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1. INTRODUCTION

The phase diagram of Bi2O3�TiO2 was first published in 1965
by Speranskaya and co-workers,1 and since then, the bismuth
compounds reported there have been extensively studied due to
their unique set of properties. Combining the ensuing work by
Bruton2 and Masuda et al.3 a total of five bismuth titanate com-
pounds have been identified: Bi4Ti3O12, Bi2Ti4O11, Bi12TiO20,
Bi8TiO14, and Bi2Ti2O7.

The well-known Aurivillius phase (layered perovskite-like)
Bi4Ti3O12 is a ferroelectric compound that has been synthesized
by different methods such as solid-phase reaction,4 coprecipita-
tion,5 and mechanochemical activation.6 Bi2Ti4O11 is antiferro-
electric at low temperature (α-Bi2Ti4O11) and transforms into
paraelectric (β-Bi2Ti4O11) at 233 �C.7 The crystal structure of
both phases was studied by Kahlenberg and B€ohm8 who used a
flux method to grow single crystals. The optical properties of
Bi12TiO20 are a subject of much interest and many authors have
studied them. The compound has been synthesized by solid state
reaction9 and coprecipitation.10 Moreover, single crystals have
been grown by the Czochralski method.11,12 The existence of
Bi8TiO14 is controversial since it was reported by Masuda et al.3

but not by Bruton2 or Lopez-Martinez et al.13

The case of the pyrochlore Bi2Ti2O7 is different from the
previous ones and rather interesting. Even 42 years after Knop
et al.14 attempted to make the compound using the solid state
reaction method, it is not possible to say with certainty, the
chemical and physical properties of this material due to the large
differences within literature. The existence, stability, crystal stru-
cture, bulk densification (sintering), and dielectric properties of
the pyrochlore, often (wrongfully) reported as ferroelectric,3,15�19

have been subject of discussion for many years. In the present
work, a comprehensive study was carried out in order to clarify

these issues concerning the synthesis, crystal structure, thermal
stability, sintering, and electrical properties of Bi2Ti2O7.

2. EXPERIMENTAL SECTION

2.1. Synthesis. To prepare 0.01 mol of Bi2Ti2O7, glacial acetic acid
(Alfa Aesar, 99+%), bismuth nitrate pentahydrate (Fisher, certified),
ammonium hydroxide (Acros Organics, 28�30% solution of NH3 in
water), and titanium(IV) isopropoxide (Acros Organics, 98+%) were
used as starting materials. Bismuth nitrate (0.02 mol) was dissolved in
acetic acid (25 mL) after approximately 20 min of stirring. The
ammonium hydroxide (33 mL) was kept in a freezer below 0 �C, while
the bismuth nitrate was dissolved. Titanium isopropoxide (0.02 mol plus
an excess of 23%, which has been found to be the optimum ratio to
obtain a pure Bi2Ti2O7 phase

20) was later added to the bismuth nitrate
solution followed by 5 min of stirring. The ammonium hydroxide was
poured into this mixture (a strongly exothermic reaction) and after
vigorous (manual) agitation a white precipitate was formed (the pH of
the solution at this point was ∼7). The precipitate was filtered, rinsed
with abundant water, and dried overnight. Slightly yellow chunks were
obtained and were ground with a mortar and a pestle until a homo-
geneous white fine powder was observed. An alternative method
consisted of following the same procedure just described but with the
next changes: bismuth subnitrate (Fisher USP, 0.02/5 mol) was used
instead of bismuth nitrate, and acetic acid was replaced with nitric acid
35% v/v (Ricca Chemical Company, 40 mL). The rest remained the
same (but 40 mL of NH3OH substituted 33 mL).

A calcination step was carried out at 550 �C for 16 h with a heating
and cooling rate of 200 �C/h in a zirconium oxide crucible. The powder
was pressed (50 MPa) into pellets of 7 and 13 mm in diameter. The
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pellets were microwave sintered in a ThermWAVE 1.3 furnace using
silicon nitride susceptors to attain a heating rate of 80 �C/min and a
holding temperature of 1200 �C for 45 min. The samples were ambient
cooled to room temperature inside themicrowave furnace. For dielectric
and polarization vs electric field measurements sintered samples were
polished to a 1200 grit (SiC) finish, sonicated in water for 10 min and
then electroded with gold (sputter coated) and silver paste. They were
then dried overnight at 120 �C. Before the polarization vs electric field
tests, the samples were poled at 140 �C under a voltage of 30 kV/cm for
30 min.
2.2. Characterization. X-ray diffraction (XRD) patterns of the

pellets (Philips APD 3720, Cu K-alpha source) and powder (INEL CPS
120, Cu K-alpha source) were collected to verify phase purity and the
scanning electron microscope (SEM) images were obtained with a field
emission JEOL 6335F FEG-SEM. For differential thermal analysis
(DTA), 15 mg powder samples were set on a platinum pan in nitrogen
atmosphere with a heating rate of 10 �C/min in a Seiko Instruments
TGA/DTA 320 SSC/5200 series.

The dielectric measurements were computer controlled with a closed
cycle cryogenic workstation (CTI-Cryogenics, Model 22) in the tem-
perature range of �248 to 22 �C and a Delta 9023 oven from 22 to
200 �C. The measurements were conducted during cooling and heating
cycle. Since no thermal hysteresis was observed, only the data from the
heating cycle are presented here. The polarization-electric field (P-E)
loop was measured with a Sawyer�Tower circuit with a sinusoidal wave
at 50 Hz.
2.3. Computational Methods. First-principles calculations were

performed with Vienna ab initio Simulation Package (VASP),21�24 a
plane-wave density functional theory (DFT) code, using the projector
augmented wave (PAW) pseudopotentials provided in the VASP
database.25,26 The Bi(5d, 6s, 6p), O(2s, 2p), and Ti(3s, 3p, 3d, 4s)
orbitals were included as the valence electrons. The calculations were
performed within the local density approximation (LDA),27 which is
expected to underestimate lattice constants and overestimate the
strength of bonding, but has been found to be more accurate than the
GGA functionals for many pyrochlores.28,29 Electronic relaxation was
performed with the conjugate gradient (CG) method accelerated using
Methfessel�Paxton Fermi-level smearing with a Gaussian width of
0.1 eV.30 The equilibrium lattice constant identified as 10.34 Å in previous
DFT simulations28 was reevaluated by performing several optimizations
at different volumes. The total energy as a function of the structure’s
volume was examined and the lowest energy (most thermodynamically
stable) structure corresponded to a lattice parameter of 10.335( 0.005 Å.
Recent work examined the affect of relaxing the shape of Bi2Ti2O7 and
found the cubic system with atomic displacement to be the most
favorable structure.31 Therefore, the calculations were performed with
the shape fixed and at the new equilibrium volume, while the atoms were
optimized until the forces were less than 0.01 eV/Å. A plane wave cutoff
energy of 400 eV was used along with a 4 � 4 � 4 Monkhorst-Pack32

mesh, resulting in 10 irreducible k-points. Test calculations done with
520 eV cutoff and a 6 � 6 � 6 mesh result in differences less than
0.02 eV/88-atom cell in the total energy, well within the error for the
results presented in this paper. Several test calculations were performed
to confirm that spin-polarization does not affect any of the results;
therefore, all data reported in the paper are without spin-polarization.

Typically, when considering the pyrochlore structure, the Fd3m space
group (No. 227) in its origin choice 2 (origin at the 16c site) is utilized.
The ideal high symmetry sites occupied by a pyrochlore (A2B2O6O0) are
the A cation at 16c site (0,0,0), B cation at 16d site (1/2,1/2,1/2), O
anion at 48f site (x,1/8, 1/8), andO0 anion at the 8a site (1/8, 1/8, 1/8).
The two oxygen types are distinguished due to the different symmetry of
each site. Based on the atomic displacements obtained in the DFT
simulations the relaxed positions for each of the 88 atoms within the unit
cell were collectively examined and theWyckoff positions were assigned.

The 88 atoms result from the 8 formula units necessary to describe a
pyrochlore compound (A2B2O6O0) within the Fd3m space group by 16
A cations, 16 B cations, 48 O anions and 8 O0 anions. The Crystal Maker
software program was used to create all the equivalent positions within
the Fd3m space group (no. 227) by applying relevant symmetry
operations. The theoretical diffraction patterns were generated by
Crystal Diffract software program in order to compare the computa-
tional results with the experimental X-ray diffraction patterns.

3. RESULTS AND DISCUSSION

3.1. Bi2Ti2O7 Structure from DFT Simulation. The bismuth
titanate pyrochlore phase has been studied in several computa-
tional investigations.28,33�37 Recent investigations based on first
principles have reported lattice instability for the cubic bismuth
titanate pyrochlore when considering the atoms on the ideal high
symmetry sites, which resulted in lattice distortions converg-
ing toward a monoclinic Cm or orthorhombic Pna21 space
groups.33,35,37 However, it is well-known that the Bi within
Bi2Ti2O7 will displace off the high symmetry positions in the
Fd3m space group.28,38,39 When atomic displacements were
considered, bismuth titanate was stable within the Fd3m space
group and no lattice instabilities were found from phonon
dispersion calculations.31

Early DFT simulations on the Bi2Ti2O7 found Bi, Ti, and O0
atoms displaced with various positions identified.28 Briefly, in
these results Bi occupied three positions (96g, 96h, and 192i), O0
occupied the 192i centered at (1/8,1/8,1/8), and Ti also
occupied the 192i position centered at (1/2,1/2,1/2). A recent
study focused on expanding these results to examine the sym-
metry equivalent displacement sites for the Bi cations and a new
energetic minimumwas found.31 Phonon dispersion calculations
were performed, and no soft modes were seen indicating the
stability of the new minimum.31 By contrast, when the phonon
dispersion calculations were completed for the structure re-
ported in ref 28 four soft modes were identified. Given the
improved thermodynamics and structure stability of the recently
identified minimum from ref 31, this section will focus on
characterizing the atomic positions in order to compare with the
experimental results reported in the following sections. There-
fore, using the fully optimized cubic bismuth titanate pyrochlore
with atomic displacements from ref 31, the Wyckoff positions
were identified for the Bi, Ti, O, and O0 atoms and are sum-
marized in Table 1. The Bi atoms exclusively occupy the 96g(x,x,z)
Wyckoff position and result in 6 symmetrically equivalent
positions for each of 16 Bi cations. As mentioned above, this

Table 1. Lattice Parameter of Bi2Ti2O7 Calculated by Dif-
ferent Methods and the Atomic Positions Predicted by DFT
Simulations for Cubic Bi2Ti2O7

a (Å)

10.335 ( 0.005 (DFT)

10.335 ( 0.008 (CPS XRD)a

10.327 ( 0.002 (Le Bail)

atom Wyckoff Position x y z Uiso occupancy

Bi 96g 0.015 0.015 0.964 0.001 1/6

Ti 16d 1/2 1/2 1/2 0.023 1

O 48f 0.431 1/8 1/8 0.010 1

O0 48f 0.136 1/8 1/8 0.003 1/6
aBy a linear extrapolation for curved position-sensitive (CPS) detectors.40
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displacement was identified in bismuth titanate previously and
results in a puckered ring centered on the 16c(0,0,0) site.28,38

The O0 anions exclusively bond to the Bi cations and after
optimization occupy the 48f position. Previous reports indicated
that the O0 anions displace to the 32e position38 or the 192i
position.28 TheO0 anions within the 48f position displace toward
the six edges of the O0Bi4 tetrahedra, as illustrated in Figure 1a.
Correlation of the Bi and O0 displacements has been seen by
multiple researchers28,37 and was observed here. One of the
actual displacement patterns of the O0 and Bi cations is high-
lighted in Figure 1a as the black atoms. TheO0 anion displaced up
and to the right (along the [010] direction) while the Bi along the
horizontal axis exhibited correlated displacement (along the
[011] direction).
Remarkably, it is found that the Ti atoms also occupy the

96g(x,x,z) Wyckoff position but the resulting 6 equivalent
positions are centered around the 16d(1/2,1/2,1/2). The 96g
position for Ti has the Ti atoms displacing with a magnitude of
0.13 Å toward each of the vertices of the TiO6 octahedra, as seen
in Figure 1b. One of the six possible displacement patterns is
highlighted in green and results in a shorten Ti�O bond length
(distinguished in Figure 1b) of 1.84 Å (versus two bonds at 1.92 Å,
two bonds at 2.01, and one bond at 2.08 Å for the other oxygen
anions making up the octahedron). The displacement pattern for
Ti reported here also differs from the previously reported 192i
position.28 For the case of the 192i position, the Ti displaced by a

smaller magnitude and not directly toward one of the six O atoms
within the octahedron. The difference between the two displace-
ment patterns is attributed to the Bi displacement. The details of
the Bi occupying the 96g or 96h position have been discussed
previously by Hector and Wiggin38 and Radosavljevic,39 respec-
tively. Briefly, when Bi occupies the 96g site it displaces directly
toward one O atom and simultaneously away from another O
atom, resulting in an under-coordinated O atom. It was observed
that with the Ti occupying the 96g site, the Ti atom displaces
toward this under-coordinated O atom. For aid in viewing the
displacement pattern, the magnitudes of both the Ti and O0
displacements were exaggerated and the atomic radii were
modified for all the atoms.
It is not unexpected for DFT to predict Ti displacement to

satisfy the under-coordinated O after Bi displacement. However,
DFT captures snapshots of the material without thermal con-
siderations and experimental efforts have not identified static
Ti displacement. Therefore, in the absence of experimental
evidence, the Ti displacement is reinterpreted as an isotropic
displacement about the high symmetry 16d site. This isotropic
displacement would be evidenced by a broader diffraction peak
associated with Ti at the 16d site.
With the stability of the Fd3m space group confirmed, the

lattice parameter optimized, and the atomic positions and
thermal parameters identified by DFT (in Table 1), the theore-
tical X-ray diffraction pattern was generated and it is presented in
Figure 2. The theoretical pattern based on the DFT predicted
structure is compared with the observed XRD from the experi-
mentally synthesized bismuth titanate in the following section.
3.2. Synthesis of Cubic Bi2Ti2O7 Pyrochlore. In 1969, Knop

and collaborators,14 while studying pyrochlore titanates, at-
tempted to make the compound using the solid state reaction
method but did not succeed. Instead, they made Y1�xBixTi2O7

with different compositions and extrapolated the data to give an
estimate of the lattice parameter (10.354 Å), but concluded that
Bi2Ti2O7 was not a cubic pyrochlore. Later in 1977, Shimada
et al.41 claimed the growth of Bi2Ti2O7 single crystals which were
described as “reddish brown crystals”. The structure was simply
defined as a face centered-cubic with a unit cell of 20.68 Å.

Figure 1. Predicted displacement pattern for the (a) O’Bi4 tetrahedron
with the O’ at 48f and the Bi at 96g and (b) a snapshot of the TiO6

octahedron with Ti at 96g and O at 48f. The displacement magnitudes
were exaggerated for the O0 and Ti for visual aid.

Figure 2. Theoretical (using DFT predicted atomic positions) and
experimental (powder and pellet) X-ray diffraction patterns of Bi2Ti2O7.
For visual aid, a dashed line is included at 33� to illustrate the lack of
secondary phases.
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Masuda et al.3 worked with the Bi2O3�TiO2 system and the
flux method to grow single crystals and stated in 1992 that
Bi2Ti2O7 was part of the phase diagram of the system and its
melting point was 1210 �C. Three years later, Kahlenberg and
B€ohm,42 determined that the crystal grown by Shidama et al.41

years before, was actually a different compound. That year
(1995) the same authors published another paper43 in which
they tried to make the stoichiometric Bi2Ti2O7 by means of
solid state reactions. They synthesized a mixture of Bi4Ti3O12,
Bi2Ti4O11, and the pyrochlore, instead of isolating a single phase.
After multiple phase analysis with the Rietveld method, they
concluded that the pyrochlore was Bi3+ and O2‑ deficient with a
composition of Bi1.833Ti2O6.75 (a = 10.354 Å).
In 1998, Yordanov et al.,19 claimed the synthesis of Bi2Ti2O7

via solid state reactions but no proof (e.g., XRD pattern) was
given. The same year, Radosavljevic et al.39 published for the first
time the synthesis of the single phase Bi2Ti2O7 obtained with a
precipitation method (although very weak peaks of Bi2Ti4O11

and TiO2 were still observed in the XRD pattern according to the
authors). From neutron diffraction, the compound was identified
as Bi1.74Ti2O6.62, with a lattice parameter of 10.352 Å and a
density of 6.771 g/cm3.
In 2002, Hou et al.16 prepared nanocrystals of Bi2Ti2O7 via

metallorganic decomposition; however, their XRD pattern
clearly shows the presence of the ferroelectric Bi4Ti3O12 phase.
One year later, Su and Lu20 showed a convincing XRD pattern of
a phase pure Bi2Ti2O7 made from a sol�gel method. None-
theless, the complexity of the synthesis method (more than 10
different substances were used through several steps in combina-
tion with nitrogen purges and vacuum distillations) described by
the authors makes it nonideal for possible applications and in
consequence less attractive to researchers. In a latter work (2004),
Hector and Wiggin38 were able to synthesize the compound via
coprecipitation. They reported that Bi2Ti2O7 was very sensitive
to temperature, and therefore, pure phase powder could only be
obtained up to 470 �C.
Using the coprecipitation method described in the section 2.1,

in this work, phase pure cubic Bi2Ti2O7 pyrochlore was success-
fully synthesized only after calcination at 550 �C. In Figure 2, a
comparison between the experimental XRD pattern of the
calcined samples and the theoretical pattern obtained from the
parameters of Table 1 is presented. It can be noticed that the

experimental pattern matches well the prediction from DFT.
Additionally, the calculated lattice parameter from the experi-
mental pattern, 10.335 Å ( 0.008 (using a linear extrapolation
for curved position-sensitive detectors40), is in excellent agree-
ment with the DFT value (10.335 Å ( 0.005).
In addition to the agreement between the XRD patterns in

Figure 2, comparing the DFT and experimental patterns shows
no unassigned peaks that would be due to the presence of
secondary phases. For visual aid, a dashed line was added at
33�, where peaks ascribed to Bi4Ti3O12 (orthorhombic or
tetragonal) and the monoclinic Bi2Ti4O11 (α or β) would be
observed ((0.5�) if any of these phases were present. Again, the
absence of peaks associated with the secondary phase(s) and the
excellent agreement with the DFT predictions gives strong
evidence of the purity of the bismuth titanate pyrochlore. To
further illustrate this, a magnification in logarithmic scale of the
XRD pattern area around 33� (where impurity peaks would
appear if present) is depicted in Figure 3 with dashed lines shown
at 33�( 0.5, and again no sign of impurity peaks is observed. To
further verify single-phase purity, a Le Bail refinement
(structureless fit) was performed on the powder XRD pattern
using the software Rietica. The resulting fit is shown in Figure 4,
where it is evident that the sample is composed of a single phase.
The small difference between the Le Bail fit and the experimental
data corresponds to slight discrepancy in the peak intensities as

Figure 3. Magnification in logarithmic scale of the XRD pattern around
the area where common bismuth titanate impurities (perovskite and
monoclinic) would be observed if present. For visual aid, dashed lines are
included at 33� ( 0.5 to illustrate the lack of secondary phases.

Figure 4. Le Bail structureless fit of the powder XRD pattern. Only
peaks ascribed to the pyrochlore phase were detected.

Figure 5. Theoretical XRD pattern of 90 wt % Bi2Ti2O7 plus 10 wt %
Bi4Ti3O12.
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expected. The calculated lattice parameter after the refinement
was 10.327 Å( 0.002 (see Table 1). Current efforts are focusing
on neutron diffraction to confirm the lattice parameter with
higher accuracy and to determine the atomic positions through
Rietveld refinement. Particular care will be taken to probe for
atomic displacements, especially in the case of Ti which showed
unusual displacements in the DFT predictions reported here.
Furthermore, given the pervasive failure to synthesize or

isolate phase pure Bi2Ti2O7 reported in literature, a detailed
description on phase purity identification is presented in the next
section.
3.3. Phase Purity Identification of Bi2Ti2O7. Single-phase

purity is not often reported in literature, since typically the
Aurivillius type phase (Bi4Ti3O12) is present as an impurity. In
Figure 5, the theoretical XRD patterns of a mixture composed of
90 wt % Bi2Ti2O7 and 10 wt % Bi4Ti3O12 (structural parameters
obtained from Hervoches and Lightfoot44) are shown. It is
possible to notice that the main peak of the secondary phase,
(117)A (near 30�), is overlapped and hidden by the main peak of
the pyrochlore, (222)P. Thus, detection of the ferroelectric phase
depends on the identification of less intense peaks that even at
this relatively high secondary phase concentration are difficult to
see. In consequence, low resolution XRD patterns will give the
impression of a phase pure compound, when it may not be the
case. This could be the reason of the misleading ferroelectricity
reports discussed in section 3.6.1.

Perhaps a more practical and direct observation in the
identification of the purity of the powder when employing the
synthesis method proposed in this work is the color. It was found
that the phase pure Bi2Ti2O7 powder calcined at 550 �C is white
(see Figure 6).With increasing amount of the secondary phases it
turns from white to yellow and finally to orange when the
concentration of this phases is above 70% (even small amounts
as low as 8%, which would be hard to detect via standard XRD,
make a big difference in color, as evidenced in Figure 7).
Depicted in Figure 6, the phase pure sintered pellets are shown
to be light yellow. Since the purity of the pellet was previously
established through discussion of Figure 2, it should be noted this
difference in color between the pellet and the powder can be
explained by the nanosize nature of the latter (it is known that
nanoparticles may exhibit different optical properties,45 for
example, gold and silver46).
3.4. Phase Stability of Bi2Ti2O7. Speranskaya et al.

1 reported
in 1965 the presence of only Bi4Ti3O12 and Bi2Ti4O11 in the
phase diagram of the Bi2O3�TiO2 system. Masuda et al.3

published 27 years later, based on differential thermal analysis,
the existence of Bi2Ti2O7 in addition to the other two com-
pounds. The three phases were stable in all ranges of temperature
up to their incongruent melting points. In recent work, Lopez-
Martinez et al.13 obtained the phase diagram by means of
thermodynamic calculations. The results are in agreement with
the data obtained experimentally by Masuda et al.3 However,
researchers familiar with Bi2Ti2O7 would question the tempera-
ture stability. Jiang et al.17 determined in 1992 that Bi2Ti2O7 is an
unstable phase since it decomposed to form Bi4Ti3O12 at 650 �C
according to X-ray diffraction analysis. The same result was
observed by Toyoda et al.47 and Nakamura et al.48 Su and Lu20

obtained a single Bi2Ti2O7 phase and studied the phase trans-
formations at different temperatures. They found that the
pyrochlore started to disappear at 700 �C, decomposing to
Bi4Ti3O12 and Bi2Ti4O11. Hector and Wiggin38 reported the
transition at 480 �C, but it is possible that what they actually saw
was not a phase transition, but the crystallization of Bi4Ti3O12,
whichmight have been present in the sample since the beginning.
It should be noted that Speranskaya et al.1 identified a transfor-
mation at 670 �C linking Bi4Ti3O12 and Bi2Ti4O11, but did not
observe the pyrochlore phase.Figure 6. Phase-pure Bi2Ti2O7 powder and pellet.

Figure 7. Bi2Ti2O7 with 0 wt % (top left), 8 wt % (top right), 50 wt % (bottom left) and >70 wt % (bottom right) of secondary phases. XRD patterns are
also shown in the same order.
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On the basis of this history of bismuth titanate, it is expected
the cubic Bi2Ti2O7 will undergo a phase transition at elevated
temperature. Therefore, to locate the phase transition tempera-
ture of Bi2Ti2O7, DTA was performed on the powder. The result
shown in Figure 8 reveals the onset of a second-order transition
takes place at 612 �C, which extends up to 729 �C, as can be
observed from the change in slope of the DTA curve. The
absence of a well-defined peak indicates a continuous transition,
which explains the difference in the phase transformation tem-
perature observed by different authors. Analysis of the data, like
that used for glass transitions (following ASTM E1356), yields a
transition temperature of 670 �C. Curiously, it is the same
temperature at which Bi4Ti3O12 starts a phase transformation
from orthorhombic to tetragonal.49 The observed transition in
the DTA result demonstrates the need to modify the phase
diagram of the Bi2O3�TiO2 system. Accordingly, the phase
diagram of Speranskaya et al.1 based on experimental observa-
tions was here combined with the experimental work of Masuda
et al.3 and the thermodynamic predictions of Lopez-Martinez
et al.13 The merged phase diagram with two proposed correc-
tions is shown in Figure 9. First, the horizontal temperature line
of 670 �C was reinserted from the Bi2Ti4O11 phase (0.2 mol
fraction Bi2O3) to the Bi4Ti3O12 phase (0.4 mol fraction Bi2O3).
Second, Bi2Ti2O7 phase line at 0.33 mol fraction Bi2O3 from 670
to 1200 �Cwas dashed to indicate the thermodynamic instability
(and dependence on processing history) of the pyrochlore phase.
3.5. Sintering of Bi2Ti2O7.Obtaining large single crystals or a

dense polycrystalline ceramics is essential for determining key
bulk thermophysical and electrical properties of Bi2Ti2O7. Un-
fortunately, until now, it is precisely the instability of the
pyrochlore phase that has impeded the successful growth of
large single crystals or the sintering of the compound. The
consequence has been the inaccurate determination of proper-
ties, such as dielectric.50 This is one of the reasons why most of
the interest has shifted to the study of thin films prepared with
differentmethods.51�59However, the key to solving the sintering
issue was found in the revised phase diagram presented in
Figure 9. As discussed in section 3.4, the Bi2Ti2O7 phase is stable
up to 670 �C. This effectively precludes the use of any conven-
tional sintering method. However, recognizing that the phase
diagram represents thermodynamic equilibrium, it should be
possible, in principle, to heat the pyrochlore rapidly to 1200 �C
(or near the appearance of liquid) to move away from thermal

equilibrium and prevent the formation of the more stable
secondary phases above 670 �C. Such process of sintering
kinetics enhancement while limiting the phase transformation
kinetics obviously requires very fast heating rates.
The necessary heating rates were achieved by microwave

sintering (80 �C/min), which exposed the pellets to 1200 �C
within 15 min. The obtained density (measured by the Archi-
medes method) was 6.93 g/cm3. This would correspond to
roughly 92% of the theoretical density, 7.53 g/cm3 (assuming a
fully stoichiometric compound). The XRD pattern of the pellet is
presented in Figure 2. It matches well the theoretical and powder
patterns. The lack of additional peaks near the dashed line in
Figure 2 indicates the secondary phases are not present in the
sintered pellet.
It is important to note that since liquid phase appears at 1210 �C

according to the phase diagram of Figure 9, there is a very small
working window to achieve a sintered pellet and small fluctuations
can affect the desired outcome. For example, it is clear that even if
small amounts of the pyrochloremelt, it would lead to the formation
of Bi2Ti4O11 because of the peritectic reaction. In addition, a
sintering temperature of 1150 �C resulted in gray pellets with a
density of 6.63 g/cm3 for which XRD analysis revealed the presence
of only Bi4Ti3O12 and Bi2Ti4O11 as expected.
Furthermore, it is clear that, starting with nanometer sized

powder, which coprecipitation yields, is essential to maximize the
driving force for sintering (surface area) and obtaining a dense
polycrystalline ceramic. Therefore, details on the powder morphol-
ogy and sintered ceramic are provided in the following subsection.
3.5.1. Powder Morphology and Ceramic Microstructure

Analysis. To study the powder morphology and ceramic micro-
structure, SEM images were collected. As can be noticed from
Figure 10a, the powder obtained from the coprecipitation
method is comprised of round 100 nm clusters (hard agglomer-
ates) of smaller ∼15 nm particles. Figure 10b (at lower magni-
fication) also shows that these clusters result in powder of
homogeneous round shape with very few soft agglomerates, this
also very important to ensure the densification of the ceramic.
Given the fast firing employed, after sintering, no grain growth
was observed as can be inferred from the fractured pellet (under
bending) of Figure 10c. Additional confirmation was observed in
a lower magnification image (Figure 10d) that showed the
homogeneous grain distribution of the sample. The effective

Figure 8. DTA curve of Bi2Ti2O7 powder (10 �C/min in nitrogen).
The insets correspond to the XRD patterns of the sample below 612 �C
(left) and above 729 �C (right).

Figure 9. Phase diagram of the Bi2O3�TiO2 system, with modifica-
tions (from this work) in red. The horizontal line at 670 �C, absent in
recent works, was reinserted and the phase line of Bi2Ti2O7 (vertical)
was dashed to indicate the thermodynamic instability of this phase.



4971 dx.doi.org/10.1021/cm202154c |Chem. Mater. 2011, 23, 4965–4974

Chemistry of Materials ARTICLE

conservation of the nanograins has been previously observed in
microwave sintering.60,61 The image of the surface of a pellet
fractured under shear stress is presented in Figure 10e and reveals
a transgranular fracture with a compacted structure where the
nanograins cannot be easily differentiated, unlike the case in
Figure 10d. At a lower magnification, Figure 10f exhibits the
dense nature of the pellet but also illustrates the presence of some
isolated porosity.
3.6. Bi2Ti2O7 Electrical Properties. 3.6.1. Polarization vs

Electric Field Loop Behavior. The believed ferroelectricity of
Bi2Ti2O7 has been especially controversial. Several authors have
published this supposed characteristic of Bi2Ti2O7,

3,15�19 but on
the other hand, the compound has been reported as a cubic
pyrochlore,38,39,41 thereby ruling out the possibility of a ferro-
electric behavior. Moreover, Su and Lu20 did not find the
hysteresis loop characteristic of the ferroelectric materials but a
single line. In addition, the DFT calculations previously dis-
cussed predict a cubic structure. Therefore, the obtained sintered

pellets of phase pure Bi2Ti2O7 reported here are ideal to help
clarify the disagreement.
In Figure 11, the polarization versus electric field response

obtained for Bi2Ti2O7 is illustrated. Clearly no ferroelectricity
was observed and the small loop, which does not exhibit concave
regions, was understandably ascribed to dielectric loss. It is
important to note that incorrect data interpretation has led to
at least one report of ferroelectric behavior of Bi2Ti2O7 when it
was clearly not the case18 (for more information regarding proper
identification of ferroelectrics from hysteresis loops, please refer
to the work by Scott62). More importantly, the calculated relative
permittivity from the polarization and the electric field at 50 Hz
and room temperature was ∼162 (see eq 1). As will be seen in
the next section, this matches very well with the dielectric
permittivity of Bi2Ti2O7 here measured.

εr ¼ P
Eε0

� �
þ 1 ð1Þ

Figure 10. SEM images of the powder (a,b), and fracture surfaces under bending (c,d) and shearing (e,f).
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where εr is the relative permittivity, P is the polarization, E is the
electric field, and εo is the permittivity of vacuum.
3.6.2. Dielectric properties. Bismuth pyrochlores have desir-

able dielectric properties, including high dielectric constant, low
dielectric loss, and low temperature coefficients of capacitance
which help to decrease the size of the capacitors, as well as lower
the material costs. In fact, bismuth titanate was combined with
bismuth hafnate to form solid solutions in an effort to improve
the overall dielectric properties.50 Another example of this is
BZN (Bi1.5Zn0.92Nb1.5O6.92) which also shows dielectric
relaxation.63 The dielectric relaxation observed in pyrochlores
is often attributed to multiple features such as the highly
polarizable A site cation, chemical substitution, and large ion
displacement from the ideal Fd3m (space group No. 227) sites of
the cubic pyrochlore structure.64,65 The sintered phase-pure
Bi2Ti2O7 pellet presents an opportunity to understand the
dielectric properties of a pyrochlore without the chemical sub-
stitution on the A or B site, thereby helping to isolate the features
necessary to observe dielectric relaxation. The dielectric behavior
of Bi2Ti2O7 was investigated and the results are presented in
Figure 12. The dielectric constant of 115 at 500 kHz and room
temperature is relatively high and the dielectric loss is small with
the imaginary part of the permittivity <1 (i.e., tan δ < 0.01).
The permittivity indirectly calculated from the hysteresis loop

at room temperature and 50 Hz (presented in Figure 11) is in
good agreement with the direct measurements in Figure 12 when

considering that the permittivity increases with decreasing
frequency, as expected. Further, although it is not included in
Figure 12, at 1 kHz the permittivity was 128. More remarkably, it
is clear that bismuth titanate exhibits a form of dielectric
relaxation commonly observed in pyrochlores.63,65�68 In a
typical bismuth pyrochlore relaxation, the maxima in the real
part of the dielectric permittivity (εr0) is relatively sharp and the
curves at different frequencies tend to converge at higher
temperature to the same permittivity value. As seen in Figure 12,
for bismuth titanate this behavior is not exactly followed. Instead,
the curves remain separated and the peak in permittivity is
softened. The shape of the associated dielectric loss peak is
rather interesting and deserves further investigation since it does
not follow the typical peak from relaxation processes. None-
theless, inspection of εr00 in Figure 12 does reveal similar features
to the other pyrochlores. Specifically, a shift of Tm (temperature
at which the peak in the dielectric loss curve occurs) to higher
temperatures with increasing frequency, and the increment of the
loss when the frequency is higher. Therefore, it is clear that
dielectric relaxation is observed in Bi2Ti2O7, confirming the
suggestion by Cagnon et al.51 that the negligible tunability of
Bi2Ti2O7 thin films may be due to a dielectric relaxation.
Additionally, recent computational work examining atomic

hopping mechanisms in bismuth titanate suggested the occur-
rence of dielectric relaxation due to Bi/O0 transitioning between
equivalent displacement positions.31 The observation of dielec-
tric relaxation in bismuth titanate suggests of the multiple
features proposed to be necessary, atomic displacement is key.
Clearly, further investigation of the nature of the dielectric
response of bismuth titanate is needed and it is the focus of
current investigations. The results will further help in providing
insights about the dielectric behavior of this and other pyrochlore
compounds.63,65�68

4. CONCLUSIONS

Cubic pyrochlore Bi2Ti2O7 was synthesized by a coprecipita-
tion route. The powder was microwave sintered at 1200 �C to
avoid the formation of the thermodynamically more favorable
secondary phases, Bi4Ti3O12 and Bi2Ti4O11. The XRD pattern of
the compound, also modeled by DFT, confirmed the phase
purity of both, the powder and the densified ceramic. It was
clarified that given the difficulty in making a single phase of the
pyrochlore structure, properties have been incorrectly ascribed to
this compound (e.g., ferroelectricity). To help researchers avoid
confusions of this sort, a brief description of how to identify the
presence of impurities based on the color of the powder was
offered. In addition, theoretical X-ray diffraction patterns were
shown to explain why the ferroelectric Bi4Ti3O12 commonly
goes unnoticed in the experimental patterns, which is a possible
reason of the misleading properties attributed to Bi2Ti2O7. The
cubic pyrochlore is not a ferroelectric as proven by the polariza-
tion vs electric field response of the sintered pellets made here.
The relative permittivity of ∼162, calculated from the slope of the
hysteresis loop, is in good agreement with the results obtained
from the dielectric measurements, from which dielectric relaxa-
tion was observed. The fact that this phenomenon takes place in a
pyrochlore with no substitution on the A or B site, strongly
suggests, altogether with recent computational work, that atomic
displacements from the high symmetry sites is sufficient condi-
tion for the appearance of dielectric relaxation behavior in bismuth
pyrochlores.

Figure 12. Dielectric permittivity of Bi2Ti2O7 as a function of temp-
erature from 500 to 2000 kHz.

Figure 11. Polarization vs electric field response of Bi2Ti2O7 measured
with a Sawyer�Tower circuit at 50 Hz.
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