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Amorphous photonic materials based on dense assemblies of high refractive index spherical
particles are presented. Light transmission through these photonic glasses shows a nontrivial
wavelength dependence. The transmission spectra can be quantitatively reproduced by modeling the
optical properties starting from their building blocks. Our results emphasize the relevance of
including short range order correlations and an appropriate effective refractive index in the analysis
of light transmission through amorphous photonic materials.

The propagation of light in a dense dielectric depends on
refractive index variations and structural order. Perfectly or-
dered photonic crystals provide a set of unique options to
control the electromagnetic states and light transport without
radiation and absorption losses.1–5 Significant effects are usu-
ally obtained for strongly photonic materials, i.e., those with
a refractive index ratio or scattering contrast nparticle /nmedium

of 2–3 or larger. In disordered dielectrics, in the absence of
long range order, light is spread out diffusively. However,
strong scattering of light in amorphous dielectrics can also
lead to unusual photonic behavior6–8 often related to precur-
sors of Anderson localization of light such as coherent back-
scattering or mesoscopic fluctuations.9,10 Understanding the
optical properties of amorphous photonic materials is not
only a problem of fundamental interest but also a key issue
in the development of noninvasive imaging tools and optical
materials. Despite this importance there is still a lack of in-
formation on how to predictably tailor photonic amorphous
systems starting from their building blocks.

Outside the localized regime �kl*�1� the transport of
light in a disordered dielectric can be described as a diffusion
process with a transport mean free path l*. The dimensionless
parameter kl* is a measure of the scattering strength for a
wave number k. In order to design photonic materials with
very small values of kl*, both the structural properties and
the scattering cross section have to be optimized. The latter
requires scattering objects to have a high refractive index
contrast. Unfortunately there is practically no experimental
data available on dense assemblies of high index particles
with well-defined shape. In this letter, we report on the

preparation of assemblies of high refractive index spheres
and we present a quantitative approach to model the trans-
mission spectra.

A quantitative relation between l* and the microscopic
scattering properties is given by the number density � and
the transport cross section �tr,

11,12

1

l* = ��tr =
�

k6�
0

2k

�F�q�S�q�q3dq , �1�

where q=2k sin�� /2� for a scattering angle in the range of
�=0–180°. This is the same relation used to describe the
electrical conductance of liquid and amorphous metals.13,14

The optical form factor F�q� is given by the differential cross
section of an isolated particle. For uncorrelated scatterers
�dilute limit� the optical density 1 / l* increases linearly with
the particle volume fraction 1/ l*��. As the concentration
increases, particle interactions induce positional correlations
which have a substantial influence on the l* values.12 For
systems with weak scattering contrast, the validity of Eq. �1�
has been confirmed experimentally for different particle sizes
and mixtures.12,15,16

It was frequently argued that optimal random photonic
materials cannot be designed using spherical objects �since
structural order can lead to an increase of l*� and as a con-
sequence, most previous studies used randomly shaped and
highly polydisperse systems17 or porous structures such as
electrochemically etched gallium phosphide.6 Modeling the
optical properties of such systems starting from the indi-
vidual blocks was then a formidable task. However, it has
recently been pointed out by Rojas-Ochoa et al. that while
the packing of spheres induces an increase in l* in the long-
wavelength kd�� limit, close to the Bragg condition, struc-
tural order can actually lead to a reduced value of l* as com-
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h pared to an uncorrelated system.18 Recent work on the effect
of structural correlations on optical properties has renewed
the interest in this problem.18–21 As we will show, it is pos-
sible to design photonic materials based on dense assemblies
of high refractive index, strongly correlated spherical par-
ticles for which the scattering properties can be determined
accurately.

As primary particles we have synthesized spherical and
rather monodisperse titanium dioxide particles following the
approach reported in Ref. 22. Sintering at 1000 °C leads to
compact particles made of bulk TiO2 with a rutile crystalline
phase, as described in Ref. 23. We further note that subse-
quent thermal treatment of the final colloidal thin films up to
1050 °C did not lead to any measurable change of the opti-
cal properties. From transmission electron microscopy we
find a mean particle diameter d=845 nm and a polydispersity
of 7% �Fig. 1�. Rutile TiO2 is birefringent, with different
refractive indices for light polarized perpendicular �n0� and
parallel �ne� to the optic axis. Here, we use the weighted sum
approximation to determine the mean refractive index nparticle
of the particles, as described in Ref. 24. The values for bulk
TiO2 are taken from the literature25 with n approximately 2.5
in the infrared region probed. By rapid centrifugation on a
glass slide �commercial round microscopy cover plates, with
diameter of 15 mm and a thickness of 0.15 mm� we prepare
dense sediments with thicknesses ranging from 8 to 90 	m.
The particles are dispersed in ethanol and a volume of
800 	l is sedimented in a centrifuge at a speed correspond-
ing to 3800 G. After removing the supernatant the sediment
is dried in the centrifuge at the same speed at 40 °C. The
particles are randomly packed due to the forced sedimenta-
tion, as shown by the scanning electron microscopy image in
Fig. 1. We estimate the particle density to be ��0.65, near
to a maximally random jammed state. The sediments are
found to be crack-free over the whole area of approximately
9 mm. We record the wavelength dependent transmission
with a commercial ultraviolet–visible �VIS�–near infrared
�NIR� spectrometer equipped with an integrating sphere
�Fig. 2�.

In the limit of nonabsorbing and thick slabs �with thick-
ness L
5l*�, the transmission coefficient T is given by

T = �l* + ze�/�L + 2ze� , �2�

where the extrapolation length ze can be calculated by the
angle-dependent and polarization averaged reflectivity of the
slab/exterior boundary for a given sample refractive index.11

The inset of Fig. 2 demonstrates that our system obeys the
linear scaling of 1 /T as a function of the film thickness L as
predicted by Eq. �2�. The agreement further confirms that our
films are homogenous and crack-free up to almost 100 	m.

In order to compare the results with Eq. �2�, we have to
make an assumption about the effective index neff
�with keff=2�neff /�, where � denotes the wavelength in
vacuum� since on average, the scattering contrast will de-
crease with increasing volume filling. Frequently, the so-
called Maxwell-Garnett theory �MGT� is used to estimate
neff despite the fact that Maxwell-Garnett theory is only valid
in the long-wavelength limit ���d�.26 Rather than referring
to MGT, our description of the nmedium=neff is based on an
interpolation scheme. For convenience we use the MGT pre-
diction as a starting point and introduce a correction param-
eter 
 such that

neff��� = 
�nMGT��� − 1� + 1. �3�

In general, this correction factor is wavelength dependent
and has to approach one in the MGT limit.

For a quantitative analysis we calculate the particle form
factor from Mie theory27 and the structure factor S�q� by
solving the Ornstein-Zernike equation through the Percus-
Yevick closure relation. In the calculation for polydisperse
systems, we use a three-component histogram of sizes to
represent the polydisperse form and structure factors, which
provides a good approximation for the local differential cross
section. We find a good agreement between the experimental
data and our theoretical calculations over the whole range of
accessible wavelengths for 
=0.73±0.01. If one takes into

FIG. 1. Characterization of TiO2 particles. Upper panels from left to right:
�a� Thin colloidal film on a glass substrate �diameter of 15 mm�, �b� trans-
mission electron microscopy picture of individual particles, and �c� particle
sizes fitted with a Schultz distribution reveals a mean diameter of 845 nm
with a polydispersity of 7%. Main panel: Scanning electron microscopy side
view of an amorphous thin film of TiO2 particles, with thickness of L
=8.8 	m

FIG. 2. �Color online� Optical transmission through a sediment with thick-
ness L=26 	m of 845 nm TiO2 particles. Upper panel: The transmission
shows a minimum at 1750 nm. Theoretical lines are calculated from Eqs. �1�
and �2� with 
=0.73 and a volume filling fraction of ��65%. Solid line:
Percus-Yevick structure factor and a polydispersity of 7%. Dashed line:
Prediction for a corresponding monodisperse system. Dotted line: Prediction
in the absence of positional correlations �S�q��1, polydispersity of 7%�.
Inset: Inverse of the experimental transmission coefficient as a function of
film thickness. The lower panel shows the corresponding keffl

* values.
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account the limited accuracy in determining the particle size
from transmission electron microscopy, the actual error
should be of the order of ±0.05. Our experimental value of 

is in reasonable agreement with Brewster angle measure-
ments of Rivas et al.28 that indicate 
	0.66. We find a min-
mum value for keffl

*=5.25±0.12 at �=1740 nm �inset of
Fig. 2�. It is worthwhile to point out that Eqs. �1� and �2�
both describe the absolute values of T and the spectral fea-
tures such as the minima and maxima in T���. Significant
deviations only appear around �=2000 nm. This regime is
governed by interferences from the shell of first neighbors
which are responsible for the first minima in T���. We think
that the slightly nonspherical shape and imperfect packing
are responsible for these deviations.

Finally, we would like to point out that for a given value
of the experimental transmission coefficient T, the value of
neff significantly impacts the value of l* obtained from
Eq. �2�. The reason is that the surface reflectivity and thus
the extrapolation length ze strongly depend on neff. Using the
common Maxwell-Garnet refractive index would then lead to
an overestimation of the extrapolation length. As a conse-
quence, l* values extracted from Eq. �2� using an experimen-
tal transmission coefficient would appear artificially low.
Similar arguments hold for the analysis of the coherent back-
scattering cone often used as an alternative approach to de-
termine l*. Therefore, some of the reported l* could be
20%–30% lower than the actual values. For example, in our
case, we obtain l*=0.92 	m for neff=1.58 �ze=2.82l*� at
�=1740 nm, close to the most pronounced minimum. Based
on the Maxwell-Garnet refractive index neff=1.79
�ze=4.0l*� we obtain l*=0.7 	m.

Another theoretical approach to determine l* for electro-
magnetic waves is based on different extensions of the co-
herent potential approximation �CPA� �for acoustic waves,
see Ref. 29�. For example, the energy-density CPA intro-
duced by Busch and Soukoulis determines self-consistently
the effective refractive index and can be applied to high in-
dex materials.30 However, in its current implementation,
structural correlations are taken into account qualitatively by
using independent scatterers with an effective coating. We
believe that an extension of the model taking into account
the detailed shape of the structure factor of the amorphous
photonic medium might open a way to model the experimen-
tal data without any adjustable parameters.

In summary, we have shown that it is possible to design
strongly photonic materials, based on dense assemblies of
high refractive index spherical particles, for which the scat-
tering properties can be determined accurately.
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