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Light tunneling inhibition and anisotropic
diffraction engineering in two-dimensional

waveguide arrays
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We address two-dimensional (2D) waveguide arrays where light tunneling into neighboring waveguides may
be effectively suppressed by an out-of-phase harmonic modulation of the refractive index in neighboring
waveguides at suitable frequencies. Genuine 2D features, such as anisotropic diffraction engineering,
diffraction-free propagation along selected directions in the transverse plane, and tunneling inhibition for
multichannel vortices, are shown to occur. © 2009 Optical Society of America
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A periodic transverse modulation of the refractive in-
dex in optical materials is a powerful tool to control
the propagation dynamics of light [1,2], allowing, e.g.,
engineering of diffraction. Enhanced possibilities are
made possible by biperiodic modulations along both
transversal and longitudinal directions, affording a
variety of new phenomena, such as diffraction-
managed solitons [3,4], dragging of laser beams [5,6],
periodic shape transformations or Rabi oscillations
[7,8], and parametric amplification of soliton swing-
ing [9], just to name a few. Diffraction inhibition is
also possible, as it was shown in periodically curved
arrays [10–15], in arrays with oscillating widths of
channels [16], or in lattices with longitudinally oscil-
lating refractive index [14,17–19]. In this Letter we
address light tunneling inhibition in two-dimensional
(2D) honeycomb waveguide arrays [20]. In this spe-
cific configuration it is possible to realize an out-of-
phase modulation of the refractive index in neighbor-
ing waveguides for the entire array, which results in
the suppression of light tunneling. One can engineer
the diffraction by properly selecting clusters of out-of-
phase or in-phase modulated waveguides and thus
achieve, e.g., 1D diffraction in a 2D array. In addi-
tion, we show that tunneling inhibition is also pos-
sible for complex light patterns such as optical vorti-
ces.

We describe the propagation of cw radiation along
the � axis of a modulated waveguide array with the
nonlinear Schrödinger equation for the dimension-
less field amplitude q,
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Here �, �, and � are normalized transverse and lon-
gitudinal coordinates, whereas p=12 describes the
refractive index modulation depth. The structure of
the array is described by the function R�� ,� ,��,
which is composed of Gaussian waveguides exp�−��2
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honeycomb grid [Fig. 1(a)]. The waveguide width and
the spacing between them are set to d=0.5 and s=2,
respectively. The refractive index is modulated out-
of-phase in neighboring waveguides, i.e., if in the cen-
tral waveguide the refractive index oscillates as 1
+� sin����, where ��1, in all adjacent waveguides it
changes as 1−� sin����. The value � represents the
modulation frequency. Importantly, in the honeycomb
array one can realize a configuration when each
waveguide is completely surrounded by neighbors
with the out-of-phase longitudinal refractive index
modulation. As the initial condition in all simulations
of Eq. (1) we use q ��=0=Aw�� ,��, where A is the am-

Fig. 1. (a) Refractive index distribution in a honeycomb
array. (b) Um versus modulation frequency at �=0.06 and
A=0.01. (c) Resonance frequency versus depth � of longitu-
dinal modulation for A=0.01. In all cases the resonance

curves were calculated at a distance �=4Tb.
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plitude and the function w�� ,�� describes the profile
of the linear guided mode of an isolated waveguide
with max�w�� ,���=1. It is worth stressing that the
longitudinally modulated lattices considered here are
not equivalent to curved ones [13,14]. While the lat-
ter exhibit a single-waveguide unit cell, out-of-phase
modulation of adjacent waveguides results in a bi-
nary unit cell, therefore splitting the first propaga-
tion constant band into two subbands. Hence, self-
collimation in the second case requires a setting with
two sublattices, which is provided by a honeycomb
configuration.

Assuming only two coupled waveguides, the light
switches periodically between them with a constant
period Tb provided that A→0 and �=0. In our case
we find Tb=67.17. The same tunneling mechanism
occurs in waveguide arrays ��=0� yielding consider-
able spreading of light patterns with distance (see
Fig. 2, upper row). This picture changes in modulated
arrays ���0�, where tunneling can be inhibited al-
most completely for any distance � under appropriate
resonant conditions (Fig. 2, lower row). Within the
frame of the tight-binding approximation, adding a
longitudinal modulation is equivalent to a reduction
in the coupling constant C�1/Tb by the factor of
J0�2� /�� [19]. Coupling thus vanishes completely for
2� /�=�j, with �j	2.4,5.5, . . . being roots of the zero-
order Bessel function. To demonstrate this feature,
we show in Fig. 1(b) the distance-averaged power
fraction trapped in the excited channel, Um
=L−1
0

Ld�
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as a function of the modulation frequency normalized
by �b=2� /Tb at L=4Tb and A=0.01. One can see
that Um��� features several maxima corresponding
to the respective resonances. The main resonance (at
largest frequency �r) is always pronounced most so
that tunneling is strongly inhibited (Fig. 2, second
row). The frequency of the main resonance grows lin-
early with � almost everywhere, except for the small
vicinity of the point �=0 where this dependence is
parabolic and �r /�b→0.5 [Fig. 1(c)]. Interestingly
the efficiency of tunneling inhibition [that is charac-

Fig. 2. (Color online) Field modulus distributions at (a),
(d) �=0.25Tb; (b), (e) 0.50Tb; and (c), (f) 0.75Tb for single-
site excitation. (a)–(c) correspond to an unmodulated array,
while (d)–(f) correspond to a modulated array with �=0.1,

�=6.4�b. In both cases the input amplitude is A=0.01.
terized by the resonant value Um��=�r�] rapidly
grows with � and then saturates at Um	0.92 for �
	0.08. This efficiency can be further enhanced in
waveguide arrays with larger p, where the confine-
ment of the guided waveguide modes is stronger. For
small longitudinal modulation depths ���0.02�, in-
hibition becomes less efficient, since Um remains
small even in the primary resonance.

Importantly, a weak nonlinearity enhances tunnel-
ing inhibition. Figure 3(a) shows Um��� for small and
moderate input amplitudes. The amplitude growth
initially results in a considerable broadening of the
resonance curve and a slight increase in Um��r�,
whereas the resonance frequency does not change no-
tably. The nonlinearity-induced broadening of the
resonance curve may be so large that the width 
� of
the primary resonance [defined at the level of 70%
from the maximal value Um��r�] becomes comparable
with the resonance frequency [Fig. 3(b)]. Notice that
for moderate A2 the width of the resonance grows al-
most linearly with the input power. A further growth
of the input amplitude first results in nonlinearity-
induced delocalization (analogous to that observed in
1D systems [4,19]) and then to relocalization at even
higher amplitudes.

It should be pointed out that in 2D modulated
waveguide arrays nontrivial diffraction control is
possible. It might be realized by dividing the entire
array into clusters where in each cluster the refrac-
tive index of adjacent guides oscillates in-phase, but
in waveguides belonging to different clusters it oscil-
lates out-of-phase. In honeycomb arrays featuring
three principal axes one can have waveguides oscil-
late in-phase in the direction parallel to the principal
axis, but out-of-phase in the direction perpendicular
to it. In this case light beams will diffract along the
selected principal axis, while in the perpendicular di-
rection the diffraction will be inhibited at the modu-
lation frequency �=�r. This results in essentially 1D
anisotropic diffraction in an intrinsically 2D array
(Fig. 4).

Finally, it should be stressed that tunneling inhibi-
tion in honeycomb arrays is possible not only for sim-
plest excitation of a single channel but also for
multiple-channel excitations. This enables simulta-
neous diffractionless transmission of several beams

Fig. 3. (a) Um versus modulation frequency at �=0.10 for
A=0.01 (curve 1) and A=0.25 (curve 2). (b) A2 versus width
of the resonance curve defined at the level Um=0.7 at �
=0.10. In all cases the resonance curves were calculated at

a distance �=4Tb.
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launched in different locations in the array. As a par-
ticular example we illustrate in Fig. 5 the evolution
of a linear vortex beam residing on six channels of
the structure and carrying a unit topological charge.
In an unmodulated array such a beam undergoes a
strong diffraction [Figs. 5(a)–5(c)], while in a modu-
lated array under resonance conditions the vortex
preserves its characteristic six-lobed intensity distri-
bution and, more importantly, its topological charge
at any distance [Figs. 5(d)–5(f)]. Such vortices sur-
vive not only in linear but also in nonlinear regimes
[Figs. 5(g)–5(i)].

Fig. 4. (Color online) Field modulus distributions at (a),
(d) �=0.25Tb; (b), (e) 0.50Tb; and (c), (f) 0.75Tb for single-
site excitation. In (a)–(c) the waveguides are modulated in-
phase along the diagonal of the array, while in (d)–(f) they
are modulated in-phase along the vertical axis. In all cases
�=0.1, �=6.4�b, and the input amplitude is A=0.01.

Fig. 5. (Color online) Field modulus distributions at (a),
(d), (g) �=0.25Tb; (b), (e), (h) 0.50Tb; and (c), (f), (i) 0.75Tb
for vortex excitation with topological charge m=1. (a)–(c)
correspond to unmodulated array, (d)–(i) correspond to a
modulated array with �=0.1, �=6.4�b, while A=0.01 in
Summarizing, we showed that light tunneling
might be inhibited in 2D honeycomb waveguide ar-
rays with an out-of-phase modulation of the refrac-
tive index in neighboring channels. Such structures
allow tailoring of the diffraction properties and the
diffractionless transmission of complex multiple-
channel light patterns.
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