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A 2-mm-diameter glass sphere of ferroelectric BaTi2O5 was fabricated from melt using containerless
processing. The glass structure was analyzed by high-energy X-ray diffraction using an incident photon
energy of 113.5 keV, indicating that distorted Ti-O polyhedra, with average coordination number (NTi-O)
of approximately 5, presented in the glass. Above the glass transition temperature (972 K), three successive
phase transitions, from glass to a metastableR phase at 972 K, then to a metastableâ phase at 1038 K,
and finally to a stable monoclinicγ phase above 1100 K, were observed. At the crystallization temperature
of the R phase, the permittivity jumped instantaneously by more than 1 order of magnitude, reaching a
peak of 1.4× 107. This interesting phenomenon, occurring near the crystallization temperature, has
important technical implications for obtaining an excellent dielectric glass-ceramic through controlled
crystallization of BaTi2O5 glass.

Introduction

Recently, much effort has been devoted to forming bulk
glass from the melt of ferroelectric crystalline materials
(BaTiO3, PbTiO3, LiNbO3) without adding any network-
forming oxides such as SiO2 because of the potential for
producing transparent glass-ceramics with high dielectric
constants and enhanced piezoelectric, pyroelectric, and
electro-optic effects.1-3 However, this requires a cooling rate
higher than that of glass formed by conventional techniques.
Therefore, only amorphous thin films have been formed,
using rapid quenching with a cooling rate> 105 K/s.4-7 Thin
films are generally very brittle and heterogeneous in micro-
structure and, thus, are of limited practical use. The
amorphous thin film of the ferroelectric material LiNbO3

prepared by Glass et al.4 exhibited a pronounced dielectric
anomaly with a permittivity peak ofε′ > 105 close to the
crystallization temperature. Lines’ theory explained this

anomaly as a ferroelectric-like transition in the amorphous
state, based on the assumption that the reorientation of the
distorted soft units could cause considerable polarization.8

However, the Maxwell-Wagner effect caused by structural
inhomogeneities, which appeared just before crystallization
due to the formation of small clusters of a new crystal phase,
would also contribute considerably to the anomalous permit-
tivity.

Because the containerless processing prevented melt
contamination, minimized heterogeneous nucleation, and
allowed the melt to achieve deep undercooling for glass
forming, we were able to successfully fabricate a bulk
ferroelectric barium titanate oxide glass, BaTi2O5, with a
ferroelectric phase transition ofTc ) 703 K9,10 from melt. A
2-mm-diameter glass sphere was formed using containerless
processing. To our knowledge, this was the first time that a
bulk glass of ferroelectric material was fabricated from melt
without adding any network-forming oxide. We anticipate
the bulk ferroelectric glass to be not only an excellent
candidate for practical material but also an ideal model
material for fundamental research in ferroelectric and optical
physics. Our report includes some interesting dielectric
properties of the BaTi2O5 glass at crystallization temperature,
such as the instantaneous jump of permittivity to greater than
the 107 observed at the crystallization temperature. The origin
of the giant permittivity in the glass was discussed in terms
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of Lines’ model and the Maxwell-Wagner effect. A good
fit of the anomalous dielectric data at crystallization with
Lines’ model was obtained, suggesting that reorientation of
the distorted Ti-O polyhedra in a glassy matrix between a
random and an ordered state may yield ferroelectric-like
behavior at the crystallization temperature. However, imped-
ance measurement data reveal that two phases with signifi-
cantly different conductivities coexist at crystallization,
indicating that the giant permittivity during crystallization
could also be explained by structural inhomogeneity.

An academic interest of the present study resides in the
fact that a single monoclinic BaTi2O5 phase could not be
prepared by conventional solid-state reaction but could only
be synthesized from a melt or amorphous state,11-15 and its
thermal stability still remains uncertain. Rase and Roy
indicated that BaTi2O5 could be stable over a temperature
range from the solidus of 1595 K to 1483 K.11 However,
other reports have indicated that BaTi2O5 would decompose
to BaTiO3 and Ba6Ti17O40 in such a temperature range.12-15

The results of our differential scanning calorimetry (DSC)
and X-ray diffraction analysis revealed that two new
intermediate phases (defined as theR andâ phases) presented
above the crystallization temperature. The monoclinic BaTi2O5

(defined as theγ phase) was translated from theR and â
phases and could remain stable up to 1553 K.

It was found that the permittivity reached its maximum
value only when theR phase crystallized from a glass matrix
and that the permittivity decreased whenR phase disap-
peared. This gave rise to an important technical implication
for obtaining excellent dielectric glass-ceramics through
controlled crystallization of BaTi2O5 glass.

Experimental Section

Synthesis.Containerless processing is an attractive synthesis
technique, as it provides a possibility to solidify the undercooled
liquid into a selected phase to synthesize materials with desired
structures and novel properties.16,17 BaTi2O5 glass spheres (2-mm
diameter) were fabricated using containerless processing in an
aerodynamic levitation furnace (ALF).18,19High-purity commercial
BaTiO3 and TiO2 powders were mixed with a mole ratio of 1:1,
compressed into rods under a hydrostatic pressure of 200 MPa,
and then sintered at 1427 K for 10 h. Bulk samples with a mass of
about 10 mg were cut from the rods, levitated with the ALF, and
then melted by a continuous-wave CO2 laser beam. A pyrometer
was utilized to measure the temperature of the sample. A high-
resolution charge-coupled device video camera equipped with a
telephoto objective lens was employed to obtain a magnified view
of the sample. Laser power was used to carefully bring the sample

to the desired temperature prior to quenching. After quenching at
a cooling rate of about 1000 K/s, 2 mm diameter glass spheres
could be obtained.

Characterization. To analyze the glass structure, a high-energy
X-ray diffraction experiment was performed using an incident
photon energy of 113.5 keV at the high-energy X-ray diffraction
beamline BL04B220 of SPring-8, with a two-axis diffractometer
for the disordered materials.21 Two glass spheres mounted on a
silica glass capillary were measured for 12 h. The X-ray diffraction
pattern of a 2-mm-diameter glass sphere was measured in transmis-
sion geometry up toQ ) 250 nm-1. The analysis was performed
as described elsewhere.21

The glass-transition behavior was studied by DSC with a heating
rate of 10 K/min from room temperature to 1600 K. The structure
changes during heating were characterized by powder X-ray
diffraction using Cu KR radiation with two sequences. One was to
measure the glassy powder at various heating temperatures in the
temperature range from room temperature to 1100 K, and the other
was to measure the powder after it was annealed at various
temperatures in the temperature range from 900 to 1600 K. To refine
the structure of the crystals crystallized from glass, some powder
samples were also measured using high-energy X-ray diffraction
of 25 keV in beamline BL02B2 of SPring-8. For electrical property
measurements, we cut and ground the samples into disks of 0.3-
0.4 mm thickness and measured the dielectric constant and
impedance from room temperature to 1123 K at a heating rate of
3 K/s using Ag electrodes.

Results and Discussion

Glass Structure.A preliminary study of the glass structure
of BaTi2O5 was performed by high-energy X-ray diffraction.
Figure 1a illustrates the X-ray structure factorS(Q) as
functions of the wave vector of the bulk BaTi2O5 glass. The
Q position of the first sharp diffraction peak is at 20 nm-1,
which is similar to the position of that in K2O-TiO2 glass.22

Figure 1b depicts the derived total correlation functionT(r)
of the bulk BaTi2O5 glass, comparing it to that of monoclinic
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Figure 1. (a) Total structure factorS(Q) of BaTi2O5 glass. (b) Total
correlation functionsT(r) of BaTi2O5 crystal and glass. Dashed lines are a
guide to the eye.
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BaTi2O5 crystal with space group ofC121.23 TheT(r) of the
crystal was calculated using the PDFFIT computer code.24

The Ti-O peak of the glass was observed at 0.192 nm in
T(r), whereas the crystalline BaTi2O5 exhibits two Ti-O
distances atr < 0.20 nm and four distances atr > 0.20 nm.
This short-range difference of Ti-O distances between
crystalline and glassy BaTi2O5 was also observed in forsterite
(Mg2SiO4) crystal and glass, which can be synthesized using
containerless processing.25 The Ti-O peak of the glass at
0.192 nm is broad and skewed toward the low-r side,
suggesting the existence of highly distorted polyhedra formed
by the distribution of Ti-O bond lengths. The average
coordination numberNTi-O obtained from a fitting Ti-O
peak using Gaussian functions is approximately 5. This
indicates that the network former in the glassy state is mainly
contributed to by distorted [TiO5] polyhedra. According to
Lines’ model,8 the distorted Ti-O polyhedra can be con-
sidered as dielectrically soft units, which randomly oriented
in a glassy matrix. Considerable polarization in long-range
order would be caused by reorientation of the distorted soft
units at crystallization temperature. As it will be mentioned
below, an instantaneous jump of permittivity to greater than
the 107 occurred at the crystallization temperature and it was
well-fitted with Lines’ model. The magnitude of the peak at
around 0.28 nm, which was mainly due to Ba-O and O-O
correlations inT(r) of crystal, decreased in glass, implying
that the distribution of Ba ions in the glass state is more
disordered than in the crystalline state.

Crystallizations. Figure 2 illustrates the thermal stability
of the glass studied by DSC. From an endothermic anomaly
in the DSC heating curve, we determined the onset and end
temperatures of glass transition as 960 K (Tg-onset) and 972
K (Tg-end). After the glass transition, we observed three
exothermic peaks: a large, sharp peak atTR ) 1001 K; a
smaller peak atTâ ) 1038 K; and a broad, weak peak around
Tγ ) 1150 K (inset, Figure 2). After the glass transition,TR

was attributed to crystallization from the glassy matrix, and
the onset temperature of crystallization,TR-onset, was esti-
mated as 994 K. Following the glass transition and crystal-
lization, Tâ and Tγ could be attributed to either new
crystallization from the glassy matrix or a polymorphic

transition of the newly formed crystal. To resolve this, we
performed X-ray diffractions for the samples after heating
them to high temperatures (Figure 3). The as-cooled sample
displayed a typical amorphous diffraction pattern. When
samples were heated to 995 K (TR-onset), several diffraction
peaks appeared on the baseline of a hollow curve, indicating
that a crystal, defined asR phase, had formed from the glass
matrix. When the temperature was raised to 1015 K (above
the TR peak), numerous new diffraction peaks appeared in
addition to the peaks of theR phase. The additional
diffraction peaks revealed a new phase, defined as theâ
phase. When the sample was heated to 1100 K (above the
Tâ peak), the X-ray diffraction pattern displayed a singleâ
phase. This indicated that theR phase gradually translated
to theâ phase in the temperature range ofTR to Tâ. When
the temperature reached 1173 K (aroundTγ), the â phase
began to translate to another new phase, defined as theγ
phase, and became a singleγ phase at 1553 K. The crystal
structure of theγ phase was refined by Rietveld profile fitting
using the data measured with synchrotron radiation to identify
the structure of theγ phase as a monoclinic structure with a
space group ofC121 and lattice parameters asa ) 1.68992-
(2) nm, b )0.39368(1) nm,c ) 0.94141(1) nm, andâ )
103.1004(8)°, which was consistent with the result of the
single crystal.23 However, we could not identify the structures
of the R phase andâ phase based on the reported BaO-
TiO2 compounds, suggesting that both phases were new
metastable crystals. Hence, we attributed the exothermic
peaks ofTâ andTγ to two polymorphic transitions of BaTi2O5

and estimated the onset temperature asTâ-onset ) 1018 K
andTγ-onset ) 1100 K.

Permittivity. Figure 4 depicts the temperature dependence
of the permittivityε′ and the loss component tanδ for the
glass sample during heating from room temperature to 1100
K. At room temperature, magnitudes ofε′ over a frequency
range of 100 to 1 M Hz were less than 100, and those of tan
δ were less than 0.01. The temperature dependencies ofε′
and tanδ weakened below 800 K and strengthened above
800 K. The magnitude ofε′ at a frequency of 100 Hz
increased from 102 to 106 with increasing temperature,
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Figure 2. DSC heating profiles of BaTi2O5 glass, showing the glass phase
transition and three successive phase transitions.

Figure 3. X-ray diffraction patterns of BaTi2O5 glass at various temper-
atures, showing the glass phase and three crystal phases.
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passing through the glass-transition temperature from 800
K to TR-onset. Subsequently, atTR-onset, the magnitude ofε′
jumped instantaneously from 106 to 1.5 × 107 and then
dropped to 1× 107, within a temperature interval of 1 K
and a time interval of 20 s, forming a sharp peak in the
permittivity curve. In the temperature range ofTR-onset to
Tâ-onset, ε′ maintained a huge magnitude of 107. The
magnitude ofε′ decreased to 105 after theR phase translated
to theâ phase aboveTâ-onset. The temperature dependence
of ε′ at 1, 10, and 100 kHz demonstrated the same dielectric
anomalies as didε′ at 100 Hz aroundTR-onset(inset, Figure
4a), but the magnitude ofε′ was strongly dependent on
frequency. The temperature dependence of tanδ exhibited
a similar tendency to that ofε′ when below Tg-end. It
increased dramatically with temperature, especially in the
glass-transition range, and reached a maximum atTg-end. At
TR-onset, however, tanδ presented behavior opposite to that
of ε′ and dropped instantaneously by 1 order of magnitude,
from 30 to about 3, maintaining this low value over the range
from TR-onset to Tâ-onset. After the phase transition of theR
phase to theâ phase, tanδ began to increase with increasing
temperature.

Ordering Effect. It is interesting to address the question
of the mechanisms of the giant dielectric response observed
at the crystallization temperature. High-energy X-ray dif-
fraction data revealed the evidence of distorted [TiO5]
polyhedra, so we first fitted the dielectric anomalies’ behavior
at crystallization with Lines’ model.8 According to Lines’
model, the permittivity can be described as

whereR is the polarizability of the “soft unit”, and

wherea and F are the mode softening parameters,b is an
effect of anharmonicity, andt ) T/Tcryst. If the value ofθ at
Tcryst wasθcryst ) 1 + a - b ) 4πR/3, the the value ofε′
would diverge and a ferroelectric transition would occur.
With appropriate parameters, we obtained a good fit to the
ε′ data approachingTcryst using eq 1 (Figure 5). Hence, the

giant permittivity of BaTi2O5 glass appeared to be explained
by Lines’ model. However, the greater values of tanδ and
the significant influence in the frequency ofε′ reflected the
fact that the conductivity of ion movement and the Maxwell-
Wagner effect of structural inhomogeneities contributed
considerably to the enormousε′ > 107.

Maxwell-Wagner Effect. To determine the contribution
of ion movement and the Maxwell-Wagner effect, the
temperature dependence of the impedance of BaTi2O5 glass
was analyzed using impedance complex plane plots (Z* plots)
as shown Figure 6, plotting the imaginary part (Z′′) against
the real part (Z′). In general, the values of resistance,R, and
capacitance,C, of materials can be analyzed by an equivalent
circuit of parallelRCelements, which gives rise to a single
semicircular arc on the complex plane for a single-phase
material. R can be estimated from the diameters of the
semicircular arcs, andC can be calculated with the relation-
ship of ωmaxRC ) 1, whereωmax ) 2πfmax, and fmax is the
frequency at the arc maxima.

At room temperature, theR of the glassy BaTi2O5 was
estimated to exceed 1012 Ω cm. At 900 K, however,R
decreased to 6× 105 Ω cm, as estimated from the arc in
Figure 6a, which suggests that the increase of permittivity
and tanδ below Tg-end (Figure 4) was associated with the
increase of conductivity of the glass. AboveTg-end, two arcs
are seen in the response due to the crystallization of theR
phase from the glass matrix; one arc corresponds to the
R-phase crystal and the other arc corresponds to the glass
matrix. Figure 6b depicts the change in the impedance of
BaTi2O5 duringR-phase crystallization. At 993 K (≈TR-onset),

Figure 4. Temperature dependence of (a) permittivityε′ and (b) loss
component tanδ at a frequency of 100 Hz, showing the temperature
dependence ofε′ at frequencies of 100 Hz, 1 kHz, 10 kHz, and 100 kHz in
the inset a.

ε′ ) 4πRθ
1 - 3/4πRθ

(1)

θ ) 1 + ae-F(1-t) - bt (2)

Figure 5. Fit of eq 1 to the data results in approachingTcryst ) 994 K with
parameters ofa ) 0.01,F ) 0.52,b ) 0.002, andR ) 0.23683.

Figure 6. Impedance complex plane plots: (a) 900, (b) 993, 1001, 1015,
and (c) 1040 K. The inset in part b presents an expanded view at 1001 K
and 1015 K.
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R as identified by the large arc was 1.8× 104 Ω cm. It
dropped by 1 order of magnitude to 1.5× 103 Ω cm at 1001
K, and maintained this value at 1015 K (≈Tâ-onset; inset,
Figure 6b). This reveals that the jump ofε′ at TR-onset

corresponded to the drop ofR due to the appearance of the
R phase. AboveTâ-onset, Z* plots show a single arc (Figure
6c), meaning that a singleâ phase appeared;R increased to
105 Ω cm at 1040 K. This also suggests that the decrease of
ε′ aboveTâ-onset corresponded to the increase ofR due to
the disappearance of theR phase. Hence, we believe that
the giant dielectric response observed in the temperature
range ofTR-onsetto Tâ-onsetwas due to the existence of theR
phase in the glassy matrix. The apparent enormous dielectric
constant also could be explained by the Maxwell-Wagner
effect of the structural inhomogeneity.

Conclusions

In conclusion, bulk glass of ferroelectric oxide BaTi2O5

was fabricated without any added network-forming oxide
using containerless processing. A new metastable phase that
crystallized from the glassy matrix exhibited aε′ ∼ 107.
Although glass structure analysis and dielectric data fitting
supported the intrinsic ordering model proposed by Lines,
an impedance analysis provided obvious evidence of an
extrinsic contribution to the apparent permittivity ofε′ >

107 at crystallization. Hence, our results demonstrated that
more than one polarization mechanism contributed to the
dielectric behavior of BaTi2O5 glass at high temperature. The
interesting phenomenon of the jumping ofε′ at Tcryst at a
rate greater than an order of magnitude has important
technical implications for obtaining excellent dielectric
glass-ceramics through controlled crystallization of BaTi2O5

glass. We believe that bulk BaTi2O5 glass will become an
important source for fundamental physics study and for
practical applications.
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