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The 90°-light scattering on domain walls was probed in various strontium barium niobate 共SBN兲
crystals for studies of the ferroelectric switching under pulsed fields. The validity of this optical
method is proved by a good agreement of the switching parameters deduced from optical scattering
data with those obtained with electric methods. Scanning of the scattering over the crystal bulk
revealed local specialities of the switching, particularly, a marked distribution of the domain wall
density D along the polar axis with a maximum close to the negative electrode. In compliance with
these in situ observations, the electro-optic coefficient rc reveals a position dependence in all SBN
crystals poled in the ferroelectric phase, rc decreasing from the positive to negative electrode. This
regularity is interpreted in terms of the domain density distribution D共z兲 and accounted for by an
asymmetry of the domain nucleation.
© 2005 American Institute of Physics. 关DOI: 10.1063/1.1882772兴
I. INTRODUCTION

Ferroelectric solid solutions like SrxBa1−xNb2O6 共SBN兲
are of interest for optical applications due to their extremely
high electrooptical and relatively high nonlinear-optical
coefficients.1 These applications are markedly related to the
ferroelectric switching and the domain structure. In photorefractive holography the electric fixation of gratings is based
on the ferroelectric switching 共e.g., Refs. 2–4兲. Furthermore,
the ferroelectric switching forms the basis for the creation of
periodically-poled structures aimed for an optical frequency
conversion in the quasiphasematched QPM mode of operation. Several attempts of obtaining periodically-poled SBN
crystals were reported in literature.5,6 The known negative
features of SBN—an instability of its parameters 共the ageing
or fatigue effect兲—also stem from a specific feature of the
polarization or switching processes.7–11 This specific behavior of SBN is to a great extent a consequence of its relaxor
origin.12 All practical problems as well as fundamentals of
relaxor physics require studies of proper ferroelectric properties, particularly in the polarization mechanism. However,
for SBN there is minor information reported on these topics.
Measurements performed either by electrical7–9 or optical13
methods under quasistatic 共slowly varying兲 electric fields revealed specific features caused by “freezing”8 or, the same,
“pinning”9 effects characteristic for relaxor ferroelectrics.
Macroscopically these fundamental effects appear as extremely slow relaxation of parameters, nonreproducibility
P – E loops in the course of repeated field cycling and the
absence of an unambiguous coercive field. Recently we investigated for the first time the polarization 共switching兲 of
SBN crystals under pulse fields10,11 and found a very unusual
0021-8979/2005/97共7兲/074102/7/$22.50

behavior, namely, anomalously long times of the polarization
reversal even at E Ⰷ Ec and a pronounced difference in
switching characteristics of poly- and single-domain crystals.
In the present work we continued studies of the pulsed ferroelectric switching in SBN crystals using an optical method
by measuring the dynamics of the 90°-light scattering on
domain walls, reported by us previously.14 This method
seems to be applicable to other ferroelectric crystals, too. It
provides a possibility to scan the switching process over the
crystal bulk, which permitted us to reveal local specialities of
switching, not detectable by integrating electric methods.
These optical data give an insight to some specifics of the
optical properties of this material. For example, on the base
of the domain density distribution deduced from scattering
measurements we propose an explanation for a spatial distribution of electro-optic coefficients presented in the given
work.
II. BACKGROUND

In SBN crystals quasielastic 90°-scattering of a laser
beam propagating normally to the polar axis was formerly
reported.15,16 It may be undoubtedly attributed to the existence of domains, because the scattering intensity was the
largest in a poly-domain state and drastically decreased in a
poled state or at temperatures above the phase transition in
the paraelectric phase;16 the scattering intensity could be
modulated by applying a low-frequency sinusoidal field.15
Therefore, a field-induced variation of such light scattering
could provide a tool for studies of the ferroelectric switching.
The scattering is evidently due to inhomogeneities in refractive indices ni. As 180°-ferroelectric domains in SBN are
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optically equivalent, this scattering is related to domain
walls, which are areas of inhomogeneities in the dielectric
permittivity. Following Kawai et al.17 we treat domain walls
as sandwichlike optical local inhomogeneities in ni, so a
plane wave with a momentum vector ki propagating normally to the polar axis is partially reflected by a domain wall
in the direction kr = ki + 2共kiqm兲qm, where qm is the unit vector
describing the wall geometry. The reflected amplitude due to
a differential inhomogeneity dn and wall area dA can be
approximated as
dEr = Ei兩ki兩H

dn
dA,
2n

共1兲

where H is the thickness of the wall corresponding to dn 共the
approximation is valid for 兩ki兩H Ⰶ 1兲. The total scattered intensity is obtained by integrating dEr for a typical coherence
volume and then—incoherently—by integrating over the illuminated volume. Following Eq. 共1兲 the complete intensity
of the 90°-light scattering is proportional to three parameters:
共1兲 the average domain wall thickness, 共2兲 the typical magnitude of the inhomogeneity of n in the vicinity of the wall,
and 共3兲 the total wall area 共i.e., the number of domain walls,
or, the same, the number of domains in the illuminated volume兲. In its turn, dn varies with applied electric fields due to
the linear electro-optic effect. For a field E3 directed along
the polar axis and the wave vector orthogonal to it, for the
extraordinary beam the refractive indices in opposite 180°domains become nEe = 共ne ± 21 n3e r33E3兲, where ne and nEe are the
initial and field-induced extraordinary indices, and r33 is the
associated e.o. coefficient. In a first approximation we attribute the observed variations in the scattered intensity under applied fields to variations in the domain density D.
Field-induced changes in H are regarded as a second order
effect. A contribution from the electrooptic effect will be
commented below. The domain density D controls several
parameters of the ferroelectric crystals, particularly the electrooptic properties. As well known, in oxygen-octahedra ferroelectrics the linear electrooptic coefficients can be expressed as follows:18
r33 = 2g33Ps⑀33⑀0 ,

共2兲

r13 = 2g13Ps⑀33⑀0 ,

共3兲

where Ps is the spontaneous polarization, gij are the coefficients of the quadratic electro-optical effect in the paraelectric centro-symmetrical phase. So, the values of rij are governed by the domain state of the crystal via Ps. Let an
elementary volume of the crystal be v and the volumes of
“⫹” and “⫺” domains be v+ and v−, respectively; then v+
+ v− = v, provided the domain wall thickness is much lesser
that the domain size. For example, a positive domain density
in a negative matrix is D+ = v+ / v and the linear electrooptic
coefficient is related to the degree of the total volume polarization as r / r0 = 共v− − v+兲 / v 共where r0 corresponds to the
single-domain state兲. One can derive a linear relation

r
= 1 − 2D+ ,
r0

共4兲

so electro-optic coefficients linearly decrease with D+. A related parameter, the half-wave voltage
V/2 =

 d
,
rn3e l

共5兲

where d and l are the linear sample dimensions, consequently
grows with D. Therefore, all variations of the values of rij or
V/2 in a given crystal may be interpreted in terms of the
domain density.

III. EXPERIMENT

Three SBN compositions were under study: SBN-0.75,
SBN-0.61, SBN-0.61: 0.5 wt. % Nd 共further referred to as
SBN:Nd兲. The main reason for this choice is due to the fact
that recently we investigated the pulsed switching in the
same SBN compositions by means of measuring switching
currents.10,11 The values of the coercive field Ec in these
compositions are different due to different phase transition
temperatures 共52, 82, and 68 ° C, respectively19兲. The crystals were grown by the modified Stepanov technique.20 The
samples under study were optically polished cubes of
x ⴱ y ⴱ z = 5 ⴱ 5 ⴱ 5 mm3 in size. In light scattering experiments
the beam from a He–Ne laser propagated normally to the
polar axis z along the x 共or y兲-axis and the scattered radiation
was registered in the orthogonal direction y 共or x兲. The incident laser beam was linearly polarized along z; the scattered
beam was measured through an analyzer with the polarization also parallel to z 共i.e., extraordinary polarization for both
the incident and scattered waves兲. On this stage of investigation, only this configuration of observation X共ZZ兲Y 关or
Y共ZZ兲X兴 was used, therefore, the degree of depolarization of
the scattered beam was not measured yet. The incident beam
was focused onto the sample by a lens with a focal length of
60 mm. The intensity of the laser beam was attenuated to
approximately 0.05 W / cm2 in order to avoid any photoconductive effect under applied fields. Only a small part of the
beam path cut by a diaphragm disposed directly behind the
crystal was imaged to a photomultiplier by another longfocal lens. A low intensity of the propagating laser beam
permitted us to neglect the photoconductivity, so a uniform
voltage distribution over the crystal bulk was assured. The
intensity was measured with an uncertainty of 8%. We studied the behavior of the scattering intensity under external
field pulses applied along the z-axis. Field pulses with a rise
time less than 1 s and a duration in the range from
0.4 to 20 ms were used. In this range the results do not depend on the pulse duration.
Electro-optic properties of SBN crystals were measured
with the aid of a dynamical method with a phase sensitivity
of 210−6. The signal was excited by an ac-measuring field
with an amplitude of 6 V / cm and a frequency of 1000 Hz
共case of an unclamped crystal兲. For the used transverse geometry 共E 储 z , k ⬜ z兲 the measured electro-optic coefficient
was
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FIG. 1. The thin steplike curves show the risetime of the pulses in s. The
time evolution of the corresponding scattering intensities 共scattering kinetics兲 is given by the markers. The solid line close to the upper curve represents a fit of the experimental data with an exponential function according to
Eq. 共7兲. The inset shows the used field pulse train in a ms time scale.

冉冊

no
rc = r33 −
ne

FIG. 2. Switching times  and switching velocities −1 as a function of the
field amplitude in a polydomain SBN-0.75. The line in the inset represents a
fit to s−1 = A exp共−共Ea / E兲兲 with A = 共5.4± 0.4兲104 s−1 and Ea
= 共5.1± 0.5兲 kV/ cm.

冋 冉 冊册

⌬I共t兲 = ␦Isat 1 − exp

3

r13 .

共6兲

All measurements have been performed at room temperature
with an accuracy of 10% for rc. To obtain spatial distributions of the light-scattering or electro-optic coefficients we
probed the crystal bulk with the focused laser beam of
0.1 mm in diameter.

IV. 90°-LIGHT SCATTERING AS A TOOL FOR
STUDIES OF FERROELECTRIC SWITCHING
A. Scattering kinetics under field pulses

Figure 1 shows examples of two typical scattering
flashes of electric pulses on a SBN-0.75 sample. It should be
emphasized that for E = 0 in both polydomain and poled
共“single-domain”兲 SBN crystals a nonzero scattering intensity 共a “background” Ib兲 exists. It may be due to a variety of
origins, for example, to growth layers,21 and only partially to
domains. Below in terms of domain evolutions, we discuss a
change of the scattered intensity ⌬I = Is − Ib 共a “flash”兲 under
an applied field pulse. A flash of the beam trace within the
crystal bulk under a high field may be so luminous that it is
detected by naked eyes. Below we denote by +I or −I, respectively, an increase or decrease of the scattering intensity
with respect to an initial Ib. All experiments were performed
by means of applying in turn pulse trains of opposite polarities with increasing amplitudes 共see the inset in Fig. 1兲.
The temporal dependence ⌬I共t兲 共the curves with markers
in Fig. 1兲 is essentially retarded with respect to the front of
the field pulse, which means that a contribution from the
electrooptic effect 共␦n = − 21 n3e r33E3兲 is negligible, otherwise
the scattering response would raise synchronically with the
field. Therefore, the kinetics of ⌬I共t兲 are related to domain
evolutions. In ferroelectrics the kinetics of pulsed switching
are characterized by a switching time, which corresponds to
a drop down the switching current by 90% of its peak
value.22,23 For our study we defined it as a characteristic time
for ⌬I共t兲 reaching a saturation under a given pulse amplitude
共Fig. 1兲. Fitting the measured ⌬I共t兲 by a function

−t
s

共7兲

we can derive the parameters s and their dependence on E.
An example of approximating ⌬I共t兲 by this exponential function is shown by the solid line in Fig. 1. Figure 2 presents the
field dependence s共E兲 in an initially polydomain sample
SBN-0.75 obtained from a set of curves ⌬I共t兲 under applying
a pulse train. The values of s 共tens of microseconds兲 are in a
satisfactory agreement with switching times observed in the
same crystal by the switching current method.10,11
The inverse parameter vs共E兲 ⬀ s−1共E兲 shown in the inset
in Fig. 2 has the meaning of a switching velocity. Its field
dependence at moderate fields often obeys an exponential
law s−1 = A exp共−共Ea / E兲兲 reported earlier.22,23 A fit to the
measured values of s−1—shown as a line in the inset in Fig.
2—yields A = 共5.4± 0.4兲104 s−1 and Ea = 共5.1± 0.5兲 kV/ cm.
The latter value characterizing an “activation field” for
switching is reasonable and close to the values of Ea found in
other ferroelectrics, such as BaTiO3 and TGS.23 Here we
should dwell on a fundamental divergence of the switching
process in SBN crystals from the model scenario.22,23 In
model ferroelectrics under a field pulse E ⬎ Ec a switched
charge approaches the spontaneous polarization, Qs → Ps, so
during the switching time a crystal becomes practically
single-domain. In contrast, in SBN crystals Qs practically
never achieves Ps under a short field pulse,10,11 because the
total polarization reversal requires times being larger by orders of magnitude. Thus, under our experimental conditions
after applying a pulse E ⬎ Emax the selected crystal volume is
poled to a small extent only 共Qs Ⰶ Ps兲, and s describes a
partial switching. That is why in the case of pulse switching
of a polydomain crystal characterized by Fig. 1 and Fig. 2
and below by Fig. 3, the background intensity Ib is practically unchanged after applying a pulse train.
B. Field dependencies of light scattering in poly- and
single domain crystals

We continue with a discussion of the field dependence of
scattering intensities, i.e. of the domain density. First, we
present and discuss the scattering data in poly-domain SBN
crystals. Figures 3共a兲–3共c兲 present the field dependencies of
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FIG. 4. Light scattering intensity as a function of the field amplitude in a
single-domain SBN-0.75 crystal. After poling the crystal with a negative
E p = −1.2 kV/ cm, a positive 共repolarizing兲 pulse train was applied yielding
the right branch. Afterwards a negative pulse train was applied resulting in
the left branch.

FIG. 3. Light scattering intensities as a function of the field amplitude in
polydomain crystals SBN-0.61 共a兲, SBN-0.75 共b兲, and SBN-0.61:Nd 共c兲.
The sign of the field is settled in the laboratory coordinate system. The insets
show P – E loops obtained under quasistatic fields in the same crystals, labels 1, 2, 3 denote successive field cycling.

the scattering intensities ⌬I共E兲 in SBN-0.61, SBN-0.75, and
SBN-Nd crystals observed under field pulses of two opposite
polarities. The right and left branches in all curves ⌬I共E兲
shown below correspond to the field signs “⫹” and “⫺,”
respectively, uniquely settled in the laboratory coordinates.
Prior to apply a field pulse train of any polarity, the crystal
was annealed at T ⬎ Tc and cooled slowly to room temperature. This means that +E and −E branches of ⌬I共E兲 curves
were measured under identical conditions starting from a
polydomain state.
The dependencies ⌬I共E兲 in all compositions are qualitatively very similar. However, in SBN:Nd the scattering intensity is essentially lower than in undoped samples. Partly it
may be assigned to different optical absorptions 共for 
= 633 nm, ␣ = 0.03 and 0.3 cm−1 in SBN and SBN:Nd, respectively兲, however, more likely it is related to a difference
either of the domain density, or the domain wall thickness.
The following common features may be recognized in the
curves ⌬I共E兲 in the crystals under study: 共1兲 in the range of
relatively low fields of both signs, ⌬I only very slightly varies with E; 共2兲 at certain E values depending on the composition, ⌬I increases rather sharply with E, passes over a
maximum at Emax and then comes to a low saturation value;
共3兲 the curves are asymmetrical, namely, in a given crystal
the values of Emax and peaks ⌬I are different for the two field
polarities. In the language of ferroelectricity the curves in
Fig. 3 may be interpreted as a weak switching 共or polarization process兲 under fields approximately within 1 – 2 kV/ cm,

an acceleration of switching in the ranges close to Emax and
then a saturation of a remnant polarization at E ⬎ Emax. Thus,
the values of Emax should correlate to the coercive field Ec.
This is corroborated by a higher 兩Emax兩 in SBN-0.61 than in
SBN-0.75. A negative slope of ⌬I共E兲 at E ⬎ Emax reflects the
switched charge saturation Qs, thus a decrease of the domain
+
−
and Emax
and difdensity. Different absolute values of Emax
ferent peak intensities of ⌬I for +E and −E branches in a
given crystal characterize a unipolarity, i.e., a preferential
direction of Ps in a crystal on a whole or at a given crystal
position.
To justify this interpretation, in Figs. 3共a兲 and 3共b兲 we
present P – E hysteresis loops obtained in the same samples
in a quasi-static regime with a cycling loop of about 2 h. The
observed specific features of the P – E hysteresis, namely,
open loops and a non-coincidence of their trajectories on
several first cycles is characteristic for all SBN crystals. It
was detected by various methods7–9,13 and accounted for by
freezing or pinning effects. Averaged values of Ec estimated
from several P – E cycles after the start for SBN-0.75 and
SBN-0.61 are 共1.5± 0.3兲 and 共2.5± 0.5兲 kV/ cm, respectively,
being in reasonable agreement with averaged values of 兩Emax兩
共2 and 3 kV/ cm, respectively兲. The degree of the unipolarity
determined from the P – E hysteresis loops is characterized
by a bias field Eb = 共兩E1 − E2兩兲 / 2 共where E1 and E2 are coercive fields corresponding to the left and right halves of the
loop兲. Averaged values of Eb are 0.15 and 0.3 kV/ cm in
SBN-0.75 and SBN-0.61, respectively. For the optical curves
+
⌬I共E兲 we define a bias field in a similar way Eb = 共兩Emax
−
− Emax兩兲 / 2, which gives Eb = 0.3 kV/ cm and 0.4 kV/ cm for
SBN-0.75 and SBN-0.61, respectively. These values are in
reasonable agreement with dielectric results. The values of
±
in ⌬I共E兲 curves
E1,2 in P – E loops slightly differ from Emax
because of different conditions of measurements and evaluation. The existence of an unipolarity in a polydomain 共thermally de-poled兲 SBN crystal is supported by electrical
measurements.8
We now shortly present results in a single-domain crystal. Figure 4 shows ⌬I共E兲 curves obtained in a sample SBN0.75 poled by cooling from T ⬎ Tc to room temperature under a dc-field E p = −1.2 kV/ cm. First, the positive
共repolarizing兲 pulse train was applied to the crystal 关the right
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FIG. 5. Light scattering intensities as a function of the field amplitude in the
vicinity of electrodes 共1, the upper; 2, the lower兲 in a polydomain SBN-0.75
crystal. The upper inset represents schematically the layout of the sample.

branch of the ⌬I共E兲 curve兴. As seen, ⌬I共+E兲 progressively
grows with no saturation or maxima. This indicates that under repolarizing fields the crystal becomes depoled, the degree of depoling increasing with the pulse amplitude. No
total reversal of Ps occurs, otherwise ⌬I共+E兲 would pass
over a maximum or tend to saturate. This is consistent with
the data on switching currents,10,11 which evidenced a minor
switching of single-domain SBN crystals under repolarizing
short pulses. After applying a positive field train, a negative
train coincident with E p was applied 共the left branch of the
curve in Fig. 4兲. One may see a maximum in the curve ⌬I
共−E兲 with a following decrease of Ib to zero at 兩E兩 ⬎ 兩Emax兩.
This means that the crystal, partially depoled by +E pulses, is
now restored to its single-domain state. We mention that in a
single-domain state the background scattering Ib is strongly
decreased compared to the poly-domain one after applying
field pulses.
C. Spatial variations in the ferroelectric switching

Now we show an example of a local speciality of ferroelectric switching, which was observed by scanning the bulk,
and hence not found by integrating electrical methods. The
field dependencies ⌬I共E兲 presented in Fig. 3 and Fig. 4 共in
poly and single domain state, respectively兲 with a small scat±
are qualitatively similar in any reter in the values of Emax
gion of a given crystal apart from the electrodes. However,
when approaching them, the curves ⌬I共E兲 become qualitatively different. Figure 5 共1兲 and 共2兲 present ⌬I共E兲 obtained
in a polydomain SBN-0.75 sample 关the same as in Fig. 3共b兲兴
in spots adjacent to electrodes, approximately 0.1 mm apart
from the upper and lower ones, respectively 共the upper inset
in Fig. 5兲. Both branches of these curves were obtained again
after a preliminary annealing of the crystal in the paraelectric
phase. These edge-related dependencies ⌬I共E兲 show a pronounced asymmetry of the branches ⌬I共−E兲 and ⌬I共+E兲.
When a positive potential is applied to a given electrode
共right branches of the curves in Fig. 5 1,2兲, the dependence
⌬I共+E兲 is similar to ⌬I共±E兲 apart from electrodes, it shows a
+
±
coinciding with the average Emax
in the
maximum at Emax
+
bulk and comes to a low saturation level at E ⬎ Emax
. In
contrast, if a negative potential is applied to the same electrode 共left branches of the curves兲, then ⌬I after passing over
a slight maximum, gradually increases with E without tending to saturate. It should be emphasized that these dependen-

cies unambiguously correlate with the polarity of the electrode: a gradual increase of ⌬I共E兲 in a polydomain crystal is
always observed close to the negative electrode. This means
that with increasing field amplitude, the domain density is
growing at the negative electrode only and becomes nonuniformly distributed along the polar axis. The possible explanation of this nonuniformity is a preferential domain nucleation at the negative electrode and subsequent evolution of
domains in the region adjacent to it, whereas the positive
electrode is inactive. Such a nonequiprobability of the domain nucleation is not unique, for example, a preferential
domain nucleation was also observed at the negative electrode in LiNbO3.24 In SBN it might be related to the above
mentioned unipolarity, inherent to a polydomain relaxor
ferroelectric.
For SBN crystals needlelike domains 共fourfold pyramides with an angle by vertices of about 0.5°–1°兲 are characteristic with lengths up to 0.5– 1 mm and several microns
for the cross section.25–27 Under external fields the stage of
the frontal growth of these needles is very pronounced,27
whereas a coalescence via the side domain wall movement
typical for model ferroelectrics22,23 is weakened. One may
imagine that in SBN crystal close to the negative electrode a
pattern of these small needles is accumulated, which cannot
grow through the crystal bulk during short field pulses.

D. Discussion

The switching parameters 共coercive and bias fields,
switching times and velocities兲 estimated from the data on
the light scattering are in a good agreement with the results
of conventional electrical methods. Therefore, 90°-light scattering is an appropriate tool for studies in the ferroelectric
switching. The details of switching, particularly a different
switching in a poly and single-domain state detected from
the optical data, are consistent with the specific switching
scenario in SBN proposed on the base of electrical
studies.7–11 The scattering method offers advantages over
electrical measurements, first because it provides a possibility of spatial scanning over the crystal bulk. Due to this we
revealed, for example, a speciality in a coordinate dependence of the switching, namely an enhanced domain density
near the negative electrode. The second advantage is a good
time resolution of the scattering signal, which exceeds the
resolution of the switching current method, limited by a relatively high capacity of SBN crystals 共⑀ ⬃ 103 – 104兲. The
method is nondestructive, because it requires the use of very
weak light intensities which cannot affect the switching
properties, hence the method provides certain advantages
over related optical methods, such as field-induced switching
of the two-beam coupling gain ⌫ 共Refs. 13 and 28兲 or of the
“fanning.”29 The latter methods can be realized in photorefractive crystals only and their resolution is limited by rather
long Maxwell relaxation times. Note that the fanning effect
in photorefractive crystals 共a photoinduced light scattering
caused by a nonlinear coupling of the transmitted light-wave
with the scattered ones兲 requires a seed or primary light scat-
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FIG. 6. The distributions of the electro-optic coefficient rc along the polar
axis in a SBN-0.61 sample poled by two fields of the opposite polarities at
room temperature. The negative 共upper plot兲 and a positive 共lower plot兲
polarities are fixed in the laboratory coordinates.

tering 共e.g., Ref. 30兲, whose most probable origin in SBN
crystals could be the light scattering on domain walls discussed in the present work.
The domain wall induced light scattering is obviously
common for a wide group of ferroelectric crystals. For example, a stationary light scattering at domains was also observed in Gd2MoO4 共Ref. 31兲 and Sn2P2S6.32 In SBN crystals
this effect is very pronounced, perhaps because of a relatively large thickness of a domain wall, or, to be precise, of a
perturbed layer adjacent to it. A possible reason may be either an elastic strain or a space-charge field in the vicinity of
the domain wall. These would lead to a high inhomogeneity
in the refractive indices or even to an appearance of a birefringence via the elasto- or electro-optic effects, respectively.
For example, elastic strains of the order of 10−4 were detected in the vicinity of domain walls in switched LiNbO3
crystals.33,34 A large elastic strain at a moving domain wall
may be specific for ferroelectric crystals with a high piezoelectric effect; in SBN the latter is even higher than in
LiNbO3 关e.g., d33 = 140· 10−12 C / N 共Ref. 35兲 and
⬃20· 10−12 C / N, respectively兴. From this point of view the
presented technique of measuring the domain wall induced
light scattering, could be suitable for studies of the switching
in LiNbO3, too. A space-charge field arises, if the domain
wall is inclined with regard to Ps, which is realized in
SBN.25–27
V. COORDINATE DEPENDENCE OF THE ELECTROOPTIC COEFFICIENTS IN SBN CRYSTALS AND
ITS RELATION TO A DISTINCT BEHAVIOR
OF FERROELECTRIC SWITCHING

A spatial nonuniformity of the domain density under applied fields discussed above gives an insight into a specific of
the electrooptic effect in SBN crystals described below. Figure 6 exemplifies the coordinate dependencies of rc measured along the polar axis in a poled SBN-0.61 sample. The
experimental values of rc are normalized to the maximum
value r0 关see Eq. 4兴 achieved in the given crystal 共thus approaching one in the single-domain state兲. The two presented
rc共z兲 plots were obtained after poling the crystal at room
temperature by applying fields of opposite polarities and
equal amplitudes. In the given case the poling fields were
兩E p兩 = 5.6⬎ Ec = 共2 – 2.6兲 kV/ cm. Before poling, the crystal

was every time brought to the polydomain state by annealing
it in the paraelectric phase. Solid lines in Fig. 6 present a fit
of the experimental data to linear functions. One may see
that the slope rc共z兲 in the laboratory coordinates is reversed
after a change of the poling field sign. Therefore, this slope is
controlled by the sign of the poling field rather than by possible growth reasons, for example, a compositional variation
along the growth axis. The slope of rc共z兲 is always unambiguously settled by the polarity of the electrode, namely, rc
shows a minimum close to the negative electrode and
smoothly increases when scanning towards the positive one.
In the crystals, where V/2共z兲 instead of rc共z兲 was scanned,
the data are qualitatively the same, namely after poling at
room temperature V/2 has its maximum close to the negative
electrode. These regularities persist even after a very long
poling, they were found in a variety of SBN crystals 关e.g.,
SBN-0.75, SBN-0.61, SBN-0.61:Cr, SBN-0.61:Ce, SBN
-0.61: 共Ce+ La兲兴. Coordinate dependencies of rc共z兲 are reproducible provided that prior to applying a poling field, the
sample was brought to an initial poly-domain state. In more
detail it is described in Ref. 36. Note that a nonuniformity of
the electro-optic coefficient within the crystal bulk may be
responsible for certain scatter of rij values in the literature.
An almost linear plot of rc共z兲 共Fig. 6兲 may account for an
effect of scanning of a laser beam under external fields in
SBN crystals reported recently.37
We now discuss the electro-optic data in terms of the
domain density. According to Eq. 共4兲 a spatial distribution of
rc共z兲 means that after poling in the ferroelectric phase, a
stable smooth distribution of a residual domain density along
the polar axis is formed in the crystal. The maximum of D共z兲
is always adjacent to the negative electrode, decreasing
smoothly towards the positive one. This type of distribution
correlates qualitatively to D共z兲 observed in situ under applied
fields 共see Sec. IV C兲, the coordinate dependencies both of
them revealing an increased domain density near the negative electrode. If extending this assumption of a polarity of
the preferential domain nucleation and taking into account a
weakened stage of their coalescence, one may conclude that
even after a very long field application in the ferroelectric
phase certain domain density still persists close to the negative electrode. In other words, poling this crystal in the ferroelectric phase does not produce a uniform single-domain
state and the distribution of the electro-optic coefficient cannot be completely smoothed.
VI. SUMMARY

In SBN crystals an essential 90°-scattering of light
propagating normally to the polar axis is observed. The scattering centers are domain walls. In a first approximation, the
scattering intensity under applying fields is controlled by the
domain wall density. Studies in this scattering under applied
fields provide a convenient tool for studies in the pulsed
ferroelectric switching. This was concluded from a good
agreement of the switching parameters estimated from field
and temporal dependencies of the scattering intensity with
the data of the electrical measurements. The scattering data
fit well in the scenario of the pulsed switching of SBN pro-
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posed recently on the base of the switching currents analyzed. The method permits uses to particularly scan the ferroelectric switching within the crystal bulk. In poly-domain
SBN crystals, a nonuniform distribution of the domain density D under applying fields was found indicating a preferred
domain nucleation at the negative electrode. The domain
density distribution correlates to a spatial distribution of the
electro-optic coefficient rij共z兲 observed in SBN crystals after
poling in the ferroelectric phase. In agreement with the distribution D共z兲 deduced from the scattering experiments, rij
smoothly decreases from the positive to negative electrode.
The domain wall induced light scattering seems to be appropriate for studies in switching in other ferroelectric crystals.
ACKNOWLEDGMENTS

The authors are indebted to V. Gladkii and V. Alshitz for
valuable remarks and to C. David for experimental assistance. Supports from Graduate College 695, INTAS 共Project
No. 01-0173兲 and RBRF 共Project No. 03-02-17272兲 are
gratefully acknowledged.
1

J. Appl. Phys. 97, 074102 共2005兲

Volk et al.

A. M. Prokhorov and Yu. S. Kuzminov, Ferroelectric Crystals for Laser
Radiation Control, The Adam Hilger Series on Optics and Optoelectronics
共Adam Hilger, New York, 1990兲.
2
F. Micheron and G. Bismuth, Appl. Phys. Lett. 23, 71 共1973兲.
3
Y. Qiao, S. Orlov, D. Psaltis, and R. R. Neurgaonkar, Opt. Lett. 18, 1004
共1993兲.
4
M. Horowitz, A. Bekker, and B. Fischer, Appl. Phys. Lett. 65, 679 共1994兲.
5
Y. Y. Zhu, J. S. Fu, R. F. Xiao, and G. K. L. Wong, Appl. Phys. Lett. 70,
1793 共1997兲.
6
Y. Y. Zhu, R. F. Xiao, J. S. Fu, G. K. L. Wong, and N. B. Ming, Opt. Lett.
22, 1382 共1997兲.
7
V. V. Gladkii, V. A. Kirikov, S. V. Nekhludov, T. R. Volk, and L. I. Ivleva,
JETP Lett. 71, 24 共2000兲.
8
V. V. Gladkii, V. A. Kirikov, T. R. Volk, and L. I. Ivleva, J. Exp. Theor.
Phys. 93, 596 共2001兲.
9
T. Granzow, U. Dörfler, T. Woike, M. Wöhlecke, R. Pankrath, M. Imlau,
and W. Kleemann, Phys. Rev. B 63, 174101 共2001兲.
10
T. Volk, D. Isakov, L. Ivleva, and M. Wöhlecke, Appl. Phys. Lett. 83,
2220 共2003兲.
11
T. Volk, D. Isakov, and L. Ivleva, Phys. Solid State 45, 1537 共2003兲.

L. E. Cross, Ferroelectrics 76, 241 共1987兲.
U. Dörfler, T. Granzow, Th. Woike, M. Wöhlecke, R. Pankrath, and M.
Imlau, Appl. Phys. B: Lasers Opt. 78, 211 共2004兲.
14
D. V. Isakov, T. R. Volk, L. I. Ivleva, K. Betzler, C. David, A. Tunyagi,
and M. Wöhlecke, JETP Lett. 80, 289 共2004兲.
15
A. I. Bezhanova, V. G. Silvestrov, G. A. Zeinalova, and T. R. Volk, Ferroelectrics 111B, 299 共1990兲.
16
J. P. Wilde and R. E. Wilde, J. Appl. Phys. 71, 418 共1992兲.
17
S. Kawai, T. Ogawa, H. S. Lee, R. C. DeMattei, and R. S. Feigelson, Appl.
Phys. Lett. 73, 768 共1998兲.
18
M. DiDomenico and S. H. Wemple, J. Appl. Phys. 40, 720 共1969兲.
19
T. Volk, L. Ivleva, P. Lykov, N. Polozkov, V. Salobutin, R. Pankrath, and
M. Wöhlecke, Opt. Mater. 共Amsterdam, Neth.兲 18, 179 共2001兲.
20
L. I. Ivleva, N. V. Bogodaev, N. M. Polozkov, and V. V. Osiko, Opt.
Mater. 共Amsterdam, Neth.兲 4, 168 共1995兲.
21
I. Drevensek, M. Zgonik, M. Copic, R. Blinc, A. Fuith, W. Schranz, M.
Fally, and H. Warhanek, Phys. Rev. B 49, 3082 共1994兲.
22
J. C. Burfoot, Ferroelectrics (An Introduction to the Physical Principles)
共Van Nostrand, London, 1967兲.
23
M. E. Lines and A. M. Glass, Principles and Application of Ferroelectrics
and Related Materials 共Clarendon, Oxford, 1977兲.
24
N. F. Evlanova, “Domain structure of LiNbO3 single-crystals grown by the
Czochralski method,” Ph.D. thesis, Moscow State University, 1978.
25
L. A. Bursill and P. J. Lin, Philos. Mag. B 54, 157 共1986兲.
26
G. Fogarty, B. Steiner, M. Croningolomb, U. Laor, M. H. Garrett, J. Martin, and R. Uhrin, J. Opt. Soc. Am. B 13, 2636–2643 共1996兲.
27
N. R. Ivanov, T. R. Volk, L. I. Ivleva, S. P. Chumakova, and A. V. Ginsberg, Crystallogr. Rep. 47, 1065 共2002兲.
28
T. Volk, L. Ivleva, P. Lykov, D. Isakov, V. Osiko, and M. Wöhlecke, Appl.
Phys. Lett. 79, 854–856 共2001兲.
29
M. Y. Goulkov, T. Granzow, U. Dörfler, Th. Woike, M. Imlau, and R.
Pankrath, Appl. Phys. B: Lasers Opt. 76, 407 共2003兲.
30
J. Feinberg, J. Appl. Phys. 72, 46 共1982兲.
31
M. A. Osman, A. M. Mamedov, and I. M. Efendieva, J. Phys.: Condens.
Matter 2, 6227 共1990兲.
32
A. A. Grabar, J. Phys.: Condens. Matter 10, 2339–2346 共1998兲.
33
T. J. Yang and U. Mohideen, Phys. Lett. A 250, 205 共1998兲.
34
T. Jach, S. Kim, V. Gopalan, S. Durbin, and D. Bright, Phys. Rev. B 69,
064113 共2004兲.
35
Landolt Börnstein: Numerical Data and Functional Relationships in Science and Technology, New Series, Editor in Chief, O. Madelung 共Springer
Verlag, Berlin, 1990兲, Vol. III/28a.
36
T. R. Volk, D. V. Isakov, N. R. Ivanov, L. I. Ivleva, and P. A. Lykov, Phys.
Solid State 47, 305 共2005兲.
37
L. Tian, D. A. Scrymgeour, A. Sharan, and V. Gopalan, Appl. Phys. Lett.
83, 4375 共2003兲.
12
13

Downloaded 03 May 2005 to 131.173.8.159. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

