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Localized Soft Mode at Optical-Field-Induced Fréedericksz Transition
in a Nematic Liquid Crystal
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Collective orientational fluctuations near optical-field-induced Fréedericksz transition in a homeo-
tropically aligned nematic liquid crystal 5CB are studied by dynamic light scattering. A softening
of the orientational fluctuation mode corresponding to the transverse profile of the optical field was
detected. The observed properties of the soft mode are described by a single localized bound mode of
the orientational fluctuations in an effective potential well formed by the optical field. The results of
the model agree with the experiment without any adjustable parameter. [S0031-9007(99)08655-X]

PACS numbers: 61.30.Gd, 64.70.Md, 78.35.+c¢c

The interaction of a laser beam with liquid crystals ex-particle in a shallow well or to propagation of light in a
hibits a variety of interesting nonlinear phenomena. Asingle mode optical fiber. The peculiarity of the OFT,
well known and particularly interesting case is the opti-which causes the instability, is that the elastic torque trans-
cal Fréedericksz transition (OFT) [1], in which the dielec- mitted from the walls of the sample acts so as to make the
tric torque exerted on the nematic director by the opticalelaxation rate of the soft mode finite while the optical field
field causes an inhomogeneous reorientation of the inipolarized perpendicularly to the average director drives the
tially homogeneous structure and thereby changing the efelaxation rate towards zero and at the same time makes
fective refractive index produces a system of light fringesthe soft mode more and more localized. This interplay of
[2]. These can be either static or show time dependentompeting torques and mode localization makes the de-
oscillatory or even chaotic behavior [3—8]. Fréederickszpendence of the relaxation rate on the external optical field
transition produced by the static electric field occurs at anuch more interesting and has novel consequences on the
well defined threshold that depends on the sample thicksoft mode observation by light scattering.
ness [9]. The same is true for OFT, but the threshold In our dynamic light scattering (DLS) experiment a
optical field strengthe,, also depends on the laser spothomeotropically aligned sample of nematic liquid crystal
size [10,11]. 4-pentyl-4-cyanobiphenyl (5CB, Merck Ltd.) was pre-

The instability associated with the OFT can be inter-pared with two silane (DMOAP) covered glass plates. The
preted as the slowing down of some thermal fluctuatiorthickness of the samplé was 120 um. In a conven-
mode of the director field which freezes Bt.. In the tional DLS setup two cw laser beams were used simulta-
usual case of homogeneous low frequency external fieldeously: the molecular reorientation inducing Ar ion laser
this soft mode is of a plane wave form with the criti- beam (pump beam) with waist size) = 20 um and a
cal wave vector determined by the sample thickness. Theeak He-Ne laser beam (probe beam) with~ 15 um
analysis of transmitted light polarization noise and light(Fig. 1).
scattering have shown that in homogeneous fields the re- All the measurements were performed at room tem-
laxation time and the mean square value of the amplitudperature of24 °C. The autocorrelation functiop®(r) =
of the critical fluctuation increase with increasing field as(I,(¢')I;(+' + 1)) of the scattered light intensity of defi-

(E2 — E*)7! [12-16]. The case of OFT is more com- nite polarization and propagation direction was recorded
plex due to the finite laser spot size which strongly affectdy a digital autocorrelator. The detection of either the
the threshold field [10,11]. The previous investigationspump or the probe beam light scattering was selected by
have focused mostly on the determination of the threshuse of an appropriate optical interference filter mounted in
old field and the perturbed director profile [8—11], while front of the detector.

the dynamic behavior of the critical fluctuations has to our The threshold poweP,. was found to bet0 mW. If
knowledge not been reported yet. wo >> L, the induced director reorientation would be as in

In this Letter we present the first experimental light scatthe plane wave situation and the magnitude of the critical
tering evidence of the soft mode in OFT. We show thatoptical field E. would be determined by
it can be described as a special mode of the orientational - 2
fluctuation spectrum which does not have a plane wave S e goe EX = K(—) , @
form. The optical field acts on the director as an effec-
tive potential well of finite depth, for which the nematic whereg| ande; are the components of the optical dielec-
equation of motion has exactly one localized bound solutric tensor along and perpendicularly to the nematic direc-
tion, analogous to the quantum mechanical problem of &or n, &, = g — £ is optical anisotropy, and is the
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FIG. 1. Experimental setup with polarization rotator R, polarizers P; analyzer A; lenses L1, L2; pinholes Z1, Z2; dicroic mirrors
M1, M2; color filter F; Ar laser beam (pump beam) with= 514.5 nm; He-Ne laser beam (probe beam) with= 632.8 nm; and
sample S.

average Frank elastic constant. Taking into account thevaluate their relaxation times one has to solve the Euler-
values of these material parameters for 5CB as reporteldagrange-Rayleigh dynamic equation for small director
in the literature [6,17], expression (1) gives for the corre-fluctuations in an optical field of Gaussian shape [8]. The
sponding laser poweP,. = 3 mW. The about 13 times simplestlevel of this procedure is to apply the one-constant
larger value ofP, observed in our experiment shows the approximation and neglect the backflow effects, as well as
importance of the finite beam size and is in agreement witloptically induced temperature and density changes. With
other results obtained at the similar ratiolofw, [10,11].  these approximations and assuming strong anchoring at
The measurements were performed at a scattering angéample surfaces, i.edn(z,z = 0,L) = 0, the dynamic
6 of 0.7°. The pump beam as well as the probe beanequation for the: component of the fluctuations described
propagated in the direction normal to the sample wallsasén = (¢,, ¢,,0) is [8]
i.e., along thez axis, and were linearly polarized along
thex axis (Fig. 1). The polarization of the scattered light 1 ey 1 s, M
was selected to be within the scattering plane, that is, in Afe + 2 %%k |EGe y)IPéx = K o1
the xz plane. In homeotropic alignment such a geometry
probes solely the bend-splay fluctuations [9]. The compowhere E(x,y) = Eoef<x2+yz)/w% is the amplitude of the
nents of the corresponding scattering wave vectogare  optical field, andy is the effective viscosity of the material.
14.9 X 10* m™! andg, = 4.7 X 10> m~! for the pump  The fluctuations, in a direction perpendicular to the field
beam and g, =124 X 10* m™' and ¢. =3.8 X  remain unaffected and have the form of plane waves.
10> m~! for the probe beam, while for comparison
a/wo = 15.7 X 10* m~!. Because of the small scatter-
ing angle and nearly parallel in- and outgoing polarizations

a lot of elastic scattering made the regime of the detection 49
entirely heterodyne; the inelastic scattering contributed
only about 1% of the total scattered power. For the 34

incident optical power below the threshold valBg the =
time dependence of the measured autocorrelation function & ,1
g@(r) was reasonably well fitted to a single exponential £
decay.

The dependence of the inverse relaxation tihie of
the fluctuations as a function of the incident optical power
P as obtained from the [_)LS of thg pump beam and the 00.0 02 04 o6 o3 10 p/p
DLS of the probe beam is shown in Fig. 2. Frdm= B
0 to P ~ 0.7P, the inverse relaxation time is approxi- FIG. 2. The dependencies of the inverse relaxation time of
mately constant. At aboud.7P, the behavior changes the bend-splay fluctuations on the incident optical power of

significantly; the value ofl /7 starts to decrease with in- the pump wave. The circles correspond to the pump beam
creasingP and goes to zero at scattering; the squares correspond to the probe beam scattering.
tr -

. . . . The values for pump and probe beam differ due to different
The obtained results can be explained in the followingmagnitudes of the scattering wave vector. The solid line is a
way. To find the spatial profile of the normal modes andplot of Eq. (7).
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To facilitate the analysis we approximate the GaussiapowerP /P, o szS/Ef is shown in Fig. 3a. The behav-

beam shape with a simple form [8,10]
1
E()a P < = wo,
|Ex,y)| ~ { . P2 3)
s P = ZWos
wherep = /x2 + y2. With this approximation the re-

sulting equation foré, expressed in cylindrical coordi-

nates ag, = &f(p, @) sinnTz)e”"/™ becomes

_ef _Lof 1 @f
apr  p dp  p? 0p?
E37T2 2772 n
e N NI P 4
(EgLZ ) Tk @

ior of this mode is crucial for the appearance of the OFT.
It is bound at any value of the incident optical power
The relaxation ratd /7 is nearly constant to about 70%
of the threshold power and then starts to decrease signifi-
cantly, going to zero at = p, where the OFT occurs.
For our experimental situatiop = 0.37 and the thresh-
old should be reached &t/ P. = 10.1, what is about 20%
below the experimentally observed value.

The spatial extension of the bound modelisc =
po = wo/+/2s and is shown in Fig. 3b. The value of
po, Which is infinite at the beginning, rapidly decreases
with increasing power and reaches the value of around
3wy at threshold. The decreasemf explains the specific

with E. defined in Eq. (1). Equation (4) is analogous tobehavior of the inverse relaxation time. The increasing
the Schrodinger equation for a two-dimensional cylindri-incident optical power and the associated destabilizing

cal potential well.

action of the optical field tend to decrease the value of

The relaxation rate of the fluctuations is given by thel/r, while at the same time the corresponding decrease
eigenvalues of Eq. (4) with the boundary conditions thabf the transverse size of the mode and related increase of

f(p, @) and af(p, ¢)/dp are both continuous gp =

the elastic energy act in the opposite way. Because of

wo/+/2. In our experiment the scattering vector was nearlythe competition of these two effects the resulting value

perpendicular to the axis, so thayy, <« 7 /L and only the

of 1/7 is almost constant at low powers and starts to

modes withrn = 1 contributed to the observed scattereddecrease significantly only in the vicinity of the threshold,

field. Forn = 1 there is exactly one discrete eigenvaluewhen the first effect becomes predominant.

The mean

corresponding to the only bound state in the case of aquare amplitude of the critical mode is proportional to the
particle in a shallow well. The other eigenvalues belongelaxation time of the mode [12] and therefore rapidly
to the continuous spectrum and correspond to the usuaicreases above arourtd7Py., resulting in a prominent
director fluctuations which extend over the whole samplencrease of the inelastic light scattering at low scattering
and have the form of plane waves which are slightlyangles, which can be easily noticed in the experiment as

perturbed in the vicinity of the laser spot.
mode is localized and extends to a distariga from
the well boundary, where?> = n/Kr — #?/L?. Setting
v? = (WWo/\/EL)z(E(Z)/Eg — 1) + nw3/(2K7)ands =
kwo/~/2, the boundary conditions yield
Jow) _  Kols)
v =g S
Jo(v) Ko(s)
whereJ, is the Bessel an&| the Kelvin function.
From Eq. (5) one can numerically find ands. The
relaxation rate is then given by
1

K 2
e ;ﬁ[l - s7/p?l,

(5)

(6)

The boundan increased twinkling of the outgoing laser beam.

The dependence of the size of the bound mode dias
important consequences for the observed scattered light in-
tensity correlation function. At any laser power, both the
free modes of the continuous part of the eigenvalue spec-
trum of Eq. (2) and the bound mode contribute to light
scattering at selected scattering wave veqtorThe con-
tribution of each free mode is proportional ¥, where
V, = ww%L is the scattering volume, while the number
of the contributing modes is proportional gV, due to
the increased volume of the wave-vector spacegfor
wo. So the free-mode contribution to the total scatter-
ing intensity is given byl, = AsﬁanquwéL, where

wherep = mw/~/2L. The resulting inverse relaxation A is a constant containing the details of the scattering

time 1/7 for the bound mode as a function

of incident geometry. The free-mode relaxation time is given by

FIG. 3. (a) The dependence
of the inverse relaxation time
of the bend-splay fluctuations
on the relative incident optical
power (Ey/E.)?>. The scaling
factor on thex axis is p =

lb) ]

mwo/LN2 = 037. (b) The

dependence of the characteristic
size of the transverse profile
of the critical mode on the
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7, = (n/K)q?, whereq is the magnitude of the scatter- 0.12 "
ing vector. By the equipartition theorem, the mean square 0.111
of the bound mode amplitudg, is inversely proportional B 8'38;
to the volume of the mode&3) = kTnto/Lpi, so that 2] Aa
the bound mode scattering intensitylis= As2(£5)V2 = 0,020
Ag2kT promwiL(wok)?. This result can be interpreted in a
an intuitively obvious way that the bound-mode contribu- 0.015+ a M
tion is proportional to the ratio of the illuminated area to 0.010- e

. . . . . Ay
the total mode area. The increase in the inelastic scatter- A A 4o A aa
ing related to the squeezing of the bound-mode area is well 0.005 -
evident in Fig. 4, which shows the dependence of the ra- - - - -

tio of inelastic to elastic light scattering intensitic1/7e1) 0002 04 06 08 10 pp

on the !nCIdent optical powe? folr the case of pump beaml FIG. 4. The dependence of the inelastic light scattering
scattering. The data were obtained from the correspondingensity of the pump wave on the incident optical power.
heterodyne autocorrelation functia®?(¢) as Iine1/Ie1 =

Hg® (@ = 0)/g@(t = »)] — 1}. Similarly tothe depen- ~ This work was supported by Ministry of Science
dence ofl /7, I;he1 /1. Starts to change at abouf P, and and Technology of Slovenia (Grant No. J1-7474) and
then grows until the threshold is reached. The total scatturopean Union (Grant No. IC15-CT96-0744).
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