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Abstract: The introduction of defects in photonic lattices generally
allows to control the localization and the propagation of light. While
point defects are conventionally used in order to obtain localized photonic
states, linear defects are introduced for waveguiding EM waves. In this
work we demonstrate the possibility of obtaining localized states also in a
waveguiding configuration, by using quasicrystaline lattices. This result
opens a new range of possibilities in designing optical circuits, in which
the localization-propagation switch is easly obtainable by mechanical or
opto-electric methods.
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1. Introduction

The vast research areas of optoelectonic and photonic devices have been given a substantial
boost by Yablonovich and John’s discovery of photonic crystals (PCs) [1, 2]. Among the most
interesting applications of PCs there is the possibility of manipulating the group velocity of
electromagnetic waves in dielectric materials. Considerable attention has been given to the role
of defectsin photonic lattices, in view of the fact that special defect congurations allow to con-
trol the propagation of light in various ways. point defects are conventionally used in order to
obtain localized states [3, 4], whereas linear defects are introduced as waveguides [5, 6]. Linear
defects in photonic lattices exploit a remarkable feature of PC, i.e. the ability to guide light
in vacuum (air). Whereas conventional dielectric waveguides work through the mechanism of
internal reflection, thus confining light in a region of high dielectric constant, PC waveguides
exploit the presence of a photonic bandgap in the surrounding crystal which prevents light to
escape. This ability is foundamental for many applications in which it is desirable to reduce
the interactions, such as absorption or nonlinearity, between light and the dielectric materials.
Two questions are addressed in this Letter: 1) whether a regular linear structure can be de-
signed so as to allow for either localized (trapped) or guided free-propagating photon states;
2) whether a switch is possible from localized to propagating photon states with a controlled
group Vvelocity. These properties would allow to design new optical circuits in which localiza-
tion, waveguide propagation and controlled group velocity of light areimplemented in the same
configuration. It is found that a photonic quasicrystal (PQC) [7—9] is suitable to the purpose:
due to the combination of a high-order point symmetry at distinct points of the lattice with
an orientational long-range order, localized modes may exist which are degenerate with freely
propagating modes.

2. Resultsand Discussion

In this work a waveguide is designed out of a two-dimensional (2D) dodecagonal photonic
quasicrystal, and thoroughly investigated by means of simulations with the MPB [10] and
MEEP [11]. The quasicrystal geometry is constructed by a tiling method known as Stampfli
inflation [12] (Fig.1(a)), with a constant distance a between nearest-neighbour lattice nodes
and rods of radius 0.3a, located at each lattice node. The photonic band structure for stationary
electromagnetic modesin aPQC is obtained by solving the time-independent M axwell equation
for the magnetic field H(r)

V x <8(1r)V><H(r)) :(V—V)ZH(r), )

where o isthe angular frequency, c the speed of light, and e(r) the position-dependent dielec-
tric constant. The present PQC model is constituted by rods of alumina (¢ = 8.6), a material
largely used in photonic crystals, surrounded by vacuum (e = 1), which allows for a sufficiently
large contrast. In order to study the optical properties of this system through a simulation of the
photonic band structure, a supercell approximant with periodic boundary conditions needsto be
defined in order to restore, and take advantage from, periodicity on the large scale. We consider
first arectangular supercell containing 116 rods (Fig.1(b)) with periodic boundary conditionsin
both x and y directions and refer to this system as the bulk configuration. An important require-
ment in imposing the periodicity in they direction is that adjacent unit cells are also connected
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Fig. 1. (@) Illustration of the Stampfli inflation rule. (b) Dielectric distribution of the su-
percell approximant used in the calculations. The rectangular supercell for the calculation
of the 2D bulk band structure (full line) contains 116 rods of alumina with € = 8.6 and
radius r = 0.3a, surrounded by vacuum (g = 1). Periodic boundary conditions in x and
y directions are imposed, so as to take advantage of translational symmetry. With a 50%
extension of the supercell in the x direction (broken line) avacuum slab isinserted so asto
create a periodic array of quasi-crystalline slabs separated by vacuum cavities. In this case
small indentations (as the one evidenced by the circle) appear along the slab contours. (c)
Photonic band structure of the dodecagonal photonic quasicrystal in slab configuration. An
almost perfectly flat branch (red dashed line), corresponding to strongly localized states,
occurs in the gap at a frequency (zone-center value) v = 0.298779c/a. In the inset the ir-
reducible Brillouin zone is shown. (d) On a magnified scale the flat branch shows a little
dispersion. At the M point the flat branch is localized in a small gap between two narrow
tips of the dispersed branch (inset).

by the same squares and equilateral triangles characterizing Stampfli inflation (Fig. 1(b)), so as
to ensure structural continuity and avoid mismatch defects. The photonic dispersion curves for
the bulk and the magnetic field polarized in plane (TM polarization) show a large frequency
band gap of about 0.1c/a between v = 0.25c/a and 0.35¢/a, where ¢ is the speed of light in
vacuum. On the contrary the dispersion curves for the electric field polarized in the plane (TE-
polarization) do not exhibit any complete band gap.

When alinear defect isinserted new localized states, known as defect modes, appear in the
spectrum with dispersion curves which completely fill the band gap [13]. A similar situation
can be obtained in the 2D periodic configuration illustrated in Fig.1(b) with an extension of
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Fig. 2. (d) TM-polarized electric field distribution of the localized state at the T" point.
The field localization is the same al along the flat branch in the Brillouin zone. (b) A
small perturbation in the dielectric constant produces a dispersion near the M point, and a
consequent transformation of the electric field into a plane wave through the waveguide.
The same result is obtained by slightly decreasing the vacuum region thickness. (c) On the
contrary an increase of the vacuum region thickness cause a delocalization of the electric
field into the slabs.

the supercell in the x direction (broken line) so as to create a periodic array of slabs separated
by dlab-shaped vacuum cavities. We shall refer to this system as the slab configuration. In this
case a periodic sequence of indentations (Fig.1(b)) appears on each contour of the slab. Such
indentations, suggesting small circular cavities, are peculiar of the dodecagonal symmetry and
are seen below to host localized states. This actually occurs when the thickness of the vacuum
region approaches the length of the indentations so as to make the cavity outlined by the two
opposed indentations (Fig.1(b)) aperfect circle. The calculated TM band structure for this par-
ticular slab configuration isshown in Fig.1(c). An ailmost perfectly flat branch (red dashed line),
corresponding to strongly localized states (Fig.2(a)), occurs in the gap at a frequency (zone-
center value) v = 0.298779 c/a. Only in the T'X direction of the Brillouin zone (the bottom of
Fig.1(c)), where the flat branch intersects a folded dispersed branch, some weak dispersion ap-
pears together with a small gap between two narrow tips of the dispersed branch (Fig. 1(d) and
inset). The very small dispersion of the flat branch can be expressed by the component vy of the
band group velocity, whose maximum valuein the X directionis~ 3.05-10~* c. Even smaller
is the dispersion in the direction XM parallel to the slabs in the waveguide direction, which is
only ~ 10~ c. It is interesting to note that the dispersion of the flat branch further decreases
with the thickness of the dlabs: for a double thickness the flat branch angular frequency at T’
is slightly shifted to 0.2988 c/a and the maximum group velocity along T'’X becomes also as
small as~ 10~/ c¢. As expected, thicker slabs reduce the interaction between neighbour vacuum
channels, thus leading to a stronger localization.

On the basis of thisfinding, two mechanisms of wave-guiding delocalization of the localized
state have been investigated, which can be easily implemented in a double PQC slab config-
uration. The first mechanism is a perturbation of the dielectric constan. When the dielectric
constant is suddenly decreased from 8.6 to 8.0 only in the rods adjacent to the vacuum region
a little dispersion in the flat branch emerges near M point, in the y direction of the waveg-
uide towards the exit into vacuum. The group velocity in XM direction is now increased to
vy ~58- 102 c. The transition from a localized to a wave-guide propagation state is evident
also in the corresponding electric field distribution: at the M point the state is now delocalized
in the y direction along the waveguide, without dissipating energy into the slabs (Fig.2(b)). In
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thisway it is possible to transform the localized state into a waveguide mode with a small ex-
ternal perturbation. For alarger perturbation, e.g., € = 7.0 for the rods adjacent to the vacuum
channel, the flat branch dispersion increases with its group velocity v raising to 1.7 - 102 c.
Note that the same transition from a localized to a propagating photonic state is obtained for
alocal increase of €. The second mechanism to induce the transition from localized to prop-
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Fig. 3. (a) Z-component of the electric field after 10 a/c, from a gaussian current source
pulse J(w,t) = (—iw) taexp(—iot — (t —t9)%/262), centered at @ = 27 -0.298779 ¢/a.
The source has afrequency width of 1/c = 0.005 ¢/a and it is turned off after 600 a/c. (b)
After 10% a/c the electro-magnetic radiation is almost completely trapped inside the cavity
between the slab walls at the circular indentations, provided the vacuum region width is
exactly d = (3/2+v/3)a (Media ).
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Fig. 4. The integral of the trapped EM energy, after reaching the maximum Iy(raise time
of ~ 10° a/c), starts a very slow dissipation, linear with time. The dissipation time for the
slab thickness of 2d is about 2- 108 I\c/a (blue and thin line), but becomes much longer
(red and tick line) for a doubled slab thickness of 4d and the same gap width.

agating waveguide states consists in a small increase of the vacuum region width, originally
d = (3/2++/3)a. A change as small as Ad = +0.05 a is sufficient to produce a delocalization
of the state at the M point previously considered, but now much of field energy is spread into the
dlabs (Fig.2(c)). If the switch isinverted, e.g. the vacuum region width is decreased by the same
amount (Ad = —0.05 a), the field distribution (as in Fig.2(b)) is completely different from the
previous one: the guided-wave propagation occurs with no energy spread into the slabs, with a
group velocity vy = 6.7 - 1023 c. Again a perturbation twice as large (Ad = —0.1 a) yields the
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same well guided wave propagation with alarger group velocity vy ~ 1.7- 102 c. This proves
the possihility of controlling the group vel ocity of a monochromatic el ectromagnetic wave inside
a vacuum waveguide, and eventually stopping it in a localized state, by acting on the PQC with
either an opto-electric or a mechanical perturbation. It should be noted that even in systems
with giant opto-electronic coefficients like liquid-crystal waveguides or doped ferroelectric per-
ovskites refraction coefficient changes An hardly attain the percent range [14, 15]. However the
present simulation with a local change of An ~ 1.5% already transforms the localized mode
into a plane wave travelling along the waveguide with a group velocity of vy, ~ 1.52- 103c.

The actua time-dependent behaviour of a single wave-guide made of two paralel PQC
dabs of finite length (Fig.3), after an electromagnetic wave has been injected by an external
monochromatic Gaussian flash, has been studied in a further numerical experiment with the
MEEP code. The two PQC slab system is now excited by a quasi-monochromatic light source
with afrequency centred on the gap localized frequency discussed above, with the aim of com-
puting the level of localization in this wave-guiding configuration and studying its temporal
evolution. As expected, the electric field tends to be localized in the waveguide between the
two slabs at the circular indentations. As soon as the localized state levels off, it begins to pul-
sate inside the vacuum region, with a change of polarity at each period of oscillation and avery
low energy loss. The effect is better seen in the animation (Fig. 3(b) (Media 1)). In order to
evaluate the degree of localization inside the waveguide the EM field energy density has been
integrated over aregion around the cavity of width 3d and plotted as afunction of timein Fig.4
(thinline). Theintegrated density exhibits a slow dissipation, linear with time at a rate of about
2.10°6 Imc/a, where I, is the maximum value of the EM field energy integral, reached after
the raise time (=~ 10° a/c). It means that for a = 1 um the half of I, is lost after ~ 1ns. The
dissipation rate, as expected, is found to be strongly dependent on the slab thickness. For the
same vacuum gap width d but a doubled slab thickness (4d) the dissipation time becomes dra-
matically longer, the rate dropping down to about 10~ I,,c/a (Fig.4, thick line). Thisindicates
that under these conditions an almost perfect localization can be preserved over time scales of
no less than 10 time steps (a/c), which means for a micrometric system (a = 1 um) decay
times of several minutes, | /I, = 0.97 after 102 s.

3. Conclusions

The possibility of trapping photonsfor acomparatively long time and switching from the local-
ized to a free-propagating state with a controlled speed suggests a use of these PQC configura-
tions for photonic memories, and in general for alarge variety of photonic circuits, where the
switch from localization to waveguiding can be realized in the same device, by small mechani-
cal or opto-€electric switches. In this respect the occurrence of trapped states with a controllable
rotating field polarization, either clock- or counterclockwise, allowsin principle for aspin coor-
dinate, with possible applications in photonic devices for various purposes, including quantum
computing.
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