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We present a demonstration of the influence of the indirect electro-optic effect on the photorefractive
performance of BgCa »3Ti0O5; (BCT). The comparison of the orientation dependence of the
two-beam coupling energy transfer gain with theoretical model allows us to obtain information on
the electro-optic coefficients, but also an evaluation of the unknown elasto-optic, piezoelectric, and
elastic stiffness coefficients of BCT. We founfi=33 pmV ! andr ;=170 pm V. These values

are in good agreement with other published values. For the interesting coeffi};jerWe find a
higher valuerlz= 465 pm V! than the one previously published. From this study we also determine
that as in the case of BaTiQthe optimal orientation is given by a 45°-cut BCT. Z02 American
Institute of Physics.[DOI: 10.1063/1.1515950]

I. INTRODUCTION elastic coefficients of BCT. We finally determine the best
configuration that maximizes the gain in BCT.
Bay 7. Ca& 231105 (BCT) is a very promising photorefrac-
tive material, which is expected to replace barium titanate inl. CLASSICAL TWO-BEAM COUPLING EXPERIMENTS

many |n'dustr|al applications. !pdeed, contrary to barium fti- The simplest experiment to characterize photorefractive
tanate, it has no phase transition around room temperaturg, ciaic is the two-beam coupling experiment. The energy
Neverthele;s, the mterest_of thls_, crystal for appI_|cat|ons W'"transfer that appears in this experiment is measured as a
depend on its photorefractive gain. Moreover, to implement §,ction of experimental parameters such as the grating spac-
device such as a double phase conjugate miiBICM), it jng. the incident illumination, the input polarization orienta-
is interesting to have an idea of the configuration for whichtion, or the crystal orientation. This gives information on the
the gain is maximum. charge transport mechanism as well as on crystal parameters
In a first approximation, the photorefractive gain can besuch as the electro-optic coefficients. Nevertheless, this kind
calculated from the electro-optic coefficients. But, it hasof measurement, despite being very informative, is not self-
been shown in Ref. 1 that the contribution of the indirectconsistent considering the great number of material param-
electro-optic effectgpiezoelectric, elasto-optic, elastic stiff- eters that are necessary to theoretically calculate the photo-
ness)in crystals such as barium titanate is important. BCT isrefractive gain. In well known crystals such as barium
close to barium titanate and this contribution has certainly tditanate or gallium arsenide most of the needed parameters
be taken into account to evaluate the gain. Nevertheless, tfde known from the literature, and the comparison between

growth of BCT is relatively recent and most of the param-theory and experiment is easier. In the case of a recently
eters necessary for calculating the indirect electro-optic condiscovered material like BCT most of the needed parameters

are unknown, and the comparison between theory and ex-
Therefore, we present here an optical characterization df€"iment is difficult. Nevertheless, as we will show in the
éollowmg, it is possible, with some simple approximations,

this crystal. We first present the classical model used tt tract o tion f hotorefracti
evaluate the electro-optic coefficients of photorefractivemoei)t(sr?]cotS;)nTeo': %r??alfmagge? d;gr? ;i,ctlr\]/ee Q:Cirs;_re'
crystals and its limitations. This leads to the realization of y P P

: ) optic coefficients), but also on nonoptical parametsisch
further experiments presented in the second part, that shogp ) P P !

that the indirect electro-optic effect has to be taken into ac- S the piezoelectric coefficients

count. In a third part, we theoretically study the influence ofA- Experimental setup

the indirect electro-optic effect and then determine the effec-  The two-beam coupling experimental setup is presented
tive electro-optic coefficients by comparison of the experi-in Fig. 1. The beam from a laser is divided in two by a glass
mental results to this model, from which we evaluate thepjate. The transmitted beam is a powerful beam called the
values of the electro-optic, elasto-optic, piezoelectric, an(pump beam. The reflected beam is a weak beam called the
signal beam. Both beams are sent on the photorefractive

@Author to whom all correspondence should be addressed; electronic maif?ry_Stal Where_ they interfere and Cre?-te an index grgting on
philippe.delaye @iota.u-psud.fr which they diffract. Then/2 phase shift between the index

tributions are unknown.
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FIG. 1. Two-beam coupling setup.
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FIG. 3. Orientation of the crystal.

B. Theoretical expression of photorefractive gain

By measuring the dependence of the gain with the grat-
ing wave vector, we will be able to determine the electro-

grating and the illumination pattern, characteristic of theOptic coefficients of the crystal as given by the theoretical
photorefractive effect, leads to an energy transfer betweefxpression of the photorefractive gain

the two beamsFig. 2).

2
From the steady state intensities of the transmitted weak ['=—n re“ESC( k., 1)(€s €p),
signal beam without and with illumination by the pump No

beam, we calculate the photorefractive ghithanks to the
relation

11
I=-Ih->

g 1)

where¢ is the length of the crystalgpis the signal intensity
after the energy transfer, arid the signal intensity before
the energy transfer.

In this kind of experiment, the axis of the crystal is in

the plane of incidence defined by the beams and the orienta-

tion is characterized by the two angl@sand 8 (defined

inside the crystal), whereés the angle between the beams
inside the crystal ang3 is the angle between the grating

wave vector and the axis (Fig. 3).

(2)

where\ g is the wavelength in vacuum,the mean refractive
index, andr® the effective electro-optic coefficient. The
term (€s-&,) is the scalar product between the unit vectors
which are aligned parallel to the electric field of the two
beams. It depends only on the polarization of the beams and
is equal to 1 or cd®6) whether the beams are ordinary or
extraordinary polarized. The dependence of the photorefrac-
tive gain with the grating wave vectdg =4n sin 8/\g and

with incident intensity | comes from the space-charge field
and is generally described by the following formfuia

kgT k,
——7l(|)—krz

=0

7(1) expresses the saturation of the gain with intensity,

Esdk:.l) 3

Classical photorefractive experiments are performedvhich is related to the ratio between photoconductivity and
with =0 and, therefore, the grating wave vector is aligneddark conductivity and is written as

parallel to thec axis of the crystal. We will use this configu-

ration in our first experiments.

0.3
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7(l)= 4)

In Eq. (3), the second term depending on intensity is the
Debye screening wave vectkg, which depends on the ef-
fective trap density as

zNeﬁ(l)

2 _
ko) = oTepe™ ©®)

wheree®f is the effective dielectric constant.

In the configuration chosen for our experime8s=0),
the effective electro-optic coefficient for each polarization
expresses as

(6)
)

And the effective dielectric constant is written &¥'= e,

eff _
lo =ri3,

o= 1y 4(cog26)— 1) +raycog26)+1)].

e

FIG. 2. Energy transfer from the pump beam toward the signal beam. when B=0.
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separate the photorefractive components from an eventual
absorption componentinduced absorption or absorption
grating).

The grating spacing dependence cur(€ig. 5) are ad-
justed with expression®) and(3). According to Eq(6), we
obtained ry3=(22+0.3) pmV ! and ko=1.44x10"m™?
from the experiment with ordinary polarization. Then, using
these results and Eq.(7), we obtained rg;=(55
+0.6) pmV ! from the experiment with extraordinary po-
larization. The effective trap density can be determined from
kg according to Eq(5) using the value o&s; from Ref. 5, we
haveN=7.0x10?m™3.

r (cm‘l)

I 1 I | | | 1
0 200 400 600 800 1000 1200

I(mW.cm™)

N ) ) ) D. Approximations and their validity
FIG. 4. Dependence of the gain with intensity for a grating spacing of 0.6

um and for8=0 with ordinary polarization. The line represents an adjust- In these experiments, we needed to make several ap-

ment with a function of the form of Ed4). proximations due to the fact that BCT is a recently grown
crystal and that we knew almost nothing about its properties.
Therefore, we supposed that:

C. Experimental results (1) the crystal is perfectly poled;

(2) there is no electron-hole competition;

(3) the intensity saturation follows the simple law given by
Eqg. (4); and

(4) the indirect electro-optic effects are negligible.

We perform two-beam coupling experiments as a func
tion of the grating wave vector in a 0°-cut BCT crystal la-
beled B69 in a configuration wherg=0.* The crystal has
been grown at the University of Osnabkuand prepared by

'i'lE'nl,)E' GT(ZH7'4The %nl%nsmns ?]f the _satrr:]ple ?Pet;xq If the crystal is not perfectly poled, some 180° ferroelec-
— L. OMMXE. 4 MM X526 MM, where IS the optical axis ic domains could persist in the crystal that would lead to

T . [
ﬁllge\(;,tAIOGnI In arll TSSeZXFr)](rEr:"TI]:?n'r[ﬁ’ t\;]ve urs]era frterqlrj]e;\cry\;jomble&e apparition of an additional reduction factor in the gain
' asera - 10 € energy transier we ea'expressior‘?.Identically, if electron-hole competition exists in

surel” from Eq. (1). In order to be sure that we saturate the

. ) ) “the crystal, it would appear as a reduction coefficigyftin
photorefractive gain, we have measured the gain versus N e space-charge field expressidy. (3)]. The gain might
cident illumination. The_crite_rion_ for saturation is that gain also be reduced by a facto(1) due to a complex depen-
should not depend on |IIur_n|n_at|on _and we have selected ence of the gain with intensity because of secondary fraps.
large enough value of the incident |nte_n5|t3_/ to be satur:_ate_ he observed saturation of the gain with intensity might then
From the measured values r.eportgd n F'g.' 4, the gain | e only an intermediary plateau, that precedes the real satu-
constarltz as soon as thg |nten§|ty IS hlghgr than 50 ation, leading to a value of(l) smaller than 1 at the used
mWcem <. It regches half of its maximum for an intensity intensities.

of 50 mw cm - Al .the fqllowmg experl'fﬁnents have b_een The indirect electro-optic effect comes from the fact that
performed with an intensity of 1.2 Wcm and thus with the electric field changes the refractive index through the

7(1) =1. Each measurement datum in Fig. 5 corresponds to glectro-optic effect but also through a combination of the

measurement in attenuation and in amplification allowing topiezoelectric and elasto-optic effect. As we will explain in

the next part, the indirect electro-optic effect leads to a com-
plex dependence of the effective electro-optic coefficients on
B, with a value of the effective electro-optic coefficient at
B=0 which is no more exactly equal tq;.

We thus see that neglecting these effects might lead to an
underestimation of the theoretical value of the photorefrac-
tive gain. Nevertheless, there is a difference between the dif-
- ferent corrections. The first three always lead to a reduction
e ) - of the gain that is independent of the orientation of the crys-

"""""" * tal, and that may vary from sample to sample. The last cor-

A rection is not necessarily a decrease of the effect. Moreover,
0 it depends on the orientation of the crystal and it will be the

\ same whatever the sample.

! 1 J ! - The measurement presented above and performed with a
0 10 20 k(um?,(; 40 30 single orientation in a singlel r:_alther unknown crystall does not
r enable us to check the validity of our approximations. We

FIG. 5. Experimental photorefractive galhas a function of the grating Wil thus need further experiments on another sample and

spacing for ordinary and extraordinary polarizations. with different orientations.

15 — ~=-«ordinary polarization
—— extraordinary polarization

10 ~

Tem)
*
\
)
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FIG. 7. Gain as a function of the rotation angtefor the crystals labeled

B69 and B76 with ordinary polarized beams. The line presents the theoret-
ical curve without taking into account the indirect electro-optic effect.

FIG. 6. Orientation of the incident beams and thexis. The angles are dain I' with a should have a sinusoidal form. Indeed, we
defined inside the crystal. would have for a 0°-cut crystdj3=0), for ordinary and ex-
traordinary polarization

réf(a)=r,5cosa, 9)
lll. ORIENTATION DEPENDENCE OF o o ,
PHOTOREFRACTIVE GAIN re (a)=(rq5(sin#)“+rzy(cosd)“)cosa. (10)

A simple experiment can bring a lot of information on Two crystals were used in the experiment, the B69
b b onng . _sample previously characterized and a second BCT sample,

the photorefractive characteristics of a crystal. It was ﬂrsﬁabeled B-76.10.1.2. This second sample is a 1000 ppm

proposed and used by Zgonik, Nakagawa, aridteu rhodium doped sample with dimensioax b>x<c=1.61 mm

TWO symmetrl_cal beams forming an 8”9'? Bside the X4 mmx4.75 mm. Both crystals were 0° cut. The experi-
material symmetrically enter the crystal, which then turns . . : . .
. . mental curves obtained might be slightly dissymmetric be-
around the normal to the crystgl axis) (Fig. 6). The angle . - . X
T T S tween negative and positive gains because of an absorption
of rotation isa. We start witha=0° and then the axis is in . . : .
. ) . component (induced absorption or absorption gratings).
the (x,y) plane.8 is defined as the angle between thaxis .
These absorption components are small compared to the

gnq Its projection on the;ex) plan. ¢ and j are defined éahotorefractlve gain<10%) so we have corrected this dis-
inside the crystal. As previously, from the energy transfer w i

: ; . symmetry to present in the following only the photorefrac
measure the photorefractive gain as a function of the rotatlop ve gain.

anglea. To always enter the crystal with eigen polarizations : . o
On the experimental curves for ordinary polarization
(ordinary or extraordinary), the polarizations are rotated by
(Fig. 7) and for extraordinary polarizatio(Fig. 8), we see
the same angle. We use an argon laser at 514.5 nm with an
) ) . ; . that the data depart from the theoretical sinusoidal shape.
intensity sufficient to saturate the photorefractive gain.
This indicates that the indirect electro-optic effect has to be
The space-charge field amplitude depends on the rotat|on
angle a because ofes in kg [EQ. (5)]. To minimize this
dependence, we performed experiments with a small grating

2 10 -
wave vector(2.5 um %) to havek3>k?. Then, the gain is b’ ¢ gggzryz:;l e
approximately proportional to the grating wave vector * 4 /A
5 as
2 kgT
I~ n3refi (8)
No e 0

and the measurement of the dependence of the gainawith
with a fixed angled gave us directly the dependence of the 5
effective electro-optic coefficiemt™ with «. This precaution

is taken to facilitate the interpretation of the experimental

curves, but is not a necessity. In the theoretical comparison -10 T
presented in the following the complete expression of the 0 50 100 150 200 250 300 350
gain is used. a®)

ACCOI’dIng to the usual model of the phOtorEfraCtlve FIG. 8. Gain as a function of the rotation angtefor the crystals labeled

effect (without the_ indirect electr_o-optic_ e_ﬁectthe depen- g9 and B76 with extraordinary polarized beams. The line presents the
dence of the effective electro-optic coefficient and thus of theheoretical curve without taking into account the indirect electro-optic effect.
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taken into account in BCT as it has been considered in 1

BaTiO;.! Before going further and comparing the experi- A p) =rf'Egcogk, )

mental curves to the theoretical model, several preliminary i

remarks can be made on these curves. First, compared to the =(rﬁknk+ pﬁklnlAlzn%Bm)Esccos(kr'r) (12)
experimental curves obtained in BaEi® the curves mea- .

sured in BCT are closer to a sinusoidal shape indicating thatith

the influence of the indirect electro-optic effect seems to be Aik:CiEjk|“jn| and B;=e;nyn;, (13)
less important in BCT than in BaTiO Then, the shape of £ . ]

the curves for both samples is the same except for a differerff1€r€Ciju i the elastic stiffness at constant field ang the
amplitude (with a ratio between samples similar for both piezoelectric coefficienty is written in a coordinate system

polarization). This indicates that a sample dependent, orierdinked to the crystallographic axis(b,c) as

tation independent reduction coefficient is present on at least n, cosa sin 3
one (if not on two) of the samples. n=|n,|= sina ) (14)
N COSa COSB

The analytical expressions for the effective electro-optic
coefficients(for ordinary and extraordinary polarizations, re-
spectively)are

IV. DETERMINATION OF INDIRECT ELECTRO-OPTIC
EFFECT COEFFICIENTS

We will now compare the experimental rotation data to refi= el o B) (15)
. . . 0 22\ d
the theoretical model, that will allow us to determine some
optical parameterg&lectro- and elasto-optic coefficientsut r§ﬁ= %{riflf(a,ﬁ)[cos(za)—cos{ 2B)]+ 2r§g(a,,8)
also mechanical paramete(piezoelectric, elastic stiffness , off
Coefficients)of BCT. XS“"(2,3)+r33(a,5)[005{29)+005(2,8)]}- (16)

These expressions are similar to the usual ones obtained
without the indirect electro-optic effedif we simply replace
The indirect electro-optic effect is well known in the r13C0sB3 by reg(a,ﬂ) in rgff and ry3cosB by rfﬁ(a,ﬂ),
study of electro-optic modulators. It leads to the definition Ofr4zsin,8 by riff(a”g) and r3;cosB by r&i(a,B) in rg%_ The
two electro-optic coefficients, the clamped and the parameters determined in part [IEgs. (6) and (7)] for a
unclamped j; electro-optic coefficients, which intervene as ge_cut crystal, are still valid but their expression with the

the measurement is performed at low or high frequeri€ies. crystal parameters is different. Indeed, instead of determin-
The question is thus soon asked whether it was the clampgflg r,, and r,;, we have determined $(0,0)=r£"(0,0)

or the unclamped electro-optic coefficient that has to be used $ 1 pfe../cE, andrf(0,0)=r5,+ pSess/ct

. . s . 137 P13€33/C33 33 337 P33€33/C33-

in the expression describing the photorefractive effect. In “\we also define an effective dielectric constaff(e, )
fact, a closer look at the physics of the electro-optic material$hat is calculated from the clamped dielectric constq?t

under spatially modulated electric field showed that in theaking into account the piezoelectric and elasto-optic contri-
case of the photorefractive effect, one has to use an effectivig,tions

electro-optic coefficient, depending of the symmetry and the

A. Indirect electro-optic effect

. . . . . . ff _ S -1 -1
orientation of the crystdf:!? which in general is neither €*(a,B) = €NiNj+ €5 &)k EmnNiNNmNAL ™ 17)
equal to the clamped electro-optic coefficient, nor to the According to these equations, many parametatseast
unclamped one. 21) intervene in the calculation of the indirect electro-optic

The electric field changes the refractive index throughgtfect and most of them are unknown in BCT. We thus have
the electro-optic effect but also through the piezoelectric an‘éieveloped a model to calculate them from our general
elasto-optic effects. Both contributions appear in the variaynowledge about perovskite ferroelectrics of the family of
tion of the optic ellipsoid*? BaTiO; and BCT.

1
A(?) =13 Ext Pl Ui 1 _ o _ o
i B. Theoretical determination of direct and indirect

wherer§, is the clamped electro-optic coefficient is the electro-optic effects

displacement gradient matrix of the deformation of the crys-  Above about 100 °C, BaTiQand BCT are in a cubic
tal induced by the piezoelectric effect. The tepri‘gﬁ equals phase (3m symmetry) and when the temperature de-
Piji + Pijpa; With pfy the elasto-optic coefficients at con- creases, they go into a tetragonal phé&enm) (until 5°C
stant field andpiEj[k,] the roto-optic effect. However, in for BaTiO; and down to at least120 °C for BCT). During
BaTiO;, the roto-optic contribution is rather smafiThere-  this phase change, a spontaneous polarizafigrappears,
fore[p’E] can be assimilated tigpF] for BaTiO; (the same  that will bias the third order effectsuch as Kerr effect and
approximation will be made for BOT After calculating the  electrostriction)to transform them into second order effects
deformationu,, taking into account that it is produced by a (Pockels effect and piezoelectric effect, respectivé&iywe
periodically spatially modulated space-charge electric fieldwill use this property to calculate all the unknown param-
E=Esncos(k-r) (oriented along the directiomof the grat-  eters we need to evaluate the indirect electro-optic influence
ing vectork,=k,n), we arrive to on the photorefractive effeétThe main advantage of this



6144 J. Appl. Phys., Vol. 92, No. 10, 15 November 2002 Bernhardt et al.

procedure is that it reduces the number of parameters of thEABLE . Final set of parameters determined for BCT. The parameters that
calculation from 21 to 16, some of which being known from have changed compared to the initial set of parametse Ref. 4 are
. - - indicated in bold characters.
the literature. In the following all the calculations are per-
formed using the contracted notation except when precised. Initial value Final values
The first step of the calculation gives the value of the

s 2 4 ~—2
s g3(x 1072 m* C?) 15+3 11
spontaneous polarization frdm GS(x 102 mt 02 38506 3s
S 2m?* Cc2 +1.5 135
An=—3n3(g— 97 P53+ Ang(T 18 9g,(x 107 m" C ) !

N*(911~ 912 Ps o(T) (18) of 0.37+0.03 0.37+0.03
with the Kerr coefficientsﬁ , the refractive indexr and the P 0.11+0.01 0.11+0.01
- ] . 3 o1 o1
birefringenceAn, which were measured in BG?.Any(T) Pee —0.30+0.15 —0.30+0.15

sh(X1072m? N7 8.7 8.7

is a temperature dependent structural contribution from the

i i igible i L SA(X10 P me N -3.35 -3.35
high temperature phase, that is negligible in the case in S N

; ; ] ) g Sh(X 10 2m? N™Y) 8.9 8.9
BaTiO;, and will be considered such in BCTConcerning o, (méc ?) 0.09 0.09
the Kerr coefficients, it has been shown that they are the Q,(m*C™?) —0.04 —0.04
same for all the perovskités,so we take, as initial values, Qa{m*C™?) 0.06 0.06

An 0.05 0.05

the one determined for BaTiO!’

Once the spontaneous polarization is determined, we cal-:T 11;'&630 1122;1630
culate the piezoelectric tensadg andby; from o 240+10 240+10
da1= €o( €33~ 1)bg;=2e0( €33~ 1) Q1Ps
das= €o( €33~ 1)baz=2€p( €33~ 1)Q11Ps (19)
dyy= eo(eL— 1)by,= eo(eL— 1)Qu4Ps The numerical values of the cubic phase parameters we

yse are presented in Table I. With this initial set of param-
eters, and the relation&l8)—(26) coupled with relations
(12)-(17) giving the effective electro-optic coefficient, we
are now able to calculate the theoretical variation of the pho-
ttorefractive gain with the rotation angte that we will com-

n ; :

pare to the experimental results presented in Sec. Ill.

using the known value of the unclamped dielectric constan
e; of BCT? For the electrostriction coefficiel®;; , we use
as initial values the values determined in BaJj&*® con-
sidering the close relationship of BCT with Ba®HO

Then we determine the elastic compliance at constal
electric fieldsiEj using the relation

E_ P

Sij = Sij T+ biidlg (20) C. Comparison with experimental results
with siFj’ the elastic compliance at constant polarizatiasith
the values of BaTig' taken as initial values as in the case
of the electrostriction coefficientThe elastic stiffnessﬁ is
deduced from the relation between the strasnd the stress
ag

The first operation is a simple comparison of the experi-
mental data with the theoretical curves. The result is shown
in Fig. 9 for sample B69 for ordinary polarization. We see
that the shape of the curve is correct but that the amplitude is
greater for the theoretical curve, with the same result ob-
Ti:ciEjgj and gi:siEjTj (21) served for the extraordinary polarization. We thus deduce
that the introduction of an orientation independent correction
factor is necessary to explain the experimental results, even
e :dikCEj- (22) if at this level of the study we are unable to determine the
exact nature of this reduction fact@epoling of the crystal,
electron-hole competition, lack of intensity saturation of the

which allows the calculation of the piezoelectric tenegr

We then deduce the clampeg dielectric constants
606526065_8”(:]”‘ . (23)
Now, we can calculate the clamped electro-optic coefficients
using'®
3= 2€0( €33~ 1)g3Ps
3= 2€0( €35~ 1)g3:Ps (24)
5= €0l €51~ 1)g34Ps
and the unclamped electro-optic coefficients

ri=ri+pdi. (25)

The elasto-optic coefficient at constant electric fipﬁi is
given, in the tensorial notation, by

E b s 0 50 100 150 200 250 300 350
pijmn:pijmn+2(gij3kps)'ekmn (26) a(®)

using, here aI_so, _the value Of_ the elasto-optic coefficient akiG. 0. Comparison between simulati@all line) and experimental results
constant polarlzatlom)ipj of BaTiO;. (dots)for the B69 crystal with ordinary polarization.
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FIG. 10. Comparison between simulations with optimized paraméfgts FIG. 12. Influence of the most significant parameters.

and dashed lingsand experimental results for the Bé@iangles)and B76
(dots) crystals with ordinary polarization.

andQ,, have a real influence on the shape of the cutas.

gain). The correct shape of the curves is an indication that2). This low influence of some of the parameters and also
the initial set of parameters we use is not far from the actualhe fact that some parameters can eventually compensate the
one. distortion of the curves induced by another parameter indi-

Going further, we first compensate the theoretical curve§ate that the found set of parameters is certainly not unique
for the reduction factor equal to 0.7 for the B76.10.1.2 crys-and will have to be confirmed by some other experiments
tal and 0.5 for the B69 crystal, and we made an adjustmerfoptical and mechanical experiments
of the theoretical curves to the experimental data. Due to the
fact that the initial set of parameters already allows a good. Additional experiments in 45° cut sample
description of the experimental curves and because of the : . .

. The orientation of the crystal we use does not bring us
great number of parameters, we do not make an extensive

. . ny information orr 4, (or g5,). It is known that in order to
study and we make the adjustment by changing the Sma"e%e%nfluenced by 42\/\(,8 sgrfé)uld haves#0° and extraordi-
number of parameters. These fits are performed simulta- 42

nary polarized beams. We thus performed a rotation mea-

neously on both polarizations and crystals. It means that WE rement in a 45°-cut sample. The crystal studied is a

have adjusted four curves simultaneously. The best accof; . . . .
dance(Figs. 10 and 1jlbetween the experimental points and rhodium and sodium doped BCT with 2000 ppm of rhodium

the simulations is obtained by only slightly chang'g% and ?S':j tc2) Op(igv%e]rpozfcﬁ;?ilg? irllatt;selecdryi?azlz'agg (ietsc?r/\iséilnlvsiissigom
S S -2 S -2
g3, to g7;=0.11nf C 2 and g7,=0.035nf C~2 (Table |,

column 2). We note that the resulting values are still in the€24'1 mm.
. The expected measurement was, nevertheless, not pos-
error bars announced in Ref. 17. : . . : )
Besides parameters such ﬁ (throughr 5,) that are not sible with this crystal. Indeed, the photorefractive gain was
4 too high in this configuration to allow a reliable measure-

intervening in the expression of the effective electro-optic . : . :
. . N . . ment of the gain. A typical energy transfer experiment is
coefficient in the 0°-cut crystal configuration we use, some

o P shown in Fig. 13. After a normal increase of the intensity of
parameters have litle influence. We note that anly, sy, the signal beam, we reach a maximum after which the signal

decreases. This decrease is due to the beam fanning that

"N.’.:.\, I.'.s..l‘.
I, ON
5 —
e 7
g‘ 3
B
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1
| 1 | | 1 | l | 0
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a (%) 50 100 150 200
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FIG. 11. Comparison between simulations with optimized paramé¢fais
and dashed lingsand experimental results for the B&@iangles)and B76 FIG. 13. Energy transfer with extraordinary polarized beams in the B92
(dots) crystals with extraordinary polarization. crystal.
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FIG. 14. Comparison between simulatioffsll line) and experimental re-

sults(dots)for gain as a function of the rotation angiefor the B92 45°-cut FIG. 15. Gain as a function ¢8 arounds/2 (comparison with simulations
crystal with ordinary polarizations.

appears due to the high gain of the crystal, leading to a
decrease of the intensity of the pump beam and perturbation If we take into account the factor of reduction of the gain
of the energy transfer measurement. This phenomeno®f 0.5 that was measured in this crystef. Sec. IV C), we
which is good news concerning the photorefractive perforPerfectly adjust the theoretical expression with the experi-
mances of BCT, prevents any measurement with extraordimental data by changing thegy, value to g3,
nary polarization in the crystal. The solution for further ex- =0.135n C™2 As in the previous measurements, some pa-
periments would be to use a thinner Crysta| to reduce théameters have little influence on the theoretical curve,; this is
gain, with the problem of the technical realization of thethe case here fopgs andsfe.
crystal (problem for cutting and poling such a thin 45°-cut
crystal).

We were, nevertheless, able to perform a measurement
in this sample with ordinary polarized beams for which theF. Electro-optic and piezoelectric coefficients of BCT
gain is smaller(Fig. 14). A comparison of the experimental

curves with the theoretical curves calculated with the newly, To sum up the results of the different adjustments, we

. : plave used the orientation dependence of the photorefractive
determined set of parameters shows a good accordance with- . T . . -
. . : ain to pinpoint the mechanical and optical characteristics of
out changing any parameter and using a reduction factor

052 CT. This adjustment is performed on the cubic phase pa-

This measurement thus confirms our set of parameterrsam]eters of BCTTable I, column 2 They are then used to

. . . Calculate the tetragonal phase coefficieffable II). If we
but does not give us the expected information abyt g P . . ) .
compare these values with some available in the literature,

Therefore, we develop another method to evaluate this pa- ially for the el . Hici b
rameter. especially for the $ectro-$pt|c_coe icient, we observe a
good agreement far;; andr ;3 which measured values were
36 pmV ! and 140 pmV?, respectively?* For the third
electro-optic coefficient }, the difference is more important
To determiner,,, we have to perform measurements with the value of 190 pm V* given in the literaturé?
with 8#0 and extraordinary polarized beaff&. (16)]. Us- To this list of parameters we have to add two other co-
ing a 0°-cut crystal, one solution would be to go from aefficients that are more specific to the photorefractive effect.
configuration withB=0 with two beams symmetrically inci- In Sec. Il, we presented measurements of the gain as a func-
dent on the crystal and to rotate the crystal around the vertition of the grating wave vector in a configuration where
cal axes to have a dissymmetrical incidence of the beamB=0, that allowed us to determine two electro-optic coeffi-
Unfortunately, due to the rather low value pf, and the cients that were identified then tg; andr 3. Following the
relatively large value of the refractive index preventing at-rest of the study indicating that the indirect electro-optic ef-
taining large values of3, this measurement leads to low fect has to be taken into account, we now know that the
variation of the gain and thus to a bad precision in the deterdetermined coefficients were in realit§f2f(0,0) andrgg(0,0)
mination ofr,,. We thus choose to perform a measurementespectively. Using the values of the coefficients given in
aroundB=m/2 with extraordinary polarization. In that case, Table Il, we calculate their theoretical values that are
if B equals exactlyr/2 the photorefractive gain is zero, but rgg(0,0)z 34pmV1 andr§§(0,0)= 107 pmV 1. These val-
as soon as the angle departs frami2, the absolute value of ues are in good agreement with the experimental values
the gain increases and we measure a linear variation of thgiven in Sec. 1IC, rgg(0,0)z 44pmV ! and rgg(0,0)
gain with the angle with a slope roughly proportionafig.“ =110pm V1, if we correct these values from the reduction
The measurement is performed in the B69 sample Wijth factor of 50% existing in the B69 crystal used in the experi-
=4 um~! and is presented on Fig. 15. ment.

E. Evaluation of ry,
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TABLE IlI. Final tetragonal phase parameters deduced from the cubic phase parameters of Table I.

Clamped dielectric constants Spontaneous polarizatid€ m?)
€ 824 Ps 0.30
€3 140 Elasto-optic coefficients at constant field
Elastic stiffness at constant fielck(L0'°N m™2) pE, 0.34
E
ek 22 P12 0.08
cE 18.7 P13 0.25
33 . E
ct, 13.7 P31 0.02
c, 14.6 [ 0.80
Cia 8.3 Pl 0.89
c5s 11.2 Pss -0.30
Piezoelectric coefficientgm V1) Piezoelectric coefficienteC m™2)
da; -51 € ~-1.42
das 114 €33 6.52
dy, 178 €4 14.7
Unclamped electro-optic coefficienfsm V1) Clamped electro-optic coefficientpm V1)
s 33 res 26
ras 170 rss 81
I 453 rs, 295
G. Optimum configuration for photorefractive gain in been able to implement a DPCM only in a 45°-cut crystal
BCT (and not in a 0°-cut crystal with the same thickné&ss

Thanks to this set of parameters, we are now able to
calculate the shape of the gain as a function of the angles
and @ [Fig. 16(a)]. We see that the gain is maximum for anv' CONCLUSION
angle B of 45° and an angl® of 9°. For this configuration, We performed a two-beam coupling characterization of
the gain should be as high as 78 that 514 nm. Consider- the BCT crystal, as a function of the spacing and orientation
ing the factor of reduction of the gain of 50%, it means thatof the written grating, for ordinary polarization. We show
we can experimentally reach a gain of 39 ¢m that the grating spacing dependence can be interpreted with-
We have tested the influence, on the position of thisout the need for the indirect electro-optic effect, but this can
maximum, of the values opfs; and sB; which are the less lead to incorrect values of the deduced parameters. To go
known coefficients. If we multiplypgs by 2, the maximum of  further, other experiments should be realized. We choose to
gain is then obtained fo6=9° and B=44°. If we multiply = study the two-beam coupling as a function of the grating
st by 2, the maximum of gain is obtained fé=9° and  orientation that was successfully used in Bafi@nd
B=44°. Therefore, the influence of these parameters on thENbO3, to show the influence of the indirect electro-optic
configuration which maximizes the gain is insignificant. effect. This influence of the indirect electro-optic effect was
As expected, the Kerr coefficients have a large influencelso observed in BCT, together with a still unidentified effect
on the position of the maximum of gain. Indeed, with thethat reduces the gain. This reduction is independent of the
initial parameters listTable |, first colump, we obtained a orientation but varies from sample to sample.
maximum gain for6=12° and 8=0° [Fig. 16(b)]. The ex- Using a model we developed, that calculates the BCT
periments presented in this article are thus essential becauparameters in the quadratic phadeockels electro-optic,
they have enabled us to determine that the maximum gaiglasto-optic, piezoelectric, elastic stiffness coefficieats)a
can be obtained when the angle betweendhaxis of the function of the parameters in the cubic phdkerr electro-
crystal and the grating wave vector is 45°, as was the case faptic, elasto-optic, electrostriction, elastic stiffness coeffi-
BaTiO;. This last point is confirmed by the fact that we havecients), these experimental data are adjusted to make an

FIG. 16. Three-dimensional plot of
the gain as a function ofl and g for
the final (a) and the initial(b) set of
parameters.
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