PHYSICAL REVIEW E VOLUME 62, NUMBER 5 NOVEMBER 2000

ARTICLES

Time-resolved experiments on light diffusion in anisotropic random media
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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 numbgs): 61.30.Gd, 42.25.Bs, 42.70.Df, 78.30.Ly

I. INTRODUCTION clude medical imagin@13] and diffusing wave spectroscopy
[14].

The propagation of electromagnetic waves in complex di- Liquid crystals in the nematic phase are opaque and there-
electric structures is full of surprises. Of interest are periodifore also give rise to multiple light scattering. This allows
cally ordered mesoscopic systems like photonic crystals ofoherent backscattering to be observed from large nematic
one side, and disordered materials like powders or suspe§ystemg15]. The partial ordering of the nematic phase leads
sions of microspheres on the other. Ordered mesoscopic di¢ @n anisotopic scattering function, which makes nematic
electric systems, with a lattice constant comparable to thdauid crystals fundamentally different from common ran-
wavelength, behave like a crystal for light waves. At highdom media. This anistropy in the scattering cross section

enough refractive index contrast, a photonic band gap is eX€ads: for large enough samples, to an anisotropic diffusion
pected to occufl,2]. For lower dimensional systems, a pho- process, and monodomain nematics are therefore ideal sys-

tonic band gap for both microwaves and near infrared Iighttems for studying anisotropic multiple light scattering. An-

has been observed experimentas], and for true three- isotropic light diffusion has recently been observed in el-
dimensional3D) syst mp ver ' | structures of high r egant cw experiments by Kaet al. [16], and later in time-

ensiona Systems Inverse-opal Structures ot high ré- o) eq experiment§17], both on large monodomain
fractive index material like Ti@look very promising in the

X X . e nematics. A wide scale of inspiring theoretical work is avail-
optical regime[4]. The high refractive index contrast needed g0 on light propagation in opaque liquid crystes].
to obtain a full photonic bandgap in 3D can be obtained with
inverse-opal structures of silicdb]. The realization of pho-
tonic band gap materials is interesting for applications in II. LIGHT SCATTERING IN NEMATICS

optical devices like optical switches and complex A. Single scattering

Wat?%l:'deiz]' in disordered terial the other hand The nematic phase of a liquid crystal is characterized by a
Ight waves In disordered materials, on h€ other nan (globa) alignment of the molecules in a certain direction,

are randomly scattered and undergo a diffusive type of ranssye 4 the nematic directar, and an otherwise translational
port. What makes disordered systems interesting is that irgigorder. Under normal circumstances, a large liquid crystal
terference effects can survive random multiple scattermgsamme that is brought into the temperature range corre-
Examples of such interference effects are coherent baCl%‘ponding to the nematic phaéeg., 297—308 K for the lig-
scattering or weak localizatio®] and short and long range ig crystalp-penthylp’ -cyanobiphenyl or 5CBwill form a
intensity correlationd7]. Light propagation in disordered polydomain nematic phase. With the help of an external
systems shows many similarities with the propagation oimagnetic or electric field, it is possible to achieve large
electrons in(semjconductors, and various phenomena thatmonodomain nematics, in which the molecules are aligned in
are common for electron transport have now also been founthe same direction over the whole sample volume. The re-
to exist for light waveg8]. Important examples are the pho- maining local fluctuations of the nematic director cause the
tonic Hall effect[9], optical magnetoresistan¢&0], Ander-  nematic phase to be relatively strongly scattering. The corre-
son localizatior{11], and universal conductance fluctuations lation length of the director fluctuations depends on the ex-
[12]. Important applications of multiple light scattering in- ternal field and in the case of a magnetic field of strerigth

is given by &= VK, /AyH?, whereK; is the Frank elastic

constant for splay deformations aigy is the anisotropy in

*Email address: wiersma@lens.unifi.it the diamagnetic susceptibilifyd9]. The physical interpreta-
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tion of ¢ is that any perturbation somewhere inside the a. b.
sample will cause a distortion of the nematic director over a
rangeé. For zero magnetic field, the correlation length

also called the magnetic coherence length, diverges. Due ti
the partial order of the nematic phase, the scattering cros:
sectiono for a light wave incident on or propagating in the
liquid crystal will depend on the incoming and outgoing po-
larization and propagation directions relative to the direction z
of the nematic director. The single scattering differential - 10
cross section for a small voluméof liquid crystal is given
by [19,20
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Hereqg=k;—k; is the scattering wave vector with the ini-

tial andk; the final wave vector of the scattered light wave,
Ki, Ky, andKj; are the Frank elastic constants for splay,
twist, and bend deformations respectivelyand f are unit
vectors representing the initial and final polarization direc-
tions, V is the scattering volumek,, is the Boltzman con-
stant, andr is the temperature. The vectog is the average

value of the nematic director and is chosen inzférection.
The directionsa=1,2 refer to the unit vectors;, e, of the
director fluctuations eigenmodes; and e, are in thex-y
plane withe, normal toq ande; normal toe,. The projec-
tionsq, andqy are the components ofrespectively perpen- FIG. 1. Spherical plot of the single scattering cross seatign

dicular and parallel ta,. A light wave with polarization  of the liquid crystal 5CB in the nematic phase, as given by(Ex.
perpendicular to bottk andng is called an ordinary wave (K;=0.7Kj;, K,=0.4XKj3, K3=5.3x10"" dyne, Ae=¢—¢,

(0), while the case where the polarization lies in the plane=0.81168, Axy=0.95<107, H=0.5 T, which vyields ¢
defined byk andng is referred to as extraordinarg). The  =4.2 um.) The nematic director is alorm In the upper two plots
system will be birefringent with a refractive indem,  the incoming beam is incident alorzy in the lower plots along.
= \e,= Ve, for a light wave with polarization perpendicular In the upper plots the outgoing polarization is extraordinary. Upper
to ng and refractive indexm.= _\/e—e: \/G—H for the limiting eft (a), incident polarization iry, upper right(b) incident polariza-
extraordinary case of a wave with polarization paralletdo  tion in x. Lower left (), incident polarization ordinary, final polar-
For 5CB at a wavelength of 405 nm we hawg=1.571 and  jzation extraordinary or vice versédentica). Note the strongly
me=1.811[21]. forward peaked scattering in this case, characteristic of the nematic
From Eq.(1), we see that the scattered intensity is zerophase. The enlargement shows the region around the origin. Lower
for conserving polarization channels with respect to the diight (d), both incident and final polarization extraordinary.
rection of the nematic director: if the incoming polarization
is in the x-y plane, the outgoing polarization has to have a(alongz for exact forward scatteringThe case with incident
nonzero component ia and vice versa. Furthermore we see polarization extraordinary anq outgoing ordinary i; iden.tical.
from Eg. (1) that the cross section diverges fipe=0 at zero We can see t.hat the §catter|ng is extremely pointed in the
magnetic field. To illustrate its complicated and rich struc-forward direction for this case. This leads to the large dlffer-_
ture, we have plotted-. in Fig. 1 for various incoming wave €NC€ between the transport mean free path and the scattering

vectors and polarizations. The nematic director is in all case@’€@n free path for nematidd8]. The inset in Fig. ()
- - . . shows an enlargement of the region around the origin, from
alongz. In the upper two casdg=k z, the incoming polar-

ization is ordinary, and the outgoing polarization is extraor-Which we can see that only the cross sectionKkprkz is
dinary. In Fig. 1a) the incident polarization is along really zero. In Fig. Ud), we have plotted the peculiar case of
Y- 9. P 9. extraordinary incoming and outgoing polarizations, which

whereas in Fig. (b) it is alongx. The intensity in the exact |eads to a nonzero cross section only for scattering out of the
forward scattering direction is zero due to the above polar;(_y plane. With ordinary incoming and outgoing polariza-
ization rules. The ellipsoidal shape is a consequenck0f tions. the cross section is always zero.

andK, having different values, which is al§o the reason for  gqr isotropic systems, the scattering mean free path is
Fig. 1(a) and 1b) being distinct. Withkj=k z and ordinary  usually defined as the average distance between two scatter-
incoming and outgoing polarization, the cross section is aling events and is inversely proportional to the scattering dif-
ways zero. In Figs. (t) and Xd), the incident wave vector is ferential cross section. In a nematic, the scattering cross sec-
alongx. For Fig. Xc), the incident polarization is ordinary tion depends on both incoming wave vector and polarization.
(alongy), while the outgoing polarization is extraordinary For ordinary(o) [extraordinary €)] incoming polarization,
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the scattering mean free path is However, in the case where the absorption is direction de-
pendent,r; can be read as an appropriate weighted average
over all directions. Choosing the nematic director along one
/’i;lo,e: E J dQ VvV loi=o0,e), (2 of the coordinate axis, the distinct elements of the diffusion
f=o.e tensor will beD, andD;. Itis not intuitively clear what is
now the relation between the anisotropic random walk pa-

where the sum is over both output polarization channelsrameters an®d. We conjecture that we can write

Without absorption, the incoming coherent beam will be at-
tenuated in the usual way Vi, ¢(z)=1oexp(—2/i_oe).
Due to the divergence of the cross section, the scattering 1 1

. , > Dj=zv)/|, D.=%
mean free path loses its meaning at zero magnetic field. I 3U”/”’ 3

UL/L y (5)
B. Multiple scattering which can bg read as a definition of ande. '
] ) The diffusion equatiori4) can be easily solved for given
]f the dimensions of 'Fhe System greatly exceed the SCatyoundary conditions. In the case of a slab geometry we have
tering mean free path, it will become opaque and multlple\N(r’t):O at z=—z, and z=L+z,, with L the physical
scattering will dominate. In an isotropic system, the lightinickness of the slab. The distanzgis called the extrapo-

waves will then perform a random walk with an average stefation length and depends on the refractive index mismatch
length and velocity. The average step length is given by thganyeen sample and surrounding medii28]:
transport mean free patfi* and the velocity by the transport

velocity v [22]. The transport mean free path is defined as

the average distance over which a light wave completely 20=2/34(1+R)/(1-R), (6)
loses memory of its original propagation direction. For iso-
tropic point scattererg™ is equal to/. If the single scatter-
ing function is, for instance, pointed in the forward direction,
/* can be much bigger thari and is given by/* =//(1

with R the average reflectivity at the sample interface dpd
the transport mean free path in thelirection. We assume
that the incident pulse is fully scattered at a depttand, for
—(cos#)), with (cosb) the average scattering angle. symmetry, that the last scattering event takes place=at
In a thick monodomain nematic, a propagating light Wave_./z' The't|n’1e evolution of the transmitted intensity is
will perform an isotropic random walk with anisotropic step given by Fick's .Iaw[24] [Itr_: B DZZVW(r’t)lFLj/z] and
|ength and Ve|ocity' One can d|st|ngu|sh betweéj[] and reads after SO|V|ng Eq4) W|th the source funCtIOI’S(I’,t)
/|, the transport mean free paths for propagation directions™ 8(x)8(y) 6(z— /) 8(t) [25]
perpendicular and parallel tp andv, andv the velocities

in the corresponding propagation directions. o exp —t/7,)exp( — Ax?/4D ) exp( — Ay2/4D )
Often the random walk picture can be simplified into a |,= 2 n5
diffusion process with diffusion constabt In the (3D) iso- (41> VDyDyyD,
tropic case the diffusion constant simply relategtoandv, +oo
as X >, Aexp —A%4D,t)—Bexp —B2/4D,.t), (7)
n=—w=
D=1/3v/*. (3

with A=(1—-2n)(L+2zp)—2(zo+/,) andB=(2n+1)(L
In practice, the diffusion approximation turns out to work *220), and wheredx andAy denote the shift of the incom-

surprisingly well for most isotropic disordered media. It is "9 P€am inx andy, respectively. Note that in the limit of
important to note that in a time-resolved experiment one calPd t @nd in the absence of absorption, the transmitted in-
measure the diffusion constadt whereas in a static experi- ten5|ty2falls Osz as an exponential with time constart (L
ment one can obtain to the transport mean free péth +220) /D pm". . .

If we wish to use the diffusion approximation to describe !f Ax andAy are chosen zero, the transmission will de-
light propagation in nematic liquid crystals, we have to useP€nd only orD,,. This means thab, andDj can be mea-
an anisotropy diffusion equation. Note, however, that by asSured by orienting the nematic director elt_her perpendicular
suming a diffusion process, we assume that all microscopiomeotropic alignmehbr parallel(planar alignmentto the
details of the multiple scattering process can be incorporateBl@ne of the slab@;,=D, or D,,=D) respectively. If, on
in a single parameteD, which in the complicated case of the other hand, the incident beam is translated averor

nematic liquid crystals is not obvious. For an anisotropicAY. the transmitted intensity will also deperiareakly) on
medium the diffusion equation is thexx oryy components oD, which allows one to measure
D, andDj in principle in one measurement, using a planar
aligned sample.
IW(r,t)

ot

=V.-DVW(r,t)— 7 *"W(r,t)+S(r,t), (4
I1l. EXPERIMENTAL CONFIGURATION

with W(r,t) the energy density§(r,t) a source function, and We have performed time-resolved measurements on the
7; the inelastic or absorption time, which is the characteristidiffuse transmission through various samples, using an opti-
time over which light is absorbed inside the sample. Forcal gating technique as often applied in time-resolved fluo-
simplicity we assume the absorption time to be isotropicrescence spectroscopg6]. This method is based on sum-
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FIG. 2. Detail of the experimental setup for recording the time- ¢ Delaylme

resolved diffuse transmission through opaque media. The inciden
probe beam can be translated by rotating a quartz cube. Rotation i\_Gg.tlﬂoﬂm >
possible both in the plane of the drawing and perpendicular to it, o
which allows for varying bothAx andAy. FIG. 3. Experimental setup to record the time evolution of the
transmission of a short probe pulse through a diffusely scattering
frequency generation in a nonlinear crystal where the signahedium. The probe pulse is generated by frequency doubling the
light (fluorescence or diffuse scatterjrig mixed with a high  output of a CPA Ti:sapphire laséwavelength 810 nm, pulse du-
intensity gate pulse. This method has the advantage that thetion 50 fs, repetition rate 1 kbizand is incident on the sample via
time resolution, in principle, is limited only by the pulse a quartz cube to allow lateral translation of the probe beam. The
width of the probe and gate pulses. In our case the limitingaverage power of the probe is 0.1 mW. The 1 mm diameter dia-
factor on the time resolutio(®.4 pg was the thickness of the phragm is placed directly after the sample cell. The diffuse trans-
nonlinear crystal that was used to generate the summission that passes the diaphragm is mixed in a nonlinear crystal
frequency signal. (BBO) with a high intensity(400 mW) gate beam, to generate a
The samples had a slab geometry, with the slab oriente8um-frequency signal at 270 nm wavelength. A prism is used to
in the x-y plane and the laser incident aIOIig The laser separate the signal light from both gate and probe beams, and ad-

. ! ditional bandpas$BP) filters are used in front of the photomulti-
?hean? \gas narrov(ﬂ(.j rr(;m) andd:he_t(r)a{;]smlttf]d Ig.ht H}roth plier tube (PMT) to select a narrow wavelength band around 270
€ slab was recorded arourery = rough a diaphiragm ., ‘rpe sample is placed between (6 cm diameterpoles of an
of 1 mm diameter. The incident laser could be translated in

. . electromagnet. All mounts are of plastic or aluminum, to avoid
andy by rotating a block of quartz(See Fig. 2. We fol-  qisiortion of the magnetic field. By varying the delay of the gate

lowed two strategies to observe the anisotropy in the diffuyeam, the time evolution of the transmitted signal can be recorded.

sion constant. In the first case we kept the incident beam chopper is placed in the probe bednot shown and a lock-in
fixed atx=y=0 and varied the orientation of the liquid crys- ampilifier is used to record the PMT signal.

tal inside the sample cell. This was done by applying the

magnetic field either in th& or z direction, which yields a ters. The gate pulse is delayed via an electronically con-

planar, respectively, homeotropic alignment of the nematigrolled delay line. The probe beam is chopped by a

director. In a second set of measurements we kept a fixeghechanical chopper at 500 Hgynchronized with the lasgr

planar alignment and translated the incoming beam either iand a lock-in amplifier is used to detect the PMT signal. The

xoriny. sample cell is placed between tli20 cm diameter pole
The details of the experimental setup are shown in Fig. 3shoes of an electromagnet. In the case of a homeotropic

Our laser source is an amplified Ti:sapphire laser operatinglignment four small extra mirroréot shown are used to

at 1 kHz, wavelength 810 nm, and pulse duration 50 fs. Aallow the sample to be perpendicular to the field.

low intensity (0.1 mW) probe beam at 405 nm is generated

by frequency doubling in a Beta-Barium Borat8BO)

crystal! The remaining powef400 mWj of the 810 nm light IV. EXPERIMENTAL RESULTS

is used as gate beam. The probe beam has a diameter of 1\yjth the above setup we have performed time-resolved
mm and is incident on the sample via a rotatable quartz cubgransmission measurements on various opaque systems, both
The scattered light transmitted by the sample is largelysotropic and anisotropic. Two examples of measurements on
blocked ly a 1 mmdiaphragm, centered behind the sample.isotropic random media are shown in Fig. 4. In the top graph,
The transmitted light that passes the diaphragm is mixe¢he results are shown for the transmission through a solid
with the gate beam in a BBO crystal to generate a sumppaque sample of Teflon; in the bottom graph for the trans-
frequency signal at a wavelength of 270 nm. A double bandmjssion through a suspension of polyester microspheres in
pass filter(peaked at 270 njris placed in front of the pho-  \ater. The solid curve is obtained from diffusion theory us-
tomultiplier tube(PMT). The three wavelengths that exit the jng Eq.(7), taking into account internal reflection at the front
BBO crystal are separated by a prism in order to avoid probang rear sample interfaces. By fitting the complete theoreti-
lems from the high intensity gate beam in the bandpass filza| curve to the data one can obtain both the diffusion con-
stantD and the absorption time . In the absence of absorp-
tion, 7; goes to infinity and Eq(7) becomes independent of
The probe pulse is stretched to 1 ps, to avoid high peak intensi7; - In practice, Eq(7) becomes insensitive tq if 7; is much
ties that could give rise to two photon absorption in the liquid larger thanr= (L + 224)?/D, 2.
crystal samples. We can see that, for both the solid sample and the micro-
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FIG. 4. Diffuse transmitted intensity versus time. Upper graph: FIG. 5. Comparison of the transmitted intensity versus time be-
Teflon, sample thickness 3 mm; lower graph: 0.8 vol % suspensiotween a planafuppe) and homeotropi¢lower) alignment of the

of polyester microspherdsliameter= 198 nm, 1.8% cyin water,  |iquid crystal 5CB in the nematic phaséncident polarization iry,
sample thickness 5.2 mm. The solid line is a fit from diffusion observed polarization in. T=300 K.B=05 T.) The solid line
theory[Eq. (7)], taking into account internal reflection via B®).  ig optained from Eq/(7), taking into account internal reflection.

The xx, yy, andzz components of the diffusion constant are as- Refractive index contrast at the sample window=1.691/1.47
sumed to be equal in the casezof Teflon and polyest_er mlcrosphere§.1.15, which givesR=0.21.) From the planar alignment we find
Upper graph:D=1.22x10* m?/s. (Average refractive |nde_)m D,,=D, =(3.62:0.15)x 10" m?s, and from the homeotropic
=1.4, R=0.48 [23]) The absorptlon2 tlme_for Teflon isr alignment D,,,= D= (4.56+ 0.18)x 10" m?/s. The anisotropy in
=0.7 ns. Lower graphD=1.95<10" m’/s, using an average re- e diffysion constant is therefo@ /D, =1.26+0.07.
fractive index contrast between sample winddgsart? and water
of m=1.095, which giveR=0.135. Inset: time response obtained . .
by substituting the gample with an ultrathin Iensr-)cleaning paper!S probably caused by the Iarge thlckndﬁs_mm) of the
Time resolution 2.4 ps. sum-frequency crystal. The typical decay tim@®0 ps or
more for our samples of interest are much larger than the
resolution.
sphere suspension, the data correspond well with diffusion In order to study the anisotropy in the diffusion constant,
theory. The diffusion constant as obtained from these meawe have performed transmission measurements on the liquid
surements for Teflon and the polyester microsphere suspenfystal p-penthylp’-cyanobiphenyl , which is nematic at
sion (0.8 vol % spheres, diameter 198 nm in watés, re-  room temperature and has its nematic-isotropic phase transi-
spectively, D=1.22x10* m?/s and D=1.95x10* m?/s.  tion at 308 K. For every experiment, the sample was heated
One can assume that the transport velocity for the low conto 318 K and let cool down to 300 K overnight in a magnetic
centration of microspheres in water is very close to the phasteld of 0.5 T to obtain monodomain samples. The magnetic
velocity of light in water at that wavelengthv €c,/1.343  field was generated by an electromagnet with large 10 cm
=2.234x10° m/s), which gives, via Eq(3), a transport diameter pole shoes, in order to assure homogeneity of the
mean free path of 0.26 mm. This value is of the same ordefield. We found that for achieving a homogeneous homeotro-
as the expected transport mean free path of the nematic phagie alignment cooling slowly was important, while the
of the liquid crystal 5CB. The absorption time obtained for monodomain planar aligment could also be achieved within
teflon is 7;=0.7 ns. For the polyester microspheres the abiens of minutes. In addition it was observed repeatedly that a
sorption time was too long to be determined within our noiseplanar aligned sample stayed visually the same after switch-
level (i.e., negligible absorption on the time scale of the meading off the magnetic field, suggesting that it stays for an
surement appreciable time in a monodomain nematic phase even with-
The inset of Fig. 4 shows the time resolution of the setupout external field. Only by removing the sample from the
as obtained by substituting the sample with an ultrathin lenssetup and agitating it strongly can one observe that the
cleaning paper. Théstrong coherent beam that exits the sample “breaks up” into several zones of millimeter size.
sample in this casé€under a slight anglewas thoroughly This latter behavior was observed for a homeotropic align-
blocked. The resolution is about 2.4 ps. Note that the flatment immediately after switching off the external field, al-
tened top of the resolution curve is not due to saturation, buteady with modest physical disturbance of the sample. The
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FIG. 6. Transmitted intensity of a planar aligned sample, imme-
diately after switching off the magnetic field. At zero field, the 0.5
magnetic coherence length diverges. Nevertheless, the correspot °
dence between data and diffusion the@sylid line) is very good.
We find for the perpendicular component of the diffusion constant

D,~D, =3.54x10" m?/s, which equals, within the experimental 3
error,D, as measured before. s s 8 o o 2
0.0 b"e. , @75 28 &‘".0 , °m < 0.00
800 1000 1200 800 1000 1200

sample was contained in @uarta glass cell(with Teflon
side wal) of 25 mm diameter. The sample cell was tempera- Time (ps)
ture controlled with an accuracy better than 1 K.

The results of the time-resolved measurements for plana[rt
and homeotropic alignment of the director are shown in FigBa
5. The incoming beam was kept fixed>at y=0. The scat-

tering is stronger for the planar alignmefupper data s¢t ;¢ /o a transport mean free path/6f=0.635 mm.(Refrac-
than f_or the homeotropic alignmetiower datfi set There- _tive index contrast at sample interface=1.343/1.476-1.0943,
fore, in order to have about the_ same optical thickness If=0.135.) The same value @ =4.73x 10" m¥s is used for all
both cases, we chose the physical thickness of the plangfeoretical curves. In the upper left plot all theoretical curves are
aligned sample ad. =6.3 mm and of the homeotropic piotted together, to illustrate the evolution of the transmission upon
aligned sample ak=7.9 mm. We have performed all ex- increasingAx.
periments with both vertical and horizontal incoming polar-
ization and found no polarization dependence in the diffusallowed us to test the effect of increasing magnetic coher-
transmission. ence length. In Fig. 6, we show the results of the time-

The solid line is obtained from diffusion theory, using Eg. resolved transmissiotincoming beam fixed at=y=0) on
(7), taking into account internal reflection. We see that thea planar sample, just aftéslowly) switching off the external
correspondence between data and theoretical curves is agdield. With a Hall probe it was checked that no residual field
very good. From a fit of Eq(7) to the data we find for the due to magnetization of nearby metal objects was present.
planar alignmentD,,=D, =(3.62+0.15)x 10" m?/s, and  Surprisingly enough, we observe in Fig. 6 that the time-
for the homeotropic alignmentD,, =D =(4.56-0.18) resolved transmission does not change appreciably at zero
x10* m?/s. The anisotropy in the diffusion constant is field. The solid line is obtained from E¢7) and corresponds
thereforeD| /D, =1.26+0.07. These results are in agree-to D,,=3.54 10" m?/s which is, within the experimental
ment with the theoretical predictions in R¢L8]. error, equal tdD, as found above. The correspondence be-

In the magnetic field that we use to keep our sample in aween data and theoretical curve is again very good. The
monodomain nematic phase, the magnetic coherence lengthiffusion approximation apparently is adequate to describe
¢ is of the order of several micrometergdt 0.5 T field the diffuse transmission through large nematics, even at zero
strength£=4.2 um.) As long ast is much smaller than the field, despite the divergence gf
scattering mean free path, one can picture the random walk To check the consistency of our results, we have per-
as a series of independent single scattering events. The mafgrmed time-resolved transmission measurements with a
netic coherence length diverges, however, at zero field stranslated input beamx(y+0), in which case the transmit-
that at low fieldst can become of the order of millimeters. In ted intensity depends on boby,, and eitheD,, or Dy, . In
addition, the scattering mean free path as defined by(&q. Fig. 7, we show the time-resolved transmission through a
goes to zero. In this regime the simple picture of a randonsuspension of BaSOpowder in water, at various lateral
walk as a sequence of individual single scattering events agranslationsAx of the incoming beam. By comparing the
parently breaks down. data at Ax=0 with Eg. (7), we find D,,=D=4.73

The ease with which the planar phase is formed and apx 10* m?/s. Using the same value f@,, andD,, we find
parently maintained after switching off the magnetic fieldexcellent correspondence between data and theoretical

FIG. 7. Comparison of the time-resolved transmission at various
eral displacements of the incoming beam. Sample: 0.2 wt % of
aSQ, powder in water. From thdx=0 measurement we find
D=4.73x10* m?/s which gives, usingv=cy/1.343=2.234
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curves for allAx, without free fitting parameters. In the up- previously determined value ob, =3.62x10* m?/s. In
per left graph, we have plotted all theoretical curves togetheghat case we find for the parallel componedf= (4.40
on the same scale, which illustrates how the intensity profile- g 50)x 10* m?/s, which is consistent with the data mea-

changes upon increasinix. . o sured in the homeotropic geometry.
By choosing a suitable orientation of the nematic director

with respect to the translation direction, one can measure in
this way bothD, andDj at the same time. The dependence
onD,, andD,, is weak, however, which does not allow for
an accurate determination B;. The reason for this is that ~ We thank Bart van Tiggelen, Holger Stark, Tom Luben-
the decay of the time-resolved transmission is mainly detersky, Cecil Chung, and Arjun Jodh for stimulating discus-
mined byD,,, even for large values afx. In Ref.[17], we  sjons, and Cecilia Gambi and Donatella Senatra for the use
gaVe the results for 5CB in the nematic phase oriented alongf the electromagnet_ Th|s Work was Supported by the EC
X (planar alignmentand the input beam translated o  under Contract No. HPRI-CT1999-00111 and DSW with the
=6 mm. To check the consistency of our data we used thdlarie Curie Grant No. ERBFMBICT972107.

ACKNOWLEDGMENTS

[1] E. Yablonovitch, Phys. Rev. Letg8, 2059 (198%; S. John,

ibid. 58, 2486(1987).

[2] Photonic Bandgap Materiajsdited by C.M. Soukouli$Klu-

wer, Dordrecht, 1996 J.D. Joannopoulos, R.D. Meade, and
J.N. Winn, Photonic Crystals(Princeton University Press,
Princeton, NJ, 1995

[3] S.L. McCall, P.M. Platzman, R. Dalichaouch, D. Smith, and S.

Schultz, Phys. Rev. Let67, 2017(1991); R.D. Meade, K.D.

Brommer, A.M. Rappe, and J.D. Joannopoulos, Appl. Phys.

[12] F. Scheffold and G. Maret, Phys. Rev. Leif, 5800(1998.
[13] A. Yodh and B. Chance, Phys. Todd$(3), 34 (1995.
[14] G. Maret and P.E. Wolf, Z. Phys. 85, 409(1987; D.J. Pine,

D.A. Weitz, P.M. Chaikin, and E. Herbolzheimer, Phys. Rev.
Lett. 60, 1134(1988.

[15] D.V. Vlasov, L.A. Zubkov, N.V. Orekhova, and V.P. Ro-

manov, Pis'ma Zh! Ksp. Teor. Fiz48, 86 (1988 [JETP Lett.
48,91 (1988 ]; H.K.M. Vithana, L. Asfaw, and D.L. Johnson,
Phys. Rev. Lett70, 3561(1993.

Lett. 61, 495(1992; U. Grining, V. Lehmann, S. Ottow, and [16] M.H. Kao, K.A. Jester, A. Yodh, and P.J. Collins, Phys. Rev.

K. Busch,ibid. 68, 747 (1996.

[4] A. Imhof and D.J. Pine, Naturé_ondon 389, 948 (1997;

B.T. Holland, C.F. Blanford, and A. Stein, Scien28l, 538
(1998; J.E.G.J. Wijnhoven and W.L. Voshid. 281, 802
(1998; A.A. Zakhidov, R.H. Baughman, Z. Igbal, Ch. Cui, I.
Khayrullin, S.O. Dantas, J. Marti, and V.G. Ralchenkud.
282, 897 (1998; M.S.T. Thijssen, R. Sprik, J.E.G.J. Wijn-
hoven, M. Megens, T. Narayanan, A. Lagendijk, and W.L.
Vos, Phys. Rev. Leti83, 2730(1999.

[5] A. Blanco, E. Chomski, S. Grabtchak, M. lbisate, S. John,

S.W. Leonard, C. Lopez, F. Meseguer, H. Miguez, J.P. Mon-
dia, G.A. Ozin, O. Toader, and H.M. van Driel, Natuteon-
don) 405, 437(2000.

[6] Y. Kuga and A. Ishimaru, J. Opt. Soc. Am. & 831 (1984);

M.P. van Albada and A. Lagendijk, Phys. Rev. L&, 2692
(1985; P.E. Wolf and G. Maretibid. 55, 2696(1985.

[7] N. Garcia and A.Z. Genack, Phys. Rev. Lé&B8, 1678(1989;

M.P. van Albada, J.F. de Boer, and A. Lagendijiid. 64,
2787(1990.

[8] See, for instance, P. Shergjroduction to Wave Scattering,

Localization, and Mesoscopic Phenomef#ecademic Press,
San Diego, 1996

[9] B.A. van Tiggelen, Phys. Rev. Leff5, 422(1995; G.L.J.A.

Rikken and B.A. van Tiggelen, Naturdondon 381, 54
(1996.

[10] A. Sparenberg, G.L.J.A. Rikken, and B.A. van Tiggelen, Phys.

Rev. Lett.79, 757 (1997).

and S.L. McCall, Nature(London 354, 53 (1991); A.Z.
Genack and N. Garcia, Phys. Rev. L&, 2064(1991); D.S.
Wiersma, P. Bartolini, A. Lagendijk, and R. Righini, Nature
(London 390, 671(1997).

Lett. 77, 2233(1996.

[17] D.S. Wiersma, A. Muzzi, M. Colocci, and R. Righini, Phys.

Rev. Lett.83, 4321(1999.

[18] V.P. Romanov and A.N. Shalaginov, Opt. Spektradsk.1299

(1988 [Opt. Spectrosc4, 774(1988; B.A. van Tiggelen, R.
Maynard, and A. Heiderich, Phys. Rev. LetZ, 639 (1996);
H. Stark and T.C. Lubenskyhid. 77, 2229(1996; Phys. Rev.
E 55, 514 (1997; B.A. van Tiggelen, A. Heiderich, and R.
Maynard, Mol. Cryst. Lig. Cryst. Sci. Technol., Sect.283
205 (1997; B.A. van Tiggelen,ibid. 321, 197 (1998; H.
Stark, ibid. 321, 403(1998; B.A. van Tiggelen and H. Stark,
Rev. Mod. Phys(to be published

[19] P.G. de Gennes and J. Proghe Physics of Liquid Crystals

2nd ed.(Oxford, New York, 1993

[20] D. Langevin, Solid State Commut4, 435(1974); D. Lange-

vin and M.-A. Bouchiat, J. Phys(Parig, Collog. C1, 197

(1975. S. Chandrasekhat,iquid Crystals(Cambridge Univ.
Press, Cambridge, 19¥7A.Y. Val'kov and V.P. Romanov,
Zh. Eksp. Teor. Viz.82, 1777 (1982 [Sov. Phys. JET6,

1028(1983].

[21] Shin Tson Wu, Chiung Sheng Wu, M. Warenghem, and M.

Ismaili, Opt. Eng.32, 1775(1993.

[22] M.P. van Albada, B.A. van Tiggelen, A. Lagendijk, and A.

Tip, Phys. Rev. Lett66, 3132(1991.

[23] A. Lagendijk, R. Vreeker, and P. de Vries, Phys. Lett126,

81(1989; J.X. Zhu, D.J. Pine, and D.A. Weitz, Phys. Rev. A
44, 3948(1991).

[11] R. Dalichaouch, J.P. Armstrong, S. Schultz, P.M. Platzman[24] J.J. Duderstadt and L.J. HamiltoNuclear Reactor Analysis

(Wiley, New York, 1976.

[25] M.S. Patterson, B. Chance, and B.C. Wilson, Appl. (8.

2331(1989.

[26] J. Shah, IEEE J. Quantum Electr@#, 276 (1988.



