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Investigations of orientational order for an antiferroelectric liquid crystal
by polarized Raman scattering measurements
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The orientational ordering of the antiferroelectric liquid crystal molecules,(1-dethyl-
heptyloxycarbonybhenyl 4 -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.
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I. INTRODUCTION oL4+1

(B)= 2 gz (Pucosp))Pi(cosp), (1
Since Chandanét al. had discovered an antiferroelectric seven

liquid crystal phase in MHPOBQA4-(1-methylheptyloxy-  \here g is the angle between the individual molecular long

carbony)pheny! 4-octyloxybiphenyl-4-carboxylaie [1,2],  a4is and the center of orientational orderi@, (cosp)) is

the mechanisms of the successive phase transitions and thg grientational order parameter and is defined as below
appearances of the subphases have been investigated by

various methods with interests in science as well as in T
applications. The phase sequence and the transition tempera- (PL(cosp))= fo singdg P (cosp)f(pB), 2
tures of the optically pure MHPOBC are as below:

. . . i o o
isotropic ~148 °C—smectié- (SmA)-122°C—smecticc, here we denote a thermal average(by). The orientational

(Srrcj;)—lzo.9°C—smecti@* (S@*)—119-2°C— order parameters can be evaluated by some spectroscopic
smecticC},  (SmC})-118.4°C—smecti€; (SmCx)—  methods[22]; i.e., polarized vibrational Raman scattering
65 °C—crystal 3,4]. measurementg20,23—-27, electron paramagnetic resonance

It was found that the molecules tilt opposite each other iNEPR [28], NMR [29,3Q, IR [18,31,33, and so on. Espe-
the adjacent layers of SBf phase that shows an antiferro- cially the polarized vibrational Raman scattering measure-
electricity[5—8], and tilt opposite once with every three lay- ments can give the estimation of not only the second order
ers of SnC* phase, which shows a ferrielectricity—10. A~ Paramete(P(cosp)) but also the fourth oneP,4(cosp)).
devil's staircase structure was proposed forG3m which Experimentally, some optical phenomena disturb the data

: : analysis of the Raman scattering measurement, for example,
was based on the Ising moddll,12. This phase does not the effects of the birefringence of the ordered liquid crystal.

ture of ferroelectric and antiferroelectric layers, which piIeXIn order to avoid the disturbance by the birefringence, the
) e parallel and perpendicular configuration with the optic axis

up with the temperature dependent rdtl3,14. SmC* and ¢ yhe jiquid crystal is generally adopted for the polarized
the sqbphases exhibit heI|c0|d_aI structure as a whole. SOM&,man scattering measurements. There are plenty of reports
experiments showed the peculiar structures of MHPOBC thab, the measurement of the order parameters in the nematic
play important roles for the appearance of the subphases anghq s phases so fd20,23-27. The order parameters of
phase transitions, i.e., the vent struct[#6,16) and molecu- \HPOBC have been already reported in Smhase[24].
lar interactions or recognition in adjacent laygt§]. More-  On the other hand the analysis of the phases other than the
over, it was observed under an electric field by infra®  uniaxial nematic and S phases becomes more compli-
absorbance measurements that the rotation of theOC cated. In phases other than uniaxial ones, the Raman scatter-
group around the molecular long axis was hindered and thing intensities depend on the way smectic layers are piled up.
biased directions were different in &h and SnC, phase Under the proper correction of the optical disturbance origi-
[18,19. nated from the smectic layer structure, however, the orienta-

If the liquid crystal molecule is assumed as a rigid cylin-tional order parameterd,(cosp)) and(P,(cosp)) can be
drical rod in the uniaxial nematic or Sinphases, the mo- defined as long as liquid crystal molecules uniaxially distrib-
lecular orientational distribution functiof(8) can be ex- ute within a layer. In this paper the correction for the analysis
panded in terms of Legendre polynomi&ls(cosp) [20,21, in SmC* and the subphases of MHPOBC will be derived,
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(a) Laboratory fixed frame
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(b) Layer frame (d) Refractive index frame
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FIG. 1. Schematic diagram of coordinate sys-
X (ap. By, 1) = tem. The details are described in theoretical treat-
ment section.

(c) Molecular orientation frame (e) Molecular fixed frame
(x,y.2) g (X3, Y 25)
(a, B 7=
(ag, /3)0, }’0)

(f) Raman polarizability tensor frame
(', y,2z)

which take account of the peculiar optical disturbance by théayer [Fig. 2(c)]. The z axis is the center of the molecular
following origins, i.e., the tilt angle of the molecular axis orientational distribution in this layer. The rotational trans-
with the smectic layer normal, the spiral structure, and thgormation from the layer frame to the molecular orientation
layer tilt angle due to the chevron layer structuf&g,33— frame is described by the angles pfand ¢. x is the angle
37]. between thec director and theX; axis. ¢ is the angle be-
tween thez axis and the layer normal. In Siphase,¢
Il. THEORETICAL TREATMENTS

The molecular orientational order parameter is obtained @ (b)
by the evaluation of the polarized Raman scattering intensity z Z ‘
[20,21]. The backscattering configuration for the homoge-
neously aligned sandwich cell of the smectic phase liquid 0.0’ EE " -

crystals is assumed here. It is necessary to define the orier
tational relation between the individual molecules and a ref-
erence coordinate system for the description of the moleculal Y X
orientational distribution. Raman polarizability tensors of the X ¥ Yy

individual molecules were described in the reference coordi-
nate system by using several Cartesian coordinate system
that are based on the smectic layer structure, and the trans
formation among the coordinate system is explained here. A
schematic diagram and the drawing of the coordinate systen
are given in Figs. 1 and 2, respectively. The coordinate sys-
tems are defined according to Figsa)t-1(f). (a) A labora-
tory fixed frame is the reference coordinate system that is
defined byX, Y, andZ with respect to the sample célfFig.
2(a)], the YZ 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 tKeaxis. (b) A layer frame X1 X1
is defined byX;, Y1, andZ, on the layer of smectic phase

[Fig. 2(b)]. The Z, axis is parallel to the layer normal and G, 2. The defined coordinate systerta.The laboratory fixed
tilts from theZ axis by the angle+ ¢ or —ybecause the layer frame and the electric fields of incident and scattering ligts.
is inclined from the glass plates by the chevron layer strucThe laboratory fixed frame and the layer fixed frarfw.The layer
ture. TheY, axis is parallel to theY axis. (c) A molecular  frame and the molecular orientation franté) The layer frame and
orientation frame is defined by, y, andz for one smectic the refractive index frame.
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=0 and the molecular orientation frame coincides with thecorrection. The relation between the molecular orientation
layer frame.(d) A refractive index frame is defined by, , frame and the refractive index frame is also described in
y1, andz; [Fig. 2d)]. These axes are identical with optic Appendix A.

elasticity axes and refractive indices are defined in this When the measured area is sufficiently large compared
frame. The refractive index frame is not the same as thavith the helical pitch, the Raman intensity is obtained by
molecular orientation frame in the phase with helical struc-averaging for one period of the helical pitch,

ture, if the helical pitch is larger than a wavelength of light, ) §

because the optical property is given by an average over / T i i 2

helically twisted layers with the wavelength of light. How- (6,6 )ocfo Sm(ﬁd(bJ’o dXJ'O dX{agor 00l ()
ever, at the center of these layers, the averaged optical plane,

defined as a plane containing two optic axes, is parallel to thevhere a4 (x) is the Raman polarizability tensor described
xz plane of the molecular orientation frame in &M in the molecular orientation frame,is a sample thickness,
SmC¥, and SnCj phase of MHPOBC systerf9]. There- and<|a€,,,,(x)|2> is an integrated value over the orientation
fore, the transformation from layer frame to the refractiveof the liquid crystal,

index frame is defined by and ¢, as the analog of molecu-

lar orientation frame(e) A molecular fixed frame is defined (| gy (X>|2>:f dQ @y x| 2F(Q). 6)

by x5, y,, andz, on the individual molecules. Thg axis is ’ ’

defined to be parallel to the molecular long axis 8, andy
are defined as the Euler angles that transform the molecul
orientation frame to the molecular fixed frante. A Raman
tensor frame is defined by, y', andz’. In this frame the
Raman tensor of a vibrational mode for a particular molecul
is diagonalized and has the form of

I(Q) is the orientational distribution function of the molecu-
ar long axis orz, axis with respect to the axis and()
denotes Euler anglesy, B, y). Furthermore, the effect of a
efracting angle on the Raman scattering intensity must be
aken into consideration and the measured intensity is ob-
tained from

Qyry! | 00" = 1(6,60") -
ay,y, ) mes( ’ )_ n(01)2 ’ ( )
*2'z wheren(6') is the refractive index af’ given by

ay (I=x",y’,z") is all component of the Raman tensor in

nzn
this frame anda,,, is the largest. The Euler angles no'")=—== ,ZYZ =. 8
(ag.Bo.70) transform the molecular fixed frame to this VnZsir? 6’ +nj cos

frame.

Now it is assumed that the polarization vectors of thelY andn;, are refractive indices of a liquid crystal material

incident light and the scattering light are within tH& plane for th_e light polarized_ alc_)ng thy axi§ a_nd th(_az axis, re-
and make the anglesand 6’ with Z axis, respectivelyFig. spethely: The cor,nblnatlon (?fanda will be flx_ed at two
2(a)]. E(xy andE(y, are defined as the electric fields of inci- configurations of¢’=#¢ and ¢’ =+ m/2. Here it was as-

dent gh an satering ih at aceprom the suface 411 12 e deay heel st vas formed 1 e o
of the liquid crystal, and they can be decomposed itp P ' '

andz. components of the refractive index frame bgtion was uniaxial with respect to the layer frame. With the
Yir L P ' aid of the computer softwar®ATHEMATICA 2.2 (Wolfram
Research, Ing, Egs. (5) and (7) are evaluated and rear-
ranged. When the sample thickness is sufficiently large com-
pared to the wavelengths of the incident and the scattering
(4) lights, the polarized Raman intensities are represented as a
function of 6 and the orientational order parameters;

Exy=Ex e ™% +E, e '™ +E, 2, 3

_ ~i6' %15 ~i8'y1g 5
E('X)—E)'(le ! XlxleE)’,le ! y1y1+Eélzl,

where the phase factors af 11, e %1 e 9% and 1(0,0)mes=1(0)

e~ %Y1 are introduced to give the correction for the retarda- = C;(c0s6) + Cy(cos8)(P2(COSBapp)

i . oo p

tion effect that is due to the birefringence of the ordered

liquid crystal. 8x,, dy;, 8'x;, and 8y, are the phase dif- +C3(C0s0)(P4(COSBapy) + C4(COSHR,
ference ofx; andy,; components witlg; . (9)

The peculiar structure of each smectic phase should be
reflected on the further effective optical correction for the | (g, g+ 712) me=1, (6)
electric fields of the incident laser light and the scattering
light. The effective corrections for each smectic phase are =Cg(c0s6) + Cg(Cc0sH)(P,(COSBapy)
summarized in Appendix A. For example, S and the
other subphases exhibit helical structure and optical biaxial- + C7(c0S0)(P4(COSBapy) ~ Ca(COSOR.
ity; then one should give a close examination for the proper (10
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C,(cos6) to C,(cosh) are the fourth order functions of b=(ay—a,). (15
cosf, whose coefficients depend ehand ¢, the refractive
index of the liquid crystal material and the glass substrateThus the orientational order parameter is obtained from the
helical pitch, and the Raman tensor. The coefficients for odd@nalysis ofl;(6), 1, (6), andR, using Eqgs(9)—(13) if the
order terms o, (cos6) to C,(cosé) are zero because of the structural parameters are known. It should be noticed that
symmetry of the systenR represents the component of re- 0nly (P(cosp’)),(P4(cosp’)) are possible to be evaluated
tardation amplitude that depends on the sample thicknes§0om these equations becaugg is an unknown parameter,
(P2(cosBypp) and (P4(cospB,,y) are the second and the here.
fourth orientational order parameters of #Heaxis of Raman
tensor with respect to th&; axis, andf,y, is the angle Ill. EXPERIMENTS
between the’ axis and the&Z; axis. It should be noticed that
the effect of the retardation on the Raman intensity is not
zero even if6=0° or #=90° when the refractive index o
frame is inclined with respect to the incident light and the . —o 0
scattering light(e.g., smectic phase with helical structure e 04®_<
and/ors#0.) Therefore, the orientational order parameters O—C*H(CHa)CeH1s
cannot be evaluated properly by the measurements of depo-
larization ratios only a=0° and#=90°, and at least three which has three benzene rings and two ester bonds, one is in
different measurement points éfare needed. a center of the core part and another is attached to the end of
It is supposed that the Raman tensor is uniaxial, namelythe core part or the chiral part. In order to confirm the purity
ayr=ayy=a, anda, =« and thez' axis of the Ra-  of the sample, the phase transition temperatures were mea-
man tensor can rotate freely around theaxis of the mo- sured by the differential scanning calorimeter of TA Instru-
lecular fixed frame. Then the orientational molecular distri-ments DSC 292(02,3]. The experimental cell was prepared
bution defined in one layer has a cylindrical symmetry andas follows and the homogeneous alignment was accom-
(P2(C0SBapp) and (P4(cosByy)) could be rewritten with  plished. The sample was sandwiched between two ITO-
the molecular orientational order parametdPs(cosB)) and  coated quartz plates with the thickness of 2% by using
(P4(cospB)) with respect taz axis in the molecular orienta- poly(ethylene terephthalatspacers. The quartz plates were

The molecular structure df5)-MHPOBC is shown here

tion frame as following equations: spin coated with polyimide and one of them was rubbed in
one direction. The cell was set on the rotating stage, which
(P(COSBapp) = 1(3cog ¢p—1)1(3cog By—1) was equipped with the heat controller that adjusted tempera-
ture with the accuracy of=0.1°C with a controller
X(P,(cospB)) (Yokogawa, UP55D The condition of alignment was

checked by a polarizing optical microscope. Many focal con-
ics were observed except for nphase, but the whole im-
age was sufficiently dark and it was assumed that they did

=3(3cog ¢—1)(Py(cosp’)).  (11)

_1
(P4(COSBapp)=75(35c08 p—30cos ¢+3) not affect Raman intensities much. Hence, the disturbance of
X 1(35 coé By— 30 cog By +3) alignment by_ these defects was ignofed].
The polarized Raman spectra were measured by the fol-
X(P,4(cosB)) lowing system. The green light at 514.5 nm from an argon

, ion laser(Spectra-Physics, BeamLok 2060as used for ex-
=5(35c08 ¢—30C08 ¢+3)(P4(COSB")),  citation. The exciting light was polarized by a glan laser
(12) prism. Scattered light was collected by a lens in the back
light scattering configuration and introduced to a polarizer, a
where B, is the angle betweerr’ axis and z, axis, Raman notch filter, and a monochromat@pex, 270M
(P,(cospB’)) and(P,(cospB’)) are the orientational order pa- combined with a multichannel detectéPrinceton Instru-
rameters of the’ axis of the Raman tensor with respecizto ments, IPDA 512 The incident laser power was set at 0.5 W
axis. It should be noticed that apparent values ofand the slit width of the monochromator was mfh in all
(P2(cosBypp) and (P4(cospB,,p) would be reduced byp  measurements. The depolarization ratios of Raman lines
and By, and even become zero with the specific valuepof were estimated by the measurement for isotropic phase at

and B, at the so-called magic angle value. 150 °C. The Raman lines were deconvoluted with Lorentzian
In isotropic phase, botkP,(cospg)) and (P4(cosp)) are  function to obtain integrated intensities.
zero and the depolarization ratR), is calculated as Polarized Raman spectra were measured at various orien-
tations of the incident laser polarization, and the angle of the
Risc=1, /1,=3b?/(45a%+ 4b?), (13)  orientation between the laser polarization and liquid crystal

alignment were set from 0° to 180° at steps of 10°. The
wherea andb correspond to the average value and the antemperature was varied from 90 to 140 °C. In order to con-
isotropy of the Raman tensor, respectively, and calculated bfirm the phase of the sample during the Raman scattering
measurement, simultaneous monitoring of the capacitance of
a=3(o+2a,), (14 the cell was done by a LCR metérHP, 42624, as shown
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TABLE I. Ab initio calculation resultsay, (I=x",y’,z') is all
component of the Raman tensor in Cartesian coordinate of Raman

Phenyl tensor frame.

z

=

>

£ Depolarization ratios Raman tensors

é Raman lines Obs. Calc. Qyiyr  Qyryr Qpry
N

c

g Phenyl 0.382 0.389 0.13 050 106
S Chiral CO 0.221 0.298 0.01 0.10 1.75
§ Core CO 0.263 0.280 0.01 045 425

800 1000 1200 1400 1600 1800

. B suitable for the evaluations of the orientational order param-
Raman shifts (cm ) eters. The calculated angles betweenzhaxis and the bi-

FIG. 3. The polarized Raman spectrum in isotropic phase aphgn;;l link %Zefabout 1gof?r phlenyl “?e argid r(]:hlralll C]Pﬂ,:me’

150 °C(solid line forl, ; broken line forl ;) and the Raman activi- and almost or coré Ine. twas found that all of e

ties obtained fromab initio calculations(sticks. axes of the Raman tensors lie towards the molecular long

axis.

- : The capacitance and the polarized component of the phe-

in Fig. 4. The frequency of the test signal was 1 kHz. In thenyI line at =0 were obtained by the parallel measurement

ferroelectric phase (SBf') the capacitance shows a peak in the cooling process. The results are plotted as a function

value due to a spontaneous polarization, but in the antiferro- P .
. . ’ . of the temperature in Fig. 4. The capacitance gradually de-
electric (SnC3) and paraelectric phase (&) it drops b 9 b g y

| i o~ creased from the high temperature side down to 120 °C, then
down. In the ferrielectric phases (&) and SnC?), itex- it |eaped to the maximum at 115 °C. Thereafter, it dropped

hibits decreasing valugg,17,39. around 113°C and became steady. On the other hand, the
The theoretical predictions of the Raman tensors werxaman scattering intensity decreased from 118 °C to 113 °C.

carried out by arab initio restricted Hartree-Fock calculation This decrease in the Raman intensity would be mainly owing

with the 3-21G basis set using tBaussIAN 94packagd40]. (5 the increase of theb after SMA-SmC* phase transition

The refractive indices of liquid crystal for which the light [24], as explained beforgRefer to Eqs(9)—(12).] The dras-

is polarized parallel and perpendicular to #heaxis,njand e change of the observed capacitance gave a good indica-
n,, were obtained from Ref.9]. The refractive index of jon of the transition temperature, as shown in Fig. 4.

quartz platesi; was 1.46. , _ The helical pitches of the homogeneous cell used here
Helical pitches were measured by the diffraction methodyere three or four times longer than the value reported for
[41,42 with He-Ne laser at 632.8 nm. free standing film in SI8* and SnC% phase[5,44]; i.e.,
1700 nm in the S@* phase and 2000-4000 nm in the
IV. RESULTS SmCj phase. The substrates affect the helical pitch by wall

anchoring effects. In S@ﬂ; phase, the helical pitch was too

Figure 3 shows the polarized Raman spectra in isotropigyng to be measured by the diffraction method. Judging from
phase at 150 °C. Three Raman lines were investigated, i.e.,

C—C stretching mode of three benzene rings at 1600%m

which is abbreviated as “phenyl,” €0 stretching mode of bl

chiral carbonyl group at 1720 cm, “chiral CO,” and C=0 co

stretching mode of core carbonyl group at 1740 ¢nfcore & - oo e® o
CO” [24,43. Their depolarization ratios are listed in Table I &:
I. The shifts of the Raman lines in crystal-Smphase tran- £ 4:.“'4.' =
sition [43] have been reported, but any shift and change of 3 i . o %ot q ; 3
line width were not observed in the successive phase transig o El
tions from isotropic to Si8% phase. This shows that no £ » ; <
major changes occur either in the normal coordinates or iné :ui EDD; g
the intermolecular interactions during these phase transitions® A~ &

The results of amb initio calculation are listed in Table I. S0 1 i7ooanaen
The calculated depolarization ratios of three Raman lines in o seo !
question generally agree with the observed values in isotro- oo ™" """ "11s P I

pic phase. The Raman activities predicted by #feinitio
calculations are shown with solid lines in Fig. 3. Their Ra-
man shifts and activities are consistent with measured spec- F|G. 4. Temperature dependence of the capacitéiend the

tra. The calculated Raman tensors are also listed in the tablgelarized intensity of phenyl liné®). The vertical broken lines

It was confirmed that each,,, is considerably large com- show transition temperatures. The phase sequence is
pared to other components and thus these Raman lines agenA-SmC?-SmC*-SmC%-SnCj .

Temperature ( °C)
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TABLE II. Parameters used in the fittingy, ny, ¢, and¢ are

5 @) taken from Refs[9,17,24.
el
3 Temp. WP ¢° H
£ Phase (°C) n,? ny? (deg) (deg) (nm)
c
[
£ SmA 140  1.63 1.50 6
g 130 1.63 1.50 7
< i 1 | L
® 0 30 60 90 120 150 180 121 163 150 8
. 118.4 1.63 1.50 10.5
Rotation Angle (deg)
SmC* 117.2 1.63 1.50 12 12

2 [ SmcC* 1156 1.63 150 135 15 1700
_Z SmC’; 114.8 1.63 1.50 14 16.5 8000
s SmC% 113 1.62 150 15 18.5
g 100 162 150 165 23
g 90 1.62 1.50 17 245
é 8Referencd9].
s ! . ) ! ! bReferencd 17].

0 30 60 90 120 150 180 ‘Referencd 24].

Rotation Angle (deg)
pected for the ordering process of liquid crystal. It should be
(©) noted that a bit smaller value @¢P,(cosg’)) for core CO

line than for the other lines was obtained. This small differ-
ence in the value would give the angly between thez’

axis of the Raman tensor and the molecular long axis, as
described in discussion. On the other hatfl,(cosg’)) ex-
hibited drastic variation as temperature was decreased, that
is, it smoothly increased in St phase, scattered in

Raman Intensities (arb. units)

0 30 60 9% 120 150 180 SmCy,, SmC*, SnC’ phases, and dropped in &f
Rotation Angle (deg) phase.
F.IG.. 5. The depen(.jen(.:e of the polarized Raman intensities on V. DISCUSSION
the incident laser polarization at 115.6 °C (Stphase for phenyl . _ .
line (a), core CO line(b), chiral CO line(c). Solid marks are(6) A. Orientational order parameter in SmA phase

and open marks arg (6). The lines show the results of the fitting In SmA phase,(P,(cosg)) and (P,(cosg’)) gradually
with Egs. (9) and(10). increased with decreasing temperature. This phenomenon is

the values in SI@* and SnE% phase, it was estimated as one generally would expect, for the ordering process of

around 8000 nm. 10

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 incident laser polariza-
tion in Fig. 5. The solid lines show the fitting results by the
Egs. (99-(13), where the parameters a, b
(P,(cospB')), (P4(cosp’)), 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 I,
where layer tilt anglegr and molecular tilt angleg had been
given by previous workersl 7,24, andH is the helical pitch.

The obtained orientational order parametg@ps(cosg’))
and(P,(cospB')) are shown in Fig. 6. Sticks show the errors
that were evaluated from the standard deviation of the fitting
process. The error for{P,(cosB’)) is larger than
(P2(cosp'’)) because of the larger sensitivity to the Raman  FiG. 6. The second and the fourth orientational order param-
scattering intensity. In Sk phase, the order parameter eters,(P,(cosg’)) and P,(cosB’); O, phenyl line; A, core CO
evaluated from the phenyl line is agreed with the values retine; 0, chiral CO line. The solid lines sho@P,(cosg’)) and the
ported by Kim et al. [24]. All {(P,(cosB’)) gradually in- dotted lines showP,(coss’). The vertical broken lines show tran-
creased with decreasing temperature, as one generally esition temperatures.

<P5(cosp')>, <P4(cosp')>

i 90 100 110 120 130 140

Temperature (C)
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liquid crystals. The small differences @P,(cosg’)) and s, (P (cosB.,)) largely depends on the value of,, a
(P4(cospB')) for core CO line from those for the other lines hindered direction and a strength of hindrance to the molecu-
are noted in Fig. 6. According to Eqd.1) and(12) the angle lar rotation around its long axis.

Bo of core CO line is evaluated as 9° whehaxes of phenyl (DW*(Q)) are higher order parameters than

and chiral CO Iine; were assumed to be _identical with thqur);(Q». The higher order parameter generally exhibits
molecular long axis. The common statistics under the as:

: > sharper variation to the change of orientational distribution.
sumption of the cylindrical symmetry could be adopted foron the other hanc(D(“)*(Q)) is originally minor term than
the molecular orientational distribution in $nphase. 7~ 00 gihafly

(D*(Q)). Then small disturbance by théD* (Q))

m'm
- 4
B. The biaxial orientational distribution of molecules in smc*  100ks much exaggerated to the minor term(BXG™* (©2)).
and its subphase This would be the reason why the apparéRy(cosp’))
, . . o showed more drastic reduction and scattering by the hin-
The value of(P,(cosg’)) exhibited a peculiar variation drance of molecular rotation thaP,(cosg')).
B : P e
after* Sncy, phase.* The dispersion in variation in  pollowing image could be drawn for a relation between
SmC7, SmC*, SnC’ phases and decrease in Sfn  the phase and the molecular orientational distribution. In
phase are unusual under the assumption of the cylindricallgma phase, MHPOBC molecule distribute uniaxially around
symmetric orientational distribution of molecules. This dis-jts director. After transition to Sm* phase, the molecules
crepancy would be caused by the breakdown of the assumgit away from the helical axis, so that the orientational dis-
tion of the uniaxiality for the molecular orientational distri- tripution could be biaxial. In this phase, the molecular rota-
bution. It has been suggested that the rotation of theC  tjon around its long axis might be somewhat hindered, and
group around the molecular long axis is hindered inG3m  the apparent orientational order parameters show scattering
and its subphasgd8,19. U due to different values of, and 3, for each Raman line.
Now the orientational order paramet&i3 /- (1)) must  Then, in the SB% phase, the molecular rotation is rather
be introduced to express the biaxiality of the molecular ori-hindered and the hindered direction might be changed as
entational distributiori20], and the polarized Raman inten- reported befor¢18,19 while the biaxiality of the molecular

sities are given by the functions QDE]:,);(Q)) and the orientational distribution is increased, thus the apparent

structural parametersee Appendix. B (P4(cosp')) is reduced.

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

The equation of the polarized Raman intensity was de-
L rived as a function of the orientational order parameter and
(PL(COSBapp) = PL(COSP)P (COSBy) > (Di*(a,B)).  incident laser polarization, where it was taken into account
m=-t 16 how the structure influences the optical properties irC3m
(16 and the subphases. The polarized Raman scattering measure-
ments 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
(P(cosp)) a.nd depends on onjg. It was deducgd from :he successive smectic phaseF;. The unusual decrease in the ori-
above equation that the dec(rLe)fse{ B5(COSBapp ) I SMCA  entational order parameters were observed irCSmphases
phase was due to the terfB o, * (a,8))m=o and the differ-  \ith decreasing temperature. It was indicated that they
ent B, for each Raman line caused the scattering ofstemmed from the growth of the biaxiality of the molecular
(Pa(cosBypy) at lower temperature range than the grientational distribution as temperature decreases because of
SmA-SmC;, phase transition. On the other hand, the hindrance of the molecular rotation around its long axis.
(P4(cosBypp) of phenyl line and chiral CO line exchanged

(P4(cosBypp) is independent ofy, because the’ axis dis-
tributes uniaxially around, axis.(D{;* (Q)) correspond to

their order with gach other in this phage. This phenomenon ACKNOWLEDGMENT

cannot be explained by E@L6), sinceB, is constant for the

temperature variation and and(D{.)* (a, 8)) are indepen- We are grateful to Dr. Yukio Ouchi of Nagoya University
dent of Raman line. for supplying MHPOBC material and preparing the sample

Accordingly, it was inferred that the molecular rotation cell.
around its long axis is hindered. Then EB3) is obtained.
[See Appendix B and compare with Egd.1), (12), and  APPENDIX A: THE STRUCTURES OF SMECTIC PHASES
(16).] It is supposed tentatively that the molecular rotation AND THE ELECTRIC FIELD OF THE INCIDENT
around its long axis is perfectly restricted as=0 and y AND THE SCATTERING LIGHT
=0 and the Raman tensor of a molecule has a cylindrical
symmetry. Whenag=0, then B,,= ¢+ B+ is obtained 1. SmA phase
and (P (cosB,p) is reduced. Meanwhile whea,=, SmA phase is optically uniaxial angp=0, so that the
Bapp= ¢+ B— Bo and(P(cosByp)) is increased. Similarly, refractive index frame, the molecular orientation frame, and
whena=0, y=m, anda=0, thenB,,= ¢+ B—Bo. That the layer frame are identical with each other. When a layer

021706-7
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tilt for the substrates) is taken into accounfl7,3§, the
electric fields of the incident and the scattering lights are
given by

PHYSICAL REVIEW E 63021706

x+m\H X+ m\H
((cosx'))= cosy'dy’ dx
x—mAH x—mNH

_i . “ i . N H N
Ex)=e'74(Tzsing cost)X, +e ' Y(Tysing)y, = Hsin<w) cosy, (A6)
+ (T, cosy cosd)z,, (AL)
x+m\H X+ m\H
-, - {(siny’))= siny'dy’ f dy
E(xy=e "° Ty singcosd’ )% +e P V(T sin6")y, X—mMH X—mMH
' e H N
+ (T} cosycosb’ )2, . (A2) - _sin(Tr_) siny, (A7)
N H
T, and T, are transmission coefficients farcomponents of gg that
electric field at the interface between substrate and liquid
crystal. They are calculated by H [7\) .
Hsm H sing cosy
2n 2n 5
_ g [ L Zl: le H . A . . (A8)
T ngtn.' b ngtn.’ (A3) S sing siny
. - cos¢
ng is the refractive index of quartz glass angd are the
principal refractive indices of the liquid crystal when the |n the same way a%,
light is polarized toL axis. These values are calculated as
H (77)\ s
——sin| ——|c0S¢ CoSy
nZ: 2 2 . ’ nY:nL! S H A
Vn? cog g+ n?sir? ¢ Kp=XexX ) AT i :
= sin v Ccos¢ siny
wheren; andn, are the principal refractive indices of liquid cos¢
crystal.
H (’77)\) bsi
——sin| ——|cos¢ siny
2. SnC¥ phase A H
In SmC?; the helical pitch is smaller than wavelengths of y1=y1x isin(w—)\ COSe COSY (A9)
the incident and scattered light5]. Then the phase is opti- A
cally uniaxial and the refractive index frame is identical with cos¢

the layer frame. The electric field of light is given by Egs.
(A1) and(A2) as for the S phase.

3. SnC* phase
SMC* phase is optically biaxia]9] and has a helical

structure. In this phase helical pitch is larger than the wave-

length of the ligh{5,44], so that the optical elasticity axes or
the refractive index frame axes are not identical with the
molecular orientation frame axes. Optic elasticity axeg at
would be given by the average of the molecular orientation
frame betweery— 7w\/H and xy+ 7\/H, because the spatial
resolution could be determined by the wavelength of the
light A. Hencez, is described in the layer frame as

sing((cosx'))
7,=2,x| sing((sinx")) |, (A5)
COoS¢

where ({---)) denotes statistical average frony' =y
—aNH to ' =x+aNH. ((cosy’)) and((siny’)) are cal-
culated as

021706-8

ConsequentlyE x) andE, are given by

Ex)= e '%1(—T, sin¢ cosy cosh

+T;K cosy cos¢ siny cosd

+TyK siny cos¢ sin @)X, +e "'

X (—=TzK siny siny cosf+ TyK cosy sinf)y

+ (T, cos¢ cosyrcosf+T,K cosy sing siny cosd

+TyK siny sing sing)z,, (A10)

E/x) =€ '?1(—T} sin¢ cosy coso’

+T4K' cosy cos¢ siny cosé’
+TK' siny cosg sing’ ), +e 19V
X (—TzK’ siny singcosd’ +T{K' cosy sinb’)y,

+ (T4 cos¢ cosys coso’
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+TLK' cosy sing siny cose’ APPENDIX B: BIAXIALITY OF ORIENTATIONAL
DISTRIBUTION FUNCTION AND THE ORDER
+TyK’ siny sing sing’)z,, (A11) PARAMETERS
where When the molecular orientational distribution function

f(a,B8,y) has a relation off(a,B8,y)=f(7w+a,7—B,7

_H [\ ,_H N’ +7v), f(a,B,7y) can be expanded with Wigner rotation ma-
K= Pl e K™= N/ —7sin 4~ H |’ (A12)  trix in the molecular orientation frame as followa0]:
and\ and N\’ are the wavelengths of the incident and the L 2L+1
: . . . . a p
scattering light in the medium, respectively. f()= > > 8.2 2m ‘oD mm(2),  (B1)
ThoughT, and T| depend ony in SMC* phase, their Loevenmm'=—L
variations are small enough to use E¢s3) and (A4) ap-
proximately[9]. where() representsy, B, and vy. a m IS given by

4. SmC}, phase alt) —f daf sm/sdﬁf dyDE* (Q)f(Q)
In SmCj phase,¢ is apparently zero at the spatial reso-
lution of the light and the refractive index frame is identical —(D(L)* Q).
with molecular orientation frame, becausis reversed in the
adjacent layer. In this phas&, andT| vary as in Sr¢*

(B2)

When it is taken into account that the system has a cylin-

phase. However, the variation of is very small in this . : .
hase als¢9], so thatT, and T, can be calculated by Eqs drical symmetry abouZ, axis beca_lus_e of the_hellcal struc-
P ' L L " ture and the Raman tensor frame is tilted against the molecu-

I(Aﬁi _antd (Af’) dappr_oxisrr:ter:y. Thareforeir:he ?Ie;:'gricf_fi?dld 0]; lar fixed frame, the polarized Raman intensities are given by
tlr?e "'Shtrzérlee i\?;’n'T) E 2{ :f)eénde(n:;) € electnc TIelds of the same equation®) and (10). Here (P (cosB,pp) is re-
g given by £q ' lated to(D5)* (Q)) by

5. SnC3, phase

The average of the molecular tilt angle is appared§ (P (cosBapp)= E A (d) ag,Po, ‘yo)<D( (),
at the spatial resolution of light, becausés reversed once mm’=

by the period of three layers in this phd§e-10]. This phase (B3)
is optically biaxial like the S@* phase. Therefore the elec- L

tric fields of light are obtained by substitutingf2 for ¢ in  where the coefficien&{;). (¢, aq.B0, 7o) is a function of¢,
Egs.(A10) and(All). T, andT, are approximated by Eqgs. ao, B¢, and 1y, egd., when m=m’'=0,
(A3) and(A4) also here. =P, (cos®)P (cospy).
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