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Light Scattering near the Localization Transition in Macroporous GaP Networks
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2Debye Instituut, Universiteit Utrecht, P.O. Box 80000, 3508 TA Utrecht, The Netherlands
(Received 12 March 1999)

We studied enhanced backscattering of light from anodically and photoanodically etched, macrop-
orous GaP networks. The most strongly scattering material for visible light reported to date, photoan-
odically etched GaP, features anomalous rounding of the top of the backscatter cone. The phenomenon
cannot be attributed to finite sample size or absorption and is most likely the onset of Anderson
localization.

PACS numbers: 42.25.Dd, 42.25.Hz, 42.70.Qs, 78.55.Mb
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It is well established that the properties of light in mu
tiply scattering media are affected by interference. Im
portant examples are enhanced backscattering [1], sh
and long-range correlations in the intensity fluctuatio
[2], universal conductance fluctuations [3], and Anders
localization [4–6]. To observe these phenomena in fu
glory, light should be elastically scattered, meaning th
light absorption must be negligible. For Anderson loca
ization, i.e., inhibition of light propagation due to inter
ference, the material should also be extremely strong
scattering. That is, the transport mean free path, t
average distance light propagates before its direction is r
domized, should be of the order of the wavelength of ligh
Such strong scattering can be attained only for large re
tive variations in refractive index on the length scale
the wavelength. For years, these requirements could
be met for visible light. Only for microwave radiation lo-
calization effects were observed [7].

Quite recently a new route towards Anderson localiz
tion was worked out, using high refractive index sem
conductors in the nonabsorbing, subband gap region.
finely grained GaAs powders, the first observation
strong localization of near infrared light has been r
ported [6].

Exploiting photo-assisted electrochemical etching tec
niques, we have made a new type of strongly scatt
ing material: macroporous GaP networks [8]. GaP h
a large refractive index of�3.3 and an indirect band
gap of 2.24 eV (550 nm) [9], making it a good candida
for preparing a material which features Anderson loca
ization in the red part of the visible spectrum. Macro
porous GaP is the most strongly scattering medium f
visible light reported to date, and localization effects a
anticipated.

In this Letter, we present measurements of enhanc
backscattering of these strongly scattering materials, as
hanced backscattering is expected to be very sensitive
Anderson localization [10]. We used two types of macr
porous GaP: anodically (A-GaP) and photoanodically (P
GaP) etched GaP [8]. For the stronger scattering mater
PA-GaP, we observe an anomalous rounding of the e
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hanced backscatter cone. The effect of finite sample s
is investigated. The contribution of absorption is stu
ied by filling the pores with dielectric material. Both fi
nite sample size and absorption are eliminated as poss
sources for the observed extra cone rounding. The p
nomenon cannot be described by classical light diffus
and is most likely the onset of Anderson localization.

The materials are random networks of single crystalli
GaP with pore sizes of�150 nm and porosities of 35
and 50% for A-GaP and PA-GaP, respectively [8]. A
cordingly, the effective refractive indicesne [11,12] are
2.0 6 0.1 (A-GaP) and1.7 6 0.1 (PA-GaP). The porous
slab thicknesses range from 5 to 120mm for A-GaP and
from 5 to 60mm for PA-GaP [13]. From total trans
mission measurements at a wavelengthl of 685 nm [8],
ke�-values were inferred using classical diffusion theo
[14,15] taking into account internal reflection correctio
[11,12,16]. Hereke �

2p

l ne is the wave vector in the
medium and� the transport mean free path. For A-GaP w
foundke� � 8.6 6 0.5 and for PA-GaPke� � 2.6 6 0.2,
making the latter the most strongly scattering mater
for visible light. The transmission measurements sh
no signs of absorption for both types of material, lea
ing to the conclusion that the (diffuse) absorption leng
La is considerably larger than the thickest samples, tha
La $ 150 mm for A-GaP andLa $ 80 mm for PA-GaP.

The enhanced backscatter cones are recorded u
the off-centered rotation technique [17]. The accessi
angular range is large, 0.9 rad, which is necessary
accurately measure the broad wings of backscatter co
of very strongly scattering samples. The large illuminati
area of 4 mm in diameter results in a resolution better th
0.4 mrad, enabling precise investigation of the top of t
cone. The measurements are performed atl � 685 nm
allowing direct comparison with transmission data [8
Ensemble averaging is performed by spinning the sam
[17]. Linearly polarized light was used to illuminat
the samples and the detection was in the polarizati
conserving channel [18]. For these polarization chann
also single scattered light is detected, effectively rais
the diffuse background [19]. As a result the enhancem
© 1999 The American Physical Society 2183
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factors of the backscatter cones are not equal to 2. This
does not affect our further results.

Figure 1 shows the backscattered intensity of our two
materials, A-GaP and PA-GaP. The backscattered in-
tensity exhibits a pronounced peak, which arises from
constructive interference of time-reversed light scattering
paths in the backscattering direction. Short light paths in-
terfere over a considerable range of angles, whereas very
long light paths interfere only in exact backscattering. The
result is a triangular peak superimposed on the diffuse
backscattered intensity [20,21], known as the enhanced
backscatter cone. The width of the cone is determined by
the length of the light paths, i.e., by the transport mean free
path. The much broader cone of PA-GaP immediately re-
flects the stronger scattering of this material. In order to
quantitatively determine ke� from these measurements, in-
ternal reflection must be taken into account. The diffuse
reflection coefficient R of the sample-air interface depends
on the effective refractive index of the scattering mate-
rial ne [12], giving R � 0.78 6 0.05 for A-GaP and R �
0.67 6 0.06 for PA-GaP. From the full width at half maxi-
mum W of the cone and using ke� � 0.7neW21�1 2 R�
[12,21], we find that for A-GaP ke� � 10.6 6 0.9 and
for PA-GaP ke� � 3.2 6 0.4. These values are in good
agreement with the transmission results, establishing PA-
GaP as the most strongly scattering material for visible
light reported to date.

Filling the pores of PA-GaP with 1-dodecanol, which
is nonabsorbing and has a refractive index of �1.44,
lowers the refractive index contrast, resulting in less strong
scattering; see Fig. 2. This is the first measurement of
enhanced backscattering where the effect of refractive
index contrast has been investigated for one microscopic
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FIG. 1. The backscattered intensity normalized to the diffuse
background as a function of angle for anodically (A-GaP)
and photoanodically (PA-GaP) etched GaP. From the width
of the cone, incorporating internal reflection corrections, the
ke� values are inferred. The narrow cone: A-GaP, ke� �
10.6 6 0.9. The broad cone: PA-GaP, ke� � 3.2 6 0.4.
2184
scattering realization of the disorder. The alcohol has
a convenient melting point of �26±C just above room
temperature, allowing to fill the samples with liquid and
perform the backscatter cone measurements in the solid
phase. During the filling procedure the light transmission
intensity [8] is monitored in order to ensure complete
filling. As a result of this filling, the full width at half
maximum of the cone narrows by a factor 2.1 6 0.1,
corresponding to an increase in ke� [22]. The observed
increase in ke� with a factor of 2.1 6 0.1 is in excellent
agreement with the increase of transmission upon filling,
which is 2.20 6 0.05 [8].

Normally the top of the enhanced backscatter cone is
cusped, resulting from interference of infinitely long light
paths. However, close to and in the Anderson localization
regime the top of the backscatter cone is expected to
be rounded [10], as especially the long light paths are
affected by localization [4,5]. Inspection of the observed
top reveals a clear rounding; see Fig. 3. It should be noted
that the enhanced backscatter cone can also have a rounded
top in the classical regime: absorption [15,21,23,24] and
finite sample size [15,21,24,25] present a cutoff on long
light paths, which therefore cannot contribute to enhanced
backscattering. It is thus essential to study the influence of
absorption and finite sample thickness, in order to clearly
reveal Anderson localization.

To investigate this rounding quantitatively, we introduce
a convenient measure of cone rounding that is easily
extracted from the data. We define the rounding DQR

as follows: First the wings of the measured enhanced
backscatter cone are extrapolated into a triangular cone,
representing the cone with no cutoff on long light paths.
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FIG. 2. The backscattered intensity normalized to the diffuse
background as a function of angle for photoanodically etched
GaP (PA-GaP) and exactly the same sample filled with 1-
dodecanol. Because of the decrease in refractive index contrast,
the scattering efficiency of filled PA-GaP is lower, reflected by
the narrower cone. The cone of nonfilled PA-GaP is a factor
of 2.1 6 0.1 broader than the filled one.
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FIG. 3. The top of the enhanced backscatter cone of 60 mm
thick photoanodically etched GaP showing a clear rounding.
DQR is the measure of cone rounding as defined in the text.
Here DQR is 3.4 6 0.2 mrad.

Then, 2DQR is taken to be the width of the cusped cone at
the height of the rounded cone; see Fig. 3. This definition
is independent of the enhancement factor. In the classical
diffusion regime with absorption length La and sample
thickness L, small cone roundings (DQR ø W) can be
derived from an explicit formula for the line shape of
enhanced backscattering [21]

DQR �
1

kLa
coth

µ
Le

La

∂
. (1)

Here Le � L 1 2ze is the effective sample thickness and
ze the extrapolation length that depends on the internal
reflection coefficient R and is of the order of � [12]. If
Le ¿ La, the rounding is solely determined by absorption:
DQR � 1��kLa�. On the contrary, for Le ø La the
rounding is due to the finite sample size: DQR � 1��kLe�.
These findings agree with previous derivations [15,23–
25]. The fact that Eq. (1) is not symmetric in Le and La

reflects the physical difference between path length cutoff
due to finite sample size and due to absorption, which are
deterministic and probabilistic, respectively [15].

To distinguish the possible mechanisms for cone round-
ing, we have measured enhanced backscatter cones for var-
ious sample thicknesses L. The cone roundings DQR of
A-GaP, PA-GaP, and PA-GaP filled with 1-dodecanol are
given in Fig. 4. Clearly, the cone roundings of A-GaP
and filled PA-GaP follow DQR � 1�kLe, and hence can
be fully explained by the finite sample thickness. Ab-
sorption plays no role for these two types of samples:
La ¿ Le, in agreement with transmission measurements.
In contrast, the cone roundings of nonfilled PA-GaP do not
tend to zero for thick samples, 1�kLe # 0. Attempting to
interpret this extra cone rounding of PA-GaP as the contri-
bution of absorption, we use Eq. (1) to describe the mea-
surements, resulting in a tentative absorption length L0

a

of 33 6 2 mm. This contradicts the transmission mea-
surements from which we concluded that La $ 80 mm.
Moreover, it is also at variance with the observed cone
roundings of filled PA-GaP: If the extra cone rounding of
nonfilled PA-GaP originates from absorption, then filled
PA-GaP also absorbs light and hence would likewise show
extra cone rounding, which is evidently not the case as
the cone roundings of filled PA-GaP follow the straight
line in Fig. 4. This discrepancy can be made more quan-
titative using La �

p
�a��3 known from diffusion theory

[14], where �a is the material absorption length and � the
transport mean free path. Filling increases � (see Fig. 2),
but leaves �a unaffected. Consequently, from the tenta-
tive absorption length of 33 mm for nonfilled PA-GaP, we
find that La for filled PA-GaP should be

p
2.1 3 33 mm

�48 mm. Comparison of the theoretical curve for this ab-
sorption length [Eq. (1)] with the data for filled PA-GaP
shows that an interpretation in terms of absorption fails;
see Fig. 4. Therefore, we have shown independently that
the extra cone rounding for PA-GaP cannot be explained
by either absorption or finite sample size.

The effect of extra cone rounding of PA-GaP can be
switched off by filling the sample with 1-dodecanol, de-
creasing the scattering efficiency. Apparently, the extra
cone rounding is only observed for the strongest scattering
material, closest to the localization transition: the phe-
nomenon is most likely an effect of Anderson local-
ization. Pioneering theoretical work [10] on enhanced

FIG. 4. The cone roundings DQR of anodically etched GaP
(A-GaP, open squares), photoanodically etched GaP (PA-GaP,
open circles), and PA-GaP filled with 1-dodecanol (filled
triangles) as a function of inverse effective sample thickness.
The solid straight line is the theoretical prediction from Eq. (1)
assuming that absorption is negligible (La ¿ Le), using no
adjustable parameters. PA-GaP shows extra rounding for thick
samples and is compared to Eq. (1), where L0

a � 33 6 2 mm
(solid curved line). The dashed curve comes from Eq. (1)
with L0

a � 48 mm, the absorption length predicted for filled
PA-GaP using diffusion theory and the data for nonfilled PA-
GaP. Clearly, the dashed curve does not describe the measured
cone roundings for PA-GaP filled with 1-dodecanol, excluding
absorption as a source for the extra cone rounding of nonfilled
PA-GaP. The error bars are of the order of the symbol size.
2185
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backscattering off a semi-infinite medium close to localiza-
tion, with coherence length j [5], indeed predicts a modi-
fied top of the cone: the slope at zero angle is determined
by the renormalized transport mean free path ����j�, in-
stead of � [20] (j � � in the classical limit). The wings of
the backscatter cone are hardly affected by localization, as
the corresponding short light scattering paths are not renor-
malized [5]. Upon approaching localization (j going from
� to `), the top of the cone becomes less cusped and ul-
timately parabolic (rounded); a small discontinuity of the
slope is experimentally difficult to observe. In our experi-
ments, the predicted weakly cusped cone of a semi-infinite
medium is not observed; the measured cones are rounded.
This is probably caused by the finiteness of even our thick-
est samples. Although qualitatively the existing localiza-
tion theories [10] describe the experiment, a quantitative
comparison cannot be made. For example, diffuse inter-
nal reflection [11,12] in combination with scaling theory
of localization has not yet been studied. As it is essen-
tial to consider diffuse internal reflection for a quantitative
description of enhanced backscattering in the classical dif-
fusion regime, we expect it to be equally important in the
localization regime.

It is remarkable that we still observe the linear depen-
dence of the total transmission with inverse sample thick-
ness, a hallmark of classical diffusion [4,14], whereas in
enhanced backscattering the onset of localization is pre-
sumably already detected. In this respect, it should be
stressed that in enhanced backscattering the angular dis-
tribution of backscattered light for different sample thick-
nesses is measured, whereas in total transmission only the
thickness is varied. Consequently, transmission measure-
ments give less information on the path length distribu-
tion and hence on localization, indicating that enhanced
backscattering is the more sensitive probe.

In conclusion, we have measured enhanced backscat-
tering of A-GaP, PA-GaP, and PA-GaP filled with 1-
dodecanol. From the width of backscatter cones it is in-
ferred that ke� � 10.6 6 0.9 for A-GaP and ke� � 3.2 6

0.4 for PA-GaP, making the latter the most strongly scatter-
ing material for visible light reported to date. The rounding
of the top of the cone was accurately investigated. For A-
GaP and filled PA-GaP it is found that the rounding can be
fully described by the finite sample size, indicating that
absorption is negligible. For the most strongly scatter-
ing samples, PA-GaP, we observe an extra cone rounding,
which cannot be attributed to the finite sample size or ab-
sorption and is most likely due to Anderson localization.
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