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High density, almost impurity-free and defect-free barium titanate (BaTi03) fine particles with various 
sizes from 20 to 1000 nm were prepared by 2-steps thermal decomposition of barium titanyl oxalate and 
post-heating treatment. In order to clarify the size effect on BaTi03 particles, the crystal structures of 
these particles were investigated as a function of the size using synchrotron radiation XRD measurement 
and Raman scattering measurement. As a result, the ferroelectric (tetragonal-cubic) phase transition 
observed around 30 nm. Moreover, the temperature dependences of the crystal structures for these 
particles were investigated. As a result, the temperature of tetragonal-cubic phase transition was constant 
despite particle sizes, but the volume change temperature shifted to low temperature with decreasing 
particle sizes. The BaTi03 nanoparticles have a complicated phase transition mechanism. 
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1. INTRODUCTION 
Ferroelectric BaTi03 fine particles have been used as 

raw materials for electronic devices such as multilayered 
ceramic capacitors (MLCC). Recently, with the 
demands on miniaturization and higher capacitance, the 
downsizing of MLCC has been developed and 
accelerated. However, in ferroelectrics, it was known 
that ferroelectricity decreases with decreasing particle 
and grain sizes, and disappears below certain critical 
sizes [1-4]. This phenomenon is called "size effect" in 
ferroelectrics, and it is anticipated that it will cause 
problems when MLCC will be developed in the future. 
Therefore, the size effect in ferroelectrics such as 
BaTi03 is one of the most important phenomena from 
the industrial and scientific viewpoints. 

Recently, the size dependence of dielectric properties 
for the BaTi03 particles was reported [5-6]. In this 
report, high density, almost impurity-free and defect-free 
BaTi03 fine particles with various sizes from 20 to 1000 
nm were prepared by 2-step thermal decomposition 
method and post-heating treatment, and the dielectric 
constants of the particles were measured by powder 
dielectric measurement method. As the result, the 
dielectric constant of BaTi03 particles with a size 
around 140 nm exhibited a dielectric maximum of 
around 5000. 

In this study, to clarify an origin for the size 
dependence of the dielectric constants for the BaTi03 
particles, the crystal structures of the BaTi03 particles 
were investigated as a function of tlte size using 
synchrotron radiation XRD measurement and Raman 
scattering measurement. Moreover, the temperature 
dependences of the crystal structures for the particles 
were investigated. 
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2. EXPERIMENTAL 
2.1 Sample preparation 

The BaTi03 particles witlt various sizes were 
prepared by 2-step tltermal decomposition of barium 
titanyl oxalate (BaTiO(C20 4)2 4H20) and post­
heating treatment [5-6]. The barium titanyl oxalate 
powder was prepared by Fuji Titanium Co., Ud. [7] Its 
Ba!fi atomic ratio was 1.00 and the amount of the 
impurity was less than 0.02 %. At first, the thermal 
decomposition at the 1st step was performed at 500 'C 
for 3 hours in air, and resulted in the formation of the 
intermediate compounds with almost amorphous 
structure. At the following 2nd step, this compound 
was annealed at 650 'C for 3 hours in the vacuum of 10·2 

torr, and resulted in the formation of the BaTi03 

particles. Moreover, these particles were annealed at 
various temperatures from 700 'C to 1100 'C for 3 hours 
in air, to control particle sizes of BaTi03• The average 
particle sizes were estimated using transmission electron 
microscope (TEM) (JEM-2010F, JEOL, Inc.). The 
impurities in the products were analyzed using Fourier 
transform infrared spectrometer (FT-IR) (SYSTEM 
2000 FT-IR, Perkin Elmer, Inc.) and differential thermal 
analysis with thermogravimetry (TG-DTA) 
(TG-DTA2000, Mac Science). 

2.2 Crystal structure analysis by synchrotron radiation 
XRD 

High intensity synchrotron radiation XRD data was 
collected using the large Debye-Sherrer camera installed 
at beam line BL02B2 in the synchrotron radiation 
facility, SPring-8. High energy X-ray with wavelength 
of 0.50 A was used as incident X-ray. The BaTi03 

particles were sealed into a glass capillary of 0.2 mm 
inside diameter. The diffraction pattern was recorded 
on the imaging plate of the camera with transmission 
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geometry. Sample temperature was controlled by N2 

gas flow system. The observed diffraction data was 
analyzed by Rietveld method. In this study, a single 
phase model was applied to refine the crystal structure, 
i.e., it was assumed that whole particle was composed of 
a tetragonal single phase (P4mm) or a cubic single phase 
(Pm-3m). 

2.3 Phonon analysis by Raman scattering measurement 
Raman scattering measurement was performed using 

laser Raman spectrometer, NRS-2100 (JASCO, Inc.). 
The Ar laser with wavelength of 514.5 nm was used as 
the excitation laser. The laser power was about 10 
mW/cm2

• The measurement range was 100 to 1000 
cm·1

• Sample temperature was controlled by a 
thermostat hot stage (Linkam LK600PM, Linkam 
Scientific Instruments, Ltd.). 

3. RESULTS AND DISCUSSION 
3.1 Characterization of prepared BaTi03 particles 

It is considered that the crystal structure and the 
dielectric property of the particles also depend on many 
factors, e.g., density, impurities and defects. Therefore, 
in order to investigate the intrinsic size effect of the 
BaTi03 particles, high density, almost impurity-free and 
defect-free BaTi03 particles with various sizes are 
required. 

In this study, we obtained BaTi03 particles with 
various sizes from 20 nm to 1000 run by 2-step thermal 
decomposition of BaTiO(C20 4)z 4H20 and post­
heating treatment. Investigation of impurity in these 
particles using both TG-DTA and Ff-IR measurements 
revealed that no impurity was detected in the BaTi03 

lattice while hydroxyl and carbonate groups were 
detected only on the surface. Moreover, the Ba/Ti 
atomic ratios of these particles were 1.00 and the relative 
densities of these particles were over 99 %. The details 
of characterization results were described elsewhere 
[5-6]. 

3.2 Size induced phase transition behavior of BaTi03 

particles 
It is known that it is difficult to assign the crystal 

symmetry of BaTi03 nanoparticles into either cubic or 
tetragonal symmetry using conventional XRD 
equipment owing to line broadening and low XRD 
intensity. To solve the problem, accurate diffraction 
patterns for the BaTi03 nanoparticles were collected 
using synchrotron radiation high-energy X-ray. The 
crystal symmetry of the nanoparticles was determined 
by comparing the FWHM of (002) refraction with that 
of (111) refraction at 24 ·c and 160 ·c [6]. As a result, 
the crystal symmetries of the BaTi03 particles with 20 
nm and 30 run were assigned to cubic Pm-3m while 
these of the particles over 40 nm were assigned to 
tetragonal P4mm at 24 ·c. This result revealed that the 
critical size of BaTi03 particles, which is the size of 
ferroelectric phase transition from tetragonal to cubic at 
room temperature, exists around 30 nm. Figure 1 
shows the size dependence of lattice parameters 
estimated by Rietveld analysis of synchrotron radiation 
XRD data. With decreasing particle sizes, c-axis 
gradually decreased while a-axis gradually increased 
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Fig. 1. Size dependence oflattice parameters 
for BaTi03 particles 
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Fig. 2. Size dependence of tetragonality 
for BaTi03 particles 
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Fig. 3. Size dependence of optical phonon 
resonance frequencies and damping factors for 
BaTi03 particles 

over 85 run. Moreover, with decreasing particle sizes, 
the cell volume increased below 140 run. Figure 2 
shows the size dependence of tetragonality (c/a ratio) for 
the BaTi03 particles. With decreasing particle sizes, 
the c/a ratio gradually decreased over 40 run, and 
drastically decreased down to 1.00 around 30 nm. 

XRD measurement can clarify the average and static 
symmetry while Raman scattering measurement can 
clarify the local and dynamic symmetry. From the 
Raman scattering measurement in this study, the local 
and dynamic symmetry of BaTi03 particles with the 
sizes from 20 to 1000 run was assigned to tetragonal 
P4mm. From the measurement in the range from lOO 
to 1000 cm·l, the three kinds of optical phonon modes of 
P4mm BaTi03, i.e., "Last" mode (A1(2TO), A1(2LO)), 
"04 torsional" mode (B1) and "06 displacive" mode 
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(A1(3TO), A1 (3TO), A1(3LO)) was observed. The 
soft mode ("Slater" mode) wasn't observed. The 
Raman spectrum was fitted using Gaussian type function, 
and then the resonance frequency and the damping 
factor for the each mode except the soft mode were 
determined by the peak position and the FWHM of 
Raman peak, respectively. Figure 3 shows the size 
dependence of the resonance frequency and the damping 
factor for the BaTi03 particles. Despite particle sizes, 
the resonance frequency of each optical mode except the 
soft mode was almost constant. On the other hand, the 
damping factor of each optical mode increased with 
decreasing particle sizes. Especially, the damping 
factors significantly increased around 30 nm. 

3.3 Temperature induced phase transition behavior of 
BaTi03 nanoparticles 

Temperature dependences of the crystal structure for 
the BaTi03 particles with 430 nm, 140 nm, 40 nm and 
30 nm were investigated. Figure 4 shows the 
Temperature dependence of lattice parameters for the 
BaTi03 particles with 430 nm, 140 nm and 40 nm. For 
the BaTi03 particles with 430 nm, the temperature 
induced phase transition behavior was similar to that of 
the BaTi03 single crystal. The temperature of 

(A) 430 nm 

(B) 140 nm 

(C) 40 nm 

4.040 

~ 
<4.030 

1 4,020 .. = 
8 j 4.010 

4.000 

3.990 
20 40 80 80 100 120 140 160 

T em perature(C} 

<4.040 

<4.040r------------------, 

- 4.030 
(p 

~ ' ' c 

Ul1020 40 80 80 100 120 140 180 

T em perature('C} 

Fig. 4. Temperature dependence of lattice 
parameters for BaTi03 particles: (A) 430 nm, 
(B) 140 nm and (C) 40 nm 

tetragonal (T)-cubic (C) phase transition was around 
135 'C. At this temperature, a volume change was 
observed. For the particles with 140 nm, the T-C phase 
transition temperature ( I ) was around 135 'C, but the 
volume change temperature ( n) was around 110 ·c. 
Moreover, for the particles with 40 nm, the volume 
change temperature ( n ) was around 70 ·c while the 
T-C phase transition temperature (I) was around 135 
·c. For the particles with 30 nm, no phase transition 
was observed. Figure 5 shows the temperature 
dependence of tetragonality for the BaTi03 particles 
with 430 nm, 140 nm and 40 nm. To date, many 
researchers reported the decrease of Curie temperature 
(T-C phase transition temperature) with decreasing sizes 
for ferroelectrics particles [3-4], but it wasn't observed 
in this study. However, the previous reports has some 
problem, i.e., the amount of impurities and defects 
changed with sizes of BaTi03 particles, and it was 
difficult to assign the crystal symmetry of BaTi03 with 
low c/a ratio using conventional XRD measurement. It 
is considered that the intrinsic size effect could be 
investigated in this study by the synchrotron radiation 
XRD measurement of almost impurity-free and 
defect-free BaTi03 particles. The T-C phase transition 
temperature ( I ) was constant despite particle sizes, !:hit 
the volume change temperature ( n) shifted to low 
temperature with decreasing particle sizes. 

On the other hand, the temperature dependences of 
phonon modes were also investigated. Figure 6 shows 
the temperature dependence of the resonance frequency 
and the damping factor for the BaTi03 particles with 
430 nm, 140 nm, 40 nm and 30 nm. For all the 
particles, the damping factor of each optical mode 
increased with increasing temperature while the 
resonance frequency of each optical mode except the 
soft mode was almost constant despite temperature. 
Figure 7 shows the damping factor of A1(2TO) mode for 
the BaTi03 particles with 430 nm, 140 nm, 40 nm and 
30 nm. This figure revealed that the damping factors 
significantly increased close to the line of the particles 
with 30 nm around the temperature corresponding to the 
volume change temperature ( ll ). Thus, it became clear 
that the BaTi03 nanoparticles have a complicated phase 
transition behavior by synchrotron radiation XRD and 
Raman scattering measurement. 
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Fig. 5. Temperature dependence of tetragonalities 
for BaTi03 particles with 430 nm, 140 nm, 40 nm 
and 30 nm 
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Fig. 6. Temperature dependence of optical 
phonon resonance frequencies and damping 
factors for BaTi03 particles: (A) 430 nm, (B) 
140 nm, (C) 40 nm and (D) 30 nm 

4. CONCLUSIONS 
In this study, high density, almost impurity-free and 

defect-free BaTi03 fine particles with various sizes from 
20 to 1000 nm were prepared by 2-steps thermal 
decomposition of barium titanyl oxalate and post-
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Fig. 7. Temperature dependence of A1(2TO) mode 
damping factors for BaTi03 particles with 430 nm, 
140 nm, 40 nm and 30 nm 

heating treatment. In order to clarify the size effect on 
BaTi03 particles, the crystal structures of these particles 
were investigated as a function of the size using 
synchrotron radiation XRD measurement and Raman 
scattering measurement. As a result, the ferroelectric 
phase transition observed around 30 nm. Moreover, 
the temperature induced phase transition for the BaTi03 
nanoparticles were investigated. As a result, the 
temperature of tetragonal-cubic phase transition was 
constant despite particle sizes, but the volume change 
temperature shifted to low temperature with decreasing 
particle sizes. The BaTi03 nanoparticles have a 
complicated phase transition mechanism. 

ACKNOWLEDGEMENTS 
We would like to thank Mr. M. Nishido of Fuji 

Titanium Co., Ltd. for preparing high purity barium 
titanyl oxalates. This study was partially supported 
by a Grant-in-Aid for Scientific Research 
(15360341) from the Ministry of Education, 
Science, Sports and Culture, Japan and the 
Ookura Kazuchika Memorial foundation. 

REFERENCES 
[1] K. Kinoshita and A. Yamaji, J. Appl. Phys., 45, 371 
(1976). 
[2] G. Arlt, D. Hennings and G. De With, J. Appl. Phys., 
58, 1619 (1985) . 
[3] K. Ishikawa, K. Yoshikawa and N. Okada, Physical 
Review B, 37, 5852 (1988). 
[4] K. Uchino, E. Sadanaga and T. Hirose, Journal of 
American Ceramic Society, 72, 1555 (1989). 
[5] T. Hoshina, H. Yasuno, S.-M. Nam, H. Kakemoto, T. 
Tsurumi and S. Wada, Transactions of Materials 
Research Society of Japan, 29 (2004) 
[6] S. Wada, T. Hoshina, H. Yasuno, S.-M. Nam, H. 
Kakemoto, T. Tsurumi and M. Yashima, Ceramics 
Transaction (2004) in press 

[7] T. Kajita and M. Nishido: Ext. Abst. 9th US-Japan 
Seminar on Dielectric and Piezoelectric Ceram., 1999, 
p.425. 

(Received December 23, 2004; Accepted January 31, 2005) 


