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a b s t r a c t

We show that an odd- or even-numbered sequence of multiple gap solitons (MGSs) supported by optical
lattices imprinted in defocusing photovoltaic–photorefractive (PP) crystals is possible. The side lobes of
MGSs are the small intensity, which can be controlled by changing the propagation constant. The lobes of
MGSs are the same intensity except for the side lobes. The existence domain of MGSs decreases with
decreasing the lattice depth and vanishes when the lattice depth decreases to below a certain threshold.
The stability of MGSs has been investigated numerically and it has been found that they are stable.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Study of light propagation in optical periodic structures such as
waveguide arrays imprinted in semiconductors [1], photonic lat-
tices [2–4], and arrays made in photovoltaic–photorefractive (PP)
crystals [5,6] has attracted growing interest due to both funda-
mental physics and applications. Such periodic structures support
gap solitons [7–17], and even and twisted solitons [18], or higher-
order soliton trains [19,20]. Of particular interest are the arrays
made in PP crystals that exhibit saturable nonlinearities impacting
lattice soliton properties. In the arrays made in PP crystals, higher-
order solitons have been predicted [21] and observed experi-
mentally in defocusing lattices [22]. However, it would be of in-
terest to explore whether sequential formation of multiple solitons
[23] can be realized in optical lattices imprinted in defocusing PP
crystals.

In this paper, we report that an odd- or even-numbered sequence
of multiple gap solitons (MGSs) is possible in optical lattices im-
printed in defocusing PP crystals. The lobes of MGSs are the same
intensity except for the side lobes. The intensities of the side lobes of
MGSs are small and increase with the propagation constant. The
existence domain of MGSs decreases with decreasing the lattice
depth, whereas MGSs do not exist when the lattice depth is equal to
a certain threshold value. The stability of MGSs has been investigated
numerically and we have found that they are stable.

2. The model

To start, let us consider the propagation of light beam along the
z-axis of a defocusing PP crystal with a periodic modulation of the
linear refractive index in the x-direction. The dynamics of propa-
gation is described by the nonlinear Schrödinger equation for the
dimensionless complex light field amplitude q [22]
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In the above equation, we have used the following normalized co-
ordinates: ξ = ( )z kx/ 0

2 and η = x x/ 0, where x0 is an arbitrary trans-
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2 , π λ=k n2 /e is the optical wave
number in the PP crystal, ne is the unperturbed extraordinary index
of refraction, λ is the wavelength, r33 is the electro-optic coefficient,
Ep is the photovoltaic field constant. σ=p k x /22

0
2 is the lattice depth,

where s is the depth of the refractive index modulation.The function
Ωη= ( )R cos2 describes the transverse profile of the refractive index,

whereΩ is the modulation frequency. In this paper, let us consider a
LiNbO3 crystal with defocusing saturable nonlinearity, in which a
waveguide array is imprinted. We take the values of parameters in
Eq. (1) as Ω = 2.067, p¼16, and S¼0.5, which are the experimental
conditions in Ref. [22]. Notice that in Ref. [22], the experimental
observation of higher-order solitons was reported in a waveguide
array imprinted in a LiNbO3 crystal with defocusing saturable non-
linearity. Eq. (1) conserves the energy flow ∫ η=

−∞

∞
U q d2 .

In order to show the existent conditions for MGSs, it is neces-
sary to first understand the dispersion relation and bandgap
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structure of the linear version of Eq. (1). According to the Bloch
theorem, eigenfunctions of the linear version of Eq. (1) can be
sought in the form η η ξ= ( ) ( − )ηq u ik ibexp , where η( )u is the
complex periodic function with the same periodicity as the lat-
tices, ηk is the wave number in the first Brillouin zone, and b is the
Bloch-wave propagation constant. After substituting this latter
form of η ξ( )q , into the linear version of Eq. (1), an eigenvalue
equation is obtained
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from which the bandgap diagram can be obtained by the plane
wave expansion method. The bandgap structure of the periodic
photonic lattices is shown in Fig. 1(a). It reveals that there exist a
single semi-infinite gap and an infinite number of finite gaps. In
this study, we focus only on the same first finite gap as Ref. [22], in
which higher-order gap solitons are observed in optical lattices
imprinted in defocusing PP crystals.

To find the stationary soliton solutions in Eq. (1), let us express
the dimensionless complex light field amplitude in the usual
fashion: η ξ= ( ) ( − )q u ibexp , where η( )u is the real-valued func-
tion. Direct substitution of this form of η ξ( )q , into Eq. (1) leads to
the following nonlinear equation:
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from which MGSs can be determined by expanding functions η( )u
into discrete Fourier series and then converting Eq. (3) into a
matrix eigenvalue problem with b being the eigenvalue [24].

3. Numerical results

We consider first an odd-numbered sequence of MGSs in Eq.
(3). Fig. 1(b) shows the energy flow diagram of odd gap solitons for
the fundamental, triple, and quintuple gap solitons when
Ω = 2.067, p¼16, and S¼0.5. This figure demonstrates that the
energy flow of odd gap solitons decreases with an increase in the
propagation constant b and increases with the order of odd gap
solitons when b is fixed. The fundamental, triple, and quintuple
gap solitons cannot exist at < <b9.76 8.78, < <b9.62 8.89, and

< <b10.55 9.66, respectively. Fig. 2(a) shows the profile of a
fundamental gap soliton at b¼8.91 [point a in Fig. 1(b)]. The
fundamental gap soliton acquires its intensity maximum in the
lattice minimum [Fig. 2(a)]. The triple-gap-soliton structure con-
sists of two side lobes and a central lobe. The intensity of the two
side lobes is smaller than that of the central lobe and increases
with b [Fig. 2(b) and (c)]. When b¼8.91 and 9.50 [points b, c in
Fig. 1(b) and (d)], the profiles of the triple gap solitons are dis-
played in Fig. 2(b) and (c). The width of the existence domain for
the triple gap soliton decreases with decreasing the lattice depth p
and vanishes when p decreases to below a certain threshold, as
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Fig. 1. (Color online) (a) Bandgap structure of periodic lattices; the shaded regions are Bloch bands. (b) and (c) Energy flow versus propagation constant for (b) odd and
(c) even gap solitons of first three orders at Ω = 2.067, p¼16, and S¼0.5. (d) Domain of existence for the triple gap soliton on the (p, b) plane at S¼0.5. Profiles of MGSs at the
circled points in (b)–(d) are displayed in Figs. 2 and 3.
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