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Abstract: Thefirst observation of anisotropic diffraction and anisotropic
self diffractionin low symmetry photorefractivecrystal Sn,P,Sg isreported.
From comparison of the diffraction efficiency of isotropic and anisotropic
diffraction the ratios of the Pockels tensor components are deduced, includ-
ing some nondiagonal componentsthat have never been evaluated until now.
The particular orientation of the optical indicatrix in SnoP»Sg (roughly at
45° to z- and x-axes at ambient temperature) has a paradoxical consequence:
The efficiency of anisotropic diffraction depends solely on diagonal compo-
nents of the Pockels tensor, while the efficiency of the isotropic diffraction
is considerably affected by nondiagonal components. With aready known
results and data presented in this article we can state that al 10 nonva-
nishing Pockels tensor components of the m-symmetry class crystal like
Sn,P,Ss do manifest themselvesin various types of nonlinear wave mixing.
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1. Introduction

Tin hypothiodiphosphate (Sn2P»Sg, SPS) is a promising photorefractive material [1] that be-
longs to symmetry group m [2]. It is sensitive from the red up to the optical communication
wavelengths 1.3 um [3] and 1.5 um [4] and has a fast response (down to millisecond range in
the visible) and a high gain factor (typically about 10 cm~1 but with some dopants up to 30
cmtinthevisible) [1].

In spite of the fact that it was first synthesized in 1974 [2] and its photorefractive properties
were discovered already more than decade ago [5,6] the diel ectric and el ectrooptic properties of
this crystal are still not fully characterized. In arecent publication [7] four of ten nonvanishing
components of Pockels tensor were tabulated. They were extracted from the measurements of
birefringence using the conventional technique with an external field applied to the sample. In
this paper we describe some parametric wave mixing processes [8] that can be considered as
optical manifestations of several previously unknown components of the Pockels tensor and we
give the relative values normalized to the component r yu and r 2.

In particular, the first observation of anisotropic diffraction and self diffraction (diffraction
with the change of polarization of the diffracted beam to orthogonal as compared to the polar-
ization of the readout beam [9]) is reported for the samples cut along the crystall ographic direc-
tions (x-cut, y-cut, and z-cut), with the appropriate orientation and polarization of the recording
waves. With the known birefringence of SPS [10], the Bragg angles are calculated for all pos-
sible processes of anisotropic diffraction and particular types of diffraction are identified from
comparison with the measured data. The effective electrooptic coefficients are then evaluated
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for all studied geometries. The measured efficiency of these mixing processes and the diffrac-
tion efficiency of conventional isotropic diffraction (with identical polarization of incident and
diffracted waves) enablestheratios of relevant Pockels coefficientsinvolved in the grating read-
out to be found.

2. Definitions

For low symmetry crystalslike SPS, different physical propertiesare defined in different Carte-
sian coordinates. The principal axes of the refraction index ellipsoid do not coincide, e.g., with
the axes where the Pockels tensor is defined. The low frequency dielectric permittivity tensor
in standard crystallographic coordinates contains nondiagonal components thus proving that
dielectric frame is different from crystallographic frame [11]. This complicates the all-optical
evaluation of the electrooptic coefficients compared with uniaxial photorefractive crystals that
belong, for example, to 3m or 4mm symmetry classes like LiNbO3, LiTaO3, SBN or BaTiOs.
On the other hand, this complication brings new, sometimes quite unexpected effects, such as
the independence of some kinds of anisotropic diffraction from the nondiagonal components of
Pockels tensor.

In what follows we choose the Cartesian settings for SPS as proposed in [10,12]. In accor-
dance to the |EEE standard on piezoelectric materials [13], the z-axis is defined parallel to the
[001] crystallographic direction (axis c), while the y-axisis normal to the mirror plane and cor-
responds to the crystallographic b-axis. The x-axisis therefore perpendicular to y- and z-axes.

In this coordinate frame, which is very close to the crystal elementary cell frame [14] the
Pockels tensor of Sn,P,S; is represented as:

ok O Ty
fwx 0 Ty
o rx 0 Iz
f= 0 gy 0 | (1
rhox 0 TIxg
0 ry O

3. Anisotropic diffraction and self diffraction in birefringent photor efractivs

In birefringent crystals, eigenwaves with orthogonal polarizations propagate with different ve-
locities (they have different indices of refraction). A schematic drawing of the Ewald construc-
tions in the wavevector space for birefringent crystals is shown in Fig. 1. Suppose two waves
with the wavevectors k1 » propagate and form a fringe pattern which is imprinted inside the
crystal as an index grating; it has the grating vector

K=k —k§'. )

The upper indices mark the polarizations of eigenwaves (belonging to the internal shell of
Ewald construction with asmaller index of refraction ng or external shell with alarger index ny,
respectively). For uniaxial crystals with negative birefringence like LiNbO 3, the smaller index
s corresponds to extraordinary wave and larger index | correspondsto ordinary wave.
Recording of the index grating is most often done by the two waves that belong to the same
Ewald surface (one exception is recording with spatially oscillating photovoltaic currents in
LiNbOj3 [15]); the readout is however possible not only by one of the two recording beams (that
are Bragg-matched by definition) but also with the other Bragg-matched waves. The grating
vector may be translated in reciprocal space so that it touches the internal and external Ewald
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Fig. 1. Phase matching diagram for isotropic recording and anisotropic diffraction from
photorefractive gratings in a birefringent crystal.

surfaces simultaneously. In this case the same grating couples two different eigenwaves of the
sample that have orthogonal polarizations. The wavevectors of these waves meet one of two
possible phase-matching conditions

K =kj— k3, 3
K = kg —kk. (4)

If awave 3is sent to the sample at an angle defined by Eq. 3, the orthogonally polarized wave
4 appears because of the diffraction and vice versa. The same is true for waves 5 and 6, i.e.,
anisotropic diffraction is possible for an eigenwave with a smaller index ng as well as for an
eigenwave with larger index n;. (For the sake of simplicity we consider all wavesthat propagate
in the same plane defined by two recording waves, in fact the anisotropic diffraction is possible
also for waves that propagate in other directions.)

The angles of readout and diffracted beams can be calculated for anisotropic diffraction from
Eq. 3,4 if the refractive indices are known. The measured dependences of these angles on the
recording wave angles can serve as the experimental proof of the existence of a particular
anisotropic diffraction process.

For special angles of the recording beamsthe wavevectorsof the recording and readout waves
may coincide, k§ = k3 or k3 = k2. Thus, the diffracted waves with the orthogonal polarization
appear without any auxiliary readout beams. This type of nonlinear wave mixing is called self
diffraction. It is of practical interest because the selfdiffracted wave can be a phase conjugate
replicaof one of the recording waves providing the second wave has a plane wave front [16,17].
It is obvious that the anisotropic self diffraction can be observed only for eigenwaves with
smaller index of refraction.

The phase matching conditions are a necessary prerequisite of anisotropic diffraction, but
they are not sufficient for its observation. For anisotropic diffraction to occur, the crystal should
possess an effective Pockels coefficient that allows two eigenwaves to be coupled. In the case
of LiNbO3 these coefficients are the nondiagonal components of the Pockels tensor (those with
the different first two indices in the full three-index notation or r 5; and r4» in contracted nota-
tion). We will show below that the expressions for the effective Pockel s coefficient that couples
two waves (either with identical polarizations or with orthogonal polarizations) are more com-
plicated in low symmetry crystals like SPS.

4. Experiment

The experiment was performed with several SPS samples grown in the Institute of Solid State
Physics and Chemistry, University of Uzhgorod, Ukraine. The samplesare cut along the crystal-
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lographic directions and typically are several mm thick. Helium Neon laser light (with TEM g,
20 mW output power at 0.63 um, linearly polarized) is used to record the photorefractive grat-
ings. The unexpanded beams of roughly equal intensities are used to record the grating, while
a third (incoherent) beam with a smaller intensity is used to readout the grating (Fig. 2). Un-
less otherwise stated, the recording beamsimpinge upon the sample symmetrically; the readout
angle and the diffraction angle are measured in air from the normal to the sample input face.

Fig. 2. Projection of the optical indicatrix of SPS crystals at ambient conditions to xz-plane.
n; and nz are the refractive indices of eigenwaves for ay-cut sample.

The polarization of the recording waves is chosen to correspond to the eigenwaves polar-
ization. In low symmetry crystals such as SPS, the optical frame does not coincide with the
crystallographic frame that results in a particular orientation of eigenwaves polarization. With
the x-cut sample, eigenwaves are polarized along y- or z-axes and for the z-cut sample they are
polarized along x- or y-axes. For y-cut sample, however, the polarizations of the eigenwaves at
ambient temperature are parallel neither to x nor to z directions but are tilted to ¥ = 47° (ny)
and 43° (ng) with respect to x-axis Fig.2.

In first set of experiments we concentrated on measurements of diffraction angles for
anisotropic diffraction at different recording angles to identify the particular diffraction
processes. Later the relative or absolute measurements of the diffraction efficiencies were per-
formed to extract information on unknown electrooptic coefficients. The diffraction efficiencies
of about 10~2 or higher were measured directly as aratio of the diffracted beam intensity to the
total intensity of transmitted readout and diffracted beams.

For measurement of smaller efficiencies the lock-in amplifier was used, as it is shown in
Fig. 3(a), to eliminate strong scattering of the recording beams in the direction of the diffracted
beam. The high-voltage amplifier (HVA) enhanced signal from the lock-in amplifier is sent
to an electrooptic modulator (EOM) to modulate the readout beam with high contrast at a
frequency of 1 kHz (much higher than the reciprocal decay time < 50 1/s of a grating at the
spatial frequencies used in present experiment). The signals from photodiodes PD ; and PD»
that measure the intensities of the diffracted and the readout beams respectively arefed into the
lock-in amplifier to get the diffraction efficiency.

Anisotropic diffraction was detected in al three cuts of SPS. Fig. 4 shows the dependence of
the readout and diffraction angles versus half-angle of the recording beams. The black straight
lines in this figure show the trivial case of isotopic Bragg diffraction of the recording wave(s)
when the diffracted wave coincides with the other recording wave. Such a diffraction was ob-
served for recording with K || x-axis and K || z-axis; it does not occur for K || y-axis. The
experimental data on isotropic diffraction are not shown in Fig. 4. The dots, squares, triangles,

#100420 - $15.00USD  Received 21 Aug 2008; revised 15 Sep 2008; accepted 15 Sep 2008; published 8 Oct 2008
(C) 2008 OSA 13 October 2008 / Vol. 16, No. 21/ OPTICS EXPRESS 16927



from laser

from laser

Fig. 3. Experimental arrangement to detect and study the anisotropic diffraction (a) and
self diffraction (b). The intensity of the readout beam is modulated at a high frequency (1
kHz) by the electrooptic modulator EOM. The diffracted signal at the same frequency is
collected from the detector PD1 and compared with the transmitted intensity collected from
the detector PD, by a lock-in amplifier. Only two identically polarized beams are sent to
the sample to observe the self diffraction (b), for any angle between recording waves the
sample tilt angle is measured for which the auxiliary beam appears with the orthogonal
polarization.

and diamonds in Fig. 4 are the results for the readout and/or diffraction angles for the waves
labelled 3,4,5,6 in Fig. 1 and Egs. (3,4). The red and blue lines represent the dependences cal-
culated from Eg. (3) and Eq. (4), respectively, with the birefringence data of SPS tabulated
in [10]. A satisfactory agreement of experimental and calculated data is evident. It should be
noted that the angular dependencesfor anisotropic diffraction shownin Fig. 4 are measured and
calculated for the eigenwaves of the crystal (see Fig. 2).

To observe the anisotropic self diffraction only two beams are sent to the sample. They have
identical polarizations that correspond to the smaller of the two eigenvalues of the refractive
index. For any fixed recording angle the sample is rotated around the vertical axis until the dif-
fracted beam with an orthogonal polarization appears. By adjusting different recording angles,
the dependences of the diffracted angle and sample tilt angle on the recording angle can be
measured. Fig. 5(a,b) shows, as an example, the results of the measurementsfor the x-cut sam-
ple. Two y-polarized recording beams impinge upon the sample in the xy-plane and generate
a z-polarized selfdiffracted wave. The open squaresin Fig. 5 show the measured values, while
the solid lines represent the dependences calculated from Eq. 2 with the additional condition
k3 = k3. The self diffractionin case of K || y (symmetric incidence of two recording waves or
sampletilt angle equal to zero in Fig. 5) confirms the existence of nonvanishingr y,, component
of the Pockels tensor in SPS.
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Fig. 4. Readout and diffraction angles versus recording beam angle for recording beams
aligned: (&) in the xy-plane of the y-cut sample with K || x-axis and (b) in the zy-plane of
the z-cut sample with K || z-axis. The solid lines represent the calculated dependences and
dots, squares, triangles, and diamonds are the results of measurements, as explained in the
text.

Self diffraction was observed also for the z-cut sample with y-polarized waves and for the
y-cut sample. In the latter case, two eigenwaves with the smaller index of refraction (n4) record
the grating; its grating vector K can be aligned along x-direction as well as along z-direction.
For all mentioned variations of self diffraction, the measured angular dependences (as shown
in Fig. 5) are in good agreement with the calculated data.

It should be mentioned that self diffractionisacloserelative of thelight induced conical scat-
tering that we reported recently for SPS in [18]. In conical scattering only one beam with the
appropriate polarization is sent to the sample while the light scattered from the optical imper-
fections of the sample serves asasignal wave[8]. A cone of scattered light with the orthogonal
polarization appears and its apex angle can be found from the phase matching condition of Eq.
2 providing k§ = k{.

5. Estimating the electrooptic coefficients

Specific components of the Pockels tensor (EQ. 1) can be estimated from any nonlinear wave
coupling experiment. In this study we limit ourselves to measurements of the diffraction effi-
ciency of the recorded grating.

Within the small coupling approximation, the diffraction efficiency n of the index grating in
photorefractive crystal is given by the following expression [9,19]
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Fig. 5. Dependences of self diffraction angle (a) and sample tilt angle around the z-axis (b)
on recording half-angle for an x-cut SPS crystal. Two recording waves impinge upon the
sample in xy-plane.

2d 2 R 2
| g§-0¢-€ 5
n ( I m) (8 &))", (5)
with the polarization unit vectors of the diffracted and incident waves €4 and &, respectively;
longitudinal components of the wave vectorsk;, and ky; perturbation of the high frequency per-
mittivity tensor §€; interaction length d, and light wavelength A. From the general relationship
between the perturbed tensor of high frequency dielectric impermittivity and the static electric
field E, the amplitude of perturbation of the high frequency dielectric permittivity & £ can be
expressed as

5§z—é(r‘E)é7 (6)
where £ isthe unperturbed tensor of the high frequency dielectric permittivity. The space charge
field that affects 6¢ is T L

Ex=K|{— | ——= 7
* ( e)1+K2€§’ 0

with the Boltzman constant kg, electron charge e, spatial frequency of the grating K, and Debye
screening length ¢s = /eeoksT /€2Ngt¢. The space charge field might be much smaller than
thediffusion field K (kgT /€) in case of insufficient effective trap density Neft When the product
of the spatial frequency and the screening length, K 2¢2, becomes much larger than unity.

Our aim is to extract the data on Pockels tensor components rjx from the experimentally
measured values of the diffraction efficiency. Asit followsfrom Eqgs. 5-7 the efficiency depends,
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apart from the effective electrooptic coefficient, on other inherent properties of the material
and on the experimental conditions (wavel ength, sample orientation that affects low frequency
permittivity € [20], angles of diffraction that define grating frequency K, interaction length that
depends on orientation and angles). The parameters like the effective interaction length are
individual characteristic of a particular sample and depend on the amount of domains with the
opposite orientation of spontaneous polarization.

In order to avoid the influence of al these factors that can reduce the reliability of our es-
timates it is desirable to evaluate the ratios of the effective electrooptic constants when com-
paring, e.g., the efficiencies of isotropic and anisotropic diffraction from the same space charge
grating. Thiswas done to evaluate such components, for example, asr yx and r .

From Egs. 5 and 6 we get

&z (rec)d® /1 /n{Un
&2 (rec)éd? //nPn?

Here &t is the static electric field unit vector, the indices (1) and (2) mark any two of several
possible diffraction processes, either isotropic or anisotropic.

In general case, acertain combination of Pockelstensor componentsenters both in numerator
and in denominator of Eq. 8. To reduce the number of componentsinvolved it is necessary to
choose a particular orientation of sample and recording beams.

Let at first consider the space charge grating recorded in the y-cut sample with the grating
vector K parallel to the x-axis. In this case, the expressions for the diffraction efficiency that
enter a numerator and a denominator of Eq. 8 read

n(l)

r’(z) o

(8)

Visol = CN3 [P+ Fzzx — (Foox — Fzzx) COS2) — 2ryx SN2y |, 9)
Vg3 = CN3|Noac+ Tz 4 (Moo — Fzzx) COS2)( 4 20 SN2y, (10)
VTaniso = C /1303 | (oo — M) SIN2) — 200 COS2Y . (11)

Here y isthe optical indicatrix rotation angle (see Fig. 2) the subscriptsisol and iso3 mark the
isotropic diffraction of the eigenwaves with indicesny and ns, respectively, while aniso denotes
the anisotropic diffraction (either of a wave with n; into a wave with n3 or in the opposite
direction). Finally C incorporates all mentioned above parameters that characterize the grating
and experimental conditions and are identical for al possible types of diffraction from this
grating.The differencein propagation directions for isotropic and anisotropic diffraction inside
the sample is neglected here because a relevant correction factor appears to be less than 2
percent.

The particular weights of Pockels tensor components in any of the three equations (9-11)
depend on optical indicatrix rotation angle y. With y ~ 45° (which is very close to real value
x =43° inSPSat A =0.63 um and ambient conditions) equations Egs. 9-11 are reduced to

vV Misox1 = Cnf oo + P zzx — 20| (12)
VTaniso =~ C /1303 oo — 2] (14)

From Eqg. 14 it becomes clear that the anisotropic diffraction in y-cut SPS is independent of
nondiagonal components rx of the Pockels tensor while these components may affect, when
being sufficiently large, the conventional isotropic diffraction. Note that this situation is quite
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different from that for photorefractive crystals that belong to higher symmetry classes 4mm
(BaTiO3) or 3m(LiNbO3), where y = 0 and where the ani sotropi c diffraction depends primarily
on nondiagonal components of Pockels tensor.

If the data on Mjsp1, Misp3: @d Naniso &€ known from the experiment and n1 and n3 are
known from the literature [10] one can solve the equations Eq. 12-14 for theratiosr z/rx and
I'ax/Fxxx- 7O make unambiguous conclusions about the signs of the particular components the
information concerning positive direction of crystal x- and z-axes is necessary. The extracted
data are given in Table 1 together with already known data from [7].

Table 1. Comparison of experimentally estimated ratios of Pockels coefficients with those
known from Ref.7. In second column the values in numerator and denominator are given
in pm/V units.

previous data[7] present paper
Fox /x| (140+£18)/(174+10) | 0.87+0.02
Fox/Too | (-25415)/(1744+10) | -0.12+0.07

A reasonable agreement of these data proves the validity of the proposed technique and
allows for evaluation of other, previously unknown, Pockels tensor components. If in the same
y-cut sample the grating vector K is aligned parallel to the z axis the efficiencies of the three
diffraction processes similar to that described by Eqgs.12-14 are

vV TMisol =~ c n? Moz + Tz — 2 22 (15)
vV NisozB = c n% Moz + Tz + 2 22 (16)
Vaniso = C' /1303 |roe — 12z (17)

With this set of equations and the measured efficiencies we can evaluate the ratios r xy /1 - and
I'xz/ T2z thet are tabulated in Table 2.

Unfortunately, the described procedure cannot be applied for al crystal cuts: for a grating
vector K ||y-axis the isotropic diffraction is not allowed and there is no reference diffraction
to compare with the anisotropic diffraction which is due to ry, and ryy. To follow the same
procedure and evaluate the ratio of Pockels tensor components instead of absolute values, we
study the anisotropic self diffraction in x-cut and z-cut samples with the grating vector K tilted
to 45° with respect to the y-axis. In such a manner we get a desirable reference because the
isotropic diffraction becomes possible with nonzero ryy, and rz, for the x-cut sample (or Iy
and ryyx for the z-cut sample). Thus the anisotropic diffraction which is due to r y, (or due to
Fyxy) Can be compared to isotropic diffraction from the same grating.

For the x-cut sample, the efficiencies are given by

1
VMol ~ c:”ﬁ N3 ryzl, (18)
1 n
o~ C'— —Pr 19
Miso2 > n1n3| zzz|a ( )
315
nsn
T oLy e N 20
Naniso 2nln3| yzy| (20)

withnp=/(nf+nj3)/2.
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A similar set of equationsis derived for diffraction in the z-cut sample from the grating with
the grating vector aligned al ong the bissector of yx angle:

L 1
VNisor >~ C 7§n3|ryyx|a (21)
C* 1 n% 22
Vlisoz ~ C' — —|r
Niso2 > n1n3| 30|+ (22)
n3n3
VNaniso =~ C* 2n1n3|ryxy|. (23

With the measured values of the diffraction efficiencies the equations (18-23) allow for the
evaluation of the ratios ryy,/I 7z, Tyzy/Fyyz, Fyyx/ o @0 Fywy /Tyyx. They are @l givenin Table 2.

Table 2. Experimentally estimated ratios of unknown Pockels coefficients.
Ixxz/ (222 1.7+ 06
Tyz/Y 22z 0.69 + 0.03
o2/ Tz -1.8+ 04

| fyzy/Tyyz | | 0.06+ 0.01
I 22/ Txoex 0.87 4+ 0.02
Fyyx/ Foox 0.53 4+ 0.02
Fyxzx/ Tocx -0.12+ 0.07

[ ryy/Tyyx | | 0.06 + 0.01

The samples used in the present experiment were cut along the crystallographic axis with a
precision of not better than 3°. Errors from an imperfect crystal orientation, from the approx-
imation of the optical indicatrix orientation (45°-tilt instead of 43°-tilt with respect to x-axis)
and from experimental errors of the diffraction efficiency measurements define the error bars
shown in Table 1 and Table 2. The statistical spread of the measured data (two samples with
different areasin each, reproducibility of data) was never beyond the indicated error bars.

It is worthwhile to note a quite obvious differencein the relative errors for different linesin
Table 2. The general tendency is that the uncertainity is larger for the weaker components than
for the stronger components. A particular relative error depends, however, on the technique of
evaluation; it may appear to be larger for some componentsfor which the set of linear equations
(Egs. 12-14 or Egs. 15-17) should be solved to extract the data for y-cut sample.

As one can see, some of the Pockels coefficients can be normalized to ryx (ryx can be
reduced to ry because their ratio is known) while the others can be normalized to r o (in
similar way ryy, can be reduced to r). To get the hierarchy of al 10 Pockels coefficients we
need to normalize all components to a common coefficient, e.g., to the largest coefficient r yxx.
To do thisit is necessary to interrelate at least two coefficients that have a different last index,
one with x and the other with z. By comparing the absolute values of the diffraction efficiency
for two different crystal cuts, for example, for x-cut and z-cut while keeping the polarization of
the recording waves along y direction, the ratio ryy/ry, can be found. According to the data
reported in [20] and measurements made in this study with two more SPS samples we obtain
Fyyx/Tyyz &= 7.0£ 1.0. The reliability of the last procedure is however not very high because
of all of the factors discussed above (difference in domain structure seen by the recording
fringes, differencein screening effects because of the anisotropy of the dielectric permittivity,
etc.) Larger statistics of different SPS samples are necessary to get reliable data on the absolute
values of the Pockels tensor components.
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6. Conclusions

We observed and studied isotropic and anisotropic diffraction in SPS for different mutual ori-
entations of the recording beams and sample and different polarization of the readout beam. We
can summarize the main results of this study:

(i) All components of the Pockels tensor with identical first two indices (diagonal compo-
NENts), Moo, Nyyx Fzzx: Moy Tyyz, @8Nd Iz manifest themselvesin polarization isotropic diffraction
from the space charge gratings. The ratios of these components have been found via recording
and reading out of photorefractive gratingsin x-cut and z-cut samples.

(i) Anisotropic diffraction in y-cut samples depends solely on the linear combination of the
diagonal components as, for example, ryx — r'z. This allows for an independent check of the
measured ratios of the Pockels components.

(iif) The nondiagonal components ry and r; are involved in isotropic diffraction in y-cut
samples together with at least two diagonal components. To decouple a nondiagonal compo-
nent it is necessary to perform three measurements of the diffraction efficiency, for isotropic
diffraction of waves with two orthogonal eigenpolarizations and for anisotropic diffraction.
Another possibility consists in using of data on diagonal components already available from
other experiments.

(iv) Finally, the two remaining nondiagonal components of the Pockels tensor 1y, and ryyy
are extracted from measurements of anisotropic diffraction in x-cut and z-cut samples.
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