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Tilt plane orientation in antiferroelectric liquid crystal cells and the origin
of the pretransitional effect

P. Rudquist, J. P. F. Lagerwall, J. G. Meier, K. D’have´, and S. T. Lagerwall
Department of Microelectronics and Nanoscience, School of Physics and Engineering Physics, Chalmers University of Techn

S-412 96 Go¨teborg, Sweden
~Received 14 May 2002; published 30 December 2002!

The optic, electro-optic, and dielectric properties of antiferroelectric liquid crystals~AFLCs! 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

Antiferroelectric liquid crystals~AFLCs! @1# are a sub-
class of tilted smectics in which the directorn in adjacent
layers tilts in opposite directions6u with respect to the laye
normalz. The most important antiferroelectric liquid cryst
phase is the smecticCa* phase, where ‘‘C’’ indicates a tilted
phase with no positional order within the layers, ‘‘a’’ that the
tilt order is anticlinic~or alternating!, and ‘‘*’’ means that the
phase is chiral. The anticlinic arrangement of chiral m
ecules gives the phase antipolar and antiferroelectric pro
ties.

AFLCs are attractive for a variety of electro-optic app
cations. In ALFC displays the SmCa* material is confined
between two glass plates, separated by a constant distan
a few micrometers. The smectic layers are arranged per
dicular to the glass plates~bookshelf geometry! in a unique
direction, which produces a birefringent slab with its slo
axis along the smectic layer normal. The AFLC cell is plac
with the smectic layers parallel and perpendicular to cros
polarizers. An electric fieldE applied perpendicular to th
plates switches the liquid crystal from the anticlinic antife
roelectric state atE50 ~dark! to one of the two symmetric
synclinic ferroelectric states~bright! depending on the polar
ity of the field. AFLC displays have a number of attracti
features such as intrinsic dc compensated drive, video sp
capability, gray scale, and very wide viewing angle. Ho
ever, these displays, despite a number of promising de
oped prototypes, have never reached the market and the
reason for this is the relatively low contrast achieved so

The contrast problem in AFLC displays is related to t
limited extinction ~light leakage! in the dark state. AFLC
materials are notoriously difficult to align and form ‘‘hor
zontal chevrons’’ in which the layer normal~coinciding with
the local slow axis of the optical indicatrix! varies across the
surface of the sample. This results in static light leaka
between crossed polarizers. Furthermore, in passive add
ing, nonselected pixels do not experienceE50 but rather a
1063-651X/2002/66~6!/061708~10!/$20.00 66 0617
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voltage approximately equal to the holding voltage. Th
gives a dynamic light leakage due to the so-called pretra
tional effect, which is a weak linear electro-optic effect a
tive at applied fields below the threshold for switching to t
ferroelectric state.

We have earlier shown that the static dark state prob
can be solved by using a surface-stabilized orthoconic AF
material~director tilt u5645 °) which gives a perfect dark
state between crossed polarizers, independent of the qu
of alignment @2,3#. Furthermore, it turns out that also th
pretransitional effect, and thus the dynamic light leakage
minimized or even completely absent under these conditio
In this paper, we show that both of these favorable results
directly connected to the correct orientation of thetilt plane
~see below! of the AFLC structure with respect to the ce
surfaces and the direction of the electric field. It is therefo
of great importance for the development of future hig
performance AFLC devices to know the internal structure
AFLC cells and, in particular, to be able to control the t
plane orientation. We discuss how this orientation, under c
tain circumstances, can be determined by optical microsc
and dielectric measurements. In the latter case, the inte
structure of the AFLC cell turns out to have a profound
fluence on the dielectric spectrum recorded. As a spin
result, we can use dielectric spectroscopy to determine
degree of surface stabilization as a function of the history
the sample, which might be useful within the area of ele
tronic addressing of AFLCs. As will be discussed later, it
of crucial importance for high contrast performance that
sample relaxes back completely to the horizontally surf
stabilized~HSS! state after the field is removed. Finally, w
discuss the field effects on the recently discovered antife
electric twist grain boundary phase (TGBCa) @4#. It turns out
that the electro-optic behavior of this complicated struct
is well described based on the orientational response of
local tilt plane under electric fields.

II. EXPERIMENT

The AFLC cells are made of ITO-coated glass on wh
suitable electrode patterns were created by means of ph
©2002 The American Physical Society08-1
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lithography and wet etching. For planar anchoring we c
ered the inner surfaces with a polyimide~Pyralin! by means
of spin coating. After hardening at elevated temperature,
surfaces were buffed with a velvet cloth, the cells were
sembled, and the glass plates were fixed together with
curing glue ~NOA 68!. The cell thickness was assured b
spacer balls mixed into the glue. The cells were filled w
the liquid crystal materials by means of capillary forces
the isotropic state. Optic and electro-optic measureme
were performed in a Nikon Optiphot polarizing microsco
equipped with a photodetector, alternatively a camera.
applied fields were supplied by means of a Leader func
generator and an FLC Electronics high-frequency amplifi
and monitored, together with the transmitted light intensiti
on a Tektronix TDS 340 oscilloscope. The sample tempe
ture was controlled using a Mettler FP 5 temperature con
unit and a FP52 hot stage. Dielectric measurements w
performed on the same type of sample using an HP 41
dielectric bridge.

III. THE TILT PLANE AND ELECTRIC FIELDS

Let us first consider the achiral SmCa phase, most easily
observable in a racemic mixture. The tilt plane is defined
the plane spanned by the director and the smectic layer
mal, cf. Fig. 1~a!. Such an anticlinic structure is general
biaxial, with the two optic axes lying in a plane perpendic
lar to the tilt plane, Fig. 1~b!. Its mesoscopically average
dielectric tensor takes the form

«5S «x 0 0

0 «y 0

0 0 «z

D , ~1!

where thex direction is parallel to the tilt plane and perpe
dicular to the smectic layer normalz, and they direction is
perpendicular to the tilt plane. The mesoscopic and ma
scopic dielectric permittivities~in the achiral case these a
the same! are given by

«x5«1 cos2 u1«3 sin2 u, ~2!

«y5«2 ,

«z5«1 sin2 u1«3 cos2 u,

where«1 , «2, and«3 are the principal permittivities in the
local director frame@2#. For moderate tilt (u,30 °) it turns
out that «y,«x,«z at optical frequencies, in conformit
with Fig. 1~b!.

In the chiral case (SmCa* ), there is a helical structure
superposed on the local anticlinic structure as an effect of
molecular chirality. As a result, the structure is mesosco
cally biaxial but macroscopically uniaxial. In the helic
structure, the directors of adjacent layers and the sme
layer normal no longer lie in a plane. The director rota
around the layer normal, on the surface of a cone, the a
df5180 °2a between adjacent smectic layers, as schem
cally illustrated in Fig. 1~c!. The anglea is of the order of 1
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degree. The helical structure furthermore has the effect
the electric dipoles of neighboring layers do not cancel
change direction in the same helical fashion. Macrosco
cally there is no net polarization as the dipoles sum up
zero for every half helical period.~In the corresponding syn
clinic case, we have to sum over the full helical period
achieve complete cancellation.!

When an electric field is applied perpendicular to t
layer normal of such a double helix structure, the directors
every other layer tend to turn clockwise, in alternate lay
anticlockwise, as the localPs wants to orient along the field
This tends to increase the anglea between successive odd
even layer pairs and to decrease it between the even
pairs, to equal degree counteracted by the helical elast
and, in particular, by nearest-neighbor interaction tending
preserve the anticlinic tilt in a plane. As a result, a localPs
cannot move into the field without its neighbors moving o
of it. As the field distorts the helix, a macroscopic polariz
tion appears. This is a dielectric effect not related to
dielectric anisotropy as in the cholesteric case but to the c
pling between the electric field and the local spontane
polarization. However, due to the anticlinic constraint, t
final ~unwound! state is such that no dipole of a single lay
points in the direction of the field, only the residual dipo
from a layer pair.

FIG. 1. ~a! Definition of the tilt plane in the anticlinic structure
of the achiral SmCa phase.~b! Illustration of the optical indicatrix
of the biaxial structure of an anticlinic material. The two optic ax
are in a plane perpendicular to the tilt plane.~c! The local structure
of the helicoidal chiral SmCa* phase.~d! The definition of the local
‘‘tilt plane’’ in SmCa* used in this paper.
8-2
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TILT PLANE ORIENTATION IN ANTIFERROELECTRIC . . . PHYSICAL REVIEW E 66, 061708 ~2002!
If we look at the initial helicoidal structure under the a
plied field and pay attention to the set of odd-numbered l
ers, we find that for every period corresponding to half
pitch, some layers are favorably oriented with respect to
applied field. Their even-numbered neighbors are in the s
degree particularly disfavored energetically. Furthermore
the next half period the situation is reversed. It is theref
convenient to regard pairs of nearest neighbors of layers
study how their resultantP vector behaves under the field
For simplicity, we can relate this polarization to each lay
interface~between layeri and layeri 11) and we may de-
note it

Pi ,i 115Pi1Pi 11 . ~3!

Note thatPi ,i 11 is essentially pointing in opposite direc
tions at adjacent layer interfaces, i.e., for odd and even
ues ofi. In order to describe the helical anticlinic structure
a convenient way, we will for simplicity still use the term
‘‘tilt plane,’’ now referring to the plane spanned by the lay
normal and the direction of the net polarizationPi ,i 11 of
each layer pair, cf. Fig. 1~d!. Thus we may describe the he
lical SmCa* phase as an anticlinic structure where the
plane is slowly rotating about the smectic layer normal a
as we will see below, the helix unwinding is convenien
described by the action on this tilt plane. The structure
locally biaxial and we can, to a good approximation, a
describe the SmCa* phase by a spiraling index ellipsoid wit
the x and y axes always perpendicular to the helix axis
illustrated in Fig. 2. In helix-free SmCa* samples, where the
helix is unwound by cell surfaces, or in pitch-compensa

FIG. 2. The spiraling index ellipsoids of~a! the cholesteric
phase and~b! the antiferroelectric SmCa* phase. In~a! the local
structure is uniaxial, in~b! it is biaxial, cf. Fig. 1~b!.
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mixtures (p5`) the tilt plane is identical to that of a non
chiral SmCa phase with the dielectric tensor given by E
~1!.

Goreckaet al. studied the antiferroelectric liquid crysta
MHPOBC in thick freely suspended films by means
conoscopy under the action of electric fields applied in
plane of the film, thus parallel to the smectic layers a
perpendicular to the helix axis@5#. At zero field they ob-
served a centered extinction cross typical for a uniaxial cr
tal with its optic axis perpendicular to the film. On increasi
the electric field, the evolution of the conoscopic picture
vealed that the film became biaxial as the helix started
unwind with the two optic axes in a plane perpendicular
the field direction. This is a general feature of AFLCs a
shows that the tilt plane of the unwound~helix-free! structure
of antiferroelectric liquid crystals aligns along the field d
rection. Note that the maximum applied field in the film e
periment by Goreckaet al. ~1200 V/mm! is much lower than
the threshold fieldEth required for switching the MHPOBC
sample into the ferroelectric state (Eth'12 000 V/mm). Fur-
thermore, the conoscopic picture indicated that the optic
dicatrix was slightly tilted in a plane perpendicular to th
field direction.

Recently, it was shown how the helix profile of an AFL
distorts when subjected to an electric field perpendicula
the helix axis@6,7#. A theoretical analysis of the conoscop
picture developing during the unwinding was made by R
and Madhusudana@8,9#. The unwinding of the AFLC helix is
similar to, but shows a characteristic difference from, t
field-induced unwinding of a cholesteric helix. In the latt
case, the unwinding is due to the dielectric coupling to
field (« i.«'), which makes the director~the axis of highest
permittivity! align along the field@10#. At first sight, one
could imagine a similar dielectric effect being responsible
the helix unwinding in the AFLC case, provided that the a
of highest permittivity along the smectic layer is in the t
plane, i.e., if «x5«1 cos2 u1«3 sin2 u.«y5«2. @Here « i ( i
51,2,3) are the principallow-frequencydielectric permittivi-
ties in the local molecular frame.# But this dielectric effect is
totally obscured by the much stronger coupling of the el
tric field to the permanent electric dipoles of the smec
layers, illustrated in Fig. 3. Provided that the anticlinic ord
is sufficiently stable, such that there is no switching to t
synclinic ferroelectric state at this level of applied field, t
helical structure totally vanishes at a certain field streng
giving a helix-free antiferroelectric structure with ‘‘the ti
plane along the field.’’ Note, however, that the plane conta
ing the directors of adjacent layers is somewhat tilted w
respect to the smectic layer normal in the field-induced
wound state, as illustrated in Fig. 3. This explains that
optical indicatrix in the unwound state is slightly tilted o
perpendicular to the field direction. On further increasing
applied field, the switching to the synclinic state finally o
curs at a certain field threshold.

IV. OPTICAL AND DIELECTRIC STUDIES OF THE TILT
PLANE ORIENTATION

We want to relate the internal structure, or the tilt pla
orientation of AFLC cells to the electro-optic performan
8-3
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and the recorded dielectric relaxation spectra. It is of parti
lar interest to be able to conclusively distinguish the H
condition from other configurations. Therefore, we need
compare the dielectric spectra for samples which are un
biguously horizontal surface stabilized with samples wh
are not. The first step is to optically determine when
AFLC is in the HSS state.

A. Optical investigations

The principal refractive indices of a helix-free AFLC m
terial is given by@2#

nx5An1
2 cos2 u1n3

2 sin2 u, ~4!

ny5n2 ,

nz5An1
2 sin2 u1n3

2 cos2 u.

Provided that the cell thicknessd, the tilt angleu, and the
principal refractive indicesn1 , n2, and n3 of the synclinic
state are well known, one can make a coarse estimatio
the internal structure of a bookshelf AFLC cell from th
measured optical relative retardation of the cell. In an H
cell, the tilt plane is everywhere parallel to the cell pla
@Fig. 4~a!# and the retardation at normal incidence
2pd(nz2nx)/l, where l is the wavelength of light in
vacuum. If instead the tilt plane is essentially vertical,
Fig. 4~b!, the retardation is 2pd(nz2ny)/l. If neither of
these two situations apply, e.g., in the helical state, or if
tilt plane is inclined with respect to the glass plates, the
tardation takes some intermediate value. This method
however, not very accurate. We have therefore chosen to
orthoconic antiferroelectric liquid crystals, which have a m
lecular tilt of 45 °. Such materials are locally uniaxial wi
the optic axis perpendicular to the tilt plane. Therefore,an
HSS orthoconic AFLC material looks perfectly black b
tween crossed polarizers, independent of the direction of
smectic layer normal. This unique property directly reveal

FIG. 3. Field-induced reorientation of the tilt plane due to t
torque P3E, whereP5Pi ,i 11 and E is the applied electric field
perpendicular to the smectic layer normal. Note thatE further in-
creases the antiphase distortion of the anticlinic structure in
process~evolution from left to right!. In the figure, the smectic
layers are parallel to the plane of the paper. In the final state~right!
of the helix unwinding, all unit cells have aligned with the tilt plan
in the direction of the field. Note that the individualPs pairs are
almost perpendicular toE. Only their resultant is along the field.
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when the orthoconic AFLC is in the HSS state. Furthermo
we do not need to know the values of the principal refract
indices nor the cell thickness. By using such cells, we h
been able to make systematic studies of the electro-optic
dielectric response of AFLC cells in order to relate it to t
tilt-plane orientation.

An illustration of the unique properties of orthocon
AFLCs is given in Figs. 5~a! and 5~b! where the electro-optic
switching of two surface-stabilized cells, with the mater
W107 @11#, is shown. The two microphotographs to the le
show the zero-field anticlinic state, which in both cells
black, despite the large variations of the smectic layer ori
tation in the cell in Fig. 5~b!, compared to the well-aligned
cell in Fig. 5~a!. In Fig. 6, the coexistence of ferroelectr
and antiferroelectric domains is shown, which easily occ
in thin cells @12#. The crossed polarizers are parallel to t
edges of the photograph. In Fig. 6~a!, the antiferroelectric
domains are black and the ferroelectric domains (Ps UP and
Ps DOWN domains! appear white. When rotating the ce
@Fig. 6~b!#, a major part of the black antiferroelectric do

e

FIG. 4. Schematic illustration of~a! horizontally surface-
stabilized~HSS! structure and~b! vertical tilt plane structure.

FIG. 5. Electro-optic switching in horizontally surface-stabilize
orthoconic (u545 °) AFLC cells studied between crossed polar
ers which are parallel to the edges of the pictures. The zero fi
state is completely black both in the well-aligned~a! and the ran-
dom aligned~b! bookshelf structure. This is due to the fact that t
optic axis is everywhere perpendicular to the glass plates, irres
tive of the orientation of the smectic layer normal in the plane of
cell. The random alignment of the cell in~b! is evident in the partly
and fully field-induced synclinic state.
8-4
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TILT PLANE ORIENTATION IN ANTIFERROELECTRIC . . . PHYSICAL REVIEW E 66, 061708 ~2002!
mains stays black, which reveals that this part is HSS.
there are also antiferroelectric areas that now look brig
which indicates that they are not HSS. Due to the opti
properties of orthoconic AFLCs, we can immediately s
which parts of the cell are HSS and which are not.

The texture of Fig. 6 was obtained after cooling dow
from the synclinic SmC* phase. A similar texture, with co
existing domains of ferroelectric and antiferroelectric d
mains of different structure, can appear in thin cells also a
switching to the ferroelectric states.~Generally, the sample
has to be electrically addressed using dedicated wavefo
in order to fully relax back to the antiferroelectric state wh
the field is switched off. For triangular voltages, this type
texture may give complicated transmission-voltage curve
the different domains switch at different applied voltag
which can be misinterpreted as ferrielectric behavior@13#.

B. Dielectric investigations

Let us now look at the dielectrically active modes
AFLCs. Three of these are schematically illustrated in Fig

FIG. 6. Microphotographs of an;0.5-mm-thick orthoconic
AFLC bookshelf cell between crossed polarizers. On rotating
cell, we can immediately recognize which domains are in the h
zontally surface-stabilized state, as they appear black for any p
tion of the cell between crossed polarizers. In~a! the cell is in the
standard AFLC display geometry with the smectic layers horizo
in the picture along the polarizer. In~b! the cell is rotated 45° from
this position.
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~a! Molecular reorientation around the short axis, in the f
lowing simply referred to as ‘‘short axis fluctuations.’’ Thi
mode (f c; kHz–MHz! appears in the dielectric spectru
when the measuring fieldEm has components along the d
rector. Thus, it is absent ifEm is strictly perpendicular to the
tilt plane. ~b! Antiphase fluctuations (f c;100 kHz) of the
molecules of adjacent smectic layers giving polarizat
fluctuations in the tilt plane, perpendicular to the smec
layer normal. This mode appears in the spectrum whenEm
has a component in that direction but it does not appear w
Em is applied strictly perpendicular to the tilt plane or strict
parallel to the smectic layer normal, cf. Fig. 9.~c! Tilt plane
fluctuations (f c;< kHz!. This mode appears when the me
suring field is applied neither parallel nor perpendicular
the tilt plane. In a helical sample, this can be regarded a
helix distortion mode. The tilt plane fluctuation mode m
also appear in surface-stabilized samples in connection
the AFLC Frederiks transition, as will be discussed below

There are, in principle, two other dielectrically activ
modes in AFLCs that are not discussed here:~i! the antitilt
mode, which is a fluctuation increasing and decreasing
tilt by the same amount in adjacent smectic layers with
‘‘electrocliniclike’’ coupling between tilt and polarization in
each layer, and~ii ! the noncollective fluctuations around th
molecular long axes. Mode~i! appears essentially only in th
vicinity of a SmCa* to SmA* transition and is very weak fa
from this transition. Furthermore, if present here it is like
to be obscured in our measurements by the dielectric re
ation of the measurement cell itself. However, as we can
see any optical response in HSS cells below the F to
transition, we argue that the amplitude of this anticlin
‘‘electrocliniclike mode’’ is very small and can be neglecte
far from the SmA* phase. Mode~ii ! has a critical frequency
in the GHz region and does not appear in the dielectric m
surements performed here~5 Hz–13 MHz!.

The discussion in relation to Fig. 7 makes it obvious th
the appearance of a particular mode in the SmCa* dielectric
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FIG. 7. Schematic illustration
of the active dielectric modes
showing for which directions of
the measuring field they contrib
ute to the dielectric permittivity,
i.e., they are visible in the dielec
tric spectrum. The tilt plane fluc-
tuations are visible only when
there is an induced polarization i
the tilt plane, e.g., under a dc bia
or when the measuring field is ap
plied at an oblique angle to the til
plane. In the latter case, the pola
ization in the tilt plane is induced
by the measuring field. Note tha
when the measuring field is ap
plied normal to the tilt plane, none
of the modes contribute to the
measured permittivity.
8-5
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RUDQUIST, LAGERWALL, MEIER, D’HAVÉ, AND LAGERWALL PHYSICAL REVIEW E 66, 061708 ~2002!
spectrum is strongly dependent on the orientation of the
plane. Figure 8 shows a schematic picture of a conventio
sandwich cell used for dielectric spectroscopy where
measurement field is applied between the electroded g
plates. We first assume that we have a bookshelf alig
AFLC material with the smectic layers in the plane of t
paper, and consider the case of horizontal surface stabi
tion, cf. Figs. 4~a! and 8~a!. The fluctuating polarizationPfluct
due to antiphase fluctuations is now parallel to the gl
plates and normal to the measurement field. Thus, there i
contribution to the dielectric permittivity measured acro
the cell and the antiphase mode does not appear in the s
trum. If we instead consider a vertical tilt plane situati

FIG. 8. The antiphase fluctuation mode gives a fluctuating
larization Pfluct in the tilt plane. Thus in dielectric spectroscop
when the measuring field is applied perpendicular to the g
plates, there is no contribution from the antiphase fluctuations in
horizontally surface stabilized state~left, Pfluct'Em) whereas there
is a maximum contribution in the vertical tilt plane state~right,
PfluctiEm). In the figure the smectic layers are parallel to the pla
of the paper and the molecules in layersi and i 11 are depicted.
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@Figs. 4~b! and 8~b!# the fluctuating electric polarization i
along the electric field and gives a strong contribution to
spectrum. We can thus conclude that the strongest contr
tion to the dielectric permittivity from the antiphase fluctu
tions would emerge from a uniform vertical tilt plane stru
ture @7#.

The AFLC dielectric modes, along with the geometries
which they appear, are summarized in Table I. Note tha
the bookshelf geometry, tilt plane fluctuations, short-a
fluctuations, and antiphase fluctuations~these three mode
are likely the modes 0, 1, and 2 discussed in@14#! can all
appear together. Moreover, the tilt plane fluctuations
closely linked to the antiphase fluctuations: the visibility
the former requires a polarization in the tilt plane, which
induced by the latter. As can be seen in Table I,none of the
three mentioned modes appears in the case of a horizo
tilt plane. In the case of a vertical tilt plane, the short-ax
and antiphase fluctuations exhibit their strongest respo
while the tilt plane fluctuation does not contribute. The t
plane mode is generally visible in the presence of a dc b
field of intermediate strength@14#. In conclusion, the dielec-

-

s
e

e

TABLE I. The AFLC dielectric modes.

Mode Homeotropic Bookshelf Bookshelf Bookshe
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
Antitilt invisible visible invisible visible
g
r.

y
se angle
FIG. 9. Dielectric loss spectra of the orthoconic AFLC material W107 on heating.~In order to avoid perspective inversion when lookin
at the picture, note that the illumination comes from the right and thus the ITO peak marked with an arrow goes up/out of the pape! In ~a!
the material is not horizontally surface stabilized and there is a mode appearing in the spectrum. In~b! the same sample is horizontall
surface stabilized and there is no contribution from this mode anymore. The strong mode above 125 °C is the collective pha
fluctuation mode in the synclinic SmC* phase. In the labels log corresponds to log10.
8-6
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TILT PLANE ORIENTATION IN ANTIFERROELECTRIC . . . PHYSICAL REVIEW E 66, 061708 ~2002!
tric spectrum gives much information about the quality of t
surface-stabilized state.

Figure 9 shows two dielectric absorption spectra, b
taken on heating, of an approximately 0.5-mm-thick cell with
the orthoconic AFLC material W107 having the phase
quence

Isotropic 135 °C-SmA* -132 °C-SmC* -125 °C-SmCa* .

The first measurement@Fig. 9~a!# was taken after cooling
from the isotropic phase to the SmCa* phase with no electric
addressing of the cell before the measurement. As the SmCa*
texture was not black for all positions of the cell betwe
crossed polarizers, but rather inhomogeneous in brightn
we could conclude that it was not in the HSS state. This
supported by the recorded spectrum in which a lo
frequency (f c;3.5 kHz) mode is clearly visible in the ant
ferroelectric phase.~Modes at frequencies higher tha
;105 Hz cannot be studied due to the low cutoff frequen
of a cell this thin.! The sample was then cooled down aga
and electrically addressed until a perfect black state
achieved for all rotations between crossed polarizers.
same measurement was repeated and now there was, a
pected, no trace of any dielectric mode. This is thus an
perimental verification that the horizontal surface-stabiliz
condition of AFLCs can be probed by means of dielect
spectroscopy. This holds also for conventional SmCa* mate-
rials with tilt angles of about 30 ° where the horizontal co
dition cannot easily be detected optically. In order to ident
the observed mode, further analysis has to be performed.
likely that the high-frequency antiphase mode has a crit
frequency close to or above the cutoff frequency of the c
Electro-optic investigations should reveal if the observ
mode is short-axis fluctuations~not electro-optically active!
or tilt-plane fluctuation~electro-optically active!.

C. Frederiks transition

As theoretically predicted by Qian and Taylor@15# and
recently experimentally verified by Wenet al. and Zhanget
al. @16#, a horizontally surface-stabilized AFLC material ma
undergo a Frederiks transition to a vertical tilt plane st
before switching to the synclinic ferroelectric state. Wh
the electric field increases from zero, the tilt plane is at fi
parallel to the glass plates and there is no torque on the l
polarization of the smectic layers. For low voltages, fluctu
tions in the tilt plane orientation are counteracted by
elastic torques imposed by the planar anchoring at the
faces. However, above a certain threshold field, proportio
to 1/d, any fluctuation of the tilt plane orientation will resu
in a local torque strong enough to break the HSS struct
The tilt plane starts to reorient away from the cell plan
similar to the way in which the director tilts out of the lay
plane in the Frederiks transition of a planar aligned nema
until the sum of the electric and elastic energies is m
mized. As the field increases, a larger and larger part of
bulk will have the tilt plane along the electric field. Th
active torque on the tilt plane in this Frederiks transition
the same as in the field-induced unwinding of the AFL
helix discussed earlier, i.e., the coupling of the noncance
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polarization coming fromthe field-induced antiphase distor
tion of the anticlinic structure. Thus, thex axis of the biaxial
dielectric tensor of the surface-stabilized AFLC reorients
the electric field like the director of a nematic liquid cryst
in the corresponding Frederiks transition. Moreover, as in
Frederiks transitions in this type of geometry, the thresh
field is inversely proportional to the cell thickness, i.e., it
rather a voltage threshold than a field threshold.

We made a 2-mm thick cell with planar anchoring filled
with a 70:30 mixture of ~S!-TFMHPnBC-11 and ~S!-
EHPnCBC-12~see Fig. 10!. This AFLC mixture is nearly
pitch-compensated~but not polarization-compensated! and
gets essentially horizontally surface stabilized in 2-mm cells.

We measured both the optical response due to an ac e
tric field and the dielectric response under a dc bias elec
field, cf. Fig. 11. Part~a! in this figure shows the averag
transmitted light intensity as a function of the amplitude
the ac field when the cell is placed between crossed pola
ers in the standard AFLC display geometry, i.e., with t
crossed polarizers along and perpendicular to the ave
smectic layer normal direction. On increasing the elec
field from zero, nothing happens until the Frederiks tran
tion occurs at about 4 V, where there is an increase of
transmitted signal. The increase in intensity is due to
effective tilt of the slow axis in the plane of the cell comin
from the field-induced antiphase deflection of the molecu
in adjacent layers. There is also a change in transmission
to the increase of the retardation when the tilt plane is rota
away from the plane of the cell. The magnitude of the form
effect depends on the amount of rotation of the tilt plane a
on the amplitude of the field, whereas the magnitude of
latter effect depends on the quality of the alignment of
smectic layer normal in the plane of the cell, as will b
discussed later.

Note that there is no electro-optic effect below the Fre
eriks transition. At about 10 V, equal to a field strength
about 5.0 V/mm, the transition from the antiferroelectri
~AF! to the ferroelectric~F! state occurs. The combination o
electro-optic effects below this threshold is generally
ferred to as the pretransitional effect. We will return to th
matter in Sec. IV E. In Fig. 11~b!, the dielectric absorption in
the same cell as a function of frequency of the measur
field and amplitude of the bias field is shown. At zero bia

FIG. 10. Chemical structures of~a! ~S!-TFMHPnBC-11 and~b!
~S!-EHPnCBC-12.
8-7
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RUDQUIST, LAGERWALL, MEIER, D’HAVÉ, AND LAGERWALL PHYSICAL REVIEW E 66, 061708 ~2002!
FIG. 11. The Frederiks transition in a horizontally surfac
stabilized pitch-compensated AFLC material in a 2-mm-thick cell
studied by~a! electro-optic measurements and~b! dielectric spec-
troscopy.~a! shows the average transmitted intensity as a func
of the amplitude of an 100 Hz ac electric field in standard AF
display geometry.~b! shows the dielectric loss spectrum taken u
der the application of a bias voltage. The appearance of the t
dielectric modes in~b! is directly related to the appearance of t
pretransitional effect in~a! at 4.5 V when the Frederiks transitio
occurs, i.e., when the tilt plane starts to make an angle with the
plane. For bias voltages between 5 and 10 V, the tilt plane is es
tially vertical. Finally, at 10 V bias (5.0 V/mm), the transition to
the ferroelectric state occurs giving a large increase in the trans
ted intensity at the same time as the AFLC dielectric modes dis
pear. In the labels, log corresponds to log10.
06170
only a very weak low-frequency mode (f a;3 kHz) appears.
This indicates that the cell is essentially in the horizon
surface-stabilized condition but the alignment is not perf
over the entire electrode area. On increasing the bias volt
there is a significant increase of this mode when the Fr
eriks transition occurs, i.e., when the tilt plane reorients fr
horizontal to vertical in the cell. The tilt plane reorientatio
itself appears as a third mode of very low frequency~the tilt
plane fluctuation mode! visible for bias voltages in the rang
3–5 V. Above 5 V dc bias, the tilt plane is essentially ver
cal, thus the mode disappears. When the tilt plane beco
vertical, also a high-frequency mode~0.7 MHz! stands out
from the ITO peak. This is the antiphase fluctuation mo
Note the sharp decrease of the dielectric loss as all AF
modes disappear when the field-induced transition fr
the antiferroelectric to ferroelectric state occurs at ab
5.0 V/mm. This experiment proves that what we see in t
electro-optic measurements is in fact the Frederiks transit

D. Field effects in the antiferroelectric TGB phase

Twist grain boundary~TGB! phases consist of smecti
blocks forming a broken helical structure with the smec
layer normal of individual blocks spiraling about the hel
axis. The blocks are separated by grain boundaries of par
screw dislocations, which mediate the twist between
blocks. TGB phases appear when the helical twisting po
is high enough to break the homogeneous layered struc
of an ordinary smectic phase. The TGBA phase consist
smecticA blocks, the TGBC phases consist of SmC* blocks,
and so on. The TGBA phase was first predicted by Renn
Lubensky @17# and later discovered by Goodbyet al. @18#
while the TGBC phase was discovered by Nguyenet al. @19#.

Recently, a new type of TGB phase with local anticlin
antiferroelectric order within the smectic blocks was disco
ered in the compound depicted in Fig. 12@4,20#. On the basis
of optical and electro-optical investigations on the sa
compound, we developed a qualitative model for the mic
scopic organization of the TGBCa phase@20#. In this model,
the smectic layer normal of individual blocks is perpendic
lar to the TGB helix axis. Inside a block, the local tilt plan
is parallel to the grain boundaries. The grain boundaries c
sist of a lattice of11/2 and 21/2 dispirations, i.e., unit
screw dislocations in the smectic layer structure combin
with half unit disclinations in thec director~the projection of
the director onto the smectic layer!. Whereas all screw dis
locations have the same sign, the sign of the disclinati
alternates in adjacent dispirations. A schematic picture of
structure proposed is given in Fig. 13. From the picture i
seen that within the grain boundaries the tilt plane betw
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FIG. 12. Molecular structure of the TGBCa material.
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TILT PLANE ORIENTATION IN ANTIFERROELECTRIC . . . PHYSICAL REVIEW E 66, 061708 ~2002!
adjacent dispirations is alternately parallel and perpendic
to the TGB helix.

The electro-optic effects of the TGBCa phase can be sum
marized as follows. In planar aligned samples, the helix
perpendicular to the glass plates~Grandjean texture!. An
electric field applied normal to the cell walls first induces
slight increase of the helical pitch, detected as a chang
the color of selective reflection. On increasing the fie
strength, there is a transition from Grandjean to fingerp
texture with the TGB helix parallel to the glass plates. F
high enough fields, the TGB helix is unwound correspond
to a field-induced untwisted SMCa* structure. All these fea-
tures can be explained by considering the model depicte
Fig. 13 together with the basic knowledge that the local
plane wants to align along the applied electric field. In t
Grandjean texture, the electric field is applied perpendicu
to the tilt plane inside the smectic blocks. Thus there is
torque on the tilt plane, i.e., there is no torque on the sme
layer dipoles. Inside the grain boundaries, however, there
regions where the electric field is essentially along the
plane. On applying the field, these regions~with the widthl 2
in Fig. 13! tend to expand as the free-energy density is m
mized when the tilt plane is along the field. This expans
effectively ‘‘pushes’’ the dispirations out of the liquid crysta
and as the number of dispirations decreases for the s
number of smectic blocks there is an increase of the he
pitch. On further increasing the field, the system reache
point where the overall free energy becomes lower for
fingerprint texture than for the Grandjean texture and, hen
there is a transition to the fingerprint texture. This can
understood from the fact that in the fingerprint texture
larger part of the sample has the local tilt plane along
electric field than in the Grandjean texture. This phenome
is analogous to the field-induced Grandjean to fingerp
transition in a cholesteric liquid crystal. Again thex semiaxis
of the local biaxial dielectric tensor of the anticlinic structu
plays the role of the director in the cholesteric. In the fing
print texture, the increasing electric field further unwinds t
TGB helix as the local tilt plane is reoriented into the fie
direction. Finally, the TGB helix is squeezed out and we
left with a field-induced biaxial SmCa* structure.

E. The tilt plane orientation in AFLCDs

The tilt plane orientation in AFLC display application
has a significant impact on the electro-optic performance

FIG. 13. The microscopic arrangement of the TGBCa phase.
The grain boundary consists of dispirations built up of unit scr
dislocations combined with half unit disclinations.
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order to optimize the static dark state and to minimize
dynamic light leakage due to the pretransitional effect in
passive matrix drive, the AFLC should be horizontally su
face stabilized and the tilt angle should preferably be 45
The high speed of the linear electro-optic responset
'10 ms) of the pretransitional effect suggests that it is d
to the field-induced distortion~antiphase motion on the
smectic cone in adjacent layers! of the antiferroelectric state
This effect is electro-optically active when the tilt plane
not parallel to the glass plates, e.g., when there is a h
present, when the surface stabilization is not complete
when the surface-stabilized AFLC has undergone a Frede
transition to a more or less vertical tilt plane state. Thus,
order to avoid the pretransitional effect, the AFLC should
horizontally surface stabilized up to the field strength
which the AF→F transition occurs. In other words, the Fr
deriks transition should be ruled out. We propose that t
can be achieved by taking advantage of the fact that
Frederiks transition has avoltage threshold whereas the
switching from the antiferroelectric to ferroelectric sta
~AF-F switching! has afield threshold@16#. By decreasing
the cell thickness, the voltage required for the AF→F tran-
sition decreases while the Frederiks threshold voltage
mains constant. Thus, there should be a cell thickness
which the Frederiks transition and the AF→F transition oc-
curs at the same applied voltage. The binary mixture stud
in Fig. 11 has an approximate threshold field for the A
→F transition ofEth55.0 V/mm, while the onset of the Fre
deriks transition occurs at a field valueEf52.2 V/mm, indi-
cating that the Frederiks transition should be ruled out a
cell thickness of less than about 1mm. This aspect of the
electro-optic processes determining the hysteresis shap
obviously very critical for applications and is now bein
studied in detail for different AFLC materials. There is st
very little known about the requirements for an AFLC ma
rial to become surface stabilized in bookshelf cells. But it
clear that strongly planar anchoring combined with wea
polar anchoring (Ps pointing into the surface has similar en
ergy toPs pointing out from the surface! promotes the HSS
state. Furthermore, the cell thickness should be small, of
order of the helical pitch, in order for the helix free structu
at the surface to penetrate the bulk of the cell.

V. DISCUSSION AND CONCLUSIONS

AFLC devices are generally considered to be working i
surface-stabilized bookshelf geometry, where all molecu
are in the plane of the cell. But there has been no evide
for this to be true. Our analysis and experiments show th
large pretransitional effect is likely to be a result of the pre
ence of a helix or incomplete surface stabilization. The h
cal structure presents a rotating tilt plane which accordin
is more or less perpendicular to the glass plates in about 5
of the cell area. Thus, the electric field couples toPs of the
individual smectic layers and distorts the antiferroelect
structure~linear electro-optic response!, which in turn gives
a net polarization in the local tilt plane. This induced pola
ization is reoriented into the field direction and unwinds t
helix ~quadratic electro-optic response!. Following this
8-9
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RUDQUIST, LAGERWALL, MEIER, D’HAVÉ, AND LAGERWALL PHYSICAL REVIEW E 66, 061708 ~2002!
analysis, it stands out as a major task to understand an
able to control the surface-stabilization mechanisms in AF
cells.

We have shown that the tilt plane orientation can
probed by means of dielectric spectroscopy as all three
evant dielectric modes disappear in bookshelf cells when
cell becomes horizontally surface stabilized. These exp
ments were performed on orthoconic AFLCs in which w
could optically verify the quality of the surface-stabilize
state since it provides a perfectly dark state between cro
polarizers independent of the direction of the smectic la
normal. We could also study the Frederiks transition
surface-stabilized cells of a pitch compensated binary AF
mixture by means of dielectric spectroscopy and elec
optic measurements. The dielectric spectra could be dire
related to the electro-optic response, which strongly supp
the origin of the dielectric modes in AFLCs discussed he

One might argue that antitilt fluctuations~with electro-
cliniclike fluctuations in each smectic layer! could give an
absorption in the recorded spectrum. Moreover, this m
should give the strongest contribution to the permittiv
when the tilt plane is parallel to the glass plates. As no
sponse, optical or dielectric, was detected in perfectly h
zontally surface stabilized orthoconic AFLC cells, we cou
exclude antitilt fluctuations from being responsible for t
modes observed.

The electric field effects in the TGBCa phase can be un
derstood by assuming that the local tilt plane inside a sme
block is perpendicular to the TGB helix axis, whereas it
k-

e-
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parallel and perpendicular to this axis in a periodic fashion
the grain boundaries. The thickness of TGB smectic block
likely to be of the order of 20–100 nm, which means that t
regions in the vicinity of the grain boundaries where the
plane is not perpendicular to the TGB helix constitute a re
tively large part of the volume of the structure. In dielectr
spectroscopy of the TGB phase, there are no drastic dif
ences in the spectra of Grandjean and fingerprint tex
cells. Low-frequency modes appear in both cases, indica
that virtually all directions of the tilt plane are represented
both textures. This gives further support to the propos
structure@20# of the TGBCa phase in Fig. 13.

Finally, electro-optic effects in AFLCs below the switch
ing to the ferroelectric states can be understood in term
the tilt plane orientation. In many cases, e.g., the fie
induced unwinding of the AFLC helix and the Frederiks tra
sition in surface-stabilized cells, thex axis of the local biax-
ial dielectric tensor plays the role of the director in the ca
of unwinding of the cholesteric helix and the Frederiks tra
sition in a planar aligned nematic.
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