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Orientational distributions in smectic liquid crystals showing V-shaped switching investigated
by polarized Raman scattering

Naoki Hayashi and Tatsuhisa Kato
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Takayuki Aoki, Tomohiro Ando, and Atsuo Fukuda
Department of Kansei Engineering, Shinshu University, Ueda 386-8567, Japan

S. S. Seomun
Department of Electronic and Electrical Engineering, Trinity College, University of Dublin, Dublin 2, Ireland
(Received 11 October 2001; published 10 April 2D02

Molecular orientational order parameters have been obtained by Raman scattering in two types of liquid
crystal materials showing thé-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 thé 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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[. INTRODUCTION The purpose of our investigation is to understand the
mechanism of the/-shaped switching. As a first step, we
The electric-field-induced continuous reorientation of ahave established a method of elucidating the alignments of
spatially uniform optic axis was observed as Meahaped local in-plane directors at the tip of thé by utilizing polar-
switching or the thresholdless analog optical effect in twoized Raman scatteriri@4—2§. We have studied the molecu-
kinds of mixtures consisting of some homologues of the prolar alignments in the two materials, one component of the
totyped antiferroelectric liquid crystals, MHPOBC and TFM- Inui mixtures[compound(a)] and the Mitsui mixture(Fig.
HPOBC[1-5], which were designated as the Inui mixture 1). In both of the matgnals, the antlfgrroelectrlc phase eX|st
and the Mitsui mixture. This peculiar switching has attractec® low temperatures in the bulk but is not s'gablg enough in
much attention because of its potential applications to quuiothln homogeneous cells. Thé-shaped switching is always

crystal displayg6—11]. The random switching model was observed at least in the high-temperature re_gi_on of the anti-
proposed. TheV-shaped switching was regarded as theferroelectrlc phase. In co_mpoumd), however, it is stable to
some extent even in thin homogeneous cells, because the

Langevin-type reorientation process of local in-plane direc,

¢ the tilting directi £ which domlv distribut dtristable switching is observed in the first-run while the
ors, the Tifting directions ot which are randomly distrioute V-shaped switching appears in the subsequence. Some of the
from smectic layer to layer. The tilting correlation of the

; . . ,cgreliminary results were reported in the Mitsui mixture, in-
local in-plane directors between adjacent layers was considyicating the considerably broad distribution of the local in-

ere'd to be Iost.because qf 'the frustration between ferroele(b1ane directors at the tip of thé [28]. Actually, a variety of
tricity and antiferroelectricity[2—5,13. In fact, Seomun he gistributions appear to exist. The details are studied and
et al.[13] and Pociechat al. [14] confirmed that substrate giscussed in terms of the frustration between ferroelectricity
interfaces destroy the antiferroelectric order in thin homogeand antiferroelectricity in the following.

neous cells, apparently promoting the randomization of the The paper consists of seven sections. Section Il describes
local in-plane directors from layer to layer. Another explana-the experimental setups and Sec. Ill explains how to obtain
tion has also been made successfully by the effective internghe polarized Raman intensities as a function of sample ro-
field model[15]. On the other hand, Takezetal.[16], Park  tation angle and to determined the apparent order parameters
et al. [17,18, Rudquistet al. [19], and Clarket al.[20] as-  from the intensities. Section IV shows the experimental re-
serted the charge stabilization and/or the highly collectivesults of polarized Raman scattering. Section V describes the
rotation of the local in-plane directors on the smetic-Cmodel calculations based on three types of orientational in-
(SmC*) tilt cone in the macroscopic scale, and that the frus-plane director distributions, which are consistent with some
tration did not play any essential role. The polarized ir specexperimental results. Section VI discusses the origin of the
troscopic study indicated the almost complete director alignV-shaped switching and Sec. VII gives the conclusions.

ment parallel to a plane vertical to the substrate plates at zero
electric field, which supports the collective rotatiph7].
More recently, however, Seomuet al. showed that the
alignment is not so ideal that supports the charge stabiliza- Homogeneous cells of compoun@ and the Mitsui
tion [21-23. mixture listed in Fig. 1 were prepared by sandwiching the

Il. EXPERIMENT
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set at 0.5 W and the slit width of the monochromator was

(A) : :
o o CFs 200 pm.
(@) b0 'C'O L o EcHa.00H, The V-shaped switching was obtained by applying an
. electric field of triangular wave form to the cell at a fre-
F

quency of 1 Hz. The scattered light at the tip of tNevas
cryst. (ca. -31°C) anti* (31°C) ferri* (36°C) SmA (46°C) iso. detected by applying gated pulses of 4 msec width to the
detector. We monitored laser light passed through the cell
Q g and a polarizer that was set in the crossed Nicol configura-
(b) CnHzeOCOQCO—gH(on)soosz tion by a photodiode during the Raman scattering measure-

ment, confirming the/-shaped switching.

F
7 P
©) cﬂHzaoco Eo—Lhioasocas Il ANALYSIS

o ) Let us consider how to obtain apparent orientational order
Inui mixture, a:b:c = 40:40:20 (by weight) parametersy PZ(COSB)>app and( P4(COS,B)>app, from experi-
SmCa* (43°C) SmX* (64°C) SmA (69°C) iso. mental data,l ;(®)meas aNd 1 x(®) meas [27]. Here B is an
angle between the individual molecular long axis and a mo-
(B) O CFs lecular distribution center axis ard- - ) denotes a statistical
9 P;o—chaH13 average. When the molecular distribution is cylindrically
d 01sz5000 symmetric as in S, the Z- and X-polarized Raman scat-

tered intensitieslz(w) andly(w), as a function of the rota-

(€) Crtino EO EO_EECH O tion anglew between the symmetry axis and the incident
€) Cuote S TE e laser light polarization are given by

Mitsui mixture, d:e = 63:37 (by weight) | /(@) =Cy(@)+ Cy(){P(COSB)) + Ca( @)(P4(cOSB))
free-standing film; SmI* (32°C) ferri* (34°C) AF* (56°C)

FI* (59°C) SmC* (79°C)SmA (100°C) iso. +Ca(w)R, @
FIG. 1. Chemical structures and phase sequence# pinui Iy(w)=Cs(w)+ Cq(w){P,(cosB))+ Cs(w)(P4(cosp))

mixture, (B) Mitsui mixture, and compounch).
—Cy(w)R. (2

sample between two quartz substrates separated by SPafce the scattered light is collected by an objective lens, the

particles of 2 um in diameter. The substrates were coatedyftect of 4 refracting angle on the measured intensity should

with indium tin oxide (~50 nm thick,~100/sq, ~80% g taken into accouri29—33. Hence we have
transmission at 500 nmand aligning polyimide(Nissan
Chemical, RN-1266~200 nm thick. The polyimide was

carefully chosen to avoid the excess heating due to laser light |7 meak @)= '2(w) ©)
absorptiorf 22]. The only one of the substrates was rubbed in ’ Nz(w)?
one direction and sense. The cell was mounted in a
temperature-controlled oven+(0.1 K). The texture was and
monitored with a polarizing optical microscog®lympus,
BX50) for checking the alignment quality in each phase.  Ix(w)
Raman spectra were obtained in the backward scattering x,mead @) = ny(@)?’ )
geometry along theY axis perpendicular to the substrate
plates[27,28. The Z- and X-polarized Raman intensities, \where
I 2 meas@Ndlx meas due to the C-C stretching mode of three
benzene rings with a frequency of 1600 chwere obtained n,n,
by rotating the sample cell from 0° to 180° about taxis. Nz(w)= —== 5 (5)
Here theX, Y, andZ axes constitute the right-handed labo- VnZsin’ o+ n{ cos w
ratory frame. The green light at 514.5 nm from an Ar ion
laser(Spectra-Physics, BeamLok 206@as used for excita- and
tion. The beam was focused on a well-aligned area of the
sample cell. The diameter of a focused spot was about Ny(®) nzNy ®)

700 uwm. The backscattered light was collected by a tele-
scope lens (=130 mm andf/d=1.3) and focused on an
optical fiber, which transmitted the light to a monochromatorHere, thex, y, andz axes constitute the right-handed Carte-
(Spex, 270M combined with a multichannel detect@®rin-  sjan coordinate frame. Theaxis is taken to be parallel to the
ceton Instruments, IPDA 5)2The incident laser power was Y axis, and thez axis is an apparent center axis of the mo-

VnZcof w+n2sif o
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lecular distribution. Both of the andx axes are in the sub- and the anisotropy of the Raman scattering tensor compo-
strate plate. nents, respectively, which is assumed to be uniaxial,

The coefficientsC, to C,, are described in terms df,

(Ty) andT, (T,), the transmission coefficients of the inci- o
dent (scatteredl light polarized along the and z axes, to- t ' @)
gether witha=(2a, +@))/3 andb=«a|—«, , the average Q|
|
22/2422!2 21212 b2 212 212 2112 SZ 2/12T12 2412
Cr=a’T,T + b T T o —2a° T T+ 2o (= 8TET 4+ 3T, T+ 3T, T,%) [cos w+ | a’(Te T+ T, T,
b2
+4—5(4T)2<T)'(2—3T§T)’(2—3T)2(T;2+4T§T;2) cod w, (8)
_ 2 2112 4 2127112 4 2112 b2 2412 2412 212 S2 b2 2112 2112
Co=— 3abT T ~ b’ T T o+ | 2abT, T+ (BT T+ 3T, Ti* +3T,T,°) oS w+ | oo (— 4T, T~ 3T, T,
2112 2112 ab 2412 2412
—3TT 48T, T+ 5 (- 2T T +4T,T,7) |cos o, 9
3 2112 bz 2112 2112 20112 bz 2412 2112 2112 2112
C3=3—5b2Tng +35(— BT - 4T, TP —4T,T; )cog w+ BT HAT T HAT, T 48T, T, )cod w, (10)
C,=T,T,T,T,cof w—T,T,T,T, cos w, (11
b2T§TZ’2 2112 2112 b2 2112 2112 2112 2112 2112 b2 2112
Co=—7g—+| (T T, 1,7 + g (AT T - 6T, +4T,T,%) |cos w+ | a*(~ T,T - T, T, %) + 2=(— 4T, T
+3T2T, 2+ 3T2T.2— 4T2T.?) [cod w, (12)
b2T2T,? [ab b? ab
Com—pp |5 (T 2TATEHATIT,?) 4 oo (—ATT P 6TIT 24 8TIT,?) 00§ w+ | - (2T(T* - 4TIT,?)
b2
+6—3(4T§T;2+ 3T2T.2+3T2T.2—8T2T.?) |cod w, (13
and
4 212 bz 2112 2112 212 b2 212 212 212 212
Cr=— ggh T+ Gz BT T+ 8T, T 48T, T, cos’ o+ oo (— 8T, TP~ 4T, T2~ 4T, T, ~8T.T ") cos . (14)

The transmission coefficients are calculated by

2ng . 2n
S ng+n’ U ng+En)’

T (15

whereny is the refractive index of quartz substrate plates @nid the principal refractive index of the liquid crystal when the
light is polarized along thé axis (I=x or z). Here we useng=1.46, n,=1.5, andAn=n,—n,=Ang(P,(cosp)) with An,
=0.15. The birefringence only affects the parame®which is given by

R= 2 bt 2 bx(p ° P
=Cy +Co 7™+ 570 (P2(C0Sp)) — 5=(Pa(cosp)) |-

(16)

2a2—ib2+ Eab—gbz)(P (COSB)>—E<P (cosp))
45 3 63 2 35 4
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Herec, andc, depend on sample thicknedsbirefringence A. Compound (a)
An, incident laser light wavelength, and scattered light The thin homogeneous cell of compouri@ shows a
wavelengthn”, tristable electro-optic response at 26°C in the antiferroelec-

c,=sin(K,d)/Kd (17) tric pha;e whg_n a dc electri_c field is applied statically.
Raman intensities of phenyl linéz 1e.{Q) andly 1e.£{Q),
and are plotted against the rotation angle of the sample cell in
Figs. 3(A)[(i)—(iii)]. The smectic layer normal is along the
c,=sin(K,d)/K,d, (18)  line connecting 0° to 180° in the figure. The maximum po-
sition of 17 1.a£{€2), Qo, gives the averaged molecular ori-
with entation; O=w+Qy. The fitting procedures described in
Sec. Il give the apparent order parameters as summarized in
27An(A+\") Table (A). The maximum position points to the layer normal

1 (19  ate=0 [Fig. 3(A), (i)], because the numbers of layers tilting

A to the right and to the left are identical in the antiferroelectric
and phase and their tilt angles are canceled out in the macro-
scopic average. The orientational order parameters are con-
2mAn(A—\") siderably small. When the dc field below 3.5 ph, which

i (20) is the threshold field from antiferroelectric to ferroelectric
AN state, is applied, the maximum position Iof ,cas Scarcely
_ . . tilts from the layer normalFig. 3(A), (ii)] but the order
Since we usually define=0 when theZ andz axes coin-  parameters slightly increases. This means that the local in-
cide, as we actually did in Eqs1)—(14), C4 becomes zero plane directors rotate without destroying the antiferroelectric
and the birefringence effect disappearssat0 and /2. anticlinic structure[33,34. When the electric field above the
Even for an arbitrary molecular distribution, which may threshold is applied, the maximum positionl@fieastilts by
not be Cy|indl’ica||y Symmetl’iC, the apparent center axis 0f28_5° from the smectic |ayer normEFig_ 3(A), (|||)] The
the molecular distribution can be still determined so that'arge order parameters reflect that all the local in_p'ane di-
Iz(w) andlx(w) are written in the same forms as Eq%)  rectors are oriented in one direction parallel to the substrate
and (2), provided that{P,(cosp)) and (P,(cosp)) are re-  plates. These changes clearly indicate the tristable switching.
garded as the corresponding apparent oﬂ@g(cosﬁ))app
and(P4(cosp))ap,- The molecular orientational distributions
that will be studied in this paper are not generally cylindri-
cally symmetric; hencgP,(cosp))ap, and (P4(cosB))app
will be determined by using experimentally obtained
Iz meaf @) andly meafw). First, (b/a)? is determined from
the depolarization rati®;s, observed in the isotropic phase:

2

Z

Risc=x/17=3b?%(45a%+ 4b?). (22)

Next, | ,(w) andly(w) are simultaneously fitted with Egs.
(1) and (2), where fitting parameters argP,(cosp))app.
(P4(cosp))app: and R Note thatR can be regarded as an

Raman intensities (arb. units)

B e

independent fitting parameter since it contains the bire- 1000 1200 1400 1600 1800 2000
fringence effect, dAn, as well as (P,(cosp)),, and Raman shifts (cm”)
<P4(COSB)>app- (B)

IV, RESULTS 2

35
Figure ZA) shows the Raman spectra of compouadat g I

50°C and Fig. 8B) those of the Mitsui mixture at 110°C in ‘g z
the isotropic phase. The Raman line due to the C-C stretch- 2 Iy
ing mode of three phenyl rings at 1600 chused is well e
isolated from other lines. The principal axis with the largest = W
Raman scattering tensor componeyt, is almost parallel to s
the molecular long axis. Consequently, the orientational or- D%
der_ parameters 'of the molecules can b_e dete_r'mlned by mea- 1200 1400 1600 1800 2000 2200
suring the polarized Raman scattered intensities of the phe- Raman Shifts (cm')
nyl ring stretching lind27]. The depolarization ratios were
0.391 in compounda) and 0.356 in the Mitsui mixture, re- FIG. 2. Polarized Raman spectra in isotropic phd#¢;com-
spectively. pound(a) at 50°C andB) Mitsui mixture at 110°C.
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J
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FIG. 3. Polar plots of polarized Raman scattering inten@ityarbitrary unit vs incident laser polarizatiofin degreé for the phenyl line.
(A) Compound(a) in antiferroelectric phase at 26°C under statically applied electric field§)dE=0V, (i) E=2.3 V/um, (iii) E
=4.6 V/um, and(iv) at the tip of thev under dynamically applied electric fielB) Mitsui mixture in antiferroelectric phase at 40°C under
statically applied electric fields ¢f) E=0V, (ii) E=1.8 V/um, (ii) E=5.6 V/um, and(iv) at the tip of theV under dynamically applied
electric field. Closed and open circles repredente,{{2) andly nm..{Q), respectively. The relative intensity bf nm..{Q) is enlarged by
twice as compared to that b ne.{{2). Solid lines show the best-fitting results of E¢E) and (2) with (P,(c0SB))ap, and(P4(c0SA))app
given in Table I.

The V-shaped switching observed by applying an electricas is clear in the profile of; neas The orientational order
field of triangular wave form at 1 Hz is shown in FigA4,  parameters are given in Table I.
where the transmittance of light is plotted against the applied
electric field. The transmittance is saturated at about B. Mitsui mixture

2.5 Wm- The poIarjzed Re_lman scattering was measured at The Mitsui mixture shows th¥-shaped switching when a
the tip of theV. The intensities are plotted against the rota-qc glectric field is applied. Any macroscopic domains are not
tion angle of the sample cell in Fig(A), [(iv)] as a polar  generated in this switching process. Only the extinction di-
plot. The molecules are oriented parallel to the layer normafection changes continuously with increasing the applied
electric field.
Figures 3B)[(i)—(iii )] are polar plots of the polarized Ra-
TABLE I. Obtained apparent orientational order parametéts; man scattering intensities in the Mitsui mixture under dc

compound(@) at 26°C andB) Mitsui mixture at 40°C. electric fields at 40°C. Table(B) summarizes the corre-
sponding apparent order parameters. This material shows an
(A) Compound(a) antiferroelectric phase in the free-standing film at this tem-
Field (V/um) (P2(cosB))app (P4(cosB))app perature. AE=0, the maximum position dfz easpoiNts to
the layer norma[Fig. 3B), (i)] and hence the apparent tilt
0 (do) 0.40-0.01 —0.02£0.01 angle is zero. The small order parameters indicates that the
2.3 (do) 0.45£0.01 0.0420.02 surface-stabilized state is realized as in compot@dwith
4.6 (do) 0.78+0.02 0.42-0.04 an increase in the applied electric field, the apparent molecu-
0(1Hz 0.70+0.03 0.35-0.05 lar tilt angle becomes larger continuously. No threshold is

observed and the transmittance shows\hehaped switch-
ing. At E=1.8 V/um, the maximum position df; ,e,dtilts

(B) Mitsui mixture from the layer normal by 14fFig. 3B), (ii)] but the order

0 (do) 0.45+0.01 —0.11+0.01 parameters,P,(C0Sp))app aNd(P4(C0SP))app, increase only
1.8 (do) 0.46+0.01 —0.02+0.01 slightly as given in Table(B). The transmittance is saturated
5.6 (do) 0.78+0.01 0.48-0.02 at about 4 Vum, where the ferroelectric state is attained.
0 (1 H2 0.58+0.03 0.20-0.04 The maximum position of; neastilts from the layer normal

by 26.3° atE=5.6 V/um [Fig. 3B), (iii).]
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(A) (a) Z

R
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electric field (V/um)
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0.
‘ P
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Y;
— Y, c

T
-1 5 10

transmittance (arb. unit)

transmittance (arb. unit)

lectric field (V/um
electric field (V/um) Xl,Xc

FIG. 4. Optical response under the crossed Nicol configuration )
when the incident laser polarization is parallel to the layer normal; F!G- 5. Geometry witha) bookshelf layer structure ar@) the
(A) compound(@) at 26°C andB) Mitsui mixture at 40°C. Trans- chevron layer structure.
mittance of light is plotted against the applied field. . o . .

calculations but its influence on the simulated results is rela-

Figure 4B) shows theV-shaped switching in the Mitsui tively_ small as will be sh(_)wn later. The following three typi-
mixture at 40°C when the electric field of triangular wave cal distributions of local in-plane directors were assumed:
form is applied at 1 Hz. The transmittance saturates at about 5
4 V/um as in the case of applying an dc electric field men-fd(d) 0,x) — exd — (¢p—ml2)
tioned above. The polarized Raman scattering intensity mea- "~ "’ Am\2moy 204
sured at the tip of th&-shaped switching is shown in Fig.
3(B), [(iv)]. This profile indicates that the molecular distri- X6(60-0), typel (22
bution center axis is parallel to the layer normal. The fitting

procedures described in Sec. Ill give the apparent order pa- f(b00) 1 »?
1Yy = eX Y
rameterd Table (B).] d X 8 \2moyg 257
V. MODEL CALCULATION (¢p—m)?
+exp — > 8(6—0), type?2
To elucidate the alignment change of local in-plane direc- Oy

tors in the switching process by polarized Raman scattering,
we first presuppose some typical distributions of local in-
plane directors, calculate their apparent order parametergyq
(P2(c0SpB))app and (P 4(cosp))app, and compare them with

the experimentally obtained apparent order parameters. It is fq( b, 0,x)= 86—0)/87?, type 3. (24)
first assumed that the smectic layer structure is not chevron

but bookshelf for the sake of simplicity. The geometry isHere ¢, 6, and y are the Euler angles in the right-handed
drawn in the Fig. &). The chevron structure complicates the smectic layer frame¢ shows the azimuthal angle of the

(23
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TABLE II. Simulated orientational order parameters of compowmdor 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 determined
experimentally by applying dc electric field above the saturation value.

26°C 32°C
aq (°) < PZ(COSIB»app ( P4(COS,B)>app < Pz(cosﬁ»app < P4(C05ﬁ)>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 -0.14 0.42 —0.03

30 0.42 —0.08 0.46 0.02
Type 3 0.50 0.04 0.51 0.09

local in-plane director aneb=0 corresponds to th¥, axis. ~ Inserting Egs.(25 and (26) into Eq. (27), we obtain the
TheZ, axis is along the smectic layer normal and ¥heaxis ~ @Pparent molecular orientationiath (L=2 and 4 order pa-
is perpendicular to the substrate plafég]. TheY, andy  rameters
axes are taken to coincide each other. Type 1 is motivated by L
SmMC* in the Inui mixture [17-20, type 2 by surface- _ (L)*
stabilized Stk [34], and type 3 by the random model (PL(COSE) ) apy sz—L (Drmo™ (¢:6,X)), @8
[2,3,5,13. These three models have symmetry axes parallel
to the layer normal. with

Since only the second- and fourth-order terms contribute o m Fom
to the Raman scattering process, the molecular orientational <D%3*(¢,9,X)>=f f j D&* (,6,x)
distribution function in thexgygzg molecular orientation o Jo Jo

frame is well approximated by i (b.0.x)ddsingdody. (29
mo 1Y .

+1 The results of the model calculation for compouiagl is
froe(a.B,7)= > ——(PL(cosp))eP (cosp). listed in Table Il. The orientational order parameters experi-
L=024 8 25 mentally obtained at 26°C with no applied electric field are

well reproduced by the result of the type 2 model with a
Here @, B, and y are the Euler angles in the molecular small o4. Moreover, the compoun@) exhibits the tristable

orientation frame(P,(cosp))e and(P,(cosp))e are the ap- switching under statically applied electric field, as mentiorpd
parent second- and fourth-order parameters experimentalRﬁff)r?-,These results syggest tha_t the usugl surface—stabl!lzed
obtained in the electric-field-induced ferroelectric G anticlinic molecular alignment without helical structure is
state, which result principally from molecular level fluctua- formed. The orientational order parameters at the tip of the
tions and slightly from the imperfect alignment of the smec-V aré Well described by the result of the type 1 with a

tic layers as manifested by textures. In thg¥,Z, smectic  Very small oq. The (Py(cosp))ap, of 0.63:0.03 and
layer frame, Eq(25) can be written a§26] (P4(coSpB))app Of 0.27+0.05 were also obtained, respec-
tively, at the tip of theV at 32°C in the ferrielectric phase.

frote(#,0,%)=R(0,0,0)f ror (@, 8,7) These orientational order parameters also coincide with the
' ’ result of the type 1 with a very smatty. Hence, for the
1 compound(a), the small distribution at the tip of thé sug-
Py L:2024 m:Z—L (2L+1)(PL(cospB))e gests collective rotation of the local in-plane director.
" Table Ill summarizes the results of the model calculation
xDL)(0,0,00DE* (¢,6,x), (26)  for the Mitsui mixture. At 40°C with no dc field, the orien-
tational order parameters agree with the results given by type
where D{(0,0,0) is a rotation matrix, andR(0,0,0) is 2 With oq=0°. This result suggests the surface-stabilized
the rotation operator that transforms thecygze to ~ Molecular alignment. However, thé-shaped switching in
X,Y,Z,-coordinate frames. Convoluting the molecular fluc- the first-run indicates that the state is not the usual antiferro-

tuation given by Eq(26) with one of the in-plane director electric, anticlinic molecular alignment. The orientational or-
distribution given by Eqs(22)—(24), we obtain the molecu- der parameters at the tip of theare described by the type 3
lar orientational distribution function or the type 1 with a largey. The orientational order param-

eters were also obtained at 60°C, where the phase was ferro-
27 (7 (27 Lo, ) electric in a free-standing film{P,(cosp))sp, Of 0.60
fmol(‘ﬁ'a')():jo Jo jo fa(#", 0" XV mole(p— ", 0 +0.03 and(P,(cosp))app Of 0.12+0.05 were obtained, re-
spectively at the tip of th&/. These values were well de-
-0, x—x')d¢’'sing’do'dy’. (27 scribed by the type 8Table Ill). Consequently, the molecu-

L
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TABLE lll. Simulated orientational order parameters of Mitsui mixture for the bookshelf layer structure.
The molecular tilt angles used for simulations were 26.3° at 40°C and 22.8° at 60°C, which were determined
experimentally by applying dc electric field above the saturation value.

40°C 60°C
aq (°) < PZ(COSIB»app ( P4(COS,3)>app < Pz(cosﬁ»app < P4(C05ﬁ)>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 —-0.10 0.50 —-0.01

30 0.48 —-0.03 0.54 0.06
Type 3 0.55 0.09 0.60 0.16

lar orientation of the Mitsui mixture at the tip of thé is  [35]. The results showed that the chevron structure does not
characterized by the considerable large distribution of theffect the essential understandings of the molecular distribu-
local in-plane directors. tion at the tip of theV.

When the chevron structure was considered, &) Let us consider the polarization-stabilized twistedGSm
should be modified. The geometry with the chevron layerstructure proposed by Rudquist al. [19]. The bookshelf
structure is drawn in Fig.(6). TheZ, axis, which represents Structure is also presumed here. The spatial distribution of
the smectic layer normal, is inclined @&, from Z. axis, the local in-plane director along thé axis can be divided
which is parallel to the substrate plane. Thg, Y., andz,  Nto three parts, that is, the bulk of uniform orientation struc-
axes constitute the right-handed Cartesian coordinate framré with high coherence = /2 in the middie of the cell
The X, axis is identical with theX, axis. When the model of and the upper and lower thin surface regions with twisted
the type 1 withoy=0 is applied to the tip of th¥/, the local structure. As we go from one substrate to the other of the

in-olane director has two choice of either poifkt.or P’ liquid crystal sample cellg increases from zero at one sub-
P . ; . POIRY, ) strate tow/2 at the interface between the surface and bulk
which are not identical now. It is reasonable to seketith

the smaller inclined angle with respect to the substrate plan regions, keepsr/2 in the bulk region, and increa_sgs again
S ; . from /2 to 7 at the other substrate. When the joined two
The molecular distribution function was given by surface regions are supposed to be one uniform twisted struc-
~ ture, the distribution of the local in-plane director is given by
fe(de.bc.xe) =R(= 720,00 fno(,0,x), (30 the same function as ER4) provided the distribution along

_ theY, axis instead of th&, axis is considered. The distribu-
whereR(—7/2,0.,0) is the rotation operator that transforms tion in the bulk region is represented by BE&2) with oy
the XY,Z, to theX, Y Z.-coordinate frames. In the models of =0. The averaged distribution of the local in-plane director
type 2 and 3, the center axis of the molecular orientationatiepends on the ratio of the surface regions in the entire
distribution, which is parallel to the layer normal, is inclined space. The highest value of the apparent orientational order
at ® . with respect to the substrate plane. Thus, the apparepiarameter is given in the entire bulk region of the sample cell
orientational order parameters were calculated by conside(type 1 withoy in Tables 1l and Il), and the lowest value in
ing the chevron layer structure in Eq22)—(30). Tables IV the entire surface regiorigype 3 in Tables Il and Il). This
and V show the results of the model calculation that takesneans that the apparent orientational order parameter de-
into consideration the chevron structure for the compounareases with an increase of the ratio of the surface regions to
(a) and the Mitsui mixture, respectively. The chevron anglethe bulk region, and vice versa. The orientational order pa-
of 15° was assumed because the angle was up tdI8° rameters of the compoun@) at the tip of theV are well
(P (cosp))e used for this calculation were identical with described by the type 1. This indicates that the surface re-
those used in the calculation with the bookshelf structureyions must be sufficiently thin. On the other hand, in the case
because the sufficiently high electric field induces the deforof the Mitsui mixture, the low order parameters at the tip of
mation to the bookshelf structure from the chevron structurehe V can be described by the type 3. This suggests that the

TABLE IV. Simulated orientational order parameters of compo(ador the chevron layer structure. The
chevron angle was assumed at 15°. The other parameters were identical with Table II.

26°C 32°C
aq (°) <P2(Cos:8)>app <P4(Cos:3)>app <P2(Cosﬁ)>app <P4(COSB)>app
Type 1 0 0.74 0.45 0.68 0.35
Type 2 0 0.37 —-0.12 0.41 —0.03
Type 3 0.49 0.04 0.49 0.09
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TABLE V. Simulated orientational order parameters of Mitsui mixture for the chevron layer structure. The
chevron angle was assumed at 15°. The other parameters were identical with Table IIl.

40°C 60°C
aq (°) < PZ(COSIB»app ( P4(COSIB)>app < PZ(COSB»app < P4(COS,B)>app
Type 1 0 0.77 0.47 0.77 0.46
Type 2 0 0.42 —-0.09 0.49 —-0.01
Type 3 0.54 0.08 0.59 0.15

surface regions have very large space in the sample celipatial nonuniformity of local in-plane directors must be re-
However, the twisted structure that extends throughout thstricted within regions smaller than the visible wavelength
cell does not give a dark state. The thickness of the surfacecale. What is essential to tieshaped switching under con-
regions must be less than the wavelength of the visible lighsideration is the easy formation of invisible microdomains in
for obtaining the dark state at the tip of thle Therefore, the ~case of need. This must be assured by the extreme softness

polarization-stabilized twisted SBf structure is inappropri- With respect to the tiling directions and sense that results
ate for the Mitsui mixture. from the frustration between ferroelectricity and antiferro-

electricity. This softness is also indicated by the phenomena
of the phase destruction in a thin cell of the Mitsui mixture
VI. DISCUSSION and of the very slow recovery from the sta@ignmenj
. o . dynamically realized at the tip of thé to the stable one at
In this way, theV-shaped switching is observed in both ;o4 field in compounda). An open question is whether the
extremes o_f local !n-plane director distributions at the tip Ofdynamic state is ferroelectric or nfit9,38,39? In previous
tion or two equivalent ones parallel to a plane perpendiculaghove the antiferroelectric one is ferrielectric in compound
to the substrate plates, and the other is quite broadly distrib@) and the Inui mixture[3,4]. However, recent studies
uted around the smectic layer normal. The former is def36,37 indicate that it is peculiar ferroelectric &i. Be-
scribed by Eq(22) with a very smalloy4 and the latter by Eq. cause of the biaxial anchoring on polyimide aligning films,
(24). Two independent mechanisms may be possible to caushe so-called surface stabilized states becomes destabilized
the two types of th&/-shaped switching, which look appar- and the total anchoring energy of molecules on the&€3ilt
ently the same. However, both the compou@agl and the cone is almost independent of the azimuthal angle. Hence the
Mitsui mixture here investigated belong to a group of mate~elatively weak in-plane anchoring must force the molecules
rials developed under the guiding principle of frustrating fer-to align along the rubbing direction. In addition, the distri-
roelectricity and antiferroelectricity. These materials arebution around the rubbing direction may become broad when
closely related to the prototyped antiferroelectric liquid crys-the twisting power is large. The biaxial anchoring of sub-
tals, MHPOBC and TFMHPOBC, and have the quite similarStrate interfaces destroy the antiferroelectric order and pro-
molecular structures around the chiral centers. Moreover, olfuce the broadly distributed alignment at zero dc field in the
preliminary studies indicate that there exist some materials if¥litSui mixture, which is clearly different from ordinary he-
which the distribution of the in-plane directors at the tip of lical SmC* because no Goldstone mode is observed. The
theV is given by Eq.(22) with a large standard deviation, ~ alignment at the tip of th&/, also broadly distributed and
[37]. Any distribution between both the extremes appears t@/most described by Eq24), may be much closer to ordi-
be realized by an actual material. Consequently, it is naturdl@ry helical Smt*; the Goldstone mode may be observed by
to attribute a common cause for theshaped switching un- dynamically measuring the dielectric constant at the tip of
der consideration. When the director distribution is reallytheV [19]. The details of evolution from antiferroelectric to
concentrated, the charge stabilization and/or the highly colférroelectric are future problems to be studied.
lective azimuthal angle rotation of the local in-plane direc- Finally, let us consider that the frustration between ferro-
tors on the SIG* tilt cone in a macroscopic scale can meet€lectricity and antiferroelectricity from a viewpoint of the
the spatial uniformity during th&/-shaped switching16—  free energy that is related with the interaction between the
20]. In the switching process from the electric-field-induced@djacent layers. Considering the symmetry of the phase, the
ferroelectric state to the one at the tip of tiehowever, the —averaged interlayer interaction can be represented in the fol-
highly collective azimuthal angle rotation in a macroscopicloWing form with taking the first two Fourier components
scale could hardly explain the spatial uniformity. It is general[40’4ﬂ-
to anticipate domain formations due to the spatial irregularity _ _
on the substrate interfaces in the critical electric field at v(A¢)=vycosA$—v,COS A, 3D
which the switching starts to occur. The same explanationvhereA ¢ is an azimuthal angle difference between the local
does not hold for the quite broad distribution as in the Mitsuiin-plane directors of adjacent layerd;¢=0 andA¢=m
mixture, either. represent the synclinic and the anticlinic orderings, respec-
Since the electric-field-induced continuous rotation of atively. A small deviation due to the helicity is ignored. Posi-
spatially uniform optic axis characterizes the switching, thetive v, promotes the anticlinic ordering while, represents
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the energy barrier between synclinic and anticlinic orderingplane director at the tip of thé. The compounda) exhibited
The distribution of the local in-plane directors critically de- a small distribution, while the Mitsui mixture exhibited a
pends on the barrier,. The smallv; and relatively large, large distribution. The small distribution of the local in-plane
compared with the thermal agitation give a long relaxationdirectors for the compounds) suggests the collective azi-
time from synclinic to anticlinic ordering. Therefore, the syn- muthal angle rotation in th&/-shaped switching process.
clinic ordering is conserved under periodically applied elecHowever, the same explanation does not hold for the Mitsui
tric field at an appropriate frequency for thé-shaped mixture with quite large distribution of the local in-plane
switching. The electric-field-induced ferroelectric state,directors at the tip of th¥. What is essential to th¢-shaped
which is characterized with a small distribution of the in- switching is the easy formation of invisible microdomains in
plane directors, may rotate almost collectively because thease of need. This required the softness with respect to the
total anchoring energy on the & tilt cone is nearly inde- tilting directions and sense that results from the frustration
pendent of the azimuthal angl@6—-23,36,37. This is actu- between ferroelectricity and antiferroelectricity. The differ-
ally observed in compoun@). Whenv, is sufficiently small ~ ence in the distribution of two types of liquid crystals at the
so that the substrate interfaces destroy the anticlinic, antifetip of the V was explained by the barrier between synclinic
roelectric structurd 14,36,37, the thresholdless switching and anticlinic ordering in adjacent layers. The small barrier
occurs even in the first run as actually observed in the Mitsugave a large distribution at the tip of théin the dynamic
mixture. Moreover, the spatial irregularity on the substrateswitching, consequently triggered thé-shaped switching
interfaces, together with the strong twisting power, may pro-€ven in the firstrun. On the other hand, the large barrier did a
mote the large distribution ap during theV-shaped switch- small distribution and the tristable switching.

ing. This type of the switching corresponds to the Mitsui

mixture.
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