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Abstract

The temperature dependence of the light-induced polarization—isotropic scattering in strontium-barium-niobate
(SBN) doped with 0.66 mol% cerium is studied in a temperature range covering the ferroelectric phase and the relaxor
phase transition. We introduce a method to determine the electrooptic coefficient r3; and the effective density of the
photorefractive centers N from the angular distribution of the scattered light. The temperature dependence of these
two parameters is discussed with respect to the phase-transition behavior.

© 2003 Elsevier Science B.V. All rights reserved.

PACS: 42.65.Hw; 7.80.—¢; 78.20.Jq

1. Introduction

Strontium-barium-niobate  (Sr,Ba;_ Nb,Og,
SBN) has received much attention with regard to
both scientific studies of its electrooptic properties
[1] and possible applications in the field of elec-
trooptic materials such as holographic storage
[2,3] or phase-conjugated mirrors [4]. This interest
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has been fueled by the large electrooptic effect
exhibited by SBN [1,5] and the possibility to grow
crystals of the congruently melting composition
with x =0.61 (SBN61) with very good optical
quality [6]. The electrooptic properties of SBN61
can be further improved by doping. Ce-doping, for
example, leads to a significant increase of the lin-
ear electrooptic coefficients and the sensitivity of
the crystal to light of larger wavelengths [7], ex-
tending the wavelength range that is available for
photorefractive applications from the low ultravi-
olet to the near infrared spectral range. Doping
also lowers the temperature of the phase transition
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from the ferroelectric low-temperature phase into
the centrosymmetric, paraelectric high-tempera-
ture phase from about 80 °C for the undoped
sample down to room temperature for crystals
doped with 2.07 mol% cerium. The relatively low
coercive field of a few hundred (V/mm) [8,9] allows
an easy adjustment of the ferroelectric domain
structure, resulting in special domain configura-
tions such as in periodically poled crystals [10,11].
All these properties make SBN an ideal candidate
for the examination and application of electroop-
tic and nonlinear optic effects.

In the context of domain configurations, the
question of the phase-transition behavior of SBN
is also of interest. The phase transition from the
ferroelectric into the paraelectric phase does not
happen at a well-defined critical transition tem-
perature, as theory predicts for ferroelectrics, but it
is ‘smeared’ over a wide temperature range [12,13].
Due to this relaxor phase transition, phenomena
that are typical for noncentrosymmetric materials,
such as the electrooptic effect, occur even in a
temperature range that can already be considered
as the paraelectric, centrosymmetric high-temper-
ature phase [14].

Since the linear electrooptic effect is a major
factor behind most nonlinear optic phenomena in
ferroelectric crystals (including photorefraction),
intimate knowledge of electrooptic properties is
important not only for many technological appli-
cations [15,16] but also for a clear understanding
of nonlinear optical processes in these crystals. In
the case of SBN (point symmetry group 4 mm), the
third rank electrooptic tensor # has only three in-
dependent components: r33, 13 and ry. However,
the procedure of a precise experimental determi-
nation of the electrooptic coefficients is not trivial
and still poses very high technological demands.
Normally, these coefficients are measured by in-
terferometric methods which require a very high
mechanical stability as well as a high temperature
stability of the measurement equipment [5,17].
Furthermore, this method requires an external
electric ac field to be applied to the sample, a
process which can influence the ferroelectric po-
larization and thus the electrooptic behavior. As
an alternative, measurements of the angular de-
pendence of the holographic two-beam coupling

gain I' by a holographic two-beam coupling
method have been proposed to determine all three
components of the electrooptic tensor in SBN [18].
This method eliminates the need for external
electric fields. However the internal electric field
induced in the bulk of the crystal by coherent il-
lumination amounts to about 100 V/mm and may
influence the measurement of the electrooptic co-
efficients. The requirements to mechanical stability
also remain and are similar to the interferometric
technique. It is therefore desirable to develop a
method of measuring the electrooptic coefficients
that combines the field-free technique of hologra-
phy with low experimental demands. The effect of
light-induced scattering proves to be a valuable
tool that has both of these advantages. Light-in-
duced scattering accompanies the propagation of a
laser beam in a photorefractive crystal and often
draws a significant part of the beam intensity. In
the case of a SBN crystal, the strongest scattering
is polarization—-isotropic wide-angle scattering ap-
pearing from an extraordinarily polarized pump
beam. In the literature this is also referred to as
photoinduced scattering [19], beam fanning [23],
asymmetric light induced stimulated scattering [24]
or holographic light scattering [14]. It originates
from primary scattering of the incident beam on
optical imperfections in the crystal volume. This
coherent optical seed light interferes with the
transmitted light and records a multitude of par-
asitic photorefractive gratings. Due to the non-
linear coupling of seed and pump waves on the
parasitic gratings, a part of the primary scattering
can be amplified at the expense of the pump beam,
resulting in light-induced scattering. It has been
shown that the well-known theory of two-beam
coupling in the case of a small signal beam am-
plification can be applied in the description of the
final scattering pattern [19,20]. Since the beam-
fanning has a considerably wide angular indicatrix
and the total scattering intensity is distributed over
large space angles, the internal electric fields in-
duced in SBN do not exceed a few V/cm, and that
can not significantly influence the measurement of
the value of the electrooptic coefficients in the
crystal. The study of the beam fanning does not
require high mechanical stability for the experi-
mental setup.
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In this paper we show that the examination of
the light-induced scattering in highly doped
SBN61:Ce is an easy way to determine the angular
dependence of the holographic two-beam coupling
gain I' from only one measurement. The resulting
I'(0)-distribution is used to obtain both the elec-
trooptic coefficient r3;3 and the effective trap density
Ngr of a Ce-doped SBNG6I1 single crystal. The
temperature dependence of these parameters is
examined in a temperature range encompassing
the ferroelectric low-temperature phase, the re-
laxor regime and the paraelectric high-temperature
phase where the light-induced scattering finally
vanishes. The results are discussed with respect to
the relaxor nature of the phase transition.

2. Experimental setup

A single crystal of SBN61 doped with 0.66
mol% cerium was grown by the Czochralski tech-
nique and cut parallel to the crystallographic axes
into a rectangular parallelepiped with dimensions
of 0.90 x 7.15 x 6.20 mm? along the a-, b- and c-
axis, respectively. The temperature of the phase
transition between the paraelectric and the ferro-
electric state is found at 7' =52 °C [25]. The
sample was poled by heating up to 140 °C, ap-
plying an external electric field of 350 V/mm along
the crystallographic c-axis and then slowly cooling
down to room temperature before removing the
field. This procedure results in a sample where
practically all existing domains are aligned ac-
cording to the external field [26]. Then the sample
was placed in a holder and fixed on a thermo-
electric element. A temperature controller allowed
to adjust the sample temperature from 10 to 150
°C with an absolute accuracy of 0.3 °C. The faces
of the sample normal to the crystallographic c-axis
were short circuited to prevent an influence of
pyroelectric fields when the sample temperature
was changed.

A sketch of the setup can be seen in Fig. 1. The
beam of a low-power He-Ne-laser serving as the
pump beam with a wavelength of A =632.8 nm
was directed normally on the large a-face of the
sample. The polarization of the beam was oriented
parallel to the c-axis of the sample. The intensity of

motion - motor :
controller [

driver :
M2 P BS

emperature|
controller

peltier
element

Fig. 1. (a) Experimental setup for measuring the angular dis-
tribution of the scattered light at different temperatures. L is a
He-Ne-laser, /2 a half-wave retarder plate, P a Glan-Thom-
son prism, BS a beam splitter, PD1 and PD2 are photodiodes.
The SBN61:Ce (0.66 mol%) sample is placed on a stack of
Peltier-elements to regulate the temperature.

the pump beam was adjusted to a value of 70 mW/
cm? using a half-wave retarder plate and a Glan—
Thomson prism. This low intensity was chosen to
prevent nonlinear effects other than light-induced
scattering that might influence our measurement.
The pump beam had a Gaussian intensity distri-
bution with a FWHM of 0.8 mm. A small fraction
of the pump beam was directed to a photodiode
PD1 by a beamsplitter BS to monitor the laser
intensity. Photodiode PD2 was placed behind the
sample at a distance of 5.5 cm and was mounted
on a rotation stage driven by an electronic motion
controller. When moving, photodiode PD2 made
an exact half-circle around the sample in the di-
rection from the negative to the positive end of the
polarization vector in order to measure the light
distribution in the plane of incidence parallel to
the c-axis. The scattered light is measured in the
angular range —90° < 0, < + 90°, where the nega-
tive and positive scattering angles 0, correspond to
the scattering against and along the direction of
the polar c-axis, respectively. At 6, = 0° the pho-
todiode crosses the pump beam directly behind the
crystal. The aperture of the diaphragm on PD2
limits the apex angle of the measured scattered
light to 0.5°. The entire setup is enclosed in a black
box (represented by the dotted rectangle in the
figure) with only a small opening for the pump
beam to minimize the noise due to external light
sources. To obtain a baseline curve, the intensity
distribution of the laser was measured without a
sample in the holder.
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3. Experimental results

Immediately after the beginning of the illumi-
nation, very weak scattering with an isotropic
angular distribution appears around the trans-
mitted laser beam. This initial scattering pattern
then develops into the well-known asymmetric
scattering pattern [14] where the light is strongly
enhanced in the direction antiparallel to the polar
c-axis of the crystal. Correspondingly, the scat-
tered intensity is depleted in the direction parallel
to the c-axis. The intensity of the transmitted
pump beam decreased by about 60% during this
process. After about 15 min, the temporal devel-
opment of the scattering pattern reaches a steady
state. An angular scan over the intensity distribu-
tion of the scattered light at 7 = 20 °C is presented
in Fig. 2. The values have been normalized to the
maximum of the transmitted intensity and plotted
on a logarithmic scale to allow a better compari-
son. The angular asymmetry is clearly noticeable:
On the left-hand side, at negative angles, there is a
large scattering intensity with a broad maximum at
0, = —28°. At 0, =0°, the diode crosses the
transmitted pump beam, more than five orders of
magnitude larger than the scattered intensity. On
the right-hand side, at positive scattering angles,
the intensity of the scattered light is two orders of
magnitude smaller than the one at negative scat-
tering angles. The sharp peak at 6; = —80° is due
to internal reflections at the inner crystal faces.
When the sample is heated, the scattering pattern
changes: The total scattered intensity increases, the
maximum in the negative direction becomes more
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Fig. 2. Angular distribution of the scattered light in SBN in the

ferroelectric state (7 =20 °C), in the transition range
(T =45 °C) and the relaxor state (7' = 65 °C).

pronounced and shifts closer to the transmitted
pump line at 0°. As an example, the scattering
pattern measured at 7 = 45 °C is also presented in
Fig. 2. When the phase transition temperature is
exceeded at T = 52 °C, the light-induced scatter-
ing does not vanish abruptly, as it would in fer-
roelectrics with a critical phase transition. Instead,
an asymmetric scattering pattern is still observed
for higher temperatures, with a decrease of the
total scattered intensity and a further shift of the
maximum towards smaller scattering angles. This
behavior is exemplarily shown in Fig. 2 for the
scattering pattern observed at 7 = 65 °C. At a
temperature of 7 =100 °C, the light-induced
scattering pattern finally vanishes into the back-
ground noise.

4. Discussion

The observed angular dependence of the scat-
tered intensity at different temperatures corre-
sponds very well with the results reported
previously [25]. As it is shown in [19,20], the wide-
angle polarization—isotropic scattering (beam fan-
ning) arising in SBN during illumination of the
crystal by a single laser beam is a typical photo-
refractive phenomenon. It results from nonlinear
amplification of the scattered part of the incident
beam at the expense of the transmitted part, when
the scattered and transmitted light records noisy
gratings of the refractive index and interacts on
them. In order to simplify the model equations and
the numerical treatment of the experimental re-
sults, below an unsophisticated microscopic
photorefractive model [21] is applied to analyze
the spatial distribution of the beam fanning in
SBN:Ce. We restrict ourselves by the following
assumptions: (i) diffusion of photocarriers is the
dominating charge transport mechanism in SBN
in the absence of an external electric field, and the
contribution of a photovoltaic effect is negligibly
small [22]; (ii) electrons are major contributors to
the photoinduced current [27], and deep centers
associated with Ce*" ions donate photoelectrons,
whereas Ce*" ions serve as deep trapping centers.
Minor contribution of positive charges (holes) in
the diffusion transport is possible in SBN, and it
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can slightly modify the resulting space-charge field;
(iii) contributions of shallow traps in the forma-
tion of the space charge field Ey. and the contri-
bution of dark conductivity to the total crystal
conductivity are neglected; (iv) an undepleted
pump approximation is used in the case of the
light-induced scattering; (v) the absorption coeffi-
cient o can be approximated to zero, which is quite
realistic for SBN:Ce illuminated at 4 = 633 nm.

According to [19], the incident pump beam
scatters on surface imperfections and on optical
inhomogeneities in the crystal volume. Coherent
waves of the initial scattering serve as a seed for the
beam fanning. A pair of transmitted (pump) and
scattered (seed) light waves forms an elementary
light intensity pattern I(r) = (I +1,)(1 + mcos
(K - r)) with the modulation depthm = 2 /L1, / (I-+
I,). The interference pattern consists of bright and
dark fringes periodically sequenced along the grat-
ing vector K, with absolute value

K, = 2n/A = 4n sin 0" /2, (1)

where 0;“ is the scattering angle between seed and
pump waves inside the crystal.

The spatially inhomogeneous elementary light
pattern excites eclectrons from donors into the
conduction band. Due to the diffusion process,
photocarriers are migrating from bright fringes to
dark fringes and are trapped there by acceptors.
The resulting electric space charge field is shifted in
space by A/4 with respect to the original inter-
ference light pattern: Ey(r) = mE, sin(K, - r). The
amplitude E?. of this space charge field can be
written as [28]

ol K
e I (KK

where kg is Boltzmann’s constant, 7 is the tem-
perature, e is the unit charge, e, and e are the
polarization unit vectors of pump and scattered
wave, respectively. Coefficient { <1 is introduced
to account for the electron-hole competition, when
that occurs. If electrons are major photocarriers in
the crystal, then { ~ 1. The parameter

2N,
Kd _ € INeff
63360kBT

(ep - ) (2)

takes into account the effect of the Debye screen-
ing that reduces the amplitude of the space charge
field in SBN at large spatial frequencies. Ny =
(ceer - Coert )/ (ot +Cet+) 18 the effective trap
density, where cqa+ and cqg4+ are the volume
concentrations of Ce in the corresponding charge
states, and can be approximated by Ner = cqe+,
since ¢ > ¢+ [30]. (ep - €5) ~ 1 in our case.

The main disadvantage of the microscopic ap-
proach to photorefractive phenomena is that this
description deals with microscopic properties of
the ferroelectric crystal, and these properties differ
from one sample to another and are almost non-
controllable. Even in the case of the simplest one-
species—one-carrier model, the expression for the
space charge field E°, contains at least one free
parameter, namely N.r. There is also an alternative
macroscopic approach to the description of pho-
torefraction [31], where the functional relations for
E. are phenomenologically established according
to the crystal symmetry. The phenomenological
description applies more general statements than
the microscopic approach and uses only macro-
scopic parameters. Those can be directly measured
in the experiment. However, when applied to SBN,
the macroscopic description has serious limitations
at high spatial frequencies and therefore is not able
to account for the Debye screening important for
the spatial separation of photoinduced charges at
A< K;'. At the same time, the microscopic
model adequately describes the photorefractive
response both at high and low spatial frequencies.

Since there is always a multitude of scattered
light waves in all directions in the crystal, the re-
sulting space charge field consists of a rather com-
plicated superposition of elementary electric space
charge fields. In an electrooptic crystal, a single
electric charge grating causes a spatial modulation
of the refractive index An(r) that follows the profile
of the space-charge field: An(r) = An,sin(X, -r).
The amplitude of the resulting refractive index
grating is proportional to the amplitude of the
corresponding space charge field:

1
An, = _EngffreffEsm (3)

where ng and rop are the effective values of the
refractive index and the linear electrooptic coeffi-
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cient. Hence the electrooptic effect exhibits a
strong anisotropy, and index gratings can be re-
corded only when the corresponding component
of the electrooptic tensor is not equal to zero. In
the case of SBN, this is true only for 733, 13 and ry,.
Extraordinarily polarized pump and seed waves
record only gratings with grating vectors which
have nonzero projections K; along the c-axis. The
larger K; is, the stronger the corresponding phase
grating becomes.

The spontaneous polarization P in SBN is at-
tributed to the displacement of metal atoms from
the oxygen planes along the fourfold axis of the
NbOg¢ octahedra [32] when the crystal undergoes
the phase transition from the centrosymmetric into
the noncentrosymmetric phase. The field of the
spontaneous polarization causes further distortion
of the elementary crystal lattice. In turn, the dis-
tortion of the centrosymmetrical crystal lattice
leads to an appearance of the linear electrooptic
effect. The relation between the electrooptic coef-
ficient and the spontaneous polarization is [33,34]

Veff = 0052 0}"33 = ZCOS2 060633g33PS, (4)

where g3; is the quadratic electrooptic coefficient.
Here we take into account that scattering angles
0" cover a small range —25° < 0 < + 25°, so that
the contributions of r4 and rj3 can be neglected.
The value of the effective refractive index in Eq. (3)
is Heff = Ne.

Only in successfully poled ferroelectrics where
most of the polar domains are oriented in one di-
rection, Py and rs have homogeneous values
across the whole sample. In unpoled ferroelectrics,
different domains are not mutually aligned, and
the local value and direction of Ps vary from one
place to other. Therefore, the electrooptic coeffi-
cient 7oy 1s different in different nano- and micro-
scale regions, and its macroscopic value can even
be equal to zero. A similar situation occurs in the
poled relaxor at 7 > T, when the thermal energy is
large enough to overcome the cooperative inter-
action of dipoles and only local random fields
cause a correlation between elementary dipoles
and yield local regions with nonzero electric po-
larization (polar clusters). Since in the relaxor state
mutual interaction between polar microregions
is suppressed, the polar clusters are randomly

oriented along the predominant axis. This also
results in the varying of the local values of Ps and
ree over the crystal volume and in the reduction of
their macroscopic values. The value of ry de-
creases with increasing 7 until it vanishes.

The spatial A/4-shift between the modulation
of the refractive index and the original light in-
tensity pattern results in an effective energy
transfer between pump and seed waves interacting
on the refractive index grating. Since the domi-
nating photoexcited charge carriers are electrons
and the sign of the electrooptic coefficient is posi-
tive [18,27], the energy transfer is always antipar-
allel to the direction of the polar c-axis: The light
scattered in the —c-direction is amplified at the
expense of the pump beam, light scattered in the
+c-direction is depleted. These amplification-de-
pletion processes exponentially depend on the
product of the two-beam coupling coefficient I’
and the interaction length / of the two waves. In
the steady state, the scattering component with the
initial intensity I reaches a value of I, = I? exp(I'/)
at the output face of the crystal [35-37]. In the
general case, the coherent seed I° is formed by
scattering of the incident beam on surface imper-
fections (surface scattering) and on optical inho-
mogeneties distributed in the bulk of the sample
(bulk scattering). As it is shown in [38], the initial
bulk scattering on optical inhomogeneties local-
ized on domain walls is primarily responsible for
the seeding of the beam fanning in SBN. Never-
theless, for the sake of simplicity and taking into
account very large values of I' measured in SBN,
below we consider / as the thickness of the crystal
measured along the direction of propagation of the
pump beam (along the x-axis) and I° as some ef-
fective seed intensity over the crystal. According to
[38], the intensity of seed scattering I exhibits a
very strong dependence on the angle 6;.

Assuming the undepleted pump approximation
and neglecting absorption, an expression for the
coupling coefficient I" can be written as [29]

4rAn,
= :l: =
Acos b

3
2TEI’leESCI"eff
Acos 0

I (5)
where the sign ‘-’ applies for waves scattered in the
+c-direction and the sign ‘+’ for waves scattered in
the —c-direction. The two-beam coupling experi-
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ment shows that the coupling coefficient in our
sample is quite large and can reach values up to
I' =45 cm™! at room temperature [18].

Besides the beam-fanning nonlinearly amplified
with the crystal thickness, noncoherent light scat-
tering with an amplitude linearly dependent on /
may also develop in photorefractive crystals [39].
However, if the coupling coefficient is sufficiently
large (as it takes place in SBN) and the product
I'l > 1, the beam fanning will greatly exceed the
linear scattering and can even entirely suppress it.
Only for small values of I', the contribution of the
linear scattering becomes noticeable and should
not be neglected. For the sake of simplicity and
taking into account our particular case of large I,
we can omit the contribution of the linear scat-
tering and consider solely the beam fanning.

Substituting the expression for the space charge
field from Egs. (2) and (4) into Eq. (5), we get

A sin 0, cos 0,

re,,r=— - ———, 6
( ) 1 + B2sin® 0, ©)
8mnlkg T
A="{rs; 7?2}37 (7)
B 2 Nege (8)

4r €33 EokB T

Besides the explicit temperature dependence of 4,
the parameters r33, 1, and €33 depend on the tem-
perature, too. We also must take into account a
possible temperature dependence of N.. From Eq.
(6) one can see that the parameter 4 is a factor
which influences only the amplitude of I'(6;) and
has no effect on the angular distribution. The de-
tails of the spatial structure of the distribution,
most notably the position of the maximum, are
determined only by the parameter B.

We can obtain the angular distribution of the
gain coefficient from the measured scattering pat-
tern as follows: We assume that the intensity of the
primary scattered light from a single scattering
center is the same for both directions 6, and —6;. It
has to be noted that this assumption does not
imply that the intensity distribution of the primary
scattered light is homogeneous, since light scat-
tered under different angles 6; will still have
different intensities [38]. The values of I' for two

symmetric angles 6;; and 0y, = —6;, differ only in
sign, thus taking the logarithm of the corre-
sponding ratio of the two scattered intensities
Iy, = Iyexp(+|I'|_.[) and Iy, = Iyexp(—|I'|, /) will
give us twice the absolute value of the two beam
coupling gain

2101 = Tn(ly, /1o,) ©)

Fig. 3 shows the calculated values of |I'| versus the
scattering angle 0; for 7 =20°C (circles),
T =45 °C (squares) and T = 65 °C (crosses). The
figure shows only the coefficient I'_. corresponding
to the —c-direction. Note that the internal scat-
tering angle 6" displayed in this figure ranges from
about —25° < 0" < 0°, corresponding to externally
observed angles in the range of —90° < 9;’”‘ <0°,
due to the large refractive index of n, = 2.281 [40].

Fits of Eq. (6) to the datapoints are represented
by the continuous lines in Fig. 3, the corresponding
values of the fitting parameters are 4 =190.8 cm™!,
B=02665 for T=20°C, A=4264cm!,
B=0.1784 for T =45°C and 4 =4455cm™',
B =0.07942 for T = 65 °C. The very good result of
the fitting procedure performed on the I'-curves is
apparent and shows that the simple model consid-
ered here describes the angular distribution of the
beam fanning in SBN quite successfully. At the
same time, one should note that the accurate fitting
of the original I-curves is not possible without
knowledge of the angular behavior of the seed
scattering /0. As it is mentioned above, the initial

gain factor |T'| [em™]

0 1 1 1 1 1
-25 -20 -15 -10 -5 0
internal scattering angle 0 [°]

Fig. 3. Absolute value of the two beam coupling gain I" versus
the scattering angle 6 for 7 =20 °C (circles), 7 =45 °C
(squares) and 7 = 65 °C (crosses). The solid lines are fits ac-
cording to Eq. (6).
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scattering exhibits a very strong dependence on the
angle 6 [38], and this can essentially influence the
real intensity distribution from sample to sample.
Our method of separate extraction of I'- and I°-
curves (Eq. (6)) allows to solve this problem.
Moreover, the determination of an angular depen-
dence of the coupling coefficient I in SBN from the
scanned light-induced scattering distribution is
much easier than that from the two-beam coupling
experiment: we do not need to rearrange the setup to
measure I for every new angle.

The variables in the parameter 4 besides the
known temperature 7 are the product of the elec-
tron-hole competition factor { and the electrooptic
coefficient r33, and the refractive index n,. Like-
wise, the parameter B depends only on the quo-
tient of the effective trap density N and on the
dielectric constant e;3. The material parameters n,
and e3; known at different temperatures allows us
to determine the temperature dependence of (r3;
and N using the proper fitting parameters 4 or B.
Both €33 and n, are known for different tempera-
tures from [41] and [42,43], respectively. In the case
of n,, the accuracy of the published data is better
than 1%, but in the case of €33 one has to be more
careful: The published data are measured with
frequencies of 100 Hz, while in our case the static
dielectric constant is needed. For low tempera-
tures, one can assume an accuracy of about 10%,
but above the phase transition temperature the
difference will be larger. This source of error will
be discussed in detail below. Fig. 4 shows the
temperature dependencies of {r;; (upper part) and
Neir (lower part) calculated from the results of our
fits of I'-curves for all temperatures. The accuracy
of the calculated values is mainly determined by
the accuracy of the fitting parameters A4 and B. It is
not possible to vary the obtained values of 733 and
N by more then 3% without a serious deviation
of the calculated values from the experimental
data, so it is safe to assume an error margin of 5%
for these values. The extraction made from Fig.
4(a) for T =20 °C gives (r;; = (324 £ 16) pm/V.
In comparison, the standard interferometric
method gives the value of the electrooptic coeffi-
cient also measured at 7 = 20 °C and for the same
SBN sample as r3; = (354 +2) pm/V [44]. Thus,
one can deduce that the electron-hole competition
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Fig. 4. Temperature dependence of the electrooptic coefficient
r33 (top) and the effective trap density Ny (bottom). Note that
for T > 65 °C N could not be determined.

is { ~ (0.92+0.04) and the product {r;; can be
substituted by only 733 with a quite high accuracy.

Even more so than the angular dependence of
the scattered intensity itself (Fig. 2), the curves in
Figs. 3 and 4 illustrate the behavior of the relevant
physical parameters with increasing temperature
very clearly: For low temperatures, the amplitude
of I'(0) is low, corresponding to small values of 7s;.
The maximum is very broad and lies at angles
07" ~ —15°. The resulting values of 733 and Ny are
in good agreement with the values known from the
literature [18]. When the temperature approaches
the phase transition temperature, the amplitude of
I'(0) increases drastically. This is due to the strong
increase in the electrooptic coefficient r3; near the
phase transition that has already been observed in
similar crystals with interferometric measurements
[45]. The maximum becomes notably sharper and
shifts to smaller angles due to the increase of the
dielectric constant e3;. In contrast, the effective
trap density N remains practically constant. This
is not surprising, since Ner ~ co4+. The concen-
tration of Ce*'-ions in the crystal does not change
with temperature, so neither does Neg.
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We know that the decay of the macroscopic
domain structure into smaller polar clusters starts
in the temperature range between 52 °C and 65 °C
[25]. In this range, N seems to decrease signifi-
cantly. However, the number of Ce*"-ions in the
crystal will still remain constant, and the charge
transport from Ce*" to Ce*" will also not be so
strongly affected by the slight increase of the
temperature. A possible explanation of this phe-
nomenon is an error in the determination of Ny by
the fitting parameter B from Eq. (6), where we
used the literature values for es3. These values were
obtained with an ac-method at a frequency of 100
Hz, whereas in our case the static dielectric con-
stant is needed. For temperatures below T¢, the
frequency-dependence of e;; is not very pro-
nounced, but in the phase transition range the
formerly stable domains decay into polar clusters
of different mobility. This results in a very strong
dependence of €33 on the frequency. New works by
Kleemann et al. [46] show that e (107* Hz) at
T =60 °C is larger by a factor of 2 compared to
€33 (10> Hz). This is in very good agreement with
our results: If we re-evaluate our data for 7 =
60 °C with the new value of €33, we obtain Ny =
1.81 x 102 m~3, which is the value already ob-
served for the low-temperature range. Unfortu-
nately, the very-low frequency values of €33 are not
available for a larger temperature range 52 °C <
T <65 °C. The electrooptic coefficient r3; contin-
ues to increase in this phase, driven by the steady
increase of €33 with the temperature.

When a temperature of 65 °C is exceeded, the
effective determination of N.; becomes very diffi-
cult. The parameter B in Eq. (6), which is used to
determine Ny, is very sensitive on the angular
distribution of I'(0). At higher temperatures, I'(0)
becomes rather flat and featureless, making it dif-
ficult to obtain a good fitting value of B. However,
the electrooptic coefficient r3; can still be deter-
mined, since the parameter 4 in Eq. (6), which is
used in the determination of 733, depends mainly
on the amplitude of the scattered light, not so
much on its angular distribution. We observe that
r3; decreases strongly for 7' > 65 °C, correspond-
ing to the decrease of €33 and Ps in this temperature
range (comp. Eq. (4)). It means that SBN enters
the deep relaxor phase where the polar regions of

nm- and pm-scale (polar clusters) become practi-
cally independent, local P, vectors are disordered
and the electric polarization in neighbouring
clusters is mutually compensated. As a result,
the value of r3; averaged through the whole vol-
ume of the crystal differs from the local values.
Thus, in the experiment we measure the decrease
of the macroscopic value of the electrooptic coef-
ficient.

For temperatures of 100 °C and above, the
scattering pattern becomes symmetrical, indicating
that there is no more gain coefficient I'(6) above
this temperature, corresponding to a vanishing
electrooptic coefficient and a final transition into a
centrosymmetric phase.

5. Summary

The light-induced polarization—isotropic scat-
tering in SBN61:Ce (0.66 mol%) has been studied
in detail for a temperature range including the
phase transition temperature. The temperature
evolution of the scattering pattern has been ex-
amined with respect to changes of the optical
parameters of the crystal at the phase-transition
from the ferroelectric to the paraelectric phase.
Both the electrooptic coefficient r;; and the ef-
fective trap density Ny could be deduced from
the angular distribution of the scattered intensity.
This allows us to obtain these important physical
parameters from one simple measurement setup
without many requirements to mechanical or
optical stability and without the need to influ-
ence the domain structure with external electric
fields.
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