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Time-resolved experiments on light diffusion in anisotropic random media

Diederik S. Wiersma,* Alessandro Muzzi, Marcello Colocci, and Roberto Righini
European Laboratory for Non-Linear Spectroscopy and Instituto Nazionale per la Fisica della Materia,

Largo Enrico Fermi 2 (Arcetri), 50125 Florence, Italy
~Received 25 May 2000!

Multiple light scattering in isotropic and anisotropic media is studied experimentally with an optical gating
technique, as commonly used in fluorescence spectroscopy. The experimental setup permits an accurate analy-
sis of the propagation of a short light pulse through disordered or partially ordered media. The diffusion
constant of some isotropic systems is reported, and the anisotropy in the diffusion constant for light diffusion
through liquid crystals is observed. For the time-resolved data, good agreement with diffusion theory is found
in all cases, including the liquid crystal in the nematic phase.

PACS number~s!: 61.30.Gd, 42.25.Bs, 42.70.Df, 78.30.Ly
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I. INTRODUCTION

The propagation of electromagnetic waves in complex
electric structures is full of surprises. Of interest are perio
cally ordered mesoscopic systems like photonic crystals
one side, and disordered materials like powders or sus
sions of microspheres on the other. Ordered mesoscopi
electric systems, with a lattice constant comparable to
wavelength, behave like a crystal for light waves. At hi
enough refractive index contrast, a photonic band gap is
pected to occur@1,2#. For lower dimensional systems, a ph
tonic band gap for both microwaves and near infrared li
has been observed experimentally@3#, and for true three-
dimensional~3D! systems inverse-opal structures of high
fractive index material like TiO2 look very promising in the
optical regime@4#. The high refractive index contrast need
to obtain a full photonic bandgap in 3D can be obtained w
inverse-opal structures of silicon@5#. The realization of pho-
tonic band gap materials is interesting for applications
optical devices like optical switches and compl
waveguides@2#.

Light waves in disordered materials, on the other ha
are randomly scattered and undergo a diffusive type of tra
port. What makes disordered systems interesting is tha
terference effects can survive random multiple scatter
Examples of such interference effects are coherent b
scattering or weak localization@6# and short and long rang
intensity correlations@7#. Light propagation in disordered
systems shows many similarities with the propagation
electrons in~semi!conductors, and various phenomena th
are common for electron transport have now also been fo
to exist for light waves@8#. Important examples are the pho
tonic Hall effect@9#, optical magnetoresistance@10#, Ander-
son localization@11#, and universal conductance fluctuatio
@12#. Important applications of multiple light scattering in
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clude medical imaging@13# and diffusing wave spectroscop
@14#.

Liquid crystals in the nematic phase are opaque and th
fore also give rise to multiple light scattering. This allow
coherent backscattering to be observed from large nem
systems@15#. The partial ordering of the nematic phase lea
to an anisotopic scattering function, which makes nema
liquid crystals fundamentally different from common ra
dom media. This anistropy in the scattering cross sec
leads, for large enough samples, to an anisotropic diffus
process, and monodomain nematics are therefore ideal
tems for studying anisotropic multiple light scattering. A
isotropic light diffusion has recently been observed in
egant cw experiments by Kaoet al. @16#, and later in time-
resolved experiments@17#, both on large monodomain
nematics. A wide scale of inspiring theoretical work is ava
able on light propagation in opaque liquid crystals@18#.

II. LIGHT SCATTERING IN NEMATICS

A. Single scattering

The nematic phase of a liquid crystal is characterized b
~global! alignment of the molecules in a certain directio
called the nematic directorn, and an otherwise translationa
disorder. Under normal circumstances, a large liquid cry
sample that is brought into the temperature range co
sponding to the nematic phase~e.g., 297–308 K for the liq-
uid crystalp-penthyl-p8-cyanobiphenyl or 5CB! will form a
polydomain nematic phase. With the help of an exter
magnetic or electric field, it is possible to achieve lar
monodomain nematics, in which the molecules are aligne
the same direction over the whole sample volume. The
maining local fluctuations of the nematic director cause
nematic phase to be relatively strongly scattering. The co
lation length of the director fluctuations depends on the
ternal field and in the case of a magnetic field of strengthH
is given byj5AK1 /DxH2, whereK1 is the Frank elastic
constant for splay deformations andDx is the anisotropy in
the diamagnetic susceptibility@19#. The physical interpreta-
6681 ©2000 The American Physical Society
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6682 PRE 62WIERSMA, MUZZI, COLOCCI, AND RIGHINI
tion of j is that any perturbation somewhere inside t
sample will cause a distortion of the nematic director ove
rangej. For zero magnetic field, the correlation lengthj,
also called the magnetic coherence length, diverges. Du
the partial order of the nematic phase, the scattering c
sections for a light wave incident on or propagating in th
liquid crystal will depend on the incoming and outgoing p
larization and propagation directions relative to the direct
of the nematic director. The single scattering different
cross section for a small volumeV of liquid crystal is given
by @19,20#

ssc5VsS Dek2

4p D 2

(
a51,2

kbT~ i a f z1 i zf a!2

Kaq'
2 1K3qi

21K1j22
. ~1!

Hereq5kf2ki is the scattering wave vector withki the ini-
tial andkf the final wave vector of the scattered light wav
K1 , K2, and K3 are the Frank elastic constants for spla
twist, and bend deformations respectively,i and f are unit
vectors representing the initial and final polarization dire
tions, V is the scattering volume,kb is the Boltzman con-
stant, andT is the temperature. The vectorn0 is the average
value of the nematic director and is chosen in theẑ direction.
The directionsa51,2 refer to the unit vectorse1 , e2 of the
director fluctuations eigenmodes:e1 and e2 are in thex-y
plane withe2 normal toq ande1 normal toe2. The projec-
tionsq' andqi are the components ofq respectively perpen
dicular and parallel ton0. A light wave with polarization
perpendicular to bothk and n0 is called an ordinary wave
(o), while the case where the polarization lies in the pla
defined byk andn0 is referred to as extraordinary (e). The
system will be birefringent with a refractive indexmo

5Aeo5Ae' for a light wave with polarization perpendicula
to n0 and refractive indexme5Aee5Ae i for the limiting
extraordinary case of a wave with polarization parallel ton0.
For 5CB at a wavelength of 405 nm we havemo51.571 and
me51.811@21#.

From Eq.~1!, we see that the scattered intensity is ze
for conserving polarization channels with respect to the
rection of the nematic director: if the incoming polarizatio
is in the x-y plane, the outgoing polarization has to have
nonzero component inẑ and vice versa. Furthermore we s
from Eq. ~1! that the cross section diverges forq50 at zero
magnetic field. To illustrate its complicated and rich stru
ture, we have plottedssc in Fig. 1 for various incoming wave
vectors and polarizations. The nematic director is in all ca
along ẑ. In the upper two caseski5k ẑ, the incoming polar-
ization is ordinary, and the outgoing polarization is extra
dinary. In Fig. 1~a! the incident polarization is alongŷ,
whereas in Fig. 1~b! it is along x̂. The intensity in the exac
forward scattering direction is zero due to the above po
ization rules. The ellipsoidal shape is a consequence ofK1
andK2 having different values, which is also the reason
Fig. 1~a! and 1~b! being distinct. Withki5k ẑ and ordinary
incoming and outgoing polarization, the cross section is
ways zero. In Figs. 1~c! and 1~d!, the incident wave vector is
along x. For Fig. 1~c!, the incident polarization is ordinar
~along y!, while the outgoing polarization is extraordina
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~alongz for exact forward scattering!. The case with incident
polarization extraordinary and outgoing ordinary is identic
We can see that the scattering is extremely pointed in
forward direction for this case. This leads to the large diff
ence between the transport mean free path and the scatt
mean free path for nematics@18#. The inset in Fig. 1~c!
shows an enlargement of the region around the origin, fr
which we can see that only the cross section forkf5k ẑ is
really zero. In Fig. 1~d!, we have plotted the peculiar case
extraordinary incoming and outgoing polarizations, whi
leads to a nonzero cross section only for scattering out of
x-y plane. With ordinary incoming and outgoing polariz
tions, the cross section is always zero.

For isotropic systems, the scattering mean free path
usually defined as the average distance between two sca
ing events and is inversely proportional to the scattering
ferential cross section. In a nematic, the scattering cross
tion depends on both incoming wave vector and polarizati
For ordinary~o! @extraordinary (e)# incoming polarization,

FIG. 1. Spherical plot of the single scattering cross sectionssc

of the liquid crystal 5CB in the nematic phase, as given by Eq.~1!.
(K150.79K3 , K250.43K3 , K355.331027 dyne, De5e i2e'

50.811 68, Dx50.9531027, H50.5 T, which yields j

54.2 mm.) The nematic director is alongẑ. In the upper two plots

the incoming beam is incident alongẑ, in the lower plots alongx̂.
In the upper plots the outgoing polarization is extraordinary. Up

left ~a!, incident polarization inŷ, upper right~b! incident polariza-

tion in x̂. Lower left ~c!, incident polarization ordinary, final polar
ization extraordinary or vice versa~identical!. Note the strongly
forward peaked scattering in this case, characteristic of the nem
phase. The enlargement shows the region around the origin. Lo
right ~d!, both incident and final polarization extraordinary.
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the scattering mean free path is

l i 5o,e
21 5 (

f 5o,e
E dV V21ssc~ i 5o,e!, ~2!

where the sum is over both output polarization chann
Without absorption, the incoming coherent beam will be
tenuated in the usual way viaI o,e(z)5I 0 exp(2z/l i 5o,e).
Due to the divergence of the cross section, the scatte
mean free path loses its meaning at zero magnetic field.

B. Multiple scattering

If the dimensions of the system greatly exceed the s
tering mean free path, it will become opaque and multi
scattering will dominate. In an isotropic system, the lig
waves will then perform a random walk with an average s
length and velocity. The average step length is given by
transport mean free pathl * and the velocity by the transpo
velocity ve @22#. The transport mean free path is defined
the average distance over which a light wave comple
loses memory of its original propagation direction. For is
tropic point scatterersl * is equal tol . If the single scatter-
ing function is, for instance, pointed in the forward directio
l * can be much bigger thanl and is given byl * 5l /(1
2^cosu&), with ^cosu& the average scattering angle.

In a thick monodomain nematic, a propagating light wa
will perform an isotropic random walk with anisotropic ste
length and velocity. One can distinguish betweenl '

* and
l i* , the transport mean free paths for propagation directi
perpendicular and parallel ton, andv' andv i the velocities
in the corresponding propagation directions.

Often the random walk picture can be simplified into
diffusion process with diffusion constantD. In the ~3D! iso-
tropic case the diffusion constant simply relates tol * andve
as

D51/3vel * . ~3!

In practice, the diffusion approximation turns out to wo
surprisingly well for most isotropic disordered media. It
important to note that in a time-resolved experiment one
measure the diffusion constantD, whereas in a static exper
ment one can obtain to the transport mean free pathl * .

If we wish to use the diffusion approximation to descri
light propagation in nematic liquid crystals, we have to u
an anisotropy diffusion equation. Note, however, that by
suming a diffusion process, we assume that all microsco
details of the multiple scattering process can be incorpora
in a single parameterD, which in the complicated case o
nematic liquid crystals is not obvious. For an anisotro
medium the diffusion equation is

]W~r ,t !

]t
5“•D“W~r ,t !2t i

21W~r ,t !1S~r ,t !, ~4!

with W(r ,t) the energy density,S(r ,t) a source function, and
t i the inelastic or absorption time, which is the characteris
time over which light is absorbed inside the sample. F
simplicity we assume the absorption time to be isotrop
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However, in the case where the absorption is direction
pendent,t i can be read as an appropriate weighted aver
over all directions. Choosing the nematic director along o
of the coordinate axis, the distinct elements of the diffus
tensor will beD' andD i . It is not intuitively clear what is
now the relation between the anisotropic random walk
rameters andD. We conjecture that we can write

D i5
1

3
v il i , D'5

1

3
v'l ' , ~5!

which can be read as a definition ofv' andv i .
The diffusion equation~4! can be easily solved for given

boundary conditions. In the case of a slab geometry we h
W(r ,t)50 at z52z0 and z5L1z0, with L the physical
thickness of the slab. The distancez0 is called the extrapo-
lation length and depends on the refractive index misma
between sample and surrounding medium@23#:

z052/3l z~11R!/~12R!, ~6!

with R the average reflectivity at the sample interface andl z
the transport mean free path in thez direction. We assume
that the incident pulse is fully scattered at a depthl z and, for
symmetry, that the last scattering event takes place atz5L
2l z . The time evolution of the transmitted intensity
given by Fick’s law@24# @ I tr52Dzz“W(r ,t)uz5L2l z

# and

reads after solving Eq.~4! with the source functionS(r ,t)
5d(x)d(y)d(z2l z)d(t) @25#

I tr5
I 0 exp~2t/t i !exp~2Dx2/4Dxxt !exp~2Dy2/4Dyyt !

p3/2~4t !5/2ADxxDyyDzz

3 (
n52`

1`

A exp~2A2/4Dzzt !2B exp~2B2/4Dzzt !, ~7!

with A5(122n)(L12z0)22(z01l z) and B5(2n11)(L
12z0), and whereDx andDy denote the shift of the incom
ing beam inx and y, respectively. Note that in the limit o
long t and in the absence of absorption, the transmitted
tensity falls off as an exponential with time constantt5(L
12z0)2/Dzzp

2.
If Dx and Dy are chosen zero, the transmission will d

pend only onDzz. This means thatD' andD i can be mea-
sured by orienting the nematic director either perpendicu
~homeotropic alignment! or parallel~planar alignment! to the
plane of the slab (Dzz5D' or Dzz5D i respectively!. If, on
the other hand, the incident beam is translated overDx or
Dy, the transmitted intensity will also depend~weakly! on
thexx or yy components ofD, which allows one to measur
D' andD i in principle in one measurement, using a plan
aligned sample.

III. EXPERIMENTAL CONFIGURATION

We have performed time-resolved measurements on
diffuse transmission through various samples, using an o
cal gating technique as often applied in time-resolved fl
rescence spectroscopy@26#. This method is based on sum
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6684 PRE 62WIERSMA, MUZZI, COLOCCI, AND RIGHINI
frequency generation in a nonlinear crystal where the sig
light ~fluorescence or diffuse scattering! is mixed with a high
intensity gate pulse. This method has the advantage tha
time resolution, in principle, is limited only by the puls
width of the probe and gate pulses. In our case the limit
factor on the time resolution~2.4 ps! was the thickness of the
nonlinear crystal that was used to generate the s
frequency signal.

The samples had a slab geometry, with the slab orien
in the x-y plane and the laser incident alongẑ. The laser
beam was narrow~1 mm! and the transmitted light throug
the slab was recorded aroundx5y50 through a diaphfragm
of 1 mm diameter. The incident laser could be translatedx
and y by rotating a block of quartz.~See Fig. 2.! We fol-
lowed two strategies to observe the anisotropy in the di
sion constant. In the first case we kept the incident be
fixed atx5y50 and varied the orientation of the liquid cry
tal inside the sample cell. This was done by applying
magnetic field either in thex̂ or ẑ direction, which yields a
planar, respectively, homeotropic alignment of the nem
director. In a second set of measurements we kept a fi
planar alignment and translated the incoming beam eithe
x or in y.

The details of the experimental setup are shown in Fig
Our laser source is an amplified Ti:sapphire laser opera
at 1 kHz, wavelength 810 nm, and pulse duration 50 fs
low intensity ~0.1 mW! probe beam at 405 nm is generat
by frequency doubling in a Beta-Barium Borate~BBO!
crystal.1 The remaining power~400 mW! of the 810 nm light
is used as gate beam. The probe beam has a diameter
mm and is incident on the sample via a rotatable quartz cu
The scattered light transmitted by the sample is larg
blocked by a 1 mmdiaphragm, centered behind the samp
The transmitted light that passes the diaphragm is mi
with the gate beam in a BBO crystal to generate a su
frequency signal at a wavelength of 270 nm. A double ba
pass filter~peaked at 270 nm! is placed in front of the pho-
tomultiplier tube~PMT!. The three wavelengths that exit th
BBO crystal are separated by a prism in order to avoid pr
lems from the high intensity gate beam in the bandpass

1The probe pulse is stretched to 1 ps, to avoid high peak inte
ties that could give rise to two photon absorption in the liqu
crystal samples.

FIG. 2. Detail of the experimental setup for recording the tim
resolved diffuse transmission through opaque media. The inci
probe beam can be translated by rotating a quartz cube. Rotati
possible both in the plane of the drawing and perpendicular to
which allows for varying bothDx andDy.
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ters. The gate pulse is delayed via an electronically c
trolled delay line. The probe beam is chopped by
mechanical chopper at 500 Hz~synchronized with the laser!,
and a lock-in amplifier is used to detect the PMT signal. T
sample cell is placed between the~10 cm diameter! pole
shoes of an electromagnet. In the case of a homeotr
alignment four small extra mirrors~not shown! are used to
allow the sample to be perpendicular to the field.

IV. EXPERIMENTAL RESULTS

With the above setup we have performed time-resolv
transmission measurements on various opaque systems,
isotropic and anisotropic. Two examples of measurement
isotropic random media are shown in Fig. 4. In the top gra
the results are shown for the transmission through a s
opaque sample of Teflon; in the bottom graph for the tra
mission through a suspension of polyester microsphere
water. The solid curve is obtained from diffusion theory u
ing Eq.~7!, taking into account internal reflection at the fro
and rear sample interfaces. By fitting the complete theor
cal curve to the data one can obtain both the diffusion c
stantD and the absorption timet i . In the absence of absorp
tion, t i goes to infinity and Eq.~7! becomes independent o
t i . In practice, Eq.~7! becomes insensitive tot i if t i is much
larger thant5(L12z0)2/Dzzp

2.
We can see that, for both the solid sample and the mic

i-

-
nt
is

t,

FIG. 3. Experimental setup to record the time evolution of t
transmission of a short probe pulse through a diffusely scatte
medium. The probe pulse is generated by frequency doubling
output of a CPA Ti:sapphire laser~wavelength 810 nm, pulse du
ration 50 fs, repetition rate 1 kHz!, and is incident on the sample vi
a quartz cube to allow lateral translation of the probe beam.
average power of the probe is 0.1 mW. The 1 mm diameter
phragm is placed directly after the sample cell. The diffuse tra
mission that passes the diaphragm is mixed in a nonlinear cry
~BBO! with a high intensity~400 mW! gate beam, to generate
sum-frequency signal at 270 nm wavelength. A prism is used
separate the signal light from both gate and probe beams, and
ditional bandpass~BP! filters are used in front of the photomulti
plier tube ~PMT! to select a narrow wavelength band around 2
nm. The sample is placed between the~10 cm diameter! poles of an
electromagnet. All mounts are of plastic or aluminum, to avo
distortion of the magnetic field. By varying the delay of the ga
beam, the time evolution of the transmitted signal can be recor
A chopper is placed in the probe beam~not shown! and a lock-in
amplifier is used to record the PMT signal.
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sphere suspension, the data correspond well with diffus
theory. The diffusion constant as obtained from these m
surements for Teflon and the polyester microsphere sus
sion ~0.8 vol % spheres, diameter 198 nm in water!, is, re-
spectively, D51.223104 m2/s and D51.953104 m2/s.
One can assume that the transport velocity for the low c
centration of microspheres in water is very close to the ph
velocity of light in water at that wavelength (v5c0 /1.343
52.2343108 m/s), which gives, via Eq.~3!, a transport
mean free path of 0.26 mm. This value is of the same or
as the expected transport mean free path of the nematic p
of the liquid crystal 5CB. The absorption time obtained f
teflon is t i50.7 ns. For the polyester microspheres the
sorption time was too long to be determined within our no
level ~i.e., negligible absorption on the time scale of the m
surement!.

The inset of Fig. 4 shows the time resolution of the se
as obtained by substituting the sample with an ultrathin le
cleaning paper. The~strong! coherent beam that exits th
sample in this case~under a slight angle! was thoroughly
blocked. The resolution is about 2.4 ps. Note that the fl
tened top of the resolution curve is not due to saturation,

FIG. 4. Diffuse transmitted intensity versus time. Upper gra
Teflon, sample thickness 3 mm; lower graph: 0.8 vol % suspen
of polyester microspheres~diameter5 198 nm, 1.8% cv! in water,
sample thickness 5.2 mm. The solid line is a fit from diffusi
theory @Eq. ~7!#, taking into account internal reflection via Eq.~6!.
The xx, yy, and zz components of the diffusion constant are a
sumed to be equal in the case of Teflon and polyester microsph
Upper graph:D51.223104 m2/s. ~Average refractive indexm
51.4, R50.48 @23#.! The absorption time for Teflon ist i

50.7 ns. Lower graph:D51.953104 m2/s, using an average re
fractive index contrast between sample windows~quartz! and water
of m51.095, which givesR50.135. Inset: time response obtaine
by substituting the sample with an ultrathin lens-cleaning pap
Time resolution 2.4 ps.
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is probably caused by the large thickness~6 mm! of the
sum-frequency crystal. The typical decay times~100 ps or
more! for our samples of interest are much larger than
resolution.

In order to study the anisotropy in the diffusion consta
we have performed transmission measurements on the li
crystal p-penthyl-p8-cyanobiphenyl , which is nematic a
room temperature and has its nematic-isotropic phase tra
tion at 308 K. For every experiment, the sample was hea
to 318 K and let cool down to 300 K overnight in a magne
field of 0.5 T to obtain monodomain samples. The magne
field was generated by an electromagnet with large 10
diameter pole shoes, in order to assure homogeneity of
field. We found that for achieving a homogeneous homeo
pic alignment cooling slowly was important, while th
monodomain planar aligment could also be achieved wit
tens of minutes. In addition it was observed repeatedly th
planar aligned sample stayed visually the same after swi
ing off the magnetic field, suggesting that it stays for
appreciable time in a monodomain nematic phase even w
out external field. Only by removing the sample from t
setup and agitating it strongly can one observe that
sample ‘‘breaks up’’ into several zones of millimeter siz
This latter behavior was observed for a homeotropic ali
ment immediately after switching off the external field, a
ready with modest physical disturbance of the sample. T

:
n

-
es.

r.

FIG. 5. Comparison of the transmitted intensity versus time
tween a planar~upper! and homeotropic~lower! alignment of the

liquid crystal 5CB in the nematic phase.~Incident polarization inŷ,

observed polarization inx̂, T5300 K, B50.5 T.) The solid line
is obtained from Eq.~7!, taking into account internal reflection
~Refractive index contrast at the sample windowm51.691/1.47
51.15, which givesR50.21.) From the planar alignment we fin
Dzz5D'5(3.6260.15)3104 m2/s, and from the homeotropic
alignment Dzz5D i5(4.5660.18)3104 m2/s. The anisotropy in
the diffusion constant is thereforeD i /D'51.2660.07.
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sample was contained in a~quartz! glass cell~with Teflon
side wall! of 25 mm diameter. The sample cell was tempe
ture controlled with an accuracy better than 1 K.

The results of the time-resolved measurements for pla
and homeotropic alignment of the director are shown in F
5. The incoming beam was kept fixed atx5y50. The scat-
tering is stronger for the planar alignment~upper data set!
than for the homeotropic alignment~lower data set!. There-
fore, in order to have about the same optical thickness
both cases, we chose the physical thickness of the pl
aligned sample asL56.3 mm and of the homeotropi
aligned sample asL57.9 mm. We have performed all ex
periments with both vertical and horizontal incoming pola
ization and found no polarization dependence in the diff
transmission.

The solid line is obtained from diffusion theory, using E
~7!, taking into account internal reflection. We see that
correspondence between data and theoretical curves is a
very good. From a fit of Eq.~7! to the data we find for the
planar alignmentDzz5D'5(3.6260.15)3104 m2/s, and
for the homeotropic alignmentDzz5D i5(4.5660.18)
3104 m2/s. The anisotropy in the diffusion constant
thereforeD i /D'51.2660.07. These results are in agre
ment with the theoretical predictions in Ref.@18#.

In the magnetic field that we use to keep our sample i
monodomain nematic phase, the magnetic coherence le
j is of the order of several micrometers.~At 0.5 T field
strength,j54.2 mm.) As long asj is much smaller than the
scattering mean free path, one can picture the random w
as a series of independent single scattering events. The
netic coherence length diverges, however, at zero field
that at low fieldsj can become of the order of millimeters. I
addition, the scattering mean free path as defined by Eq~2!
goes to zero. In this regime the simple picture of a rand
walk as a sequence of individual single scattering events
parently breaks down.

The ease with which the planar phase is formed and
parently maintained after switching off the magnetic fie

FIG. 6. Transmitted intensity of a planar aligned sample, imm
diately after switching off the magnetic field. At zero field, th
magnetic coherence length diverges. Nevertheless, the corres
dence between data and diffusion theory~solid line! is very good.
We find for the perpendicular component of the diffusion const
Dzz5D'53.543104 m2/s, which equals, within the experiment
error,D' as measured before.
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allowed us to test the effect of increasing magnetic coh
ence length. In Fig. 6, we show the results of the tim
resolved transmission~incoming beam fixed atx5y50) on
a planar sample, just after~slowly! switching off the external
field. With a Hall probe it was checked that no residual fie
due to magnetization of nearby metal objects was pres
Surprisingly enough, we observe in Fig. 6 that the tim
resolved transmission does not change appreciably at
field. The solid line is obtained from Eq.~7! and corresponds
to Dzz53.54•104 m2/s which is, within the experimenta
error, equal toD' as found above. The correspondence b
tween data and theoretical curve is again very good. T
diffusion approximation apparently is adequate to descr
the diffuse transmission through large nematics, even at z
field, despite the divergence ofj.

To check the consistency of our results, we have p
formed time-resolved transmission measurements with
translated input beam (x,yÞ0), in which case the transmit
ted intensity depends on bothDzz and eitherDxx or Dyy . In
Fig. 7, we show the time-resolved transmission through
suspension of BaSO4 powder in water, at various latera
translationsDx of the incoming beam. By comparing th
data at Dx50 with Eq. ~7!, we find Dzz5D54.73
3104 m2/s. Using the same value forDxx andDzz we find
excellent correspondence between data and theore

-

on-

t

FIG. 7. Comparison of the time-resolved transmission at vari
lateral displacements of the incoming beam. Sample: 0.2 wt %
BaSO4 powder in water. From theDx50 measurement we find
D54.733104 m2/s which gives, using v5c0/1.34352.234
3108 m/s, a transport mean free path ofl * 50.635 mm.~Refrac-
tive index contrast at sample interfacem51.343/1.47051.0943,
R50.135.) The same value ofD54.733104 m2/s is used for all
theoretical curves. In the upper left plot all theoretical curves
plotted together, to illustrate the evolution of the transmission up
increasingDx.
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curves for allDx, without free fitting parameters. In the up
per left graph, we have plotted all theoretical curves toget
on the same scale, which illustrates how the intensity pro
changes upon increasingDx.

By choosing a suitable orientation of the nematic direc
with respect to the translation direction, one can measur
this way bothD' andD i at the same time. The dependen
on Dxx andDyy is weak, however, which does not allow fo
an accurate determination ofD i . The reason for this is tha
the decay of the time-resolved transmission is mainly de
mined byDzz, even for large values ofDx. In Ref. @17#, we
gave the results for 5CB in the nematic phase oriented a
x̂ ~planar alignment! and the input beam translated tox
56 mm. To check the consistency of our data we used
d
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previously determined value ofD'53.623104 m2/s. In
that case we find for the parallel componentD i5(4.40
60.50)3104 m2/s, which is consistent with the data me
sured in the homeotropic geometry.
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