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Abstract

Combined temperature-dependent structural and electrical characterization of a series of
“empty” ferroelectric tetragonal tungsten bronzes (TTBs) of composition Bas(La;.
Ndy)o.67001.33Nb1g030 are reported. The La-material exhibits a temperature dependent
crossover from relaxor-ferroelectric to polar (but non-ferroelectric) to linear dielectric
behavior. The loss of ferroelectric switching in the polar, non-ferroelectric phase is
accompanied by disorder associated with structural relaxation due the significant vacancy
concentration at the Al-perovskite-like site. In this disordered regime, large polarization can
be re-established with application of sufficient electric field, however relaxation back into the
disordered phase occurs on removal of the field as indicated by the loss of remenant
polarization. The field against which “backswitching” (depolarization) occurs increases with
temperature indicating increasing stability of the disordered regime. The disordered phase can
be de-stabilized by substituting Nd for La at the Al-site and which reintroduces “normal”
ferroelectric behavior.

Introduction

The field of polar dielectrics (piezo-, pyro- and ferro-electrics) is dominated by oxides with
the perovskite structure.”” > The role of compositional tuning of perovskites and structural
consequences which control the physical properties have been intensively studied and are
relatively well understood. Ferroelectric and relaxor perovskites are particularly prevalent
and the origins of the ‘crossover’ from normal ferroelectric to relaxor behavior in these
compounds have been widely studied. Relaxor behavior is associated with local disorder,
which in perovskites is most commonly associated with mixed cations on either the A-site,
e.g. PbyyLass(Zr,Ti)Os; (PLZT),? or B-site e.g. PbMg;:Nb,303 (PMN)* or PbSc;»Ta; 203
(PST).” ® PST demonstrates the influence of disorder very succinctly: when the Sc’” and Ta>"
cations are randomly distributed (disordered) relaxor behavior results, but when the cations
are ordered, a normal 1% order ferroelectric transition is observed.® The defining qualitative



properties of relaxors (with respect to normal ferroelectrics) are the differing polarization
relaxation dynamics as a result of disorder. These differences are manifested as a large
temperature- and frequency-dependent dispersion in both the real and imaginary components
of the complex permittivity. The properties of relaxor and relaxor ferroelectric (RFE) systems
have been subject to a number of reviews.> "'! While perovskite relaxors are dominant,
relaxor-like behavior has been reported in other perovskite-related structure types such as the
Aurivillius, Bi;O,*-layered structures and tetragonal tungsten bronzes, but these systems are
less widely studied.

The tetragonal tungsten bronze oxides (TTBs), general formula A1,A24B1,B23C4030, contain
perovskite-like units which are inter-linked by an oxide octahedron to form channels'? with
triangular, quadrilateral and pentagonal cross-sections, Figure 1. This relatively open TTB
structure can accommodate a wide array of cations resulting in a rich diversity of
compositions with this structure type. Variable occupancy of the A- and C-sites allows
additional compositional degrees of freedom and therefore structural complexity. When C is
unoccupied the structure may be described as ‘filled’ e.g. BasNa;NbjgO3 (BNN)' or
‘unfilled’ e.g. (Sr,Ba)sNb;oO30 (SBN),"* * contingent on whether vacancies are present in the

A-sites. The less commonly reported ‘stuffed’ compounds have fully occupied A- and C-sites
eg. K6Li4Nb10030 (I(LI\I).15

The TTB structural aristotype is tetragonal with crystallographic point group 4/mmm
(typically with space group P4/mbm) and has approximate cell dimensions of arrs = brrp =
12.5 A and cr73 = 4 A.'® The simplest ferroelectric TTB is tetragonal with similar cell
dimensions to the aristotype structure but with non-centrosymmetric symmetry, point group
4mm, with P4bm the most commonly assigned space group.'’ However, orthorhombic
distortions of the structure are common, typically resulting in larger supercells. The simplest
such orthorhombic superstructure requires a ca. 45° rotation and V2 expansion of the unit cell
in the ab plane such that a ~ b = V2a75; such expansions can frequently occur in conjunction
with doubling in the c-axis resulting in a further expansion of the superstructure. Such
orthorhombic distortions are comparatively subtle, likely due to the relative rigidity of the
TTB structure.'® Further doubling in @ and b may lead to even larger superstructures, e.g.
Sr4sNa;Nb O30 (SNN), 2V2 arrs x 2N2 brrs x 2¢rrs."’ The origins of these superstructures are
principally variations in the oxygen positions due to octahedral tilting out of the ab plane.””"
. When these variations are periodic, i.e. modulated, and hence can be described by wave
vectors the resulting structures can either be described in reciprocal as: commensurate when
the wave vectors describing the modulation are some simple integers of the wave vectors of
the original unit cell, and so can be described by a supercell; or incommensurate if the
modulation wave vector is not translatable to a simple integer of the original unit cell wave
vector. In the latter case, the structure may be described by a combination of the average unit
cell together with the appropriate incommensurate wave vectors. If the positional variations
are not periodic, then the material is disordered and no additional supercell may be assigned.

These structural variations, which can be considered as degrees of disorder on varying
lengths-scales, have been attributed to be the origin of relaxor behavior in TTBs. 2 2! 23 2%-31-
37 Levin and co-workers have linked particular superstructure types to relaxor vs. ferroelectric



properties to the M cation size at the Al-site in the family of filled TTBs, BasM,Ti14sNbsO3o.
Smaller cations produce a commensurate V2arrz X N2b77s X 2¢773 superstructure (space group
Ima2) and a normal ferroelectric response.”’ For the radius of M > 1.36 A (La and Bi) the
compounds have incommensurately modulated superstructures with an approximate V2ar7z X
22b77s X 2¢r7s unit cell with space group Ama2, and exhibit relaxor behavior.”' This latter
structure had previously been reported by Bursill and Lin as one of two competing
superstructures within SBN** and by Labbé and co-workers as an approximation of the
ambient temperature quasi-commensurate phase of BNN.*® In their study Labbé ef al. used an
alternative orthorhombic setting Bbm2 with a =~ 2N2ars, b ~ \2arrs and ¢ = 2¢77 (which is a
non-standard setting of Ama2 where a ~ \2ar7z, b~ 2\2brz and ¢ = 2¢775).>*

A recently proposed crystal-chemical framework predicts the influence of such structural
modulations and the onset of relaxor or ferroelectric behavior.”” The model is based on the
balance of two competing effects: large average A-cation size extends the BOgs octahedral in
the c-axis enhancing polarizability of the d” cation favoring ferroelectric ordering but with
incommensurate superstructure due to a modulated tilt pattern. Smaller relative Al-cations,
denoted by a smaller tolerance factor of the perovskite “A1B203” sub-unit, results in larger
(commensurate) octahedral tilting and long range polar ordering. In the absence of a strong
driving force for polar ordering in the intermediate regime neither dominates resulting in a
frustrated, incommensurate tilt system. These local structural modulations cause relaxor
behavior. It is important to note that Chen and co-workers also proposed a model to predict
relaxor vs. ferroelectric behavior but which considered only the difference in A-site cation
radii.’” ** As part of the proposed crystal-chemical framework®’ and in earlier® studies we
reported the properties of a family of “empty” TTBs of general formula TTBs BasRg 7]
133Nb19O30 (R = La, Nd, Sm, Gd, Dy and Y, and [] = vacancy) and where the Ba and R
solely occupy the A2 and Al site, respectively.”” We use the term “empty” to denote TTBs
where the Al site is less than 50% occupied to distinguish these compositions from the
already widely studied unfilled compositions based on SBN. These empty TTB compounds
fit within the crystal-chemical model with R = Nd, Sm, Gd, Dy and Y demonstrating normal
ferroelectric behavior and the larger R = La displays relaxor-like properties. However, the
latter composition exhibits more complex behavior than that of the closely related filled
analogue, Ba4La2Ti4Nb6030,21’ % in that on heating it displays an intermediate disordered
polar phase before transforming to the high temperature paraelectric phase. In this
contribution we report a more detailed structural investigation of BasR¢ 6711 33Nb19O30, R =
La and Nd, using variable temperature high resolution neutron, synchrotron x-ray and
selected area electron diffraction in an attempt to link structural changes with the observed
dielectric and polarization-field (P-E) response. We probe the sensitivity of the crossover
from normal to relaxor ferroelectric by controlling the Al-cation size with the series Bas(La;.
Ndy)o.67011.33Nb19030. Ferroelectric ordering is destabilized with increasing cation size
(decreasing x) and allows the relaxor-ferroelectric crossover to be examined in detail. We
discuss the role of disorder, most likely due to variations in oxygen positions, on disruption
on long range polar ordering and the stability of such disorder as a function of temperature
and electric field.



Experimental

All samples were prepared using a conventional solid-state method. Precursor reagents,
BaCOs, NbyOs, Lay0s, and Nd,O3 (Aldrich, all > 99% purity), were dried immediately prior
to use. Powder mixtures of reagents, of appropriate stoichiometry to yield compositions
Bas(La;<Nd,)o.67Nb1oO30 (x = 0, 0.25, 0.5, 0.75, and 1), were homogenized with mortar and
pestle then formed into loosely compacted bodies using a die press. An initial thermal
treatment was carried out to calcine powder and initiate reaction; compounds were heated at
10 °C min™ in a platinum lined alumina boat at 1000 °C for 2 hours, 1250 °C for 15 hours,
then air quenched from 1000 °C. Compounds were powdered, milled in ethanol using a
planetary ball milled (1 hour, 600 r.p.m.), then uniaxially pressed into pellets of 0.5 — 2 mm
thickness. Dense (> 95% theoretical density) pellets for structural and electrical
characterization were obtained by sintered at 1350 to 1400 °C for 6 hours (x =0 and 1) or 12
hours (x = 0.25, 0.5, and 0.75) with heating/cooling rates of 10 °C min™.

High resolution powder x-ray diffraction (PXRD) was performed using synchrotron radiation
(L = 0.8269 A) on the 111 beamline at the Diamond Light Source synchrotron facility
(Oxfordshire, UK).*"" Sintered pellets were crushed and ground to a fine powder prior to
measurement. The diffractometer was operated in high resolution capillary mode and with 26
range of 0.001 to 149°. Variable temperature measurements were collected on cooling
between 500 -100 K with sample temperature controlled by a Cryostream Plus. Data were
collected for either 30 minute durations for structural characterization or 15 minutes to enable
fast collection of data for lattice parameter trends. Powder neutron diffraction was performed
on the GEM instrument at the ISIS neutron source (Oxfordshire, UK).* The powdered
samples were loaded in vanadium cans which were mounted in a cryostat or furnace for
variable temperature measurements, with data collected while heating between 50 — 600 K.

For electrical characterization, the circular faces of sintered pellets were polished using
silicon carbide abrasive paper and platinum or gold electrodes applied using an Emitech
K550X sputter coater. Dielectric measurements were performed between 50 and 800 K with
Agilent 4294A and Wayne Kerr 6500B impedance analyzers over the frequency range 0.025
- 2000 kHz. Samples were subjected to heating/cooling rates of 2 K min™ in a closed cycle
cyrocooler or tube furnace. Polarization-electric field (P-E) data were measured with an
aixACCT TF2000 Analyzer while the sample was mounted in an aixACCT piezo sample
holder (model TFA 317-7) or closed cycle cryocooler.

Electron microscopy investigation was performed on a JEOL-2011 electron microscope
operating at an accelerating voltage of 200 kV. Selected area electron diffraction (SAED)
patterns and high-resolution transmission electron microscopy (HRTEM) images were
recorded with a Gatan 794 CCD camera.



Results

A. BagLag¢7Nb19O30 (x = 0)

The dielectric data for BasLags7Nb19O30 (x = 0) display both a low temperature relaxor-like
response at low temperature (T, at 297 K for 1 MHz) and a second diffuse but frequency
independent peak in the relative permittivity at 471 K (1 MHz), Figure 2(a). A small amount
of thermal hysteresis is observed (typically 10-15 K) in the low temperature anomaly; none is
observed in the high temperature peak. Both the absolute, €”, and relative dielectric losses,
tan 9, are dominated by a peak at low temperature corresponding to the relaxor-peak observed
in the permittivity. The frequency and temperature dependence of the relaxor peak at low
temperature is significantly greater than typically observed in both archetypal perovskite
relaxors™” and other TTBs with relaxor properties.* **

The low temperature dielectric loss peak decreases in magnitude with increasing frequency
which is contrary to the properties of relaxors with perovskite structure, as well as other
reported TTBs. As a result of the coinciding decrease in permittivity with increasing
frequency, a maximum in tan & occurs at approximately 240 K. The high temperature
permittivity peak displays no frequency dependence while the corresponding dielectric loss
peak is small in magnitude by comparison, Figure 2(a) (inset). It should be noted that the
dramatic increase in the low frequency permittivity observed at the highest temperatures is a
result of the encroaching grain boundary/electrode polarization response.*> High temperature
immittance spectroscopy shows that fixed frequency measurements at 1 MHz remain on the
plateau representing the bulk contribution to high temperature, ca. 850 K.*°

In an attempt to identify if either of the two maxima in the dielectric data were associated
with a structural transformation, variable temperature powder neutron diffraction (PND) and
synchrotron powder x-ray diffraction (s-PXRD) data were collected for BasLags7Nb;9O30.
Initial inspection of both data sets revealed the deficiency of the previous assignment of
tetragonal symmetry based on (lower resolution) ambient temperature laboratory PXRD
data;*" the structure is orthorhombic over the entire measured temperature range between 20
— 600 K. Closer inspection of the PND data revealed additional peaks of low intensity at
longer d-spacing which do not correspond to likely impurity phases but which indicate the
presence of a large orthorhombic superstructure. This superstructure is consistent with the
Bbm?2 model of Labbé and co-workers>® which has a = 2V2 arrg, b = \2 arrg and ¢ = 2 crrp
expansions, Figure 3(a), and is the same structure reported for BasLa,TisNbsO30.>' Rietveld
refinement of the low temperature data PND data indicates that the atom positions in this
compound are close to those determined for BNN, see electronic supporting information
(ESI) Figures S1-2 and Tables S1-3. It is important to note that due to the size of the structure
and presence of 55 crystallographically distinct atoms, although it is possible to refine atom
positions and individual isotropic displacement parameters, care should be taken not to place
too much emphasis on the latter as these two variables are highly correlated. Note that
refinement of PND data also supports sole occupancy of the A2 and A1 sites by Ba and the
rare earth, consistent with our earlier study.*’



The Bbm?2 structure is generated primarily via the anti-phase tilts of the oxygen octahedra
giving rise to two separate perovskite-site tilting patterns. The octahedral tilting is primarily
out of the ab plane. As the superstructure reflections are barely perceptible above the
background of the synchrotron data in comparison to the PND data this suggests that the
oxygen positions are primarily responsible for the superstructure. This is because of the
insensitivity to oxygen positions of X-ray (even synchrotron X-ray) scattering compared with
neutron scattering.

However, the fast data collection and high resolution of s-PXRD allows highly accurate cell
parameter trends to be obtained. The data were refined in Bbm2 as determined by combined
examination of s-PXRD and PND data (ESI Figures S1, S4-5). All cell dimensions exhibit
linear thermal expansion with increasing temperature; however, two clear regimes are
apparent with differing rates of expansion, Figure 3(c) and (d) and ESI Table S4. The
different rates of thermal expansion in a and b, reduces the orthorhombicity of the structure
with increasing temperature, Figure 3(d). The change in expansion rate and orthorhombicity
coincides with the low temperature relaxor-like peak (250-270 K), however, the diffraction
data provides no evidence of a symmetry change at these temperatures. A symmetry
transformation may be present but imperceptible due to the structural complexity; several
perovskite relaxors appear to be cubic at temperatures above and below the respective relaxor
peak due to spatial averaging associated with bulk diffraction techniques. ® 47

The intensity of the superstructure peaks in the neutron data decreases with increasing
temperature and are undetectable by 480 K indicating disappearance of the superstructure,
Figure 3 (b). The high temperature, frequency independent peak in the dielectric data
corresponds with this loss of superstructure indicating a transition from the low temperature
Bbm?2 superstructure to a simpler high temperature orthorhombic structure with comparable
metrics to the aristotype cell (i.e. no superstructure is detectable using PND). Refinements
using the simple orthorhombic Pbham structure, previously reported for Pby sCagsTa;0030"
and KFe,F¢", result in good agreement between calculated and observed patterns (ESI Figure
S3), however, further study of the structure with e.g. high temperature SAED etc. would be
required to conclusively assign this space group. It should be noted that based on P-E data
(discussed later) the material is not polar above 480 K — this is consistent with the assignment
of Pbam symmetry.

Selected area electron diffraction (SAED) of the x = 0 sample taken down the [112]rrs zone
axis i1s shown in Figure 4 (a). The presence of additional satellite diffraction spots confirms
the presence of a supercell and indexing is consistent with the assignment of the space group
based on the diffraction data discussed above. The zone axis according to the 2\2arrz x
\2b775 x 2 crrs supercell is therefore [011]zmm. The even spacing of the satellite peaks
indicates that the structure is commensurate. For example, the marked spots A and B can be
indexed to (111) and (311), respectively. SAED pattern taken down the [111]ps,2 zone axis
(Figure 4 b) shows diffused diffraction spots along the [110] direction. Diffuse spots along
[250] direction (Figure 4c) are also observed. This indicates disorder in the ab plane and as a
result no additional superstructure can be derived; there is no evidence of any disorder in the
c-axis. As a result the structure of BasLag ¢7Nb0O5¢ 1s described as commensurate Bbm?2 but



with disorder. This in contrast to the filled TTB BasLa;TisNbsO3¢ which adopts the same
structure, but which has a modulation of the oxygen positions as a result of frustrated tilts and
is incommensurate.”’ The presence of an incommensurate structure was attributed to be the
origin of relaxor behavior in this compositional series, while commensurate (ordered)
compositions were normal ferroelectrics. In order to further investigate the influence of the
slightly differing crystallography on the electrical behavior of these closely-related TTBs the
thermal dependence of the ferroelectric hysteresis was investigated.

Polarization-field (P-E) data and the corresponding current (I-E) responses are shown as a
function of temperature for BasLag¢7Nb9O30 in Figure 5. At low temperature, below the
onset of the relaxor-type peak in the permittivity, normal, well-saturated ferroelectric
hysteresis loops are observed. On heating the loops become increasingly slim and develop a
pinched or constricted appearance between ca. 260 and 470 K and indicate the loss of
ferroelectric behavior. Above 470 K, the P-E (and I-E) data indicate a linear, slightly lossy,
dielectric response consistent with a non-polar phase. The nature of the development of this
“pinched” non-ferroelectric behavior is evident in the I-E data. An additional “back-
switching” event occurs on unloading as indicated by the current peaks marked in Figure 5;
the field against which the sample “back-switches” or “depolarizes” is denoted +Ep. This
depolarization event emerges at low fields initially then to higher fields with increasing
temperature. P-E loops and I-E data were collected at varying electric fields up to values
sufficient large enough to cause dielectric breakdown; the position of the maxima on
unloading in the I-E data and the pinched morphology of the P-E loops is independent of the
magnitude and frequency of the applied field.

The ferroelectric P-E loop indicates polar ordering at low temperature consistent with a
relaxor ferroelectric (RFE), rather than a relaxor dielectric, dipole glass-like, response. The
transformation to the pinched loop is correlated with changes in both structural and dielectric
data. While no distinct phase change is detected by diffraction this may be due to a change
from a locally ordered polar to ‘non-polar’ structure due to disorder as indicated by in SAED.
In many perovskite-based relaxors no long-range symmetry breaking is observed despite the
formation of local regions of non-centrosymmetry (i.e., polar nano-regions, PNRs) but they
do not display similar dielectric behavior to that observed here. The disordered phase in
BasLag67Nb19O30 appears to retain average polar symmetry and develop a large polarization
(but not necessarily ferroelectric behavior) with the application of an external electric field —
note the saturated polarization is similar in magnitude in both the low temperature RFE
regime and disorder “pinched-loop” regime. The subsequent loss of superstructure
reflections, peak in permittivity, together with linear dielectric P-E measurements at 473 K,
indicate a subsequent phase transition and place an upper temperature limit for this region of
unusual behavior.

The temperature dependence of the electric field responsible for ferroelectric switching
(coercive field, Ec) and the backswitching (depolarization, Ep) events is shown in Figure
6(a). The coercive field, Ec, for the normal FE P-E loops follows the usual temperature
dependence and decreases with increasing temperature. At the onset of the region where
pinched loops are observed, both the coercive (Ec) and depolarization (Ep) fields increase



with increasing temperature, demonstrating the increasing stability of the disordered regime.
The minimum in the coercive field, the change in lattice parameter trends and a decrease in
the remnant polarization, Figure 6(b), all coincide with the low temperature relaxor peak. The
onset of pinching may therefore be attributed to the disordering process between the low
temperature relaxor and high temperature permittivity peaks. At higher temperatures, the I-E
response becomes increasingly broad making reliable determination of Ec and Ep difficult.

Such pinched P-E loops have been previously reported in perovskites and have been
variously attributed to: aging, antiferroelectric ordering, defect-dipole pairs, and field driven
ferroelectric phase transitions.”>>* Thermal annealing above Tc or applying ‘de-aging’ or
fatiguing bipolar excitation cycles of sufficient field can reverse the mechanisms responsible
for aged, defect-mediated pinched P-E loops in “normal” ferroelectrics.”’ Such
measurements were performed on BasLage7Nb9O30 (see ESI Figures S12-S15 for details).
Little effect on the P-E response was identified and the pinched character remained, therefore
aging/defect-dipole pairs is unlikely to be the source of the observed P-E behavior here. In
addition, SAED provided no evidence for phase co-existence nor evidence of PNRs. If the
pinched loop behavior results from antiferroelectric ordering or growth of PNRs, these must
exist on very short lengths scales.

B. Ba4Nd0,67Nb10030 (X = 1)

Dielectric data indicate a single peak in the relative permittivity for R = Nd which exhibits
only a small degree of frequency dependence (peak maximum measured between 399 K at 1
kHz and 405 K at 1 MHz c.f. x =0, 242 K and 297 K, respectively), Figure 2 (b). No thermal
hysteresis is observed between heating and cooling measurements. The dielectric loss is
dominated by maxima corresponding to 7c with an additional °‘shoulder’ at lower
temperature. P-E data indicate Nd to be ferroelectric at all measured temperatures up to 7¢
then (slightly lossy) linear dielectric behavior at high temperature — no constriction of the
loops was observed (see ESI Figure S8). This represents a normal ferroelectric to paraelectric
transition although the loops are slimmer than other compositions in this empty series.*

Ambient temperature synchrotron data for x = 1 confirms the larger ‘tetragonality’, c/a as
previously reported based on a reduced unit cell comparable with the TTB aristotype. When
indexed to an orthorhombic cell, a and b are both smaller for x = 1 than comparable values
for x = 0. In addition, the orthorhombicity of the cell at ambient temperature is smaller -
orthorhombic strain of 0.064 compared to 0.081 for x = 1. No evidence of a supercell was
detected in the sSPXRD data.

Corresponding ambient temperature PND data shows additional peaks at higher d-spacing,
which are in similar positions to those observed for x = 0, but of dissimilar intensities. Levin
and co-workers report that BasNd,TisNbsO3p has the commensurate orthorhombic Ima2
structure with a = \/2am;, b = \2bsrp and ¢ = 2crre, however, the required reflections were
absent in our observed data. Reflections at these peak positions did appear to be satisfied by
the Bbm2 model, however, the intensities and shapes of the peaks were poorly fitted. As with



x = 0, we were unable to reliably refine atom positions or individual isotropic displacement
parameters which both contribute to intensity and peak shape due to the larger number of
atoms in the unit cell and corresponding large number of refinement variables. Additionally,
the oxygen modes coupled with the octahedral tilt, modulate the intensity of these
superstructure reflections. This may suggest the structure is Bbm2 with the same pattern but
slightly different extents of tilting. The larger Im2a (2N2 arrp X 2N2 brrp X 2 cr75) structure
reported by Torres-Pardo and co-workers'® for commensurate SrsNa,Nb;¢O30 (SNN) also
generates a similar diffraction pattern. Due to the small number of reflections of sufficient
intensity it is difficult to conclusively distinguish between these two cells from either sSPXRD
or PND data.

SAED patterns from the x = 1 sample are similar to those from the x = 0 sample. Figure 7
shows a typical HRTEM image and the corresponding SAED pattern viewing down the same
zone axis of TTB unit cell as that of Figure 4(a), ie., [112]rts. Therefore, the bright
diffraction spots derived from the TTB basic unit cell form the same pattern. The satellite
diffraction spots also have a similar pattern as that in Figure 4(a), however, in contrast to the
measured inter-spot distances in Figure 4(a) those in Figure 7 are not uniform indicating that
the compound is incommensurate.” > The incommensurability parameter, 5, given by (b —
a)/(b +a) = 0.177 is more similar in magnitude to & = 0.19-0.20 reported by Bursill and Lin
for SBN** than & = 0.04 reported by Stennett et al. for BasLa;TisNbO3o.*! Normally, the
metal atoms make significant contribution to the SAED patterns of the basic TTB lattice,
while the oxygen arrangement is responsible for the formation of the superstructure. Local
changes of the oxygen environment may form some special clusters, which will give
relatively strong diffraction contrast, forming some dark spots in the HRTEM images. We
can also see atomic dislocations in these dark spots (left inset in Figure 7), a similar
phenomenon has been observed as excess oxygen in perovskite structure, resulting in local
distortion.™ °' Partial ordering of these clusters may form incommensurate structures.
Nevertheless, this contrast pattern was not observed from HRTEM images from the x = 0
sample. The presence of an incommensurate modulation may account for the weak frequency
dependence observed in the permittivity temperature data consistent with the models of Levin
et al* and Zhu et al*®

The Nd-analogue (x = 1), therefore represents the transitional composition between RFE and
normal ferroelectric behavior in this TTB series. The low field €*(T) data, particularly the
loss, shows some differences to the other normal ferroelectric TTBs with A-cations smaller
than Nd within this series.*” The normal P-E response observed in this composition may be
due to stabilization of the ferroelectric phase during measurement.

C. Intermediate compositions, Bas(La;«\Ndy)o.67Nb19O030, x = 0.25, 0.5, 0.75

In order to investigate further the transition from RFE to ferroelectric behavior with cation
size, intermediate compositions with partial substitution of La and Nd were studied. From
laboratory PXRD data of x = 0.25, 0.5 and 0.75 these compounds have cell dimensions and
‘tetragonal’ splitting which are intermediary of the two end members, although as previously



reported the difference in such metrics is incredibly small between La and Nd.*’ No evidence
was found for the presence of secondary phases or phase separation, which has previously
been identified in a number of different TTBs.** ®* Ambient temperature PND data of x = 0.5
evidences the existence of a superstructure similar to the end members. As with x = 1, it is
not possible to distinguish between Bbm?2 and the larger Im2a cell. Qualitatively, it appears to
be an intermediate between the x = 0 and 1 patterns.

The permittivity data of the intermediate compounds shows decreasing relaxation and
diffuseness of the low temperature anomaly with increasing x, while the maximum
simultaneously shifts to higher temperature, Figure 8 (and ESI Figures S6 and S7). The high
temperature peak decreases in both magnitude and temperature, until both peaks coalesce for
x = 1. At lower x values, the dielectric loss is dominated by the low temperature response
corresponding to the relaxor-like behavior in the permittivity.

P-E measurements performed on these compounds, (ESI Figures S8-S11), demonstrate that
all compounds are ferroelectric below the relaxor-like peak or peak maximum (7¢) for higher
x. This corresponds with the approximate temperatures of the largest maxima in the dielectric
loss. For lower x values (x = 0.25 and 0.5) pinched P-E loops were recorded at temperatures
between the two peaks in the relative permittivity i.e., at temperatures above the RFE phase
and below the high temperature non-polar phase. The coalescence of these peaks with
increasing x, leads to a decrease in temperature ranges over which the disordered phase is
stable; for x = 0.25 it persists over a wide temperature range (> 100 K) while for x = 0.5
pinched loops are recorded over only a very narrow range. The pinched character of the P-E
loop also decreases with increasing x — the effect is most evident for x = 0. Pinched P-E loop
behavior is absent for higher x values; for x = 0.75 there is a direct transition from
ferroelectric P-E loop to standard linear dielectric type indicating a ferroelectric to non-polar
paraelectric transition as described for BasNd ¢7Nb19O30 (x = 1), above.

Discussion

The presence of both frequency dependent, relaxor-type and normal, frequency independent
peaks have been observed in the permittivity-temperature profile of a number of TTB
compositions.'” ¥ 7! However, the relaxor-like response in these is often subtle or
convoluted with the main permittivity peak associated with 7¢ and has not been
demonstratively linked changes in the structural or P-E properties and so the origins of such
behavior has not been convincingly assigned. The pronounced separation of the features
presented here for BasLag 7011 33Nb19O30 in conjunction with observed structural variations
and changes in P-E behavior provides a valuable opportunity to elucidate the origins of such
behavior in the context of the recent crystal-chemical model for relaxor versus normal
ferroelectric behavior as a function of composition in TTBs.? In that model, the observed
behavior is determined by a subtle competition between structural modulations, specifically
octahedral tilting as determined by oxygen positions, and polarization generated by B-cation
displacements. To summarise, small A-cation sizes, and hence low tolerance factor of the
perovskite unit, results in strong octahedral tilting in a coherent, commensurate manner and

10



so long range order and normal ferroelectric behavior is observed. With increasing A-cation
size the degree of tilting decreases and the tilt system becomes increasingly frustrated,
denoted by an increasing distribution of the oxygen positions, and reduction in symmetry.
The variation in oxygen positions retains a degree of periodicity and so an incommensurate
structure and relaxor behavior is observed. However, for particularly large A-cations the
extension of the O-B-O bonds stabilize the polarization and overcome the disruption of long
range order due to the incommensurate structure and normal ferroelectric behavior is again
observed.

The results presented here are broadly consistent with this model and it is possible to
rationalize the observed dielectric and structural behavior in that context. According to our
model, and based on the chemical composition of BasLag¢7L]133Nb19O30 one would predict
an incommensurate structure and relaxor behavior as exhibited by the filled analogue
BasLa,;Ti4NbO39, and that by decreasing the Al cation size one can induce normal
ferroelectric behaviour. BasLage70];33Nb19O30 is indeed a relaxor, but it appears however,
that the presence of a significant degree of A-site vacancies allows enough structural
relaxation that the disorder results rather than an incommensurate modulation. For the Nd-
analogue the decreased A-cation size promotes a larger degree of tilting and re-introduces a
degree of periodic modulation and this composition is an incommensurate ferroelectric. The
compositions BaslLag ¢701;33Nb10030 and BasNdy 67011 33Nb19030 therefore represent a cross-
over between commensurate, relaxor ferroelectric and incommensurate, ferroelectric phases
and further highlight the key role of ab tilt modulations in determining the properties of these,
and related (e.g. filled), TTB compositions. The role of the Al vacancies, therefore, appears
to be to add an additional disruption to the lattice which perturbs the structural variations to a
greater extent than in the filled analogous compositions.

For BasLage70133Nb19030, the SAED data provide evidence for disorder which, in turn,
disrupts long range polar ordering. However, the temperature dependence of both the relative
permittivity and P-E behavior suggest that this disorder is rather weak. At low temperature,
normal P-E behavior and the presence of a persistent remanent polarization confirms long
range, net polarization and suggest that the oxygen positions order (incommensurately) at low
temperature, resulting in a modulated tilt system. On heating, the large peak in the dielectric
loss combined with a loss of remanent polarization, as demonstrated by the pinched P-E
hysteresis behavior, is consistent with the onset of disorder observed in the SAED. This also
results in a subtle change in the thermal expansion in long range, average structure as
determine by other diffraction methods. In this intermediate temperature regime, the high
polarizability of the oxygen sublattice allows application of a sufficiently large electric field
to induce long range order, as indicated by the switch event in the P-E data on loading and
the similarity in the maximum induced polarization (P ~ 6 pC.cm™) at maximum field (E ~
100 kV.cm™), Figure 5, but which relaxes on removal of the field. The data in Figure 6(a)
suggests that the stability of disordered regime increases with increasing temperature, with
both the coercive field required for ordering (+£¢) and field against which relaxation occurs
(xEp) increases with increasing temperature, until the paraelectric phase transition is reached
at ca. 500 K.
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Double or pinched loops have also been reported in a number of perovskite systems with a
number of mechanisms suggested. Antiferroelectrics (AFEs) produce double loops due to an
electric field-induced transition between AFE and ferroelectric phases of similar energy.’
Such loops, first demonstrated in PbZrO; by Shirane et al.>™ > are characteristic of AFE
ordering and consequently many systems were designated as being AFE based on P-E loops.
Few instances of pinched “antiferroelectric” loops have been reported in TTBs.”*”> An AFE-
FE-PE phase transition sequence was described by Ravez and colleagues in the TTB-like
compounds 1in the solid solution Baj4Lip71NbsOs - Basi4lip71TasOrs  (ie.
BayssLij 49Nb¢O3p - Ba4.28Li1,42T310030).]7’ 72 Gagou et al. have recently attributed two
dielectric anomalies in K4Gd;Nb;oO3¢ to a FE-AFE-PE sequence of phase transitions based
on Raman spectroscopy data,”* however, no P-E loops were demonstrated and the low
temperature anomaly has previously been associated with a ferroelastic related transition
between orthorhombic (pseudo-tetragonal) and tetragonal structures.'® Pinched P-E loops
have been reported in La and Ti co-doped SBN, Srg,ssBag7Lag03sNbyyTiyO65 with y = 0.05
(i.e. Sri275BasslagsNbg75Ti925030.5) in which FE and AFE states coexist. The authors
suggest a polar FE matrix with commensurate tetragonal structure within which local
ordering of an incommensurately modulated AFE structure occurs.”” Ti*" dopant-induced
defects were suggested as being responsible for the weakening of the polar FE ordering,
favoring the formation of the AFE state.”” However, the required crystallographic anti-polar
arrangement for antiferroelectricity is not evident in the compositions studied here and so
long range AFE order can be discounted.

Other mechanisms shown to affect such P-E behavior include: double loops within a narrow
temperature range close to Tc due to an electric field driven transition between the
paraelectric and ferroelectric phases in ferroelectrics with a sharp first order ferroelectric-
paraelectric phase transition (e.g. undoped BaTiO;);>* defect dipoles in aged ferroelectrics.™
76 Based on the observations reported here and presented in the ESI, we also discount these
mechanisms.

BipsNagsTiOs (BNT) and solid solutions (BaTiOs;-BNT and BiysKsTiO3-BNT) show
similar temperature dependent dielectric properties. with a frequency dependent relaxor-like
peak around 473 K in undoped BNT and high temperature peak with little dispersion (= 593
K).””” BNT compounds have a complex sequence of phase transitions and may include
coexisting phases.””*” The presence of an AFE phase was proposed due to pinched/doubled
P-E loops, however other explanations have since been offered involving coexisting phases,
domains or nano-regions of different symmetries and electric field driven transitions between
a weakly or non-polar relaxor phase and that of a polar ferroelectric phase.”** The origin for
these properties is still somewhat contested and may differ in each respective solid solution.*
From SAED we see no evidence of PNRs or subtle compositional segregation in our
materials.

Therefore, based on the observations in the compositions presented here, the frequency
dependent, relaxor-type and frequency independent, peaks in permittivity observed on
heating indicate transitions from incommensurate, relaxor ferroelectric (Bbm?2) to disordered,
non-ferroelectric (Bbm?2) to paraelectric (Pbam) phases. The Bas(La;<Ndy)o.67011.33Nb19O30
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compositional series show a decrease in temperature range between these transitions being
“closed out’, indicating a destabilization of the disordered phase wuntil normal
incommensurate ferroelectric behavior with no pinching is observed in compositions with x >
0.5. It is important to re-emphasize that for x = 0.25 and x = 0.5, pinched P-E behavior is
observed in the temperature range between permittivity peaks; the fact that this is not
observed for x = 0.75 despite evidence of a double permittivity peak suggests that the
disorder is easily overcome by even modest applied fields.

The data indicate the role of vacancies in allowing a structural relaxation to de-stabilize long
range polar ordering, but only to the extent that it can be re-introduced by a sufficiently large
electric field. The resulting behavior is a pinched P-E response with the same P, as the FE
phase but with no significant remnant polarization. Such behavior is one of the key signatures
currently being sought for exploitation of “ferroelectric” materials for energy harvesting
capacitors. Although similar pinched loop behavior has also been observed in simple
perovskites such as BNT, the origins of the observed behavior in that system is still under
debate. Here we show that A-site vacancies in the perovskite unit of the TTB structure
provides a tool to develop materials on the edge of ferroelectric stability and which could
allow further exploitation of these materials for e.g. energy harvesting.

Conclusions

The “empty” tetragonal tungsten bronze (TTB) BaslLags/Nb;oO3p exhibits both frequency
dependent, relaxor-type (ca. 260 K) and frequency independent (ca. 480 K) peaks in the
dielectric data. While similar behavior has been previously observed in other TTBs the
behavior is not as evident, nor has this relaxor feature been clearly associated with any
structural variation or change in the polarization-field (P-E) behavior. Here we clearly
demonstrate that heating through the relaxor-like peak is associated both with the loss of
ferroelectric switching and onset of a pinching of the P-E response and also a change in the
crystal structure as demonstrated by both synchrotron x-ray and neutron powder diffraction.
In addition, diffuse scattering in selected area electron diffraction indicates that in the region
where pinched P-E loops are observed, disorder exists. This structural disorder disrupts long
range polar ordering and accounts for the observed loss of ferroelectricity. Application of an
electric field reintroduces a large non-linear polarization of the same magnitude as in the
ferroelectric phase, but on removal of the field, non-linear depolarization signifies a
“backswitching” event associated with the structural relaxation to the disordered phase. This
backswitching event occurs against and increasingly large electric field with increasing
temperature indicating increased stability of the disorder with increasing thermal energy. The
presence of a large concentration of vacancies at the Al-site facilitates the structural
relaxation and disorder and is the reason why the effects are more evident in this
compositional series.

The temperature range over which the disordered phase and pinched P-E persists can be
reduced by replacement of La with smaller Nd cations at the A1-site (increasing x in Bas(La;.
Ndy)o.67001.33Nb19030). With increasing x the tolerance factor of the perovskite unit decreases
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and induces an increase in tilting of the NbOg octahedra. As a result, the temperature range
over which pinched P-E behavior is observed decreases until for x = 1
(BasNdy 6701 33Nb19030) a weakly frequency dependent, relaxor-like permittivity peak and
normal ferroelectric switching is observed.

The influence of high concentrations (> 50%) of Al-site vacancies in these materials
provides further insights into our understanding of structure-property relationships in TTB
materials.
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Figure Captions

Figure 1. Aristotype TTB structure (P4/mbm, solid line) viewed along 001rrg and related
Bbm?2 supercell (2\2arrp X \2brtg X 2crrp) expansion (dashed line); the fma2 structure is
generated by halving a in the latter.

Figure 2. (a) Relative permittivity (¢”) and dielectric loss (£”) for BagLag 67Nb;9O30 (x = 0) at
selected frequencies and (inset) high temperature dielectric loss peak (1 MHz); (b) Relative
permittivity (¢”) and dielectric loss (€”) for x = 1 (BasNdy.¢7Nb10O30) at selected frequencies
(arrows indicate increasing frequency).

Figure 3. (a) Rietveld refinement of PND data (20 K) for x = 0 demonstrating Bbm?2
superstructure and deficiency of simple tetragonal spacegroup (P4bm) — observed data (black
circles), calculated intensity, difference and background; (b) PND patterns at selected
temperatures showing loss of superstructure reflections (d = 2.24, 2.27 and 2.48 A, indicated
by arrows) at elevated temperatures; (c) lattice parameters (superstructure parameters reduced
to aristotype cell) and (d) volume and orthorhombicity as a function of temperature (from
synchrotron PXRD data). Note that for all data points of (c) and (d) the calculated uncertainty
is smaller than the plotted symbol.

Figure 4. SAED patterns from the x = 0 sample, indexed using the Bbm2 supercell, (a)
showing a commensurate superstructure when viewing down the [011] axis and (b) showing
diffuse diffraction spots along the [110] direction, and (¢) showing diffuse diffraction spots
along the [250] direction.

Figure 5. Polarization-electric field (P-E) loops and associated current (I-E) data for x = 0 at
selected temperatures (‘backswitching” event on unloading indicated by arrows).

Figure 6. Temperature dependence of (a) coercive (+Ec) and depolarization (+Ep) field, and
(b) remanent polarization and maximum polarization.
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Figure 7. HRTEM image and the corresponding SAED pattern from the x = 1 sample. The
inset is an enlarged image showing dark spot contrast with local atomic dislocation. The
SAED pattern is indexed onto the TTB basic unit cell. The inter-spot distances, a and b, are
not equal, indicating an incommensurate structure modulation.

Figure 8. Relative permittivity (¢”) and dielectric loss (€”) for Bas(La; xNdx)o.67Nb10O30, (1
MHz data).
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Figures

Figure 1. Aristotype TTB structure (P4/mbm, solid line) viewed along [001]rrg and related
Bbm?2 supercell (2\/2aTTB x \2artp * 2crrB) expansion (dashed line); the /ma2 structure is
generated by halving « in the latter.
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Figure 2. (a) Relative permittivity (¢”) and dielectric loss (£”) for BagLag 67Nb;9O30 (x = 0) at
selected frequencies and (inset) high temperature dielectric loss peak (1 MHz); (b) Relative
permittivity (¢”) and dielectric loss (€”) for x = 1 (BasNdy.¢7Nb10O30) at selected frequencies
(arrows indicate increasing frequency).
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Figure 3. (a) Rietveld refinement of PND data (20 K) for x = 0 demonstrating Bbm?2
superstructure and deficiency of simple tetragonal spacegroup (P4bm) — observed data (black
circles), calculated intensity, difference and background; (b) PND patterns at selected
temperatures showing loss of superstructure reflections (d = 2.24, 2.27 and 2.48 A, indicated
by arrows) at elevated temperatures; (c) lattice parameters (superstructure parameters reduced
to aristotype cell) and (d) volume and orthorhombicity as a function of temperature (from
synchrotron PXRD data). Note that for all data points of (c¢) and (d) the calculated uncertainty
is smaller than the plotted symbol.
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Figure 4. SAED patterns from the x = 0 sample, indexed using the Bbm?2 supercell, (a)
showing a commensurate superstructure when viewing down the [011] axis and (b) showing

diffuse diffraction spots along the [110] direction, and (c) showing diffuse diffraction spots
along the [250] direction.
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Figure 5. Polarization-electric field (P-E) loops and associated current-field (I-E) data for x =
0 at selected temperatures (‘backswitching’ event on unloading indicated by arrows).
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Figure 6. Temperature dependence of (a) coercive (+E¢) and depolarization (+Ep) field, and
(b) remanent polarization and maximum polarization.
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Figure 7. HRTEM image and the corresponding SAED pattern from the x = 1 sample. The
inset is an enlarged image showing dark spot contrast with local atomic dislocation. The
SAED pattern is indexed onto the TTB basic unit cell. The inter-spot distances, a and b, are
not equal, indicating an incommensurate structure modulation.
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Relaxor-to-ferroelectric crossover and disruption of polar order in ‘empty’
tetragonal tungsten bronzes
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Structural

Variable temperature PND data for BasLag 67Nb;oO30 (x = 0) collected on the GEM beamline
at ISIS (as detailed in the main text). Rietveld refinements of data in polar space group Bbm?2
demonstrate requirement of a supercell, Figure S1.
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Figure S1: Rietveld refinement of PND data for BasLag¢7Nb;oO30 (x = 0) at 20 K in space
group Bbm?2; including observed data, calculated profile, fitted background, difference plot
and reflection markers.



Table S1. Atomic positions of BasLag 7Nb;¢O30 (x = 0) in space group Bbm2

Site Label Atom X y 4
A2 1 Ba 0.8774 0.4237 0.25
A2 2 Ba -0.1301 0.4192 0.7484
A2 3 Ba 0.0387 0.25 0.2464
A2 4 Ba 0.0388 0.25 0.75
A2 5 Ba 0.2883 0.75 0.2485
A2 6 Ba 0.2895 0.75 0.7491
Al 1 La 0 0.5 0.2496
Al 2 La 0 0.5 0.752
Al 3 La 0.2499 0.0005 0.2456
Nb1 Nb 0.8757 0.25 0.0093
Nb2 Nb -0.1252 0.25 0.507
Nb3 Nb -0.1253 0.75 0.0059
Nb4 Nb 0.8753 0.75 0.5058
Nb5 Nb 0.965 0.3586 0.005
Nb6 Nb 0.9667 0.3584 0.5065
Nb7 Nb 0.2168 0.8582 0.0051
Nb8 Nb 0.2155 0.858 0.5038
Nb9 Nb 0.071 0.4334 0.0061
Nb10 Nb 0.0703 0.4307 0.5068
Nb11 Nb 0.3207 0.9322 0.0025
Nbi2 Nb 0.3215 0.9319 0.5049

01 0 0.912 0.3302 -0.0451
02 0 0.9122 0.3338 0.505

03 0 0.1627 0.8312 0.0055
04 0 0.163 0.8309 0.4546
05 0 0.9827 0.25 -0.0098
06 0 0.9819 0.25 0.4631
07 0 0.2333 0.75 -0.0165
08 0 0.2333 0.75 0.5001
09 0 0.8752 0.5334 -0.0319
010 0 0.8754 0.535 0.5038
011 0 0.9473 0.4641 -0.0451
012 0 0.9438 0.4657 0.4972
013 0 0.1968 0.964 -0.0128
014 0 0.1965 0.9638 0.4651
015 0 0.983 0.6046 0.0091
016 0 0.9819 0.6092 0.448

017 0 0.232 0.1037 0.0062
018 0 0.2322 0.1062 0.4516
019 0 0.916 0.6747 -0.0037
020 0 0.9146 0.6749 0.4676
021 0 0.1657 0.1747 -0.0348
022 0 0.1661 0.1762 0.4881
023 0 0.9586 0.3646 0.2329
024 0 0.2098 0.8616 0.7343
025 0 0.9753 0.3553 0.7329
026 0 0.2248 0.8579 0.2334
027 0 0.9263 0.5528 0.231

028 0 0.1734 0.0684 0.2359
029 0 0.9348 0.5802 0.7331
030 0 0.1847 0.0626 0.7322
031 0 0.8835 0.25 0.2328
032 0 -0.1328 0.25 0.7347
033 0 0.1298 0.25 0.2359
034 0 0.1199 0.25 0.7356



Due to the size of the structure and presence of 55 crystallographically distinct atoms it was
not possible to reliably refine atom positions and individual isotropic displacement parameters
as the variables are highly correlated. Atomic coordinates listed in Table S1 are based on
those obtained by Labbé and co-workers (Journal of Physics-Condensed Matter 1989, 2, 25).

Table S2. Refined lattice parameters and refinement quality parameters from PND data

Temp / K alA b/A c/A e wR,/% R(F)/%
20 35.2649(30)  17.6567(15)  7.90895(19) 9.449 4.37 4.24
50 35.2656(30)  17.6573(15)  7.90899(19) 9.843 4.38 431
100 35.2764(30)  17.6610(14)  7.91062(18) 9.299 4.25 4.19
150 35.2851(31)  17.6644(15)  7.91206(18) 8.904 4.15 4.01
200 35.2952(31)  17.6689(15)  7.91356(18) 8.88 4.15 4.28
250 35.3085(32)  17.6741(16)  7.91528(18) 8.558 4.07 4.25
300 35.3211(34)  17.6806(16)  7.91695(19) 9.797 4.37 5.04
298 35.3223(34)  17.6814(16)  7.91664(19) 8.879 4.48 5.36
340 35.334(3)  17.6859(17)  7.91842(20) 9.404 4.62 5.74
380 35.348(4)  17.6921(19)  7.92076(21) 10.38 4.85 5.87
420 35.365(4)  17.6978(20)  7.92348(21) 10.41 4.86 6.18
450 35.378(5)  17.7022(23)  7.92545(22) 11.9 5.17 6.4
470 35.388(5)  17.7058(26)  7.92729(25) 14.09 5.63 7.08
480 35.394(6)  17.7078(28)  7.92816(26) 15.59 5.92 7.44
510 35.407(6)  17.7131(31)  7.93036(28) 18.21 6.39 7.96
550 35.424(7)  17.7206(34)  7.93310(30) 20.72 6.81 8.28
600 35.442(7) 17.730(4) 7.93619(32) 22.95 7.15 9.06

Rietveld refinement of PND data in space group Bbm?2 was carried out for all data sets

collected. Refined lattice parameters at each temperature are given in Table S1. These values
are that of the supercell, c.f. Figure 3(c) within the main text in which lattice parameters are
reduced to the aristotype cell.

The quality of the refinement shows a marked deterioration at approximately 470 K (as

indicated by the increase in the goodness-of-fit parameters, Figure S2) corresponding to the
loss of reflections associated with the expanded TTB cell. The data points at approximately
300 K represent the change in sample environment at ambient temperature.
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Figure S2. Refinement quality parameters; PND data for BasLag¢7Nb1oO30 (x = 0) refined

using space group Bbm?2.

As discussed above, it was not possible to refine individual isotropic displacement
parameters. When values for each site type (e.g. Al-site) were constrained, Table S2, a

gradual increase is observed as expected.



Table S3: Refined isotropic displacement parameters

Temp / K iso / A?
Ba La Nb 0
20 0.0081(11) 0.0038(22) 0.0048(4) 0.0050(4)
50 0.0091(12) 0.0053(23) 0.0049(4) 0.0052(4)
100 0.0088(10) 0.0074(21) 0.00571(33) 0.00549(22)
150 0.0108(11) 0.0060(22) 0.0058(4) 0.0058(4)
200 0.013(12) 0.0070(22) 0.0066(4) 0.0063(4)
250 0.0154(12) 0.0085(22) 0.0075(4) 0.0068(4)
300 0.0143(13) 0.0115(25) 0.0086(5) 0.0078(4)
298 0.0158(13) 0.0127(26) 0.0102(5) 0.0093(4)
340 0.0169(14) 0.0136(27) 0.0108(5) 0.0102(4)
380 0.0177(15) 0.0130(28) 0.0109(5) 0.0104(5)
420 0.0204(16) 0.0136(28) 0.0108(5) 0.0104(5)
450 0.0234(17) 0.0157(31) 0.0119(6) 0.0121(5)
470 0.0224(19) 0.0147(33) 0.0114(6) 0.0119(6)
480 0.0243(22) 0.014(4) 0.0112(7) 0.0126(7)
510 0.0243(22) 0.014(4) 0.0112(7) 0.0126(7)
550 0.0262(24) 0.013(4) 0.0114(8) 0.0129(7)
600 0.0283(26) 0.016(4) 0.0121(8) 0.0138(8)



Above 480 K the structure appears to have similar metrics to the basic high symmetry
tetragonal aristotype (i.e. no reflections due to an extended superstructure are observed),
however, based on synchrotron-PXRD a very slight orthorhombic distortion persists. A high
temperature non-polar structure has been reported for other TTBs. The Rietveld refinement of
PND data collected at 600 K with the orthorhombic non-polar space group Pbam is shown in
figure S3. x> =4.471, wR, =3.19 %
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Figure S3. (a) Rietveld refinement of PND data for Bas(La;xNdx)o.67L]133Nb19030, x = 0 (La)

at 600 K in space group Pbam; (b) enlarged view of d = 2.2-2.55 demonstrating lack of
superstructure reflections.



Synchrotron-PXRD data was collected on cooling from 500 K to 100 K for BasLag 67Nb10O3
(x =0) on beamline I11 at the Diamond Light Source. A Rietveld refinement of data collected
at 100 K using the same Bbm2 structural model is shown in Figure S4 (x* = 6.258, WwR,, =
11.13 %). Figure S5 depicts enlarged sections of the same refinement. As with neutron data,
individual atom positions and ps, were not refined.

The deficiencies in the refinement are principally from peak shape and intensity. Refinement
of the positions of atoms in the A2 site (Ba’") and no others (data not shown) led to
improvements of the fit (* = 5.690, wR,, = 9.58 %) indicating that while atom positions may
be similar to the model described in the main text and which is based on the BasNa;Nb;¢O30
structural model of Labbé (Ref 25 in the main text), it is not identical.
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Thermal expansion

Synchrotron PXRD data of BayLag ¢7Nb;9O3 (x = 0) indicates two regimes of linear thermal
expansion at low and high temperature, Figure 3(c). The thermal expansion coefficient, a, for
individual cell parameters was calculated. Values obtained are as expected for an oxide
material. Thermal expansion rate is greater in the higher temperature region (above 270 K)
and 1s larger in a.

Table S4. Thermal expansion coefficients for BasLag 67Nb;90O30 (x = 0) as determined form s-
PXRD data.

Linear thermal expansion coefficients, oz (10° K™

Axis direction Low T (<270 K) High T (> 270 K)
a 6.78 11.3
b 5.49 7.64

c 2.56 7.47




Dielectric properties

Dielectric data for the intermediate compositions, Figure S6, demonstrates the decreasingly
diffuse nature of the low temperature peak with increasing x (decreasing Al-cation size). The
data correlate with the observed P-E behaviour (Figures S8-10) which indicate a crossover
from relaxor ferroelectric (RFE) to more ‘normal’ ferroelectric-like behaviour as the two
peaks coalescence.
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Figure S6. Relative permittivity (¢’) and dielectric loss (&) for Bas(La; xNdx)o.67Nb10O3p at
selected frequencies for: (a) x = 0.25, (b) x = 0.5 and (c) x =0.75



With increasing x, the contribution of the high temperature relaxation is shown to become
more influential, Figure S7.
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Figure S7. Dielectric loss, tan 9, for Bas(La; xNdx)o67Nb;0O3 at selected frequencies for x =
0,0.25,0.5,0.75, 1.



Polarisation—Field (P-E) measurements for Bas(La;xNdy).s7Nb19O30

Polarisation vs. field measurements for x = 0 (Figure S8), x = 0.25 (Figure S9), x = 0.5 (Figure
S10) and x = 0.75 (Figure S11). All compounds are ferroelectric at low temperature; well-
saturated ferroelectric hysteresis loops are observed which become slimmer with increasing
temperature. As with BasLag¢7Nbj9gO30 (x = 0) P-E loops with ‘pinched’ character are
recorded in the temperature range between the two peaks in the dielectric data shown for x =
0.25. No indication of the onset of such pinched loops is observed for x = 0.75 or x = 1; for
these compositions the saturated P-E loop becomes slimmer and at high temperature a linear

dielectric response indicates loss of ferroelectricity.
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Figure S8. P-E data for Bas(La; xNdx)o67Nb19O30, x = 1, obtained at 100 Hz.

e K

0
Dactrc foid AVeom*

Figure S9. Variable temperature P-E data for Bas(La; xNdx)o.67Nb10O30, x = 0.25 (100 Hz).
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Figure S10. P-E data for x = 0.5 (100 Hz)
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Figure S11. P-E data for x =0.75 (100 Hz)



Quenching

Samples of BasLag 67Nb19O30 (x = 0) were air quenched from high temperature.

Samples with sputtered Au electrodes were heated to 623 K (350 °C) for 2 hours and short

circuited while earthed. Samples were then air quenched and data collected immediately.
‘Pinched’ behaviour persists, Figure S12.
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Figure S12. P-E data for sample quenched from 623 K at 10 Hz, 100 Hz and 1000 Hz
demonstrating retention of pinched character of P-E loop, (295 K).

Higher temperature quenching experiments were also carried out; samples were heated to
1273 K (1000 °C) for 2 hours and air quenched. Sputtered electrodes may degrade at such
temperatures so silver conductive paint was applied as soon as samples were cool enough and

data recorded (within 30 minutes of quenching). Again ‘pinched’ behaviour persists, Figure
S13.
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Figure S13. P-E data for sample quenched from 1273 K demonstrating retention of the
pinched character of P-E loop, 100 Hz, ambient temperature (295 K).



Fatigue measurements

A sample of BagLag ¢7Nb;9O30 (x = 0) was fatigued for 1 x 107 cycles with an applied electric
field of 40 kVem™ (fatigue frequency = 10 kHz) at ambient temperature (296 K). P-E data
(applied field 40 kVem™, 100 Hz) was recorded at specific points during the fatiguing
process. There is little appreciable difference between the first and last loop, Figure S14.
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Figure S14. Comparison of 1% (polarisation data in black, current data in blue) and last (1 x
107) cycle (polarisation data purple, current data red), recorded at ambient temperature.

The maximum polarisation (Py.x) and the remenant polarisation (P;) do not significantly
change during the fatiguing process, Figure S15
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Figure S15. Maximum polarisation and remenant polarisation during fatiguing process.



