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We study the propagation of light through randomly packed films of micron-sized spheres. Dried films
consist of strongly scattering core-shell particles mixed with polymer spheres, which are then dissolved to
tune the number of contacts, Z, among the remaining scatterers. The transport mean free path l� is
measured from the width of the coherent backscattering cone; l� � 2:1 �m when Z� 4–5, but increases
twofold (scattering weakens) in a film with Z� 9–10. The results contradict the standard diffusive
transport model, but are explained by accounting for optical coupling of contacting spheres.

DOI: 10.1103/PhysRevLett.99.143902 PACS numbers: 42.25.Dd, 42.25.Bs, 47.57.J�

The past decade has seen great strides toward fabrication
of materials to control the propagation and emission of
light and the appearance of materials with a spatially vary-
ing index of refraction. Ordered arrays of wavelength-sized
spheres (‘‘photonic crystals‘‘) allow considerable control
of the density of propagating wave states, in part owing to
Bragg-like reflections from the crystal planes [1]. Random
arrangements of particles also lead to fascinating problems
in light propagation, such as diffusion of light, which leads
to coherent backscattering [2] and, in the limit of strong
scattering, to strong localization [3–6]. Random, opaque
media are typically characterized by the transport mean
free path for photons (or random-walk step length), l�

[7,8]. Effective medium theories for scalar waves predict
that, in random systems, the optimal packing fraction to
minimize l� or maximize scattering is�� 0:2–0:5 [9–11].
The standard diffusive transport model for l� [8,12–15]
incorporates structural correlations among scatterers and
can lead to similar predictions, which agree with experi-
ments in the regime where l� * 10� [14–19]. In the
strong-scattering regime, however, where l� is comparable
to the wavelength (�) or sphere diameter (d), experiments
are still needed to test the diffusive transport model and to
understand more clearly the role of the structure. Here, we
report on experimental measurements of the propagation
of light through randomly packed spherical particles with
d� 1 �m and � � 1:06 �m. The coherent backscattering
of light was used to measure l�, which was as small as
2:1 �m. We show that the average coordination number, Z,
plays an important role in determining the optical proper-
ties. In particular, reducing Z to �4 by dissolving a con-
trolled fraction of spheres decreased l� by a factor of 2.2
compared to close-packed samples. In contrast to our data,
the diffusing-wave transport theory predicts that l� de-
creases monotonically as Z is increased. We describe a
correction to this theory, which approximately accounts for
optical coupling of neighboring spheres and with which we
obtain good agreement with our experimental data. The
results should be useful in fabricating samples with small

l� to enhance opacity of paints or cosmetics, to attain
strong localization of light [3–6], and to understand in
general the role of coordination number in wave
propagation.

Samples were prepared from binary aqueous suspen-
sions of colloidal spheres. Poly(methylmethacrylate)
spheres (PMMA; Bangs Labs) served as sacrificial parti-
cles; they were dissolved after the film was made. The
scatterers were polystyrene (PS) spheres, which were
coated with a �80-nm-thick layer of ZnS in order to
enhance their scattering cross section: the PS core and
ZnS shell have n � 1:59 and 2.0, respectively [20] (inset
of Fig. 1). The ZnS-PS particles were synthesized using a
sonochemical technique [20,21]. Controlled volumes of
the aqueous suspensions of PMMA and ZnS-PS spheres
were mixed to set the number ratio f of ZnS-PS spheres to
the total number of spheres. The value of f has a systematic
uncertainty of�4%. Films of thickness 100–150 �m were
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FIG. 1. Schematic of coherent backscattering setup. A beam
splitter allows sample illumination and detection of the back-
scattered light by the Si photodiode. The inset schematically
shows the samples studied here. Dissolving the PMMA spheres
allows us to tune Z, the coordination of the remaining ZnS-PS
scatterers.
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prepared by drying the microspheres from suspension onto
a glass plate, using a machined Teflon ring to control the
shape of the meniscus and leave a flat film [21].

To strengthen some of the films for later handling,
an aqueous solution (400 �L; refractive index 1.41) of
100:100:7:2 (by weight) water, acrylamide, N,
N0-methylenebisacrylamide, and diethoxyacetophenone
was placed atop the particle films before they had com-
pletely dried. The solution was then rapidly photopolymer-
ized into a transparent polyacrylamide hydrogel under
ultraviolet illumination, and the film was detached from
the glass. The hydrogel provided a supporting layer, but did
not penetrate to the illuminated surface at high
concentration.

To vary the coordination number, Z, of the ZnS-PS
spheres, we dissolved the PMMA spheres within the dried
films. Dried films were immersed in acetone for 20 min,
then in fresh acetone for 10 min, and then dried. In control
samples containing only PMMA spheres, the PMMA dis-
solved in a few minutes. In samples containing only ZnS-
PS spheres or polyacrylamide hydrogel, the particles and
gel did not dissolve even after 2 hrs. Samples were in-
spected using a scanning electron microscope (SEM) be-
fore and after acetone treatment; these images showed that
the remaining ZnS-PS spheres were still spherical and that
the film remained intact when f � 0:3 [21].

The transport mean free path l� of the films was mea-
sured from the coherent backscattering effect [2,12,14,22–
26]. Owing to constructive interference of light propagat-
ing forward and backward along identical paths through
the sample, the intensity has a peak in the backscattering
direction and decays with a characteristic angular width
that is related to l� (see text below) [23,26]. A 50-mW
diode laser with � � 1:064 �m was used as a source, and a
set of gold mirrors, lenses, and apertures guided the verti-
cally polarized laser beam to an uncoated 3� wedged beam
splitter (CVI Laser, LW-3-2050-C) and then to the film.
The illuminated region was 2–3 mm in diameter. The
backscattered light was collected by a silicon photodiode
mounted to a goniometer to scan the angle, � (Fig. 1). The
angular width of the detection was 3 mrad and the goni-
ometer was scanned in increments of 3.5 mrad. For the data
reported here, the effect of the finite angular resolution on
the measured l� was small, approximately 1%. Data were
obtained without a linear polarizer in front of the detector
so as to maximize the intensity; control measurements with
an analyzer resulted in values of l� that were within 8� 4%
of the values without an analyzer. A chopper and lock-in
amplifier were used to acquire the data and remove extra-
neous light. Stray and backscattered beams were blocked
to prevent backscattering into the detector. The direction
normal to the film’s surface was set �10� away from the
incident direction to separate the specular-reflection peak
from the coherent-backscattering peak [12]. A small motor
(vibration amplitude � 2–3 mm) was used to oscillate the

angle between the film and the incident beam by �2� to
average over interference speckles [27,28]. Without this
oscillation, the speckle pattern created sharp spikes in the
intensity profile.

Figure 2 shows the intensity profile measured from films
of ZnS-PS and PMMA spheres, with diameters of 1.00 and
1:08 �m, respectively. (Note that the ZnS-PS diameter
refers to the PS core diameter.) The plot inset shows the
measured I��	, which exhibits a peak at the direct back-
scattering angle and an exponential decay. We fit the data
to I��	 � Ib 
 A exp��j�� �0j=���, where Ib is the re-
flected background intensity, �0 is an offset in the back-
scattering angle, and �� is angular width of the peak. The
value of l� is then calculated from the width using W �
0:7�=�2�l�	 [23,26], where W � 2�� ln2 is the full width
at half maximum of I��	. The inset of Fig. 2 shows the
fitted I��	 convolved with the angular resolution of the
experiment. To further demonstrate the quality of these fits,
Fig. 2 shows the data in a rescaled form, lnf�I��	 � Ib�=Ag.
We found that the peak-to-background ratio �Ib 
 A	=Ib in
our samples ranges between 1.3 and 1.4, as expected for
unpolarized-light detection [26,29,30]. For comparison,
we also measured l� by transmittance through a sample,
which scales with L=l� [18,31–34]. For binary films of
PMMA and PS (f � 0:5, and diameters d � 1:48 �m and
1:58 �m), we obtained l� � 3:8� 0:2 �m, which agrees
with the result of the coherent backscattering for the same
sample (3:8� 0:12 �m). All of the l� measurements were
repeated on multiple spots on given films as well as on
different films with the same composition.

FIG. 2. Backscattered intensity from films of ZnS-PS and
PMMA spheres. The solid symbols show results of the binary
films with f � 0:40 and 1. The open symbols show the same
samples after the PMMA spheres were dissolved. Data are
plotted as lnf�I��	 � Ib�=Ag vs (�� �0) so that the slope is
proportional to l�. (Inset) I��	 for the sample with f � 0:40
after the PMMA were dissolved. The curve shows the result of a
fit convolved with the angular resolution.
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Figure 3(a) shows the measured l� for binary films
without the polyacrylamide hydrogel. We find an overall
trend of decreasing l� as f is increased (though in many
experiments, we found a local minimum near f � 0:5).
This overall trend is explained by the larger scattering
cross section of the ZnS-PS spheres, which leads to a
shorter l�. In similar binary films with the polyacrylamide
hydrogel [Fig. 3(b), solid circles], we found a slightly
larger l�. We attribute this trend to a partial filling of the
interstices by the added hydrogel, which would reduce the
refractive-index contrast and increase l�.

In Fig. 3(b), the solid and open circles show the same
films before and after the PMMA spheres were dissolved.
Dissolving the PMMA spheres clearly decreased l� (i.e.,
enhanced scattering). The change was substantial: when
f � 0:4, l� decreased from 4:70� 0:22 �m to 2:07�
0:15 �m. As expected, we found that the sample with f �
1:0 (no PMMA) showed no significant change after the
acetone wash. The most striking result, however, is that
scattering is relatively weak in the sample with the highest
concentration of ZnS-PS scatterers. Instead, we found the

local minimum l� (or strongest scattering) when f� 0:4.
Samples with f 
 0:2 collapsed after dissolving the
PMMA spheres because the number of remaining contacts
could not support the film. From analysis of confocal
microscopy images of similarly concentrated particle sus-
pensions, we found that this optimal f � 0:4 corresponds
to coordination number Z� 4 [21].

For comparison to our data, we computed l� using a
standard model of diffusive transport of electromagnetic
waves in random media [8,12–15,17,35]: 1

l� �
�
k4

0
�

R2k0
0

�0f
��=6	d3

d�
d� S�q	q

3dq where the scattering wave vector

q � 2k0 sin�=2, k0 � 2�=�, and�0 is the volume fraction
of particles in the dried film (PMMA and ZnS-PS to-
gether). The product �0f is the volume fraction of the
remaining ZnS-PS scatterers after dissolving the PMMA,
S�q	 is the structure factor of the ZnS-PS scatterers, and
d�=d� is the differential scattering cross section of a
single ZnS-PS scatterer in the surrounding air. The above
approach treats the particles as isolated scatterers (to obtain
d�=d�); interference among the waves scattered from
other particles is accounted for by S�q	. We obtained
S�q	 for a single-component hard-sphere fluid in equilib-
rium with the ‘‘rational function approximation’’ within
liquid structure theory (from [36]), using the Carnahan-
Starling equation of state for hard spheres and assuming
�0 � 0:64. To account for the changing f, we assume that
the dissolved PMMA particles were randomly distributed
in space and that the ZnS-PS spheres remain fixed.
Consequently, the radial distribution function, g�r	, of the
ZnS-PS spheres is independent of f. (There are fewer pairs
of spheres with a given separation, but this factor is re-
moved when normalizing by the average density of the
sample.) Since S�q	 � 1
 �0f

��=6	d3

R
d �rei ~k� ~r�g�r	 � 1�, a

fixed g�r	 means that �S�q	 � 1�=f equals a constant that
is calculated from the single-component case, f � 1 [15].
The differential scattering cross section d�=d� of ZnS-PS
core-shell spheres with a shell thickness of 80 nm was
calculated with Mie theory using a numerical routine
[37,38]. As shown by the solid curve in Fig. 3(b), this
model predicts that l� decreases monotonically with in-
creasing f, which contradicts our experimental results.
Earlier measurements of l� in suspensions [14–19] showed
quantitative agreement with this model when the appropri-
ate S�q	was used. In the present experiments, however, the
scatterers are in contact with one another. We propose that
under these conditions, d�=d� should not be derived from
the isolated-particle result because, even near a Mie reso-
nance, the electric field extends to the neighboring spheres.

As a correction, therefore, we use a modified cross
section that corresponds to an isolated ZnS-PS sphere in
a background with effective refractive index, neff . The
value of neff accounts for the coupling of neighboring
spheres over a distance R. The length R should scale
with �=nb, which sets the penetration depth of an evanes-

FIG. 3. Measured l� vs the number fraction of strongly scat-
tering ZnS-PS spheres, f (a) Transport mean free path, l�,
measured in mixtures of ZnS-PS spheres (1000 nm-PS-core-
80 nm-ZnS-shell) and PMMA spheres (1080 nm diameter).
(b) Measured l� in mixtures of ZnS-PS and PMMA spheres
with cross-linking polymer added (�). The open circles (�)
show l� of the same films after the PMMA spheres were
dissolved, leaving only the ZnS-PS spheres. The solid curve
shows the prediction of the standard scattering theory, while the
dashed curve shows the prediction of the modified theory dis-
cussed in the text.

PRL 99, 143902 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
5 OCTOBER 2007

143902-3



cent wave at a flat dielectric interface. We estimated neff

from the volume-averaged refractive index within a spheri-
cal region of radius R surrounding a typical scatterer. The
values of l� were then calculated using the modified cross
section. We found reasonable agreement with the data with
the empirical choice R � �ns=nb	�=2, where ns and nb are
the refractive indices of the sphere and background [21].
These results agree closely with our experimental data
[dashed curve, Fig. 3(b)]. The agreement of this model
with the data shows that the reduction of scattering at large
f arises from the loss of refractive-index contrast between
an individual scatterer and its many nearby neighbors (i.e.,
the background). The correction incorporates this effect in
a quantitatively reasonable way. To check the general
utility of our approach, we applied the same correction to
published experiments done with aqueous suspensions of
0:46-�m-diameter PS spheres [14]; because the spheres
were not close packed and the refractive-index contrast
between spheres and solvent was modest, this correction
had a very small effect over the range of � studied.

Our experiments show clearly that the transport mean
free path, l�, of a close-packed random film of monodis-
perse spheres increases as f changes from 0.4 to 1. The
value of l� exhibits a local minimum when the spheres are
packed with a reduced mean coordination number (Z� 4).
The results are quantitatively explained by a loss of
refractive-index contrast between an individual scatterer
and the background when Z is too large. Our maximally
scattering structure has �� 0:26, which is consistent with
effective medium theories for scalar waves with large
index mismatch [9–11]. From a practical point of view,
this method of using sacrificial particles has the additional
advantage of providing a solid matrix in a low-index (air)
background, since the remaining scatterers remain in con-
tact even at low Z and �. Hence, this approach might find
application in designing coatings or other amorphous ma-
terials with strongly modulated density of states.
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