOBAMBC molecules (see Fig. 7). This bending is charac-
terized by an angle £. It isimportant to note that the presence
of a permanent electric moment is not assumed for either
molecule, but it is a purely steric interaction that is being
considered.

A second model, which was considered in Ref. 30, is
illustrated in Fig. 8b. The chiral molecule i is modeled by the
same shape as in the previous case, but the second molecule;j
is assumed to be unbent but having a transverse static dipole
moment d = d, b;. This dipole can interact with the quasi-
dipole moment of fragment o; of molecule i (for molecule i on
the whole, this is an octupole moment).

Aswas shown in Ref. 13, the steric interaction potential
for the first model and the dipole-octupole interaction po-
tential for the second model, satisfy the general expression
(20). A third model, also leading to a potential of the form
(20), considers the dispersion interaction between a chiral
and a banana-shaped molecule.?! Such an interaction can be
important only in the case when the chirality is due to a
special shape of the polarizing skeleton of the molecule (Fig.
8c) and not simply to the presence of an asymmetric ““tail.”
Then the dispersion interaction of the combined dipole-di-
pole and quadrupole-quadrupole type leads to the necessary
form of the potential. The model illustrated in Fig. 8c can be
important in considering compounds consisting of choles-
terol derivatives introduced into a smectic C matrix.

Using all three interaction models shown in Fig. 8 in the
molecular field approximation, Osipov'® calculated the free
energy F of the chiral smectic C* phase. The general form of
F corresponds to the phenomenological expansion in (8), and
so the phenomenological coefficients x,, 4, and y in (8) are
expressed in terms of microscopic characteristics which re-
flect the bending (the angle €), dipolarity (moment d), chira-
lity (the angles between the long axes and the chiral frag-
ments of the molecule), and dimensions of the molecules,
and also the intermolecular distances. The results are rather
general and describe both one-component smectic C* phases

FIG. 8. Models of intermolecular interactions. a) Steric interac-
tion of chiral (/) and banana-shaped ( j) nondipolar molecules; b}
dipole-octupole interaction of chiral (i) and dipolar () mole-
cules; c) dispersion interaction of chiral (/) and banana-shaped ( /)
nondipolar molecules.
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and also the behavior of impurities (chiral or dipolar) in
smectic matrices (nonchiral or chiral).

However, the theory does not incorporate the changes
in the confirmation of the molecules—in particular, the in-
ternal rotations of the individual molecular fragments. This
rules out the possibility of establishing correlations between
the size of the polarization and the location of the dipole in
the molecule and complicates the calculation of the molecu-
lar constants (g, d, etc.) from polarization measurements.

4. SMECTIC A-SMECTIC C PHASE TRANSITION AND THE
CRITICAL BEHAVIOR OF THE PHYSICAL PARAMETERS

a) Thermodynamic parameters

In expanding the free energy of the smectic C phasein a
series in the order parameters, we earlier proceeded from the
idea that such an expansion is possible because we are deal-
ing with a second-order phase transition. Experiment does in
fact show®® that the heats of transition for the transitions
between the smectic A phase and the (nonchiral} smectic C
phase, as determined by differential scanning calorimetry,
are very small. Moreover, in differential scanning calori-
metry one can easily mistake the integrated thermal effect
due to the specific-heat anomaly for the heat of transition.
Therefore, the A«<C transition is most likely of second or-
der. The chiral interactions do not alter this picture, as is
confirmed by the circumstance that the temperatures of the
transition from the A phase to the C phase for the chiral state
of DOBAMBC and its racemate (a compensated mixture of
right-handed and left-handed isomers} differ by less that 1°C
(Ref. 10). This corresponds to expression (10} if the param-
eter g’ is of the order of 10°-10° cgs esu.

Direct measurements of the specific heat ¢, near the
temperature of the ferroelectric transition A*«>C* in DO-
BAMBC have revealed®’ a small anomaly which can be in-
terpreted in terms of a second-order transition. The critical
exponents characterizing the divergence of the specific heat
at temperatures above and below the transition point are
difficult to determine in this case.*® Similar behavior of the
specific heat is characteristic of other materials as well.>*

b) Molecular tilt angle and the spontaneous polarization

The phase transition from the smectic A to the non-
chiral C phase has been studied quite a lot in recent years.
The order parameter in the C phase can be written in the
form

0 = B,¢i®, (21)

where 6, is the tilt of the molecules with respect to the nor-
mal to the smectic layer, and the angle ¢ characterizes the
orientation of the projection of the director onto the plane of
this layer. Such a form of the order parameter is formally
analogous to the wave function of superfluid helium, which
is the order parameter of the transition to the superfluid
phase.”

The helium analogy predicts that the tilt angle 6, will
have a power-law temperature dependence 9o~ (T, — T ¥
with critical exponent S=0.35, while mean field theory gives
B = 0.5 [formula (11)]. The experimental data obtained for
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FIG. 9. Temperature dependence of the molecular tilt angle in TBBA as
obtained by optical (1) and x-ray {2) methods.*?

nonchiral smectic phases by NMR,*® optical,*>*! and x-
ray*' methods shows a considerable spread in the value of
the exponent S (0.4-0.5). Figure 9 shows the results of mea-
surments of @ (T') by optical and x-ray methods** for a single
material, terephthal-bis-butylaniline (TBBA; £ = 0.5):

C,,Hg—<z>—N:CH——<Z>—CH

-N={ 0 D

In the same study the value 8 = 0.5 was obtained for
three nonchiral smectics C. Materials whose molecules have
longer alkyl tails than TBBA exhibit a systematic difference
between the values of the angle §, obtained from the optical
and x-ray measurements (6 §¥* > 6 §™). This indicates that
the simple representation of the molecules as a rigid rod (Fig.
10a) must be re-examined. It would be much more accepta-
ble to approximate the molecule by the zigzag structure
shown in Fig. 10b. The corresponding phenomenological
theory of the C phase was worked out in Ref. 43.

The ordering of the short molecular axes and transverse
dipoles (if such there be) in the ferroelectric C phase does not
affect the tilt angle 6, of the longitudinal molecular axes, at
least in a first approximation. Therefore, one expects the
same temperature dependence &,(7") for chiral ferroelectric
phases as for nonchiral phases. Unfortunately, the experi-
mental data on 8,(T') are still very scanty. Data have been
obtained only for DOBAMBC and several mixtures, and the
critical exponents have, as a rule, been difficult to find be-
cause of the uncertainty in the location of the phase transi-
tion point itself.

The function 8 (7") that was obtained for DOBAMBCin
Ref. 38 can be approximated by the power-law function

V&

op/ l\/i x-ray
a) b)

/

FIG. 10. Possible packing of molecules in the C phase.*? a) Rigid-rod
model, b) zigzag model.
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6,~(T. — TP, where B = 0.31 4 0.05. This figure is close
to the value predicted by analogy with with helium, al-
though, as we mentioned earlier, a small shift in 7, has a
strong effect on the value of 3, and the chemical stability of
DOBAMBC leaves something to be desired. The tempera-
ture dependence of the polarization can be written in an

analogous form, but the exponent S comes out different: )

B = 0.37 + 0.1. Recall that the phenomenological theory of
Landau, which is actually a mean field theory, predicts the
same value B = 0.5 for the exponent in both 6,(T"} and P (T}
[see formulas (6), (11), and (12)]. Allowance for fluctuations
lowers B to 0.37 (Ref. 25).

A difference between the exponents S for 6, and P,
while at odds with the simple theory, is expected for the
zigzag model shown in Fig. 10b. In fact, the polarization
depends on the steric shape of the chiral center and on the
size of the transverse dipole moment of the DOBAMBC
molecule, which is shown in Fig. 7. The value and tempera-
ture dependence of the tilt angle of these fragments should
differ from the tilt angle of the rigid central core of the mole-
cule, which is what was measured optically in Ref. 38. Un-
fortunately, for DOBAMBC there are no data on the angle
0,(T) from the x-ray experiment, so that one cannot even say
which of the angles, 8 §F* or 65, is larger in this case.

Besides DOBAMBC, the critical exponents have been
determined for other compounds having A*«>C* transi-
tions.>® For exmaple, the chemically stable material d-4-(2
methylbutoxy)-phenyl 4’-decyloxybenzoate has S = 0.35
+ 0.06 for the tilt angle and § = 0.43 + 0.05 for the sponta-
neous polarization (Fig. 11).*¢ The value = 0.4 + 0.05 has
also been measured in esters of benzoic acid derivatives.*®

It is thus seen that for individual materials the exponent
[ usually lies in the range 0.3 — 0.5, while in mixtures
formed by the introduction of chiral impurities into a non-
chiral smectic C matrix, the values of 8 obtained by the auth-
ors are generally greater than 0.4 [a typical P (T} curve for a
mixture of this type is shown in Fig. 11] and in several cases

even exceed 0.5.
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Let us mention the methods of measuring the spontane-
ous polarization. The value of P given by equation (12) is the
spontaneous polarization of an individual smectic layer. It
contains two terms, with the flexoelectric contribution
( — usq,0 ) being due entirely to the helical structure. In prac-
tice, the methods used so far have only been able to measure
the total (volume-averaged) polarization, which has a non-
zero value only in an untwisted (if only partially) helix. At
the present time the two most reliable methods of measuring
P are: a) the classical Sawyer-Tower*® method of polariza-
tion reversal, and b) the pyroelectric method.*” The latter
has the obvious advantage that it permits studying the spon-
taneous polarization not only in the C phase but also in the
lower-temperature phases, and can also be used to study the
dynamics of the polarization.**~*° Other, less accurate meth-
odsbased, for example, on measuring the polarization-rever-
sal currents®® or the critical field for the untwisting of the
helix!? also yield only the value of P due to the piezoelectric
contribution { P) = y, i, 6,. For the piezoelectric modulus
of DOBAMBC we have in order of magnitude u, = 120 cgs
esu (P=4-107° C/m* = 24 cgs esu, 0,=0.5 rad, y, =0.2).
For measuring the flexoelectric contribution it is necessary
to make a careful analysis of the value of the polarization of a
partially untwisted helix®' (see Secs. 6b and 6c¢) or to develop
mew methods capable of detecting the spatial dependence
P(z) = Psin g,z

c) Dynamics of the tilt angle

According to the theory of Blinc and Zeks,?° the relaxa-
tion of the tilt angle for a homogeneous ( ¢ = 0) orientational
deformation of the smectic A* phase (7> 7 ) or smectic C*
phase (T'<T,) is described by expressions (18) and (19),
which predict critical behavior for both relaxation times,
with exponents ¥ = 1. At the transition point both 7_ and 7,
should remain finite if we are dealing with a helix which is
not untwisted.

Experimentally, the critical behavior of the molecular
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FIG. 12. Temperature dependence of the molecular tilt angle induced in a
smectic A* phase by fields of various frequencies.>? The inset shows the
experimental geometry.

tilt angle has been studied by two methods. In the ferroelec-
tric phase one can change the angle 8 by means of a thermal
pulse and observe the subsequent relaxation of the polariza-
tion by monitoring the pyroelectric response on an oscillo-
scope.*® In the smectic A* phase, in which the equilibrium
value of the tilt angle is 8, = 0, one can cause the molecules
to be deviated by an angle & (E ) by applying an external field
along the surface of the smectic layers.>” Let us first discuss
the experiments on the smectic A* phase, i.e., for 7> T,.

Let z be the normal to the smectic layers and y be the
direction of the external electric field E. If the molecules
have a transverse dipole moment d, , then the field induces a
partial orientation [proportional to exp( — d, E /kT'), where
k is the Boltzmann constant] of the transverse dipoles, i.e.,
causes an ordering of the short molecular axes. For non-
chiral molecules the yz plane would remain a mirrorplane
even with the field. If, on the other hand, the molecules are
chiral, the reflection symmetry is broken, and the directions

+ x and — x become nonequivalent. As a result, the mole-
cules acquire a coordinated tilt in the xz plane (see the inset
in Fig. 12). This so-called electroclinic effect is the inverse of
the effect wherein spontaneous polarization arises upon tilt-
ing of the molecules. The temperature dependence of the
angle 8 (E) in DOBAMBC was studied in detail in Ref. 52,
and the results are shown in Fig. 12.

If one ignores the helicity of the low-temperature phase,
then the angle 0 is divergent at 7—T, because of the critical
temperature dependence of the modulus a = a'(T — T, ):
Pp¥y

2a
Here the “electroclinic” coefficient 4, is the same as the
piezoelectric coefficient. Allowance for the helical structure
of the C* phase removes the divergence,®

0=

E. (22)

Xibp
R s (23)
but the term Kg? comes into play only in the immediate
proximity of the transition temperature. For 7 — 7, > 0.02
K (Ref. 52) the behavior (23) goes over to (22), and the experi-
ment yields the critical exponent . The value obtained for
this exponent from the data shown in Fig. 12 is 1.1; this
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FIG. 13. Soft modes in the smectic A* and smectic C* phases. The right-
hand part (T> T, ) was obtained from the electroclinic-effect data,*? the
left-hand part (T < T, ) from the dynamics of the pyroelectric response.*®

figure lies betweeen the mean-field prediction ¥ = 1 and the
value ¥ = 1.315 predicted by the helium analogy.

The same exponent ¥ should also occur in the expres-
sion for the soft-mode relaxation time, equation (18). Data
on 7_(T) were not given explicitly in Ref. 52, but one can
obtain three values on the temperature scale from the fre-
quencies indicated in Fig. 12; we find the results shown on
the right-hand side of Fig. 13. For the exponent y at 7> T,
we can obtain only a rough estimate: y = 1.

The left-hand side of Fig. 13 shows a plot of the data of
Ref. 48. A short laser pulse was used to change the tempera-
ture of a DOBAMBC sample, thereby altering the equilibri-
um angle 6y(7T') in the ferroelectric phase. The increment
— A9, corresponded to a polarization increment — 4P,
which relaxed after the thermal pulse had ended. The relaxa-
tion of the polarization was observed by monitoring the py-
roelectric signal on an oscilloscope, and the relaxation time
1, [Eq. (19)] was read directly off the screen. Near the transi-
tion the value of 7, was 1-6 usec. In the pyroeffect experi-
ment the helix was untwisted by a weak electric field
( go = 0), so that one would expect a pure divergence of 7, as
T—T,, in accordance with (19). The experimental curves in
Fig. 13 arein fact close to the predicted curves for g, = O(see
Fig. 5a). However, the critical exponent evaluated in Ref. 48
for the C phase, ¥ = 0.67 4 0.1, is lower than the prediction
of mean field theory.

The experiment of Ref. 53 also detected a deviation
from the behavior § 2~ E ? predicted by equation (22). The
exponent x for the experimental curves of the birefringence
asafunction of thefield, An(E ) ~ 6 *(E ) ~ E*, varied from 1.7
to 1 as the temperature was raised and the distance from the
phase transition point was increased. This discrepancy was
attributed>? to a possible field-induced biaxiality of the tilted
phase [expression (22} was obtained under the assumption of
a uniaxial medium]. It is possible that the biaxiality is also
reflected in the value of the critical exponent.

The critical behavior of the spontaneous polarization
near the transition between two ferroelectric phases in the
liquid crystal L-4-hexyloxybenzylidene-4'-amino-2-chlor-
propylcinnamate (HOBACPC) was studied in Ref. 24 by a
pyroelectric method. It was possible to determine the critical
exponents for the soft-mode relaxation time on both sides of
the phase transition; the two values turned out to be equal:
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¥ = 1.0 + 0.1. Such a dynamics of the polarization indicates
that the transition should be classified as second order. And
since the size of the polarization in this material is deter-
mined by the ““tail’”’ part of the molecules, where the chlorine
atom forms a part of the chiral center, the transition studied
in Ref. 54 is evidently due to a structural rearrangement of
the “tails” of the molecules.

d) Pitch of the helix and the flexoelectric effect

We have seen that the phenomenological theory of the
ferroelectric phase gives a rather good description of the gen-
eral features of the behavior of the molecular tilt angle, the
polarization, and the polarization relaxation time as func-
tions of temperature, although the critical exponents by no
means always agree with the predictions of molecular field
theory. This is not surprising, since the ferroelectric order-
ing in the present case is due not to the long-range dipole-
dipole forces but to interactions of a different sort (steric,
dispersional, etc.) with substantially shorter ranges.

Thematter of the temperature dependence of the helical
pitch is much more complicated. Typical experimental
curves for DOBAMBC and its homolog TDOBAMBC
(which has a C,,H,,0— chain instead of C, ;H,,0—) are
shown in Fig. 14. A characteristic feature of the p,(T") curves
for thick cells (curves 1 and 2] is the presence of a sharp peak
near the point of the transition from the A* to the C* phase.
In thinner cells (curves 1’ and 2') this peak is leveled off by
the influence of the solid surfaces bounding the layer, which
tend to untwist the helix. The phenomenological theory does
not predict critical behavior for p,(T). According to Eq. (9)
the pitch remains finite at the transition: p, =27/ ¢_. In
order to describe its nonmonotonic temperature dependence
(see Fig. 14) one must assume that ¢” < 0. Such a behavior of
the helix cannot be desscribed on the basis of the model de-
veloped for cholesteric liquid crystals in Ref. 56. The expla-
nation of the observed behavior is closely related to the the-
ory of the flexoelectric effect of the smectic C* phase.”’

The flexoelectric effect, i.e., the appearance of polariza-
tion as a result of an orientational deformation of a liquid
crystal, can arise in a nonchiral or chiral smectic C for the
same reasons as in a nematic phase. Two microscopic causes
of the flexoelectric effect have been established for nema-

Fp, 4M
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FIG. 14. Temperature dependence of the pitch of the helix in the ferroe-
lectric C* phase of DOBAMBC (1, 1') and TDOBAMBC (2, 2') for layers
200um (1, 2) and 20 um (1’, 2') thick (data of the present authors).
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tics.%® According to Meyer’s model®® the polairzation arises
upon a longitudinal or transverse bending deformation of a
nematic phase consisting of banana-shaped or pear-shaped
dipolar molecules (in the first case the effect is due to the
transverse component d, of the molecular diole moment; in
the second case, to the longitudinal component d). In
Prost’s model*® the molecules need not have an asymmetric
shape and a dipole moment, but they must have a quadru-
pole moment (as is always the case for the elongated mole-
cules of liquid crystals).

These same two mechanisms can also play a role in a
smectic C. In addition, the flexoelectric coefficient contains
a substantial contribution from the dipole-quadrupole
mechanism, which is absent in the case of nematic liquid
crystals.”” In a chiral phase C* the flexoelectric contribution
to the polarization is due to the natural twist of the helix, i.e.,
to the gradient dg/dz. In this case the helical pitch itself
depends on the flexoelectric coefficient {Eq. {(9)]. It was
shown in Ref. 57 that the behavior of the pitch as a function
of temperature is governed solely by the steric interactions of
banana-shaped molecules. The shape of the molecules here is
specified by their length L, diameter D, and the ‘“banana
angle” £ shown in Fig. 8a.

A statistical calculation'® shows that the flexoelectric
coefficient iz, appearing in the phenomenological expression
[Eq. (9)] for the wave vector of the helix depends in a non-
monotonic manner on the molecular tilt angle 8,, which in
turn depnds on the temperature. As the difference T, — T
increases, the coefficient u, first increases sharply (in pro-
portion to 1 + 6,/¢) and then begins to fall off at a relative-
ly slow rate. This is precisely the behavior of the pitch p,
according to both Eq. (9) and experiment. The maximum
pitch is reached at 8, = D /6L (for moleucles which are ap-
proximately ellipsoids of rotation). This corresponds to the
DOBAMBC experiment if one sets L /D~6. Without
allowance for the flexoelectric effect one can explain only the
decay of the helical pitch on the low-temperature side of the
peak.%® The theory of Ref. 57 also explains the oscillations of
the maximum value of the pitch with changing homolog
number if one takes into account the oscillations in the “ba-
nana angle” for molecules with different lengths of the alkyl
chain (the even-odd effect).'?

The features of the ferroelectric phase transition in two-
dimensional systems, e.g., freely suspended liquid-crystal
films one or two monomolecular layers thick, were consid-
ered theoretically in Ref. 61.

5. MOLECULAR AND STRUCTURAL ASPECTS

a) Magnitude of the spontaneous polarization

In spite of the extremely short history of research on
ferroelectricity in liquid crystals, in some respects the mech-
anism which gives rise to the spontaneous polarization in
these materials is even better understood than in the tradi-
tional crystalline ferroelectrics. This is because of the rich
possibilities of varying the organic molecules by means of
directed chemical synthesis in the liquid-crystal case. Let us
summarize the necessary conditions for the appearance of
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- nonferroelectric smectics C (Ref. 65).

polarization and see how they are realized in experiment (see
Fig. 7).

First, it is necessary that the material be able to form a
smectic phase with a spontaneous molecular tilt. This condi-
tion can be realized by choosing molecules with long alkyl
tails (the number of carbon atoms in the tails can be varied
from, say, 6 to 15).%> The presence of small transverse dipole
moments in the central part of the molecule promotes the
formation of a tilted phase.’*5*

Second, the molecule should contain a chiral fragment,
lowering the symmetry of the tilted smectic phase from C,,
to C,. The chiral fragment arises because of an asymmetric
carbon atom, which is denoted by an asterisk for the com-
pounds listed in Table I. Finally, one should have as large a
transverse dipole moment &, as possible, since this dipole
moment contributes to the spontaneous polarization
through the piezoelectric and flexoelectric coefficients u,,
and y, in formula (12). The theory does not specify the posi-
tion of the dipolar group in the molecule, but assumes only
that this dipole is rigidly connected to the chiral fragment.
Such a situation is by no means always realized in experi-
ment.

Table I gives values of the spontaneous polarization (di-
vided by the tilt angle 8, for liquid-crystal ferroelectrics
whose molecules differ in the position of the dipole moment
d, .**% In the first three materials the dipole moment
d, =2.5-3 Dis due to the —C—=O0 group, which is located at
different distances from the chiral center. In HOPMBCO
the dipolar group is separated from this center by the bi-
phenyl fragment, which is characterized by a practically free
rotation of the benzene rings about the single bond joining
them. There is thus no correlation between the direction of
d, and the configuration of the chiral center, and, conse-

503 Sov. Phys. Usp. 27 (7), July 1984

-----

TABLE I. Relation of spontaneous polarization to structure of the R P, 2 8
following molecules. Compound Abbreviation| To (-7 Z%%) (T,-T55 K) | Pi%o. C/m?
CeHys _0—< O/ —0-—C "‘\/ O >'—< O > D-4-n-hexyloxyphenyl HOPMBCO| 76 °C — — ~0%)
“O C,H, - 4'(2-methylbutyl) car-
| boxylate
~CH,—*C—H
|
CH,
CZHS
— !
CwH21—0-—< o >—C_o_< O >—0--CH,—C—H | D-4.- MBOPDOB | 52 °C| 410~ 15° 1.5-10-3
— I — i methylbutoxy)phenyl 4- [Ref. 49] [Ref. 39]
CHy | decyloxybenzoate
Ciolln—0—L O S—cH=N-{ O y—CH La DOBAMBC| % °C | 3-10-% 19° 9-105
— o decyloxybenzylidene-4'- [Refs. 49, 64]|  [Ref. 46]
N s amino-2-
=CH—C—0—~CH,—*C—I methylbutylcinnamare
|
CH,
CeH—0—7/ O D—CH=N—7 O >—CH L-4- HOBACPC | 74°C | 1,5 10+ 10° 8.5.10-1
s N/ N/ hexyloxybenzylidene-4'- [Ref. 49] [Ref. 66]
?l amino-2-
—CH—C—0—CH,—*C—H chloropropylcinnamate
I
(o] CH,
CnHm—O‘*< O_>—CH=N—< O >—CH L-4- . HOBACYPC[ — ~ - [2-107%] *7)
— — hexylocybenzylidene-4'-
| amino-2- i
=CH—C—0—CH,—*C—-H cyanopropylcinnamate
I
0 Gila
*) Based on private communication from G. 8. Chilaya reporting that an external electric field does not affect the helical structure of this compound.
**) We estimated P /8, for HOBACyPC, which does not have a smectic C* phase, by extrapolating from experiments on mixtures of HOBACyPC with

quently, the polarization is negligible. For MBOPDOB such
a correlation begins to appear, since the dipole group is lo-
cated somewhat closer to the chiral center, and the polariza-
tion increases. This tendency is even stronger in the classical
material DOBAMBC, for which P /8, is 6 times as large as in
the preceding compound.

The introduction of a dipolar group (a chlorine atom,
d, ~2D)directly into the chiral fragment increases the ratio
P /6, by another order of magnitude (HOBACPC). Finally,
replacing the chlorine atom in the chiral fragment by a ni-
trile group —C=N (HOBACYyPC, d, =4 D) increases the
polarization still further. In the last case the estimate of P /8,
is an indirect one: It was obtained by extrapolating from
measurements of Pin mixtures,® since HOBACyPC in pure
form does not form a smectic C* phase. We thus see that the
polarization is in fact determined by the magnitude and posi-
tion of the transverse molecular dipole.

Data are also available®” on the dependence of P on the
length of the alkyl chain for homologs of the ester shown in
the second line of the table. At the same value of the reduced
temperature(7, — T'= 10°C)the value of P decreases mono-
tonically by about a factor of 2.5 as the number of carbon
atoms in the chain is increased from 7 to 10. A similar trend
is observed in other classes of materials.®* The apparent rea-
son for this behavior is that the molecules have a zigzag
shape (see Fig. 10}, so that a lengthening of the tails leads toa
decrease in the effective tilt angle 6, which is the quantity
that determines the polarization [Eq. (12)].

Data on the spontaneous polarization in the tilted smec-
tic H* phase that arises in certain materials upon cooling of
the C* phase can be obtained from piezoelectric-effect mea-
surements (Fig. 15).*° The sharp peaks of the piezoelectric
coefficient (T} = dP (T')/dT correspond to a sharp increase
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FIG. 15. Temperature dependence of the pyroelectric coefficient and
spontaneous polarization of HOBACPC and DOBAMBC in the C* and
H* phases.

in the polarization. The increase in the polarization of HO-
BACPC at the temperature of the transition from the C*
phase to the H* phase is apparently due to a sharply en-
hanced hindering of the rotation of the chiral fragment
(which also contains the dipolar group) upon the transition
to a phase with translational ordering in the plane of the
smectic layers. At the lowest temperatures the polarization
reaches 2.10~*C/m? (60 cgs esu). For DOBAMBC the tran-
sition to the H* phase is accompanied not by an increase but
by a decrease in the value of P. This suggests that although
the rotation of the chiral center tends to become hindered as
the temperature is lowered, the motion of the dipolar
—C=0 group can remain weakly coordinated with this ro-
tation.

£, 1076 C/m?

1 |
40 & 80 n°C

FIG. 16. Temperature dependence of the spontaneous polarization of 4-
nonyloxybenzylidene-4'-amino-pentylcinnamate (NOBAPC) doped with
the chiral impurity L-4-decyloxybenzylidene-4'-amino-2-cyanopropyl-
cinnamate (DOBACyPC) at various concentrations.
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The influence of the molecular structure on the pitch of
the helix in the C* phase and on the elastic modulus X was
considered by Aliev and Aslanov,% who investigated the ho-
mologous series of the same ester (the second row in Table I)
and also that of the salicylideneanilines. As one goes to long-
er alkyl chains the pitch of the helix increases (by about a
factor of 3 as n changes from 8 to 11 in the ester series). This
tendency is easily explained in the microscopic approach ex-
pounded in Sec. 3. In fact, lengthening the molecule without
changing the chiral fragment actually lowers the “specific
contribution” of this fragment to the total asymmetry of the
molecular shape (the fragment becomes more remote from
the geometric center of the molecule), and this leads to a
weakening of the interactions responsible for the twist of the
C* phase. As was shown in Ref. 69, the elastic modulus K
also tends to increase with increasing length of the alkyl
chain. The simultaneous growth of p, and K as functions of n
is in agreement with the phenomenological expression (9).

b) Impurity-induced polarization

The necessary conditions for spontaneous polarization
can be realized not only in one-component chemical com-
pounds but also in binary (and more complex) mixtures.
Here a sort of “division of labor’> among the various compo-
nents becomes possible. For example, the host may have a
tilted, but not chiral, smectic phase, while the dipolar impu-
rity molecules provide the chirality of structure necessary
for ferroelectricity. From a practical standpoint it greatly
simplifies matters if the materials responsible for the forma-
tion of the smectic phases can be synthesized separately from
the dipolar chiral compounds, which need not be liquid-
crystalline. The possibility of such a “division of labor” is
implied by the microscopic picture of the genesis of the po-
larization."® The introduction of a chiral impurity into a
smectic C matrix causes a twisting of its structure, with the
wave vector of the helix being approximately proportional to
the concentration of the impurity, in analogy with how the
cholesteric phase arises upon the addition of a chiral impuri-
ty to a nematic liquid crystal.

Experimentally, polarization (extremely weak,
P51.5.10~°C/m?)induced by a chiral impurity in a C phase
was first observed by Kuczynski and Stegemeyer.”® Substan-
tially higher values P~1.5-10"° C/m? have since been ob-
tained*® by introducing chiral impurities having large dipole
moments into a smectic C. Figure 16 shows how the polar-
ization increases as impurity molecules containing a dipolar
—CN group directly in their chiral fragment are introduced
into a nonferroelectric liquid crystal.5® The resultant sponta-
neous polarization is influenced by a number of factors: the
molecular structure of the impurity (the strength of the di-
pole and its proximity to the chiral fragment), the impurity
concentration, the tilt angle of the host molecules, and the
conformity in length of the impurity and host molecules.
With an eye to all these factors, we recently succeeded in
producing an ‘extrinsic” (impurity) ferroelectric liquid crys-
tal with a polarization in the C* phase of P = 2.2.10~* C/
m?, higher than the record polarization for pure liquid-crys-
tal ferroelectrics (Fig. 17)"'; the mixture involved has a wide
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FIG. 17. Maximum values obtained’’ for the pyroelectric coefficient and
spontaneous polarization.

existence region of the C* phase (from — 4 to 60 °C), an
important consideration for practical applications. Figure
18 shows how the effective dipole moment of the chiral mole-
cules, d.; = d, {cosy), which is responsible for the sponta-
neous polarization and is proportional to the ferroelectric
order parameter, grows with increasing molecular dipole
moment d, . It is clearly seen that d.; has a nonlinear depen-
dence on d,, implying that the parameter {cosy) increases
with increasing d, . Consequently, the ordering of the short
molecular axes, which determines {cos¥), is not, strictly
speaking, independent of the strength of the molecular di-
pole, as is assumed in the models of improper ferroelectrics.

The introduction of small (up to 10%) concentrations of
dipolar (nonchiral) molecules into the ferroelectric C phase
of DOBAMBC has an insignificant effect on the size of the
polarization.%* Strong dilution of ferroelectric liquid crystals
by nonchiral impurities causes the spontaneous polarization
to vanish.”? Ionic impurities cause an appreciable screening
of the polarization.*®

4, D

FIG. 18. Nonlinear behavior of the effective dipole moment {divided by
the angle 8) of the smectic C* phase as a function of the molecular dipole
moment.
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FIG. 19. Compensation of the helical structure and the vanishing of the
polarization in a mixture of levorotatory DOBAMBC and dextrorotatory
HOBACPC.

¢) Nonhelical ferroelectrics

By mixing two ferroelectric liquid crystals having chir-
alities of opposite sign (left-handed and right-handed) one
can compensate the twist and obtain a homogeneous ferroe-
lectric phase.” Here the spontaneous polarization has a non-
zero value (Fig. 19). This occurs because the pitch of the helix
and the polarization are due to different microscopic mecha-
nisms. The pitch of the helix is completely determined by the
interaction of the chiral molecules with one another or with
the matrix, while the polarization is due to the steric {e.g.,
banana-like) shape of the molecules and to their dipole mo-
ment. A strict compensation of the twist and the polarization
occurs only in a racemic mixture of right-handed and left-
handed molecules of the same chemical compound.

One can see two ‘“magic” points in Fig. 19. At one of
them (HOBACPC concentration ¢ = 55% in a mixture with
DOBAMBC) the helix is untwisted ( ¢, = 0) but the polar-
ization is finite (P, = 4-107° C/m? for T, — T = 20°C),
while at the other point (¢ = 20%) the situation is reversed—
the pitch has a finite value ( g, = 8-10°m~?, p, = 27/g, = 8
pm)but the polarization of the homogeneously oriented, un-
twisted C* phase is zero. For thick cells the compensation of
the twist occurs at a single, completely determinate ratio of
the components (¢ = 55%). In this case the volume sponta-
neous polarization in the smectic C* phase persists for tens
of minutes after removal of the external polarizing field
(which here serves not to untwist the helix but to “force” the
polycrystalline structure into a single domain). As the thick-
ness d of the cell decreases, a certain range of concentrations
appears in which the helix is untwisted.

d) Polymorphism of ferroelectric phases

Practically all the research that has been done on fer-
roelectric effects in liquid crystals has been done on the com-
pounds DOBAMBC (and its several homologs) and HO-
BACPC, which have only smectic C* and H* phases. Binary
mixtures can exhibit a richer polymorphism of the ferroelec-
tric phases.®® Figure 20 shows the temperature dependence
of the pyroelectric coefficient for the compound NOBAPC
(the same as in Fig. 16) doped with dipolar chiral impurities
of HOBACPC and HOBACyPC. While the initial com-
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FIG. 20. Temperature dependence of the pyroelectric coefficient for NO-
BAPC doped to 20% with the chiral impurities HOBACPC (a) and HO-
BACyPC (b). At the upper right is the sequence of phase transitions in
pure NOBAPC, and the upper left-hand corner shows the antiferroelec-
tric herring-bone packing of the molecules.

pound (see the scale at the top of Fig. 20) displays a transition
from a smectic C phase to an orthogonal B phase as the
temperature is lowered, in the mixture with HOBACPC
there are at least four pyroelectric phases. The dependence
of the polarization on the external electric field in one of
these phases is reminiscent of that of an antiferroelectric.5
The possibility of antiferroelectricity is not ruled out in
phases with the herring-bone packing discussed in Ref. 74.
An antiferroelectric phase of this type is fundamentally dif-
ferent from a smectic A with antiparallel packing of polar
molecules in adjacent layers.”

e) Possibility of ferroelectricity in living fibers and the
asymmetry of blological molecules

There are certain experimental data which indicate that
the living fibers exhibit ferroelectric properties (e.g., the py-
roelectric effect’), but the possible microscopic mechanism
for the dipolar ordering has remained unclear.

On the other hand, investigators have long been inter-
ested in the fact that most biological molecules exhibit asym-
metry (i.e., chirality). To this day neither the meaning of this
phenomenon nor its function in the molecular mechanisms
of life processes has been fully explained.'?*

In Ref. 78 we called attention to the possibility of fer-
roelectricity in living fibers at the cell membrane level, rea-
soning from the analogy between the molecular structure of
biomembranes and the structure of a ferroelectric liquid
crystal formed by a smectic C phase containing chiral impu-
rity molecules (see Sec. 5b). The chirality of the biological
molecules which enter into the composition of biomem-
branes (e.g., cholesterol molecules) automatically satisfies
one of the necessary conditions for inducing a spontaneous
polarization. The analog of the smectic C phase in mem-
branes is the bilayer lipid structure, in which, as recent stud-
ies show,”” the lipid molecules can be tilted with respect to
the normal to the membrane surface. Such a tilt can develop,
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at least locally, and can also be induced by external in-
fluences, as, for example, when bending-deformation waves
propagate through the membrane.

By symmetry considerations a spontaneous polariza-
tion is possible not only at the level of the multicomponent
structure of cell membranes but also at the level of the nu-
cleic-acid and protein molecules, whose helical structure
contains all the ncessary symmetry elements for the emer-
gence of a polar direction described by a poalr axis C, which
is perpendicular to the long axis of these molecules and un-
dergoes a continuous precession as one goes along the long
axis.

To estimate the polarization which can be induced in
membranes by biological molecules, we used smectic C lig-
uid crystals to model the conditions which could occur in
biomembranes. It was found that all the asymmetric biologi-
cal molecules tested (cholesterol, phenoxymethylpenicillin,
erythromycin, etc.), when introduced into a smectic C, in-
duced an appreciable polarization P = 10-% — 10> C/m?
at chiral-molecule concentrations of 1-6 wt.%. Extrapola-
tion of the estimates suggests that a polarization P~ 10~4C/
m? can be induced by cholesterol, for example, in natural
biomembranes.

The direct detection of polarization in biomembranes,
with the polarization vector lying (according to our ideas) in
the plane of the membrane, would occasion a serious reinter-
pretation of a number of physical mechanisms responsible
for such important processes as the propagation of excita-
tion over membranes, ionic transport, the long-range inter-
action between enzymes, and so forth.

f) Two-dimensional systems

Optical and electrooptical studies of thin films of fer-
roelectric liquid crystals have been reported in a series of
papers by R. Meyer and co-workers.”*-8! They studied freely
suspended films consisting of only a few (N = 2-8) smectic
layers. Ellipsometric measurements’ showed that the tilt
angle of the molecules to the normal of the smectic layer
increases with decreasing number of smectic layers (Fig. 21,

g
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FIG. 21. Molecular tilt angle 8 and the spontaneous polarization P, of a
thin DOBAMBC film as functions of the number of smectic layers. The
crosses denote the normalized value of the polarization; the slope of the
straight line corresponds to the volume value of P.
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top). The spontaneous polarization, also shown in Fig. 21,
was determined from measurements of the intensity of the
light-scattering from the freely suspended film as a pulsed
external field was switched on and off.3® As the number of
layers decreased, the measured polarization of the film as a
whole ( P,) deceased (Fig. 21, bottom). At the same time the
values of the polarization divided by the product of the angle
times the layer thickness coincides with the value of P /6, in
the volume. This is indicated by the linear dependence of
aoPy/a sin 6 on the number of layers (g, and @ = a, cos 8 are
the thickness of the smectic layer in the bulk sample and in
the freely suspended film, respectively).

In Ref. 80 the values of the “two-dimensional” elastic
moduli and viscosity coefficients were also determined. The
dynamics of defects in thin ferroelectric films (¥ = 3), which
simulate the behavior of ideal two-dimensional systems, was
studied in Ref. 81.

6. BEHAVIOR IN EXTERNAL FIELDS

a) Optical properties

In the absence of external fields a smectic C* liquid
crystal is a set of optically biaxial monomolecular layers in
which the direction of the optic axis gradually swings
around in going from one layer to the next, so that the mac-
roscopic structure is a helix. The helical structure as a whole
is uniaxial, with the optic axis coinciding with the axis of the
helix. This last fact has been established by conoscopic stud-
i es. 10,82

For the theoretical description of the optical properties
of the helical structure of the smectic C* phase one intro-
duces a locally biaxial dielectric tensor, which rotates as one
goes along the normal to the smectic planes.®*%* The optical
properties of the helical structure for light incident along the
helical axis are completely analogous to those of a choles-
teric liquid crystal®® if one introduces effective refractive in-
dices for the ordinary and extraordinary waves. The smectic
C* structure rotates the plane of polarization of light, pos-
sesses a selective reflection in the second diffraction order,
has characteristic structural defects in the form of Grand-
jean fringes, etc. For light at oblique incidence the selective
scattering of the light has an important distinction from that
of cholesteric liquid crystals, viz., in the smectic C*, owing
to its polar structure, the first order of Bragg reflection turns
out to be allowed when the wavelength of the reflection max-
imum in the medium corresponds to A,, = 2p,. This occurs
because in the smectic C* a rotation of the director by an
angle of 27 corresponds to a physically identical state, while
in a cholesteric this occurs for a rotation by only 7 (because
of the equivalence of the director directions nand — n}. The
optical properties of the helical structure of smectics C*
were studied experimentally in Refs. 87 and 88. For a smec-
tic C* belonging to the class of esters of carboxylic acid hav-
ing small helical pitches,® a single selective-reflection maxi-
mum is observed in the visible region of the spectrum at
normal incidence of the light, while at oblique incidence
there are two. When dyes are introduced into a smectic ma-
trix one can observe a diffractional decrease in the absorp-
tion of light near the reflection fringes (the Borrmann effect).
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FIG. 22. Stripe domains in a chiral smectic C* phase for a planar orienta-
tion of the molecules at the walls.®® the distance between adjacent stripes
(in this case 16 um) is equal to the pitch of the helix.

Experimentally, especially in electrooptical studies,
one often deals with thin layers of a smectic C* sandwiched
between two glass plates. As a rule, the plates have been
finished so as to provide a planar orientation of the mole-
cules of the liquid crystal on their surfaces. In this case the
axis of the helix lies in the plane of the layer, and the interac-
tion with the boundaries gives rise to various structural de-
fects in the form of stripes,”® walls and networks,”" toroidal
domains,*? etc.

Of greatest interest to us are the stripe domains (Fig.
22), since they are separated by a distance exactly equal to
the pitch of the helix and can be used to easily monitor the
untwisting of the helix in external fields. The scattering of
light by the periodic structures of a smectic C* in the absence
of field was studied theoretically and experimentally in Ref.
93.

Smectic C* liquid crystals have interesting nonlinear
optical properties. In particular, their polar symmetry ad-
mits second harmonic generation. Experiments done on
DOBAMBC have shown® that the nonlinear susceptibility
1 ? responsible for the generation effect is small, in agree-
ment with the small value of the ferroelectric order param-
eter {cosy).'*¢ Interestingly, the periodic structure of the
still twisted helix makes it possible to arrange a phase syn-
chronism of the generated wave of second harmonic light in
certain directions.

b) Dielectric response and the untwisting of the helix by an
electric field

In nonferroelectric liquid crystals one observes a wide
variety of different electrooptic effects due to the quadratic
interaction of the electric field with the anisotropy of the
dielectric permittivity of the medium.®*° In the expression
for the free energy of a liquid crystal this interaction corre-
sponds to a term of the form — AcE?/4w, where
4e = ¢ — €,, and the subscripts || and 1 refer to the local
direction of the longitudinal molecular axes. Quadratic ef-
fects remain in the case of a ferroelectric liquid crystal, but
now there is an additional, linear interaction of the field with
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the polarization [a term of the form P<E in expression (8)).
For the sake of simplicity let us right now discuss only the
linear interaction, since this is the dominant interaction in
fields which are not too strong. For example, at typical field
strengths corresponding to the untwisting of the helix,
E = 10° V/m = 3 cgs esu, and at a polarization of P~10~*
C/m? =30 cgs esu, the linear contribution outweighs the
quadradic contribution (P>A¢E) all the way up to values
de=10.

The imposition of an electric field on the helical struc-
ture of a ferroelectric smectic C* causes the transverse mo-
lecular dipoles to orient themselves along the field direction,
and this in turn causes the molecules to swing around the
normal to the smectic layers along the surface of a cone. The
new orientation is incompatible with the presence of the heli-
cal structure, and the helix therefore untwists. The energy
expended on such an untwisting amounts to KgZ. In simple
models of this effect it is assumed that the angle 6, remains
constant during the untwisting,'* but the change in 6, espe-
cially at temperatures close to 7, should really be taken into
account.- Evidence supporting this position comes from x-
ray measurements of the thickness of the smectic layers dur-
ing the untwisting of the helix by an external field®® and also
from the field dependence of the pitch of the helix.”’

A theory of the steady-state response of a helical smec-
tic C* to an external electric field at small angles 6, was
developed by Ostrovskii, Pikin, and Chigrinov (see Refs. 12
and 51). Let us assume that the field E is directed perpendic-
ular to the axis of the helix. Minimizing expression (8) for the
free energy, we find that strong fields correspond to a homo-
geneous state of orientation, i.e., an untwisted helix. The
critical untwisting field

n? g3k,

Eo=15 2w

(24)

depends on the same renormalized elastic modulus
K = K3 — y, uf as before [see (9)]. The flexoelectric coeffi-
cient u, does not appear explicitly in expression (24), since
the critical field by definition corresponds to the final stage
of the untwisting, g,—0, when the flexoelectric contribution
to the polarization has already vanished.

The dielectric response corresponding to weak fields
E«E_, on the contrary, does contain a flexoelectric term,
since the helical structure is still present. If we allow not only
for the field dependence of the azimuthal angle ¢(z,E ) but
alsofor that of the tilt angle 8 (z,E ), then we obtain the follow-
ing formula for the zero-frequency dielectric permittivi-

ty8’98:
5, (bp—pfg)?
es (0=0)=e, (0= o)+ 2 [ gy + g ggw |- (29)

In Eq. (25) the elastic modulus g is the coefficient in
front of the gradient (dp/dz)* in the expansion of the elastic
part of the free energy (8), while the modulus a*, which ap-
pears in {11), is the renormalized (with allowance for the
helical structure and the piezoeffect) modulus a of the ordi-
nary smectic C phase; this modulus is responsible for the
deviation of the molecules from the normal to the layer.

The flexoelectric coefficient pf = p¢ p¢#0 takes into
account the contributions to the free energy from both dg/
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Jz and 96 /32 (the coefficients i, and u¢, respectively).® The
last circumstance makes expression (25) different from that
obtained in Ref. 99.

Formula (25) reflects the contribution to the dielectric
response from two components. The first term describes the
“twisting-untwisting” of the helix, i.e., the Goldstone mode
discussed in Sec. 2. The contribution of this term increases
with increasing pitch of the helix because the increase in the
pitch brings the wave vector of the helix ( g,—0) into coinci-
dence with that of the external field ( ¢ = 0). The second
term corresponds to the soft mode and exhibits a critical
dependence on temperature for g,—0. In real smectic C*
phases the wave vector of the helix does not go to zero at the
transition point ( g,—¢q. at 7—T7), and the dielectric re-
sponse is therefore not divergent at 7 = T, . This conclusion
agrees with the results of Ref. 24.

The Goldstone and soft modes are most easily distin-
guished by observing the frequency dependence of the di-
electric response. The first of these modes has a long relaxa-
tion time, determined by the viscoelastic characteristics of
the helix [Eq. (17)], while the second is characterized by a
small time 7, which exhibits a critical dependence on tem-
perature and reflects the rapid damping of the molecular tilt
angle & from the normal to the smectic layer [Eq. (19)].

The frequency dependence £(w) in the ferroelectric
phases has been measured experimentally in a number of
studies.**19%-1% The results of the most careful measure-
ments of £ for DOBAMBC in the low-frequency region are
given in Ref. 100, while the dispersion of ¢ in the high-fre-
quency region was observed in Ref. 64. The results of these
two studies are combined in Fig. 23 (the values of € in the
range 10-10* Hz from Ref. 100 join easily with the values of £
in the range 10°-107 Hz from Ref. 64). One can clearly see
the relaxation of the Goldstone mode at frequencies up to
10° Hz; this contribution vanishes when the helix is untwist-
ed by an external field E> E.. From the relaxation time
7, = 4.10~* sec in DOBAMBC at 83 °C one can determine
the ratio y,/K = 7q} using Eq. (17), since the values of g, are
known from independence measurements of the helical
pitch ( go~8-10°> cm™"). The ratio ¥,/K = 2.5-10* sec/cm?
agrees with the value y,/K = 4.5-10* sec/cm? determined
independently inRef. 82. Consequently, at the characteristic
values K ~ 10~ ¢ dyn required for agreement with the thresh-
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FIG. 23. Frequency dispersion of the dielectric susceptibility of DO-
BAMBCat T, — T=15 K [data of Refs. 38 (1) and 64 (2)}.
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old for the untwisting of the helix (see below), the coefficient
of viscosity is ¥, =(2-5)-10~? P.

The dispersion at frequencies of around 10° Hz corre-
sponds to the soft relaxation mode of the molecular tilt an-
gle. The corresponding relaxation times 7 agree with the re-
sults of independent measurements based on the relaxation
of the pyrosignal (Fig. 13). Using the curves in Fig. 13, one
can estimate the coefficient ¢’ in formulas (18) and (19). Far
from the transition (for |T, — T'| ® 5 K) we can neglect the
terms Kq? and Kg3, and assuming y = 3-10~2 P, we obtain
a' ~10* erg/cm’K in the smectic A* phase and ¢’ = 7.5.10°
erg/cm’K in the smectic C* phase. In view of the fact that
these values were obtained by completely different experi-
mental methods, the agreement of the results can be consid-
ered very good.

A quantitative processing of the temperature and fre-
quency curves of the dielectric susceptibility can in principle
yield the constants u, and uf appearing in (25) as well.
However,the strong temperature dependence of the wave
vector of the helix greatly complicates such estimates. In
particular, the data of Ref. 100 were used® to deduce the
relation u¥ go>u,, i.e., it was thought that the flexoelectric
contribution to the dielectric susceptibility is dominant at
low frequencies. At the same time, unsuccessful attempts to
evaluate the flexoelectric contribution by an optical method
during the field-induced untwisting of the helix'* suggest
that 4 go<0.1u,,. Granted, the method used in Ref. 14 de-
rives from the incorrect premise that the critical field for the
untwisting of the helix depends on the flexoelectric coeffi-
cient through the polarization. The flexoelectric contribu-
tion to the polarization can in principle be detected by mea-
suring the polarization for a partially untwisted helix.’* The
point is that for an undistorted helical structure the average
value of the polarization over the sampleis ( P) = 0. As the
helix is untwisted the polarization no longer averages out
completely, and a nonzero value { P) = ( P, + P;)#0ap-
pears. In addition to the piezoelectric contribution P,, this
value also includes a flexoelectric contribution P so long as
the structure remains inhomogeneous. For E > E_ the helix
is untwisted, and ( P)=P,. The field dependence of the
averaged polarization for DOBAMBC at E = E, was calcu-
lated numerically in Ref. 51, and the results are shown in
Fig. 24 for various temperatures. For this calculation it was
assumed that s;g,=~ Su, (in accordance with Ref. 100), and
the elastic moduli g and K were assumed equal. The non-
monotonicity of the curves of the reduced polarization as a
function of the reduced field is due to the flexoelectric contri-
bution, which should be manifested particularly clearly near
the phase transition (curve 5 corresponds to T, — T'=1.2
K). The theoretical curves can be compared with the field
dependence of the sample-averaged pyroelectric coefficient
of DOBAMBC at T, — T'=1 °C (Ref. 64). The monotonic
behavior of (... (E)) reflects the monotonic behavior of
{ P(E)) and thus indicates that the flexoelectric contribution
to the spontaneous polarization is small. This result is also
confirmed by the simple shape of the hysteresis loop in Saw-
yer-Tower measurements of the polarization.**'**

We have managed to obtain'?’ a direct estimate of the
flexoelectric contribution to the spontaneous polarization in
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FIG. 24. Theoretical curves of the sample-averaged spontaneous polariza-
tion for a partially untwisted helix at various temperatures. Solid curves:
)T, —T=22K,2)9K, 3)4K, 4) 1.6 K, 5) 1 K. The experimental
(dashed) curve shows the reduced value of the sample-averaged pyroelec-
tric coefficient for T, — T'=1K.

a mixture of the ferroelectric liquid crystals DOBAMBC
and HOBACPC (this mixture forms a nonhelical liquid fer-
roelectric; see Sec. 5¢). Here, in addition to the “magic”
points described in Sec. 5c there is a third ‘““magic” point at
which the piezoelectric and flexoelectric contributions com-
pensate each other in the absence of external influences. In
our expeirment this point corresponded to the vanishing of
the linear (in the field) electrooptic modulation of a wide { =~ 1
mm) light beam passing through a thick (200 xm) cell at an
amplitude of the low-frequency (40 Hz) control voltage that
is much smaller than the voltage corresponding to the
untwisting of the helix.

After using the results of the electrooptic measure-
ments to determine the impurity concentration at which the
piezoelectric and flexoelectric contributions cancel (23.4
wt.% HOBACPC), we separately measured the “pure” pie-
zoelectric polarization P, in this mixture by a pyroelectric
technique, eliminating the flexoelectric polarization P; by
untwisting the helix in an external electric field greater than
the untwisting field. The measured value of P, is approxi-
mately equal in size to the “eliminated” flexoelectric polari-
zation:P, =P = y, 640 tts. For T, — T'between 1 and 5 °C
we obtained for the flexoelectric coefficient the value
i =0610"°C/m [T, — T=5°C, P, =P, =025107"
C/cm?, 6,~13°=0.23 rad, ¢, =0.71.10° m !, y, =0.28
(Ref. 103)]. An estimate of the piezomodulus g, for a mix-
ture containing 55% HOBACPC ( g, = 0) from the curve of
P, as a function of the concentration (Fig. 19) for
T. — T=10°C gives the value g, =(2 — 3)-10~* C/m*
Naturally, changing the concentration of the components
leads to variations in g, .

Extrapolation of the results of our measurements for
DOBAMBC to T. — T =5 °C gives the following relation
for the flexoelectric and piezoelectric contributions to the
spontaneous polarization in this widely known material:
tr §o=(0.1-0.2)u,. For HOBACPC one has u;q,
=~(0.02 — 0.03)u,,.

Thus the flexoelectric contribution to the spontaneous
polarization of chiral smectics is apparently important only
for highly twisted helical liquid crystals having a twist pitch
of less than 5 um and consisting of molecules whose chiral
fragment has a small dipole moment (=~ 1 D).

L. M. Blinov and L. A. Beresnev 509



The experimental values®*®"-'% of the threshold field
for the untwisting of the helix lie in the range between 4-10*
to 5.10° V/m for temperatures 7. — T=0.2 K and 20 K,
respectively. These values are in good agreement with for-
mula (24). For example, for DOBAMBC at T, — T~20 K,
with p =27/g, =4 um, 6,=0.5, K=10~% dyn, y, =0.2,
and p, =120 cgs esu, we get E, =~ 3 cgs esu = 10° V/m.!

The dependence of the sample-averaged spontaneous
polarization on the external electric field was calculated in
Ref. 105 with allowance for the quadratic term AcE 2 but
under the simplifying condition 8, = const. Because of the
competition between the untwisting effect of the linear term
PE and the stabilizing effect of the quadratic interaction, the
process of untwisting is complicated by the attendant forma-
tion of special defects: walls. Observation of the walls pro-
vides yet another way of estimating the flexoelectric coeffi-
cient.

The dynamics of the untwisting of the helix in an exter-
nal electric field applied perpendicular to the axis of the helix
was studied in Ref. 106. In the simplest model it was as-
sumed that the angle §, remains constant during the
untwisting and that the polarization includes only the pie-
zoelectric contribution. In this case the balance equation for
the moments (elastic, viscous, and field-polarization interac-
tion)is formally analogous to the corresponding equation for
cholesteric liquid crystals®:

ds
KOy 52 — 1,8, T+ xapip sin ¢ =0. (26)

For small fields E<E, this equation is solved analytically,
while for large fields ER E, it is solved numerically.’! The
relaxation times of the field-deformed helix for E<E, corre-
spond to the Goldstone mode: 7, = ¥,/Kqi. With increasing
field we have g,(E }—0, and a critical divergence of the relax-
ation time is observed for E—E_. The behavior predicted by
equation (26) is confirmed by experiment.'%

c) Electrooptic eftects

The electrooptic effects observed in ferroelectric liquid
crystals can be arbitrarily divided into two unequal groups.
The first group might include the wide range of effects that
are due in some way to the helical structure of the smectic C*
phase and to the different changes of its external form (tex-
ture) in an applied electric field. The second group might
include the effects, few in number but important in practice,
associated with the reorientation of the director in the un-
twisted helical structure, i.e., in the homogeneous state.

The helical structure of the smectic C* phase strongly
rotates the plane of polarization of light incident along the
axis of the helix. This rotation depends noticeably on the
magnitude of the external field.** Strong electrooptic effects
also accompany the untwisting of the helix for light incident
perpendicular to the axis of the helix. In this case one should
observe a directed diffraction of the light'® if the pitch of the
helix is sufficiently small, po <1 pgm, and corresponds to
wavelengths in the visible region of the spectrum. For
pitches p, R 1 um the optical transmission of the cells turns
out to depend on the field only in the sample-averaged sense
(if the width of the light beam is larger than the pitch) be-
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cause the untwisting of the helix is accompanied by a coordi-
nated rotation of the optic axes of the individual parts of the
helical structure. The corresponding linear (in the field) elec-
trooptic effect was observed in Refs. 107-111. In Ref. 108 it
was first shown that a liquid ferroelectric can have three
stable states: for E=0and for + Eat |E|>E,.

In the category of textural changes in an electric field
we might also include the appearance of domain patterns,
which was observed in Refs. 96 and 111. The region of field
frequencies in which domains arise coincides with the region
of the soft-mode relaxation of the dielectric susceptibility
(see Fig. 23). In nematic liquid crystals the formation of dif-
ferent domain structures is highly typical of the frequency
range in which £(w) exhibits relaxation.® It could be that
these effects in the ferroelectric phases are also due to the
same mechanisms (hydrodynamic or dielectric).!!?

The reorientation of the optic axis of a homogeneous
(untwisted) structure was studied in Refs. 113 and 114. In
both cases very thin (microns''® or even fractions of a mi-
cron'"? thick) layers of a smectic C phase were used. The
cells consisted of two glass plates with transparent SnO,
electrodes deposited on their inner surfaces. When the elec-
trodes were finished in such a way that the liquid-crystal
molecules lay parallel to the walls and in a vertical orienta-
tion (Fig. 25), the helix was held in an untwisted state by
surface forces. Such an untwisting of the helix was men-
tioned previously in our discussion of nonhelical ferroelec-
trics (see Fig. 19). Depending on the polarity of the static
field applied to the transparent electrodes, the spontaneous
polarization vector became oriented either along the light
beam or counter to it. Accordingly, the long axes of the mol-
ecules were oriented at an angle of + 8 to the left or right of
the vertical. For a suitable choice of analyzer and polarizer
directions, reversing the polarity of the field led to a practi-
cally 100% modulation of the light beam. The time required
for reorientation of the optic axis was inversely proportional
to the field strength, reaching fractions of a microsecond’*?
in HOBACPC at a temperature ~ 68 °C and a cell thickness
of 1.5 um and reaching hundreds of microseconds’!' in
mixtures having a ferroelectric phase at room temperature,
at a cell thickness of 6 um.
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FIG. 25. Geometry of experiment for observing the electrooptic switching
of an untwisted C* phase.
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FIG. 26. Temperature—external-field phase diagrams demonstrating the
presence of a tricritical point 7' (a) and a Lifshitz point 7' (b). The solid
curves correspond to first-order phase transitions, the dashed curves to
second-order transitions.

d) Tricritical and Lifshitz points

Let us now discuss the influence of external fields on the
temperature of a transition between smectic phases. Here the
form of the interaction (linear or quadratic) between the field
and liquid crystal turns out to be extremely important.

Let T, = T ., be the temperature of the second-order
phase transition between the twisted smectic C* phase and
the smectic A phase at zero field (Fig. 26). A static electric
field causes a molecular tilt in the high-temperature phase,
thereby causing a transition to a homogeneous (untwisted) C
phase. In the high-temperature phase a weak field causes
only a certain deformation of the helical structure. Accord-
ing to Ref. 115, the temperature of the second-order transi-
tion between the helical C* phase and the field-induced C
phase becomes somewhat lower as E increases (Fig. 26a). At
the same time, we know that the untwisting of the helix in a
strong field E = E_ corresponds to a first-order transition
from the C* to the C phase. Consequently, at a certain point
on the T, (E ) phase diagram the second-order transition line
goes over to a first-order transition line (the solid curve), i.e.,
there is a tricritical point T on the T (E) curve. The loca-
tion of this point, according to Ref. 115, is given by the rela-
tion Tt =T c.pn — 0.34T, where AT is given by Eq. (10}.

Let us now suppose that a magnetic field rather than an
electric field is applied to the original material. The magnetic
field interacts with the molecular ensemble through the dia-
magnetic anisotropy (a quadratic term A yH 2 in the free en-
ergy). It does not cause a coordinated tilt of the molecules in
the smectic A (there is no electroclinic effect). The T (H)
phase diagram therefore has a somewhat different appear-
ance (Fig. 26b). According to Ref. 116, T, increases with
increasing field, with the transition to the smectic A from the
C* phase remaining second order. A strong field untwists
the helix in the C* phase [on account of the quadratic inter-
action; this process corresponds to a first-order transition
(the solid curve in Fig. 26bj]. In fields exceeding the critical
field the transition from the homogeneous C phase to the A
phase is, as before, a second-order transition. Consequently,
thereis a triple point 7 where the lines of the first-order and
second-order transitions come together. In the present case
we are dealing with a special variety of triple point, separat-
ing disordered phase (A, with 8, = 0), a homogeneously or-
dered phase (C, with 8, = const, ¢ = const), and a spatially
modulated phase (C*, with 8, = const, ¢ = ¢,z). Such a tri-
ple point is called a Lifshitz point. According to Ref. 116,
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-

Ty = Tcra + 3AT.

A Lifshitz point is also expected to occur in the case of a
high-frequency (w>7, ') electric field interacting with the
molecular orientation through the dielectric anisotropy (en-
ergy ~ AcE?).

The main features of the phase diagrams shown in Fig.
26a, b agree with those of the experimental diagrams ob-
tained in Refs. 128 and 117. However, in both cases an in-
verse transition to a twisted (though deformed) C* phase is
observed at certain values of the fields E and H. A theoreti-
cal approach to this phenomenon was developed in Ref. 129.

Still another interesting effect due to the joint action of a
static electric field and a magnetic field was predicted theo-
retically in Ref. 118. If the fields E and H act along the
normal (z) to the smectic layers of an A phase formed by
molecules having reflection symmetry, then the E field re-
moves the mirror plane parallel to xy and the H field re-
moves the other mirror plane, parallel to z. As a result, the
symmetry of the phase is lowered from D_ to C_ . As the
temperature is lowered the new phase should undergo a tran-
sition to a helical structure having a wave vector proportion-
al to the product EH.

e) Thermal effects and flow-induced polarization

The heating or cooling of a chiral smectic C* phase
leads to a change in the magnitude of the spontaneous polar-
ization; such a change can be detected by measuring the cur-
rent in an external circuit. This (pyroelectric) effect, which
was first observed in ferroelectric liquid crystals by Yu et
al.,'"? is characterized by a pyroelectric coefficient y=dP /
dT. The pyroelectric coefficient has a maximum near the
phase transition temperature (see Figs. 15 and 17) and can
reach a value®® of 6-107° C/m?K, a typical value for solid
film pyroelectrics. Allakhverdov er al.**° observed the in-
verse pyroelectric effect, i.e., the evolution of heat when an
electric field is applied to a ferroelectric liquid crystal. The
size of this (electrocaloric) effect depends on the temperature
and can be used to calculate the pyroelectric coefficient and,
thence, the spontaneous polarization.

The nonzero value of the sample-averaged polarization
of a twisted smectic C* phase can also be obtained by de-
forming the helical structure by a shear flow.*>'2"*22 In the
initial state the smectic layers (xy planes) are parallel to the
bounding surfaces, and the liquid crystal forms an optically
active planar texture with helical axis parallel to z. Motion of
the upper plate relative to the lower plate along the y axis
deforms the helix and gives rise to a voltage along the x axis.
The value of this voltage can be used to calculate the sponta-
neous polarization. The values of P obtained for DO-
BAMBC and HOBACPC (6-107° and 10~* C/m?, respec-
tively; Ref. 122) are in agreement with the values obtained by
the pyroelectric method (4-107° and 1.5-10~* C/m?, respec-
tively; Refs. 49 and 64). This is yet another piece of evidence
that the flexoelectric contribution to P is not the predomi-
nant one, since the measurements of Ref. 122 were madeon a
slightly deformed helical structure which would still support
a flexoelectric effect.

The values of some of the physical parameters of DO-
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BAMBC at temperature T'c, —T=5 K (=87°C) are:
, = (4-5)-10~* C/m?, p¢ =0.6-10~'° C/m. |Ao| = 6:10~°
J/m? y, =0.23,K = (5-7)-10"' ¥, g, ~3-10°m~}, a2’ = 10°
Jm*/K, y = 3-102 Pa-sec.

7. CONCLUSION. POSSIBLE PRACTICAL APPLICATIONS OF
LIQUID-CRYSTAL FERROELECTRICS

In summing up, one can say that the most important
features of the ferroelectric state in liquid crystals are at the
present time satisfactorily explained by both the phenomen-
ological and microscopic theories. The bulk of the experi-
mental data is for the rather high-temperature smectic C*
phases of the compounds DOBAMBC and HOBACPC, al-
though fundamentally new results (Sec. 5) have recently been
obtained for low-temperature mixtures as well. There is very
little information in the literature for other ferroelectric
phases (H*, G*, etc.).

Of greatest interest from a practical standpoint are the
electrooptic properties of the smectic C* phases. In compari-
sion with the now traditional nematic materials, smectics C*
provide a fundamentally faster response (response times of
milliseconds and microseconds over a wide range of tem-
peratures, including room temperature''>!'4), The fast re-
sponse make these materials promising candidates for use in
a wide variety of devices for controlling light beams, e.g.,
optical shutters and light modulators, controlled transpar-
encies in optical information-processing systems, matrix dis-
plays, flat television screens, etc. The wide exploitation of
ferroelectric liquid crystals is being held back by the inade-
quate selection of materials and the underdeveloped tech-
nology for fabricating optically homogeneous liquid-crystal
layers.

The use of ferroelectric liquid crystals as media for py-
roelectric and piezoelectric elements, i.e., in the traditional
sphere of application of ferroelectrics, is also of great inter-
est, since liquid-crystal (for practical purposes, liquid) media
permit the fabrication of rather sizable devices of arbitrary
shape. At the present time, however, there is no information
on the use of ferroelectric liquid crystals in devices of this
sort.

The second-order phase transitions between the chiral
smectic C* and homogeneous smectic A* phases exhibit al-
most no latent heat of transition. This circumstance makes
smectic C* materials promising for use in devices for visual-
izing thermal effects. This principle has been used, for exam-
ple, in the recording of information by a heating laser
beam,'?>'2* which is of interest in creating peripheral de-
vices for computers (plotters, for example). The shift of the
temperature of the ferroelectric phase transition as a func-
tion of impurity concentration may be used to detect radioly-
sis products and, consequently, to construct detectors of ion-
izing radiation.

Finally, the absence of a center of inversion in liquid
crystal ferroelectrics makes these materials extremely prom-
ising for us in nonlinear-optics devices. These materials fea-
ture a high radiation resistance, since light-induced defects
in liquid-crystal media tend to heal up.

In conclusion, the achievements to date in the physics of
liquid-crystal ferroelectrics permit a very optimistic view of
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the prospects for exploiting the properties of these materials
in modern technology.
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