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Abstract: We study theoretically the second harmonic generation in a nonlinear quadratic crystal
with random distribution of ferroelectric domains. We show that the specific features of disordered
domain structure greatly affect the emission pattern of the generated harmonics. This phenomenon
can be used to characterize the degree of disorder in nonlinear photonic structures.
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Naturally grown ferroelectric crystals such as Strontium Barium Niobate (SBN) often exhibit an irregular multidomain structure with rod-like domains[1]. These disordered nonlinear quadratic crystals have attracted a
considerable attention in recent years due to their potential benefits for nonlinear parametric processes [2]. Despite
being usually considered as disadvantageous in typical nonlinear optical phenomena due to the low efficiency of the
NL process, the randomness of the nonlinear media offers potential applications in broadband frequency generation
[3] and ultra-short pulse monitoring [4]. These applications utilize the fact that the crystal with disordered antiparallel domains forms, in fact, a two-dimensional photonic nonlinear structure with an infinite number of χ2
reciprocal vectors corresponding to various local nonlinear gratings. Consequently, such structure enables phase
matching of various parametric processes in the same time, over an ultra-broad spectral range and in different spatial
directions. Fig.1 represents a schematic illustration of such type of random crystal placed in a typical experimental
set-up where the fundamental beam shines the crystal and the SH spatial sidtribution is recorded. The inverted
ferroelectric domains are represented by bright and dark colors, respectively. However, recent experiments with
random domain SBN crystals also demonstrated that the emission pattern of the generated waves may differ
drastically from sample to sample, being either spatially homogeneous or exhibiting distinct intensity peaks [3,6].
This behavior points towards the difference in the actual distributions of ferroelectric domains in different samples.
In fact, observations of random domains ranging from tens of nanometers to few microns have been reported in the
literature [1].

Fig.1. (a) Schematic representation of the second harmonic generation in multi-domain disordered structure in ferroelectric crystal. (b) Example
of two-dimensional domain distribution and (c) its spatial Fourier spectrum. Inset: domain size distribution with the mean value of a=950nm

In order to obtain a better understanding of the nonlinear interaction in random media, in this work we
analyze theoretically and numerically the role of the domain distribution on the efficiency and transverse
characteristics of the SH emission in a quadratic random crystal. To our knowledge this is the first attempt to
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approach this problem in a two dimensions environment. This is a crucial point due to the combination of diffraction
and scattering processes that take place in the interaction.
The first step is the modeling of the random domain pattern. Different structures are generated and tested
with different statistical parameters (see for example Fig.2). Due to their two-dimensional nature, this will allow to
diagram the proper 2D map of the reciprocal vectors possessed by in the structure. At this stage, it is possible to
forecast different SH scenarios with the classical phase matching schemes. In the second step a theoretical study
based on statistical argumentation will lead to an estimation of the type of SH emission using parameters as main
domain size (ρ0) and distribution variance (σ). The analytical treatment is a 2D extension of the work on Ref.[7].
Finally, we numerically solve the full vectorial 2D Maxwell’s equations including the actual domain
patterns as quadratic nonlinear source in the sample and allowing for fast envelope modulation, scattering and
diffraction. Furthermore the role of the light scattering due to the index jump at the domains’ walls is included and
discussed. In Fig.3 is reported the output of one of these simulations. The SH emissions obtained in the numerical
simulations are supported by our experimental evidences[5]. All the results obtained are in very good agreement
with the statistical analytical study demonstrating that there is direct connection between the statistical properties of
the domain structure and the far field of the second harmonic. This effect can be employed to characterize the degree
of randomness of the quasi-phase matching domain pattern.

Fig.3: Numerical simulations - generation of the second harmonic by a femtosecond laser pulse in a disordered structure. A fundamental pulse in
initially placed in the air and propagates toward the sample in the right direction. When it reaches the first air/sample interface a portion is
backward reflected and the remaining part keep propagating forward. Due to the presence of the nonlinearity a SH pulse is generated and
propagates forward. Left column: Spatial intensity distribution of the fundamental (a) and second harmonics (b) in the case ρ0=0.3μm, σ=0.05μm,
λF=0.800 μm. Middle column - the structure of the interacting waves in the spatial Fourier space. Right column - energy of the fundamental and
second harmonics as a function of the time of propagation.
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