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Intrinsic aspect of V-shaped switching in ferroelectric liquid crystals: Biaxial anchoring arising
from peculiar short axis biasing in the molecular rotation around the long axis
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To clarify the intrinsic aspect of practically usable thresholdsshaped switching in ferroelectric liquid
crystals, we have observed textures and measured polarized Raman scattering as well as optical transmittance
in a thin homogeneous cell of a single compound by applying an electric field. The results indicate that the
so-called surface stabilized ferroelectric states are destabilized, and that there exist rather stable two domains
with broad and narrow molecular orientational distributions, both of which show the almostMesaped
switching with considerably low transmittance at the tip of thee have concluded that the main cause of
the V-shaped switching is the biaxial anchoring on the substrates coated with polyimide, which makes the most
polarizable short axis normal to the substrates. It is in competition with the ordinary anchoring that favors the
director parallel to the substrates, when the material has such a bulk intrinsic property that this short axis is
parallel to the tilt plane. The competition makes the total anchoring energy almost independent of the azimuthal
angle and gives rise to thé-shaped switching.
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[. INTRODUCTION There are two equivalent biased directions in G be-
cause of the €symmetry axis normal to the tilt plane; the

The thresholdles¥/-shaped switching, characterized by averaged short axis, as a whole, or the most easily polariz-
the field-induced continuous reorientation of a spatially uni-able macroscopic short axis should be in the tilt plane or
form optical axis, was observed in two kinds of mixtures,vertical to it. Accordingly, SmC* in the bulk may be
which consist of compounds with molecular structures basigrouped into two, ordinary and frustrated. In ordinary Sm
cally similar to those of the prototyped antiferroelectric lig- C*, the short axis is vertical and hence the minimum index-
uid crystals, MHPOBC and TFMHPOB[1-3]. Because of of-refraction axis is parallel to the tilt plane; the melatopes
its potential applications to liquid crystal displays with active appear perpendicularly to the applied electric field. In frus-
matrix electrode$AM-LCDs) [4,5], many liquid crystal ma- trated SmC*, on the other hand, the short axis is parallel
terials (single compounds and mixtupebave been devel- and hence the minimum index-of-refraction axis is vertical to
oped under the guiding principle of frustrating ferroelectric-the tilt plane; the melatopes emerge parallel to the field. Mat-
ity and antiferroelectricity6—9]. It has been well established sumotoet al. further assumed, concerning the surface prop-
that any liquid crystals, ferroelectric, ferrielectric, and anti- erty of polyimide aligning films, such biaxial anchoring that
ferroelectric, may show th¥-shaped switching; the frustra- the most easily polarizable macroscopic short axis is liable to
tion must be a bulk property essential for its appearance. Abecome perpendicular to the substrates. In other more intui-
the same time, a puzzling statement has been repeatediye words, the phenyl rings and carbonyl moieties would
made in previous publications; the suitable materials for thdike to become perpendicular to the polyimide aligning films.
V-shaped switching show an apparently single ferrielectridn ordinary SmC*, not only the director anchoring but also
phase in the bulk over a wide<(100 °C) temperature range. this biaxial anchoring of the short axis constructively stabi-
In fact, such is the electric-field dependence of conoscopitizes the so-called surface stabilized states. In frustrated Sm
figures in theV-shaped switching materials that the me-C*, on the other hand, these two kinds of anchoring result in
latopes emerge parallel to the applied electric field. Concerna competition so that the total anchoring energy becomes
ing this peculiar melatopes appearance, Matsurebtd.re-  almost independent of the azimuthal angle specifying the
cently clarified another essential property in the bili]. position on the Sn&* tilt cone. Consequently, the relatively
They concluded that the “ferrielectric phase” is a frustratedweak anchoring due to rubbing must align in-plane directors;
ferroelectric (smecticC*) Sm-C* phase, where the most when the chiral twisting power is large, the distribution
easily polarizable molecular short axis is characteristicallyaround the rubbing direction may become broad. In other
biased in the rotation around the molecular long axis. words, the molecular alignment critically depends on the
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FIG. 1. Chemical structure and phase sequence of the liquid
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ments have actually been obsenjéd—-13.

In this way, three basic essentials for ¥eshaped switch-
ing in the group of developed materidl§,7] are the fol-
lowng: (1) the frustration between ferroelectricity and anti-
ferroelectricity, (2) the peculiarly biased molecular rotation

1
around the long axis that keeps the most easily polarizable
macroscopic short axis in the tilt plane, a8 the biaxial
anchoring favoring this short axis perpendicular to the sub-
strates coated with polyimide aligning films. The purpose of ®¢

this paper is to advance the understanding of \fh&haped

switching in terms of these three essentials. The paper is

arranged as follows. After describing the experimental setups

and sample cell preparations, Sec. Il reviews how to obtain

the apparent order parameteBy) 4pp aNd{ P 4) 5pp, from the

polarized Raman intensitieb; mead @) andly meaf ). Sec- Xd Xi
tion 1l summarizes experimentally obtained results, i.e., tex-
tures, electro-optical responsg®,) ap, and(P)4p,, and in
particular, tho_se measured at th_e tip of theby time- ) the smectic layer coordinate fram&(Y,,Z;) and the local
resolved poIanze_d R_aman scattering. In order to understan -layer director coordinate framec{,yy,zs). The Y andY, axes

the V-shaped switching, we try to reconstruct the molecularye taien to coincide with each other, since no chevron structure is
orientational distribution function at the tip of thg Sec. IV ¢onsidered. Substrates are perpendicular tovtheis and an elec-
describes the reconstruction method. In Sec. V, we explaifc field is applied along it.

how the biaxial anchoring destabilizes the so-called surface

stabilized states; this leads to theshaped switching as is

being experimentally observed. Section VI gives the conclub&am diameter is=700 um. The scattered light going back
sion. along the Y axis is collected by a telescope len$ (

=130 mm andf/d=1.3). After passing through a polarizer
and a Raman notch filter, the scattered light is focused onto
an optical fiber that transmits the light to a monochromator
The liquid crystal single compound shown in Fig. 1 was(Spex, 270M combined with a multichannel detect@®rin-
sandwiched between two indium-tin-oxide-plated glass subeeton Instruments, IPDA 5)2The slit width of the mono-
strates, which were coated with 20-nm-thick polyimide chromator is 20Qum. TheZ- and X-polarized Raman spec-
(Nissan, RN-1266as an aligning reagent. Only one of the tra were measured by rotating the sample cell fiom0° to
two substrates was rubbed in one direction and sense. The=180° about theY axis. Here,w is the rotation angle of
gap of the cell was set at 1m by spacer particles. The the cell andw=0° indicates that th& axis is parallel to the
sample cell was mounted in an oven, the temperature dfyer normal. The Raman line at 1600 ¢h assigned to the
which was adjusted by a controllgiYyokogawa, UP550 C—C stretching mode of phenyl ring, is suitable for probing
within an accuracy of- 0.1 °C. In this paper, all experiments the molecular ordering because this line is well separated
were carried out at 60 °C. The spontaneous polarization offom the other lines and, moreover, because the major prin-
the sample is~250 nCcm 2 (2.5x10 3 Cm™?). cipal axis of the Raman scattering tensor is almost parallel to
Polarized Raman scattering was measured in the baclithe molecular long axis. The- andX-polarized Raman lines
ward scattering geometry. The green light at 514.5 nm fronat 1600 cmn* were fitted with a Lorentzian curve and the
an Ar-ion laser(Spectra-Physics, BeamLok 206@as used integrated intensitiesl; neqas @nd Iy meas Were calculated.
for excitation. Figure 2 schematically shows the geometryThe depolarization ratio of the Raman line in the isotropic
used in polarized Raman scattering measurements. The lagghase Rigo=1x mead | z meas 1S 0.373.
light is incident along thé& axis and its polarization direction The integrated intensities under no electric field and in the
is parallel to theZ axis. Here, theX, Y, andZ axes constitute field-induced uniform ferroelectric states were obtained for
the right-handed Cartesian coordinate frame and XiZe  every 10° fromw=0° to @ =180°; the accumulation time
plane is parallel to the substrates. The incident laser lightvas 50 s. To obtain the integrated intensities at the tip of the
with a power of 0.5 W is focused onto the sample and thé/, time-resolved Raman scattering measurement was per-
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FIG. 2. Coordinate systems in polarized Raman scattering mea-
surements(a) the laboratory fixed coordinate fram&,(Y,Z) and

II. EXPERIMENT

011702-2



INTRINSIC ASPECT OFV-SHAPED SWITCHING IN . .. PHYSICAL REVIEW E58, 011702 (2003

(a-i) (a-ii)
¥ M domain l:dark_‘

domain 2: dark

36°

FIG. 3. (Color online Optical micrographs of textures taken at the virgin stat® and(a-ii), after five cycles of the switchingp), and
after the long-term switchingc-i), (c-ii), and (c-iii). The sample cell was placed in such a way that the unrubbed and rubbed substrates
comes above and below, respectively. The rotational stage was so adjusted that one of the domains becon{esgtadmisstegl Crossed
polarizer axes are parallel and perpendicular to the horizontal edge of each micrograph, which corresponds to the optical axis of extinguished
domains. The micrograpfe-iii) was obtained by applying an electric field of 8.6uvh™ ! and the others were taken without any electric
field. The arrow ‘L” indicates the layer direction and the arrowR" indicates the rubbing direction. All images were taken at the same
magnification and a white bar drawn bottom left(axi) corresponds to 0.1 mm in length.

formed at every 30° by applying a 1-Hz-triangular waveformtored for confirming the thresholdledsshaped switching

electric field. The gated pulse with 4 ms width was appliedduring the time-resolved polarized Raman scattering mea-

once in a period of 1 Hz to the detector at the tip ofthend  surements. Texture observation by a polarizing optical mi-

the accumulation time was 10 min. The apparent second- anttoscopgOlympus, BX50 was made for testing the quality

fourth-order orientational order parameters,),,, and  of alignment in the virgin state, after short-term § cycles

(P4)app, Were obtained from the integrated intensities as wellf 1-Hz triangular wave and long-term(10 hg switching

as the depolarization ratio by using the procedure describedperations, and before and after the polarized Raman scatter-

in the previous papelfl4]. It should be noted that the ob- ing measurements.

tained apparent order parameters include the information not

only about the spatial distribution of the local in-plane direc-

tors but also about the fluctuations at the molecular level and

the imperfect alignment of the smectic layé¢iel—16. Figure 3 summarizes micrographs of a cell taken by a
The intensity of the laser light passing through the cellpolarizing microscope. The rotational stage was so adjusted

and a polarizer was detected by a photodiode. The polarizahat one of the domains becomes darkest. Two domains, “1”

tion direction of the polarizer is perpendicular to that of theand “2,” are observed in the virgin state before applying any

incident laser light. The electro-optic response was monielectric field, the textures of which are shown in Fig&a-8

Ill. RESULTS
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and Ja-ii). In both domains, the interface induced electro-
clinic effect in the SmA phase makes the layer normal in-
clined by +7° (clockwise from the rubbing directiofl17—
19]. Domain 1 occupies larger area in the sample cell. Its
somewhat bluish, though considerably dark, texture in Fig.
3(a-i) indicates that domain 1 is in the twisted state with a
small twisting anglg12,20. The average optical axis is al-
most parallel to the layer normal in domain 1. The very
uniform dark texture in Fig. &-ii), on the other hand, ap-
pears to indicate that domain 2 is in a surface stabilized state
[13]. The optical axis makes an angle ef15° (counter-
clockwise with the rubbing direction.

By applying five cycles of a triangular waveform electric
field (1 Hz, =10 Vum™1), we obtained a texture character-
ized by many stripes nearly along the layers as given in Fig.
3(b). The texture indicates the same small twisted state as
domain 1 except for the stripes. The average optical axis is
parallel to the layer normal, although the optical axis of each
stripe domain shows some orientational distribution around
the averaged one. Since domain 2 disappears, the small
twisted state must be more stable than the surface stabilized
state.

After switching for ca. 10 h, two newly emerging do-
mains, “3” and “4,” prevail as shown in Figs. @-i) and
3(c-ii); domain 3 is extinguished and domain 4 is bright in
15 10 -5 0 5 0 15 Fig. 3(c-i), while the opposite is true in Fig.(&ii). The

Applied voltage (V) texture of the domain 3 closely resembles the one observed
_ _ ) in Fig. 3b), indicating that domain 3 also is in the small

FIG. 4. Electro-optic responses observed in domaif® &nd 4 yisted state. Domain 4 has the average optical axis tilted by

(b). Solid and open circles were obtained by increasing and decreaé-a_ —10° from the layer normal and is characterized by thin

ing the applied electric field, respectively. stripes parallel to the layer. Further switching results in the

Transmitiance (arb. unit)

Transmittance (arb. unit)

FIG. 5. Polar plots of polarized Raman intensitigs arbitrary unit3 vs cell rotation anglegin degreesobtained in domain 3a) and
domain 4(b). (i) 8.6 Vum™?! (do), (i) 0 V (do), (i) —8.6 Vum™1, and(iv) at the tip of theV (1 Hz). Solid and open circles show
Iz meaf @) @ndly neafw), respectively, andy neo{w) is enlarged three times.
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TABLE I. Orientational order parameters obtained by polarized TABLE Il. Orientational order parameters calculated by using

Raman scattering measurements. Egs. (1) and (2). The molecular tilt angle used wad=35.1°,
which was determined experimentally by applying a dc electric
Domain 3 Domain 4 field of 8.6 Vum™1,
E(V Mmil) <P2>app <P4>app <P2>app <P4>app - -
Domain 3 Domain 4
0 (do 0.40 —0.13 0.39 —-0.14 a4
8.6 (do) 0.77 0.46 0.84 0.62 (degreg¢  (P2)app (Pa)app (P2)app (Pa)app
—8.6(do 0.86 063 084 064 Equation(1) 0 0.74 042 076 0.49
. 20 0.65 0.25 0.66 0.28
the tip of V (1 H2) 0.49 0.00 0.76 0.52 40 0.50 0.03 0.50 0.02
60 0.43 —0.06 0.43 —0.09

expansion of domain 4 at the expense of domain 3. Figure

3(c-iii) shows the texture obtained by applying an electricEquation(2) 041 -0.09 041 -0.13

field of 8.6 Vum™1, which is high enough to attain a field-

induced uniform state. Many lines emerge along the layer

normal in domain 3, while few are observed in domain 4,results observed by a polarizing optical microscope and is

although these lines are not clearly reproduced in Fig- 3 given in Fig. 3c-i) and 3c-ii). In the field-induced uniform

iii ). These lines must indicate the horizontal chevron strucstates shown in Figs.(&i), 5(a-iii), 5(b-i), and §b-iii), the

ture which are frequently observed in the field-induced uni-nmaximum points of ; .,{w) are tilted by the averaged mo-

form state [21,22, suggesting a difference in the layer lecular tilting angle from the layer normal. At the tip of the

structure between domains 3 and 4. V, the averaged molecular orientations are parallel to the
Figures 4a) and 4b) illustrate theV-shaped switchings layer normal in both domains as seen in Fig&a-&) and

observed in domains 3 and 4, respectively, by applying ad(b-iv). However, a significant difference is noticed in the

electric field of triangular waveforril Hz, =10 Vum™1).  profile of I neaf ). The rather round profile dfy peaf @)

The electro-optic response in domain 3 exhibits small hysin Fig. 5a-iv) suggests a broad molecular orientational dis-

teresis on the way between the tip of theand the field- tribution, while the distinct four-leaf clover profile in Fig.

induced uniform state, although the tip in the increasing and(b-iv) indicates a narrow distribution.

decreasing processes are located at almost the same position;The fitting procedure described in the previous pdpdi

the critical electric field where the transmittance reaches t@rovides apparent orientational order parameté?s) ,,,and

the plateau is slightly smaller than the one where the transtP,)app, together with the apparent molecular tilt angle from

mittance leaves the plateau. Such a hysteresis is not observéw layer normal@ ,,,. Table | lists(P5) 4o, and(P ) app, and

in domain 4. For both domains, the transmittance at the tip 08 ,,,s are 35.1° and 36.0° in domains 3 and 4, respectively.

the V is extremely low although the position of the tip is The difference ir® ,,, between the domains may owe to the

slightly shifted toward the negative electric field. This shift is horizontal chevron layer structure in domain 3. For the re-

frequently observed in one-side rubbing cdlid,23. The laxed states without any electric file=0 (dc), the orien-

saturation voltage/, is =10 V. Clark et al. showed that tational order parameters for both domains are very small.

VaiiS given byVg,=2Pot/ €, [24], wheret is the thickness The surface stabilized states are not yet attained. These may

ande_is the dielectric constant of the alignment layer. Sincebe caused by a residue of helical structure and/or many

Py=2.5x10"2 Cm 2, t=20 nm, ande, =3¢, (€, is the  stripes observed in Figs(&i) and 3Jc-ii). It should be no-

vacuum dielectric constantV,=4 V is predicted which is ticed that the order parametersit 8.6 Vum™! in domain

only one half of the experimental value. 3 are lower than the other three uniform field-induced uni-
Figures %a) and 5b) show the results of polarized Raman form states. This suggests that the molecular orientational

scattering measurements in domains 3 and 4, respectivelgistribution in the cell aE=8.6 Vum~* is much different

The Raman intensitied(w) and Iy(w), are plotted as a from the others. At the tip of th&/, the order parameters

function of the cell rotation angle. Here,w=0 indicates obtained in domain 3 are very small while those in domain 4

that the layer normal is parallel to the polarization directionare rather large.

of incident laser light. The polarized Raman intensities from

190° to 350° are duplicates of the observed intensities from

10° to 170°. The maximum direction ¢f neasCOrresponds

to the averaged molecular orientation. Figurda-i and In order to clarify the process or mechanism of the

5(b-ii) show the results obtained under no electric field. Fig-V-shaped switching, it is useful to presuppose some orienta-

ures %a-i), 5(a-iii), 5(b-i), and Zb-iii) are the results in the tional distribution functions of local in-layer directors that

field-induced uniform states obtained by applying dc electriccan reproduce the apparent order parameters experimentally

fields. Figures fa-iv) and Hb-iv) were measured by the obtained at the tip of th¥. The geometry used in this model

time-resolved technique at the tip of tieduring the switch-  calculation is illustrated in Fig.(®). The director tilt angle

ings shown in Figs. @) and 4b), respectively. The maxi- © is considered as constant throughout the sample at a par-

mum point ofl ; eaf @) in Fig. a-ii) is ca. 2° whereas that ticular temperature, because any chang® ieritically varies

in Fig. 5b-ii) is ca. —10°; these are consistent with the the smectic layer thickness and hence results in a remarkable

IV. MODEL CALCULATION
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free energy increase. Hence, any rather narrow distributions
in the azimuthal angle> can be simply written as

unrubbed surface

(p—ml2)

1
fa(d,0,x)= 477—\/%6)(;{ - T‘S 6(6—09),

&Y

while extremely broad distributions ieh are approximated
by the uniform distribution

fa(,0,x)=5(6—0)/(87). ) Y,

Here, ¢, 6, andy are the Euler angles of the local in-layer ¢
director coordinate framex{, yq, andzy) in the smectic
layer coordinate framex(, y,, andz), & is the dirac delta
function, andoy in Eq. (1) refers to the standard deviation.
The distribution withoy=0° can also be written ag(¢ @ () (©
—m/2); with increasing o4, the distribution becomes ) _ ) _ _
broader. Note that, as seen in Figéa8) and 8b-iv), the FIG. 6. Poss_lble orientational stru_ctures of in-layer directors
averaged molecular orientations at the tip of Yhare almost along. the cell thickness; the Sm.a” twist structues, the Surfac.e
parallel to the normal both in domains 3 and 4, i.é., stabilized structuréb), and the uniform structuree). The arrows in
— /2. It has already been explained in detail in the previou the C|rcles_|nd|cate the a2|muthal direction of the local in-plane
™ y . P P irectors with respect to th¥, axis. The angle between the arrow
papgrs{:m,l&'ﬂ hO\_N to Obta'n<P2>6}pp and<P4>appf'fom these and the alignment layer surfaceds No chevron layer structure is
distribution functions together with some experimentally ob-..sidered.
tained data.
Table 1l lists the results of such model calculations in
domains 3 and 4. A small difference between the results cal-
culated in domains 3 and 4 results from the fact that the \We admit that our cell fabrication method was inappropri-
order parameters of the field-induced uniform states are difate at least in the following two respect$) we rubbed only
ferent between domains 3 and 4. However, the difference isne substrate because of a difficulty in preparing cross rub-
so small that it makes no significant meaning in the follow-bing in order to compensate a rather large interface-induced
ing discussion. The apparent order paramet@®s),,, and  electroclinic effec{17-19 and(2) we had to use RN-1266
(P4)app, calculated by Eq(l) with o3=40° and 0° almost with slightly low performance because a much better align-
reproduce the experimentally obtained ones at the tip of thing agent RN-1299 absorbs the 514.5-nm laser l{giH].
V in domains 3 and 4, respectively. One may consider thaThe inappropriateness surely caused the temporal variation
the broad distribution in domain 3 is due to the polarization-of textures and molecular orientational distributions after the
stabilized twisted structure proposed by Rudqatsal. [25]. switching operations. However, as explained in the follow-
The proposed structure has a thick bulk slab with the uniing, it very much helped us to understand the important role
form orientation of molecules, which is stabilized by the played by the biaxial anchorifd 0] as well as the frustration
stiffening effect of the high spontaneous polarization, anchetween ferroelectricity and antiferroelectriciig—9]. The
very thin slabs with twisted structure near two substrate sureompound here investigated was reported as a ferrielectric
faces. The spatial distribution about the azimuthal angle ofiquid crystal[6]. As explained in the Introduction, however,
the in-layer director along th¥, axis is characterized by the it is much more natural to consider that the “ferrielectric”
coherence lengtl§, which is given by phase is a ferroelectric S@* phase in which the melatopes
in the helix-unwound state may emerge parallel to the ap-
/Ke plied electric field contrary to those in ordinary S ob-
&=\ = 3 served in DOBAMBC, MHPOBC, etc. There is no inevita-
Pa bility for the emergence of the perpendicular melatopes in
Sm C* [10], because whether the minimum index-of-
Here,K is the elastic constant is the dielectric constant, refraction axis is parallel or perpendicular to the tilt plane
andPy is the spontaneous polarization of the sample. Whereritically depends on the biasing direction of the most polar-
Po=25x10°3Cm 2 K~10"'N, and e=10¢,=8.9 izable short axis in the molecular rotation around the long
X101 Fm™? for typical values,é=~10 nm is obtained. axis. Note that the melatopes appear in a plane containing the
This condition gives (P)ap;=0.70 and (P4),,=0.40,  viewing direction and the minimum index-of-refraction axis.
whereas the experimental values are 0.49 and 0.00, respde-fact, the surface stabilized state observed as domain 2 in
tively. Hence, the broad distribution in the domain 3 cannotFigs. 1a-i) and Xa-ii) supports the identification of S@*;
be explained by the assumed polarization-stabilized twistethe apparently small tilt angle shown in Figa3i) as com-
structure[25]. pared with that in Fig. @-iii) must result from the chevron

-
\ /
(2
(2
(2
(2
(2
(2
(9
(2
A
W

rubbed surface

V. DISCUSSION
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structure together with the pretilt on the substrates as will belirectors being parallel to the substrates, when the material
explained in connection with Fig(I8). Since domain 2 is not has such a bulk intrinsic property that the most easily polar-
stable, there must exist some mechanism that destabilizes timble macroscopic short axis is parallel to the tilt plane. The

surface stabilized states. coefficients can be written as
Let us consider how thbiaxial anchoring causes the de-
stabilization and this results in thé-shaped switching. Do- Ap=Apu=2apcoq2¢,), (7)

mains 3 and 4 that exist rather stably in a sample cell have
the different azimuthal angle distributions of the in-layer di- where ¢, is the angle between the most easily polarizable
rectors at the tip of the/, but still show the very similar molecular short axis and the S@t- tilt plane normal[10].
thresholdless/-shaped electro-optical responses. The distri-Since the conoscopic observation indicates thé<y,
bution is broad in domain 3, while it is very narrow in do- <3w/4 in the compound here investigated, the second and
main 4. This fact indicates that the “charge stabilization” third terms partly cancel out with each other due to a change
and/or the “polarization stiffening{24,25, if any, does not in the signs ofA, | andA; , based on the anglg,, .
play a decisive role. The broad distribution may partially be The ¢ dependence of the polar and nonpolar interaction
due to the very short helical pitch170 nm)[6]; however, terms must become considerably reduced. Consequently, on
the helical unwinding process is not dominant in thethe rubbedsurface, the in-plane anchoring term dominantly
V-shaped switching as clearly seen in the very narrow distridletermines the molecular orientation, makihg /2 stable
bution in domain 4. Some randomization process that makeas already confirmed by some other experimental results
the distribution broad must be necessary for explaining botfi12,13,2Q. The interface-induced electroclinic effeld7—
the very low orientational order parameters at the tip ofthe 19] and the weak polar interaction term with a positig,
and the apparently uniform switching. Moreover, since thegives a slight deviation frong= 7/2 toward ¢=0. Mean-
distributions in the relaxed statesBt&0 V um™* (dc) are  while, on theunrubbedsurface, thep dependence of, ,, is
different from those at the tip of thé both in domains 3 and also small; since there is no in-plane anchorifig, must
4, it is clear that the interaction between the liquid crystalhave two minima ag~0 and ¢~ = for —A, ,—A;, ,<O0,
and the alignment layer molecules affects the molecular oribut has only one minimum ap~ /2 for — A, ,— A, ,>0.
entational distributions during the switching processes. Th&Vhen the two minima exist, either @f~0 or ¢~ 1 is more
interaction is usually described by the anchoring energy fostable than the other depending on the signhpt,. In the
directors on the substratefs, . virgin state of the sample, the small twisted structure of do-
Taking the smectic layer frameX(,Y,,Z;) as shown in  main 1 and the surface stabilized structure of domain 2 are
Fig. 6, we writef, as the sum of two contributions from the observed. Hence, we conclude thad,, ,— A, ,<0. By tak-
upper unrubbed and the lower rubbed substrates, ing into account of the smailb dependence df, , the elastic
energy, and the stiffening effect, two structures illustrated in
Figs. Ga) and Gb) are probable. When the phase transition
from SmA to SmC* occurs epitaxially from the unrubbed
surface,¢~0 and ¢~ 7 are equally possible. If the phase
fa,=const-A, cos(0) — Ay c0Sp(0) — A, cOSh(0) transition starts with¢~0, the small twist structure is
formed as shown in Fig.(6). Because of the elastic force
— A sing(0) (5 and the stiffening effect, the molecular orientation along the
cell thickness or theY, axis tends to be uniform in the bulk
and ¢ on the unrubbed surface approachesri@ from 7

f 4= CONSt- Anyucosz¢>(L)—Ab,ucosqu(L)+Apyucos¢(L). because of the smajp dependence of, [24,28,29. Mean-
6

fa=faitfau, (4)

where

and

while, if the phase transition starts with~ 7, the surface

stabilized structure is formed as shown in Figb)6 Rela-
Here,¢(0) andg(L) are the azimuthal angles specifying the tively thin alignment layers+{ 20 nm) can maintain the sur-
directors on the lower rubbed and the upper unrubbed suljace stabilized statf30]. Since domain 2 changed into do-
strates. The second and fourth terms represent the ordinargain 1 after a few cycles of the switching operation, the
nonpolar and polar anchoring energi@s]. The fourth polar surface stabilized structure is a metastable state. The meta-
terms are considered not so large on the polyimide aligningtability of the surface stabilized structure may result from
films. The last term in Eq(5) is the in-plane anchoring en- the unfavorable sign of\,, the stiffening effect, and the
ergy due to rubbing introduced by Panasgnhal. [27]. In-  elastic force in the bulk becausge~ 7/2 is always stable on
creasing the rubbing strength leads to a larger valug;¢f the rubbed surface. In the similar way, if the phase transition
[17,27). No corresponding term exists in E@) because the takes place from the rubbed surface, only the small twist
upper substrate was not rubbed. All the coefficients of thessetructure is stabilized.
terms are usually considered to be always positive. The bi- Now we try to understand the switching process in do-
axial anchoring is given by the third terms in both E¢®. mains 3 and 4 together with the evolution from domain 3 to
and (6). As explained in the Introduction, Matsumogbal. ~ domain 4. In the early stage of the switching operation, the
[10] assumed that the most easily polarizable macroscopiiteraction between the liquid crystal and the alignment layer
short axis is liable to become perpendicular to the substratemolecules is relatively strong and the motions of the liquid
It results in a competition with the ordinary anchoring of crystal molecules are disturbed by the irregularity of the
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alignment layer surface. The synclinic molecular arrangemogeneous cell of a single compound by applying an electric
ment between adjacent layers is easily broken and cannot Hield. It becomes clear that the so-called surface stabilized
recovered immediately because of the reduced interlayer mderroelectric states are actually destabilized and that there
lecular correlation by the frustration between the ferroelecexist rather stable two domains with broad and narrow mo-
tricity and antiferroelectricity. Therefore, the randomization|ecular orientational distributions, both of which show the
process is introduced and the distribution of the local in-layeimgost similar, rather ideal thresholdleésshaped switching.
directors must be broadened at the tip of ¥has observed in - The molecular distributions at the tip of theis not essen-
domain 3. The relatively strong interaction causes some hy§;a|- hence, charge stabilization or polarization stiffening

teresislof the electrojolpti;: reﬁponse shown ifn r']:i@;“)"“,t [24,25 does not play any decisive role. What is essential is
must also be responsible for the emergence of the horizontgl yiaxial anchoring on the substrates coated with polyimide

g\r/]vi\clzﬁz Sgug::{ii r;naggThilqai.elrr}i dr%r?r?;:jig:[igr:e Ir%g%'égrs 10], which makes the most polarizable short axis normal to
g op . g P! he substrates. It results in a competition with the anchoring
large number of free ions due to the decomposition of the

alignment layef12]. The increased free ions reduce the in—Of the director pe_1ra|_|e| _to the substrates, when the_ rqaterial
teraction between the liquid crystal and the alignment Iayepas such a .bUIk intrinsic property that the short axis is par-
molecules, namely, both the polar and nonpolar interaction iﬁl”el t,o the tilt plane. Consequently, the phelnomen(.)n of the
Egs. (5) and (6). The ¢ dependence of , is almost lost on practically usable threshold!esé-shaped swﬂchmg is not
the unrubbed surface, although the favored orientation is stiftPParent, contrary to the view expressed by Blirehal.
parallel to the rubbing direction on the rubbed surface due t631]; @and depends on the intrinsic properties of the materials
the in-plane anchoring. Consequently, the molecular orients@S Well as the cell interface characteristj€s7,10. More-

tion becomes uniform and parallel to the rubbing directionover, another intrinsic property, the frustration between fer-
[12]. The reduced interaction hardly disturbs the uniformroelectricity and antiferroelectricitf6—10], assures the ex-
molecular alignment, as shown in Fig(ch even in the tremely reduced interlayer tilting correlation and hence the
whole switching process. The texture under a high electridield-induced continuous reorientation of a spatially uniform
field as seen in Fig.(8-iii) and theV-shaped switching with  optical axis without forming any visible domains.

no hysteresis observed in Fig(b} support this inference.
The absence of the horizontal chevron structure may also
indicate the reduced anchoring in both the polar and nonpo-

lar interactions in Eqs(5) and (6). ACKNOWLEDGMENTS
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