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Introduction

Antiferroelectric (AFE) oxides constitute a promising class of
functional materials suitable for energy-storage applications®
or ferroic cooling.”® Among this class, compositions based on
lead zirconate (PbZrOj;, PZ) are considered to be state-of-the-
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Lead zirconate (PbZrOs, PZ) is a prototype antiferroelectric (AFE) oxide from which state-of-the-art
energy storage materials are derived by chemical substitutions. A thorough understanding of the struc-
ture—property relationships of PZ-based materials is essential for both performance improvement and the
design of more environmentally friendly replacements. (Pb;_,Ba,)ZrOz (PBZ) can serve as a model system
for studying the effect of A-site substitution in the perovskite lattice, with barium destabilizing the AFE
state. Here, the two-dimensional 2°”Pb solid-state NMR spectra of PZ and PBZ were recorded to analyze
the local structural role of barium substitution. At low substitution levels, 2°’Pb NMR spectroscopy reveals
the presence of Pb—O bond length disorder. Upon crossing the threshold value of x for the macroscopic
phase transition into a ferroelectric (FE) state, the barium cations cause local-scale lattice expansions in
their vicinity, resulting in the collapse of two lead lattice sites into one. The stabilization of the larger
volume site coincides with the favoring of larger lead displacements. We also observed more covalent
bonding environments which may originate from the lower polarizability of the barium cations, facilitating
the formation of stronger Pb—O bonds in their vicinity. From the local structural point of view, we
propose that the substitution-induced AFE — FE phase transition is therefore related to an increasing cor-
relation of larger lead displacements in larger oxygen cavities as the barium content increases. Our results
also highlight 2°’Pb NMR spectroscopy as a valuable method for the characterization of the structure—
property relationships of PbZrOs-based AFE and FE oxides.

art compositions. PZ was the first material for which antifer-
roelectricity was described®® and is arguably the best-studied
AFE perovskite.”® It exhibits an orthorhombic symmetry with
the space group Pbham below the Curie temperature Tc =
230 °C.”'° Antiparallel displacements of lead cations,""'” as
well as long-range ordered a a ¢ rotations of oxygen
octahedra,®'? are characteristic of its room temperature phase.

Despite the long history of PZ, its structure and properties are
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far from being fully understood, with previous publications
highlighting the complexity of the phase transition to the fer-
roelectric (FE) state."*” An intermediate phase® is observable
only under specific conditions.'® In addition, the question of
disordered lead displacements even in the ground state has
been raised."’

For practical applications of bulk ceramic AFEs, the AFE —
FE phase transition must be both inducible by an electric field
and reversible. While PZ is oftentimes regarded as a prototype
AFE material, its field-induced phase transition is indeed only
observable for single crystals® or at elevated temperatures.”
This is because under ambient conditions the forward-switch-
ing field Es,r necessary to induce the transition typically
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exceeds the breakdown field of the ceramic.'® Since the
1950s, efforts have been made to lower E,r by chemical substi-
tution at both the A- and B-sites of the perovskite lattice.'®**

The effects of substituting Pb>* with larger isovalent Ba>*
ions in (Pb;_,Ba,)ZrO; (PBZ) solid solutions have previously
been reviewed in detail.®*! While E,r is indeed lowered,®*? the
AFE phase is destabilized at the same time, causing the
appearance of an intermediate, rhombohedral FE phase with a
polar (111) axis at elevated temperatures.>*>** The field-
induced transition between the two phases is then
accompanied by an increase in lattice volume.** It has been
proposed that at x > 0.175, the FE phase is stabilized at room
temperature,®®?® and relaxor behavior has been reported
for x > 0.3.2>*728 The destabilizing effect of barium has been
ascribed to the larger ions inducing parallel displacements in
the structure, thus increasing the symmetry and driving the
transition from AFE to FE.** It was also suggested that Ba®*
ions elongate the Zr-O distances in their local surroundings,
resulting in an instability of the Zr** jons and the formation of
permanent electric dipoles.”® In addition, evidence of partial
disorder of the Pb®>" displacements was found in PBZ above
130 K.*°

Environmental concerns about PZ-based functional cer-
amics have motivated the search for lead-free replacements.
A thorough understanding of the structure-property relation-
ships could contribute to smart material design, but estab-
lished compositions such as (Pb,La)(Zr,Sn,Ti)O3; are complex.
The study of PBZ as a simpler model system in comparison
with the parent structure of PZ can give valuable insights into
the isolated effect of A-site modification under the influence of
a destabilizing ion. In a similar fashion, the structures of
pure* and modified*! NaNbOQ; are of interest for the develop-
ment of functional, lead-free ceramics.

With solid-state nuclear magnetic resonance (NMR) spec-
troscopy, structural information on a local scale can be
obtained, including, for example, bond lengths or the distor-
tion of local environments.*** This is valuable especially for
disordered materials such as solid solutions and chemically
substituted oxides. Due to the sensitivity of NMR spectroscopy
to the local structure, in particular, this technique is able to
provide insights into the immediate surroundings of cations
in the lattice under the influence of chemical substitution,
which can be supplemented with XRD and electrical measure-
ments in order to include the average lattice structure and the
macroscopic properties in a more complete picture of the
material. While diffraction methods can only give averaged
information in this case, NMR spectroscopy often provides
insights into the presence of different local environments or
parameter distributions.

Due to its high chemical shift (CS) dispersion, **’Pb NMR
is specifically sensitive to changes in the chemical environ-
ment of lead cations. An overview of *°’Pb NMR studies can be
found in the review by Dybowski and Neue.*® As the CS inter-
action is typically the dominant influence in **’Pb spectra,
empirical correlations between the structural and CS para-
meters are established for a series of lead-containing
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compounds.**?”*° This makes it a suitable probe for the local
environment of Pb and the effects of neighboring cation sub-
stituents on it, which play an essential role in the functional
properties of PZ-based materials. Accessibility of this infor-
mation has previously been demonstrated for PbZrO;-based
perovskites.>>® One of the challenges of the method lies in
the high electron number of lead, which accounts for large
polarizabilities and causes even small deviations of the elec-
tron cloud from spherical symmetry to result in large chemical
shift anisotropies (CSA).”>” Hence, broad line shapes or compli-
cated spinning sideband (SSB) patterns under magic angle
spinning (MAS) are characteristic aspects.”® Furthermore, the
sensitivity of the chemical shift to the probe temperature is to
be expected,*® and the spin-lattice relaxation times for known
lead perovskite oxides have been found to vary in a broad
range between 1 s and 160 s.*

While the effects of barium substitution on the global struc-
ture and phase transition temperatures of PbZrO; are reported
in previous literature, rationalization of the chemical and
structural reasons for this effect remained elusive. This fact
has motivated our current search for a local structural origin
of the changes brought about by barium, particularly in
relation to the chemistry of this substituent in perovskite
oxides. In this work, we analyzed the **’Pb NMR spectra of
pure PZ, (Pbgg4Bagos)ZrO; (PBZ06), and (PbgggBag 12)ZrOs
(PBZ12) in order to determine how the local structure of Pb**
responds to the modification with Ba**. These experiments are
unique in that they reveal considerable local structural dis-
order upon chemical substitution, which is interpreted in
terms of the distribution of the shortest Pb-O bond lengths.
Furthermore, our results indicate an increased Pb-O bond
covalency in the FE structure, attributed to the lower polariz-
ability of barium cations, thus providing experimental evi-
dence for the mechanism which leads to the AFE destabiliza-
tion caused by Ba®*. The large CSA prevented the determi-
nation of NMR parameters at moderate MAS rates, which are
necessary for spin sintered ceramic sample pieces. This experi-
mental challenge has been overcome by employing the
2D-PASS  (Two-Dimensional  Phase-Adjusted  Spinning
Sidebands) method.*' Here, we used it to separate overlapping
SSB patterns from different lead sites and to obtain purely iso-
tropic spectra at 8 kHz MAS. In addition, the CSA patterns of
two different Pb>* sites were extracted.

Experimental

PbZrO; (PZ), Pby.osBag 0sZrOs (PBZ06), and PbgggBag 152103
(PBZ12) were prepared by solid state synthesis. The starting
powders PbO (Sigma, 99.9% purity), ZrO, (TZ-0, Tosoh), and
BaCO; (Alfa, 99.8% purity) were mixed in a stoichiometric
ratio using a planetary mill and calcined twice at 850 °C for
2 h with intermediate milling. The synthesized powders were
pressed into pellets using uniaxial and isostatic pressure and
subsequently sintered at 1250 °C for 2 h. The sintered samples
were ground, annealed, and for electrical measurements elec-

This journal is © The Royal Society of Chemistry 2022
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Fig.1 (a) XRD patterns of PZ, PBZ06, and PBZ12. (b) £(T) measure-

ments upon heating for PZ, PBZ06, and PBZ12.

troded with gold. &(T) and polarization-electric field hysteresis
loops were determined using an HP 4192A impedance analyzer
and an AiXACCT TF2000 ferroelectric measurement setup,
respectively. Before XRD analysis, the ground samples were
annealed at 400 °C for 2 h. X-ray powder diffractograms were
then recorded by using a Bruker D8 Advance diffractometer
with CuK, radiation. The analysis of the full patterns was per-
formed using the Jana2006 package.** The 2°’Pb solid-state
NMR spectra were recorded using a Bruker Avance III spectro-
meter operating with a 7.1 T magnet. The sintered ceramic
pellets were cut to dimensions of approximately 1.2 x 3 x
6.2 mm, packed in 4 mm zirconia rotors with y-Al,O; as a
packing powder, and spun at the magic angle at a rate of 8
kHz. In addition, a small piece of sintered PBZ06 was crushed
and annealed at 400 °C for 2 h to alleviate mechanical stresses
and then the NMR spectra were recorded at 8 kHz MAS. *°’Pb
2D-PASS experiments were carried out with five = pulses of
5.8 ps following the initial n/2 pulse of 2.6 ps, and a relaxation
delay of 10 s. A modified version of the sequence with a
shifted echo was used to accommodate for the free induction
decays of PBZ dying out in less than 150 ps,*® with a duration
of one rotor period added to the delay before and after the last
n pulse. Sixteen pitch increments were used to separate the
spinning sidebands by following the timings given by
Antzutkin et al.*' The phase of each of the & pulses was cycled

c
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independently in 120° steps, yielding the 243-step scheme
given in therein. 972 or 1215 scans were averaged on each
pitch. **’Pb chemical shifts were referenced to the Pb" signal
of commercial PbZrO; at —1363 ppm following the data pub-
lished by Zhao et al.*® Line shape simulations of CSA patterns
were carried out with the program DMFit.*?

Results & discussion

The low-angle segments of the XRD patterns of PbZrO; (PZ),
Pb04Bag 0sZr0; (PBZ06), and Pb,ggBag 1,Zr0O; (PBZ12) are
depicted in Fig. 1a. While the diffractograms of PZ and PBZ06
are qualitatively similar, PBZ12 lacks several superlattice reflec-
tions and additional splittings in the range of 20-60°. This
difference is confirmed by our Rietveld analysis (Fig. S17),
which allows refinement with orthorhombic (space group no.
55, Pbam) symmetry for PZ and PBZ06, but indicates a predo-
minantly rhombohedral (no. 161, R3c) symmetry in the case of
PBZ12, in accordance with previously published data.*” This
confirms the composition-induced AFE — FE phase transition
when the amount of barium at the perovskite A-site is
increased from x = 0.06 to 0.12. However, we note that a minor
amount of the orthorhombic phase was also detected in
PBZ12. In addition, the different states of our XRD
samples (ground and annealed powders) in comparison
with our NMR samples (sintered pellets) should be kept in
mind.

The FE nature of PBZ12 is also supported by the electrical
measurements. The polarization—-electric field hysteresis loop
is shown in the ESI (Fig. S2t). While it has been initially
reported that the AFE state in PBZ persists up until x = 0.175 at
room temperature,”>® the exact location of this phase bound-
ary remains unclear and the transition behavior is complex.®
Other experimental studies have reported FE-like polarization
hysteresis for x = 0.1 and more.?*> Measurements of the dielec-
tric permittivity ¢’ as a function of temperature (Fig. 1b) can

8,,=-1026 ppm 51 =-1368 ppm

1200 1600  -2000
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400 -800
2

Fig. 2 (a) Structure of orthorhombic (Pbam) PZ° with crystallographic sites Pb' and Pb" visualized with the program VESTA.** The two sites feature
differently sized coordination spheres and different displacement magnitudes. In 297pp NMR spectra, the site with the shortest Pb—O distance is
assigned to the signal with the less negative isotropic CS. (b) 2°’Pb 2D-PASS spectrum of ceramic PZ and visualization of the sample geometry. The
two diagonals correspond to the isotropic signals with SSB manifolds of Pb' and Pb'. After a shearing operation, the purely isotropic signal displayed

in the top projection can be obtained.
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provide additional information on the phase transitions
between the paraelectric (PE), FE, and AFE states. Upon
heating, PBZ06 exhibits two anomalies in ¢ at around 150 °C
and at 216 °C. They are related to two temperature-induced
phase transitions and attributed to the AFE — FE and FE — PE
transitions, respectively. While the AFE — FE transition is
subject to a large thermal hysteresis of around 50 °C, which is
expected for a first-order transition,*>*® the FE — PE transition
has a small hysteresis of 8 K. This behavior is similar to that of
pure PZ, although here the first anomaly is only observable
upon cooling (Fig. S3t). In contrast, PBZ12 exhibits only a
single transition at 196 °C (heating), further supporting our
conclusion on its room-temperature FE state.

The structure of orthorhombic (Pbam) PZ° with the crystal-
lographic sites Pb' and Pb" is depicted in Fig. 2a. Its **’Pb
NMR spectrum at room temperature is known to exhibit two
signals corresponding to the two inequivalent sites,*” the full
CSA tensors of which have been determined from powder line
shapes.”® Pb' and Pb" differ not only with respect to the
volume of the PbO;, coordination polyhedra, but also their
displacements from the centers thereof which are character-
istic of the AFE state.

As shown in the inlay, both sites feature an antiparallel
arrangement of displacements. However, the displacement
magnitudes vary between the two sites. In NMR, the signal
with the less negative isotropic CS and larger CSA has pre-
viously been assigned to the lead site with the shortest Pb-O
distance.’>*® With the 2D-PASS pulse sequence (Fig. 2b), the
two signals can be separated along the diagonals of the spec-
trum, and simulations of the intensity patterns of the extracted
SSB manifolds yield 5*® = —1026 ppm, CSA™' = —865 + 20 ppm
and ™" = —1368 ppm, CSA™" = —550 + 10 ppm. The NMR
parameters are qualitatively in line with the previously
reported values for PZ (Table S1t), and we suggest that any
deviations of our data can be attributed to temperature gradi-
ents in the sample configuration, which can result in frictional
heating.*® At the same time, we have not observed significant
differences in line shape between pellet and powder samples
(Fig. S47). The chemical shift of PZ has been reported to be
temperature-dependent between 0 and 30 °C,*® which is why

8,,,=-1046 ppm 81 =-1340 ppm
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we refrain from assigning too much importance to minor
chemical shift changes in this work.

The 2D-PASS spectrum of PBZ06 depicted in Fig. 3a still fea-
tures two distinct sites but is broadened compared to the spec-
trum of pure PZ. In a Hahn-Echo spectrum of the same
ceramic pellet, this additional line width is significant enough
to prevent any meaningful extraction of NMR parameters due
to the heavy overlap of broadened SSB (Fig. S5t). 2D-PASS, in
contrast, still allows for the discrimination between the two
SSB manifolds. After shearing the individual rows of the spec-
trum with multiples of the MAS rate (Fig. S6), a sum projec-
tion of the rows only consists of the isotropic contributions to
the CS.**” As shown in Fig. 3a, this “purely isotropic” projec-
tion features two distinct signals with maxima at & =
—1025 ppm and 8" = —1355 ppm for PBZ06.

A superposition of the purely isotropic projections is
depicted in Fig. 4. The increase of Gaussian line width
between PZ and PBZ06 from A™ =39 ppm and A" = 45 ppm
to AP = 187 ppm and A™" = 217 ppm (Fig. S7 and Table S21})
is due to a dispersion of isotropic CS. This indicates the pres-
ence of a distribution of varying local environments, each of

—PZ
——PBZ06
——PBZ12

Intensity (a.u.)

T T
-1000 -1500

%"ph Chemical Shift (ppm)

Fig. 4 Comparison of purely isotropic projections taken from the 207pp
2D-PASS spectra of the ceramic pellets of PZ, PBZ06, and PBZ12 shown
in Fig. 2 and 3.

C

3,,=-982 ppm "\

Spinning sidebands by order

< T T T T
-800  -1200 -1600 -2000
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:
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Fig. 3 (a) 2°7Pb 2D-PASS spectra and sum projections after shear (purely isotropic projections) of (a) a PBZ06 pellet and (b) a PBZ12 pellet recorded
at 8 kHz MAS. The diagonal positions of the two sites in PZ have been included as a guide to the eye.
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which contributes a slightly different CS value to the signal.
The FWHM of the purely isotropic NMR lines is thus a
measure of the underlying parameter distributions. We
suggest that, in principle, two different effects might cause the
increase of the width of the chemical shift distributions upon
the addition of barium. Firstly, the presence of next-nearest
neighboring (NNN) barium atoms could cause binary changes
in the direct local environment of surrounding Pb** cations
(compositional disorder). Secondly, the addition of barium to
the lattice could cause continuous variations in the Pb-O bond
length distributions (displacive disorder).

Assuming a random distribution of A-site cations, the prob-
ability of a Pb** cation in PBZ06 to have at least one next-
nearest Ba”" neighbor is 31% (Fig. S8). Hence, any compo-
sitional contribution to the disorder would only be attributed
to a small fraction of Pb** cations. In addition, such an effect
is expected to result in a bimodal line shape reflecting the
presence of two distinct lead environments for every crystallo-
graphic lead site in the structure, which is not supported by
our experiments.

On the other hand, Zhou et al.*® have previously correlated
the isotropic CS of **’Pb with effective Pb-O bond lengths:
when Pb®" cations are displaced from the center of their
coordination spheres, the Pb-O distances split up, causing the
CS to reflect a bond length that is dominated by the shortest
value. In the same sense, an observed increase of line width
can be attributed to a significant increase of Pb-O bond length
disorder.*® They were able to demonstrate that a unimodal
Gaussian-like line shape like the one observed in our work
could thus be well explained by displacive disorder in a single
direction, i.e. disorder of displacement magnitudes. Thus, we
argue here that the distribution of isotropic CS observed in
barium-modified PZ is mainly due to this kind of displacive
disorder; however, we cannot exclude a combined effect.

Applying the relationships established by Fayon et al.,>*?’
we can estimate that the distributions of effective bond
lengths increase from o(Pb'-0) = 6(Pb"-0) = 0.002 A for PZ to
6(Pb'™-0) = 0.009 A and o(Pb"-0) = 0.011 A for PBZ06. Thus, it
increases by one order of magnitude as a result of the addition of
6% barium. The relative peak areas of the two signals are found
to be 38% and 62% in PBZ06 compared to 37% and 63% in pure
PZ. It should be noted that in both cases, they deviate from the
expected 1:1 intensity ratio. We attribute this to the fact that the
r.f. pulse was in resonance with the Pb" signal and therefore had
a higher excitation efficiency for this signal.

The spectrum of PBZ12 only exhibits one diagonal (Fig. 3b)
corresponding to one broad signal with a maximum at
—975 ppm in the purely isotropic projection (Fig. 4). The dis-
appearance of one signal between PBZ06 and PBZ12 is also
evident in the superposition in Fig. 4. In the context of our
XRD and dielectric measurements, we can conclude that while
the AFE state of PBZ features the two lead sites known from
PZ, the FE state has only one distinct site. This result is con-
sistent with the FE state of PBZ being an R3¢ perovskite with
only one crystallographic A-site (Fig. $91).>° Considering the
relationship between lead displacements and effective Pb-O

This journal is © The Royal Society of Chemistry 2022
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bond lengths, we can also interpret the disappearance of one
signal as the collapse of two different displacement magni-
tudes into one.

The site that prevails in PBZ12 is the one with the more
positive isotropic CS and larger CSA. Hence, the coordination
sphere and the magnitude of lead displacements in PBZ12 are
similar to that of the Pb' site in PZ and PBZ06. Pb' features
larger displacements and the shorter shortest Pb-O distance,
but longer average bonds. As depicted in Fig. 5, our Rietveld
refinements find that the lattice volume of the reduced perovs-
kite unit cell significantly increases during the AFE — FE tran-
sition from 71.47 A’ (PBZ06) to 72.38 A*® (PBZ12). This is
mostly due to an abrupt increase in the reduced ¢ parameter. A
lattice volume increase with barium content is well in line with
the larger ionic radii (r(Ba®") = 1.61 A, r(Pb*") = 1.49 A),>* and
has also been reported by Pokharel et al.*® We suggest that the
global lattice expansion translates into lattice expansions
around the barium atoms on a local scale, which is in agree-
ment with a larger, Pb™-like coordination sphere being favored
by the local structure. At the same time, the Pb' sites also
feature larger lead displacements, indicating that the lead ions
prefer off-center positions as the cell expands. A similar effect
has been reported by Zhou et al.*® for (1 — x)PMN-xPSN solid
solutions, albeit for B-site substitution. The resemblance of
the local lead environment in PBZ12 to the Pb’ site in PZ and
PBZ06 can invite speculation on whether their local displace-
ment directions are the same despite their long-range struc-
tures indicating average displacements along different direc-
tions. However, the Gaussian-style broadening of the NMR
signals only allows us to infer that displacements occur in a
single, unique direction®**® which may differ from the average
polarization direction.'®>* For more in-depth conclusions, a
study of the local structure dynamics would be required.

Analyzing the spectra in more detail, slight differences with
respect to the spectral parameters can be observed. The line
width increases from 188 ppm to 201 ppm between PBZ06 and
PBZ12, indicating a further increase of the Pb-O bond length
disorder and corresponding to an effective distribution of
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Fig. 5 Reduced cell parameters and cell volumes obtained from
Rietveld refinements of the XRD data.
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o(Pb'-0) = 0.010 A. This change is small compared to the
strong increase from PZ to PBZ06. Since in PBZ12, the prob-
ability of any Pb®" cation to have at least one Ba** NNN can be
estimated at 55%, part of the increase of the line width from
PBZ06 to PBZ12 can in fact be attributed to an increase in
compositional disorder.

The isotropic chemical shift of the Pb' site increases by
64 ppm from PBZ06 to PBZ12, reflecting a shortening of
effective Pb'~O distances. This can be well explained by lead
ions moving further off-center in the larger PbO,, cavities of
the FE structure. It is known from the XRD data that the Pb'
site in pure PZ favors larger displacements,” and previous
studies have shown that Pb*>" cations tend to move off-center
from high-symmetry positions to accommodate their lone pair,
which can help explain this observation.’> Applying the
formula by Fayon et al,*” a decrease of effective Pb’~O dis-
tances of roughly 0.007 A can be estimated. In comparison, the
difference between Pb' and Pb" in PZ is 0.03 A for the average
Pb-O distances and 0.04 A for the shortest distances.’ Thus,
the change induced in PBZ12 is not on the same order of mag-
nitude as the difference between the two sites.

A possible explanation for the observed local structural
changes can be found in the cubic structure and larger lattice
volume of BaZrO; compared to PZ.”>* As mentioned above, intro-
ducing barium to the lattice might cause a local-scale expansion
around the Ba®>* cations, facilitating larger Pb>* displacements.
As more barium is added to the lattice, these displacements are
ultimately correlated as ferroelectricity during the structure-
induced AFE — FE phase transition. The experimental data
based on the *’Pb NMR spectra clearly demonstrate a larger dis-
tribution of the shortest Pb-O bond lengths with increasing
barium content and a more covalent Pb environment in the
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In addition, the different polarizabilities of barium com-
pared to lead®* might influence the bonding interactions, a
change which should reflect in the correlation of isotropic CS
and CSA.*® The 2D-PASS spectra contain information about
both the isotropic CS and the CSA. Anisotropic projections
(Fig. 6) can be obtained as vertical slices at the positions of the
signal maxima in the sheared data. While the slices are essen-
tially point spectra and therefore cannot be equated with full
experimental SSB manifolds, their widths and intensity pat-
terns are still characteristic of the value of the CSA and can be
reproduced with a fit. However, the determination of an accu-
rate value of the asymmetry parameter # exceeds the estimated
accuracy of the line shape simulation. As the Pb*>" cations have
their greatest displacements along one axis of symmetry
((110)p¢ in the orthorhombic structure’ and (111)pc in the
rhombohedral structure®®), axial symmetry with an asymmetry
parameter of # = 0 is assumed instead.

Between PZ and PBZ06, no changes of the CSA outside of
the estimated margins of error are determined. The chemical
shift tensor values fall in the order of magnitude described by
Zhou et al.*® as midway between covalent and ionic. However,
for PBZ12, the CSA increases by 50 ppm (Table 1). While the
increase is small compared to the estimated maximal margins

Table 1 Isotropic CS taken from the signal maxima and corresponding
values of the CSA determined from the fits shown in Fig. 6. Margins of
error of the isotropic CS are reading errors and are higher for PBZ06
due to signal overlap. Maximal margins of errors of the CSA are esti-
mated based on visual judgments of the fits after manually varying the
CSA, as recalled in the ESIf

pb' pb"
barium-rich FE phase. However, the origin of the observed effect,
explained in terms of the larger size and lower polarizability of Siso/Ppm CSA/ppm Siso/pPpm CSA/ppm
2 . . L
Ba™', and how this affects the local environment of lead sites in  py 1026 + 2 _865 + 20 1368 + 2 550 + 10
the direct neighbourhood of substituents and beyond, remains PBZ06 —1025 + 10 —858 +18 —-1355+ 10 -510 + 15
an open hypothesis to be tested in future studies. PBZ12 9755 —905+30
(@) ; —Pb(1) 1(b) ——Pb(2)
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Fig. 6 Comparison of the anisotropic projections taken from the 2°’Pb 2D-PASS spectra of PZ, PBZ06, and PBZ12 shown in Fig. 2 and 3. In (a) and

(c), the intensity scale is halved for better visibility.
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of error of <30 ppm, the increase of SSB intensity between 500
and —500 ppm is still evident in the intensity patterns. It is
possible that this change, in combination with the increase of
the isotropic CS, reflects a transition to a slightly more
covalent/less ionic bonding environment.*® This contrasts the
notion that Pb-based compositions tend to be more covalent
than Ba-based compositions,> ie. the Pb>" environment
becomes more covalent instead of being less covalent after
Ba®* addition. One can speculate that the lower polarizability
of Ba>* compared to that of Pb>* could potentially lead to
weaker Ba-O bonds, in turn facilitating the formation of stron-
ger Pb-O bonds in their vicinity. Further information on the
structural changes could be obtained in the future by neutron
diffraction, EXAFS or HRTEM experiments, which are beyond
the scope of the current study.

After applying an electric field to the PBZ12 sample, the
spectrum remains unchanged (Fig. S9 and S107), further corro-
borating the interpretation that it is already in the FE state.
The lack of changes in the NMR spectra indicates that unpoled
and poled FE states for this compound merely differ by micro-
structural texturing of the sample. Studying PZ and PBZ06
post-electric fields by **’Pb NMR spectroscopy could give
insights into the reversibility of the AFE — FE transitions in
these compositions. However, the electric fields necessary to
induce the phase transitions exceeded the dielectric break-
down strengths at room temperature in the case of our
samples, rendering such analysis inaccessible in our study.

Conclusions

In this work, changes in the local environment of lead upon
substitution with barium were analyzed in the AFE model
system (Pb;_,Ba,)ZrO; by **’Pb NMR spectroscopy. >*’Pb iso-
tropic chemical shifts reflect effective Pb-O distances and
therefore, displacements of Pb*" ions within their oxygen
cages. The electric field-induced AFE — FE phase transition in
ceramic PbZrO; is irreversible; for x = 0.06, the AFE state is
expected to be destabilized. >**’Pb NMR revealed an increase of
isotropic line widths, indicating that the substitution with
barium induces Pb-O bond length disorder with a distribution
width of approx. 0.01 A. Meanwhile, the isotropic chemical
shift, the relative integrals of the Pb":Pb" signals, and the CSA
remained unchanged between the two compounds, reflecting
that the global structure is not strongly influenced by the intro-
duction of barium.

Upon crossing a threshold value for x, barium induces a
macroscopic phase transition to a FE state, which was
observed by XRD and, on a local scale, the collapse of two lead
environments into one. For x = 0.12, lead environments and
displacements are of similar nature to those of the Pb' site in
pure PZ. The stabilization of the larger volume site is in
accordance with a lattice expansion as determined by Rietveld
refinements. Meanwhile, the favoring of shorter shortest Pb—-O
distances reflects a tendency for larger Pb>* displacements. We
suggest that the introduction of Ba** ions to the lattice can

This journal is © The Royal Society of Chemistry 2022
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cause local-scale lattice expansions in their vicinity, facilitating
the displacements. Compared to the Pb' site in PbZrO;, a
further off-center shift of Pb*>" ions in the larger PbO;, cavities
of the FE structure is observed. An accompanying increase of
the CSA gives an indication of a more covalent bonding
environment in PBZ12, which could potentially be related to
the lower polarizability of Ba®" facilitating the formation of
stronger Pb-O bonds in their vicinity. From the local structural
point of view, the composition-induced AFE — FE phase tran-
sition can therefore potentially be described as an increasing
correlation of larger lead displacements in larger oxygen cav-
ities as more barium is added to the lattice.

The dielectric breakdown did not allow for an ex situ study
of the (Pb,_,Ba,)ZrO; post-electric field for x = 0, 0.06 in this
study. For x = 0.12, no changes were observed (Fig. S10 and
11t), indicating that the poled ferroelectric state for this com-
pound only differs with respect to the microstructural textur-
ing of the sample.
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