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Orientational distributions in smectic liquid crystals showing V-shaped switching investigated
by polarized Raman scattering
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Molecular orientational order parameters have been obtained by Raman scattering in two types of liquid
crystal materials showing theV-shaped switching in thin homogeneous cells. One is the Mitsui mixture and the
other is one component of the Inui mixture. The antiferroelectric phase exists in the bulk of both materials but,
in thin homogeneous cells, the stability is distinct from each other. The obtained distribution of the local
in-plane directors at the tip of theV is considerably broad in the former, while it is narrow in the latter. These
differences have been explained by the barrier between the ferroelectric and antiferroelectric orderings, the
chiral twisting power, and the interface induced destruction of the antiferroelectric ordering.
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I. INTRODUCTION

The electric-field-induced continuous reorientation of
spatially uniform optic axis was observed as theV-shaped
switching or the thresholdless analog optical effect in t
kinds of mixtures consisting of some homologues of the p
totyped antiferroelectric liquid crystals, MHPOBC and TFM
HPOBC @1–5#, which were designated as the Inui mixtu
and the Mitsui mixture. This peculiar switching has attrac
much attention because of its potential applications to liq
crystal displays@6–11#. The random switching model wa
proposed. TheV-shaped switching was regarded as t
Langevin-type reorientation process of local in-plane dir
tors, the tilting directions of which are randomly distribute
from smectic layer to layer. The tilting correlation of th
local in-plane directors between adjacent layers was con
ered to be lost because of the frustration between ferroe
tricity and antiferroelectricity@2–5,12#. In fact, Seomun
et al. @13# and Pociechaet al. @14# confirmed that substrat
interfaces destroy the antiferroelectric order in thin homo
neous cells, apparently promoting the randomization of
local in-plane directors from layer to layer. Another explan
tion has also been made successfully by the effective inte
field model@15#. On the other hand, Takezoeet al. @16#, Park
et al. @17,18#, Rudquistet al. @19#, and Clarket al. @20# as-
serted the charge stabilization and/or the highly collect
rotation of the local in-plane directors on the smetic
(SmC* ) tilt cone in the macroscopic scale, and that the fr
tration did not play any essential role. The polarized ir sp
troscopic study indicated the almost complete director ali
ment parallel to a plane vertical to the substrate plates at
electric field, which supports the collective rotation@17#.
More recently, however, Seomunet al. showed that the
alignment is not so ideal that supports the charge stabil
tion @21–23#.
1063-651X/2002/65~4!/041714~11!/$20.00 65 0417
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The purpose of our investigation is to understand
mechanism of theV-shaped switching. As a first step, w
have established a method of elucidating the alignment
local in-plane directors at the tip of theV by utilizing polar-
ized Raman scattering@24–28#. We have studied the molecu
lar alignments in the two materials, one component of
Inui mixtures @compound~a!# and the Mitsui mixture~Fig.
1!. In both of the materials, the antiferroelectric phase ex
at low temperatures in the bulk but is not stable enough
thin homogeneous cells. TheV-shaped switching is alway
observed at least in the high-temperature region of the a
ferroelectric phase. In compound~a!, however, it is stable to
some extent even in thin homogeneous cells, because
tristable switching is observed in the first-run while th
V-shaped switching appears in the subsequence. Some o
preliminary results were reported in the Mitsui mixture, i
dicating the considerably broad distribution of the local
plane directors at the tip of theV @28#. Actually, a variety of
the distributions appear to exist. The details are studied
discussed in terms of the frustration between ferroelectri
and antiferroelectricity in the following.

The paper consists of seven sections. Section II descr
the experimental setups and Sec. III explains how to ob
the polarized Raman intensities as a function of sample
tation angle and to determined the apparent order param
from the intensities. Section IV shows the experimental
sults of polarized Raman scattering. Section V describes
model calculations based on three types of orientational
plane director distributions, which are consistent with so
experimental results. Section VI discusses the origin of
V-shaped switching and Sec. VII gives the conclusions.

II. EXPERIMENT

Homogeneous cells of compound~a! and the Mitsui
mixture listed in Fig. 1 were prepared by sandwiching t
©2002 The American Physical Society14-1
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sample between two quartz substrates separated by s
particles of 2 mm in diameter. The substrates were coa
with indium tin oxide (;50 nm thick,;100 V/sq, ;80%
transmission at 500 nm! and aligning polyimide~Nissan
Chemical, RN-1266,;200 nm thick!. The polyimide was
carefully chosen to avoid the excess heating due to laser
absorption@22#. The only one of the substrates was rubbed
one direction and sense. The cell was mounted in
temperature-controlled oven (60.1 K). The texture was
monitored with a polarizing optical microscope~Olympus,
BX50! for checking the alignment quality in each phase.

Raman spectra were obtained in the backward scatte
geometry along theY axis perpendicular to the substra
plates @27,28#. The Z- and X-polarized Raman intensities
I Z,measand I X,meas, due to the C-C stretching mode of thre
benzene rings with a frequency of 1600 cm21 were obtained
by rotating the sample cell from 0° to 180° about theY axis.
Here theX, Y, andZ axes constitute the right-handed lab
ratory frame. The green light at 514.5 nm from an Ar i
laser~Spectra-Physics, BeamLok 2060! was used for excita-
tion. The beam was focused on a well-aligned area of
sample cell. The diameter of a focused spot was ab
700 mm. The backscattered light was collected by a te
scope lens (f 5130 mm andf /d51.3) and focused on an
optical fiber, which transmitted the light to a monochroma
~Spex, 270M! combined with a multichannel detector~Prin-
ceton Instruments, IPDA 512!. The incident laser power wa

FIG. 1. Chemical structures and phase sequences of~A! Inui
mixture, ~B! Mitsui mixture, and compound~a!.
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set at 0.5 W and the slit width of the monochromator w
200 mm.

The V-shaped switching was obtained by applying
electric field of triangular wave form to the cell at a fre
quency of 1 Hz. The scattered light at the tip of theV was
detected by applying gated pulses of 4 msec width to
detector. We monitored laser light passed through the
and a polarizer that was set in the crossed Nicol configu
tion by a photodiode during the Raman scattering meas
ment, confirming theV-shaped switching.

III. ANALYSIS

Let us consider how to obtain apparent orientational or
parameters,̂P2(cosb)&app and ^P4(cosb)&app, from experi-
mental data,I Z(v)meas and I X(v)meas @27#. Here b is an
angle between the individual molecular long axis and a m
lecular distribution center axis and^•••& denotes a statistica
average. When the molecular distribution is cylindrica
symmetric as in SmA, the Z- and X-polarized Raman scat
tered intensities,I Z(v) and I X(v), as a function of the rota-
tion anglev between the symmetry axis and the incide
laser light polarization are given by

I Z~v!5C1~v!1C2~v!^P2~cosb!&1C3~v!^P4~cosb!&

1C4~v!R, ~1!

I X~v!5C5~v!1C6~v!^P2~cosb!&1C7~v!^P4~cosb!&

2C4~v!R. ~2!

Since the scattered light is collected by an objective lens,
effect of a refracting angle on the measured intensity sho
be taken into account@29–32#. Hence we have

I Z,meas~v!5
I Z~v!

nZ~v!2
~3!

and

I X,meas~v!5
I X~v!

nX~v!2
, ~4!

where

nZ~v!5
nznx

Anz
2 sin2 v1nx

2 cos2 v
~5!

and

nX~v!5
nznx

Anz
2 cos2 v1nx

2 sin2 v
. ~6!

Here, thex, y, andz axes constitute the right-handed Cart
sian coordinate frame. They axis is taken to be parallel to th
Y axis, and thez axis is an apparent center axis of the m
4-2



-

i-

po-

ORIENTATIONAL DISTRIBUTIONS IN SMECTIC . . . PHYSICAL REVIEW E 65 041714
lecular distribution. Both of thez andx axes are in the sub
strate plate.

The coefficients,C1 to C7, are described in terms ofTx

(Tx8) and Tz (Tz8), the transmission coefficients of the inc
dent ~scattered! light polarized along thex and z axes, to-
gether witha5(2a'1a i)/3 andb5a i2a' , the average
04171
and the anisotropy of the Raman scattering tensor com
nents, respectively, which is assumed to be uniaxial,

S a'

a'

a i

D , ~7!
e

C15a2Tx
2Tx8

21
4

45
b2Tx

2Tx8
21F22a2Tx

2Tx8
21

b2

45
~28Tx

2Tx8
213Tz

2Tx8
213Tx

2Tz8
2!Gcos2 v1Fa2~Tx

2Tx8
21Tz

2Tz8
2!

1
b2

45
~4Tx

2Tx8
223Tz

2Tx8
223Tx

2Tz8
214Tz

2Tz8
2!Gcos4 v, ~8!

C252
2

3
abTx

2Tx8
22

4

63
b2Tx

2Tx8
21F4

3
abTx

2Tx8
21

b2

63
~8Tx

2Tx8
213Tz

2Tx8
213Tx

2Tz8
2!Gcos2 v1Fb2

63
~24Tx

2Tx8
223Tz

2Tx8
2

23Tx
2Tz8

218Tz
2Tz8

2!1
ab

3
~22Tx

2Tx8
214Tz

2Tz8
2!Gcos4 v, ~9!

C35
3

35
b2Tx

2Tx8
21

b2

35
~26Tx

2Tx8
224Tz

2Tx8
224Tx

2Tz8
2!cos2 v1

b2

35
~3Tx

2Tx8
214Tz

2Tx8
214Tx

2Tz8
218Tz

2Tz8
2!cos4 v, ~10!

C45TxTx8TzTz8 cos2 v2TxTx8TzTz8 cos4 v, ~11!

C55
b2Tx

2Tz8
2

15
1Fa2~Tx

2Tx8
21Tz

2Tz8
2!1

b2

45
~4Tx

2Tx8
226Tx

2Tz8
214Tz

2Tz8
2!Gcos2 v1Fa2~2Tx

2Tx8
22Tz

2Tz8
2!1

b2

45
~24Tx

2Tx8
2

13Tz
2Tx8

213Tx
2Tz8

224Tz
2Tz8

2!Gcos4 v, ~12!

C65
b2Tx

2Tz8
2

21
1Fab

3
~22Tx

2Tx8
214Tz

2Tz8
2!1

b2

63
~24Tx

2Tx8
226Tx

2Tz8
218Tz

2Tz8
2!Gcos2 v1Fab

3
~2Tx

2Tx8
224Tz

2Tz8
2!

1
b2

63
~4Tx

2Tx8
213Tz

2Tx8
213Tx

2Tz8
228Tz

2Tz8
2!Gcos4 v, ~13!

and

C752
4

35
b2Tx

2Tz8
21

b2

63
~3Tx

2Tx8
218Tx

2Tz8
218Tz

2Tz8
2!cos2 v1

b2

35
~23Tx

2Tx8
224Tz

2Tx8
224Tx

2Tz8
228Tz

2Tz8
2!cos4 v. ~14!

The transmission coefficients are calculated by

Tl5
2ng

ng1nl
, Tl85

2nl

ng1nl
, ~15!

whereng is the refractive index of quartz substrate plates andnl is the principal refractive index of the liquid crystal when th
light is polarized along thel axis (l 5x or z). Here we useng51.46, nx51.5, andDn[nz2nx5Dn0^P2(cosb)& with Dn0
50.15. The birefringence only affects the parameter,R, which is given by

R5c1F2a22
4

45
b21S 2

3
ab2

8

63
b2D ^P2~cosb!&2

8

35
^P4~cosb!&G1c2F 2

15
b21

2

21
b2^P2~cosb!&2

8

35
^P4~cosb!&G .

~16!
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Herec1 andc2 depend on sample thicknessd, birefringence
Dn, incident laser light wavelengthl, and scattered ligh
wavelengthl8,

c15sin~K1d!/K1d ~17!

and

c25sin~K2d!/K2d, ~18!

with

K15
2pDn~l1l8!

ll8
~19!

and

K25
2pDn~l2l8!

ll8
. ~20!

Since we usually definev50 when theZ and z axes coin-
cide, as we actually did in Eqs.~1!–~14!, C4 becomes zero
and the birefringence effect disappears atv50 andp/2.

Even for an arbitrary molecular distribution, which ma
not be cylindrically symmetric, the apparent center axis
the molecular distribution can be still determined so t
I Z(v) and I X(v) are written in the same forms as Eqs.~1!
and ~2!, provided that̂ P2(cosb)& and ^P4(cosb)& are re-
garded as the corresponding apparent ones,^P2(cosb)&app
and^P4(cosb)&app. The molecular orientational distribution
that will be studied in this paper are not generally cylind
cally symmetric; hencê P2(cosb)&app and ^P4(cosb)&app
will be determined by using experimentally obtain
I Z,meas(v) and I X,meas(v). First, (b/a)2 is determined from
the depolarization ratioRiso observed in the isotropic phas

Riso[I X /I Z53b2/~45a214b2!. ~21!

Next, I Z(v) and I X(v) are simultaneously fitted with Eqs
~1! and ~2!, where fitting parameters arêP2(cosb)&app,
^P4(cosb)&app, and R. Note thatR can be regarded as a
independent fitting parameter since it contains the b
fringence effect, dDn, as well as ^P2(cosb)&app and
^P4(cosb)&app.

IV. RESULTS

Figure 2~A! shows the Raman spectra of compound~a! at
50°C and Fig. 2~B! those of the Mitsui mixture at 110°C in
the isotropic phase. The Raman line due to the C-C stre
ing mode of three phenyl rings at 1600 cm21 used is well
isolated from other lines. The principal axis with the large
Raman scattering tensor component,a i , is almost parallel to
the molecular long axis. Consequently, the orientational
der parameters of the molecules can be determined by m
suring the polarized Raman scattered intensities of the p
nyl ring stretching line@27#. The depolarization ratios wer
0.391 in compound~a! and 0.356 in the Mitsui mixture, re
spectively.
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A. Compound „a…

The thin homogeneous cell of compound~a! shows a
tristable electro-optic response at 26°C in the antiferroe
tric phase when a dc electric fieldE is applied statically.
Raman intensities of phenyl line,I Z,meas(V) and I X,meas(V),
are plotted against the rotation angle of the sample cel
Figs. 3 ~A!@~i!–~iii !#. The smectic layer normal is along th
line connecting 0° to 180° in the figure. The maximum p
sition of I Z,meas(V), V0, gives the averaged molecular or
entation; V5v1V0. The fitting procedures described i
Sec. III give the apparent order parameters as summarize
Table I~A!. The maximum position points to the layer norm
at E50 @Fig. 3~A!, ~i!#, because the numbers of layers tiltin
to the right and to the left are identical in the antiferroelect
phase and their tilt angles are canceled out in the ma
scopic average. The orientational order parameters are
siderably small. When the dc field below 3.5 V/mm, which
is the threshold field from antiferroelectric to ferroelectr
state, is applied, the maximum position ofI Z,meas scarcely
tilts from the layer normal@Fig. 3~A!, ~ii !# but the order
parameters slightly increases. This means that the loca
plane directors rotate without destroying the antiferroelec
anticlinic structure.@33,34#. When the electric field above th
threshold is applied, the maximum position ofI Z,meastilts by
28.5° from the smectic layer normal@Fig. 3~A!, ~iii !.# The
large order parameters reflect that all the local in-plane
rectors are oriented in one direction parallel to the subst
plates. These changes clearly indicate the tristable switch

FIG. 2. Polarized Raman spectra in isotropic phase;~A! com-
pound~a! at 50°C and~B! Mitsui mixture at 110°C.
4-4
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FIG. 3. Polar plots of polarized Raman scattering intensity~in arbitrary units! vs incident laser polarization~in degree! for the phenyl line.
~A! Compound~a! in antiferroelectric phase at 26°C under statically applied electric fields of~i! E50V, ~ii ! E52.3 V/mm, ~iii ! E
54.6 V/mm, and~iv! at the tip of theV under dynamically applied electric field.~B! Mitsui mixture in antiferroelectric phase at 40°C und
statically applied electric fields of~i! E50V, ~ii ! E51.8 V/mm, ~iii ! E55.6 V/mm, and~iv! at the tip of theV under dynamically applied
electric field. Closed and open circles representI Z,meas(V) and I X,meas(V), respectively. The relative intensity ofI X,meas(V) is enlarged by
twice as compared to that ofI Z,meas(V). Solid lines show the best-fitting results of Eqs.~1! and~2! with ^P2(cosb)&app and^P4(cosb)&app

given in Table I.
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The V-shaped switching observed by applying an elec
field of triangular wave form at 1 Hz is shown in Fig. 4~A!,
where the transmittance of light is plotted against the app
electric field. The transmittance is saturated at ab
2.5 V/mm. The polarized Raman scattering was measure
the tip of theV. The intensities are plotted against the ro
tion angle of the sample cell in Fig. 3~A!, @~iv!# as a polar
plot. The molecules are oriented parallel to the layer norm

TABLE I. Obtained apparent orientational order parameters;~A!
compound~a! at 26°C and~B! Mitsui mixture at 40°C.

~A! Compound~a!

Field (V/mm) ^P2(cosb)&app ^P4(cosb)&app

0 ~dc! 0.4060.01 20.0260.01
2.3 ~dc! 0.4560.01 0.0460.02
4.6 ~dc! 0.7860.02 0.4760.04
0 ~1 Hz! 0.7060.03 0.3560.05

~B! Mitsui mixture

0 ~dc! 0.4560.01 20.1160.01
1.8 ~dc! 0.4660.01 20.0260.01
5.6 ~dc! 0.7860.01 0.4860.02
0 ~1 Hz! 0.5860.03 0.2060.04
04171
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as is clear in the profile ofI Z,meas. The orientational order
parameters are given in Table I.

B. Mitsui mixture

The Mitsui mixture shows theV-shaped switching when a
dc electric field is applied. Any macroscopic domains are
generated in this switching process. Only the extinction
rection changes continuously with increasing the appl
electric field.

Figures 3~B!@~i!–~iii !# are polar plots of the polarized Ra
man scattering intensities in the Mitsui mixture under
electric fields at 40°C. Table I~B! summarizes the corre
sponding apparent order parameters. This material show
antiferroelectric phase in the free-standing film at this te
perature. AtE50, the maximum position ofI Z,measpoints to
the layer normal@Fig. 3~B!, ~i!# and hence the apparent ti
angle is zero. The small order parameters indicates that
surface-stabilized state is realized as in compound~a!. With
an increase in the applied electric field, the apparent mole
lar tilt angle becomes larger continuously. No threshold
observed and the transmittance shows theV-shaped switch-
ing. At E51.8 V/mm, the maximum position ofI Z,meastilts
from the layer normal by 14°@Fig. 3~B!, ~ii !# but the order
parameters,̂P2(cosb)&app and^P4(cosb)&app, increase only
slightly as given in Table I~B!. The transmittance is saturate
at about 4 V/mm, where the ferroelectric state is attaine
The maximum position ofI Z,meastilts from the layer normal
by 26.3° atE55.6 V/mm @Fig. 3~B!, ~iii !.#
4-5
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Figure 4~B! shows theV-shaped switching in the Mitsu
mixture at 40°C when the electric field of triangular wa
form is applied at 1 Hz. The transmittance saturates at ab
4 V/mm as in the case of applying an dc electric field me
tioned above. The polarized Raman scattering intensity m
sured at the tip of theV-shaped switching is shown in Fig
3~B!, @~iv!#. This profile indicates that the molecular distr
bution center axis is parallel to the layer normal. The fitti
procedures described in Sec. III give the apparent order
rameters@Table I~B!.#

V. MODEL CALCULATION

To elucidate the alignment change of local in-plane dir
tors in the switching process by polarized Raman scatter
we first presuppose some typical distributions of local
plane directors, calculate their apparent order parame
^P2(cosb)&app and ^P4(cosb)&app, and compare them with
the experimentally obtained apparent order parameters.
first assumed that the smectic layer structure is not chev
but bookshelf for the sake of simplicity. The geometry
drawn in the Fig. 5~a!. The chevron structure complicates th

FIG. 4. Optical response under the crossed Nicol configura
when the incident laser polarization is parallel to the layer norm
~A! compound~a! at 26°C and~B! Mitsui mixture at 40°C. Trans-
mittance of light is plotted against the applied field.
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calculations but its influence on the simulated results is re
tively small as will be shown later. The following three typ
cal distributions of local in-plane directors were assumed

f d~f,u,x!5
1

4pA2psd

expF2
~f2p/2!2

2sd
2 G

3d~u2Q!, type 1 ~22!

f d~f,u,x!5
1

8pA2psd
H expS 2

f2

2sd
2D

1expF2
~f2p!2

2sd
2 G J d~u2Q!, type 2

~23!

and

f d~f,u,x!5d~u2Q!/8p2, type 3. ~24!

Here f, u, and x are the Euler angles in the right-hande
smectic layer frame.f shows the azimuthal angle of th

n
l; FIG. 5. Geometry with~a! bookshelf layer structure and~b! the
chevron layer structure.
4-6
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TABLE II. Simulated orientational order parameters of compound~a! for the bookshelf layer structure
The molecular tilt angles used for simulations were 28.5° at 26°C and 24.7° at 32°C, which were dete
experimentally by applying dc electric field above the saturation value.

26°C 32°C

sd (°) ^P2(cosb)&app ^P4(cosb)&app ^P2(cosb)&app ^P4(cosb)&app

Type 1 0 0.70 0.38 0.64 0.30
10 0.68 0.35 0.63 0.29
20 0.65 0.28 0.61 0.25

Type 2 0 0.38 20.14 0.42 20.03
30 0.42 20.08 0.46 0.02

Type 3 0.50 0.04 0.51 0.09
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local in-plane director andf50 corresponds to theXl axis.
TheZl axis is along the smectic layer normal and theYl axis
is perpendicular to the substrate plates@27#. The Yl and Y
axes are taken to coincide each other. Type 1 is motivate
SmC* in the Inui mixture @17–20#, type 2 by surface-
stabilized SmCA* @34#, and type 3 by the random mode
@2,3,5,12#. These three models have symmetry axes para
to the layer normal.

Since only the second- and fourth-order terms contrib
to the Raman scattering process, the molecular orientati
distribution function in thexEyEzE molecular orientation
frame is well approximated by

f mol,E~a,b,g!5 (
L50,2,4

2L11

8p2
^PL~cosb!&EPL~cosb!.

~25!

Here a, b, and g are the Euler angles in the molecul
orientation frame,̂ P2(cosb)&E and^P4(cosb)&E are the ap-
parent second- and fourth-order parameters experimen
obtained in the electric-field-induced ferroelectric SmC*
state, which result principally from molecular level fluctu
tions and slightly from the imperfect alignment of the sme
tic layers as manifested by textures. In theXlYlZl smectic
layer frame, Eq.~25! can be written as@26#

f mol,E~f,u,x!5R̃~0,Q,0! f mol,E~a,b,g!

5
1

8p2 (
L50,2,4

(
m52L

L

~2L11!^PL~cosb!&E

3Dm0
(L)~0,Q,0!Dm0

(L)* ~f,u,x!, ~26!

where Dm0
(L)(0,Q,0) is a rotation matrix, andR̃(0,Q,0) is

the rotation operator that transforms thexEyEzE to
XlYlZl-coordinate frames. Convoluting the molecular flu
tuation given by Eq.~26! with one of the in-plane directo
distribution given by Eqs.~22!–~24!, we obtain the molecu-
lar orientational distribution function

f mol~f,u,x!5E
0

2pE
0

pE
0

2p

f d~f8,u8,x8! f mol,E~f2f8,u

2u8,x2x8!df8sinu8du8dx8. ~27!
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Inserting Eqs.~25! and ~26! into Eq. ~27!, we obtain the
apparent molecular orientationalLth (L52 and 4! order pa-
rameters

^PL~cosb!&app5 (
m52L

L

^Dm0
(L)* ~f,u,x!&, ~28!

with

^Dm0
(L)* ~f,u,x!&5E

0

2pE
0

pE
0

2p

Dm0
(L)* ~f,u,x!

3 f mol~f,u,x!df sinu dudx. ~29!

The results of the model calculation for compound~a! is
listed in Table II. The orientational order parameters expe
mentally obtained at 26°C with no applied electric field a
well reproduced by the result of the type 2 model with
small sd . Moreover, the compound~a! exhibits the tristable
switching under statically applied electric field, as mention
before. These results suggest that the usual surface-stab
anticlinic molecular alignment without helical structure
formed. The orientational order parameters at the tip of
V are well described by the result of the type 1 with
very small sd . The ^P2(cosb)&app of 0.6360.03 and
^P4(cosb)&app of 0.2760.05 were also obtained, respe
tively, at the tip of theV at 32°C in the ferrielectric phase
These orientational order parameters also coincide with
result of the type 1 with a very smallsd . Hence, for the
compound~a!, the small distribution at the tip of theV sug-
gests collective rotation of the local in-plane director.

Table III summarizes the results of the model calculat
for the Mitsui mixture. At 40°C with no dc field, the orien
tational order parameters agree with the results given by t
2 with sd50°. This result suggests the surface-stabiliz
molecular alignment. However, theV-shaped switching in
the first-run indicates that the state is not the usual antife
electric, anticlinic molecular alignment. The orientational o
der parameters at the tip of theV are described by the type
or the type 1 with a largesd . The orientational order param
eters were also obtained at 60°C, where the phase was f
electric in a free-standing film.̂ P2(cosb)&app of 0.60
60.03 and^P4(cosb)&app of 0.1260.05 were obtained, re
spectively at the tip of theV. These values were well de
scribed by the type 3~Table III!. Consequently, the molecu
4-7



ture.
rmined

HAYASHI, KATO, AOKI, ANDO, FUKUDA, AND SEOMUN PHYSICAL REVIEW E 65 041714
TABLE III. Simulated orientational order parameters of Mitsui mixture for the bookshelf layer struc
The molecular tilt angles used for simulations were 26.3° at 40°C and 22.8° at 60°C, which were dete
experimentally by applying dc electric field above the saturation value.

40°C 60°C

sd (°) ^P2(cosb)&app ^P4(cosb)&app ^P2(cosb)&app ^P4(cosb)&app

Type 1 0 0.74 0.41 0.74 0.42
30 0.65 0.25 0.68 0.30
60 0.57 0.12 0.61 0.19

Type 2 0 0.43 20.10 0.50 20.01
30 0.48 20.03 0.54 0.06

Type 3 0.55 0.09 0.60 0.16
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lar orientation of the Mitsui mixture at the tip of theV is
characterized by the considerable large distribution of
local in-plane directors.

When the chevron structure was considered, Eq.~26!
should be modified. The geometry with the chevron la
structure is drawn in Fig. 5~b!. TheZl axis, which represents
the smectic layer normal, is inclined atQc from Zc axis,
which is parallel to the substrate plane. TheXc , Yc , andZc
axes constitute the right-handed Cartesian coordinate fra
TheXc axis is identical with theXl axis. When the model o
the type 1 withsd50 is applied to the tip of theV, the local
in-plane director has two choice of either point,P or P8,
which are not identical now. It is reasonable to selectP with
the smaller inclined angle with respect to the substrate pla
The molecular distribution function was given by

f c~fc ,uc ,xc!5R̃~2p/2,Qc,0! f mol~f,u,x!, ~30!

whereR̃(2p/2,Qc,0) is the rotation operator that transform
theXlYlZl to theXcYcZc-coordinate frames. In the models o
type 2 and 3, the center axis of the molecular orientatio
distribution, which is parallel to the layer normal, is incline
at Qc with respect to the substrate plane. Thus, the appa
orientational order parameters were calculated by consi
ing the chevron layer structure in Eqs.~22!–~30!. Tables IV
and V show the results of the model calculation that ta
into consideration the chevron structure for the compou
~a! and the Mitsui mixture, respectively. The chevron an
of 15° was assumed because the angle was up to 12°@18#.
^PL(cosb)&E used for this calculation were identical wit
those used in the calculation with the bookshelf struct
because the sufficiently high electric field induces the de
mation to the bookshelf structure from the chevron struct
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@35#. The results showed that the chevron structure does
affect the essential understandings of the molecular distr
tion at the tip of theV.

Let us consider the polarization-stabilized twisted SmC*
structure proposed by Rudquistet al. @19#. The bookshelf
structure is also presumed here. The spatial distribution
the local in-plane director along theYl axis can be divided
into three parts, that is, the bulk of uniform orientation stru
ture with high coherence atf5p/2 in the middle of the cell
and the upper and lower thin surface regions with twis
structure. As we go from one substrate to the other of
liquid crystal sample cell,f increases from zero at one su
strate top/2 at the interface between the surface and b
regions, keepsp/2 in the bulk region, and increases aga
from p/2 to p at the other substrate. When the joined tw
surface regions are supposed to be one uniform twisted s
ture, the distribution of the local in-plane director is given
the same function as Eq.~24! provided the distribution along
the Yl axis instead of theZl axis is considered. The distribu
tion in the bulk region is represented by Eq.~22! with sd
50. The averaged distribution of the local in-plane direc
depends on the ratio of the surface regions in the en
space. The highest value of the apparent orientational o
parameter is given in the entire bulk region of the sample
~type 1 withsd in Tables II and III!, and the lowest value in
the entire surface regions~type 3 in Tables II and III.! This
means that the apparent orientational order parameter
creases with an increase of the ratio of the surface region
the bulk region, and vice versa. The orientational order
rameters of the compound~a! at the tip of theV are well
described by the type 1. This indicates that the surface
gions must be sufficiently thin. On the other hand, in the c
of the Mitsui mixture, the low order parameters at the tip
the V can be described by the type 3. This suggests that
e
TABLE IV. Simulated orientational order parameters of compound~a! for the chevron layer structure. Th
chevron angle was assumed at 15°. The other parameters were identical with Table II.

26°C 32°C

sd (°) ^P2(cosb)&app ^P4(cosb)&app ^P2(cosb)&app ^P4(cosb)&app

Type 1 0 0.74 0.45 0.68 0.35
Type 2 0 0.37 20.12 0.41 20.03
Type 3 0.49 0.04 0.49 0.09
4-8
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TABLE V. Simulated orientational order parameters of Mitsui mixture for the chevron layer structure
chevron angle was assumed at 15°. The other parameters were identical with Table III.

40°C 60°C

sd (°) ^P2(cosb)&app ^P4(cosb)&app ^P2(cosb)&app ^P4(cosb)&app

Type 1 0 0.77 0.47 0.77 0.46
Type 2 0 0.42 20.09 0.49 20.01
Type 3 0.54 0.08 0.59 0.15
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surface regions have very large space in the sample
However, the twisted structure that extends throughout
cell does not give a dark state. The thickness of the sur
regions must be less than the wavelength of the visible l
for obtaining the dark state at the tip of theV. Therefore, the
polarization-stabilized twisted SmC* structure is inappropri-
ate for the Mitsui mixture.

VI. DISCUSSION

In this way, theV-shaped switching is observed in bo
extremes of local in-plane director distributions at the tip
theV. One is considerably concentrated at a particular dir
tion or two equivalent ones parallel to a plane perpendicu
to the substrate plates, and the other is quite broadly dis
uted around the smectic layer normal. The former is
scribed by Eq.~22! with a very smallsd and the latter by Eq.
~24!. Two independent mechanisms may be possible to ca
the two types of theV-shaped switching, which look appa
ently the same. However, both the compound~a! and the
Mitsui mixture here investigated belong to a group of ma
rials developed under the guiding principle of frustrating f
roelectricity and antiferroelectricity. These materials a
closely related to the prototyped antiferroelectric liquid cry
tals, MHPOBC and TFMHPOBC, and have the quite simi
molecular structures around the chiral centers. Moreover,
preliminary studies indicate that there exist some material
which the distribution of the in-plane directors at the tip
theV is given by Eq.~22! with a large standard deviationsd
@37#. Any distribution between both the extremes appears
be realized by an actual material. Consequently, it is nat
to attribute a common cause for theV-shaped switching un
der consideration. When the director distribution is rea
concentrated, the charge stabilization and/or the highly
lective azimuthal angle rotation of the local in-plane dire
tors on the SmC* tilt cone in a macroscopic scale can me
the spatial uniformity during theV-shaped switching@16–
20#. In the switching process from the electric-field-induc
ferroelectric state to the one at the tip of theV, however, the
highly collective azimuthal angle rotation in a macrosco
scale could hardly explain the spatial uniformity. It is gene
to anticipate domain formations due to the spatial irregula
on the substrate interfaces in the critical electric field
which the switching starts to occur. The same explana
does not hold for the quite broad distribution as in the Mit
mixture, either.

Since the electric-field-induced continuous rotation o
spatially uniform optic axis characterizes the switching,
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spatial nonuniformity of local in-plane directors must be r
stricted within regions smaller than the visible waveleng
scale. What is essential to theV-shaped switching under con
sideration is the easy formation of invisible microdomains
case of need. This must be assured by the extreme soft
with respect to the tilting directions and sense that res
from the frustration between ferroelectricity and antiferr
electricity. This softness is also indicated by the phenom
of the phase destruction in a thin cell of the Mitsui mixtu
and of the very slow recovery from the state~alignment!
dynamically realized at the tip of theV to the stable one a
zero field in compound~a!. An open question is whether th
dynamic state is ferroelectric or not@19,38,39#? In previous
papers, it was reported that the higher temperature ph
above the antiferroelectric one is ferrielectric in compou
~a! and the Inui mixture@3,4#. However, recent studie
@36,37# indicate that it is peculiar ferroelectric SmC* . Be-
cause of the biaxial anchoring on polyimide aligning film
the so-called surface stabilized states becomes destabi
and the total anchoring energy of molecules on the SmC* tilt
cone is almost independent of the azimuthal angle. Hence
relatively weak in-plane anchoring must force the molecu
to align along the rubbing direction. In addition, the dist
bution around the rubbing direction may become broad w
the twisting power is large. The biaxial anchoring of su
strate interfaces destroy the antiferroelectric order and p
duce the broadly distributed alignment at zero dc field in
Mitsui mixture, which is clearly different from ordinary he
lical SmC* because no Goldstone mode is observed. T
alignment at the tip of theV, also broadly distributed and
almost described by Eq.~24!, may be much closer to ordi
nary helical SmC* ; the Goldstone mode may be observed
dynamically measuring the dielectric constant at the tip
the V @19#. The details of evolution from antiferroelectric t
ferroelectric are future problems to be studied.

Finally, let us consider that the frustration between fer
electricity and antiferroelectricity from a viewpoint of th
free energy that is related with the interaction between
adjacent layers. Considering the symmetry of the phase,
averaged interlayer interaction can be represented in the
lowing form with taking the first two Fourier componen
@40,41#.

v~Df!5v1 cosDf2v2 cos 2Df, ~31!

whereDf is an azimuthal angle difference between the lo
in-plane directors of adjacent layers;Df50 and Df5p
represent the synclinic and the anticlinic orderings, resp
tively. A small deviation due to the helicity is ignored. Pos
tive v1 promotes the anticlinic ordering whilev2 represents
4-9
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the energy barrier between synclinic and anticlinic orderi
The distribution of the local in-plane directors critically d
pends on the barrierv2. The smallv1 and relatively largev2
compared with the thermal agitation give a long relaxat
time from synclinic to anticlinic ordering. Therefore, the sy
clinic ordering is conserved under periodically applied el
tric field at an appropriate frequency for theV-shaped
switching. The electric-field-induced ferroelectric sta
which is characterized with a small distribution of the i
plane directors, may rotate almost collectively because
total anchoring energy on the SmC* tilt cone is nearly inde-
pendent of the azimuthal angle@16–23,36,37#. This is actu-
ally observed in compound~a!. Whenv2 is sufficiently small
so that the substrate interfaces destroy the anticlinic, ant
roelectric structure@14,36,37#, the thresholdless switchin
occurs even in the first run as actually observed in the Mi
mixture. Moreover, the spatial irregularity on the substr
interfaces, together with the strong twisting power, may p
mote the large distribution off during theV-shaped switch-
ing. This type of the switching corresponds to the Mits
mixture.

VII. CONCLUSIONS

Polarized Raman scattering technique is very useful
the evaluation of orientational molecular distribution in li
uid crystal systems. The orientational order parameters w
investigated for two types of liquid crystals showing t
V-shaped switching, compound~a! and Mitsui mixture. The
results showed two extreme distributions of the local
, i
e

y
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nd
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l
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in
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plane director at the tip of theV. The compound~a! exhibited
a small distribution, while the Mitsui mixture exhibited
large distribution. The small distribution of the local in-plan
directors for the compound~a! suggests the collective az
muthal angle rotation in theV-shaped switching process
However, the same explanation does not hold for the Mit
mixture with quite large distribution of the local in-plan
directors at the tip of theV. What is essential to theV-shaped
switching is the easy formation of invisible microdomains
case of need. This required the softness with respect to
tilting directions and sense that results from the frustrat
between ferroelectricity and antiferroelectricity. The diffe
ence in the distribution of two types of liquid crystals at t
tip of the V was explained by the barrier between synclin
and anticlinic ordering in adjacent layers. The small barr
gave a large distribution at the tip of theV in the dynamic
switching, consequently triggered theV-shaped switching
even in the firstrun. On the other hand, the large barrier d
small distribution and the tristable switching.
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