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We investigate here both theoretically and experimentally light-induced scatterifig Zircut Bi;,TiO5q
crystals with an external ac field. Our simple analytic solution, which is nearly as precise as the numeric one,
allows us to recognize the following otherwise hidden general features. Without the elasto-optic contribution,
the scattering patterns are identical for the same value=af,+ (2/3)¢,,, whereg, is the initial polarization
angle and, is the angle of the external field. With the elasto-optic contribution, the scattering patterns for the
same¢ are still very similar. Fog# 0, the scattering patterns depend differently on the elasto-optic coefficients
pi2> and p;3 so that in principlep;, and p;3 can be measured by purely holographic experiments. On the
experimental side, we present scattering patternsgfo® and =30°, showing thereby the similarity of the
scattering patterns for equal valueséofin all cases, we obtain good qualitative agreement of our analytic and
numeric calculations with the experimental finding81063-651X00)09212-4
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[. INTRODUCTION pensated by applying an external electric ac f{dll].
In this paper, we investigate photorefractive light scatter-
Light-induced scattering of holographic type in photore-ing governed by TWM processes in (111)-cut; BiO,,

fractive crystals is due to formation of secondary noise grat{BTO) crystals with an external electric ac field, allowing for
ings between light noise, originating from various inhomo-an arbitrary orientation of the applied electric field. We de-
geneities, and the pump wavgs]. The scattering may be rive a simple approximate analytical solution that allows us
phase-matched or non-phase-matched. In the first case orfy €lucidate general features that are otherwise hidden in
those components of the light noise are amplified that ar&1any details: There are whole families of related scattering
parametrically coupled to the pump waves. In the presenc@attems the members of whlgh_l_oelong to dlf_ferent directions
of one pump wave, phase-matched scattering can be realizé’(ﬁ the external field and the initial polarization. On the ex-

in crystals with anisotropj/A]. It results in ringlike scattering perimental side, we provide scattering patterns for typical

patterns. The induced birefringence in sillenites is weak eveﬁepresentatlves of some of those families, showing the simi-

for high applied voltages; therefore non-phase-matched scatqrm.eS .W'thm the families. In all cases, we obtam good
tering is usually observe2—4]. That is, many different qualitative agreement of our analytical and numerical calcu-

; . o . lations with the experimental findings.
components of the light noise may be amplified by interac- I W Xper Inding

tion with the pump wave if the photorefractive response is of
nonlocal character. This interaction may be considered as Il. THEORY

two-wave mixing(TWM) between the pump wave and the | et 4 (111)-cut BTO crystal be illuminated by a single
individual scattered plane waves if the amplification is Weak-linearly polarized pump wave, propagating along faé1]
In this case the intensity distribution of the scattered lightyyis Within the paraxial approximation, the propagation di-
follows the angular dependence of the TWM amplification action of the noise waves is supposed to be close to the
[5,6], whereby the elasto-optic effect can significantly influ-111) axis. An external ac field is applied within the (111)
ence the distribution of the scattered ligRt-4,7. ~  pane. Its temporal profile has a square-wave form with a
There are a number of publications investigating lightperiod much smaller than the grating formation time and
scattering in (110)-cut sillenite crystdl8—4,8-10. Butan-  ych Jarger than the mobile-electron lifetime. These condi-
other crystal cut, namely, (111), is attracting more and morgjons |ead to enhancement of the photorefractive response
interest because it shows the highest possible symifletry  ith an effective energy exchange between the interacting
15]. The diffusion recording for the (111) cut is studied and\yayes[16].
optimized in Refs[13-15. It is shown there that the thick- Each weak noise wave can interact with the pump wave
ness dependence of the maximum diffraction efficiency agng may be amplified by photorefractive TWM. The weak-
well as the TWM gain are only on account of the elasto-optichess of the noise waves allows one to use the undepleted
effect. The most interesting cases are when the grating vectfymp approximation and guarantees at the same time that the
is parallel to[110] or [112] axis[14]. From the symmetry noise waves do not compete with each other. Furthermore,
properties, these cases are separated from each other by 38& strong external field makes optical activity ineffective
rotations around thgl11] axis. A disadvantage of the (111) with the exception of those moments when the external field
cut is its smaller photorefractive response for diffusion re-goes through zero so that the optical eigenmodes are practi-
cording compared with the (110) cut, but this can be com-ally linearly polarized 3,17]. The following expression for
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TABLE I. Optical and material parameters of BTO far
=632.8 nm[18]. ny is the refractive index is the dielectric per-
mittivity; pj; , Cfj , €14, andr; are the nonzero components of the
elasto-optic, elastic, piezoelectric, and electro-optic tensors, respec-
tively.

s E
M1 C11-(312,‘3244 . €14
N & (pm/V) (10'N/m?) P11.P12t P13.Pay  (C/P)

258 47 475 125,275,242 -0.055, 0.295, 0.0035 1.1

where{={y— ¢ is the angle between ttjd 10] axis and the
grating vector(see Fig. 1 If only the electro-optic effect is
taken into account, we haw,=a,,= —a,,= J6/3. With
the elasto-optic contribution, the result &,=1.16, a,,
=0.83, anda,,~—0.76. The values of;; are calculated
using the material constants from Table I.
The coefficientl” from Eq. (1) is responsible for a mono-

(igne amplification of the weak wave while the term propor-
ional to C; leads to intensity oscillations with the crystal

FIG. 1. Optical configuration of (111)-cut crystals.

the amplitudeA, of the weak wave is derived in Ref3]:
As(d)-e,=Ag(0)- e, exp(d), whereeg, is the polarization
vector of the pump wave amdlis the crystal thickness. The
incrementy characterizes the energy exchange and depen

on the particular experimental conditiof@ystal cut, thick- thicknessdl, The thickness dependence of the incremig

ness, and initial light polarizatioras well as on the propa- ; o L
gation direction of the weak wave. The intensity of the noisedue to the change of light polarization within the crystal. In

wave will grow exponentially with the thickness #>0. our case, this Chaf‘g? Is mainly. caused l?y the induced' bire-
Therefore the structure of the scattering pattern on the re%;?%etir(])%e.o:—rt]relevz;:‘itég\r;eoighue Ili'ghté’;&;géit'?hner?rizlrt;gna
side of the crystal follows the spatial distribution of the ex- piing g

) ; . waves. Therefore, the total energy exchange becomes thick-
>0. : o e
ponential incremeny>0. Following Ref (3], we arrive at ness dependent. This is analogous to the case of diffusion

sin 2kcd recording where the thickness dependence of the gain is due
d (1)  to the rotation of the light polarization owing to optical ac-
tivity [3,18]. Note, however, that in the ac case with large
with «=s|Eo|\/6/3. HereE, is the amplitude of the external amplitude of the applied field, the optical eigenmodes are
electric field and the coefficiert= — 7n3r$/\ depends on essentially linearly polarized. Thus by choosing a proper in-
the refractive indexy, the clamped electro-optic coefficient PUt linear polarization, we can excite only one eigenmode so

y=F+C1

rfl: and the wavelength. For the (111) cut we obtain that ';he Iigh? polarization remains c_onstant \_Nithin the crystal.
In this special case, we ha¥® =0, i.e., the incremeny is
I =s|Eq cosy|Q[hy + (hy sin 38+ h; cos 38)sin 3¢], thickness independent.
(2) Being proportional toE,, I" can lead to a very strong
amplification if the amplitude of the applied electric field is
C,= —(\/5/4)Q|cosw|(h2 cos 38— h3sin 38)cos X, large. C,; does not depend oBE, at all and cannot lead to

(3)  strong noise amplification. Since both coefficients &and

_ _ dependent, there are optical configurations Witimuch
where = {,—(2/3)y and é={o+(2/3)p,. The angles;,  #p : |9 .
and ¢ define the orientation of the external field and thelgrg;:etrf:e;gfllla%n;others witll" negligible compared with
grating vector(see Fig. 1, ¢, is the polarization angle of the ™1 : 0 L
pump wave. The coefficienth,=H,,+H,,, hy,=H,, Equations(5) further simplify to
—H,y, andh;=2H,, depend on the dimensionless compo-

nents of the coupling tenset;;, which are proportional to I'=s|Eq cosy|Q(b, sin 3 +b, cosyrsin3¢),  (6)
the induced change of the inverse dielectric permittivity ten-
sor[15]. The quality factorQ depends oy and is given by C1=(1/6/4)Q|cosi|b, siny cos &, (7)

-1
- [Eocosy| | Ep+Ey ' (4)  whereb;=ay+ay,~0.4 andb,=a,y+ (ay—ayy)/2=1.8.
Eq |Eq cosy] It can be proved directly that the symmetridq¢,
whereEp, E,, andEy, are the characteristic fields]. +120°)=T'(£o) and C,(£o*120°)=C4(&o) hold true be-
In the coordinate system withaxis parallel to the grating cause of the threefold symmetry, typical for (111)-cut crys-
vector the components;; can be presented in a simple form tals of the sillenite family. It is important to note that there is

with an accuracy of 4%15]: no such symmetry with respect i since this angle is not
measured from any crystallographic axis. For this reason the
Hux=axsin3¢, Hyy=ayysin3f, H,,=a,cos, azimuthal distribution of the increment(or of the scattering

(5) pattern will generally not have a threefold symmetry.
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without elasto-optic effect E, |[112] E, ||[110]

(deg)

0 siny

& =60°

@ 1o Yot 0 o2 s
) | 2 | 2 | 2 2 | 2 | ! | ! ! | ! | PR | 1

-0 0 10 10 0 10 -0 0 10
B@cosy  (deg)

FIG. 2. Contour plots of the incremes( 6,¢)>0. The left column corresponds to the case without elasto-optic effect, the central and

the right t0E0||[11§] andE0||[1T0], respectively. On the left-hand side of each row is indicated the value of the corresponding.aFiue
contours are calculated from Ed®),(3) with material parameters from Table | and a crystal thickries$.1 mm.

Formulas(6) and (7) give results only slightly different For the convenience of the reader we refer in advance to
from the numerical solution; their great advantage is thafig. 2 which summarizes the scattering patterns discussed
they allow recognition of important general features that arédbelow. Each of Figs. @)—2(I) shows the angular distribution
otherwise hidden in a jungle of formalism. In what follows, of the incrementy(6,#)>0, with the angle# measured be-
we consider first conventional TWM with the grating vector tween the propagation directions of the pump wave and the
parallel to the external field, then we analyze the scatteringignal wave.
properties neglecting the elasto-optic contribution, and, Without the elasto-optic effect, Eq&) and (3) take the
finally, we take the elasto-optic contribution into account. form

With the help of Eq(6), we can find the optimum orien-

tation for the conventional TWM experiment where the grat- I'%=2(\/6/3)s|Eq cosy/|Q cosy sin 3¢, (9)
ing vector is parallel to the applied electric field. For this

purpose we sefy=0 and see from Eq7) thatC,=0. After C9=(/6/4)Q|cosy|siny cos 3. (10
optimization with respect to the polarization angle of the ] .

pump waveg,, we obtain From Egs.(9) and(10) it follows that without the elasto-

optic contribution the scattering patterns are identical for the
max _ same value ofé={,+(2/3)¢,. Thus any givené deter-
T[E= s[Eo| Q(by sin 3¢+ by). (8 mines a family of identical scattering patterns, the members
of which belong to different directions of the external field

The corresponding optimum initial light polarizatiapi;‘ax and of the initial polarization. Of special interest are the fol-

: : : ! lowing two types of families.
depends linearly on the orientatidg of the external field, o . o .
@mgx:45°_(3/2))/§0 The absg?lte maximum I"Max (1) The I' families with é=+30° [see Figs. @) and
0 .

= 5|E|Q(by+b,) is achieved forT™=90° and ™ <=0, 2(b)], corresponding tcEOH[llE] with ¢,=0° and 90°, re-
i.e., the external field and the electric field of the pump wavespectively, and td[110] with ¢,=+45°. These families
are along the{ll?] axis. are characterized b§,=0. They provide the most intensive
Depending on the direction of the external field and on the>cltering(“one lobe” patter. The figures are re]atgd by
initial light polarization, the main lobe of the scattered light r_eerEuSn W(')th respect to th% horlzon:al_ axis sinEe(§
will be, in general, not parallel to the applied electric field. It =30%)=-T (5_,__ 30 ) antil“ (y+ 189 )= _r ().
turns out, however, that the conditions for the strongest scat- (2) TheCy families with£=0 and 60 [see Figs. &) and
tering coincide with those for the strongest energy exchangd(d)], corresponding taE([112] with ¢,=*45° and to
for the conventional TWMZ5®=90° andgy®=0. Eol[110] with ¢,=0° and 90°, respectively. For these
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E, [I[112] E, |[[1T0] B
— 5
— 0
-5
. /EB FIG. 3. Experimental observa-
— () tion of light-induced scattering for
5 - the case<,|[[112] (first column

and Ey|[[110] (second column
— 0 In the caseEy|[112], the scatter-
ing pattern foreo,=—45° is es-
sentially the same as the pattern
for ¢,=45° [the latter is shown in
(©)]. In the caseEg|[110], the
5 scattering pattern forp,=90° is
practically the same as the pattern
— 0 for ¢,=0 [the latter is shown in

(®].

!
&
0 sin ¢

| | |
-10 0 10 -10 0 10
Ocosvp (deg)

families,I'=0, and the scattering pattern is extremely weak(“cloverleaf’ and “butterfly” patterns, respectively. Since
(“tiny butterfly” pattern). The figures are related by reflec- I'(¢é=0°)=1"(£=60°), the difference between the scatter-
tion with respect to the vertical axis sindé(l)(EIO): ing in Figs. 2g) and Zh) and between Figs.(R) and 21) is
—CY(£=60°) andC(y+180°)= —CI(¢). due to the coefficien€, . If we neglectC, (i.e., if the crystal

We emphasize that the scattering patterns are determindgl thick), the individuals in each pair become identical: the
by the parametet and can therefore be observed for anyupper and the lower lobes of the “cloverleaveligs. 2g)
crystal orientation. and Zh)] become symmetric; the “butterflies” in Figs(ld

The elasto-optic contribution does not change this generand 21) remain both with upper wings only. Sin€ =0 for
picture of the scattering families. The elasto-optic contribu-§é= =+ 30°, the difference in shape between Figg) 2nd 2f)
tion, however, modifies each figure of one and the same fam2nd between Figs.(B and 2j) are only on account of the
ily in a different way, so that the scattering patterns withinelasto-optic effect.
one family are not identical but similar.

It turns out that, unlikd™, C; is not strongly affected by I1l. COMPARISON WITH EXPERIMENT
the elasto-optic contributions. In particular, for tBe fami- , ) .
lies, T exceed<, so that mostly” determines the scattering W& measured the light-scattering patterns in a BTO crys-
although C, is not negligibly small. A direct calculation @ Wwith dimensions 2.1%4.97x5.07 mni with applied
shows that for these familids depends essentially only on field along[112] and in a BTO crystal with dimensions
the sumpq,+piot Prat p§4 of elasto-optic coefficients. On 2.63x6.4x5.16 mn? with applied field along thg110]
the other hand, for thE families,C,=0. For these families, axis. The first numbers are the distances between the elec-
I' depends not only on the supy,+p;3 but also onp;,  trodes and the last ones are the crystal thicknesses. Silver
—p13. This offers the possibility of determining,, andp;;  electrodes were deposited along the whole crystal thickness.
by purely holographic measurements. This would be imposA laser beam of wavelength=632.8 nm, diameter 1.4 mm,
sible with the (110) cut for which only the sum pf, and  and intensity about 1.2 W/chwas normally incident onto
p13 appears. the sample. The amplitude of the square-wave electric ac

Let us now consider light scattering for the two practi- field was 20 kV/cm. The scattering patterns were recorded in
cally important cases with the field applied either along thethe far field with a charge-coupled device camera.
[112] axis ({o=90°) or along th¢ 110] axis ({,=0°). The _Figures $a)-3(f) show the light-scattering patterns ob-
coefficient C, is zero for thel' families [see both upper tained for different inclinations of the pump wave polariza-
figures of the central and right columns in Fig.(2ne  tion. The maximum scattering is obtained ][ 112] and
lobe” pattern]. C; is not negligible for theC, families[see  ¢,=0, which corresponds to our analysis. In agreement with
both lower figures of the central and right columns in Fig. 2theory, we have the one lobe structure for & 30° [com-
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pare the pairs Figs.(8),3(b) with Figs. 2e),2(f) and Figs. also on the differencg@,—p,3 if £&==*=30° and does not
3(d),3(e) with Figs. i), 2(j), respectively. The patterns depend on it ifé=0 or 60°. Consequently, while the possi-
“cloverleaf” and “butterfly” can be recognized in Figs(8)  bly different values ofp;, and p;3 can explain the asymme-
and 3f) [compare with the pairs Figs.(@,2(h) and Figs. try of Fig. 3(b) they cannot explain the equivalence of the
2(k),2(1), respectively. casesp,= *=45° from Fig. 3c).

Looking in more detail at Figs. 2 and 3, we see that there Finally, the simplified model might be insufficient to pro-
is a small asymmetry in the experimental results forvide complete agreement with the experiment. Although
Eoll[112] and ¢,=90°. The intensity of the lower part of scattering is a very complex multiple-wave-mixing process,
the scattering pattern in Fig.(i® is stronger, which is not we describe it by a simple TWM model in the framework of
predicted from the theoretical results. Similarly, the lowerthe undepleted pump approximation. Full agreement with the
lobe of the experimental results fdE,|[112] and p,=  €XPerimental data can never be expected. .
+45° is stronger than the upper ofeee Fig. &) and the An important result of our study is that we classified theo-

figure caption. At the same time, according to theory thdetically and verified experimentally families of the scatter-
upper lobe should be stronger f@{:= — 450 " " ing pictures, grasped their main features, and proposed the

We point out a few possible sources for the discrepancy©SSiPility of determining,, andp,s independently of each
between theory and experiment. First, there may be an err@h€r- The simple analytical expressions derived above may
in the crystal cufi.e., uncertainty in the plane of incidence °€ Useful in planning a TWM experiment with the aim of an
and external field orientation The theoretical simulations 2accurate measurement pf, andp,3 by a pure holographic
show that varying the propagation direction from faa1] ~ Method.
axis by less than 5° results in the asymmetrical pattern of

Fig. 3b) and 3c). We could not, however, prove this as- IV. CONCLUSIONS
sumption experimentally. Tilting the crystal with the aim of . _ ' _
compensating possible errors of the crystal @stimated to In conclusion, we have investigated analytically and ex-

be less than 5°) did not lead to any remarkable change of theerimentally the process of photorefractive wave mixing
structure of Figs. @) and 3c). Moreover, we performed the governed by TWM processes in (111)-cut BTO crystals.
same experiment with several (111)-cut BTO crystals and heoretically we found the optimum orientation for TWM
always obtained similar scattering pictures, which remained@nd analyzed the light-induced scattering for different orien-
insensitive to rotation. tations of the external field and light polarization. The con-
Another possib|e source for the observed discrepancy béribution of the elasto-optic effect was also discussed. It was
tween theory and experiment can be hidden in the existingointed out that the (111) cut can be used for measurements
set of material constants. TWM experiments in (110)-cutof the elasto-optic coefficients;, andp,3, which up to now
BTO crystals have been performed to determine the elast@re unknown for BTO crystals. The theoretical results are in
optic coefficient§19,18. Since the photorefractive effect for good qualitative agreement with experiment.
this cut depends on the sum of the elasto-optic coefficients
p12 and py3, the separate values of this coefficients are not
known. A characteristic feature of the (111) cut is thaj
and p;3 are no longer equivalent and that both must be We thank O. V. Kobozev for assistance in the experiment
known. In our calculations we used the coefficients fromand acknowledge the financial support of the Deutsche For-
Ref.[18] (see Table)land supposed that,= p;3, although  schungsgemeinschaffSonderforschungsbereich 225 and
for the crystals of the (23) point group this assumption mayEmmy-Noether PrograniGermany] and the Volkswagen
be wrong. Note that the coefficieht from Eq. (2) depends  Stiftung (Project No. Az 1/72 918
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