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Smectic-A* –smectic-C* transition in a ferroelectric liquid crystal
without smectic layer shrinkage
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The smectic layer spacing of a nonfluorinated ferroelectric liquid crystal~FLC! compound with almost no
shrinkage and only minor tendency to form zigzag defects was characterized by small angle x-ray diffraction.
The material lacks a nematic phase. The smectic-A* –smectic-C* phase transition was studied by measuring
the thermal and electric field response of the optical tilt and the electric polarization. These properties are
described very well by a Landau expansion even without introduction of a higher-orderQ6 term. This result
suggests a pure second-order phase transition far from tricriticality and differs considerably from the typical
behavior of theA* -C* transition in most FLC materials.@S1063-651X~99!01907-8#

PACS number~s!: 61.30.2v, 64.70.Md, 77.80.Bh, 77.84.Nh
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I. INTRODUCTION

In most ferroelectric liquid crystals~FLC’s!, the molecu-
lar tilt Q implies a shrinkage of the smectic layer spaci
beginning at the smectic-A* –smectic-C* phase transition
(A* -C* transition! and leading to the formation of chevron
which are a folding instability of the smectic layer structu
where domains of opposite fold direction are separated
zigzag defects~Fig. 1! @1#. The zigzag defects and the re
duced effective switching angle in the chevron configurat
considerably degrade the quality of surface stabilized fe
electric liquid crystal~SSFLC! devices. A promising ap-
proach to avoid these problems is to select smectic-C*
(Sm-C* ) materials without smectic layer shrinkage. Sin
1989, naphtalene-based liquid crystals@2# and partially flu-
orinated phenylbenzoates@3# were reported to exhibit little
or no shrinkage of the smectic layer spacing in the smec
C* state. These materials are of great interest for the ap
cation in future SSFLC devices.

From the scientific point of view, the existence
smectic-C materials without smectic layer shrinkage co
cerns the old question of understanding the meaning of
director tilt Q in terms of any molecular model. So far, b
sically two models may be contemplated: The first mec
nism proposed by de Vries in 1977@4# assumes the mol
ecules to be tilted both in the smectic-C (Sm-C) and in the
smectic-A (Sm-A) state. While the molecular tilt direction
is randomly distributed in the uniaxial Sm-A state, it be-
comes ordered below theA-C transition, leading to the biax
ial Sm-C state with the optic axis~director! tilted with re-
spect to the smectic layer plane. The second model prop
a compensation of the smectic layer reduction by conform
tional changes of the molecule, i.e., by an ordering of fl
ible alkyl
PRE 601063-651X/99/60~1!/598~5!/$15.00
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tails, or by changes in the interdigitation of molecules
adjacent smectic layers. Recently, these assumptions
supported by dielectric investigations@5#. A more elaborate
treatment of nonchevron structures can be found in Ref.@6#.

Recently, a new series of ferroelectric liquid crystals w
three ester linkages in the mesogenic core and an (S)-lactic
acid ester as chiral unit has been synthesized@7#. Due to the
introduction of four ester linkages, an increased molecu

FIG. 1. In a regular smectic-A* –smectic-C* material, the direc-
tor tilt Q induces a shrinkage of the smectic layer spacing beg
ning at the transition into the Sm-C* phase, here illustrated in the
extreme case of rigid rodlike molecules. In the surface stabili
state, a Sm-A* sample with bookshelf configuration of the smec
layers transforms into a chevron configuration when entering
Sm-C* phase; conserving the anchoring of the Sm-A* state, the
shrinkage involves a folding of the smectic layers. Opposite f
directions are separated by zigzag defects.
598 ©1999 The American Physical Society
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flexibility may be expected for these compounds. Indeed
number of them show pronounced anomalies of the sme
C* layer spacing and minor tendency to form chevrons a
zigzag defects. In this paper, we will focus on the charac
istics of the smecticA* -C* transition for one of these com
pounds and ask whether the thermodynamics of theA* -C*
transition without smectic layer shrinkage differ from th
regular case. In order to clarify this question, the Land
expansion coefficients which, in the mean field limit, ch
acterize the material properties were experimentally de
mined and compared to values of a conventional FLC m
rial.

II. EXPERIMENT

The investigations were carried out on th
(S)-hexyl-lactate

abbrevated as 9HL in@7#. This nonfluorinated compoun
lacks a nematic phase. In a 4mm liquid crystal cell~EHC
Co. Ltd., Tokyo, Japan! with ITO electrodes and paralle
rubbed polyimide coating the phase transition temperatu
were observed to be

The smectic layer spacing was measured by small a
x-ray diffraction using Cu-Ka radiation, a Kratky-compac
camera, and a one-dimensional electronic detector~M. Braun
GmbH, Garching, Germany!.

The Landau expansion coefficients are experimentally
cessible by measuring the thermal and electric field respo
of the Sm-C* order parameters~tilt Q, polarizationP) as
shown in Ref.@8#, where theoretical considerations, expe
mental techniques, and the data evaluation are descr
The measurements on 9HL were performed on heatin
well-aligned sample in the vicinity of theA* -C* transition
(28 K<T2Tc* <14 K!. At every temperature selecte
tilt anglesQ were measured by electro-optical switching
four different amplitudesE51, 2, 3, and 4 MV m21 of an
electric square wave field with a frequency of 108 Hz. T
total polarizationP was determined by its reversal curre
using the same frequency and amplitudes of a triang
wave. In order to exclude dispersion effects@9#, the electro-
optic response was detected at an optical wavelength ol
5546 nm. After completing each tilt and polarization me
surements the temperature was increased to the next va

III. RESULTS AND DISCUSSION

The x-ray results on the smectic layer spacingd of 9HL
are shown in Fig. 2. They clearly indicate a pronounc
anomaly of the layer spacing remaining essentially cons
at theA* -C* transition: The Sm-A* spacing of about 4.25
nm fits well to a single molecular length of about 4.5–4
nm, estimated from simple molecular models~Fig. 3!. In the
vicinity of the A* -C* transition the smectic layer spacin
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slightly decreases fromd'4.25 nm to 4.05 nm. At lower
temperatures the Sm-C* layer spacing remains even consta
at d'4.05 nm instead of a decreasing smectic layer spac
as expected from the optical tiltQ in the regular case~solid
line in Fig. 2!.

The results of polarization and optical tilt measureme
are plotted in Figs. 4 and 5, respectively. The polarizationP
is almost linearily coupled to the tiltQ ~Fig. 4!, indicating
only minor importance of biquadratic coupling effects f
9HL. The optical tilt angleQ ~Fig. 5! reflects a typical
second-order phase transition and strongly depends on
electric field strength, illustrating the electroclinic effe
@10#. Due to the large electroclinic coefficient, the secon
orderA* -C* transition in 9HL is considerably smoothed o
in an electric field, even at the lowest field amplitude appl
~1 V mm21 in Fig. 5!.

Both the polarization-tilt coupling~Fig. 4! and the thermal
and electric field response of the optical tilt~Fig. 5!, are well
described by the generalized Landau expansion of the sm
tic A* -C* transition ~solid lines in Figs. 4 and 5!. In the
framework of this Landau model proposed by Zˇ ekš in 1984
@11# the nonsingular part of the free energyf -f 0 is given in
the vicinity of theA* -C* transition by a power series expan
sion in terms of the primary (Q) and secondary~P! order
parameters, according to the Sm-A* /Sm-C* symmetry in-
variants

FIG. 2. Smectic layer spacingd as measured in the Sm-A* and
Sm-C* phases of 9HL by x-ray diffraction. The solid line corre
sponds to the rigid rod value estimated from the optical tilt angleQ
by dC5dA cosQ. Error bars indicate an experimental accuracy
61 channel number of the electronic detector.

FIG. 3. Simple molecular models of 9HL suggest a molecu
length of 4.5 – 4.6 nm, depending on the conformation assume
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a~T2Tc!Q

21
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4
bQ41

1

6
cQ62CPQ1

1

2x«0
P2

2
1

2
VP2Q21

1

4
hP42PE. ~1!

The first three terms represent the free energy of the n
chiral Sm-C phase with Landau coefficientsa, b, andc. The
polarization-tilt coupling is reflected by the bilinea
(2CPQ) and biquadratic (2VP2Q2/2) coupling terms, in-

FIG. 4. Polarization (P)-tilt ( Q) coupling in 9HL at various
electric field strengthE. Solid lines depict the best fit according t
the Landau model with coefficients listed in Table I. The zero fi
polarization is indicated by the dotted line.

FIG. 5. Smectic-A* –smectic-C* transition in the studied FLC
material without smectic layer shrinkage: optical tilt angleQ of
9HL vs temperatureT at various electric field strengthE. Solid lines
depict the best fit to the Landau model with coefficients listed
Table I. The dotted line is the optical tilt at zero electric fie
extrapolated from the Landau model.
n-

troducing the coefficientsC and V. The P2/2x«0 term is
entropic in origin, related to the decrease in entropy due
polar ordering in the material. In the case of 9HL, as in m
other cases~see, e.g., Ref.@8#!, thehP4/4 term is not neces-
sary to obtain a sufficient description of experimental d
and, hence, is omitted in the further treatment. The last te
in Eq. ~1!, finally, describes the contribution due to a nonze
electric field.

While the Landau expansion relies on basic consid
ations of symmetry and, hence, universally applies to a
second-orderA* -C* transition, the individual properties of
certain FLC material are reflected by its Landau expans
coefficients, i.e.,a, b, c, C, x, andV in Eq. ~1!. Following
the treatment in Ref.@8#, these coefficients can be obtaine
from a careful analysis of the tilt and polarization data d
picted in Figs. 4 and 5. The Landau expansion coefficie
obtained for 9HL are listed in Table I. For reasons of co
parison, coefficients are also listed for the FLC material F
6430 from Hoffmann-La Roche, Basle, Switzerland. The o
tical tilt data for FLC 6430 are plotted in Fig. 6 to the sam
scale as used for 9HL in Fig. 5. Data for FLC 6430 are tak
from Ref. @8#.

Comparing 9HL to FLC 6430, the most striking diffe
ence is that theA* -C* transition in 9HL can be describe
over a temperature range of, at least, 12 Kwithoutconsider-
ation of a sixth-order termcQ6/6 in Eq. ~1!, i.e., c'0 in
Table I. Normally a large sixth-order term has to be intr
duced reflecting the fact that theA* -C* transition in most
FLC materials comes close to the tricritical transition@12,13#
which defines the crossover from a second-order to a fi
order phase transition@14#. With c'0, theA* -C* transition
in 9HL is a very pure second-order phase transition far fr
tricriticality. In this respect, the phase transition in 9HL d
fers considerably from most FLC materials.

Comparing Figs. 5 and 6, the difference in the phase tr
sition between 9HL and FLC 6430 becomes obvious: Pa
ing the A* -C* transition, the change in the optical tilt i
considerably larger for FLC 6430 and reflects the proxim
of a first-order transition with a much faster change in the
as a function of temperature. The reverse is true for the til
a function of the electric field: Except for the very clos
vicinity of the A* -C* transition it is seen that the electro
clinic effect ~the dependence of the tilt on the electric fiel!

TABLE I. Landau expansion coefficients obtained for 9HL
comparison to reference values for FLC 6430. The values ofTc* are
obtained by polarization microscopy andTc is calculated byTc

5Tc* 2x«0C2/a @8#.

9HL FLC 6430

Tc* ~K! 336.8 331.4
Tc ~K! 335.0 330.5

a (103 J m23 K 21) 11 45
b (106 J m23) 1.0 0.61
c (106 J m23) ' 0 10

x 11.4 3.3
C (106 V m21) 13.9 37
V (106 V m C21) 9 49
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is much more pronounced in the case of 9HL~Figs. 5 and 7!
than for FLC 6430~Figs. 6 and 8!. The same holds for the
nonlinearity of the electroclinic effect~Figs. 7 and 8!. Both
observations are related to the smalla coefficient of 9HL
which is about one fourth of typical values, e.g., for FL
6430 ~Table I!.

In conclusion, there are three basic results of this st
concerning theA* -C* transition in the hexyl-lactate 9HL.

~1! Anomalous smectic layer spacing~no layer shrink-
age!.

FIG. 6. Smectic-A* –smectic-C* transition in a regular FLC
material~from Ref. @8#!: optical tilt angleQ of FLC 6430 vs tem-
peratureT at various electric field strengthE. For solid and dotted
lines, see the caption to Fig. 5.

FIG. 7. Electroclinic effect in the studied FLC material witho
smectic layer shrinkage: optical tilt angleQ of 9HL vs electric field
strengthE at various temperatures fromT2Tc* 514.35 K ~lower
curve! to T2Tc* 524.15 K ~upper curve! in intervals of20.5 K.
The solid lines depict the best fit to the Landau model with coe
cients listed in Table I.
y

~2! Very large electroclinic effect~small a).
~3! Second-order transition far from tricriticality (c'0).

The first point can be explained by a model according to
Vries @4# as well as by changes in the molecular conform
tion or packing. The second point is closely related to
absence of the smectic layer shrinkage: the resistance t
electroclinic tilt arises from the compression of the smec
layers associated with the induced tilt. If there is no sign
cant change in the smectic layer spacing in spite of an
duced tilt, the electroclinic effect can be expected to be lar
In addition the tilt can be performed without being acco
panied by a striped defect pattern@15#. Convenient materials
for the application of the electroclinic effect should therefo
be sought from those with little or no layer shrinkage. T
third point does not contradict the assumption of a De Vr
transition. As in a ferromagnetic material without spa
quantization of the spin moments, the vectors pointing i
the tilt direction of the individual molecules can formally b
treated as spins undergoing a Langevin-like ordering be
the critical temperature. This leads to a second-order ph
transition@16#.

Another point which may contribute to the anomaly in t
A* -C* transition of 9HL is the coupling between order p
rameters of succeeding phase transitions: due to the b
Sm-A* phase in 9HL, the second-orderA* -C* transition is
well separated in temperature from the first-order smec
A* -isotropic transition. Therefore, order parameters such
the nematicS2 or the smectics are expected to be almos
constant in temperature and should not affect theA* -C*
transition in the case of 9HL. In most of the regular FL
materials, theA* -C* transition is far less separated in tem
perature from first-order transitions and a coupling of vario
order parameters may superimpose effects from these tra
tions.

-

FIG. 8. Electroclinic effect in a regular FLC material~from Ref.
@8#!: optical tilt angleQ of FLC 6430 vs electric field strengthE at
various temperatures fromT2TC* 511.75 K ~lower curve! to T
2Tc* 523.25 K ~upper curve! in intervals of20.5 K. The solid
lines depict the best fit to the Landau model with coefficients lis
in Table I.
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Future experiments will show whether the results o
tained for 9HL can be generalized for other materials w
anomalous layer shrinkage. Detailed x-ray investigations
aligned samples, dielectric spectroscopy, and molec
simulations might improve our understanding of the nat
of A* -C* transitions with and without smectic laye
shrinkage.
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