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Anisotropic multiple scattering of light is studied in monodomain nematic liquid crystals. In

particular, the anisotropy of the diffusion constant is observed in time-resolved experiments.

It is

discussed how dynamic vs static experiments probe different properties: static experiments reveal the
average step length of the random walk (transport mean free path), while dynamic experiments give the
time evolution of the diffusion process (diffusion constant). For the time-resolved data, good agreement

is found with (anisotropic) diffusion theory.

PACS numbers: 61.30.Gd, 42.25.Bs, 42.70.Df, 78.30.Ly

In recent years rapid progress was made in under-
standing the behavior of light waves in disordered media
such as colloidal suspensions, semiconductor powders, or
even common white paint [1]. Interesting new phenom-
ena were discovered, for instance, coherent backscattering
or weak localization [2] and short and long range in-
tensity correlations [3], which are interference effects
that survive the random multiple scattering. Inspired by
solid state physics, many parallels were found between
the multiple scattering of electrons and multiple scatter-
ing of light waves, for instance, the photonic Hall effect
and optical magnetoresistance [4], Anderson localization
of electromagnetic waves [5], and universal conductance
fluctuations [6]. Important applications of multiple light
scattering include medical imaging [7] and diffusing-wave
spectroscopy [8]. All these studies were concerned with
isotropic random media.

Liquid crystals in the nematic phase are strongly scat-
tering materials that also give rise to coherent backscat-
tering effects [9], but they differ fundamentally from
common random media. The partial ordering in these
systems leads to an anisotropic scattering function and
thereby to anisotropic multiple scattering. Anisotropic
multiple scattering of light was just recently observed by
Kao et al. in an elegant experimental study on multiple
light scattering in nematic liquid crystals [10]. A lot of
inspiring theoretical work on light transport in these sys-
tems has been done as well [11].

The observation of anisotropic multiple light scattering
by Kao et al. was achieved in a static experiment. The
difference between static and dynamic (time-resolved)
experiments on multiple light scattering is fundamental
as different properties of the system are probed in the two
cases. In a dtatic experiment one principally measures
the average step length of the random walk that the light
waves perform, called the transport mean free path €.
In a time-resolved experiment one can measure the time
evolution of the diffusion process as described by the
diffusion constant D. The transport mean free path can
be related to the diffusion constant via a velocity, called
the transport velocity. This transport velocity for light
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waves in disordered systems behaves in a complicated but
interesting way, and only recently was well understood
[12]. In liquid crystals the difference between time-
resolved and static experiments is even more important,
as, apart from the diffusion constant and the mean free
path, also the transport velocity is anisotropic. In this
paper we describe the, to our knowledge, first time-
resolved experiments on anisotropic multiple scattering
of light, that allowed us to observe the anisotropy in the
diffusion constant for light waves.

The nematic phase of aliquid crystal is characterized by
a global alignment of the molecules in a direction called
the nematic director n(r), and an otherwise trandational
disorder. The strong opacity of the nematic phase comes
about from loca fluctuations in the nematic director [13]
that elastically scatter light. Because of the partial order
of the nematic phase, the scattering cross section o of
these director fluctuations will be anisotropic and will
depend on the propagation direction of the light relative
to the nematic director [14]. A light wave propagating
through a large and monodomain nematic phase will
therefore perform an anisotropic random walk, of which
both average step length (the transport mean free path
€) and velocity of propagation will be anisotropic. The
transport mean path € will have the values ¢, and €,
respectively, perpendicular and paralel to the nematic
director [15]. Likewise the transport velocity v will have
the perpendicular and parallel components v, and v.

For isotropic media one can make the diffusion approxi-
mation, which meansthat one describes the transport of the
energy density of the light by acommon diffusion equation
with diffusion coefficient D. The diffusion constant can
be related to the transport mean free path and transport
velocity viaD = 1/3v<€. For an anisotropic medium the
diffusion equation reads

oW (r, 1)
Jt
with W (r, ) the energy density and S(r, t) a source func-

tion. Choosing the nematic director along one of the co-
ordinate axes, the distinct elements of the diffusion tensor

=V - DVW(r,7) + S(r,1), 1)
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will be D and Dy, which can be related to the transport
mean free path and transport velocity as

1
_Uigi- (2)

1
Dy = — vy, b, =3

3

We have measured the diffusion constant by recording
the time evolution of the diffuse transmission of short
laser pulses through a sample with a slab geometry.
The dlab was oriented in the x-y plane and the laser
pulse incident adong z. The laser beam was narrow
(1 mm) and the transmitted diffuse light through the
slab was recorded around x = y = 0. The incident laser
beam could be trandated in x and y. We followed two
strategies to observe the anisotropy. For zero trandation
of the incident beam, the time evolution of the transmitted
light depends only on the zz component of D. One can
therefore measure D, and D) by orienting the nematic
director either parallel (planar alignment) or perpendicular
(homeotropic alignment) to the plane of the dlab. If the
incident beam is trandated over Ax or Ay, the transmitted
intensity will also depend (weakly) on the xx or yy
components of D, which alows one to measure D, and
Dy in principle in one measurement.

The time evolution of the diffusely scattered light in
transmission was recorded with an optical gating tech-
nique as often used in time-resolved fluorescence spec-
troscopy (see Fig. 1). Technical details of the setup will
be published elsewhere. The sample was contained in a
glass cell of 25 mm diameter. In this Letter we describe
the results on two sample cells, with thicknesses 6.3 and
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FIG. 1. Principle of the setup used to perform time-resolved
measurements. A short probe pulse is incident from the left.
Part of the diffuse transmission is selected by a diaphragm
(diameter 1 mm), and mixed with a short gate pulse in a
nonlinear crystal (BBO), to generate a sum frequency signa
that is then monitored by a photomultiplier tube (PMT). By
changing the time delay between probe and gate, the temporal
profile of the diffuse transmission is recorded. Laser source:
amplified Ti:sapphire laser, wavelength 810 nm and repetition
rate 1 KHz. Probe pulse: wavelength 405 nm (obtained from
frequency doubling in BBO), average power 0.1 mW, beam
diameter 1 mm. Gate beam: wavelength 810 nm, average
power 400 mW, diameter 1 mm. Fina time resolution of the
setup =1 ps.

Pole shoe

magnet

4322

7.9 mm. The glass cell was temperature controlled with
an accuracy of more than 1 K, and placed in a magnetic
field of 0.5 T, generated by an electromagnet with 10 cm
diameter pole shoes to assure homogeneity of the field.
We used the liquid crystal p-penthyl-p’-cyanobiphenyl
(5CB), which is nematic at room temperature and which
has its nematic-isotropic phase transition at 308 K. For
every experiment, the sample was heated to 318 K and
let cool down overnight in the magnetic field to obtain
monodomain samples. We found that for achieving a
homogeneous homeotropic aignment cooling slowly was
important, while the monodomain planar aligment could
be achieved also within tens of minutes.

The results of the time-resolved measurements for pla-
nar and homeotropic alignment of the director, keeping
the incoming beam fixed a x = y = 0, are shown in
Fig. 2. The scattering is stronger for the planar alignment
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FIG. 2. Time evolution of the transmission of a short probe
pulse through liquid crystal 5CB in the nematic phase, in
a planar aignment (upper) and a homeotropic aignment
(lower). Incident polarization vertical; observed polarization
horizontal. (T = 300 K, B = 0.5 T.) The background signa
(few percent of maximum) was detected at negative delay time
(before presence of probe) and substracted. The solid lines
are the theoretica curves as calculated from Eq. (4), taking
into account internal reflection via Eq. (3) (refractive index
contrast 1.15, R = 0.211 [16]). From the planar alignment we
find D,, = D, = 3.62 X 10* m?/s and from the homeotropic
alignment D, = D = 4.56 X 10* m?/s, which leads to an
anisotropy in the diffusion constant of Dy/D, = 1.26.
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(upper data set) than for the homeotropic alignment
(lower data set). Therefore, in order to have about the
same optical thickness in both cases, we chose the physi-
cal thickness of the planar aligned sample L = 6.3 mm
and of the homeotropic aligned sample L = 7.9 mm. We
have performed all experiments with both vertical and
horizontal incoming polarization and found no polariza-
tion dependence in the diffuse transmission.

The solid line is the theoretical curve as obtained by
solving Eq. (1), using the boundary conditions of a slab
geometry: W(r,t) = 0atz = —zpandz = L + 79, with
L the physical thickness of the dlab, and using the
source function S(r,t) = 8(x)8(y)8(z —€,)8(t). The
distance z, is called the extrapolation length and depends
on the refractive index mismatch between sample and
surrounding medium [16]:

20 =2/3¢.(1 + R)/(1 = R), ©)

with R the average reflectivity at the sample interface
and ¢, the transport mean free path in z. We assume
that the incident pulse is fully scattered at a depth
€, and, for symmetry reasons, that the last scattering
event takes place at z = L — €,. The time evolution
of the transmitted intensity is given by Fick's law [I;, =
=D, ;VW(r,t)|.—1-¢.] and reads after solving Eq. (1)

_ Iy eXp(_Ax2/4Dxxt) eXp(_Ay2/4Dyyt)

w3/2(41)5/2, /D, Dy, D,

+o0

X > Aexp(—A%/4D..1) — Bexp(—B*/4D.1),

(4)
with A = (1 — 2n)(L + 2z0) — 2(z0 + €;) and B =
(2n + 1) (L + 2zp), and where Ax and Ay denote the
shift of the incoming beam in x and y, respectively.
Note that in the limit of long ¢ the transmitted in-
tensity fals off as an exponential with time constant
T = (L + 220)*/D..7>.

In Fig. 2 we see that there is good agreement between
data and theory. From afit of Eg. (4) to the data we find
for the planar aignment D,, = D, = 3.62(*0.15) X
10* m?/s, and for the homeotropic aignment D.. =
D = 4.56(%0.18) X 10* m?/s. The anisotropy in the
diffusion constant is therefore Dy/D, = 1.26 = 0.07.
These results are in agreement with the theoretical pre-
dictionsin Ref. [11].

We cannot compare this measured anisotropy directly
to the experimental results of Ref. [10], because those
experiments were performed at a different wavelength
(514 nm compared to our 405 nm). We therefore have
measured the static anisotropy of our samples as well,
in away similar to Ref. [10]. The transmitted intensity
was recorded at x = y = 0, while the input beam was
translated either along x or along y. The results of
this measurement are shown in Fig. 3. Here the sample
thickness was 6.3 mm, while the director was aligned

Iy

¥ T T T T T T T T T
—~ 1.0 ’7;,’-0 ]
3 \\
< o8- P o -
= Y \\
Z 0] 4 ]
: /] AN
c
B %41 o0 <>'\ iy
= s AN
E’ 02- ¢ —o—scaniny (perp.to '8\\@ .
< —e— scan in x (parr. to n)
= 00 T T T " T T T T 1

6 -4 -2 0 2 4 6

distance from center (mm)

1 v I v 1 ! 1 v 1 N i T T
— 1.0 i
3
E 8- .
Z \
[Z]
S 0.6 .
1S / \\ |
3 04 i
= }’/zo- scaniny 1
g, 0.2 g.r/ —e— scan in x (scaled)yy, 1
® 00 1~ - - -- isotropic diffusion

6 -4 2 0 2 4 6
distance from center (mm)

FIG. 3. Transmission through a slab of planar aigned 5CB
in the nematic phase versus position of incident beam. The
dlab is oriented in the x-y plane (n is in the x direction); input
beam istrandated inx oriny. (T = 300K, B =0.5T). The
transmitted light is detected at x = y = 0. The experimental
error is given by the size of the symbols. Upper plot: unscaled
data. Lower plot: x axis of data of x scan scaled by a factor
of 1.2. The dashed line is the theoretical curve for isotropic
multiple scattering.

along x. The static anisotropy was determined in the way
described in Ref. [10], by rescaling the x axis of the scan
paralel to n, which yields the value 1.44 = 0.06. Thisis
significantly larger than the anisotropy that we find for the
diffusion constant in the time-resolved experiments. The
theoretical curve for isotropic multiple scattering through
a sample of thickness 6.3 mm is shown in Fig. 3 as a
dashed line. We can see that after scaling the data almost
coincide with aregular isotropic multiple scattering curve.

To check the consistency of our results, we have
performed time-resolved transmission measurements with
a trandated input beam (x,y # 0), in which case the
transmitted intensity depends on both D,, and either
Dy, or D,,. By choosing a suitable orientation of the
director with respect to the direction of the trandlation,
one, in principle, could measure this way both D, and
D) a the same time. The dependence on D,, and D,,
is weak, however. D,, and D,, influence mainly the
rising slope of the signal, while the decay at long timesis
almost completely determined by D,.. In Fig. 4 we have
plotted the results for the director oriented along x and

4323



VOLUME 83, NUMBER 21

PHYSICAL REVIEW LETTERS

22 NOVEMBER 1999

intensity (a.u.)

time (ps)

FIG. 4. Time evolution of the transmission of a short probe
pulse through nematic 5CB in a planar alignment (with n in
x); input beam trandated 6 mm in x. (T =300K, B=5T,
L =63 mm.) Trandating the input beam allows one to
observe contributions to the signal from both D., and D,.,.
Solid line: theoretical curve from Eg. (4). The best fit to
the data yields D.. = D = 4.40(*0.50) X 10* m?/s, which
is consistent with the measurements presented in Fig. 2.

the input beam trandlated to x = 6 mm. The solid line
is again the theoretical curve from Eq. (4). To check the
consistency of our data we used the previously determined
value of D, = 3.62 X 10* m?/s. In that case we find,
for the parallel component of D, D = 4.40(=*=0.50) X
10* m?/s, which is consistent with the data measured in
the homeotropic geometry.
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