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The phase transition behaviors of the [111] oriented barium titanate (BaTi03) single crystals were 
investigated as functions of temperature, uniaxial stress and electric fields. For the phase transition by 
temperature, with decreasing temperature above Tc, the paraelectric phase changed to the intermediate phase 
with superparaelectric state, and finally change to the ferroelectric phase with randomly oriented spontaneous 
polarizations. Moreover, it was also found that the phase transition by uniaxial stress field above Tc was 
almost similar one by temperature. On the other hand, for the phase transition by electric field above Tc, 
with increasing electric field, the paraelectric phase changed to the intermediate phase, and finally changed to 
the ferroelectric phase with the oriented polar direction. These results suggested that above Tc, combination 
between uniaxial stress and electric fields might be effective for a poling treatment of BaTi03 crystals. 
Thus, in this study, a new poling method for the BaTi03 crystals was proposed using control of temperature, 
uniaxial stress and electric fields. 
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1. INTRODUCTION 
Recently, lead-free ferroelectrics became to highly 

attractive materials on the viewpoint of a solution of the 
environmental problem1l. However, as compared with 
Pb(Zr,Ti)03 (PZT) ceramics2l, these ferroelectric related 
properties were very low, and it is difficult to replace the 
PZT ceramics. Many researchers tried to improve their 
piezoelectric properties by the chemical modification of 
lead-free ferroelectrics such as bismuth layer-structure 
ferroelectrics, barium titanate (BaTi03) and potassium 
niobate, but at present, high improvement of the 
piezoelectric properties was not achieved. On the other 
hand, there is still a possibility that a new ferroelectric with 
a new chemical formula can show high piezoelectric 
performance, but it took over 50 years after finding of 
BaTi03• Now, we believe that to achieve the high 
piezoelectric property similar to that of PZT ceramics, the 
domain engineering technique should be applied to lead­
free ferroelectric materials. The domain engineering is an 
important technique to obtain the enhanced piezoelectric 
properties for ferroelectric single crystals. In [001 ]c 
oriented rhombohedral PZN-PT single crystals, (the 
subscript c means the cubic notation system) ultrahigh 
piezoelectric activities were found by Park et al?·4l and 
Kuwata et al.5

·
6
) and these ultrahigh piezoelectric properties 

originated from one of the domain engineering techniques, 
i.e., "the engineered domain configuration"7

·
9l. Recently 

in the tetragonal BaTi03 crystals with the engineered 
domain configurations, it was found that the piezoelectric 
properties were significantly improved with decreasing 
domain sizes, and were larger than those of PZT ceramics9

• 

ll) These results suggested that the domain walls in the 
engineered domain configuration could contribute 

3 

significantly to the piezoelectric properties. In general, to 
induce the engineered domain configuration with the finer 
domain sizes, higher electric field over 10 kV!cm must be 
applied to BaTi03 crystals just above Tc. However, 
higher electric field exposure above Tc easily leads to a 
break of crystals. Therefore, to avoid the break of BaTi03 

crystals, electric field for poling treatment must be reduced 
below 10 kV/cm above Tc. In the above poling treatment, 
the electric field induced phase transition from cubic to 
tetragonal is always used. It is well-known that the 
ferroelectric phase transition is affected by temperature, 
electric field and stress field. Thus, application of uniaxial 
stress field to poling treatment in addition of temperature 
and electric field may reduce a value of electric field below 
10 kV/cm above Tc. In this study, for this objective, the 
phase transition of the [lll]c oriented BaTi03 crystals was 
investigated as functions of temperature, uniaxial stress and 
electric fields. Moreover, on the basis of this results, a 
new poling method for the BaTi03 crystals will be 
proposed using control of temperature, uniaxial stress and 
electric fields. 

2. EXPERIMENTAL 
BaTi03 single crystals were grown by a top seeded 

solution growth (TSSG) method at Fujikura, Ltd. 12
l. 

These crystals were oriented along [111]c direction using a 
back-reflection Laue method. For the piezoelectric 
measurement using the 31 resonators, BaTi03 single 
crystals were sized into 4.0xl.2x0.4 mm3 (4.0mm // [1-10]"' 
1.2mm !I [11-2]c, 0.4mm If [111 ]c). The domain 
configuration was observed under crossed-nicols using a 
polarizing microscope (Nikon, LAB-OPHOT02-POL). 
After poling, piezoelectric properties were measured by a 
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Fig. 1 Schematic new poling attachment controlled by temperature, 
uniaxial stress field and electric field. 

resonance-antiresonance method13l using impedance 
analyzer (Agilent, 4294A). In this study, temperature, 
electric field and uniaxial stress field must be controlled 
independently. For this purpose, a new poling attachment 
was designed as shown in Fig. 1. Temperature can be 
changed from -190 to 600 'C while electric field and 
uniaxial stress field are applied along the [ 111 )c directions 
independently. However, in this study, a uniaxial stress 
field was applied using a z-axis stage, and a precise 
uniaxial pressure value was not measured. Thus, a 
moving length of the z-axis stage from a position of z-axis 
stage at contact with sample without pressure was defined 
as apparent uniaxial stress field through this manuscript 

3. RESULT AND DISCUSSION 
First, the phase transition behavior of the BaTi03 

crystals only by temperature was investigated without 
electric field and uniaxial stress field by domain 
observation under crossed-nicols. It was clearly observed 
that from temperature above Tc, with decreasing 
temperature, the paraelectric phase changed to an 
intermediate phase with superparaelectric state, and finally 
change to the ferroelectric phase with randomly oriented 
spontaneous, as shown in Fig. 2. A crystal structure of the 
intermediate phase with superparaelectric state is still 
unknown, but under crossed-nicols, crystals was always 
bright when the crystal was rotated, which suggested that 
this phase is not paraelectric cubic phase. Next, above Tc, 
the phase transition behavior of the BaTi03 crystals only by 
electric field applied along the [lll]c direction was 
investigated without uniaxial stress field by domain 
observation under crossed nicols. As the result, with 
increasing electric field, the paraelectric phase changed to 
the intermediate phase with superparaelectric state, and 
finally changed to the ferroelectric tetragonal phase with 
three oriented polar directions along [100]"' [OIO]c and 
[001]c, as shown in Fig. 3. It should be noted that at the 
temperature of (Tc + 1.5) 'C, the electric-field over 10 
kV/cm is required to induce tetragonal phase. Finally, 
above Tc, the phase transition behavior of the BaTi03 
crystals only by uniaxial stress field applied along the 
[111 le direction was investigated without electric field. As 
the result, with increasing uniaxial stress field, the 
paraelectric phase changed to the intermediate phase with 
superparaelectric state, and finally change to the 
ferroelectric phase with randomly oriented spontaneous, as 
shown in Fig. 4. When a poling treatment was performed 

high +-------------+low 
Temperature 

Fig. 2 Phase transition behavior of the BaTi03 crystals by 
temperature without electric field and uniaxial stress field. 

low ·------------...... high Unlaxial stress· field ov&r Tc 

Fig. 3 Phase transition behavior of the BaTi03 crystals by uniaxial 
stress field without electric field at (Tc + 1.5) 'C. 

low ·--------------~ ... high e·fleld over Tc 

Fig. 4 Phase transition behavior of the BaTi03 crystals by electric 
field without uniaxial stress field at (Tc + 1.5) 'C. 

using electric field, the higher electric field was required 
with increasing temperature above Tc. On the other hand, 
when a poling treatment was performed using uniaxial 
stress field, the smaller uniaxial stress field was enough for 
fully poled state with increasing temperature above Tc. 
This is because that the BaTi03 crystal is ferroelectric and 
ferroelastic, which suggested that uniaxial stress field is 
quite effective for a poling treatment of the BaTi03 

crystals. 
The above discussion revealed that a phase transition 

behavior from cubic to tetragonal by temperature and 
uniaxial stress field was quite similar because of formation 
of the ferroelectric phase with randomly oriented 
spontaneous. On the other hand, a phase transition 
behavior by electric field leads to the ferroelectric 
tetragonal phase with three oriented polar directions. 
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Fig. 5 Two kinds of poling treatments at (Tc + 3.5) 'C; (a) lower 
uniaxial stress field and then higher electric field and (b) higher 
uniaxial stress field and then lower electric field. 

105 90 

,......., 
104 01 

ID 
~ 

0 ID 
!1'1 
m 

1000 J: 
ll. 

Frequency (kHz) 

Fig. 6 Frequency dependence of impedance and phase for [ 1ll]c 
poled BaTi03 31 resonator after the poling treatment (a). 

Fig. 7 Domain configuration after the poling treatment (a). 

However, it was considered that a phase transition from 
cubic to the intermediate phase with superparaelectric state 
by temperature, uniaxial stress field and electric field was 
completely same behavior. These results suggested that 
above Tc, the combination between uniaxial stress and 
electric fields might be effective for the paling of 
ferroelectric single crystals. Thus, this means that an 
electric field for a paling treatment above Tc can reduce by 
a new paling treatment with combination between uniaxial 
stress field and electric field. 

Thus, in this study, a new paling method for the BaTi03 
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Fig. 8 Frequency dependence of impedance and phase for [lll]c 
poled BaTi03 31 resonator after the poling treatment (b). 
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Fig. 9 Effect of electric and uniaxial stress fields for [1111 oriented 
BaTi03 single crystals. 

crystals was proposed using control of temperature, 
uniaxial stress and electric fields. As a paling temperature, 
(Tc + 3.5) 'C was chosen in this study. This is because at 
this temperature, it is impossible to poll the BaTi03 crystals 
using only electric field owing to electric break down. 
Thus, two kinds ofpoling treatments at (Tc + 3.5) 'C were 
performed as follows, i.e., (a) lower uniaxial stress field 
below 10 and then higher electric field above 10 kV/cm and 
(b) higher uniaxial stress field above 10 and then lower 
electric field below 10 kV/cm, as shown in Fig. 5. First, a 
paling treatment (a) was performed, i.e., first, apparent 
uniaxial stress field of 9 was applied to induce only the 
intermediate phase with superparaelectric state, and after 
that, the electric field of 14 kV!cm was applied to induce 
the ferroelectric phase with the oriented polar direction. 
As the result, the almost fully poled state was achieved for 
the [Ill ]c poled BaTi03 crystals. Their piezoelectric 
properties were measured using resonance-antiresonance 
method as shown in Fig. 6. In Fig. 6, a phase between 
resonance and antiresonance peaks was almost +90', which 
suggested that this paling state was almost fully poled state. 
Figure 7 shows the domain configuration of the [111 ]c 
poled BaTi03 crystals. Average domain size in Fig. 7 was 
over 50 11m, and two kinds of 90' domain configuration 
was clearly observed. Next, a paling treatment (b) was 
performed, i.e., first, apparent uniaxial stress field of 17 
was applied to induce coexistence between the intermediate 
and the ferroelectric tetragonal phases, and after that, the 
electric field of 9.5 kV!cm was applied to induce the 
ferroelectric phase. As the result, the almost fully poled 

5 
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TABLE I Piezoelectric related constants for the [lll]c poled BaTi03 crystals using the poling treatment of (a) and (b). 

Paling T s11E 

treatment £33 (pN/m2) 

(a) 2,114 8.7 

(b) 1,983 8.6 

d33': measured by d33 meter 

state was achieved for the [lllJc poled BaTi03 crystals. 
Their piezoelectric properties were measured using 
resonance-antiresonance method as shown in Fig. 8. In 
Fig. 8, a phase between resonance and antiresonance peaks 
was almost +90', which suggested that this poling state was 
almost fully poled state. The domain configuration by the 
poling treatment (b) was completely same as Fig. 6. As 
compared to Figs. 6 and 8, the poling treatment (b) was 
more effective than the poling treatment (a). Figure 9 
shows effects of electric and uniaxial stress fields for the 
[llllc oriented BaTi03 single crystals. In Fig. 9, to 
prepare fully poled BaTi03 crystals below Tc, electric field 
along [111 le direction can be very effective while uniaxial 
stress field along [111 le direction cannot be effective. On 
the other hand, both electric and uniaxial stress fields were 
very effective for phase transition from cubic to 
intermediate phase with superparaelectric state above Tc. 
Therefore, the intermediate phase with superparaelectric 
state can become stable in a certain region by control of 
temperature, electric and uniaxial stress fields, and for the 
poling treatment (b), the higher uniaxial stress field might 
be effective to make BaTi03 crystal the intermediate phase 
with superparaelectric state near the boarder line between 
the intermediate and tetragonal states. 

On the basis of two impedance curves, piezoelectric 
related constants for the [lllJc poled BaTi03 crystals were 
determined as shown in TABLE I. In TABLE I, the d33 

was measured using d33 meter. It was reported that the d33 

along the [llllc direction is calculated as 224 pC/N for 
BaTi03 single domain crystal14l. In this study, the 
measured d33 was 230 pC/N and this value was almost 
consisted to the calculated value. This revealed that the 
uniaxial stress field is very effective for the poling 
treatment above Tc to reduce electric field below 10 kV!cm. 

4. CONCLUSIONS 
In this study, the phase transition behavior from cubic 

to tetragonal for the [lllJc oriented BaTi03 crystals was 
precisely investigated as functions of temperature, electric 
field and uniaxial stress field. As the result, it was 
revealed that above Tc, combination between uniaxial 
stress field and electric field was very effective for the 
poling treatment of ferroelectric single crystals. Thus, the 
new poling method for the BaTi03 crystals was proposed 
using a combination of temperature, uniaxial stress field 
and electric fields, and the almost fully poled state was 
achieved for the [Ill le poled BaTi03 crystals. 
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