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ABSTRACT

Usiﬁg Kubo's sﬁaﬁistiCal formalism, we show that ﬁhe
~orientational fldctuations 6f interacting moleéules are
respohsible for both the narrow central component aﬁd the
Broad RaYleigh—wing component in the 1ightsc#ﬁteringvspectrum
of a liquid crystalline materiél.' The same formalism also
,:describés fhe détical Kerr“effect. We also point 6ut the
~difference between the microscopic-and the macroécopic order

parameters.
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The spectrumrof iight scattering from an isotropic nematic substancé
has a narrow central componeﬁt présumably arising from fluctuations of
the order parameter.1 The ordgr parameter here.déscribés the orienta;-
_ tional order of the 16ng molecules in the mediuﬁ.z‘ On the other hand;
a muCh\broader central éomﬁonent waé also observed in the sﬁectrum.3
Such a cémpongﬁt‘always éxists“in ordinary liquids and is oftén called
tﬁé Rayléighaswing component.a_ It is well knqwn';héﬁ the Rayleigh- v
Wihg‘cdﬁpOﬁént co@eé;from7briéntationai_fiuctuafions of molet:ules.4
Thué,'frbﬁ'the micréscdpicjpdint‘of’view, both compoﬁeﬁts appeaf to
bé due to orientational flﬁctuatiéns of molecules. It iS'theﬁ intereéting
:t613eé‘ho§ the orientational fluctuafions can give rise to twq'very
different components in‘thé sfectrum and howﬂthey are related.y In
vthis pﬁper, we show from microscopic derivations that interaction‘
BetWéen molecules is”responsible for ﬁhé observed reéults, and in
: parficular, the narrow central componenﬁ appears because of the large‘.
"mean-field modification_on the orientétional motion‘near a phése transition.

The orientatiohal fluctuations are also directly related to the
opticavierr'effeét due to molecular reorientagion.ﬁ From Kubo's
,fIUctuation—dissipation“theory,6 we can'express the birefringence induced
by é'linéarly polarized optical field of sinusoidally vérying intenéity,

’lEdlz(t) = ,&ojé exp(-18lt), in the isotropic phase as
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0@ = (2n/wFE) & g

SF(Q)

o,
Sx (@718 |

B < 6x(0) 6x(0) > + 198[7 < &x(O)ox(t) > e ar (1)

. ~ where 8 = l/kT, 0x(t) is the anisotropy in the sﬁsceptibiiity induced by
_the field, and the brackets < > indicate the ensemble average. On the
other hand, the average induced anisqtropy of the polarizability_for‘

~ each molecule is

Sa(@) = f(n)lso|g

£@) = (M) Q(@)/[8 |2

=10t 2
dt] (24a(3N) |& zoc|

Q

L]

Q@ = [B < 5(0)5(0) > + 198[7 <S(0)S(t) > e

| ) | o o i
Y(Q)|&ro|ﬂ v . ‘ : (2)

whgr; Ao = % - 0, 1s the anisotropy of the ﬁolecular polarizability,
s =»21si, 5, = (3 cosgei -1) /2 such that Q = (S‘)/N is the usual'érdefv:
pari;ete;,bN is the number of molecules per unit volume, 6i is the angle
between Eo and thé long axis of the.ith molecule, and |$got|2-13‘;he
‘local field which is related to Iaol2 by

o/ le, |2 =va@ + @rple 2 3
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Where'VoQ(Q) is the local-field cOrrécfion ahé'to'iﬁtéfmolecular inter-

aétion in the mean-field approximation.z' We thenHobtain from Eq. (2)
S L E@) = (B)Y(@)/I1 - y(ﬂ)vo/(zAa/s)J;' RO

The relation between F(Q) and £(Q) is,gfrom the'Claussius—Mosotti'eqﬁation,

RN

F@) = NE@/CL - dmo/3)(5)

where o is the average polarizability.
Now that the spectrum of_scattered radiation is given by
10t

1@ = Relaf (sx@ox(e) ) Mgy (o)

wheré A is a proportional constant, we.see immediately from Eq. (1) that
I(Q) = Re{[F(Q) - F(0)]A/iwB}. (D,

| Théﬁ, in order to find I(Q),‘we only need fo find.Y(Q).

We have calculéted:Y(Q) following iw&nzig'svapproaéﬁ.7"1n fact;
éhé preéent gase.resembles very closelwaaﬁiig'scaSe'éxcept that here,
.ihduced dipoles are involved and hence the'matﬁematiéal ﬁanipulation”is
imore complicated. Because ofblimitation in space, we»shallfonly sketch
in the following the important steps Bf.th;:éalcu1atioﬂs. The details

will be published elsewhere,
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Tbvfind Y(Q), we must first calculaté the integration

it

-9t (so)s(e) ) = (1/N)f:&t et

(l/N)f:dt e

- x [ad dlp(d )g(d ,8,t) ) s, (0)s, (V) (8)
o o) o i i
C 1,3

where'ﬁo and U are the abbreviations indicating the orientations of the -
set of moleculeé'initially and at time t respectively, p(ﬁo) is the
‘initial equilibrium distribution and g(ﬁo,ﬁ,t) is the probabilify of
finding a specific set of orientations & at t while the initial set of
. orientations is @ . Thus, we have
i -8V /. BV | - -
p(uo) = e fduo e o o o ®
where V is thé intermolecular interaction potential. Weﬁshaii_use the
- simple form proposed by Maier aﬁd Saupez’8 for Vv

v= YC,e,s, ~1%#]. ) | Qo)

;Thé function g(ﬁg,ﬁ,t) obeys the rotational diffusion equaﬁion'

&

r/z 18+ (g + V]
.n . .

dg/at

- . ‘
RS x v | | (11)
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where z is the frictional coefficient. The above equation with the

initial condition g(t =0) = G(u -4 ) gives

g(t) = [exp(tfd] 8¢a - §)

[Ta g(r) 1% = 5@ -0 /dn +4).

-ConSeouently; we can obtain from Eqs; (2) and (8)

Y@ =(0) + 108 22 fau(zs ) ——;;;p<u>is

- Y(0) = (zAa/aN)Idu p(u) zs 485
- ' , 1,j

(12)

a3

v-The evaluation of the above integrals is then carried out by perturba—

tion expansion by assuming the intermolecular interaction potential V

order9

to be 'small compared with kT, The detailed: calculations and the results

" are very similar to those in Zwanzig's case,7 We find to the second
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Y@

Wm+ad+a+a

1ty
a = 1er(0)/(1'- ;QT)"
'Ym)=—MM)% B re%ch)
T = C/6kT
2 101 ~ -36/65 .
8 =3 B0 Tt I 77 * T
2 49t .. 3 . _=256/65
a, = 2 8(b0) —EI— ¥
R R (1- 181 )2 1—191/2 1-13Q1/13
r(%c?) = (2/35)%% ¢, ¢
S | 2k kL
| N
With some mahipulation, we can reduce Y(f}) to the form
g___ _1+18.4R_ , __10R ~—4.gg »
Y@ B(ta VIt YT Y TS 1391/13]'

Then, ffom Eqs. (4) and (5), we obtain‘the expression

F(Q) =B Y [ck/(l-iﬂtkj] R

where

B =

k .

N

1—4ﬂNa/3 75 (Aa)

LBL-2579

1r(2c?)

(14)

as)

e
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T/ [1-(3V_/280)(0) + 8(8%C™) ]

T, =

T, = 1/211+6(8%)]

v, = 31/13[1+6(8%>) 1

c, ='fl4(3V6)2Aa)Y(6)]'1[;+9(8262)j 3

.b; - e(szc2$» o L . : | o »-(1}i

; \

'>6(‘B”I.’Cn) is a term of the order of Bn(_ln.
'fhg_spec;rum of-iigﬁt_scattering by orientational fiuctuations éan

ﬁow be obfained by inserting.Eq. (l6)zintoxEq. (7). We see»immeéiately'-

;hét the spectrum is composed of several Lotgntzian‘tomponeﬁts with

1} C.2 f'Ca. .

C1 and has a halfwidth 1/11.‘ We notice in Eq; (17) that if'we negléct 

the intensity ratio given by C The strohgest component is

‘terms of Q(BnCn) with'n 2 2, then we can write
c, =T/ -1

T, = C/6k(T - T) . R .'(18)

where Tc'= VO/Sk. “We regdgnize fhatCl and Ty in Eq. (18) have the saﬁg

forms as those derived for ordér-parameter fluctuations from the Landau-

S : 10 ' in fact
de Gennes theory,” and Tc,here-is/identical to the second-order phase

- ‘transition témperature derived from the mean-field theory by Maier and
Saupe.2 Consequently, we can say that the Cl component is the same
| | | 1,10

compbnent known to be due to order-parameter fluctuations, " or in our
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present-language,.it is due to orientational'fluctuations of molecules
iundervthe influence of the mean field created by'intermolecular‘inter—
~action. Both the intensity and_the’inverse width of this'component show
the critical behavior which has been demonstrated'experimentallp in liquid‘crystal—
,line.materials.l In . ordinary liquids, T 1s below the 1iquid—solid
" transition temperature and cannot be reached.

The other components in the spectrum arise from the correlated
.effect of intermolecular ' ' - interaction. The fluctuatlng
fiolecule modifieS'the dynamics of the orientational motion of neigthring
molecules which in ‘turn modify the dynamics of the orientational fluctua-
tions of the original molecule. This‘case is analogous to the case of -
‘coupled dampled harmonic oscillators. In both cases, new modes are;
created.through couﬁling..'We notice that C and C ‘are ofvthe order

2 3

of_'(BC)2 smaller than C The corresponding halfwidths‘l/'t2 and'l/T3

S
are the:damping characteristics of the orientational fluctuations of a
few molecules. Both components do notvshow'the critical behauior as T
approaches T . The.experimental results‘of Rayleigh—wing scattering
in liquid crystals indeed show two broad Lorentzian components 3 - They
agree qualitatively with the above description. In particular, the
results confirm the temperature dependence of T, and.T3-described by _
Eq. 7).

From Eqs. (l) and (16), we can also find the time variation of

_ the field-induced refractive index induced by a time-dependent field

2
8,120

Csn(e) = (n/mB Lo it [ 18 |2 expl-(e-t) /T daet.  (19)
: k- . ‘ ,
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Again, the C1 component dominates here. This equation appliee'to the '

.optical Kerr effect. Such -an effect in an isotropic nematic substance
has recently been measured.ll
Finally, we can obtain theéq;afiénof motion for -6n(t) or’
Sx(t) = néni(t) /2m from‘Eq.A(l9)} | |
_ { , - .
2 oex® +a] -%f 18 12" expl-(t-t"y /7 lder = & ] (€ /tp ] |2(e).
: k. =00 A k S

o : _ : v o (20)
" If we retain only the C, terms in Eq. (20), we then find

3 1 R 2 T -
('5? + 'T—]-') (SX(.t) = A T]_ | &o| . | (21)

de Genneslo has pointed out that. 8x can be ‘taken - -es:the’macroSCOpic
order parameterb We recognize Eq (21) is in exactly the same form -
las the equation of motion for the macroscopic order parameter derived
bylde Gennes from-thermodynamic consideration.lo, As seen from the
above derivation, the macroscopic order parameter is.different from
the’microscopic order parameter Q = (2(3c0026 l)/2 VN The two are
'related through the local field correction |

In conclusion, we have shown that the orientational fluctuations of
molecules are responsible for both the narrow central component (known
to be due to order parameter fiuctuations) and the broed Rayleigh—wing N
c0mponent in:the liéht scattering spectrumiof aniisotropic'liduid |
_ crystalline substance. The critical behavior of the central‘component'

=resu1ts from the mean local-field correction on the orientational motion

of the molecules; The broad wing is due. to coupling'between fluctuating
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molecules through iﬁtermoleéular_interactibn. From thé7¥esu1ts for
light scattering, we can derive expressions for the optical Kerr response
”dueffo'molecular reorientation and the equation of motion for the
macroscopic Qrdér parameter. The fheory ié génerai. In particular, it
also applies to solids such as the plastic crystals. Observations of
iight scattering by_orientatiqnal fluctuations and-the,éofresﬁoﬁding.

- optical Kerr effect in a plastic crystal have recently be reported.12’13

f " The research of one of us (YRS)A was partly d'one.under the auspices:
of.the U. S. Atomic Energy Commission and partiy done at the Laboratory
d'thique Qdantique with the support of a Guggenhéim feilowship. The

. author acknowledges the great hospitaliﬁy of Professo; J. Duculng of

the Laboratory d'Optique Quantique.
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