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Localization of lightina
disordered medium

Diederik S. Wiersma*, Paolo Bartolini*, Ad Lagendijkt &
Roberto Righini*

* European Laboratory for Non-Linear Spectroscopy, Largo E. Fermi 2,
50125 Florence, Italy
T Van der Waals-Zeeman Laboratory, Valckenierstraat 65-67,
1018 XE Amsterdam, The Netherlands
Among the unusual transport properties predicted for disordered
materials is the Anderson localization' phenomenon. This is a
disorder-induced phase transition in the electron-transport
behaviour from the classical diffusion regime, in which the
well-known Ohm’s law holds, to a localized state in which the
material behaves as an insulator. The effect finds its origin in the
interference of electrons that have undergone multiple scattering
by defects in the solid>’. A similar phenomenon is anticipated
for multiple scattering of electromagnetic waves, but with one
important simplification: unlike electrons, photons do not inter-
act with one another. This makes transport of photons in dis-
ordered materials an ideal model system in which to study
Anderson localization'*"’. Here we report direct experimental
evidence for Anderson localization of light in optical experiments
performed on very strongly scattering semiconductor powders.
Multiple scattering of light is a common phenomenon in daily
life, occurring for example in sugar, fog, white paint and clouds.
The propagation of light in these media can in general be described
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by a normal diffusion process. For diffusion of light through a
disordered material the same Ohm’s law holds as for diffusion of
electrons through any common resistor: the transmission, or
conductance, decreases linearly with the system length (thickness).

Anderson localization brings classical diffusion to a complete
halt. That is, on increasing the amount of scattering beyond a
critical value, the material makes a transition into a localized state
(see Fig. 1). This transition can best be observed in the transmission
properties of the system. In the localized state, the transmission
coefficient decreases exponentially instead of linearly with the
thickness of a sample. At the transition, the transmission coefficient
is expected to have a power-law dependence on the inverse thick-
ness, which is probably quadratic'>'®,

The main difficulty in the search for localization of light has
been the realization of strong enough scattering. The appropriate
measure for the amount of scattering is the mean free path  for the
light in the medium, times the magnitude of the wavevector k.
Localization is expected for kI < 1 (ref. 19), which is known as the
(modified) Ioffe—Regel criterion. This criterion can be understood
intuitively if one realizes that below kI = 1, the electric field can not
even perform one oscillation before the wave is scattered again. So
far, localization effects have been reported only for microwaves in a
two-dimensional system of rods® and for microwaves in a confined
geometry (a copper tube filled with metallic and dielectric
spheres)””. In the latter experiment the absorption was very
large, which makes the interpretation of the data complicated.
The disadvantage of experiments with microwaves compared to
light waves is that it is difficult to avoid absorption.

We have been able to realize very strongly scattering samples for
light waves, using semiconductor powders. Semiconductors can
have a very large refractive index, while, for wavelengths in the

Figure 1 Anderson localization of waves in disordered systems originates from
interference in multiple elastic scattering. Here we consider a light source (like an
excited atom emitting a photon) in a disordered medium at position A. The light
source is denoted by a star symbol and the spheres denote the scattering
elements. A random light path that returns to the light source can be followed in
two opposite directions. The two waves which propagate in opposite directions
along this loop will acquire the same phase and therefore interfere constructively
in A. This leads to a higher probability of the wave coming back to A and
consequently a lower probability of propagating away from A. On decreasing the
mean free path /, the probability for such looped paths increases and at strong
enough scattering the system makes a phase transition from the normal
conducting state into a localized state, due to interference. In the localized
regime, the system behaves as a non-absorbing insulator. Light which is incident
on, for example, a slab would be almost completely reflected and the remaining
transmission would decrease exponentially with the slab thickness.

Figure 2 Comparison of the temperature dependence of the transmission of pure
GaAs crystals and powders. Data obtained using particles of size of 1 um and
300nm are shown. The transmission of the powder samples is measured at a
thickness where the total transmission equals 1% at room temperature. All curves
are scaled to have a maximum of 1. Onincreasing the temperature 7, the bandgap
shifts to lower energies E4(T) corresponding to higher wavelengths \, = 1.24/E,
(in wm). The temperature dependence is given by the empirical relation:
Eo(T) =E4©0) — aT?/T + B), where (for GaAs) £4(0) = 1622, o =8.871x10"*
and B = 572, with T in K. This temperature-dependent shift enables the scanning
of the region of the bandgap around the laser wavelength, without changing the
laser wavelength itself. For example, a temperature of 200°C corresponds to a
wavelength shift of 66 nm. The arrow at top left shows the temperature where we
performed all otherexperiments. \We note that the band edge becomes less steep
upon grinding the GaAs crystal; this is probably due to the increased importance
of surface states and, for example, lattice deformations. But the region close to
the laser wavelength remains unabsorbing.
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bandgap, the absorption is extremely small. We used light at
wavelength N = 1,064 nm, at which the absorption coefficient k of
pure GaAs is k < 1cm ™' and the refractive index is 3.48. Our
samples consist of pure (99.999%) gallium arsenide (GaAs) crystals
which were ground (as a suspension in methanol) by hand in a
ceramic mortar and in a planetary micromill at low speed. By
varying the grinding time, we obtained samples with different
average particle sizes and thereby different amounts of scattering.
In grinding semiconductors one has to be careful not to introduce
absorption at the wavelength at which the experiments are per-
formed. For a powder, surface states could become more important
and the grinding process (even if performed with little force) could
introduce strain or lattice deformations. Surface states, strain and
lattice deformations can lead to absorption tails at the edge of the
bandgap. We have characterized the change of the band edge of our
material by measuring the temperature dependence of the transmis-
sion (Fig. 2).

We observe (Fig. 2) that the band edge indeed becomes less
steep on grinding, and that the onset of absorption shifts into the
bandgap. It is also clear, however, that the region of the absorption
tails is still far enough (65nm) below our laser wavelength as to
ensure that these tails will not introduce absorption in our experi-
ments.
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Figure 3 Coherent backscattering cones from coarse-grained (a) and fine-
grained (b) GaAs powder. The samples are strongly polydisperse with an average
particle diameter of 10 um and 1 um, respectively. The sample is illuminated with a
mode-locked Nd:YAG laser operating at 76 MHz, with a wavelength of 1,064 nm,
pulse duration 100 ps, beam diameter 6 mm and incident power 100 mW. In all
experiments we have checked that nonlinear absorption processes like two-
photon absorption do not play a role; this was done by lowering the incident
power to 20mW, and finding that this reduction did not influence the results.
Detection is performed in the polarization-conserving channel. The mean free
path is calculated from the angle of the cusp?, taking into account internal
reflection®. This yields / = 8.5 um and k/ = 76 for the data in a, and / = 0.17 um
resulting in k/ = 1.5 for the data in b.
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To characterize the mean free path I of our samples, we used
coherent backscattering. This phenomenon is a general interference
effect between counter-propagating waves, which leads to a narrow
cone in exact backscattering®. It is seen as the precursor to
Anderson localization and is therefore also called ‘weak localization
of light’***. The width of the backscattering cone and the angle of its
cusp are inversely proportional to [ (refs 26, 27) and therefore enable
the determination of the amount of scattering inside the samples.
Furthermore, the cusp is due to a summation up to (in principle)
infinite path length, and is therefore only present in the absence of
absorption®*™*, In Figure 3, we show backscattering cones for a
coarse-grained (Fig. 3a) and a fine-grained (Fig. 3b) powder with
an average particle diameter of 10 wum and 1 pm, respectively. From
the angle of the cusp we find for the coarse-grained powder
I=8.5pum and hence kIl = 76. For the fine-grained powder we
find I = 0.17 um which corresponds to kI = 1.5. The observed value
of kI = 1.5 is four times smaller than the smallest kI values that have
been reported so far’ for light waves. The shape of the coherent
backscattering cone at the localization transition is interesting from
both an experimental and a theoretical point of view, but will be
discussed elsewhere.

To observe a possible localization transition, we have measured
the transmission coefficient as a function of sample thickness. In
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Figure 4 Comparison of the transmission coefficients for two GaAs powders with
different average particle diameters. Here the transmission coefficient is defined
as the ratio between total transmitted flux and the incident flux. The total
transmission is measured with an integrating sphere placed in contact with the
back of the sample. The light source is as in Fig. 3, with beam diameter 0.5 mm
and incident power 20 pW. The data in a correspond to particle a diameter of
10 wm and behave completely classically. The solid lineis T =//L, with/ = 9.8 pm,
which is in agreement with the backscattering data. The data in b correspond to a
particle diameter of ~1 um. The dashed line is the theoretical curve for classical
diffusionwith/ = 0.17 um, as obtained from the backscattering data. The solid line
is a quadratic fit to the data. This quadratic dependence of the transmission
coefficient on the inverse thickness is the expected behaviour at an Anderson
localization transition.
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Fig. 4a, the transmission coefficient is shown for the coarse-grained
powder. We see that the transmission behaves completely classically
with I = 9.8 wm, which is consistent with the coherent backscatter-
ing data. At very large sample thicknesses (L > 500pum), the
transmission decreased more rapidly than linear due to the onset
of absorption. This gives an upper limit for k (defined as k = I, ')
for the coarse-grained powder, of ~0.13 cm™, which shows again
that the grinding process did not introduce any absorption.

In Fig. 4b, the transmission coefficient T is shown for the fine-
grained powder. The dashed line is the theoretical curve for classical
diffusion assuming / = 0.17 um as obtained from the backscatter-
ing data. Whereas for classical diffusion T would decrease linearly
with the sample thickness L, we find for these samples a quadratic
dependence (T o« L™?). This is exactly the behaviour predicted by
the scaling theory of localization at the localization transition'>'.
We note that no classical diffusion process can show a quadratic
system-size dependence.

If we decrease the particle size even further we expect (from Mie-
scattering theory) to obtain even stronger scattering. In Fig. 5, the
transmission coefficient is shown for a powder with an average
particle diameter of 300 nm. In Fig. 5b we see that the quadratic
behaviour has changed into an exponential decay in this case, as
expected in the localized regime. The transport of light has come to
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Figure 5 The transmission coefficient of very fine GaAs powder as a function of
thickness. The average particle diameter is 300 nm. In a, the data are plotted on a
semi-logarithmic scale. The solid line is an exponential fit exp(-L /o) with a
localization length of /., = 4.3 wm. In b, the same data are plotted on a double-
logarithmic scale and the data of Fig. 4b are imported for comparison. We see that
for the very fine powder, the quadratic behaviour changes to an exponential
decay. The system goes into a localized state where it behaves as a (non-
absorbing) insulator.
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a halt owing to interference, and the system has made a phase
transition from a conducting into a localized state. The character-
istic length scale for the exponential decay is called the localization

length, which here is 4.3 pm.

Different techniques could be used to map out the complete
localization transition. The amount of scattering could be varied by
changing the average particle diameter, the refractive index contrast,
the particle density and the wavelength of the light. An important
experiment would be a time-resolved transmission experiment in
which the reduction of the diffusion constant at the Anderson
localization transition is observed. Localization of classical waves is,
in many ways, similar to Anderson localization of electrons. There
are, however, also interesting differences between light and elec-
trons. For experiments with light waves, coherent (laser) sources are
available; the wavelength of such sources may be easily adjusted.
Furthermore, for electromagnetic waves photon—photon interac-
tions can be neglected, whereas in the case of electrons, electron—
electron interactions always play a role. This latter property in
particular makes light in strongly disordered media an interesting
system in which to study the Anderson localization transition. []
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