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Sign inversion of liquid-crystal-induced circular dichroism observed in the smectic-A
and chiral smectic-Ca phases of binary mixture systems

Kenko Yamada, Yoichi Takanishi, Ken Ishikawa, Hideo Takezoe, Atsuo Fukuda, and Mikhail A. Osipov*

Department of Organic and Polymeric Materials, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152, Japa
~Received 13 January 1997!

Liquid-crystal-induced circular dichroism~LCICD! measurements have been made to investigate the struc-
ture of smectic-Ca* using liquid-crystal-mixture systems, in which zero spontaneous polarizationPS50 or
infinite pitch is realized. Two main observations are as follows:~1! LCICD shows a cusp but not a discon-
tinuous change at the Sm-A–Sm-Ca* phase transition; and~2! the sign of the LCICD in Sm-A and Sm-Ca* is
correlated with the sign ofPS , and LCICD is hardly observed near a mixing ratio of zeroPS . Based on these
observations, we have concluded a dynamic helical structure with a very long average pitch in Sm-Ca* and an
important role played by the flexoelectric effect.@S1063-651X~97!51107-X#

PACS number~s!: 61.30.Gd, 64.70.Md, 78.20.Ek
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Since the antiferroelectric liquid crystalline phase w
discovered in 1989@1#, several subphases have been fou
and studied@2#. Almost all of them emerge between smect
CA* and ordinary ferroelectric Sm-C* , and are well ex-
plained by the axial next-nearest-neighbor Ising model w
the third nearest-neighbor interaction@3#. A single exception
is a subphase designated as Sm-Ca* that emerges betwee
Sm-A and Sm-C* @4,5#. Although various investigations
have been performed, it is still a mysterious phase. Its c
acteristic features are as follows:~1! Sm-Ca* is a tilted smec-
tic phase just below Sm-A and the tilt angle is small@6#. ~2!
The texture appears so uniform and uniaxial that it is
easy to optically distinguish Sm-Ca* from Sm-A @5,7#. ~3!
The liquid-crystal-induced circular dichroism~LCICD! is
very small @8#. ~4! Sm-Ca* exists at any mixing ratio of a
binary system where the spontaneous polarization beco
zero,PS50 @9#. ~5! The apparent tilt angle in homogeneo
cells changes stepwise with the electric field@10#, although
the conoscopic figure in homeotropic cells varies conti
ously and looks ferrielectric@7#. ~6! Dielectric measurement
in homogeneous cells show thermal hysteresis in the lo
temperature region of Sm-Ca* @11#. ~7! Ellipsometric mea-
surements in free-standing films reveal stepwise struct
changes with temperature@12#. ~8! Electro-optic measure
ments in homogeneous cells reveal an antiferroelectric st
ture just below Sm-A, but the existence of a ferrielectri
structure is also suggested with decreasing temperature@2,6#.

Features~5!–~8! suggest that Sm-Ca* might be a devil’s
staircase caused by the frustration between antiferroelec
ity and ferroelectricity@2,6,10#. However, feature~4! clearly
indicates that the staircase is not essential for Sm-Ca* . An-
other controversy is on the helical structure. The pitch w
considered to be short because of features~1!–~3!. Actually,
Laux et al. @13# quite recently claimed to have measured t
pitch as short as 100 nm by a sophisticated technique.
purpose of this Rapid Communication is to report a liqu
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crystal-mixture system which shows unambiguously t
Sm-Ca* has a dynamical helical structure with very long a
erage pitch.

The antiferroelectric liquid crystals used in this e
periment were the binary mixtures of (R)-4-
~1-methylheptyloxycarbonyl!-phenyl 48-octylbipheyl-4-
carboxylate@(R)-MHPBC#

and (R)- or (S)-4-~1-trifluoromethylheptyloxy
carbonyl!phenyl 48-octylbiphenyl-4-carboxylate@(R)- or
(S)-TFMHPBC#.

The phase diagrams of these binary mixtures have alre
been reported@9#. It must be noted that (R)-MHPBC and
(R)-TFMHPBC have the opposite handednesses of the h
ces in the Sm-CA* phase, although they possess the same s
of the spontaneous polarization, so that there exists a mix
with an infinite pitch in the Sm-CA* phase at a certain mixing
ratio. The experimental results will be reported mainly f
the mixtures of (R)-MHPBC and (S)-TFMHPBC, in which
the Sm-Ca* phase exists in all the mixing ratios and the spo
taneous polarization becomes zero at a certain mixing r
@9#.

Spontaneous polarization (PS) measurements were mad
in binary mixtures of (R)-MHPBC and (S)-TFMHPBC us-
ing the reversed current method, by applying rectangu
wave with 5–10 Hz. We used 2–4mm thick homogeneously
aligned cells prepared by the temperature gradient meth

Thick free-standing films were made on a 240mm thick
aluminum plate with a small hole~3 mm in diameter! by
stretching liquid crystals with a spatula across the small h
at the temperature region of Sm-A.The sample thickness de
termined by interference fringes using a Hitachi U3410 sp
trophotometer was between 100mm and 200mm and was
used to normalize the CD signal. CD due to the difference
the absorbance~but not a selective reflection! for right and
f
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left circularly polarized light~LCICD! was measured using
spectropolarimeter~JASCO J-720WI!. In thick free-standing
films, the LCICD signal was detected only in the tail of th
absorption band due to the large intrinsic absorption. T
sample was always set so that the incident ray propag
along the helical axis; we rotated the sample around
beam axis and confirmed no change of the signal. This
ting assures that the signal does not come from a liquid c
talline birefringence but is truly caused by LCICD due to t
helical structure.

Figure 1 shows the temperature dependence of LCICD
about 340 nm in the binary mixture of (R)-MHPBC and
(R)-TFMHPBC with ~a! 30 wt % and ~b! 80 wt % of
(R)-TFMHPBC. The LCICD varies with a temperature an
shows clear changes at the phase transition temperature
remarkable jump with a sign reversal appears at the S
C* -Sm-CA* phase transition, as shown in Fig. 1~a!. It is con-
sistent with the previous reports that the handednesse
helices in Sm-CA* and Sm-C* are opposite@14,15#. Although
the intensity of the LCICD signal in the Sm-Ca* and Sm-A
phases is much weaker than that in the Sm-CA* and Sm-C*
phases, the transition temperature is clearly distinguishe
is important to note that LCICD in Sm-CA* , which exists in
all the mixtures, tends to diverge to negative and posit
values in (R)-MHPBC and (R)-TFMHPBC sides, respec
tively, when approaching the mixture showing an infin
pitch, as suggested in Figs. 1~a! and 1~b!.

Figures 2~a!–2~c! show the temperature dependence
LCICD in the Sm-A and Sm-Ca* phases of the three binar

FIG. 1. Temperature dependence of LCICD at about 340 nm
the mixtures of~a! (R)-MHPBC:(R)-TFMHPBC57:3 and~b! 2:8.
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mixtures of 20 wt %, 30 wt %, and 40 wt %
(S)-TFMHPBC in the mixture series of (R)-MHPBC and
(S)-TFMHPBC. The following observations should be ma
in Fig. 2. ~1! In 30 wt % (S)-TFMHPBC, the signal is van-
ishingly weak in both the Sm-Ca* and Sm-A phases.~2! In 20
wt % and 40 wt %, the LCICD signals have positive a
negative signs, respectively. Moreover, the sign of
LCICD signal in Sm-A is always the same as that in Sm
Ca* . ~3! If the signal appears, the Sm-A–Sm-Ca* phase tran-
sition is clearly recognized by a cusp.~4! No discontinuity
exists at the Sm-A–Sm-Ca* phase transition.~5! The tem-
perature dependence of LCICD exhibits some structure
Sm-Ca* @see particularly Fig. 2~a!#, while it shows only a
monotonous change in Sm-A. ~6! The phase transition be
tween Sm-Ca* and Sm-CA* is associated with a large discon
tinuous jump of the LCICD. The sign change is sometim
accompanied with this jump or transition@see Fig. 2~a!#.

in

FIG. 2. Temperature dependence of LCICD at about 340 nm
the mixtures of~a! (R)-MHPBC:(S)-TFMHPBC58:2, ~b! 7:3, and
~c! 6:4.
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Figure 3 shows the mixing ratio dependence ofPS ob-
served at 10 °C below the Sm-A–Sm-Ca* phase transition in
the mixture series of (R)-MHPBC and (S)-TFMHPBC. The
LCICD at the Sm-A–Sm-Ca* transition point is also shown
Note that bothPS and LCICD become zero between 30 wt
and 40 wt % (S)-TFMHPBC. Thus, there is a strong corr
lation between the LCICD signal in Sm-Ca* andPS including
their signs.

Our final goal is to clarify the structure of the Sm-Ca*
phase. As the first step, let us consider the helical structur
Sm-Ca* based on the present LCICD observation. T
present LCICD observation clearly indicates the existenc
some helical structures, not only in Sm-A but also in Sm-
Ca* . The LCICD signal in Sm-A is due to a helical structure
dynamically formed as a result of soft mode fluctuations@8#.
The fluctuation amplitude and, hence, the LCICD signal
creases in Sm-A as the temperature approaches the ph
transition to Sm-Ca* . The dynamical helical structures hav
an average pitchl 0 or the corresponding wave numberq0 .

It is known that the LCICD tends to diverge whenq0
approaches to zero similar to the optical rotatary power@1#,
as schematically shown in Fig. 4~regionsA andC). Actu-
ally, in the real Sm-CA* phase in the mixture series o
(R)-MHPBC and (R)-TFMHPBC, the LCICD signal grows
to large negative and positive values when the mixing ra
approaches the critical value showing an infinite pitch,
already mentioned. From this point of view one may sugg
that a very small LCICD in the Sm-Ca* phase corresponds t
a very short pitch~largeq0) as reported by Lauxet al. @13#.
We cannot agree with this conclusion, however. Inde
LCICD formally vanishes whenq050 ~i.e., when there is no
helical structure! as shown in regionB of Fig. 4; the LCICD
linearly changes withq0 at smallq0 , crossing the zero at th
sense inversion point. We note that the mixing ratio cor
sponding to regionB can be very small for Sm-CA* in our
system. A much broader region of this kind is actually re

FIG. 3. LCICD at the Sm-A–Sm-Ca* transition point and spon
taneous polarization at 10 °C below the Sm-A–Sm-Ca* transition
point in a binary mixtures of (R)-MHPBC and (S)-TFMHPBC.
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ized in lyotropic systems where the pitch is always mu
larger than the wavelength of the light@16#. Thus, it is more
reasonable to assume that the pitch in Sm-Ca* is very long,
i.e., q0'0, existing in regionB, irrespective of its helix
character, fluctuating dynamic, or equilibrium static.

Figure 2 indicates that the Sm-A–Sm-Ca* transition is one
of the higher order@17# and, hence, the temperature chan
of the LCICD signal looks continuous; the helical structur
of Sm-A and Sm-Ca* have the same~average! wave number
q0 at the phase transition temperature. Suppose there e
an ordinary static helix of such a long pitch, a characteris
disordered texture is expected to appear. Actually, howe
the Sm-Ca* texture is always so uniform that it is not easy
distinguish between Sm-A and Sm-Ca* . Therefore, we have
to consider that the dynamical helical structure plays an
portant role not only in Sm-A but also in Sm-Ca* . As a
possible cause for the dynamical helical structure of the til
Sm-Ca* phase, we speculate thermally excitedC-director dis-
clinations. Since Sm-Ca* always appears just below Sm-A
and hence the tilt angle is very small, a large number
C-director disclinations may easily be excited thermally; t
average distance between disclinations must be much sh
than the visible light wavelength so that Sm-Ca* appears to
be uniform and uniaxial when observed with an optical m
croscope. Even if the disclination formation requires a lit
energy, their creation and annihilation do not always fre
occur; this fact may explain stepwise changes in the fie
induced apparent tilt angle@10#, and some hysteresis in hea
ing and cooling processes observed during dielectric m
surements@11#.

The next question is related to the formation of the flu
tuating helical structure. Let us first consider the ferroelec
Sm-C* type soft mode fluctuations. The microscopic orig
of the helical structure in the Sm-C* phase is known to be
twofold. First, there exists a direct contribution from chir
intermolecular interactions that are also responsible for
helical twisting in cholesteric liquid crystals. Second, there
an additional contribution from the flexoelectric effect. A
cording to the phenomenological theory by Pikin and Inde
bom @18#, the helical pitch wave numberqC and the sponta-
neous polarizationPS in Sm-C* are given by

qC52
l1xempm f

K2xem f
2
, ~1!

FIG. 4. Schematic illustration of LCICD as a function ofq0 .
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PS5xe~mp2m fq
C!u, ~2!

wherel is a quantity related to molecular chirality and is
measure of a twisting power,u, xe ,andK are a tilt angle, an
electric susceptibility, and an elastic constant, respectiv
mp andm f are piezoelectric and flexoelectric constants,
spectively. Using Eqs.~1! and ~2!, we obtainqC as

qC52
l

K
2
PS

Ku
m f . ~3!

At present it is impossible to develop a consistent the
of the Sm-Ca* phase because too little is known about
particular structure. Nevertheless, we are going to prese
sequence of relevant arguments which will be used to jus
our conclusions about the helical structure and the role of
flexoelectric effect. In a dynamical helical structure, the flu
tuations of the tilt angle, the polarization, and the heli
wave number possess different relaxation times. We ass
that the relaxation time of the polarization is smaller th
that of the tilt angle because it is related to the rotation
short molecular axes about the long one. In this case
fluctuations of polarization are peaked around the va
given by Eq.~2!, when the system is far from the resonan
condition ~pitch@light wavelength!. In a similar way the
most probable value of the pitch is given by Eq.~1!. We note
that this expression does not depend on the tilt angle and
the fluctuations of the pitch are independent of the tilt an
fluctuations in the first approximation.

We also note that the sign of helix does not change in
Sm-CA* phase of the mixture series of (R)-MHPBC and
(S)-TFMHPBC but the sign ofPS does. Since Eqs.~1!–~3!
A
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are valid even in Sm-CA* , the first term in Eq.~3! is pre-
dominant for the pitch in this phase. However, by some r
son, the first and the second terms in Eq.~3! nearly cancel
each other in the Sm-A and Sm-Ca* phases resulting in the
very long pitch. The strong correlation between the LCIC
signal andPS indicates that the flexoelectric effect plays a
important role to form a helix in Sm-A and Sm-Ca* . The
small but nonzerol may be the reason why the mixing rat
which shows zero LCICD is slightly different from tha
which shows zeroPS , as shown in Fig. 3.

It is also possible that the antiferroelectric Sm-CA* type
soft mode fluctuations are responsible for the dynamical
lical structures in Sm-A and Sm-Ca* . Nevertheless, we stil
can conclude that the flexoelectric effect plays an import
role in this case. One can readily see from simple symme
reasons that even in the Sm-Ca* phase the helix wave numbe
qCA and the spontaneous polarizationPS

CA ~measured in the
field induced Sm-C state! satisfy the same linear relation a
in Eq. ~3!.

In conclusion, the Sm-Ca* phase has a dynamic helica
structure with a very long pitch contrary to the observati
by Laux et al. @13#. We also found that the sign of th
LCICD in Sm-A and Sm-Ca* is strongly correlated with the
sign of PS , suggesting the importance of the contributio
from the flexoelectric effect to the dynamic helix.

Our special thanks are due to Showa Shell Sekiyu K.
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work was supported by a Grant-in-Aid for Scientific R
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