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Ultrabroadband generation of multiple concurrent nonlinear coherent
interactions in random quadratic media
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Triply coincident nonlinear second harmonic interactions continuously tunable in an extremely large
spectral range (800—1400nm) are demonstrated in strontium barium niobate random quadratic
crystal. The spectral dependence of the triple process is in agreement with a first order quasi-phase-
matching collinear interaction. The analysis of the polarization states of the generated beams reveals
mutually coherent interactions between different processes simultaneously contributing to the total
intensity. The results constitute a necessary step in the implementation of ultra-broadband entangled
photon pairs from randomly poled structures and are relevant to a wide range of applications, for
which broadband polarization controlled light is required. © 2073 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819855]

Ferroelectric crystals exhibiting random distribution of
alternate domains are increasingly employed in nonlinear
optics to design compact multi-wavelength light sources,
since they allow for the simultaneous phase matching of
several nonlinear processes. In these systems, the generation
of multiple nonlinear interactions, as well as their tunable
response, occurs at the expense of the efficiency. However,
their simplicity, compared to other nonlinear tunable devi-
ces based on more sophisticated superstructures of inverted
domains, makes them attractive sources for the development
of advanced multi-photon devices.'”” Substantially less
explored is the capability of these systems to manipulate
and control the polarization state of the generated nonlinear
beams in a broad frequency range. The simultaneous pres-
ence of two or more different phase matching processes,
involving different polarization states, is of interest in many
applications. Polarization-entangled photon pairs, useful for
quantum computing and communications,® polarization-free
frequency converters, valuable for laser fibers and optical
communications,” or all optical devices, including all opti-
cal isolators or polarization switchers,lo’11 are some exam-
ples of optical devices that could take advantage of
concurrent nonlinear phase-matching processes in a single
crystal. Moreover, multipartite quantum entanglement or the
possibility to obtain quantum correlation without interfer-
ometers have been proposed when a set of three or more
photons with different polarization states are simultaneously
phase-matched in an optical parametric oscillator."*'® In
this context, triply concurrent nonlinearities, namely, type O,
type I, and type II second harmonic generation (SHG), have
been demonstrated in a carefully designed multi-grating
periodically poled KTiOPO, crystal, after accurate wave-
length and temperature control.'"* The complexity in the
sample preparation and experimental set-up can be strongly
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simplified by using quadratic random nonlinear media as
nonlinear optical sources. In this letter, we have focused our
attention on as-grown congruent Strontium Barium Niobate
(SBN) crystal due to its large nonlinear coefficients and to
the presence of a random distribution of ferroelectric
domains.** Up to three different coincidental quadratic non-
linear parametric interactions, with different input/output
polarization states, are experimentally demonstrated to
occur in a broad spectral range covering the whole visible
spectrum. These three SHG processes are simultaneously
obtained at room temperature and involve a single funda-
mental beam and first order quasi-phase matching (QPM)
collinear interactions. Furthermore, a coherent superposition
of different parametric processes is demonstrated by means
of the SHG polar plot analysis.

SBN belongs to the 4 mm symmetry group. Accordingly,
for a fundamental beam propagating perpendicular to the fer-
roelectric z-axis, the non-zero components of the quadratic
nonlinear susceptibility tensor, @, allows up to three differ-
ent concurrent SH interactions with the same frequency, but
with different input/output polarization states. The three si-
multaneous nonlinear interactions are eee (type 0), ooe (type
I), and oeo/eoo (type 1), e and o being the extraordinary and
ordinary polarization, respectively. The two first letters denote
the fundamental beam polarization, while the third one stands
for the second harmonic polarization. In a collinear configura-
tion, the coherence length required to QPM the allowed SHG
processes can be written as

lo=

, . eyl
(2n5,, — ng* = ng) ™, (1)

| >
YN

where n”¢ refers to the ordinary/extraordinary refractive
index of SBN at a given frequency and / is the pump funda-
mental wavelength. This coherence length has been deter-
mined for the three different possible QPM processes, and it
is illustrated in Fig. 1(a). For the calculations the refractive
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FIG. 1. (a) Spectral dependence of the coherence length in a collinear con-
figuration for the three possible QPM collinear processes in SBN. Red,
black, and blue lines correspond to ooe, eee, and oeo type processes, respec-
tively. The coherent lengths for triple QPM-SHG for a fundamental wave-
length tuned at 1.06 um are marked with dots. The gray region represents
the domain size distribution in as-grown SBN. Dashed lines delimit the
range of maximum efficiency. (b) Experimental set-up diagram.

index values given by Woike et al. have been employed.'?
The gray region in Fig. 1(a) represents the domain size distri-
bution in the studied SBN crystal. As observed, the size of
the as-grown ferroelectric domains spreads from 0.1 yum up
to ~10 um, providing a variety of quasi-phase matching con-
ditions over a large spectral range for each independent
polarization process. Nonetheless, the generated SHG
response depends on the number of domains, and it is modu-
lated by the value of the non-zero nonlinear d;; component
involved in the process. In our system, the most frequent do-
main size and variance was found to be around 2.5-3 ym and
1.8 um, respectively. Thus, SHG-QPM processes in the
ranges 800-1300 nm, 800-1400nm, and 800-1600 nm for
the ooe, eee, and oeo parametric processes, respectively, can
be expected. Note that for the type-0 process, QPM-SHG in
SBN has been reported by involving domain sizes which
only represent ~2% of the total distribution.” Furthermore,
on this basis, a triply coincident QPM configuration for the
three symmetry allowed parametric (polarization) processes
can be predicted in the 800—1300 nm spectral range, its max-
imum being centered around 1um. As a representative
example, the required coherent lengths to obtain triple QPM-
SHG for a fundamental wavelength of 1.06 um have been
marked with solid dots in Fig. 1(a). As seen, they all lie
within the 2-3.7 yum domain size range, which represents 9%
of the maximum in the domain distribution (marked with
dashed lines in the figure). Therefore, in addition to the si-
multaneous generation of three different parametric
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processes, a continuously tunable broad spectral range in
which the three processes coexist can be expected for a sin-
gle SBN random quadratic medium.

In order to assess the ability of the system as a nonlinear
broadband source for which the polarization state can be tai-
lored, we carried out two different and complementary
experiments: (i) a polarization analysis of the generated SH
response for a fundamental incident beam at a fixed fre-
quency and (ii) the determination of the tunning range of the
SHG under different polarization geometries. As excitation
sources, a ps-laser at 1064 nm (Spectra Physics Navigator®™)
or a tunable optical parametric amplifier (Coherent OPerA-
Solo®) generating 140 fs pulses at a repetition rate of 1 kHz
in the 800-1400 nm spectral range were employed. In all the
cases, the fundamental beam travelled perpendicular to the
polar axis, along the X crystallographic direction. The SHG
radiation was emitted in the plane perpendicular to Z, in
agreement with previous works.'>'® In our experiments the
SHG intensity was measured at the exit face of the crystal in
a collinear configuration by using the appropriate interfer-
ence filters. The eoo/oeo SH process was selected by setting
the input linear polarization o, at 45° with respect to the fer-
roelectric z-axis of the crystal. Crossed polarizes were
employed to verify that there was no signal arising from
other SHG processes. Notice that while the eee and ooe proc-
esses results into pure extraordinary SH signals, the ordinary
polarized SHG beam obtained by means of two fundamental
photons with orthogonal polarizations, i.e., eoo/oeo process,
also allows for the other ooe and eee nonlinear processes to
occur simultaneously. The experimental set-up diagram is
shown in Fig. 1(b).

We first analyze the angular dependence of the polar-
ization properties of the SH response by using a ps-laser
tuned at 1064 nm as excitation source. This wavelength was
chosen for being close to that of the maximum efficiency for
the three nonlinear processes (see Fig. 1(a)). Two different
configurations were analyzed. First, the polarization state of
the generated nonlinear response was studied by rotating the
analyzer counter-clockwise from =0 to 0=2n radians
while keeping the linear polarization state of the incident
light, o, fixed at « =0 and o = n/4. In a second set of experi-
ments the intensity of the extraordinary and ordinary polar-
ization states of the SHG radiation was studied as a function
of the polarization of the incident light, o, which was azimu-
thally varied counter-clockwise from O to 2x radians. In all
cases, the angle origin (0 = 0 and o« = 0) was parallel to the
z-axis of the crystal. The results are shown in Fig. 2. It is
clear that SHG with orthogonal polarization states can be
obtained in SBN by using a single fundamental beam, in
contrast to previous claims.'®!” Additionally, as highlighted
in the inset of Fig. 2(c), the extraordinary SH signal is
reduced to zero for a particular input polarization state,
hence pointing toward mutually coherent processes and op-
posite sign of the involved nonlinear coefficients.'® As a fur-
ther confirmation, the angular dependence of the SH
polarization response was interpreted taking into account
the non-zero components of the nonlinear tensor of SBN,
which provide information not only on the input/output
polarization states but also on the coherence of the different
nonlinear processes.
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FIG. 2. Polarization of the SHG for a fundamental input beam linearly polar-
ized at (a) « =0 and (b) « = n/4; (c) intensity variation of the extraordinary
(0=0) and (d) ordinary (0=mn/2) SHG as a function of the polarization
angle of the fundamental beam. Solid lines correspond to the fits obtained
from Egs. (8)—(11). The processes corresponding to mutually incoherent
interactions are plotted in dashed lines.

For a linearly polarized fundamental beam propagating
along the X axis, the nonlinear polarization vector for the
crystal symmetry of SBN is given by

P® —o, 2
P§2) = 2d,,E%sinacos o, (3)
P§2> s, sin o + dy cos rx]E2 4)

where o is the polarization angle of the fundamental input
beam and dj; the nonlinear coefficients. These equations can
be written as a function of the angle 0 which defines the lin-
ear polarization state of the SHG response in the following
form:

PP =0, )
P = [2d,, sin o cos o sin® 0
y 24
— (dy, sin® o + ds; cos” a)sin O cos O)EZ,  (6)
P''? = [~2d,, sin «.cos asin 0 cos 0

+ (dy, sin® o + d5; cos® a)cos® O]EZ, (7

where Ey> =1, represents the intensity of the fundamental
beam. The intensity of the linearly polarized SHG is pro-
portional to the nonlinear polarization, and it varies depend-
ing on the (in)-coherence of the different processes. In
particular, this is reflected on the polarization dependence
of the effective nonlinear coefficient of the interacting
beams.'®?° The calculated coherent SHG intensity expres-
sions for the different polarization processes displayed in
Fig. 3 can be written as
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FIG. 3. Spectral dependence of the eee (type 0), ooe (type 1), and oeo/eoo
(type II) triply concurrent SH processes in SBN. Solid lines correspond to
the calculated collinear first order QPM-SHG intensity distribution.

u=0 Ir=13(d)cos* 0, 8)
T 1 :
v= Iy =1} <d§4 sin” 0— 3 (d3, + d33)sin 0 cos 9)

2
( d54 sin 0 cos 9+ (d31 + d3;)cos? 9> ;

®)
0=0 Ir=I1}(d; sin®>a+diycos® ), (10)
0= g Iy = 41%(d3,)* sin® occos® (11)

where dj; = \/f; ii(4) x djj represents the involved nonlinear
coefficients weighted by the distribution function of inverted
domains, f;;(4), i.e., the number of inverted domains of a cer-
tain width participating on the corresponding QPM process.
Theoretical fits to the experimental polar plots based on Eqgs.
(8)—(11) are shown as solid lines in Fig. 2. A good agreement
was obtained between the experimental and theoretical
curves, thus confirming a coherent interaction among the dif-
ferent parametric processes. From the fitting, the relative
value between the involved nonlinear coefficients was found
to be | g%
posite sign between d33 and d31 was estabhshed For the sake
of comparison, the theoretical curves expected for the inco-
herent case has been plotted in dashed lines. Their corre-
sponding theoretical expressions have not been included in
the manuscript to smooth reading. It is clear that the shapes
of the polar plots in Figs. 2(b) and 2(c) differ significantly,
depending on whether contributions from the different proc-
esses exhibit internal interference or not. Thus, in addition to
the simultaneous generation of triply concurrent nonlinear
parametric processes, a coherent process between the inter-
acting extraordinary second harmonic waves along the prop-
agation direction is revealed. At this point we would like to
mention that in contrast to the incoherent nature for the
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nonlinear process reported by Trull ef al. under non-collinear
dual-pump configuration,'® a coherent superposition of three
parametric contributions has been recently reported for
Cerenkov type SHG in SBN.'® Further, SHG speckle pattern
formation by an SBN crystal has been recently demonstrated
both experimentally and theoretically.?'

Figure 3 shows the measured RT-SHG intensity as a
function of the fundamental wavelength in the 800-1400 nm
spectral range obtained for different linear polarization geo-
metries: eee (type 0), ooe (type I), and oeo/eoo (type II). For
the sake of comparison each parametric interaction (polariza-
tion process) has been plotted in a separate panel. The theo-
retically obtained spectral responses for each independent
polarization process are shown in solid lines. In the calcula-
tions, only first order QPM collinear interactions were con-
sidered. Additionally, the values of the non-zero nonlinear
d;; components obtained from the polar plot analysis were
weighted by the distribution function, _f,-j(i), to take into
account the size distribution of the ferroelectric domains par-
ticipating on the frequency conversion process at a wave-
length, 4. As seen, the SHG can be continuously tuned from
400 to 700 nm under different polarization geometries dis-
playing a spectral dependence that correlates well with a first
order QPM collinear interaction. Note that some deviations
from the theoretical curve are observed possibly due to inac-
curacies of the Sellmeier equation, particularly for ordinary
polarized waves. These results point out the capability of
random nonlinear photonic structures to generate widely tun-
able triply concurrent quadratic parametric interactions by
using a single fundamental beam. Moreover, they are
obtained at room temperature without the need of any angu-
lar or thermal adjustment of the nonlinear structure. An esti-
mation of the conversion efficiency for the green spectral
region gave a value in the order of 0.001% for the eee pro-
cess.” The efficiency values for the ooe and oeo processes
are expected to be 0.6 and 0.2 times lower than eee, respec-
tively, according to the relative value of the involved nonlin-
ear coefficients.

In summary, we have shown the ability of as grown
SBN random quadratic medium to simultaneously achieve
triply coincident nonlinear SH parametric interactions, which
are continuously tunable in an extremely large spectral range
(800-1400nm). The spectral dependence of the SHG inten-
sity has been theoretically modelled by considering the role
of the statistical distribution of the inverted ferroelectric
domains and first order QPM collinear interactions. The ex-
perimental results were found to be in good agreement with
the applied model, thus providing a non-destructive alterna-
tive optical tool to other techniques such as microscopy or
nonlinear spectroscopy to probe the statistical properties and
the average ferroelectric domain size.20-2? Furthermore, a
mutually coherent contribution of the interacting type 0 and
type I nonlinear SH processes is confirmed by the theoretical
fits to the experimental SHG polar plots. Additionally, the
sign and relative value of the involved nonlinear coefficient
for congruent SBN has been determined. In the light of this
finding, the internal second harmonic interference could be
exploited to obtain high contrast SH imaging of ferroelectric
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domain walls in SBN. Note that the extraordinary SHG van-
ishes when the input polarization angle is equal to

o= arctg( % ), thus providing a highly sensitive opti-

cal probe for local changes of the involved nonlinearities.
Finally, the obtained results constitute a necessary step in the
implementation of the recently proposed ultra-broadband
entangled photon pairs from randomly poled nonlinear crys-
tals™2* and increase the operative spectral bandwidth of
multifunctional random quadratic media in different areas
such as all optical devices, integrated optics, or polarization
sensitive nonlinear sensors, with the additional advantage of
a significantly simplified experimental set-up.
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