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Dispersion of the electro-optic properties of cerium-doped Sr0.61Ba0.39Nb2O6
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The product of the linear electro-optic coefficient with the electron-hole competition factor r33� is
determined as a function of the wavelength together with the photorefractive trap density Neff in
cerium-doped strontium barium niobate. The photorefractive method of photoinduced light
scattering is applied. A pronounced increase of r33 by more than a factor of 2 is self-evident in the
blue-green spectral range, which is described by a theoretical approach based on the combination of
the Sellmeier formulation and the polarization tensor concept. By this further important material
parameters are estimated, such as the strength and frequency of the average dipole oscillator
characterizing the optical interband transfer. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2338596�
I. INTRODUCTION

The electro-optic properties are very pronounced in the
relaxor ferroelectric strontium barium niobate1

�Sr0.61Ba0.39Nb2O6, SBN� and bring about much attention to
use SBN for applications in different fields of nonlinear op-
tics. The particular impact of the linear electro-optic effect is
attached to photorefraction2 as it transfers an optically in-
duced spatial charge distribution into a modulation of the
index of refraction. It results in the recording of highly effi-
cient volume phase gratings in SBN. The electro-optic prop-
erties, and hence the photorefractive response of SBN, can
be selectively influenced by doping with different
elements,3,4 which is an important advantage for the devel-
opment of applications such as holographic data storage.5 In
addition crystals of SBN ensure a high optical quality and
can be grown with high purity in the congruently melting
composition.6 In order to assist the progress in photorefrac-
tive applications, a broadened knowledge, in particular,
about the electro-optic and photorefractive properties of
doped SBN is required.

The largest electro-optic coefficient r33 usually is deter-
mined with interferometric methods.7 Photorefractive meth-
ods based on two-beam coupling8,9 or photoinduced light
scattering10 were introduced using SBN as an example. The
photorefractive methods are advantageous as they allow us
to determine simultaneously additional material parameters
such as the photorefractive trap density Neff. It is even pos-
sible to measure all electro-optic coefficients with only one
crystal cut.11 It was shown that the scattering method espe-
cially is simple and requires marginal experimental effort.10

The proper design and optimization of optical devices
based on photorefractive crystals of SBN require the knowl-
edge of the dispersive behavior of the photorefractive—
especially of the electro-optic—properties, which is not re-
ported in literature up to now. In this article we apply the
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photoinduced light scattering method to determine the linear
electro-optic coefficient r33 in the spectral range �
=450–650 nm. We found a strong increase of r33 with de-
creasing wavelengths, and model the determined dispersive
behavior using the combination of the Sellmeier formulation
and the polarization tensor concept. In addition the photore-
fractive trap density Neff is determined which reflects the
number densities of traps involved in the photorefractive
process.

II. PHOTOREFRACTIVE METHOD

The dispersion of the electro-optic properties of SBN
will be determined from the study of the photorefractive phe-
nomenon of photoinduced light scattering. The method is
based on the dependence of the photorefractive effect on the
linear electro-optic effect, and was recently approved for the
determination of the temperature dependence of r33 in SBN
at �=633 nm.10 The basic concept of the method is the fol-
lowing.

The scattering appears in SBN crystals upon exposure to
a coherent laser beam with a wave vector kp orthogonal to
the c axis and extraordinary light polarization �see Fig. 1�.

FIG. 1. The beam of a coherent light source with wave vector kp propagates
through the SBN crystal and is partially scattered from optical inhomoge-

neities and imperfections in the crystal.
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The pump beam is partially scattered from optical inhomo-
geneities and imperfections in the crystal.

This initial optical noise consists of seed waves ks with
intensities Iso propagating at angles +�s and −�s with respect
to the direction of the pump beam. Interference of seed
waves with the pump wave results in the recording of vol-
ume phase gratings with wave vector K=kp−ks via the pho-
torefractive effect. Photoexcited charge carriers diffuse to the
dark regions of the interference pattern and create a space-
charge field with a spatial phase shift of � /2. The electric
field yields a spatial modulation of the refractive index via
the linear electro-optic effect. A stationary energy exchange
by two-wave mixing �2WM� on the recorded grating results
in an exponential change of the intensity of the seed waves,

Is��s� = Iso��s�exp�����s� − ��l� . �1�

Here, l is the interaction length between the waves, � the
absorption coefficient of the medium and the exponential
increment,

���s� =
q�reffn

4 sin��s�cos2��s�
��2q2/4�2kBT� + �4�33�0n2 sin2��s/2��/Neff

�2�

is the gain coefficient for the particular conditions of our
experiment describing the efficiency of the direct coupling
between the waves kp and ks at the grating K. Here, q=−e
and e is the elementary charge, kB the Boltzmann constant, T
the absolute temperature, �33 the component of the relative
permittivity of SBN in c direction, and �0 the permittivity of
free space. The factor �� � 	1 is introduced to account for
electron-hole competition in the space-charge transport. The
effective value of the electro-optic coefficient reff in c direc-
tion is composed by the corresponding largest components of
the electro-optic tensor r33, the elasto-optic tensor p33, the
piezoelectric stress tensor e33, and the elastic stiffness tensor
C33,

12

reff = r33 +
p33e33

C33
. �3�

An estimate of the second summand of Eq. �3� with pub-
lished data given in Refs. 13–15 yields a modulus of ap-
proximately 17 pm/V at �=632.8 nm. Values of the electro-
optic coefficient for SBN:Ce are comparably large, e.g., r33

= �246±12� pm/V,16 so that we approximate reff�r33 with
accuracy better than 10%.

Equation �2� has been derived with the following as-
sumptions: �a� predominance of 2WM between the strong
pump beam and scattered waves, i.e., negligence of interac-
tions between multiple weak seed waves,17 which is reason-
able according to the results of Ref. 10, �b� an undepleted
pump approximation,9,18 �c� a small absorption coefficient �
for the particular investigated wavelengths and �
�, re-
spectively, �d� diffusion of photocarriers as dominating
charge transport mechanism,19 and �e� a major contribution
of electrons to photoinduced currents.8

We assume equal seed intensities Iso�+�s�= Iso�−�s�. Ac-
cording to Eq. �2� the gain factor for two symmetric scatter-
ing angles differs only in its sign ���+�s�=−��−�s��. This

results in an asymmetry of the scattering distribution along
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the c axis. The scattering intensities Is�−�s� and Is�+�s� then
yield the gain factor as a function of the scattering angle via

����s�� =
1

2l
ln� Is�− �s�

Is�+ �s�
� . �4�

Thus, with Eq. �4�, the angular dependence of the gain factor
���s� from the angular distribution of the scattered light can
be determined. Then, the parameters �r33 and Neff can be
obtained according to Eq. �2� by using values of the refrac-
tive index n and the effective relative permittivity �33.

The interaction length of scattered and pump waves in
Eq. �4� is identified with the crystal thickness l=d, i.e., the
largest contribution to the initial optical noise is assumed to
result from scattering of the incident beam at imperfections
of the surface or the bulk region near to the surface. The
assumption is valid for the entire investigated angular range
of the scattered waves if the diameter of the pump beam dp is
related to the crystal thickness by at least dp�d.

In order to apply the scattering method for dispersive
investigations of r33�, all model assumptions should be valid
for a broad spectral range. This results, in particular, de-
mands for the experimental conditions as well as for the
SBN samples.

III. EXPERIMENTAL SETUP

For our investigations a single crystal of SBN doped
with 0.04 mol % cerium was grown by the Czochralski tech-
nique from the congruently melting composition and cut into
a rectangular parallelepiped with dimensions a�b�c=5
�2�4 mm3. Prior to each measurement the sample was
poled by heating it up to 150 °C, applying an external elec-
tric field of 350 V/mm	c, and then slowly cooling down to
room temperature before removing the field.

A low doping concentration is chosen in order to fit the
model requirement of a small absorption coefficient �. In
SBN:Ce � depends in the blue-green spectral range on the
strength of the Ce-absorption band and is influenced by the
tail of the band gap absorption. This could result in different
scattering properties for the blue-green, red, and infrared
spectral ranges due to absorption processes if the content of
Ce is high. Also, a small � allows us to avoid the effect of
local optical heating of the samples by the incident light, that
also could change the material parameters of the crystal and
therewith the scattering.20

Figure 2 shows the absorption spectrum of the crystal for
extraordinarily polarized probing light �e���. The broad ab-
sorption band centered at about 500 nm is attributed to
cerium.19

The values of �e and of the gain factor � are compared
in the inserted table for three typical wavelengths. The �
values are determined from standard two-beam coupling ex-
periments �see e.g., Ref. 11� with the following experimental
conditions: extraordinary light polarization of the recording
beams, internal Bragg angle 2�B=5.2°, and modulation
depth m=0.1. An experimental error of 10% can be esti-
mated for �. Obviously, the sample fulfills the important
condition �
�e in this recording geometry within the entire

investigated spectral range.

IP license or copyright, see http://jap.aip.org/jap/copyright.jsp



053110-3 Imlau et al. J. Appl. Phys. 100, 053110 �2006�
A small thickness of the sample allows us to keep the
maximum coupling strength �l	3 and, therefore, to avoid a
significant pump beam depletion in the entire used spectral
interval as suggested by the model. A further reduction of �l
is not useful as it can limit the possibility to determine the
intensity of the scattered light with sufficient signal-to-noise
ratio.

A sketch of the experimental setup is shown in Fig. 3.
An argon-krypton-ion laser is used as coherent light source
covering a broad wavelength range from 457.9 up to
647.1 nm. The laser beam serving as pump beam is directed
normally to the large a-c plane of the sample and can be
adjusted in intensity by a combination of a half-wave re-
tarder plate and a Glan-Thompson prism. Extraordinary light
polarization of the pump beam is chosen in all experiments.
A photodiode �PD� placed behind the sample at a distance of
about 14 cm is mounted on a rotation stage driven by an
electronic motion controller. Therewith the intensity distribu-
tion of the scattered light is scanned on an exact semicircle

FIG. 2. Dispersion of the extraordinary absorption coefficient �e��� of SBN
doped with 0.04 mol % cerium. The data set is corrected for reflection
losses. The residual absorption in the infrared spectral range is attributed to
the surface properties of the sample. The values of the absorption coefficient
�e and the gain factor � are compared in the inserted tabular for three
distinct wavelengths used in the experiment.

FIG. 3. Experimental setup for measuring the angular distribution of the
scattered light at different wavelengths. The beam of an Ar+–Kr+ laser im-
pinges normal to the SBN:Ce crystal. The scattered light is detected by the
photodiode PD scanning the distribution of the scattered light in an exact
semicircle around the sample within the plane of incidence parallel to the c

axis.
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around the sample along the c axis. This allows us to mea-
sure the intensities in an angular range of −90° 	�s

e	
+90°. Taking the refractive index of SBN for extraordinary
light polarization into account this corresponds to an internal
angular range of −26° 	�s	 +26°. The diameter of the laser
beam is dp�1.5 mm, so that dp�d holds. The incoming
power of the pump beam is limited to 15 mW for all particu-
lar wavelengths in order to avoid thermal effects which may
occur by absorption processes. The sample itself is kept at a
constant temperature of T= �40.0±0.3� °C to slightly en-
hance the gain factor and thus to get a sufficient signal-to-
noise ratio of the scattering intensities. All measurements are
performed in the steady state.

IV. EXPERIMENTAL RESULTS

Figure 4 displays the one-dimensional angular profile of
the steady-state scattering intensity pattern for wavelengths
�=457.9, 514.5, and 647.1 nm. Corresponding photographs
of the scattering pattern are given in the inset. Obviously, the
angular distribution of the scattered light is asymmetric aside
the directly transmitted laser beam at �s=0° in accordance
with Eq. �1�: in the negative angular range, i.e., in the −c
direction, there is a pronounced scattering intensity distribu-
tion with a broad maximum at �s

e,max=13.5°. In contrast, at
positive scattering angles the scattering intensity is four or-
ders of magnitude weaker. It is remarkable that the intensity
of the scattered light increases with decreasing wavelength
while at the same time the shape of the scattering distribution
becomes more and more pronounced. Similar distributions
were determined for all available wavelengths. The photo-
graphs allow us to analyze qualitatively the intensity distri-
bution of the scattering lobes also in a direction orthogonal
to the polar c axis. By this we note a characteristic but not
very pronounced lobe structure at all wavelengths of the
pump beam.

From the measured angular intensity distributions of the
scattered light we extracted the gain factor as a function of

FIG. 4. Angular distribution of the scattered light in SBN for three different
wavelengths �=457.9, 514.5, and 647.1 nm with E 	c and an intensity of
I=700 mW/cm2. The inset shows the corresponding photographs of the
scattering pattern taken on a screen behind the crystal.
the scattering angle via Eq. �4�. Figure 5 shows ���s� for the
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three wavelengths determined from the experimental data of
Fig. 4. The gain factor � shows a characteristic broad angu-
lar dependence—in accordance with the photorefractive
model for two-wave mixing—with a maximum value of
8 cm−1 at �=647.1 nm up to 20 cm−1 at �=457.9 nm. The
lines correspond to fits with Eq. �2� with the refractive index
for extraordinarily polarized light of the particular
wavelength21 and dielectric permittivity.15 The fits result
from an iterative fitting procedure to the experimental data
set ��� ,�� with the independent parameters �r33 and Neff.
The latter was set to be wavelength independent in accor-
dance with the assumptions of our model. The procedure
succeeded with an average value of Neff= �6±2��1021 m−3

and the dependency �r33��� is shown in Fig. 6.

V. DISCUSSION

A. Determination of the electro-optic properties

The experimental results show that photoinduced light
scattering appears upon exposure to coherent laser light in a

FIG. 5. Absolute value of the two-beam coupling gain � vs the internal
scattering angle �s for three different wavelengths. The thin solid lines are
fits with Eq. �2�.

FIG. 6. Wavelength dependence of the product of the electron-hole compe-
tition factor and the electro-optic coefficient �r33. Experimental data �filled

circles� and fit according to Eq. �7� �straight line�.
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broad spectral range from 457.9 to 647.1 nm and can be
used to determine the dispersive behavior of the electro-optic
properties of SBN. The applicability and validity of the
photorefractive-scattering method for the determination of
r33 and Neff as well its comparison with standard interfero-
metric methods are discussed in detail in Ref. 10 for SBN
doped with 0.66 mol % Ce and for the pump-beam wave-
length �=632.8 nm.

The increase of the intensity of the scattering in the blue-
green spectral range observable in Fig. 4 obviously is a result
of the increase of the gain factor � to smaller wavelengths
�see Figs. 2 and 5�. Therewith the relation ����
���� holds
in the entire interval of scattering angles. The experimental
error for the determination of � by photoinduced light scat-
tering strongly depends on the signal-to-noise ratio of the
measured intensities especially of the depleted initially scat-
tered waves in +�s direction.

The accuracy for the determination of the electro-optic
coefficient and effective trap density depends on the quality
of the fitting procedure. Here, �r33 influences only the abso-
lute value of �, while Neff defines also the angular position of
the maximum of ���s�. Obviously, the absolute of � shows a
pronounced dependence on the wavelength and can be deter-
mined well in the entire investigated spectral range. The an-
gular position of the maximum of ���s� varies only slightly
and can be determined with comparably low accuracy, in
particular, in the red spectral range. Taking the experimental
error for � into account we thus estimate an upper limit of
the error of about 10% for the determination of �r33 at �
=475.9 nm and of 20% at �=647.1 nm. The error for the
determination of the photorefractive trap density is at least
30%.

In Table I, the values of the linear electro-optic coeffi-
cient in the red spectral range are compared with literature
data determined as well from interferometric as from two-
beam coupling methods for the wavelength �=632.8 nm.
For reasons of comparability the presented data set for the
Ce-doped samples refers to investigations of SBN crystals
entirely grown by Dr. R. Pankrath.

It is obvious that the product �r33 derived from our in-

TABLE I. Comparison of the data of different SBN samples at room tem-
perature for the wavelength �=632.8 nm from interferometric and photore-
fractive methods. In case of photorefractive methods the product �r33 is
given. Note that the data of this article refer to the wavelength �

=647.1 nm.

Ce concentration
�mol %� r33 �pm/V�a �r33 �pm/V�b Reference

0.04 224±22 This article
0.66 333±23 11
0.66 324±16 10

0.66 354±2 22
0.04 246±12 16

Undoped 235±20 1
Undoped 237±3 7

aFrom interferometric method.
bFrom photorefractive method.
vestigations is in agreement with literature data for the linear
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electro-optic coefficient of undoped SBN determined with
interferometric methods.1,7 Our value is slightly smaller
compared with the value of the SBN sample with the same
doping concentration16 which can be related to the contribu-
tion of the electron-hole competition factor. By comparison
we get ��0.91 in accordance with ��0.92 reported in Ref.
10 for �=632.8 nm and a doping concentration of
0.66 mol % Ce.

The difference might also be attributed to the piezoelec-
tric and elasto-optic contributions according to Eq. �3� not
considered in our analysis. Following this approach and ac-
cording to our estimate, we could correct the determined
value of the electro-optic coefficient by 17 pm/V, which is
indeed in the range of our experimental error. This contribu-
tion should be taken into account together with the rotational
part of the elasto-optic tensor in order to explain the two-
dimensional lobe structure of the scattering in detail, i.e., the
intensity distribution in the direction orthogonal to the c axis.
It can be expected that this accounts for the appearing slight
fine structure in the scattering pattern �see photographs of
Fig. 4� like it was shown for the characteristic and very pro-
nounced scattering lobes in photorefractive crystals of
BaTiO3.23

The determined photorefractive trap density in the order
of 1021 m−3 is found in good agreement with literature
values.8,9 Cerium is identified as deep photorefractive center
in SBN,24 so that the photorefractive trap density Neff can be
suggested as25

Neff =
ñ�Ce3+� · ñ�Ce4+�
ñ�Ce3+� + ñ�Ce4+�

, �5�

where ñ�Ce3+� and ñ�Ce4+� are the number densities of ce-
rium in the valence states 3+ �donor� and 4+ �acceptor� ef-
fectively contributing to the photoelectric formation of the
space-charge field. It should be noted that our value is about
three orders of magnitude lower compared with the total
number density N=n�Ce3+�+n�Ce4+�=3.3�1024 m−3 esti-
mated from neutron activation analysis of Ce-doped SBN
crystals6 with the particular cerium content of 0.04 mol %.
This result reflects the significant difference between effec-
tively involved number densities of traps ñ�Ce3+,4+� and
the trap number densities n�Ce3+,4+� as already discussed in
Ref. 26. The difference is attributed to the fact that only a
fraction of the available traps, i.e., about 0.1%, participates
to the photoelectric process in the investigated SBN sample.
Here, the photon cross section of the Ce3+ ions and the ef-
fective trapping cross section of the Ce4+ ions have to be
considered.27

B. Dispersive behavior of �r33

The dispersive behavior of �r33 is very remarkable due
to the increase by more than a factor of 2 in the blue-green
spectral range and can result from the wavelength depen-
dence of ���� and/or by r33���. A dispersive behavior of �
may occur, if different kinds of photocarriers, e.g., electrons
and holes, are involved in the process of the electric charge
transport.28 However, electrons usually are assumed as domi-

8
nating contributors to the photoinduced current in SBN, i.e.,
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at least 0
�	1. Up to now there is only one reliable ex-
perimentally determined value of ��0.92 estimated at �
=632.8 nm.10 Taking this value and �max=1 into account, the
product �r33 obviously can not be increased by more than
about 10% in the blue spectral range solely by the electron-
hole competition factor. Considering a decrease of � with
decreasing wavelength, the principle dispersive behavior of
r33��� will not be affected besides its maximum values.
Hence, in any case the observed dispersion of �r33 uncovers
a pronounced dispersion of r33���.

The increase of r with decreasing wavelength is a prop-
erty already reported in other ferroelectric oxidic crystals. In
Fe-doped LiNbO3 single crystals r33 increases by 16% in the
range from 632.8 to 457.9 nm �Table I and Fig. 2 in Ref.
29�. The experimentally determined electro-optic coefficients
of BaTiO3 show an increase of up to approximately 38%
�Fig. 5 in Ref. 30�.

To discuss the origin of the pronounced dispersion of
r33��� in SBN:Ce we assume �=1 and we have to point to
the dispersive behavior of the quadratic electro-optic coeffi-
cient g33��� due to the relation

r33��� = 2�0�33g33���Ps, �6�

which holds for the point group symmetry 4 mm of SBN.31

Here, Ps is the spontaneous polarization along the c axis and
we neglect a wavelength dependence of �33 within the inves-
tigated spectral range. An expression for the dispersion of
g33��� is derived in Ref. 32 by combining the wavelength
derivative of a Sellmeier equation and the polarization po-
tential tensor concept for tetragonal ferroelectrics.33 Intro-
ducing g33��� in Eq. �6� we find

r33��� =
��0Psfe�

2�3�c3n4����e��1/�e
2� − �1/�2��2 , �7�

where � is the reduced Planck constant, c is the light veloc-
ity, and � is the effective coefficient of the polarization po-
tential tensor for E 	c axis according to the polarization po-
tential tensor concept.34 Furthermore, �e is the average
oscillator frequency, �e=2�c /�e the corresponding wave-
length, and fe is the average oscillator strength in the applied
Sellmeier formulation. Following this approach we note that
the optical properties at long wavelengths are assumed to be
determined predominantly by the particular dipole oscillator
of lowest energy. Summing the contributions of all dipole
oscillators, the resulting single-term Sellmeier relation was
shown to be characterized by �e and fe. Both parameters are
connected with the energy-band structure of SBN defined by
the 2p orbitals of the oxygen atoms �valence band� and the d
orbital of the central Nb atom in the NbO6 octahedron
�lowest-lying empty conduction band�. Hence �e and fe char-
acterize the optical interband transfer and are additional im-
portant material parameters which can be determined with
our analysis.

The fit of Eq. �7� to the experimental data with the free
parameters A=�0�33Psfe� / �2�3�c3� and �e yields A
= �8±4��1010 m−2 V−1 and �e= �338±24� nm. The corre-
sponding function is plotted as solid line in Fig. 6 and obvi-
ously describes our experimental data and the observed dis-

persion very well. From the parameter A together with
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typical values of the spontaneous polarization Ps

=25 �C/cm2 �Ref. 35� and the polarization potential �
=3.4 eV m4/C2 �Ref. 32� we estimate the dipole strength
fe= �2±0.5��1031 s−2. Although there are no literature val-
ues available for SBN:Ce, the obtained value agrees fairly
well with fe�1032 s−2 of other oxide crystals.36 The wave-
length �e gives an estimate for the energy of the dipole os-
cillator of lowest energy, i.e., the energy of the optical inter-
band transfer: Ee= �3.7±0.26� eV. For comparison, the band
edge energy of SBN at 40 °C determined from absorption
spectroscopy is Eg�3.4 eV.37

VI. SUMMARY AND CONCLUSION

The dispersive behavior of the photorefractive properties
of cerium-doped SBN, in particular of the product of the
linear electro-optic coefficient with the electron-hole compe-
tition factor �r33�����, has been determined with the method
of photoinduced light scattering. We can reasonably model
the increase of the linear electro-optic effect by more than a
factor of 2 in the blue-green spectral using a theoretical ap-
proach by combining the Sellmeier formulation with the po-
larization tensor concept. We further determined important
material parameters from the analysis of photoinduced light
scattering such as the strength and frequency of the average
dipole oscillator characterizing the optical interband transfer.
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