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The structures of glassy and metastable crystalline BaTi2O5 fabricated by the containerless method
were comprehensively investigated by combined X-ray and neutron diffractions, XANES analyses, and
computer simulations. The three-dimensional atomic structure of glassy BaTi2O5 (g-BaTi2O5), simulated
by Reverse Monte Carlo (RMC) modeling on diffraction data, shows that extremely distorted TiO5

polyhedra interconnected with both corner- and edge-shared oxygen formed a higher packing density
structure than that of conventional silicate glass linked with only corner-sharing of SiO4 polyhedra. In
addition, XANES measurement revealed that five-coordinated TiO5 polyhedra were formable in the
crystallized metastable R- and �-BaTi2O5 phases. The structure of metastable �-BaTi2O5 was solved by
ab initio calculation, and refined by Rietveld refinement as group Pnma with unit lattices a ) 10.23784(4)
Å, b ) 3.92715(1) Å, c ) 10.92757(4) Å. Our results show that the glass-forming ability enhanced by
containerless processing, not by “strong glass former”, fabricated new bulk oxide glasses with novel
structures and properties.

Introduction

It is well-known that TiO2 is one of the most important
components in the electrical materials such as BaTiO3,
PbTiO3. TiO2 is also a desired component to enhance
refractive index, because TiO2 has a refractive index and a
wavelength dispersion higher than those of diamond. Glass
refractive index (GRI) is one of fundamental parameters for
evaluating the performance of optical materials, but it does
not exceed 2 in conventional silicate glasses. According to
the Gladstone-Dale relationship,1 it is possible to enhance
GRI over 2 in the alkali-earth titanium oxides with large
amount of TiO2. However, such materials cannot be formed
as a bulk glass without adding any “strong glass former”.2

Containerless processing is attractive for fabricating high
“fragile glass”,2 such as YAG3 and Mg2SiO4,4 which cannot
be formed by conventional methods. We recently fabricated

a 2 mm diameter glassy sphere of ferroelectric BaTi2O5 by
containerless processing, which exhibits an unusually high
dielectric response during crystallization5 and a high GRI
of 2.14. Furthermore, lanthanide elements can be doped into
the glassy structure to enhance GRI to 2.24 and create strong
upconversion luminescence (see the Supporting Information,
Figure S1). The high GRI offered a new opportunity for
developing some crucial optical component, such as solid
immersion lens used in the readout of optical disk. It was
reported that a 1 mm diameter diamond solid immersion lens
with GRI of about 2.4 enables the storage capacity of Blu-
ray disk up to 150 GB.6

The bulk glassy BaTi2O5 (g-BaTi2O5) becomes not only
an excellent practical material but also a unique model
material for studying the structure of titanate glass without
adding any strong glass former. Although numerous studies
on the structure of titanium silicate glass have been carried
out,7-11 there is no report on the bulk silica-free high TiO2

concentration glass, because of the inability of forming a
bulk glass using conventional techniques. Furthermore, most
early studies on titanium silicate glass have focused on four-
coordinated TiO4 and six-coordinated TiO6, two common
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coordinations known as in crystalline titanate oxide. How-
ever, recently, the focus of attention has been changed to
investigate unusual five-coordinated TiO5 presented in the
titanium silicate glass such as Sr2TiSi2O8, Ba2TiSi2O8, which
are one of a few fresnoites containing five-coordinated TiO5

and exhibiting piezoelectric and pyroelectric properties in
the crystalline state. In our early study with X-ray diffraction
measurments,5 we have also revealed that the ferroelectric
BaTi2O5 has a five-coordinated TiO5 in glassy state. Although
the formation of five-coordinated polyhedra was found in
alminate and aluminosilicate glasses,12 from the point view
of the structural environment effects, the detail information
of the short-range order (atomic configuration of TiO5) and
the intermediate-range order (interconnection of TiO5) is
necessary to interpret the optical properties such as the high
GRI and the strong upconversion luminescence. The infor-
mation of the structural difference between silicate titanium
glass and silica-free titanate oxide glass is also expected for
providing insight into the mechanism of glass forming
without the “strong glass former”. Furthermore, to obtain
the glass-ceramics materials with tailored dielectric proper-
ties, the structural dependence between glassy and the
crystalline BaTi2O5 must be revealed. Thus, we performed
a comprehensive study combined the X-ray and neutron
diffractions, X-ray absorption near edge structure (XANES)
analysis, and structural modeling for g-BaTi2O5 and three
crystallized phases (R-BaTi2O5, �-BaTi2O5, and γ-BaTi2O5).5

Our results confirmed that TiO5 polyhedra existed in the
g-BaTi2O5 and two metastable phases (R-BaTi2O5 and
�-BaTi2O5), and showed that the atomic configuration of
TiO5 and the intermediate-range order in g-BaTi2O5 is
distinctly different from that of conventional titanium silicate
glass.

Experimental Section

Structural Measurements. BaTi2O5 glass spheres were fabri-
cated using containerless processing in an aerodynamic levitation
furnace (ALF)13,14 as described previouly.5 To obtain the compre-
hensive structural information of BaTi2O5, we used X-ray diffrac-
tion, XANES, and neutron diffraction techniques. The X-ray
diffraction experiments were performed at BL02B2 of SPring-815

for crystalline phases and BL04B2 of SPring-816 for bulk glassy
sphere using 25 and 113 keV high-energy X-rays, respectively. The
details of standard data analysis is described elsewhere.15,16

The neutron diffraction measurement for glassy sphere was
carried out in the HIT-II spectrometer installed at the pulsed neutron
source in the High Energy Accelerator Research Organization. The
glass sample was placed into a vanadium cell with an inner diameter
of 8.0 mm and a thickness of 0.025 mm. The structure factor was
derived by applying various corrections for the background,
absorption and multiple scattering as well as normalization with a
vanadium rod.17

The XANES spectra of Ti K-edge were collected in the
transmission mode at the undulator beamline NW14A of the PF-
AR. The incident X-ray was monochromatized using a Si(111)
double-crystal monochromator with liquid-nitrogen cooling, and
higher-order harmonics were removed with a harmonic-rejection
mirror. The total energy resolution of the present apparatus was
1.0 eV at Ti K-edge. After the background fitted by a Victreen
function was removed, all spectra were normalized for the average
intensity of the spectral region from 5050 to 5200 eV.

Structural Simulation. Structure modeling of g-BaTi2O5 was
performed by the Reverse Monte Carlo (RMC) simulation18 on an
ensemble of 4000, starting with a random configuration. Throughout
the RMC simulation, the constraint of closest atom-atom approach
was applied so as to avoid the appearance of unphysical spikes in
the partial pair distribution functions. Furthermore, coordination
number of oxygen around titanium was constrained to five. The
atomic number density was chosen to 0.0695 Å-3.

For solving the unknown structures of metastable crystals (R-
BaTi2O5 and �-BaTi2O5), we performed an ab initio simulating
using program of ENDEAVOU.19 The structure parameters of
�-phase were refined by Rietveld profile fitting and the electron-
density distributions was calculated by maximum entropy method
(MEM).20

Results and Discussions

Structure of g-BaTi2O5. Figure 1 shows the X-ray and
neutron structure factors S(Q) as functions of the wave vector
of g-BaTi2O5 together with the results of RMC simulation.
It is noted that the agreement between experimental data and
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Figure 1. Total structure factors S(Q) of g-BaTi2O5 (blue, experimental
data; red, RMC simulation data). The differing features in the X-ray and
neutron structure factors are due to the different scattering amplitudes of
Ba, Ti, and O atoms and the different weighting factors between the two
techniques.
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the RMC model is excellent. The Q position of the first sharp
diffraction peaks are at 1.98 Å-1 for X-rays and at 2.45 Å-1

for neutrons. The neutron and X-ray data exhibit significant
sensitivity differences in a wide range of wave vectors (Q
≈ 25 Å-1), and hence comprehensive computer simulations
by RMC can be conducted to demonstrate the glass structure
in terms of detailed spatial correlations among the constituent
atoms and the geometry of the network unit.

The derived total correlation functions T(r) are shown in
Figure 2. The first peak in the T(r) was assigned to the Ti-O
bond length, which is 1.92 Å in g-BaTi2O5 as determined
from a positive peak of X-ray diffraction and a negative peak
of neutron diffraction. The negative peak is due to the
negative neutron scattering length of Ti. Intriguingly, the
peak is skewed toward the high r side, indicating a
distribution of Ti-O distances from 1.60 to 2.50 Å due to
highly distorted polyhedra. A fitting of the Ti-O peak using
two Gaussian functions yielded two Ti-O correlation lengths
at 1.91 and 2.13 Å, and the average coordination number
NTi-O obtained is 4.87 ( 0.15 for X-ray data and 5.05 (
0.15 for neutron data. In the case of alkali titanium silicate
glass, TiO5 polyhedra generally exhibit a square pyramid
having one shorter Ti-O and four longer Ti-O bond.8-11

In contrast to that, the partial pair distribution function gij(r)
of Ti-O derived from the RMC model (Figure 3), shows a
prominent peak at 1.90 Å corresponding to four shorter Ti-O
bonds and a small peak at 2.10-2.50 Å corresponding to
one longer Ti-O bond. A strong peak at 2.80 Å in the
neutron data demonstrates the correlation length of O-O.
This peak also overlaps with both the Ba-O bond and Ti-Ti
correlation peaks, according to the results of RMC simulation
(Figure 3). A peak at approximately 4 Å is attributed to the
contribution of the Ba-Ba correlation, consistent with that
in glassy BaSi2O5.21

The gij(r) of Ti-Ti pair shows a prominent peak at 2.9 Å
for edge-sharing and a broad peak at approximately 3.5 Å
for corner-sharing (Figure 3). These features suggested that
TiO5 polyhedra in g-BaTi2O5 are connected by both edge-

and corner-shared oxygen. In generally, Ti-O polyhedra in
titanium silicate glass is only connected by corner-sharing
of oxygen with the Ti-Ti distance of 3.4 Å,11 which implies
that network structure in g-BaTi2O5 is different from that in
titanium silicate glass.

To further illustrate the structural difference between
g-BaTi2O5 and silica-free titanate glass, we analyzed the
three-dimensional representation of the glassy structure,
particularly the geometry of TiO5 polyhedra and their
connectivity in the glass state, from the RMC model. Figure
4a represents the distribution of Ti-O and Ba-O polyhedra
obtained from the RMC configuration. Inhomogeneous
distributions of Ti and Ba appear to exist within a space of
20 Å × 20 Å × 10 Å modeled by RMC simulation. Same
tendency of forming the Ti-rich regions and Ba-rich regions
was reported by the RMC simulation of a titanium-silicate

(21) Schlenz, H.; Kirfel, A.; Schulmeister, K.; Wartner, N.; Mader, W.;
Raberg, W.; Wandelt, K.; Oligschleger, C.; Bender, S.; Franke, R.;
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37.

Figure 2. Total correlation functions T(r) of g-BaTi2O5.

Figure 3. Partial pair correlation functions gij(r) of g-BaTi2O5 computed
by RMC simulation.

Figure 4. (a) Representation of the glass structure in a slice (20 Å × 20 Å
× 10 Å) modeled by RMC simulation. (b) Network configuration of TiO5

polyhedra linked by both edge-sharing and corner-sharing. (c) Network
configuration of BaOx (x > 7) polyhedra connected by edge-, face-, and
vertex-sharing to form random dense packing.
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glass.22 In the Ti-rich regions, distorted trigonal bipyramidal
TiO5 was connected by both edge- and corner-sharing to form
network rings (Figure 4b). The Ti-O network is dominated
by small rings with the following distribution: 3-fold rings
(35%), 4-fold rings (25%), and 5-fold rings (20%). This
distribution is similar to that of chalcogenide glass containing
both corner- and edge-sharing,23 and is in contrast to that of
typical silicate glass linked by only corner-sharing SiO4

tetrahedra.24

Figure 4c depicts the Ba polyhedra connected by edge-,
face- and vertex-sharing to form a random dense packing.
Associated with Ti polyhedra, the Ba polyhedra linkages
included 3-fold rings (35%), 4-fold rings (22%), and 5-fold
rings (15%). In addition, the average coordination number
NBa-O in g-BaTi2O5 calculated using the RMC model is about
7.5, which is significantly higher than the 6 to 6.5 in barium
silicate glass,21 and nearly the same as the 8 in crystalline
�-BaTi2O5. This feature implies that a high density packing
of polyhedra are formed in g-BaTi2O5. The bond angle
distribution of O-Ba-O also shows two peaks at 60 and
120° associated with a typical dense random packing.25

Metastable Structure. In the previous study,5 we indi-
cated three successive phase transitions, from glass to
metastable R-phase and �-phase, and then to stable mono-
clinic γ-phase. The space group of γ-phase at room tem-
perature has been confirmed by high-resolution X-ray powder
diffraction as C121, consisted with the result for a single
crystal.26 However, the R- and �-phases could not be assigned
to any known BaO-TiO2 compounds. It is necessary to
identify the structures of R- and �-phases for exploring the
phase transition mechanisms and the anomalous dielectric
behavior at phase transitions.5 Therefore, an ab initio structure
analysis from powder diffraction data was performed using
the program of ENDEAVOU to identify the unknown
structures. Before beginning ENDEAVOU, unit-cell param-
eters are needed to be calculated by indexing program from
the peaks of X-ray powder diffraction patterns. For R-phase,
because the lattice unit cell could not be determined
unambiguously by the indexing program because of the
insufficient number of X-ray diffraction peaks, TEM electron
diffraction was performed to confirm the unit cell. The
electron diffraction pattern as shown in Figure S2 in the
Supporting Information suggested the R-phase having a
hexagonal structure with a ) 6.6 Å and c ) 11.1 Å.
However, the structural model of R-phase simulated by
ENDEAVOU could not be refined conclusively by Rietveld
profile fitting. The reason maybe mixed phases existed in
the R-phase. For the �-phase, the lattice unit cell was
assigned as having an orthorhombic structure, by both
indexing program of ITO27 and DICVOL9,28 using more than

20 reflections. From the lattice parameters and X-ray
diffraction data, a structural model with space group of Pnma
was simulated by ENDEAVOU, and the structure parameters
were refined by Rietveld profile fitting (Figure S3 in the
Supporting Information), as shown in Table 1.

The analysis results of X-ray diffraction data show that
Ti in the �-phase is located in two kinds of TiO5 pyramidal
polyhedra (Figure 5). One is a square pyramid (Ti1-O5) and
the other is a trigonal bipyramid (Ti2-O5). Both pyramids
have a short TidO bond (double bonded, about 1.73 Å) and
four longer Ti-O bonds (from 1.85 to 2.00 Å). The two
kinds of pyramidal polyhedra were connected by both corner-
and edge-sharing to form a two-dimensional layer parallel
to (100). The Ba-Ba pairs with the bonding lengths of 3.93
Å are located in the tunnels between two TiO5 polyhedra
layers. We noted that TiO6 octahedra could be formed if we
bond O3 to Ti1 to form an extremely long Ti1-O3 bond
(2.35 Å). However, the electron-density distributions (Figure
6) calculated by MEM20 indicated that the value of the
minimum charge density at Ti1-O3 bond is 0.38 e/Å3 within
the background range, which is very lower than those of other
Ti-O bonds (0.68-1.58 e/Å3). Therefore, the Ti1-O3 bond
is extremely weak and Ti ions are essentially coordinated
by 5 oxygen atoms.

Ti-O Coordination of BaTi2O5. Information about the
coordination geometry of the Ti site was investigated with
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Table 1. Structural Parameters of �-BaTi2O5
a

atoms x y z U × 102 (Å2)

Ba 0.05088(4) 1/4 0.82214(4) 0.756(5)
Ti1 0.2653(1) 1/4 0.1027(1) 0.59(3)
Ti2 0.1474(1) 1/4 0.4079(1) 0.53(3)
O1 0.0984(3) 1/4 0.0752(3) 0.6(1)
O2 0.8254(4) 1/4 0.5692(3) 0.6(1)
O3 0.4896(3) 1/4 0.1486(3) 0.6(1)
O4 0.2669(3) 1/4 0.2806(3) 0.4(1)
O5 0.1986(4) 1/4 0.5831(3) 0.2(1)

a These parameters were derived by refinement of the model for
�-BaTi2O5 using powder X-ray data; space group Pnma, unit lattices a
) 10.23784(4) Å, b ) 3.92715(1) Å, c ) 10.92757(4) Å; U, isotropic.

Figure 5. Projection of the crystal structure of �-BaTi2O5 onto the (010)
plane. Two kinds of TiO5 pyramidal polyhedra square-pyramid (aquamarine
Ti1-O5) and trigonal bipyramid (yellow Ti2-O5) are shown. Both kinds
of pyramid polyhedra are connected by edge-sharing (Ti-Ti ) 3.0 Å) and
corner-sharing (Ti-Ti ) 3.5 Å) to form a two-dimensional layer parallel
to the (100) plane. TiO6 octahedra could be formed if unusually long
Ti1-O3 bonds (2.35 Å) existed.

262 Chem. Mater., Vol. 21, No. 2, 2009 Yu et al.



XANES measurement, which is sensitive to the coordination
geometry of short-range order for selected elements. Figure
7a shows the Ti K-edge XANES spectra for glassy and
crystalline BaTi2O5, compared with those of two reference
model compounds of R-Ba2TiO4 with TiO4 tetrahedra and
rutile (R-TiO2) with TiO6 octahedra. The normalized pre-

edge spectra are enlarged in Figure 7b to obtain information
on Ti coordination from the pre-edge parameters. From the
previous studies by Farges,9,10 Ti coordination can be identify
from the position of the normalized pre-edge that located at
three well-separated domains corresponding to 4-, 5-, and
6-fold Ti coordination, as shown in Figure 7b. The pre-edge
peaks of the reference model compounds of R-Ba2TiO4 and
R-TiO2 are located in the [4]Ti and [6]Ti domains, respectively,
which is consistent with the results of the previous studies.9,10

The pre-edge peaks of g-BaTi2O5 and metastable phases of
R- and �-BaTi2O5 located all within the [5]Ti domain. The
prepeak of �-BaTi2O5 is at the center of the [5]Ti domain,
and those of g- and R-BaTi2O5 are shifted to the low-energy
side of the domain, suggesting that �-BaTi2O5 has predomi-
nantly the [5]Ti coordination, whereas g- and R-BaTi2O5 may
include minor amounts of [4]Ti. The peak of stable monoclinic
γ-BaTi2O5, located at a position between [5]Ti and [6]Ti
domains, implies the coexistence of [5]Ti and [6]Ti. It is
possible that when we define the Ti-O bond distance using
a cutoff of 2.3 Å, the structure shows that there are 1/3 the
amount of [5]Ti and 2/3 the amount of [6]Ti coordination.

Conclusions

The structures of glassy and metastable crystalline BaTi2O5

fabricated by the containerless method were analyzed by
combined X-ray and neutron diffraction analyses, XANES,
and computer simulations. The intermediate-range structure
of g-BaTi2O5 and the crystalline structure of metastable R-
and �-BaTi2O5 were constructed of noncentrosymmetric TiO5

polyhedra, which provides higher potential for yielding high
dielectric constants than the structure of normal 4- or
6-coordinate Ti-O polyhedra. Same as in metastable crystal-
line �-BaTi2O5, TiO5 polyhedra in g-BaTi2O5 interconnected
with both corner- and edge-shared oxygen and formed a
much higher dense random packing structure, which offered
significant influence on the GRI and the upconversion effect.
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Figure 6. The electron-density distributions of �-BaTi2O5 phase in (040)
plane calculated by maximum entropy method. The contours are drawn
from 0.4 to 2.0 e/Å3 with an interval of 0.2 e/Å3.

Figure 7. (a) Ti K-edge XANES spectra for glassy (g-) and three crystalline
(R-, �-, γ-) BaTi2O5 phases, compared with Ti model compounds of four-
coordinated R-Ba2TiO4 and six-coordinated R-TiO2 (some of the curves
have been displaced for clarity). (b) Detail of the normalized pre-edge
feature; arrows show the positions of pre-edge peak. Three domains
(surrounded by dotted-line squares) schematically illustrate four-, five-, and
six-coordinated Ti (summarized from the data in ref 9) (red, R-Ba2TiO4;
green, g-BaTi2O5; blue, R-BaTi2O5; brown, �-BaTi2O5; black, γ-BaTi2O5;
yellow, R-TiO2).
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