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Towards a deeper understanding of the local structure of the B-site in (100-x)(Bi1/2Na1/2)TiO3xBaTiO3 (BNT-xBT) with 0  x  15, solid-state nuclear magnetic resonance (NMR) spectra of
the titanium isotopes 47Ti and 49Ti were investigated. The 47,49Ti NMR spectra of BNT-xBT indicate a disordered local structure for the B-site of these perovskites. The line-shape of the titanium
NMR spectra of BNT-xBT samples is found to be independent on the barium content. This fact
implies that the local structure of the B-site remains invariant with respect to the structural
changes that result from the chemical modification with barium. The analysis of 47,49Ti NMR
spectra supports the hypothesis that the main structural changes across the morphotropic phase
boundary in these solid-solutions are constrained to the A-site and are related to the tilting of rigid
oxygen octahedra. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978017]

INTRODUCTION

Titanium is an element ubiquitous in materials of technological and scientific interest. Titanium oxide moieties (TiO6)
are an important building block of many ceramic materials
with favorable mechanical and electrical properties, as, for
example, the piezoelectric ceramic Pb(Zrx, Ti1x)O3 (PZT)1
and one of its lead-free counterparts (100-x)(Bi1/2Na1/2)TiO3xBaTiO3 (BNT-xBT).2,3
The macroscopic properties of these materials are
closely related to their structure at the atomic level. For
example, the ferroelectricity of BaTiO3 is a consequence of
the displacement of Ti4þ cations out of the center of the oxygen octahedra present in the perovskite structure.4 The direction of this displacement is a function of temperature and
determines the structure of the polymorphs observed for
BaTiO3 upon cooling from the Curie temperature (TC).4–6
Solid-state nuclear magnetic resonance (NMR) is a
spectroscopic technique highly sensitive to this kind of symmetry breaking. It was previously employed to study the polymorphs of BaTiO3, and it was able to characterize the
symmetry changes that occur to the local structure of the titanium site upon cooling from Tc.7 This feature of NMR was
also employed to reveal the presence of polar nanoregions
(PNRs) in both lead-based8 and lead-free9 relaxor ferroelectrics. More recently, solid solutions of BNT-xBT were investigated with 23Na NMR and density functional theory (DFT)
calculations.10 This study showed that the local structure of
the A-site is heavily influenced by tilting of oxygen octahedra, which are suppressed by the addition of barium.
Furthermore, the relaxor properties of BNT-xBT, which
show a peculiar composition dependence between
a)
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0 < xBT < 15, were found to correlate with a pronounced
degree of disorder in octahedra tilting.10
Despite the broad technical and scientific interest in
titanium-based oxides, 47,49Ti solid-state NMR is not yet a
widespread technique for their structural characterization.
Padro et al. made a very comprehensive 47,49Ti NMR investigation of titanium in oxides,11 among which (Bi, Na)TiO3 and
BaTiO3 are also mentioned. Both titanium isotopes (47Ti and
49
Ti) are quadrupolar nuclei with relatively low gyromagnetic
ratio. Their resonance frequencies differ only by 266 ppm.12
This proximity is one of the challenges of titanium NMR, as
signals from both isotopes might overlap, depending on the
magnitude of the external magnetic field and electric field gradient (EFG) on the titanium site. A second challenge is the
low natural abundance of the NMR active isotopes of titanium, which results in low sensitivity for signal detection.
Typical measurement times of several days may be required
for acquiring a 47,49Ti solid-state NMR spectrum, despite the
relatively fast relaxation rates of these quadrupolar nuclei.
Regardless of these challenges, titanium NMR is a powerful analytical method sensitive to the local structure. The
47,49
Ti chemical shift ranges from þ1278 ppm for TiI412 to
1389 ppm for Ti(CO)613 and serves as a fingerprint of the
nature of neighboring atoms. More specifically, ABO3 materials with TiO6 moieties resonate in the spectral range
between 850 ppm (CaTiO3) and 690 ppm (PbTiO3).14
The quadrupolar coupling renders titanium NMR sensitive to the symmetry around this nucleus. For non-symmetric
local environments, the line-shape of the 47,49Ti solid-state
NMR spectrum is determined by the strong first and second
order quadrupolar interactions, which result from the electric
field gradient at the nucleus’ site. In a site of cubic local
symmetry, the EFG and the quadrupolar interaction vanish,
resulting in characteristic changes in the NMR spectrum,
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analogous to those employed for the quantification of a cubic
phase in BNT-xBT by means of 23Na NMR.9
The local symmetry of perovskites at room temperature
depends on the size-ratio between the A-site and B-site cations, expressed as the tolerance factor.15 BaTiO3 is representative of perovskites with a tolerance factor larger than unity
(i.e., a too large an A-site cation is present) and its structure is
stabilized by ionic displacements of Ti4þ relative to the oxygen lattice. In the high-temperature phase, this compound
exhibits the prototypical cubic Pm-3m structure. With decreasing temperature, phase transitions into tetragonal P4mm,4
orthorhombic Amm2,6 and rhombohedral R3m5 structures
occur. The displacement of Ti4þ from the center of the oxygen
octahedra causes an EFG > 0 at this site, which is reflected in
the width and shape of the 47,49Ti NMR signal. More specifically, 47,49Ti NMR lines reported for the rhombohedral polymorph of BT are twice as broad as for the tetragonal one.7
For perovskites where the A-site is occupied by a too
small a cation (i.e., tolerance factor lower than unity), tilting
of TiO6 octahedra occurs as another mechanism of symmetry
lowering.16,17 Due to the connectivity between the oxygen
octahedra, their rotation resembles a cogwheel mechanism.
The tilting may occur along one or more crystallographic
axes and may be either in-phase or anti-phase. These characteristics allow octahedra tilting to be categorized in tilt
systems, which are conveniently described by Glazer’s notation.16 While tilting impacts the macroscopic symmetry of
perovskites , on a local scale, it mainly influences the A-site.
The titanium nuclei poised in the B-site in the middle of oxygen octahedra remain insensitive to their tilting as a rigid
unit. This mechanism is found, for instance, in (Bi1/2,Na1/
18
2)TiO3 (BNT).
The chemical modification of BNT with barium is a key
aspect to achieve enhanced dielectric and piezoelectric properties in BNT-xBT solid-solutions.3,19 It also influences the
average structure of the material and causes a series of
composition-induced phase transitions.20,21 More specifically,
BNT-xBT may present either a rhombohedral (x < 5) or
tetragonal structure (x > 11), depending on the barium content.21 These regions of the phase diagram are separated by
an intermediate region (5  x  11) with predominantly
relaxor features. If poled, the so-called morphotropic phase
boundary (MPB), which encompasses the compositions with
largest piezoelectric coefficients among these lead-free
ceramics, is located at about x ¼ 6.20
MPB compositions have been the focus of intense
research, as the structural features responsible for the
enhanced piezoelectricity of BNT-xBT are still unclear. If the
MPB of BNT-xBT is analogous to the one of PZT, rhombohedral and tetragonal displacements of the B-site cation should
coexist. In this case, the different symmetries observed for the
average structure as a function of barium content should influence the local structure of Ti4þand, hence, impact the 47,49Ti
NMR lines in analogy to the polymorphs of BaTiO3.
However, if the chemical modification with barium mainly
influences the structure of BNT by changing the tilting of
octahedra, the local structure around the titanium nuclei is
expected to remain invariant throughout the different regions
of the phase diagram of BNT-xBT.
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Therefore, the focus of the present study is to investigate
how the addition of barium to BNT impacts the local structure
of the titanium site. Towards this goal, we analyze solid-state
47,49
Ti NMR spectra of BNT-xBT with x ¼ 0, 6, 15. These
compositions are representative of the rhombohedral, the morphotropic phase boundary (MPB), and the tetragonal regions
from the phase diagram of this solid-solution. The comparison
between their 47,49Ti NMR spectra casts new light on the
structural changes across the MPB, as it is demonstrated that
the addition of barium cations does not significantly change
the local structure of the B-site in these perovskites.
EXPERIMENTAL
47,49

Ti NMR spectra were recorded with a Varian CMX
600 Infinityþ spectrometer at a frequency of 33.810800 MHz.
A Varian 5 mm magic angle spinning (MAS) triple resonance
probe was employed for both static and magic angle spinning
(MAS) measurements. In order to measure at the low resonance frequency required for the observation of titanium
NMR-active isotopes, this probe was modified with two additional capacitors of 50 pF on the Y channel, which was connected to the X channel via a shunt. While for MAS
experiments the sample was packed into a 5 mm ZrO2 rotor,
static experiments made use of a thin-walled 5 mm glass
NMR tube to achieve a larger filling factor of the coil. The
47,49
Ti NMR chemical shift scale is referenced with the 49Ti
resonance of neat TiCl4(l) at 0 ppm.12 Spectra of TiO2 and
BaTiO3 were simulated with the DmFit program.22
In a first attempt, the original DEPTH (90-180-180) pulse
sequence23 was employed for the 47,49Ti NMR measurements,
to remove spectral artifacts caused mainly by acoustic ringing
of the probe. While it already gave a good suppression of the
acoustic ringing of the probe, this artifact still hindered
the acquisition of faster decaying signals (i.e., whenever the
quadrupolar coupling broadened the spectra significantly).
Therefore, the modified ECHODEPTH sequence 90-180-s180-s, which uses the same phase cycling as the original
DEPTH23 sequence, was developed. The additional delay s
between the two p pulses of the DEPTH sequence generates
an echo (see the supplementary material for details), which
further removes dead-time artifacts.24 It is found that the
ECHODEPTH sequence suppresses the effects of the acoustic
ringing much better than the simple DEPTH sequence, thus
allowing the detection of fast-decaying signals. A pulse length
of 3 ls was employed for the p pulses resulting in an excitation profile of ca. 300 kHz. For a typical experiment, 460 000
scans were recorded with a recycle delay of 0.5 s. The echo
delay for static experiments was equal to 100 ls, taking into
account the pulse lengths. For MAS experiments, the echo
delay was synchronized to one rotor period. Since there are
no resolved side-bands or satellite transitions visible in the
spectra of the BNT-xBT materials, only the region of the central transition is shown.
RESULTS

The Results section is structured as follows: first, the
Ti NMR spectra of known materials are analyzed in
order to validate the ECHODEPTH sequence and to test the

47,49
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response of the NMR probe. Next, the spectra of BaTiO3 and
a BNT-xBT sample are compared, followed by the investigation of titanium NMR spectra of BNT-xBT as a function of
the barium content.
Reference substances

Our experimental approach, in particular, the modified
DEPTH sequence, is validated by recording the spectra of
known samples with increasingly broader lines: first, the
“easy-to-record” SrTiO3, then TiO2 under MAS and at last
BaTiO3. For the latter, resonances from both titanium isotopes overlap under static conditions. Figure 1 displays the
47,49
Ti NMR spectra of SrTiO3 (a) and TiO2 anatase (b), both
measured under MAS frequencies of 10 kHz. In addition, the
static spectrum of BaTiO3 is displayed in Figure 1(c).
The spectrum of SrTiO3 (Figure 1(a)) presents two sharp
and intense peaks at 842 ppm and 1108 ppm that correspond to the resonances of 49Ti and 47Ti isotopes, respectively. Both titanium NMR signals of SrTiO3 are very
narrow, as a consequence of its well defined cubic structure
and the resulting absence of features from the quadrupolar
interaction in the spectrum.25
Resonances from both isotopes are also present in the
MAS spectrum of TiO2 (Figure 1(b)), which exhibit the typical shape for the quadrupolar interaction with a well-defined
local structure. An important feature of the central transition
of a 2nd order quadrupolar perturbed spectrum is its characteristic shape with distinct maxima and abrupt singularities.
These features are related to the anisotropy of the quadrupolar interaction, which cannot be fully averaged for powder
samples under MAS at the magic angle of 54.7 . Despite the
high level of noise, singularities can be recognized on the
edges of the central transition for both isotopes as a sudden,
almost vertical, intensity change.
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The NMR parameters of TiO2 can be extracted from the
spectrum by fitting the position of these singularities with
simulated 47,49Ti NMR spectra (Figure 1(b)—dashed-dotted
line). During this procedure, special attention was paid to the
line of the 49Ti isotope. Its simulation revealed an isotropic
chemical shift of 906 ppm and a quadrupolar coupling constant (CQ) of about 5 MHz. These values agree with the
reported NMR parameters of TiO2 anatase.25,26 Moreover,
the line simulated for the 47Ti isotope with these parameters
yields a width similar to the experimental one.
The experimental approach was also validated for static
conditions, by recording a spectrum of BaTiO3 without MAS
spinning (Figure 1(c)). The static 47,49Ti NMR spectrum of
BaTiO3 presents a peak around 800 ppm and two singularities at 600 ppm and 1400 ppm. The presence of these
abrupt singularities is the consequence of the well-defined
local environment of titanium nuclei in the tetragonal phase
of BaTiO3. These features also enable the simulation of the
individual spectrum of each isotope, displayed in Figure 1(c)
as dotted/dashed lines. Special attention was paid in simulating the complete width of the spectrum. It was found that the
lines of 49Ti and 47Ti overlap slightly at this magnetic field.
Despite that, the high-field singularity can be attributed to
the 47Ti resonance, whereas the low-field singularity corresponds to the 49Ti resonance. Besides reproducing both
singularities, the simulation also mimics the peak close to
800 ppm, which arises from signals where both isotopes
overlap. By a visual fit of the spectra with simulations, an
isotropic chemical shift of 725 ppm and a CQ of about
4.0 MHz result for the 49Ti isotope. These values are close to
those reported in the literature (CQ ¼ 3.76 MHz) for this isotope in BaTiO3 at room temperature.7,27 The analysis of reference materials supports the validity of the ECHODEPTH
sequence for recording NMR spectra of titanium under static
and MAS conditions.
BNT-xBT materials

Next, the static 47,49Ti NMR spectra of BaTiO3 and
BNT-15BT are compared (Figure 2). The signal of the central transition appears in the same region of chemical shift in
both spectra. This is an evidence of the similar chemical
environment around the titanium nuclei in both materials.
Besides that, the spectrum of BNT-15BT presents some

FIG. 1. 47,49Ti MAS NMR spectra of SrTiO3 (a) and TiO2 (b), with MAS
spinning frequency of 10 kHz, followed by the static spectrum of BaTiO3
(c). Simulations of spectra are denoted by dashed/dotted lines.

FIG. 2. Static 47,49Ti NMR spectra (central region) of BaTiO3 (red) and
BNT-15BT (black).
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remarkable features that contrast to the spectrum of BaTiO3.
First, the signal for BNT-15BT does not exhibit the steep
singularities as those observed for BaTiO3 and TiO2.
Second, the high-field side of the signal is less steep than the
low-field side. Both observations are a clear indication of a
distribution of solid-state NMR parameters (especially CQ
and g), as reported for solid-solutions of (Ba1xSrx)TiO3.28
In addition to that, the distinct maxima expected for a quadrupolar nucleus in a single, well-defined EFG are not
observed. Instead, one broad maximum at 880 ppm is present. Altogether, these features indicate a disordered local
structure for the titanium site in BNT-15BT.
In order to investigate the effect of barium on the local
structure of BNT-xBT ceramics, titanium NMR spectra were
recorded for samples with different barium content, namely,
for pure BNT, BNT-6BT, and BNT-15BT. Their static spectra are displayed in Figure 3(a). The same features described
for the spectrum of BNT-15BT in Figure 2 can be observed
in the spectra of pure BNT and BNT-6BT. From Figure 3, it
is evident that the line-shape of the spectra and thus the local
quadrupolar interaction and the local chemical environment
of the titanium nuclei are practically independent of the
amount of barium in the sample. The structural meaning of
this independence is discussed below.
To gain further insight into the materials, the MAS spectra of the sample with the lowest (BNT-0BT) and highest
(BNT-15BT) barium content were recorded (Figure 3(b)).
Sample spinning under MAS induces a narrowing of the
lines, due to partial averaging of the anisotropic NMR interactions between the nuclei and the local structure. The maximum exhibited by the static spectra is present as two peaks
in the MAS spectra (Figure 3(b)), which occur at 920 ppm
and 1170 ppm, respectively. The difference of approximately 250 ppm is close to the separation expected between
the lines of both isotopes. Hence, these maxima can be
attributed to the lines of both NMR-active titanium isotopes,

FIG. 3. 47,49Ti NMR spectra of BNT-xBT. (a) Static and (b) under
MAS (central region, spinning frequency of 10 kHz, corresponding to
ca. 265 ppm).
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instead of a feature of the quadrupolar coupling 2nd order
for a single isotope.
47,49
Ti NMR lines present approximately the same width
for all three compositions. Under static conditions, the fwhm
is approximately 770 ppm, whereas the spectra recorded
under MAS exhibit a fwhm of 520 ppm. In addition, a broad
hump between 0 and 2500 ppm (84 kHz broad) is present in
the MAS spectra. The broader part of the MAS spectra is similar to the lower portion of the static spectra of BNT-xBT.
The comparison between static and MAS spectra indicates a distribution of both the quadrupolar coupling constant
Cq and the asymmetry parameter g and thus also the components of the EFG tensor. MAS will only effectively narrow
the central transition lines in powder samples if the spinning
frequency surpasses the width of the central transition (in
frequency units) under static conditions.29 The spectrum of a
material for which a distribution of CQ is present is the
weighed sum of the lines for each value of CQ in the distribution. If the spinning frequency is smaller than the width of
the broadest line under the distribution, sites with different
CQ will behave differently under MAS. While the sites with
CQ smaller than the threshold value will be effectively narrowed, the sites with larger CQ will remain with the same
width as in the static spectrum, and result in a broad hump,
as the one observed in Figure 3(b).
DISCUSSION

The results of our previous NMR investigation of BNTxBT10 assume that oxygen octahedra tilt as rigid units, with
tilting governed by the barium content. Based on this premise, the 47,49Ti NMR spectra should remain unchanged for
compositions with different barium content in the range from
0% to 15%. The 47,49Ti NMR spectra of BNT-xBT samples,
measured under static conditions (Figure 3(a)), do not present any significant changes as a function of barium content,
indeed. Lines for BNT-0BT, BNT-6BT, and BNT-15BT all
appeared in the same frequency range, revealing the same
maximum position and a very similar line width.
The spectral features of the central transition of the titanium NMR lines are mainly determined by the chemical shift
and the 2nd order quadrupolar interactions, which are
expressed in terms of the isotropic chemical shift (dISO) and
the quadrupolar coupling constant (CQ), respectively. These
NMR parameters are associated with the local structure of
the titanium site, with correlations to specific structural features being reported for ABO3 oxides. The values of the isotropic chemical shift are related to mean Ti-O distances,
whereas the shear strain in the TiO6 octahedra (based on
bond angle of O-Ti-O bonds) exhibits a strong correlation
with the magnitude of the quadrupolar coupling.14 The shear
strain is related to both titanium displacements and oxygen
octahedra distortions, characterizing the CQ as a spectral
parameter sensitive to the local symmetry around this cation.
BNT-xBT samples with different barium content exhibit
different symmetries for the average structure.3,20,21,30
Rhombohedral and tetragonal regions of its phase diagram
are separated by a morphotropic phase boundary (MPB)
around a barium content of 6%. Hence, one could expect
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some kind of change at the local structure of the B-site
across the MPB, which would impact the structure-relevant
NMR parameters, and in their turn, the spectra. The sensitivity of 47,49Ti NMR to such changes is evidenced by an analogy to the rhombohedral and tetragonal polymorphs of
BaTiO3, as the latter exhibits lines with half the width of the
former, due to the its lower CQ value.7 With respect to this,
the lack of changes in the titanium NMR spectra of BNTxBT as a function of composition implies that the differences
in local structures around the titanium ions are too small to
be revealed by 47,49Ti NMR. This is a highly relevant result,
as it confirms the interpretation from our previous 23Na
NMR investigation of BNT-xBT10 that TiO6 units behave as
rigid octahedra when the addition of barium suppresses their
tilting.
Furthermore, the lack of clear singularities and the lineshape of the 47,49Ti static spectra of BNT-xBT indicate a distribution of NMR parameters, in particular, of the CQ values.
This emphasizes that the local structure around titanium cations in BNT-xBT is marked by a significant structural disorder. Similar results were reported in a 137Ba NMR study of
the A-site disordered (Ba1x, Srx)TiO3 perovskite.28
Both conclusions are in agreement with the x-ray
absorption fine-structure (XAFS) measurements of the local
structure of (KxNa1x)0.5Bi0.5TiO3 (BNT-BKT).31 In that
work, the Ti edge XANES signal was investigated as a function of Kþ content. Its authors observed only very slight
changes in the magnitude of Ti displacements when varying
the potassium content along compositional phase transitions.
Since x-ray absorption near edge structure (XANES) data
could not be fitted with either [100] or [111] displacements,
a radial distribution of Ti displacements was proposed. Such
a disordered scenario is well reflected by the shape of titanium NMR lines analyzed in the scope of the present work.
A more recent EXAFS investigation of BNT also revealed
that the local environment around the titanium site does not
change as a function of temperature and poling state.32
In addition, the 47,49Ti NMR spectra presented here support the conclusions from a recent investigation of the local
structure of the A-site of BNT-xBT using 23Na NMR.10 DFT
calculations revealed that the EFG on the sodium site of
these perovskites is mainly influenced by tilting of octahedra.
In this previous work, it was also demonstrated that the addition of barium caused a marked decrease in the 23Na EFG
values, suggesting that the tilt suppression is the primary
structural role of barium cations. The fact that 47,49Ti NMR
spectra of BNT-xBT displayed negligible changes as a function of composition supports this hypothesis. Based on the
present study, one may state that Ba2þ governs the tilting of
rigid TiO6 octahedra in this solid-solution, but does not influence the local structure of the Ti4þ cation by deformation of
octahedra or changes in polar displacements of titanium.
CONCLUSION
47,49

Ti NMR spectra of BNT-xBT samples with different barium content were investigated. Two important conclusions could be drawn based on the interpretation of these
NMR spectra of titanium:
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First, despite the fact that average structures are welldefined, the shape of the 47,49Ti NMR spectra implies the
local structure around the titanium site is strongly disordered,
which may be a consequence of the random occupation of
the A-site.
Second, the local structure around titanium nuclei
remains invariant to the chemical modification with barium,
in accordance with the effect reported for BNT modified
with potassium.31 The lack of changes in the 47,49Ti NMR
spectra suggests the B-site of these perovskites is insensitive
to the fine-tuning of the structure through the MPB caused
by the addition of barium. This result implies that the chemical modification of BNT with Ba2þ does not lead to a significant distortion of the oxygen octahedra; instead, it impacts
the local environment of the remainder A-site cations by suppressing the tilting of TiO6 octahedra. These results confirm
the expectations from a recent 23Na NMR study of the local
structure of BNT-xBT.10
SUPPLEMENTARY MATERIAL

See supplementary material for the details of the
ECHODEPTH sequence and the effect of MAS on the line
shape of the 47Ti-NMR spectra.
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