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Amorphous Photonic Lattices: Band Gaps, Effective Mass, and Suppressed Transport
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We study, experimentally and numerically, amorphous photonic lattices and the existence of band gaps
therein. Our amorphous system comprises 2D waveguides distributed randomly according to a liquidlike
model responsible for the absence of Bragg peaks, as opposed to ordered lattices with disorder which
always exhibit Bragg peaks. In amorphous lattices the bands comprise localized states, but we find that
defect states residing in the gap are more localized than the localization length of states within the band.
Finally, we show how the concept of effective mass carries over to amorphous photonic lattices.
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Conventional intuition holds that, for a solid to have an
electronic band gap, it must be periodic, allowing the use
of Bloch’s theorem. Indeed, the free-electron approxima-
tion implies that Bragg scattering in periodic potentials is a
precondition for the formation of a band gap. But this is
untrue: looking through a window reveals that glassy silica,
although possessing no long-range order, still displays an
electronic band gap spanning the spectrum of visible light,
which is responsible for the lack of absorption. Amorphous
band gaps were explored theoretically in 1971 [1], and
experiments in electronic systems followed [2,3]. With
the major progress in photonic crystals [4], it is natural to
explore amorphous photonic media. Indeed, these were
studied theoretically [5-7], and microwave experiments
demonstrated the existence of a band gap [5]. However,
amorphous band-gap media have never been studied ex-
perimentally in the optical regime.

Here, we present the first experiments of amorphous
photonic lattices in the optical regime exhibiting a band
gap: a liquidlike two-dimensional (2D) array of randomly
organized evanescently coupled waveguides. We show that
the bands in this medium are separated by gaps in its spatial
spectrum, despite lack of Bragg scattering. The liquidlike
distribution plays a key role in the absence of Bragg
peaks, because in a periodic lattice containing disorder,
Bragg peaks are always present. The bands in amorphous
photonic media are comprised of inherently localized
Anderson states, yet we find that these lattices support
strongly localized defect states, whose widths are much
narrower than the Anderson localization lengths of states
well within the band. Finally, we show the existence of a
region of negative effective mass (anomalous diffraction)
[8], and how to observe it in transport experiments.
Amorphous photonic lattices are a test bed for the proper-
ties of general amorphous systems, because optics allows
us to precisely engineer the potential, as well as to employ
nonlinearity under controlled conditions. Hence, this work
paves the way for unraveling features that are much harder
to access experimentally in other systems.
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The evolution of the optical wave W(x,y,z) in our
paraxial system is described by
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where A = A/27 is the reduced wavelength, n, is the
refractive index of the bulk, and An(x, y) is the ny modu-
lation caused by the random distribution of identical wave-
guides. Equation (1) is similar to the Schrédinger equation,
when A is replaced by #, nj by the mass m, An(x, y) by the
potential —V(x, y), and the spatial coordinate z by time ¢
[9]. This similarity was used in many experiments, dem-
onstrating concepts from solid-state physics using optical
settings [9]. One important example is Anderson localiza-
tion, which was realized in photonic lattices [10] using the
transverse localization scheme [11]. To obtain the band
structure, one needs to solve Eq. (1), by substituting
W(x,y,z) = ¢(x, y)e'”* with the propagation constant (3.
Here, the resulting eigenvalue equation cannot be solved
by applying Bloch’s theorem, since An(x, y) is not periodic
(further discussion in section A of EPAPS [12]). Rather, as
known from Anderson localization in 2D, the eigenmodes
are fully localized (““‘Anderson states’’). Consequently, one
must solve using the full refractive index profile to find the
eigenvalue spectrum.

Our liquidlike amorphous lattices have no long-range
order, and lack any diffraction peaks. We distribute the
waveguides as a snapshot of atoms in a liquid by the
use of the Metropolis Monte Carlo method with a repu-
Isive interatomic force [13] (further discussion in section B
of EPAPS [12]). Such structures result in random
An(x,y), with one particular realization shown in
Fig. 1(a). The modulus of the Fourier transform of
An(x, y) has no delta-function peaks [Fig. 1(b)]. The broad
elliptic rings are similar to those seen in x-ray scattering on
liquids. Figure 1(c) shows a disordered pattern where the
position of each waveguide is randomly and independently
perturbed, from a square lattice. In sharp contrast to the
amorphous case, the modulus of the Fourier transform of
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this pattern displays pronounced Bragg peaks [Fig. 1(d)].
The presence of long-range order in the perturbed crystal
always gives rise to Bragg scattering, exemplifying the
fundamental difference between amorphous media and a
crystal containing disorder.

We fabricate a waveguide array corresponding to the
structure of Figs. 1(a) and 1(b) using direct laser writing
[14] (further discussion in section C of EPAPS [12]).
Figure 2(a) depicts an image of the structure. All wave-
guides have identical structure (slightly elliptic, due to
fabrication constraints), and the refractive index step defin-
ing them is An =9 X 107*. As Fig. 2(b) shows, the
Fourier transform of this amorphous structure displays a
total lack of Bragg peaks. We calculate the eigenmodes
of this structure, and show in Fig. 2(c) the values of B
for A =633 nm. The values of B for this structure at
A = 633 nm are shown in Fig. 2(c). Figure 2(c) reveals a
sizeable gap in the spatial spectrum, despite a total lack of
periodicity (and lack of Bragg scattering) in Fig. 2(b). This
defies a common argument [15], stating that gaps open at
the boundary of the Brillouin zone because the degeneracy
of states there is broken by the periodicity of the potential.

A nice feature offered by optical settings described by
Eq. (1) is the ability to test the properties of the system by
tuning parameters independently. The most notable one is
A, which can be tuned continuously. The inset in Fig. 2(c)
reveals that the gap width is exponentially decreasing with
A (when all other parameters are fixed), until it closes at
900 nm. This can be understood from Eq. (1): increasing A
leads to a larger “kinetic energy” (V2), and thus to relative
weakening of the potential inducing the gap.
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FIG. 1 (color online). Theoretical results. (a) Refractive index
profile, n(x, y), of an amorphous waveguide structure. The index
varies from 1.45 to 1.45 + 9 X 107%. (b) Modulus of the Fourier
transform of this structure, which shows no Bragg peaks.
(¢c) n(x, y) for a square lattice with superimposed uncorrelated
disorder. (d) Modulus of the Fourier transform of (c), displaying
clear Bragg peaks. Note that (b) and (d) were averaged over
many different realizations to highlight the Bragg peaks.

The band gap in amorphous systems calls for some
intuition. In the structure of Figs. 1 and 2, all waveguides
are identical, but their spacing is random. It is instructive to
plot the size of the gap as a function of the variance of the
interwaveguide spacing (variance in the tight-binding hop-
ping parameter). We plot that in Fig. 2(d) for A = 633 nm,
and find that there is a sizeable gap as long as the normal-
ized standard deviation is below 18%. The key feature of
our liquidlike structure giving rise to the large band gap is
the short-range order: the waveguides have similar spac-
ing; thus, they form bonds of similar energy and in turn,
populate the bands and leave the gap empty. The presence
of short-range order is known to give rise to band gaps in
amorphous systems [16], whereas the lack of long-range
order is responsible for the absence of Bragg peaks.

To visualize the gap experimentally, we introduce
a defect waveguide in the structure: a single waveguide
with a refractive index maximum lower by An, =
4.5 X 10™* than all other waveguides. Calculations show
that this results in a single, negative, defect state residing
directly in the band gap [Fig. 3(a)], for A = 633 nm. By
contrast, at A = 875 nm the gap is extremely small; hence,
the defect state occurs where the bands merge [Fig. 3(b)].
Consequently, when we launch a A = 633 nm beam into
the defect waveguide, the beam stays strongly confined
throughout propagation, because it excites a highly locali-
zed defect state. This is shown experimentally in Fig. 3(c),
which depicts the structure of the beam exiting the amor-
phous lattice. The coupling to all nearby waveguides is
greatly suppressed, in spite of their close proximity, as light
is guided in a defect state residing in a sizeable band gap. In
contrast, at A = 875 nm there is no gap; hence, a 875 nm
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FIG. 2 (color online). Amorphous photonic lattices: experi-
ments. (a) Microscope image of the input facet of the waveguide
lattice. (b) Modulus of the Fourier transform of (a), showing no
Bragg peaks. (c) Eigenvalue spectrum of the amorphous lattice at
A = 633 nm, showing a band gap. Inset: size of the band gap as
a function of A. (d) Variation of band gap size as a function of
standard deviation of the spacing between waveguides.
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FIG. 3 (color online). (a),(b) Eigenvalue spectrum of the amor-
phous lattice with a defect waveguide at A = 633 nm and A =
875 nm: (a) contains a defect mode in its gap (indicated by
arrow), while (b) has no gap and therefore no defect mode. (c),
(d) Experimental images of the light intensity at output facet,
showing a highly localized defect mode in the gap in (c), but not
in (d).

beam launched into the same waveguide tunnels to many
other waveguides [Fig. 3(d)]. Thus, by demonstrating the
presence of the defect state, we show the existence of a
band gap in this amorphous optical system.

We now demonstrate that a defect state in our amor-
phous system is much more localized than a typical
Anderson state lying within the band. In infinite 2D sys-
tems, all states are inherently localized with any amount of
disorder [17]. As we will show, despite the fact that our
system size is not sufficiently large to assure that each
eigenstate is exponentially localized, when we excite any
single nondefect waveguide far from the sample edges
(thereby exciting a superposition of modes within the
band), the wave packet acquires an exponentially decaying
profile after propagation through the sample, a hallmark of
Anderson localization. It is therefore interesting to com-
pare Anderson localization in our amorphous lattice with
the light confinement in a defect state residing within the
gap. This question is of fundamental importance, and has
never been addressed experimentally. Figure 4 shows the
results: a defect state (residing in the gap) is much more
localized than the Anderson localization length of states
residing in the bands.

The profile of the defect mode is obtained by imaging
the light exiting the defect waveguide. The profile of the
Anderson-localized wave packet is obtained similarly.
Such experiments on Anderson localization require en-
semble averaging over multiple realizations of disorder
to obtain meaningful results [10]. Figures 4(a) and 4(b)
depict the intensity profile of light trapped in a defect mode
[Fig. 4(a)], and light that is Anderson localized [Fig. 4(b)].
The defect state is invariant under averaging, in contrast to
a beam made of Anderson modes (which are part of the
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FIG. 4 (color online). (a) Experimental ensemble-averaged
output beam for light launched into the defect waveguide.
Ensemble averaging does not affect the shape of the defect
mode. (b) Experimental ensemble-average output beam for
633 nm light input on 30 different nondefect waveguides in
different local environments of the disordered pattern. The
ensemble-average wave packet exhibits Anderson localization.
(c) Semilog light intensity cross sections for the experiments of (a)
and (b). (d) Numerical results for curves corresponding to those in
(c) derived from beam-propagation simulations. The defect state
is always narrower than the Anderson localization length.

band), where a single realization does not reveal the arrest
of transport by disorder. Figures 4(c) and 4(d) show the
cross section taken through the experimental [Figs. 4(a)
and 4(b)] and simulated results under the experimental
conditions. These figures reveal that the defect state is
much narrower than the localization length. This is because
the defect state exhibits an isolated eigenvalue, with no
other states of similar energy with which it may hybridize
and thus delocalize. It is similar to more localized states
spreading out into the gap from the band edges [18] (which
are exceedingly rare due to their low density of states), or
doping states in electronic systems [19]. Interestingly, we
find that the width of a defect state residing in the gap of
our amorphous structure is comparable to that of a defect
state in the gap of a fully periodic crystal of the same
(mean) lattice spacing.

Next, we show that the concept of effective mass at the
band edges carries over from the periodic to the amorphous
case. The presence of quasiparticles (electrons and holes
with positive and negative effective mass) at the Fermi
energy in amorphous electronic systems is well established
[8]. In photonic lattices, the effective mass is defined as the
inverse of the second derivative of the propagation constant
with respect to the transverse momentum. Hence, the
effective mass in photonic lattices is measured by varying
the transverse Bloch momentum of a launch beam and
observing the variation of its transverse group velocity
[9], assuming the eigenstates are Bloch modes. However,
in amorphous systems, Bloch’s theorem does not apply,
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FIG. 5 (color online). Quantifying the effective mass through
deflection. Top, middle, bottom rows: deflection of a wave
packet taken from the top edge of the first band, bottom edge
of first band, and top edge of the second band, respectively. Left,
middle, and right column: deflection vs propagation distance,
input light distribution, and output light distribution, respec-
tively. The deflections in (c), (f), (k), indicate positive, negative,
and positive effective mass, respectively. All results are en-
semble averaged over 100 realizations of the amorphous pattern.

so the effective mass is poorly defined. Instead, we
quantify the effective mass through Newton’s second
law: introducing a slow variation of the potential, we
launch a wave packet, and observe its trajectory. An
example is shown in Fig. 5, where we add a weak, slowly
varying, sinusoidal function to the structure An(x, y) —
An(x, y) + asin(2wx/L), where L is the width of the
sample, and (0,0) is taken to be at the center [20]. Then,
we construct a beam from a superposition of eigenstates
within a small range of B at close vicinity, and launch it
near the center coordinate. With @ > 0 the force acts in the
+x direction. Hence, for a positive effective mass, the
beam would be deflected towards +x, whereas for a nega-
tive effective mass it would propagate in the —x direction,
opposite to the force. The amount of deflection is inversely
proportional to the effective mass. We demonstrate this
concept through simulations. Figure 5 demonstrates that at
the tops of the first and second bands, the effective mass is
positive, and at the bottom of the first band it is negative.
Thus, the concept of effective mass carries over to amor-
phous systems. This suggests interesting experiments, es-
pecially in the nonlinear regime—where an attractive
nonlinearity would act the opposite for positive and nega-
tive effective mass [21], even though the potential is
random.

In this Letter, we demonstrated the existence of band
gaps in amorphous lattices. This raises many intriguing

questions, such as, how does nonlinearity impact light
evolution in such media? Would a repulsive nonlinearity
lead to suppression of transport for wave packets with
negative effective mass? Would nonlinear phenomena,
such as spontaneous pattern formation, exist in amorphous
media? Is it possible to generate solitons in amorphous
media? If so, then how would solitons move through the
random potential and interact with one another? Our set-
ting will help exploring these concepts and understand the
true universal nature of amorphous media.
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