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Sign inversion of liquid-crystal-induced circular dichroism observed in the smecticA
and chiral smectic-C, phases of binary mixture systems
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Liquid-crystal-induced circular dichroisiti. CICD) measurements have been made to investigate the struc-
ture of smecticS?* using liquid-crystal-mixture systems, in which zero spontaneous polariz&igr0 or
infinite pitch is realized. Two main observations are as follo@@$:LCICD shows a cusp but not a discon-
tinuous change at the SA-Sm<C* phase transition; an®) the sign of the LCICD in Sn# and SmE? is
correlated with the sign dPg, and LCICD is hardly observed near a mixing ratio of zBgp Based on these
observations, we have concluded a dynamic helical structure with a very long average pitchGj &nd an
important role played by the flexoelectric effe$1063-651X97)51107-X

PACS numbgs): 61.30.Gd, 64.70.Md, 78.20.Ek

Since the antiferroelectric liquid crystalline phase wascrystal-mixture system which shows unambiguously that
discovered in 19891], several subphases have been foundSm-C* has a dynamical helical structure with very long av-
and studied2]. Almost all of them emerge between smectic- erage pitch.

Cx and ordinary ferroelectric Sfg8*, and are well ex- The antiferroelectric liquid crystals used in this ex-
plained by the axial next-nearest-neighbor Ising model withperiment ~were the binary mixtures of RJ-4-
the third nearest-neighbor interactif8). A single exception (1-methylheptyloxycarbonyiphenyl 4-octylbipheyl-4-
is a subphase designated as Sfjithat emerges between carboxylate{(R)-MHPBC]

SmA and SmE* [4,5]. Although various investigations

have been perform[ed, ]it is still a? mysterious phaseq its char- CaH17—< )~ )—C00—~)—C00 —C*H(CH3)CeH13
acteristic features are as followd) Sm-C% is a tilted smec-

tic phase just below Sm-and the tilt angle is smalb]. (2)  and R)- or (S)-4-(1-trifluoromethylheptyloxy
The texture appears so uniform and uniaxial that it is notcarbonyjphenyl 4-octylbiphenyl-4-carboxylate[ (R)- or
easy to optically distinguish Si@% from SmA [5,7]. (3)  (S)-TFMHPBC].

The liquid-crystal-induced circular dichroistLCICD) is

very small[8]. (4) SmC? exists at any mixing ratio of a  CgHy7—{_)—~_)—C00 —{_)—CO0—CH(CF3)CgH13
binary system where the spontaneous polarization becomes

zero0,Ps=0 [9]. (5) The ap_parent tit an.gle.m homogeneous The phase diagrams of these binary mixtures have already
cells changes stepwise with the electric figld], although been reported9]. It must be noted thatR)-MHPBC and
the conoscopic figure in homeotropic cells varies Comin“'(R)-TFMHPBC have the opposite handednesses of the heli-
pusly and looks ferrielectrif7]. (6) Dielectric megsgrements ces in the SNE% phase, although they possess the same sign
in homogeneous cells sho’\{v thermal hysteresis in the lowegs \he spontaneous polarization, so that there exists a mixture
temperature region of SI@;, [11]. (7) Ellipsometric mea- \yith an infinite pitch in the SnG phase at a certain mixing
surements in free-standing films reveal stepwise structurghtio. The experimental results will be reported mainly for
changes with temperatufd2]. (8) Electro-optic measure- ine mixtures of R)-MHPBC and 6)-TEMHPBC, in which
ments in homogeneous cells reveal an antiferroelectric strugpe SmC* phase exists in all the mixing ratios and the spon-
ture just below SmA, but the existence of a ferrielectric taneous polarization becomes zero at a certain mixing ratio
structure is also suggested with decreasing tempergi6e  [9].
Features(5)—-(8) suggest that Sn@7, might be a devil's Spontaneous polarizatiorP§) measurements were made
staircase caused by the frustration between antiferroelectrign binary mixtures of R)-MHPBC and §)-TFMHPBC us-
ity and ferroelectricity{2,6,10. However, featurg4) clearly  ing the reversed current method, by applying rectangular
indicates that the staircase is not essential forGSm-An-  wave with 5-10 Hz. We used 2-4m thick homogeneously
other controversy is on the helical structure. The pitch wasligned cells prepared by the temperature gradient method.
considered to be short because of featfgs(3). Actually, Thick free-standing films were made on a 24t thick
Laux et al.[13] quite recently claimed to have measured thealuminum plate with a small hol€3 mm in diameter by
pitch as short as 100 nm by a sophisticated technique. Thstretching liquid crystals with a spatula across the small hole
purpose of this Rapid Communication is to report a liquid-at the temperature region of SMThe sample thickness de-
termined by interference fringes using a Hitachi U3410 spec-
trophotometer was between 1@0n and 200um and was
*On leave from Institute of Crystallography, Russian Academy ofused to normalize the CD signal. CD due to the difference of
Sciences, Moscow, 117333, Russia. the absorbancéuut not a selective reflectigrfor right and
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FIG. 1. Temperature dependence of LCICD at about 340 nm in > Sm-Cy
the mixtures of(a) (R)-MHPBC:(R)-TFMHPBC=7:3 and(b) 2:8. 8 0 |
E * m-A
left circularly polarized ligh{LCICD) was measured using a >-200F Sm-Ca S d>d°°°
spectropolarimetefJASCO J-720WL In thick free-standing ks
films, the LCICD signal was detected only in the tail of the @ 400k
absorption band due to the large intrinsic absorption. The 1 1 | I i
sample was always set so that the incident ray propagates
along the helical axis; we rotated the sample around the 72 74 76 78 80 82
beam axis and confirmed no change of the signal. This set- Temperature (°C)

ting assures that the signal does not come from a liquid crys-

talline birefringence but is truly caused by LCICD due to the  FiG. 2. Temperature dependence of LCICD at about 340 nm in

helical structure. the mixtures of@) (R)-MHPBC:(S)-TFMHPBC=8:2, (b) 7:3, and
Figure 1 shows the temperature dependence of LCICD at) 6:4.

about 340 nm in the binary mixture oR}-MHPBC and
(R)-TFMHPBC with (@) 30 wt% and (b) 80 wt% of mixtures of 20 wt%, 30 wt%, and 40 wt%
(R)-TFMHPBC. The LCICD varies with a temperature and (S)-TFMHPBC in the mixture series ofR)-MHPBC and
shows clear changes at the phase transition temperatures.(8)-TFMHPBC. The following observations should be made
remarkable jump with a sign reversal appears at the Smin Fig. 2. (1) In 30 wt % (S)-TFMHPBC, the signal is van-
C*-Sm-Cj phase transition, as shown in Figal Itis con-  ishingly weak in both the Si&* and SmA phases(2) In 20
sistent with the previous reports that the handednesses oft % and 40 wt %, the LCICD signals have positive and
helices in SmE} and SmE* are opposit¢l4,15. Although  negative signs, respectively. Moreover, the sign of the
the intensity of the LCICD signal in the S@% and SmA  LCICD signal in SmA is always the same as that in Sm-
phases is much weaker than that in the Sfpand Smc*  C7, . (3) If the signal appears, the SA-SmC}, phase tran-
phases, the transition temperature is clearly distinguished. &ition is clearly recognized by a cusf#) No discontinuity
is important to note that LCICD in Sr@% , which exists in ~ exists at the StA—Sm<C} phase transition(5) The tem-
all the mixtures, tends to diverge to negative and positiveperature dependence of LCICD exhibits some structure in
values in R)-MHPBC and R)-TFMHPBC sides, respec- Sm-<j [see particularly Fig. @], while it shows only a
tively, when approaching the mixture showing an infinite monotonous change in Sf- (6) The phase transition be-
pitch, as suggested in Figs(al and ib). tween SmE* and SmE} is associated with a large discon-
Figures 2a)—2(c) show the temperature dependence oftinuous jump of the LCICD. The sign change is sometimes
LCICD in the SmA and SmE? phases of the three binary accompanied with this jump or transitigaee Fig. 2a)].
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0 20 40 60 80 100 ized in lyotropic systems where the pitch is always much
(F-MHPBC (8)-TFMHPBC larger thgn thg Wa\)//elength of the Iightg]. Thus, it isymore
Weight percent of (S)-TFMHPBC reasonable to assume that the pitch in Sfpis very long,
i.e., qo=~0, existing in regionB, irrespective of its helix
FIG. 3. LCICD at the SmA-Sm<Cj, transition point and spon-  character, fluctuating dynamic, or equilibrium static.
taneous polarization at 10 °C below the $mSmC}, transition Figure 2 indicates that the SW-Sm-C* transition is one
point in a binary mixtures ofR})-MHPBC and §)-TFMHPBC. of the higher ordef17] and, hence, the temperature change
of the LCICD signal looks continuous; the helical structures
Figure 3 shows the mixing ratio dependenceRaf ob-  of SmA and SmE?, have the saméaverage wave number
served at 10 °C below the SA-Sm<C* phase transition in  do at the phase transition temperature. Suppose there exists
the mixture series ofR)-MHPBC and §)-TFMHPBC. The an ordinary static helix of such a long pitch, a characteristic
LCICD at the SmA—-Sm<C?* transition point is also shown. disordered texture is expected to appear. Actually, however,
Note that botiPg and LCICD become zero between 30 wt % the SmC* texture is always so uniform that it is not easy to
and 40 wt % ©)-TFMHPBC. Thus, there is a strong corre- distinguish between Sm-and SmE?, . Therefore, we have
lation between the LCICD signal in S@% andPgincluding  to consider that the dynamical helical structure plays an im-
their signs. portant role not only in Sr# but also in SMEY . As a
Our final goal is to clarify the structure of the S@j:  possible cause for the dynamical helical structure of the tilted
phase. As the first step, let us consider the helical structure iBm-C}, phase, we speculate thermally exci@dlirector dis-
Sm<C* based on the present LCICD observation. Theclinations. Since SnG}, always appears just below SAn-
present LCICD observation clearly indicates the existence ofind hence the tilt angle is very small, a large number of
some helical structures, not only in Stnbut also in Sm-  C-director disclinations may easily be excited thermally; the
C* . The LCICD signal in SmA is due to a helical structure average distance between disclinations must be much shorter
dynamically formed as a result of soft mode fluctuatif@ls  than the visible light wavelength so that SB}- appears to
The fluctuation amplitude and, hence, the LCICD signal in-be uniform and uniaxial when observed with an optical mi-
creases in Sn: as the temperature approaches the phaseroscope. Even if the disclination formation requires a little
transition to SmE* . The dynamical helical structures have energy, their creation and annihilation do not always freely
an average pitch, or the corresponding wave numbgy. occur; this fact may explain stepwise changes in the field-
It is known that the LCICD tends to diverge whep induced apparent tilt ang[d 0], and some hysteresis in heat-
approaches to zero similar to the optical rotatary poiggr ing and cooling processes observed during dielectric mea-
as schematically shown in Fig. (egionsA andC). Actu-  surementgll]. _
ally, in the real SmC% phase in the mixture series of The next question is related to the formation of the fluc-
(R)-MHPBC and R)-TFMHPBC, the LCICD signal grows tuating helical structure. Let us first consider the ferroelectric
to large negative and positive values when the mixing raticomC* type soft mode fluctuations. The microscopic origin
approaches the critical value showing an infinite pitch, af the helical structure in the S@* phase is known to be
already mentioned. From this point of view one may Suggesgwofold. First, there exists a direct contribution from chiral

that a very small LCICD in the Sr&* phase corresponds to intermolecular interactions that are also responsible for the
a very short pitchlargeqo) as repoﬁed by Laut al. [13]. helical twisting in cholesteric liquid crystals. Second, there is

We cannot agree with this conclusion, however Indeeg@" additional contribution from the flexoelectric effect. Ac-

LCICD formally vanishes whegy=0 (i.e., when there is no cording to the ph.enomenological theory by Pikin and Inden-
helical structurgas shown in regio® of Fig. 4; the LCICD bom[18], th?‘ hghcal .p'tCh Wa:/e num_bq‘: and the sponta-
linearly changes witl, at smallg,, crossing the zero at the N€OUS polarizatiofs in Sm-C* are given by

sense inversion point. We note that the mixing ratio corre- N+ Yefboft

sponding to regiorB can be very small for Si&} in our q=— ;pzf (1)
system. A much broader region of this kind is actually real- K— Xeltt
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Ps=xe(up—1:9°)0, (2)  are valid even in SnGj, the first term in Eq.(3) is pre-
) ) o ~dominant for the pitch in this phase. However, by some rea-
measure of a twisting powe#, xe,andK are aftiltangle, an gach other in the Sm-and SmE* phases resulting in the

electric susceptibility, and an elastic constant, respectively\./ery long pitch. The strong correlation between the LCICD

ggeig\?eﬁr; %r;npéeégggcgf d?;)d J\I/gxgt(j'::i?]tc?g ;:;)nstants, "®signal andPg indicates that the flexoelectric effect plays an

important role to form a helix in S and SmEY . The
N P small but nonzera may be the reason why the mixing ratio
qcz—R——Mf. (3)  which shows zero LCICD is slightly different from that
Ko which shows zerd’g, as shown in Fig. 3.
At present it is impossible to develop a consistent theory |t iS @lso possible that the antiferroelectric S3-type
of the SmC* phase because too little is known about its SOft mode fluctuations are responsible for the dynamical he-
particular structure. Nevertheless, we are going to present i¢al structures in St and SmE7, . Nevertheless, we still
sequence of relevant arguments which will be used to justifigan conclude that the flexoelectric effect plays an important
our conclusions about the helical structure and the role of théole in this case. One can readily see from simple symmetry
flexoelectric effect. In a dynamical helical structure, the fluc-reasons that even in the S@j: phase the helix wave number
tuations of the tilt angle, the polarization, and the helicalg®” and the spontaneous polarizatiB§* (measured in the
wave number possess different relaxation times. We assunrid induced Snt staté satisfy the same linear relation as
that the requation time of the_ polarization is smaller_ thanin Eq. (3).
that of the tilt angle because it is related to the rotation of |, conclusion, the Sn&* phase has a dynamic helical

short molecular axes about the long one. In this case thgycyre with a very long pitch contrary to the observation

flgctuations of polarization are peaked around the valu%y Laux et al. [13]. We also found that the sign of the
given by Eq.(2), when the system is far from the resONance, cicp in smA and sme* is strongly correlated with the

condition (pitch=light wavelength. In a similar way the sign of Pg, suggesting the importance of the contribution
A s,
most probable value of the pitch is given by ). We note Ijrsom the flexoelectric effect to the dynamic helix.

that this expression does not depend on the tilt angle and th
the fluctuations of the pitch are independent of the tilt angle Our special thanks are due to Showa Shell Sekiyu K. K.
fluctuations in the first approximation. for providing compounds used in the present work. This
We also note that the sign of helix does not change in thevork was supported by a Grant-in-Aid for Scientific Re-
Sm-<Cj, phase of the mixture series oRJ-MHPBC and search(Specially Promoted Research No. 06102066m
(S)-TFMHPBC but the sign oPg does. Since Eqg1)—(3)  the Ministry of Education, Science and Culture.
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