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We report on the observation of nonlocalized modes or necklace states of light waves in disordered
systems in the Anderson localized regime. The samples consist of positional-disordered binary multilayer
systems. Anderson localized modes manifest themselves as narrow high-transmission peaks in the
transmission spectrum, whereas the average of the logarithm of the transmission coefficient decreases
linearly with thickness. Optical necklace states are observed as modes with a characteristic multi-

resonance time response and relatively fast decay time.
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Light waves in disordered materials are subject to a
multiple scattering process in which interference effects
can play an important role. This leads to interesting optical
phenomena [1] of which the most surprising is that of
Anderson localization of light [2]. Anderson localization
was originally discovered for electron transport, where the
diffusion of electrons was found to disappear upon increas-
ing the disorder inside a conductor [3—5]. It was found that
the interference between multiply scattered Schrodinger
waves leads to localized eigenfunctions that decay expo-
nentially [6]. Being a pure interference phenomenon,
Anderson localization is expected to occur also for classi-
cal waves such as electromagnetic radiation [2]. The ob-
servation of this extraordinary effect in three dimensional
disordered optical systems requires very strong scattering
that can be achieved only in selected materials [7]. For
lower dimensional systems, however, the situation is differ-
ent. In one and two dimensional disordered systems, local-
ization can always be reached for a sufficiently large
sample size [8]. In particular, one dimensional (1D) optical
systems have the advantage that samples can be fabricated
with complete control over the type and degree of disorder,
using molecular beam epitaxy [9], rf-magnetron sputtering
[10], or electrochemical etching [11]. The field distribution
can be calculated exactly and a direct link exists between
light and electron transport described by a 1D tight-binding
model.

The transmission spectra of localized 1D systems ex-
hibit many randomly distributed high-transmission peaks.
These high-transmission peaks originate from resonances
created inside the sample by localized modes [12] and
result in big fluctuations in the transmission coefficient T
[1,13]. The localized modes decay exponentially and, as a
consequence, the ensemble average of InT(A) over many
realizations of the disorder decays linearly with the sample
thickness L [14]. A pioneering experiment to investigate
1D localization was performed by Daozhong et al. [15] on
thin binary multilayer systems.
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Not all states in 1D disordered systems are Anderson
localized. Pendry [16] and Tartakovskii [17] predicted that
even in 1D localized systems nonlocalized modes exist that
extend over the sample via multiple resonances [18]. These
nonlocalized modes, called necklace states, have a trans-
mission coefficient close to 1 and become extremely rare
upon increasing the sample thickness. Nevertheless, they
dominate the average transmission coefficient, even at
large thickness.

In this Letter we report on the observation of both
localized and necklace modes in disordered one-
dimensional systems. The samples consist of disordered
multilayer structures obtained via controlled electrochem-
ical etching of silicon. We observe characteristic high-
transmission peaks due to resonances inside the sample
and determine the localization length from the thickness
dependence of the transmission. We demonstrate that one
can distinguish between single resonance localized modes
and multiresonance nonlocalized modes in time-resolved
transmission experiments. The observed number of
necklace states is consistent with theoretical predictions.

We studied samples composed of N dielectric layers of
two types (called A and B) with different refractive indices
ny and np and with thicknesses d, and dp (respectively,
258.6 and 176.0 nm). The refractive indices were taken
such that 4n,d, = 4ngdy = Ay = 1500 nm. The disorder
was introduced by giving each layer a 50% probability to
be of type A or B. The samples were realized in porous
silicon. We have grown nine disordered samples of various
thicknesses in the range from 60 to 350 layers (i.e., with
physical thickness between 13 and 76 wm), starting from
(100)-oriented heavily doped p-type silicon. The etchant
was prepared mixing a 30% volumetric fraction of aqueous
HF (48 wt %) with ethanol. The applied current density
defined the porosity of the layers. We used 50 mA /cm?
for the high porosity layers A (porosity 75%, correspond-
ing to refractive index n, = 1.45) and 7 mA/cm? for the
low porosity layers B (porosity 49%, corresponding to
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ng = 2.13). The pores are cylindrically shaped and ori-
ented along the growth direction with diameter between
40-50 nm. The pore diameter determines the porosity and
is constant over each layer. The change of pore diameter
between two layers of different porosity gives rise to minor
scattering losses. The total loss, given by scattering losses
and absorption, is expressed by the extinction coefficient
which for our samples is x, = (1.0 = 0.2) X 10> cm™!
[11]. This loss lowers the transmission coefficient some-
what but does not change the characteristics of the light
transport in our samples [19]. The physical thickness d of
the layers was controlled by adjusting the duration of the
etch times. The structures were made freestanding by
applying a high current pulse at the end of the growth
process.

Transmission spectra of the samples were measured in
the 1-2 um wavelength range using a tungsten Halogen
lamp focused to a 300 wm diameter spot on the sample.
The spectra were recorded with 1 nm wavelength resolu-
tion using a monochromator coupled to an infrared photo-
sensitive resistor. In Fig. 1 examples of measured
transmission spectra are shown for three values of the
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FIG. 1. Measured transmission spectra for three values of the

sample thickness L. The spectra contain narrow high-
transmission peaks that, on average, become narrower upon
increasing L.

sample thickness. The high-transmission peaks are typical
for a localized system and are due to internal resonances
inside the sample. We can see that upon increasing sample
thickness, on average, the spectral width of the peaks
narrows, as is expected for localized modes. The apparent
lowering of the transmission maxima at larger sample
thickness is an artifact due to the limited spectral resolution
of the monochromator and the minor losses in the sample.
The localized modes decay exponentially over a typical
length scale called the localization length &. The trans-
mission coefficient is therefore related to the localization
length via [13]: (InT) = —L/ ¢, where the brackets denote
an average over many realizations of the disorder. These
ensemble averages are not easily accessible in experiments
because they would involve performing transmission mea-
surements on a very large number of samples. The problem
can be circumvented, however, assuming ergodicity and
thus taking the average over A on a limited set of samples.
To determine the localization length in our samples, we
have calculated the wavelength average of the logarithm of
the transmission coefficient for each measured spectrum.
The results are plotted in Fig. 2. The dashed line is a linear
fit to the data. To determine the localization length from the
data, one must take the total loss of the system into
account. For nonzero loss, the average of the logarithm
of T is given by (InT) = —L/(£ + «,!). For the localiza-
tion length in our samples we obtain in this way & =
14.9 = 2.4 pm. This confirms that the physical sample
thickness L exceeds the localization length and hence
that our samples are in the Anderson localized regime.
This opens up the possibility to look for the occurrence
of nonlocalized or necklace states in our samples. Necklace
states arise when more than one resonance exists in the
sample at very similar frequency. This leads to a mode that
is extended over the entire sample via (nearly evenly
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FIG. 2. Spectral average of the logarithm of the measured
transmission versus sample thickness. The error bars are ob-
tained by repeating the measurement in various spots on the
sample and therefore reflect lateral sample inhomogeneities.
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spaced) multiple resonances. Upon increasing the sample
thickness, the typical number of resonances increases, and
hence these modes become exceedingly rare. Pendry [16]
showed that, although being rare, these nonlocalized
modes dominate the total transmission since they lead to
broad peaks in the transmission spectrum with a trans-
mission coefficient close to 1. The necklace transmission
peaks are non-Lorentzian. Transmission peaks due to lo-
calized modes, on the other hand, are spectrally narrow and
have a Lorentzian line shape.

To identify necklace modes in practice, standard
wavelength-resolved transmission experiments are not
ideal. The transmission peaks become spectrally very nar-
row for large L, which makes it difficult to determine their
width and shape accurately. A clear signature of necklace
states can be expected, however, in time-resolved experi-
ments. The Lorentzian line shape associated to a localized
mode will give rise to an asymmetric time response with an
exponentially decaying tail. This is the typical time re-
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FIG. 3 (color). Top panel: calculated intensity distribution in-
side the sample. The internal resonances are localized modes. In
rare occasions multiple resonances couple and lead to extended
necklace modes. A 4-resonance necklace state can be observed
around A = 1855 nm. Bottom panel: Transfer-matrix calcula-
tion of the transmission of a short laser pulse. Dashed curves:
localized modes with high (red) and low (black) Q factor. Solid
lines: necklace states, with two (green), respectively, four (blue)
resonances. The refractive indices and pulse duration were taken
equal to the experimental values.

sponse of a single resonance, and its quality factor
(Q factor) will determine the delay of the pulse and ex-
ponential decay time. The time response of a necklace state
will be different since the mode consists of several coupled
resonances. This leads to a time response that is more
symmetric and delayed, with a delay time determined by
the number of resonances. The decay time of a necklace
state is relatively fast since it is determined by the inverse
of its spectral width.

Figure 3 illustrates the typical behavior for single- and
multiple-resonance propagation, as calculated for a one-
dimensional disordered system using a standard transfer-
matrix formalism [11]. The top panel shows the distribu-
tion of the intensity inside the sample in a certain wave-
length range, whereas the bottom panel shows the time
response of the system in four cases: two localized modes
(single resonances) and two examples of necklace states
(multiple-resonance modes). The red and black dashed
curves correspond to localized modes with high, respec-
tively, low Q factor. One can see that in the case of a
localized mode the pulse is asymmetric with an exponen-
tially decaying tail and that a high transmission is associ-
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FIG. 4. Time-resolved transmission data. In (a) and (b) a
localized mode is probed, with high, respectively, low
Q factor. In (c) a nearly symmetric pulse shape is observed
that exhibits a fast decay time and a relatively large delay, typical
for a multiple-resonance necklace state. Sample thickness:
250 layers. Gray curves: instrumental response (cross correlation
between probe and gate), corrected for the trivial delay intro-
duced by the effective refractive index ngg = (dyny +
dgng)/(d4 + dg) of the sample.
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ated with a slow decay (strong confinement, high Q factor).
The decay time and pulse delay are directly related in this
case. The multiresonance necklace states, on the other
hand, result in a more symmetric pulse, of which the delay
is determined by the number of resonances (green and blue
solid lines). The decay time is relatively fast in this case.
The 4-resonance necklace state can be seen in the top panel
of Fig. 3 at about A = 1855 nm. The mode consists of four
maxima that are nearly evenly distributed in the sample.

To identify possible necklace states experimentally, we
performed time-resolved transmission measurements using
an optical-gating technique. The probe pulse was generated
by an optical parametric oscillator (tunable between 1300
and 1600 nm with an average power of 100 mW) pumped
by a mode-locked Ti:sapphire laser with central wave-
length at 810 nm (pulse duration 130 fs, average power
2.0 W, and repetition rate 82 MHz). The gate signal was
obtained from the residual Ti:sapphire beam (average
power 450 mW). The sum frequency generation between
the transmitted pulse and the gate signal was obtained
using a beta barium borate nonlinear crystal (0.3 mm
thick). Noise was suppressed with a standard lock-in tech-
nique. In Fig. 4, three examples of such measurements are
shown, corresponding to three typical cases. The time
response of localized modes with high, respectively, low
Q factor is given in 4(a) and 4(b). One can see that the high
Q factor localized mode gives rise to the characteristic
asymmetric response of a single resonance with an expo-
nentially decaying tail. In 4(c) a measurement is shown
exhibiting a nearly symmetric pulse with fast decay time
and relatively long delay. This is the expected time re-
sponse of a multiple-resonance nonlocalized mode or
necklace state [14,16]. The observed necklace state is
most likely of second order.

In our set of samples we observed two modes out of 14
that exhibited the characteristic time response of a
necklace state. The probability P, of the occurrence of a
necklace mode of order # in a spectral interval S containing
M modes can be estimated as follows. A necklace state of
order n occurs when n resonances are superimposed in
wavelength within their width AK,,. We therefore can write

M\n—1
P, = <AK,, §> . @))
While both S and M can be measured directly, the width
AK, cannot, since it depends on n. A very good estimate of
AK, can, however, be made by measuring the width of the
narrowest peak in the spectrum. Assuming that the mul-
tiple resonances of the necklace mode are nearly equally
distributed over the thickness of the sample one can relate
AK, to AK; by [14]:

AK, = L D/REDIAK, 2

We can thus write the total probability that a given peak is

actually a necklace state as

o0

_ M\n—1
P, = Z(eL(" D/R2EnDIA K, §> _ 3)
n=2

In our case, the above formula gives P, = 0.2 for the
sample of 250 layers, which means that one can expect that
a fraction of 0.2 of the modes in that sample is a necklace
state.
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