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Frequency-degenerate nonlinear light scattering in
low-symmetry crystals
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A considerable distinction of light-induced scattering in optically biaxial crystals comes from the fact that
the principal axes of the optical indicatrix do not coincide with the crystallographic directions. The study of
photorefractive scattering in SnyP5Sg (monoclinic symmetry) revealed the particular requirements as to
light polarization for excitation of parametric scattering and the polarization inhomogeneity of wide-angle

scattering. © 2008 Optical Society of America
OCIS codes: 190.5330, 160.2260.

Tin hypothiodiphosphate (SnyPsSg, SPS) is known as
a photorefractive material with fast (microsecond
range) temporal response and high (about 10 cm™!)
two-beam-coupling gain (see, e.g., the review chapter
[1]). The light-induced space charge develops via
diffusion-mediated transport (possibly, via charge
hopping in the near infrared [2]), thus explaining the
pronounced two-beam coupling.

At room temperature SPS belongs to the symmetry
class m, the y axis being normal to the mirror plane
and the x and z axis making an angle of 91.15° [3],
i.e., an angle only slightly different from 90°. The
electro-optic (Pockels) tensor of SPS possesses 10
nonvanishing components, the largest known being
=174 pm/V [4]. A standard geometry for index grat-
ing recording involves two beams that impinge upon
a z-cut sample in a plane normal to the y axis and po-
larized along the x axis [1]. For z-cut SPS samples a
strong wide-angle light-induced scattering was re-
ported [5], similar to the beam fanning in crystals
with the diffusion transport [6].

Apart from polarization-isotropic scattering, the
structure of Pockels tensor for these crystals allows
one to expect various kinds of anisotropic scattering
with polarization orthogonal to that of the incident
beam [7]. Surprisingly, for a material with a high
gain, to our knowledge such a scattering has never
been mentioned in publications about SPS and most
probably has not been observed at all.

This Letter describes the observation of several
qualitatively new features of photorefractive scatter-
ing in optically biaxial crystals such as SPS. As dis-
tinct from what is known for birefringent crystals
with one optical axis, it was found that (1) the polar-
ization of the wide-angle scattering is not uniform
but depends on the scattering angle, (2) to observe
conical parametric scattering the polarization of the
incident beam should be adjusted not in the direction
where the largest electro-optic constant defines the
gain factor but according to the orientation of the op-
tical indicatrix, and (3) for hyperbolic scattering the
foci are not located along crystallographic axes.

Several SPS crystals grown in the University of
Uzhgorod, Ukraine, were studied. The samples were
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cut along the crystallographic axes; they typically are
a few millimeters thick and have optically finished
faces. An unexpanded beam of an Ar*/Kr* laser en-
tered the sample through one face while the scatter-
ing pattern was observed on a screen behind the
sample (Fig. 1). In such a way only those patterns
were analyzed that are due to the recording of trans-
mission index gratings [7].

For z-cut and x-cut samples the wide-angle scatter-
ing is aligned along the positive direction of the x and
z axes, respectively. The scattering is strong in z-cut
samples and comparably weak in x-cut samples. The
scattered waves polarization is the same as that of
the incident wave.

A rich variety of scattering processes is found for
y-cut samples. If the incident light is polarized along
the x axis (polarization unit vector e has the compo-
nents {1,0,0}) or along the z axis (e={0,0,1}) bright
hyperbolic lines appear, centered to the y direction.
Figure 2a shows an example for the incident beam
tilted 20° with respect to the y axis in the xz plane.

If the polarization of the incident beam is rotated
roughly to +45°, the wide-angle scattering becomes
dominant. Figure 2b shows a scattering pattern for
the incident light with e={1,0,1}. For orthogonally
polarized incident light, with e={1,0,-1}, a fraction
of the polarization-anisotropic ring can be seen in ad-
dition to wide-angle scattering (Fig. 2¢). The hyper-
bolic patterns do not appear in the two last cases.

We attribute the wide-angle scattering to amplifi-
cation of optical noise via direct coupling with the in-
cident wave. In contrast, hyperbolic and ring struc-
tures are assigned to parametric mixing of four and
three copropagating beams, respectively.
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Fig. 1. (Color online) Setup for the observation and study

of the scattering patterns. SPS, photorefractive sample;
N/2, phase retarder; P, polarizer.
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Fig. 2. Scattering patterns in y-cut SPS sample for differ-
ent polarizations of the incident light beam. No polarizer is
put between the sample and screen for patterns a and b.
For pattern c the intensity of the wide-angle scattering is
strongly suppressed. The incident light polarization is indi-
cated in each frame.

In spite of the apparent similarity of the scattering
pattern of Fig. 2b to classical beam fanning in
BaTiOg3 [6] there exists an important distinction be-
tween the two cases: the polarization of fanning in
BaTiOg is uniform, the same as that of the incident
wave. With an appropriately adjusted polarizer the
intensity can be reduced to zero throughout the
whole scattering lobe. The scattering shown in Fig.
2b, on the contrary, is not uniform in its polarization:
when rotating a polarizer one can move a dark fringe
along the scattering lobe. The deviation of polariza-
tion of a particular component in scattered light from
the polarization of incident light increases with in-
creasing angle between the incident and scattered
light.

The properties of the parametric scattering are un-
usual, too. Nontrivial conditions of excitation of a
ring scattering have already been described. For hy-
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Fig. 3. (Color online) Optical indicatrix in the xz plane.
The angle between the x axis and the longest axis of the
ellipse is y=43.3° for A\=633 nm at room temperature [8].

perbolic scattering the foci appear on the bisector of
the axes x and z, as distinct from, e.g., the scattering
in LiNbOg3:Fe, where the foci are located along the z
axis [7].

To explain specific manifestations of the light-
induced scattering in SPS one needs to consider the
optical indicatrix of this biaxial crystal. The ellipsoid
of the refractive indices lies in the mirror plane; n;
and ng axes of the ellipsoid are in the xz plane, while
the ny axis is normal to this plane. Figure 3 repre-
sents a sketch of the indicatrix in the xz plane with
the emphasized difference in n; and ng indices.

At room temperature the long axis of the indicatrix
for 633 nm light is aligned roughly along the bisector
of the z and x axes (one can find precise data on tem-
perature and wavelength dependences of the indica-
trix parameters in [8]). From Fig. 3 we see that the
eigenwaves of y-cut SPS have the polarization unit
vectors close to e;~{1,0,-1} and e;~=~{1,0,1}. At the
same time, for x-cut or z-cut SPS the eigenwaves are
polarized along the crystallographic axes, for ex-
ample, e;={0,1,0}. This means that when changing
the direction of the light-beam propagation from the
z to the y axes one will see a gradual rotation of the
polarizations of two eigenwaves. We calculate the
eigenwave polarization angle v versus beam incident
angle B in the xy plane (see Fig. 4) with only one as-
sumption, that the n, axis of the optical indicatrix of
the crystal of point group m is aligned along the y
axis:

(n7% sin 2y — n3% sin 2))sin B

v= 5 tan™ 3

(n7%sin’y + n3

The dependence shown in Fig. 4 allows us to ex-
plain the spatial inhomogeneity of the beam fanning
in y-cut SPS. The most strongly amplified scattering
waves are those for which the polarization does not
change with propagation, i.e., the scattering waves
with eigenpolarization. These waves form, together
with the incident wave, the fringes with the contrast

cos?y)sin®B + n;

; . (1)
% cos?B - ni? cos?y — n3® sin%y

that does not oscillate in space. Consequently, the
space-charge field produced by these fringes is high
everywhere in the crystal bulk, and relevant scat-
tered waves are amplified stronger than others.

For scattered components that are not eigenwaves
of the sample the polarization state changes with
propagation distance. At certain distances the slab of
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Fig. 4. Polarization angle of the eigenwaves versus beam
propagation angle in the xy plane. ny, ng, and n3 mark con-
ditions at which the refractive index takes its principal
values.

SPS acts as a lambda half-phase retarder that ro-
tates the linear polarization to 90°. The fringe con-
trast at these distances drops to zero, and no space-
charge field develops. It is obvious that such a
scattered wave is amplified much less than that with
eigenpolarization. As the polarization of the eigen-
wave depends on the direction of its propagation (Fig.
4) the polarization of the wide-angle scattering (Fig.
2b) follows this dependence.

The unusual orientation of the optical indicatrix in
SPS, which is aligned along the bisector of the x and
z axes, defines the position of the hyperbolic scatter-
ing foci that are located on the longest axis of the in-
dex ellipsoid. To excite a hyperbolic scattering a mix-
ture of two eigenwaves needs to propagate inside the
crystal so that the wave vectors k obey the phase-
matching condition

KL - I = - K @
Here, the upper indices mark eigenpolarizations, and
lower indices mark the incident (inc) and scattered
(scat) waves. Thus the axes of the index ellipse shown
in Fig. 3 define the symmetry axes for the hyperbolic
scattering pattern. The fact that hyperbolic scatter-
ing does not appear when only one of two eigenpolar-
izations is present in the incident beam also follows
directly from Eq. (2).

As opposite to hyperbolic scattering, the aniso-
tropic ring scattering comes from only one wave with
eigenpolarization, namely, from that with the small-
est index n;. The relevant phase-matching condition
reads as

k(l) _ k(l) _ k(3) _ k(l) (3)

inc scat — “*scat inc*

The best condition for observation of a ring, there-
fore, is to illuminate the sample with the wave that
contains only one polarization n;, which is in full
agreement with our observations.

The scattering angles for parametric processes
such as those described by Eq. (3) are very sensitive
to the difference in the refraction indices of eigen-
waves and vary with the laser wavelength. This was
verified experimentally: the apex angle 6=32° is
measured at A=568 nm as compared with 6~25° at
N=647 nm. These values are in good agreement with
the estimate that is done with the known data on the
index dispersion of SPS [8] from the relationship that
follows directly from Eq. (3) [see [7] for the details of
the derivation of Eq. (4)]:

0=~ V/(n3+n1)(n3—n1)/2. (4)

To conclude, we observed, for the first time to our
knowledge, the anisotropic conical scattering in
SnyPySg and found and explained particular features
of several kinds of photorefractive scattering in this
material, which are related to its low symmetry. It
should be emphasized that the observed nonlinear
conical scattering has nothing in common with the
linear effect of anomalous conical refraction typical
for optically biaxial crystals [9]: the latter can be
oberved only when the light wave is propagating
along one of the two optical axes of the crystal, while
the conical scattering that we observe can be excited
over a wide range of angles, even 50° away from the
optical axis.
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