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Abstract: The electron energy loss spectroscopy ~EELS! technique was applied to investigate the local variation
in the phase of barium titanate ~BaTiO3! ceramics. It was found that the fine structure of the titanium L2,3 edge
and their satellite peaks were sensitively varied with the tetragonal–cubic phase transition. The peak splitting of
Ti-L3 edge of tetragonal-phased BaTiO3 ceramics was widened because of the increased crystal field effect
compared with that of cubic-phased BaTiO3. In case of nanoscale BaTiO3 powders, the L3 edge splitting of the
core region was found to be smaller than that of the shell region. The energy gap between peaks t2g and eg varied
from 2.36 to 1.94 eV with changing the probe position from 1 to 20 nm from the surface. These results suggest
that the EELS technique can be used to identify the local phase of sintered BaTiO3 ceramics.
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INTRODUCTION

Barium titanate ~BaTiO3! ceramics are one of the most
popular ferroelectric materials with the perovskite struc-
ture. It has been widely used in various electronic devices
such as multilayer capacitors, infrared detectors, fuel evapo-
rators, varistors, and electro-optic devices for their unique
and useful electrical characteristics ~Cao & Brinker, 2008!.

It has been known that BaTiO3 has four different kinds
of crystal structures such as rhombohedral, orthorhombic,
tetragonal, and cubic phases depending on temperature. In
particular, its unit cell is of the cubic phase above Curie
temperature ~;1208C!; this condition has nonpolar charac-
teristics. Below the Curie temperature, the unit cell is slightly
distorted to have the tetragonal phase; its dipole is parallel
to its ^001& direction ~Smolenskii et al., 1984!. In case of
nanoscale BaTiO3 ceramics, some researchers have sug-
gested that a single crystalline particle consists of both
tetragonal and cubic phases ~Wada et al., 2007!.

The electrical features of BaTiO3 ceramics have been
known to be crucially determined by the crystal system of
their grains. Therefore, it is important to identify the rela-
tion of the tetragonal–cubic phase transition with local struc-
tural conditions. The variation in the energy band structure
of BaTiO3 in terms of phase transition has been reported by
some theoretical research groups ~Bagayoko et al., 1998!.
There has also been considerable progress in achieving bet-
ter understanding of the lattice dynamics and the origin of
the ferroelectricity from first principle total-energy calcula-
tions. It has been reported that Ti–O hybridization is essen-
tial to understand the ferroelectric instability in BaTiO3

ceramics ~Cohen & Hrakauer, 1990, 1992; Yu & Krakauer,
1994!. Nevertheless, little electron-beam-related experimen-
tal researches have been carried out to identify the energy

band structure of BaTiO3, which can be related with the
tetragonal–cubic phase transition.

In this study, we have examined the variation in the en-
ergy band structure associated with the tetragonal–cubic
phase transition in BaTiO3 by using the electron energy loss
spectroscopy ~EELS! technique. The electron energy struc-
ture of BaTiO3 ceramics includes the fine details of titanium
L23 edge and their satellite peaks, and these were examined by
EELS and/or scanning transmission electron microscopy
~STEM! methods. The crystal structure and ferroelectric
transition-related information were also obtained by in situ
X-ray diffraction, and these were related with the EELS results.

EXPERIMENTAL PROCEDURE

The BaTiO3 ceramics used in this study was prepared by a
routine-sintering method. The purity of BaTiO3 powder
was 99.8%. BaTiO3 powders were die pressed under 200
MPa. The powder compact was heat treated at 1,3608C in
air for 4 h and then air-quenched to room temperature.

We carried out an in situ X-ray diffraction examination
to obtain structural information of the tetragonal and cubic
phases of the ceramics. In situ EELS measurements were
also performed from a particular region in the sintered
BaTiO3 ceramic specimen; the tetragonal and cubic phase
transition was induced by keeping the transmission electron
microscopy ~TEM! specimen at particular temperatures in a
heating stage. EELS spectra were acquired at room temper-
ature and 1508C, respectively.

To investigate the phase distribution within a nanoscale
BaTiO3 powder, 50-nm-sized BaTiO3 powders were pre-
pared by the hydrothermal method. Ba~OH!2{8H2O and
Ti~OH!4{xH2O were used as source materials, and the syn-
thesis was carried out at 1808C for 6 h. The details of the
synthesis process were reported previously ~Moon & Cho,
2009!.
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TEM specimens were prepared by ion milling with
6-keV-Ar� ions; the incident angle was kept at 68. Conven-
tional TEM investigation was carried out using an electron
microscope operated at 300 keV ~Titan TM 80-300, FEI
company!. The EELS measurement was carried out with the
Gatan GIF 2002 system ~parallel EELS!. The electron probe
diameter was below 1 nm. The energy resolution at the
zero-loss peak was ;0.6 eV. For the evaluation of the
electronic structure of the BaTiO3 ceramics, the energy-loss
near-edge structure of Ti–L2,3 were measured. The spectra
were acquired by the STEM mode; the aperture size and
energy dispersion were 2 nm and 0.1 eV/channel, respectively.

RESULTS AND DISCUSSION

We confirmed the crystal structure and lattice parameters of
the BaTiO3 ceramics in terms of temperature by using the
X-ray diffraction ~XRD! method. The calculated results are
summarized in Table 1. In the XRD data, the cubic phase
appears to have lattice parameters ~a, b, and c axes! larger
than those for the tetragonal phase condition. It is expected
that in BaTiO3, crystal field effect is stronger in a tetragonal
phase than in a cubic phase.

A TEM bright-field image of BaTiO3 ceramic is shown
in Figure 1a. Figure 1b gives the selected area diffraction
pattern taken from the BaTiO3 ceramic ~Fig. 1a! with the

incident electron beam parallel to the @001# direction. The
sharp reflections confirm that the BaTiO3 ceramic is a
high-quality single crystal.

In order to estimate the thickness ~T ! of the specimen,
we used the following log–ratio method ~Moon & Cho, 2009!

T � l ln~It /I0 !,

where I0 is the sum of zero-loss peak counts, It is the sum of
total spectrum counts ~zero-loss peak plus extrapolated loss
part!, and l is the inelastic mean free path. The calculation
provides the specimen thickness of about 5.8 nm; the spec-
imen was thin enough to be used for characterizing the
BaTiO3 ceramic by EELS experiment ~Egerton, 1986!.

The ferroelectric properties of BaTiO3 ceramics are
closely related to the distortion of the octahedron consisting
of oxygen atoms ~Cohen & Hrakauer, 1990, 1992; Yu &
Krakauer, 1994!. The density distribution of unoccupied
electronic states of the Ti atoms is sensitively affected by the
short-range coordination with oxygen atoms. The four well-
split peaks in the Ti-L2,3 edges are attributed to the excita-
tion of electrons in 2P3/2 and 2P1/2 subshells to unoccupied
t2g and eg states ~Leapman & Grunes, 1980!. As a conse-
quence, the position, full-width at half-maximum, and shapes
of the Ti-L2,3 peaks are dependent on the variation of the
short-range coordination, in other words the phase types of
the lattice ~Thole & Laan, 1988!.

Figure 2 shows the spectra taken from the tetragonal
and cubic phases of BaTiO3 ceramic; spectra ~a! and ~b!
were obtained from the same region in Figure 1a at room
temperature and 1508C, respectively. Both spectra are aligned
so that the maximum position of the first peak ~Ti-L3 t2g

peak! is located at 457.5 eV; the maximum of the peaks are
denoted by vertical dotted lines. The crystal-field splitting
of the cubic-phased BaTiO3 ceramic is a little smaller with
respect to that of tetragonal-phased BaTiO3 ceramic. This
energy gap of ;0.4 eV can be attributed to the difference in
the lattice type and parameters; the variation in the octa-

Table 1. Lattice Parameters of BaTiO3 Ceramics.*

258C 1508C

a ~Å! 3.9924 4.0459
b ~Å! 3.9924 4.0459
c ~Å! 4.0309 4.0459
c/a 1.009 1
Space group P4mm Pm3m

*Values were obtained when the ceramics were at room temperature and
1508C, respectively.

Figure 1. a: Bright-field transmission electron microscopy image of the BaTiO3 ceramics. b: Selected area diffraction
pattern of the BaTiO3 ceramic. The pattern was recorded with the electron beam parallel to @001# .
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hedron with the phase transition results in the change in the
Ti–O bond length. It has been reported that the shorter
Ti–O bond length leads to a stronger crystal field, which
finally results in the larger crystal-field splitting ~Zhang
et al., 2005!. Consequently, in Figure 2 we noticed the
variation of electron energy structure in the BaTiO3 ceramic
samples with tetragonal–cubic phase transitions.

Two satellite peaks are present above the near-edge peaks;
these were confirmed by multipeak Lorentzian fitting ~Fig. 3!.
The coefficient of determination ~R2! of the fitting is .0.98
in this work; this indicates that the Lorentzian function is a
reasonable model for the separation of satellite peaks. These
satellite peaks are attributed to the transfer of electrons from
the O 2p valence band to the unoccupied Ti 3d orbital in the
intermediate state of EELS processes. The satellites are shifted
to lower energies by about 0.8 eV for the cubic-phased Ba-
TiO3 with respect to the tetragonal-phased BaTiO3 ceramics.
This implies that the longer inter-atomic distance leads to a
less interaction between O 2p and Ti 3d states. In other
words, cubic phase with the longer neighbor atoms ~Ti–O!
bond length leads to the weaker crystal field; as shown in
Figure 3, the cubic phase has the satellite positions of 468.09
and 475.51 eV. These are lower than the positions for the
satellites at 468.85 and 475.68 eV shown in Figure 3a.

The phase distribution within nanoscale BaTiO3 pow-
ders, in other words the presence of tetragonal ~or cubic!
phases in terms of the distance from the surface, was inves-
tigated by EELS techniques. Figure 4a shows the size and
shape of the nanoscale BaTiO3 powders prepared by hydro-
thermal synthesis methods. Most of the powders were con-
firmed to be of a single crystallite as illustrated in Figure 4b.
The average size of the powders was about 46 nm, and
appeared to have high crystallinity. Figure 4c shows the
spectra taken at positions 1, 4, 7, and 20 nm, away from the
surface, respectively, in 50-nm-sized BaTiO3 powders. All
the spectra are aligned such that the maximum of the first
peak ~Ti-L3 t2g peak! is located at the same value in the
spectra and these are denoted by vertical dotted lines. The
energy gap between the two peaks of L3 t2g and eg were 2.36,

2.01, 1.96, and 1.94 eV for the positions at 1, 4, 7, and 20 nm
away from the surface, respectively ~Fig. 4d!.

In other words, the crystal-field splitting gradually de-
creased from a shell region to a core region in the nanosacle
BaTiO3 particle. This result indicates that nanoscale BaTiO3

particles consist of a tetragonal phase in the surface region
and a cubic phase in the core region, respectively. These
results appear to agree well with the fact that the shell is
dominantly composed of the tetragonal phases, whereas the
inner region of cubic phases, which were previously verified
high-resolution transmission electron microscopy tech-
niques ~Moon & Cho, 2007!.

CONCLUSION

The EELS technique was applied to investigate the local
variation in the electronic structure associated with the
tetragonal–cubic transition of BaTiO3 ceramics. It was found
that the fine structure of the titanium L2,3 edge and their
satellite peaks are sensitively varied with the tetragonal–
cubic phase transition. The peak splitting of Ti-L3 edge of
tetragonal-phased BaTiO3 ceramics was widened because of
the increased crystal field effect compared with that of

Figure 2. Electron energy loss spectroscopy spectra of Ti-L2,3 edge
of BaTiO3 ceramics. The ceramics were at room temperature ~a!
and 1508C ~b!, respectively.

Figure 3. Satellites peaks of Ti-L2 edge of BaTiO3 ceramics. The
ceramics were at room temperature ~a! and 1508C ~b!, respectively.

Local Phase of BaTiO3 Nanopowders 125

https://doi.org/10.1017/S1431927613012476 Published online by Cambridge University Press

https://doi.org/10.1017/S1431927613012476


cubic-phased BaTiO3. In addition, the satellites were shifted
to higher energies by about 0.8 eV for tetragonal-phased
BaTiO3 with respect to the cubic-phased BaTiO3 ceramics.

In case of nanoscale BaTiO3 powders, the L3 edge
splitting of the core region was found to be a little smaller
than that of the shell region. In particular, the energy gap
between the two peaks t2g and eg varied from 2.36 to 1.94 eV
with changing the distance between the probed position
and the surface from 1 to 20 nm. It is highly likely that the
shell region of the nanoscale BaTiO3 powders is of a tetrag-
onal phase, whereas a cubic phase in the core region. These
results also suggest that the EELS technique can be used to
identify the local phase of sintered BaTiO3 ceramic.
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Figure 4. Electron energy loss spectro-
scopy ~EELS! spectra of Ti-L2,3 edge of
nanoscale BaTiO3 powders. a: Bright-field
transmission electron microscopy images
of the as-prepared nanoscale BaTiO3

powders. b: Microelectron diffraction
pattern of the nanoscale powders. c: The
EELS measurements were carried out at
positions 1~①!, 4~②!, 7~③!, and 20 nm~④!
away from the surface, respectively. d: The
energy gap between the two peaks t2g and
eg varies from 2.35 to 1.95 eV as the
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