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This paper is dedicated to the study of a new class of light-induced parametric scattering recently found in
photorefractive Syg1Bag 3d\Nb,Og:Cr (SBN:Ci). The scattering consists of polarization-isotropic cones in-
duced by two pump beams and forming series of vertical lines on the observation screen. It is due to a type of
AWM processes between pump and scattering waves involving the fundamental grating recorded by the pump
beams. A complete phenomenological analysis of the new 4WM model is presented. The scattering hysteresis
under external fields and the temperature evolution of the new scattering are studied. It is shown that the
parametric scattering is a useful tool for studying ferroelectric and relaxor properties of SBN.
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[. INTRODUCTION line patterns on a viewing screen behind the cryst&tThis
type is due to four-wave mixing{WM) processes where two

Propagation of laser beams in crystals with a high photopump and two seed waves are involved. The spatial geom-
refractive nonlinearity often results in light-induced scatter-etry of the scattering pattern is defined by the phase-
ing. The particular interest in this effect has grown considermatching conditions of the corresponding 4WM process, and
ably during the last decades due to various fundamental anthe intensity of scattered light depends on the efficiency of
technological aspects. High amplification rates reported fothe wave mixing.
photorefractive scattering encourage its use for different non- The direct correlation between photorefractive and ferro-
linear optical applications like, e.g., amplification and trans-electric properties was shown by studying beam fanning in
mission of weak optical signals and imadésmixing of  SBN.%16 Taking into account the direct dependence of the
mutually incoherent beanisetc. Because of its photorefrac- efficiency of the scattering processes on the state of the spon-
tive origin, light-induced scattering contains information taneous polarizatioR,, it was suggestédthat a temperature
about electric charge transport mechanisms and various matudy of light-induced scattering in photorefractive ferroelec-
terial constants, and therefore is an effective tool for contacttrics is an especially promising tool for studying the evolu-
less characterization of materidts.Light-induced scattering tion of the polar structure in the vicinity of the phase transi-
is seeded by coherent optical noise originating from optication. A progress in the theoretical study of the processes of
inhomogeneities of the crystal. These seed waves interfengarametric amplification of scattered light is important for
with pump waves of the transmitted part of the incident light.further development of a general 4WM theory. Developing a
They record a large variety of elementary refractive indexdeeper understanding of parametric mixing of pump beams
gratings via the photorefractive efféchMutual diffraction of ~ with coherent noise is a task not only for photorefractive
seed and pump waves on these noisy gratings results in darroelectrics in particular, since parametric scattering is a
enhancement of the coherent noise, and light-induced scadieneral effect found in many optical materials with different
tering develops. Usual two-wave mixing procedsesolve  types of nonlinearity®-2*
only one seed wave and one pump wave and result in wide- The first extended classification of parametric scattering
angle scatteringalso called beam fanningThe angular dis- by different 4WM processes proposed in Ref. 22 is based on
tribution of the scattered light can be strongly asymmetricthe following phase-matching conditions:
[one-lobe pattern in 9Ba,_,Nb,Og (SBN) and BaTiQ!%1]
or more or less symmetri¢two-lobe pattern in doped

LiNbO; and LiTaG?, depending on the particular type of rings: kq+kg=kstk,, 1)
photorefractive response of the crystal. A more complicated
and impressive type of light-induced scattering is parametric
scattering, which results in a rich variety of different ring and lines: k,—kg=ks=k,. (2
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lines: k,—kg+jKi=ks—k,, (4)

where the indey defines the multiplicity of supplementary
phase-matching gratings; or Kp necessary to fulfill the
corresponding phase-matching conditions. Fo®, Egs.(3)

and (4) are reduced to Eqgl) and (2) of the conventional
4WM model, while forj # 0 they describe the new scattering
processes. Equatiof8) perfectly fits vectorial diagrams of
the new parametric scattering in PPLN, indicating that
anomalous light spots are parts of the scattering cones ori-
ented along the propagation of the pump beams. All scatter-
ing lines reported in SBN can be described by E.with

an even numbej. Particular mechanisms resulting in the
Thermoelectric effective scattering in PPLN are discussed in detail in Ref.
element 26. The explanation of the new processes of parametric scat-

FIG. 1. Experimental setup and scattering patterns from wd€ring in SBN is only in its initial stages and requires further

extraordinary pump beamsand3(26,=5°) observed on a viewing effort. . |
screen. The SBN sample is placed on a stack of Peltier elements to In this paper we complete the phenomenological model of

control the crystal temperature. The crystafaces are connected NEW parametric scattering found in SBNand discuss all
to a dc power supply. possible 4WM processes which may result in the scattering.

An experimental study of the new 4WM processes is carried
These conditions parametrically couple the wave vectorgut with an example of scattering lines with even indiges
k of the pump waves, 8 and the seed waveg évia pairs  observed in a low-doped SBN:Cr crystal. The hysteresis be-
of identical gratings recorded by combinations of differenthayvior of the new scattering under high external electric
seed and pump waveg- g and 6-a. At the same time, fie|ds is reported, showing the strong dependence of the scat-
diffraction of the wavesr and 8 on these gratings enhances (gring properties on the state of the crystal polar structure.
the seed waves and y. In the general case, waves in EQS. The temperature evolution of the scattering is studied in a
(1) and(2) ”.‘?]y part|C|pate".|n different vlarlantts) of 4WM. A " yiide temperature range covering the transition from the
ggr?\r/gitirgnrv:‘tor t\évtﬂ dn(i)rr]\co Inéar ?qmp atsier. eaT\;SVII\i mo?*erroelectric to the paraelectric phase. We show that the tem-
: ying parametric scattering. pro perature of the decay of local polar structures of definite
cesses described by the phase-matching conditionélEar sizes in SBN can be measured by means of parametric scat-

Eqg. (2) form scattering cones oriented parallell or perpen->"°. ; ;
dicular to the bisector of the pump anglé,2between two tering and that it depends on the spatial scales of these struc-

pump beams, respectively. The first type of cones results ifH€S:

rings, while the second results in lines on a viewing screen

behind the crystal. Equatiori$) and(2) allow only 19 inde-

pendent variants of 4WM épﬂrocesses. All these processes Il EXPERIMENTAL SETUP

were observed and explain For a certain timt_a the ques- A single crystal of SfgBasd\b,0g doped with 0.02
tion of 4WM scattering seemed to be sett_led in all detallswt% Cr,0, was grown by the modified Stepanov
However, new types of parametric scattering were reporte?echniqu@ and cut into cuboids with a thickness of
recently which could not be explained in the frame of the_¢ 1 1\ and a large input face af c=5.8x 7.0 mn?. The

conventional 4WM model(1) anomalous light spots in pe- ., ;
L . ystal was poled at room temperature by applying an exter-
riodically poled LiNbG;: Fe (PPLN?*2¢and (2) sets of ver- 5 alacrric field ofE=6 kV/cm for 24 h. Afterwards, it was

tical lines in single domain SBN:@ (see Fi_g. 3‘ 4WM mounted onto a Peltier element in the setup shown in Fig. 1,
models were developed and applied to explain this new paray; o ing a temperature adjustment in the range from 10 to

metric scattering. The mixing of coherent optical noise an 50 °C with an accuracy of 0.01 °C. The crystal was oriented

pump waves was traced 1o various comblnatlons Of NOISY5 that the spontaneous polarizatiBg coincides with the
gratings either with the domain grating, in PPLN formed Cartesiarz vector
by ferroelectric layers with different orientation of the vector The sample Wa.15 iiluminated by two unexpanded beams

Ps, or with the fundamental gratinef{=k,-Kg in SBN re- 54 g'in Fig. 1) from either an At-laser (\=488 nm and
corded by pump beams. It is important to note that in PPLNdFWHM:]- mm) or a frequency-doubled Nd-YAG-lasei

scattering spots are observed with the vetter parallel to =532 nm,deyyy=1.5 mm). The beams impinged symmetri-

the pump angle bisector, while in SBN the grating vedtor cally upon the crystal. The pump anglé,etweene and 3
is always normal to the bisector. An inclusion of the addi'could be varied between 3°26 <180°pA viewing screen
h .

tional gratingsK ; and Ky, in the phase-matching conditions a5 hjaced behind the sample to photograph 2D-patterns of
gives rise for a multitude of new multiwave processes. Thqight-induced scattering in thg-z plane. To measure the

unified phase-matching conditions covering all known types,n.jar intensity distribution(6.) in the scattering pattern
of parametric scatteringincluding those newly reported along thez axis, a photodetectdnot shown in Fig. 1 with

were proposed in Ref. 25: an apex anglé\ 6;=0.5° was mounted on a motorized rota-
rings: K,+kg+jKp=ks+k,, 3 tion stage at a distance bf=10 cm from the sample and was
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rotated around it from zto +z in the angular range of case, the higher order of diffraction is avoided because of the
-90°< 6,< +90° (in air). The scattering angle correspond- rather large thickness of the sample. Also, the chosen geom-
ing to the pump angle bisector was defineddgs0°. Nega- etry of the experiment does not allow an effective recording
tive and positive angles correspond to theand +z direc-  and amplification of the photorefractive gratings via the con-
tion, respectively. The angular distribution of the scatteringventional process described by E@), because of the zero
pattern always was measured in the steady state. The entivalue of the corresponding electro-optic coefficientsand
setup was placed within a black box with only a small holer,3. The existence of the lines can not be described by any of
for the entrance of the pump beam in order to minimize thehe phase-matching conditions given by E¢9.and (2) in
noise from external light sources. the frame of the conventional 4WM model of parametric
Both c surfaces of the sample are connected to a dc powescattering.
supply. The amplitud&, of the electric field can be varied in We apply a 4WM model based on phase-matching condi-
the range from -6 kV/cm to +6 kV/cm. Fields applied in tions given by Eq(4) to explain the appearance of lines in
the direction of the original polarization are considered ad-ig. 1 as a result of parametric mixing of the pump wawes
positive, while fields applied in the opposite direction areand 8 and two sets of seed wave$ and §j (scattered sym-
considered as negative. First, the crystal is illuminated hometrically at angles #) on noisy gratings. The noisy grat-
mogeneously by incoherent white light to erase any previouggs are recorded by different pairs of seed and pump waves,
holographic gratings. An external field, is applied to the and the strong fundamental gratiKg=k,—kg, is recorded
illuminated crystal for a duration of 10 s, then it is switched only by the pump waves. Pump and seed waves record the
off. After a relaxation time of 1-2 min, the erasing light is following sets of noisy gratings:
turned off and the crystal is illuminated with the pump
beams. Ksj=ky =K, (5)

Kej=ka=Kg, (6)
IIl. EXPERIMENTAL OBSERVATION OF NEW

PARAMETRIC SCATTERING AND

PHENOMENOLOGICAL MODEL Kaj=kg —Kg, (7
Two coherent extraordinarily polarized beams with the K =k —k 8
wavelength\ =488 nm intersecting in SBN:Cr induce para- pL Y Pe

metric scattering, resulting in series of vertical lines on thea general feature of AWM phase-matching conditions is their
viewing screen. The scattering lines have the same polarizanvariance to Cartesian coordinates, therefore, a spatial ori-
tion as the incident light and are observed only at smalkentation of the wave vectors in Figs. 2, 4, and 5 does not
pump angles &,<40° (measured in ajr The number of depend on the particular definition of the axes.

lines and their angular position strongly depend on the pump  Figure 2 shows the phase-matching diagrams for seed-
angle 6,. Figure 1 shows the typical scattering pattern ob-pump pairsa-6j and -vj for various indiceg fulfilled by a
served in SBN:Cr for\=488 nm and pump intensitiel§,  combination of the vector , K¢; andjK;. The diagrams
=15=600 mW/cni. Pump beams are marked by black disksare plotted in the plane of the incoming pump beam. The
on the viewing screen. At @=5°, the pattern consists of vectorsK; and Ky formed by two symmetric seed-pump
three lines in the e direction and two lines in thectdirec- pairs are not para”eL but Obey the equation

tion. The line intensity decreases drastically with increasing

angle. The parametric scattering appears against the back- Ksj+ K =Kg; (9)
ground of beam fanning, with the bright lobe oriented along ) ) ) o

the -c direction. That results in an additional enhancement off herefore, diffraction of the wavej on the combination
lines on the € side and a partial depletion of lines on the + (K¢j=jKy) and the wavesj on the combinatiortK ;+jKy)
side. The same lines are observed in the backward scatterégequivalent to diffraction of these waves on the gratig
light propagating towards the incident beams. Similarly to@ndKyg;, respectively. This equivalence provides a paramet-
the forward scattering lines, the angular positions of thelic enhancement of the gratings; andK; and increasing
backward scattering lines depend only on the angle betweemplitudes of wavesj and dj. After the corresponding sub-
the pump beams, not on the angle of incidence of the pumptitution of K, Ky andKy, Eq. (9) can be rewritten as
beams on the crystal. This indicates that all lines are parts of )

nested cones with different apex angles and a common axis (+ Dika=kp) =k =Ky (10
normal to the pump angle bisector. It is important to note that Equat|on(10) is another form of the phase_matching con-
the lines are not due to a scattering of high orders of diffracitions[Eq. (4)] with K¢=k,~kg. According to Eq(10) and

tion of the pump beams, since there were no such high ordelsig. 2, the larger the index of a line in the series is, the more
observed in the eXperiment. If the hlgher orders of diffraCtionvectors Kf are necessary to Comp|ete the phase_matching
from the fundamental gratin y would exist, they will co-  conditions: linesyl and 61 can be formed with a single

incide with scattering lines observed in Fig. 1. The highergrating K;, lines y2 and 62 need K, etc. The scattering
diffraction orders may induce the conventional B-process deangle also increases with the indgx

scribed in Ref. 22 and, respectively, yield the scattering lines
at the same angular positions. However, in our particular Sin 65;=(j + 1)sin 6. (11
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FIG. 2. Phase matching diagrams of 4 WM processes described li§@ageneral view in the plane of incidence fior 1-4. Lines with
odd (even indices are drawn in grayscalblack), respectively.

The number of lines in a set decreases with increasingnatching condition§Eq. (4)]. Therefore, all of these four
pump angle, the largest number of scattering lines, which i4WM processes should yield the same scattering lines. Ac-
possible at a particular pump angled,2 equals jn.c  cording to Eq.(11), no even lines should exist afig=39°,
=int[sin™t 6,—1]. The theoretical dependence @f on 26, in agreement with the experimental observations. Also, Eq.
calculated with Eq(11) is shown in Fig. 3 for the>-series at  (11) predicts lines with even index=[2-20 at 26,=5°,
1<j=<6. The angular dependence for theseries differs while only lines withj=2, 4, and 6 are found in the experi-
only in the sign ofés;. The symbols represent the actually ment. This is because the actual number of lines that can be
observed position of the lines. A comparison of the experi-observed depends on the efficiency of the corresponding
mental and theoretical curves shows that only lines with evedWM processes, which strongly decreases with the multi-
indexj are observed in the experiment. The absence of lineplicity of the vectorK; enclosing the phase-matching dia-
with odd indices indicates that the corresponding 4WM pro-grams. The efficiency of 4WM processes shown in Fig. 4
cesses are suppressed in SBN. One possible reason for tliscreases from to d.
behavior is that the phases of waves and gratings involved in At the same time, the geometry of the new 4WM pro-
the process can depend on the parity of the ind@tobably, cesses results in additional interesting effects of interference
odd indices result in destructive wave mixing with no effec-and cascading of 4WM processes, promoting the new para-
tive parametric amplification of seed waves. Below, we will metric scattering. The interference effect is obvious from the
discuss only 4WM processes with everwhile a discussion fact that different 4WM processes result in the same scatter-
for odd processes can be performed in a similar way. ing lines. If parametric processes interfere constructively, the

We take into account that the gratikg considerably ex- resulting exponential increment describing the total paramet-
tends the possible variants of parametric mixing. Figure 4ic amplification of seed waves should additively incre&se,
shows four 4WM processes with different multiplicity of the and scattering will be considerably enhanced. A cascading
supplementary gratingl; resulting in the same scattering effect for scattering waves with evgns shown in Fig. %a).
pair 62-y2. The diagrama is an excerpt from Fig. 2 fof ~ The wavess2 andy2 are amplified via the primary paramet-
=2 showing the mixing via vectois;, Ks; and K accord-  ric process given in Fig. (4 and can be considered as
ing to Eq. (9). Diagramsb and ¢ show a mixing via two

spatially symmetric sets of vectots;, Ky and Xy, and B o T
Ky, Kpj and Xy, respectively: L 1 -
| > | AR
Ksj+ (j + DK =Ky;, (12) & f AA\ 1
18)’ o L\E&H:\ 51|
Kpi+ (j+ DK =Kgj. (13 S L ¥ \ |
\
Finally, diagramd is 4WM via a combination oK ,;, K g; q% - SN\ 52 .
and &K: =§' 60- 6g\‘ 55 \o4 83 |
) K. =K . @ P B VIR S T VIS BN o I
Kpj + 21K =Ky;. (14) 0 10 20 30 40
Parametric amplification of seed waves in the case of Egs. pump angle 26, (deg)
(12<(14) is due to the virtual equivalence between different
combinations of the noisy gratinds,;, Ky, Kp;, Kgj, and FIG. 3. Scattering anglé; vs pump angle, for scattering lines

the fundamental grating;. Corresponding substitutions re- §1-66. Marks are experimental results, while theoretical curves are
duce Eqs(12)—(14) to the general expression of the phase-taken from Eq.(11).
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FIG. 4. Phase matching diagrams of 4 WM processes for line
82 andy?2 described by Eq9) (a), Eq. (12) (b), Eqg. (13) (c), and
Eq. (14) (d) shown in the plane of incidence.

“pump” waves for the next scattering pa# andy4, while
these waves will serve as the pumps for wadésand v6,
etc. In general case, “pump” wavés;, ks and “scattering”
waves Kyj+2), Kgj+2) record gratingsKg;=Kkgj.2—ks and
Kej=Kyj+2—K,j, which difference is alwaysK =K
=Ko —Kg»=2K;. Therefore, the pump energy can be effec-
tively transferred to waves with larger index via waves with
smallerj. At the same time, the cascading effect for gdd
expected to be less effective, because the reld€igr K/,
=Kg—Kg is not fulfilled. As it is shown in Fig. &), K;
_KC/]':ZKf, while KSl_KS’l:Kf'

According to the conventional model of the photorefrac-
tive effect® recording of refractive index gratings in SBN:Cr
occurs as follows: An interference pattern formed by two

PHYSICAL REVIEW B 71, 024104(2005

FIG. 5. Phase matching diagrams depicting a cascading effect in
parametric multiwave mixing.

electrons migrate due to thermal diffusion and are trapped by
acceptor levels Cf in regions of low light intensity. The
resulting space-charge field modulates the index of refraction
via the linear electro-optic effect, and a photorefractive grat-
ing is recorded. The 4WM efficiency depends on the strength
of the recorded gratings, particularly on the strength of the
fundamental gratingf ;. The grating strength in turn depends
on the contrast of the interference pattern and on the pump
angle betweerw and 8. Therefore, the scattering intensity
exhibits a strong dependence on the pump ratjs |,/ 1 ;%

and on the anglé,. Figure 6 shows the dependence of the
scattering intensity of the line&2 ands4 on the pump angle.
The intensity of both lines is measured in the plane of inci-
dence and then normalized with the pump intenslsﬁyla

+l 5. The decrease of the scattering intensity of lifie ob-
served at 2,>20° is due to the space-charge limitation at
the increasing spatial frequency, which is typical for SBN.
For comparison, the two-beam coupling coefficient measured
asFI:% In[1,(D15(0)/1,(0)14(1)] is also shown in Fig. 6. The
drop of the intensity of line¥4 occurs at smaller angles than
of line 62 becaus& 4, Kpa, Kga>Kgo, Kpo, Kgo. The de-

[ ° _ i
na A=488nm e
= 109 °n ® 1K
= L ° —4%’
® J
% 'D O =3
C v 9
3] - O . 1 =
-E A v [ ] 1l »
= 5407 O 12 @
2 L e O = 5 .35
= v v 510 1 &
2 ov ] o TI 13
S L 1 o
8 0 .dj..|vv...'1_']|:|n..h.-...—... 2
0 10 2 30 40
pump angle 26, (deg)

coherent waves excites electrons into the conducting band FIG. 6. Dependence of the intensity of liné8 and 54 and

from donor levels CY in regions of high light intensity. The

two-beam coupling coefficieritl vs the pump angle &,
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crease of the scattering intensity at small angles is a cleatomains completely. For temperatures higher than the phase
indication of the photorefractive origin of the new scattering:transition temperature, the domain structure is substituted by
the diffusion process dominating the charge transport in SBNess stable polar clusters causing honzero macroscopic polar-
is a sine function of the angle between two waves at smalization, decaying gradually with temperature. As the linear
recording angles. Note that gratings recorded in materialslectro-optic effect is a function of the spontaneous polariza-
with dominating diffusion arer/2-shifted with respect to the tion Pg, the efficiency of photorefractive recording in SBN
initial interference patterns. Such a spatial shift allows ardepends on the state of the polar structure. The largest
additional light amplification by two-wave coupling in the — electro-optic coefficients; which is mainly responsible for
direction, which usually leads to the development of spatiallythe gratings shown in Figs. 2, 4, and 5 can be writteAas:
asymmetric beam fannif@seen in Fig. 1. Direct pump-seed

coupling also results in an additional enhancement of the r33= 2033P3e 330, (15

lines in the € direction and a depletion in thec4direction. where P3=Ps, 033 is the quadratic e|ectro-optic coefficient,

A presence of scattering lines with evpand an absence ande,; ande, are dielectric permittivity and dielectric con-
of ones with oddj cannot be explained by considering only stant. Any changes in the polar state will affect light-induced
the phase-matching diagrams. An appearance of the particdcattering. The appearance and efficiency of the scattering
lar type of parametric scattering is defined by the efficiencycan be controlled by external electric fields \a In an
of the corresponding 4WM process, which in its turn de-electrically poled sample with most domains oriented in one
pends on photorefractive properties of the medium. For ingirection, the photorefractive response and light-induced
stance, as it is shown for ring-scattering processes fulfilledcattering are very pronounced. However, at a negative ex-
via the domain gratind(, oriented in the direction of wave ternal fieldE, equal to the coercive fielH,, the spontaneous
propagation, the processes with eyeare only effective via  polarization and electro-optic coefficient approach zero, and
a photovoltaic contribution to the photorefractive recording,a|| photorefractive properties vanish. Intensity and angular
while diffusion governs processes with ofléf It is because distribution of the seed scattering is also defined by the spa-
of different properties of the photovoltaic and diffusion re-tja| order of the ferroelectric domains in SBN. According to
sponse in the periodically poled structures. However, such the model of seed scatteridg,photorefractive scattering
trend is not the case for a homogeneously poled SBN angenters in SBN are anomalies of the refractive indaxn-
line-scattering processes fulfilled via the fundamental gratingjuced via the linear electro-optic effect by internal electric
K orthogonal to the pump angle bisector. Here, the effect ofie|ds located on domain tips. In an electrically poled sample
the phOtOVOItaiC and diffusion contribution on the efﬁCiencywith Spa“a”y ordered ferroelectric domainén-anomalies
of even and odd parametric processes should be differedgrm diffraction structures with different spatial frequencies
from that reported for PPLN. An intricate and multicom- defined by the sizé of the Corresponding domains. Diffrac-
pound configurations of 4WM greatly complicates a theorettion of the incident light ondn-structures with the spatial
ical analysis of the parametric amplification processes. Aperiod A results in seed scattering propagating at the angle
derivation of the exact expression of the corresponding amp_ =2 arcsiri\/2A). Seed scattering propagating at sm|l
plification coefficients requires an elaboration of a newcorresponds to large domains, while large-angle scattering is
4WM theory adapted to the new phase-matching conditionsjye to small domains. The efficiency of the seed scattering
which is beyond of the scope of this paper. increases in samples with a well-ordered polar structure
(poled samplgsand decreases in samples with a disordered
structure(unpoled samplgg® Since the spontaneous polar-
ization and the polar structure decay when the crystal is
heated abové,, light-induced scattering decreases as well.

SBN is a typical relaxor ferroelectric, which means thatFor different spatial scales this decrease occurs at different
the polar structure does not immediately break down at @&mperatures, since smaller domains are less stable than
sharp phase transition temperature; instead, local polar clusarger ones. This makes parametric scattering a particularly
ters survive far into the paraelectric phase. Usually, the teminteresting tool for a contactless study of the relaxor phase
peratureT,, of the maximum of the dielectric response is transition. The parametric scattering observed in SBN has
taken as the transition temperature. However, the value thuangle-selective properties: 4WM results in the enhancement
received is an integrated response of the crystal over differof scattering components propagating only in the angular
ent domain/cluster sizes. Because of the strong temperatuneterval defined by the corresponding phase-matching condi-
dispersion of the decay of different scales in the polattions. The recorded photorefractive gratings correspond to
structurel” a phase transition temperature cannot be definethe limited spectrum of spatial frequencies in the polar struc-
and measured. ture. Therefore, the temperature evolution of the parametric

For doped SBNT,, is rather close to the room tempera- scattering should possess all necessary information on the
ture. In the ferroelectric phase, the polar structure of SBNemperature dependent decay of the polar structure with the
consists of ferroelectric domains of different sizes from doz-particular spatial scale. Note that the angular-selective nature
ens of nanometers to hundreds of micromet@rBlectric  is an important advantage of the parametric scattering com-
poling of the sample aligns most of the domains along thegared to beam fanning, when the task is to study the particu-
direction of the external field, yielding a non-zero polariza-lar spatial scale in the polar structure of the crystal. With
tion in the crystal. However, poling does not eliminate bulkbeam fanning one can evaluate the state of the polar structure

IV. FERROELECTRICITY DRIVEN PROPERTIES
OF PARAMETRIC SCATTERING
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in a rather wide spatial spectral range, while we restrict the
analysis only to domains with the certain sixedefined by [ A=488nm
the scattering anglé; due to parametric scattering. These o loop 1
two methods may complete each other when applied to the 0 leop 2
study of changes in the polar structure caused by external
fields or by thermal heating. The corresponding results re-
ceived by the beam fanning method are represented in Refs.
15-17. Below we apply the new parametric scattering to ana-
lyze some particular polar scalé$) at the spatial reversal
and the ferroelectric hysteresis, affl at the thermal decay
over the phase transition.
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A. Spatial reversal and hysteresis behavior of parametric FIG. 7. Scattering hysteresis measured a#88 nm: coefficient

scattering ms vs external electric fieldE,. First and second loops are marked

To study the spatial reversal of the domain structure, firspy circles and squares, respectively. The solid symbols label the
a high external fiel&,=-5.0 kV/cm is applied to the SBN Start and the end point_s of_the first and second loop, respectively.
sample at room temperature. After the field is switched offThe arrows show the direction of the changetgf
and the crystal is illuminated by the two pump beams with
the wavelength A\=488 nm and intensities |,=1;  =-2.4 kV/cm for both hysteresis loops, but on the positive
=600 mW/cn?, the scattering pattern on the viewing screenside it increases fronk.=2.75 kV/cm for the first loop to
appears spatially reversed compared to the pattern shown E.=4.4 kV/cm for the second loop. This difference can be
Fig. 1: Now the strong lines develop at positive angles andaexplained by the pinning effect usually observed in ferroelec-
weak lines at negative angles. The total scattering intensity igic hysteresis experiment$ At the same time, further rep-
almost unchanged by the repoling procedure. The lobe oftitions of the experiment show rather good reproducibility
beam fanning also switches its orientation to positive anglesf the scattering hysteresis: the next two loops are almost the
0. All these changes are due to the spatial reversé,dfy = same as the second loop. This can be attributed to the mini-
the negative external field. The absolute valuégfvas not  mization effect of optical irradiation on the domain pinning
changed by this procedure, since the total amount of thearlier reported for highly doped SBNX:32
scattered light was the same before and after the reversal. In conclusion, the observation of the scattering hysteresis
The P reversal does not affect the efficiency of the 4WM proves that the photorefractive response in SBN is a function
processes, but inverses the direction of the two-wave couwsf the polar structure of the crystal and can be applied to the
pling. Posterior application of a positive electric fielf)  study of its ferroelectric properties.
=5.0 kV/cm switches the vectdt; and the scattering pattern
back to its original state.

The evolution of the parametric scattering pattern under a
gradually increasing external field allows to study the ferro- The temperature study of the parametric scattering was
electric hysteresis. A pump angl@2-28° is chosen so that performed at a pump beam wavelengthA\sf532 nm and
only two liness2 andy2 appear in the scattering pattéeee  intensities ofl ,=1,=300 mW/cni. The photorefractive re-

Fig. 2. E, is changed in small steps from zero Ey= sponse in SBN decreases with increasing wavelength. At the
-5 kV/cm, then increased in the opposite directionBp chosen wavelength only two line$2 and y2 are observed

=5 kV/cm. After the reduction of the field back Ep=0 the  over the whole pump angle interval, and therefore no influ-
hysteresis loop is closed. After each step, the value of thence to the temperature dependence of these lines from other
scattering ratio coefficientng=(l ,—1,,)/(I,+1,,) is deter- lines is expected. The vectoks;, K, andK g, involved in
mined as a measure of the spatial order in the polar structur¢ghe corresponding 4WM processes have nearly the same spa-
This coefficient depends on the state of spontaneous polatial periods. The temperature evolution of light-induced scat-
ization in the crystal and changes its sign when the scatteringgring was measured at two different pump angle 2
pattern andPg are reversed by the external field. Two com-=3.4° and 12° corresponding to one of the lowest and the
plete loops of the ferroelectric hysteresis were performedhighest intensity of the lin&2, respectively. The first angle
Figure 7 shows the corresponding dependenceabn E,,. corresponds to spatial structures with a peribe9 um,

The horizontal plateau on the scattering hysteresis curveshile the second one selects=2.5 um. Figure 8 shows
correspond to the two stable states of the polar structure withngular profiles of the light intensity behind the sample mea-
mutually opposite orientations d?;. The end point of the sured for three different temperatur€s 25, 63, and 90 °C.
second loop is marginally lower than that of the first loop,All scans present steady state intensity distributions in the
implying a gradual reduction of the spontaneous polarizatiomplane of incidence. The two central maxima are caused by
during repoling at room temperatures. The scattering rajio the transmitted pump beams, while two peaks appearing at
passes through zero when the external figldapproaches larger angles are scattering lines. The complete temperature
the coercive fieldE.. The coercive field is asymmetric for dependence of the total intensity of the parametric scattering
both loops: On the negative side, it remains constari.at IE:I&HyZ measured at@,=12° and 3.4 ° is shown in Figs.

B. Temperature evolution of parametric scattering
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and two-beam coupling coefficierdil measured at &,=12° (a)
FIG. 8. Angular profiles of scattering pattern in the plane of ang 3.4°(b).

incidence measured &=25, 63, and 90 °C for &,=12° (a) and

3.4° (b). V. CONCLUSION

9(a) and 9b), respectively. The curves are normalizedio . .

atT=15 °C, marked by circles. At®=12°, the lines remain A comple_te_phel_womenologmal gnaly5|s of new processes
almost unchanged in intensity at low temperatures, decread¥ Parametric light-induced scattering recently found in SBN
at T>30 °C, and vanish af=72 °C. A different behavior is has been presented. The conical scattering induced by two
observed at 8,=3.4°: First, the line intensity strongly in- PUMp beams and resulting in series of light lines is caused by
creases with increasing temperature, peak&=80 °C and 4WM processes between scattering and pump waves involv-
vanishes to zero &t=79 °C. A qualitatively similar tempera- ing the fundamental grating recorded by the pump beams.
ture behavior is observed for two-beam coupling under comGeneralized phase-matching conditions for the new 4WM
parable geometrical conditions. The corresponding curves girocesses are derived. The properties of the scattering have
the coupling coefficient’'| are shown in Figs. @) and 9b) been investigated in low-doped SBN:Cr at different tempera-
by squares. These results can be interpreted in light of theures and under externally applied electric fields. Parametric
fact that scattering components propagating at differenscattering is suggested as a promising tool giving an addi-
angles are associated with different domain structures. Thgonal information on ferroelectric and relaxor properties of
photorefractive response in SBN depends on the electrasgN at the certain domain size selected by the corresponding
optic coefficient s5, which increases with temperatt@his  phase matching conditions. The scattering hysteresis has
is the reason of the strong increase of scattering lines at smaleen found and interpreted as the result of a strong correla-
pump angles. At the same time, the spatial disorder and thgon between the photorefractive and ferroelectric properties
following decay of the domain structure occurring abdye  of SBN. The decay of polar areas of different spatial scale
weaken the photorefractive grating recording. Note agaiypove the relaxor phase transition has been observed directly
that because of the relaxor behavior the spontaneous polagpm the temperature dependence of the scattering intensity.
ization and photorefractive properties of SBN do not vanishthe study of the new scattering is of paramount importance
abruptly, but decay gradually with temperature. Since smallfor further developments of the 4WM theory and for a better

scale structures decay faster and easier than large-scale strygmierstanding of processes of parametric amplification of co-
tures, the decrease of the parametric scattering at large anglggrent noise in nonlinear optical materials.

takes place at lower temperatures than for small angles. The

maximum oflg at a particular angle indicates the decay

temperature of polar structures with the particular size ACKNOWLEDGMENT
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