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Tilt plane orientation in antiferroelectric liquid crystal cells and the origin
of the pretransitional effect
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The optic, electro-optic, and dielectric properties of antiferroelectric liquid crysfdi& Cs) are analyzed

and discussed in terms of the local tilt plane orientation. We show that the so-called pretransitional effect is a
combination of two different electro-optic modes: the field-induced antiphase distortion of the antiferroelectric
structure and the field-induced reorientation of the tilt plane. In the presence of a helix, the latter corresponds
to a field-induced distortion of the helix. Both electro-optic modes are active only when the electric field has
a component along the tilt plane. Thus, by assuring a horizontal surface-stabilized condition, where the helix is
unwound by surface action and the tilt plane is everywhere parallel to the cell plates, the pretransitional effect
should be suppressed. We also discuss the dielectrically active modes in AFLCs and under which circum-
stances they contribute to the measured dielectric permittivity.
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I. INTRODUCTION voltage approximately equal to the holding voltage. This
gives a dynamic light leakage due to the so-called pretransi-
Antiferroelectric liquid crystalSAFLCs) [1] are a sub- t@onal effec_t, Which is a weak linear electro-op_tic effect ac-
class of tilted smectics in which the directorin adjacent ']E|ve atI aptp.hedtfltelds below the threshold for switching to the
layers tilts in opposite directions 6 with respect to the layer '€TO€IECUIC State. .
ngrmalz The Fr)npost important antiferroelegtric liquid cry)/lstal We have earlier shown that the static dark state problem
. oy o ) can be solved by using a surface-stabilized orthoconic AFLC
phase is the smectiC; phase, where C” indicates a tilted  ateria (director tilt 6= =45 °) which gives a perfect dark
phase with no positional order within the layersthat the  state between crossed polarizers, independent of the quality
tilt order is anticlinic(or alternating, and “*” means thatthe  of alignment[2,3]. Furthermore, it turns out that also the
phase is chiral. The anticlinic arrangement of chiral mol-pretransitional effect, and thus the dynamic light leakage, is
ecules gives the phase antipolar and antiferroelectric propeminimized or even completely absent under these conditions.
ties. In this paper, we show that both of these favorable results are
AFLCs are attractive for a variety of electro-optic appli- directly connected to the correct orientation of thieplane
cations. In ALFC displays the SBf material is confined (see below of the AFLC structure with respect to the cell

between two glass plates, separated by a constant distancesufrfaces and the direction of the electric field. It is therefore

f . Th il d of’ great importance for the development of future high-
a few micrometers. The smectic layers are arranged perpefy formance AFLC devices to know the internal structure of
dicular to the glass plate®ookshelf geometpyin a unique

' ' g >HEN o AFLC cells and, in particular, to be able to control the tilt
direction, which produces a birefringent slab with its slow pjane orientation. We discuss how this orientation, under cer-
axis along the smectic layer normal. The AFLC cell is p|aC€'Cfain circumstances, can be determined by optical microscopy
with the smectic layers parallel and perpendicular to crossegind dielectric measurements. In the latter case, the internal
polarizers. An electric fieldE applied perpendicular to the structure of the AFLC cell turns out to have a profound in-
plates switches the liquid crystal from the anticlinic antifer-fluence on the dielectric spectrum recorded. As a spin-off
roelectric state aE=0 (dark) to one of the two symmetric result, we can use dielectric spectroscopy to determine the
synclinic ferroelectric statelbright) depending on the polar- degree of surface stabilization as a function of the history of
ity of the field. AFLC displays have a number of attractive the sample, which might be useful within the area of elec-
features such as intrinsic dc compensated drive, video spedpnic addressing of AFLCs. As will be discussed later, it is
capability, gray scale, and very wide viewing angle. How-Of crucial importance for high contrast performance that the
ever, these displays, despite a number of promising devefample relaxes back completely to the horizontally surface
oped prototypes’ have never reached the market and the méFﬁ.bmzed(HSg state after the f|e|d IS removed. F|na”y,. we
reason for this is the relatively low contrast achieved so fardiscuss the field effects on the recently discovered antiferro-
The contrast problem in AFLC displays is related to the®/€Ctric twist grain boundary phase (TGBQ4]. It turns out

limited extinction (light leakage in the dark state. AFLC fthat the elec.tro—optlc behavior of 'thIS cpmpllcated structure
materials are notoriously difficult to align and form “hori- 'S well described based on the orientational response of the

zontal chevrons” in which the layer norméoinciding with ~ 10¢@l tilt plane under electric fields.
the local slow axis of the optical indicatyixaries across the
surface of the sample. This results in static light leakage
between crossed polarizers. Furthermore, in passive address-The AFLC cells are made of ITO-coated glass on which
ing, nonselected pixels do not experiertee 0 but rather a  suitable electrode patterns were created by means of photo-
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lithography and wet etching. For planar anchoring we cov- z
ered the inner surfaces with a polyimi@ieyralin) by means

of spin coating. After hardening at elevated temperature, the
surfaces were buffed with a velvet cloth, the cells were as-
sembled, and the glass plates were fixed together with uv:
curing glue (NOA 68). The cell thickness was assured by

spacer balls mixed into the glue. The cells were filled with

the liquid crystal materials by means of capillary forces in 3 Hlane
the isotropic state. Optic and electro-optic measurement: _- b —
were performed in a Nikon Optiphot polarizing microscope
equipped with a photodetector, alternatively a camera. The a)
applied fields were supplied by means of a Leader function
generator and an FLC Electronics high-frequency amplifier, .
and monitored, together with the transmitted light intensities, n
on a Tektronix TDS 340 oscilloscope. The sample tempera- |
ture was controlled using a Mettler FP 5 temperature control ——
unit and a FP52 hot stage. Dielectric measurements wert
performed on the same type of sample using an HP 4192/ P *+— A
dielectric bridge. g
\--
Ill. THE TILT PLANE AND ELECTRIC FIELDS MY
iy -

observable in a racemic mixture. The tilt plane is defined as
the plane spanned by the director and the smectic layer nor
mal, cf. Fig. 1a). Such an anticlinic structure is generally
biaxial, with the two optic axes lying in a plane perpendicu- c) d)
lar to the tilt plane, Fig. (b). Its mesoscopically averaged
dielectric tensor takes the form FIG. 1. (a) Definition of the tilt plane in the anticlinic structure
of the achiral S, phase.(b) lllustration of the optical indicatrix
e, 0 0 of the biaxial structure of an anticlinic material. The two optic axes
are in a plane perpendicular to the tilt plae. The local structure
e=| 0 & 0], (D of the helicoidal chiral Si8* phase/(d) The definition of the local
0 0 g “tilt plane” in SmC} used in this paper.

Let us first consider the achiral $y phase, most easily L/

where thex direction is parallel to the tilt plane and perpen- degree. The helical structure furthermore has the effect that
dicular to the smectic layer normal and they direction is  the electric dipoles of neighboring layers do not cancel but
perpendicular to the tilt plane. The mesoscopic and macroehange direction in the same helical fashion. Macroscopi-
scopic dielectric permittivitiegin the achiral case these are cally there is no net polarization as the dipoles sum up to
the samgare given by zero for every half helical periodln the corresponding syn-
clinic case, we have to sum over the full helical period to
£x=£1C0S O+&5Sin’ 0, (2)  achieve complete cancellation.
When an electric field is applied perpendicular to the
gy=¢8y, layer normal of such a double helix structure, the directors in
every other layer tend to turn clockwise, in alternate layers
g,=&,Sin? +e5c0 0, anticlockwise, as the loc&ls wants to orient along the field.
This tends to increase the anglebetween successive odd-
wheree;, &5, andez are the principal permittivities in the even layer pairs and to decrease it between the even-odd
local director framg2]. For moderate tilt ¢<30°) it turns  pairs, to equal degree counteracted by the helical elasticity
out thate,<e,<e, at optical frequencies, in conformity and, in particular, by nearest-neighbor interaction tending to
with Fig. 1(b). preserve the anticlinic tilt in a plane. As a result, a loeal
In the chiral case (S@}), there is a helical structure cannot move into the field without its neighbors moving out
superposed on the local anticlinic structure as an effect of thef it. As the field distorts the helix, a macroscopic polariza-
molecular chirality. As a result, the structure is mesoscopition appears. This is a dielectric effect not related to the
cally biaxial but macroscopically uniaxial. In the helical dielectric anisotropy as in the cholesteric case but to the cou-
structure, the directors of adjacent layers and the smectigling between the electric field and the local spontaneous
layer normal no longer lie in a plane. The director rotatespolarization. However, due to the anticlinic constraint, the
around the layer normal, on the surface of a cone, the anglinal (unwound state is such that no dipole of a single layer
8¢ =180 °— « between adjacent smectic layers, as schematipoints in the direction of the field, only the residual dipole
cally illustrated in Fig. {c). The anglex is of the order of 1  from a layer pair.
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| | mixtures =) the tilt plane is identical to that of a non-
| |I <(:1h)iral SnC, phase with the dielectric tensor given by Eq.
Goreckaet al. studied the antiferroelectric liquid crystal
6@ @@@@ O . MHPOBC in thick freely suspended films by means of
conoscopy under the action of electric fields applied in the
plane of the film, thus parallel to the smectic layers and
£, perpendicular to the helix axig5]. At zero field they ob-

\ served a centered extinction cross typical for a uniaxial crys-
tal with its optic axis perpendicular to the film. On increasing
the electric field, the evolution of the conoscopic picture re-

= - vealed that the film became biaxial as the helix started to
L unwmd W|t_h thg two optic axes in a plane perpendicular to
- P, % the field direction. This is a general feature of AFLCs and
Smectic C.* / E, | shows that the tilt plane of the unwoufttelix-freg structure
of antiferroelectric liquid crystals aligns along the field di-
rection. Note that the maximum applied field in the film ex-
@@C@{}@ ¥ periment by Goreckat al. (1200 V/mn) is much lower than

the threshold fieldzy, required for switching the MHPOBC

— —f— — f'\g‘f“\‘_ . . N
b) e ——— f—@% sample into the ferroelectric statB{~12 000 V/mm). Fur-
I e —)

thermore, the conoscopic picture indicated that the optic in-
dicatrix was slightly tilted in a plane perpendicular to the
FIG. 2. The spiraling index ellipsoids ofa) the cholesteric field direction.
phase andb) the antiferroelectric S@} phase. In(a) the local Recently, it was shown how the helix profile of an AFLC
structure is uniaxial, infb) it is biaxial, cf. Fig. 1b). distorts when subjected to an electric field perpendicular to
the helix axis[6,7]. A theoretical analysis of the conoscopic
If we look at the initial helicoidal structure under the ap- Picture developing during the unwinding was made by Roy
plied field and pay attention to the set of odd-numbered Iaya_”d_ Madhusudania,9]. The unwinding of the AFLC helix is
ers, we find that for every period corresponding to half theSimilar to, but shows a characteristic difference from, the
pitch, some layers are favorably oriented with respect to th&i€ld-induced unwinding of a cholesteric helix. In the latter
applied field. Their even-numbered neighbors are in the sam@@Se, the unwinding is due to the dielectric coupling to the
degree particularly disfavored energetically. Furthermore, iffi€ld (g/>¢.), which makes the directdthe axis of highest
the next half period the situation is reversed. It is thereford?@rMmittivity) align along the field 10]. At first sight, one
convenient to regard pairs of nearest neighbors of layers arfgPuld imagine a similar dielectric effect being responsible for
study how their resultar® vector behaves under the field. the helixunwinding in the AFLC case, provided that the axis
For simplicity, we can relate this polarization to each IayerOf highest permittivity along the smectic layer is in the tilt

interface (between layei and layeri+1) and we may de- Plane, i.., ife,=2; COS O+ e5sir? 0>a,=s,. [Here & (i
note it =1,2,3) are the principabw-frequencydielectric permittivi-

ties in the local molecular frameBut this dielectric effect is
totally obscured by the much stronger coupling of the elec-
P i 1=P+P . 3 tric field to the permanent electric dipoles of the smectic
’ layers, illustrated in Fig. 3. Provided that the anticlinic order
is sufficiently stable, such that there is no switching to the
Note thatP; ;. ; is essentially pointing in opposite direc- synclinic ferroelectric state at this level of applied field, the
tions at adjacent layer interfaces, i.e., for odd and even valelical structure totally vanishes at a certain field strength,
ues ofi. In order to describe the helical anticlinic structure in giving a helix-free antiferroelectric structure with “the tilt
a convenient way, we will for simplicity still use the term plane along the field.” Note, however, that the plane contain-
“tilt plane,” now referring to the plane spanned by the layer ing the directors of adjacent layers is somewhat tilted with
normal and the direction of the net polarizati®y;,, of  respect to the smectic layer normal in the field-induced un-
each layer pair, cf. Fig.(@). Thus we may describe the he- wound state, as illustrated in Fig. 3. This explains that the
lical Srrc; phase as an anticlinic structure where the t||t0ptlca| indicatrix in the unwound state is Sllghtly tilted out
plane is slowly rotating about the smectic layer normal ano|perp.endi.cular to the fielq direction. On fgr_ther incrgasing the
as we will see below, the helix unwinding is conveniently @Pplied field, the switching to the synclinic state finally oc-
described by the action on this tilt plane. The structure icurs at a certain field threshold.
locally biaxial and we can, to a good approximation, also
describe the S®@} phase by a spiraling index ellipsoid with
the x andy axes always perpendicular to the helix axis as
illustrated in Fig. 2. In helix-free S@% samples, where the We want to relate the internal structure, or the tilt plane
helix is unwound by cell surfaces, or in pitch-compensatedrientation of AFLC cells to the electro-optic performance

IV. OPTICAL AND DIELECTRIC STUDIES OF THE TILT
PLANE ORIENTATION
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FIG. 3. Field-induced reorientation of the tilt plane due to the
torque PXE, whereP=P;;,; andE is the applied electric field
perpendicular to the smectic layer normal. Note tRaurther in-

creases the antiphase distortion of the anticlinic structure in the ) o
process(evolution from left to ”gh) In the ﬁgurel the smectic when the orthoconic AFLC is in the HSS state. Furthermore,

layers are parallel to the plane of the paper. In the final tigbt) we do not need to know the values of the principal refractive
of the helix unwinding, all unit cells have aligned with the tilt plane indices nor the cell thickness. By using such cells, we have
in the direction of the field. Note that the individuBl pairs are  been able to make systematic studies of the electro-optic and
almost perpendicular t&. Only their resultant is along the field.  dielectric response of AFLC cells in order to relate it to the
tilt-plane orientation.
and the recorded dielectric relaxation spectra. It is of particu- An illustration of the unique properties of orthoconic
lar interest to be able to conclusively distinguish the HSSAFLCs is given in Figs. &) and 3b) where the electro-optic
condition from other configurations. Therefore, we need toswitching of two surface-stabilized cells, with the material
compare the dielectric spectra for samples which are unamA/107 [11], is shown. The two microphotographs to the left
biguously horizontal surface stabilized with samples whichshow the zero-field anticlinic state, which in both cells is
are not. The first step is to optically determine when theblack, despite the large variations of the smectic layer orien-

FIG. 4. Schematic illustration offa) horizontally surface-
stabilized(HSS structure andb) vertical tilt plane structure.

AFLC is in the HSS state. tation in the cell in Fig. B), compared to the well-aligned
cell in Fig. 5a). In Fig. 6, the coexistence of ferroelectric
A. Optical investigations and antiferroelectric domains is shown, which easily occurs

in thin cells[12]. The crossed polarizers are parallel to the
" edges of the photograph. In Fig(ah the antiferroelectric

domains are black and the ferroelectric domaihgs P and

P, DOWN domain$ appear white. When rotating the cell

[Fig. 6b)], a major part of the black antiferroelectric do-

The principal refractive indices of a helix-free AFLC ma
terial is given by[2]

n,=nicog #+n3sir? 6, (4)

n y =N 2
E=0 E>Eth E>>Ep

n,=yn3sir® 6+n3cog 6.

Provided that the cell thicknes} the tilt angle#, and the
principal refractive indices,, n,, andns of the synclinic
state are well known, one can make a coarse estimation
the internal structure of a bookshelf AFLC cell from the
measured optical relative retardation of the cell. In an HSS
cell, the tilt plane is everywhere parallel to the cell plane
[Fig. 4@] and the retardation at normal incidence is
2md(n,—ny)/N\, where N is the wavelength of light in
vacuum. If instead the tilt plane is essentially vertical, cf.
Fig. 4(b), the retardation is &d(n,—ny)/\. If neither of
these two situations apply, e.g., in the helical state, or if the
tilt pla_ne IS inclined Wlth reSpeCt. to the glass plates, the r?' FIG. 5. Electro-optic switching in horizontally surface-stabilized
tardation takes some intermediate value. This method Srthoconic ©=45"°) AFLC cells studied between crossed polariz-
however,. not \{ery accura'te..W'e have therefore chosen to Ufs which are parallel to the edges of the pictures. The zero field
orthoconic antiferroelectric liquid crystals, which have a mo-giate is completely black both in the well-aligné and the ran-
lecular tilt of 45°. Such materials are locally uniaxial with gom aligned(b) bookshelf structure. This is due to the fact that the
the optic axis perpendicular to the tilt plane. Theref@e, optic axis is everywhere perpendicular to the glass plates, irrespec-
HSS orthoconic AFLC material looks perfectly black be-tive of the orientation of the smectic layer normal in the plane of the
tween crossed polarizers, independent of the direction of theell. The random alignment of the cell {b) is evident in the partly
smectic layer normalThis unique property directly reveals and fully field-induced synclinic state.

E=0 E>Eth E>>Eth
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(a) Molecular reorientation around the short axis, in the fol-
lowing simply referred to as “short axis fluctuations.” This
mode (.~ kHz—MHz) appears in the dielectric spectrum
when the measuring fiel&,, has components along the di-
rector. Thus, it is absent E,, is strictly perpendicular to the

tilt plane. (b) Antiphase fluctuationsf(~100 kHz) of the
molecules of adjacent smectic layers giving polarization
fluctuations in the tilt plane, perpendicular to the smectic
aj b) layer normal. This mode appears in the spectrum whgn
has a component in that direction but it does not appear when

FIG. 6. Microphotographs of an-0.5-um-thick orthoconic - - . . . .
AFLC bookshelf cell between crossed polarizers. On rotating theEm is applied strictly perpendicular to the tilt plane or strictly

cell, we can immediately recognize which domains are in the horipara”el.to the smectic 'aye'f normal, ¢f. Fig. (@) Tilt plane
fluctuations €.~ = kHz). This mode appears when the mea-

zontally surface-stabilized state, as they appear black for any posl-~~ ) ) ) . .
tion of the cell between crossed polarizers (ahthe cell is in the ~ SUMNg field is applied neither parallel nor perpendicular to

standard AFLC display geometry with the smectic layers horizontafn€ tilt plane. In a helical sample, this can be regarded as a
in the picture along the polarizer. [b) the cell is rotated 45° from  helix distortion mode. The tilt plane fluctuation mode may

this position. also appear in surface-stabilized samples in connection with
the AFLC Frederiks transition, as will be discussed below.
mains stays black, which reveals that this part is HSS. But There are, in principle, two other dielectrically active
the.re a_lre.also antiferroelectric areas that now look brightmodes in AFLCs that are not discussed heigthe antitilt
which indicates that they are not HSS. Due to the opticalyoge, which is a fluctuation increasing and decreasing the
properties of orthoconic AFLCs, we can immediately Se€jj; by the same amount in adjacent smectic layers with an
which parts of the cell are HSS and which are not. “electrocliniclike” coupling between tilt and polarization in
The texture of Fig. 6 was obtained after cooling dOWneach layer, andii) the noncollective fluctuations around the

i i * i i i - . . .
from the synclinic Sra™ phase. A similar texture, with Co- )00 j1ar ong axes. Modé) appears essentially only in the
existing domains of ferroelectric and antiferroelectric do- .~ " * N " .

icinity of a SnC; to SmA* transition and is very weak far

mains of different structure, can appear in thin cells also afte . - ) o
switching to the ferroelectric state@Generally, the sample  70M this transition. Furthermore, if present he_re it is likely
has to be electrically addressed using dedicated waveforni@ P& obscured in our measurements by the dielectric relax-
in order to fully relax back to the antiferroelectric state whenation of the measurement cell itself. However, as we cannot
the field is switched off. For triangular voltages, this type ofSee any optical response in HSS cells below the F to AF
texture may give complicated transmission-voltage curves aansition, we argue that the amplitude of this anticlinic
the different domains switch at different applied voltages,electrocliniclike mode” is very small and can be neglected

which can be misinterpreted as ferrielectric behayid]. far from the Sm\* phase. Modéii) has a critical frequency
. . o in the GHz region and does not appear in the dielectric mea-
B. Dielectric investigations surements performed he(® Hz—13 MH2.

Let us now look at the dielectrically active modes in  The discussion in relation to Fig. 7 makes it obvious that
AFLCs. Three of these are schematically illustrated in Fig. 7the appearance of a particular mode in theC3ndielectric

short-axis fluctuations antiphase fluctuations

T R I N 4 o ‘e v oot o
TR Sk LUl ELE o |, om o dresions o
IEmvisibIe Qﬂ BB ﬁ <ﬂ ﬂ ﬂ ﬂ %%% ¢U@U@U ﬁ"ﬂ‘ﬂ " ute to the diglectric pe)r/mittivity,
mg ﬂgg W bbb Fe4 o ey sre bl n e e

C C b) tuations are.visible only when
therg is an induced polarization_in

Pr=0 P50 Sl Ruciuailons or when the measiing fid 1 ap.

JEBE BEIE qqq 990 107 e e s s o
%%%@ %%%Q\D &»ﬂ:@ﬂw “@“@“@ @&T&T&[ ization in the tilt plane ié induced

ooy

E_ visible by the measuring field. Note that

i ﬁiiﬁ) iﬁﬁ@ &%& @“%@“ @U@U@U =0 E., visible when the measuring field is ap-

plied normal to the tilt plane, none

%%%@ %%%@ %%0@ “@“ﬁ“ﬁ %%% of the modes contribute to the

measured permittivity.

a) o
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| TABLE |. The AFLC dielectric modes.

Mode Homeotropic  Bookshelf  Bookshelf  Bookshelf
horizontal vertical helical
tilt plane tilt plane structure

Antiphase invisible invisible visible visible
Short axis visible invisible visible visible
Tilt plane invisible invisible invisible visible
| Long axis visible visible visible visible
2) b) Antitilt invisible visible invisible visible

FIG. 8. The antiphase fluctuation mode gives a fluctuating po- . . . .
larization Py, in the tilt plane. Thus in dielectric spectroscopy, [Figs. 4b) and 8b)] the fluctuating electric polarization is

when the measuring field is applied perpendicular to the glas§long the electric field and gives a strong contribution to the
plates, there is no contribution from the antiphase fluctuations in thépectrum. We can thus conclude that the strongest contribu-
horizontally surface stabilized statkeft, Py, E;,) Whereas there tion to the dielectric permittivity from the antiphase fluctua-
is a maximum contribution in the vertical tilt plane stateght,  tions would emerge from a uniform vertical tilt plane struc-
PiucllEm) . In the figure the smectic layers are parallel to the planeture [7].
of the paper and the molecules in layemndi+ 1 are depicted. The AFLC dielectric modes, along with the geometries in
which they appear, are summarized in Table I. Note that in
spectrum is strongly dependent on the orientation of the tilthe bookshelf geometry, tilt plane fluctuations, short-axis
plane. Figure 8 shows a schematic picture of a conventiondluctuations, and antiphase fluctuatiofieese three modes
sandwich cell used for dielectric spectroscopy where thare likely the modes 0, 1, and 2 discussed 14]) can all
measurement field is applied between the electroded glasppear together. Moreover, the tilt plane fluctuations are
plates. We first assume that we have a bookshelf alignediosely linked to the antiphase fluctuations: the visibility of
AFLC material with the smectic layers in the plane of thethe former requires a polarization in the tilt plane, which is
paper, and consider the case of horizontal surface stabilizéaduced by the latter. As can be seen in Tabledne of the
tion, cf. Figs. 4a) and 8a). The fluctuating polarizatioRy,;  three mentioned modes appears in the case of a horizontal
due to antiphase fluctuations is now parallel to the glassilt plane. In the case of a vertical tilt plane, the short-axis
plates and normal to the measurement field. Thus, there is remd antiphase fluctuations exhibit their strongest response,
contribution to the dielectric permittivity measured acrosswhile the tilt plane fluctuation does not contribute. The tilt
the cell and the antiphase mode does not appear in the spgalane mode is generally visible in the presence of a dc bias
trum. If we instead consider a vertical tilt plane situationfield of intermediate strengtfi4]. In conclusion, the dielec-

3= 3
7. g.]
2 | 2 4
= =
8] g

-.1.._ =T

FIG. 9. Dielectric loss spectra of the orthoconic AFLC material W107 on hedlimgrder to avoid perspective inversion when looking
at the picture, note that the illumination comes from the right and thus the ITO peak marked with an arrow goes up/out of fHe faper.
the material is not horizontally surface stabilized and there is a mode appearing in the specttbnthénsame sample is horizontally
surface stabilized and there is no contribution from this mode anymore. The strong mode above 125°C is the collective phase angle
fluctuation mode in the synclinic SmC* phase. In the labels log correspondstn log
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tric spectrum gives much information about the quality of the

o}
surface-stabilized state. H25C12—/< (o]
Figure 9 shows two dielectric absorption spectra, both 0 0
taken on heating, of an approximately Q.8a-thick cell with O—@—( C,H;
o
CgH

the orthoconic AFLC material W107 having the phase se-

quence 5

Isotropic 135 °C-SmA*-132 °C-SnC*-125 °C-SmC} .

(0]
- : : H,.C.—O O
The first measuremefiFig. 9a)] was taken after cooling 211 o oF
3
Taw
CH

from the isotropic phase to the ) phase with no electric
addressing of the cell before the measurement. As th€’Sm
texture was not black for all positions of the cell between
crossed polarizers, but rather inhomogeneous in brightness,
we could conclude that it was not in the HSS state. This is FIG. 10. Chemical structures &) (S)-TFMHPnBC-11 andb)
supported by the recorded spectrum in which a low-(S-EHPnCBC-12.

frequency €.~ 3.5 kHz) mode is clearly visible in the anti- o _ o _ )
ferroelectric phase.(Modes at frequencies higher than Polarization coming fronthe field-induced antiphase distor-
~10° Hz cannot be studied due to the low cutoff frequencytion of t_he anticlinic structure. Thus, }_heams of the b|§1X|aI .
of a cell this thin) The sample was then cooled down againdielectric tensor c_)f the surface—stablllzed AFLC reorients in
and electrically addressed until a perfect black state wal€ electric field like the director of a nematic liquid crystal
achieved for all rotations between crossed polarizers. Th# the corresponding Frederiks transition. Moreover, as in all
same measurement was repeated and now there was, as Exederiks transitions in this type of geometry, the threshold
pected, no trace of any dielectric mode. This is thus an exfield is inversely proportional to thg cell thickness, i.e., it is
perimental verification that the horizontal surface-stabilizedather a voltage threshold than a field threshold.
condition of AFLCs can be probed by means of dielectric We made a Zzm thick cell with planar anchoring filled
spectroscopy. This holds also for conventionalGmate- ~ With @ 70:30 mixture of (S-TFMHPnBC-11 and (S)-

rials with tilt angles of about 30 ° where the horizontal con- EHPNCBC-12(see Fig. 10 This AFLC mixture is nearly
dition cannot easily be detected optically. In order to identifyPitch-compensatedbut not polarization-compensagednd

the observed mode, further analysis has to be performed. It gets essentially horizontally s_urface stabilized i 2t cells.
likely that the high-frequency antiphase mode has a critical . W& measured both the optical response due to an ac elec-
frequency close to or above the cutoff frequency of the cell.t,”C field ar_ld the dlelectrlc; response under a dc bias electric
Electro-optic investigations should reveal if the observedi€ld, cf. Fig. 11. Part@) in this figure shows the average

mode is short-axis fluctuatior®ot electro-optically active transmi';ted light intensity as a function of the amplitude O_f
or tilt-plane fluctuation(electro-optically active the ac field when the cell is placed between crossed polariz-

ers in the standard AFLC display geometry, i.e., with the
crossed polarizers along and perpendicular to the average
smectic layer normal direction. On increasing the electric
As theoretically predicted by Qian and Tayld5] and  field from zero, nothing happens until the Frederiks transi-
recently experimentally verified by Weet al. and Zhanget  tion occurs at about 4 V, where there is an increase of the
al. [16], a horizontally surface-stabilized AFLC material may transmitted signal. The increase in intensity is due to the
undergo a Frederiks transition to a vertical tilt plane stateeffective tilt of the slow axis in the plane of the cell coming
before switching to the synclinic ferroelectric state. Whenfrom the field-induced antiphase deflection of the molecules
the electric field increases from zero, the tilt plane is at firsin adjacent layers. There is also a change in transmission due
parallel to the glass plates and there is no torque on the loc&b the increase of the retardation when the tilt plane is rotated
polarization of the smectic layers. For low voltages, fluctua-away from the plane of the cell. The magnitude of the former
tions in the tilt plane orientation are counteracted by theeffect depends on the amount of rotation of the tilt plane and
elastic torques imposed by the planar anchoring at the suon the amplitude of the field, whereas the magnitude of the
faces. However, above a certain threshold field, proportiondhtter effect depends on the quality of the alignment of the
to 1/, any fluctuation of the tilt plane orientation will result smectic layer normal in the plane of the cell, as will be
in a local torque strong enough to break the HSS structurediscussed later.
The tilt plane starts to reorient away from the cell plane, Note that there is no electro-optic effect below the Fred-
similar to the way in which the director tilts out of the layer eriks transition. At about 10 V, equal to a field strength of
plane in the Frederiks transition of a planar aligned nematicabout 5.0 Vum, the transition from the antiferroelectric
until the sum of the electric and elastic energies is mini-(AF) to the ferroelectri¢F) state occurs. The combination of
mized. As the field increases, a larger and larger part of thelectro-optic effects below this threshold is generally re-
bulk will have the tilt plane along the electric field. The ferred to as the pretransitional effect. We will return to this
active torque on the tilt plane in this Frederiks transition ismatter in Sec. IV E. In Fig. 1b), the dielectric absorption in
the same as in the field-induced unwinding of the AFLCthe same cell as a function of frequency of the measuring
helix discussed earlier, i.e., the coupling of the noncancelindield and amplitude of the bias field is shown. At zero bias,

13

C. Frederiks transition
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only a very weak low-frequency modé,(~3 kHz) appears.
This indicates that the cell is essentially in the horizontal
| 10 e surface-stabilized condition but the alignment is not perfect
2000 |- | | over the entire electrode area. On increasing the bias voltage,
. there is a significant increase of this mode when the Fred-
I ! eriks transition occurs, i.e., when the tilt plane reorients from
L AF ! horizontal to vertical in the cell. The tilt plane reorientation
o L cnmmeee—— itself appears as a third mode of very low frequefitye tilt
0 2 4 6 8 L plane fluctuation modevisible for bias voltages in the range
Applic yoltage (¥) 3-5 V. Above 5 V dc bias, the tilt plane is essentially verti-
a) cal, thus the mode disappears. When the tilt plane becomes
vertical, also a high-frequency mod6.7 MHz) stands out
antiphase from the ITO peak. This is the antiphase fluctuation mode.
fluctuations Note the sharp decrease of the dielectric loss as all AFLC
modes disappear when the field-induced transition from
short-axis the antiferroelectric to ferroelectric state occurs at about
rotation 5.0 V/um. This experiment proves that what we see in the
electro-optic measurements is in fact the Frederiks transition.

Transmission (arb. units)

tilt plane . . . .
fluctuations D. Field effects in the antiferroelectric TGB phase

Twist grain boundary(TGB) phases consist of smectic
blocks forming a broken helical structure with the smectic
layer normal of individual blocks spiraling about the helix
axis. The blocks are separated by grain boundaries of parallel
screw dislocations, which mediate the twist between the
blocks. TGB phases appear when the helical twisting power
is high enough to break the homogeneous layered structure
o of an ordinary smectic phase. The TGBA phase consists of
smecticA blocks, the TGBC phases consist of Sinblocks,
and so on. The TGBA phase was first predicted by Renn and
Lubensky[17] and later discovered by Goodtst al. [18]

b) while the TGBC phase was discovered by Ngugeal.[19].
® Recently, a new type of TGB phase with local anticlinic,
antiferroelectric order within the smectic blocks was discov-
ered in the compound depicted in Fig. [#220]. On the basis
. . I . of optical and electro-optical investigations on the same
2:33::;legy‘();d;zgtr?gigfi?i?eggbgmrgit; ”Zld;; d?éz_ctt?ilcc;ks;g!- compound, we developed a qualitative model for the micro-
scopic organization of the TGB(phased 20]. In this model,

troscopy.(a) shows the average transmitted intensity as a functionthe smeciic layer normal of individual blocks is perpendicu-

of the amplitude of an 100 Hz ac electric field in standard AFLCI h heli . . lock the local tilt ol
display geometry(b) shows the dielectric loss spectrum taken un- ar to the TGB helix axis. Inside a block, the local tilt plane

der the application of a bias voltage. The appearance of the threé Parallel to the grain boundaries. The grain boundaries con-
dielectric modes inb) is directly related to the appearance of the Sist of a lattice of+1/2 and —1/2 dispirations, i.e., unit
pretransitional effect ir(@) at 4.5 V when the Frederiks transition SCIe€W dislocations in the smectic layer structure combined
occurs, i.e., when the tilt plane starts to make an angle with the celvith half unit disclinations in the director(the projection of
plane. For bias voltages between 5 and 10 V, the tilt plane is essefhe director onto the smectic layeWhereas all screw dis-
tially vertical. Finally, at 10 V bias (5.0 \iim), the transition to  locations have the same sign, the sign of the disclinations
the ferroelectric state occurs giving a large increase in the transmiglternates in adjacent dispirations. A schematic picture of the
ted intensity at the same time as the AFLC dielectric modes disapstructure proposed is given in Fig. 13. From the picture it is
pear. In the labels, log corresponds to,lng seen that within the grain boundaries the tilt plane between

FIG. 11. The Frederiks transition in a horizontally surface-
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order to optimize the static dark state and to minimize the
dynamic light leakage due to the pretransitional effect in a
passive matrix drive, the AFLC should be horizontally sur-
face stabilized and the tilt angle should preferably be 45°.
The high speed of the linear electro-optic response (
~10 us) of the pretransitional effect suggests that it is due
to the field-induced distortionantiphase motion on the
smectic cone in adjacent laygis the antiferroelectric state.
This effect is electro-optically active when the tilt plane is
not parallel to the glass plates, e.g., when there is a helix
present, when the surface stabilization is not complete, or
. , when the surface-stabilized AFLC has undergone a Frederiks
FIG. 13. The microscopic arrangement of .the T@B'ﬁh.ase‘ transition to a more or less vertical tilt planegstate. Thus, in
The grain boundary consists of dispirations built up of unit screw . "
dislocations combined with half unit disclinations. ord_er to avoid the pretranfs_ltlonal effect, the AFLC should be
horizontally surface stabilized up to the field strength at
adjacent dispirations is alternately parallel and perpendicularhich the AF—F transition occurs. In other words, the Fre-
to the TGB helix. deriks transition should be ruled out. We propose that this
The electro-optic effects of the TGR@hase can be sum- can be achieved by taking advantage of the fact that the
marized as follows. In planar aligned samples, the helix iS—rederiks transition has aoltage threshold whereas the
perpendicular to the glass plat¢Grandjean textuse An  switching from the antiferroelectric to ferroelectric state
electric field applied normal to the cell walls first induces a(AF-F switching has afield threshold[16]. By decreasing
slight increase of the helical pitch, detected as a change ahe cell thickness, the voltage required for the-AF tran-
the color of selective reflection. On increasing the fieldsjtion decreases while the Frederiks threshold voltage re-

strength, there is a transition from Grandjean to fingerprintyains constant. Thus, there should be a cell thickness for
texture with the TGB helix parallel to the glass plates. For,

high h fields. th helix q di which the Frederiks transition and the AR transition oc-
Igh enough fields, the _TGB ElIX'IS unwound corresponding, ;s at the same applied voltage. The binary mixture studied
to a field-induced untwisted S® structure. All these fea-

i b lained b Sering th del depicted in Fig. 11 has an approximate threshold field for the AF
gt e s Kombone P e s g ansiton 5. Vim, whie thecnset of e Fre-
plane wants to align along the applied electric field. In theggtrilrg ttLaarlstlﬂgnFcr)ggg:iskstt?agg:gozals:u_r?o:ulzdzb\e/:/furll dlr:)duI£ at a
Grandjean texture, the electric field is applied perpendicula ell thickness of less than aboutdm. This aspect of the

to the tilt plane inside the smectic blocks. Thus there is n ; i : .
torque on the tilt plane, i.e., there is no torque on the smecti€!€Ctro-optic processes determining the hysteresis shape is

layer dipoles. Inside the grain boundaries, however, there af@viously very critical for applications and is now being
regions where the electric field is essentially along the tmstudle_d in detail for different AF_LC materials. There is still
plane. On applying the field, these regidnsth the widthl , very little known about the requirements for an AFLC mate-
in Fig. 13 tend to expand as the free-energy density is minifial to become surface stabilized in bookshelf cells. But it is
mized when the tilt plane is along the field. This expansiorclear that strongly planar anchoring combined with weakly
effectively “pushes” the dispirations out of the liquid crystal, polar anchoring s pointing into the surface has similar en-
and as the number of dispirations decreases for the sanegy toPg pointing out from the surfagepromotes the HSS
number of smectic blocks there is an increase of the helicadtate. Furthermore, the cell thickness should be small, of the
pitch. On further increasing the field, the system reaches arder of the helical pitch, in order for the helix free structure

point where the overall free energy becomes lower for theat the surface to penetrate the bulk of the cell.
fingerprint texture than for the Grandjean texture and, hence,

there is a transition to the fingerprint texture. This can be V. DISCUSSION AND CONCLUSIONS

understood from the fact that in the fingerprint texture a

larger part of the sample has the local tilt plane along the AFLC devices are generally considered to be working in a
electric field than in the Grandjean texture. This phenomenosurface-stabilized bookshelf geometry, where all molecules
is analogous to the field-induced Grandjean to fingerprinare in the plane of the cell. But there has been no evidence
transition in a cholesteric liquid crystal. Again tkesemiaxis  for this to be true. Our analysis and experiments show that a
of the local biaxial dielectric tensor of the anticlinic structure |arge pretransitiona| effect is ||ke|y to be a result of the pres-
plays the role of the director in the cholesteric. In the finger-ence of a helix or incomplete surface stabilization. The heli-
print texture, the increasing electric field further unwinds theca| structure presents a rotating tilt plane which accordingly
TGB helix as the local tilt plane is reoriented into the field js more or less perpendicular to the glass plates in about 50%
direction. Fina”y, the TGB helix is Squeezed out and we arQ)f the cell area. ThUS, the electric field Coup|emf the

left with a field-induced biaxial S@j structure. individual smectic layers and distorts the antiferroelectric
_ ) o structure(linear electro-optic respongenhich in turn gives
E. The tilt plane orientation in AFLCDs a net polarization in the local tilt plane. This induced polar-

The tilt plane orientation in AFLC display applications ization is reoriented into the field direction and unwinds the
has a significant impact on the electro-optic performance. Imelix (quadratic electro-optic responseFollowing this
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analysis, it stands out as a major task to understand and Iparallel and perpendicular to this axis in a periodic fashion in
able to control the surface-stabilization mechanisms in AFLGhe grain boundaries. The thickness of TGB smectic blocks is
cells. likely to be of the order of 20—100 nm, which means that the
We have shown that the tilt plane orientation can beregions in the vicinity of the grain boundaries where the tilt
probed by means of dielectric spectroscopy as all three rebjane is not perpendicular to the TGB helix constitute a rela-
evant dielectric modes disappear in bookshelf cells when thgyely large part of the volume of the structure. In dielectric
cell becomes horizonta“y surface stabilized. These eXperispectroscopy of the TGB phase, there are no drastic differ-
ments were performed on orthoconic AFLCs in which Weences in the spectra of Grandjean and fingerprint texture
could optically verify the quality of the surface-stabilized ce|ls, Low-frequency modes appear in both cases, indicating
state since it provides a perfectly dark state between crossgfat virtually all directions of the tilt plane are represented in
polarizers independent of the direction of the smectic layepoth textures. This gives further support to the proposed
normal. We could also study the Frederiks transition instructure[zo] of the TGBG, phase in Fig. 13.
surface-stabilized cells of a pitch compensated binary AFLC  Finally, electro-optic effects in AFLCs below the switch-
mixture by means of dielectric spectroscopy and electroing to the ferroelectric states can be understood in terms of
optic measurements. The dielectric spectra could be directhe tijt plane orientation. In many cases, e.g., the field-

related to the electro-optic response, which strongly supportgduced unwinding of the AFLC helix and the Frederiks tran-
the origin of the dielectric modes in AFLCs discussed heresition in surface-stabilized cells, theaxis of the local biax-
One might argue that antitilt fluctuatiorisiith electro- g dielectric tensor plays the role of the director in the cases

cliniclike fluctuations in each smectic layerould give an  of unwinding of the cholesteric helix and the Frederiks tran-
absorption in the recorded spectrum. Moreover, this modgjtion in a planar aligned nematic.

should give the strongest contribution to the permittivity
when the tilt plane is parallel to the glass plates. As no re-
sponse, optical or dielectric, was detected in perfectly hori-
zontally surface stabilized orthoconic AFLC cells, we could
exclude antitilt fluctuations from being responsible for the This work was supported by the Swedish Research Coun-
modes observed. cil, the TMR network ORCHIS, and the Swedish Defence

The electric field effects in the TGB(phase can be un- Material Administration. The liquid crystalline samples were
derstood by assuming that the local tilt plane inside a smectikindly provided by the groups of Professor Dabrow&har-
block is perpendicular to the TGB helix axis, whereas it issaw) and Professor Heppkderlin).
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