Materials Transactions, Vol. 47, No. 12 (2006) pp. 2898 to 2903
©?2006 The Japan Institute of Metals

Dielectric Properties of Poly- and Single-Crystalline BaTi,O5
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Non-oriented and (010) oriented poly-crystalline BaTi,Os (BT,) was prepared by hot-pressing and arc-melting, respectively. The
dielectric properties of poly-crystalline BT, were compared with those of single-crystalline BT, prepared by a floating zone method. The
maximum permittivity of (010) oriented poly-crystalline BT, was 2000 at 720 K, whereas that of single-crystalline BT, was 6000 at the Curie
temperature, 7, (750 K). The permittivity of non-oriented poly-crystalline BT, was 30 to 300, having a small peak at 720 K. The tan$ of all
specimens was 0.01 to 0.2 below 7, and significantly increased with increasing temperature above 7. The electrical conductivity of (010)
oriented poly- and single-crystalline BT, had almost same values, which were one order higher than that of non-oriented poly-crystalline BT,

and (001) oriented single-crystalline BT,.
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1. Introduction

Although the phase diagram of BaO-TiO, system has been
studied for a long time, the ferroelectricity of BaTi,Os (BT,)
has not been known until recently."™ Our group®” and
Akishige et al.® independently synthesized single-crystalline
BT, and reported the significant ferroelectricity only in the b-
direction. Since BT, can be easily decomposed into BaTiO;
(BT) and BagTi|;049 (BsTy7) above 1500K, large-scale
crystalline BT, can be hardly prepared. In order to apply BT,
for practical applications, the process to prepare b-axis
oriented poly-crystalline BT, should be developed. Although
the conventional solid state sintering process may not be
applicable due to the decomposition of BT,, Beltran et al.
have reported the preparation of non-oriented poly-crystal-
line BT, in a single phase by a sol-gel method, in which the
T. was about 750 K with the permittivity of 130.% It is known
that needle-like single-crystalline BT, would precipitate
from melts, where the growth direction is parallel to b-axis.®
This suggests that the b-axis oriented poly-crystalline BT,
can be prepared by a melt-solidification process. In the
present study, an arc-melting method was applied to prepare
the b-axis oriented poly-crystalline BT, and the dielectric
properties were compared with those of non-oriented poly-
and single-crystalline BT5.

2. [Experimental

Dried BaCO; and TiO, powders (purity: 99.9%) were
weighed and mixed at the molar ratio of 1 to 2, and pressed
into pellets (20 mm in dia., 5 mm in thick). The pellets were
calcined at 1173 K in air for 43 ks and then melted with an arc
using a tungsten electrode. The arc-melting apparatus was
evacuated to 1073 Pa and Ar gas was introduced into the
chamber at 2.5kPa. Button specimens were obtained by
melting the pellets, which were quenched on a water-cooled
copper plate, and were cut to coupons (5 x 5 x 1 mm) whose
surface is parallel to the copper plate. The coupons were heat-
treated at 1223 K for 43 ks in air. The button specimens were
also crushed into powder. The powder was hot-pressed at
1473 K under 30 MPa for 43 ks in O, in an alumina die, and
sintered bodies (10 mm in dia, 1 mm in thick) were obtained.

A floating zone (FZ) method was used to prepare single-
crystalline BT, whose surface were cut parallel to (001) and
(010) planes® in size of 2 x 2 x 0.3 mm. The crystal phase
was identified by X-ray diffraction (XRD). The micro-
structure was observed by scanning electron microscope
(SEM) after etching in an HCI + 10vol% HF solution at
room temperature. The composition was analyzed by
electron probe microanalysis (EPMA). A gold paste was
used as electrodes. The dielectric properties were measured
in air with an impedance analysis (Hewlett Packard 4194)
from 293 to 1073 K in a frequency (f) range between 10? and
107 Hz. The DC electrical conductivity was measured with a
2-probe method in air.

3. Results and Discussion

Figure 1 shows the XRD patterns of poly- and single-
crystalline BT,. The poly-crystalline BT, prepared by hot-
pressing was in a single phase with almost no preferred
orientation (Fig. 1(a), abbreviated as HP). The arc-melted
poly-crystalline BT, (Fig. 1(b) as AR) had the significant
(010) orientation. The single-crystalline BT, specimens
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Fig. 1 X-ray diffraction patterns of poly- and single-crystalline BT,
(a) HP, (b) AR, (c) b-FZ and (d) c-FZ.
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growth direction

Fig. 2 SEM images of cross-section for poly-crystalline BT,. (a) HP and (b) AR paralleled to growth direction.

whose (010) and (001) planes were parallel to the surface are
abbreviated as b-FZ and ¢-FZ in Fig. 1, respectively.

Figure 2 depicts the SEM images of cross-section for HP
and AR specimens parallel to the growth direction. Elongated
grains were observed in the HP specimens (Fig. 2(a)). It is
well known that BT, crystal may easily grow along the b-
direction from the melt and needle-like BT, crystals were
often prepared.®!? Although no report on the abnormal grain
growth during the sintering of BT,, the elongated direction
might be the b-axis of BT,. Many gaps at the grain
boundaries might be formed by significant difference of the
linear thermal expansion («) among a-, b- and c-directions of
BT, (¢, =5.14, ap =0.86 and o, = 12.5 x 107°K~! at
900 K'?). The AR specimens were dense having a columnar
texture along the growth direction (Fig. 2(b)). Since XRD
data (Fig. 1(b)) showed significant (010) orientation, the
growth direction of the columnar grains should be (010). As-
melted AR specimens were dark blue which changed to white
in color after heat-treatment in air, suggesting the compen-
sation of oxide vacancy in the as-melted AR specimens.
Since b-FZ and c-FZ specimens were dense with no specific
feature, no SEM images were presented.

Figure 3 demonstrates the complex impedance plots at 743
and 973 K. At 743 K, the impedance of all specimens was too
high to draw full semicircles at the present frequency range.
The magnified view close to the original point was inserted in
Fig. 3(a). The impedance of AR specimens was almost the
same as that of b-FZ because both specimens were highly b-
axis oriented. The HP specimen had intermediate value
between b-FZ and c-FZ specimens consisting with the non-
orientation. At 973 K, all specimens showed full semicircles
crossing the original point. The capacitance values associated
to the semicircle can be calculated at the top of semicircle
from the relationship of wt =1, where @ (= 27f) is an
angular frequency and 7 (= RC, R: resistivity, C: capaci-
tance) is a relaxation time. The associated capacitance values
were 30, 60, 40 and 7pF for AR, HP, b-FZ and c-FZ
specimens, respectively. These values could be caused of the
bulk response, and no grain boundary response was identified
in the poly-crystalline AR and HP specimens suggesting no
specific grain boundary phase.'!
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Fig. 3 Complex impedance plots at T = (a) 743 and (b) 973 K.
Figure 4 demonstrates the effect of frequency on the

imaginary part of complex impedance (Z”) and modulus
(M") at 1023 K. The Z” and M” of all specimens showed a
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Fig. 4 Effect of frequency on imaginary impedance and modulus at
1023 K. (a) AR, (b) HP, (c) b-FZ and (d) c-FZ.

single peak, implying the bulk response. Beltran et al.
synthesized BT, powder by a sol-gel method, and sintered
the BT, powder at 1373 K. They reported a single peak in Z”
and M” vs. f relationships, implying the single bulk
response.” No relaxation process from grain boundary or
surface was reported, which is in agreement with that of
present study. The peak frequency for Z” (fz+) should be
theoretically coincident with that for M” (fy;»).'* However,
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Fig. 5 Relationship between permittivity of and frequency at 7 = 743 K.

the f7 often differs from the f;» resulting from the defect
structure or imhomogeneity of specimens. Beltran et al.
reported the significant deference between f7- and f3;» at high
temperatures due to the partial decomposition of BT,.” On
the other hand, the f7» was almost in agreement to f3; in this
study, suggesting homogeneous microstructure and no
decomposition in the present BT, specimens. In the c-FZ
specimen, the fz» exactly agreed with the fj» implying a
sharp distribution of relaxation time associating with high
crystallinity and excellent c-orientation. The fz» of AR and
b-FZ specimens slightly shifted from the fj,, suggesting a
slight disordering of crystal orientation. The difference
between fz» and fy for the HP specimen was smaller than
that of poly-crystalline BT, sintered at 1473 by Beltran et
al.” This suggests that the HP specimen prepared by the
powder from arc-melted buttons had higher thermal stability
than that prepared by the sol-gel method.

Figure 5 depicts the frequency dependence of permittivity
(e) at 743K. The permittivity decreased with increasing
frequency and became almost constant over 100 kHz. Since
the apparent permittivity would decrease with increasing
frequency due to the resistivity component (R),'¥ the true
permittivity should be evaluated at a high frequency. Fig. 5
implies that the true permittivity can be obtained over
100 kHz. If the complex impedance plot had a full semicircle,
the true permittivity can be obtained from the relationship of
ot = 1 at the top of semicircle.'® If the resistivity is too high
to obtain the full semicircle of the complex impedance plot,
the true permittivity can be obtained from the frequency
dependence of permittivity at the high frequency.

Figure 6 demonstrates the temperature dependence of
permittivity for all specimens at 100kHz. All specimens
showed peaks around 750K implying the ferroelectric to
paraelectric transition. Although the b-axis orientation of AR
specimen was primarily similar to that of b-FZ specimen, the
maximum permittivity of AR specimen was about 2000
which was smaller than that of b-FZ (~6000). The smaller
permittivity of AR specimens could be associated with the
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Fig. 6 Temperature dependence of permittivity for poly- and single-
crystalline BT, at 100 kHz.

f=100 kHz

Reciprocal permittivity, 1 /1073

1000

500 600 700 800 900
Temperature, T/ K

Fig. 7 Relationship between reciprocal permittivity and temperature for
poly- and single-crystalline BT, at 100 kHz.

crystal defects such as oxide vacancy formed during the rapid
quenching in Ar atmosphere. The high-temperature anneal-
ing in air may also affect the decrease of permittivity because
the decomposition of BT, may locally proceed in grains.
The HP specimen showed a peak (¢ = 300) around 720K
resulting from the slight b-orientation as shown in Fig. 2(a).
A small peak (¢ = 50) was observed at 750K for the ¢-FZ
specimen. This may be caused of slight imperfection of
c-orientation or small ferroelectricity in the c-direction.

Figure 7 demonstrates the relationship between the recip-
rocal permittivity (¢7!) and temperature. It is generally
known that the ! commonly changes with temperature in
many ferroelectric materials as given by eq. (1) over the
Curie temperature (7,).'>
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Fig. 8 Temperature dependence of loss tangent for poly- and single-
crystalline BT, at 100 kHz.

el =C"" (T Ty (1

where C is a constant, and Ty is called as Curie-Weiss
temperature. The Ty values of AR, HP and b-FZ specimens
were 642, 554 and 718 K, respectively. The C values were
1.52 x 10°, 4.86 x 10* and 1.53 x 10°K, respectively.
Akishige et al. have reported that the 7, and C of single-
crystalline BT, prepared by a flux method was 692K and
3 x 10° K, respectively.? These values were close to those of
b-FZ specimens. Although the transition behavior around 7.
for BT, has been scarcely reported, BT has been widely
investigated due to its wide applications. Abdelkefi et al.
reported that the Ty and 7, of poly-crystalline BT was 365
and 395K, respectively.'® The difference between T, and
Ty of poly-crystalline BT was about 30 K. Drougard et al.
reported that the T,y and 7. of single-crystalline BT was 385
and 395K, respectively.!” It is commonly understood that
the 7, is always lower than T, typically 10K for reliable
specimens of BT, which suggests the first order transition.'®
In the present study, the difference of 7. and Ty for BT,
specimens ranged from 15 to 169 K. The smallest difference
for BT, was almost the same as that of BT. The phase
transition mechanism of BT, has been studied by Yashima
et al., and reported as C2 to C2/m transition likely to be the
first order transition.!”

Figure 8 shows the temperature dependence of dielectric
loss (tan §) for all specimens at 100 kHz. The tan§ slightly
decreased or almost constant with increasing temperature up
to around the T¢, and then increased significantly. The tan
of AR specimen was highest among the all specimens. This
suggests that the AR specimen has more defects sensitive to
the ac field than the b-FZ specimen. The significant increase
in the tan § over T, could be contributed from the DC loss.2?
In Fig. 8, the tan§ of BT was compared with that of BT,.
The BT had low tand values (smaller than 0.02) in a
temperature range of 300 to 500 K; however, it increased
significantly with increasing temperature above 600K.!”
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Fig. 9 Temperature dependence of electrical conductivity of poly- and
single-crystalline BT5.

Therefore, the BT, could be advantageous for applications
due to its high ¢ and low tan§ at high-temperatures around
600 to 900 K.

Figure 9 shows the temperature dependence of electrical
conductivity (o) of the BT, specimens comparing with poly-
and single-crystalline BT. The electrical conductivities of AR
and b-FZ specimens were almost the same, and about 10
times as high as that of c-FZ specimens. The o of b-FZ and
AR was 2 orders lower than that of poly-2'?? and single-
crystalline BT.>® The HP specimen had intermediate values
between b-FZ and c-FZ specimens. The crystal structure of
BT, can be drawn by the combination of corner- and edge-
shared TiOg octahedrons.>¥ The arrangement of TiOg
octahedrons is highly anisotropic. The connection of TiOg
octahedrons is rather staggered in the a- and c-directions, and
is well ordered in the b-direction as depicted in Figs. 10 (a)
and (b), respectively. The ordering of TiOg octahedrons
might associated with the anisotropy of the electrical
conductivity of BT,. The difference of o between poly- and
single-crystalline for BT, was greater than that for BT. This
could be caused of the greater crystallographic anisotropy of
BT, than that of BT.

4. Conclusions

Non-oriented and (010) oriented poly-crystalline BT,
were prepared by hot-pressing and arc-melting, respectively.
The maximum permittivity of non-oriented and (010)
oriented poly-crystalline BT, was 300 and 2000 at 720K,
respectively, whereas that of BT, single-crystalline parallel
to (010) and (001) was 6000 and 50 at the 7. (750K).
The tan § of all specimens were between 0.01 and 0.2 below
T, and significantly increased with increasing temperature
above T,. The electrical conductivity of (010) oriented
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Fig. 10 Configuration of TiOg octahedrons in (a) ac and (b) ab planes.

poly- and single-crystalline BT, had almost same values,
which were one order higher than that of non-oriented
poly-crystalline BT, and (001) oriented single-crystalline
BT,.
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