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Light scattering study of the smectic-Ca* phase of a chiral liquid crystal

D. Konovalov and S. Sprunt
Department of Physics, Kent State University, Kent, Ohio 44242

~Received 26 November 1997!

Dynamic light scattering measurements have been performed on aligned bulk samples of the chiral liquid
crystal MHPOBC in order to investigate the structure and dynamical properties of the smectic-Ca* phase. Three
different relaxation modes were observed: the amplitude and phase modes of the ferroelectric order parameter,
and a very slow mode, which we associate with fluctuations in antiferroelectric order. The temperature depen-
dence and dispersion of these modes is consistent with a crossover in the smectic-Ca* phase from weakly
ferroelectric near the smectic-C* phase to antiferroelectric near the smectic-A phase, and with a director
structure that contains both a helical antiferroelectric component of very long pitch and a possibly nonhelical
ferroelectric component with much shorter period, comparable to the pretransitional pitch of the ferroelectric
helix. @S1063-651X~98!06205-9#

PACS number~s!: 61.30.Gd, 64.70.Md, 78.20.Ek
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A large effort has been recently dedicated to the study
ferroelectric liquid crystals because of their unique physi
properties and their increasing use in display technolo
Even in pure compounds the balance between different ty
of intermolecular interactions is so delicate that multiple s
phases, exhibiting ferro-(Sm-C* ), antiferro-(Sm-CA), and
ferrielectricity (Sm-Cg) in addition to the paraelectric Sm-A
phase, may exist over a narrow temperature range. Altho
numerous theoretical@1–3# and experimental@4–10# studies
have established the basic nature of many of these pha
the structure of one of them—the Sm-Ca* phase, which typi-
cally occurs between Sm-A and Sm-C* or Sm-CA phases—
remains elusive. Early experiments@5,6# suggested the
Sm-Ca* is a tilted phase with small tilt angle, antiferroele
tric pairing of the tilt directions between layers near the tra
sition to the Sm-A phase, and antiferroelectric fluctuation
extending above the transition. More recent studies h
reached contrasting conclusions: the Sm-Ca* has been re-
ported@9# to have a helical director structure with very sho
~;100 nm pitch! or, alternatively, to be characterized@10# by
a dynamic helical packing with very long~. severalmm!
average pitch.

The present dynamic light scattering study provides a p
sible clarification of this controversy. At the Sm-C* to
Sm-Ca* transition, the phase fluctuations of the ferroelect
order parameter show a sharp drop in amplitude, and
amplitude fluctuations show anomalous slowing down fr
both sides of the transition. We also observe the appear
of a novel slow acoustic mode in the vicinity of the tran
tion, whose amplitude relative to the ferroelectric modes
creases monotonically in the Sm-Ca* phase. The minimum
frequency of this mode, which is observed even into
Sm-A phase, is centered atqW 50, the limit expected for a
helical structure of infinite pitch. On the other hand, the d
persion minimum of the ferroelectric modes remains con
tent with the pretransitional wave vector of the Sm-C* helix,
although the dispersion may no longer be parabolic. Wh
not yet conclusive, our results suggest that the Sm-Ca* phase
combinesfeatures of an antiferroelectric structure with e
sentially infinite helical pitch and a ferroelectric structu
PRE 581063-651X/98/58~5!/6869~4!/$15.00
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with quite short pitch. We also discuss how this scenario
consistent with results@2# based on the Orihara-Ishibas
model@1# of the free energy for competing ferroelectric an
antiferroelectric order parameters.

In our dynamic light scattering experiment, homeotro
cally aligned 25mm thick samples of the liquid crystal R
MHPOBC were illuminated by 488 nm laser radiation. T
homodyne intensity autocorrelation function was record
for a depolarized, ordinary-extraordinary scattering proce
with qW '(0,0,qz) in a back scattering geometry~ẑ along the
smectic layer normal! andqW '(qx,0,0) in a forward scatter-
ing geometry. In forward scattering, we probed a rangeqx
51 – 8mm21 with qz<0.1mm21; because of refraction a
the glass-air interface of our flat sample cells, our back s
tering data are restricted to a narrowqz range, 34– 39mm21

with qx<0.01mm21, plus a point atqz'0. The measured
correlation functions were fit to multiple damped expone
tials with the overall background always fixed to the me
sured value. Fluctuation mode amplitudes and frequen
were extracted from these fits.

Figure 1 shows typical correlation data in the Sm-C* ,
Sm-Ca* , and Sm-A phases observed in the back and forwa
scattering geometries. The solid lines are fits of the fast p
tion of the spectrum~i.e., ,1024 sec! to two overdamped
decays, while dashed lines are fits restricted to a single
mode. Except for the vicinity of the Sm-A phase, it is clear
that two fast modes, indicated by vertical arrows in the fi
ures, are present. In the ferroelectric Sm-C* phase, typical
frequencies arev1533105 Hz and v2533104 Hz, and
both modes scatter strongly near the transition to the Sm-Ca*
phase (TC* ,C

a*
). We associate the faster mode (v1) with

amplitude and the slower mode (v2) with phase fluctuations
of the ferroelectric order parameter, which is equivalent
the in-layer director averaged over all the layers. In t
Sm-C* phase and forqz;36mm21 ~back scattering geom
etry!, we also observe a mode with very low frequency,v4
55 Hz. This mode is still evident just aboveTC* ,C

a*
, but its

scattering amplitude weakens significantly; it becomes un
servable at higher temperatures in the Sm-Ca* phase. In the
forward scattering geometry, whereqz,0.1mm21, the pair
6869 © 1998 The American Physical Society
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of fast modes shifts to higher frequency, and an additio
mode (v3) appears in the slow part of the spectrum. Unli
the slow flucturations (v3) observed at largeqz , this mode
grows in amplitude with increasing temperature, even in
the Sm-A phase. Its frequency is found to be nearly tempe
ture independent. Above the Sm-Ca* to Sm-A transition
TC

a* ,A in both geometries, the fast spectrum contains onl

single mode.
In Figs. 2–5, we present the results of our analysis of

correlation data. The presence of the Sm-Ca* was clearly
detected by our light scattering experiment. Figure 2 sho
the temperature dependence of the frequencies of the
fast modes~v1 and v2! and the total scattered intensity
fixed scattering angles. Anomalous temperature depend
is observed in these quantities at the phase transitions, y
ing TC* ,C

a*
5120.3 °C andTC

a* ,A5121.6 °C, in good agree

ment with published values@5# for MHPOBC. In particular,
the amplitude mode shows an anomalous slowing dow
TC* ,C

a*
, and the scattered intensity exhibits a correspond

increase. Above the transition, the frequencies are sig
cantly higher, and the overall scattering is weaker. Th
results are consistent with a decrease in the equilibrium v
of the director tilt. The trend continues to the Sm-A phase,
where only one fast mode (v1) is observed. The signature o
the Sm-Ca* to Sm-A transition is much weaker, but still evi
dent.

FIG. 1. Typical normalized time correlation functions in Sm-C*
~120.1 °C!, Sm-Ca* ~120.5 and 121.4 °C!, and Sm-A ~121.8 °C!
phases observed forqz536.0 mm21, qx'0 ~top! and qx55.0
mm21, qz'0 ~bottom!. Arrows point to the characteristic deca
times associated with each observed fluctuation mode.TC* ,C

a*
5120.3 °C andTC

a* ,A5121.6 °C.
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We also measured the dispersion of the fluctuation mo
at fixed temperatures. Figure 3 shows the dependence o
frequencies of the two fast modes on scattering wave ve
qz for three temperatures in the vicinity of and above t
Sm-C* to Sm-Ca* transition. The point atqz50 was ob-
tained from the forward scattering geometry. The solid lin
represent fits to quadratic functions inqz . In the Sm-C*
phase, we find good agreement with the parabolic disper
expected for a helical director structure along the layer n
mal; the fit yields a pretransitional gap'23103 Hz for the
amplitude mode, andqz'20mm21 for the pretransitional
helical wave vector, which corresponds to a pitch of 300 n
This value is consistent with optical microscopy observatio
which show a shift to shorter wavelengths in the color
flected from the helical structure, asT→TC* ,C

a*
from below.

On the other hand, in the Sm-Ca* phase, fits to a simple
quadratic dependence inqz ~dashed lines in the figure! are
less satisfactory, and appear to break down at higher t
perature. Although our analysis over such a limited range
qz is not conclusive, it suggests a nonparabolic dispersio
the Sm-Ca* phase, and indicates that a modulated compon
of the director structure remains, with a period roughly co
parable to the pretransitional helical pitch.

Results for the frequency dispersion and relative am
tudes of the modes observed in forward scattering are sh
in Figs. 4 and 5. The dispersion inqx of all three modes

FIG. 2. Temperature dependence of the relaxation frequen
of the amplitude~filled symbols! and phase~open symbols! modes
in Sm-C* , Sm-Ca* , and Sm-A phases forqz536.0 mm21, qx

'0 ~top! and qx55.0 mm21, qz'0 ~middle!. Bottom: Tempera-
ture dependence of the intensity of the scattered light forqx'0.
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detected is parabolic on both sides of the Sm-C* to Sm-Ca*
transition. The decrease in the relative amplitude of the fe
electric phase mode atT;TC* ,C

a*
again suggests a reductio

in the equilibrium tilt angle. Above the transition, the relati
scattering from the slow mode shows a steady increas
T→TC

a* ,A , whereas the contribution from the remaining fa

mode remains constant. Analysis of the dispersion of
slow mode in Fig. 4 indicates that it is gapless atqx50.
Since this mode is also not observed in theqz scans at cor-
responding temperatures in the Sm-Ca* phase, we conclude
that it is an acoustic mode centered atqW '0.

We now discuss these results in terms of the phenome
logical model introduced by Orihara and Ishibashi@1#, Zeks
and Cepic@2#, and Cepic and Zeks@3# ~known as the OIZC
model! to describe the competition between ferroelectric a
antiferroelectric order in tilted chiral smectic liquid crysta
The ferroelectric and antiferroelectric order parameters
defined in terms of the in-plane component of the directo
neighboring layers~labeledi and i 11! as, respectively,jW f

5(jW i1jW i 11)/2 andjWa5(jW i2jW i 11)/2. The free energy den
sity expanded injW f andjWa is

FIG. 3. Dependence of the relaxation frequencies onqz (qx

'0) for the ferroelectric amplitude~top! and phase~bottom! modes
in the Sm-C* ~120.1 °C, circles! and Sm-Ca* ~120.5, squares and
121.4 °C, triangles! phases.
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FIG. 4. Dependence of the relaxation frequencies onqx (qz

'0) for the ferroelectric amplitude and phase modes~top!, and the
slow mode~bottom!, just inside the Sm-C* ~120.1 °C, filled sym-
bols! phase and in the Sm-Ca* ~120.5 °C, open symbols! phase.

FIG. 5. Temperature dependence of the relative scattering
plitudes for the three modes observed forqz'0 in the Sm-C* ,
Sm-Ca* , and Sm-A phases.
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where jW n lies in the x-y plane, and we have used a on
elastic constant approximation in the derivative terms. W
ing the order parameters in terms of an amplitude and ph
jW n5un(cosfnx̂1sinfnŷ), assuming that the equilibrium va
ues un,0 and fn,0 are only functions of z ~the co-
ordinate along the layer normal!, and minimizing the free
energy, one finds one class of solution for the equilibriu
structure that predicts a distinct phase between the SmC*
and Sm-A phases @2#. This class hasug2u finite but
sufficiently small so that the phasesf f and fa—and the
wave vectors of the associated director modulations—are
locked. If we then consider only solutions for whichun,0
are independent ofz, minimization of Eq. ~1! gives
d2Df0 /dz252g2(ua,0

2 /2k f1u f ,0
2 /2ka)sin 2Df0 . Thus, the

phasedifferenceDf05f f ,02fa,0 is a soliton alongz. The
fluctuation spectrum contains one acoustic and one we
optic phase mode, and two amplitude modes. In the limi
weak coupling, one pair of phase and amplitude is associ
with mainly ferroelectric fluctuations and the other wi
mainly antiferroelectric fluctuations.

Major features of our light scattering results may be e
plained by this solution together with the results of previo
experiments@5,6#, which suggest that the Sm-Ca* phase is
ferroelectriclike (u f.ua) near the Sm-C* phase and antifer
roelectriclike (ua.u f) near the Sm-A phase. This crossove
which implies a reduction in the scattering strength from
phase fluctuationsf f and an increase in the frequency of t
amplitude fluctuationsu f , is consistent with the results i
Fig. 2 obtained for the fast modes~v1 and v2! at qz
'36.0 mm21, and supports their assignment at largeqz in
the Sm-Ca* phase to fluctuations of the ferroelectric ord
parameter. As previously noted, the dispersion of th
modes inqz in the Sm-C* phase is parabolic, with a pretran
sitional value of the helical wave vectorqf;20 mm21. Then
the low frequency mode (v4) observed atqz;36mm21 be-
low TC* ,C

a*
can be assigned to the 2qf;40mm21 branch of

the f f fluctuations, which would be expected to be qu
,
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slow at this wave vector. Moreover, the scattering from t
branch is expected to be weak and to drop whenT
→TC* ,C

a*
, as evidenced in Fig. 1, since the fluctuation a

plitude is proportional tou f
4 @8#.

In the smectic-Ca* phase, the additional slow model (v3)
significantly increases in relative amplitude~Fig. 5! and evi-
dently has zero frequency atqW '0 ~Fig. 4!. These features
suggest the presence of a macroscopic modulated struc
which fluctuates slowly about a very long average pitch.
fact, director fluctuations associated with a helicoidal sup
structure with very long pitch have recently been reported
a circular dichroism study of the smectic-Ca* phase@10#.
Alternatively, the slow mode could arise from a macrosco
modulation of the smectic layer structure, which has be
observed in homogeneously aligned chiral smectics@11#. Fi-
nally, the nonparabolic dispersion inqz implied by our data
in the smectic-Ca* phase~Fig. 3! may reflect the contribu-
tions of both the acoustic and optic branches of the am
tude and phase modes, as predicted by the OIZC model
noted above, the wave vectors corresponding to minim
frequency for weakly coupled modes are unlocked; thus,
could have an acoustic mode centered at highqz ~corre-
sponding to the points withqz.30 mm21 in Fig. 3! and an
optic mode which would be detected at substantially low
qz ~incorporating the single point atqz50 in Fig. 3!. More
complete measurements inqz are clearly needed to confirm
this scenario, and would be an important test of the OI
model for the smectic-Ca* phase.

To conclude, we have detected three modes in the s
trum of light scattered from the director fluctuations in t
Sm-Ca* phase of MHPOBC. Although a complete assig
ment of these modes cannot be made at present, our re
indicate that the smectic-Ca* phase is characterized by
small equilibrium director tilt and a dispersion of the out-o
plane order parameter fluctuations which contains more t
a single acousticlike branch. These results are consistent
predicted behavior in the case of weakly coupled ferro- a
antiferroelectric order. An additional, very slow mode su
gests the presence of a macroscopic modulated structu
the smectic-Ca* phase.
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