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Abstract
Novel submicrometer-grained 0.94(Bi0.5Na0.5)TiO3 — 0.06

BaTiO3 ceramic, prepared from nanopowder by a combination of hot-
pressing and recrystallization, is investigated by high-resolution
synchrotron x-ray diffraction and x-ray absorption near-edge
spectroscopy (XANES). The simplest and best-fitting Rietveld
refinement of the performed wide-Q diffraction experiment
corresponds to a three-phase system formed by a ferroelectric
rhombohedral R3c phase, a globally cubic Pm3m phase and a small
amount of nanosized ( 12 nm) quasi-cubic phase. The globally cubic
phase and the nanosized one built up a complex, nanostructured,
configuration that accounts for the reported dielectric relaxor
behavior. XANES reveals that the departures from centrosymmetry at
the unit cell scale for the precursor powder and for the sintered
ceramic are practically the same.

Introduction

European directives, amongst others, will make compulsory



the use of lead-free piezoceramics in a near future. This fact has
driven to a worldwide search for candidates to substitute the
commercial lead titanate-zirconate (PbTiO3-PbZrO3, PZT) ceramics
in a wide number of applications [1, 2]. As examples of these we can
mention the classical large strain actuators and transducers for non-
destructive testing by ultrasounds or the emerging applications in
energy harvesting and storage.

Compositions close to the Morphotropic Phase Boundary
(MPB), the temperature independent composition at which there is a
phases’ coexistence, are explored amongst leadfree piezoelectric
solid-solutions. At the MPBs the structural instability leads to
maximum piezoelectric properties of ceramics [3].

The solid-solution system (1-x)(Bi0.5Na0.5)TiO3-x BaTiO3 ((1-
X)BNT-xBT or BNBT100x) shows a MPB [4] for poled ceramics near
x = 0.06, which until recently was described as separating materials
with rhombohedral R3c ((Bi0.5Na0.5)TiO3 -like) and tetragonal
P4mm (BaTiO3-like) polar, ferroelectric (FE), structures at room
temperature. However the crystallographic complexity at the MPB
was revealed by recent work [5] and some aspects of this are not yet
fully solved. One of the current issues is that there exists a relatively
wide range of compositions (0.05 < x < 0.11) for the unpoled
ceramics that, according to diffraction-based reports, present an
averaged or global cubic structure with non-polar space group P

m3 m [6, 7]. Authors [8] describe the BNBT6 unpoled state as a



pseudo-cubic structure with high local disorder. Cubic symmetry is
incompatible with the observed dielectric relaxor performance and
piezoelectricity of these ceramics [5, 9—14]. Relaxor behavior is
currently ascribed to the existence of polar nanoregions (PNRSs).
Therefore, characterization of both global and short-range structures
is needed to account for the polar character and structural response
under the electric field of these materials.

X-ray diffraction (XRD) global descriptions coexist in the
present literature with multiphase local structurgl sceneries
determined by the use of other techniques. In the light of recent ~ _
transmission electron microscopy (TEM) studies [15-17], for x < 0.06
the unpoled state corresponds to a rhombohedral R3c structure. For
0.06 x<0.10itis described as a multiphase system containing
nanoregions that show tetragonal P4bm structure, smaller than 20 =
nm size and possibly antipolar order (antiferroelectric or ferrielectric).
For x

0.06 a mixture of grains with a core of rhombohedral R3c
structure surrounded by these PNRs and grains containing only these
PNRs was found. Due to the good correlation of the observation of
this PNRs and the relaxor-type dielectric permittivity vs. temperature
curves for this range of compositions, a structure for this
“antiferroelectric” relaxor was proposed. Such a relaxor would be
composed at room temperature of a P m3 m cubic matrix in which

the PNRs were located. To add complexity to the previously



described state of the art, the room temperature structure of unpoled
polycrystalline Bi0.5Na0.5TiO3 has been revisited and it has been
found that a monoclinic Cc symmetry cannot be discarded for
unpoled samples [18]. For Bi0.5Na0.5TiO3 ceramics, TEM shows
that the structure is an assemblage of nanoscale twin domains that
have phase and antiphase octahedral tilting with different coherence
lengths. This model can explain an average monoclinic distortion as
seen by X-ray diffraction [19]. Such results could also have
implications on the structure of the ceramics of the solid solution
system of BNT with BaTiO3 at the MPB.

To investigate departure from centro-symmetry at the unit cell
level, X-ray absorption near-edge spectroscopy (XANES) at the so
called pre-edge transition or pre-edge feature in transition metals
may be applied [20]. The region of the spectra before the K-edge
main jump contains peaks, explained by electronic transitions to
unoccupied bound states located below the vacuum level [21-23].
These transitions are sensitive to the oxidation state and to the
coordination number of a given transition metal. This pre-edge fine
structure (PEFS) has been applied to distinguish between centro-
symmetric and distorted symmetries in titanates [24].

The variety of results found in the literature on BNBT100x
ceramics at the MPB [17, 25-28] suggests a delicate phases’
balance near the mentioned MPB. All the observed phases are

derivatives of the cubic-perovskite structure that undergoes relatively



subtle local symmetry break-downs, which modulate the global
structure [19, 25]. This representation is consistent with recent first-
principles calculations which show that the different crystal structures
of BNT are energetically very similar [17]. The phase composition of
a given sample, that ultimately will influence the material’s properties,
is therefore a result of a combination of factors. Microstructural
variations can appear as consequence of processing stress, defect
structure created by volatile Bi and Na components or intergranular
stress associated with fine grain size [29, 30] Regarding synthesis, a
processing route has been proposed by some of the authors for the
production of submicrometer structured undoped BNBT100x
ceramics starting from nanometric powders obtained by sol-gel
autocombustion [31] and a combination of hot-pressing (700-C—
800-C) and subsequent recrystallization (1000-C—1050-C) [32]. Such
a novel route avoids the loss of volatiles, an important issue in
processing these ceramics.

In this work high resolution powder XRD and XANES are used
in conjunction to study the global and local configurations of
submicrometer-structured virgin BNBT6 ceramics. XRD, with full-
pattern Rietveld analysis [33], is applied to provide a long-range
description of the sample. XANES, focused at the so called pre-edge
feature [24], is used to determine the departure from centro-
symmetry at the unit cell scale of the precursor powder and the

sintered ceramic. The results of this study provide a more detailed



and comprehensive picture of the virgin condition for this material and

define a basis for further analysis of polarization processes.

Experimental

In preliminary studies a series of submicrometer structured
BNBT6 ceramics were prepared from sol-gel autocombustian powder
by hot-pressing and recrystallization [34]. Ceramic microstructure was
guantitatively characterized and a mean grain size below 700 nm was
determined by computer-assisted quantitative analysis [11].

For the diffraction study, two complementary experiments were
performed. All the work was ré&alized at beamline 2-1 of the Stanford
Synchrotron Radiation Lightsource (SSRL). A beam energy of 12 keV
(A=1.033215A) was used. Measurements temperature was 25°C. A
first tentative scan over a wide Q interval was performed with medium

— 170" s
resolution and high counting statistics up to 20=1200Q= 1ﬁj)'This

experiment allowed a first approximation to the phase composition of
the sample and helped identifying the most interesting interval for a
finer experiment. For the second experiment a high-resolution
configuration was implemented. Si (1,1,1) monochromator and
analyzer were installed and adjusted. The experimental setup was
calibrated and the instrumental resolution function was established by
measuring a LaBs standard. The sample was mounted on a zero

background holder and data were collected in reflection geometry from



10°to 65°. The scanning step was 0.01°in 26. Counting times were
enough to measure the intensities of significant peaks with standard
deviations of 1% or less. Capabilities of program FULLPROF [35] for
characterizing crystalas well as microstructural features (texture,
microstrains, small crystallite size) were applied.

XANES spectra of BNBT6 at room temperature were measured.
Atitanium TiO.-rutile powder and a thin film of PbTiOswere chosen as
model for centro-symmetric and distorted compounds, respectively. Ti
K absorption edge (about 4966-eV) spectra of all samples were
obtained at SSRL beamline 4-3, with a S:i(220) double crystal
monochromator, using ion chamber transmission detectors and a
silicon diode as fluorescence detector. The SPEAR-3 storage ring was
operated at 3.0 GeV with a beam current of 300 mA. Energy
calibration was obtained by transmission of a metallic titanium foil as
reference. In the pre-edge and edge zones the energy intervals were
E=0.2 eV. After the so-called main edge, the energy interval was 0.5
eV, and from 5100 to 5246 eV, AE=2 eV. Above this energy the
barium K-edge (5247 eV) appears. Integration time was 1 s/step.
Raw data were processed with Athena GUI for the IFEFFIT package
(Ravel and Newville 2005). For obtaining pre-edge peaks’ area the

fitting for XANES algorithm of Athena was used [36]

Results and Discussion

X-ray Diffraction



Figure 1 shows the wide-angle, medium resolution diffraction
pattern of the investigated material. Logarithmic scale is employed to
enhance the low-intensity signals. A first approximation to a pattern
modeling is included. Some significant elements that can be
extracted from the analysis of this diagram are the following:

The sample has a major component that produces the most
intens_e, sharp peaksupto 26  120-. This component is a
perovskite with cubic (P m3 m.) or nearly cubic global structure. The
most intense peaks in the pattern are indexed in cubic notation.

Besides the primary phase, two other phases can be identified.
The presence of a rhombohedral R3c phase is demonstrated by the_
appearance of the weak peak at 26 25.37-. This peak has been
indexed in hexagonal notation as R113.

=The third phase is formed by nanocrystals. This phase gives
raise to humps in the low-angle side of major maxima. Other authors
have also observed these humps for BNBT ceramics from mixed
oxides [37], as well as for single: crystals [35], of MPB composi?ion.
Due to structural peak broadening, the crystal symmetry of the
associated phase cannot be clarified unambiguously. These signals
are therefore modeled by simplicity using a Pm3m cubic structure,

with a representative lattice parameter ac=3.95A, intermediate to

those of BNT (ar = 3.89 A, ap = 89.84°) g

ar—=23 A ¢ = ¢ A
(ar=3.993 A, o7 = 4.035 A}'A, cT  4.035A). It must be noted



here that from our results it is not the symmetry but its nano-size
morphology what constitutes the main experimental finding about this

phase.
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Figure 1. Wide angle interval, medium resolution XRD of BNBT6. The most intense peaks
are indexed as for the cubic perovskite. The weak maximum indexed “R113" (at 26 = 257)
corresponds to the R3c space group

The diffraction pattern shows clearly that the background is not
flat, but has a given structure. A structured background is a
consequence of local deviations from average symmetry [39—41]. It
provides information on the so-called local order and can be
considered as a complement to the XANES technique.

Figure 2 shows the high resolution experiment and its Rietveld
characterization.

For the intense peaks sub-set in the XRD patterns of the
investigated sample, cubic (Pm3m [6], tetragonal (P4mm or P4bm)

[25—-27], rhombohedral (R3m and R3c) [26] and monoclinic (Cc) [18]



space groups considered in the previous literature were tested.
Structure models supported by the reported properties of the studied
ceramic and leading to the best Rietveld reliability factors were
adopted.

One obvious structural model, in agreement with previous
literature [26, 27, 42], could be the coexistence of a mesoscopic
tetragonal P4Amm phase with the FE rhombohedral R3c one, which is
revealed in all our patterns by the presence of the 113 peak (Fig. 1).
It must be clarified that the difference between a R3c phase and a
monoclinic Cc one is subtle and a matter of discussion nowadays.
Our experiment is not the best suited to elucidate the R3c-Cc issue
(because the concentration of this phase is low).

To confirm the model of coexisting rhombohedral and
tetragonal mesoscopic phases, the identification as tetragonal of the
humps on the low-angle side of the sharp and intense peaks (20
30°) should be verified. The tetragonal consideration includes the
idea of

anisotropic peak broadening due to anisotropic lattice strain
[43]. In the present study, the tetragonal phase option was
unambiguously discarded as follows.

On the one hand, reporting the observation of tetragonal P4bm
phase is thoroughly justified if 1/2(00e) superstructure reflections are
detected, as in [43], however, these are not observed in our X-ray

experimental patterns (Figures 1 to 3). On the other hand, the



presence of a tetragonal FE phase (P4mm) has been reported by a

number of authors from
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Figure 2. Rietveld refinement of the high-resolution XRD pattern from sample BN
insets show details of some representative peak groups. The contributions of
phases considered in the sample model are visible.

an oversimplified consideration of the pseudo-cubic 200 peak
splitting. A practical criterion to distinguish tetragonal from
rhombohedral symmetries in perovskites is indeed the splitting of
pseudo-cubic 111 (for’khombohedral) or 200 (for tetragonal) peaks.
But the sole splitting of a given peak is not a proof of symmetry
breakdown. Systemafic coincidence of observed and calculated
positions for all the diffractiozn maximg after a full-pattern Rietveld
fitting is required for an unambiguous determination of crystal

symmetry. The observation of the mentioned splitting can be used to



get a direct estimation of lattice parameters. The experimental
doublets at 26 15-, pseudo cubic 100 peak, and 26 30-, pseudo-cubic
200 peak, in our patterns (Fig. 2) could suggest the presence of an
abundant FE tetragonal P4Amm phase, with plate-shaped crystals.
Figure 3 shows the comparison of an example (red line) of
experimentally observed pattern and the pattern generated for a
tetragonal model (black line). Lattice parameters a 3.901 A, ¢ 3.950 A
allow exact fitting for the angular positions of the 100 and 200
doublets, but clearly lead to unacceptable misfit of all the remaining
diffraction maxima (see insets at 20 22° and 26 26¢). Anisotropic peak
broadening could also be included in the model, but this will not
change the peaks positions and observed misfits. Unambiguously, at
least for nanostructured BNBT6ceramics prepared as in this
investigation, the model of coexistence of FE rhombohedral and
tetragonal phases does not work.

Regarding the nanoregions, another pseudo-cubic, but polar,
symmetries could also be associated with them. The relaxor behavior
of the ceramics [11], as well as the XANES results, indicate that the

nanoregions are polar. Most probably, the AFE tetragonal P4bm
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Figure 3. Tetragonality test for BNBT6G. Black pattern and indexes correspond
hypothetical pattern generated for the tetragonal (T) model that best fits the positions ¢
experimental signals at 20 = 30°. The red pattern is the observed one and the red ind

correspond to the model suggested in the present work. C — cubic; R — rhombohed:
— nanostructured quasi-cubic.

observed by TEM and neutron diffraction [15-17, 25, 44],
could well be the space group of these nanoregions.

Therefore, for our samples, we propose a three-phase model
as the simplest option that best fits the XRD data and the published

dielectric and piezoelectric properties. Our model consists of:

« A (globally) cubic Pm3m phase,

« A rhombohedral R3c one and



« Nano-sized crystallites causing the humps.

The globally cubic Pm3m phase is the major phase (66%) in
agreement with previous literature [16].

Table 1 shows the results of the Rietveld analysis performed
on the basis of the mentioned three-phase model.

In Rietveld refinement, texture is characterized by the inverse
pole figure formalism [33]. In the present investigation, the reciprocal
directions’ populations associated with the sample normal are
characterized by means of the March-Dollase (MD) formula and
the MD coefficient [45]. Preferred reciprocal direction hO kO

I0 shows a population equal to (MD)-3 in the axial
symmetry sample direction

EMD 1" means “random distribution” and “MD 0"
means “extremely sharp texture”).

The three-phases-scenario is compatible with the TEM and
neutron diffraction descriptions of the BNBT6 unpoled ceramics as a
nanostructured relaxor [15-17, 25] with an averaged pseudo-cubic
structure. Inside this matrix, PNRs (most probably antipolar
tetragonal P4bm) are embedded. The experimentally observed
relaxor behaviour of BNT was suggested to be explained by
chemically ordered local areas that could act as nucleation sites for

polar nano-regions [46].



Table 1
Results of the Rietveld analysis of the high resolution synchrotron powder XRD
patterns of BNBTE ceramic. Data are provided only with significant digits

| Characteristic _ Nlanogized
| Phase —s Globally cubic Rhombohedral “cubic”
Content (%) 66 25 9

Lattice parameters  a(A) 3.9013 a(A)/c(A)5.505/13.598 a(A) 3.95
a(A) /a (') 3.9038 / 89.68
Preferential 110/0.62 104/1.0 001/0.72
orientation hkl/

MD coefficient

Crystal size (nm) =5 =50 ~12
Strain (%) 0 0.03 —
Rietveld — 4771235

reliability
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Figure 4. XANES spectra from the Ti-foil reference, TiOs-rutile powder, PbTiO5 thin fil
BNBTG-powder and BNBTG-ceramic. Notice the difference in pre-edge and main ed
position in the energy scale. Ti-foll pre-edge feature was calibrated to 4966 eV, while mz:
pre-edge feature for the other four compounds are around 4971 eV.



Figure 4 shows the comparison of the XANES spectra from the
Ti-foil reference, TiO2rutile powder, PbTiO3 thin film, BNBT6-powder
and BNBTG6-ceramic (see Table 1). When Ti4+ is placed inside
oxygen’s octahedron, a center-symmetric environment, like in
EuTiO3 and SrTiO3 at room temperature, provides no p-d mixing of
electronic final states; it implies only quadrupole transitions with very
low intensity. When an octahedral distortion exists, like in BaTiO3 or
PbTiO3, the p-d mixing of final electronic states is possible and the
dipole transition corresponding to the pre-edge feature (PEF) at the
KX-ray absorption edge may be large.

It has been established [24] that the intensity of the PEF is
proportional to the distortion away from center-symmetry. Three
peaks have been identified in the PEF of titanium oxides with
perovskite structure [47]. The lowest energy peak (L) is caused by
guadrupole transitions. The intermediate energy one (1) is directly
related with the above mentioned p-d hybridization. Qualitatively,
peak | is considered a spectroscopic signal of a spontaneous
polarization for ferroelectricity in the perovskite structure crystal [47].
The area of peak

| is proportional to the square of the mean-square
displacement of the Ti4+ ion along the

z-axis [47]. The highest energy peak (H) has its origin in the

dipole-allowed transitions



o TiO:-rutile 0.46 (0.09)
-+ PLTIO, 1.0(0.2)
o BNETB-powder  1.02 (0.09)
BNBT6-ceramic 0.8 (0.1)
o i \\Jj--r' M, =R T
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Figure 5. Details in pre-edge features of the BNBETE powder sample. Lowest (L),
intermediate (1) and highest (H) energy transitions are described in text. The values of
integrated areas of the | transition for the Jj in oxygen gctahedra are shown in the inset.
Uncertainties are in parenthesis and have the meaning of standard deviation.

of the transition metal 1s-electron into the transition metal 3d-
originated molecular orbital (MO) of neighboring octahedron which
are caused by overlapping of these MO with  the 1s-wavefunction
of the absorbing atom (band effect). XANES experiment does not
specify in which crystallographic direction this displacement occurs.
Figure 5 shows a magnification of the L, | and H features for the
BNBT6 powder and areas with uncertainties, expressed as standard
deviations. Differences observed in the main figure between XANES
spectra from BNBT6-powder and BNBT6-ceramic are hardly visible.
Fitting was performed with Lorentzian shape for the | peak and the
area was fitted until a “good” R-factor was obtained. We found
normalized area values for the | feature of 0.46, 1.0, 1.02 and 0.80
for the TiO2-rutile, PbTiO3, the BNBT6 powder and ceramic,
respectively. Therefore, all BNBT6 samples show practically the
same areas, and they are twice greater than centrosymmetric rutile |

feature. These results show that BNBT6 samples have practically



equal Ti4+ cation displacement from symmetry center and confirm
that even in the unpoled state the BNBT6 samples, powder and
ceramic, have spontaneous polarization arising from the off-

displacement of the Ti4+ ion from the center of the oxygen octahedra.

2. Conclusions
On the basis of our experimental results we suggest a

multiphase model, not previously reported, for BNBT6 submicron-
structured ceramics prepared from nanopowders by a novel route of
hot-pressing and recrystallization. Our model refines earlier
descriptions (based on lower resolution and narrower Q-intervals)
that propose the coexistence of mesoscopic ferroelectric tetragonal
(P4mm) and rhombohedral (R3c) phases. The global structure here
modeled, a result of the full-pattern Rietveld analysis, comprises

three phases:

1. A major globally cubic Pm3m perovskite. At local scale,
EXAFS indicates that this phase is polar.

2. An averaged FE rhombohedral R3c phase.

3. A nanosized polar phase, most probably antipolar P4bm,

modeled as cubic for simplicity.
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