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A New Optical Method for the Measurement
of Viscoelastic Coefficient in Nematic
Liquid Crystals
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A new method to measure the ratio between orientational viscosity and the bend elastic constant of
nematic liquid crystals is presented. The method is based on the observation of the molecular rotation
induced in the sample by the angular momentum transfer from a circularly polarized laser beam.
Backflow is also considered. PACS numbers: 61.30.Gd, 42.65.-k, 64.70.Md

Keywords: non-linear opfics, nematic liquid crystal, viscoelastic coefficient

It is well known that a continuous wave laser beam impinging on a Nematic Liquid
Crystal (NLC) sample can induce a change in the orientation of the molecular
director .12

In the case of homeotropic alignment and for normal incidence, no reorientation
can be induced until the laser beam intensity reaches a characteristic threshold
value. This phenomenon is known as Optical Fréedericksz Transition (OFT).3

When the beam polarization is circular, the director i does not even reach a
final steady configuration after the transition. Rather, it goes through a continuous
rotation at a fixed tilt angle around the propagation axis 2.* Emerging light is then
found elliptically polarized with the ellipse major axis rotating at the same speed
as f.

This phenomenon has been explained in terms of a continuous angular momen-
tum transfer from light to NLC molecules. In a quantum picture, each photon,
travelling through the film, may suffer a scattering on the NLC film from its initial
elicity state to the opposite one, thus imparting to the molecules an angular mo-
mentum of 2/ directed along Z. In view of the analogy with the Brillouin Stim-
ulated Light Scattering, this dynamical phenomenon has been called Self-Induced
Stimulated Light Scattering (SISLS).> A first quantitative theory for SISLS in
nematics has been developed very recently.®

In this paper we show how to obtain informations on the viscoelastic coefficient
of the NLC, by comparing the period of the laser induced molecular rotation with
the theoretical predictions. Backflow effects may affect the results and therefore,
unlike in Reference 6, we take them into account.
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Let us consider a layer of NLC of thickness L.. We use a Cartesian coordinate
system having the z axis normal to the plane walls. The director i is specified by
its Cartesian components n; or by the polar angles & and ¢. The impinging light
beam is assimilated to a monochromatic plane wave, having wavelength A\. We may
then drop all spatial derivatives with respect to x and y, and denote 4/6z with a
prime.

The dynamics of the director field # is described by the equation

— = - — + Bn, &)

where

€4

F= 16m

Ku(diV ﬁ)Z + % K22(ﬁ' rot ﬁ)z -+ ';‘ K33(ﬁ X rot ﬁ)Z - |ﬁ ‘ Elz (2)

N —

is the director free energy per unit volume in the presence of the optical electric
field E (K;, K»,, K33 are Frank’s elastic constants, and €, = n? — n2is the dielectric
anisotropy, n, and n, being the NLC extraordinary and ordinary indices, respec-
tively). Moreover,

1 . . ,
R = 5 vi(r; — wijnj)(ni = wany) + Yo — wihnh)vijnj 3)

(sum over repeated indices is implied) is the dissipation function in the presence
of a nonzero fluid velocity field v (v; and w;; are the symmetric and antisymmetric
part of the tensor dv/dx; respectively, v, and v, are the orientational viscosity
constants). In Equation (1) B is a Lagrange’s multiplier to be chosen in such a way
that #%(¢) = 1.7® Projecting Equation (1) on the plane normal to i, the term Bn;,
cancels out and we are left with the evolution equation

V(7 — wame + nymewe) + vy — nnyy) = G, 4

where G, are the functions of fi, of its z-derivatives fi’, A", and of the electromagnetic
fields, given by

9 OF _oF
0z ony,  ony,)’

G, = (Sij - nn,) ( (5)

Equation (4) is to be solved together with the lights propagation equations, which,
in the slow envelope approximation, can be shown®' to reduce to a precession
equation for Stokes’ parameter vector § = (54, 55, §3), Viz.

§ = %\E An[9(z)](cos 2¢(z), sin 2¢(z), 0) X §, (6)
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where

noh,

An(d) = (n2 sin®y + n2 cos?y)'?

- n,. @)

For small angle 9(z), we retain only terms linear in the small quantities n,, n,
and v’ in Equation (4), and quadratic in Equation (6). Equation (4) is then reduced
to

'Ylﬂi_’y ;Vzv = G; (i=2x1y) 8)

(n, equation is not necessary, due to the normalization condition). In the same
approximation, Navier-Stokes’ equation for the fluid velocity v can be shown to
reduce (in the non-inertial limit) to®

9 . 1 , .
3z I:Mzni + 5 (hg + P«z)Vi] =0 (i =uxy)), )

where p; with i = 1 + 6 are Leslie’s viscosity coefficients, lied to the «; by the
relations

Y1 = M3 T By
(10)
Y2 = M3+ Mo

Integrating Equations (9), and using the conditions v = 0 at boundaries, we can
solve for v/, and find

24, < f ) .
v, = ——————— |/, — — | n;dz i=2x79). 11
T — (= %) (1)
Substitution in Equation (8) then yields
. 2p3 ( 1 f L ) .
n, — —————\n,——| mdz) =G, i=xy). 12
yl ™ + ’LS - My L 0 ( y) ( )

For small angle 9(z), and for negligible twist ¢’(z), the distortion shape is ap-
proximately given by the single mode expression

n(z, 1) = A{f) sin -’TLE G = x, ). (13)

Substitution of Equation (13) into Equation (12), and “projection” over the first
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mode (i.e., multiplication by sin{wz/L) and integration over z going from 0 to L)
gives

. ZJL . Wz
* = — . —_— ] =
Yid; = 7 Jo G, sin 73 dz i=xy), (14)
with
213 ( 8)
¥ = - ——— |1 - =] 15
e B T s — K m (15)

We notice that the backflow correction to v, given by Equation (15) turns out to
be independent of the director motion (rotation or relaxation), provided 9(z) and
¢'(z) are small.

We can now rewrite Equation (4) with the substitutions v— 0, y; — vy 1, obtaining

yin; = G; @=xy). (16)

As shown in Reference [6], Equations (16) and (6) can be combined to obtain
an expression for the rotation angular velocity

Q = 7 [s3(L) - 33(0)] Ks;

a WL an

and for the output light ellipticity
s3(L) = s5(0)cos a. (18)

In these equations we introduced the phase shift due to birefringence
2 L
@ = T‘T fo An[9(2)] dz (19)

and the dimensionless intensity I = I/I,,, where

2 g2
2w*cnZKs,

I = G2 w2

(20)

is the threshold intensity value for circularly polarized light>
As shown in Reference 6, a can be expressed as a function of I by inverting the
relationship

— [1 = 2H()]?
H(a) ’

Ia) = 1 1)
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where H(a) is defined as

(o) = 2 [ S0LowOIl1 = w01 = :ﬁfz:f@ - (- cos u)] ,,
.o L {1 - cos[au(ic)x] si_n E-rlg— cos a)u(ﬁ)} d, )
with
u(D) = ¢ ~ 5= sin(2m). 23)

By substituting for a(f) in Equations (18) and (17), we obtain the final expression
for the rotation period T = [2n/Q}|

T = T S Dl (VKL> = b (YK_L> 4

We notice that the numerical factor f(1) in Equation (24) is independent of material
constants, film thickness, etc., provided the laser intensity is normalized to the
threshold value. f(I) is always of the order of one, as shown in Figure 1.

The measure of the rotation period T provides therefore a very simple way to
have good estimates of the viscoelastic ratio vy{/Kj;. The sensitivity of the method
is only limited by the precision by which we know the thickness L of the film, and
by the correctness of the approximations we made. Moreover, the intensity ratio
I = I/, may be replaced by the laser total power ratio P/P,,, which can be
determined without knowing the beam spot-size.

14 T T T T

L L L !
09 11 13

FIGURE 1 The universal function f({). The function extends to the region I < 1 because of the
hysteresis of the rotational motion.
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In our experiment we used a thin film of E7, a NLC mixture from BDH. The
film thickness was measured under a microscope to be 120 = 5 pm (this was
achieved by observing the sample from the side, and measuring the distance be-
tween the internal edges of the containing glasses by means of a rule in the mi-
croscope ocular). The containing glasses were coated with HTAB for homeotropic
alignment. The sample was put into a oven having temperature control within
0.1°C. The molecular rotation was induced by circularly polarized Ar* laser beam,
with A = 514.5 nm, focused at normal incidence onto the sample in a Gaussian
profile spot having a diameter of about 160 wm. The experimental apparatus is
shown in Figure 2.

We checked that the heating due to laser absorption in our sample was negligible,
by measuring the ordinary refractive index change in the presence of the pump
laser, below the OFT threshold. The index temperature dependence was measured
by an interferometric technique.!-'?> The sample worked as a Fabry-Perot, leading
to rapid oscillations in the transmitted light intensity as the oven temperature was
increased at constant rate. The further heating due to laser absorption should
produce a shift in the transmission versus temperature curve. Within the sensitivity
of the method (+0.1°C), no shift was actually observed.

For each temperature we measured also the threshold power P,,, which was
found strongly dependent on temperature. The rotation periods for different values
of ratio I = P/P, were then measured, by looking at the rotation of the light
polarization ellipse beyond the sample. By a complete ellipsometric technique based
on an heterodine Mach-Zender interferometer,'* we checked that ellipticity was
almost constant during the rotation. A fixed polarizer has then been put beyond
the sample, to collect only a linear component of the emerging light on the pho-
todetector. As expected, the signal during the rotation showed a uniform oscillation
at a frequency 2(), whose amplitude depended on the light ellipticity (a little
difference between two consecutive oscillations was actually observed, which we
ascribed to small amount of nutaton superimposed to the rotation of i).

The observed periods were fitted with the theoretical curve given by Equation
(24), using v%/Ks; as a fitting parameter. The best fits in the temperature range
22°C + 50°C are shown in Figure 3.

Since the elastic constants are proportional to §2, S being the order parameter,
the predicted dependence of y%/Kj3; on temperature T in E7 is approximately given
by

yE  eBAT
K—;~ s (25)
BS P Aim [C P PD
Ar# ] i

PD
DA

FIGURE 2 Experimental apparatus. NLC~sample; T-thermostatic oven; Ar * ~laser, BS—beam splitter;
P-polarizer; M4-birefringent plate; PD-photodiode; DA -data acquisition system.
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FIGURE 3 Ratio v}/Ks, versus temperature in E7. Points are from best fit with theory. Solid line is
a polynomial fit on the points.

where E is an activation energy and k is the Boltzmann constant. We may assume
S = (1 - T/T,;)? where T,, = 65°C is an effective temperature for the nematic-
isotropic phase transition and B is an exponent which typically ranges from 0.1 to
0.3. Equation (25) then predicts a monotonic almost linear decrease of v%/Kj,, up
to a temperature close to T,; where it saturates or eventually starts increasing. This
qualitative behaviour is evident in Figure 3.

A quantitative comparison with the experimental data on y,/K;, in E7 obtained
by optical response time measurement,'® after correction by the factor K,;/K;; =
0.6,'¢ shows an agreement better than 10%.
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