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We present a demonstration of the influence of the indirect electro-optic effect on the photorefractive
performance of Ba0.77Ca0.23TiO3 ~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 foundr 13

T 533 pm V21 andr 33
T 5170 pm V21. These values

are in good agreement with other published values. For the interesting coefficientr 42
T , we find a

higher valuer 42
T 5465 pm V21 than the one previously published. From this study we also determine

that as in the case of BaTiO3 , the optimal orientation is given by a 45°-cut BCT. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1515950#
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I. INTRODUCTION

Ba0.77Ca0.23TiO3 ~BCT! is a very promising photorefrac
tive material, which is expected to replace barium titanate
many industrial applications. Indeed, contrary to barium
tanate, it has no phase transition around room tempera
Nevertheless, the interest of this crystal for applications w
depend on its photorefractive gain. Moreover, to implemen
device such as a double phase conjugate mirror~DPCM!, it
is interesting to have an idea of the configuration for wh
the gain is maximum.

In a first approximation, the photorefractive gain can
calculated from the electro-optic coefficients. But, it h
been shown in Ref. 1 that the contribution of the indire
electro-optic effects~piezoelectric, elasto-optic, elastic stif
ness!in crystals such as barium titanate is important. BCT
close to barium titanate and this contribution has certainly
be taken into account to evaluate the gain. Nevertheless
growth of BCT is relatively recent and most of the para
eters necessary for calculating the indirect electro-optic c
tributions are unknown.

Therefore, we present here an optical characterizatio
this crystal. We first present the classical model used
evaluate the electro-optic coefficients of photorefract
crystals and its limitations. This leads to the realization
further experiments presented in the second part, that s
that the indirect electro-optic effect has to be taken into
count. In a third part, we theoretically study the influence
the indirect electro-optic effect and then determine the eff
tive electro-optic coefficients by comparison of the expe
mental results to this model, from which we evaluate
values of the electro-optic, elasto-optic, piezoelectric, a

a!Author to whom all correspondence should be addressed; electronic
philippe.delaye@iota.u-psud.fr
6130021-8979/2002/92(10)/6139/10/$19.00
n
-
re.
ll
a

e

t

s
o
he
-
n-

of
to
e
f
w
-
f
c-
-
e
d

elastic coefficients of BCT. We finally determine the be
configuration that maximizes the gain in BCT.

II. CLASSICAL TWO-BEAM COUPLING EXPERIMENTS

The simplest experiment to characterize photorefrac
crystals is the two-beam coupling experiment. The ene
transfer that appears in this experiment is measured a
function of experimental parameters such as the grating s
ing, the incident illumination, the input polarization orient
tion, or the crystal orientation. This gives information on t
charge transport mechanism as well as on crystal param
such as the electro-optic coefficients. Nevertheless, this k
of measurement, despite being very informative, is not s
consistent considering the great number of material par
eters that are necessary to theoretically calculate the ph
refractive gain. In well known crystals such as bariu
titanate or gallium arsenide most of the needed parame
are known from the literature, and the comparison betw
theory and experiment is easier. In the case of a rece
discovered material like BCT most of the needed parame
are unknown, and the comparison between theory and
periment is difficult. Nevertheless, as we will show in th
following, it is possible, with some simple approximation
to extract some information from photorefractive measu
ments not only on optical parameters~such as the electro
optic coefficients!, but also on nonoptical parameters~such
as the piezoelectric coefficients!.

A. Experimental setup

The two-beam coupling experimental setup is presen
in Fig. 1. The beam from a laser is divided in two by a gla
plate. The transmitted beam is a powerful beam called
pump beam. The reflected beam is a weak beam called
signal beam. Both beams are sent on the photorefrac
crystal where they interfere and create an index grating
which they diffract. Thep/2 phase shift between the inde
il:
9 © 2002 American Institute of Physics
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grating and the illumination pattern, characteristic of t
photorefractive effect, leads to an energy transfer betw
the two beams~Fig. 2!.

From the steady state intensities of the transmitted w
signal beam without and with illumination by the pum
beam, we calculate the photorefractive gainG thanks to the
relation

G5
1

,
ln

I SP

I S
, ~1!

where, is the length of the crystal,I SP is the signal intensity
after the energy transfer, andI S the signal intensity before
the energy transfer.

In this kind of experiment, thec axis of the crystal is in
the plane of incidence defined by the beams and the orie
tion is characterized by the two anglesu and b ~defined
inside the crystal!, where 2u is the angle between the beam
inside the crystal andb is the angle between the gratin
wave vector and thec axis ~Fig. 3!.

Classical photorefractive experiments are perform
with b50 and, therefore, the grating wave vector is align
parallel to thec axis of the crystal. We will use this configu
ration in our first experiments.

FIG. 1. Two-beam coupling setup.

FIG. 2. Energy transfer from the pump beam toward the signal beam
n

k

ta-

d
d

B. Theoretical expression of photorefractive gain

By measuring the dependence of the gain with the g
ing wave vector, we will be able to determine the elect
optic coefficients of the crystal as given by the theoreti
expression of the photorefractive gain

G5
2p

l0
n3r effESC~kr ,I !~ êS•êP!, ~2!

wherel0 is the wavelength in vacuum,n the mean refractive
index, and r eff the effective electro-optic coefficient. Th
term (êS•êp) is the scalar product between the unit vecto
which are aligned parallel to the electric field of the tw
beams. It depends only on the polarization of the beams
is equal to 1 or cos~2u! whether the beams are ordinary
extraordinary polarized. The dependence of the photoref
tive gain with the grating wave vectorkr54pn sinu/l0 and
with incident intensity I comes from the space-charge fi
and is generally described by the following formula2,3:

ESC~kr ,I !5
kBT

e
h~ I !

kr

11
kr

2

k0
2~ I !

. ~3!

h(I ) expresses the saturation of the gain with intens
which is related to the ratio between photoconductivity a
dark conductivity and is written as

h~ I !5
1

11
I sat

I

. ~4!

In Eq. ~3!, the second term depending on intensity is t
Debye screening wave vectork0 , which depends on the ef
fective trap density as

k0
2~ I !5

e2Neff~ I !

kBTe0eeff , ~5!

whereeeff is the effective dielectric constant.
In the configuration chosen for our experiments~b50!,

the effective electro-optic coefficient for each polarizati
expresses as

r 0
eff5r 13, ~6!

r e
eff5 1

2@r 13~cos~2u!21!1r 33~cos~2u!11!#. ~7!

And the effective dielectric constant is written aseeff5e33,
whenb50.

FIG. 3. Orientation of the crystal.
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C. Experimental results

We perform two-beam coupling experiments as a fu
tion of the grating wave vector in a 0°-cut BCT crystal l
beled B69 in a configuration whereb50.4 The crystal has
been grown at the University of Osnabru¨ck and prepared by
F. E. E. GmbH. The dimensions of the sample area3b3c
51.76 mm34.74 mm33.48 mm, wherec is the optical axis
direction. In all the experiments, we use a frequency-doub
Nd:YAG laser at 532 nm. From the energy transfer we m
sureG from Eq. ~1!. In order to be sure that we saturate t
photorefractive gain, we have measured the gain versus
cident illumination. The criterion for saturation is that ga
should not depend on illumination and we have selecte
large enough value of the incident intensity to be satura
From the measured values reported in Fig. 4, the gain
constant as soon as the intensity is higher than
mW cm22. It reaches half of its maximum for an intensityI sat

of 50 mW cm22. All the following experiments have bee
performed with an intensity of 1.2 W cm22 and thus with
h(I )51. Each measurement datum in Fig. 5 corresponds
measurement in attenuation and in amplification allowing

FIG. 4. Dependence of the gain with intensity for a grating spacing of
mm and forb50 with ordinary polarization. The line represents an adju
ment with a function of the form of Eq.~4!.

FIG. 5. Experimental photorefractive gainG as a function of the grating
spacing for ordinary and extraordinary polarizations.
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separate the photorefractive components from an even
absorption component~induced absorption or absorptio
grating!.

The grating spacing dependence curves~Fig. 5! are ad-
justed with expressions~2! and~3!. According to Eq.~6!, we
obtained r 135(2260.3) pm V21 and k051.443107 m21

from the experiment with ordinary polarization. Then, usi
these results and Eq.~7!, we obtained r 335(55
60.6) pm V21 from the experiment with extraordinary po
larization. The effective trap density can be determined fr
k0

2 according to Eq.~5! using the value ofe33 from Ref. 5, we
haveNeff57.031022m23.

D. Approximations and their validity

In these experiments, we needed to make several
proximations due to the fact that BCT is a recently grow
crystal and that we knew almost nothing about its propert
Therefore, we supposed that:

~1! the crystal is perfectly poled;
~2! there is no electron-hole competition;
~3! the intensity saturation follows the simple law given b

Eq. ~4!; and
~4! the indirect electro-optic effects are negligible.

If the crystal is not perfectly poled, some 180° ferroele
tric domains could persist in the crystal that would lead
the apparition of an additional reduction factor in the ga
expression.6 Identically, if electron-hole competition exists i
the crystal, it would appear as a reduction coefficientj0

7 in
the space-charge field expression@Eq. ~3!#. The gain might
also be reduced by a factorh(I ) due to a complex depen
dence of the gain with intensity because of secondary tra8

The observed saturation of the gain with intensity might th
be only an intermediary plateau, that precedes the real s
ration, leading to a value ofh(I ) smaller than 1 at the use
intensities.

The indirect electro-optic effect comes from the fact th
the electric field changes the refractive index through
electro-optic effect but also through a combination of t
piezoelectric and elasto-optic effect. As we will explain
the next part, the indirect electro-optic effect leads to a co
plex dependence of the effective electro-optic coefficients
b, with a value of the effective electro-optic coefficient
b50 which is no more exactly equal tor 13.

We thus see that neglecting these effects might lead to
underestimation of the theoretical value of the photorefr
tive gain. Nevertheless, there is a difference between the
ferent corrections. The first three always lead to a reduc
of the gain that is independent of the orientation of the cr
tal, and that may vary from sample to sample. The last c
rection is not necessarily a decrease of the effect. Moreo
it depends on the orientation of the crystal and it will be t
same whatever the sample.

The measurement presented above and performed w
single orientation in a single rather unknown crystal does
enable us to check the validity of our approximations. W
will thus need further experiments on another sample
with different orientations.

6
-
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III. ORIENTATION DEPENDENCE OF
PHOTOREFRACTIVE GAIN

A simple experiment can bring a lot of information o
the photorefractive characteristics of a crystal. It was fi
proposed and used by Zgonik, Nakagawa, and Gu¨nter.1

Two symmetrical beams forming an angle 2u inside the
material symmetrically enter the crystal, which then tur
around the normal to the crystal~y axis! ~Fig. 6!. The angle
of rotation isa. We start witha50° and then thec axis is in
the (x,y) plane.b is defined as the angle between thec axis
and its projection on the (z–x) plan. u and b are defined
inside the crystal. As previously, from the energy transfer
measure the photorefractive gain as a function of the rota
anglea. To always enter the crystal with eigen polarizatio
~ordinary or extraordinary!, the polarizations are rotated
the same anglea. We use an argon laser at 514.5 nm with
intensity sufficient to saturate the photorefractive gain.

The space-charge field amplitude depends on the rota
angle a because ofeeff in k0 @Eq. ~5!#. To minimize this
dependence, we performed experiments with a small gra
wave vector~2.5 mm21! to havek0

2@kr
2. Then, the gain is

approximately proportional to the grating wave vector

G'
2p

l0
n3r eff

kBT

e
kr ~8!

and the measurement of the dependence of the gain wia
with a fixed angleu gave us directly the dependence of t
effective electro-optic coefficientr eff with a. This precaution
is taken to facilitate the interpretation of the experimen
curves, but is not a necessity. In the theoretical compar
presented in the following the complete expression of
gain is used.

According to the usual model of the photorefracti
effect9 ~without the indirect electro-optic effect!, the depen-
dence of the effective electro-optic coefficient and thus of

FIG. 6. Orientation of the incident beams and thec axis. The angles are
defined inside the crystal.
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gain G with a should have a sinusoidal form. Indeed, w
would have for a 0°-cut crystal~b50!, for ordinary and ex-
traordinary polarization

r 0
eff~a!5r 13cosa, ~9!

r e
eff~a!5~r 13~sinu!21r 33~cosu!2!cosa. ~10!

Two crystals were used in the experiment, the B
sample previously characterized and a second BCT sam
labeled B-76.10.1.2. This second sample is a 1000 p
rhodium doped sample with dimensionsa3b3c51.61 mm
34 mm34.75 mm. Both crystals were 0° cut. The expe
mental curves obtained might be slightly dissymmetric b
tween negative and positive gains because of an absorp
component ~induced absorption or absorption gratings
These absorption components are small compared to
photorefractive gain~,10%! so we have corrected this dis
symmetry to present in the following only the photorefra
tive gain.

On the experimental curves for ordinary polarizati
~Fig. 7! and for extraordinary polarization~Fig. 8!, we see
that the data depart from the theoretical sinusoidal sha
This indicates that the indirect electro-optic effect has to

FIG. 7. Gain as a function of the rotation anglea for the crystals labeled
B69 and B76 with ordinary polarized beams. The line presents the the
ical curve without taking into account the indirect electro-optic effect.

FIG. 8. Gain as a function of the rotation anglea for the crystals labeled
B69 and B76 with extraordinary polarized beams. The line presents
theoretical curve without taking into account the indirect electro-optic effe
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taken into account in BCT as it has been considered
BaTiO3 .1 Before going further and comparing the expe
mental curves to the theoretical model, several prelimin
remarks can be made on these curves. First, compared t
experimental curves obtained in BaTiO3 ,1 the curves mea-
sured in BCT are closer to a sinusoidal shape indicating
the influence of the indirect electro-optic effect seems to
less important in BCT than in BaTiO3 . Then, the shape o
the curves for both samples is the same except for a diffe
amplitude ~with a ratio between samples similar for bo
polarization!. This indicates that a sample dependent, or
tation independent reduction coefficient is present on at l
one ~if not on two! of the samples.

IV. DETERMINATION OF INDIRECT ELECTRO-OPTIC
EFFECT COEFFICIENTS

We will now compare the experimental rotation data
the theoretical model, that will allow us to determine som
optical parameters~electro- and elasto-optic coefficients! but
also mechanical parameters~piezoelectric, elastic stiffnes
coefficients!of BCT.

A. Indirect electro-optic effect

The indirect electro-optic effect is well known in th
study of electro-optic modulators. It leads to the definition
two electro-optic coefficients, the clampedr i j

S and the
unclampedr i j

T electro-optic coefficients, which intervene a
the measurement is performed at low or high frequencie10

The question is thus soon asked whether it was the clam
or the unclamped electro-optic coefficient that has to be u
in the expression describing the photorefractive effect.
fact, a closer look at the physics of the electro-optic mater
under spatially modulated electric field showed that in
case of the photorefractive effect, one has to use an effec
electro-optic coefficient, depending of the symmetry and
orientation of the crystal,11,12 which in general is neithe
equal to the clamped electro-optic coefficient, nor to
unclamped one.

The electric field changes the refractive index throu
the electro-optic effect but also through the piezoelectric
elasto-optic effects. Both contributions appear in the va
tion of the optic ellipsoid11,12

DS 1

n2D
i j

5r i jk
S Ek1pi jkl8E ukl , ~11!

wherer i jk
S is the clamped electro-optic coefficient,ukl is the

displacement gradient matrix of the deformation of the cr
tal induced by the piezoelectric effect. The termpi jkl8E equals
pi jkl

E 1pi j @kl#
E with pi jkl

E the elasto-optic coefficients at con
stant field andpi j @kl#

E the roto-optic effect. However, in
BaTiO3 , the roto-optic contribution is rather small.13 There-
fore @p8E# can be assimilated to@pE# for BaTiO3 ~the same
approximation will be made for BCT!. After calculating the
deformationukl taking into account that it is produced by
periodically spatially modulated space-charge electric fi
E5Escn cos(kr•r) ~oriented along the directionn of the grat-
ing vectorkr5krn), we arrive to
in
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DS 1

n2D
i j

5r i j
effEsccos~kr•r !

5~r i jk
S nk1pi jkl

E n1Akm
21Bm!Esccos~kr•r ! ~12!

with

Aik5ci jkl
E njnl and Bi5eki jnknj , ~13!

whereci jkl
E is the elastic stiffness at constant field andei jk the

piezoelectric coefficient;n is written in a coordinate system
linked to the crystallographic axis (a,b,c) as

n5S n1

n2

n3

D 5S cosa sinb
sina

cosa cosb
D . ~14!

The analytical expressions for the effective electro-op
coefficients~for ordinary and extraordinary polarizations, r
spectively!are

r 0
eff5r 22

eff~a,b!, ~15!

r e
eff5 1

2$r 11
eff~a,b!@cos~2u!2cos~2b!#12r 13

eff~a,b!

3sin~2b!1r 33
eff~a,b!@cos~2u!1cos~2b!#%. ~16!

These expressions are similar to the usual ones obta
without the indirect electro-optic effect9 if we simply replace
r 13cosb by r 22

eff(a,b) in r 0
eff and r 13cosb by r 11

eff(a,b),
r 42sinb by r 13

eff(a,b) and r 33cosb by r 33
eff(a,b) in r e

eff . The
parameters determined in part II@Eqs. ~6! and ~7!# for a
0°-cut crystal, are still valid but their expression with th
crystal parameters is different. Indeed, instead of determ
ing r 13 and r 33, we have determinedr 22

eff(0,0)5r 11
eff(0,0)

5r 13
S 1p13

E e33/c33
E and r 33

eff(0,0)5r 33
S 1p33

E e33/c33
E .

We also define an effective dielectric constanteeff(a,b)
that is calculated from the clamped dielectric constante i j

S

taking into account the piezoelectric and elasto-optic con
butions

eeff~a,b!5e i j
Sninj1e0

21ei jkemnlninjnmnnAkl
21. ~17!

According to these equations, many parameters~at least
21! intervene in the calculation of the indirect electro-op
effect and most of them are unknown in BCT. We thus ha
developed a model to calculate them from our gene
knowledge about perovskite ferroelectrics of the family
BaTiO3 and BCT.

B. Theoretical determination of direct and indirect
electro-optic effects

Above about 100 °C, BaTiO3 and BCT are in a cubic
phase (m3m symmetry! and when the temperature de
creases, they go into a tetragonal phase~4 mm! ~until 5 °C
for BaTiO3 and down to at least2120 °C for BCT!. During
this phase change, a spontaneous polarizationPS appears,
that will bias the third order effects~such as Kerr effect and
electrostriction!to transform them into second order effec
~Pockels effect and piezoelectric effect, respectively!.14 We
will use this property to calculate all the unknown para
eters we need to evaluate the indirect electro-optic influe
on the photorefractive effect.4 The main advantage of thi
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procedure is that it reduces the number of parameters o
calculation from 21 to 16, some of which being known fro
the literature. In the following all the calculations are pe
formed using the contracted notation except when precis

The first step of the calculation gives the value of t
spontaneous polarization from15

Dn52 1
2n

3~g11
S 2g12

S !PS
21Dn0~T! ~18!

with the Kerr coefficientsgi j
S , the refractive indexn and the

birefringenceDn, which were measured in BCT.16 Dn0(T)
is a temperature dependent structural contribution from
high temperature phase, that is negligible in the case
BaTiO3 , and will be considered such in BCT.15 Concerning
the Kerr coefficients, it has been shown that they are
same for all the perovskites,15 so we take, as initial values
the one determined for BaTiO3 .17

Once the spontaneous polarization is determined, we
culate the piezoelectric tensorsdi j andbi j from

H d315e0~e33
T 21!b3152e0~e33

T 21!Q12Ps

d335e0~e33
T 21!b3352e0~e33

T 21!Q11Ps

d245e0~e11
T 21!b245e0~e11

T 21!Q44Ps

~19!

using the known value of the unclamped dielectric const
e i i

T of BCT.5 For the electrostriction coefficientQi j , we use
as initial values the values determined in BaTiO3 ,15,18 con-
sidering the close relationship of BCT with BaTiO3 .

Then we determine the elastic compliance at cons
electric fieldsi j

E using the relation

si j
E5si j

P1bkidk j ~20!

with si j
P the elastic compliance at constant polarization~with

the values of BaTiO3
19 taken as initial values as in the ca

of the electrostriction coefficient!. The elastic stiffnessci j
E is

deduced from the relation between the straint and the stress
s

t i5ci j
Es j and s i5si j

Et j ~21!

which allows the calculation of the piezoelectric tensorei j

ei j 5dikck j
E . ~22!

We then deduce the clampede i i
S dielectric constants13

e0e i i
S5e0e i i

T2ei j di j . ~23!

Now, we can calculate the clamped electro-optic coefficie
using15

H r 13
S 52e0~e33

S 21!g12
S Ps

r 33
S 52e0~e33

S 21!g11
S Ps

r 42
S 5e0~e11

S 21!g44
S Ps

~24!

and the unclamped electro-optic coefficients

r i j
T 5r i j

S1pik
E djk . ~25!

The elasto-optic coefficient at constant electric fieldpi j
E is

given, in the tensorial notation, by17

pi jmn
E 5pi jmn

p 12~gi j 3k
S Ps!•ekmn ~26!

using, here also, the value of the elasto-optic coefficien
constant polarizationpi j

p of BaTiO3 .
he
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The numerical values of the cubic phase parameters
use are presented in Table I. With this initial set of para
eters, and the relations~18!–~26! coupled with relations
~12!–~17! giving the effective electro-optic coefficient, w
are now able to calculate the theoretical variation of the p
torefractive gain with the rotation anglea, that we will com-
pare to the experimental results presented in Sec. III.

C. Comparison with experimental results

The first operation is a simple comparison of the expe
mental data with the theoretical curves. The result is sho
in Fig. 9 for sample B69 for ordinary polarization. We s
that the shape of the curve is correct but that the amplitud
greater for the theoretical curve, with the same result
served for the extraordinary polarization. We thus dedu
that the introduction of an orientation independent correct
factor is necessary to explain the experimental results, e
if at this level of the study we are unable to determine
exact nature of this reduction factor~depoling of the crystal,
electron-hole competition, lack of intensity saturation of t

TABLE I. Final set of parameters determined for BCT. The parameters
have changed compared to the initial set of parameters~see Ref. 4! are
indicated in bold characters.

Initial value Final values

g11
S (31022 m4 C22) 1563 11

g12
S (31022 m4 C22) 3.860.6 3.5

g44
S (31022 m4 C22) 761.5 13.5

p11
P 0.3760.03 0.3760.03

p12
P 0.1160.01 0.1160.01

p66
P 20.3060.15 20.3060.15

s11
P (310212 m2 N21) 8.7 8.7

s12
P (310212 m2 N21) 23.35 23.35

s66
P (310212 m2 N21) 8.9 8.9

Q11(m
4 C22) 0.09 0.09

Q12(m
4 C22) 20.04 20.04

Q44(m
4 C22) 0.06 0.06

Dn 0.05 0.05
n 2.46 2.46
e11

T 1120630 1120630
e33

T 240610 240610

FIG. 9. Comparison between simulation~full line! and experimental results
~dots! for the B69 crystal with ordinary polarization.
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gain!. The correct shape of the curves is an indication
the initial set of parameters we use is not far from the ac
one.

Going further, we first compensate the theoretical cur
for the reduction factor equal to 0.7 for the B76.10.1.2 cr
tal and 0.5 for the B69 crystal, and we made an adjustm
of the theoretical curves to the experimental data. Due to
fact that the initial set of parameters already allows a go
description of the experimental curves and because of
great number of parameters, we do not make an exten
study and we make the adjustment by changing the sma
number of parameters. These fits are performed simu
neously on both polarizations and crystals. It means that
have adjusted four curves simultaneously. The best ac
dance~Figs. 10 and 11! between the experimental points an
the simulations is obtained by only slightly changingg11

S and
g12

S to g11
S 50.11 m4 C22 and g12

S 50.035 m4 C22 ~Table I,
column 2!. We note that the resulting values are still in
error bars announced in Ref. 17.

Besides parameters such asg44
S ~throughr 42) that are not

intervening in the expression of the effective electro-op
coefficient in the 0°-cut crystal configuration we use, so
parameters have little influence. We note that onlyp11

P , s11
P ,

FIG. 10. Comparison between simulations with optimized parameters~full
and dashed lines! and experimental results for the B69~triangles!and B76
~dots!crystals with ordinary polarization.

FIG. 11. Comparison between simulations with optimized parameters~full
and dashed lines! and experimental results for the B69~triangles!and B76
~dots!crystals with extraordinary polarization.
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andQ12 have a real influence on the shape of the curves~Fig.
12!. This low influence of some of the parameters and a
the fact that some parameters can eventually compensat
distortion of the curves induced by another parameter in
cate that the found set of parameters is certainly not uni
and will have to be confirmed by some other experime
~optical and mechanical experiments!.

D. Additional experiments in 45° cut sample

The orientation of the crystal we use does not bring
any information onr 42 ~or g44

S ). It is known that in order to
be influenced byr 42, we should havebÞ0° and extraordi-
nary polarized beams. We thus performed a rotation m
surement in a 45°-cut sample. The crystal studied is
rhodium and sodium doped BCT with 2000 ppm of rhodiu
and 2000 ppm of sodium labeled B92. The crystal was r
cut to prevent oscillation in the crystal20 and its thickness is
,54.1 mm.

The expected measurement was, nevertheless, not
sible with this crystal. Indeed, the photorefractive gain w
too high in this configuration to allow a reliable measur
ment of the gain. A typical energy transfer experiment
shown in Fig. 13. After a normal increase of the intensity
the signal beam, we reach a maximum after which the sig
decreases. This decrease is due to the beam fanning

FIG. 12. Influence of the most significant parameters.

FIG. 13. Energy transfer with extraordinary polarized beams in the B
crystal.
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appears due to the high gain of the crystal, leading t
decrease of the intensity of the pump beam and perturba
of the energy transfer measurement. This phenome
which is good news concerning the photorefractive perf
mances of BCT, prevents any measurement with extrao
nary polarization in the crystal. The solution for further e
periments would be to use a thinner crystal to reduce
gain, with the problem of the technical realization of t
crystal ~problem for cutting and poling such a thin 45°-c
crystal!.

We were, nevertheless, able to perform a measurem
in this sample with ordinary polarized beams for which t
gain is smaller~Fig. 14!. A comparison of the experiment
curves with the theoretical curves calculated with the ne
determined set of parameters shows a good accordance
out changing any parameter and using a reduction facto
0.52.

This measurement thus confirms our set of parame
but does not give us the expected information aboutr 42.
Therefore, we develop another method to evaluate this
rameter.

E. Evaluation of r 42

To determiner 42, we have to perform measuremen
with bÞ0 and extraordinary polarized beams@Eq. ~16!#. Us-
ing a 0°-cut crystal, one solution would be to go from
configuration withb50 with two beams symmetrically inci
dent on the crystal and to rotate the crystal around the v
cal axes to have a dissymmetrical incidence of the be
Unfortunately, due to the rather low value ofr 42 and the
relatively large value of the refractive index preventing
taining large values ofb, this measurement leads to lo
variation of the gain and thus to a bad precision in the de
mination of r 42. We thus choose to perform a measurem
aroundb5p/2 with extraordinary polarization. In that cas
if b equals exactlyp/2 the photorefractive gain is zero, bu
as soon as the angle departs fromp/2, the absolute value o
the gain increases and we measure a linear variation of
gain with the angle with a slope roughly proportional tor 42

T .4

The measurement is performed in the B69 sample withkr

54 mm21 and is presented on Fig. 15.

FIG. 14. Comparison between simulations~full line! and experimental re-
sults~dots!for gain as a function of the rotation anglea for the B92 45°-cut
crystal with ordinary polarizations.
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If we take into account the factor of reduction of the ga
of 0.5 that was measured in this crystal~cf. Sec. IV C!, we
perfectly adjust the theoretical expression with the exp
mental data by changing theg44

S value to g44
S

50.135 m4 C22. As in the previous measurements, some
rameters have little influence on the theoretical curve; thi
the case here forp66

p ands66
p .

F. Electro-optic and piezoelectric coefficients of BCT

To sum up the results of the different adjustments,
have used the orientation dependence of the photorefrac
gain to pinpoint the mechanical and optical characteristics
BCT. This adjustment is performed on the cubic phase
rameters of BCT~Table I, column 2!. They are then used to
calculate the tetragonal phase coefficients~Table II!. If we
compare these values with some available in the literat
especially for the electro-optic coefficient, we observe
good agreement forr 13

T andr 33
T which measured values wer

36 pm V21 and 140 pm V21, respectively.21 For the third
electro-optic coefficientr 42

T the difference is more importan
with the value of 190 pm V21 given in the literature.22

To this list of parameters we have to add two other c
efficients that are more specific to the photorefractive effe
In Sec. II, we presented measurements of the gain as a f
tion of the grating wave vector in a configuration whe
b50, that allowed us to determine two electro-optic coe
cients that were identified then tor 13 andr 33. Following the
rest of the study indicating that the indirect electro-optic
fect has to be taken into account, we now know that
determined coefficients were in realityr 22

eff(0,0) andr 33
eff(0,0)

respectively. Using the values of the coefficients given
Table II, we calculate their theoretical values that a
r 22

eff(0,0)534 pm V21 and r 33
eff(0,0)5107 pm V21. These val-

ues are in good agreement with the experimental val
given in Sec. II C, r 22

eff(0,0)544 pm V21 and r 33
eff(0,0)

5110 pm V21, if we correct these values from the reductio
factor of 50% existing in the B69 crystal used in the expe
ment.

FIG. 15. Gain as a function ofb aroundp/2 ~comparison with simulations!.
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TABLE II. Final tetragonal phase parameters deduced from the cubic phase parameters of Table I.

Clamped dielectric constants Spontaneous polarization~C m22!

e11
S 824 PS 0.30

e33
S 140 Elasto-optic coefficients at constant field

Elastic stiffness at constant field (31010 N m22) p11
E 0.34

c11
E 22

p12
E 0.08

c33
E 18.7 p13

E 0.25

c12
E 13.7 p31

E 0.02

c13
E 14.6 p33

E 0.80
c44

E 8.3 p44
E 0.89

c66
E 11.2 p66

E 20.30
Piezoelectric coefficients~pm V21! Piezoelectric coefficients~C m22!

d31 251 e31 21.42
d33 114 e33 6.52
d24 178 e24 14.7

Unclamped electro-optic coefficients~pm V21! Clamped electro-optic coefficients~pm V21!

r 13
T 33 r 13

S 26
r 33

T 170 r 33
S 81

r 42
T 453 r 42

S 295
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G. Optimum configuration for photorefractive gain in
BCT

Thanks to this set of parameters, we are now able
calculate the shape of the gain as a function of the angleb
andu @Fig. 16~a!#. We see that the gain is maximum for
angleb of 45° and an angleu of 9°. For this configuration,
the gain should be as high as 78 cm21 at 514 nm. Consider-
ing the factor of reduction of the gain of 50%, it means th
we can experimentally reach a gain of 39 cm21.

We have tested the influence, on the position of t
maximum, of the values ofp66

p and s66
p which are the less

known coefficients. If we multiplyp66
p by 2, the maximum of

gain is then obtained foru59° andb544°. If we multiply
s66

p by 2, the maximum of gain is obtained foru59° and
b544°. Therefore, the influence of these parameters on
configuration which maximizes the gain is insignificant.

As expected, the Kerr coefficients have a large influe
on the position of the maximum of gain. Indeed, with t
initial parameters list~Table I, first column!, we obtained a
maximum gain foru512° andb50° @Fig. 16~b!#. The ex-
periments presented in this article are thus essential bec
they have enabled us to determine that the maximum g
can be obtained when the angle between thec axis of the
crystal and the grating wave vector is 45°, as was the cas
BaTiO3 . This last point is confirmed by the fact that we ha
to

t

s

e

e

se
in

for

been able to implement a DPCM only in a 45°-cut crys
~and not in a 0°-cut crystal with the same thickness!.23

V. CONCLUSION

We performed a two-beam coupling characterization
the BCT crystal, as a function of the spacing and orientat
of the written grating, for ordinary polarization. We sho
that the grating spacing dependence can be interpreted w
out the need for the indirect electro-optic effect, but this c
lead to incorrect values of the deduced parameters. To
further, other experiments should be realized. We choos
study the two-beam coupling as a function of the grat
orientation that was successfully used in BaTiO3 and
KNbO3, to show the influence of the indirect electro-opt
effect. This influence of the indirect electro-optic effect w
also observed in BCT, together with a still unidentified effe
that reduces the gain. This reduction is independent of
orientation but varies from sample to sample.

Using a model we developed, that calculates the B
parameters in the quadratic phase~Pockels electro-optic,
elasto-optic, piezoelectric, elastic stiffness coefficients!as a
function of the parameters in the cubic phase~Kerr electro-
optic, elasto-optic, electrostriction, elastic stiffness coe
cients!, these experimental data are adjusted to make
f
FIG. 16. Three-dimensional plot o
the gain as a function ofu and b for
the final ~a! and the initial~b! set of
parameters.
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evaluation of these parameters. These results lead to va
of r 13

T 533 pm V21 and r 33
T 5170 pm V21 that are in agree-

ment with previously published values, whereas we reev
ate the value of r 42

T to the higher value of r 42
T

5465 pm V21, that confirms the interest of the BCT crysta
compared to the BaTiO3 .

The values for the different coefficients of the BCT d
termined here allows us to calculate the optimum orienta
for the use of this crystal. We found that the best cut for B
is a 45° cut as for BaTiO3 . This was confirmed by the ob
servation of beam fanning and the implementation o
DPCM in a 45°-cut BCT sample.
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