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The ratio of flexopolarization to piezopolarization in a chiral ferroelectric smectic C * liquid
crystal is determined both from the dependence of the polarization on the applied electric field
and from the change of the amplitude of the electro-optical modulation. It is shown that the
flexoelectric effect plays an important role in the deformation of the C * helicoid.

1. INTRODUCTION

Most investigations!™ of the behavior of ferroelectric
smectic C * liquid crystals in an electric field are based on the
Pikin-Indenbom theoretical model! in which the classical
Landau-de Gennes approach is extended to the case of the
specific symmetry of the C * phase (C, group). The macro-
scopic polarization of C *, which is usually determined from
the general expression for the free energy, turns out to de-
pend on a number of phenomenological coefficients that are
material parameters of the particular liquid crystal (LC). In
particular, a distinction is made between the piezoelectric
contribution P, due to the spontaneous tilt of the LC mole-
cules in the layers, and the flexoelectric contribution P, (the
flexoelectric polarization) which appears only in the pres-
ence of nonzero gradients of the director-orientation angles.
The first attempt to determine the relative value of the flexo-
and piezoelectric contributions to the polarization was un-
dertaken in Ref. 2, where the estimate obtained, P./P, ~1-
5, seemed quite crude, since the C* viscoelastic constant
used in these calculations were physically unrealistic.

It is stated in later papers®* that the flexoelectric polar-
ization of the C * material p-n-decyloxbenzylidene-p-amino-
2-methylbutylcinnamate (DOBAMBC) is negligibly small
compared with the piezopolarization P, < 0.1-0.2P,; the ar-
guments in these papers, however, cannot be regarded as
convincing. The reasoning there was based on seemingly ob-
vious qualitative considerations that more rigorous quanti-
tative estimates proved to be wrong in principle. In Refs. 3,
for example, it was not taken into account that the main
contribution to the C * flexoelectric polarization is made not
by spontaneous helical twisting of the C * director around
the normal to the smectic layer, but mainly by the field-
induced change of the C * molecules relative to this normal.
The pronounced minimum of the electro-optical modulation
in
DOBAMBC mixed with the related ferroelectric liquid crys-
tal p-n-hexyloxybnezylidine-p-amino-2-chlorpropylcinna-
mate (HOBAPC) is incorrectly interpreted in Ref. 4, where
the authors have mistakenly assumed that this minimum
corresponds to vanishing of the C *-mixture total polariza-
tion, equal to the surn of the corresponding piezo- and flex-
oelectric contributions.

By a theoretical analysis of two types of independent
experimental data, we show in this paper, within the frame-
work of the theory of Refs. 1 and 5, that the contribution
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made to the polarization by the flexoelectric effect is of the
same order as the contribution, heretofore assumed princi-
pal, made to the polarization by the spontaneous tilting of
the molecules relative to the smectic planes. We have mea-
sured therefore, on the one hand, the macroscopic polariza-
tion (P )/P, of a layer of C * (DOBAMBC) as a function of
the dc electric-field amplitude E right up to the total untwist-
ing field E, ofthe helicoid, E,: (P ) (E = E,) = P,. We show
that the plot of (P )/P, vs (E /E,) differs substantially from
the universal {cos @ ) dependence” that would be obtained if
the flexoelectric contribution to the polarization were negli-
gibly small. On the other hand, we determine the amplitude
AJ of the electro-optic modulation, in a low-amplitude ac
field, of a mixture of two ferroelectric crystals
(DOBAMBC + HOBACPC) and show that the observed
strongly pronounced minimum of this amplitude (the com-
pensation point) can be attributed only to the fact that the
flexo- and piezoelectric contributions to the C * polarization
are comparable. We assess also the role of the various pheno-
menological coefficients that set the values of the spontane-
ous and induced polarizations of C * in an electric field, and
obtain the temperature dependence of the relative contribu-
tion of the flexoelectric polarization to the total polarization
of the ferroelectric C * LC DOBAMBC. The viscoelastic pa-
rameters of the LC, which enter in the expression for the C *
polarization, are determined from independent measure-
ments. The paper consists of three parts: theoretical calcula-
tion of the flexoelectric polarization and of the electro-opti-
cal modulation amplitude in C*, description of the
corresponding experiment, and discussion of the results.

2. THEORY
A. Polarization of deformed C* helicoid in an external field.

If the electric field E is parallel to the y axis of the smec-
tic layer, the director of the ferroelectric smectic C * liquid
crystal undergoes a deformation characterized by two de-
grees of freedom®: the polar angle 6 =0 (z) = 6, + 6,(z),
where |6,| <1 and |0,] €|6,|, and the azimuthal angle ¢ (z),
where the coordinate z is perpendicular to the plane of the
smectic C * layers (Fig. 1). The total polarization P (z) of the
smectic C* layer is the sum of the components P, (z) and
P, (z) parallel and perpendicular to the C, axis in the C * lay-
er, so that the spontaneous polarization P,(z), which is di-
rected along the C, axis, contributes only to P . The nonzero
values of the polarization components P, (z) and
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P (z) — Py (2) are due to the mutual influence of the layers on
the smectic C * or to the flexoelectric effect.

According to the Pikin-Indenbom phenomenological
model that describes the ferroelectricity in C *, the free ener-
gy takes in this case the form®
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The parameters T, a5 >0,b,8', k"', y,» 1ps sy 15, Ain (1)
are the LC material parameters. The quantities a,, b, g', and
k '6* are the elasticity coefficients for the 6 and ¢ deforma-
tions of the director, — A /k characterizes an initial twist of
the “cholesteric type,” y, is the dielectric susceptibility, 4,
is the piezoelectric modulus, 1, and u/ are the flexomoduli
that characterize the flexodeformation along the spontane-
ous polarization axis C, of the C * layer and the axis perpen-
dicular toit. The components P (z) and P, (z) of the C * polar-
ization take in this case the form (Fig. 1)
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Solving the Euler equations for the functional (1) we can
find an approximate expression for the C * director orienta-

tion in a low-amplitude electric field E<E_, where
E.=(n*/16) k' q,*6o/% L 1» 3)
is the threshold untwisting field for the C * helicoid

6, a(1-6)
= ———"-108 o3,

0y =— =qoz+asi ) 4
01 0 - =4,z ta sin gz (4)

0, is the equilibrium tilt angle of C * in the absence of a field.
Here a = (m/16)(E /E,)<]1 is the relative amplitude of the
field, 8 = 4a/k 'q}, v = q'/k ' the relative values of the elasti-
city coefficients, and & = (u, — us)go/1, the normalized
flexoelectric coefficient of C *.

When E~E, the system of Euler’s equations for the

FIG. 1. Top: polarization P of ferroelectric smectic C * layer
of the LC; the component P and P, are respectively parallel
and perpendicular to the smectic C, axis in the layer,  (z) and
@ (2) are the orientation angles of the director n relative to the
normal to the smectic layers (the z axis). Bottom: the C * heli-
coid in an electric field E||y, H (E ) is the helicoid pitch, 714
are the polarizer and analyzer between which the C * layer is
placed, o is the polarizer orientation angle relative to the z
axis, and (P) is the polarization of the C * layer averaged
along the z axis.
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functional (1) admits of a solution ¢ (z) that satisfies the con-
dition?
9/2
b4 "‘ du
—_— =x= N
H G, (k) (1—k*sin®*u)™

0 (x)zF_éx)—v (5)

0
where H (E )isthe C * helix pitch in an external field satisfying
the relation

H[Hy=5"*G, (k)G (k),

where
G, = j (1—k*sin*u)~"du, G,= 5 (1—k?sin®*u)" du,
[] 0

are elliptic integrals of the first and second kind,
Hy=H |g_,, and the parameter 0<k<1 is obtained from
the relation 4k 2/G,(k ) = E /E, . The function contained in
the second expression of (5) is equal to

F(z)=(§—1)*+ta(1—6E)cos @,

"‘1?: d
dz Gz(k)

E=q, (1—k*sin® @/2) ™. (6)
the solutions (5) were obtained with account taken of the
following assumptions:

b<pfy, 8'<B, Y<B. (7)

An electric field E applied along the y axis that lies in
the plane of the smectic layer deforms the helix of C * and
this in turn causes macroscopic polarization that is inhomo-
geneous along z.5 The polarization (P ) averaged over z,
which is the quantity usually measured in experiments,” is
equal to

d de

{P>=(P,+P,/>=—y, <( p,,,—p,—ip )B cos p—py —sin q>> ,
dz dz

(8)

where we have omitted terms that are of no importance in
this case and are independent of the deformation. Recogniz-
ing that

0=0,(1+0,(z)) and < (dg/dz)cos ¢>=0,

we obtain from (8) for the polarization & of a ferrelectric C *
liquid crystal:

P> ~ do
P= =—< >—<9 (1—6 “‘——) >
XL Ms00 0s e 1(2) «do dz cose
de
+az< g ——sin <p> : 9)
Si=Wsqolp™!, Oo=p, qopr~", 8=08,—0..

Two methods can be proposed to find the polarization Z as
afunction of the relative external field E /E. . They are based
either on an approximate calculation at [E /E, €1, Eq. (4)] or
on an exact calculation [Eq. (5)] of the C * director deforma-
tion in the external field. Thus, At E /E_ €1, substituting (4)
in (9), we get*®

P="},a[1—(1—8)*/p]. (10)
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In the general case when E /E_ ~ 1 we obtain according
to (5) the expression
2n
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in which the coefficients §, and 8, enter separately.

+ [oost g (1—08—0.8) + 821}, (1)

B. Electro-optical modulation of planar C* layer.

If a cell with a planarly oriented (the smectic layers are
perpendicular to the substrates) ferroelectric C * liquid crys-
tal is placed between crossed polarizers 71 A (Fig. 1), the
calculation of the the relative intensity J = I /I, of the light
passing through such a system is’

J=1I/T,=<{(sin® 26+20 sin 40 cos @

+46” cos 40 cos® p—'°/50% sin 40 cos® @) sin* AD/2). (12)

As before, the z axis is perpendicular here to the substrates of
the C * cell (of thickness L, 0<z<L ), o is the angle between
the optic axis of one of the polarizers and the z axis,
A®(z) = (2mwL /A )An is the phase delay, An = n,(z) — n, is
the birefringence, and n, and n,, are the refractive indices for
the extraordinary (e) and ordinary (o) monochromatic waves
of length 4. When the sign of the external electric field ap-
plied to the C * cell is reversed, E— — E, the relative intensi-
ty of the transmitted light is correspondingly altered (elec-
tro-optical modulation®:

AT=Jz—T_z. (13)

Let us obtain and expression for AJ for a weak deformation
of the C * helicoid, when E /E_ €1. The deformation angles
6 = 6,(1 + 6,(z) and @ (z) are defined here in accordance
with (4) as

| :e=qoz£0a sin goz. (14)
By substituting (14) in (12) we can show that, accurate to
small a® and 6, the phase factor sin’(A®/2) in (12) can be
regarded as constant and therefore excluded from the aver-

aging in (12). Substituting next (14) in (12) and carrying out
the appropriate averaging, we obtain

AD ~ -~
AJ=~20, sin 40 sin® — {[<(1+6,) cos @>z—< (11+6,) cos ¢ k]
—8/40,% ({cos® @Ye—<cos® > _r)}
., AD .
+ 46,7 cos 40 sin® 5 (<cos® @>z—<cos® @7 _g)

AD 1-8
=~ 20,a sin 40 sin’—éw[ —1 +_ﬁ_ + 2902] .

(15)
It follows from (15) that the amplitude of the electro-optical
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modulation of a planar C * layer in a weak field can vanish at
the compensation point of the following condition is satis-
fied:

1—20,2~— (5—1)/8. (16)

3. EXPERIMENT

The dependence of the macroscopic polarization in
DOBAMBC on the amplitude E of the dc electric field was
determined by a pyroelectric technique®® at temperatures 7
corresponding to different deviations of 7, — T from the
phase-transition temperature 7,.. We measure directly the
coefficient y = d (P )/d T, from which the polarization (P )
was determined by graphic integration. This method of mea-
suring (P ) at a given temperature 7 is correct, since the
duration of the measuring thermal pulse exceeded by two
orders the relaxation times of a C * sample weakly field-de-
formed by pulsed heating. We determined in the experiment
the untwisting field E, of the C* helicoid, as well as the
polarization P. = y, 1, 6,, of a completely untwisted heli-
coid. The corresponding plots of (P )/Pc vs E/E, and of
(P)/x 1,6, vs E are shown in Fig. 2.

We measured also the electro-optical modulation am-
plitude in the ferroelectric smectic C * liquid crystal in a low-
amplitude ac field E /E_ €1. In this case £ * was a mixture of
DOBAMBC and HOBACPC. The experimental procedure
was described in detail earlier.* The depth AJ of the electro-
optical modulation was measured in the rather large tem-
perature interval 0«7, —T<5°C and at different
HOBACPC concentrations. We have observed that at a
HOBACPC concentration ¢ equal to 23.5 wt. % there is
practically no modulation of the optical signal by the electric

/%y fo8y P/E,
a ™ b
7
1,0 0,2t
’
8 2,3 2(3)
0,6~
i a1
0,2
| L | ] |
g 1,0 20 30 0 0,2 04
E,10°V/m EJE,

FIG. 2. a) Dependence of the relative polarization (P ) /y, i, 6, on
the E field for DOBAMC at various temperatures: curve 1—
T, — T=0.7°C, 2—2.7°C, 3—4 °C. An estimate of the relative
contribution to the flexopolarization (10) yields & = 30, 48, and 63
respectively for curves 1, 2, and 3. According to (18),
B(T — T,)~10°[deg — 1]. b} Linear sections of the corresponding
plots of (P)/P, vs E /E_ in enlarged scale.
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FIG. 3. Temperature-averaged amplitude AJ of the electro-opti-
cal polarization of a planar C * layer at E /E_ <1 for two ac fre-
quencies, f =40 Hz, D =250 V/cm (curve 1) and f = 10 kHz,
E = 1500 V/cm (curve 2), as a function of the HOBACPC concen-
tration.

field in the entire observable temperature region and in a
wide range of external-field frequencies f. Figure 3 shows a
plot of the temperature-averaged amplitude of the electro-
optical modulation of a planar C * layer at two frequencies,
f =40 Hz and f =10 kHz, as a function of the
HOBACPC concentration. It can be seen that the corre-
sponding compensation points practically coincide.

4. RESULTS AND DISCUSSION

Our experiments lead to estimates of the relative C*
flexoelectric coefficients &, = p,q,/u, and 8, = u;q./1,
(including their differences § = §, — §,) that show the ratio
of the flexo- and piezopolarization in a ferroelectric smectic
C * liquid crystal. The estimates call for knowledge of the
paraimeter

4a _ 4(00—‘/2X¢Mp2_‘1/2k/‘102) 4a,

= 17
b kg kq k/QOz ’ ( )

ao=ao’(T*T¢:) .

Estimates of the material DOBAMBC parameters
Xi>Hp, k', goare givenin Refs. 2 and 5 and agree with those
obtained by us in Ref. 9: k'~107°dyn, y, ~0.2-0.3,
#, ~79-90 cgs esu, and g5 ~ 10° cm 2. The value of a;, mea-
sured in Ref. 9, however, differs from those in Refs. 2 and 5
by three orders: a = 2.5 10° cgs esu/deg. The correctness of
the latter estimate of @} for the phase transition in DO-
BAMBGC, as well as the causes of the erroneous estimates in
Refs. 2 and 5, were considered in detail in Ref. 9 and will not
be repeated here. We note only that the value of g presented
here agree well with the corresponding estimates of other
studies, viz., 2. 10% ~10°% and ~2.5 10° cgs esu/deg in
Refs. 10, 11, and 12, respectively. According to our data we
have

18]~

4ay’
quoz

(T~T) ~(T.—T)-10° [ deg~']. (18)

The relative difference of the flexoelectric moduli can
be estimated from our experiments in two ways: from the
slope of the field dependence of the polarization (10}, using
the linear section of the plot (P )/P. vs E /E_ (Fig. 2), and
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(Py/h,

FIG. 4. Least-squares approximation of the experimental (P ) /P,
dependence on E/E, by the theoretical relation (11) for
T, —T=0.7°CandB =0.7 - 10° O experiment, solid curve 1—
calculated data. The relative deviation of the theoretical values
from experiment does not exceed 20%. Curves 2 and 3 show the
piezoelectric and flexoelectric contributions to the polarizations,
respectively, as calculated from Eq. (11).

from the condition that the electro-optical modulation (16)
of the planar C * layer have zero amplitude. It follows thus
from (16) that § > 1. Using the first of the proposed methods
we obtain

dg l‘Iz
o=|(252]  —1)s]"+
ol B 1,
_an _<P)
T 16E. ° P,

It follows from Fig. 2 thatat 0.7 < 7. — T < 4 °C the value of
6 increases from 30 to 62.

Before we use the second method of estimating (16), we
must note that our experiment was on a mixture of
DOBAMBC and HOBACPC with 8,~ 7/6 (Ref. 4), so that
the corresponding values of § and S differ from those ob-
tained above. In particular, according to our estimates the
threshold helicoid-untwisting field E, ~ & 'gZ in the mixtures
increases strongly compared with “pure’”” DOBAMBC cor-
responding to S~(T — T.) - 10? [deg™']. An estimate using

~(16) yields in this case 6~0.5|8| 4+ 1=50, i.e., in the same
range as the previously obtained §.

If we use for the polarization the general formula (11)
that is valid also for the case E~ E,, we can estimate the two
normalized flexoelectric coefficients §, and &, (9) directly
from the experimental dependence of Z = (P)/P, on E/
E_, and calculate the relative values of the flexoelectric coef-
ficients at 0OE /E_ <1 (Fig. 4). A computer program was
compiled for this purpose to obtain a least-squares fit of the
experimental and theoretical curves (Fig. 4). The values of
the parameter S for different AT =T, — T were taken in
this case from Eq. (18). The calculation yielded the relative
values of the flexoelectric coefficients listed in the table. It
can be seen that |5,|> |8, | in all three cases, and the estimate
of § agrees with the data obtained by analyzing the linear
section of the & (E /E_ ) plot. We note that the values of § in
the table do not contradict the experimental conditions.>*

(19)

o
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TABLE L.

AT=T, —T, G
0,7 2,7 4
8 5 4 5
82 -30 | -60 | =77
8=0,-0: 35 64 82

Indeed, according to (1), when the real DOBAMBC param-
eters are substituted in the equation for the pitch g, we have

(20)

It follows from the table that the quantity §, ~ 1, varies
little with temperature, and practically the entire contribu-
tion to the temperature dependence of §(AT') is made by the
coefficient §, ~u;( — 8,>6,), which increases strongly in ab-
solute value with increasing distance from the point 7. of the
transition into the C * phase, i.e., with increasing AT It fol-
lows from the experiment that the normalized polarization
Z = (P)/x.p, 6, remains practically unchanged as a func-
tion of (E /E_.) when the temperature T is raised: 3% /3 (E /
E_)~const (Fig. 3). This means according to (10) that the
dielectric susceptibility

0P qape0s 0P
oE E. 0(E/E,)

- Yoy 0P
k'q® O0(E/E.)

oy (21)
is a smooth function of temperature. If we assume that
(x.p2/k'\[0Z /3 (E /E,)] is practically temperature-inde-
pendent, then 8y, (AT)~qi ~HZ(AT) increases with in-
creasing AT. An increase of 8y, as a function of AT was
observed also in experiment.'>!* We note that this contra-
dicts the data of Ref. 2, which are cited also in Ref. 5, where
the relative flexoelectric coefficient & is regarded as indepen-
dent of temperature.

We point out in conclusion that our results on the ratios
of flexopolarization and piezopolarization in a ferroelectric
C * liquid crystal (DOBAMBC or the mixture DOBAMBC

+ HOBACPC) allow us to conclude that the flexoelectric
effect plays an important role in the deformation of the C *
helicoid in an external electric field. Of greatest importance
here are the inhomogeneous polar deformations d6 /dz of the
helicoid, which make an appreciable contribution to the C *
polarization. The ratio of this flexocontribution to the piezo-
contribution is in our opinion best described not by the di-
mensionless coefficient § = (u, — uflgo/u, or 8, =pu,q,/
K, » as was done up to now,'~® but by the ratio of the flexopo-
larization P, of the C * helicoid to the corresponding piezo-
polarization P,, given according to (10) and the table (E /
E_ <1)by

p, _ (19 ~( W'go )’k’qo” ~ 14T
Mo 4a '

P, gl

and amounting to P,/P, ~ 1 at 0<E<0.95 E, (Fig. 4).
A more accurate quantitative estimate of the relative
value of the flexoelectric polarization of the ferroelectric

(22)
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smectic C * liquid crystal can be obtained only by taking into
account the orienting action of the substrates on the distribu-
tion of the C * director, an action that becomes particularly
substantial in thin C * samples.

!)The usual smectic-planes orientation perpendicular to the LC cell sub-
strate is assumed, and the boundary conditions on the substrates are
neglected (Fig. 1).
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