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Optical rotatory power, biaxiality, and models of chiral tilted smectic phases
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Among the chiral tilted smectics, the stable existence has been confirmed in numerous investigations of
SmC,*, (antiferroelectric smectiG,) SmCgy* (SMC,*), SnCg* (antiferroelectric, AF and SnC*
phases. The structures of the ferrielectricGGm* and SnCr,,* phases suggested by different models are
essentially different although all the models use the three-layer and four-layer periodicity for them. The
structures of the phases were investigated using the optical rotatory flOREr measurements technique. The
ORP was simulated using Berreman’sx4-matrix method. The compound under investigation
(S)-1-methylheptyl 4-(4-n-undecyloxy-biphenyl-4-yl-carbonyloxy[acronym (S9-110F1M7 clearly pro-
vides SnC,* and SnCr,* phases, the temperature range for the existence of these phases is about 5°C
each. This had not been achieved for the earlier investigated antiferroelectric liquid ¢AFL&) samples.
The results obtained confirm that the unit cell of the molecular structure of these subphases is highly biaxial.
Due to the biaxiality the texture of the homeotropic cell under a polarizing microscope appears nonuniform.
This requires a special approach to the measurements and a simulation of the ORP, which is discussed in detail.
A technique has been designed where the transmitted intensity through a polarizing microscope is measured as
a function of the angle of polarization of the incident light. From the observed output, which is a biased sine
wave, the ORP is being determined. In the same scan, the wavelength of light is also being automatically
altered. Comparing the simulated and measured data, we can conclude that irhg*Sphase the distortion
angle of the directors in the Ising model is lower than 10°. Using the Ising model, the pitchGg,gnmhas
been determined and this is found to have a strong temperature dependence.
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[. INTRODUCTION the phases. The recent studies of the optical rotatory power
(ORP [13-15 provide an efficient method for a quantitative
Several different theoretical approachés-4] have been analysis of the unit-cell structure.
advanced for explaining a variety of the chiral phases Nevertheless, it is shown here that the large biaxiality
between paraelectric smectc-(SmA*) and antiferro-  found in the phases leads to an inevitable optical nonunifor-
electric smecticS, (SMC,*). The phase sequence is gener-mity of the texture of a homeotropically aligned sample. This
ally presented as follows: S* —Fl (spr3)—SnCgy* should, therefore, influence the results of the ORP measure-
(SmC,*,SmCj3)—Fly (spr2)-SnCg,* (AF,SnC,)—  ments. _ . o _
SMCry3+ (FILC,sprl)—SnC* —SnC,* — SmA* [5]. The effect of the optical nonuniformity in the texture is
Until recently, the uniaxial clock mod¢B] was strongly discussed in detail. The measurements using a wide beam of
Suggested by the resonant X-ray Scattering Observdﬁ)ﬂ]s ||ght allow us to overcome this effect during the eXperimeﬂt.
However, it contradicted the results of the optical measurefveraging of the transmitted intensity over the initial azi-
ments[8]. Meanwhile, one-dimensional Ising model for ex- muthal anglep, of the molecules is needed for carrying out
plaining the layer structure of the phase is based on ferrothe computer simulations.
electric and antiferroelectric ordering of the neighboring In conjunction with a new material, which provides
smectic layers in terms of the Ising spi{i®d. This model can SMCg2" and SnCgy,* phases over wider temperature
explain the optical biaxiality observed in the various phaseganges than hitherto studied, the results allow us to make a
[8]. significant step towards the understanding of the structure of
The results of ellipsometric experiment on freely sus-the phases discussed.
pended ferrielectric film§10] strongly support the deformed

(or distorted quel and this_ has also recently been_ sup- Il. EXPERIMENTAL PROCEDURE
ported by the higher resolution resonant x-ray experiments
[11]. This approach is used in the present work. The material §)-1-methylheptyl 4-(4-n-undecyloxy-

The observation of the Schlieren textures in the freestandsiphenyl-4-yl-carbonyloxy [acronym  §)-110F1M7]
ing films [12] confirms the large biaxiality of a unit cell in [sometimes known asSj-110BP1M7] was synthesized in
Hull, UK. Despite a slight disagreement in the phase transi-
tion temperature$16] determined by different methods, it
* Author to whom correspondence should be addressed. Email adlearly provides Sig;,* and SnCr,;* phases, which exist
dress: jvij@tcd.ie over a temperature range of about 5°C each. The tempera-
"Permanent address: Institute of Crystallography, Russian Acadure range found for S@g,,* in this material is probably the
emy of Sciences, Leninsky prosp. 59, 117333 Moscow, Russia. widest known to date.
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The chemical formula of the compound is given as

H(CH2)11OCOO COO—’I*CH—CGH13

F CH,

Different experiments give different phase transitionsoscillograms captured during the measurements were re-
temperatures. This is explained by the differences in theorded and fitted to the biased sine wave function in order to
cooling rates, the surface conditions, the prehistory of thebtain the phase, the amplitude, and the bias. It will be
sample, and the hysteresis in the phase transition temperahown in the section on theory that the phase of the output
tures. Since in the temperature range that extends froreine wave will correspond to the double optical rotation
SMC* to SnC,* phases, the system is frustrafdd], some angle. The other two parameters of a sine wave, the ampli-
relatively weak additional effects may significantly affect thetude and the bias, contain information about the ellipticity
emergence of phases and temperatures of phase transitioasd the intensity of the transmitted light, as shown later.
This requires that in a single temperature scan the optical The measurements were performed using sandwich cells
rotatory power measurements must be carried out. As a rebf thicknesses 8—6@m in which homeotropic alignment
erence, the following phase sequence can be used: was achieved using orientating films of carboxylatochro-

Crystal (28°C) SmC,* (64°C SmCgi* (68.3°Q mium complex(chromolang These were spin coated onto
SmCrq* (76.9°Q SMCri3* (85°C) SMC* (88°C) SmA* the glass substrates. The surfaces were cured for time dura-
(107.4 °Q Isotropic. tion of 30 min at a temperature of 120°C and then used

To overcome the hysteresis in the phase transition temwithout rubbing. The cell was heated, filled with the com-
peratures, the setup for optical rotatory power measuremenfmund in its isotropic phase and slowly cooled to theA3m
[13] has been modified to allow for the entire set of measurephase. The textures of the different smectic phases were ob-
ments to be carried out during a single temperature scan, aerved with a polarizing microscope.
required. The experimental arrangement is given in Fig. 1.

The light passes a computer-controlled block of filters, po- IIl. THEORY

larizer, the sample, and then the analyzer. The transmitted

intensity is measured by a photodiode, the output is fed to an Since the output light, in general, is elliptically polarized,
oscilloscope which is triggered by the reference signal fronthe ORP can be determined using the theory of the method
the generator. During the experiment, the polarizer is degiven below. When the light propagates through a linear lay-
signed to rotate at a speed 6600 sec! and the output of ered media, the expression for the transmitted wave can be
the detector is fed to the oscilloscope and the oscillogrampresented as follows:
are recorded by the computer.

The output signal as a function of the angle of polariza- Tx _ ex yx Ex) 1)
tion can be expressed in terms of a biased sine wave. The Ty tey tyy/ \Ey/
7C SEmpeygiu: ) Light source whereE,, Ey, Ty, Ty, are thex andy components of the
filters etc. Y. E Oe electric field of the incident, transmitted, and reflected
% N— waves, respectively. The coefficienis, tyy, ty, tyy, are the
oscilloscope B Y elements of the matrix that connects the electric field vectors
....... of E andT.
photodiode ” The simplest way to obtain these coefficients is to use
- Jones X 2-matrix method. However, this method neglects
¥ > the reflected wave and, as shown in R&#], cannot be used
% for simulating the multilayered systems that possesses selec-
= tive reflection.
_E'_ m The Jones matrices are essential unitary and Hermitian.
= LOCell e tapers This means that
txx:t;ya
FIG. 1. The setup for the ORP measureméiite temperature
control system is not showrand the definitions of the parameters. tyx= _t:y,
Here,(a) and(b) are the two possible cases of the molecutarc
directop arrangement. [texl 2+ [tyyl 2= 1. 2
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The asterisk in Eq(2) represents the complex conjugate of average value of the transmitted light intensity over a field of

the number. For the case when conditions given by a set ofiew of the microscope. We assume that the field of view is

Eq. (2) are satisfied, the calculation of optical rotation from large enough ang, can take any value with the same prob-

the elements of this matrix is straightforward. ability (Fig. 7). Therefore, the averaging can be carried out

However, the exact solution of the problem requires theover the initial azimuthal angle,. In the case of the light

solution using a & 4-matrix method. Here, we use the clas- intensity over a sample area, measured as a function of the

sical method given by Berrem#8]. In this case, the matrix angle of polarization by the photodiode, we can write

elements in Eq(1) do not necessarily meet the conditions

given by a set of equation®) since the 4<4-matrix method 2m 2

includes the reflection and the interference of the reflected ()= ﬁfo T @0)["deo. @)

waves. The numerical computations have also shown that the

conditions given by a set of equatiof® are valid only for

some specific cases. In the general case, the matrix i(lEQ.

e e e et oaine o the clemerts of e matoes f @ sing he
. . rotation matrices as given below

Eq. (1) is not obvious as was presumably assumed by

In Eq. (4), the componenT(y,¢,) is absent as this is sup-
ressed by the analyzef,(y,¢o), Ty(v,90) can be ob-

hMeurse,e.wc and arabot[14]; this is being discussed in detall TX(%%)) ) ( cod ¢o) —sin(<p0))(txx ty)()

The transmitted light, in general, as already stated, is el- Ty(7,00) sin(¢g)  co@g) /\tyy tyy
liptically polarized and depends on the orientation of the ;
molecules(or in the case of a tilted smectic subphase, on the ( CO.S( #o)  sin(go) | [ cog 7)). (5)
c directorg at the surface of the sampl¢he first surface —sin(gg)  cog ¢g)/ | SIN(y)

from the light sourcewith respect to the polarization direc-

tion of the incident light. This implies that the two arrange- Here, v is the angle between ti@x axis and the polarization
ments of thec directors given in Figs. (R) and 1b) between direction of the incident lightFig. 1). In this case, the com-
the polarizer and the analyzer should give different transmitponents of the incident electric field vector in the laboratory
ted intensities with different results of the ORP, despite thecoordinate system can be presented Bs-cos(y), E,
fact that the only difference between these two cases is thesin(y). During the experiment, the polarizer rotates at a
initial azimuthal anglep, of the ¢ directors. constant angular velocity, i.e., the paramejethanges lin-

In a real chiral smectic homeotropic sample, there is neearly with time. The matrix coefficientsy, ty,, tyx, t,, are
fixed tilt direction on the substrate, i.epq is randomly dis- obtained using the Berreman’s method, which is a
tributed over the sample area. This is the reason for the ob4x 4-matrix method. We may note that E(L) is just an
servation of the Schlieren textures in thin filifi2]. abbreviated form of the relation between the incident and the

When the condition of pure optical rotatior>AnP is  transmitted wave given by Ed87) and (88) in Ref.[18].
satisfied, the effect of the initial azimuthal angtg on the  Similar notation can also be found in RE20] where another
polarization of transmitted light is negligible. In this case, themodification of the 4<4-matrix method is described. This
sample appears uniform under a polarizing microscope andpproach is possible since the<4 matrix is reduced to 2
the optical rotation can be obtained from the orientation ofx 2 matrix by using the boundary conditions at the interface
the long axis of the polarization ellipse of the transmittedbetween the liquid crystal and the air. In general, the coeffi-
light [15]. In that case alone, the output light is nearly lin- cients so found do not satisfy the conditions given by a set of
early polarized. Eqg. (2), however, the coordinate rotation matrices can still be

The expression for the angle between the long axis of ampplied to avoid the entire procedure of the computations
ellipse and thex axis is(Ref.[19], p. 8 or Ref.[20], p. 27 using the 4<4-matrix method to calculate these coefficients
given by being repeated for every value @f in order to enable the
analytical integration in Eq(4) to be carried out. Equation
(5) is based on calculating the transmitted intensity from the
incident light using the equatiorT=R‘l(goo)tin(goo)E,
whereT andE are the transmitted and incident vectors of the
whereT, andT, are the same as in E¢L). The arg implies transmitted and incident light in the laboratory coordinate
the argument of a complex number. If electric field of thesystem. The matrix elements are calculated using the Ber-
incident wave is parallel to the axis, i.e.,E,=1, E,=0, reman matrix method fopo=0 in the local coordinate sys-
then the anglex represents the optical rotation of the sample.tem fixed tog,. R(¢o) andR™ () being the rotation and

But in the case of the SB),,;* and the Sr,;* phases inversion rotation matrices, respectively.

2| T | T
tan(2a)= ﬁz%z cogargT,)—argT,)], (3

the nonuniformity of the texture is clearly visib(Eig. 7), as The result of integration in Eq4) can be expressed as
the condition\>AnP is not being met. In this case, a dif- _ _
ferent approach needs to be used for simulating the experi-  |(¥)=AcoS(y)+Bsir’(y)+Ccogy)sin(y), (6)

mentally obtained signal.
The transmittance measured by the setup described abowhere the coefficient®,, B, and C in terms of matrix ele-
is not from a single geometrical point of the cell. It is an ments of Eq(1) are found to be
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Bl 3ty P+ [ty P+ [ty 2+ 2 Retuty, + 1yt 004
8 L <4
0.03
_ |txx|2+ |tyy|2+3|txy|2+3|tyx|2_2 thxxt* +txyt;x) _ 0,02_‘ /
8 ' §. ) .'"/ \ / )
@ g1/ |\ / 1
a 1«
_ Rttt bty — by ) A D
= o \ )
2 © 0019 \ —,=0 4
. . . . . 1 ¢, = -n/4
The measured intensitly(y) is a biased sine wave. The 0024 g =+ua 8
biased sine wave can be written as follows: PP . ° A?veraged valve |
; \ lun i
I (y)=1{[cos(a+ y)coF(mwAn'd/\)+ 3 sirf(7An’d/N)], L A I P s
(8) Helical period (um)
where FIG. 2. Comparison of the optical rotatory power of ferroelec-
_ 1 g C tric smectic€* phase, calculated from Berreman’si4-matrix ap-
a= Etan B—A ©) proach for different values af, and the averaged value as a func-

tion of helical period. The tilt angle is 16.2°, whereas the

. . . , . . eigenvalues of the dielectric tensor asg=¢,=2.28 and g3
is the optical rotation of the samplgy=A+B is the inten-  _5 g9 the wavelength of light is 632.8 nm.

sity of the transmitted light prior to entering the analyzer.

This differs from the intensity of the incident light by the tical rotation by Sr&* homeotropic sample of 3am thick-

reflectance; and ness with helical pitch length of @m, the eigenvalues of the
ZAR (A—B)2+C2 dielectric tensor of 2.28, 2.28, 2.89, and the tilt angle of 26°
—cos ! (10) are used. The values of the ORP simulated for the other
(A+B)?2 chiral tilted phases with the same value of the helical pitch,

tilt angle, and the unit-cell-averaged dielectric tensor, will

is the effective value of the retardation of the wave producedgractically be the same when the smectic layer thickness
by the sample. This term accounts for the observation of thé.e., the step of the computing in the matrix method being
Schlieren textures. taken is 3 nmis much shorter than the wavelength of the

Here, the sample is presented as a combination of a phagecident light. The absolute value of the angle between the
shifter (retardey and a rotator. This representation allows for long axis of an ellipse and theaxis, Eq.(3), is either lower
a simulation of the true rotatory power which is not beingor higher than that of the optical rotation obtained by &.
influenced byg,. The effective phase shift was introduced depending on the initial azimuthal angle selected for calcu-
for describing the retardation caused by a nonintegral numlations. The results of Eq9) approximately agree with those
ber of helical pitches in the cell. In order to verify the obtained from the de Vries’s expression modified for the
method of averaging, a few test cases have been investigated

and compared with the results reported earlier. With a change 03 77—
in the azimuthal angleg, the angle of the polarization ro- iﬁ
tation calculated using Eq3), where the result depends on 024 | P=3um,0=26° :ﬁ\ .
©0., shows oscillations around the value obtained by (8y. 57 2.28,e=2.26.2,280 ;m
The optical rotational angle, computed using Eq9) does 0.1 i 7
not depend orp, since the equation is obtained by averaging = X
over this angle. The ORP is calculated on dividimdpy the % e L
cell thicknessd. s _01_‘

_ Figure 2 presents the simulated results of the ORP for& 7 Averaged (Eq.(9)) Vi
different values ofp, and for the same set of parametersas © , | /# ¢, = +/4 (Eq.(3) A\'."i |
in Ref.[14], their Fig. 2. The values of the initial azimuthal | —— ¢, = /4 (Eq.(3)) \!’i
angle, the cell thickness, and the smectic layer thickness ., ,~’ _____ de Vries (Eq. (11) k!: ]
were not specified in Ref14], results have been confirmed I i
using reasonable values of the cell thickness of ten helical o411 !

pitches and the smectic layer thickness of 3 nm. When the 05 10 15 20 25 30 35 40 45 50 55

initial azimuthal angle is zero and the cell thickness is an A (um)

integral multiple of the pitch length, the results obtained by . 3, wavelength dependence of the ORP inC3nphase,

using Eq.(9) coincide with those obtained using H). But  cajculated from de Vries’s analytical solutions of the wave equation

computations for an arbitrary value @f, or cell thickness  and Berreman’s & 4-matrix approach with the use of E¢) in

lead to significant disagreement. comparison with the apparent optical rotation obtained from(8q.
Figure 3 represents the wavelength dependence of the ofer different values ofp,.
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1 @ ORP,30um cell, cooling 0.1°C/min
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1.5 +—488nm-b}+
| (1) 3)) 525nm—c
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? . \ . f:\x | a ||| 702nm ||
& T ‘\ % b /\
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FIG. 4. Optical rotatory power ofS)-110F1M7.

tilted smectic phase&Ref. [21] p. 277,[8]) except close to  (S)-110F1M7. The rotatory power behavior at the tempera-

the selective reflection band: tures designated by circled numbers from 1 to 5 will be dis-
27 [ n2—n? 2 1 cussed in detail below. The circled numbers correspond to
V=ool 5| 73 N those given in Fig. 8—10.
8P\ nZ+n2) N2(1-)\"?) The value of the ORP in the SBf phase(88 °C—85 °G
N n24 n2\ 12 is found to be extremely low. This can be explained by a
N=—0, n=|—\2 , very small value of the helical pitch in this phase.
nP 2 In the SNCr,5* phase85 °C—76.9 °G, the absolute value
€163 of the ORP becomes significantly large for a wavelength of
n2= —— ny=1eo, (1) 437 nm. With an increase in the wavelength of the light, the
£1C0S 0+ &35SIt 0 optical activity decreases rapidly. The ORP for a wavelength

whereP is the helical pitch) is the wavelengtlin vacuqgn, ~ of 437 nm changes with temperature and for some sets of
andn, are the refractive indices parallel and perpendicular toneasurements even a change in the sign of the ORP can be
the director,e,, £,, ande; are the principal values of the observed. This means that the critical wavelength of the op-
dielectric tensor for the chiral tilted smectics at the opticaltical rotation in this phase is very close to 437 nm. In this
wavelengths, and is a tilt angle of the director with respect Wavelength range, a small change in the helical pitch or the
to the smectic layer normal. The de Vries's formula is appli-birefringence of a unit cell with temperature can cause a
cable to the case of an infinite media and, therefore, théarge change in the absolute value to the extent that a change
initial azimuthal angle does not enter in the equation in thign the sign of the ORP can also occur.

case. The value of the ORP diverges at the critical wave- To confirm the dependence of the helical pitch on tem-
length and at the other wavelengths the absolute value of tHeerature, the helical pitch was investigated in an independent
ORP obtained from Eq(11) is slightly overestimated in €Xperiment through measurements of the selective reflection
Comparison with those obtained by the exact 4-matrix of ||ght The maximum of the selective reflection has been
method for a cell of finite thickness. By decreasing the helifound for a wavelength of 437.5 nm. This is in good agree-
cal p|tch (i_e_7 approaching the condition of pure Optica] ro- ment with the results of the ORP measurements. However,

tation A>AnP), the differences between the results fromthe structure of the SB%;3* (FILC) phase is still among the

Egs.(9) and(3) become small as should be the case. topics for further investigations.

On varyinge,, the results obtained from E¢B) oscillate In the SnCr;,* phase(76.9 °C-68.3°C, the ORP prac-
around those obtained from E¢P). This ensures that our tically does not change with temperature. Meanwhile, it in-
method and the software are correct. creases with a decrease in the Wavelength of |Ight Unlike the

SnCg3* and the Sre, phases, the optical rotation for the
long wavelengths of light in the S@y,,* phase(702 nmj is
significantly large. In this case, the helical pitch is larger than
The ORP is obtained by dividing the phase part of thethe longest wavelength used for the measurements. This was
experimental biased curveé@a) by two times the cell thick- confirmed by the observation of a thick planar deke the
ness(i.e., ) as shown in Eq(9). Figure 4 gives the experi- inset in Fig. 9, where the pitch length was found to be 1.8
mental results of the optical rotatory power in um. A sharp peak in the absolute value of the ORP near the

IV. EXPERIMENTAL RESULTS
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FIG. 5. The amplitude of the light intensity oscillations during the ORP measurements.

phase transition from the SBg;;* to the SnCr;* phase Min, the measurements of the helical pitch with this method
can be explained either by the pretransitional helical unwindwill be impossible, as discussed later.
ing or by a coexistence of these two phases. The key feature of the ORP behavior in the Gay*

In the SnCg,* phase(64°C-76.9°C, such as in the phase is an increase in its absolute value with temperature.
SmCg;5* phase, the ORP has a significant value and deThe optical activity increases significantly in the vicinity of
creases with the wavelength of light. In this case, the helicalhe SnCg,,* —SnCr,{* phase transition. This confirms the
pitch is also suggested to be longer than 702 nm. But thebservation of the temperature dependence of the helical
experiments on the direct measurements of the helical pitchitch in the Sn€r,,* phase.
were beset with significant experimental difficulties. The ob- In the SnC,* phase(below a temperature of 64 jCthe
servation of a thick planar cell provides no obvious period-situation is similar to that in the SBx,5* phase. The sign of
icity in the disclination lineqsee the inset in Fig. 30This  the ORP at 50 °C is the same for the long wavelen¢fiog,
can be explained either by a large dependence of the helicb8, 588, and 525 nmbut opposite for the short wave-
pitch in the SnCr,,* phase on temperature and/or by a verylengths of(437 and 488 nm According to Fig. 3, this im-
long (tens of hoursrelaxation time of the texture in a planar plies that the wavelength of the selective reflection band is
cell. In this case, even at a moderate cooling rate of 0.1 °Clocated between 448 and 525 nm. The independent investi-

1.0 4
E f
5 09 e 437 nm-a|-
o ——488 nm-b
i T —525 nm—c
8 ——— 588 nm—d
@ 0.8 - — =658 nm-e|
B j ------ 702 nm—f
N
® a
£ P
O
< 07 30um cell,cooling
b
TIC
L LRI IRLEE AN LI L L B I

51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99
FIG. 6. Offset of the sine wave signal measured during the ORP experiment.
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SmCa* | ©
nP=507 nm e ORP, 30 um Cell, 50°C SmC, phase | ]
) / Distortion Angle - N/A
green and blue 05
- -
g ]
SmCep*, (SmCy*) g” oo | \ P~ | = H""‘
P=2'6"'m & -0.5 H"
grey © —e— Simulation, nP=507 nm
o  Experiment
1.0 v
Near the phase
Transition. 15 . . v
" (AF 0.42 0.48 0.54 0.60 0.66 0.72
SmCrp* (AF) A (um)
P=18um . .
FIG. 8. The optical rotatory power measured in the Gh
=Y phase and its simulation by thex4t-matrix method.
SmCFI3* (FIiLC) The existence of the phases Sms;*, SnCg,*, and
nP =437.5nm SMCg,;* confirms its optical purity.
violet Additional parameters were measured during the same ex-
periment. Figures 5 and 6 show the amplitude and the offset
of the signal fed to the oscilloscope. Since the photodiode
SmC* sensitivity and the maximum transmittance of the filters de-
P <400 nm pend on the wavelength, the data are to be normalized to
black allow for a comparison of the parameters for different wave-
lengths to occur. For normalization, temperature of the cell at

100 °C (SnA* phase was used. In this phase, the texture is
FIG. 7. The textures at crossed polarizers. Smectic phases obiform and the optical rotation due to a helical structure is
tained during slow cooling of a 3@m homeotropic cell, absent because the helix in the Stnphase is not present.
(5)-110F1M7. The amplitude of the measured sine wave signal depends
on the ellipticity of the transmitted light. It reaches its maxi-
gations of the selective reflection by UV-visible spectropho-mum in the case of linearly polarized light and drops to zero
tometer showsiP=507 nm at a temperature of 50 °C. The when the light transmitted by the sample becomes circularly
helical pitch decreases slightly with temperature andr at polarized or not polarized at all.
=56.6 °C,nP=488 nm. At this temperature, the ORP mea- Inthe SnCr;3* and SnC,* phases, the amplitude of the
sured at the wavelength of 488 nm changes its sign. sine wave, as seen in Fig. 5, decreases significantly for the
The sign of the ORP in the SBg,,* phase is opposite to light wavelengths of 437 and 525 nm, respectively. Figure 6
that in the SrEg,;* phase for all wavelengths. This means shows a similar decrease for the signal offset. Therefore, we
that the handedness of the chiral structure is changed durirggn conclude that in this case the total intensity of the light
the transition from the S@¢,;* to the SnCr,,* phase. This passing through the sample has decreased. This is in good
fact allows for these two phases to be distinguished frongreement with the results discussed above since the sup-
each other. It may be emphasized that the pitch inversioRressed wavelengths belong to the selective reflection bands
inside a given phase usually occurs in liquid crystalline ma-of the corresponding phases.
terials that are mixtures of liquid crystéLC) compounds On the contrary, there is a significant drop in the ampli-
with opposite handedness. This can mean that the tempertude of the sine wave in the SPp,,* phase near the transi-
ture dependences of the pitches for the left-handed and tHion to the SnCg,,* phase, while the bias curve does not
right-handed compounds are different. In this case, the pitcehow any significant change in this region. This means that
goes to infinity at the inversion temperature and decreasgbe nature of decrease in the amplitude in theCgpg* phase
when the temperature moves away from the inversion temis different. The light is either elliptically polarized or par-
perature. Results on the temperature dependence of the ORRIly polarized due to the random phase shifts introduced by
are symmetrical with respect to the inversion temperaturea nonuniform texture. In this case, the term*edn’d/\) in
that is, the ORP will have approximately the same absoluté&q. (8) decreases bufy remains the same.
values but opposite signs below and above the inversion tem- In the SnCg;,* phase, the helical pitch increases rapidly
perature. Our ORP results do not demonstrate this kind ods the sample approaches theGiy* phase. It seems that
behavior inside a single phase of the investigated compounéh this phase the pitch is too large and the condition of the
The inversion in the sign of the ORP at the transition frompure optical rotatioh>AnP is not fulfilled, i.e., the trans-
the SnCr,,* to the SnCr.3* is connected with increase in mitted light is elliptically polarized. This has been confirmed
the pitch length in the S@;,* phase and not with the pitch through microscopic texture observations. Figure 7 shows
inversion. In our case, we have an optically pure compouncthe textures at crossed polarizers obtained for smectic phases
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FIG. 9. The ORP measured in the 6m,* phase and its simu-

lation by the 4<4-matrix method. Various distortion anglé;ng
are presented. The inset shows the view of a thick planar cell as
seen through a polarizing microscope.

A Experiment, T=68.0°C; —&— Ising model, P=6.9 um
O Experiment, T=66.5°C; —— Ising model, P=2.6 um
o Experiment, T=65.0°C; —&— Ising model, P=1.7 um

on cooling the 3Qum homeotropic cell of the FIG. 10. The ORP measured in the Sm* phase and its simu-

(S)-110F1M7 compound. One clearly sees the nonuniforiation by the 4x<4-matrix method. The helical pitch changes with
mity of the texture for the.phases with a long helical pitch temperature. The inset shows the view of a thick planar cell under

This is the main reason why the method of the ORP meapmarizmg microscope.

surements involving averaging over the field of view in therefractionnlz n,=+/2.0, andns=n,;+An (along the direc-
microscope had to be applied. When the critical wavelengﬂgor), where @ and An were measured separately. The pitch
nP belongs to the visible range, the texture seen through thg,ye of 0.35um and the refractive indices was found to
microscope has the corresponding coldfue/violet for  gie the best fit of the experimental data. This is in good
SmCry5" and green/blue for S@,*). _ _agreement with the value afP=507 nm measured by the
In order to perform a quantitative analysis of the opticalgpectrophotometdhere,n is the average refractive index of
rotatory power in the phases, we also need to know the agne medig15]). We can, therefore, conclude that the method
parent tilt angle and the birefringence of the material. The;an pe used for further investigations.
measurements were performed using the technique described go; poth the Ising 24,8 and clock[25,26 models, the
in Refs.[22,2:ﬂ. In the investigated _temperature range, thegi,ctures of the S, and SnCr* phases involve unit
apparent tilt angle slowly varies with temperature frém g5 consisting of four and three smectic layers, respectively.
=27° atT=50°C in the SMT, t0 §=23.5° atT=78°Cin | the Ising model, the azimuthal distribution of the director
the SnCr;* phase. o in the smectic layers forming the unit cell leads to the optical
The change in the birefringence in this temperature ranggnisotropy of the unit cell in a plane parallel to the smectic
was found to be negligibléabout 0.004 Meanwhile, a sig-  |ayers. This optical anisotropy in the case of a simple clock
n|f|cant dlspe_r5|or(from 0.182 at 437 nm to 0.148 at 70_2 model[25] is absent due to symmetry in the azimuthal dis-
nm) with the light wavelength was found. Therefore, the dis-yipytion of the director in the unit cell. The simple clock
persion of the birefringence has to be considered in the simysnggel for the St and SnCey* phases implies very
lations. short-pitch value® . with periods of four and three layers;
therefore, in this case a very small ORP of the order of
V. DISCUSSION P o\ should be produced foPgq~12—16 nm and\
~500 nm. When in the simple clock model the long-pitch
chirality is superimposed, then the structure becomes slightly
layer to layer progression in the azimuthal angle. Thdi- in_comm_ensurate beca_luse an additional_ long-pitch helix
rectors in the adjacent layers are rotated by an angle gilightly increases the increment of the azimuthal angle be-

~180° to each other. Therefore. the data obtained in th&veen the adjacent smectic layers in a unit cell. But even in

SmC,* phase can be used for confirming results of the mea]'ghis case, a very small ORP is expected because of the neg-

surements and for testing the simulation procedures. igible optical anisotropy of the unit cell in the plane parallel
An ORP spectrum at 50°C in the &g* phase was to the smectic layers. This has been confirmed by using the

simulated numerically using the Berreman’s matrix methodf*>4-matrix method.
[18]. The simulated curve and the experimental points are i .
presented in Fig. 8. The parameters used for this simulation A. Modeling the SmCr,;" phase

were the sample thickness=30 um; the layer spacindgn The calculations of the ORP in the €, phase for the
=3 nm; the tilt angle of the directof=27°; the indices of structures proposed by the Isifi§] model and for various

For the antiferroelectric S@,* phase, the two models
under discussiofilsing and clock provide the same kind of
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distortion angles from the Ising structure are presented in B. Modeling the SmCgy,* phase
Fig. 9. The parameters used for these simulations were the
same as for the S8,* phase, except for the tilt angle of the
director and the pitch of the helical structure; these were
=24.4° andP=1.8 um, respectively.

The distorted clock model with the following symmetric 0, 7= Jisingt ®riy T+ Sisingt 20
sequence of azimuthal angles given by the equation

In the case of the S@,,* phase, the unit cell contains
three layers and the following sequence of azimuthal layers
should be considered:

_ 7 Seiock | (—1)! Seiock or in terms of the distorted clock modgl4]
$iT2 2 2
where 0<j=<3 has the following sequence of azimuthal 0, 273+ Sgockt @ry A7/3— SgiockT 20F -

angles: 0, /2= 6cocld, ™ (37/2— Sg0c) . Where Sgoek IS
the distortion angle in the clock model. In terms of the Ising

model, the distortion angle will béigj,g= 7/2— ek and the Here, Sising= /3= dciock-

sequence of azimuthal angles takes the following form: Figure 10 represents the fitting of the ORP data in the
] . . SnCr1,* phase temperature range. The numbers in circles
__77_1+ 5Ising_ (_1)15IsingJr [(-1)-1] ™ (as well as for Figs. 8 and) ®rovides the reference to Fig. 4.
%77 2 2 2 2° The experiment on the independent measurements of the he-

lical pitch in this phase was unsuccessfsée the inset in
clfig. 10 and the ORP fitting in the given wavelength range
also does not provide an unambiguous value for the pitch

Oising= 0 (ciock=1/2) and Siging= /2 (Sgiock=0), length. Therefore, we have to assume the distortion angle in

order to determine the pitch from the measured ORP. Since
reSpeCtiVer. If a |Ong-pitCh Chll‘allty is added, then the aZi'the Simp'e |Sing mode' provides the best fit for the%*
m_uthal angle progression becom@sterms of the distorted phase, it seems reasonable to try this model for th€ S
Ising mode] phase as well.

The parameters used for these simulations were the same
as for the other phases, but the tilt angle was 25.9° and the
Here,or=27h/P is the rotation angle between the adjacenthelical pitch length was determined by fitting the ORP data.
layers and is the thickness of the smectic layer. This model At the lower temperature®5 °C and 66.5 °[ the experi-
was named the “highly biaxial model.” It describes the el- mental ORP datdsquares and circles in Fig. 10, respec-
lipsometric data obtained in the $p,* and SnCgq* tively) provide good agreement with the theoretical model
phases of freestanding filmd0]. It was shown that the and allows determining the helical pitch. It was found to be
structure is able to explain the resonant x-ray-diffraction re-1.7 um at 65 °C and 2.um at 66.5 °C. For higher tempera-
sults. The simulation of the ORP in this case is presented itures, near the S8y, to SnCg,;* phase transition tem-
Fig. 9 (dashed linesfor the various distortion angles denoted perature, values of the measured ORP deviate significantly
by dising- When the angle;sing exceeds 30°, the ORP value from those on the theoretical curve. Varying the distortion
decreases rapidly and in the case of the simple clock modeingle cannot eliminate this disagreement. A possible expla-
(Sising=90° Or S¢joek=0°), the ORP is~ 10" © of the ORP  nation may consist of either a coexistence of these two LC
value for the Ising model. phases near the phase transition temperature or at higher

Meanwhile, the values of the ORP for tiag;,,=10° are  temperatures, a long relaxation time of the helix near the
very close to those when thi;,,=0° (thick solid ling and  phase transition temperature. For the latter, the helix contin-
since the difference obtained is within the experimental errorues to change during the measurements, which leads to dif-
it is practically impossible to determine the actual value offerent systematic errors for each wavelength. Fukeidal.
the distortion angle within a range of 10°. Thus, we can[27,28 predicted that the helical pitch is distributed over the
conclude that the distortion in the Ising model does not exsample area due a large free energy of this phase that arises
ceed 10°. However, due to the weak dependence of the ORPom a nonzero spontaneous polarizat®gover a unit cell
on the distortion angle when thég,, is less than 10°, it (zero in the case of the SBg,,") and, consequently, the
would appear that the ORP-based techniques will hardly bdynamic fluctuations may exist over the pitch length. Our
able to resolve the distortion of the Ising model below thisresults in the inset of Fig. 10 confirm their prediction.
limit. Now it seems that highly biaxial mode[8,10,2§ can

The larger values of the distortion angle can also providecorrectly explain the experimental optical result®th the
a good fitting of the experimental data in this wavelengthORP and the ellipsometriclO] datg and the results of the
range (the dashed line with black squares represehis,  resonant x-ray diffractiof6,7] in the SnCr,,* and SnCr*
=35°), but in this case the helical pitch has to be muchphases. To determine which of these models is actually valid,
longer(6 xm) than the experimentally measured value. Sincdt is necessary to make more accurate experimental investi-
this value of the pitch length contradicts the results of thegations of both the structural and optical properties of the
independent measurements, the large distortion angleSmCr,;* and SnCr;* phases in different AFLC com-
should be ruled out. pounds.

The simple Ising and clock models are the particular cases
the distorted Isingas well as the distorted clogknodel with

0, Oisingt ¢, T+2¢F, T+ Sisingt 3¢ -
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VI. CONCLUSIONS SMC,*, SMCey5*, and SnCgy* phases. For the simulation,
the dependence of the birefringence on the wavelength of
light has to be taken into account.

On comparing the independently measured helical pitch
ength with the one obtained by simulation, we can conclude
hat in the Srtr,* phase of this compound the distortion
ngle is lower than the possible experimental error-aD°.

The homeotropic alignment proved to be useful in deter
mining the unit cell biaxiality of helical phases. The
Schlieren textures cannot be observed in a thick sandwic
cell due to its significantly large thickness, the optical rota-
tion caused by a number of helical pitches and nonunifornd
surface conditions of the sample. However, in the case of & _ o _ . o
long pitch and for large biaxiality of the unit cell and espe- To obtain the distortion ?”g'e in the $1py;" phase, itis
cially when the condition of pure optical rotation is not met necessary to develop a reliable method for measurements of

A>AnP), the sample between the crossed polarizers is notE1e hel'ical pitch in this phase. It may be remar'ked' that the
fmiformly)dark. Thisphas clearly been confirrr?ed by our 0b_predlctlons of Fukudat al.[27,28 about the distribution of

servations. In this case, a special technique has to be dgse helical pitch in this phase over the sample area due to the

signed for measuring and simulating the optical rotation. Th ynamic fI_uctuatlons are being confirmed .experlmentally.
measurements of the average intensity of light over the mi. hey surmise that the three-layer structure is inherently not

croscopic field of view allow us to obtain the real value of stable due to a large free energy that arises from a finite

the ORP. The simulated value of the optical rotation should2!U€ Of the spontaneous polarization over a unit del s

be computed using Eq9) and by computing transmitted abput 1/3 of the totdPg for the field induced Si@* phase at

components using the>d4-matrix method. this temperature
The results from the described technique of the ORP mea-

surements and simulations are shown to be independent of

the random distribution of the initial azimuthal angle over We thank Professor A. Fukuda and Dr. M. Gorkunov for

the area of the homeotropic cell. fruitful discussions. N.M.S. was partly supported by RFBR
The simulation carried out using Berremans 4-matrix ~ Grant No. 03-02-17288. Work was funded by the European

method shows good agreement with the experiments foBAMPA and SFI project02/IN.1/1033.
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