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Abstract Formation of defect states by optical induction in
one-dimensional photonic lattices fabricated in photorefrac-
tive lithium niobate is investigated experimentally. First, by
using a moving narrow laser beam for defect recording, we
investigate light propagation in samples containing single
line defects and adjacent channel defects forming directional
couplers. Then, these results are used to create lattices with
randomly distributed defects, resembling a disordered opti-
cal potential. In such lattices, wave propagation is found to
change from ballistic transport to transverse Anderson-like
light localization as a function of induced disorder.

PACS 42.65.Tg - 63.20.Pw - 42.25.Gy

1 Introduction

Wave propagation in periodic optical lattices (photonic crys-
tals) has been intensively studied in the last years, includ-
ing both theoretical and experimental investigations [1, 2].
Waveguide arrays (WA) are one- or two-dimensional (1D
or 2D) realizations of such photonic lattices [3—5]. The lin-
ear solutions of a WA are extended Floquet-Bloch modes,
which form a transmission spectrum (band structure) con-
sisting of allowed bands, separated by forbidden gaps [6, 7].
Already in the linear case, wave propagation in such media
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may be fundamentally different than in homogeneous ones
[8, 9]. However, when such a periodic medium also pos-
sesses a nonlinearity, propagation dynamics can be strongly
modified [10-13]. In the case of a narrow input beam, which
locally alters the refractive index of the material, this beam
may induce a defect state in the lattice and may be self-
trapped by its own defect. In this way, a localized mode of
the lattice is excited, and the formed nonlinear excitation is
called a discrete soliton or lattice soliton, whose propaga-
tion constant is located inside the gap of the (linear) band
structure [7, 10, 14, 15].

The introduction of zero-dimensional (point-like) or
one-dimensional (line) defects into photonic crystals or
WA offers various potential applications, like high-quality
waveguide structures, optical routers, or laser cavities
[16, 17]. Beside the possibility of induction of defect struc-
tures in a WA by the excited light beam itself, i.e., forma-
tion of lattice solitons, also (external) control beams can
be used for defect formation [18, 19]. Such structures may
be used to linearly guide or deflect other light beams [20,
21], or to form more complex integrated circuits like beam
splitters and routers. In this work, we investigate experimen-
tally the formation and light guiding/trapping properties of
light-induced defects in a 1D WA. Single line defects, dou-
ble adjacent defects, and extended disordered lattices are
fabricated by direct laser beam recording using a nonlinear
lithium niobate (LiNbO3) substrate. In the following sec-
tion, the experimental methods used to record single and
multiple defects are described. Then, the first part of Sect. 3
is devoted to recording of single and double defects, and
investigation of the guiding properties of the induced struc-
tures. Based on these initial results, in the second part of
that section the formerly obtained results are used to form
samples with randomly distributed defects among the whole
array. In such disordered lattices, the effect of Anderson-like
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localization of light is investigated for WA with different
disorder strength. Finally, a summary concludes the article.

2 Fundamentals and experimental methods

Light propagation in a 1D quasi-periodic WA may be well
described by the paraxial time-independent Helmholtz equa-
tion. The propagation of the light electric field E along the
z-direction in a lattice that is modulated and additionally lo-
cally distorted or disordered along the transverse x direction,
thus follows [5]

OE 1 9’E

la_z mm ~+ konon(x)E =0, @)
where kg = 27 /X is the wave number, ng is the refractive
index of the substrate, and n(x) = An(x) + dn(x) is a sta-
tionary transverse potential, containing both the regular pe-
riodic modulation An(x) defining the lattice, and additional
defects and/or disorder described by the function én(x).

Our nonlinear 1D WA is fabricated using an undoped
LiNbO3 substrate [5, 22]. The sample dimensions are 1 x
20 x 7.8 mm?> with the ferroelectric c-axis pointing along
the 7.8 mm long x-axis. To increase the photovoltaic pho-
torefractive nonlinearity the substrate is first covered with
an 8.6 nm-thick Fe layer by e-beam evaporation. This layer
is in-diffused in air at a temperature of 1273 K for a total
diffusion time of 22 hours, resulting in an almost constant
Fe concentration of about 0.05 wt.% over the waveguide re-
gion. In a second step, an array of parallel aligned chan-
nel waveguides is fabricated by patterning a 10 nm-thick Ti
layer formed by sputtering on the same sample surface, us-
ing standard photolithographic techniques. In-diffusion of
the Ti stripes takes place for 2 hours at a temperature of
1273 K in wet argon atmosphere. The final array consists of
250 channels with a width of 4.0 um and separated by 3.6 um
(grating period A = 7.6 pm) aligned parallel to the 20 mm-
long z-axis, which is the light propagation direction. The
input and output facets (with dimensions of 1 x 7.8 mm?)
are optically polished to allow for coupling of light into and
out of the WA. After this step the final propagation length of
the sample is L = 17.5 mm.

The experimental scheme used to record single discrete
or randomly distributed defects into a 1D WA is given
in Fig. 1. Light of a frequency-doubled Nd:YVOy4 laser
with wavelength A = 532nm is focused on the top sur-
face of the LiNbO3 WA using a 40x microscope objective
(NA = 0.65). The sample is mounted on a motorized xz-
stage (Newport XMS). With the help of a CCD camera that
monitors the back reflected light the diameter of the inci-
dent Gaussian beam is adjusted to be wg =4 um (FWHM,
measured on the sample surface), which fairly well coin-
cides with the width of a single channel of the WA, see
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Fig. 1 Experimental scheme to form light-induced defect states in
a 1D WA. (a) Top view: For each single defect (fixed x-coordinate)
a focused light beam (wavelength A = 532 nm) is scanned along
the z-direction with constant velocity. (b) The beam diameter of the
recording beam is adjusted to match the width of the in-diffused chan-
nel waveguide

Fig. 1(b). By using the same camera system the sample
orientation can be precisely aligned to ensure parallel mo-
tion of the focused light spot along the waveguide chan-
nel direction. The recording light polarization is chosen to
be extraordinary, i.e., parallel to the ferroelectric c-axis (x-
direction) of the substrate. To record defect structures the
optical power of the focused beam can be varied in a range
P = (0-44) mW. Local energy deposition depends on the
scan velocity along the z-direction, which can be varied in
arange v = (4-80) um/s. The maximum deposited local en-
ergy per unit area is thus Emax =1 -At= Pmax/(nw(z)) .
wWo/Vmin ~ 9 X 108 J/m2, where Ppax and vmin are maxi-
mum recording light power and minimum scan velocity, re-
spectively. For this maximum deposited energy we may as-
sume that the induced refractive index changes are already
in saturation [23]. To test the guiding properties of defect
structures we use another (low-power) laser source of the
same wavelength and a standard coupling setup [5].

3 Results and discussion
3.1 Formation of single defect channels

To start with, we chose the most simple light-induced de-
fect structure that can be formed in our sample, i.e., a sin-
gle defect aligned on top of a certain waveguide channel. In
future applications, such straight (or slightly curved) defect
channels may form the basic “wires” for light in a two- or
three-dimensional photonic crystal [16]. Such defects con-
sist of a deviation of the otherwise regular periodic struc-
ture, i.e., an either increased or decreased refractive index
when compared with the surrounding periodic medium. The
corresponding propagation constants associated with these
defects form isolated states located inside one of the gaps
of the band structure. In a 1D WA, a positive defect (a sin-
gle channel waveguide with increased refractive index) rep-
resents a defect state with increased index or propagation
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constant, respectively, located above the first band in the to-
tal internal reflection semi-infinite gap. On the other hand,
if the index of a single waveguide channel is decreased, a
defect state in the first finite gap between bands one and two
of the structure is formed [5].

In our experiments, we chose the latter type to record
single-channel defects related to the negative photovoltaic
nonlinearity of LiNbOs3. A focused Gaussian beam is
scanned on-channel along z, while the x-position is ad-
justed to overlap with the index profile of a selected channel
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Fig. 2 Light propagation in defect structures recorded with different
velocities v = 30 (b), 20 (¢), 10 (d), and 4 um/s (e) of the focused light
spot and fixed optical power P = 5.5 mW. For comparison discrete
diffraction in a defect-free sample (a) is shown, too

(see Fig. 1(b)), while the recording power P is fixed. Dif-
ferent examples of light propagation in such defect struc-
tures are shown in Fig. 2, where the defect channel has
been excited and the output light distribution on the end-
facet is monitored. For increasing deposited energy (lower
velocity, i.e., decreasing effective index of the channel) dis-
crete diffraction is increasingly suppressed. For a velocity
of v =10 pm/s (Fig. 2(d)) the light is guided mostly in the
excited (defect) channel, whereas for even higher deposited
energy (v =4 pm/s, Fig. 2(e)) intensity starts to broaden
again, and light is guided now in the neighboring channels,
too. The latter may be attributed to saturation of the recorded
refractive index structures, which increases the width of the
defect to more than a single channel.

Wave propagation in a lattice containing a single de-
fect can be modeled by solving (1) numerically using a
beam propagation method (BPM). For this we use a pe-
riodic index profile An(x) = 0.011cos?(wx/A) describ-
ing our WA and a Gaussian-like defect structure dn(x) =
—dnpexp(—(x — x0)2/0?) of the channel located at posi-
tion xo. Here 0 = 2.1 pm is the width (Gaussian beam ra-
dius) of the defect. In Fig. 3, the calculated output inten-
sity profiles for a propagation length of L = 17.5 mm for
different defect structures are given. By varying the nonlin-
ear refractive index change én,; as the only free parame-
ter, a fairly good agreement between experiment and mod-
eling can be obtained. When comparing experiment and nu-
merical modeling we find that an index amplitude of about

Fig. 3 Numerical BPM results
for light propagation in a WA 1r 1
containing single defects.
Refractive index changes (defect 0.8t 0.8
strengths) are én,; = 0 (a), 2
Snu = 0.5 x 10*44(1)), 1x1074 % 06 06
(¢),and 3.5 x 107* (d) g
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3 x 10~ results in a defect structure with only weak leakage
to neighboring channels.

3.2 Two-channel directional couplers

The possibility to transfer light power from one channel
waveguide to another is a key function for numerous ap-
plications in miniaturized optical components. For this pur-
pose, directional couplers may be used, which rely on the
extension of the evanescent electric field outside the guiding
core region. If the evanescent fields of two waveguides over-
lap, light power can be coupled between the two interacting
modes. Here this function may be achieved by recording two
adjacent defects in the WA. In Fig. 4, the guiding properties
of such a light-induced two-channel directional coupler are
given. As can be seen, most of the light coupled into one of
the two channels on the input facet is guided/coupled among
the two channels.

On the other hand, a smaller part of the light power
also leaks out of the structure, which may be due to a too
small index decrease of the recorded defects. This explana-
tion is in agreement with results obtained from BPM mod-
eling of the coupler structure in Fig. 4(b), where similar
leakage effects are found for a refractive index amplitude
of 8n,; = 3 x 107, In numerics, if the index amplitude is
further increased, leakage of light out of the two channels
is largely suppressed. By varying the length of the coupler
structure, any desired splitting ratio of the guided light can
be obtained easily.

=
-

propagation length [mm]

-10 -5 0 5 10
b channel number

Fig. 4 (a) Experimental realization of a two-channel directional cou-
pler in a 1D WA. Shown is the output intensity on the endfacet when
one of the two channels is excited on the input side. The small ar-
row points to the excited input channel. (b) Numerical BPM simulation
of the two channel directional coupler with refractive index amplitude
dng=3x107*
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3.3 Anderson localization in disordered lattices

Based on the results obtained in the former two subsections
on formation of single/double defects, we now proceed in
fabrication of disordered lattices in order to investigate wave
propagation in these samples. In his works on localization
effects, Anderson (and his co-workers) has described energy
(wave) transport in such disordered potentials by incorpo-
rating interference effects among multiple scattering events
[24, 25]. As a consequence he was able to predict signif-
icant changes in the eigenmodes when a two-dimensional
(2D) lattice is locally excited. Beside the expected diffusive
behavior of the wave function, which results in complete de-
localization of energy covering the whole crystal (thermal
equilibrium), for sufficiently strong disorder also energy lo-
calization may occur. In this case, the wave function remains
concentrated around the local excitation, and an initially
conducting material (without disorder) may become insu-
lating. However, due to the strong implications of the model
of distortions to be stationary in time, Anderson localization
has never been proven directly in solid-state physics without
doubt.

It has been shown that the idea of localization is general
to many physical systems, including propagation of light in
disordered media [26]. One of the concepts discussed for the
study of light wave localization is the so-called transverse
localization, i.e., an optical system that does not change
along the propagation direction but shows disorder in one
(or two) transverse dimension(s). In such a configuration,
longitudinal uniformity takes over the role of a stationary
disordered potential, and recently the group of Segev was
able to directly observe wave localization in a 2D system
[27]. Shortly thereafter Anderson-like light localization was
also realized in a 1D WA fabricated in AlGaAs with per-
manent random variations of the channel separations [28].
Information of such a statistical finite system is obtained by
measuring average quantities; in our case of a 1D WA this
is the output intensity spectrum averaged over many differ-

C

Fig. 5 Experimental examples of intensity diffraction patterns on the
output facet in samples with randomly distributed disorder (a—c) when
a single input channel (dotted line) is excited. As in these exam-
ples propagation dynamics is obviously a statistical process, ensem-
ble-averaged intensity spectra (see Fig. 6) are obtained by averaging
over 30 realizations for the same disorder parameters
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ent statistical realizations using the same disorder parame-
ters [27]. For zero disorder (a perfect periodic lattice) and
local excitation, ballistic wave propagation (linear increase
of beam width with propagation distance) will lead to dis-
crete diffraction, i.e., the same output distribution as shown
in Figs. 2(a) and 3(a), independent of the respective chan-
nel excited on the input side. When disorder increases, the
system looses its symmetry, and intensity is now transported
randomly in the lattice. However, even for small level of dis-
order localization effects are expected to occur: In contrast
to a (slightly) disordered 2D medium, in a 1D Anderson-like
model saturation of wave packets starts immediately, thus
no intermediate diffusive regime may be observed. On the
other hand, when disorder is sufficiently strong, transmitted
energy becomes strongly localized with an exponentially-
decaying intensity centered on the initial excitation, ana-
logue to the situation in 2D [27].

Experimentally disordered WA are obtained by varying
both, the recording light power in the range [0, Pnax], and
the distance between two recorded straight lines in the range
[7 um, 21 pum], both in a random way (for the latter this
means that recorded defects/lines will usually not coincide
with the position of permanent waveguide channels). The

average strength dng of the disorder is adjusted by using
different scan velocities of the moving light focus (along z-
direction). In this way, we have fabricated several distorted
lattices consisting of 50 waveguide channels, having differ-
ent level of disorder. We then measured the intensity output
distribution for local narrow excitation of the lattice; some
examples of asymmetric discrete diffraction in such disor-
dered potentials are given in Fig. 5. For each recorded disor-
dered lattice we average the output intensity spectra over 30
realizations of the same disorder by exciting successively
the 30 central channels of the WA (with a total of 50 dis-
ordered channels) separately. In Fig. 6, the results of the
normalized averaged intensity spectra are plotted for four
different settings (zero, small, medium, and strong disor-
der) as a function of waveguide channel number, relative
to the one being excited. For small disorder (scan velocity
v = 80 pum/s) in Fig. 6(b), only small deviations from the
purely ballistic transport (i.e., the case of discrete diffraction
in Fig. 6(a)), accompanied with a growth of the central peak
monitoring the build-up of a localized component, are ob-
served. When the velocity is halved to v = 40 um/s and thus
disorder increased in Fig. 6(c), the central peak grows fur-
ther, while ballistic transport of energy is merely suppressed.

Fig. 6 Experiment: Averaged
output light intensity 0.12 0.15
distribution (/) for local
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excitation of randomly v
disordered 1D WA for (a) zero - 0.08 0.1
disorder; (b) small disorder, *5
scan velocity v = 80 um/s; g 0.06
(¢) medium disorder, £ 004 0.05
v =40 pm/s; and (d) strong
disorder, v = 20 pm/s. In (e) and 0.02
(f), data from (c¢) and (d) is a g b 4
plotted in half-logarithmic scale.
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Fig. 7 Simulation: Averaged
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When disorder is further increased (v = 20 pm/s), the output
intensity profile narrows further. Now the strong localiza-
tion regime is reached and broadening of averaged intensity
is arrested, see Fig. 6(d). The exponentially decaying tails
of the intensity spectrum can be clearly observed in half-
logarithmic scale in Fig. 6(e, f), highlighted by linear fits to
the data points. Note that the steepness (derivative) of the
(linear) fit has increased from (e) to (f), monitoring stronger
localization for the latter case.

As before, our disordered system may be again described
by the Helmholtz equation (1), with now én(x) being a
randomly varying function of transverse direction x, where
both periodicity and amplitude are fluctuating. To model the
observed localization effects numerically, we perform BPM
simulations of light propagation for localized excitations in
an array with random distribution of defects. In order to rep-
resent the experimental conditions both defect strength (de-
scribed by a maximum index amplitude é7n¢) and local po-
sition of defects (in the range (7-21) um, related to the ex-
perimental condition) are varied in a random fashion. Then
different input channels (total number are 30 channels) of
the disordered lattice are excited, and the corresponding out-
put intensity profiles are averaged and normalized to one
for 50 different realizations of a randomly disordered lattice
with the same statistical disorder parameters. The results of
this procedure are displayed in Fig. 7 for different disorder
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strength Sng. As can be seen, when using reasonable val-
ues of the induced random defects strengths, we are able to
reproduce the experimental results fairly well. In the exper-
iment, a rather fast transition from ballistic wave transport
(Fig. 6(a, b)) to packet saturation (Fig. 6(c)) is observed,
which happens for a reduction of the scan velocity of the fo-
cused spot by a factor of 2 only (from 80 to 40 um/s). From
the numerically results obtained for recording of both sin-
gle defects and disordered lattices (for example, Fig. 7(b, c),
where part (c) shows such an intermediate situation in sim-
ulation), it becomes clear that this range of scan velocities
belongs to the case of moderate strength of nonlinear index
changes. Here index changes still grow almost exponentially
[23], which makes it difficult to adjust intermediate cases of
wave transport in disordered lattices experimentally by ad-
justing the proper scan velocity.

4 Conclusions

In this work, we have studied the influence of light-induced
defects on wave propagating in a 1D photonic lattice fabri-
cated in LiNbOs3. With the help of a focused light spot that
is scanned along one or multiple waveguide channels, we in-
duce negative photorefractive refractive index changes (line
defects). For single isolated defects with different strength



Optically-induced defect states in photonic lattices

543

we investigate the light guiding properties, and by com-
paring the experimental results with numerical modeling
we find that single channel guidance is obtained for index
changes of about Ang ~ 3 x 10™*. For the same amplitude
of the nonlinearity, also directional couplers may be fabri-
cated in the lattice. Finally, we apply these results to fab-
ricate disordered lattices, having both random variations of
defect strength and defect position. In such a system, we ob-
serve a transition starting from ballistic energy transport, via
an intermediate regime of partially localized components, to
Anderson-like light localization for strong disorder.
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