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Investigations of orientational order for an antiferroelectric liquid crystal
by polarized Raman scattering measurements

Naoki Hayashi and Tatsuhisa Kato
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

~Received 10 April 2000; published 24 January 2001!

The orientational ordering of the antiferroelectric liquid crystal molecules, 4-~1-methyl-
heptyloxycarbonyl!phenyl 48-octyloxybiphenyl-4-carboxylate was investigated in the series of the successive
smectic phases by means of polarized Raman scattering measurement without any external field. An improved
equation for the analysis of the polarized Raman intensity was derived as a function of an incident laser
polarization and the orientational order parameters. Even in the chiral smectic phases, some apparent orienta-
tional order parameters could be defined by the proper corrections for the smectic layer structure and an optical
disturbance. An unusual change of the orientational order parameters was observed with decrease in tempera-
ture. It was concluded that the irregular variation of the order parameter stemmed from the biaxiality of the
molecular orientational distribution, which was attributed to the hindrance of molecular rotation around its long
axis.

DOI: 10.1103/PhysRevE.63.021706 PACS number~s!: 61.30.2v
ic

d
d
i

pe
w:

r i
-

y-

t
te
ile

om
th
a

th

in-
-

ng

opic
g

ce
-
re-
der

ata
ple,
al.
the
xis
ed
orts
atic
f

the
li-
tter-
up.

igi-
nta-

ib-
sis
d,
I. INTRODUCTION

Since Chandaniet al. had discovered an antiferroelectr
liquid crystal phase in MHPOBC@4-~1-methylheptyloxy-
carbonyl!phenyl 48-octyloxybiphenyl-4-carboxylate# @1,2#,
the mechanisms of the successive phase transitions an
appearances of the subphases have been investigate
various methods with interests in science as well as
applications. The phase sequence and the transition tem
tures of the optically pure MHPOBC are as belo
isotropic –148 °C–smectic-A (SmA) – 122 °C– smectic-Ca*
(SmCa* ) – 120.9 °C– smectic-C* (SmC* ) – 119.2 °C–
smectic-Cg* (SmCg* ) – 118.4 °C– smectic-CA* (SmCA* ) –
65 °C– crystal@3,4#.

It was found that the molecules tilt opposite each othe
the adjacent layers of SmCA* phase that shows an antiferro
electricity @5–8#, and tilt opposite once with every three la
ers of SmCg* phase, which shows a ferrielectricity@7–10#. A
devil’s staircase structure was proposed for SmCa* , which
was based on the Ising model@11,12#. This phase does no
show a single fixed structure but consists of the layered
ture of ferroelectric and antiferroelectric layers, which p
up with the temperature dependent ratio@13,14#. SmC* and
the subphases exhibit helicoidal structure as a whole. S
experiments showed the peculiar structures of MHPOBC
play important roles for the appearance of the subphases
phase transitions, i.e., the vent structure@15,16# and molecu-
lar interactions or recognition in adjacent layers@17#. More-
over, it was observed under an electric field by infrared~IR!
absorbance measurements that the rotation of the CvO
group around the molecular long axis was hindered and
biased directions were different in SmC* and SmCA phase
@18,19#.

If the liquid crystal molecule is assumed as a rigid cyl
drical rod in the uniaxial nematic or SmA phases, the mo
lecular orientational distribution functionf (b) can be ex-
panded in terms of Legendre polynomialsPL(cosb) @20,21#,
1063-651X/2001/63~2!/021706~10!/$15.00 63 0217
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8p2 ^PL~cosb!&PL~cosb!, ~1!

whereb is the angle between the individual molecular lo
axis and the center of orientational ordering.^PL(cosb)& is
the orientational order parameter and is defined as below

^PL~cosb!&5E
0

p

sinb db PL~cosb! f ~b!, ~2!

here we denote a thermal average by^¯&. The orientational
order parameters can be evaluated by some spectrosc
methods@22#; i.e., polarized vibrational Raman scatterin
measurements@20,23–27#, electron paramagnetic resonan
~EPR! @28#, NMR @29,30#, IR @18,31,32#, and so on. Espe
cially the polarized vibrational Raman scattering measu
ments can give the estimation of not only the second or
parameter̂ P2(cosb)& but also the fourth onêP4(cosb)&.

Experimentally, some optical phenomena disturb the d
analysis of the Raman scattering measurement, for exam
the effects of the birefringence of the ordered liquid cryst
In order to avoid the disturbance by the birefringence,
parallel and perpendicular configuration with the optic a
of the liquid crystal is generally adopted for the polariz
Raman scattering measurements. There are plenty of rep
on the measurement of the order parameters in the nem
and SmA phases so far@20,23–27#. The order parameters o
MHPOBC have been already reported in SmA phase@24#.
On the other hand the analysis of the phases other than
uniaxial nematic and SmA phases becomes more comp
cated. In phases other than uniaxial ones, the Raman sca
ing intensities depend on the way smectic layers are piled
Under the proper correction of the optical disturbance or
nated from the smectic layer structure, however, the orie
tional order parameterŝP2(cosb)& and ^P4(cosb)& can be
defined as long as liquid crystal molecules uniaxially distr
ute within a layer. In this paper the correction for the analy
in SmC* and the subphases of MHPOBC will be derive
©2001 The American Physical Society06-1
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FIG. 1. Schematic diagram of coordinate sy
tem. The details are described in theoretical tre
ment section.
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which take account of the peculiar optical disturbance by
following origins, i.e., the tilt angle of the molecular ax
with the smectic layer normal, the spiral structure, and
layer tilt angle due to the chevron layer structures@17,33–
37#.

II. THEORETICAL TREATMENTS

The molecular orientational order parameter is obtain
by the evaluation of the polarized Raman scattering inten
@20,21#. The backscattering configuration for the homog
neously aligned sandwich cell of the smectic phase liq
crystals is assumed here. It is necessary to define the o
tational relation between the individual molecules and a
erence coordinate system for the description of the molec
orientational distribution. Raman polarizability tensors of t
individual molecules were described in the reference coo
nate system by using several Cartesian coordinate sys
that are based on the smectic layer structure, and the tr
formation among the coordinate system is explained here
schematic diagram and the drawing of the coordinate sys
are given in Figs. 1 and 2, respectively. The coordinate s
tems are defined according to Figs. 1~a!–1~f!. ~a! A labora-
tory fixed frame is the reference coordinate system tha
defined byX, Y, andZ with respect to the sample cell@Fig.
2~a!#, the YZ plane is parallel to the glass substrate of t
cell. The incident laser beam comes into the cell and
scattered light goes back along theX axis. ~b! A layer frame
is defined byX1 , Y1 , andZ1 on the layer of smectic phas
@Fig. 2~b!#. The Z1 axis is parallel to the layer normal an
tilts from theZ axis by the angle1c or 2c because the laye
is inclined from the glass plates by the chevron layer str
ture. TheY1 axis is parallel to theY axis. ~c! A molecular
orientation frame is defined byx, y, and z for one smectic
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layer @Fig. 2~c!#. The z axis is the center of the molecula
orientational distribution in this layer. The rotational tran
formation from the layer frame to the molecular orientati
frame is described by the angles ofx andf. x is the angle
between thec director and theX1 axis. f is the angle be-
tween thez axis and the layer normal. In SmA phase,f

FIG. 2. The defined coordinate systems.~a! The laboratory fixed
frame and the electric fields of incident and scattering lights.~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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INVESTIGATIONS OF ORIENTATIONAL ORDER FOR . . . PHYSICAL REVIEW E 63 021706
50 and the molecular orientation frame coincides with
layer frame.~d! A refractive index frame is defined byx1 ,
y1 , and z1 @Fig. 2~d!#. These axes are identical with opt
elasticity axes and refractive indices are defined in t
frame. The refractive index frame is not the same as
molecular orientation frame in the phase with helical str
ture, if the helical pitch is larger than a wavelength of lig
because the optical property is given by an average o
helically twisted layers with the wavelength of light. How
ever, at the center of these layers, the averaged optical p
defined as a plane containing two optic axes, is parallel to
xz plane of the molecular orientation frame in SmC* ,
SmCg* , and SmCA* phase of MHPOBC system@9#. There-
fore, the transformation from layer frame to the refracti
index frame is defined byx andf1 as the analog of molecu
lar orientation frame.~e! A molecular fixed frame is defined
by x2 , y2 , andz2 on the individual molecules. Thez2 axis is
defined to be parallel to the molecular long axis.a, b, andg
are defined as the Euler angles that transform the molec
orientation frame to the molecular fixed frame.~f! A Raman
tensor frame is defined byx8, y8, andz8. In this frame the
Raman tensor of a vibrational mode for a particular molec
is diagonalized and has the form of

S ax8x8

ay8y8

az8z8

D .

a l l ( l 5x8,y8,z8) is a l l component of the Raman tensor
this frame andaz8z8 is the largest. The Euler angle
(a0 ,b0 ,g0) transform the molecular fixed frame to th
frame.

Now it is assumed that the polarization vectors of t
incident light and the scattering light are within theYZ plane
and make the anglesu andu8 with Z axis, respectively@Fig.
2~a!#. E(X) andE(X)8 are defined as the electric fields of inc
dent light and scattering light at a depthX from the surface
of the liquid crystal, and they can be decomposed intox1 ,
y1 , andz1 components of the refractive index frame,

E~X!5Ex1
e2 idx1x̂11Ey1

e2 idy1ŷ11Ez1
ẑ1 , ~3!

E~X!8 5Ex1
8 e2 id8x1x̂11Ey1

8 e2 id8y1ŷ11Ez1
8 ẑ1 , ~4!

where the phase factors ofe2 idx1, e2 idy1, e2 id8x1, and
e2 id8y1 are introduced to give the correction for the retard
tion effect that is due to the birefringence of the order
liquid crystal.dx1 , dy1 , d8x1 , andd8y1 are the phase dif-
ference ofx1 andy1 components withz1 .

The peculiar structure of each smectic phase should
reflected on the further effective optical correction for t
electric fields of the incident laser light and the scatter
light. The effective corrections for each smectic phase
summarized in Appendix A. For example, SmC* and the
other subphases exhibit helical structure and optical biax
ity; then one should give a close examination for the pro
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correction. The relation between the molecular orientat
frame and the refractive index frame is also described
Appendix A.

When the measured area is sufficiently large compa
with the helical pitch, the Raman intensity is obtained
averaging for one period of the helical pitch,

I ~u,u8!}E
0

p

sinf dfE
0

2p

dxE
0

d

dX^uauu8,~X!u2&, ~5!

whereauu8,(X) is the Raman polarizability tensor describe
in the molecular orientation frame,d is a sample thickness
and ^uauu8,(X)u2& is an integrated value over the orientatio
of the liquid crystal,

^uauu8,~X!u2&5E dVuauu8,~X!u2f ~V!. ~6!

f (V) is the orientational distribution function of the molec
lar long axis orz2 axis with respect to thez axis andV
denotes Euler angles~a, b, g!. Furthermore, the effect of a
refracting angle on the Raman scattering intensity must
taken into consideration and the measured intensity is
tained from

I mes~u,u8!5
I ~u,u8!

n~u8!2 , ~7!

wheren(u8) is the refractive index atu8 given by

n~u8!5
nZnY

AnZ
2 sin2 u81nY

2 cos2 u8
. ~8!

nY and nZ are refractive indices of a liquid crystal materi
for the light polarized along theY axis and theZ axis, re-
spectively. The combination ofu andu8 will be fixed at two
configurations ofu85u and u85u1p/2. Here it was as-
sumed that the ideal helical structure was formed in the c
ral smectic phases, that is, the molecular orientational dis
bution was uniaxial with respect to the layer frame. With t
aid of the computer softwareMATHEMATICA 2.2 ~Wolfram
Research, Inc.!, Eqs. ~5! and ~7! are evaluated and rear
ranged. When the sample thickness is sufficiently large co
pared to the wavelengths of the incident and the scatte
lights, the polarized Raman intensities are represented
function of u and the orientational order parameters;

I ~u,u!mes[I i~u!

5C1~cosu!1C2~cosu!^P2~cosbapp!&

1C3~cosu!^P4~cosbapp!&1C4~cosu!R,

~9!

I ~u,u1p/2!mes[I'~u!

5C5~cosu!1C6~cosu!^P2~cosbapp!&

1C7~cosu!^P4~cosbapp!&2C4~cosu!R.

~10!
6-3
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C1(cosu) to C7(cosu) are the fourth order functions o
cosu, whose coefficients depend onf andc, the refractive
index of the liquid crystal material and the glass substra
helical pitch, and the Raman tensor. The coefficients for
order terms ofC1(cosu) to C7(cosu) are zero because of th
symmetry of the system.R represents the component of r
tardation amplitude that depends on the sample thickn
^P2(cosbapp)& and ^P4(cosbapp)& are the second and th
fourth orientational order parameters of thez8 axis of Raman
tensor with respect to theZ1 axis, andbapp is the angle
between thez8 axis and theZ1 axis. It should be noticed tha
the effect of the retardation on the Raman intensity is
zero even ifu50° or u590° when the refractive index
frame is inclined with respect to the incident light and t
scattering light~e.g., smectic phase with helical structu
and/orcÞ0.) Therefore, the orientational order paramet
cannot be evaluated properly by the measurements of d
larization ratios only atu50° andu590°, and at least three
different measurement points ofu are needed.

It is supposed that the Raman tensor is uniaxial, nam
ax8x85ay8y85a' andaz8z85a i and thez8 axis of the Ra-
man tensor can rotate freely around thez2 axis of the mo-
lecular fixed frame. Then the orientational molecular dis
bution defined in one layer has a cylindrical symmetry a
^P2(cosbapp)& and ^P4(cosbapp)& could be rewritten with
the molecular orientational order parameters^P2(cosb)& and
^P4(cosb)& with respect toz axis in the molecular orienta
tion frame as following equations:

^P2~cosbapp!&5 1
2 ~3 cos2 f21! 1

2 ~3 cos2 b021!

3^P2~cosb!&

5 1
2 ~3 cos2 f21!^P2~cosb8!&. ~11!

^P4~cosbapp!&5 1
8 ~35 cos4 f230 cos2 f13!

3 1
8 ~35 cos4 b0230 cos2 b013!

3^P4~cosb!&

5 1
8 ~35 cos4 f230 cos2 f13!^P4~cosb8!&,

~12!

where b0 is the angle betweenz8 axis and z2 axis,
^P2(cosb8)& and^P4(cosb8)& are the orientational order pa
rameters of thez8 axis of the Raman tensor with respect toz
axis. It should be noticed that apparent values
^P2(cosbapp)& and ^P4(cosbapp)& would be reduced byf
andb0 , and even become zero with the specific value of
andb0 at the so-called magic angle value.

In isotropic phase, botĥP2(cosb)& and ^P4(cosb)& are
zero and the depolarization ratioRiso is calculated as

Riso[I' /I i53b2/~45a214b2!, ~13!

wherea and b correspond to the average value and the
isotropy of the Raman tensor, respectively, and calculated

a5 1
3 ~a i12a'!, ~14!
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b5~a i2a'!. ~15!

Thus the orientational order parameter is obtained from
analysis ofI i(u), I'(u), andRiso using Eqs.~9!–~13! if the
structural parameters are known. It should be noticed
only ^P2(cosb8)&,^P4(cosb8)& are possible to be evaluate
from these equations becauseb0 is an unknown parameter
here.

III. EXPERIMENTS

The molecular structure of~S!-MHPOBC is shown here

which has three benzene rings and two ester bonds, one
a center of the core part and another is attached to the en
the core part or the chiral part. In order to confirm the pur
of the sample, the phase transition temperatures were m
sured by the differential scanning calorimeter of TA Instr
ments DSC 2920@2,3#. The experimental cell was prepare
as follows and the homogeneous alignment was acc
plished. The sample was sandwiched between two IT
coated quartz plates with the thickness of 25mm by using
poly~ethylene terephthalate! spacers. The quartz plates we
spin coated with polyimide and one of them was rubbed
one direction. The cell was set on the rotating stage, wh
was equipped with the heat controller that adjusted temp
ture with the accuracy of60.1 °C with a controller
~Yokogawa, UP550!. The condition of alignment was
checked by a polarizing optical microscope. Many focal co
ics were observed except for SmA phase, but the whole im
age was sufficiently dark and it was assumed that they
not affect Raman intensities much. Hence, the disturbanc
alignment by these defects was ignored@24#.

The polarized Raman spectra were measured by the
lowing system. The green light at 514.5 nm from an arg
ion laser~Spectra-Physics, BeamLok 2060! was used for ex-
citation. The exciting light was polarized by a glan las
prism. Scattered light was collected by a lens in the ba
light scattering configuration and introduced to a polarize
Raman notch filter, and a monochromator~Spex, 270M!
combined with a multichannel detector~Princeton Instru-
ments, IPDA 512!. The incident laser power was set at 0.5
and the slit width of the monochromator was 50mm in all
measurements. The depolarization ratios of Raman li
were estimated by the measurement for isotropic phas
150 °C. The Raman lines were deconvoluted with Lorentz
function to obtain integrated intensities.

Polarized Raman spectra were measured at various o
tations of the incident laser polarization, and the angle of
orientation between the laser polarization and liquid crys
alignment were set from 0° to 180° at steps of 10°. T
temperature was varied from 90 to 140 °C. In order to co
firm the phase of the sample during the Raman scatte
measurement, simultaneous monitoring of the capacitanc
the cell was done by a LCR meter~YHP, 4262A!, as shown
6-4
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in Fig. 4. The frequency of the test signal was 1 kHz. In t
ferroelectric phase (SmC* ) the capacitance shows a pe
value due to a spontaneous polarization, but in the antife
electric (SmCA* ) and paraelectric phase (SmA), it drops
down. In the ferrielectric phases (SmCa* and SmCg* ), it ex-
hibits decreasing values@7,17,39#.

The theoretical predictions of the Raman tensors w
carried out by anab initio restricted Hartree-Fock calculatio
with the 3-21G basis set using theGAUSSIAN 94package@40#.

The refractive indices of liquid crystal for which the ligh
is polarized parallel and perpendicular to theZ1 axis,ni and
n' , were obtained from Ref.@9#. The refractive index of
quartz platesng was 1.46.

Helical pitches were measured by the diffraction meth
@41,42# with He-Ne laser at 632.8 nm.

IV. RESULTS

Figure 3 shows the polarized Raman spectra in isotro
phase at 150 °C. Three Raman lines were investigated,
C—C stretching mode of three benzene rings at 1600 cm21,
which is abbreviated as ‘‘phenyl,’’ CvO stretching mode of
chiral carbonyl group at 1720 cm21, ‘‘chiral CO,’’ and CvO
stretching mode of core carbonyl group at 1740 cm21, ‘‘core
CO’’ @24,43#. Their depolarization ratios are listed in Tab
I. The shifts of the Raman lines in crystal-SmI * phase tran-
sition @43# have been reported, but any shift and change
line width were not observed in the successive phase tra
tions from isotropic to SmCA* phase. This shows that n
major changes occur either in the normal coordinates o
the intermolecular interactions during these phase transiti

The results of anab initio calculation are listed in Table I
The calculated depolarization ratios of three Raman line
question generally agree with the observed values in iso
pic phase. The Raman activities predicted by theab initio
calculations are shown with solid lines in Fig. 3. Their R
man shifts and activities are consistent with measured s
tra. The calculated Raman tensors are also listed in the ta
It was confirmed that eachaz8z8 is considerably large com
pared to other components and thus these Raman line

FIG. 3. The polarized Raman spectrum in isotropic phase
150 °C~solid line for I i ; broken line forI') and the Raman activi-
ties obtained fromab initio calculations~sticks!.
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suitable for the evaluations of the orientational order para
eters. The calculated angles between thez8 axis and the bi-
phenyl link are about 10° for phenyl line and chiral CO lin
and almost 0° for core CO line. It was found that all of thez8
axes of the Raman tensors lie towards the molecular l
axis.

The capacitance and the polarized component of the p
nyl line at u50 were obtained by the parallel measureme
in the cooling process. The results are plotted as a func
of the temperature in Fig. 4. The capacitance gradually
creased from the high temperature side down to 120 °C, t
it leaped to the maximum at 115 °C. Thereafter, it dropp
around 113 °C and became steady. On the other hand
Raman scattering intensity decreased from 118 °C to 113
This decrease in the Raman intensity would be mainly ow
to the increase of thef after SmA-SmCa* phase transition
@24#, as explained before.@Refer to Eqs.~9!–~12!.# The dras-
tic change of the observed capacitance gave a good ind
tion of the transition temperature, as shown in Fig. 4.

The helical pitches of the homogeneous cell used h
were three or four times longer than the value reported
free standing film in SmC* and SmCA* phase@5,44#; i.e.,
1700 nm in the SmC* phase and 2000–4000 nm in th
SmCA* phase. The substrates affect the helical pitch by w
anchoring effects. In SmCg* phase, the helical pitch was to
long to be measured by the diffraction method. Judging fr

at

FIG. 4. Temperature dependence of the capacitance~h! and the
polarized intensity of phenyl line~d!. The vertical broken lines
show transition temperatures. The phase sequence
SmA-SmCa* -SmC* -SmCg* -SmCA* .

TABLE I. Ab initio calculation results.a l l ( l 5x8,y8,z8) is a ll
component of the Raman tensor in Cartesian coordinate of Ra
tensor frame.

Raman lines

Depolarization ratios Raman tensors

Obs. Calc. ax8x8 ay8y8 az8z8

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
6-5
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the values in SmC* and SmCA* phase, it was estimate
around 8000 nm.

The polarized and depolarized components of the Ram
scattering for the three Raman lines measured at 115.
(SmC* phase! are plotted against the incident laser polariz
tion in Fig. 5. The solid lines show the fitting results by t
Eqs. ~9!–~13!, where the parameters a, b,
^P2(cosb8)&, ^P4(cosb8)&, and R were determined by th
fitting procedure under the assumption of the cylindri
symmetric Raman polarizability tensors for a molecule. T
other parameters used here are summarized in Table
where layer tilt anglesc and molecular tilt anglesf had been
given by previous workers@17,24#, andH is the helical pitch.

The obtained orientational order parameters^P2(cosb8)&
and^P4(cosb8)& are shown in Fig. 6. Sticks show the erro
that were evaluated from the standard deviation of the fitt
process. The error for ^P4(cosb8)& is larger than
^P2(cosb8)& because of the larger sensitivity to the Ram
scattering intensity. In SmA phase, the order paramet
evaluated from the phenyl line is agreed with the values
ported by Kim et al. @24#. All ^P2(cosb8)& gradually in-
creased with decreasing temperature, as one generally

FIG. 5. The dependence of the polarized Raman intensities
the incident laser polarization at 115.6 °C (SmC* phase! for phenyl
line ~a!, core CO line~b!, chiral CO line~c!. Solid marks areI i(u)
and open marks areI'(u). The lines show the results of the fittin
with Eqs.~9! and ~10!.
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pected for the ordering process of liquid crystal. It should
noted that a bit smaller value of^P2(cosb8)& for core CO
line than for the other lines was obtained. This small diffe
ence in the value would give the angleb0 between thez8
axis of the Raman tensor and the molecular long axis,
described in discussion. On the other hand,^P4(cosb8)& ex-
hibited drastic variation as temperature was decreased,
is, it smoothly increased in SmA phase, scattered in
SmCa* , SmC* , SmCg* phases, and dropped in SmCA*
phase.

V. DISCUSSION

A. Orientational order parameter in SmA phase

In SmA phase,̂ P2(cosb8)& and ^P4(cosb8)& gradually
increased with decreasing temperature. This phenomeno
as one generally would expect, for the ordering process

n

FIG. 6. The second and the fourth orientational order para
eters,^P2(cosb8)& and P4(cosb8); s, phenyl line; n, core CO
line; h, chiral CO line. The solid lines shoŵP2(cosb8)& and the
dotted lines showP4(cosb8). The vertical broken lines show tran
sition temperatures.

TABLE II. Parameters used in the fitting.nZ , nY , c, andf are
taken from Refs.@9,17,24#.

Phase
Temp.
~°C! nZ

a nY
a

cb

~deg.!
fc

~deg.!
H

~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
SmCa* 117.2 1.63 1.50 12 12
SmC* 115.6 1.63 1.50 13.5 15 1700
SmCg* 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

aReference@9#.
bReference@17#.
cReference@24#.
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liquid crystals. The small differences of^P2(cosb8)& and
^P4(cosb8)& for core CO line from those for the other line
are noted in Fig. 6. According to Eqs.~11! and~12! the angle
b0 of core CO line is evaluated as 9° whenz8 axes of phenyl
and chiral CO lines were assumed to be identical with
molecular long axis. The common statistics under the
sumption of the cylindrical symmetry could be adopted
the molecular orientational distribution in SmA phase.

B. The biaxial orientational distribution of molecules in SmC*
and its subphase

The value of^P4(cosb8)& exhibited a peculiar variation
after SmCa* phase. The dispersion in variation
SmCa* , SmC* , SmCg* phases and decrease in SmCA*
phase are unusual under the assumption of the cylindric
symmetric orientational distribution of molecules. This d
crepancy would be caused by the breakdown of the assu
tion of the uniaxiality for the molecular orientational distr
bution. It has been suggested that the rotation of the CvO
group around the molecular long axis is hindered in SmC*
and its subphases@18,19#.

Now the orientational order parameters^Dm8m
(L)* (V)& must

be introduced to express the biaxiality of the molecular o
entational distribution@20#, and the polarized Raman inten
sities are given by the functions of^Dm8m

(L)* (V)& and the
structural parameters~see Appendix. B!.

At present, it is supposed that molecular distribution
biaxial and the molecule can rotate around its long a
freely. Then,

^PL~cosbapp!&5PL~cosf!PL~cosb0! (
m52L

L

^D0m
~L !* ~a,b!&.

~16!

^P4(cosbapp)& is independent ofg, because thez8 axis dis-
tributes uniaxially aroundz2 axis.^D00

(L)* (V)& correspond to
^PL(cosb)& and depends on onlyb. It was deduced from the
above equation that the decrease of^P4(cosbapp)& in SmCA*
phase was due to the terms^D0m

(L)* (a,b)&mÞ0 and the differ-
ent b0 for each Raman line caused the scattering
^P4(cosbapp)& at lower temperature range than th
SmA-SmCa* phase transition. On the other han
^P4(cosbapp)& of phenyl line and chiral CO line exchange
their order with each other in this phase. This phenome
cannot be explained by Eq.~16!, sinceb0 is constant for the
temperature variation andf and^D0m

(L)* (a,b)& are indepen-
dent of Raman line.

Accordingly, it was inferred that the molecular rotatio
around its long axis is hindered. Then Eq.~B3! is obtained.
@See Appendix B and compare with Eqs.~11!, ~12!, and
~16!.# It is supposed tentatively that the molecular rotati
around its long axis is perfectly restricted asa50 and g
50 and the Raman tensor of a molecule has a cylindr
symmetry. Whena050, thenbapp5f1b1b0 is obtained
and ^PL(cosbapp)& is reduced. Meanwhile whena05p,
bapp5f1b2b0 and^PL(cosbapp)& is increased. Similarly,
whena50, g5p, anda050, thenbapp5f1b2b0 . That
02170
e
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lly
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al

is, ^PL(cosbapp)& largely depends on the value ofa0 , a
hindered direction and a strength of hindrance to the mole
lar rotation around its long axis.

^Dm8m
(4)* (V)& are higher order parameters tha

^Dm8m
(2)* (V)&. The higher order parameter generally exhib

sharper variation to the change of orientational distributi
On the other hand,̂D00

(4)* (V)& is originally minor term than

^D00
(2)* (V)&. Then small disturbance by thêDm8m

(4)* (V)&
looks much exaggerated to the minor term of^D00

(4)* (V)&.
This would be the reason why the apparent^P4(cosb8)&
showed more drastic reduction and scattering by the h
drance of molecular rotation than^P2(cosb8)&.

Following image could be drawn for a relation betwe
the phase and the molecular orientational distribution.
SmA phase, MHPOBC molecule distribute uniaxially arou
its director. After transition to SmCa* phase, the molecule
tilt away from the helical axis, so that the orientational d
tribution could be biaxial. In this phase, the molecular ro
tion around its long axis might be somewhat hindered, a
the apparent orientational order parameters show scatte
due to different values ofa0 and b0 for each Raman line.
Then, in the SmCA* phase, the molecular rotation is rath
hindered and the hindered direction might be changed
reported before@18,19# while the biaxiality of the molecular
orientational distribution is increased, thus the appar
^P4(cosb8)& is reduced.

VI. CONCLUSIONS

The equation of the polarized Raman intensity was
rived as a function of the orientational order parameter a
incident laser polarization, where it was taken into acco
how the structure influences the optical properties in SmC*
and the subphases. The polarized Raman scattering mea
ments of MHPOBC without any external field were analyz
according to this equation, and the second and the fo
order orientational order parameters were evaluated in
successive smectic phases. The unusual decrease in th
entational order parameters were observed in SmCA* phases
with decreasing temperature. It was indicated that th
stemmed from the growth of the biaxiality of the molecul
orientational distribution as temperature decreases becau
the hindrance of the molecular rotation around its long ax
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APPENDIX A: THE STRUCTURES OF SMECTIC PHASES
AND THE ELECTRIC FIELD OF THE INCIDENT

AND THE SCATTERING LIGHT

1. SmA phase

SmA phase is optically uniaxial andf50, so that the
refractive index frame, the molecular orientation frame, a
the layer frame are identical with each other. When a la
6-7
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tilt for the substratesc is taken into account@17,38#, the
electric fields of the incident and the scattering lights
given by

E~X!5e2 idx1~TZ sinc cosu!x̂11e2 idy1~TY sinu!ŷ1

1~TZ cosc cosu!ẑ1 , ~A1!

E~X!8 5e2 id8x1~TZ8 sinc cosu8!x̂11e2 id8y1~TY8 sinu8!ŷ1

1~TZ8 cosc cosu8!ẑ1 . ~A2!

TL andTL8 are transmission coefficients forL components of
electric field at the interface between substrate and liq
crystal. They are calculated by

TL5
2ng

ng1nL
, TL85

2nL

ng1nL
. ~A3!

ng is the refractive index of quartz glass andnL are the
principal refractive indices of the liquid crystal when th
light is polarized toL axis. These values are calculated a

nZ5
n'ni

An'
2 cos2 c1ni

2 sin2 c
, nY5n' , ~A4!

whereni andn' are the principal refractive indices of liqui
crystal.

2. SmCa* phase

In SmCa* the helical pitch is smaller than wavelengths
the incident and scattered light@45#. Then the phase is opti
cally uniaxial and the refractive index frame is identical w
the layer frame. The electric field of light is given by Eq
~A1! and ~A2! as for the SmA phase.

3. SmC* phase

SmC* phase is optically biaxial@9# and has a helica
structure. In this phase helical pitch is larger than the wa
length of the light@5,44#, so that the optical elasticity axes o
the refractive index frame axes are not identical with
molecular orientation frame axes. Optic elasticity axes ax
would be given by the average of the molecular orientat
frame betweenx2pl/H andx1pl/H, because the spatia
resolution could be determined by the wavelength of
light l. Henceẑ1 is described in the layer frame as

ẑ15z13S sinf^^cosx8&&
sinf^^sinx8&&

cosf
D , ~A5!

where ^^¯&& denotes statistical average fromx85x
2pl/H to x85x1pl/H. ^^cosx8&& and^^sinx8&& are cal-
culated as
02170
e

id

-

e

n

e

^^cosx8&&5E
x2pl/H

x1pl/H

cosx8dx8Y E
x2pl/H

x1pl/H

dx

5
H

pl
sinS pl

H D cosx, ~A6!

^^sinx8&&5E
x2pl/H

x1pl/H

sinx8dx8Y E
x2pl/H

x1pl/H

dx

5
H

pl
sinS pl

H D sinx, ~A7!

so that

ẑ15z13S H

pl
sinS pl

H D sinf cosx

H

pl
sinS pl

H D sinf sinx

cosf

D . ~A8!

In the same way asẑ1 ,

x̂15x13S H

pl
sinS pl

H D cosf cosx

H

pl
sinS pl

H D cosf sinx

cosf

D ,

ŷ15y13S H

pl
sinS pl

H D cosf sinx

H

pl
sinS pl

H D cosf cosx

cosf

D . ~A9!

Consequently,E(X) andE(X)8 are given by

E~X!5e2 idx1~2TZ sinf cosc cosu

1TZK cosx cosf sinc cosu

1TYK sinx cosf sinu!x̂11e2 idy1

3~2TZK sinx sinc cosu1TYK cosx sinu!ŷ1

1~TZ cosf cosc cosu1TZK cosx sinf sinc cosu

1TYK sinx sinf sinu!ẑ1 , ~A10!

E~X!8 5e2 id8x1~2TZ8 sinf cosc cosu8

1TZ8K8 cosx cosf sinc cosu8

1TY8K8 sinx cosf sinu8!x̂11e2 id8y1

3~2TZ8K8 sinx sinc cosu81TY8K8 cosx sinu8!ŷ1

1~TZ8 cosf cosc cosu8
6-8
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1TZ8K8 cosx sinf sinc cosu8

1TY8K8 sinx sinf sinu8!ẑ1 , ~A11!

where

K5
H

pl
sinS pl

H D , K85
H

pl8
sinS pl8

H D , ~A12!

and l and l8 are the wavelengths of the incident and t
scattering light in the medium, respectively.

Though TL and TL8 depend onx in SmC* phase, their
variations are small enough to use Eqs.~A3! and ~A4! ap-
proximately@9#.

4. SmCA* phase

In SmCA* phase,f is apparently zero at the spatial res
lution of the light and the refractive index frame is identic
with molecular orientation frame, becausec is reversed in the
adjacent layer. In this phase,TL and TL8 vary as in SmC*
phase. However, the variation ofn' is very small in this
phase also@9#, so thatTL andTL8 can be calculated by Eqs
~A3! and~A4! approximately. Therefore, the electric field
light is treated as in SmA phase. Hence the electric fields
the light are given by Eqs.~A1! and ~A2!.

5. SmCg* phase

The average of the molecular tilt angle is apparentlyf/2
at the spatial resolution of light, becausec is reversed once
by the period of three layers in this phase@7–10#. This phase
is optically biaxial like the SmC* phase. Therefore the elec
tric fields of light are obtained by substitutingf/2 for f in
Eqs.~A10! and ~A11!. TL andTL8 are approximated by Eqs
~A3! and ~A4! also here.
02170
l

APPENDIX B: BIAXIALITY OF ORIENTATIONAL
DISTRIBUTION FUNCTION AND THE ORDER

PARAMETERS

When the molecular orientational distribution functio
f (a,b,g) has a relation off (a,b,g)5 f (p1a,p2b,p
1g), f (a,b,g) can be expanded with Wigner rotation m
trix in the molecular orientation frame as follows@20#:

f ~V!5 (
L5even

(
m,m852L

L
2L11

8p2 am8m
~L ! Dm8m

~L !
~V!, ~B1!

whereV representsa, b, andg. am8m
(L) is given by

am8m
~L !

5E
0

2p

daE
0

p

sinb dbE
0

2p

dg Dm8m
~L !* ~V! f ~V!

5^Dm8m
~L !* ~V!&. ~B2!

When it is taken into account that the system has a cy
drical symmetry aboutZ1 axis because of the helical struc
ture and the Raman tensor frame is tilted against the mole
lar fixed frame, the polarized Raman intensities are given
the same equations~9! and ~10!. Here ^PL(cosbapp)& is re-
lated to^Dm8m

(L)* (V)& by

^PL~cosbapp!&5 (
m,m852L

L

Am8m
~L !

~f,a0 ,b0 ,g0!^Dm8m
~L !* ~V!&,

~B3!

where the coefficientAm8m
(L) (f,a0 ,b0 ,g0) is a function off,

a0 , b0 , and g0 ; e.g., when m5m850, A00
(L)

5PL(cosf)PL(cosb0).
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