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ABSTRACT

Synchrotron radiation and the maximum entropy method (MEM) were used to study the
nature of chemical bonding in tetragonal BaTiOs, and the results were compared to those
of cubic SrTiO3;. The MEM charge-density map revealed that Ba is essentially ionic,
while Ti-O bond is covalent. A difference in the charge-density distributions of Ti-O
bonds in BaTiO; and SrTiOs is detected, even though the Ti-O bonds in these compounds
are essentially covalent in nature. The covalency of the Ti-O bond is, however, weaker in
BaTiOj3 than in SrTiOs. This suggests that BaTiOs is more ionic. The difference in
structure phase transitions between BaTiO3 and SrTiO; can be attributed to the variations
in the nature of the Ti-O bonds in these two compounds.

INTRODUCTION

BaTiOs is a ferroelectric compound. There are many studies concerning its crystal
structure, phase transition, electric and other properties. The reason for a ferroelectric
phase transition (due to condensation of zone-center optical phonons) which occurs in
BaTiO3 and a different structural phase transition (due to condensation of zone boundary
phonons) occurring in SrTiOj; is not clearly understood. Generally speaking, the
differences in behavior of these two compounds have been attributed to differences in
lattice dynamics, i.e. force constants between constituent atoms. Since force constants are
related to the nature of chemical bonding in a material, it is expected that the chemical
bondings in BaTiO3 and SrTiO; are significantly different from each other.

In this study, we chose to use the MEM method to study the nature of the chemical
bonding in tetragonal BaTiO3 and to see if we could find crystal-structure evidence which

would provide us with an explanation for the differences in the phase transitions occurred
in BaTiO3 and SrTiOs.

EXPERIMENTAL

Accurate integrated X-ray diffraction intensities are essential if one wants to obtain
reliable information on chemical bonding states. We selected the powder diffraction
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method because it has the advantage of being able to eliminate multi-domain problems
and exclude extinction effects.

The sample we used was a 99.95% pure BaTiO; powder. Synchrotron radiation and an
imaging plate (IP) detector were used to obtain good counting statistics as well as high
angular resolution (peak width at half maximum intensity of 0.03 degrees of 2 theta) from
a large Debye-Scherrer camera installed at BLO2B2, Spring-8.

A precipitation method was used to produce a specimen consisting of small particles
which would produce a diffraction pattern with rings (reflections) that have a
homogeneous distribution of intensity along the entire circumference of the rings. Details
of the equipment are described in reference [1]. The sample was sealed in a 0.2-mm
diameter quartz capillary. The wavelength of synchrotron radiation used in this study was
0.5 Angstrom to measure over an angular range up to 80 degrees of 2 theta.

MEM/RIETVELD ANALYSIS

A MEM/Rietveld analysis was used to calculate the charge-density distribution in
tetragonal BaTiOs. Details of the method are given in references [2-5]. A preliminary
Rietveld analysis was done to obtain crystal-structure parameters. Results are listed in
Table 1, and fitting results are plotted in Figure 1. An R-factor (an expression of
reliability) of 3.9% was obtained from the intensities of the measured Bragg reflections.
The results were in excellent agreement with those obtained in an earlier single-crystal
analysis [6]. The experimental structure factors were measured by using intensities from
individual reflections. 331 structure factors were measured. A MEM calculation was then
used with these 331 structure factors, and the unit cell was divided into 144 x 144 x 144
pixels for high resolution.

Table 1

Space Group:P4mm
a=3.09914(1) A, ¢=4.0335(1) A

| x v z B(A?
Ba | 0.0000  0.000 0.000 0.331(4)
Ti 0.500 0.500 0.488(1)  0.51(2)
0, 0.500 0.500  0.007(9)  0.59(7)

O» 0.500  0.000 0.515(3) 0.51(3)
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Fg. 1

MEM CHARGE-DENSITY MAP OF TETRAGONAL BaTiO3

FHgure 2 shows the MEM charge-dengty map of tetragond BaTiOs on the (110) plane. From
the MEM charge didtributions, it gppears that Bais essentidly ionic and the TFO bond is
covaent. There may be very wesk covaency between Baand O ions. The sgnificance of such
week covaency (if it exigts) is not made clear by thisstudy. We are currently performing

additiona studies of other perovskite compounds.

Due to the dight displacements of Ti and O ions oppodite to each other dong the [001]
direction in tetragond BaTiO3, two Ti-O bonds on this plane are not identicd, i.e. the Ti-O
bond is dightly shorter than the O-Ti bond. The smdl differenceisreproduciblein the MEM
charge-dengty digtribution and can be seen from the charge-dengty digtributions between Ti-O
and O-Ti bonds, which shows a smdl displacement of Ti ionsin BaTiOa. It may condude from
the dengty map thet achain of Ti-O-Ti-O-Ti-O-Ti... dong the [001] direction in the tetragond

BaliO; ispared with T+O, Ti-O and so on.
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BaTiO3
(a)

Fig. 3

In order to discuss the difference in the covaency between the Ti and O atomsin perovskite
oxide crygds, the charge-dengty didribution of BaliOswas compared with that of STiOa. In
Fg. 3the MEM charge-densty digribution on the (200) plane, perpendicular to the (001)
plane, of BaTiO3 is compared with that of STiO 3 [7]. It can be seen from Fg. 3 that BaTiOs
has atetragond symmetry, while STiO3 has a cubic symmetry. The Ti-O bond issgnificantly
dronger in STiO3 then in BaTiOs. This can be explained by the difference in the packing of
aomsin their unit cdls; the lattice congtant a= 3.904 A of STiO; isshorter than thet of
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BarliO; witha=3.989 A and c = 4.029 A. Itiswell known thet the longer the bond length, the
weaker the covdent bond. Therefore, the covdency of Ti O bonding in BaTiO3 iswesker than
thet of S'TiO3. In other words, BaTiOgismoreionic in neture

It iswell known thet there is a soft phonon mode G;s at the Brillouin zone center for both
BaliOs and STiOs, and only BaTliOs has aphase transtion at 120 K as a consequence of the
ingability of such a soft phonon mode, while STiO; does not. STiOg, ingtead, hasasructura
phase trandtion at -168 ° C, because of the condensation of the zone-boundary phonon Ry,
which is hindered the osaillation motion of oxygen octahedron around a Ti ion. Hence, the
diolacement of oxygen through the phase trandtion is not the same. The different nature of the
two phase trangtions can be explained by congdering the difference in the degrees of covdency
or ionicity between BaTiO ;3 and STiO3. The oxygen octahedron around a Ti aom can be eeslly
be distorted in BaTliO3 because of itsionic nature. Furthermore the charge-dengty digtributions
around Ti and O atoms are distorted and asymmetric with repect to the plane perpendicular to
the [001] direction. Thisindicates that these ions are polarized and responsible for the
farrodectricity of BaTiOs.

It should be noted thet there is a Sgnificant difference in charge dersities around Ti atoms
between BaliO3; and STiO3. This difference has not been reported previoudy, and it reflects
the difference in bonding neture, consequently the difference in the degree of covaency and
ionicity.

CONCLUSON

A dealed expeimentd charge-dengty didribution has been determined for tetragond
BaliOs. It reveds the nature of chemica bond of this compound. Ba is found to be dmost
ionic, while the Ti-O bond is essentidly covdent. A dgnificant difference in the MEM charge-
dengty digributions between BaliOs and STiOs has been detected. This indicates ionic
character in the covaent bond between Ti and O a@oms in BariOs. It suggests dso that the
different nature in the phase trangtions in BaTiO3z and STiOsis due to a dight difference in the
covaency of the Ti O bonds in these two compounds.

The above comparison was based on the charge-dendty digtributions of tetragond BaliOz
and cubic STiO; obtaned from room-temperature experiments. It is hoped that an
underganding of the charge densties of typica perovskite compounds with different types of
Sructurd phase trangtions, such as KMnFs, CsPbCls, PoTiOs, eic. can be obtaned in a
comprehensve MEM study now in progress.

ACKNOWLEDGEMENTS

We thank Dr. O.Shimomuraof SPring-8, SHirano, Y Wakui, K.Kumazawa, T.Sumi,

10



ISpYAYHIE)ICPDS-International Centre for Diffraction Data 2001,Advancesin X-ray Anaysis\Vol.44 11

M .Kozuka of Nagoya University Machine Shop. Thiswork was supported by the Grant-in-Aid
for Sdentific Research from the Minidiry of Education, Science and Culture of Japan. The
synchrotron radiation experiments were performed at SPring-8 BL02B2 with the gpprova of
the Japan Synchrotron Radiation Research Indtitute(JASRI).

REFERENCES

[1] ENishibori, M.Takata, K.Kato, M.Sakata, Y .Kubota, SAoyagi, Y .Kuroiwa,
M.Y amakata and N.Ikeda ; submitted to the Proceedings of SRI 2000 (2000)

[2] M. Takataet al. ; Nature 377 (1995) 46

[3] K. Hasegawa et al.; Jon. J. Appl. Phys. Suppl. 38-1(1999) 65

[4] M. Takataet al. ; Jon. J. Appl. Phys. Suppl. 38-1 (1999) 122

[5] M. Takata, E. Nishibori and M. Skata; Z. Krigtdlogr. (2001) in press
[6] J. Harada, T. Pedersen and T. Barnea; Acta Cryst. A26 (1970) 336

[7] T.lkeda et al. ; Solid State lonics 108 (1998) 151





