PHYSICAL REVIEW E, VOLUME 63, 051708

Optical rotatory power of different phases of an antiferroelectric liquid crystal
and implications for models of structure
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The antiferroelectric liquid crystdlAFLC) under investigation possesses different helical smectic phases.
The various phases have been identified through a texture under cross-polarizers with a homeotropic alignment
of the AFLC. Measurements of the optical rotatory poW@RP of these phases have elucidated the ability of
this method for finding phase transitions between several phases and for investigating the helical structure of
the antiferroelectric phases. The optical rotatory power as a function of temperature at a fixed wavelength of
light was measured for different phases of the investigated AFLC material. The values of the pitch for some of
the phases have been calculated from the ORP data. The results of the ORP rule out the simple “clock’” model
or a clock model with a long pitch superimposed on to it. The results can be explained only in terms of biaxial
models, either Ising-type models or a highly distorted “clock” model. It is also found that in thHe}Sphase
the sense of the helix in the investigated material is left handed, and is opposite to that observed i@*the Sm
phase. The reversal of the helix from left to right handed occurs during the phase transition from the
SmCE,1(SMCY) to SnCE,,(AF) phase. This fact also allows for &} and AF phases to be distinguished
from each other.
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I. INTRODUCTION Light transmission through a homeotropic liquid-crystal
(LC) cell placed between two crossed polarizers was mea-
Antiferroelectric liquid crystalAFLC’s) exhibit several sured, and the optical rotatory power was calculated from
chiral phases between paraelectric sme&(i8mA*) and an-  these results. The transmission as a function of temperature
tiferroelectric smecti€,(SmC%). These phases were tenta- Was measured in different smectic phases of the AFLC ma-
tively designated as S@f , STC%, and SnC* in order of terial at several wavelengths of light. Dielectric and polariz-
decreasing temperaturEéLj Amgn'g these g)hases s ing microscopies were also carried out to complement the
seems to be a more compllicated phase than the other phasggtical transmission results. The helical pitch of the struc-
A number of additional ferrielectric and antiferroelectric - o> " different phases of AFLC material was obtained

. . . from the optical rotatory power. The results of pitch values
phases were discovered. The Gpwphase is l_JsuaII_y consid- for the various phases are given,
ered to be the same as the ferroelectric chiral smectic
C(SmC*), but in optically pure samples some peculiarities
can be observef?]. An x-ray resonant technique employed
on a thiobenzoate liquid-crystal compound recently showed The AFLC material used in our experiments is the
[3,4] the existence of four phases with different superlattice= 11 memberwith acronym 110TBBB1MYof the homolo-
periodicities. These phases are Gfn SnCg;, and gous series, whose molecular structure is given as
SmC{,, with two-, three-, and four-layer superlattices, re-

9 o)

spectively, and S} with a periodicity incommensurate ﬁ 0
with the layer spacing. In the SBf phase an incommensu- H(CHz),,O@‘C—SOC—O@'C—O—?H'(CHg)aH
rate periodicity was shown to roughly lie in between eight CH,

and five layers with decreasing temperature.

Several different theoretical approaches were advancefihe following phase transition sequence for this material has
for explaining a variety of ferroelectric phases, and thesdeen found for the bulk sample by the DSC method: crystal
postulates were based mostly at the expanded Landau mod&5.5°Q SmCjx (101°Q SnCf,; (104.5°Q SnCf,

[5] or on the one-dimensional Ising modél] and the axial (111°Q SmC* (127°Q SmC} (128°Q SmA* (149°0
next-nearest-neighbor Ising modé&l,8]. Recently, the short isotropic. This phase sequence corresponds to that given by
pitch mode mode[9] was presented, which describes anti- Nguyenet al. [10]. The tenth membe(100TBBB1M?) of
ferroelectric and ferroelectric phases as structures with cethe same homologous series was recently investigated using
tain “families” of modulation modes. resonant x-ray diffractiof3,4].
A cell of 15-um sample thickness, used for dielectric and
optic measurements, consisted of two glass plates with a ITO
*Permanent address: Institute of Crystallography, Russian Acadindium tin oxide layers as electrodes and Mylar thin-film
emy of Sciences, 117333, Moscow, Leninsky prosp. 59, Russia. Stripes as spacers. Homeotropic orientant films of a carboxy-
TEmail address: jvij@tcd.ie lato chromium complexegchromolang purchased from
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(1) SmA’

FIG. 1. (Color Sequence of
microscopic textures obtained
upon cooling a homeotropic
sample of 110TBBB1M7; (a)
SmA* (133°0. (b) SmCH
(129 °Q color is changed to blue.
(c) SmC* (118°Q; color is
changed to green(d) Sm-Cf,
(108°Q and (e Sm-Cf,
(101°C) are gray.(f) Sm-Cx
(98°C); the color is altered to
red.

(¢} SmC” (d) AF

e} SmC, (N SmC,

AURAT Joint Co. Moscow, Russia, were coated on the ITOparallel to each other. For the case of pure optical rotation,
electrodes, cured for a duration of 0.5 h at a temperature aithen the light transmitted through the cell remains linearly
120°C and then used without rubbing. The cell was heategolarized, the ratio of these transmissid®is is given by a
and filled with the antiferroelectric compound in the isotro- simple expressioR()=tarf . Herey is a rotation angle
pic phase, and cooled slowly to the 8 phase. The tex- of the light transmitted through the cell with respect to the
tures of the different smectic phases were observed with polarizer direction. The ORPY) is defined as the optical
charge-coupled device camera, fitted to a polarizing microrotation per unit lengthy/d, whered is the cell thickness,
scope, and captured by a corresponding video grabber ina@nd can be calculated from the transmission with the use of
computer. Dielectric measurements at a frequency of 1 kHexpression
were made using the impedance analyzer HP-4192A. The
temperature measurements were carried out during continu- W— tan VR () 1
ous cooling at a rate of 0.1 °C/min. - d ) @

The optical rotatory poweiORP) was calculated from the
ratio of the light transmitted through the homeotropic liquid This method gives only the absolute value of the ORP. The
crystal cell when polarizers were crossed to when these weiggn of the ORP in several smectic phases was determined by
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rotating the analyzer until the minimum of the transmission  *3—— ' ' L B T T
was achieved. The clockwise turn of an analy@aeith re-

spect to the position where it is crossed with a polajiter a2
considered to be positive, and the anticlockwise turn to be
negative.

Ill. RESULTS AND DISCUSSION 40

According to the optical and dielectric results for a thin
homeotropic cell on cooling 110TBBB1M7, the following
phase transition sequence is observed: cry8@&rfC) SmCx L ‘

(100°Q SmCg,; (103.2°Q SnCfj, (110.6°Q SmC* e e o i o 15 e iz 0 i
(127.8°Q SmC} (131.1°Q SmA* (151.2°Q isotropic. TCC)

When the sample is heated, the melting temperature is found

to be 97.5°C. One can see a small difference in the phase FIG. 2. Dependencies on temperature of the dielectric permit-
transition temperatures between our results and those alreallyity &' and losss" of a homeotropic sample at a frequency 1 kHz
given [10]. The difference in the transition temperatures isin Several smectic phases.

due to the influence of the boundary conditions on the phase

transition temperatures for a thin sample. Most of the ob-each phase. The value of the ORP in theC3nphase is very
served phases have approximately the same temperatutev. This confirms the predictions of the clock modial],
range as the bulk sample, except theGSphase, the tem- according to which the S@% phase is characterized by a
perature range of which increased by 2 °C as a consequenehort-pitch helical structure. But there is a discrepancy be-
of the decrease in the temperature for theA3nphase. tween values of this pitch measured by different methods.

Figure 1 shows the textures in black and white at crosse®esonant x-ray measuremei4] give a decrease in the
polarizers that have been obtained for smectic phases qitch from eight- to five-layer periodicity with decreasing
cooling the homeotropic cell of a 110TBBB1M7 compound. temperature. An ellipsometric stui$2] showed that the he-

A homeotropic alignment in the Shi phase[Fig. 1(@] has lical pitch increases from 20- to 40-layer periodicity when

a very uniform texture. The S@f phase[Fig. 1(b)] looks the temperature decreases. It is possible that this difference
like the SmA* phase, except that, its color was altered toin the temperature dependence and pitch magnitude is related
blue. But in Snt€*, SnC¥,,, SnCt,,, and Sn¢} phases to different phase sequences in these two compounds. The
[Figs. 1c)—(b)], disinclination lines appear. SBf was seen sign of the ORP in the S@* and SnCf,, phases is the

as green, and SBf,, and SnC,, were seen as gray. The same for short wavelengths, but is the opposite folCgm
structure inhomogeneities are noted especially in th€§m and SnC) phases. This means that the handedness of the
phasgFig. 1(e)]. The reason that Fig.(h) is a SnC* phase chiral structure is changed during a transition from the
but not SnC* phase is the absence of disinclination lines.SMCE,, phase to the S@F,; phase. The sign of the ORP in
The bright uniform colors of the S8t [Fig. 1(c)], seen as the SnC* phase is the same for short wavelengé@4 and
green, and the S8% phasdFig. 1(f)] seen as red, mean that 523 nm but is the opposite for long wavelengtt87 and
helical pitches of these phases are comparable to the wav€19 nm. According to Eq.(2) this means that the wave-
length of visible light. Despite the presence of disinclinationlength of the selective reflection is located between wave-
lines, the homeotropic alignment of a sample is sufficientlylengths of 523 and 587 nm. This fact is confirmed by visual
uniform. The dielectric resultéFig. 2) also confirm this as- 0observation.

sumption. There are no contributions of the Goldstone mode The ORP in cholesteric LC is given &3]

to the dielectric permittivitye” and the dielectric loss”.

The temperature dependencies of the light transmitted 2
through the cell, placed between the crossed polarizers, are W= )
shown in Fig. 3 for different wavelengths. For green light
(A=523nm), one sees a stepwise increase of the transmis-
sion in the low temperature region of the S phase. This
steplike behavior is more pronounced close to the phase tran-
sition to the antiferroelectric S8f,, phase. The steps are
less pronounced for the blue-green light=494 nm) and N
were not observed for yellow and red lighiig. 3(b)]. The N = —,
nature of this steplike behavior is not clear now. We should npP
note that the temperature dependencies of the transmission
for wavelengths of yellow and red light differ from those for where P is the helical pitch\ is the wavelength in vacuo,
blue and green light. andn, andn, are the refractive indices parallel and perpen-

The ORP calculated from light transmission using 8. dicular to the director. This expression can be extended to
and shown in Fig. 4 demonstrates a characteristic change the tilted smectic phases using the relatiph4]
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FIG. 3. Temperature dependencies of the light transmission through a homeotropic cell placed between crossed ga)ldfizers.
blue-green(494 nm and green’523 nm light. (b) For yellow (587 nm and red(619 nm light.

) £10830 electric tensor for_the chiral tilted _smecticg at optical wave-
Ne= 1002 O+ egSi 0’ (5 lengths, andis a tilt angle of the director with respect to the
smectic layer normal.
I The temperature dependencies of the ORP obtained at
No= \/820, (6)  four fixed wavelengths of light can be transformed into the
wavelength dependencies of the ORP at fixed temperatures.
whereeg, €59, andegzg are the principal values of the di- These dispersion dependencies of the ORP were fitted using
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FIG. 4. Temperature dependencies of the ORP in the homeotropic cell of 110TBBB1M7 during c@lfay. blue-greeri494 nm and
green(523 nm light. (b) For yellow (587 nm and red(619 nm) light.

Eq. (2) to obtain the temperature dependence of the parantion of pure optical rotatiof13] A>P(n.—n,) is not ful-
eternP, which is equal to the wavelength of selective reflec-filled.

tion (SR) in several smectic phases. In this fitting procedure The observed colors of the selective reflected light for
we neglect the dispersion of refractive indices, since its inSmC* and SnC} phases allow for a check on the calculated
fluence on the ORP dispersion is much smaller than that o§R wavelength values. The pitch value can easily be esti-
the denominaton’?(1—~\’'?). The fitting of ORP experi- mated from the SR wavelength by assuming that the mean
mental data gave very reasonable values for the SR waveefractive index is about 1.5, and that the wavelength of SR
length in SnC*, SnCf,,, and SnC} phasesFig. 5. Inthe  light is related to the full pitch in the S8 phase and to the
SmCE,, phase no reasonable results for the pitch could béalf pitch in the Si€} phase. In the high-temperature region
obtained using the fitting procedure. This seems to be duef the SnC* phase, the SR wavelength increases with de-
either to the absence of a helical structure in theCgm  creasing temperature, up to 0.x6n. At 122 °C the pitch is
phase or to the fact that the pitch is too large and the condi®.37 um. Then the SR wavelength decreases slowly until the
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simulated ORP spectra in S, phase for thea) modified Ising

FIG. 5. Temperature dependence of the selective reflectiofnode! (angles ¢e=3.7° and ¢4=1.6°), (b) the distorted clock
wavelengthnP in several smectic phases of 110TBBB1M7 ob- model (the angle of distortiors=69°) (in terms of Johnsoet al.
tained by fitting the ORP data using EQ). [18], this angle is 21) (c) A clock model with a long pitch super-

imposed on it, with the angular deviation between neighboring lay-
phase transition to the SBi,, phase; the corresponding ©rs taken to be 0.5°, from 90°.
color of the selective reflected light is green. In theSm
phase the SR wavelength is about 0,68, and demon- +¢p, T—2¢a+ ¢, T—2¢p+2¢¢), Wherep, and ¢ are the
strates a slow increase when temperature decreases; the cttation angles of th€ director between adjacent layers in
responding pitch is-0.86 um. In the middle region of the the SnCj and SnC* phases, respectively. Since the differ-
SnCE,, phase, the SR wavelength is abouuh, and the ence in values op, and ¢ is very small, the helical struc-
corresponding pitch i®=2.8um if the periodicity of the tures described by the simple and modified Ising models dif-
dielectric permittivities tensor in this phase is half the pitchfer very slightly from each other.
of the SNC% phase. In the S@} phase, the sense of the  The simple clock modell11] specifies a helical progres-
helix is left handed, opposite to what is observed for thesion of azimuthal angley; from layer to layer with a fixed
SmC* phase. This change of helix’s handedness in théncrement of A= /2 for a superlattice of the S@f,
SmC% phase with respect to that in the 8/ phase is con- phase. This helical four-layer periodical structure has a very
sistent with the results of liquid-crystal-induced circular di- small ORP of the order dPg/\* when a short pitctPgp is
chroism measuremenits5]. The reversal of the helix occurs approximately 12—-16 nm and the wavelengttof light is
during the phase transition from &, to SnC%, phases. about 500 nm. In addition, the long pit¢R) chirality of the
This fact allows the two phases to be distinguished. unit cell's azimuthal angle distribution causes an increment

There were several models proposed for describing th# the angle between adjacent layersfop= 7/2+ ¢ and
molecular arrangements in &, and SnC%,, phases. All  the sequence of azimuthal angles in the unit cell £02
of these models are based on unit cells consisting of thre& i, T+2¢g;, 3m/2+3¢g). The obtained helical struc-
and four smectic layers, and differ only in the details of theture can be considered as a rotation of the unit cell as a
azimuthal angle progressions in unit cells. The simple Isingvhole around the smectic layer normal with a long pikth
model[1,6] for the SnC},, phase is described by a sequence e long pitch chirality disturbs the initia, symmetry of
of azimuthal angles; , having only two values 0 and. For the unit cell, and gives a small biaxiality in the scale of the
this model the four-layer sequence of azimuthal angles i$"'t cell, but this vglue is too small to e_xplaln the magnitude
(0,0,7,m). The macroscopic chirality of the structure with a Of the ORP experimentally observed in the Gfy, phase.
long helical pitchP makes the sequence of azimuthal anglesT his is confirmed by the calculation of the ORHg. 6(c)] in
follow (0,¢f,, 7+ 2¢F, , 7+ 3¢F), Where g, =27h/P is the SnCf,, phase using a ¥4 matrix method[16]. The
the rotation angle between adjacent layers, faigithe thick- parameters used in this calculation were as follows: the
ness of smectic layer. This azimuthal distribution of the di-sample thicknessl=15um; the layer spacindi=3.8nm
rector in the smectic layers forming the unit cell leads to thd 3]; the indices of refractiom;=1.639 along the director,
high optical anisotropy of the unit cell in a plane parallel to n,=1.497 perpendicular to the tilt plane, amd=1.495
the smectic layers. The simple Ising model explains well thedlong the third principal axis; the tilt angle of the director
results of optical studies of the S, phase, but Mach and 6=27.5° [10]; and the pitch of the helix structur®
co-workers[3,4] found that it cannot account for the both =2.8um.
quarter- and half-order resonant peaks of x-ray-diffraction The distorted clock model with a symmetric sequence of
experiments. Recently, a modified Ising model was proposedzimuthal anglesp; = (7/2)j — 6/2+(—1)'6/2, where G<]

[14], which does not contradict the resonant x-ray experi-—<3, was propose(i17] for the SnCf, phase to make the
ments. The modified Ising model is described by a sequencgock model consistent with the optical data. The sequence
of azimuthal angles in a four-layer unit cel-@,, —¢,  Of azimuthal angles in this model is (82— &, 7,37/2
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— ). This structure has & symmetry and biaxial optical SmC* , and Sri\* were distinguished from each other. The
properties. The simple Ising model is a particular case of thesequence of the phases and their transition temperatures cor-
distorted clock model witld= 7/2. If a long pitch chirality is  respond to those observed in a bulk sanjjl@].

added, then the azimuthal angles progression becomes It was found that the optical rotatory pow&®RP dem-

(0, m2— 6+ @f, m+2¢g, 3W/2— 6+3¢g). This model, onstrates a characteristic change at the phase transitions. The
called the “highly biaxial model,” was used for describing sense of the helix in the S phase is found to be opposite
the ellipsometric data obtained in the 6, and SnCf,,;  to that in the Sf8* phase. This finding is consistent with the
phases of freestanding filnd.8]. It was shown that this results from liquid-crystal-induced circular dichroism mea-
structure is also able to explain the resonant x-ray—diﬁractiorgurement$15]_ The inversion of the helix's handedness, oc-

results. The simulation of the ORP in this case is presentegurring during the phase transition from 6#), to SNC%,,

in Fig. 6(b for the dl_stortl_on parametey=69°. This angle phases, allows these phases to be identified using these tech-
corresponds to a distortion angle af2— &8, in terms of niques

Johnsoret al’s definition[18]. This value is not too far from The pitches in the S, SICE,,, and SnC* phases

the angle of 10° found by Johnsen al. for a different com- . >
pound. This shows that the director distribution though the@ve been found using a fitting procedure of the ORP spectra

following clockwise distribution makes the structure of the fOr different temperatures. The results of the ORP simula-

AF (SMC%,,) phase more Ising-like. tions, using a &4 matrix method for SI8F,, phase, show
The results of the ORP simulations presented in Fig. ghat only highly biaxial models, such as the modified Ising

show that both the modified Ising modal] and the highly =~ model[14] or the distorted clock mod¢lL7,18 can explain

distorted clock modef17,18, specifying highly biaxial he- the experimental values of the ORP in the Gfy, phase.

lical structures, can account for the values of the ORP in th@he clock model with a long pitch superimposed onto it

SnCE,, phase. The various angles used in the simulationgives rise to a very low value of the ORP, and this cannot

are given in the figure caption. These models can also exexplain the experimental results.

plain the fine structure of the peaks of the resonant x-ray

diffraction observed in S@F,; and SnCf,, phase$3,4]. To
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