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The authors demonstrate broadband femtosecond phase-matched noncollinear second-harmonic
generation 共SHG兲 in strontium barium niobate crystals with random ferroelectric domains. The
process is similar to femtosecond SHG in ultrathin crystals, but it results in higher efficiency and
exact mapping of the spectrum of the fundamental field into the spectrum of the second harmonics,
even for pulses with complex spectral profiles. The observed parametric conversion process can be
used as an efficient frequency mapping from infrared to visible for the femtosecond pulse
monitoring. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2374678兴
Efficient second-harmonic generation 共SHG兲 is known to
depend critically on the phase-matching 共PM兲 conditions
usually achieved through the crystal birefringence or quasiphase matching 共QPM兲.1 However, the PM requirement limits significantly the bandwidth of the SHG processes. It has
been shown recently that the use of disordered nonlinear
media relaxes the stringent matching conditions thus allowing us to achieve an efficient, broad bandwidth regime of the
frequency conversion.2–5 An example of a quadratic nonlinear medium with randomized domain structure is an unpoled
strontium barium niobate 共SBN兲 crystal. It grows naturally
with random-size ferroelectric domains that allow us to
phase match any second-order parametric process including
SHG6 and sum-frequency mixing7 over a broad spectrum of
wavelengths. Without any crystal poling, the limitations of
the bandwidth are mainly given by the transparency window
of the crystal in the range of 0.4– 6 m.
The needlelike antiparallel SBN domains are orientated
along the z axis of the crystal, and forms a two-dimensional
nonlinear photonic structure with a constant linear refractive
index but a randomly modulated nonlinear quadratic
response.8–12 The size of the domains varies between 2 and
8 m,13 providing an infinite set of grating vectors g 共 in the
x-y plane兲 for the SHG phase matching: k2 = 2k1 + g, where
k1 and k2 denote the wave vectors of the fundamental and
second-harmonic waves, respectively. These PM conditions
result in SHG emitted in a cone6 or plane8,9 depending on the
mutual orientation of the laser beam and the crystal z axis
共see Fig. 1兲. However, the broadband harmonic generation
comes at the price of reduced conversion efficiency. Up to
now all measurements have been performed in the long
共nanosecond兲 pulse regimes resulting in a low conversion
efficiency and, consequently, limited applicability. The practical application of such a process, however, becomes feasible when short 共femtosecond兲 pulses are employed, resulting in increased efficiency over the pulse bandwidth.
In this letter we report for the first time, to our knowledge, the observation of femtosecond SHG in SBN crystal
with random ferroelectric domains. We study both planar and
conical emission geometries and analyze the efficiency of the
SHG process and its spectral properties, demonstrating that
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SH exactly maps even complex spectral shape of the fundamental pulse. These results open novel possibilities for spectral monitoring of femtosecond optical signals over the broad
spectral range in the near- and far-infrared regions with a
single conversion crystal and no temperature or angle tuning.
In our experiments, we use a femtosecond Ti:sapphire
oscillator 共Mira, Coherent兲 with pulse width of ⬃150 fs 关full
width at half maximum 共FWHM兲兴 pulse energies of
⬃6 – 7 nJ, repetition rate of 76 MHz, and tunability in the
range of 700– 900 nm. The beam from the laser 共with an
average power of 550 mW兲 is focused inside the
5 ⫻ 5 ⫻ 10 mm3 SBN:60 crystal by a 50 mm focal length
lens, resulting in a focal spot of ⬃74 m 共FWHM兲. All sides
of the crystal have been polished allowing the observation of
the SH radiation from different directions. The spectral properties of the laser and generated SH are measured by a spectrometer 共Ocean Optics HR2000兲 with 0.3 nm resolution.
When the crystal z axis is oriented perpendicular to the
propagation direction, the SH radiation is emitted in the
x-y plane 关see Fig. 1共a兲兴. This is due to the specific PM

FIG. 1. 共Color online兲 Second-harmonic generation in SBN: 关共a兲–共f兲兴 SH
emission plane for the z axis perpendicular to the beam. 关共c兲 and 共d兲兴 SH
signal for input power of 250 mW, as seen from 共c兲 top and 共d兲 front. 关共e兲
and 共f兲兴 SH at higher input power 共425 mW兲 when the self-focusing process
for the fundamental beam leads to local enhancement of SHG. 关共g兲–共i兲兴 SH
conical emission for the z axis parallel to the beam propagation direction. 共i兲
Intensity distribution of the SH beam at 300 mW of input power.
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conditions shown in Fig. 1共b兲, where g1 and g2 represent two
reciprocal wave vectors. These vectors can be oriented in any
direction in the plane perpendicular to the z axis, and their
magnitudes are determined by the domain size distribution.
In fact, since the latter is of the order of micrometers and the
coherence length for the SHG varies between 0.1 and
1.5 m, the harmonic generation is clearly due to a highorder QPM. Under such conditions, SH can be emitted in
any direction in the plane of Fig. 1共a兲. As the domain structure of SBN does not contain large-magnitude grating components necessary for the backward SHG process, the signal
is emitted predominantly in the forward and transverse
directions.
The photographs of the radiation emitted in the transverse and forward directions are shown in Figs. 1共c兲 and 1共d兲
for laser power of 250 mW. For the fundamental beam polarized parallel to the z axis, the parametric process is governed by the largest component of the 共2兲 tensor,
FIG. 2. 共Color online兲 Measured efficiency of the SHG process 共in percent兲
d33 = 12 pmV. As a result, the SH is also polarized along the
for 共a兲 plane and 共b兲 cone geometries, as a function of the input power, for
the wavelengths of 820 and 860 nm. Dashed lines are the expected linear
z axis. We find that for high input powers 共more than
dependencies 共slope of one兲, and dotted lines correspond to a quadratic
250 mW兲 the process is strongly affected by the selfdependence 共slope of two兲. Squares indicate the measured divergence of the
focusing of the fundamental beam. The slow time scale of
fundamental beam outside the crystal.
14,15
this process points towards its thermal origin.
Our observation indicates that the formation of an effective nonlinear
lens is mediated at the initial stages by local heating of the
mental wave, for two different wavelengths of 820 and
crystal due to the two-photon absorption of the fundamental
860 nm. Because of the difficulties in collecting all power of
beam, and it is followed later by self-phase modulation of the
the generated SH signal, only energy emitted in one of the
fundamental beam due to the Kerr effect. A signature of the
directions perpendicular to the propagation direction is meanonlinear lens is visible in Figs. 1共e兲 and 1共f兲 as a localized
sured through a short-pass filter. It is evident that for low
bright spot in the SH signal indicating the position of the
input power the SHG efficiency increases linearly with the
focal region of the fundamental beam.
power of the fundamental. This is well expected from the
When the fundamental wave propagates along or forms a
quadratic SH process. However, for the powers higher than
small angle with the z axis, the SH is emitted in the form of
250 mW, the dependence becomes quadratic. This is a direct
a cone 关see Fig. 1共g兲兴. This is because all reciprocal wave
consequence of the increased intensity of the fundamental
vectors lie in a plane, perpendicular to the propagation z axis.
due to the thermal self-focusing. In order to quantify the
Because of randomness these vectors are uniformly distribprocess of fundamental self-focusing, in the same figure we
uted in that plane contributing equally towards the conical
plot the divergence of the fundamental beam measured outemission of the SH. The diagram of the PM conditions for
side the crystal as a function of the input power. The beam
this case is shown in Fig. 1共h兲, where g1 and g2 are again the
divergence is inversely proportional to the size of the focal
two possible reciprocal grating wave vectors. However, only
spot inside the crystal. Thus, an increased divergence is a
a limited number of grating vectors with the magnitudes bedirect indication of thermal self-focusing of the beam inside
tween 兩g1兩 and 兩g2兩 participate in the ring-SHG process. This
the crystal. Clearly, there is no change of the beam size for
is in contrast to the previous case of the plane emission,
the powers below 250 mW. However, when the power exwhere all grating components contribute to the frequency
ceeds this critical value, the beam divergence increases rapconversion. Again, because of limited minimal size of doidly. We notice that a change of the slopes for the beam
mains the QPM is of high- order type, and subsequently the
divergence and the conversion efficiency coincide, confirmefficiency is low. The longitudinal and transverse PM condiing the scenario of the SHG enhancement.
tions in this case can be written as k2 cos共兲 = 2k1 cos共␣兲 and
As follows from Fig. 2共a兲, the maximum efficiency of
k2 sin共兲 ⫿ 2k1 sin共␣兲 = 兩g1,2兩, respectively, and ␣ and  are
SHG is close to 0.1%. We note that the radiation coming out
defined in Fig. 1共h兲. The transverse PM condition is always
from the top surface and recorded by the power meter is only
fulfilled, and from the longitudinal PM condition one can
a fraction of the whole signal emitted in this plane. Due to
find that the cone angle  is a function of both the fundathe total internal reflection almost half of the power of the
mental wavelength FF and misalignment angle ␣ of the fungenerated SH is trapped inside the sample and only emission
damental beam with respect to the crystal z axis. We note
at the angles in the range of 90± 23 is collected by the power
that the SH wave emitted outside the crystal is a cone with
meter. After accounting for the whole generated SH signal
an axis always coinciding with the z axis, independently of ␣
we estimate the total conversion efficiency for the planar
and FF. Due to the symmetry of the SHG geometry, the
emission to be 0.38%, which is the highest reported so far.
conical emission is always radially polarized.16,17
This relatively high, for such a high-order interaction proAs the next step, we characterize the femtosecond concess, efficiency can be explained by high beam intensities 共of
version efficiency for both geometries, i.e., a ratio of the
the order of 10 GWcm2兲 in the self-focusing region. In addigenerated average output SH power and the input power of
tion, because of the noncolinearity of interaction, the output
the fundamental. Figure 2共a兲 shows the SHG efficiency in
SH signal is an “incoherent” superposition of contributions
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dence of SH power on propagation distance of the fundamental wave.
The effective nonlinearities for planar and conical emisp
c
⬃ d33 and deff
⬃ d31 sin , respectively. In our
sions are deff
c
p
experiment we have deff ⬇ 0.19deff
. Hence, the SHG efficiency of the cone is expected to be significantly lower 关it is
indeed the case, as seen in Fig. 2共b兲兴. The measured efficiency ratio 共plane/cone兲 is around 20, close to the theoretically estimated value of 28. The efficiency as a function of
the input power of the fundamental wave again reflects an
abrupt change of the dependence from linear to quadratic at
the critical value of 250 mW of the input power due to thermal self-focusing of the fundamental wave.
The inset in Fig. 2共b兲 illustrates the important dependence of the angular dispersion of the generated SH cone on
the wavelength FF. For FF = 860 and 880 nm, the external
total conical angles measured at low laser powers are 131°
and 125.1°, respectively. This agrees well with theoretically
predicted values of 134.24° and 125.95°. A small discrepancy is due to uncertainty in the Sellmeier formula.18 For
high laser powers the cone angle is reduced due to the induction of a thermal lens. Because of the dependence of the
conical angle on the wavelength, the propagation of the fundamental beam with a very broad spectral content will result
in a conical emission of SH with each spectral component
propagating at a specific angle 共兲. Due to high wavelength
sensitivity, this property can be well considered as a nonlinear superprism effect.19 It should be also mentioned that the
angle of the conical emission  increases monotonically with
the angle ␣ between the propagation direction of the fundamental wave and the z axis. In the most extreme case when
␣ → 2, the cone is transformed into a plane.
Since the spectral response of the medium with randomly distributed domains is flat, one may expect that the
SHG process will not introduce any spectral distortions in
the case of the spectrally broad fundamental wave, even in
the case of complex spectral profiles. To verify this hypothesis, we investigate the spectral response of the SH signal for
incident beam powers below and above the self-focusing. In
the first instance, the spectrum of the fundamental wave is
smooth and it is determined by the output characteristics of
our laser. On the other hand, for high input powers the spectrum experiences significant broadening and distortions
caused by the nonlinear phase modulation due to a direct20
and cascading21 third-order nonlinearities. In Fig. 3, we show
the spectral profiles of the fundamental and the generated SH
pulse for two specific cases of the input powers of 83 and
566 mW. The SH signal is collected either from the top 共a兲
or front 关共b兲 and 共c兲兴 facets of the crystal, respectively 关see
Fig. 1共a兲 for the measurement geometry兴. It is clear that spectra of the second harmonic represent almost exact copies of
the fundamental wave. This unique property can be used as
an efficient frequency mapping from infrared to the visible
for femtosecond pulse monitoring. It represents an ideal tool
for noninvasive and alignment-free method for transformation of optical signals from far infrared into the sensitivity
window of standard silicon detectors.
In conclusion, we have demonstrated an efficient SHG in
an unpoled SBN crystal with random ferroelectric domains.
The crystal is phase matched in broad spectral range and no

FIG. 3. 共Color online兲 Measured SH 共blue with dots兲 and fundamental at
815 nm 共red solid兲 spectral shapes for different fundamental powers collected either from the 共a兲 top or 关共b兲 and 共c兲兴 front facets of the crystal. 关共a兲
and 共b兲兴 83 mW; 共c兲 566 mW.

poling is required. Due to a flat spectral response of the
crystal, the spectrum of the SH wave exactly maps the spectral profile of the fundamental beam. Such a spectrally nonselective SHG is similar to the SH conversion in an ultrathin
crystal, but with highly increased efficiency.
The authors acknowledge support of the Australian
Research Council.
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