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Chapter 1

Preface

1.1 What is liquid crystal?

1.1.1 Discovery of liquid crystal phase

In 1888, Reinitzer, an Austrian botanist, synthesized the derivertive of a cholesteryl

benzoate (Fig. 1.1) [1]. He found that it showed a viscous and clouded state at the

temperature range between the a crystal and a liquid phases. Lehmann observed this

material by polarizing optical microscope and found an optical anisotropy as well as a

fluidity [2]. He had named this state ‘fls̈ussige Kristalle (liquid crystal).’

O

O

Figure 1.1: The chemical structure of the derivertive of cholesteryl benzoate synthesized

by Reinitzer.
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1.1.2 Classification of liquid crystals

Liquid crystals are categorized into ’thermotropic liquid crystals’ and ’lyotropic liquid

crystals’ by their component materials. Fig. 1.2 shows the classification of the ther-

motropic liquid crystals with rod-like shape and low molecular weight. Friedel classified

the thermotropic liquid crystal phases into three types on the basis of the observation

by a polarizing microscope [3]; i.e., nematic (N), cholesteric (Ch), and smectic (Sm)

phases.

The nematic phase has an order about one direction of the molecular orientation.

The unit vector pointing the average of the orientations of the molecular long axes

is defined as n, which is called the n-director. There is rotational symmetry of the

molecular distribution about its long axis. The system has uniaxial symmetry with

respect to the n-director.

The cholesteric phase is the same as the nematic phase in terms of the thermody-

namics. It can be treated as the nematic phase with helical structure. It is thus called

‘chiral nematic phase (N*).’ The n-director rotates around the helical axis which is

perpendicular to the n-director.

The smectic phase has a layer structure as well as the orientational order. The

phase is further classified into smectic A (SmA) and smectic C (SmC) phases. In the

SmA phase, the n-director is perpendicular to the layer (parallel to the layer normal)

and the phase has uniaxial symmetry. On the other hand, in the SmC phase, the n-

director tilts with respect to the layer normal and thus the phase has biaxial symmetry.

In this phase, introducing the c-director is useful to describe this biaxial phase. The

c-director is the unit vector which is parallel to the projection of the n-director on

the smectic layer (Fig. 1.3) When a liquid crystal molecule has a chiral structure,

the phase (SmC*) shows a helical structure. A helical pitch is very long (∼ 10−1 -

∼ 102 µm) as compared to the layer thickness which is comparable to the molecular

length (a several nanometer). The helical axis is perpendicular to the smectic layer

and c-director rotates around the helical axis.

In the case of liquid crystal showing all phases described above, the phase sequence

is
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Liquid Crystals

layer structure

N 

Sm A Sm C

uniaxial biaxial

N* ( Ch ) Sm C*

chiral, not racemic

(A)

(B)

N, N* ( Ch ) Sm A Sm C, Sm C*

chiral, not racemic

Figure 1.2: (A) The classification of the thermotropic liquid crystals with rod-like shape

and low molecular weight. (B) The structures of the thermotropic liquid crystals. The

liquid crystal molecules are represented by ellipsoids. The solid lines show the averages

of the orientation of the molecular long axes, which are parallel to the n-directors. The

broken lines do the helical axes when they have helical structures.
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c

Figure 1.3: The c-director in SmC phase. The xy plane is parallel to the smectic layer

and z axis is perpendicular to the layer.

isotropic - N - SmA - SmC - crystal.

1.2 Molecular alignment in liquid crystal phase

1.2.1 Orientations of liquid crystal molecules at the surface of

solid

The orientation of a liquid crystal molecule depends on various interactions between

the molecules and a solid surface. The orientation can be controlled by coating glass

plate surface with a proper reagent. When amphiphilic materials or silane couplers are

used, the long axes of the molecules orient perpendicular to the substrate plates. This

orientational state is called ‘homeotropic molecular alignment’ [Fig. 1.4(A).] When the

materials like as polyvinyl alcohol, nylon, polyimide, etc. are used, the molecular long

axes are oriented parallel to the substrate plates. This is ‘homogeneous molecular

alignment’ [Fig. 1.4(B).]

A ‘rubbing’ procedure is frequently used to orient molecules in one direction. The

‘rubbing’ makes grooves or scratches on the surface of the coating material to induce
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(A)

(B)

Figure 1.4: Homeotropic molecular alignment (A) and homogeneous molecular align-

ment (B) in nematic phase.

the anisotropy of the orientation of chains of the coating material molecules.

1.2.2 Bookshelf and chevron layer structure in the homoge-

neous molecular alignment of smectic phase

The homogeneous molecular alignment in SmA phase shows a bookshelf structure as

shown in Fig. 1.5(A). The layer is perpendicular to the substrate surface. After the

transition from the SmA to the SmC phase, the molecules tilt by Θ from the layer

normal. This molecular tilt gives rise to the layer inclining with respect to the normal

axis of the substrate surface [Fig. 1.5(B)] [4–9].
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(A)

(B)

Ψ

Figure 1.5: Bookshelf structure (A) and chevron layer structure (B) in the homogeneous

molecular alignment of the smectic phase.

6



1.3 Molecular orientational distribution and the

orientational order parameters

The nematic phase is uniaxial and thus the thermodynamic state of the phase is de-

scribed with the molecular orientational distribution function, f(β), where β is the an-

gle between the individual molecular long axis and the n-director. If the liquid crystal

molecule is assumed as a rigid cylindrical rod, the molecular orientational distribution

function f(β) can be expanded in terms of Legendre polynomials PL(cos β) [10,11].

f(β) =
∑

L=even

2L + 1

8π2
〈PL(cos β)〉PL(cos β). (1.1)

Here, 〈PL(cos β)〉 is L-th order orientational order parameter and defined by

〈PL(cos β)〉 =

∫ π

0

sin βdβPL(cos β)f(β). (1.2)

The orientational order parameters can be evaluated by some spectroscopic methods

[12]; i.e. polarized vibrational Raman scattering measurements [10, 13–17], EPR [18],

NMR [19, 20], IR [21–23] and so on. Especially, the polarized vibrational Raman

scattering measurements gives not only the second order parameter 〈P2(cos β)〉 but

also the fourth one 〈P4(cos β)〉.
The description of the biaxial orientational distribution in the SmC* is much com-

plicated. The biaxial molecular orientational distribution is described in Chapter 3.

1.4 Ferroelectric SmC* phase

The SmC phase belongs to the C2h symmetry group. When a chirality is introduced

to the liquid crystal molecule, the mirror and inversion operations are lost and the

symmetry group is reduced to the C2. The C2 symmetry axis is perpendicular to

the layer normal and the c-director, or the molecular tilting plane. This phase is

designated as SmC*. The SmC* phase has the spontaneous polarization parallel to

the C2 symmetry axis. In 1975, Meyer newly synthesized p-decyloxybenzylidene p’-

amino 2-methyl butyl cinnamate (DOBAMBC) and confirmed the ferroelectricity in

the SmC* phase [Fig. 1.6] [24].
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CH=N CH=CH C10H21O CO

O

CH2C*H(CH 3 )C2H5

(A)

(B)

XY

Z

*
*

Figure 1.6: (A) The chemical structure of DOBAMBC. (B) The C2 symmetry within

a layer. The Z axis is parallel to the smectic layer normal and the X axis is parallel

to the c-director. The mark ‘X’ at the center of the layer indicates the C2 symmetry

axis. The spontaneous polarization appears parallel to this axis.
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The electric field whose direction is perpendicular to the substrate plane (parallel

to the Y axis) makes the uniform molecular orientation like as the left drawing of

Fig. 1.7(a), where the liquid crystal molecules are directed in one direction throughout

the cell. Now the tilting angle between the molecular long axis and the smectic layer

normal (Z axis) is Θ and c-director is parallel to the substrate plane (the XZ plane).

When the electric field with opposite sign is applied, the molecules rotate around the

Z axis with holding the angle Θ [the middle drawing of Fig. 1.7(a)] and are oriented

to the opposite direction at last [the right drawing of Fig. 1.7(a)]. When the periodic

electric field of a triangular waveform is applied, the electro-optic response [Fig. 1.7(b)]

is observed by the optical microscope with the crossed Nicol configuration, where the

smectic layer normal is parallel to one of the two polarizers. Generally, the molecular

reorientation shows the hysteresis. This electro-optic response is called the ‘bistable

switching’.

1.4.1 Antiferro- and ferri-electric SmC* variant phases

Chandani et al. had discovered an antiferroelectricity in the SmC*-like phase of

4-(1-methyl-heptyloxycarbonyl)phenyl 4’-octyloxybiphenyl-4-carboxylate (MHPOBC)

[25, 26]. This antiferroelectric smectic phase is designated as SmCA* and shows the

‘tristable switching’ as shown in Fig. 1.8(b). This type of the switching is also charac-

terized by the threshold and the hysteresis.

It was not long before the ferrielectric SmC*-ike phases, which are designated as

SmCγ* and SmCα* phase, were also found in MHPOBC [26–29]. The SmCγ* phase

shows the ‘tetrastable switching’ [29] as shown in Fig. 1.9(b) and the SmCα* phase

does the electro-optic response with the multi-stable state or the nearly continuous

change in the transmittance [30].

The one-dimensional Ising model [4,29,31–33] successfully explains the experimental

results obtained from the electro-optic response [25,29,30], optical selective reflections

[28], conoscopic observations [28, 30, 31], resonant X-ray diffractions [34, 35], and so

on. The structures of the SmC* variant phases are shown in Fig. 1.10. In the Ising

model, only anticlinic and synclinic molecular orderings in the adjacent layers are

9
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Figure 1.7: (a) The molecular reorientation induced by an electric field in the surface

stabilized state. The Z axis is parallel to the smectic layer normal, the XZ plane is

parallel to the substrate plane, and the XY plane is parallel to the layer. The electric

field is applied parallel to the Y axis. (b) The bistable electro-optic response under

the electric field of the triangular waveform with low frequency. The transmittance

is observed by an optical microscope with the crossed Nicol configuration, where the

molecular orientation at one of the ferroelectric state is parallel to one of the polarizers.

The solid line shows the increasing process of the electric field and the broken line does

the decreasing process.
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Figure 1.8: (a) The molecular orientation in the tristable electro-optic response. The Z

axis is parallel to the smectic layer normal and the XZ plane is parallel to the substrate

plane. The electric field is applied along the Y axis. The signs attached next to the

layers represent the directions of the spontaneous polarization within the layer. (b)

The tristable electro-optic response under the electric field of the triangular waveform

with low frequency. The transmittance is observed by an optical microscope with the

crossed Nicol configuration, where the molecular orientation at one of the ferroelectric

state is parallel to one of the polarizers. The solid line shows the increasing process of

the electric field and the broken line does the decreasing process.
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Figure 1.9: (a) The molecular orientation in the tetrastable electro-optic response. The

Z axis is parallel to the smectic layer normal and XZ plane is parallel to the substrate

plane. The electric field is applied along the Y axis. The signs attached next to the

layers represent the directions of the spontaneous polarization within the layer. (b)

The tristable electro-optic response under the electric field of the triangular waveform

with low frequency. The transmittance is observed by an optical microscope with the

crossed Nicol configuration, where the molecular orientation at one of the ferroelectric

state is parallel to one of the polarizers. The solid line shows the increasing process of

the electric field and the broken line does the decreasing process.
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Figure 1.10: Structures of the SmC* and its variant phases given by the one-

dimensional Ising model. The layer periodicity q varies with the temperature in SmCα*

phase. The signs on the rights of the layers represent the directions of the spontaneous

polarization within the layer. ‘A’ and ‘S’ on the lefts of the layers indicate the anticlinic

and synclinic molecular orderings, respectively.

allowed, hence the molecules always tilt in the XZ plane. In the SmCA* phase with

two-layer periodicity, the c-director turns left and right alternately; there are only

anticlinic molecular orderings. The SmCγ* phase has a three-layer periodicity. The

synclinic molecular ordering appear once in a period. Okabe et al. found the another

phase with four-layer periodicity [36]. The phase (designated as AF* phase) shows

the antiferroelectricity. The anticlinic and synclinic molecular orderings emerge one

after the other. A devil’s staircase structure was proposed for peculiar SmCα* phase

[37, 38]. This phase does not show a single fixed structure. The layer periodicity

and the arrangement of the anticlinic and synclinic molecular orderigns depend on the

temperature.

1.5 The V-shaped electro-optic response

The electro-optic responses of the liquid crystals showing SmC* and its variant phases

are characterized by the hysteresis and the threshold as shown in Figs. 1.7(b), 1.8(b),

13



and 1.9(b). Moreover, the switching is followed by the domain growth; a boat shaped

domains [39] or the fingerprints-like domains along the smectic layers [40–42]. In

1996, Inui et al. reported the material which exhibits the thresholdless, hysteresis-free,

letter ‘V’-shaped electro-optic response in ferro- and antiferroelectric smectic phases

[Fig. 1.11(c)] [43]. This peculiar switching has attracted much attention because of its

potential application to liquid crystal displays [44–49].

The ‘random switching model’ [43, 50–53] is proposed for the mechanism of the

V-shaped switching [Fig. 1.11(a)]. The frustration and the competition between the

ferro- and antiferroelectricities bring about the reduction of the interlayer molecular

interaction in the particular case. The surface of the sample cell is possible to break

such a small interlayer interaction. Thus, the Langevin-type reorientation process of

the c-directors is occurred. The aligning process of the molecules is described as

〈cos φ〉 =

∫ π

0

exp(x cos φ) cos φdφ
∫ π

0

exp(x cos φ)dφ

(1.3)

by using a ratio of electric aligning energy, peffE, to thermal agitating energy, kTeff,

x = peffE/(kTeff). (1.4)

Here, φ is an angle between the c-director and the electric field, E is an electric field

strength, and peff is the effective dipole moment.

On the other hand, Takezoe et al. [54], Park et al. [23,55], Rudquist et al. [56], and

Clark et al. [57] asserted the charge stabilization and/or the highly collective rotation

of the local in-plane directors on the SmC* tilt cone in the macroscopic scale, and that

the frustration did not play any essential role [Fig. 1.11(b)].

1.6 The aim and the abstracts

The polarized vibrational Raman scattering measurement has some distinguished ad-

vantages. First, the vibrational Raman scattering line is accompanied by the vibra-

tional normal coordinate of a molecule, so the polarized signal of the specific Raman

14
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Figure 1.11: (a) The random switching model in the V-shaped electro-optic response.

The Z axis is parallel to the smectic layer normal and the XZ plane is parallel to

the substrate plane. The electric field is applied along the Y axis. The arrows in the

circles represent the c-directors in the XY plane. The distribution of the c-directors

is described by Eq. (1.3). (b) The collective switching model in the V-shaped electro-

optic response. (c) The V-shaped electro-optic response under the electric field of the

triangular waveform with low frequency. The transmittance is observed by an optical

microscope with the crossed Nicol configuration, where the layer normal is parallel to

one of the polarizers.
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line gives the orientational information about the local structure of a molecule. Sec-

ondly, the Raman scattering gives not only the second-order parameter 〈P2(cos β)〉
but also the fourth-order one 〈P4(cos β)〉. The 〈P4(cos β)〉 exhibits a larger sensitivity

than 〈P2(cos β)〉, so the polarized Raman scattering measurement is much effective in

investigating the subtle change or difference in the molecular orientational distribution

of the liquid crystal than the other method. The combination of synclinic and anti-

clinic arrangements characterizes the SmC’s variant phase, as mentioned before. The

thermal agitation triggers the change of the combination and leads the phase transi-

tion within the SmC’s variant phase. The change of the combination caused by the

distribution of the c-director alters the biaxiality in the phase. The observation of the

biaxiality by the vibrational polarized Raman scattering can trace the mechanism of

the phase transition.

This thesis contains six chapters. The procedure how the orientational order pa-

rameters are obtained from the polarized Raman intensities is described in Chapter 2.

The improved analysis of the polarized Raman scattering provides more precise order

parameters than those ever reported. The order parameters can be obtained even from

the small Raman intensities in the time-resolved measurement during the electro-optic

response of a thin sample cell (∼ 1µm). In Chapter 3, the analysis is applied to the

system of MHPOBC in the thick homogeneous alignment cell [published in Phys. Rev.

E, 63, 02176 (2001)]. The close relation of a biaxial molecular ordering to the successive

transition between the SmC* variant phases is investigated. The molecular reorien-

tation induced by an external electric filed in SmCA* phase is studied in Chapter 4

[Jpn. J. Appl. Phys., in press (2002)]. The reorientation can be described with the

interlayer molecular interaction, the spontaneous polarization, and the field strength.

The theoretical model proposed before is verified there. In Chapter 5, the molecular

orientational distributions of two types of the liquid crystal showing V-shaped switch-

ing are examined [published in Phys. Rev. Lett., 87, 015701 (2001) and Phys. Rev.

E, 65, 041714 (2002)]. The ‘random’ and ‘collective’ models have a difference in the

molecular distribution during the switching as described before. The difference can

be detected by the improved analysis of the polarized Raman scattering. The process

of the molecular reorientation in the V-shaped switching is discussed in terms of the

16



interlayer molecular interaction. The interlayer molecular interaction is evaluated by

the dependence of the c-director distribution on the dc electric field strength. The

summary is given in Chapter 6.

17





Chapter 2

Determination of Orientational

Order Parameters by Polarized

Raman Scattering Measurement

Polarized vibrational Raman scattering measurement provides both the second- and

fourth-order orientational order parameters. There is the additional advantage that a

glass sample cell can be used for the polarized Raman scattering measurement. The

texture of the sample can be observed by an optical microscope and the electro-optic

response can be monitored during the polarized Raman scattering measurement. On

the contrary to these advantages, the birefringence in the ordered liquid crystal brings

complications to the data analysis in the polarized Raman scattering measurement. To

avoid the disturbance by the birefringence, the polarized Raman scattering measure-

ment has been restricted to only the configurations in which the polarization directions

of the incident and scattered lights are parallel or perpendicular to the optic axis of

the liquid crystal in the nematic and SmA phases with uniaxial symmetry so far.

In this chapter, it is shown that precise order parameters can be obtained by the

analysis of the polarized Raman intensities depending on the polarization direction of

the incident and scattered lights with respect to the molecular ordering direction when

the optical effects are corrected properly.
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2.1 Orientational order parameters and polarized

Raman intensities in the phase with uniaxial

symmetry

Followings are presupposed for simplifications in the analysis of polarized Raman in-

tensities here.

1. A Raman tensor of a vibrational mode for a particular molecule has uniaxial

symmetry:

αMol =




α⊥

α⊥

α‖


 . (2.1)

2. The principal axis of the Raman tensor with the largest value is parallel to the

molecular long axis. This indicates the distribution function of the principal

axis of the Raman tensor is identical with the distribution function of the liquid

crystal molecule.

3. The liquid crystal phase also has uniaxial symmetry, and the symmetry axis is

parallel to the substrate plate of a sample cell; nematic or Sm A phase in the

homogeneous molecular alignment cell.

2.1.1 Description of Raman tensor in molecular fixed coordi-

nate system

The Raman scattering from a molecule is considered. Here, a molecular fixed coordinate

system is defined by the (x, y, z)-Cartesian coordinate where the z axis is parallel to the

molecular long axis. The polarizability tensor of the Raman scattering for a molecule
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is given in the molecular coordinate system by

αMol
ij = n̂Mol

i · αMol · n̂Mol
j

=
(

nMol
i1 nMol

i2 nMol
i3

)
·




α⊥

α⊥

α‖


 ·




nMol
j1

nMol
j2

nMol
j3


 , (2.2)

where n̂Mol
i and n̂Mol

j are the unit vectors showing the polarization directions of incident

light and scattered lights, respectively. The superscripts ‘Mol’ indicate that the vectors

are defined in the molecular fixed coordinate system. The polarization vectors are

rewritten with irreducible spherical tensors êMol
−q as

n̂Mol
l =

∑
q

(−1)qn
Mol,(q)
l êMol

−q , l = i, j, (2.3)

with

êMol
0 = ẑ, êMol

±1 = ∓ 1√
2
(x̂± iŷ). (2.4)

αMol
ij is given by Eq. (2.3) and (2.4) as

αMol
ij =

∑

q,q′
(−1)q−q′n

Mol,(q)
i n

Mol,(−q′)
j αMol

−qq′ (2.5)

with

αMol
−qq′ = êMol

−q · αMol · êMol
q′ . (2.6)

n
Mol,(q)
i and n

Mol,(q)
j are the spherical tensor operators of rank 1. Their linear combina-

tions can produce the spherical tensor operators of the rank 0, 1, and 2:

TMol
km (ij) =

∑

q,q′
(−1)m(2k + 1)1/2


 1 1 k

q −q′ −m


 n

Mol,(q)
i n

Mol,(−q′)
j , (2.7)

where 
 1 1 k

q −q′ −m


 (2.8)

is the so-called 3-j symbol. Here, k = 0, 1, 2, |m| ≤ k, and q − q′ = m. The inverse

transformation of Eq. (2.7) is given by

n
Mol,(q)
i n

Mol,(−q′)
j =

∑

k,m

(−1)m(2k + 1)1/2


 1 1 k

q −q′ −m


 TMol

km (ij). (2.9)
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The substitution of Eq. (2.9) for Eq. (2.5) gives

αMol
ij =

∑

k,m

(−1)mαMol(k,−m)TMol
km (ij), (2.10)

where

αMol(k,−m) =
∑

q,q′
(−1)q−q′(2k + 1)1/2


 1 1 k

q −q′ −m


 αMol

−qq′ . (2.11)

Let us calculate αMol(0, 0) as an example. Equations (2.6) and (2.10) give

αMol(0, 0) =
∑

q,q′
(−1)q−q′


 1 1 0

q −q′ 0


 αMol

−qq′ , (2.12)

where (q, q′) is (0, 0), (1, 1), and (−1,−1). The αMol
−qq′ are calculated as

αMol
00 = êMol

0 · αMol · êMol
0 = αMol

zz = α‖, (2.13)

αMol
−11 = êMol

−1 · αMol · êMol
1 =

1√
2
(x̂− iŷ) · αMol ·

(
− 1√

2

)
(x̂ + iŷ) = −α⊥, (2.14)

αMol
1−1 = êMol

1 · αMol · êMol
−1 = −α⊥. (2.15)

Thus,

αMol(0, 0) = − 1√
3
(2α⊥ + α‖) (2.16)

is obtained. Similarly,

αMol(1, 0) = − i√
2
(αMol

xy − αMol
yx ) = 0, (2.17)

αMol(1,±1) = −1

2

[
(αMol

zx − αMol
xz )± i(αMol

zy − αMol
yz )

]
= 0, (2.18)

αMol(2, 0) = − 1√
6
(αMol

xx + αMol
yy − 2αMol

zz ) =

√
2

3
(α‖ − α⊥), (2.19)

αMol(2,±1) = ∓1

2

[
(αMol

zx + αMol
xz )± i(αMol

zy + αMol
yz )

]
= 0 (2.20)

and

αMol(2,±2) =
1

2

[
(αMol

xx − αMol
yy )± i(αMol

xy + αMol
yx )

]
= 0. (2.21)

2.1.2 Description of Raman tensor in laboratory fixed coor-

dinate system

Now let us calculate αLab
ij defined for a molecule in the laboratory fixed coordinate

system which is the reference system for the measurement. The rotation operator
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D(Ω) is defined to express the transformation from the molecular fixed coordinate

system to the laboratory fixed one. Ω represents (α, β, γ) which are the Euler angles

showing the rotational transformation between the coordinate systems. When D(Ω) is

described in terms of the Wigner rotation matrix, TMol
km (ij) is related to the laboratory

fixed coordinate system by

TMol
km (ij) = D(Ω)F Lab

km (ij)D−1(Ω) =
∑

m′
F Lab

km′ (ij)D
(k)∗
mm′(Ω), (2.22)

where the superscripts ‘Lab’ stand for the definition in the laboratory fixed coordinate

system. With substituting Eq. (2.22) for Eq. (2.10),

αLab
ij =

∑

k,m,m′
F Lab

km′ (ij)D
(k)∗
mm′(Ω)αMol(k,−m). (2.23)

F Lab
km′ (ij) is given by

F Lab
km′ (ij) =

∑

q,q′
(−1)m′

(2k + 1)1/2


 1 1 k

q −q′ −m′


 n

Lab,(q)
i n

Lab,(−q′)
j . (2.24)

2.1.3 Polarized Raman scattering intensity

Here, the polarized Raman intensities obtained for the homogeneous molecular align-

ment cell in the actual measurement are calculated. The ‘laboratory’ fixed coordinate

is constituted by X, Y , and Z axes (Fig. 2.1). This coordinate system describes the

averaged molecular orientation. The Z axis is parallel to the n-director and the XZ

plane is parallel to the substrate plane of the sample cell. The ‘measurement’ coor-

dinate system is fixed on the polarized light used in the measurement. The incident

light comes into the cell along the Ymeas and Y axes, and the polarization direction is

parallel to the Zmeas axis. The scattered light goes back along the Ymeas and Y axes,

that is, the back scattering configuration is adopted. The polarization directions of the

scattered lights parallel to the Zmeas and Xmeas are chosen here.

The angles between the Z axis and the polarization directions of the incident and

scattered lights are ω and ω′, respectively. The electric fields of the incident and the

scattered light at the depth Y from the surface, E(Y )(ω) and E′
(Y )(ω

′), are described

as

E(Y )(ω) = TX sin ωe−δXX̂ + TZ cos ωẐ (2.25)
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Zmeas

Xmeas

Figure 2.1: Laboratory fixed coordinate system

and

E′
(Y )(ω

′) = T ′
X sin ω′e−δX′

X̂ + T ′
Z cos ω′Ẑ. (2.26)

δX and δX ′ are the phase differences between the Z and X polarized lights at the

incidence and the scattering, respectively;

δX =
2πY (nZ − nX)

λ
=

2πY ∆n

λ
(2.27)

and

δX ′ =
2πY ∆n

λ′
, (2.28)

where λ and λ′ are the wavelengths of the incident and scattered lights, and nM (M = Z

and X) are the principal refractive indices of the liquid crystal sample along the M

axis. TM and T ′
M are the transmission coefficients for the M components of the electric

fields at the interface between the substrate and the liquid crystal. They are calculated

by

TM =
2ng

ng + nM

(2.29)

and

T ′
M =

2nM

ng + nM

, (2.30)
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where ng is the refractive index of the substrate plate. E(Y )(ω) is rewritten in terms

of the irreducible spherical tensors as

E(Y )(ω) =
∑

q

(−1)qn
Lab,(q)
i êLab

−q . (2.31)

Here,

êLab
0 = Ẑ, êLab

±1 = ∓ 1√
2
(Ŷ ± iX̂), (2.32)

then we have

n
Lab,(0)
i (ω) = TZ cos ω, (2.33)

n
Lab,(1)
i (ω) = − i√

2
TX sin ωe−iδX , (2.34)

and

n
Lab,(−1)
i (ω) = − i√

2
TX sin ωe−iδX . (2.35)

E′
(Y )(ω

′) is also represented by similar expressions:

n
Lab,(0)
j (ω′) = T ′

Z cos ω, (2.36)

n
Lab,(1)
j (ω′) = − i√

2
T ′

X sin ωe−iδ′X , (2.37)

and

n
Lab,(−1)
j (ω′) = − i√

2
T ′

X sin ωe−iδ′X . (2.38)

Only α(0, 0) and α(2, 0) are taken into consideration as seen in Eqs. (2.16)–(2.21), so

that, the calculations are carried out for (k, m, m′) = (0, 0, 0), (2, 0, 0), (2, 0,±1), and

(2, 0,±2).
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The case of ω = ω′ is considered. F Lab
00 (ij) is calculated as

F Lab
00 (ij) =

∑

q,q′


 1 1 0

q −q′ 0


 n

Lab,(q)
i (ω)n

Lab,(−q′)
j (ω′)

=


 1 1 0

0 0 0


 TZT ′

Z cos2 ω

+


 1 1 0

1 −1 0




(
− i√

2

)2

TXT ′
X sin2 ω · e−iδXe−iδX′

+


 1 1 0

1 −1 0




(
− i√

2

)2

TXT ′
X sin2 ω · e−iδXe−iδX′

=− 1√
3

[
TZT ′

Z cos2 ω + TXT ′
X sin2 ω · e−i(δX+δX′)

]
. (2.39)

Similarly,

F Lab
20 (ij) =

1√
6

[
2TZT ′

Z cos2 ω − TXT ′
X sin2 ω · e−i(δX+δX′)

]
, (2.40)

F Lab
21 (ij) = − i

2

[
cos ω sin ω ·

(
TXT ′

Ze−iδX + T ′
XTZe−iδX′

)]
= F Lab

2−1(ij), (2.41)

and

F Lab
22 (ij) = − i

2
TXT ′

Xsin2 ω · e−i(δX+δX′) = F Lab
2−2(ij). (2.42)

Thus, Eq. (2.23) is calculated as

αij,(Y )(ω, ω) =
∑

k,m,m′
FL

km′(ij)D
(k)∗
mm′(Ω)αMol(k,−m)

=a
[
TZT ′

Z cos2 ω + TXT ′
X sin2 ω · e−i(δX+δX′)

]
D

(0)∗
00 (Ω)

+
1

3
b
[
2TZT ′

Z cos2 ω − TXT ′
X sin2 ω · e−i(δX+δX′)

]
D

(2)∗
00 (Ω)

− i√
6
b cos ω sin ω · (TXT ′

Ze−iδX + T ′
XTZe−iδX′

)

×
[
D

(2)∗
01 (Ω) + D

(2)∗
0−1(Ω)

]

− i√
6
b
[
TXT ′

X sin2 ω · e−i(δX+δX′)
] [

D
(2)∗
02 (Ω) + D

(2)∗
0−2(Ω)

]
, (2.43)

where

αMol(0, 0) = − 1√
3
(2α⊥ + α‖) = −

√
3a (2.44)
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and

αMol(2, 0) =
2√
6
(α‖ − α⊥) =

2√
6
b. (2.45)

The instantaneous polarized Raman intensity for one molecule at Y is given by

α∗ij,(Y )αij,(Y ). The liquid crystal molecule undergoes thermal agitation. When enough

molecules in the same circumstance are measured, the polarized Raman intensity at

Y , I(Y )(ω, ω′), is given by

I(Y )(ω, ω′) ≡ 〈α∗ij,(Y )αij,(Y )〉 =

∫
dΩ α∗ij,(Y )αij,(Y )f(Ω), (2.46)

where f(Ω) is the orientational molecular distribution function. Here, the Clebsch-

Gordan series expansion is used:

D
(j1)∗
m1n1 (Ω) D

(j2)
m2n2 (Ω) =

∑
jmn

(−1)m1−n1 (2j + 1)


 j1 j2 j

−m1 m2 m


 D(j)∗

mn (Ω)


 j1 j2 j

−n1 n2 n


 . (2.47)

The uniaxial symmetry of f(Ω) presupposed here requires

〈
D

(k)
mm′ (Ω)

〉
=

∫
dΩD

(k)
mm′ (Ω)f (Ω) = 0 (2.48)

when m and m′ 6= 0. Accordingly, the only following terms are calculated:

〈
D

(2)∗
00 (Ω) D

(2)
00 (Ω)

〉
=

1

5
+

2

7

〈
D

(2)
00 (Ω)

〉
+

18

35

〈
D

(4)
00 (Ω)

〉
, (2.49)

〈
D

(2)∗
01 (Ω) D

(2)
01 (Ω)

〉
=

1

5
+

1

7

〈
D

(2)
00 (Ω)

〉
− 12

35

〈
D

(4)
00 (Ω)

〉

=
〈
D

(2)∗
0−1 (Ω) D

(2)
0−1 (Ω)

〉
, (2.50)

and

〈
D

(2)∗
02 (Ω) D

(2)
02 (Ω)

〉
=

1

5
− 2

7

〈
D

(2)
00 (Ω)

〉
+

3

35

〈
D

(4)
00 (Ω)

〉

=
〈
D

(2)∗
0−2 (Ω) D

(2)
0−2 (Ω)

〉
. (2.51)

Thus, the polarized Raman intensity at Y is given by

I(Y )(ω, ω) = C1(ω) + C2(ω)
〈
D

(2)
00 (Ω)

〉
+ C3(ω)

〈
D

(4)
00 (Ω)

〉
+ C4(ω)R(Y ). (2.52)
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The coefficients C1(ω) to C4(ω) and R(Y ) are given by the following equations:

C1(ω) =

a2T 2
xT

′2
x +

4

45
b2T 2

xT
′2
x

+

[
−2a2T 2

xT
′2
x +

b2

45

(
−8T 2

xT
′2
x + 3T 2

z T
′2
x + 3T 2

xT
′2
z

)]
cos2 ω

+
[
a2

(
T 2

xT
′2
x + T 2

z T
′2
z

)

+
b2

45

(
4T 2

xT
′2
x − 3T 2

z T
′2
x − 3T 2

xT
′2
z + 4T 2

z T
′2
z

)]
cos4 ω, (2.53)

C2(ω) =

− 2

3
abT 2

xT
′2
x − 4

63
b2T 2

xT
′2
x

+

[
4

3
abT 2

xT
′2
x +

b2

63

(
8T 2

xT
′2
x + 3T 2

z T
′2
x + 3T 2

xT
′2
z

)]
cos2 ω

+

[
b2

63

(
−4T 2

xT
′2
x − 3T 2

z T
′2
x − 3T 2

xT
′2
z + 8T 2

z T
′2
z

)

+
ab

3

(
−2T 2

xT
′2
x + 4T 2

z T
′2
z

)]
cos4 ω, (2.54)

C3(ω) =

3

35
b2T 2

xT
′2
x +

b2

35

(
−6T 2

xT
′2
x − 4T 2

z T
′2
x − 4T 2

xT
′2
z

)
cos2 ω

+
b2

35

(
3T 2

xT
′2
x + 4T 2

z T
′2
x + 4T 2

xT
′2
z + 8T 2

z T
′2
z

)
cos4 ω, (2.55)

C4(ω) = TxT
′
xTzT

′
z cos2 ω − TxT

′
xTzT

′
z cos4 ω, (2.56)

and

R(Y ) = c1

[
a2 − 2

45
b2 +

(
ab

3
− 4b2

63

) 〈
D

(2)
00 (Ω)

〉
− 4b2

35

〈
D

(4)
00 (Ω)

〉]

+ c2b
2

(
1

15
+

1

21

〈
D

(2)
00 (Ω)

〉
− 4

35

〈
D

(4)
00 (Ω)

〉)
, (2.57)

where

c1 = eiδXeiδX′
+ e−iδXe−iδX′

(2.58)

and

c2 = eiδXe−iδX′
+ e−iδXeiδX′

. (2.59)
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Consequently, the measured intensity is obtained by the integration of Eq. (2.52)

from Y = 0 to d, where d is the sample thickness:

I(ω, ω) ≡ I‖ (ω) =

∫ d

0

I(Y )(ω, ω)

∝ C1 (ω) + C2 (ω) 〈P2 (cos ω)〉+ C3 (ω) 〈P4 (cos ω)〉+ C4 (ω) R.

(2.60)

The birefringence affects only the parameter R, which is given by

R =r1

[
2a2 − 4

45
b2 +

(
2

3
ab− 8

63
b2

)
〈P2(cos β)〉 − 8

35
b2〈P4(cos β)〉

]

+ r2b
2

[
2

15
+

2

21
〈P2(cos β)〉 − 8

35
〈P4(cos β)〉

]
. (2.61)

Here r1 and r2 depend on the sample thickness d, birefringence ∆n, incident laser light

wavelength λ, and scattered light wavelength λ′:

r1 = sin(K1d)/K1d (2.62)

and

r2 = sin(K2d)/K2d, (2.63)

with

K1 =
2π∆n(λ + λ′)

λλ′
(2.64)

and

K2 =
2π∆n(λ− λ′)

λλ′
. (2.65)

When ω = 0 and π/2, C4 becomes zero and the birefringence effect disappears.

For the case of ω′ = ω + π/2, similar calculation gives

I(Y )(ω, ω +
π

2
) = C5(ω) + C6(ω)

〈
D

(2)
00 (Ω)

〉
+ C7(ω)

〈
D

(4)
00 (Ω)

〉
− C4(ω)R(Y ). (2.66)

29



The coefficients C5(ω) to C7(ω) are given by following equations:

C5(ω) =

b2T 2
xT

′2
z

15
+

[
a2

(
T 2

xT
′2
x + T 2

z T
′2
z

)

+
b2

45

(
4T 2

xT
′2
x − 6T 2

xT
′2
z + 4T 2

z T
′2
z

)]
cos2 ω

+
[
a2

(
−T 2

xT
′2
x − T 2

z T
′2
z

)

+
b2

45

(
−4T 2

xT
′2
x + 3T 2

z T
′2
x + 3T 2

xT
′2
z − 4T 2

z T
′2
z

)]
cos4 ω, (2.67)

C6(ω) =

b2T 2
xT

′2
z

21
+

[
ab

3

(
−2T 2

xT
′2
x + 4T 2

z T
′2
z

)

+
b2

63

(
−4T 2

xT
′2
x − 6T 2

xT
′2
z + 8T 2

z T
′2
z

)]
cos2 ω

+

[
ab

3

(
2T 2

xT
′2
x − 4T 2

z T
′2
z

)

+
b2

63

(
4T 2

xT
′2
x + 3T 2

z T
′2
x + 3T 2

xT
′2
z − 8T 2

z T
′2
z

)]
cos4 ω, (2.68)

and

C7(ω) =

− 4

35
b2T 2

xT
′2
z +

b2

63

(
3T 2

xT
′2
x + 8T 2

xT
′2
z + 8T 2

z T
′2
z

)
cos2 ω

+
b2

35

(
−3T 2

xT
′2
x − 4T 2

z T
′2
x − 4T 2

xT
′2
z − 8T 2

z T
′2
z

)
cos4 ω. (2.69)

Thus, the measured intensity is described by

I(ω, ω +
π

2
) ≡ I⊥ (ω)

∝ C5 (ω) + C6 (ω) 〈P2 (cos ω)〉+ C7 (ω) 〈P4 (cos ω)〉 − C4 (ω) R. (2.70)

Since the scattered light is collected by an objective lens, the polarized Raman

intensity is affected by the effect of a refracting angle when the scattered light passes

by the interface between the liquid crystal material and the substrate [58–61]. Hence

this effect must be corrected by

I‖,meas(ω) =
I‖(ω)

nZmeas(ω)2
(2.71)
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and

I⊥,meas(ω) =
I⊥(ω)

nXmeas(ω)2
, (2.72)

where

nZmeas(ω) =
nZnX√

n2
Z sin2 ω + n2

X cos2 ω
(2.73)

and

nXmeas(ω) =
nZnX√

n2
Z cos2 ω + n2

X sin2 ω
. (2.74)

In the isotropic phase, both 〈P2(cos β)〉 and 〈P4(cos β)〉 become zero and the polar-

ized Raman intensities do not depend on ω, therefore, the depolarization ratio is given

by

Riso =
I⊥
I‖

=
3b2

45a2 + 4b2
. (2.75)

This relation gives a/b from the depolarization ratio in the isotropic phase.

The fitting procedure with Eqs (2.60) and (2.70) gives the orientational order pa-

rameters from the measured polarized Raman intensities depending on ω, where the

fitting parameters are 〈P2(cos β)〉, 〈P4(cos β)〉, a/b, and R.

2.2 Demonstration in a nematic liquid crystal sys-

tem

The advantage of the analysis using Eq. (2.60) and (2.70) is demonstrated in this sec-

tion. A usual experimental setup for the polarized Raman scattering measurement

is drawn in Fig. 2.2. The green light at 514.5 nm wavelength from an Ar ion laser

(Spectra-Physics, BeamLok 2060) is used for the excitation light source. The cell is

mounted in a temperature-controlled oven (±0.1 K). The backscattered light is col-

lected by a telescope lens (f = 130 mm and f/d = 1.3) and focused on an optical fiber

that transmits the light to a monochromator (Spex, 270M) combined with a multichan-

nel detector (Princeton Instruments, IPDA 512). When the time-resolved measurement

is performed for the observation of the molecular reorientation during the electro-optic

response, the transmitted light passing through the sample cell is detected by a pho-

todiode, so that the Raman scattering measurement can be synchronized with the

electro-optic response.
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PD
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P
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Mono

MCP
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FG1 FG2

Amp
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Figure 2.2: Schematic drawing of a experimental setup for polarized Raman scattering

measurement. M, mirror; Pol, polarizer; P, prism; C, sample cell; S, rotating stage;

PD, photodiode; CL, Cassegrain lens; NF, Raman notch filter; L, camera lens; OF,

optical fiber; Mono, monochromator; MCP, multichannel photodiode array; DC, de-

tector controller; PC, personal computer; FG1, function generator for the gate pulse;

FG2, function generator for applying the electric field to the sample; Amp, high-speed

amplifier; Os, oscilloscope. The broken lines represent light streams and the solid lines

represent electric signals.

32



The experimental results obtained for a nematic liquid crystal, trans-4-pentyl-(4-

cyanophenyl)-cyclohexane (PCH-5), are shown in Fig. 2.3. Figure 2.3(A) shows the

polarized Raman spectra in isotropic phase. Two Raman lines appear in the measured

region, one at 2220 cm−1 is assigned to the CN stretching mode (CN line) and the

other is assigned to the phenyl stretching mode (phenyl line). The longest principal

axes of their Raman tensors are almost parallel to the molecular long axis. They are

well separated with each other and from the other lines, therefore, they suit the probe

for investigating the molecular orientational order. The depolarization ratios for the

phenyl line and the CN line in the isotropic phase are 0.496 and 0.259, respectively.

Figures 2.3(B-1) and 2.3(B-2) show the polarized Raman intensity variations plotted

for the angle between the polarization direction of the incident laser light and the n-

director, ω. The liquid crystal molecules are homogeneously aligned in the sample cell

with 50 µm thickness. ω = 0 represents that the polarization direction of the incident

light is parallel to the n-director. I‖,meas(ω) shows the maximum at ω = 0◦ and 180◦

while the minimum at 90◦. The maximum intensities are about ten times larger than

the minimum intensity. On the other hand, I⊥,meas(ω) shows the maximum at ω = 45

and 135◦ while the minimum at 0, 90, and 180◦. The maximum intensities are two or

more times larger than the minimum intensities. In this experiment, the measuring

points are 19 for both I‖,meas(ω) and I⊥,meas(ω), and the signal to noise ratio is as three

times improved as the case measuring only at the ω = 0 and 90◦. Furthermore, there is

an additional advantage of which the fitting calculation can use the larger values than

those at ω = 90◦ in I‖,meas(ω) and ω = 0 and 90◦ in I⊥,meas(ω).

The fitting procedure using Eqs. (2.60) and (2.70) gives the orientational order

parameters with high precision; 〈P2(cos β)〉 = 0.56±0.01 and 〈P4(cos β)〉 = 0.17±0.01

for the phenyl line, and 〈P2(cos β)〉 = 0.54± 0.01 and 〈P4(cos β)〉 = 0.16± 0.02 for the

CN line. Here, nZ = 1.58, nX = 1.48, and ng = 1.46 are used for the refractive indices.

The same orientational order parameters are obtained from the different Raman lines

assigned to the vibrational mode of the different parts of the molecule. This result is

very natural with considering of the rigid core body in the molecule.

As seen in this example, the precision in the determination of the orientational

order parameter from the polarized Raman scattering can be significantly improved
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Figure 2.3: (A) Polarized Raman spectra in isotropic phase of PCH-5. The solid line

and broken line show I‖ and I⊥, respectively. (B) Polarized Raman intensities are

plotted for the angle between the polarization direction of the incident laser light and

the n-director, ω; the phenyl line at 1600 cm−1 (B-1), and the CN line at 2220 cm−1

(B-2). The solid circles and open circles show I‖,meas(ω) and I⊥,meas(ω), respectively.

The lines show the best fitting results by Eq. (2.60) and (2.70).
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so that this method is very effective for some subtle problems such as a time-resolved

measurement for the investigation of the molecular reorientation induced by an external

field.
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Chapter 3

Investigations of Orientational

Order for an Antiferroelectric

Liquid Crystal

[Published in Physical Review E 63, 02176 (2001)]

3.1 Introduction

Since Chandani et al. had discovered an antiferroelectric liquid crystal phase in MH-

POBC [25,26], the mechanisms of the successive phase transitions and the appearances

of the subphases have been investigated by various methods with interests in science

as well as in applications. The phase sequence and the transition temperatures of

the optically pure MHPOBC are as below: isotropic – 148◦C – smectic-A (SmA) –

122◦C – smectic-Cα* (SmCα*) – 120.9◦C – smectic-C* (SmC*) – 119.2◦C – smectic-

Cγ* (SmCγ*) – 118.4◦C – smectic-CA* (SmCA*) – 65◦C – crystal [27, 62]. The phase

structures are described in Chapter 1. The appearance of the SmC* and its variant

phases are closely related with intermolecular interaction in adjacent layers [4, 63–67].

In this chapter, the dependence of orientational order parameters on the phases is

investigated by the polarized Raman scattering measurements for the thick homoge-

neous alignment cell (25 µm thick) of MHPOBC. The molecular orientational ordering

must be biaxial in the SmC* and its variant phases because the anisotropic molecular
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interaction in the adjacent layers hinders the molecular free rotation around its long

axis. It was observed under an electric field by infrared (IR) absorbance measurements

that the the rotation of the C=O group around the molecular long axis was hindered

and the biased direction was different in the SmC* and the SmCA* phase [21, 68, 69].

However, any spectroscopic observation of the biaxiality without any external field has

not been reported so far. The polarized Raman scattering measurement is applied

to the observation of the molecular orientational ordering in the SmA, SmC* and its

variant phases of MHPOBC.

Experimentally some optical phenomena disturb the data analysis of the Raman

scattering measurement, for example, the effects of the birefringence of the ordered

liquid crystal as described in the preceding chapter. There are plenty of reports on the

measurement of the order parameters in the nematic and SmA phases so far [10,13–17].

The order parameters of MHPOBC have been already reported in SmA phase [14].

However, the analysis of the phases other than the uniaxial nematic and SmA phases

becomes more complicated. In phases other than uniaxial ones, the Raman intensities

depend on the way smectic layers are piled up. Under the proper correction of the

optical disturbance originated from the smectic layer structure, however, the orienta-

tional order parameters 〈P2(cos β)〉 and 〈P4(cos β)〉 can be defined as long as liquid

crystal molecules uniaxially distribute within a layer. In this chapter the correction for

the analysis in SmC* and its variant phases of MHPOBC will be derived, which take

account of the peculiar optical disturbance by the following origins; i.e., the tilt angle

of the molecular axis with the smectic layer normal, the spiral structure, and the layer

tilt angle from the substrate surface normal due to the chevron layer structures [4–9].

3.2 Theoretical treatments

3.2.1 Definition of the reference coordinate systems

The molecular orientational order parameter is obtained by the analysis of the polar-

ized Raman intensity [10,11]. The backscattering configuration for the homogeneously

aligned sandwich cell is assumed here [cf. Figs. 1.4(B) and 2.1]. It is necessary to define
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(a) Laboratory fixed frame

(b) Layer frame

(c) Molecular orientation frame

(d) Refractive index frame

(e) Molecular fixed frame

y

(a0, b0, g0)

 (f) Raman polarizability tensor frame

(a, b, g) = W

(ar, br, gr) = Wr
F, Q

F, Qr

(x', y', z')

(x, y, z)(Xmol, Ymol, Zmol)

(Xl, Yl, Zl) (Xr, Yr, Zr)

(X, Y, Z)

Figure 3.1: Schematic diagram of coordinate system. The details are described in

theoretical treatment section.

the orientational relation between the individual molecules and a reference coordinate

system for the description of the molecular orientational distribution. Raman polariz-

ability tensors of the individual molecules were described in the reference coordinate

system by using several Cartesian coordinate systems that are based on the smectic

layer structure, and the transformations among the coordinate systems are explained

here. A schematic diagram and the drawings of the coordinate systems are given in

Figs. 3.1 and 3.2, respectively. The coordinate systems are defined according to Fig.

3.1(a)–3.1(f). (a) A laboratory fixed coordinate frame is the reference coordinate sys-

tem that is defined by X, Y , and Z with respect to the sample cell, here [Fig. 3.2(a)],

the XZ plane is parallel to the glass substrate of the cell. The incident laser beam

comes into the cell and the scattered light goes back along the Y axis. Here, the
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(c)

(a) (b)

(d)

Ymeas, Y
YXmeas

X, Xl

Xl Xl

Zl Zl
Zr

Xr
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Z

X

Z
Zl

Yl

Yl Yl
Ymol

Xmol

Zmol

Q

Q

w y

F F

Qr

Qr

Figure 3.2: The defined coordinate systems. (a) The laboratory fixed frame and the

measurement coordinate frame. (b) The laboratory fixed frame and the layer fixed

frame. (c) The layer frame and the molecular orientation frame. (d) The layer frame

and the refractive index frame.
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incident laser light is polarized parallel to the Zmeas axis as defined in the preceding

chapter. (b) A layer frame is defined by Xl, Yl, and Zl on the layer of smectic phase

[Fig. 3.2(b)]. The Zl axis is parallel to the layer normal and tilts from the Z axis by the

angle +Ψ or −Ψ because the layer is inclined from the glass plates due to the chevron

layer structure. The Xl axis is parallel to the X axis. (c) A molecular orientation frame

is defined by Xmol, Ymol, and Zmol for one smectic layer [Fig. 3.2(c)]. The Zmol axis is

the center of the molecular orientational distribution in this layer, that is, the Zmol axis

is parallel to the n-director defined within the layer. The rotational transformation

from the layer frame to the molecular orientation frame is described by the angles of

Φ and Θ. Φ is the angle between the c-director and the Xl axis. The Θ is the angle

between the Zmol and the Zl axes. In SmA phase, Φ = 0 and the molecular orientation

frame coincides with the layer frame. (d) A refractive index frame is defined by Xr,

Yr, and Zr [Fig. 3.2(d)]. These axes are identical with the optic elasticity axes and

refractive indices are defined in this frame. The refractive index frame is not the same

as the molecular orientation frame in the phase with helical structure, if the helical

pitch is longer than a wavelength of light, because the optical property is given by

an average over helically twisted layers with the wavelength of light. However, at the

center of these layers, the averaged optical plane defined as a plane containing two

optic axes is parallel to the YmolZmol plane of the molecular orientation frame in SmC*,

SmCγ* and SmCA* phase of MHPOBC system [31]. Therefore, the transformation

from layer frame to the refractive index frame is defined by Ψ and Θr as the analog of

molecular orientation frame. (e) A molecular fixed frame is defined by x, y and z on

the individual molecules. The z axis is defined to be parallel to the molecular long axis.

α, β, and γ are defined as the Euler angles that transform the molecular orientation

frame to the molecular fixed frame. (f) A Raman tensor frame is defined by x′, y′ and

z′. In this frame the Raman tensor of a vibrational mode for a particular molecule is

diagonalized and has the form of




αx′x′

αy′y′

αz′z′


 .
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αMM (M = x′, y′, z′) is a MM component of the Raman tensor in this frame and αz′z′

is the largest. The z′ axis is not parallel to the z axis generally. The Euler angles (α0,

β0, γ0) transform the molecular fixed frame to the Raman tensor frame.

Now it is assumed that the polarization vectors of the incident light and the scat-

tered light are within the XZ plane and make the angles ω and ω′ with Z axis, respec-

tively [Fig. 3.2(a)]. E(Y ) and E0(Y ) are defined as the electric fields of incident light

and scattered light at the depth Y from the surface of the liquid crystal, and they can

be decomposed into Xr, Yr, and Zr components of the refractive index frame,

E(Y) = EXre
−iδXrX̂r + EYre

−iδYrX̂r + EZrẐr (3.1)

and

E0(Y) = E ′
Xr

e−iδ′XrX̂r + E ′
Yr

e−iδ′Yr Ŷr + E ′
Zr

Ẑr, (3.2)

where the phase factors of e−iδXr , e−iδYr , e−iδ′Xr , and e−iδ′Yr are introduced to give the

correction for the retardation effect that is due to the birefringence of the ordered liquid

crystal. δXr, δYr, δ′Xr, and δ′Yr are the phase difference of the Xr and Yr components

with the Zr component.

3.2.2 Smectic phase structure and electric fields of lights

The peculiar structure of each smectic phase should be reflected on the further effective

optical correction for the electric fields of the incident laser light and the scattered light.

The effective corrections for each smectic phase are summarized below. For example,

SmC* and the other variant phases exhibit helical structure and optical biaxiality; then

one should give a close examination for the proper correction. The relation between

the molecular orientation frame and the refractive index frame is also described.

SmA phase

SmA phase is optically uniaxial and Θ = 0, so that the refractive index frame, the

molecular orientation frame and the layer frame are identical with each other. When

a layer tilt for the substrates Ψ is taken into account [4, 70], the electric fields of the
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incident and the scattered lights are given by

E(Y ) = e−iδXr (TX sin ω) X̂r + e−iδYr (TZ sin Ψ cos ω) Ŷr

+ (TZ cos Ψ cos ω) Ẑr, (3.3)

E0(Y ) = e−iδ′Xr (T ′
X sin ω′) X̂r + e−iδ′Yr (T ′

Z sin Ψ cos ω′) Ŷr

+ (T ′
Z cos Ψ cos ω′) Ẑr. (3.4)

TM and T ′
M are transmission coefficients for M components of electric field at the

interface between substrate and liquid crystal. They are calculated by

TM =
2ng

ng + nM

, T ′
M =

2nM

ng + nM

. (3.5)

ng is the refractive index of glass substrate and nM are the principal refractive indices

of the liquid crystal when the light is polarized to M axis. These values are calculated

as

nZ =
n⊥n‖√

n2
⊥ cos2 Ψ + n2

‖ sin2 Ψ
, nX = n⊥, (3.6)

where n‖ and n⊥ are the principal refractive indices of liquid crystal.

SmCα* phase

In SmCα* phase, the helical pitch is smaller than wavelengths of the incident and

scattered light [71]. Then the phase is optically uniaxial and the refractive index frame

is identical with the layer frame. The electric field of light is given by Eqs. (3.3) and

(3.4) as for the SmA phase.

SmC* phase

SmC* phase is optically biaxial [31] and has a helical structure. In this phase, the

helical pitch H is larger than the wavelength of the light [28, 72], so that the optical

elasticity axes or the refractive index frame axes are not identical with the molecular

orientation frame axes. Optic elasticity axes at Φ would be given by the average of the

molecular orientation frame between Φ − πλ/H and Φ + πλ/H, because the spatial

resolution could be determined by the wavelength of the light λ. Hence Ẑr is described
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in the layer frame as

Ẑr = Zr




sin Θ〈〈sin Φ′〉〉
sin Θ〈〈cos Φ′〉〉

cos Θ


 , (3.7)

where 〈〈· · · 〉〉 denotes statistical average from Φ′ = Φ − πλ/H to Φ′ = Φ + πλ/H.

〈〈cos Φ′〉〉 and 〈〈sin Φ′〉〉 are calculated as

〈〈cos Φ′〉〉 =

∫ Φ+πλ/H

Φ−πλ/H

cos Φ′dΦ′/
∫ Φ+πλ/H

Φ−πλ/H

dΦ =
H

πλ
sin

(
πλ

H

)
cos Φ, (3.8)

〈〈sin Φ′〉〉 =

∫ Φ+πλ/H

Φ−πλ/H

sin Φ′dΦ′/
∫ Φ+πλ/H

Φ−πλ/H

dΦ =
H

πλ
sin

(
πλ

H

)
sin Φ, (3.9)

so that

Ẑr = Zr ×




H
πλ

sin
(

πλ
H

)
sin Θ sin Φ

H
πλ

sin
(

πλ
H

)
sin Θ cos Φ

cos Θ


 . (3.10)

In the same way as Ẑr,

X̂r = Xr ×




H
πλ

sin
(

πλ
H

)
cos Θ cos Φ

H
πλ

sin
(

πλ
H

)
cos Θ sin Φ

cos Θ


 , (3.11)

Ŷr = Yr ×




H
πλ

sin
(

πλ
H

)
cos Θ cos Φ

H
πλ

sin
(

πλ
H

)
cos Θ sin Φ

cos Θ


 . (3.12)
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Consequently, E(X) and E0(X) are given by

E(Y) = e−iδXr (−TZK sin Φ sin Ψ cos ω + TXK cos Φ sin ω) X̂r

+ e−iδYr (−TZ sin Θ cos Ψ cos ω + TZK cos Φ cos Θ sin Ψ cos ω

+TXK sin Φ cos Θ sin ω) Ŷr

+ (TZ cos Θ cos Ψ cos ω + TZK cos Φ sin Θ sin Ψ cos ω

+TXK sin Φ sin Θ sin ω) Ẑr, (3.13)

E0(Y) = e−iδ′Xr (−T ′
ZK ′ sin Φ sin Ψ cos ω′ + T ′

Y K ′ cos Φ sin ω′) X̂r

+ e−iδ′Yr (−T ′
Z sin Θ cos Ψ cos ω′ + T ′

ZK ′ cos Φ cos Θ sin Ψ cos ω′

+T ′
Y K ′ sin Φ cos Θ sin ω′) Ŷr

+ (T ′
Z cos Θ cos Ψ cos ω′ + T ′

ZK ′ cos Φ sin Θ sin Ψ cos ω′

+T ′
Y K ′ sin Φ sin Θ sin ω′) Ẑr, (3.14)

Where

K =
H

πλ
sin

(
πλ

H

)
, K ′ =

H

πλ′
sin

(
πλ′

H

)
, (3.15)

and λ and λ′ are the wavelengths of the incident and the scattered light in the medium,

respectively.

Though TM and T ′
M depend on Φ in SmC* phase, their variations are small enough

to use Eqs. (3.5) and (3.6) approximately [31].

SmCA* phase

In SmCA* phase Θ is apparently zero at the spatial resolution of the light and the

refractive index frame is identical with molecular orientation frame, because c-director

is reversed in the adjacent layer. In this phase, TM and T ′
M vary as in SmC* phase.

However, the variation of n⊥ is very small in this phase also [31], so that TM and T ′
M

can be calculated by Eqs. (3.5) and (3.6) approximately. Therefore the electric field

of light is treated as in SmA phase. Hence the electric fields of the lights are given by

Eqs. (3.3) and (3.4).
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SmCγ* phase

The average of the molecular tilt angle is apparently Θ/2 at the spatial resolution of

light, because c-director is reversed once by the period of three layers in this phase

[29,31–33]. This phase is optically biaxial like the SmC* phase. Therefore the electric

fields of lights are obtained by substituting Θ/2 for Θ in the Eqs. (3.13) and (3.14).

TM and T ′
M are approximated by Eqs. (3.5) and (3.6) also here.

3.2.3 Polarized Raman intensities

When the measured area is sufficiently large compared with the helical pitch, the

Raman intensity is obtained by averaging for one period of the helical pitch,

I(ω, ω′) ∝
∫ π

0

sin ΘdΘ

∫ 2π

0

dΦ

∫ d

0

dY 〈
∣∣α(Y )(ω, ω′)

∣∣2〉, (3.16)

where α(Y )(ω, ω′) is the Raman polarizability tensor described in the molecular orien-

tation frame, d is the sample thickness, and 〈
∣∣α(Y )(ω, ω′)

∣∣2〉 is thes integrated value

over the orientation of the liquid crystal,

〈
∣∣α(Y )(ω, ω′)

∣∣2〉 =

∫
dΩ

∣∣α(Y )(ω, ω′)
∣∣2 f(Ω). (3.17)

f(Ω) is the orientational distribution function of the molecular long axis or z axis with

respect to the Zmol axis and Ω denotes Euler angles (α, β, γ). Furthermore, the effect

of a refracting angle on the Raman intensity must be taken into consideration and the

measured intensity is obtained from

Imeas(ω, ω′) =
I(ω, ω′)
n(ω′)2

, (3.18)

where n(ω′) is the refractive index at ω′ given by

n(ω′) =
nZnX√

n2
Z sin2 ω′ + n2

X cos2 ω′
. (3.19)

nX and nZ are the refractive indices of a liquid crystal material for the light polarized

along the X axis and the Z axis, respectively. The combination of ω and ω′ will be

fixed at two configurations of ω′ = ω and ω′ = ω + π/2. Here it was assumed that

the ideal helical structure was formed in the chiral smectic phases, that is, the molec-

ular orientational distribution was uniaxial with respect to the layer frame. With the
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aid of the computer software Mathematica 2.2 (Wolfram Research, Inc.), Eqs. (3.16)

and (3.18) are evaluated and rearranged. When the sample thickness is sufficiently

large compared to the wavelengths of the incident and the scattered lights, the polar-

ized Raman intensities are represented as a function of ω and the orientational order

parameters;

I(ω, ω)meas ≡ I‖(ω)

= C1(cos ω) + C2(cos ω) 〈P2(cos βapp)〉
+ C3(cos ω) 〈P4(cos βapp)〉+ C4(cos ω)R, (3.20)

I(ω, ω + π/2)meas ≡ I⊥(ω)

= C5(cos ω) + C6(cos ω) 〈P2(cos βapp)〉
+ C7(cos ω) 〈P4(cos βapp)〉 − C4(cos ω)R. (3.21)

C1(cos ω) to C7(cos ω) are the fourth-order functions of cos ω, whose coefficients depend

on Θ and Ψ, the refractive index of the liquid crystal material and the glass substrate,

helical pitch, and the Raman tensor. The coefficients for odd order terms of C1(cos ω) to

C7(cos ω) are zero because of the symmetry of the system. R represents the component

of retardation amplitude that depends on the sample thickness. 〈P2(cos βapp)〉 and

〈P4(cos βapp)〉 are the second- and the fourth-order orientational order parameters of

the z′ axis of Raman tensor with respect to the Zl axis, and βapp is the angle between

the z′ axis and the Zl axis. It should be noticed that the effect of the retardation on

the Raman intensity is not zero even if ω = 0◦ or ω = 90◦ when the refractive index

frame is inclined with respect to the incident light and the scattered light because of

the helical structure. Therefore the orientational order parameters cannot be evaluated

properly by the measurements of depolarization ratios only at ω = 0◦ and ω = 90◦,

and at least three different measurement points of ω are needed.

It is supposed that the Raman tensor is uniaxial, namely, αx′x′ = αy′y′ = α⊥ and

αz′z′ = α‖ and the z′ axis of the Raman tensor can rotate freely around the z axis of the

molecular fixed frame. When the orientational molecular distribution defined in one

layer has a cylindrical symmetry, 〈P2(cos βapp)〉 and 〈P4(cos βapp)〉 could be rewritten

with the molecular orientational order parameters 〈P2(cos β)〉 and 〈P4(cos β)〉 with
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respect to z axis in the molecular orientation frame as following equations:

〈P2(cos βapp)〉 =
1

2

(
3 cos2 Θ− 1

) 1

2

(
3 cos2 β0 − 1

) 〈P2(cos β)〉

=
1

2

(
3 cos2 Θ− 1

) 〈P2(cos β′)〉 , (3.22)

〈P4(cos βapp)〉 =
1

8

(
35 cos4 Θ− 30 cos2 Θ + 3

)

× 1

8

(
35 cos4 β0 − 30 cos2 β0 + 3

) 〈P4(cos β)〉

=
1

8

(
35 cos4 Θ− 30 cos2 Θ + 3

) 〈P4(cos β′)〉 , (3.23)

where β0 is the angle between z′ axis and z axis, 〈P2(cos β′)〉 and 〈P4(cos β′)〉 are the

orientational order parameters of the z′ axis of the Raman tensor with respect to z axis.

It should be noticed that apparent values of 〈P2(cos βapp)〉 and 〈P4(cos βapp)〉 would be

reduced by Θ and β0, and even become zero with the specific value of Θ and β0 at the

so called magic angle value.

In isotropic phase, both 〈P2(cos β)〉 and 〈P4(cos β)〉 are zero and the depolarization

ratio Riso is calculated as

Riso ≡ I⊥/I‖ = 3b2/
(
45a2 + 4b2

)
, (3.24)

where a and b correspond to the average value and the anisotropy of the Raman tensor,

respectively, and calculated by

a =
1

3
(α‖ + 2α⊥) (3.25)

b = (α‖ − α⊥) (3.26)

Thus the orientational order parameter is obtained from the analysis of I‖(ω), I⊥(ω),

and Riso using Eqs. (3.20)–(3.24) if the structural parameters are known. It should be

noticed that only 〈P2(cos β′)〉 and 〈P4(cos β′)〉 are possible to be evaluated from these

equations because β0 is a unknown parameter, here.

3.3 Experiments

The molecular structure of (S)-MHPOBC is shown in Fig. 3.3. MHPOBC has three

benzene rings and two ester bonds, one is in a center of the core part and another is
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Figure 3.3: Chemical structure of MHPOBC.

attached to the end of the core part or the chiral part. In order to confirm the purity

of the sample, the phase transition temperatures were measured by the differential

scanning calorimeter of TA Instruments DSC 2920 [26,27]. The experimental cell was

prepared as follows and the homogeneous alignment was accomplished. The sample

was sandwiched between two indium tin oxide-coated quartz plates with the thickness

of 25 µm by using poly(ethylene terephthalate) spacers. The quartz plates were spin

coated with polyimide and one of them was rubbed in one direction. The cell was

set on the rotating stage, which was equipped with the heat controller that adjusted

temperature with the accuracy of ±0.1◦C with a controller (Yokogawa, UP550). The

condition of alignment was checked by a polarizing optical microscope. Many focal

conics were observed except for SmA phase, but the whole image was sufficiently dark

and it was assumed that they did not affect Raman intensities much. Hence, the

disturbance of alignment by these defects was ignored [14].

The polarized Raman spectra were measured by the following system. The green

light at 514.5 nm from an argon ion laser (Spectra-Physics, BeamLok 2060) was used

for excitation. The exciting light was polarized by a glan laser prism. Scattered light

was collected by a lens in the back light scattering configuration and introduced to a

polarizer, a Raman notch filter and a monochromator (Spex, 270M) combined with a

multichannel detector (Princeton Instruments, IPDA 512). The incident laser power

was set at 0.5 W and the slit width of the monochromator was 50 µm in all measure-

ments. The depolarization ratios of Raman lines were estimated by the measurement

for isotropic phase at 150◦C. The Raman lines were deconvoluted with Lorentzian

function to obtain integrated intensities.

Polarized Raman spectra were measured at various polarization directions of the

incident laser light, and the angle of the orientation between the polarization direction
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of the laser light and liquid crystal alignment were set from 0◦ to 180◦ at steps of

10◦. The temperature was varied from 90 to 140◦C. In order to confirm the phase

of the sample during the Raman scattering measurement, simultaneous monitoring

of the capacitance of the cell was done by a LCR meter (YHP, 4262A), as shown

in Fig. 3.5. The frequency of the test signal was 1 kHz. In the ferroelectric phase

(SmC*) the capacitance shows a peak value due to a spontaneous polarization, but

in the antiferroelectric (SmCA*) and paraelectric phase (SmA), it drops down. In the

ferrielectric phases (SmCα* and SmCγ*), it exhibits decreasing values [4, 32,73].

The theoretical predictions of the Raman tensors were carried out by an ab initio

restricted Hartree-Fock calculation with the 3-21G basis set using the Gaussian 94

package [74].

The refractive indices of liquid crystal for which the light is polarized parallel and

perpendicular to the Zl axis, n‖, and n⊥ were obtained from ref. [31]. The refractive

index of quartz plates ng was 1.46.

Helical pitches were measured by the diffraction method [75, 76] with He–Ne laser

at 632.8 nm.

3.4 Results

Figure 3.4 shows the polarized Raman spectra in isotropic phase at 150◦C. Three

Raman lines were investigated, i.e., C-C stretching mode of three benzene rings at

1600 cm−1 , which is abbreviated as “phenyl,”C=O stretching mode of chiral carbonyl

group at 1720 cm−1,“chiral CO,”and C=O stretching mode of core carbonyl group at

1740 cm−1, “core CO” [14,77]. Their depolarization ratios are listed in Table 3.1. The

shifts of the Raman lines in crystal–SmI* phase transition [77] have been reported, but

any shift and change of line width were not observed in the successive phase transitions

from isotropic to SmCA* phase. This shows that no major changes occur either in the

normal coordinates or in the intermolecular interactions during these phase transitions.

The results of an ab initio calculation are listed in Table 3.1. The calculated

depolarization ratios of three Raman lines in question generally agree with the observed

values in isotropic phase. The Raman activities predicted by the ab initio calculations
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Figure 3.4: The polarized Raman spectrum in isotropic phase at 150◦C (the solid

line for I‖; the broken line for I⊥) and the Raman activities obtained from ab initio

calculations (the sticks).

Table 3.1: Ab initio calculation results. αMM (M = x′, y′, z′) is a MM component of

the Raman tensor in Cartesian coordinate of Raman tensor frame.

depolarization ratios Raman tensors

Raman lines Obs. Calc. αx′x′ αy′y′ αz′z′

phenyl 0.382 0.389 0.13 0.50 10.6

chiral CO 0.221 0.298 0.01 0.10 1.75

core CO 0.263 0.280 0.01 0.45 4.25
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Figure 3.5: Temperature dependence of the capacitance (¤) and the polarized intensity

of phenyl line (•). The vertical broken lines show transition temperatures. The phase

sequence is SmA – SmCα* – SmC* – SmCγ* – SmCA*.

are shown with solid lines in Fig. 3.4. Their Raman shifts and activities are consistent

with measured spectra. The calculated Raman tensors are also listed in the table.

It was confirmed that each αz′z′ is considerably large compared to other components

and thus these Raman lines are suitable for the evaluations of the orientational order

parameters. The calculated angles between the z′ axis and the biphenyl link are about

10◦ for phenyl line and chiral CO line, and almost 0◦ for core CO line. It was found

that all of the z′ axes of the Raman tensors lie towards the molecular long axis.

The capacitance and the polarized component of the phenyl line at ω = 0 were

obtained by the parallel measurement in the cooling process. The results are plotted

as a function of the temperature in Fig. 3.5. The capacitance gradually decreased from

the high temperature side down to 120◦C, then it leaped to the maximum at 115◦C.

Thereafter, it dropped around 113◦C and became steady. On the other hand, the

Raman intensity decreased from 118◦C to 113◦C. This decrease in the Raman intensity

would be mainly owing to the increase of the Θ after SmA–SmCα* phase transition [14],
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as explained before. [Refer to Eqs. (3.20)–(3.23).] The drastic change of the observed

capacitance gave a good indication of the transition temperature, as shown in Fig. 3.5.

The helical pitches of the homogeneous cell used here were three or four times longer

than the value reported for free standing film in SmC* and SmCA* phase [28,72]; i.e.,

1700 nm in the SmC* phase and 2000–4000 nm in the SmCA* phase. The substrates

affect the helical pitch by wall anchoring effects. In SmCγ* phase, the helical pitch was

too long to be measured by the diffraction method. Judging from the values in SmC*

and SmCA* phase, it was estimated around 8000 nm.

The polarized and depolarized components of the Raman scattering for the three

Raman lines measured at 115.6◦C (SmC* phase) are plotted against the polarization

direction of incident laser light in Fig. 3.6. The solid lines show the fitting results by

Eqs. (3.20)–(3.24), where the parameters a, b, 〈P2(cos β′)〉, 〈P4(cos β′)〉, and R were

determined by the fitting procedure under the assumption of the cylindrical symmetric

Raman polarizability tensors for a molecule. The other parameters used here are

summarized in Table 3.2, where layer tilt angles Ψ and molecular tilt angles Θ had

been given by previous workers [4, 14], and H is the helical pitch.

The obtained orientational order parameters 〈P2(cos β′)〉 and 〈P4(cos β′)〉 are shown

in Fig. 3.7. Sticks show the errors that were evaluated from the standard deviation

of the fitting process. The error for 〈P4(cos β′)〉 is larger than 〈P2(cos β′)〉 because

of the larger sensitivity to the Raman intensity. In SmA phase, the order parameter

evaluated from the phenyl line is agreed with the values reported by Kim et al. [14]. All

〈P2(cos β′)〉 gradually increased with decreasing temperature, as one generally expected

for the ordering process of liquid crystal. It should be noted that a bit smaller value

of 〈P2(cos β′)〉 for core CO line than for the other lines was obtained. This small

difference in the value would give the angle β0 between the z′ axis of the Raman tensor

and the molecular long axis, as described in discussion. On the other hand, 〈P4(cos β′)〉
exhibited drastic variation as temperature was decreased, that is, it smoothly increased

in SmA phase, scattered in SmCα*, SmC*, SmCγ* phases, and dropped in SmCA*

phase.
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Figure 3.6: The dependence of the polarized Raman intensities on the polarization

direction of incident laser light at 115.6◦C (SmC* phase) for phenyl line (a), core CO

line (b), chiral CO line (c). Solid marks are I‖(ω) and open marks are I⊥(ω). The lines

show the results of the fitting with Eqs. (3.20) and (3.21).
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Table 3.2: Parameters used in the fitting. nZ , nY , Ψ and Θ are taken from references

[4, 14,31].

Phase Temp. nZ [31] nY [31] Ψ [4] Θ [14] H

(◦C) (deg.) (deg.) (nm)

SmA 140 1.63 1.50 6 – –

130 1.63 1.50 7 – –

121 1.63 1.50 8 – –

118.4 1.63 1.50 10.5 – –

SmCα* 117.2 1.63 1.50 12 12 –

SmC* 115.6 1.63 1.50 13.5 15 1700

SmCγ* 114.8 1.63 1.50 14 16.5 8000

SmCA* 113 1.62 1.50 15 18.5 –

100 1.62 1.50 16.5 23 –

90 1.62 1.50 17 24.5 –
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3.5 Discussion

3.5.1 Orientational order parameter in SmA phase

In SmA phase, 〈P2(cos β′)〉 and 〈P4(cos β′)〉 gradually increased with decreasing tem-

perature. This phenomenon is as one generally would expect for the ordering process

of liquid crystals. The small differences of 〈P2(cos β′)〉 and 〈P4(cos β′)〉 for core CO

line from those for the other lines are noted in Fig. 3.7. According to Eqs. (3.22) and

(3.23) the angle β0 of core CO line is evaluated as 9◦ when z′ axes of phenyl and chiral

CO lines were assumed to be identical with the molecular long axis. The common

statistics under the assumption of the cylindrical symmetry could be adopted for the

molecular orientational distribution in SmA phase.

3.5.2 The biaxial orientational distribution of molecules in

SmC* and its variant phase

The value of 〈P4(cos β′)〉 exhibited a peculiar variation after SmCα* phase. The dis-

persion in variation in SmCα*, SmC*, SmCγ* phases and decrease in SmCA* phase are

unusual under the assumption of the cylindrically symmetric orientational distribution

of molecules. This discrepancy would be caused by the breakdown of the assumption of

the uniaxiality for the molecular orientational distribution. It has been suggested that

the rotation of the C=O group around the molecular long axis is hindered in SmC*

and its subphases [21,68].

Now the orientational order parameters 〈D(L)∗
m′m(Ω)〉 must be introduced to express

the biaxiality of the molecular orientational distribution [10] , and the polarized Raman

intensities are given by the functions of 〈D(L)∗
m′m(Ω)〉 and the structural parameters.

When the molecular orientational distribution function fmol(α, β, γ) has a relation

of f(α, β, γ) = f(π +α, π−β, π +γ), f(α, β, γ) can be expanded with Wigner rotation

matrix in the molecular orientation frame as follows [10].

f(Ω) =
∑

L=even

L∑

m,m′=−L

2L + 1

8π2
a

(L)
m′mD

(L)
m′m(Ω), (3.27)
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where Ω represents α, β, and γ. a
(L)
m′m is given by

a
(L)
m′m =

∫ 2π

0

dα

∫ π

0

sin βdβ

∫ 2π

0

dγD
(L)∗
m′m(Ω)f(Ω) =

〈
D

(L)∗
m′m(Ω)

〉
. (3.28)

When it is taken into account that the system has a cylindrical symmetry about Zl

axis because of the helical structure and the Raman tensor frame is tilted against the

molecular fixed frame, the polarized Raman intensities are given by the same equations

(3.20) and (3.21). Here 〈PL(cos βapp)〉 is related to
〈
D

(L)∗
m′m(Ω)

〉
by

〈PL(cos βapp)〉 =
L∑

m,m′=−L

A
(L)
m′m(Θ, α0, β0, γ0)〈D(L)∗

m′m(Ω)〉, (3.29)

where the coefficient A
(L)
m′m(Θ, α0, β0, γ0) is a function of Θ, α0, β0, and γ0; e.g., when

m = m′ = 0, A
(L)
00 = PL(cos Θ)PL(cos β0).

At present, it is supposed that molecular distribution is biaxial and the molecule

can rotate around its long axis freely. Then,

〈PL(cos βapp)〉 = PL(cos Θ)PL(cos β0)
L∑

m=−L

〈D(L)∗
0m (α, β)〉. (3.30)

〈P4(cos βapp)〉 is independent of γ, because the z′ axis distributes uniaxially around z

axis. 〈D(L)∗
00 (Ω)〉 correspond to 〈PL(cos β)〉 and depends on only β. It was deduced from

the above equation that the decrease of 〈P4(cos βapp)〉 in SmCA* phase was due to the

terms 〈D(L)∗
0m (α, β)〉m6=0 and the different β0 for each Raman line caused the scattering

of 〈P4(cos βapp)〉 at lower temperature range than the SmA–SmCα* phase transition.

On the other hand, 〈P4(cos βapp)〉 of phenyl line and chiral CO line exchanged their

order with each other in this phase. This phenomenon can not be explained by Eq.

3.30, since β0 is constant for the temperature variation and Θ and 〈D(L)∗
0m (α, β)〉 are

independent of Raman line.

Accordingly, it was inferred that the molecular rotation around its long axis is

hindered. Then Eq. (3.29) is obtained. [Compare with Eqs. (3.22), (3.23), and (3.30).]

It is supposed tentatively that the molecular rotation around its long axis is perfectly

restricted as α = 0 and γ = 0 and the Raman tensor of a molecule has a cylindrical

symmetry. When α0 = 0, then βapp = Θ + β + β0 is obtained and 〈PL(cos βapp)〉 is

reduced. Meanwhile when α0 = π, βapp = Θ + β − β0 and 〈PL(cos βapp)〉 is increased.
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Similarly, when α = 0, γ = π, and α0 = 0, then βapp = Θ + β − β0. That is,

〈PL(cos βapp)〉 largely depends on the value of α0, a hindered direction, and a strength

of hindrance to the molecular rotation around its long axis.

〈D(4)∗
m′m(Ω)〉 are higher order parameters than 〈D(2)∗

m′m(Ω)〉. The higher order param-

eter generally exhibits sharper variation to the change of orientational distribution.

On the other hand, 〈D(4)∗
00 (Ω)〉 is originally minor term than 〈D(2)∗

00 (Ω)〉. Then small

disturbance by the 〈D(4)∗
m′m(Ω)〉 looks much exaggerated to the minor term of 〈D(4)∗

00 (Ω)〉.
This would be the reason why the apparent 〈P4(cos β′)〉 showed more drastic reduction

and scattering by the hindrance of molecular rotation than 〈P2(cos β′)〉.
Following image could be drawn for a relation between the phase and the molecular

orientational distribution. In SmA phase, MHPOBC molecule distribute uniaxially

around its director. After transition to SmCα* phase, the molecules tilt away from the

helical axis, so that the orientational distribution could be biaxial. In this phase, the

molecular rotation around its long axis might be somewhat hindered, and the apparent

orientational order parameters show scattering due to different values of α0 and β0

for each Raman line. Then, in the SmCA* phase, the molecular rotation is rather

hindered and the hindered direction might be changed as reported before [21,68] while

the biaxiality of the molecular orientational distribution is increased, thus the apparent

〈P4(cos β′)〉 is reduced.

3.6 Conclusions

The equation of the polarized Raman intensity was derived as a function of the orien-

tational order parameter and the polarization direction of incident laser light, where it

was taken into account how the structure influences the optical properties in SmC* and

the subphases. The polarized Raman scattering measurements of MHPOBC without

any external field were analyzed according to this equation, and the second- and the

fourth-order orientational order parameters were evaluated in the successive smectic

phases. The unusual decrease in the orientational order parameters were observed in

SmCA* phases with decreasing of temperature. It was indicated that they stemmed

from the growth of the biaxiality of the molecular orientational distribution as tem-
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perature decreases because of the hindrance of the molecular rotation around its long

axis.
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Chapter 4

Molecular Ordering Deformation

Induced by Externally Applied

Electric Field in an

Antiferroelectric Liquid Crystal

[Published in Japanese Journal of Applied Physics, in press (2002)]

4.1 Introduction

Ferro- [24] and antiferroelectricities [25] were found in the tilted smectic liquid crystal.

The properties of the electro-optic phenomena in those phases are expected for appli-

cations to displays [25, 78]. Although the mechanisms of the appearance of the two

phases have not been understood completely so far, it is of no doubt that interlayer in-

teractions such as local dipole-dipole interaction and steric interaction play important

roles [4,65,68,79,80]. The tilted subphases are characterized by the arrangement of the

c-director, which is a unit vector representing the molecular tilting sense around the

smectic layer normal. The antiferroelectric SmCA* phase is constructed by the repeti-

tion of the anticlinic bilayer structure in which the azimuthal angle of the c-director,

φ, is altered by π between the layers. When the homogeneously aligned sample cell
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of the antiferroelectric liquid crystal is observed by a polarizing microscope with the

crossed Nicol configuration where two polarizers cross each other and the layer normal

is parallel to one of the polarizers, the tristable electro-optic response is observed [81].

A small transmission of light is frequently observed in the pretransitional regime

below the critical electric field where the transition from antiferro- to ferroelectric phase

takes place [69, 81]. Occasionally, a very intense transmission in the pretransitional

regime is observed [69]. This electro-optic phenomenon in the pretransitional regime

of the antiferroelectric phase shows that the difference in φ of the adjacent layers, ∆φ,

deviates from π and the averaged molecular orientation tilts from the layer normal. This

deviation of ∆φ from π causes the appearance of spontaneous polarization. Wang et al.

[82], and Qian and Taylor [83] have shown theoretically that the molecular reorientation

like the nematic Fréedericksz transition occurs due to this spontaneous polarization,

and Zhang et al. [84] and Wen et al. [85] have observed it by optical measurement.

The deviation is closely related to the interlayer interaction. Therefore, the molecular

reorientation in the pretransitional regime provides the essential information about the

molecular interaction between adjacent layers.

In this chapter, the molecular reorientation of the homogeneously aligned antifer-

roelectric liquid crystal, which is induced by an externally applied electric field, is

investigated by polarized Raman scattering measurements. The distribution of the

c-director along the axis perpendicular to the substrate plane, or Y axis, is estimated

by a model calculation. Comparison of the theory with the results obtained by the

model calculation shows the necessity of reconsidering the theoretical treatment of the

interlayer interaction and/or the process in the molecular reorientation induced by an

external electric field.

4.2 Experiment

The antiferroelectric liquid crystal sample used here is CS-4001 (Chisso Co.), which

shows the following phase sequence: isotropic – (88.2◦C) – SmA – (70.9◦C) – SmC∗ –

(69.4◦C) – SmC∗
γ – (68.6◦C) – SmC∗

A. The spontaneous polarization, Ps, is 7.97× 10−4

C m−2 at 25 ◦C.
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A homogeneously aligned cell of 4 µm thickness was prepared by sandwiching the

sample between two quartz substrates that were separated by spacer particles. The

substrates were coated with ITO (∼50 nm thick, ∼100 Ω/sq., ∼80% transmission at

500 nm) and aligning polyimide (Nissan Chemical, RN-1266, ∼200 nm thick). Only

one of the substrates was rubbed in one direction and sense. The cell was mounted in

a temperature-controlled oven (±0.1 K). Texture observation by a polarizing optical

microscope (Olympus, BX50) was performed to check the quality of alignment before

and after the polarized Raman scattering measurements.

Raman spectra were measured in the backward scattering geometry along the Ymeas

axis perpendicular to the substrate plane [86–88]. The Zmeas- and Xmeas-polarized

Raman spectra were obtained by rotating the sample cell from 0◦ to 180◦ about the

Ymeas axis when the incident laser was polarized along the Zmeas axis. Here the Xmeas,

Ymeas, and Zmeas axes constitute the right-handed measurement coordinate frame. The

Raman line at 1600 cm−1, which is assigned to the C-C stretching mode of benzene

ring, is suitable for the probe investigating the molecular ordering because this line is

well separated from the other lines and the tensor is almost parallel to the molecular

long axis. The Zmeas- and Xmeas-polarized Raman lines at 1600 cm−1 were fitted with

a Lorentzian curve and the integrated intensities, I‖,meas and I⊥,meas, were calculated.

The depolarization ratio of the Raman line in the isotropic phase, Riso = I‖,meas/I⊥,meas,

is 0.386. The green light at 514.5 nm from an Ar-ion laser (Spectra-Physics, BeamLok

2060) was used for excitation. The beam was focused on a well-aligned area of the

sample cell. The diameter of a focused spot was about 700 µm. The scattered light

was collected by a telescope lens (f = 130 mm and f/d = 1.3) and focused on an

optical fiber that transmitted the light to a monochromator (Spex, 270M) combined

with a multichannel detector (Princeton Instruments, IPDA 512). The incident laser

power was set at 0.5 W and the slit width of the monochromator was 200 µm.

The intensity of the laser light passing the cell and a polarizer that was set in the

crossed Nicol configuration was measured by a photodiode. The electro-optic response

was monitored for confirmation of the tristable switching.
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Figure 4.1: Tristable electro-optic response of CS-4001 in SmCA* at a frequency of 1

Hz triangular waveform field (40◦C).

4.3 Results

Figure 4.1 shows the electro-optic response at the frequency of 1 Hz in the crossed Nicol

configuration where the layer normal is perpendicular to the analyzer. The electro-optic

response exhibits typical tristable switching with a small pretransitional phenomenon.

The critical field of the transition from antiferro- to ferroelectric phase is approximately

9 V µm−1. The small pretransitional phenomenon below the critical field strength is

observed. This shows that the averaged molecular orientation deviates a little from the

layer normal and the deviation of ∆φ from π is small.

Figure 4.2 shows the polar plots of polarized Raman intensities of the phenyl C-

C stretching mode under the static electric field at 40◦C. Figure 4.2(a) was obtained

at the initial state without applying any electric field, which is prepared by cooling

down from the isotropic phase. Figures 4.2(b) and 4.2(c) were obtained in the pretran-

sitional regime and Fig. 4.2(d) was obtained in the field-induced ferroelectric phase.

The Raman intensities of the phenyl C-C stretching mode at 1600 cm−1 are plotted
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Figure 4.2: Polar plots of polarized Raman intensities of the phenyl C-C stretching

mode at 1600 cm−1 (in arbitrary units) as a function of the rotation angle of the

sample cell (in degrees) at (a) the initial state without any electric field, (b) 3.5 V

µm−1, (c) 9.2 V µm−1, and (d) 11.5 V µm−1: •, IZ,meas; ◦, IX,meas. The solid lines show

the best-fitting results in the analyses.
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against the rotation angle of the cell, ω′. The points at ω′ = 0 and 180◦ indicate that

the layer normal is parallel to the polarization direction of the incident laser light;

ω′ = ω + ∆ω, where ∆ω is the deviation of the molecular averaged orientation axis

from the layer normal. The maximum point of I‖,meas(ω
′) gives the molecular averaged

orientation. It stays almost parallel to the layer normal below the critical electric field

[Figs. 4.2(a)–4.2(c)] and it tilts at 24.6◦ above that field [Fig. 4.2(d)]. The averaged

orientation tilts only 2.9◦ from the layer normal even at 9.2 V µm−1 just below the crit-

ical electric field [Fig. 4.2(c)]. This agrees with the small pretransitional phenomenon

in the electro-optic response as shown in Fig. 4.1. However, it is obvious that the

intensity of I⊥,meas(0
◦) decreases as the applied electric field strength increases. This

shows that some molecular reorientation is induced by the electric field although the

antiferroelectric ordering is kept.

When the Raman polarizability tensor of the phenyl C-C stretching mode has cylin-

drical symmetry, the I‖,meas(ω) and I⊥,meas(ω) give the apparent 2nd- and 4th-order

‘molecular’ orientational order parameters by means of the fitting procedure described

in Chapter 2 [86,88] because the longest principal axis of the tensor is almost parallel

to the molecular long axis. It should be noted that the ‘apparent’ orientational order

parameters obtained here represent not only the thermal fluctuation for an individual

molecule but also the ‘averaged’ molecular distribution which is projected to the XZ

plane when it is macroscopically observed along the Y axis (cf. Chapter 3) [86–88].

Even for an arbitrary molecular distribution, which may not be cylindrically symmet-

ric, the apparent center axis of the molecular distribution can be still determined so

that I‖,meas(ω) and I⊥,meas(ω) are written in the same forms as Eqs. (2.60) and (2.70),

provided that 〈P2(cos β)〉 and 〈P4(cos β)〉 are regarded as the corresponding apparent

ones, 〈P2(cos β)〉app and 〈P4(cos β)〉app (see Section 3.5). The molecular orientational

distributions that will be studied in this chapter are not generally cylindrically symmet-

ric; hence 〈P2(cos β)〉app and 〈P4(cos β)〉app will be determined by using experimentally

obtained I‖,meas(ω) and I⊥,meas(ω).

The solid lines in Figs. 4.2(a)–4.2(d) show the best-fitting results by Eq. (2.60) and

(2.70). Here, we use ng = 1.46, nX = 1.5, and ∆n ≡ nZ − nX = ∆n0〈P2(cos β)〉
with ∆n0 = 0.15 in the analysis. Typical errors in the fitting process are 0.02 for
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Figure 4.3: Apparent orientational order parameters under static electric field, •:
〈P2(cos β)〉app; ◦: 〈P4(cos β)〉app. The solid lines and dotted lines are 〈P2(cos β)〉app

and 〈P4(cos β)〉app given by the model calculation. The numbers beside the lines show

the values of ξbE; 1.0, 2.0, 3.5 and 5.0 V.

〈P2(cos β)〉app and 0.03 for 〈P4(cos β)〉app, respectively. The obtained orientational

order parameters from polarized Raman scattering are shown in Fig. 4.3 as a function

of the static electric field intensity. The order parameters are very small at the initial

state without applying any electric field strength and gradually increase with increasing

applied electric field strength. When the applied field exceeds the critical field strength

(9.5 V µm−1) and thus the ferroelectric phase is induced, the order parameters reach the

highest values. It is confirmed that the continuous molecular reorientation is induced

by the electric field in the pretransitional regime while keeping the antiferroelectric

anticlinic molecular ordering.
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4.4 Model Calculation

It was experimentally found that the molecular reorientation is induced by the external

applied electric field in the pretransitional regime. The orientational order parameters

are apparent as mentioned above and, therefore, in the tilted antiferroelectric smectic

phase, they depend not only on the molecular thermal fluctuation but also on the

spatial distribution of the c-director in the sample cell [86–88]. The applied electric

field used in this experiment suppresses the c-director fluctuation but it hardly affects

the molecular thermal fluctuation about the molecular long axis and the molecular

tilting angle from the layer normal. Therefore, the change in the orientational order

in the pretransitional regime indicates that the c-director reorientation is induced. To

elucidate the c-director reorientation in the pretransitional regime, a simple analog of

nematic n-director reorientation under an electric field in a homogeneous alignment cell

is assumed. The spatial distribution of the c-director is reproduced, the orientational

order parameters are calculated for the given distribution, and the results of these

model calculations are compared with the experimental results.

4.4.1 Spatial distribution of the c-director along the Y axis

In the case of the homogeneously aligned nematic sample cell, the molecular reorien-

tation is induced by an external electric field due to the dielectric anisotropy of the

molecule [89]. If the molecule is strongly anchored to the substrate surface, the ne-

matic n-director is deformed along the Y axis when an electric field exceeding the

Fréedericksz transition point is applied to the cell. Here the y axis is perpendicular

to the substrate plane. The distribution of the nematic n-director along the Y axis is

given by [89]

tan(π/4− θn/2) =

exp(−Y/ξn) + exp[(−d + Y ) /ξn]− exp(−d/ξn). (4.1)

Here, θn is the angle between the n-director and the substrate plane, d is the thickness

of the sample, Y is the displacement from the substrate surface, and ξn is given by

ξn =

√
K

∆εE2
, (4.2)
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Figure 4.4: Illustrations of the orientational geometry for the model calculation in §4.4.

(a) Bilayer structure in the SmCA* and its projection to the xy-plane parallel to the

smectic layer. The xz-plane is parallel to the substrate and the z-axis is perpendicular

to the smectic layer. The bookshelf layer structure is assumed. The open and filled

arrows represent the c-director in the even and odd numbered layers, respectively. The

molecule tilts at Θ with respect to the layer normal. (b) The spatial distribution of the

c-director reorientation along the y-axis in the pretransitional regime. The molecules

at both surfaces are fixed as φe = φo = 0 or b = 0.

where K is the elastic constant, ∆ε is the dielectric anisotropy, and E is electric field

strength applied along the Y axis. The parameter, ξn, is the ‘electric’ coherence length

and dominates the distribution of the nematic n-director along the Y axis.

The case in the antiferroelectric phase is considered [83]. The geometry based

on the double-layered structure model with the bookshelf structure is presumed for

simplicity, as illustrated in Fig. 4.4(a). The X, Y , and Z axes constitute the right-

handed layer frame. The Y axis is perpendicular to the substrate plane and parallel

to the Y axis. The Z axis is perpendicular to the layer. The molecules tilt at Θ

with respect to the Z axis or the layer normal. Φe and Φo are the angles between the

substrate plane and the c-directors of the even and odd numbered layers, respectively.
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Here, a = (Φe − Φo)/2 and b = (Φe + Φo)/2. a = 0 and a = π/2 give perfectly

aligned anticlinic antiferroelectric and synclinic ferroelectric ordering, respectively. At

the initial state without any electric field, the liquid crystal molecules are assumed to

be in the surface stabilized state with strong anchoring and uniform spatial distribution

of the c-directors; i.e., a = 0 and b = 0 at any Y . This is supported by an optical

microscope observation. The optical microscope observation shows that the texture

at the initial state is recovered from the state with an applied electric field unless the

field strength exceeds the critical one, which is higher than the critical field strength

inducing the phase transition. The electric spontaneous polarization within a layer, of

which magnitude is P0, is perpendicular to the c-director and the layer normal. The

spontaneous polarizations at even and odd layers cancel out when a = 0. When an

electric field exceeding the Fréedericksz transition point is applied along the Y axis,

a deviates from zero and the polarization P0 sin a appears. This polarization brings

about the rotation of the c-directors in the bulk while the c-directors at the surface are

fixed at b = 0 by the strong anchoring force. Thus, the deformation of the c-directors

occurs along the Y axis under the strong molecular anchoring condition [Fig. 4.4(b)].

In the present study, the dielectric anisotropy is negligible compared with P0 [83, 85].

Qian and Taylor showed theoretically that the field-induced coherence length about b

along the Y axis, ξb, is inversely proportional to the applied electric field strength [83].

Considering the analogy of the c-director in the antiferroelectric phase to the nematic

n-director, it is found that θn and ξn correspond to b and ξb, respectively. The spatial

distribution of b along the Y axis, fb(Y ), is given by substituting the above parameters

into eq. (4.1):

fb(Y ) = π/2

−2 arctan

[
exp

(−Y

ξb

)
+ exp

(−d + Y

ξb

)
− exp

(−d

ξb

)]
.

(4.3)
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4.4.2 Calculation of the apparent orientational order param-

eters

Next, we need to construct the relation between the molecular orientational geometry

in a single layer and the apparent orientational order parameters. The orientational

order parameters obtained in the electric-field-induced ferroelectric phase represent

the molecular distribution in a single layer. Since only the 2nd- and 4th-order terms

contribute to the Raman scattering process, the molecular orientational distribution

function in the (XE, YE, ZE)-molecular orientation frame is well approximated by

fmol,E(α, β, γ)

=
∑

L=0,2,4

2L + 1

8π2
〈PL(cos β)〉EPL(cos β). (4.4)

Here α, β, and γ are the Euler angles defined in the molecular orientation frame,

and 〈P2(cos β)〉E and 〈P4(cos β)〉E are the 2nd- and 4th-order parameters experimen-

tally obtained in the electric-field-induced ferroelectric SmC* phase. 〈P2(cos β)〉E and

〈P4(cos β)〉E result principally from molecular level fluctuations and slightly from the

imperfect alignment of the smectic layers as manifested by textures. In the (X, Y ,

Z)-layer frame, eq. (4.4) can be written as [11]

fmol,E(φ, θ, χ) = R̃(0, Θ, 0)fmol,E(α, β, γ)

=
∑

L=0,2,4

L∑
m=−L

2L + 1

8π2
〈PL(cos β)〉E

×D
(L)
m0 (0, Θ, 0)D

(L)∗
m0 (φ, θ, χ), (4.5)

where θ, φ, and χ are the Euler angles in the (X, Y , Z)-layer frame, R̃(0, Θ, 0) is the

rotation operator that transforms the reference from (XE, YE, ZE)-molecular frame

to (X, Y , Z)-layer frame, and D
(L)
m0 is the rotation matrix [11, 90]. Convoluting the

molecular fluctuation given by eq. (4.5) with the in-plane director distribution along

the Y axis, fY (φ′, θ′, χ′), we obtain the molecular orientational distribution function

fmol(φ, θ, χ)

=

∫ d

0

dy

∫ 2π

0

dφ′
∫ π

0

sin θ′dθ′
∫ 2π

0

dχ′

×fY(φ′, θ′, χ′)fmol,E(φ− φ′, θ − θ′, χ− χ′). (4.6)
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Here,

fY (φ′, θ′, χ′) = δ(θ′ −Θ)

×{δ [φ′ − fb(Y )] + δ [φ′ − fb(Y ) + π]}. (4.7)

From eqs. (4.4)–(4.7), we obtain the apparent molecular orientational Lth- (L=2 and

4) order parameters

〈PL(cos β)〉app =
L∑

m=−L

〈D(L)∗
m0 (φ, θ, χ)〉, (4.8)

with

〈D(L)∗
m0 (φ, θ, χ)〉 =

∫ 2π

0

dφ

∫ π

0

sin θdθ

∫ 2π

0

dχ

×D
(L)∗
m0 (φ, θ, χ)fm(φ, θ, χ). (4.9)

The model calculation with ξbE = 3.5 V gives good agreement with the experimen-

tal results (Fig. 4.3). At the initial state without any electric field, there is a slight

difference between the model calculation and the experimental result. The model cal-

culation at zero electric field gives the orientational order parameters in the surface

stabilized antiferroelectric state with uniform spatial distribution. The difference be-

tween those orientational order parameters at zero electric field indicates that the dis-

tribution of the c-director exists in the initial state. The helicity may remain partially

at the initial zero electric field in such a relatively thick sample cell. This helix may be

completely unwound at 4 V µm−1 in a thick sample cell [91]. The model calculation

supports the mechanism proposed by Qian and Taylor for the molecular reorientation

in the pretransitional regime [83].

4.5 Discussion

The electric coherence length ξb estimated here is 3.5/E m. The theoretical prediction

of ξb is approximately given by the following equation derived by Qian and Taylor [83]:

ξb =

√
4(U + 2J)K sin2 Θ

P 2
0 E2

, (4.10)
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Figure 4.5: Spatial distribution of b along the y-axis at 9.2 V µm−1 just below the

critical field. The solid line is calculated based on the experimental estimation (ξbE =

3.5 V) and the broken line is from the theoretical prediction (ξbE = 0.30 V). The

abscissa is normalized by the sample thickness, d = 4 µm.

where U and J are the coupling coefficients of the dipolar and quadrupolar terms in

the expansion of the free energy of the interlayer interaction, finter [83, 92]:

finter = −U cos 2a− J

2
cos 4a. (4.11)

Here, P0 = 7.97×10−4 C m−2 and Θ = 24.6◦. Parry-Jones and Elston have experimen-

tally estimated U = 2.2× 103 J m−3 and J = 2.9× 103 J m−3 [92]. With K = 10−11 N

as a typical value, ξbE = 0.30 V is predicted. This predicted value is much shorter than

the above estimation. This large discrepancy can be clearly seen in the distribution of

b along the Y axis (Fig. 4.5). The value of b given by the theoretical model proposed by

Qian and Taylor is almost constant in the bulk, but the experimental result indicates

that b exhibits a large distribution even just below the critical electric field.

One may suspect that the presumed initial structure with uniform spatial distri-

bution along the Y axis is not appropriate in the model calculation. Mottram and

Elston suggested the twisted antiferroelectric state for the ground state with a strong

polar anchoring condition [93]. When sufficient electric field is applied to the cell so
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that b is π/2 in the middle of the sample cell, the uniform state and the twisted state

show no difference in the apparent orientational order parameters because the aver-

aged distributions of the c-director are almost identical in the antiferroelectric state

with consideration of symmetry in the experiment. Therefore, the value of ξb at high

field is independent of the initial state.

The discrepancy between the experimental result and the theoretical prediction is

partially due to the reduction of the applied electric field strength. The alignment

layer, the thickness of which is about one-tenth of the liquid crystal slab, reduces

the applied electric field by 50% at the most due to its high resistance [84, 85, 94].

The ionic impurity, which is brought about by decomposing the polyimide due to

the continuously incident laser light [95], also reduces the electric field to a certain

extent. Moreover, there is uncertainty of the elastic constant. However, the above is

not sufficient to explain such a large discrepancy. Previous works had also recognized

the discrepancy between the theory and the experimental results at the critical electric

field strength inducing Fréedericksz transition in the antiferroelectric phase [84,85]. The

experimental value was at least twice as large as the theoretically predicted one. They

have mentioned the simplicity in the model used there in addition to the uncertainty

of the elastic constant as the cause of the discrepancy. The models used there and

proposed by Qian and Taylor neglect sugh minor contributions as the next-nearest-

neighbor contribution [96] that was mentioned by Wen et al. [85], the electrostatic

effect due to the divergence of the spontaneous polarization [97], the higher terms in

the expansion of the interlayer interaction, and the dielectric anisotropy.

We should mention the magnitude of spontaneous polarization. The biased direc-

tion of the liquid crystal molecule around its long axis is different between the antiferro-

and ferroelectric phases [21, 68, 69]. Hence, the effective spontaneous polarization in a

single layer, which is perpendicular to the tilting plane, is also different. The difference

in the effective spontaneous polarization would be a major contributor to the discrep-

ancy here because of the linear dependence on ξb as seen in Eq. (4.10). This difference

in the effective spontaneous polarization should be considered in the theory treating

the field-induced phase transition and its dynamic process that follows the balance

of physical properties such as interlayer interaction, external field, and so on. These
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changes in the biased direction and the consequent spontaneous polarization between

these phases may be responsible for the cooperative effects in the phase transition.

4.6 Summary

The apparent orientational order parameters are obtained by polarized Raman scat-

tering in the pretransitional regime from the antiferro- to ferroelectric smectic phase

at various external electric field strengths. The order parameters increased with in-

creasing electric field strength below the critical field strength where the transition

from antiferro- to ferroelectric phase occurred, while the apparent tilt angle remained

almost zero. The change in those parameters clearly revealed the reorientation of the

c-director. This reorientation of the c-director was well represented by the equation

that describes the field-induced deformation of a nematic n-director. The estimated

electric coherence length, which is inversely proportional to the applied field strength,

was much larger than the theoretical prediction by Qian and Taylor. This suggests the

necessity of a more precise description of the interlayer interaction in the tilted smectic

phase, including the dependence of the effective spontaneous polarization on the phase.
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Chapter 5

Orientational Distribution in

Smectic Liquid Crystals showing

V-shaped Switching Investigated by

Polarized Raman Scattering

[Published in Physical Review Letter 87, 015701 (2001) and Physical Review E 64,

041714 (2001)]

5.1 Introduction

The electric field induced phase transition between SmCA* and SmC* phases is, usu-

ally, of first order and characterized by dc threshold, hysteresis, and fingerlike boundary

propagation; it is designated as the tristable switching (cf. Chapter 4). However, the

electric-field-induced continuous reorientation of a spatially uniform optic axis was ob-

served as the V-shaped switching or the thresholdless analogue optical effect in two

kinds of mixtures consisting of some homologues of the prototyped antiferroelectric liq-

uid crystals, MHPOBC and TFMHPOBC [43,50–52,98], which were designated as the

Inui mixture [Fig. 5.1(A)] and the Mitsui mixture [Fig. 5.1(B)]. These materials exhibit

ferro-, ferri-, and/or antiferroelectric phases in thick free-standing films, however, the
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V-shaped switching is observed in thin homogeneous cells. It shows neither threshold

nor hysteresis, and occurring uniformly without any boundary movement [43,50,53,98].

This peculiar switching has attracted much attention because of its potential applica-

tions to a new generation of liquid crystal displays [44–49].

The random switching model was proposed for the V-shaped switching. This

switching was regarded as the Langevin-type reorientation process of local in-plane

directors, the tilting directions of which are randomly distributed from smectic layer

to layer. The tilting correlation of the local in-plane directors between adjacent lay-

ers was considered to be lost because of the frustration between ferroelectricity and

antiferroelectricity [43, 50–53]. An increasing electric field causes the increasing net

spontaneous polarization against the thermal agitation. Another explanation has also

been made successfully by the effective internal field model [99]. Seomun et al. [100]

and Pociecha [101] confirmed that substrate interfaces destroy the antiferroelectric or-

der in thin homogeneous cells, apparently promoting the randomization of the local

in-plane directors from layer to layer. Pociecha et al. recognized the importance of the

frustration in their mixture and proposed a cluster model [101, 102]. They considered

that their observed gradual evolution of polar properties results from the concentration

change of ferroelectric and antiferroelectric clusters of sizes smaller than the visible light

wavelength. There exists no big difference between the cluster and random models, if

the concept of clusters is replaced by the correlation lengths parallel and perpendicular

to the smectic layer, ξ‖ and ξ⊥, as introduced in the random model. The question

concerning the loss of information about the tilting direction between layers is of high

physical interest.

On the other hand, Takezoe et al. [54], Park et al. [23,55], Rudquist et al. [56], and

Clark et al. [57] asserted the charge stabilization and/or the highly collective rotation

of the local in-plane directors on the SmC* tilt cone in the macroscopic scale, and

that the frustration did not play any essential role. The polarized IR spectroscopic

study indicated the almost complete director alignment parallel to a plane vertical to

the substrate plates at zero electric field, which supports the collective rotation [23].

More recently, however, Seomun et al. showed that the alignment is not so ideal that

supports the charge stabilization [95,103,104].
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The purpose of this chapter is to understand the mechanism of the V-shaped

switching. As a first step, a method of elucidating the alignments of local in-plane

directors at the tip of the V was established by utilizing polarized Raman scatter-

ing [10, 11, 86, 87, 105]. I have studied the molecular alignments in the two materials,

one component of the Inui mixtures [compound (a)] and the Mitsui mixture (Fig. 5.1).

In both of the materials, the antiferroelectric phase exists at low temperatures in the

bulk but is not stable enough in thin homogeneous cells. The V-shaped switching is

always observed at least in the high-temperature region of the antiferroelectric phase.

In compound (a), however, it is stable to some extent even in thin homogeneous cells,

because the tristable switching is observed in the first-run while the V-shaped switching

appears in the subsequence.

5.2 Experiment

Homogeneous cells of compound (a) and the Mitsui mixture listed in Fig. 5.1 were pre-

pared by sandwiching the sample between two quartz substrates separated by spacer

particles of 2 µm in diameter. The substrates were coated with indium tin oxide (∼50

nm thick, ∼100 Ω/sq, ∼80 % transmission at 500 nm) and aligning polyimide (Nissan

Chemical, RN-1266, ∼200 nm thick). The polyimide was carefully chosen to avoid the

excess heating due to laser light absorption [95]. The only one of the substrates was

rubbed in one direction and sense. The cell was mounted in a temperature-controlled

oven (±0.1 K). The texture was monitored with a polarizing optical microscope (Olym-

pus, BX50) for checking the alignment quality in each phase.

Raman spectra were obtained in the backward scattering geometry along the Y axis

perpendicular to the substrate plates [86, 87]. The Zmeas- and Xmeas-polarized Raman

intensities, I‖,meas and I⊥,meas, due to the C-C stretching mode of three benzene rings

with a frequency of 1600 cm−1 were obtained by rotating the sample cell from 0◦ to 180◦

about the Y axis. Here the X, Y , and Z axes constitute the right-handed laboratory

frame. The green light at 514.5 nm from an argon ion laser (Spectra-Physics, BeamLok

2060) was used for excitation. The beam was focused on a well-aligned area of the

sample cell. The diameter of a focused spot was about 700 µm. The backscattered
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Figure 5.1: Chemical structures and phase sequences of (A) Inui mixture, (B) Mitsui

mixture, and compound (a).
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light was collected by a telescope lens (f = 130 mm and f/d = 1.3) and focused on an

optical fiber, which transmitted the light to a monochromator (Spex, 270M) combined

with a multichannel detector (Princeton Instruments, IPDA 512). The incident laser

power was set at 0.5 W and the slit width of the monochromator was 200 µm.

The V-shaped switching was obtained by applying an electric field of triangular

waveform to the cell at a frequency of 1 Hz. The scattered light at the tip of the V

was detected by applying gated pulses of 4 msec width to the detector. I monitored

laser light passing through the cell and a polarizer that was set in the crossed Nicol

configuration by a photodiode during the Raman scattering measurement, confirming

the V-shaped switching.

5.3 Results

Figure 5.2(A) shows the Raman spectra of compound (a) at 50 ◦C and Fig. 5.2(B)

those of the Mitsui mixture at 110 ◦C in the isotropic phase. The Raman line due

to the C-C stretching mode of phenyl rings at 1600 cm−1 used is well isolated from

other lines. The principal axis with the largest Raman scattering tensor component,

α‖, is almost parallel to the molecular long axis. Consequently, the orientational order

parameters of the molecules can be determined by measuring the polarized Raman

scattered intensities of the phenyl ring stretching line [86]. The depolarization ratios

were 0.391 in compound (a) and 0.356 in the Mitsui mixture, respectively.

5.3.1 Compound (a)

The thin homogeneous cell of compound (a) shows a tristable electro-optic response

at 26 ◦C in the antiferroelectric phase when a dc electric field E is applied statically.

Raman intensities of phenyl line, I‖,meas(ω
′) and I⊥,meas(ω

′), are plotted against the

rotation angle of the sample cell in Figs. 5.3(A)[(i)–(iii)]. The smectic layer normal is

along the line connecting 0◦ to 180◦ in the figure. The maximum position of I‖,meas(ω
′),

ω0, gives the averaged molecular orientation; ω′ = ω + ω0. The fitting procedures

described in Chapter 2 give the apparent order parameters as summarized in Table

5.1(A). Here, ng = 1.46, nX = 1.5, and ∆n ≡ nZ − nX = ∆n0〈P2(cos β)〉 with
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Figure 5.2: Polarized Raman spectra in isotropic phase; (A) compound (a) at 50 ◦C

and (B) Mitsui mixture at 110 ◦C.
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Figure 5.3: Polar plots of polarized Raman scattering intensity (in arbitrary units)

vs polarization direction of incident laser light (in degree) for the phenyl line. (A)

Compound (a) in antiferroelectric phase at 26 ◦C under statically applied electric fields

of (i) E = 0 V, (ii) E = 2.3 V/µm, (iii) E = 4.6 V/µm, and (iv) at the tip of the V

under dynamically applied electric field, (B) Mitsui mixture in antiferroelectric phase

at 40 ◦C under statically applied electric fields of (i) E = 0 V, (ii) E = 1.8 V/µm,

(iii) E = 5.6 V/µm, and (iv) at the tip of the V under dynamically applied electric

field. Closed and open circles represent I‖,meas(ω
′) and I⊥,meas(ω

′), respectively. The

relative intensity of I⊥,meas(ω
′) is enlarged by twice as compared to that of I‖,meas(ω

′).

Solid lines show the best-fitting results of Eqs. (2.60) and (2.70) with 〈P2(cos β)〉app

and 〈P4(cos β)〉app given in Table 5.1.
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Table 5.1: Obtained apparent orientational order parameters; (A) compound (a) at

26◦C and (B) Mitsui mixture at 40◦C.

(A) compound (a)

field (V/µm) 〈P2(cos β)〉app 〈P4(cos β)〉app

0 (dc) 0.40 ± 0.01 -0.02 ± 0.01

2.3 (dc) 0.45 ± 0.01 0.04 ± 0.02

4.6 (dc) 0.78 ± 0.02 0.47 ± 0.04

0 (1 Hz) 0.70 ± 0.03 0.35 ± 0.05

(B) Mitsui mixture

0 (dc) 0.45 ± 0.01 -0.11 ± 0.01

1.8 (dc) 0.46 ± 0.01 -0.02 ± 0.01

5.6 (dc) 0.78 ± 0.01 0.48 ± 0.02

0 (1 Hz) 0.58 ± 0.03 0.20 ± 0.04

∆n0 = 0.15 are used in the analysis. The maximum position points to the layer normal

at E = 0 [Fig. 5.3(A), (i)], because the numbers of layers tilting to the right and to the

left are identical in the antiferroelectric phase and their tilt angles are canceled out in

the macroscopic average. The orientational order parameters are considerably small.

When the dc field below 3.5 V/µm, which is the threshold field from antiferroelectric

to ferroelectric state, is applied, the maximum position of I‖,meas scarcely tilts from the

layer normal [Fig. 5.3(A), (ii)] but the order parameters slightly increases. This means

that the local in-plane directors rotate without destroying the antiferroelectric anticlinic

structure. [84,85]. When the electric field above the threshold is applied, the maximum

position of I‖,meas tilts by 28.5◦ from the smectic layer normal [Fig. 5.3(A), (iii).] The

large order parameters reflect that all the local in-plane directors are oriented in one

direction parallel to the substrate plates. These changes clearly indicate the tristable
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switching.

The V-shaped switching observed by applying an electric field of triangular wave-

form at 1 Hz is shown in Fig. 5.4(A), where the transmittance of light is plotted against

the applied electric field. The transmittance is saturated at about 2.5 V/µm. The po-

larized Raman scattering was measured at the tip of the V. The intensities are plotted

against the rotation angle of the sample cell in Fig. 5.3(A) [(iv)] as a polar plot. The

molecules are oriented parallel to the layer normal as is clear in the profile of I‖,meas.

The orientational order parameters are given in Table 5.1.

5.3.2 Mitsui mixture

The Mitsui mixture shows the V-shaped switching when a dc electric field is applied.

Any macroscopic domains are not generated in this switching process. Only the ex-

tinction direction changes continuously with increasing the applied electric field.

Figures 5.3(B)[(i)–(iii)] are polar plots of the polarized Raman scattering intensi-

ties in the Mitsui mixsture under dc electric fields at 40◦C. Table 5.1(B) summarizes

the corresponding apparent order parameters. This material shows an antiferroelectric

phase in the free-standing film at this temperature. At E = 0, the maximum posi-

tion of I‖,meas points to the layer normal [Fig. 5.3(B), (i)] and hence the apparent tilt

angle is zero. The small order parameters indicates that the surface-stabilized state

is realized as in compound (a). With an increase in the applied electric field, the ap-

parent molecular tilt angle becomes larger continuously. No threshold is observed and

the transmittance shows the V-shaped switching. At E = 1.8 V/µm, the maximum

position of I‖,meas tilts from the layer normal by 14◦ [Fig. 5.3(B), (ii)] but the order

parameters, 〈P2(cos β)〉app and 〈P4(cos β)〉app, increase only slightly as given in Table

5.1(B). The transmittance is saturated at about 4 V/µm, where the ferroelectric state

is attained. The maximum position of I‖,meas tilts from the layer normal by 26.3◦ at

E = 5.6 V/µm [Fig. 5.3(B), (iii).]

Figure 5.4(B) shows the V-shaped switching in the Mitsui mixture at 40◦C when

the electric field of triangular waveform is applied at 1 Hz. The transmittance saturates

at about 4 V/µm as in the case of applying an dc electric field mentioned above. The
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Figure 5.4: Optical response under the crossed Nicol configuration when the polariza-

tion direction of the incident laser light is parallel to the layer normal; (A) compound

(a) at 26◦C and (B) Mitsui mixture at 40◦C. Transmittance of light is plotted against

the applied field.
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polarized Raman scattering intensity measured at the tip of the V-shaped switching

is shown in Fig. 5.3(B), [(iv)]. This profile indicates that the molecular distribution

center axis is parallel to the layer normal. The fitting procedures described in Chapter

2 give the apparent order parameters [Table 5.1(B).] ng = 1.46, nX = 1.5, and ∆n ≡
nZ − nX = ∆n0〈P2(cos β)〉 with ∆n0 = 0.15 are also used in the analysis.

5.4 Model calculation

To elucidate the alignment change of local in-plane directors in the switching process by

polarized Raman scattering, first some typical distributions of local in-plane directors

are presupposed, their apparent order parameters, 〈P2(cos β)〉app and 〈P4(cos β)〉app, are

calculated, and the experimentally obtained apparent order parameters are compared

with the calculated results. It is first assumed that the smectic layer structure is

not chevron but bookshelf for the sake of simplicity. The geometry is drawn in the

Fig. 5.5(a). The chevron structure complicates the calculations but its influence on the

simulated results is relatively small as will be shown later. The following three typical

distributions of local in-plane directors were assumed:

fd(φ, θ, χ) =
1

4π
√

2πσd

exp

[
−(φ− π/2)2

2σ2
d

]
δ(θ −Θ), type 1 (5.1)

fd(φ, θ, χ) =
1

8π
√

2πσd

{
exp

(
− φ2

2σ2
d

)
+ exp

[
−(φ− π)2

2σ2
d

]}
δ(θ −Θ), type 2 (5.2)

and

fd(φ, θ, χ) = δ(θ −Θ)/(8π2), type 3. (5.3)

Here φ, θ, and χ are the Euler angles in the right-handed smectic layer frame. φ shows

the azimuthal angle of the local in-plane director and φ = 0 corresponds to the Xl

axis. The Zl axis is along the smectic layer normal and the Yl axis is perpendicular to

the substrate plates [86]. The Yl and Y axes are taken to coincide each other. Type

1 is motivated by SmC* in the Inui mixture [23, 55–57], type 2 by surface-stabilized

SmCA* [84], and type 3 by the random model [43,50,51,53]. These three models have

symmetry axes parallel to the layer normal.
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Since only the second- and forth- order terms contribute to the Raman scattering

process, the molecular orientational distribution function in the XEYEZE molecular

orientation frame is well approximated by

fmol,E(α, β, γ)

=
∑

L=0,2,4

2L + 1

8π2
〈PL(cos β)〉EPL(cos β). (5.4)

Here α, β, and γ are the Euler angles in the molecular orientation frame, 〈P2(cos β)〉E
and 〈P4(cos β)〉E are the apparent second- and fourth- order parameters experimentally

obtained in the electric-field-induced ferroelectric SmC* state, which result principally

from molecular level fluctuations and slightly from the imperfect alignment of the

smectic layers as manifested by textures. In the XlYlZl smectic layer frame, Eq. (5.4)

can be written as [11]

fmol,E(φ, θ, χ) = R̃(0, Θ, 0)fmol,E(α, β, γ)

=
1

8π2

∑
L=0,2,4

L∑
m=−L

〈PL(cos β)〉E

×D
(L)
m0 (0, Θ, 0)D

(L)∗
m0 (φ, θ, χ), (5.5)

where D
(L)
m0 (0, Θ, 0) is a rotation matrix, and R̃(0, Θ, 0) is the rotation operator that

transforms the XEYEZE to XlYlZl-coordinate frames. Convoluting the molecular fluc-

tuation given by Eq. (5.5) with one of the in-plane director distribution given by

Eqs. (5.1)–(5.3), the molecular orientational distribution function fmol is obtained by

fmol(φ, θ, χ)

=

∫ 2π

0

∫ π

0

∫ 2π

0

fd(φ
′, θ′, χ′)

×fmol,E(φ− φ′, θ − θ′, χ− χ′)dφ′ sin θ′dθ′dχ′. (5.6)

Inserting Eqs. (5.4) and (5.5) into Eq. (5.6), we obtain the apparent molecular orien-

tational Lth (L=2 and 4) order parameters

〈PL(cos β)〉app =
L∑

m=−L

〈D(L)∗
m0 (φ, θ, χ)〉, (5.7)

with

〈D(L)∗
m0 (φ, θ, χ)〉 =

∫ 2π

0

∫ π

0

∫ 2π

0

D
(L)∗
m0 (φ, θ, χ)

×fmol(φ, θ, χ)dφ sin θdθdχ. (5.8)
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Table 5.2: Simulated orientational order parameters of compound (a) for the bookshelf

layer structure. The molecular tilt angles used for simulations were 28.5◦ at 26◦C and

24.7◦ at 32◦C, which were determined experimentally by applying dc electric field

above the saturation value.

26◦C 32◦C

σd (◦) 〈P2(cos β)〉app 〈P4(cos β)〉app 〈P2(cos β)〉app 〈P4(cos β)〉app

Type 1 0 0.70 0.38 0.64 0.30

10 0.68 0.35 0.63 0.29

20 0.65 0.28 0.61 0.25

Type 2 0 0.38 −0.14 0.42 −0.03

30 0.42 −0.08 0.46 0.02

Type 3 – 0.50 0.04 0.51 0.09

The results of the model calculation for compound (a) is listed in Table 5.2. The

orientational order parameters experimentally obtained at 26◦C with no applied electric

field are well reproduced by the result of the type 2 model with a small σd. Moreover,

the compound (a) exhibits the tristable switching under statically applied electric field,

as mentioned before. These results suggest that the usual surface-stabilized anticlinic

molecular alignment without helical structure is formed. The orientational order pa-

rameters at the tip of the V are well described by the result of the type 1 with a very

small σd. The 〈P2(cos β)〉app of 0.63±0.03 and 〈P4(cos β)〉app of 0.27±0.05 were also

obtained, respectively, at the tip of the V at 32◦C in the ferrielectric phase. These

orientational order parameters also coincide with the result of the type 1 with a very

small σd. Hence, for the compound (a), the small distribution at the tip of the V

suggests collective rotation of the local in-plane director.

Table 5.3 summarizes the results of the model calculation for the Mitsui mixture.

At 40 ◦C with no dc field, the orientational order parameters agree with the results

given by type 2 with σd = 0◦. This result suggests the surface-stabilized molecular

alignment. However, the V-shaped switching in the firstrun indicates that the state is
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Table 5.3: Simulated orientational order parameters of Mitsui mixture for the bookshelf

layer structure. The molecular tilt angles used for simulations were 26.3◦ at 40◦C and

22.8◦ at 60◦C, which were determined experimentally by applying dc electric field above

the saturation value.

40◦C 60◦C

σd (◦) 〈P2(cos β)〉app 〈P4(cos β)〉app 〈P2(cos β)〉app 〈P4(cos β)〉app

Type 1 0 0.74 0.41 0.74 0.42

30 0.65 0.25 0.68 0.30

60 0.57 0.12 0.61 0.19

Type 2 0 0.43 −0.10 0.50 −0.01

30 0.48 −0.03 0.54 0.06

Type 3 – 0.55 0.09 0.60 0.16

not the usual antiferroelectric, anticlinic molecular alignment. The orientational order

parameters at the tip of the V are described by the type 3 or the type 1 with a large

σd. The orientational order parameters were also obtained at 60◦C, where the phase

was ferroelectric in a free-standing film. 〈P2(cos β)〉app of 0.60±0.03 and 〈P4(cos β)〉app

of 0.12±0.05 were obtained, respectively, at the tip of the V. These values were well

described by the type 3 (Table 5.3). Consequently, the molecular orientation of the

Mitsui mixture at the tip of the V is characterized by the considerable large distribution

of the local in-plane directors.

When the chevron structure was considered, Eq. (5.5) should be modified. The

geometry with the chevron layer structure is drawn in Fig. 5.5(b). The Zl axis, which

represents the smectic layer normal, is inclined at Θc from Zc axis which is parallel to

the substrate plane. The Xc, Yc, and Zc axes constitute the right-handed Cartesian

coordinate frame. The Xc axis is identical with the Xl axis. When the model of the

type 1 with σd = 0 is applied to the tip of the V, the local in-plane director has two

choice of either point, P or P ′, which are not identical now. It is reasonable to select

P with the smaller inclined angle with respect to the substrate plane. The molecular
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Table 5.4: Simulated orientational order parameters of compound (a) for the chevron

layer structure. The chevron angle was assumed at 15◦. The other parameters were

identical with Table 5.2

26◦C 32◦C

σd (◦) 〈P2(cos β)〉app 〈P4(cos β)〉app 〈P2(cos β)〉app 〈P4(cos β)〉app

Type 1 0 0.74 0.45 0.68 0.35

Type 2 0 0.37 −0.12 0.41 −0.03

Type 3 – 0.49 0.04 0.49 0.09

distribution function was given by

fc(φc, θc, χc) = R̃(−π/2, Θc, 0)fmol(φ, θ, χ), (5.9)

where R̃(−π/2, Θc, 0) is the rotation operator that transforms the XlYlZl to the XcYcZc-

coordinate frames. In the models of type 2 and 3, the center axis of the molecular

orientational distribution, which is parallel to the layer normal, is inclined at Θc with

respect to the substrate plane. Thus, the apparent orientational order parameters were

calculated by considering the chevron layer structure in Eqs. (5.1)–(5.9). Tables 5.4

and 5.5 show the results of the model calculation that takes into consideration the

chevron structure for the compound (a) and the Mitsui mixture, respectively. The

chevron angle of 15◦ was assumed because the angle was up to 12◦ [55]. 〈PL(cos β)〉E
used for this calculation were identical with those used in the calculation with the

bookshelf structure because the sufficiently high electric field induces the deformation

to the bookshelf structure from the chevron structure [70]. The results showed that

the chevron structure does not affect the essential understandings of the molecular

distribution at the tip of the V.

Let us consider the polarization-stabilized twisted SmC* structure proposed by

Rudquist et al. [56]. The bookshelf structure is also presumed here. The spatial

distribution of the local in-plane director along the Yl axis can be divided into three

parts, that is, the bulk of uniform orientation structure with high coherence at φ = π/2

in the middle of the cell and the upper and lower thin surface regions with twisted
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Table 5.5: Simulated orientational order parameters of Mitsui mixture for the chevron

layer structure. The chevron angle was assumed at 15◦. The other parameters were

identical with Table 5.3

40◦C 60◦C

σd (◦) 〈P2(cos β)〉app 〈P4(cos β)〉app 〈P2(cos β)〉app 〈P4(cos β)〉app

Type 1 0 0.77 0.47 0.77 0.46

Type 2 0 0.42 −0.09 0.49 −0.01

Type 3 – 0.54 0.08 0.59 0.15

structure. As we go from one substrate to the other of the liquid crystal sample cell,

φ increases from zero at one substrate to π/2 at the interface between the surface and

bulk regions, keeps π/2 in the bulk region, and increases again from π/2 to π at the

other substrate. When the joined two surface regions are supposed to be one uniform

twisted structure, the distribution of the local in-plane director is given by the same

function as Eq. (5.3) provided the distribution along the Yl axis instead of the Zl axis

is considered. The distribution in the bulk region is represented by Eq. (5.1) with

σd = 0. The averaged distribution of the local in-plane director depends on the ratio of

the surface regions in the entire space. The highest value of the apparent orientational

order parameter is given in the entire bulk region of the sample cell (type 1 with σd in

Table 5.2 and 5.3), and the lowest value in the entire surface regions (type 3 in Table

5.2 and 5.3.) This means that the apparent orientational order parameter decreases

with an increase of the ratio of the surface regions to the bulk region, and vice versa.

The orientational order parameters of the compound (a) at the tip of the V are well

described by the type 1. This indicates that the surface regions must be sufficiently

thin. On the other hand, in the case of the Mitsui mixture, the low order parameters

at the tip of the V can be described by the type 3. This suggests that the surface

regions have very large space in the sample cell. However, the twisted structure that

extends throughout the cell does not give a dark state. The thickness of the surface

regions must be less than the wavelength of the visible light for obtaining the dark
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state at the tip of the V. Therefore, the polarization-stabilized twisted SmC* structure

is inappropriate for the Mitsui mixture.

5.5 Discussion

In this way, the V-shaped switching is observed in both extremes of local in-plane

director distributions at the tip of the V. One is considerably concentrated at a partic-

ular direction or two equivalent ones parallel to a plane perpendicular to the substrate

plates, and the other is quite broadly distributed around the smectic layer normal.

The former is described by Eq. (5.1) with a very small σd and the latter by Eq. (5.3).

Two independent mechanisms may be possible to cause the two types of the V-shaped

switching, which look apparently the same. However, both the compound (a) and the

Mitsui mixture here investigated belong to a group of materials developed under the

guiding principle of frustrating ferroelectricity and antiferroelectricity. These materials

are closely related to the prototyped antiferroelectric liquid crystals, MHPOBC and

TFMHPOBC, and have the quite similar molecular structures around the chiral centers.

Moreover, our preliminary studies indicate that there exist some materials in which the

distribution of the in-plane directors at the tip of the V is given by Eq. (5.1) with a

large standard deviation σd [106]. Any distribution between both the extremes appears

to be realized by an actual material. Consequently, it is natural to attribute a common

cause for the V-shaped switching under consideration. When the director distribution

is really concentrated, the charge stabilization and/or the highly collective azimuthal

angle rotation of the local in-plane directors on the SmC* tilt cone in a macroscopic

scale can meet the spatial uniformity during the V-shaped switching [23,54–57]. In the

switching process from the electric-field-induced ferroelectric state to the one at the

tip of the V, however, the highly collective azimuthal angle rotation in a macroscopic

scale could hardly explain the spatial uniformity. It is general to anticipate domain

formations due to the spatial irregularity on the substrate interfaces in the critical

electric field at which the switching starts to occur. The same explanation does not

hold for the quite broad distribution as in the Mitsui mixture, either.

Since the electric-field-induced continuous rotation of a spatially uniform optic axis
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characterizes the switching, the spatial non-uniformity of local in-plane directors must

be restricted within regions smaller than the visible wavelength scale. What is essen-

tial to the V-shaped switching under consideration is the easy formation of invisible

microdomains in case of need. This must be assured by the extreme softness with

respect to the tilting directions and sense that results from the frustration between

ferroelectricity and antiferroelectricity. This softness is also indicated by the phenom-

ena of the phase destruction in a thin cell of the Mitsui mixture and of the very slow

recovery from the state (alignment) dynamically realized at the tip of the V to the

stable one at zero field in compound a. An open question is whether the dynamic

state is ferroelectric or not [56, 73, 81]? In previous papers, it was reported that the

higher temperature phase above the antiferroelectric one is ferrielectric in compound

a and the Inui mixture [51, 52]. However, recent studies [106, 107] indicate that it is

peculiar ferroelectric SmC*. Because of the biaxial anchoring on polyimide aligning

films, the so-called surface stabilized states becomes destabilized and the total anchor-

ing energy of molecules on the SmC* tilt cone is almost independent of the azimuthal

angle. Hence the relatively weak in-plane anchoring must force the molecules to align

along the rubbing direction. In addition, the distribution around the rubbing direction

may become broad when the twisting power is large. The biaxial anchoring of sub-

strate interfaces destroy the antiferroelectric order and produce the broadly distributed

alignment at zero dc field in the Mitsui mixture, which is clearly different from ordi-

nary helical SmC* because no Goldstone mode is observed. The alignment at the tip

of the V, also broadly distributed and almost described by Eq. (5.3), may be much

closer to ordinary helical SmC*; the Goldstone mode may be observed by dynamically

measuring the dielectric constant at the tip of the V [56]. The details of evolution from

antiferroelectric to ferroelectric are future problems to be studied.

Now, let us consider that the frustration between ferroelectricity and antiferroelec-

tricity from a viewpoint of the free energy that is related with the interaction between

the adjacent layers. Considering the symmetry of the phase, the averaged interlayer

interaction can be represented in the following form with taking the first two Fourier

components [65,83].

v(∆φ) = v1 cos ∆φ− v2 cos 2∆φ, (5.10)
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where ∆φ is an azimuthal angle difference between the local in-plane directors of ad-

jacent layers; ∆φ = 0 and ∆φ = π represent the synclinic and the anticlinic orderings,

respectively. A small deviation due to the helicity is ignored. Positive v1 promotes

the anticlinic ordering while v2 represents the energy barrier between synclinic and

anticlinic ordering. The distribution of the local in-plane directors critically depends

on the barrier v2. The small v1 and relatively large v2 compared with the thermal

agitation give a long relaxation time from synclinic to anticlinic ordering. Therefore,

the synclinic ordering is conserved under periodically applied electric field at an ap-

propriate frequency for the V-shaped switching. The electric-field-induced ferroelectric

state, which is characterized with a small distribution of the in-plane directors, may

rotate almost collectively because the total anchoring energy on the SmC* tilt cone

is nearly independent of the azimuthal angle [23, 54–57, 95, 103, 104, 106, 107]. This is

actually observed in compound (a). When v2 is sufficiently small so that the substrate

interfaces destroy the anticlinic, antiferroelectric structure [101, 106, 107], the thresh-

oldless switching occurs even in the first run as actually observed in the Mitsui mixture.

Moreover, the spatial irregularity on the substrate interfaces, together with the strong

twisting power, may promote the large distribution of φ during the V-shaped switching.

This type of the switching corresponds to the Mitsui mixture.

Actually, the Mitsui mixture is on the subtle balance between the ferroelectricity

and antiferroelectricity. In the mixture of compounds (d) and (e), the electro-optic

response is really depend on the mixing ratio. Seomun et al. [51,100] studied the system

in detail, obtaining the temperature mixing ratio phase diagram in thick free-standing

films and the corresponding diagram in thin homogeneous cells. At the concentration

of 63:37, only one liquid crystal phase other than SmA is distinguished in the latter,

while five tilted phases are observed in the former. Substrate interfaces destroy the

phase structures. Readiness of destruction critically depends on the concentration. In

a 70:30 mixture, an antiferroelectric phase is stable not only in thick films but also

in thin cells; the threshold is clearly seen in the first run of the switching, although

some thresholdless switching is achieved dynamically. In the 63:37 mixture, however,

no antiferroelectric phase stably exists in thin cells because the threshold does not

emerge even in the first run, although it does in thick films. The destruction is also
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seen as a considerable difference in the temperature dependence of dielectric constants

between a 66:34 mixture and the 63:37 mixture. The relative permittivity becomes

smaller, the phase transition disappears, and a single phase or state prevails. The

state is neither ferroelectric nor antiferroelectric; no helical structure exists, either.

These facts support the above discussion for the Mitsui mixture.

Here, the Langevin-type reorientation, which is applicable to the random model

[43, 50–53], the effective internal field model [99], and the cluster model [101, 102] for

the Mitsui mixture, is presupposed. Because of the smectic layered structure, the

correlation length of local in-plane directors along the layer normal is the order of layer

spacing, ξ‖ ≈ d, and the one in a single layer, ξ⊥, is very long. Tilting randomization

among smectic layers assures the disappearance of net spontaneous polarization, but

an applied electric field induces it according to the Langevin-like in-plane director

reorientation. The aligning process is described as

〈cos Φ〉 =

∫ π

0

exp(x cos Φ) cos ΦdΦ
∫ π

0

exp(x cos Φ)dΦ

(5.11)

by using a ratio of electric aligning energy, PeffE, to thermal agitating energy, kTeff,

x = PeffE/(kTeff). (5.12)

The effective dipole moment Peff is given by

Peff = d(ξ⊥)2Ps, (5.13)

where Ps is a net spontaneous polarization observed in Sm-C*. The thermal agitat-

ing energy should also be regarded as an effective one, since constraints imposed by

substrate interfaces play an important role. Numerical calculation indicates that the

degree of alignment 〈cos Φ〉 = 0.9 attains at x = 5. For the sake of simplicity, let

us consider that ferroelectric SmC* is realized at x = 5. By inserting the experi-

mentally obtained saturation field E = |Es| =2 V µm−1 and appropriately presumed

kTeff = 1/40 eV = 1.6×10−19/40 C V into Eq. (5), we obtain Peff = 1 × 10−26 C m.

By further inserting measured Ps = 0.5 mC m−2 and d = 3.5× 10−9 m in Eq. (6), we

can evaluate ξ⊥ = 7.5× 10−8 m = 75 nm. Since the correlation length is much shorter
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than the visible light wavelength, the switching process in the Mitsui mixture looks

like uniform.

5.6 Conclusions

Polarized Raman scattering technique is very useful for the evaluation of orientational

molecular distribution in liquid crystal systems. The orientational order parameters

were investigated for two types of liquid crystals showing the V-shaped switching, com-

pound (a) and Mitsui mixture. The results showed two extreme distributions of the

local in-plane director at the tip of the V. The compound (a) exhibited a small distri-

bution, while the Mitsui mixture exhibited a large distribution. The small distribution

of the local in-plane directors for the compound (a) suggests the collective azimuthal

angle rotation in the V-shaped switching process. However, the same explanation does

not hold for the Mitsui mixture with quite large distribution of the local in-plane di-

rectors at the tip of the V. What is essential to the V-shaped switching is the easy

formation of invisible microdomains in case of need. This required the softness with

respect to the tilting directions and sense that results from the frustration between

ferroelectricity and antiferroelectricity. The difference in the distribution of two types

of liquid crystals at the tip of the V was explained by the barrier between synclinic and

anticlinic ordering in adjacent layers. The small barrier gave a large distribution at the

tip of the V in the dynamic switching, consequently triggered the V-shaped switching

even in the firstrun. On the other hand, the large barrier did a small distribution and

the tristable switching.
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Chapter 6

Summary

Polarized Raman scattering measurement is powerful tool to evaluate the molecular

orientational distribution. I investigated the molecular orientational distribution of

the liquid crystals showing ferro-, ferri-, and antiferroelectricities by polarized Raman

scattering measurements for some phenomena concerning the anisotropic interlayer

molecular interactions. The basic concept of the this thesis is described in Chapter 1

and the procedure how the second- and forth-order orientational order parameters are

obtained from the polarized Raman intensities is described in Chapter 2.

In Chapter 3, the orientational ordering of MHPOBC was investigated for the

successive SmC* and its variant phases. An improved equation for the analysis of

the polarized Raman intensity was derived as a function of polarization direction of

incident laser light and the orientational order parameters. Even in the chiral smec-

tic phases, the apparent orientational order parameters, 〈P2(cos β′)〉 and 〈P4(cos β′)〉,
could be defined by the proper corrections for the smectic layer structure and an optical

disturbance. The orientational order parameters were evaluated for three Raman lines

which were attributed to the phenyl ring stretching mode of three benzene rings at the

core part of the molecule, the core C=O stretching mode of the carbonyl group at the

central part of the molecule, and the chiral C=O stretching mode of the carbonyl group

at the chiral part of the molecule. An unusual change of the orientational order param-

eters was observed with decrease of temperature. The irregularity was outstanding in

〈P4(cos β′)〉. 〈P4(cos β′)〉 exhibited drastic variation as temperature was decreased, that
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is, it smoothly increased in SmA phase, scattered in SmCα*, SmC*, SmCγ* phases, and

dropped in SmCA phase. Moreover, 〈P4(cos β′)〉 of the phenyl line and the chiral CO

line exchanged their order with each other in SmCA* phase. It was concluded that this

irregular variation of the order parameter stemmed from the biaxiality of the molecular

orientational distribution, which was attributed to the hindrance of molecular rotation

on its long axis. This result suggests that the growth of a degree of the hindrance as

the temperature decreases is closely related to the appearance and the transitions of

the phases because the hindered molecular rotation increases the interlayer molecular

interactions.

In Chapter 4, the molecular orientational ordering of an antiferroelectric liquid crys-

tal was studied for the homogeneously aligned thin sample with applying static electric

field. The apparent orientational order parameters gradually increased with the ap-

plied electric field strength in the pretransitional regime from antiferro- to ferroelectric

phase although the averaged molecular orientation was hardly changed. This change

of the order parameters shows the molecular reorientation with holding the antiferro-

electric anticlinic molecular ordering. The molecular reorientation is represented by a

similar equation describing the nematic director deformation induced by an external

electric field. The deformation is characterized by the electric coherence length which

depends on the elastic constant of the liquid crystal, spontaneous polarization, electric

field strength, and interlayer interaction. The estimated electric coherence length was

much larger than the theoretical prediction. This suggests the necessities of the more

precise theoretical description of the interlayer interaction and the dependence of the

effective spontaneous polarization on the phase.

In Chapter 5, the molecular orientational order parameters were obtained in two

types of ferro- and antiferroelectric liquid crystal materials showing the thresholdless,

hysteresis free, V-shaped switching in thin homogeneous cells. One is the Mitsui mix-

ture and the other is one component of the Inui mixture [compound (a)]. They showed

a difference in the stability of the antiferroelectric phase in thin homogeneous cells.

In the antiferroelectric phase, the Mitsui mixture exhibited the V-shaped switching

induced by both the ac and dc electric field while the compound (a) exhibited the

V-shaped switching induced by only the ac electric field but the tristable switching
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by the dc electric field. The obtained distribution of the c-director at the tip of the

V was considerably broad in the Mitsui mixture, while it is narrow in the compound

(a). These differences have been explained, mainly, by the barrier between the fer-

roelectric synclinic and antiferroelectric anticlinic orderings. The considerably small

barrier for the Mitsui mixture introduces the low stability of the antiferroelectric an-

ticlinic molecular ordering, so that, the alignment layer surface can easily destroy the

anticlinic molecular ordering and induce the randomization of the c-director at the tip

of the V. Hence, the V-shaped switching is observed even under the dc electric field.

Meanwhile, the barrier for the compound (a) is relatively large to hold the synclinic

molecular ordering during the switching once the field-induced ferroelectric phase is

obtained. However, when the alignment layer surface disturbs the uniform molecular

reorientation in the switching, the formation of the invisible maicrodomain is need.

Therefore, the V-shaped switching still requires the small anisotropy in the interlayer

interaction with respect to the c-director orientations that results from the frustration

between ferroelectricity and antiferroelectricity.

Hindered molecular rotation on its long axis increases interlayer molecular inter-

actions. The interlayer molecular interactions cause the ferroelectric synclinic and

antiferroelectric anticlinic molecular orderings. The frustration and the competition

between the synclinic and anticlinic molecular orderings bring about many interesting

phenomena in the ferro-, ferri-, and antiferroelectric smectic phases; e.g., the curious

structure of SmCα* phase and its dependence on the temperature, the successive transi-

tion between the SmC variant phases, the process of domain generation and its growth

in a field-induced phase transition, the pretransitional phenomenon, and so on. I am

sure that the results obtained in this thesis give us clues to the physical description of

the above phenomena with the interlayer molecular interactions.
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