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Static and dynamic transport of light close to the Anderson localization transition
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Anderson localization of light refers to an inhibition of wave transport in scattering media due to the
interference of multiple scattered waves. We present wavelength dependent midinfrared optical transport
measurements in slabs of randomly packed germanium~Ge! micron-sized particles, using a free electron laser
as a tunable source of pulsed radiation. Because of their high refractive index and low absorption, Ge and
similar semiconductors are excellent systems to study Anderson localization of light. To characterize the
samples fully, we have employed several complementary optical techniques: total diffuse transmission, total
diffuse reflection, coherent transmission, and time-resolved speckle interferometry. In this way we obtained the
scattering (l s) and transport~l! mean free paths, the absorption coefficient (a), the diffusion constant (D), and
the energy transport velocity (ve). These measurements have been made as a function of midinfrared wave-
length, so that the scattering cross section and absorption coefficients can be varied in the same samples. We
found that the Ge samples are close (kls'3) to the localization transition, but still above it. Our measurements
of l s and l suggest thatl is renormalized due to interference at the proximity of the localization transition. We
also found that the diffusion constant is significantly reduced in samples thinner than'7l .

DOI: 10.1103/PhysRevE.63.046613 PACS number~s!: 42.25.Dd, 72.15.Rn, 42.25.Hz
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I. INTRODUCTION

Multiple scattering of light in random media of scattere
is a phenomenon encountered daily. Clouds, milk, sand,
per, etc. are examples of media in which multiple scatter
of light occurs. In these media the scattering is weak, i
kls@1, wherek is the wave vector of the light in the me
dium, andl s is the scattering mean free path or the avera
distance between scattering events. In the case of weak
tering the transport of light may be well described by mea
of the diffusion approximation@1#. The diffusion approach
neglects the interference of light propagating along differ
paths inside the medium. If the disorder is increased,l s be-
comes smaller. For isotropic scatterers, ifl s becomes less
than the critical mean free pathl c'1/k, the wave cannot
perform a complete oscillation in between scattering eve
In this regime interference cannot be neglected, and the
fusion description of the propagation of light breaks dow
Anderson localization is then established@2#. Localization
refers to an inhibition of wave transport in scattering me
due to the interference of multiple scattered waves. The t
sition between the diffusion regime and the localization
gime for light is similar to the metal-insulator transition o
served at low temperatures in highly doped semiconduc
@3#. Anderson localization is essentially a wave pheno
enon; therefore, it holds for all kind of waves@4,5#, i.e.,
electrons, electromagnetic waves, and acoustic waves.

To approach the localization transition, i.e.,l s' l c or
equivalentlykls'1, also known as the Ioffe-Regel criterio

*Present address: Informed Diagnostics, 1050 Duane Ave
Suite I, Sunnyvale, CA 94086.
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for localization @6#, l s needs to be reduced. The scatteri
mean free path is inversely proportional to the scatter
cross sectionss of the scatterers. For light,ss is maximal
when ~a! the size of the scatterers is of the order of t
wavelengthl; and ~b! the refractive index contrast is high
i.e., micron-sized particles of a high refractive index,n, ma-
terial surrounded by a low refractive index material. The ro
of absorption in the localization process is still under deba
It is believed that absorption strongly influences the locali
tion of light, and ultimately destroys it@4,7#, although in
other works@8,9# it is argued that absorption introduces on
trivial effects and does not alter the essential behavior of
transport of light. The competition between localization a
absorption is very interesting to study. For electronic syste
absorption is not present, since the number of electron
conserved. Difficulties in realizing a medium with the d
scribed optical characteristics is the reason why only a
experiments reported localization of classical waves in thr
dimensional systems@7,10–12#.

Recently, localization of near infrared light was report
in a powder of gallium arsenide~GaAs! particles@10#. Intrin-
sic GaAs has a high refractive index (n'3.5), and very low
absorption in the near infrared. Nevertheless, the interpr
tion of these measurements has been questioned by the
sibility of optical absorption introduced during the samp
preparation@13#. Enhanced backscattering measurements
visible light on macroporous gallium phospide~GaP!
samples@12# showed an effect attributed to the proximity o
the localization transition. GaP hasn'3.3, and it was clearly
shown that absorption was absent in this system@12#. We
have focused our efforts on germanium~Ge! powder. Ger-
manium is the semiconductor with the highest refractive
dex in the near and midinfrared (n'4), and the absorption
e,
©2001 The American Physical Society13-1
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of intrinsic Ge is very low in this spectral region@14#. Hence
Ge is a good candidate for preparing a material in wh
infrared light is localized.

In this paper we present wavelength dependent midin
red (4.5–8 mm) transmission and reflection measureme
in randomly close packed micron-sized Ge particles~Ge
powder!. Tuning l allows us to vary the scattering cros
section~hencel s), since it depends on the relationship b
tween the particle size and the optical wavelength. To ch
acterize the optical properties of the samples fully, we h
performed a complete series of optical transport experime

~1! Coherent transmission@15#: by measuring the decay i
the intensity of the spatially coherent fraction of the tran
mitted beam, we obtained a direct measurement of the s
tering mean free pathl s . These are, to our knowledge, th
first measurements ofl s in a strongly scattering medium.

~2! Total diffuse transmission and reflection@15#: the
measurement of the diffusely transmitted and reflected l
allows us to obtain two important parameters—the transp
mean free pathl or the average distance over which the
rection of propagation of the light is randomized, and t
absorption coefficienta. Close to the Anderson localizatio
transition, l is expected to be renormalized due to interf
ence, becoming smaller thanl s . When l s5 l c , the transport
of light is inhibited andl 50.

~3! Time-resolved speckle interferometry: in conjuncti
with the experiments described above, speckle interfer
etry provides a means of measuring dynamic transport qu
tities such as the diffusion constantD and the energy veloc
ity ve .

This paper is organized as follows. In Sec. II we revie
the theoretical framework of the propagation of light in t
weak scattering limit and at the proximity of the localizatio
transition. The Ge powder sample preparation method is
scribed in Sec. III. In Sec. IV we present the optical me
surements. In Sec. V we discuss our results, and we com
them with previous works. The conclusions are summari
in Sec. VI. In the Appendix we discuss the influence of
absorbing substrate on the extrapolation lengths of a ran
medium of scatterers.

II. THEORY

The transport of light in a random medium of scatterers
the weak scattering limit,kls@1, is well described by the
radiative transfer equation~RTE! @1#. In the RTE, interfer-
ence of waves propagating along different paths is neglec
Unfortunately, the RTE cannot be solved analytically in m
cases. An alternative to the RTE is the diffusion approxim
tion, for which analytical solutions are easily found@1,16#.
The validity of the diffusion approximation to describe th
propagation of classical waves in multiple scattering me
has been experimentally demonstrated for light@17#, as well
as for sound@18#. The diffusion approximation, besides n
glecting interference, considers an almost isotropic distri
tion of the propagation direction of the light intensities. T
energy density inside the sample,r, is then given by
04661
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5I 0d~z2zp!2

DB

La
2

r. ~1!

The diffusion constant is defined asDB5vel B/3, whereve is
the energy transport velocity in the medium@19#, and l B is
the Boltzman mean free path or the transport mean pat
the absence of interference. The absorption lengthLa is the
average distance between the beginning and end point
paths of lengtha21. The relation betweenLa anda is given
by La5Al B/3a. In Eq. ~1!, the incoming energy flux at the
boundaryz50 is replaced by a source of diffuse radiation
strength,I 0, equal to the incident flux and located at th
planez5zp @20#.

If we consider a medium with lateral dimensionsx andy,
much larger than its transverse dimensionz, the boundary
conditions of the diffusion equation are determined cons
ering that the diffuse fluxes going into the sample atz50
andL are due to a finite reflectivity at the boundaries@21,22#,

r2z01

]r

]z
50 at z50, ~2!

r1z02

]r

]z
50 at z5L, ~3!

where z01,2
5(2l B/3)(11R1,2)/(12R1,2), and R1,2 are the

polarization and angular averaged reflectivities of the bou
aries@22#. Index 1 refers to the interface at which the incom
ing beam is incident (z50), while index 2 is ascribed to the
opposite interface (z5L). In the nonabsorbing limit (La
→`), Eqs.~2! and~3! are equivalent to extrapolater to 0 at
a distancez01,2

outside the sample surface. Therefore,z01,2

are called the extrapolation lengths. The extrapolation fac
t01,2

are defined ast01,2
5z01,2

/ l B .
Due to multiple scattering, which increases the tran

time of the light through the sample, a transmitted pulse
broadened. The long time tail of the pulse, obtained by so
ing Eq.~1! with the boundary conditions~2! and~3!, is given
by an exponential decay with a characteristic decay ti
@23#:

1

t
5DBS p2

~L1z01
1z02

!2
1

1

La
2D . ~4!

From Eq.~4! it is clear that dynamic or time-resolved me
surements allow one to obtain the light diffusion constant
a disordered scattering media.

The stationary diffuse transmission and reflection or to
transmission,Td(zp), and total reflection,Rd(zp), are given
by @24–26#
3-2
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Td~zp!5
sinh~zp /La!1~z01

/La!cosh~zp /La!

~11z01
z02

/La
2!sinh~L/La!1~1/La!~z01

1z02
!cosh~L/La!

, ~5!

Rd~zp!5
sinh~~L2zp!/La!1~z02

/La!cosh~~L2zp!/La!

~11z01
z02

/La
2!sinh~L/La!1~1/La!~z01

1z02
!cosh~L/La!

. ~6!
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In Eqs.~5! and ~6! the source of diffuse radiation is locate
at a fixed planez5zp . However, in a real system the sour
is extended as it is the scattered light out of the incom
coherent beam. We need to incorporate the spatial exten
of the source to analyze the measurements correctly.
intensity of the coherent beam decays exponentially a
penetrates inside the sample with a characteristic len
given by l s . Therefore, the transmission of the cohere
beam is given by

Tcoh5e2L/ l s. ~7!

If the scattering is anisotropic, one scattering event is
enough to randomize the direction of the propagation of
light; in other words one scattering event does not fully co
vert the ballistic propagation of the light into diffuse prop
gation. The number of scattering events required for a
conversion is

l B

l s
5

1

12^cosq&
, ~8!

where^cosq& is the average of the cosine of the scatter
angle. In Eq.~8! we assume nonabsorbing scatterers. If
scattering is isotropic,̂cosq&50, the direction of propaga
tion of simply scattered light is fully randomized. For sy
tems formed by~nearly! isotropic scatters Eqs.~5! and ~6!
can be properly weighted with an exponential source dis
bution:

Td5E
0

L/ l B
Td~zp!e2zpdzp , ~9!

Rd5E
0

L/ l B
Rd~zp!e2zpdzp . ~10!

Equations~9! and ~10! represent the diffuse total transmi
sion and reflection of a disordered slab of isotropic scatte
that is illuminated at one side, and they are the basis for
analysis of the total transmission and reflection meas
ments.

In the limit l B!L!La , Td scales with the inverse of th
sample thickness,L. This is equivalent to the familiar Ohm’
law for the conductance in electronic systems. In the lim
l B!La!L, Td decays exponentially withL and with a char-
acteristic length given byLa @26#,

Td5Ae2L/La, ~11!
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where

A5
2La~ l B1z01

!

La
21~z01

1z02
!La1z01

z02

. ~12!

As l s approaches the critical valuel c'1/k at which the
Anderson localization transition takes place, the diffusi
constant is renormalized by wave interference. According
the scaling theory of localization@27#, the renormalization of
the diffusion constant may be expressed as a reduction o
transport mean free path, and, for isotropic scatterers
given by

D

DB
5

l

l s
5 l sS 1

j0
1

1

La
1

1

L D , ~13!

where@5#

j05
l s
2

l s2 l c
~14!

is the coherence length or the length over which interfere
is important. On length scales larger thanj0 the light re-
sumes its diffusive propagation with a renormalized diff
sion constantD and transport mean free pathl given by Eq.
~13!. Therefore, Eqs.~4!, ~9!, and~10! are still valid close to
the transition ifDB and l B are replaced byD and l, respec-
tively. In an infinite and nonabsorbing medium at the tran
tion j05` and l 50, which means that the diffusion con
stant vanishes or that the transport of light is inhibited. In E
~13!, a finite absorption, given byLa and sample thickness
L, are included with the same weight as cutoff lengths forj0.
This is valid for cube geometry samples. However, most
the experiments in random media of scatterers are don
slab geometry samples or layers of scatterers withx and y
dimensions much larger than the thickness. For such sam
the contribution of absorption in Eq.~13! is expected to be
more important than the finite thickness of the sample, si
light paths longer thanLa are removed due to absorption
while paths much longer thanL are still possible along the
x-y planes. The presence of optical absorption is not by its
a disadvantage. The study of the role that absorption play
the localization process is very interesting; for instance,
anomalous absorption length close the localization transi
has been predicted in weak absorbing media due to the s
ing down of the transport of light@4#.
3-3
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III. GE SAMPLES

Germanium is a semiconductor with an energy band
of 0.62 eV corresponding tol52.0 mm. The absorption
coefficient of intrinsic Ge is very low (a,0.1 cm21) in the
wavelength range 2 –15mm @14#. The lower limit is given
by the energy band gap, while the higher limit is due
photon-phonon absorption bands. The refractive index of
in this range is very high and nearly constant (n'4) @14#.

Our starting material for the Ge powder slabs was h
purity ~99.9999%! Ge ~Aldrich 26323-0!. We ground 2 g of
Ge with a mortar until all pieces were smaller than 1 mm.
reduce the particles size further, we milled them in a pl
etary micromill using zirconia (ZrO2) beaker and balls. After
milling at low speed during 4 min, 5 ml of spectroscop
grade methanol was added, and the particles in suspen
were milled for another minute. We added 25 ml of meth
nol, and we let the largest particles sediment over 150
Only the particles that did not sediment were used in
experiments. A few drops of the suspension were put
calcium fluoride (CaF2) disk shaped substrates with a diam
eter of 12.7 mm and 1 mm thick, and we let evaporate
methanol. The resulting samples were firm, and starchy s
of randomly close-packed Ge particles in an air matrix—
other words, slabs of Ge powder.

The thicknessL of the Ge slabs was measured by maki
scratches at the edges of the samples. With a calibrated
croscope with 1-mm-resolution, we focused on the surface
the sample and on the CaF2 substrate. The thickness is give
by the difference between the focus points. In our sampleL
ranges from 7.4 to 73.2mm.

To measure the size of the Ge particles, and to chec
the samples were homogeneous, we performed scan
electron microscopy. Figure 1~a! is a side view of a Ge
sample, along one of the scratches made to measure
sample thickness. In Fig. 2 we schematically represen
sample, the dotted arrow showing the direction of obser
tion of Fig. 1~a!. The sample is formed by a top layer o
small particles and a bulk of much larger Ge particles. F
comparison, in Figs. 1~b! and 1~c! we show photographs o
sample upper and lower surfaces, respectively. Energy
persion x-ray spectroscopy~EDX! measurements on th
samples top layer showed that it is mainly formed of G
together with a small amount of impurities introduced duri
the milling. From electron microscope images of seve
samples we have estimated the thickness of the top layed,
to be 561 mm, and to be constant for all the samples. W
also checked that the size of the Ge particles in the sam
bulk is the same at different depths, and that the size of
particles is the same in all the samples.

Defining the particle radius as half the maximum distan
between parallel tangents to the particle surface@28#, we
have measured the radius of many particles of the top la
and the sample bulk. In Fig. 3 we plot a histogram of t
radius of the particles of the top layer~solid bars! and of the
sample bulk~dashed bars!. By fitting the histograms with
log-normal distribution functions~dotted and solid lines in
Fig. 3!, the average particle radius in the top layer is found
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be 0.1960.13 mm, and that in the sample bulk to be 0.9
60.68 mm.

Due to the small size of the particles of the top layer a
to its thickness, the scattering in this layer is negligible@29#.
Therefore, we may describe the samples as a homogen
top layer of thicknessd55 mm in which only absorption
takes place, and a bulk of Ge particles with a thickness gi
by L2d where scattering and absorption occur. The abso
tion in the top layer is characterized by the absorption co
ficient aTL . Due to the irregular shape of the Ge particle
their size, and their random orientation, we may consider
scattering in the sample bulk to be nearly isotropic,l B' l s .
The absorption coefficient in the bulk is given bya.

IV. MEASUREMENTS

A midinfrared free electron laser~FEL! ~FELIX, Rijnhui-
zen, The Netherlands!, was used as tunable source of inten

FIG. 1. Scanning electron microscope photographs of the
powder samples.~a! Shows a side view of a sample. The directio
of observation is marked in Fig. 2 with a dotted arrow.~b! Is the
upper surface of the sample, while~c! shows the lower surface
Note that the magnifications in~b! and ~c! are the same.
3-4
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STATIC AND DYNAMIC TRANSPORT OF LIGHT CLOSE . . . PHYSICAL REVIEW E 63 046613
infrared radiation. The full capabilities of this FEL are d
scribed elsewhere@30#. The FEL is continuously tunable
over a wavelength range of 4.5–200mm, and generates a
intense train of picosecond pulses~micropulses! of '1-mJ
energy each, and a fractional spectral bandwidth of ab
1%. Each train of micropulses~called macropulse! contains
about 100 micropulses, with an interpulse spacing of 40
In general, the signal from 25 macropulses is average
each measurement.

A. Coherent transmission

We first describe the transmission measurements of
coherent beam. The output of the FEL was sent throug

FIG. 2. Schematic representation of a Ge powder sample.
thin top layer is formed by small Ge particles and impurities int
duced during the sample preparation. We neglect the scatterin
the top layer, which is then characterized only by the absorp
coefficientaTL . The sample bulk, formed by larger Ge particles,
characterized by the scattering mean free pathl s , the transport
mean free pathl, and the absorption coefficienta. The dotted arrow
shows the direction of observation in Fig. 1~a!. Also, the scratches
made on the sample to measure its thickness are represented

FIG. 3. Histograms of the particle radius in the Ge powd
samples. The solid bars correspond to particles of the top laye
the samples. The dashed bars are the histogram of the bulk
particles. The dotted and solid lines are fits of the histogram
log-normal distribution functions, from which we obtain the ave
age particle radius.
04661
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beamsplitter, and the reflected beam was directed to a br
band pyroelectric detector. The signal from this detector w
used as power reference. A 0.1-cm-diameter iris was pla
just before the sample to insure that the FEL beam illum
nated only the most homogeneous portion of the sample
a distance of 120 cm from the sample, and in the direction
the incoming FEL beam, an iris of 0.7-cm-diameter w
placed. After the iris a BaF2 lens focused the transmitte
FEL beam onto a sensitive liquid nitrogen cooled mercu
cadmium telluride~MCT! detector. The long distance be
tween the sample and the detector insured that the dete
diffuse light, transmitted through the sample, was negligib
We measured the transmission of the coherent beam at
wavelengths,l55, 6.5, 6.9, and 8mm.

In the inset of Fig. 4 we plot the transmission measu
ments of the coherent beam as a function of the sam
thickness atl58 mm. Clearly the transmission decreas
exponentially with the sample thickness. The characteri
length of this decay isl s . Figure 4 showsl s as a function of
l. The nearly constant value ofl s at 5, 6.5, and 6.9mm may
be understood in terms of the high polydispersity in the s
of the Ge particles. The effect of the polydispersity in t
scattering properties of the medium was discussed in R
@26#. Only at l58 mm is l s significantly larger. It is ex-
pected that asl increases,l s becomes larger due to the re
duction ofss . In the limit of l much larger than the size o
the scatterers~Rayleigh limit!, ss}1/l4. In Fig. 5 we plot
the localization parameterkls as a function ofl. The wave
numberk is given by (2p/l)ne , wherene is the effective
refractive index of the sample bulk. A good estimate ofne is
given by the Maxwell-Garnet effective refractive index@31#.
Taking a Ge volume fraction of 40%@10,26#, we find ne
'1.6 in the measuredl range. As can be seen in Fig. 5, th
Ge powder samples are very close to the localization tra
tion (kls close to 1!, where localization effects, like the
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FIG. 4. Scattering mean free pathl s in Ge powder samples as
function of the wavelength,l. Inset: measurements of the transm
sion of the coherent beam (l58 mm) as a function of the sample
thickness,L. The line is an exponential fit to the measureme
from which we obtain the scattering mean free pathł s . At this
particularl, ł s53.860.2 mm.
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renormalization of the transport mean free path, are expe
to occur.

B. Diffuse total transmission and reflection

To obtain the transport mean free pathl, we measured the
total transmission and the total reflection. The total transm
sion was measured as follows. The output of the FEL w
brought to a weak focus of about 0.1 cm at the sample
using two BaF2 lenses. The sample was mounted at the in
of a diffuse gold~infragold! coated integrating sphere~IS! of
10-cm-diameter~Labsphere IS040IG!. The IS collects the
light transmitted in all directions, allowing us to measure t
total transmission. At the output of the IS was a MCT det
tor. A power reference was simultaneously measured in
same way as described for the coherent beam measurem
The total transmission measurements were normalized by
transmission spectrum of a clean CaF2 substrate. For the to
tal reflection measurements the FEL beam was sent into
IS through a small input port of 0.3-cm-diameter. T
sample was at the opposite side of the IS. Therefore, only
reflected light by the sample was collected by the IS. T
reference for the reflection measurements was a thick
fragold sample with a diffuse reflection'96% in the l
range 2 –20mm. For the total transmission and reflectio
measurements we made spectral scans in the ra
4.5–8 mm, with steps of 0.1mm. The lower limit is set by
the tunning range of the FEL, while the higher limit is due
CaF2 absorption.

Figures 6~a! and 6~b! display the normalized total trans
mission and reflection spectra of theL573.2 mm sample,
respectively. At all wavelengths the transmission is ve
small, but there are some distinct spectral features. The s
tra show two distinct narrow absorption bands at 6.0 a
6.9 mm. These two absorption bands are due to vibratio
modes of hydrocarbon impurities introduced during t
sample preparation. Exploiting the pulsed characteristics
the FEL, we have confirmed stronger absorption at th
bands by means of photoacoustic spectroscopy meas
ments@32#.

FIG. 5. Localization parameterkls in Ge powder samples as
function of the wavelengthl.
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In the following we show how we deducel from the total
transmission and reflection measurements. In Fig. 7 we
typical total transmission~a! and total reflection~b! measure-
ments as a function of the sample thickness,L. The measure-
ments of Fig. 7 correspond tol58 mm. To obtain the
transport mean free path, we need first to know the extra
lation factorst01

and t02
. Given the effective refractive in-

dex of the Ge powder,ne'1.6, and the refractive index o
CaF2 , t02

is calculated. Considering the multiple reflectio

at the CaF2-air interface@33#, we find t02
'2.7. To obtain

t01
, we fit the total transmission measurements of the thi

est samples to

T5Ae2aTLde2(L2d)/La. ~15!

FIG. 6. Normalized total transmission~a! and reflection~b!
spectra of a Ge powder sample of thickness 73.2mm.

FIG. 7. Total transmission~a! and reflection~b! measurements
in Ge powder samples atl58 mm as a function of the sample
thicknessL. The solid line in~a! is a fit using the diffusion theory.
The dotted line~hidden by the solid line except at smallL) is an
exponential fit to the total transmission of the thickest samples
~b! the solid line represents a fit of the total reflection measurem
using the diffusion theory.
3-6
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This equation is equivalent to Eq.~11!, with the source at-
tenuated by the factore2aTLd. This attenuation is due to ab
sorption in the sample top layer. For isotropic scatterers,
finds, using Eqs.~11!, ~12! and ~15!, that

t01
5

22Lal s1A8La~La1t02
l s!e

aTLd

2Lal s2A8l s~La1t02
l s!e

aTLd
, ~16!

whereA8 is given by Eq.~15! at L5d. The dotted line in
Fig. 7~a! represents a fit of Eq.~15! to thel58 mm mea-
surements. From the fit we obtainA850.3560.05 andLa
515.560.5 mm. To obtaint01

from Eq. ~16!, we need to

know aTL . The total reflection measurements are more s
sitive to the absorption in the top layer because the refle
light crosses this layer twice. Therefore, the low reflect
exhibited by our samples~only 20% atl58 mm) is mainly
due to strong absorption in the top layer. To estimate
absorption coefficient in the top layer,aTL , we fit the total
reflection measurements with

R5e2aTLdRdE
0

1

e2aTLd/mP~m!dm, ~17!

wherem5cosu, and u is the angle with respect to samp
surface normal at which the diffuse reflected light exits
sample bulk. The diffuse reflected light is angular distribu

according toP(m)}m@ 2
3 1m/(11m)# @34#, where we as-

sume that the bulk of the sample and the top layer have
same index of refraction; this is justified, since we kno
from the EDX measurements that the top layer is mai
formed of Ge, and from the scanning electron microsco
photographs that the packing of the particles is similar
both regions. The factore2aTLd in Eq. ~17! represents an
attenuation of the coherent beam due to absorption in
sample top layer,Rd is the diffuse reflection of the sampl
bulk, and the integral represents the attenuation of the diff
reflected light due to absorption in the top layer. In Eq.~17!
we have considered isotropic scatters,l B5 l s , and have ne-
glected reflections at the sample top layer-air interface.
neglecting these reflections we obtain a higher value ofaTL
from the fit than the real one. We have determined the ov
estimation ofaTL to be'15%. Nevertheless, this overes
mation of aTL is irrelevant for the value of the transpo
mean free path that we will obtain from the fit to the to
transmission. The fit of Eq.~17! to the reflection measure
ments atl58 mm is shown as a solid line in Fig. 7~b!.
From this fit we obtainaTL50.09160.008 mm21. To ob-
tain aTL at wavelengths other thanl55, 6.5, 6.9, and
8 mm, where we have directly measuredl s , we linearly
interpolate the valuesl s at intermediatel. The circles in Fig.
8 representaTL as a function ofl. In Fig. 9 we plot the
wavelength dependence oft01

, as obtained from Eq.~16!.

The lower value oft01
at the absorption bands~6.0 and

7.0 mm) should not be attributed to a decrease of the bou
ary reflectivity, but to an increase of the absorption at
samples top layer~see the Appendix!. With the values oft01

,
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t02
, aTL , andLa we can obtain the transport mean free pa

from the total transmission measurements using the equa

T5e2aTLd~Td1e2(L2d)/ l s!. ~18!

The solid line in Fig. 7~a! is a fit of the total transmission
measurements using Eq.~18!. The first term inside the brack
ets of Eq.~18! is the diffuse total transmission, while th
second term is the transmission of the coherent beam.
factor e2aTLd represents the attenuation of the incomi
beam due to absorption in the top layer. The transmissio
the coherent beam rapidly decreases withL, being insignifi-
cant for thick samples. Atl58 mm, with d55 mm, t01

51.6, t02
52.7, aTL50.09160.008 mm21, and La515.5

61 mm, we find from the fitl 53.560.5 mm ~Table I!. At
this l the incident beam is attenuated by more than 30%
to absorption in the top layer. The wavelength dependenc
l is plotted in Fig. 10. Consistently with the measurements
l s , l increases at higherl due to the reduction ofss . The

FIG. 8. Circles: absorption coefficient in the Ge powder samp
top layer,aTL , as a function of the wavelengthl. Squares: absorp
tion coefficient in the bulk of the samples,a.

FIG. 9. Extrapolation factort01
of the Ge powder samples as

function of the wavelengthl.
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TABLE I. Scattering properties in Ge powder samples atl58 mm. Scattering mean free path (l s),
localization parameter (kls), transport mean free path (l ), absorption coefficient in the sample bulk (a),
absorption coefficient in the sample top layer (aTL), diffusion constant (D), and energy transport velocity
(ve).

l (mm) l s (mm) kls l (mm) a (1023mm21) aTL (1022 mm21) D (m2/s! ve (107 m/s)

8 3.860.2 4.760.2 3.560.5 4.960.9 9.160.8 .26 .5.5
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squares in Fig. 8 are the absorption coefficient,a5 l /(3La
2),

in the bulk of the sample. We see that, althougha21@ l ,
significant absorption has been introduced in the sample
during the sample preparation. Most likely we have crea
surface defects in the Ge particles and introduced impur
during the milling, giving rise to an increase of the abso
tion. The absorption is stronger in the top layer where
size of the particles is smaller, and where we have meas
by EDX the presence of impurities from the mill.

C. Time-resolved speckle interferometry

From the optical experiments described above, we h
obtained high quality measurements of the absorption c
ficient and the transport and scattering mean free paths in
bulk material, as well as the absorption in the top layer
fine particles. Unfortunately, as these are static meas
ments, it is not possible to extract from them dynami
transport quantities such as the diffusion constantD and the
energy transport velocityve . To study these dynamical prop
erties, we have employed time-resolved speckle interfer
etry, a technique which takes advantage of the picosec
pulse structure of the FEL, to map out the envelope of
diffusely transmitted pulse interferometrically. Upon ente
ing the scattering medium, the incoming optical pulse w
undergo a temporal delay and broadening due to mult
scattering events, which increase the light transit time in
samples. A schematic of the experimental apparatus use
perform this experiments is shown in Fig. 11. The sam
was mounted in one of the arms of a Mach-Zender inter

FIG. 10. Transport mean free pathl in the bulk of Ge powder
samples as a function of the wavelengthl.
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ometer. The majority of the infrared power was focus
weakly to a 1-mm spot at the sample. A small cone of
diffuse transmission far in angle ('20°) from the coherently
transmitted beam propagated about 1 m, and then was
lected by a 10-mm-focal length lens onto a MCT detector
variable iris was placed before this lens such that the dete
collected light from only a single speckle spot. A 10% r
flecting beamsplitter, located before the sample, created
copy of the input optical pulse that was sent along the ot
arm of the interferometer. This reference pulse was direc
down a variable optical delay line before it was combin
colinearly, on a second beamsplitter just before the iris, w
the diffusely transmitted pulse. As the optical delay w
scanned, the detector recorded the interferogram betwee
scattered pulse and the reference pulse. As in the other m
surements, a reference detector was used to normalize
fluctuations. An added complication was atmospheric
sorption, which causes temporal pulse breakup due to
relatively narrow absorption lines. For this reason, tim
resolved measurements were made at just two waveleng
4.5 and 8 mm, where atmospheric absorption is margina

In the inset to Fig. 12, we display a small portion of
typical interferogram, taken at l54.5 mm on a
17-mm-thick sample. The oscillations at the optical fr
quency are clearly visible. In the analysis of these data
take advantage of the fact that oscillations in the interfe
gram have a well-defined carrier frequency. The data
analyzed further by taking the power spectrum of a narr

FIG. 11. Schematic representation of the setup used for
time-resolved speckle interferometry measurements. The FEL l
was sent into a Mach-Zender interferometer with the sample in
of its arms. The undistorted or reference pulse traveled along
other arm, in which a delay line allowed a change of the opti
path length. Both pulses were recombined at the exit of the in
ferometer. To avoid detecting the coherently transmitted beam,
detector was placed at an angle of 20° with respect to the incid
beam direction.
3-8
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STATIC AND DYNAMIC TRANSPORT OF LIGHT CLOSE . . . PHYSICAL REVIEW E 63 046613
~200 fs! time slice of the interferogram, and integrating th
spectrum in a narrow~5%! window in the vicinity of the
carrier frequency. Due to the coherent nature of the incom
light, the resulting interferogram of a given speckle will ha
large amplitude and phase fluctuations as functions of
optical delay. It is therefore necessary to average over
eral speckles for each sample thickness and at each w
length. This process smooths out the phase and ampli
fluctuations caused by the interference of different pa
leaving only the overall intensity envelope of the diffuse
transmitted beam. The result of this averaging proces
shown by the solid line in Fig. 12. As expected, the d
exhibit a smooth rise time governed primarily by the incide
optical pulse length, and a slower decay time due to mult
scattering. The narrower feature~dotted line! is the incoming
pulse shape, which was measured using the same setu
cept with the sample replaced by a thin piece of wea
scattering paper. Note that this pulse is substantially sho
in duration ~about 33%! than the transmitted pulse, with
much sharper decay time. The maxima of the transmi
pulses in Fig. 12 have been normalized to the same t
delay. Small setup realignments between different samp
necessary to increase the signal-to-noise ratio of the in
ferogram, made it impossible to extract useful informati
from pulse delay time. However, the diffusion constant m
be obtained from the pulse broadening.

According to diffusion theory@Eq. ~4!#, The long-time tail
of the pulse can be modeled by an exponential decay. Th
fore, we fit the time-resolved data with an exponential de
convoluted with a Gaussian function which takes into
count the instrument response~the dashed line in Fig. 12!.
The Gaussian width depends on the incoming pulse dura
The characteristic decay time constant is given by

FIG. 12. Transmitted intensity through a Ge powder sample
thicknessL517 mm atl54.5 mm ~solid line! as a function of the
time delay introduced by the delay line of the Mach-Zender int
ferometer. The dashed line is a fit using classical diffusion the
convoluted with a Gaussian function, which takes into account
instrument response. The dotted line is the incident pulse sh
The maxima of both pulses have been normalized to the same
delay. The inset is a portion of the interferogram from which t
transmitted intensity is reconstructed.
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~L2d1z01
1z02

!2
1

1

La
2D . ~19!

This expression may be used to obtain the diffusion cons
D, using the values ofLa and z01

obtained from the static

measurements described above. The extrapolation lengthz02

is equal to 1.1l , corresponding to the interface sample-Ca2
substrate. For the time-resolved measurements the refle
light at the CaF2-air interface does not need to be consider
since this reflected light is detected at later times. Due to
narrow spectral width of the pulse, dispersion in the sam
top layer may be neglected. In Fig. 13~a! we plot D as a
function of sample optical thickness, (L2d)/ l , at 4.5 mm
~triangles! and 8 mm ~circles!. For samples thinner than
'7l , the diffusion constant is significantly reduced. We d
cuss the optical thickness dependence ofD in Sec. V. As
expected, the diffusion constant is smaller at shorterl,
where the scattering is stronger.

Using the expressionD5vel /3 and the values obtaine
for l from the total transmission and reflection analysis,
energy transport velocityve is acquired. It is well known that
the energy velocity~the rate at which the energy is tran
ported! may be significantly slower than the phase and gro
velocities due to scattering resonances@19#. The derived val-
ues of the energy velocity are plotted in Fig. 13~b!, along
with the expected phase velocity from our estimate of
index of refraction~dashed line!. The large difference be
tween the energy and phase velocities is clear in Fig. 13~b!
~more than a factor 2 and 3 atl58 and 4.5 mm, respec-
tively, for samples thicker than 7l ). The scattering propertie
of the Ge samples atl58 mm obtained from the static an
dynamic measurements are summarized in Table I.

f

-
y,
e
e.
e

FIG. 13. ~a! Diffusion constantD of light at l54.5 mm ~tri-
angles! andl58 mm ~circles! in Ge powder samples as a functio
of the sample optical thickness.~b! Energy transport velocity in the
same samples and at the same wavelengths. The straight dashe
it the phase velocity in an homogeneous medium with a refrac
index equal to the effective refractive index of the Ge powd
samples.
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V. DISCUSSION

In Fig. 14 we display as circles the ratio of the transp
and scattering mean free paths obtained from the static m
surements. The values ofl / l s are smaller than 1, which ca
be only understood by considering the renormalization ol
due to the proximity of the localization transition. For com
parison, in Fig. 14 we also plot~squares! the expected renor
malization ofl according to scaling theory@Eq. ~13!#, assum-
ing l c52pne /l and ne51.6, and considering only th
absorption as a cutoff of the coherent lengthj0. However,
the large error in the determination ofl, related to the com-
plicated structure of the samples and to the estimation of
extrapolation factort01

, makes it impossible to prove loca

ization effects unambiguously. In our analysis to findt01
, we

fix l to l s in Eqs. ~16! and ~17!, obviating any localization
effect.

In Ref. @26# the energy density coherent potential appro
mation@35# was used to calculate the scattering properties
an infinite system of polydisperse silicon spheres. As a re
of the polydispersity, the resonances inl s in the monodis-
perse system were smoothed out, andl s became, in general
larger in the polydisperse medium. Therefore, to further
proach the localization transition in Ge samples, it is nec
sary to reduce the polydispersity.

A great improvement in the reduction of absorption m
be achieved by annealing the Ge particles after the milli
To eliminate the hydrocarbon absorption bands at 6
6.9 mm, we propose the substitution of methanol as solv
by carbon tetrachloride (CCl4) or carbon disulfide (CS2).

Although the determination ofl in the Ge samples from
the total transmission and reflection measurements is
involved due to the top layer, we have unambiguously de
mined l s from the decay in intensity of the coherent bea
These last measurements are unaffected by the reflectivi
the boundaries, and therefore they are independent oft01

and

t02
. We find values ofkls close to the localization transitio

FIG. 14. Circles: transport mean free pathl of light of wave-
lengthl in the Ge powder samples, divided by the scattering m
free pathl s . Squares: expected renormalization ofl due to interfer-
ence assuming that the localization transition is atl s5l/2pne and
ne51.6.
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but still above it. This is a striking result since in Ref.@10#
strong localization (kls,1) of near infrared light was re
ported in nonabsorbing GaAs powder. The refractive ind
of GaAs (n'3.5) is lower than the one of Ge, and the pol
dispersity in the samples of Ref.@10# is comparable to the
polydispersity in the Ge samples. Also, the size of the p
ticles relative to the measuredl is comparable in both
works. In Ref.@26# near infrared total transmission throug
Si (n'3.5) powder was measured. These measurem
were fully described by using the diffusion approximation.
that work it was argued that a difference in the connectiv
between the Si and GaAs particles~due to the different shape
of the particles! could be the reason why localization wa
absent in the Si samples. However, the shapes of the Ge
GaAs particles are similar and, therefore, we also expe
similar connectivity between the particles in both sampl
At this moment it is not clear why localization is apparent
GaAs powder but absent in similar samples of Ge powd
More experimental and theoretical work must be done in
GaAs samples to confirm the results of Ref.@10#. A feasible
experiment, as clearly shown in Ref.@36#, consists of filling
the air voids in the GaAs samples with a nonabsorbing liq
and measuring the total transmission. The reduction of
refractive index contrast should be enough to prevent lo
ization, and the total transmission should obey the diffus
approximation with an absorption length larger than t
samples thickness. This could confirm that the deviation
the measurements of Ref.@10# from diffusion theory are due
to localization.

In Fig. 13~a!, where the diffusion constant obtained fro
the dynamic measurements is plotted versus the sam
thickness, we see thatD is significantly reduced in sample
thinner than'7l . Similar optical experiments carried out i
TiO2 powder@37# showed the same thickness dependence
D. Acoustic frequency correlation measurements in samp
of glass beads immersed in water@38# are also consisten
with a reducedD in thin samples. It is important to note tha
the values ofD given in Fig. 13~a! are obtained from the
long time tail of the transmitted pulse, where the diffusi
equation is expected to hold even for thin samples. A p
sible explanation for the nonconstant value ofD is given in
Ref. @38#. The long time tail intensity in the thin samples
due to light that has mainly traveled along thex-y plane. The
reduced dimensionality likely makes interference importa
which is not taken into account by the diffusion equatio
Therefore, the diffusion approach underestimatesD in thin
samples.

VI. CONCLUSIONS

We have studied the wavelength dependence of the s
tering properties of randomly close-packed micron-sized g
manium particles, i.e., Ge powder. By measuring in the m
infrared the decay in intensity of a free electron laser be
as it crossed the samples, we obtain the scattering mean
path l s . Our samples are close to the localization transit
but still above it. This is an unexpected result, since And
son localization of light was reported@10# in similar samples
of lower refractive index material, GaAs. We have also m

n
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STATIC AND DYNAMIC TRANSPORT OF LIGHT CLOSE . . . PHYSICAL REVIEW E 63 046613
sured the total transmission and reflection of the Ge pow
samples obtaining the transport mean free path,l, and the
optical absorption in the samples. During the sample pre
ration we introduce significant absorption. Our measu
ments suggest a renormalization ofl due to the proximity to
the localization transition. However, the large error in t
determination ofl, related to the complicated structure of th
samples, makes it impossible to exclude localization effe
in the Ge samples unambiguously. To approach the loca
tion transition it is necessary to reduce the high polydisp
sity in the Ge particle size. We have also performed tim
resolved speckle interferometry, obtaining the light diffusi
constantD and the energy transport velocityve for different
sample thicknesses. It is found thatD is significantly reduced
in samples thinner than'7l , confirming previous experi-
mental works@37,38#.
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APPENDIX: EXTRAPOLATION LENGTH WITH
AN ABSORBING SUBSTRATE

The calculation of the reflectance for a double interface
a substrate was done in Ref.@33#. Here we generalize this
calculation for the case of absorbing substrates. The top l
of our samples may be considered as a thin absorbing
strate. With the values of the reflectance the extrapola
factors may be calculated. We assume a weakly or non
sorbing multiple scattering sample that is on an absorb
substrate of thicknessh. The effective refractive index of the
medium is given byne , while the substrate has a comple
refractive indexns

c5ns1 iks . If ks!ns the absorption coef-
ficient of the substrate is given byas52pks /l. The trans-
mitted fractionTab(u1) of the diffuse light incident at the
interface sample-substrate at angleu1 ~see the inset of Fig
15! is refracted according to Snell’s law, and undergoe
ballistic propagation along the substrate at an angleu2. The
intensity of the transmitted fraction in attenuated by the f
tor e2ash/cosu2, due to absorption in the substrate. The lig
reaching the substrate-air interface may be reflected wi
04661
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probability given by the Fresnel reflection coefficie
Rbc(u2). The reflected fraction reaches the interface s
strate sample, after being attenuated, where it may be
flected, etc. Considering these multiple reflections at b
interfaces, the reflection coefficient of the substrate is giv
by

R~u!5Rab~u1!1
Tab~u1!Rbc~u2!Rba~u2!e22ash/cosu2

12Rba~u2!Rbc~u2!e22ash/cosu2
.

~A1!

In Eq. ~A1! the indexesa, b, and c stand for mediaa,
~sample!, b ~substrate!, andc ~outside medium!, as illustrated
in the inset of Fig. 15, and, for instance,Rab is the Fresnel
reflection coefficient of the interface between mediaa andb.
With the reflection coefficient, given by Eq.~A1!, the ex-
trapolation factort0 can be calculated following the proce
dure described in Ref.@22#.

In Fig. 15 we plot the extrapolation factor as function
(has)

21 calculated withne5ns51.6 and, for simplicity,
with the Fresnel reflection coefficients calculated for diele
tric media. As the absorption in the substrate becomes st
ger,t0 becomes smaller. The reason for the decrease oft0 is
the lower light intensity that reaches the substrate-air in
face due to absorption in the substrate.

FIG. 15. Extrapolation factort0 of a double interface or sub
strate, as a function of (has)

21, whereh is the thickness of the
substrate andas its absorption coefficient. Inset: the light exitin
the sample~mediuma) with an angleu1 is refracted according to
Snell’s law. It propagates through the substrate~mediumb), being
attenuated due to absorption. At the interface between mediab and
c the light may be reflected with a probability giving by the Fresn
reflection coefficient. The total reflectivity of the substrate is giv
by the multiple reflections at both interfaces.
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@15# J. Gómez Rivas, R. Sprik, A. Lagendijk, L. D. Noordam, an
C. W. Rella, Phys. Rev. E62, R4540~2000!.

@16# S. Glasstone and M. C. Edlund,The Elements of Nuclear Re
actor Theory~Dover, New York, 1960!.

@17# Scattering and Localization of Classical Waves in Rand
Media, edited by P. Sheng~World Scientific, New Jersey
1990!.

@18# J. H. Page, H. P. Schriemer, A. E. Bailey, and D. A. Wei
Phys. Rev. E52, 3106~1995!.

@19# B. A. van Tiggelen, A. Lagendijk, M. P. van Albada, and A
Tip, Phys. Rev. B45, 12 233~1992!.

@20# E. Akkermans, P. E. Wolf, and R. Maynard, Phys. Rev. Le
56, 1471~1986!.

@21# A. Lagendijk, R. Vreeker, and P. de Vries, Phys. Lett. A136,
81 ~1989!.

@22# J. X. Zhu, D. J. Pine, and D. A. Weitz, Phys. Rev. A44, 3948
~1991!.
04661
A.

,

.

@23# A. Z. Genack and J. M. Drake, Europhys. Lett.11, 331~1990!.
@24# N. Garcia, A. Z. Genack, and A. A. Lisyansky, Phys. Rev.

46, 14 475~1993!.
@25# J. H. Li, A. A. Lisyansky, T. D. Cheung, D. Livdan, and A. Z

Genack, Europhys. Lett.22, 675 ~1993!.
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