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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 hom
tropically aligned nematic liquid crystal 5CB are studied by dynamic light scattering. A soften
of the orientational fluctuation mode corresponding to the transverse profile of the optical field
detected. The observed properties of the soft mode are described by a single localized bound mo
the orientational fluctuations in an effective potential well formed by the optical field. The results
the model agree with the experiment without any adjustable parameter. [S0031-9007(99)08655-X
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The interaction of a laser beam with liquid crystals e
hibits a variety of interesting nonlinear phenomena.
well known and particularly interesting case is the op
cal Fréedericksz transition (OFT) [1], in which the dielec
tric torque exerted on the nematic director by the optic
field causes an inhomogeneous reorientation of the
tially homogeneous structure and thereby changing the
fective refractive index produces a system of light fring
[2]. These can be either static or show time depend
oscillatory or even chaotic behavior [3–8]. Fréederick
transition produced by the static electric field occurs a
well defined threshold that depends on the sample thi
ness [9]. The same is true for OFT, but the thresho
optical field strengthEtr also depends on the laser spo
size [10,11].

The instability associated with the OFT can be inte
preted as the slowing down of some thermal fluctuati
mode of the director field which freezes atEtr . In the
usual case of homogeneous low frequency external fi
this soft mode is of a plane wave form with the crit
cal wave vector determined by the sample thickness. T
analysis of transmitted light polarization noise and lig
scattering have shown that in homogeneous fields the
laxation time and the mean square value of the amplitu
of the critical fluctuation increase with increasing field a
sE2

tr 2 E2d21 [12–16]. The case of OFT is more com
plex due to the finite laser spot size which strongly affec
the threshold field [10,11]. The previous investigation
have focused mostly on the determination of the thres
old field and the perturbed director profile [8–11], whil
the dynamic behavior of the critical fluctuations has to o
knowledge not been reported yet.

In this Letter we present the first experimental light sca
tering evidence of the soft mode in OFT. We show th
it can be described as a special mode of the orientatio
fluctuation spectrum which does not have a plane wa
form. The optical field acts on the director as an effe
tive potential well of finite depth, for which the nemati
equation of motion has exactly one localized bound so
tion, analogous to the quantum mechanical problem o
0031-9007y99y82(10)y2103(4)$15.00
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particle in a shallow well or to propagation of light in a
single mode optical fiber. The peculiarity of the OFT
which causes the instability, is that the elastic torque tran
mitted from the walls of the sample acts so as to make t
relaxation rate of the soft mode finite while the optical fiel
polarized perpendicularly to the average director drives t
relaxation rate towards zero and at the same time mak
the soft mode more and more localized. This interplay o
competing torques and mode localization makes the d
pendence of the relaxation rate on the external optical fie
much more interesting and has novel consequences on
soft mode observation by light scattering.

In our dynamic light scattering (DLS) experiment a
homeotropically aligned sample of nematic liquid crysta
4-pentyl-4′-cyanobiphenyl (5CB, Merck Ltd.) was pre-
pared with two silane (DMOAP) covered glass plates. Th
thickness of the sampleL was 120 mm. In a conven-
tional DLS setup two cw laser beams were used simult
neously: the molecular reorientation inducing Ar ion lase
beam (pump beam) with waist sizew0 ø 20 mm and a
weak He-Ne laser beam (probe beam) withw0

0 ø 15 mm
(Fig. 1).

All the measurements were performed at room tem
perature of24 ±C. The autocorrelation functiongs2dstd ­
kIsst0dIsst0 1 tdl of the scattered light intensityIs of defi-
nite polarization and propagation direction was recorde
by a digital autocorrelator. The detection of either th
pump or the probe beam light scattering was selected
use of an appropriate optical interference filter mounted
front of the detector.

The threshold powerPtr was found to be40 mW. If
w0 ¿ L, the induced director reorientation would be as i
the plane wave situation and the magnitude of the critic
optical fieldEc would be determined by

1
2

´'

´k

´0´aE2
c ­ K

√
p

L

!2

, (1)

where´k and´' are the components of the optical dielec
tric tensor along and perpendicularly to the nematic dire
tor n, ´a ­ ´k 2 ´' is optical anisotropy, andK is the
© 1999 The American Physical Society 2103
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irrors
FIG. 1. Experimental setup with polarization rotator R, polarizers P; analyzer A; lenses L1, L2; pinholes Z1, Z2; dicroic m
M1, M2; color filter F; Ar laser beam (pump beam) withl ­ 514.5 nm; He-Ne laser beam (probe beam) withl ­ 632.8 nm; and
sample S.
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average Frank elastic constant. Taking into account
values of these material parameters for 5CB as repor
in the literature [6,17], expression (1) gives for the corr
sponding laser powerPc ø 3 mW. The about 13 times
larger value ofPtr observed in our experiment shows th
importance of the finite beam size and is in agreement w
other results obtained at the similar ratio ofLyw0 [10,11].

The measurements were performed at a scattering an
u of 0.7±. The pump beam as well as the probe bea
propagated in the direction normal to the sample wal
i.e., along thez axis, and were linearly polarized along
thex axis (Fig. 1). The polarization of the scattered ligh
was selected to be within the scattering plane, that is,
the xz plane. In homeotropic alignment such a geomet
probes solely the bend-splay fluctuations [9]. The comp
nents of the corresponding scattering wave vector areqx ­
14.9 3 104 m21 and qz ­ 4.7 3 102 m21 for the pump
beam and qx ­ 12.4 3 104 m21 and qz ­ 3.8 3

102 m21 for the probe beam, while for comparison
pyw0 ­ 15.7 3 104 m21. Because of the small scatter
ing angle and nearly parallel in- and outgoing polarizatio
a lot of elastic scattering made the regime of the detecti
entirely heterodyne; the inelastic scattering contribut
only about 1% of the total scattered power. For th
incident optical power below the threshold valuePtr the
time dependence of the measured autocorrelation funct
gs2dstd was reasonably well fitted to a single exponenti
decay.

The dependence of the inverse relaxation time1yt of
the fluctuations as a function of the incident optical pow
P as obtained from the DLS of the pump beam and t
DLS of the probe beam is shown in Fig. 2. FromP ­
0 to P , 0.7Ptr the inverse relaxation time is approxi
mately constant. At about0.7Ptr the behavior changes
significantly; the value of1yt starts to decrease with in-
creasingP and goes to zero atPtr .

The obtained results can be explained in the followin
way. To find the spatial profile of the normal modes an
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evaluate their relaxation times one has to solve the Eul
Lagrange-Rayleigh dynamic equation for small direct
fluctuations in an optical field of Gaussian shape [8]. Th
simplest level of this procedure is to apply the one-consta
approximation and neglect the backflow effects, as well
optically induced temperature and density changes. W
these approximations and assuming strong anchoring
sample surfaces, i.e.,dnst, z ­ 0, Ld ­ 0, the dynamic
equation for thex component of the fluctuations describe
asdn ­ sjx , jy , 0d is [8]

Djx 1
1
2

´0´a
´'

´k

1
K

jEsx, ydj2jx ­
h

K
≠jx

≠t
, (2)

where Esx, yd ­ E0e2sx21y2dyw2
0 is the amplitude of the

optical field, andh is the effective viscosity of the material
The fluctuationsjy in a direction perpendicular to the field
remain unaffected and have the form of plane waves.

FIG. 2. The dependencies of the inverse relaxation time
the bend-splay fluctuations on the incident optical power
the pump wave. The circles correspond to the pump be
scattering; the squares correspond to the probe beam scatte
The values for pump and probe beam differ due to differe
magnitudes of the scattering wave vector. The solid line is
plot of Eq. (7).
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To facilitate the analysis we approximate the Gaussi
beam shape with a simple form [8,10]

jEsx, ydj ø

8<: E0, r ,
1

p
2

w0 ,

0, r .
1

p
2

w0 ,
(3)

where r ­
p

x2 1 y2. With this approximation the re-
sulting equation forjx expressed in cylindrical coordi-
nates asjx ­ j0fsr, wd sinsn p

L zde2tyt becomes

2
≠2f
≠r2 2

1
r

≠f
≠r

2
1

r2

≠2f
≠w2 2√

E2
0

E2
c

p2

L2 2 n2 p2

L2

!
f ­

h

Kt
f (4)

with Ec defined in Eq. (1). Equation (4) is analogous t
the Schrödinger equation for a two-dimensional cylindr
cal potential well.

The relaxation rate of the fluctuations is given by th
eigenvalues of Eq. (4) with the boundary conditions th
fsr, wd and ≠fsr, wdy≠r are both continuous atr ­
w0y

p
2. In our experiment the scattering vector was near

perpendicular to thez axis, so thatqz ø pyL and only the
modes withn ­ 1 contributed to the observed scattere
field. Forn ­ 1 there is exactly one discrete eigenvalu
corresponding to the only bound state in the case of
particle in a shallow well. The other eigenvalues belon
to the continuous spectrum and correspond to the us
director fluctuations which extend over the whole samp
and have the form of plane waves which are slight
perturbed in the vicinity of the laser spot. The boun
mode is localized and extends to a distance1yk from
the well boundary, wherek2 ­ hyKt 2 p2yL2. Setting
y2 ­ spw0y

p
2 Ld2sE2

0yE2
c 2 1d 1 hw2

0ys2Ktd ands ­
kw0y

p
2, the boundary conditions yield

y
J 0

0syd
J0syd

­ s
K 0

0ssd
K0ssd

, (5)

whereJ0 is the Bessel andK0 the Kelvin function.
From Eq. (5) one can numerically findy and s. The

relaxation rate is then given by
1
t

­
K
h

p2

L2 f1 2 s2yp2g , (6)

wherep ­ pw0y
p

2 L. The resulting inverse relaxation
time 1yt for the bound mode as a function of inciden
c

f

FIG. 3. (a) The dependence
of the inverse relaxation time
of the bend-splay fluctuations
on the relative incident optical
power sE0yEcd2. The scaling
factor on the x axis is p ­
pw0yL

p
2 ­ 0.37. (b) The

dependence of the characteristi
size of the transverse profile
of the critical mode on the
relative incident optical power
sE0yEcd2. The vertical dashed
line designates the threshold o
the OFT.
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powerPyPc ~ p2E2
0yE2

c is shown in Fig. 3a. The behav
ior of this mode is crucial for the appearance of the OF
It is bound at any value of the incident optical powerP.
The relaxation rate1yt is nearly constant to about 70%
of the threshold power and then starts to decrease sig
cantly, going to zero ats ­ p, where the OFT occurs.
For our experimental situationp ­ 0.37 and the thresh-
old should be reached atPyPc ­ 10.1, what is about 20%
below the experimentally observed value.

The spatial extension of the bound mode is1yk ­
r0 ­ w0y

p
2 s and is shown in Fig. 3b. The value o

r0, which is infinite at the beginning, rapidly decreas
with increasing power and reaches the value of arou
3w0 at threshold. The decrease ofr0 explains the specific
behavior of the inverse relaxation time. The increasi
incident optical power and the associated destabiliz
action of the optical field tend to decrease the value
1yt, while at the same time the corresponding decre
of the transverse size of the mode and related increas
the elastic energy act in the opposite way. Because
the competition of these two effects the resulting val
of 1yt is almost constant at low powers and starts
decrease significantly only in the vicinity of the threshol
when the first effect becomes predominant. The me
square amplitude of the critical mode is proportional to t
relaxation time of the modet [12] and therefore rapidly
increases above around0.7Ptr , resulting in a prominent
increase of the inelastic light scattering at low scatteri
angles, which can be easily noticed in the experiment
an increased twinkling of the outgoing laser beam.

The dependence of the size of the bound mode onP has
important consequences for the observed scattered ligh
tensity correlation function. At any laser power, both th
free modes of the continuous part of the eigenvalue sp
trum of Eq. (2) and the bound mode contribute to lig
scattering at selected scattering wave vectorq. The con-
tribution of each free mode is proportional toV 2

s , where
Vs ­ pw2

0L is the scattering volume, while the numbe
of the contributing modes is proportional to1yVs due to
the increased volume of the wave-vector space forq ,
w0. So the free-mode contribution to the total scatte
ing intensity is given byIq ­ A´2

akThtqpw2
0L, where

A is a constant containing the details of the scatter
geometry. The free-mode relaxation time is given
2105
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tq ­ shyKdq2, whereq is the magnitude of the scatter
ing vector. By the equipartition theorem, the mean squa
of the bound mode amplitudej0 is inversely proportional
to the volume of the mode,kj2

0l ~ kTht0yLr
2
0 , so that

the bound mode scattering intensity isI0 ­ A´2
akj2

0lV 2
s ­

A´2
akTht0pw2

0Lsw0kd2. This result can be interpreted in
an intuitively obvious way that the bound-mode contribu
tion is proportional to the ratio of the illuminated area t
the total mode area. The increase in the inelastic scat
ing related to the squeezing of the bound-mode area is w
evident in Fig. 4, which shows the dependence of the
tio of inelastic to elastic light scattering intensitysIinelyIeld
on the incident optical powerP for the case of pump beam
scattering. The data were obtained from the correspond
heterodyne autocorrelation functiongs2dstd as IinelyIel ­
1
2 hfgs2dst ­ 0dygs2dst ­ `dg 2 1j. Similarly to the depen-
dence of1yt, IinelyIel starts to change at about0.7Ptr and
then grows until the threshold is reached. The total sc
tered intensityItot, which originates predominantly from
elastic scattering background shows no significant chan
in the whole interval from0 , P , Ptr but increases lin-
early with increasing incident power. This justifies that th
observed increase in the value ofIinelyIel is due to the in-
crease of the inelastic light scattering and not due to so
changes in the elastic scattering background.

The observed relaxation rate1ytobs is the average of
the 1ytq and 1yt0 weighted by the respective scatterin
intensities and can be expressed as

1
tobs

­
1 1 k2w2

0

tq 1 k2w2
0t0

. (7)

At small P, k is very small, and1ytobs . 1ytq, while
close to OFT, thekw0 . 1y3, and t0 ¿ tq, so 1ytobs
decreases to a value close to10yt0.

All the parameters needed to evaluate expression
are known. From the known values ofKyh [18], we
get1ytq ­ 2 s21 at smallP. Expression (7) is plotted in
Fig. 2 as a solid line, and the agreement with the measu
values is quite good, since there are no free parameter
the model.

To conclude, we have experimentally observed the cr
cal slowing down of the director fluctuations in the vicin
ity of the optical field induced Fréedericksz transition in
homeotropic nematic liquid crystal cell. The critical mod
has the unusual property that it is localized by the optic
field. The observed dependence of the relaxation rate
the critical mode on the input optical power is very differ
ent from the linearly decreasing behavior, which is chara
teristic for the Fréedericksz transition in homogeneous e
ternal fields. The observed properties of the critical mo
are well described by the simple model of the director d
namics in a square well effective potential formed by th
optical beam.
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FIG. 4. The dependence of the inelastic light scatterin
intensity of the pump wave on the incident optical power.
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