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Abstract:  We study the role of the individual ferroelectric domain
shape on the second-harmonic emission in strontium barium niobate
featuring a random quadratic nonlinearity. The noncollinearly emitted
second-harmonic signal is scanned in the far-field at different incident
angles for different domain size distributions. This offers the possibility
to retrieve the Fourier spectrum, corresponding to the spatial domain
distribution and domain shape. Based on images of the domain structures
retrieved by éerenkov—type second-harmonic microscopy, domain patterns
are simulated, the second-harmonic intensities are calculated, and finally
compared with the measurements.
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1. Introduction

Random nonlinear photonic crystals (RNPCs) have attracted significant interest in recent years
due to their potential benefits for broadband second-harmonic generation (SHG) and ultra
short pulse monitoring [1-3]. The randomness is characterized by the random size and spatial
position distribution of ferroelectric domains, which represent the ¥ nonlinearity in the fer-
roelectrics. Consequently, such a structure enables phase matching of various parametric pro-
cesses over an ultra-broad spectral range and in different spatial directions transverse to the
beam propagation [4-6]. An example of a quadratic nonlinear medium with randomized do-
main structuresis an unpoled strontium barium niobate (SBN) crystal. Such a crystal shows an
intrinsic 2D disordered domain structure. The ferroel ectric domains have the form of rods with
ashape of fourfold symmetry. The domain cross-sections are squares with rounded corners|[7].
The averaged domain sizes reported in the literature range from tens of nanometers to a few
micrometers [8, 9] [see Figs. 1(a) and 1(b)]. The effect of this shape on the Cerenkov-type SH
intensity in random SBN has been studied in anumber of publications[9,10]. It was experimen-
tally demonstrated that the emitted patterns become fourfold modulated and the modulation is
more pronounced for microscaled domains [9]. However, up to now the effect of the domain
shape in random nonlinear photonic structures on the noncollinear planar SH pattern was not
explained.

In this paper, we investigate both experimentally and theoretically the effect of the domain
shape in an SBN crystal on the noncollinear planar second-harmonic generation in the far-
field. Theoretically, while the single-domain model showed the ability to describe the fourfold
modulation of the Cerenkov cone [9, 10], the noncollinear planar second-harmonic generation
leads to a two-dimensional domain distribution, the key clarifying this broadband conversion
process.

2. Experimental methods

In order to illustrate the role of the domain shape, we will distinguish between two characteris-
tic averaged domain sizes, corresponding to two characteristic poling states; the unpoled case or
"as-grown”, in which the averaged domain sizeis about 200 — 300 nm[6,11] [see Fig. 1(a)] and,
the repoled case, in which the averaged domain size is about 3—5 um [6, 11] [see Fig. 1(b)].
The images depicted in Figs. 1(a) and 1(b) were obtained by éerenkov—type second-harmonic
generation microscopy, described in details elsewhere [12]. In the experiment, the planar SH
emission [see Fig. 1(c)] is scanned for the two cases and for different angles of incidence of the
fundamental beam in order to map the Fourier spectrum, which represents the spatial domain
distribution and the domain shape. The corresponding phase-matching condition is illustrated
inFig. 1(d). InFig. 1(e), aschematic illustration of the experimental setup for measuring the an-
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Fig. 1. Disordered ferroelectric domain patterns in as-grown (@) and repoled (b) strontium
barium niobate imaged by scanning Cerenkov-type SHG microscopy; (¢) An experimental
photograph of planar SH at 400 nm for a repoled sample, corresponding to an averaged
domain size shown in (b); (d) Phase-matching condition diagram; (€) Schematic illustration
of the experimental setup.

gular second-harmonic intensity is shown. Asalight source, we use ultrashort laser pulses, gen-
erated by alaser system consisting of a mode-locked Ti:sapphire oscillator, and a regenerative
amplifier. The repetition rate is 1 kHz, the pulse duration is about 7, = 100 fs, and the pulse en-
ergy amountsto 150 pJ at the wavelength 800 nm which is used in the experiments. Collimated
Gaussian laser pulses with a beam diameter of about 2.5 mm are propagating in the xy-plane
of the SBN crystal. The light is aways extraordinarily polarized. A Srg61Bag.30Nb,Og Sample
with the dimensions 3.5 x 3.5 x 1 mm?® is employed. The large surfaces parallel to the c-axis
are polished to optical quality. The SBN sample is mounted on a rotation stage which allows
us to control the incident angle oex. The SH intensity is measured using a silicon photo diode
mounted on another rotation stage centered around the crystal in the xy-plane [see Fig. 1(€)].
Both rotation stages have the same rotating axis. In preparation, the crystal was first heated up
above the Curie temperature T =~ 70 °C, and then cooled down without applying an electric
field to produce a state similar to an as-grown sample. In order to influence the domain size,
the sample was subsequently poled and repoled stepwise at room temperature with the same
procedure shown in [6]. For this purpose, an electric field was applied along the polar axis
and increased in steps of 10V every 2 s above the coercive field until finaly 7.5kV /cm are
reached. To repole the crystal the direction of the electric field was reversed and increased asiit
was applied in one direction to pole the crystal and vice versato repoleit.
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3. Numerical smulations

Figure 2 illustrates the idea of the measurements performed in this paper. It demonstrates two
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Fig. 2. (a, d) Modeled real space of random up- and down-domain structure for the two av-
eraged domain sizes of 0.25 pm and 3.5 um, respectively; (b, €) The corresponding Fourier
spectra. The strongest Fourier coefficients are marked with dashed white circles; (c, f) Cal-
culated SH angular intensity for the two domain distributionsfor afundamental wavelength
of 800 nm.

numerical simulations of two 2D domain distributions. The two domain widths are Gaussian
distributed with the mean values 0.25 um with a standard deviation of 0.07 um and 3.5 um
with a standard deviation of 0.7 um, respectively (Figs. 2(a) and 2(d)). The simulated domains
are of square shape with rounded corners, so called squircles, and the shape of the domains can
be described by the following equation:

2\ 2 2 2
szxj'—<xz+y2)+1:o. )
r r r
D D D

Here, sis the degree of the squareness. The domain is of sguare shape when s =1 and of cir-
cular shape when s = 0. The domain radius is denoted by rp. All domains are rotated by 45°
with respect to the xy-coordinates in order to mimic the microscopic image Fig. 1(b). Please
note that the orientation of the domains in one specific sample is fixed while the orientation
might be different in other samples depending on the particular crystal cut. In Figs. 2(b) and
2(e), the corresponding Fourier spectra are shown. For nanoscaled domains [Fig. 2(a)], the
Fourier spectrum is circularly shaped [Fig. 2(b)]. The radius of the circle is directly related to
the mean domain size and its width is related to the standard deviation. The individual domain
shape has no significant effect on the circle symmetry for nanoscaled domains. In contrast, for
microscaled domains [Fig. 2(d)], the strongest Fourier coefficients shift to smaller spatial fre-
guencies and theindividual domain shape is more pronounced through the four tails [Fig. 2(e)].
In consequence, different SH patterns and dependencies are expected. As well known, the SH
intensity isproportional to the square of the Fourier coefficients[13-15]. For atwo-dimensional
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(2D) %@ structure modulated in the xy-plane the SH intensity is
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where Ipy is the intensity of the fundamental wave propagating along the x-axis, L, is the do-
main length, and S(Aky, Aky) isthe Fourier spectrum of the domain structure with the transverse
phase mismatch vectors Aky = ko, €0S(0) — 2k, cos(a), and Aky = ko, SIN(B) — 2K, Sin(a) in
the x- and y-direction, respectively [see Fig. 1(d)]. To determine the relevant Fourier coeffi-
cients, the phase-matching condition is applied to the spectra for the fundamental beam with a
wavelength of 800 nm [see Fig. 2]. The strongest Fourier coefficients are marked with dashed
circles. As it is clearly seen, different SH intensity patterns are expected for both cases. Ac-
cording to Eq. 2, Figs. 2(c) and 2(f) show the calculated SH intensity distributions, which
correspond to the Fourier spaces in Figs. 2(b) and 2(e), respectively. The Figs. clearly show
intensity peaks with different widths at different emission angles. It is worth to note here,
that with increasing the fundamental wavelength the participated Fourier coefficients shift to
smaller spatial frequenciesin both cases. However, the calculated SH peaks will show different
tendency, in which they move out to larger emission angles for nanoscaled domains, in contrast
to microscaled case, corresponding to the measured datain [6].

4. Experimental resultsand discussion

In order to prove the effect of the domain shape on the SH intensity, the sample is rotated and
the SH intensity is measured. The second-harmonic intensity distribution in Fig. 2(c) exhibits
no change except that caused by the reflection at the inner faces, because the spectrum is sym-
metric. The result is depicted in Fig. 3(a). With respect to the fundamental beam, marked by
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Fig. 3. (a) Experimentally measured SH signal at 400 nm while rotating the unpoled SBN
sample; (b) Simulated SH intensity asafunction of theincident and emission angles
[@. The fundamental beam direction is marked with a dashed line.

a dashed white line, the scan shows identical peaks for the entire tilting region corresponding
to the numerical simulations [cf. Fig. 3(b)]. For the asymmetric spectrum, i.e. microscaled do-
mains, the result is depicted in Fig. 4(a). The two SH peaks are symmetric for normal incidence
but they become asymmetric with respect to the fundamental beam when starting to rotate the
sample. Numerically, the SH intensity is calculated for three different squareness degrees s =
0.4, 0.6, and 0.8. The calculations are performed for the averaged domain width 3.5 um. Fig-
ure 4(b) indicates only one peak in the middle at normal incidence. When increasing the square-
ness to s = 0.6 [Fig. 4(c)], the SH intensity peak at normal incidence splits into two peaks.
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Fig. 4. (a) Experimentally measured SH signal at 400 nm while rotating the repoled SBN
sample (Media 2b; (b, ¢, d) Simulated SH intensity as a function of the incident and emis-
sion angles for the squareness degrees s = 0.4, 0.6, 0.8, respectively. The insets show the
corresponding modeled domain shape. The fundamental beam direction is marked by a
dashed line.

The peaks become more distinct for s = 0.8 in [Fig. 4(d)]. In agreement with the measure-
ments, the calculated SH intensity clearly shows the asymmetry in the SH intensity at both
sides when starting to rotate the sample. The SH intensity increases with decreasing negative
incident angle, indicating an inhomogeneous distribution of the Fourier coefficients. This be-
havior confirms the role of the domain shape in forming the SH pattern in the far-field. The best
agreement between the numerical simulations and the experimental measurements is achieved
for a squareness degree of the domains of s= 0.8. This domain shape of a square with rounded
corners is aso visible in the microscopic image in Fig. 1(b) when one compares it with the
inset of Fig. 4(d). However, it is hard to determine an exact parameter s directly from Fig. 1(b)
because often domains merge inside the crystal. Furthermore, all domain parameters like the
width, variance, and domain shape that are deduced from the experimental results are statistical
parameters averaged over alarge number of domains.

The presented method of scanning the second-harmonic intensity in the far-field can be in
principle used to determine the statistical domain parameters of the random nonlinear photonic
structure. It worksin asimilar way as the recently published method of Cerenkov-type second-
harmonic spectroscopy [11] using the so-called conical geometry. However, the calculation of
the domain parameters from the far-field second-harmonic intensity distribution is an inverse
scattering problem and the retrieved Fourier spectra might be in general ambiguous. There-
fore, to get reliable parameters one needs in addition further information about the order of
the domain parameters which are accessible for instance by éerenkov—type second-harmonic
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microscopy.

In our nonlinear photonic structure the position of each individual domain is random and
the domain diameters aso vary randomly. However, the orientation of each domain is fixed
due to the crystal symmetry. Hence, the fixed domain orientation and the characteristic do-
main shape always lead to a fourfold modulated Fourier spectrum and therefore to a spa-
tially modulated second-harmonic signal whenever the mean domain diameter is larger than
the second-harmonic wavelength. Thus, the influence of the domain orientation and shape on
the second-harmonic intensity distribution should also be visible in other random nonlinear
photonic structures exhibiting a disordered domain structure. For instance a threefold modu-
lated second-harmonic intensity distribution is expected in random lithium niobate crystals due
to the hexagonal domain shape.

5. Conclusions

In conclusion, we demonstrated experimentally and numerically the influence of the individ-
ual domain shape on the second-harmonic emission in random nonlinear photonic structures.
Experimentally, an SBN crystal, whose domain structures are of square shape with rounded
corners, was taken as a platform to create different domain size distributions. We showed that
for nanoscaled domains the effect of the domain shape is not observable, while it is more
pronounced for microscaled domains. The far-field second-harmonic intensity distribution can
be perfectly simulated using a two-dimensional Fourier spectrum of the random domain pat-
tern. Especially the modulated second-harmonic intensity distribution created by nanoscaled
domains cannot be described by a single-domain model because a single domain would al-
ways lead to a maximum in the second-harmonic intensity in the direction of the fundamental
wave. The combination of éerenkov-type second-harmonic microscopy and far-field second-
harmonic intensity scanning is well suited to analyze a variety of random as well as periodic
nonlinear photonic structures.
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