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With a view to obtain a molecular model for the subphases produced by the frustration between ferro- and
antiferroelectricity in chiral smectic liquid crystals, we report results on two compounds and observe(i) the
staircase character of uniaxial SmCa

* itself in the bulk and(ii ) the multipeaked characteristic reflection bands
due to the modulated helical structures just above the SmCA

* temperature range. We suggest the emergence of
several uniaxial and biaxial subphases. The results show that both types of subphases can be specified byqT

=fFg / sfAg+fFgd in the zero-order approximation;fAg and fFg are the numbers of antiferroelectric and ferro-
electric orderings in the unit cell. We consider the basis of both types of subphases, particularly the description
of the short-pitch helical structure of SmCa

* , in terms of the molecular models so far proposed and emphasize
the important role played by the discrete flexoelectric polarization.
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Ferroelectric SmC* and antiferroelectric SmCA
* are frus-

trated in chiral smectic liquid crystals. A large number of
alternative structures have almost the same free energy at
frustration points in the phase diagram, where the dominant
synclinic and anticlinic ordering forces happen to be equal
[1–4]. Long-range intermolecular interactions(LRI’s), too
weak to be observed ordinarily, now play a crucial role and
may cause the temperature-induced successive phase transi-
tions with staircase character. The resulting polar smectic
phases, often called “subphases,” consist of at least fivebi-
axial subphases, characterized by periods of more than two
smectic layers and providing rare examples offerrielectric-
ity, together with auniaxial subphase designated as SmCa

*

[3–7]. Many sophisticated techniques have been used to de-
termine the biaxialnonplanarsubphase structures with three-
and four-layer periodicities and the short-pitch helical struc-
ture of uniaxial SmCa

* [8–18]. So far no unified realistic
molecular model for those subphases has been reported. Two
conflicting approaches have been proposed by emphasizing
either the continuous short-pitch evolution of the SmCa

* he-
lical structure[19–22] or the staircase character of the emer-
gence of the biaxial subphases and of SmCa

* itself
[3,4,23,24]. The first one, called the discrete clock model,
takes into account competing orientational interactions be-
tween nearest- and next-nearest-neighbor smectic layers.
Then the minimum of the free energy corresponds to a uni-
form rotation of the tilt plane about the layer normal. By
introducing several other complicated interactions, we may
qualitatively be able to explain the formation of subphases
with three- and four-layer periodicities and the continuous
evolution of short pitch in SmCa

* . However, it is difficult to
understand naturally the existence of five or more biaxial
subphases.

In solid-state physics, we frequently encounter such large-
scale structures as those with multilayer periodicities. The

presence of some form of frustration is common to the emer-
gence of the structures. Two statistical models have been
developed that exemplify the emergence of the devil’s stair-
case by lifting the degeneracy at the frustration points. One is
the axial next-nearest-neighbor Ising(ANNNI ) model used
by Yamashita and Miyazima for understanding the sequence
of biaxial subphases between SmCA

* and SmC* [4,23]. How-
ever, it is hard to visualize direct application of the Ising-like
Hamiltonian to smectic liquid crystals[2]. The second model
is the one-dimensional Ising model with long-range repul-
sion [25]. Bruinsma and Prost tried to explain the formation
of SmCa

* as well as its devil’s staircase character based on
this model but did not obtain the actual phase diagram[24].
They used the Casimir-type LRI due to the polarization fluc-
tuations, which are measurable and are known to be impor-
tant for dielectric behavior in SmC* . Quite recently, Emely-
anenko and Osipov[26] replaced the Ising model with a
more realisticX-Y model and, at the same time, introduced
the novel discrete flexoelectric polarization which is not par-
allel to the ordinary spontaneous polarization determined by
the molecular chirality[26,27]. They showed that the cou-
pling between these polarizations in adjacent layers produces
an effective LRI among orientations in different layers,
which stabilizes the nonplanar structures of the biaxial sub-
phases. In particular, they predicted the existence of a num-
ber of subphases between SmCA

* and the three-layer biaxial
subphase.

Their model gives answer to the long-standing question as
how to understand the existence of the biaxial and uniaxial
subphases, although no detailed phase diagram has yet been
obtained. This Rapid Communication provides two novel ex-
perimental observations that support the model strongly and
also aims to foster further theoretical development. One is
the observation of characteristic reflection bands due to the
helical structures indicating the emergence of several sub-
phases just above SmCA

* in sRd-12OF1M7. The second is the
result of the birefringence measurement using a photoelastic
modulator(PEM) in a thick homeotropically aligned cell of*Email address: jvij@tcd.ie
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sSd-MHPOCBC and shows that uniaxial SmCa
* consists of at

least two parts. We have thus established the staircase char-
acter of both biaxial and uniaxial subphases which can rea-
sonably be specified byqT=fFg / sfAg+fFgd in the zero-order
approximation because of the synclinic and anticlinic frustra-
tion; fAg and fFg are the numbers of antiferroelectric and
ferroelectric orderings in the unit cell. Hereinafter the biaxial
and uniaxial subphases are designated as SmCA

* sqTd and
SmCa

* sqTd, respectively. Figure 1 shows the chemical formu-
las of the samples used.

Free-standing films of 12OF1M7, 30–80mm thick, were
prepared over a hole of 2 mmf in a metal plate, 300mm
thick, which was mounted in an oven with temperature con-
trolled to an accuracy of ±10 mK. The optical transmittance
was measured using a spectrometer(Perkin Elmer Lambda
900). The results are summarized in Fig. 2. The full pitch
band is observed in SmC* (the left-handed helix) but not in
SmCA

* (the right-handed helix). Figure 2, inset, illustrates the
half pitch band. It shows a single peak in SmCA

* . At 79.25°C,
the band shape suddenly becomes multipeaked. There exists
a temperature region 79.45–79.65°C where exactly the
same multipeaked band shapes are stably observed. Each
measurement lasted 1 day after a temperature increase of
50 mK between 79.00 and 80.00°C. Above this temperature,
similar multipeaked bands were observed up to 81.50°C by
increasing the temperature in 100–200-mK steps; the aver-
aged peak wavelength becomes monotonically longer, first

rather steeply and then gradually, up to a wavelength limit of
the spectrometer, 3mm; the stability seemed to vary from
temperature to temperature. The gradual increase is consis-
tent with the optical rotatory power(ORP) result in
SmCA

* s1/3d [18]. The characteristic reflection band could not
be observed in SmCA

* s1/2d. The free-standing film, which
looked uniform in SmCA

* , now consists of several domains
when the multipeaked half pitch bands are observed. The
texture again becomes uniform and the half and full pitch
bands are single peaked in SmC* . The helical pitch decreases
steeply in the high-temperature region and the shortest one
appears to be much less than 30 smectic layers. Dielectric
measurements confirm the existence of SmCa

* above SmC* .
Why does the half pitch band suddenly become multi-

peaked? The temperature variation given in Fig. 2, inset,
could not be explained by the coexistence of SmCA

* and a
higher-temperature phase. The phase transition from SmCA

*

to SmCA
* s1/3d may cause the multipeaked bands, since the

helical structure of SmCA
* s1/3d is often deformed consider-

ably [4]. However, how can we understand the fact that the
helical pitch in the stable region is very close to that of
SmCA

* ? The established three-layer structure of SmCA
* s1/3d

would predict a much longer helical pitch even if the large
distortion from the planar structure were taken into account.
Moreover, why does the stable region exist? On considering
the synclinic and anticlinic frustration, it is natural to con-
clude that these half pitch bands primarily correspond to the
subphases predicted by Emelyanenko and Osipov and speci-
fied by qT’s [26]. In a crude approximation, the helical pitch
psqTd of a subphase specified byqT is given by 1/psqTd
=s1−qTd /pCA+qT/pC. On using pCA=434 nm and pC

=−409 nm, we obtain ps1/9d=563 nm and ps1/19d
=490 nm. Furthermore, surface effects together with varia-
tions in the number of smectic layers from place to place in
the free-standing film complicate the half pitch bands. If the
total number of layers is not a multiple of the period of a
subphase, the remaining layers may give rise to strong sur-
face effects[26]. Since the difference in the free energy be-
tween subphases with smallqT’s (large periods) becomes ex-
tremely small, such surface effects easily modulate the ideal
helical structure of SmCA

* sqTd and produce several side peaks
and the observed multidomain texture. Even the intrinsic in-
stability as discussed in SmCA

* s1/3d [4] may also cause ad-
ditional modulation.

Figure 3 shows the birefringence as a function of the elec-
tric field and temperature observed in a homeotropically
aligned cell of 25mm thickness. The electric field was ap-
plied by using indium-tin-oxide(ITO) electrodes separated
by 55 mm. Since the laser beam spot is slightly larger than
the gap and the field within the area of the beam spot cannot
be uniform, the absolute value may differ from the true value
somewhat. The SmCa

* temperature range was also confirmed
independently by dielectric measurements using a homoge-
neous cell. Figure 3 clearly shows that SmCa

* is quite
uniaxial with negligible ORP atE=0 and, more importantly,
SmCa

* consists of at least two parts. Takanishiet al. and
Hiraokaet al. (references to their work given in the review
article by Fukudaet al. [3]) had observed in preliminary
switching current investigations that SmCa

* is not a simple

FIG. 1. Chemical formulas of the compounds used.

FIG. 2. (Color online) Characteristic reflection peaks for 20°
oblique incidence in a 60-mm-thick free-standing film of
sRd-12OF1M7. The inset illustrates typical characteristic reflection
spectra at the indicated temperatures.
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single phase and had concluded that the high- and low-
temperature parts look like antiferroelectric and ferrielectric,
respectively. Since they used rather thin homogeneous cells,
their conclusions were not free from a possibility that the
surface effects might have partly accounted for these obser-
vations. Quite recently, Cadyet al. [28] also studied the
short-pitch helical structure of MHPOCBC by using much
thinner free-standing films with 50–100 smectic layers and
concluded that the pitch continuously becomes shorter with
decreasing temperature. However, they did not clarify the
existence of the two parts in SmCa

* . Probably, their results
are influenced considerably by the surface effects. From
Figs. 2 and 3, the staircase character of the biaxial subphases
and uniaxial SmCa

* itself is firmly established in the bulk;
hence we consider the description of SmCa

* sqTd and
SmCA

* sqTd in terms of the molecular models so far proposed.
The fundamental phases—ferroelectric SmC* and antifer-

roelectric SmCA
* —are stabilized by short-range intermolecu-

lar interactions(SRI’s), which were studied in detail by Osi-
pov and Fukuda[2]. The tilting is mainly caused by the
intralayer SRI’s and the corresponding free energy is written
in terms of the Landau expansion as

F̃'sQd = asT̃ − 1dsin2 Q + B sin4 Q. s1d

Here Q is the tilt angle,T̃=T/T* is dimensionless tempera-
ture normalized byT* (the phase transition temperature be-
tween SmA and SmC* or SmCA

* ), and a.0 andB.0 are
ordinary temperature-independent dimensionless constants.
The normalized free energy difference between SmC* and

SmCA
* , F̃C−F̃CA, mainly results from the interlayer SRI’s and

is written as

DF̃isQd = sin2 2QS− Ṽi +
d̃'

4

T̃ cos6 Q
D . s2d

Here Ṽi is a dimensionless coefficient stabilizing SmC* ,
which originates from the packing entropy, the Maier-Saupe-

type dispersion force, etc., andd̃' is a dimensionless trans-
verse dipole moment. It should be noted that the orienta-
tional correlation(dynamic pairing) of the transverse dipole
moments in adjacent layers plays an important role in stabi-
lizing SmCA

* [2,3]. Figure 4 illustrates the phase diagram and
the temperature variation of the free energy difference thus
obtained, which are characterized by only two parameters

a /B and d̃'
4 / Ṽi. Herea /B describes the temperature varia-

tion of Q in Eq. (1). The synclinic ferroelectric and anticlinic
antiferroelectric phases thus produced are frustrated because
of the low-energy barrier between them together with theX

-Y freedom[2,27]. Whend̃'
4 / Ṽi ,1, in particular, there exist

two frustration pointsPA and Pa, which produce SmCA
* sqTd

and SmCa
* sqTd, respectively. In the zero-order approximation,

the subphase has a planar structure specified byqT and its
free energy is given by

F̃sqTd = qTF̃C + s1 − qTdF̃CA. s3d

Without considering any LRI’s, none of the subphases has a
free energy lower than that of the fundamental phase stable
at a particular temperature, SmCA

* or SmC* , and the degen-
eracy at the frustration points is not lifted.

Degeneracy lifting at the frustration points has not been
analyzed fully by taking account of the temperature variation
of Q. The effective LRI was studied by assumingQ=const
[26]. The temperature variation ofQ was taken into account
in the investigation of the Casimir-type LRI[27], but both
the ordinary polarization due to the molecular chirality and
the discrete flexoelectric polarization, which are not parallel
to each other, could not be treated appropriately by the equa-
tion reported by Bruinsma and Prost[24]. Provided that the
free energy difference and the LRI’s are calculated appropri-
ately, a variety of experimentally observed subphase se-
quences can be explained by the degeneracy lifting in Fig 4.
Isozakiet al.studied five binary mixture systems experimen-
tally and concluded that it is useful to consider the strength
of antiferroelectricity and that of ferroelectricity work sum-
marized in review articles[3,4]. The ordinate in Fig. 4,

FIG. 3. E-T phase diagram of the field-induced birefringence in
a 25-mm-thick homeotropic cell ofsSd-MHPOCBC. The labels of
constant birefringence correspond to valuesDn310−4.

FIG. 4. Phase diagram fora /B=2 and free energy difference

between SmC* and SmCA
* for d̃'

4 / ṽef f
i =0.4, 0.6, and 0.8.
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d̃'
4 / Ṽi, actually measures the relative strength. No subphases

emerge ford̃'
4 / Ṽi .1. When d̃'

4 / Ṽi <1, SmCa
* alone ap-

pears. As the parameter becomes smaller, first SmCA
* s1/3d,

then SmCA
* s1/2d, and finally SmC* emerge; all of these three

coexist for a while. By further decreasing this parameter, first
SmCA

* s1/2d and then SmCa
* disappears; SmCA

* s1/3d seems to

be the most stable subphase whend̃'
4 / Ṽi ,1. Regarding sub-

phases in the regions ofqT,1/3, 1/3,qT,1/2, and
1/2,qT, at least one stable subphase is confirmed to exist in
each region[3–7]. The qT,1/3 region exists in the widest
parameter range ofd̃'

4 / Ṽi and hence is most easily observ-
able; in particular, several subphases are stabilized in
12OF1M7 here investigated. On the other hand, the observ-
able parameter range for theqT.1/2 region seems to be the
narrowest.

The phase diagram shown in Fig. 4 is also useful for
understanding the staircase character of SmCa

* itself. In the
case of the biaxial subphases, SmCA

* s1/3d and SmCA
* s1/2d

are relatively stable. It is natural to consider that three-layer
SmCa

* s1/3d and four-layer SmCa
* s1/2d are also relatively

stable. Since the temperature dependence of the free energy
difference has just opposite gradient at the two frustration
points, SmCa

* s1/2d must emerge on the low-temperature side
of SmCa

* s1/3d. At the same time, very large nonplanar dis-

tortions must be caused by the LRI’s, since the free energy
barrier is proportional to sin2 2Q [27] and the tilt angle is
less than 5°in SmCa

* . Consequently, SmCa
* s1/2d and

SmCa
* s1/3d are found to be quite uniaxial. The competing

orientational interactions in the discrete clock model may
also play an important role and cause a steep decrease in the
helical pitch as a pretransitional effect in SmC* . The steric
interactions within a single layer and between adjacent layers
were considered as a molecular manifestation of such com-
peting orientational interactions. Because of their highly
symmetric uniaxial structure, the spontaneous polarizations
are canceled out within the unit cells; hence both of them are
antiferroelectric like. By considering the switching behavior
in SmCA

* s1/2d and SmCA
* s1/3d, switching occurs from

SmCa
* s1/2d into SmC* indirectly via SmCa

* s1/3d while di-
rectly from SmCa

* s1/3d to SmC* ; this is in accordance with
the previous observations by Takanishiet al. and reviewed
by Fukudaet al. [3]. The ordinary rather weak chiral inter-
action may lead to a choice between the left-handed or the
right-handed structure and this apparently produces the
short-pitch helical structure.
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