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Abstract

The temperature dependence of the birefringence above T in high quality BaTiO3 single
crystals has been measured with very high accuracy. On the basis of literature data, the
behaviour of the anomalous birefringence can be explained by the existence of polar clusters
(microregions/nanoregions) connected with correlated jumps between the off-centre positions
of Ti ions inside the oxygen octahedra. The underlying origin of the polar clusters is an intrinsic
effect connected with the interdependence of the structural and polar soft modes
(Bussmann-Holder ef al 2007 Phys. Rev. Lett. 99 167603). These clusters locally break the
intrinsic cubic symmetry and the phase above T;. becomes birefringent. A birefringence An of
the order of 107> has been found up to about 30° above 7. In this temperature range

T. < T < T. + 30 K, the function An(7T") exhibits a thermal hysteresis: the values of An were
higher on heating than on cooling. A characteristic feature is the existence of a local An(T)
maximum at a temperature close to 7, on the high temperature side that appears due to

a specific cluster—cluster interaction. Since the values of An(T') runs were not dependent on the
crystal thickness, one can conclude that in this limited temperature range above 7 the

birefringence is an inherent feature of the crystal.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

After more than five decades, barium titanate BaTiO; (BT)
single crystals are still considered prime examples of classical
ferroelectrics and among the most interesting polar compounds
from a practical point of view. BT was first obtained in
ceramic form and investigated in the early 1940s by Wainer
and Salomon in the USA [1], Ogawa and Waku in Japan [2]
and Wul and Goldman in Russia [3]. Large single crystals
of BT grown from a KF flux were produced in 1954 by
Remeika [4]. Following the work of Belruss et al [5], high
quality BT single crystals grown by top-seeded solution growth
(TSSG) became available and enabled intensive investigations
of the nature of the phase transitions, the domain structure, and
optical, electrical and mechanical properties of this material.
One of the most important experimental results on BT is
the existence of local dipoles above T.. The evidence is
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based on results obtained by various experimental techniques
such as diffuse x-ray scattering, Raman and hyper-Raman
spectroscopy, inelastic neutron scattering, second-harmonic
generation and NMR spectroscopy [6 (and references therein)].
The variety of these investigations manifests itself in a huge
number of papers devoted to BT. It is now well established
that the cubic to tetragonal phase transition in BT is both of
displacive type and of order—disorder type [6]. While the
mechanism for the appearance of polar regions above T is
connected with the correlated jumps of Ti ion between off-
centre position inside the oxygen octahedron, the answer to the
question of why such jumps are realized is still elusive.

The present work is concentrated on properties above
T, that are in fact far less frequently investigated than the
ferroelectric phases of BT. It should be mentioned that recently
Takagi and Ishidate [7] have recorded anomalous birefringence
over a broad temperature range of the cubic phase. They have

© 2008 IOP Publishing Ltd  Printed in the UK
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postulated the existence of polarization clusters above T that
induce birefringence through anisotropy of the local lattice
polarization. In this paper we report on the optical properties
of BT above T, determined with higher resolution. Similar to
the report by Takagi and Ishidate [7], an anomalous behaviour
of the birefringence has been found about 30 °C above 7.

2. Crystal characterization

For birefringence investigations in the cubic phase, a special
geometrical condition for the sample shape is not needed.
Birefringence measurements were made on high quality
samples cut from crystals grown by TSSG, polished to a
thickness of 600 pum. The crystals were grown in air from
a standard solution with an excess of TiO,. One sample was
post-growth annealed in a reducing 90% CO, + 10% CO
atmosphere at 1000 °C.

3. Plano-birefringence in the phase above T,

The birefringence has been investigated by means of an
Oxford Cryosystems Metripol Birefringence Imaging System
(Metripol). The sample was held by a high precision Linkam
TMSG600 temperature stage combined with a birefringence
imaging system. Details of this automated optical technique
are described in [8-10] (www.metripol.com). In view of
those papers we give here only a short description of the
experimental technique. The hot stage was capable of
maintaining a constant temperature to within 0.1 K. The
temperature ramps were performed at rates of 0.2 K min~'.
The Metripol system consists of a polarizing microscope
equipped with a computer controlled plane-polarizer capable
of being rotated to fixed angles « from a reference position, a
circularly polarizing analyser and a CCD camera. The intensity
measured at any position within the captured image is given by
the formula

i
[ = 50[1 + sin(2® — 2a) sin §]

where [j is the intensity of light passed through the sample
and represents its transmittance, ® is the angle of an axis of
the optical indicatrix of the specimen projected onto the image
measured from a predetermined direction (it was measured
anticlockwise from the horizontal axis) and § is the phase
difference between the polarized light components and is given
by

§=—( )d
= ny—n
5 U 2

where A is the wavelength of the light, d is the thickness of the
sample and n; — n; is the so-called plano-birefringence of the
sample, i.e. the birefringence measured as seen in projection
down the microscope axis. By measuring several images with
varying angle « it was possible to fit for each pixel position the
quantities /Iy, | sin§| and ¢ separately and then to plot images
in false colour representing these three values. In this way, any
spatial variation in the birefringence or orientation can readily
be seen with a very high sensitivity. It is an ideal technique for

checking whether an optical anisotropy occurs in a crystal. The
effective retardation §* can be calculated according to [10]

8% = ([8m sinQpm) — 8y sin(2gp)1°

+ [8m cOS(2¢m) — 8y cos(2)1?)"/*

where 6, = sin_'(|sin dm|) and ¢, are the phase shift
and orientation angle measured in the sample, and 8, =
sin~!(| sin 8,|) and ¢, are the phase shift and orientation angle
measured as background values in the region outside the
sample.

It was found that the BT crystals under investigation are
birefringent over a very broad temperature range (figure 1),
even 30°C above 7.. The birefringence decreases with
increasing temperature and disappears in the 160-170°C
range, i.e. near the temperature above which a deviation
from linear changes of the ¢ ~' (T') Curie—Weiss law, describing
the dielectric permittivity, can be neglected [11]. In the
same temperature range the electrostrictive and piezoelectric
coefficients revealed non-typical changes [11]. It is interesting
that there is a temperature hysteresis in the temperature
dependence of An on heating and cooling, despite the fact that
a very low rate of temperature change (0.2 °C min~!) was used.
Most importantly, a local maximum of An(T') located a few
degrees above T is observed at 2-3 °C on cooling and 6—14 °C
on heating with respect to 7¢. In the latter case this maximum
is more pronounced and occurs further away from 7-.

Our experimental results are in agreement with the
work of Tai et al [12] who have shown that the |P|*(T)
reveals a maximum at about 5°C above T.. Here, |P|
is the mean polarization magnitude within a cluster (polar
microregion/nanoregion).  Tai et al [12] have suggested
that above 7. the existence of such clusters can induce
birefringence. The precise An(T) results presented in the
present work confirm this hypothesis. However we also show
that the distribution of polar regions is not homogeneous
and leads to differences in the dynamics and stability of
the crystal lattice. Namely, near but above 7, the An(T)
dependences obtained for different volumes of the same crystal
revealed different An values and different An(7) dependences
(figures 1(a)—(c)). It is interesting that in all cases the values of
An on heating were higher than those on cooling. Another
characteristic feature is the existence of a local maximum that
appears at a temperature close to 7, from the high temperature
side. In our opinion this birefringence is an inherent feature
of the crystal bulk and is not e.g. a surface effect, although
a mechanical stress appearing after polishing may influence
the birefringence measurement. By means of a scanning
electron microscope ISM-5410, with an energy dispersive
x-ray spectrometer (EDS), the chemical composition of the
crystal was determined.

Scanning was performed for a few separate areas on the
crystal surface and the ratio Ba:Ti was found to be equal to 1,
within the experimental error. However the XPS spectroscopy
of the surface has revealed traces of Si that most probably
has been embedded into the sample during polishing. This
may be one of the sources of plane stresses that could affect
birefringence measurement. In fact the curves in figure 1
have been obtained after subtraction of a background. This
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Figure 1. Temperature dependence of birefringence An measured on heating and cooling at three different, arbitrarily chosen, A, B and C
locations in the crystal volume. Inset @ explains how the background residual birefringence was subtracted to get the results for the location
A, on heating. In the phase above T, the birefringence An(T) was obtained by subtracting a second-order polynomial (p; 7% + poT + p3)
from the Ano(7T) measured up to 260 °C. The parameters p;, p, and p; are values fitted over the range 200°C < 7' < 260°C.

background was different for different crystal volumes for
which the birefringence measurements were conducted. It
is important to stress that among the numerous An(7T) runs
obtained, each of them, after background subtraction, was
similar to one of those presented in figure 1. Thus one could
suppose that the birefringence above 7. is not an intrinsic
phenomenon and a rejuvenation at high temperature should
remove it. However for crystals heated up even to 500 °C no
significant changes of the An(T") runs were detected.

4. Discussion

Many years ago Lambert et al [13] showed that the highest
symmetry phase of BT is intrinsically disordered and its
microscopic structure is best described in terms of antiparallel
correlation chains with a size from 40 to 100 A, i.e. about
10-25 unit cells. Inoue [14] has measured the overdamped
phonons in this phase by means of hyper-Raman scattering and
the spectra obtained have been accounted for by invoking the
existence of polar clusters that have already started growing at
230°C (on cooling).

Local regions of polarization are naturally expected in
BT and other ferroelectric materials that are disordered. The
optical index of refraction n(7T) in the cubic BT has been
measured by Burns and Dacol [15]. They have noticed a
marked deviation from linearity at temperatures below 180 °C
and assumed that this deviation is explained by the quadratic
electro-optic effect due to the local polarization. Moreover
they have stated that such polar regions, if they exist, are an
effect of a structural disorder. It is worth noting that a long time
ago Forsbergh [16] also observed local polar regions appearing
near dislocations and Kinzig [17] has seen a similar effect near
surfaces.

The birefringence in the cubic phase of BaTiO3 was also
measured by Kruglyashov et al [18] who have observed large
changes in birefringence in a temperature range limited to
about 2 K above 7.. They claimed that birefringence is
generated by temperature fluctuations in the crystal and as
a source of birefringence, a local phase of lower symmetry
was considered. According to Takagi et al [7] the appearance
of a phase with symmetry lower than cubic is similar to
the appearance of polarization clusters that already occur
200°C above T, and therefore cannot be interpreted in terms
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of temperature fluctuations alone. Recently Tai et al [12]
have observed dynamic polarization clusters in the paraelectric
phase of barium titanate by a picosecond x-ray laser speckle
technique. They have also found an unexpected maximum at
T. + 5°C in the curve illustrating the temperature dependence
of polarization within the clusters. It should be noted that the
nature of the experiments leads to surface clusters only, not
clusters in the crystal volume. Dimensions of polar clusters
were of the order of a few microns (see figure 3 in paper by Tai
et al [12]) and thus big enough to be detected by birefringence
measurements at visible wavelengths. In fact polar clusters
have been recognized as dots (representing different An values
in experimental images) that disappear above 170°C. It is
worth noting that the results obtained in both experimental
techniques showed a characteristic maximum on the An(T)
runs that occurs at a very similar temperature interval with
respect to 7.

Measurements of the plano-birefringence described in
this paper provide evidence that the phase above T is, at
least locally, non-centrosymmetric even at relatively high
temperatures. According to Bussmann-Holder et al [19, 20]
the appearance of polar clusters (precursor domains) above T
is an intrinsic effect based on the short wavelength structural
instability that is related to the long wavelength polar soft mode
and driven by the temperature dependent fluctuating dipole
moment. The temperature evolution of this interdependence
of the structural and polar soft mode could be responsible for
the An(T) dependences observed. Thus this experimental fact
could be accounted for the correlated Ti motion within the
oxygen cage only.

However we cannot exclude the possibility of an influence
of stacking faults on birefringence, the existence of which has
recently been revealed by Szot ef al in SrTiO; [21]. The
nature of the stacking faults in BT single crystal would be
related, like in the case for SrTiO3;, to oxygen vacancies
arising during crystal growth. Various methods like HRTEM,
XPS and AFM have provided evidence that the dominating
kinds of defects in crystalline BaTiOs are extended defects,
such as dislocations and shear planes. The agglomeration
of point defects in the form of extended defects is not
unique to barium titanate compounds and similar kinds of
defects were observed in other perovskites, for example
in SrTiO3;, KNbO; and KTaOs [22]. This is in contrast
to the case for standard point defect chemistry, where the
distribution of point defects is regarded as statistical in
nature. It is known [21] that along such extended defects
and within their surroundings the electronic structure, the
lattice parameters as well as the lattice dynamics can be
dramatically modified. Around these faults, which are difficult
to remove by thermal rejuvenation, the local mechanical and
electrical stresses are created. The dislocations themselves
are sources of much higher electrical conductivity than that
of the non-disturbed lattice [21]. Hence, the local lattice
disturbance may influence the Ti motion inside the perfect
oxygen octahedron, for example in the neighbourhood of
dislocations.  This may cause, depending on dislocation
density, different values of An(7T) similar to those shown in
figure 1.
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Figure 2. Temperature dependence of birefringence An measured on
heating and cooling in a reduced (with a large density of oxygen
vacancies) BT single crystal.

If we suppose that the main causes for such defects are
oxygen vacancies, then we should be able to show that in
a reduced single crystal, a similar and possibly even more
pronounced birefringence should be present. In fact, in the
reduced crystal (of pink colour) that we have used in the
experiment, anomalous birefringence has been found in a
similar temperature range above 7. but with a larger thermal
hysteresis of the An(T) runs (figure 2).

While the values of An and the An(T) dependences in the
phase above T; vary with the locations of the scanned volumes
in the bulk, it was found that An was not dependent on the
crystal thickness. This was checked for several BT single
crystals fabricated with thicknesses of 0.1, 0.2 and 1 mm by
CrysTech Inc. (China). This was a demonstration that effects
induced by the crystal surface can be excluded as causes for
the observed birefringence behaviour.

The local maximum (or inflection point) existing on the
An(T) curve at a temperature close to but higher than 7
shines new light on the mechanism of the transition between
the ferroelectric and non-polar phase above 7. in BT. This
anomaly seems to be a signature of the existence in BT of
a specific temperature range above 7. in which the coexistence
of order—disorder and displacive phase transition mechanisms
leads to the appearance of stable precursor clusters. Their
size, evolution and interactions among themselves differ while
cooling from elevated temperatures down towards 7, or heating
from temperatures close to the transition to temperatures well
within the macroscopically non-polar phase above 7.
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