
PHYSICAL REVIEW' E VOLUME 50, NUMBER 6 DECEMBER 1994

Dielectric response of surface stabilized ferroelectric liquid crystal cells
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The low-frequency dielectric response of the surface stabilized ferroelectric liquid crystal (SSFLC)
cells has been investigated. It was found that the dielectric response depends on the type of the smectic
layer structure present and the cell thickness. An analytical solution to the equation of motion that de-

scribes the dynamics of SSFLC cells in the presence of a weak external field for both bookshelf and chev-
ron geometries has been developed. This result is used to calculate the dielectric response of these
SSFLC cells. Experimental values of the dielectric relaxation strength and the relaxation frequency
show good agreement with those predicted by the theoretical model for the chevron structure. An ob-
served discrepancy between the theory and the experimental results for the bookshelf structure is dis-
cussed.

PACS number(s): 61.30.Gd, 77.84.Nh, 78.20.Jq, 77.22.Gm

I. INTRODUCTION

Ferroelectric liquid crystals (FLC's) are known to ex-
hibit complex dielectric behavior. In the GHz frequency
range there exist two high-frequency modes [1,2]. These
are mainly due to the molecular dynamics of the indivi-
dual molecules. In the frequency range less than 1 MHz,
there are two relaxation modes in FLC's corresponding
to the collective dynamics of the system [3—6]. The fiuc-
tuation in the tilt angle 8 gives rise to the soft mode,
whereas the fluctuation in the azimuthal angle tp gives
rise to the Goldstone mode. The Goldstone mode dielec-
tric response has a lower characteristic frequency and its
dielectric relaxation strength is much greater than for the
soft mode, except very close to the transition temperature
T, in the smectic-C' phase (Sm-C'). By measuring the
frequency dependence of the complex dielectric suscepti-
bility, these two contributions can easily be separated
from each other [5]. A theory for the dielectric response
of a bulk FLC's in the Sm-C' and Sm-A phase has been
carried out by Carlsson et al. [6] (see also Ref. [2]). A
number of investigators have also studied the dielectric
response of FLC's under different conditions (dc bias
field, finite sample thickness, etc.) both experimentally
and theoretically (see, for example, Refs. [5] and [7—10],
and references cited therein). The present paper is con-
cerned with the dielectric study of the low-frequency
Goldstone mode in FLC cells in the frequency range 1 Hz
to 10 kHz. The Goldstone mode is usually understood to
be the fluctuation of the azimuthal angle of the director
around the helical axis [3,4]. Recent dielectric measure-
ments [10—14] have shown the existence of at least two
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relaxation processes in surface stabilized FLC (SSFLC)
cells. However, no theoretical description of the Gold-
stone mode in SSFLC's cells where the helical structure
in suppressed by the surface interactions has previously
been provided. In this paper, we develop a theoretical
model for the dielectric response in both chevron and
bookshelf cells and compare the predicted values with
those obtained experimentally.

II. THEORY

The dielc, .tric response of the low-frequency Goldstone
mode in FLC cells is usually associated with small defor-
mations of the helical structure following the application
of an electric field not suSciently strong so as not to com-
pletely unwind the helix [3,4]. The director distribution
of the helical structure in the absence of an electric field
can be described by the equation gr =qz, where q =2m. /po
is a wave vector of the helix, po is the helix pitch, y is the
azimuthal angle, and Z is the coordinate axis pointed
along the smectic layer normal. The average (macroscop-
ic) polarization (Ps ) of the helical structure is given by

Pp
Ps = Ps cosy(z)dz,

0

~ 2 ~f' . 2y sin 8 =E sin 8 PE(t)sintp, —
aS ~ gz' (2)

where y is the rotational viscosity, E is the elastic con-
stant, and 8 is the tilt angle. z is along the Z axis of the
helix. The dielectric response for a bulk sample has been
investigated both theoretically and experimentally in
references by Cava et al. [11],Levstik et al. [5], and Os-
trovskii et al. [15]. The solution of Eq. (2) leads to the
following expressions for the dielectric strength hc. and
the relaxation time rG of the Goldstone mode [5]:

and is equal to zero for the unperturbed helix; Pz is the
microscopic spontaneous polarization. Application of an
external electric field causes small deformations of the
helical structure and gives rise to the macroscopic polar-
ization. The dynamic azimuthal distribution of the spon-
taneous polarization vector Ps obeys the equation [5]
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~s
2eolt. ~(sin 8)q

(3)

(4)

where co is the permittivity of free space. It is obvious
that this description cannot be applied to SSFLC cells
where the helix is suppressed by the surface interactions
and no director modulation exists along the Z axis. The
dielectric properties of such cells have been investigated
experimentally [10—13], but no theoretical model has yet
been proposed. The dielectric response of SSFLC cells
with suppressed helix is found to be independent of the
measuring voltage [10—13] in the range of 0—0.2 V and
can be fitted to the Havriliak-Negami equation for the
frequency dependent complex permittivity [16],

where i'0 is the most probable relaxation time, c„ is the
high-frequency permittivity, and a and P are the parame-
ters that characterize the distribution of the relaxation
times. The high-frequency permittivity c.„includes con-
tributions to the total dielectric permittivity from all
modes of frequencies higher than the Goldstone mode.
The fitting parameters a =0 and P= 1 were found for this
process, indicating that the relaxation process is de-
scribed by the Debye equation [Eq. (5) with a=0 and
P= 1] with a single relaxation time. For larger applied
voltages ( & 0.2 V) another process appears that is strong-
ly nonlinear [13) in nature. This process is due to the
different switching mechanisms that occur in FLC's and
its classification is beyond the scope of this work, where
we are interested only in the linear process occurring at

low voltages.
It is well known that in SSFLC cells the director orien-

tation within one type of domain is independent of the F
and Z axes [Figs. 1(a) and 1(b)]; therefore, in order to de-
scribe the dynamic distribution of the azimuthal angle of
the director under an applied electric field it is reasonable
to use the following equation:

y sin 8 =E sin 8 Ps—E(t)sing .~ 2 ~V' 2 ~ 0'

This equation describes the dynamic distribution of the
azimuthal angle y with respect to the X axis, which is
governed by both the electrostatic interactions and the
anchoring at both the substrate surfaces and the chevron
interface. Equation (6) diff'ers from Eq. (2) in that the y is
the angle between P, and the X axis is the same as that
between the director C and F axis [Fig. 1(b)]. Henceforth
we shall refer to the process described by Eq. (6) as the
"Xmode" in order to distinguish it from the helical dy-
namic process described by Eq. (2). This behavior is in
contrast to the helical cells where y is distributed along
the Z axis referred to as the "Z mode, " which obeys Eq.
(2). A similar equation was used by MacLennan et al.
[17] for the simulation of the electro-optic response in a
chevron cell and by Nakagawa [18] for the simulation of
the polarization reversed current in a bookshelf cell. %e
derive an analytical solution of Eq. (6) and use it to de-
scribe the dielectric response of both bookshelf and chev-
ron SSFLC cells where, in both cases, the helical struc-
ture is suppressed by the surface interactions. The solu-
tion of Eq. (6) depends on the boundary conditions, and
these conditions are different for the chevron and the
bookshelf layer structures. For this reason we shall study
these two cases separately.

(a) p =0

UD TU(Splayed)

po

x~d

UD TU(Splayed)

FIG. 1. The smectic layer structure and the
coordinate system for FLC cells. (X, Y,Z) is

the coordinate system, N the molecule direc-
tor, L the smectic layer normal, R the rubbing
direction, C the C director (projection of N on
smectic layer plane), P, the spontaneous polar-
ization vector, 8 the tilt angle, y the azimuthal
angle between the director C and the Yaxis, yo
the azimuthal pretilt angle, a the switching an-

gle (projection of director on electrode}, and 6
the smectic layer tilt. The abbreviations UU,
UD, and TU mean uniform up, uniform down,
and twisted up, respectively. (a) Bookshelf; (b)

chevron. Figures on the right-hand side have

axes: z pointing into the paper, x —vertical and

y —horizontal axes.
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F,
K =k =kydsin2(qr~„od —

qro)
x =O, d

=od %0) ~ (8)

where EC =Lysin 8 and w =2yd. Here the + signs arise
as By/Bx is positive for x =0 and negative for x =d. Us-
ing the following transformations,

2=x/d, t =t/~,
where

r=yd /K, y=y&sin 8,

A. Dielectric response of bookshelf SSFLC cells

The smectic 1ayer structure and the coordinate syste~
for the bookshelf geometry in FLC cells is presented in
Fig. 1(a). The only restriction to the dynamics of the
director motion is its interactions with the substrate sur-
face. Usually the anchoring energy of FLC with sub-
strates takes into account both polar y, and dispersion

yd, interactions and can be written in the following form
[17,19]:

F, =+y cosy' y—d cos (y —yo), (7)

where F, is the surface density of the anchoring energy,

yp is the azimuthal pretilt angle in the absence of an elec-
tric field, and the k sign indicates that the polar interac-
tions are of opposite sign for the two opposite surfaces.
MacLennan et al. [17] indicate that pro only affects the
dispersion part of the anchoring energy. Boundary con-
ditions are therefore defined by the torque balance at
each interface [17,18]; ignoring the polar interaction due
to two similar interfaces takes the form

Equation (12) has a general solution:

f(&)=— X +Cix+C2, (13)

By substituting C, and C2 into Eq. (12) we obtain

2E wdf(x)=— (14)

Figure 2 shows the static distribution of the azimuthal
angle y(x) about its equilibrium position y=yo for
different cell parameters such as the cell thickness, the
elastic constant, and the external electric field. It is in-

teresting to note that the deviation of the azimuthal angle
from its value in the absence of the field at the surface
does not depend on the elastic constant K. The azimu-
thal angles are given by

P,dE sinyp
(0)=t(1}=to

2w

The static dielectric susceptibility g, is defined as [20]
P

+s llm
E~p E

(15)

(16)

where P is the projection of P, onto the direction of the
external field, i.e., the X direction, and may be expressed
as

Ps
y, = lim I [ cosy&(0) cosq—ro]+ [ cosgr(1) —cosy&o] J

(17)

where the arbitrary constants C, and C2 are to be deter-
mined from the boundary conditions Eqs. (10) and (11):

C, =
—,'aE, C2 =aKE/(2dw) .

Eq. (6) can be written in the dimensionless form as

Bgl B g Fsd
z

— E(tr}sing . (9)
Bt Bx'

The normalized boundary conditions from Eq. (8) there-
fore become

Ps P,dE sings
y, =21im cos yp-

E~p E 2w

Thus we obtain

P2d sin2
Xg

cos+p

(17a)

(18)

Bip wd=
Z [m(0t) —qo]

BX g=p

wd
V'0] .

(10) We now turn our attention to determining the dynamic
response of the cell in the presence of an altering field
E(t)=E exp(icot). Assuming

q(X, t)=go F(X)exp(icor—t)+o(E ), ~F~ &&1, (19)

On applying the linear response theory [20] we first cal-
culate the static dielectric susceptibility, i.e., the dielec-
tric response of the cell subjected to a small constant field
E applied along the Xaxis, and on substituting

qr(x)=go f(x)+o(E ), —

where f (x) is a term linear in E and
~f (x) ~

&& 1, into Eq.
(9},we obtain

B2 f(x)+aE =0,
BX

where

a =sinyoP, d /K .

and ignoring terms involving powers of E greater than
the first, we obtain from Eq. (9}

i corF(x ) = +aE .
B I'

Bx

Equation (20) has a general solution,

F(X)=C,( coscoo)x+C2(sintoo)X+ .
aE
l CO%

where

COp
= l COO

2=

(20)

(21)

and C& and C2 are the arbitrary constants to be deter-
mined from the boundary conditions. On substituting
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FIG. 2. The static distribution of the azimuthal angle y(x) in degrees about its equilibrium position y=yo for a cell possessing
bookshelf geometry. Thebasic parameters are d =10 m, E =10 V/m, % =10 "J/m', w =10 "J/m, andy =15'. For each pic-
ture, the curves are numbered 1 —4 in order of increasing parameters. (a) Cell thickness (d): 1, 3, 5, and 7 pm; (b) external field (E):
10, 30, 10, and 3 X 10 V/m; (c) elastic constant (K): 3 X 10 ",10 ', 3 X 10 ', and 10 ' J/m; (d) surface anchoring energy (w):
3X10 ', 10,3X10,and 10 ' J/m

Eq. (21) into Eqs. (10) and (11), we obtain a set of linear
equations for C, , C2.

Nd

E EQ)V

—copC, sinct)p+ C2ct)p cosset)p

Nd aE
C) cosa)()+cupsincop+ .K l 607

which have the solutions

clEA (co)

i cor[co+~ /dw —2 (co) ]

aE
I r[coKcoo/d wA (co)]

where

A (co)= ( wd /K)& i co~ am'I/ i cor —i cor(1+ c—os& —i cor)—
( wd /K)( 1 —cos& i co~) +—V' i cov sinv' i—cor—

On substituting C, and C2 from Eq. (22) into Eq. (21), we obtain

admE aEF(x)=- [A (co) cos(& —icovx)+& icorsin(& —i—codex )]+
leo'r[l co'TK+dw3 (co) ] 16)'T

The complex dielectric susceptibility y(co) is defined as

y(co) = lim
P(t)

E-OE(t)
This is found to be [see Eq. (17)]

PS ly(co)= lim [cosip(0, tr)+ cosy(1, tv) —2cosipo]=P, si q nlimD—[F(0)+F(1)],
o E exp(icot) E~O E



50 DIELECTRIC RESPONSE OF SURFACE STABILIZED. . . 4767

where F(0) and F(1) are the values of F(X ) given by Eq.
(24) at 2 =0 and X= 1, respectively. On using Eq. (24),
Eq. (26}can be rearranged to yield

The chevron cell is considered to consist of two identical
dielectric slabs separated at the chevron interface; the
boundary conditions in dimensionless form become

g(~)
A (co)+ico~E/dw ' (27) Bp wd

vol» ~=0
where A (co) is given by Eq. (23). The dielectric relaxa-
tion time ~D defined as

q)(1 —O, t)=qr 0,
(31)

Im[y(co)]
7D =i lim

co—+0 CO+&

(28)
Blp wd

[q(2, t)+q0],
gx ~ q 2E

(32)
can be evaluated from Eq. (23) and (27) by using the Tay-
1or series expansions for trigonometric functions. The re-
sult is found to be

yd 1+ 6K
dw

(29)

B. Dielectric response of chevron SSFLC cells

Since the discovery by Rieker et al. [21], it is now well
accepted that on cooling the FLC from the Sm-A to the
Sm-C' phase, the smectic layers no longer remain per-
pendicular to the substrates but usually possess a tilted
chevron structure. This is due to the surface anchoring
of the smectic layers in the Sm-A phase, which continue
to be anchored during the transition to the Sm-C* phase.
The chevron geometry in SSFLC cells is depicted in Fig.
1(b). We assume that there is no further bending of the
smectic layers in the chevron structure when a low exter-
nal voltage is applied to the cell. From Fig. 1(b) it can be
seen that there exist only two possible positions of the
director orientation at the chevron interface (i.e., for UU
and UD). These two positions will continue to remain
fixed so long as low external voltages are applied to the
cell. Therefore, in a cell possessing the chevron
geometry, the dynamics of the director orientation will be
controlled by the anchoring at the substrate surface and
the fixed position at the chevron interface.

Using a similar transformation to that given in Sec.
II A and putting

y(1+O, t)= —
q0 .

On using a mathematical procedure similar to that out-
lined above and on assuming

p0 f(X)+—o(E ) for 0&7 &1
y(X}= '

pa
—f (X—)+o(E } for 1&2 2,

and using the boundary conditions de5ned by Eq. (32), we
obtain the static solution for the azimuthal angle y(X }:

(g ) + +0 g2 2++~dw + (E2)q'0 8E 2K+dw

for 0(X & 1,
~.d &»W'0 2IC+(2 —X)dw~(~)= —ea—

8K
(X —2)—

2K +dw

+o(E } for 1&2&2.
(33)

Figure 3 shows f (X } for different parameters of a chev-
ron cell. These parameters are d, E, K, and w. Let us
note that in contrast to the case of the bookshelf cell,
where f (X ) was given by Eq. (14},the azimuthal angle at
the surfaces for the chevron cells does depend on the elas-
tic constant K.

The static dielectric susceptibility y„can now be ob-
tained from Eq. (16}as

X=, t=2x t
d'

P2d 2sin2

2(2E +dw)
(34)

give

.=rd'
c 4K

(30)

On adopting a similar mathematical procedure to that
used in Sec. II A the complex dielectric susceptibility of a
SSFLC cell possessing chevron layer structure is found to
be

g(co} 2(dw +2K) (1—cosQ i cow,)—
Xs Q ivor, 2EQ—icos, cos+ ivor,—+dw si—nQ icor, — (35)

The evaluation of the dielectric relaxation time for the
chevron cell ~n from Eq. (28) leads to the expression

Having determined the complex dielectric susceptibility
y(co), we can also calculate the dielectric permittivity
e(co} from the equation

yd 10K +dw
48K 2K +dw

(36) e(ra)=e„+ X(~
Ep
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FIG. 3. The static distribution of the azimuthal angle y(x) in degrees about its equilibrium position y=yo for a cell possessing
chevron geometry. The basic parameters are d =10 m, E =10 V/m, K =10 "J/m, w =10 J/m, and go=60'. For each pic-
ture, the curves are numbered 1 —4 in order of increasing parameter. (a) Cell thickness (d): 1, 3, 5, and 7 pm; (b) external field (E):
10, 30, 10, and 3X10 V/m; (c) elastic constant (K): 3X10 ", 10 ', 3X10 ', 10 J/m; (d) surface anchoring energy (w):
3X10,10,3X10,and 10 J/m .

III. EXPERIMENT

To prepare FLC cells with different smectic layer
structures we use FLC mixture SCE 13 (E. Merck) with
the following material parameters: P, =27 nC/cin,
po =8 pm; and the phase sequence

Sm-C*:Sm-A ~ N' ~ I,
60. 8'C 86.3 C 100.8'C

where N' denotes chiral nematic and I isotropic phases.
Sample cells consisted of indium tin oxide (ITO) coated
glass plates. The conducting inner surfaces were spin
coated with polyvinyl alcohol (PVA) alignment layer and
rubbed parallel. The cells were filled in the isotropic
phase of the FLC mixture and then were cooled to the
chiral smectic-C (Sm-C*) phase. To obtain bookshelf
structure we apply a high electric field (E & 20 V/pm) to
the SSFLC cells; this results in an irreversible change of
the smectic layer structure from the chevron to the
striped bookshelf structure. Textures of the experimental
cells were observed using a polarizing microscope during
the dielectric measurements. Dielectric measurements, in
the frequency range 0.1 Hz to 1 MHz were made using a
Schlumberger 1255 frequency response analyzer and a
Chelsea dielectric interface. This system enabled us to
apply direct bias voltage (0—40 V) and alternating volt-
age (0—3 V, ) siinultaneously to the samples during mea-

surements. The dielectric measurements were carried out
on the homogeneously aligned (planar) samples; there-
fore, providing results for c,~ and optical textures could be
observed simultaneously using a polarizing microscope.

IU. RESULTS AND DISCUSSION

In order to assess the model described above, we
choose the cell thickness as the variable parameter be-
cause other parameters used in the model such as E, m,

and y cannot be precisely altered and/or measured. It
follows from Eq. (18) that for a cell possessing the
bookshelf structure there should exist a linear dependence
of the static dielectric susceptibility on the thickness of
the cell, and accordingly a similar behavior for the dielec-
tric relaxation strength hs (defined as twice the max-
imum of the dielectric loss) should be observed. An ap-
proximately quadratic dependence of the relaxation time
on the cell thickness should be found. For a cell possess-
ing the chevron structure, Eq. (34) predicts that the
dielectric strength should exhibit a linear dependence on
the cell thickness for the range d &)2E/w and a quadra-
tic dependence for the range d &&2E/w; the dependence
changes from a quadratic to a linear dependence on in-
creasing the cell thickness. For the chevron cell, Eq. (36)
shows that the relaxation time should exhibit an approxi-
mately quadratic dependence on the cell thickness.
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1.0

0.8

0.6

a
o.4

From Eqs. (27) and (35} we are able to calculate the
real and imaginary parts of the dielectric susceptibility.
Figure 4 shows the frequency dependence of the normal-
ized dielectric susceptibility on frequency for cells pos-
sessing bookshelf and chevron structures. The theoreti-
cal dependence given by Eqs. (27) and (35) is compared
with that predicted by the Debye equation [20]

0.2

y(co) 1

Xs 1+t covD
(37)

0.0
10'

1.0

10 10 1O4

Frequency (Hz)

1O' 10

0.8-

0.6-

04—

0.2-

0.0
1O' 102 10 1O4 1O' 10

Frequency (Hz)

FIG. 4. Calculated normahzed frequency dependencies of y'
and y" (solid curves) for (a) bookshelf and (b) chevron cells.
Dashed curves are the same dependencies predicted by the De-
bye equation [Eq. (37)] with ro from Eqs. (29) and (36). Param-
eters used are d =1X10 m, E =10 " J/m, and m =10
J/m, y=0. 1.

where the static susceptibility y& and the relaxation time

ra are given by Eqs. (18) and (29) and Eqs. (34) and (36)
for the bookshelf and chevron cells, respectively. As seen
from Fig. 4 for ~~a 1, the dielectric response of both
cells can electively be described by a simple Debye equa-
tion (37).

Figure 5 shows the experimental results for the depen-
dence of the dielectric relaxation strength and the relaxa-
tion time on the cell thickness d for chevron cells. As
seen from this figure, for cells of thickness d & 20 pm the
dielectric strength hs increases linearly with d and the re-
laxation time increases quadratically as predicted by the
theory [Eq. (36)]. This theory cannot be applied to cells
of thickness much greater than the pitch of the material.
For example, the experimental results show (inset Fig. 5}
that for cells of larger thicknesses, he, no longer is pro-
portional to d. Furthermore, hs and relaxation frequen-
cy decrease with increasing thickness until saturation
values are reached for cells of thicknesses d ) 100 JMm.

The dielectric response for such cells is no longer depen-
dent on the cell thickness as determined by the theory of
SSFLC cells, but is governed by the helix distortion mode
(Z mode). Cells of intermediate thicknesses (20 & d & 100
)Mm) shall possess a superposition of both the X and Z
modes.

300,Ã 5 3

, 100

200 .
0

(3

100-

C3
CD

3 E
CD

E

D
2 65

05
CD

FIG. 5. Experimental results
for the dependence of the dielec-
tric relaxation strength (0) and
the relaxation time (~ ) on cell
thickness (d (15 pm) for chev-
ron cells. The solid curves indi-
cate the best fitted theoretical
curves [Eqs. (18) and (29)]. [In-
set: Experimental data for cell
thickness up to 160 pm (the
same symbols and axes apply)].

0
0 10 15

Thickness of a Cell, d ()tm)
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FKJ. 6. Experimental results
for the dependence of the dielec-
tric relaxation strength (0) and
the relaxation time (0) on cell
thickness [(d & 15 pm)] for
bookshelf cells. The solid curves
indicate the best fitted theoreti-
cal curves [Eqs. (34) and (36)].
[Inset: Experimental data for
cell thickness up to 160 pm (the
same symbols and axes app1y)].
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More complicated behavior is observed for cells with
the bookshelf structure. For cells possessing such struc-
tures, the experimental results for the dependence of the
dielectric relaxation strength and the relaxation time on
cell thickness d are shown in Fig. 6. As seen from this
figure, the relaxation time increases quadratically with
the cell thickness (d) and approximately similar values as
those for the chevron cells are found. These observations
contradict the model presented (Fig. 4) where, according
to Eqs. (29) and (36), the relaxation times of the bookshelf
and the chevron cells should differ by a factor of

4(dw +6K)(dw +2K)
dw (dw + 10K)

which is approximately equal to

4 for K/dw «1
and

24K/5dw for K/dw )) 1 .

It may also be seen from Fig. 4 that though hc. sometimes
does vary erratically with d, an overall linear increase of
b, c, with d is detected. The explanation for the discrepan-
cies between the experimental results and the theory is

given below.
%e can reasonably expect that the application of a

high electric field to the chevron cell causes an irreversi-
ble change of the smectic layer structure from chevron to
the bookshelf. According to the model given by Shao,
Willis, and Clark [22] the upright positioning of the
smectic layers leads to the appearance of two different

types of stripes in which the layers normal are turned at
an angle +g to the Z axis. From simple geometrical con-
siderations it can be shown that if the srnectic layers be-
come perpendicular to the surface, the angle g should be

equal to the layer tilt angle 6 in the chevron structure.
This observed pattern of the electrical field induced
striped bookshelf structure nevertheless does not fully ex-

plain some of the previous experimental results. Due to
the importance of these results on the subject of our

study, we consider the discrepancy between the theory
and the experimental results in detail.

The essential discrepancy arises from the electro-
optical contrast measurements of striped bookshelf FLC
cells. The transmittance of the uniform aligned FLC cell
between crossed polarizers is expressed as

T =sin [2(P+8)]sin
. 2 adman

where p is the angle between the polarizer direction and

the Z axis of the cell, hn is the anisotropy in refractive
indices, and A, is the wavelength of light. The + sign in-

dicates that the angle 8 depends on the polarity of the ap-

plied voltage. Assuming that the aperture of the light
beam is much larger than the width of the individual

stripes and $=5=k8, then the contrast ratio of the

striped bookshelf FLC cells between the crossed polariz-
ers can be written in the following form:

sin2[2(P+8+k8)]+sin [2(P+8—k8)]
sin2[2(P —8+k 8)]+sin [2(P—8—k 8) ]

(38)

In the absence of the striped bookshelf texture (i.e.,
k8=0), the above formula reduces to the general case for
the electro-optic contrast ratio. It is found from x-ray in-

vestigations [23] that 5=0.858 over a wide range of tem-

peratures. Recent works provided slightly different

values of k, but this coefficient is found to lie in the range
0.8 —0.9 [21,24]. Figure 7 shows the calculated depen-

dence of the maximum contrast ratio (R) for the striped
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singe=tan5 jtan8 . (40)

Thus the dielectric strength of stripe bookshelf cells
should also be strongly dependent on the layer tilt angle
which may vary from cell to cell.

V. CONCLUSIONS

the chevron cells. The somewhat erratic dependence of
the dielectric strength on the cell thickness for the
bookshelf cells (Fig. 7) can also be explained by the fact
that dielectric strength is strongly dependent on the az-
imuthal pretilt angle yo [see Eqs. (18) and (34)], which in
turn is also dependent on the smectic layer tilt angle
through the following relationship:

FIG. 7. Calculated dependence of the contrast ratio (R) on
g/8 for the striped bookshelf cells.

bookshelf cell on the parameter k with a tilt angle 0=27'.
The experimental measurements of the angle g in the
stripes provided by Vorflusev et al. [23] showed that the
stripes' angle g is less than the smectic layer tilt angle in
the chevron cell. This results in an experimental value of
the contrast ratio to be of the order of 5-10. As can be
seen from Fig. 7, the maximum contrast ratio for a
reasonable value of k =0.8—0.9 is much less than the ex-
perimental value [23]. From simple geometry considera-
tions it can be shown that

cosgcos5= cosk8 . (39)

This means that the real striped "bookshelf" cells in
which g & k8 still possess chevron structure but with a
smaller value of the layer tilt angle 5. These considera-
tions can also be supported by careful analysis of the ex-
perimental results provided by Srajer, Pindak, and Patel
[24] from x-ray investigations, which show that the angle
of the stripe bookshelf structure /= 17—18' is slightly less
than smectic layer tilt angle in chevron 5=20' —21'.

The somewhat arbitrary behavior of the dielectric
strength and the relaxation frequency of the bookshelf
cells can therefore be explained by the fact that in the
striped bookshelf cells the smectic layers are not really
perpendicular to the substrate surfaces. Thus to solve the
dynamic, Eq. (6), for the bookshelf structure, one should
use the boundary conditions for a chevron cell. The ex-
perimental values of the relaxation times for the
bookshelf cells therefore turn out to be the same as for

A model has been proposed to account for the dielec-
tric properties of SSFLC cells possessing both chevron
and bookshelf structures. This model is found to provide
good qualitative agreement between theory and experi-
ment for chevron cells with cell thicknesses in the range
of 1-20 pm. The thicker cells possess some combination
of regions of both uniform and helical orientation of the
director, and thus the model is no longer applicable.
Bookshelf cells are found to provide relaxation times
similar to the chevron ones; however, the theory predicts
the relaxation time for the bookshelf cell to be greater
than that for a chevron cell by at least a factor of 4. This
discrepancy can be explained by taking into account the
results of previous electro-optical [23] and x-ray [24]
studies. These studies show that striped bookshelf cells
do possess a tilted layer structure but with a smaller layer
tilt angle than for the case of the chevron structure.
Moreover, the "ideal, " i.e., orthogonal layer bookshelf
structure would seem to be practically unattainable, be-
cause even a small deviation of temperature will cause a
change in the molecular tilt and consequently a change in
the smectic layer tilt. We therefore surmise that it would
be of great interest to provide a detailed investigation of
the exact smectic layer structure in the so-called
bookshelf cells so as to clarify these considerations.
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