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NONLINEAR OPTICAL STUDY OF PRETRANSITIONAL
BEHAVIOR IN LIOUID CRYSTALLINE MATERIALS

Nonlinear optics can sometimes be used as a probe to study phase
transition in a material. For example, second-harmonic generation,
which. is very sensitive to symmetry change; has been used to monitor the
phase transition in crystaliine NH4C1 L and quartz 2. Here, we choose
to diécuss a case when the optical Kerr effect is used to'probe the pre-
trénsitional behéviour of the isotropic * nematic transition in a liquid.
crystal 3. The.same method has been applied to the study of pretransi-
tional behaviour in plastic crystals

A nematic,substance is composed of long molecules. ‘They are randomly
'oriented in the'isotropic phase, but become more or less aligned to a
common axis in the nematic phase. We can consider the substanée aé an
analog to a spin svstem with no‘spin polarity. Each molecule here playsl
the role of a spin. The liquid phase is then equivalent'to the paramag-
netic phase, and the nematic phase to the ferromagnetic phase. In a |
paramagnetic system, an épplied magnetic field H can induce a spin
alignment and hence a magnetization along the magnétic field. The in-
duced magnetization M in the mean-field approximation obeys the well-

known Curie's law

\

M = T - T | - 1

G/ (T - T)) L
| | |

which exhibits a critically divergent behaviour as the temperature

approaéhes a critical temperature Tc,'where CM is a constant. A close
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analogue exists in liquid qrystalliﬁe materials. There,an-applied'opfigal
field E(w) can also induce a molecqlar alignment in.thé isotropic phése.
HoWever, since the field variation at optical frequencies is tOO'faét for
the moleculgs to respond, the induced molecular alignment is'proportféﬁ—
al to lE(w)lz rather ﬁhan E (m)._ Ve therefore have |E|2 play the role

of H, while the»induced molecular alignment is manifested by the induced
anisotropy ®n in the optical refractive index. We then expect that Sn

should also obey the Curie's law
. ) _ (2);
n = C|E| /(T - Tc) v _ :

where C is . a constant and TC is the critical temperatufe_for afsecohq—
order isotropic * nematic tranéition in the mean-field approximation.
(We should_note that 6n can also be induced by a dc electric field.
However, the results are ofteh more diffiéult to intérpfe; because
of the preseﬁce,of ionic conduction in the.medium wﬁich also affects’

the molecular alignment.)

‘Let us now give a more rigorous derivation of Eq. ( 2). We use

| . it] o ¢ i the re-
Landau's theory of second-order phase transition to descrlbe : P

' ' . s 3,5
transitional behaviour of the isotropic * nematic transition —"-.
First, we define an order paraﬁeter 0 by the relation

6 =¥, - X =0&x | N €))

o,

-
bt



to the observed transition temperature T
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“ where X1 and X, are the optical susceptibilities parellel and per-

. -»>
pendicular to the applied linearly polarized field E (w) respectively,

"and 2 x is the anisotropy in X when all molecules are perfectly aligned

in one direction. Since the average susceptibility is Xo = (Xl + le)/B,
we have X; = X + 202 x/3 and X =X, - Q2 x%x/3. Then, following Landau's
theory, we can write the free energy per unit volume in the isotropic
phase (0 € 1) as
1 2 3 4 1 2 ‘

F=F +7%A0" +BQ” +D0 - X, lE(w)l (4)
where A = a (T - TO) and a, B, and D are constant coefficients. At
temperatures sufficiently far above the transition, we expect 0 to be so
small that the BQ3 and DQA‘terms in Eq. (4.) become negligible. We
can thenvreadily obtain the Curie's law of Eq. (2) from minimization

of F with respect to Q. We find

<

2
_2m o, 1A (52 :
§n == Gx,f 3 [T/ -1, (5)

' . . 3 4 .
It turns out that in nematic substances, the BQ~™ and DQ terms in F,
which are responsible for the observed first~order isotropic * nematic
transition in the medium, are negligibly small even when T is very close

K In fact, in several sub-

stances, the observed T, is only less than 1°C above the fictious

k

critical . temperature TC.
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We can also discuss the dynamics of the optical field—induced

anisotropy. It is described by the simple equétion 3-5
wQ/8t = ~8F/8Q | (e

where V is a viscosity coefficient. The solution of the equation is

-

| ) ' N
Q(t) =_./(_A_2d6£(vﬁﬂ_)e_- (t - t)/T 00 @

-

where

—~
Il

V/A = v/a(T —.TC) S (8)

-is the relaxation time for therrder parameter. Equation (7) shows that
if |E(w)12 is a pulse shérter or.comparable with.T, then at éufficiently
large t, the order parameter Q, and henée the induced optical anisotropy
Sn = 2mQ 4 X/n, will decréase expdnentially with a time constant T.

From Eq. ( 8), we noﬁe that as T approaches.TC, the relaxation time in-

1

creases rapidly as (T - TC)‘ . This is again analogous to the well-

known critical slowing-down behaviour of the iﬁduced magnetizatiqn in

a paramagnetic crystal near the paramagnetic 7 ferromagnetic>traﬁsition.
It is eéSy to see from Eq. (7) fhat by measuring the transient

response of dn(t) induced b§-|E(w)l2 of a giveﬁ pulsebshape, we.can find

(3) _

the constants X2 (¢ X)2/6a(T —TC) and T from which we can deduce

tiol®

L &0 apboton



-6~ LBL-4178

(2 X)z/a,v/a,.and TCI Note that XéB) is a third-order nonlinear optical
susceptibility which is connected to the optical Kerf constant K by
(3)

K = 2wy /nc and to 6n by 8n = 27 (3)|E|2/n. Because of the critically

(3)
Q

laxation time for an isotropic liquid crystalline material are much

Q

divergent behaviour of ¥ and T, the field—induced_én and its re-~
larger than those for an ordinary liquid, especiaily when the material
approaches the isotropic * nematic transition.

The experimental arrangement for measuring 6n (t) is quite simple .
An intense iaser pulse is used to induce the optical anisotropy or Q, -
while a weak CW laser beam is used to probe the induced 6ptical anisot-:
ropy. Since T for liquid cryétalline materials is of the order of a feﬁ_
.nséé or longer, the laser‘pulse needed for the experiment can be ;ither
a Q~switchéd br a weakly mode~locked one. Such experiments have been
carried out for a number of nematic. substances. .Figure 1 shows, as an
example, the experimental results and tﬁeoretical comparison of x(3)
and f as functions of temperature for.a nematic substance MBBA
(CHy - (CH,) - CHIN- (C/H,) - CH,).
the critically divergeht behaviour of XQ3)(B = ZX

The curves clearly demonstrate

(3) in Fig. 1 ) and

T as the temperature approaches the isotropic * nematic transition.

(3)

We note that XQ and T shown in Fig. are much larger than those of
. . _ _ co (3) _ -10 .

ordinary liquids, At T - Tc = 5°C, XQ (MBBA) = 2.7 x 10 esu is

almost 100 times larger than that of the well-known Kerr liquid CS2 at

room temperature and T(MBBA) = 100 nsec is 5 x 104 times longer than -

that of CS. . The large values of X(3) and T seem to be the characteristic

2 .
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properties bf liquid crystalline materialsvés shown in téble I for a.
number of nematic substances‘é. For MBBA,'T'varies from 40 to 800vnsec 
as T - chhangesvfrom 14.3 to 0.9°C.

Isotropic liquid Crystalliné materials with théir large optical
Kérr constants and thevtemperature—dependent long rélakétion time turn
out to be ideal systems for investigation of self-focusing of light.
Becaﬁse'of the large n, a Q—switched laser pulse will selfffdcus
readily in such a medium. By varying the temperatUre.of an apprdpriate‘

liquid crystalline material, it is now possible to change the relaxation.
time T from a value much larger than fhe laser puléewidth to a value
shorterythan the laser pulse width. this means that Withvthefsame Q-
switched pulse, we can now study not only the quasi4$teady—é£ate self- ‘
focusing phenoﬁenqn (t < pulsewidth) but also the transient seif—focﬁsiﬁg
phenomenon (T > pulsew%dth)'and the intermediate cases between the.twbg
In fact, study of self-foéusing in_MBBA has so far yielded the Onlyv
.quantitative expe;imeptal results on'trahsient Self—focusingfin’a liquid’
In ordinary liquidé, T is in the'picosecond fange, andvtherefore, pico-
_second laser pulses must be used to obéerve tfaﬁsieﬁt self-focusing.

However, the present picosecond technology is not yet advanced encugh

for us to study transient self—focusihg quantitatively.

For a third-order nonlinear optical effect governéd.By a third-

$(3) _

order nonlinear polarizatioﬁ P x(3)|E(m)|2E(w'), there is always
a counterpart in light scéttering. Thus, corresponding to the optical

Kerr effect due to induced ordering, we have light scattering by order -
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' 3,8
parameter fluctuation in an isotropic liquid crystalline material ~’

Then, Eqs. ((4) and ( 6) with IE(w_)]2 = 0 can again be used to describe

the light scattering phenomenon. Since I'E(w)l2 = 0, there is no induced .
ordering, However, as a result of thermal fluctuations, ﬁhe mean

square value <Q2>‘ is ﬁot zero, but from the equipartition theorem

applied to Eq. ( 4), is equal to KT/A. Consequently, the scattering

light intensity is

2 2 '
dey” 2 de) . kT : .
' “(dQ) e (dQ) AT - T) N

which shows the critically divergent behaviour as T * Tc' The dynamic
equation forIQ governs the spectrum of the scaptéred radiation. Equétion
6 - with IE(w)l2 = 0 is in the form of a.relaxation equation, and
therefore it leads to a Lorentzian spectral line centered at the incbming

laser frequency. The half width of the Lorentzian line is given by
I'=A/v' = a(T - TC)/V. (10)

We'have,’as expected, I' = 1/T which shows a critical narrowing behaviour
as T * Tc' The reéults in Egs. (9.) and (10) have been experimentally
verified by Stinson and Litster7

Light scattering by order-parameter fluctuation appears as an

intense narrow. spectral line (halfwidth < 100 MHz) centered at the laser

frequency. However, as one looks more carefully at the scattering spectrum,
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one would find another much broader and much weaker compbnent also
centered af the laser freéuency but with its wings extendéd out to tens
of a cm_l, ? Sgch a broad component actually exists in all liquids
and is beliéved to be dpe to light scattéring by fluctuaﬁionstf
individual molécular orientations. This is known éé Rayleigh -wing
scattering 19 Now; %pr liquid crystals, thepe is apparently'a dilemma,
since the order parameter fluctuation is clearly also a flpctuétion-in
the molecular orientagion.' How can tﬁe same fiuctUation of molecular
orientation give rise to both the narrow central compoﬂent and the
‘broad Rayleigﬁ—wing éomponent?

Qualitatively,.the answer to fhe above quéstion.is simple. We
remember that the Landaﬁ theory we havé used is actually equivalent to
the mean-field theory which takes into account>on1§ tﬁe ave:agé local—
field correction. This can be seen aé follows.v Miéroscépically, the

molecular orientation is induced by .the local field

|Eloc

2 2 .

|“ = [Ew|"+v (b
where V is due‘td molecular interaction. In the mean-field approxi- -
mation, we have V = AQ with A\being a proportional constant. The aver-
age induced molecular orientatiaon Q is proportional to IE(w)l N

N = _ < . . . T = _
Q b(T)|E£0C| , For |T Tc| T, by defining b ( C) ‘1/X and express

ing b(T) = b(Tc) + (T - Tc)(db/dT)T we can write
o > .
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) = Constant |E(w)|2/(T - Tc) ‘ (12)
Equation (12)_is of course the same as one would obtain from minimi-
zation of F in Eq. (4.).

The above;derivation essentially follows the dérivation of the
magnetic susceptibility fbr a paramagﬁetic crystal near phase transitiqn
taking into account . the mean local-field correction. This shows that .
the results derived frém the free energy F in Eq. (4.) héve not in-
cluded the temporal and spatial dependence of the local field due to‘
molecular interaction. Pﬁysically, the mean field approximation des-
cribes the molecular Orientatibnal fluctuations under the influence of
an average local field and predicts only a single Lorentzian spectral
line with critical.behaviour for the scattered-radiatioa. In é more
rigorous treatment, we should take into account the local-field correction
more rigorously. Then, the problem of N interacting molecules can be
considered as a problem of N coupled oscillatqrs (referring to the
orientational motion) in the highly damped limit. It is well known that
a system of N coupled harmonic oscillators has many resonant lines. 1In
the highly dampéd limit, the resonant:frequencies of these lines aré
negligibie compared to the linewidths, but different lines have
different linewidths. Consequently, we expect to find‘a‘series of
Lorentzian lines with different linewidths ceﬁtered at zero fréduency.
The narrowest line shows tﬁe critical behaviour arising from the average

local-field correction, while the others are much broader and show no
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‘criﬁical behéviour but more or less characteristics of oriemtational
flucfuatibns of individual molecules. The more formal derivétion-of the
above discussion is given in Ref. 11.
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Table I.
- (3)

R T (°C) _E(T T Xq_léT TS
Compound- ¢ (10 sec-°K). (10 "“esu-°K)
C4H9— (C6Hh) - CH:N - (C6H4) —R{ CH3 41.7 67 13.2

C,Hq 67.6 21 7.8

CH, 130.7 8.5 15
| C,H,  161.0 7.5 -10.2
RO - (C.H,) - Nzovf (CeH,)-OR || CH,, 115.0 25 5.6

CeHyy 126.0 15 4.7

CH . 121.3 15 5.4

Table I:.

times T and nonlinear susceptibilities ¥

nematic liquid crystalline compounds.

Q

Critical transition temperatures Tc’ orientational relaxation

(3)

for various




-13- N  LBL-4178
REFERENCES; |
1. I. Freund, Phys. Rev. Lett. 19, 1288 (1967). ..
2. J. P. Bachheimer and G. Dolino, Phys. Rev. Bll, 3195 (1975)>
3. G. K. L. Wong and Y. R. Shen, Phys. Rev. Lett. 30, 895 (1973);
Phys. Rev. AlO, 1277 (1974). |
4 T. Bischfberger and E. Courtené §2,1163 (1974).
5. P. G. de Gennes, Phys. Lett. A30, 454 (1969); Mol.léryst. Liq;
Cryst. 12, 193 (1971). | |
6. E. G. Hanson (to be published).
7. T. W. Stinson and J. D. Litster, Pﬁys. Rev. Lett. 25, 503 (1970).
'8."7G. K. L. Wongrand Y. R. Shen, Phys. Rev. Lett. 32, 527 (1974);'
9. N. M. Amer, Y. S. Lin and Y; R. Shen; Soiid State Comm. (1975).
10. See, for example, I. L; Fabellinski, "Molecﬁlar Scattering of
Light"(Plenum Press, New York) 1968)cﬁapters II and VIII.

11. C. Flytzanis and Y. R. Shen, Phys. Rev. Lett. 33, 14'(1974).

FIGURE CAPTION

Fig. 1 (a) Nonlineaf refractive index (Aﬁ =.ﬂB|E|2/n) as a.functiOn-
of temperatdre for MBBA. A are experimental data from optical
Kerr measurements and 0 are experimental data from ellipse-
rotation measurements. ,The solid curQe is given by |

1

5.4 x 10_9/(T - Tc) with 314.7°K.(b) Relaxation time TL of .
the order parameter as a function of temperatdre for MBBA.
The solid curve is the theoretical éurve and the dots are the

- experimental data points (after G.K.L. Wong and Y.R. Shen, Phys.

Rev. A1Q, 1277 (1974).
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