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We have demonstrated, for the first time to our knowledge, second-harmonic generation for a 
broad input wavelength range of 750-1064 nm in Sr,Ba, -.Nb,O, crystals, with a controllable 
spread spectrum of quasiphase matching. Second-harmonic conversion efficiencies of up to 
- 1% were observed. This was done without any temperature or angular tuning of the crystal. 
The phase matching was obtained by inducing alternating ferroelectric domains in the crystal in 
real time, using a novel fixing process which is based on screening. The broadband capability of 
the conversion is allowed by a spread in the range of the domain widths. 

The experimental demonstration of optical second- 
harmonic generation (SHG) in’ the early 60s (Ref. 1) was 
one of the basic landmarks in the early stages of nonlinear 
optics and lasers.” The recent years witnessed a renewed 
interest in the subject, mainly due to potential needs for 
efficient SHG with moderate light powers from compact 
sources, such as laser diodes. This motivation has led to the 
discovery of new nonlinear media, including organic crys- 
tals,3 the use of waveguide structures with concentrated 
light beams along significant distances,ti and other excit- 
ing developments, such as finding unexpected SHG in fi- 
bers and glasses.7 Nevertheless, SHG is still limited be- 
cause of the basic requirement for phase matching between 
the fundamental and the second-harmonic waves, which is 
usually not met due to dispersion. The most common 
method to overcome the phase-matching problem is to use 
the crystal birefringence. However, this and similar solu- 
tions restrict the frequency range in which the harmonic 
generation can be obtained. For example, the method can- 
not be used in Sr,Bai-F,Oi (SBN) crystals in wave- 
lengthsbelow -3,~mforx=0.75 and -2pmforx=0.61, 
due to the relatively small birefiingence of the crystal (An 
~0.012 for x=0.75 and Anz0.029 for x=0.61 at wave- 
lengths around 0.83 ,om,’ where the dispersion gives An 
~0.2). As far as we know, there is no reported 
experimental study of SHG with SBN. There is another 
way to obtain quasi-phase matching by an “artificial” spa- 
tial modulation of the optical nonlinearity (quasi-phase 
matching).’ Such a modulation was produced in LiNbOs 
and other crystals by a periodic changing of the crystal 
orientation during their growth,’ or by other irreversible 
techniques.M This again gives SHG only for a specific 
input wavelength. 

In this work we have demonstrated the following new 
points: (i) The first experimental use of SBN crystals for 
SHG. (ii) SHG for a broad range of input wavelengths 
(750-1064 nm) without any temperature or angular tun- 
ing of the crystal, by using a spread spectrum for phase 
matching. (iii) A novel fixing method, based on screening 
that produced ordered and random microferroelectric do- 
main structures. 

SBN is one of the most intensively studied photorefrac- 
tive crystals due to its large electro-optic coefficient.‘0-12 In 

the photorefractive effect, an internal space-charge electric 
field is built in the crystal by light-induced charge separa- 
tion. Large alternating internal fields on the order of 
kV/cm and periods between 0.1 and 10 pm can be easily 
induced.‘2”3 There are also ways to “fix” the electronic 
space-charge structure by inducing permanent ionic 
changes in the crystal.“~i4 The basic idea in this letter is to 
use controllable methods to induce a periodic domain 
structure in a photorefractive crystal, and to obtain the 
needed quasiphase matching for SHG. The- fact that the 
required phase-matching period, which is on the order of a 
few pm (imposed by the dispersion), matches the optimal 
range for the photorefractively induced gratings in com- 
mon crystals13 is a very advantageous starting point. For 
that purpose, we have developed a new procedure for in- 
ducing a periodic and pseudorandom ferroelectric domain 
structure in photorefractive SBN crystals. 

The experimental setup for the fixing process is shown 
in Fig. 1. Two mutually coherent beams derived from an 
argon ion laser with a wavelength of 514.5 nm and equal 
intensities (5-100 mW), formed an interference pattern in 
the crystal that is dependent on the angle between the 
beams. The crystals we used were poled - 5 X 5 X 5 mm3 
SBN with x=0.61 and x=0.75 and a nominal doping of 
0.1 and 0.05 wt % Ce. The beams, of ordinary polariza- 
tion, were focused into the crystal via a cylindrical lens 
(f= 8 cm) giving an illuminated light layer in the crystal 
in the beams’ plane, which was perpendicular to the c axis 
(see Fig. 1). The layer had a thickness of -30 pm. An 

FIG. 1. The experimental setup for the fixing process. CR is the crystal 
with the indication of the c axis; CL is a cylindrical lens with a focal 
length of 8 cm; BS, L, PF, and CM are beamsplitter, lens, polarizer plus 
filter and camera for viewing the crystal with the HeNe beam, 
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FIG. 2. Photograph of the crystal watched through a polarizer for (a) a 
fixed crystal viewed with an applied field of 500 V/cm. The interference 
pattern period of the argon beams used in this specific fixing process was 
As= 18 pm, (b) microdomains in a fixed crystal. 

external voltage was applied along the c axis with an op- 
posite polarity to that used to pole the crystal. The voltage 
was gradually increased from 0 to 2 kV in 5 to 30 s. (The 
voltage corresponding to the coercive field is about 1.2 
kV.) Then we blocked the beams and a voltage of about 1 
kV was applied with a positive polarity (to that used for 
the poling). The fixing process was probed by a 1 mW 
HeNe laser beam with an input polarization at 45” with the 
c axis. In order to notice changes in the polarization due to 
the domains, the crystal was monitored through a polarizer 
with an axis perpendicular with respect to the input polar- 
ization. 

We observed a domain structure in the crystal, as 
shown in Fig. 2 (a). It was seen when an auxiliary voltage 
of 300 V was applied on the crystal. In some of the crystals 
it could be seen without this voltage. The horizontal dark 
line in the figure is the region of the argon ion light layer. 
The domain structure spread over most of the crystal’s 
volume due to this seed layer. The spatial modulation was 
in the direction perpendicular to the c axis. The periodicity 
in Fig. 2(a) was 18 pm. This periodicity, however, was 
controllable by changing the angle between the two argon 
ion laser beams which were used for the fixing. We were 
able to lower the periodicity down to - 1.5 pm. Successive 
domains were antiparallel ( 180“ type), evident from the 
fact that in the SHG experiment described below we could 
not see any significant conversion when the pump wave 
propagated along the c axis. SHG was observed for a light 
propagation along one of the other principle axes. 

We believe that the fixing is based on screening. The 
applied field was screened in the regions with strong light 
intensities, by a separation of moving photoionized 
charges. The screening produced a distribution of the ap- 
plied voltage which followed the light intensity pattern in 
the illuminated layer, causing a selective inversion of the 
spontaneous polarization. In fact, the domain structure 
started at the plane boundaries of the layer and then it 
spread over most of the crystal volume. At the end of the 
process the layer transformed into a visibly deformed layer, 
seen as a horizontal strip in Fig. 2(a). The light layer, of 
which width had to be limited to a few tens of pm (on the 
order of the domains’ width), was important for the start- 
ing of the domain formation as it relaxed the constraint of 
the constant and uniform applied voltage on the crystal. 
(We can add that a thermal heating can also be a factor 
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that enhances the domain formation, especially in these 
crystals with a phase transition of 50-80 “C, which are very 
close to room temperature.) Reference 11 reports on an- 
other method for modulating the spontaneous polarization 
of the crystal. A light fringe pattern with a modulation 
direction parallel to the c axis (compared to a perpendic- 
ular modulation in our case) caused an internal photore- 
fractive field. An external voltage with a direction opposite 
to the crystal polarization, resulting in a field slightly 
smaller than the macroscopic coercive field, was applied on 
the crystal. .The field caused a partial switching of the po- 
larization in regions where the internal field was construc- 
tively added to the applied field. This seems to be a more 
straightforward method for obtaining uniform domain 
structures in the whole crystal volume. However, in this 
case the spontaneous polarization is modulated along the c 
axis, and a nonzero nonlinear coefficient with quasiphase 
matching is possible only for a beam propagation with an 
angular offset to the main crystal axes (adding the prob- 
lems of beam walkoff). 

In addition to the ordered domains we also observed 
pseudorandom domains in the same crystal, as shown in 
Fig. 2(b). These domains can be obtained even with one 
argon ion beam that produces the light layer in the crystal. 
We think that a nonuniform filamentation of the voltage 
drop in the layer due to fluctuations in the light intensity 
gave this nonuniform structure. The domains were elon- 
gated boxes with a two-dimensional modulation, having a 
spread range of widths, and an orientation along the c axis. 
The cross-section sizes were distributed around the order 
of a few pm. Reference 8 reports on Ba2NaNb50i5 (BNN) 
crystals with microdomains, obtained in the growing stage, 
while attempts to grow microdomains in SBN failed. Here 
we see that such microdomains can be produced, changed, 
and controlled in a grown SBN crystal. It was possible to 
erase the ordered domains and the microdomains by a 
gradual cooling of the‘crystal from above the paraferro- 
electric phase transition temperature, while applying an 
external field (5 kV/cm) and shining the crystal with a 100 
mW argon ion laser beam to compensate the depolariza- 
tion field by the excited carriers. In most cases the heating 
and cooling was unnecessary. 

In the SHG experiment, the crystal was illuminated 
with a pulsed Ti-sapphire laser pumped by a Q-switched 
Nd:Yag laser (NY-61, Continuum Inc.). The pulses had a 
duration of 10 ns, a repetition rate of 10 Hz, and an aver- 
age energy of about 40 mJ. However, most of our experi- 
mental data was taken with more moderate energies of 
l-10 mJ. When the “treated” crystal was illuminated in 
the region with the fixing, a strong SHG was generated. 
The pump beam had an extraordinary or ordinary polar- 
ization and propagated in one of the two main axes which 
are perpendicular to the c axis (in parallel or in perpen- 
dicular to the direction of the ordered grating modula- 
tion). The SHG, however, always had an extraordinary 
polarization:It had a far-field spread in a direction perpen- 
dicular to the plane which contained the incident wave and 
the c axis (Fig. 3). The angular spread was about 8”. An 
angular spread was also reported for a BNN crystal with 

Horowitz, Bekker, and Fischer 2620 

Downloaded 27 Jan 2004 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



FIG. 3. Photograph of the far field of the harmonic wave. Here the 
wavelength of the harmonic wave was ,435 nm. 

grown microdomains. Here we were able to observe SHG 
for an input wavelength in the range between 750 and 910 
nm with the Ti:sapphire laser and at 1064 nm with the 
pump Nd:Yag laser. Figure 4 shows the dependence of the 
conversion efficiency on the pump wavelength for the two 
cases of fixed crystals (random domains, with and without 
ordered domains). For input wavelengths below 800 nm, 
the second harmonic (400 run) begins to lie inside the 
absorption band of the crystal and it is strongly attenuated. 
However, we presume that the technique allows obtaining 
SHG beyond the above range, especially for higher wave- 
lengths, where attenuation is not a problem. The conver- 
sion efficiency ran around zz 0.01% for an unfocused input 
beam, having a peak power of about 0.5 MW and a beam 
diameter of 3 mm. However, with a slight focusing of the 
input beam into the crystal with an input of 2 MW we 
easily obtained conversion efficiencies of z 1%. No change 
in the conversion efficiency was seen during 3 months. 
Without the fixing we did not see any significant SHG. 
This check was made in the crystal before the domain 
treatment, and also after the domains were erased. 

The experimental results can give more information on 
the SHG process. The directions of the beams’ propaga- 
tion, polarizations, and the domains show that the signifi- 
cant nonlinear coefficients are dxl and d33. By measuring 
the intensities of the harmonic waves we can estimate that 
dj3-2d3,. This fits the theoretical estimation8,” for SBN 
withx=0.75 that gives ds3=12.8f3.6 and djI=5.0+3.0, 

750 770 790 810 830 850 870 890 910 
WAVELESGTH (nm) 

FIG. 4. Dependence of the conversion efficiencies on the pump wave- 
length for the crystal with microdomains only (curve a), and ordered 
plus microdomains (curve b) . 

in units which are relative to d36 of KDP. We believe that 
the domains make up for the phase mismatch between the 
fundamental and the second-harmonic waves, Sk= k20 
- 2k,, caused by an index difference (dispersion), which is 
An-O.19 for the 830 nm-415 nm conversion region. This 
necessitates a domain grating period of A,=2?r/&k 
=&/2An=:2.07 pm, where ilo is the vacuum input wave- 
length. However, for our results with the broadband spec- 
tral response shown in Fig. 4, we must have had spread 
quasiphase matching means. Such a mechanism was theo- 
retically discussed in the past.15 In our experiment this is 
provided by the random microdomains in the crystals. 
Their net effect is shown in curve (a) of Fig. 4, taken with 
the crystal that had only the microdomains. The ordered 
domains, with the well-defined periodicity along the beam 
propagation direction, are responsible for the selective en- 
hancement of a narrow spectral regime, as shown in curve 
(b). They also gave the enhanced peaks in the spread far 
field [not observed in Fig. 3). The periodicity, which in 
this experiment was z-2 pm fits the enhanced response. It 
was also possible to obtain a very narrow spectral range of 
-0.5 nm, of which center was controllable by the grating 
wavelength. Then the SHG was a narrow beam. Another 
important advantage of the spread phase matching is that 
it relaxes the usual strict demand for a precise direction 
and optimum shape of the pump beam in SHG. There is, of 
course, a price for all these advantages, paid by a degrada- 
tion of the efficiency.15 

In conclusion, we point out several potential uses of 
this work. First of all, we can have a simple means for a 
coherent light source in the 380-500 nm wavelength range 
with the Ti:sapphire laser. This range also fits GaAs semi- 
conductor lasers. It can be also used in the standard SHG 
technique for short pulse inspection of the important 
mode-locked Ti:sapphire lasers. Finally, we note that sim- 
ilar techniques might be applied for the use of other crys- 
tals (bulks or fibers) for SHG in a prespecified spectral 
range. 
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