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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 olbigehe
staircase character of uniaxial ®fitself in the bulk andii) the multipeaked characteristic reflection bands
due to the modulated helical structures just above thé:;Stamperature range. We suggest the emergence of
several uniaxial and biaxial subphases. The results show that both types of subphases can be spegified by
=[F]/([A]+[F]) in the zero-order approximatiohA] and[F] 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 $Ig 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 S/8" and antiferroelectric S@), are frus-  presence of some form of frustration is common to the emer-
trated in chiral smectic liquid crystals. A large number of gence of the structures. Two statistical models have been
alternative structures have almost the same free energy developed that exemplify the emergence of the devil’s stair-
frustration points in the phase diagram, where the dominartase by lifting the degeneracy at the frustration points. One is
synclinic and anticlinic ordering forces happen to be equathe axial next-nearest-neighbor IsiGggNNNI) model used
[1-4). Long-range intermolecular interactioritRI’s), too by Yamashita and Miyazima for understanding the sequence
weak to be observed ordinar_ily, now play a crucial role andof_ biaxial subphases between S*mand Snt’ [4,23. How-
may cause the temperature-induced successive phase transjer, it is hard to visualize direct application of the Ising-like

tions with staircase character. The res_ulting polar SmeCtiTﬁIamiltonian to smectic liquid crystajg]. The second model
phases, often called “subphases,” consist of at leasthiive is the one-dimensional Ising model with long-range repul-

axial subphases, characterized by periods of more than tWgjon [25]. Bruinsma and Prost tried to explain the formation
smectic layers and providing rare examplestafielectric- ot 5™ a5 well as its devil's staircase character based on
ity, together with auniaxial subphase designated as S his model but did not obtain the actual phase diagfad.
[3-7]. Many sophisticated techniques have been used t0 derpgy ysed the Casimir-type LRI due to the polarization fluc-
termine the biaxiahonplanarsubphase structures with three- . 5t0ns which are measurable and are known to be impor-
and four-layer periodicities and the short-pitch helical struc+,nt for aielectric behavior in SB. Quite recently, Emely-
ture of uniaxial Snc, [8-18. So far no unified realistic ;nonko and Osipoy26] replaced the Ising model with a
molecular model for those subphases has been reported. TWoore realistic-Y model and, at the same time, introduced
conflicting approaches have been proposed by G%nphasmqge novel discrete flexoelectric polarization which is not par-
either the continuous short-pitch evolution of theGphe- g 1o the ordinary spontaneous polarization determined by
lical structure[19-22 or the staircase character of the emer-ine molecular chirality{26,27. They showed that the cou-
gence of the biaxial subphases and of Gmitself  jing between these polarizations in adjacent layers produces
[3,4,23,24. The first one, called the discrete clock model, 5 effective LRI among orientations in different layers,
takes into account competing orientational interactions beyhich stabilizes the nonplanar structures of the biaxial sub-
tween nearest- and next-nearest-neighbor smectic layerghases. In particular, they predicted the existence of a num-

Then the minimum of the free energy corresponds 10 a Uniper of subphases between Sjnand the three-layer biaxial
form rotation of the tilt plane about the layer normal. By subphase.

introducing several other complicated interactions, we may Their model gives answer to the long-standing question as
qualitatively be able to explain the formation of subphases,qy 1o understand the existence of the biaxial and uniaxial
with three- and fou_r-lay_er pe[iodicities an.d.the_ C,O”tinuoussubphases, although no detailed phase diagram has yet been
evolution of short pitch in S@,. However, it is difficult to gpiained. This Rapid Communication provides two novel ex-
understand naturally the existence of five or more blaX|aberimenta| observations that support the model strongly and
subphases. _ also aims to foster further theoretical development. One is
In solid-state physics, we frequently encounter such largege ghservation of characteristic reflection bands due to the
scale structures as those with multilayer periodicities. Th&,gjical structures indicating the emergence of several sub-
phases just above ST in (R)-120F1M7. The second is the
result of the birefringence measurement using a photoelastic
*Email address: jvij@tcd.ie modulator(PEM) in a thick homeotropically aligned cell of
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o R O CH rather steeply and then gradually, up to a wavelength limit of
(R) CioHpsO Q Q ("30—©—(")O—(I)H3C H the spectrometer, am; the stability seemgd to vary from .
121725 Y retis temperature to temperature. The gradual increase is consis-
0 o 0 cH tent with the optical rotatory powel((_)RH result in
il T i 3 SmC,(1/3) [18]. The characteristic reflection band could not
(S) C3H17COCO'©'CO‘¢HCGH13 be observed in S@j,(1/2). The free-standing film, which
looked uniform in SnE,, now consists of several domains
FIG. 1. Chemical formulas of the compounds used. when the multipeaked half pitch bands are observed. The
texture again becomes unifo*rm and the half and full pitch
(S-MHPOCBC and shows that uniaxial € consists of at bands are single peaked in SmThe helical pitch decreases
least two parts. We have thus established the staircase Chglt_eeply in the high-temperature region ar_1d the short_est one
acter of both biaxial and uniaxial subphases which can reg@Ppears to be much less tha‘." 30 smectic layers. lealectrlc
sonably be specified by, =[F]/([A]+[F]) in the zero-order measurements confirm the existence ofGnabove Srt". _
approximation because of the synclinic and anticlinic frustra- Why does the half pitch ba_nd_ sudqlenly_bec_ome “_““'“'
tion; [A] and [F] are the numbers of antiferroelectric and peaked? The temperature variation given in Fig. 2, inset,
ferroelectric orderings in the unit cell. Hereinafter the biaxiaICF’UId not be explained by the coexistence .o.fcgnand 2
and uniaxial subphases are designated aﬁ&m) and higher-temperature phase. The phase transition frort,Sm

. . . : to SnC,(1/3) may cause the multipeaked bands, since the
SC,(dy), respectively. Figure 1 shows the chemical formu helical structure of Sm;(1/3) is often deformed consider-
las of the samples used.

Free-standing films of 120F1M7, 30—80n thick, were ably [4]. However, how can we understand the fact that the

: helical pitch in the stable region is very close to that of
prepared over a hole of 2 mfin a metal plate, 30@m p ;
thick, which was mounted in an oven with temperature con-anA? The. established three-layer structure ofC_i(rl/S)
trolled to an accuracy of +10 mK. The optical transmittanceVould predict a much longer helical pitch even if the large
was measured using a spectromaferkin Elmer Lambda distortion from the planar structure were taken into account.
900). The results are summarized in Fig. 2. The full pitch Moreover, why does the stable region exist? On considering
band is observed in S@i (the left-handed helixbut not in the synclinic and anticlinic frustration, it is natural to con-
Smc; (the right-handed helix Figure 2, inset, illustrates the clude that these.half pitch bands primarily corr.espond to the.
half pitch band. It shows a single peak in S*;gnAt 79.25°C, sybphases predicted by Emelyanepko_and OS'pO\.’ and_speC|—
the band shape suddenly becomes multipeaked. There exigt d by?TS [2?)]' ;ln a crude.?pgroxmatlo'n, thebhellcal pitch
a temperature region 79.45-79.65°C where exactly th(g Gr) of a subphase speci e by |s_g|ven y 1p(ar)
same multipeaked band shapes are stably observed. Ea§|§1_QT)/ Pca*qr/pc. On using Pca=434 nm and pc
measurement lasted 1 day after a temperature increase of 409 hm, we obtain p(1/9)=563 nm and p(1/19
50 mK between 79.00 and 80.00° C. Above this temperature';490 nm. Furthermore, surface effects together with varia-
similar multipeaked bands were observed up to 81.50°C byons in the number of smectic layers from place to place in
increasing the temperature in 100—200-mK steps; the avethe free-standing film complicate the half pitch bands. If the

aged peak wavelength becomes monotonically longer, firdotal number of layers is not a multiple of the period of a
subphase, the remaining layers may give rise to strong sur-

A [nm] face effectd26]. Since the difference in the free energy be-
m—————— : . T tween subphases with smalf's (large periodsbecomes ex-
- | £ T =79 70°°C | ] tremely small, such surface effects easily modulate the ideal
; ,,,,,,,,,, e i | helical structure of Si@,(qgy) and produce several side peaks
8 [VT =179.45-79.65] 1 and the observed multidomain texture. Even the intrinsic in-
| 8 ! g i stability as discussed in S2(1/3) [4] may also cause ad-
rs [T=79.20°C(SmC*) ditional modulation. o
g W Figure 3 shows the birefringence as a function of the elec-
600 _E i tric field and temperature observed in a homeotropically
200 500 600 700 800 SmC* %8 aligned cell of 25um thickness. The electric field was ap-
I hnm] % & a 2 ] plied by using indium-tin-oxidgITO) electrodes separated
500 F §;§ :v'g %_ by 55 um. Since .the Ia_se_r beam spot is slightly larger than
I (é% 'S : the gap and the field within the area of the beam spot cannot
: a2 F3 | be uniform, the absolute value may differ from the true value
8 somewhat. The sm’; temperature range was also confirmed

1
| SmC, * r——m =
100 . L . n. ' L . B’% $ independently by dielectric measurements using a homoge-
Terﬁgeramre [°C] 85 90 neous cell. Figure 3 clearly shows that S*gn is quite
unia>*(ial with negligible ORP aE=0 and, more importantly,
FIG. 2. (Color online Characteristic reflection peaks for 20° SMC,, consists of at least two parts. Takanigti al. and
oblique incidence in a 6@m-thick free-standing film of Hiraokaet al. (references to their work given in the review
(R)-120F1M7. The inset illustrates typical characteristic reflectionarticle by Fukudaet al. [3]) had observed in preliminary
spectra at the indicated temperatures. switching current investigations that € is not a simple
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FIG. 3. E-T phase diagram of the field-induced birefringence in P6tween Sr@" and SnC, for d’ /ve;=0.4, 0.6, and 0.8.
a 25.um-thick homeotropic cell ofS)-MHPOCBC. The labels of

i i 4 . . ~ . . .
constant birefringence correspond to valugsx 10~ type dispersion force, etc., aml is a dimensionless trans-

single phase and had concluded that the high- and low!€rse dipole moment. It should be noted that the orienta-
temperature parts look like antiferroelectric and ferrielectric ional correlation(dynamic pairing of the transverse dipole
respectively. Since they used rather thin homogeneous cell§}oments in adjacent layers plays an important role in stabi-
their conclusions were not free from a possibility that thelizing SmC, [2,3]. Figure 4 illustrates the phase diagram and
surface effects might have partly accounted for these obsethe temperature variation of the free energy difference thus
vations. Quite recently, Cadgt al. [28] also studied the obtained, which are characterized by only two parameters
short-pitch helical structure of MHPOCBC by using much «/B andd* /V,. Here «/B describes the temperature varia-
thinner free-standing films with 50-100 smectic layers andion of ® in Eq.(1). The synclinic ferroelectric and anticlinic
concluded that the pitch continuously becomes shorter witlantiferroelectric phases thus produced are frustrated because
decreasing temperature. However, they did not clarify theof the low-energy barrier between them together with Xhe
existence of the two parts in Sm. Probably, their results _y freedom[2,27). Whena‘i/T/”<l, in particular, there exist
are influenced considerably by the surface effects. Frony,, frystration pointsP, and P,,, which produce S (qy)
Figs. 2 and 3, the staircase character of the biaxial subphasgﬁd SmZ;(qT), respectively. In the zero-order approximation,

and uniaxial S8, itself is firmly established in the bulk; o .
hence we consider the description of Spgy) and ;P:eseunbeprgilsii gi(ilnser? b[;/lanar structure specifiedrbgnd its

SMC,(qy) in terms of the molecular models so far proposed.
The fundamental phasg;—ferroelectric@mnd antifer- F(gy) = grFc + (1 - gp)Fea. (3)

roelectric SnC,—are stabilized by short-range intermolecu- o '

lar interactiong SRI’s), which were studied in detail by Osi- Without considering any LRI's, none of the subphases has a

pov and Fukudg2]. The tilting is mainly caused by the free energy lower than that of the fundamental phase stable

intralayer SRI's and the corresponding free energy is writterfit @ particular temperature, & or SnC’, and the degen-

_ _ Degeneracy lifting at the frustration points has not been
F (0)=a(T-1)sir*®+Bsin* 0. (1)  analyzed fully by taking account of the temperature variation

of ©. The effective LRI was studied by assumifig=const

Here © is the tilt angle,T=T/T is dimensionless tempera- [26]. The temperature variation 6 was taken into account

ture normalized byT** (the phqse transition temperature be-jn the investigation of the Casimir-type LR27], but both
tween SrA and SnC or SnCy), anda>0 andB>0 are  the ordinary polarization due to the molecular chirality and
ordinary temperature-independent dimensionless constanige discrete flexoelectric polarization, which are not parallel
The normalized free energy difference betweenCSrand (o each other, could not be treated appropriately by the equa-
SmC*A, Fc—Fca mainly results from the interlayer SRI's and tion reported by Bruinsma and Prd&4]. Provided that the
is written as free energy difference and the LRI's are calculated appropri-
+ ately, a variety of experimentally observed subphase se-
Aﬁ(@) = sir? 2(_\7 P ) ) guences can be _expl_ameql by the_ degeneracy lifting in Fig 4.
Tcof ® Isozakiet al. studied five binary mixture systems experimen-
5 tally and concluded that it is useful to consider the strength
Here V, is a dimensionless coefficient stabilizing 8m  of antiferroelectricity and that of ferroelectricity work sum-
which originates from the packing entropy, the Maier-Saupesmarized in review article§3,4]. The ordinate in Fig. 4,
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d /V,, actually measures the relative strength. No subphasd8'tions must be caused by the LRI's, since the free energy
emerge fora‘i/T/H>1. Whena‘i/T/Hzl, SnCL alone ap- barrier is propprtlonal* to sfi2® [27] and the* tilt angle is
pears. As the parameter becomes smaller, firs€gv3), ~1ess than 5°%in S@,. Consequently, S@,(1/2) and
then Sn€C,(1/2), and finally Sn€" emerge; all of these three SMC,(1/3) are found to be quite uniaxial. The competing
coexist for a while. By further decreasing this parameter, firsprientational interactions in the discrete clock model may
SmC,(1/2) and then Sr@, disappears; S@,(1/3) seems to also play an important role and cause a steep decrease in the
be the most stable subphase wﬁéﬁ/ﬁl. Regarding sub- helical pitch as a pretransitional effect in 8 The steric
phases in the regions of;<1/3, 1/3<qg;<1/2, and interactions within a single layer and between adjacent layers
1/2<qy, at least one stable subphase is confirmed to exist ivere considered as a molecular manifestation of such com-
each region3-7]. The gr<1/3 region exists in the widest peting orientational interactions. Because of their highly
parameter range Cﬁi /T/H and hence is most easily observ- symmetric uniaxial structure, the spontaneous polarizations
able; in particular, several subphases are stabilized iare canceled out within the unit cells; hence both of them are
120F1M7 here investigated. On the other hand, the obsenantiferroelectric like. By considering the switching behavior
able parameter range for thig>1/2 region seems to be the in SmC,(1/2) and SnC,(1/3), switching occurs from
narrowest. . o _ SmC,(1/2) into SnC” indirectly via SnC;(1/3) while di-

The phase diagram shown in Fig. 4 is also useful foractly from SnC(1/3) to SnC’; this is in accordance with
understandmg_ th_e staircase chargcter otﬁmself.*ln the e previous observations by Takanigtial. and reviewed
case of the biaxial subphases, Sfil/3) _and SnCA(1/2) by Fukudaet al. [3]. The ordinary rather weak chiral inter-
Betion may lead to a choice between the left-handed or the

S”Ca(l/?’) and four-layer Sr@,(1/2) are also relatively right-handed structure and this apparently produces the
stable. Since the temperature dependence of the free energ ort-pitch helical structure.

difference bas just opposite gradient at the two frustration
points, Sn€,(1/2) must emerge on the low-temperature side  We thank the SFI and E(BAMPA projec) for funding of
of SmC;(1/3). At the same time, very large nonplanar dis- the research work.
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