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ABSTRACT: A first-principles study of the tetragonal tungsten bronze Hypothesis: in-plane Discovery:
(TTB) K,Bi,Nb,,0;, has suggested that the Bi 6s lone pair causes in-plane polarization P Centrosymmetry P=0

polarization (within the a—b plane), corresponding to the one found in

> ==
Pb;Nb,,O5, (PN), in contrast to the out-of-plane polarization (along c) ?d'/i‘ U O';/\‘u?' B
found in most TTBs. Replacing PN with KBN potentially opens for a lead- 2 d' - 4 ll_ i
free analogue to morphotropic phase boundaries known in TTBs based on Wi =g d‘f ¢
PN. Here, we report on the synthesis and properties of A,Bi,Nb,,O5, (ABN, é‘ ) = e
] G : . A&
A = Na, K, Rb) with the objective to determine the structure and electrical L,a« SRR
properties, paying particular attention to the role of the Bi 6s lone pair. The
ABN materials were synthesized via conventional solid-state synthesis in a Bi containing Tetragonal Tungsten Bronzes

two-step process. Convergent-beam electron diffraction demonstrated a

centrosymmetric tetragonal space group for the two compounds KBN and RBN, and ferroelectric polarization—electric field
measurements confirmed the lack of hysteretic behavior in line with the observed centrosymmetric symmetry. Non-ambient powder
X-ray diffraction demonstrated the signature of a phase transition for KBN and RBN, as several weak satellite reflections vanished
during heating and reappeared upon cooling. Dielectric spectroscopy supported the observation of an anomaly due to the presence
of a weak maximum in the electrical permittivity at temperatures corresponding to the disappearance of the satellite reflections.
Possible explanations for the absence of polarization in ABN TTBs are discussed with particular attention to the suppression of the
6s* lone pair effect of Bi and the size of A-site cations in the TTB crystal structure.

Bl INTRODUCTION a—b plane, also known as in-plane polarization.” Density
functional theory (DFT) was used to elucidate the origin of
the ferroelectricity in PN demonstrating that the covalent
interaction between Pb and O, due to the 6s® electron
configuration of Pb**, stabilizes the orthorhombic structure
and promotes a high in-plane polarization.” The same effect of
lone pair cations is known to influence the ferroelectric
properties and stabilize the tetragonal phase in perovskite
PbTiO;, as demonstrated by the seminal paper by Cohen.’
Another important TTB in this context is Pb,Bi,Nb;,O3
(PBN), which also exhibits an orthorhombic crystal structure,
albeit containing two different lone pair cations.” Combined
with the incentives to develop lead-free ferroelectrics,'”""
much attention has been brought to ferroelectrics containing
alternative lone pair cations, such as Bi**.'” In the first-
principles study by Olsen et al, K,Bi,Nb,,O;, (KBN) was
proposed to display in-plane polarization due to the Bi** lone

A significant group of ferroelectric oxides crystallizes in the
tetragonal tungsten bronze (TTB) structure.’ This structure
constitutes a relatively large unit cell consisting of 10 corner-
sharing oxygen octahedra, connected such that 2 square, 4
pentagonal, and 4 triangular channels are formed in each unit
cell when viewed along the c-axis.” The TTB structure is
described as filled when the square and pentagonal channels
are completely occupied by cations, while the triangular
channels are empty. The general formula for a filled TTB is
A2,A1,B,,03, where A2 denotes sites within the pentagonal
channels, which has a coordination number (CN) of 15, and
Al denotes the sites within the square channels with CN = 12.
The B-cations are located inside the corner-sharing oxygen
octahedra. The different cation sites in the TTB structure allow
for a wide variety of chemical compositions and consequently
open the possibility of tuning the properties of the TTBs.
Depending on their composition, the TTBs are known to
display either normal or relaxor ferroelectric behavior.” Most Received: June 29, 2022
TTBs are uniaxial ferroelectrics with polarization along the c- Revised:  November 21, 2022
axis, also known as out-of-plane polarization, such as Published: December 21, 2022
Ba,Na,Nb,,0;, (BNN)* and (Sr,Ba,_,)sNb,,0;, (SBN).’

Other materials with the TTB structure, for example,

Pb,Nb,,O5, (PN), display a polarization direction within the
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pair cation on the Al-site.” However, so far, this has not been
confirmed experimentally. Textured KBN ceramics demon-
strate enhanced in-plane dielectric properties, possibly
supporting the presence of in-plane polarization,"” but the
literature on the crystal structure of KBN, which was first
discussed by Ismailzade in 1963,'* is not conclusive with
regard to its crystal symmetry.">~"”

Certain solid solutions of perovskite-type ferroelectrics
based on PT show excellent properties such as a giant
dielectric response and high electromechanical coupling
constant in the vicinity of a morphotropic phase boundary
(MPB)."®"” MPBs have also been reported in solid solutions
of TTBs,”*">* where one of the end-members is PN with in-
plane polarization” as described above. The other end-member
in the solid solutions has an out-of-plane polarization due to
the more common second-order Jahn—Teller distortion as
reported by Olsen et al.”* The suggested in-plane polarization
in KBN or other Bi-containing TTBs could possibly open the
path for the realization of a lead-free TTB solid solution
possessing an MPB.

Motivated by the search for an MPB in lead-free TTB solid
solutions, we present a study of the structure and properties of
the three compounds Na,Bi,Nb,(O;, K,Bi,Nb,;O3, and
Rb,Bi,Nb,,05, (NBN, KBN, and RBN) containing the Bi*"
6s lone pair cation. The three compounds were synthesized by
a two-step solid-state synthesis route. Addition of 25 mol % K
at the A-site was necessary to stabilize the TTB structure of
NBN, and the composition (Nag;5Ky,s)4Bi,Nb;O;9 (NKBN)
was therefore also included in the study. To determine the
ambient-temperature crystal symmetry of KBN and RBN,
transmission electron microscopy (TEM) including conver-
gent-beam electron diffraction (CBED) was performed. A
centrosymmetric, non-polar space group was determined, and
the lack of ferroelectric response was confirmed by electric
field—polarization hysteresis loop measurements. Possible
explanations for the non-polar nature of KBN and RBN are
discussed. Finally, the evolution of the crystal structures of
NKBN, KBN, and RBN was investigated by non-ambient X-ray
diffraction (XRD), and the dielectric properties were studied
by dielectric spectroscopy.

B METHODS

Solid-State Synthesis. The materials were prepared via a two-
step solid-state synthesis method, which is schematically depicted in
S1. The precursor powders were dried at 120 °C overnight prior to
weighing and before uniaxial pressing of pellets, except A,CO;, which
were dried at 200 °C. Heating and cooling rates for heat treatments
were 200 °C/h if not stated otherwise.

The first step comprised synthesis of the alkali niobates ANbO;
and bismuth niobate BiNbO,. Alkali carbonate (Na,COj, >99.0%,
Sigma-Aldrich, BioXtra; K,CO3, >99.0%, Sigma-Aldrich, BioXtra; or
Rb,CO;, 99%, Sigma-Aldrich) and niobium oxide (Nb,Os, 99.99%,
Sigma-Aldrich) were weighed out in a 1:1 molar ratio (eq 1) to
prepare the alkali niobates. BiNbO, was prepared from a 1:1
stoichiometric ratio of bismuth oxide (Bi,O3, 99.9%, Sigma-Aldrich)
and Nb,O; (eq 2). The powder mixtures were ball-milled for 2 h in
ethanol (isopropanol in case of RbNbOj3; 1 h for BiNbO,) before the
solvent was removed via rotary evaporation. The powder mixtures
were then uniaxially pressed into pellets using a pressure of ~40 MPa.
The ANDO; pellets were stacked inside a crucible with a lid, and the
pellets were calcined at 700 °C for 4 h before the temperature was
increased to 900 °C and kept at this temperature for another 12 h.
BiNbO, pellets were calcined for 2 h at 800 °C. The calcined pellets
were crushed to powders using a mortar and stored in a desiccator for
further processing.

A,CO; + Nb,O; — 2ANbO; + CO, (1)

)

The TTB compounds were prepared in the second step, where
ANDbO;, BiNbO,, and Nb,O; were mixed in a 4:2:2 stoichiometric
ratio according to eq 3. The resulting powder mixture was ball-milled
for 24 h in ethanol and subsequently dried by rotary evaporation. The
powder was pressed into pellets of 10 mm X <4 mm (diameter) using
a uniaxial press at ~60 MPa. The pellets had green densities of 45—
55%. The pellets were then packed into sacrificial powder of their
respective composition inside a crucible with a lid and sintered at
1150 °C for 1 h (8 h for RBN) with a heating rate of 400 °C/h.
Before characterization of the synthesized materials, about 0.1 mm of
the surface layer of the pellets was removed in order to circumvent
effects of weight loss causing possible cation non-stoichiometry.**

3)

Material Characterization. The relative density of the pellets was
determined by the Archimedes method using isopropanol.

Scanning electron microscopy (SEM) was performed using gold-
coated, polished, and thermally etched pellets, obtained via diamond
paste polishing down to 0.25 pm grit size and thermally annealed at
1090 °C (1020 °C for NKBN). SEM was performed with a Hitachi S-
3400N SEM, operated at 10—20 kV and equipped with an Everhart—
Thornley secondary electron detector.

TEM specimens of KBN and RBN were prepared by crushing and
grinding the pellets using a carbide mortar. The particles were then
dispersed in isopropanol and dripped onto a Cu grid coated with a
holey amorphous carbon film. The CBED patterns were acquired
using a JEOL JEM2100F microscope, equipped with a Schottky field
emission gun (FEG) operated at 200 kV. The same microscope was
used to acquire most of the selected area diffraction (SAD) patterns,
but one SAD pattern was acquired on a JEOL JEM ARM?200F,
equipped with a cold FEG, also operated at 200 kV. The structure
determination via CBED was performed by acquiring multiple on-
zone CBED patterns, starting with high-symmetry zone axes.
Subsequently, the tables by Tanaka and Terauchi***” were used to
determine first the point group and then the space group of KBN and
RBN. The point group determination was performed by investigating
the symmetry present in each zone-axis pattern, and the space group
was resolved by determining the unit cell centering from SAD
patterns including the zeroth-order Laue zone (ZOLZ) and the first-
order Laue zone (FOLZ),*® in addition to examining the presence of
Gjonnes—Moodie (GM) lines in the CBED patterns. The GM lines
appear as dark bands or crosses in the CBED disks, visible in
kinematically forbidden but dynamically allowed reflections.”® The
SAD patterns were also used to explore the incommensurate
modulations present in KBN and RBN.

Powders for XRD were obtained by crushing the ABN pellets
followed by grinding using a carbide mortar. Ambient-temperature
XRD patterns were collected with a divergence slit of 0.1°, a step size
of 0.013°, and an acquisition time of 1 h on a Bruker D8 A2S DaVinci
instrument equipped with a Cu Ko X-ray source (4 = 1.54 A) and a
LynxEye Super Speed detector. For more thorough investigation of
the crystal structure, the powders were sieved to sizes below 63 ym
before performing room-temperature XRD on a Bruker D8 Focus
with Cu Ko radiation and a LynxEye Super Speed detector using 0.2°
as the divergence slit combined with a step size of 0.014° and an
acquisition time of 10 h. Non-ambient-temperature XRD was
performed using a Bruker D8 Advance equipped with a Cu Ka X-
ray source, a Vantec-1 Super Speed detector, and a Physikalische
Gerite GmbH MRI high-temperature camera. The diffractograms
were recorded with a 0.2° divergence slit, 0.016° step size, and an
acquisition time of 3 h. Non-ambient XRD was performed using
powders which were sieved to sizes below 25 pm before they were
dispersed in ethanol and dripped onto a Pt strip, which also acted as
the heating element. The temperature was calibrated using corundum
(a-Al,0;) as a standard. The measurements were carried out with a
heating rate of 0.2 °C/s starting with the first scan at 30 °C and taking

Bi,O, + Nb,O; — 2BiNbO,

4ANDO, + 2BiNbO, + 2Nb,O; — A,Bi,Nb, 0,
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Figure 1. SEM images displaying polished and annealed pellet surfaces of (a) KBN, (b) RBN, and (c) NKBN.

scans every 50 °C until 280 °C. From 300 to 450 °C, a scan was
performed every 10 °C and from 500 to 700 °C, every 50 °C. A final
diffraction pattern was collected at 30 °C after the completion of the
heating cycle. X-ray diffractograms were analyzed using the
Diffrac.Eva 5.2 and Topas 6 software packages provided by Bruker
AXS. Pawley fitting, using the P4/mbm space group, was performed to
determine the ambient-temperature cell dimensions of NBN and the
temperature evolution of the unit cell parameters of KBN, RBN, and
NKBN. Pawley fitting to P4/mbm was additionally used to explore
possible supercell dimensions for KBN and RBN. Chebyshev
polynomial expression for the background, sample displacement,
and the fundamental parameter model were employed to describe the
peak shape in the refinements. Rietveld refinement of the XRD
patterns of NKBN, KBN, and RBN at 30 and 700 °C was performed.
As the background function, a minimal Chebyshev polynomial was
used, and the peak shapes were fitted to the fundamental parameter
model. As the starting point for the structural refinement, a first-
principles calculation model of KBN with space group P4/mbm’ was
adopted for all compounds except replacement of K with Rb or 75 at.
% Na for RBN and NKBN, respectively. Cation disorder between the
Al- and A2-sites was included by refining the occupancy of the two
sites as recently reported.>* The thermal displacement parameters
were adopted from Olsen et al.”

Pellets (diameter 10 mm) of 1—2 mm thickness were prepared for
dielectric spectroscopy. Electrodes were made by applying Pt paste
(70%, Gwent group, UK) on each side, followed by drying for 15 min
at 120 °C and finally thermal treatment by heating up to 900 °C (200
°C/h) for 1 min. Excess Pt paste was ground off before experiments.
Dielectric spectroscopy was performed using an Alpha-A impedance
analyzer and a Novotherm testing chamber by Novocontrol. This
setup was used for measurements up to 400 °C, while a NORECS
ProboStat sample cell inserted into a tubular furnace connected to a
Eurotherm temperature controller was employed for measurements
up to 700 °C. The 400 °C setup used a two-wire connection, while
the 700 °C setup employed a four-wire one. Data was collected via
WinDETA software provided by Novocontrol, where the heating rate
was set to 2 °C/min and the AC voltage to 1 V.

Polarization—electric field measurements at room temperature
were conducted on gold-coated 5 mm X 0.5 mm pellets of NKBN,
KBN, and RBN using the system aixPES manufactured by aixACCT.
Samples were contacted with the electrodes using a slight tension and
covered in silicon oil before applying voltage pulses of 100 Hz with
increasing electric fields until sample breakdown (max. up to 200 kV/
cm). The samples were also exposed to temperatures up to 250 °C
with the same applied electrical field range.

Differential scanning calorimetry (DSC) of powders (~20 mg)
encapsulated into aluminum crucibles was performed on a DSC 214
Polyma by NETZSCH with an empty aluminum crucible as the
reference. Each crucible was measured with a cycling temperature
program reaching from 25 to 550 °C including a 10 min dwell at both
25 and 550 °C and a heating/cooling rate of 10 °C/min.

B RESULTS

Microstructure. Dense KBN, RBN, and NKBN ceramics
were successfully synthesized via the two-step synthesis
approach. The two-step method was introduced to mitigate
weight loss during high-temperature processing, and a
relatively low and reproducible weight loss during synthesis
was confirmed (see S2 in the Supporting Information). The
relative densities of the materials are summarized in S2, and
the microstructure of KBN, RBN, and NKBN is shown in
Figure 1, confirming a dense, polycrystalline microstructure.

Ambient-Temperature Crystal Structure. Ambient
XRD patterns of NBN, NKBN, KBN, and RBN are shown
in S3. KBN and RBN were confirmed to crystallize in a TTB
crystal structure, but the diffraction patterns could not be
completely indexed to any known TTB crystal symmetry.
Rietveld refinement with the aristotype space group P4/mbm
was performed, and the crystal structures of KBN and RBN,
respectively, obtained by the Rietveld refinement are shown in
Figure 2a,b. The experimental and calculated X-ray patterns of

Figure 2. Ambient crystal structure of (a) KBN and (b) RBN
obtained by Rietveld refinement using space group P4/mbm. Nb is
blue, O is red, Bi is yellow, and the alkali metals K and Rb are purple
and pink, respectively. Cake diagrams of the A-site cations indicate the
degree of cation disorder.

the two compounds are shown in Figure 3a)b. The Rietveld
refinements are summarized in S4, demonstrating a significant
cation disorder on the A-sites as recently reported for TTBs.*
The weak satellite reflections apparent at 30 °C, marked as a
mismatch in the diffractograms, could not be accounted for
using the most common tetragonal and orthorhombic space
groups known for TTBs. A larger unit cell than the aristotype
P4/mbm tetragonal unit cell could not account for the satellite
reflections (S5).

The XRD pattern of NBN is shown in S6 and was indexed
to a cubic perovskite structure (Pm3m) with lattice parameter
a = 3.92754 + 0.00003 A. Partly substituting Na with K in
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Figure 3. X-ray diffraction patterns of KBN (a,c) and RBN (b,d) at 30 and 700 °C. Rietveld refinement using space group P4/mbm and difference
between data and fit are shown for all diffractograms. Insets display the diffractograms in the range 22—35° 26.

NKBN was shown to stabilize the TTB polymorph, but 25% K
was not sufficient to completely remove the perovskite phase as
evidenced by additional minor reflections (S6). Rietveld
refinement of NKBN, including cation disorder and using
the aristotype space group P4/mbm combined with the
presence of a perovskite phase Pm3m, shown in S6 gave
lattice parameters a = 12.5126 + 0.0003 A and ¢ = 3.8798 +
0.0001 A and a phase composition with 87% TTB phase.
CBED was applied to determine the space group of the
single-phase compound KBN and RBN. CBED patterns from
the [001] zone axis are shown in Figure 4a for KBN and in
Figure 4b for RBN. Both patterns clearly demonstrate 4mm
symmetry. Since the materials must possess tetragonal or lower
symmetry, this limits the number of possible point groups to
4/mmm, 42m, 4mm, and 422.°**” The [110] zone-axis CBED
patterns for both materials are shown in Figure 4c and 4d.
They exhibit 2mm symmetry for both KBN and RBN, which

20

further narrows down the possible point groups to 4/mmm and
422. Diffraction patterns from many different zone axes can be
used to determine if a structure belongs to either 4/mmm or
422, for example, a CBED pattern from the [103] or [101]
zone axis, as shown in Figure 4ef for KBN and RBN,
respectively. The 2mm symmetry is present in both cases,
demonstrating that the structure of both materials belongs to
the 4/mmm point group.”>*’

Figure Sa,b shows [001] SAD patterns of KBN and RBN,
respectively. The reflections in the ZOLZ and the FOLZ
coincide along the a* and b* directions for both materials, as
indicated by the dashed lines, implying that the patterns must
belong to a structure with a primitive (P) unit cell centering.”®

There are 16 possible space groups which possess the 4/
mmm point group and a primitive unit cell centering; however,
the [001] CBED patterns for KBN and RBN narrow it down
to only 4 possibilities since it is apparent from the diffraction
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Figure 4. [001] CBED patterns from (a) KBN and (b) RBN with
4mm symmetry present in both cases. Crosses mark kinematically
forbidden but dynamically allowed reflections. [110] CBED patterns
from (c) KBN and (d) RBN showing that 2mm symmetry is present
in both cases. (e) [103] CBED pattern from KBN and (f) [101]
CBED pattern from RBN also displaying that 2mm symmetry is
present in both cases.

patterns in Figure 4a,b that all h00 and 0kO are kinematically
extinct when h and k are odd. The near-[001] CBED patterns
in S7 demonstrate that GM lines are present in the
kinematically extinct reflections. This only occurs for the
space groups P4/mbm, P4/mnc, P4,/mbc, and P4,/mnm. The
CBED npatterns in Figure 4e,f show kinematic extinctions for
hOl and 0kO, where h, indicates that k is odd, and thus, GM
lines must be present in both directions in the [103] and [101]
CBED patterns. P4/mnc and P4,/mnm can be ruled out since
the GM lines occur in reflections with indices h + [ = 2n (n =
integer) in Figure 4e,f, whereas these space groups would
require GM lines in reflections where h + | = 2n + 1; however,
this does not occur in the patterns from the [103] and [101]
zone axes from KBN and RBN. Figure Sc,d shows the [114]
CBED pattern from KBN and [112] CBED pattern from RBN,
respectively. The difference between space groups P4/mbm
and P4,/mbc is that there are no GM lines present in the
diffraction patterns from an [hhl] zone axis if the structure
belongs to P4/mbm, whereas GM lines are present in the hhl,
reflections if the structure belongs to P4,/mbc. As is apparent
from KBN in Figure Sc, there is no GM line in the 221
reflection, and there is no GM line visible in the 111 reflection
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Figure S. [001] SAD patterns from (a) KBN and (b) RBN, including
ZOLZ and FOLZ reflections. The reflections in the ZOLZ and FOLZ
line up for both KBN and RBN, as indicated by the dashed lines. (c)
[114] CBED pattern from KBN, which was acquired with the zone
axis slightly tilted perpendicular to a* + b*, and (d) [112] on-axis
CBED pattern from RBN.

from RBN in Figure 5d; thus, the crystal structures of KBN
and RBN must belong to the P4/mbm space group.”””’
Figure 6 shows [110] SAD patterns from KBN and RBN,
where diffraction spots are visible between the spots
originating from the primary lattice (indexed spots). The
spots which appear outside the primary reflections originate
from incommensurate modulations in the structures, which is
well known in TTBs.” For KBN in Figure 6a, two types of
modulations marked g, = 0.14c* and ¢, =

0.32(a™ + b*) + %c* are visible, whereas only the modulation

named q, = 0.14c* is observed for RBN in Figure 6b.

Thermal Evolution of the X-ray Diffraction Patterns.
The thermal evolution of the X-ray diffraction patterns of
NKBN, KBN, and RBN is visualized by the contour plots
displayed in Figure 7. The weak reflections observed for KBN
and RBN vanish at about ~400 and ~490 °C, respectively.
The reproducible disappearance and appearance of these weak
reflections exclude the possibility that these are related to the
presence of secondary phases.

The XRD patterns of KBN and RBN at 700 °C, where the
weak reflections are no longer present, are shown in Figure
3¢,d. Rietveld refinements of the data with space group P4/
mbm are also displayed, demonstrating a good fit to the
experimental data.

The evolution of the unit cell parameters of KBN and RBN
obtained by Pawley refinement of the non-ambient-temper-
ature diffraction patterns is presented in Figure 8. An anomaly
is clearly visible for the in-plane a lattice parameter (Figure 8a)
around 400 and 490 °C for KBN and RBN, respectively. In the
temperature ranges 340—420 and 420—500 °C, both lattice
parameters become close to temperature independent before
increasing again with a slightly different slope than that before
the plateau. This coincides with the contour plots shown in
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Figure 6. [110] SAD patterns from (a) KBN and (b) RBN with diffraction spots visible due to incommensurate modulations. KBN exhibits two
modulations g, and g, (g, is most clearly visible in the upper left corner), whereas RBN only exhibits the q, modulation.
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Figure 7. Contour plots of the X-ray diffraction patterns of (a) KBN,
(b) RBN, and (c) NKBN in the 22—35° 20 range. The weak
reflections in the patterns of KBN and RBN disappear upon heating
(marked by arrows below the respective plot), while no reflections
disappear during heating for NKBN.

Figure 7a,b, where the weak satellite reflections disappeared in
the same temperature range. The c lattice parameters (Figure
8b), on the other hand, display a continuous thermal expansion
upon heating, with a changing slope in the temperature range
corresponding to the plateau for the in-plane cell parameter.
The plateau in the thermal expansion of the lattice parameters
indicates an anomaly for KBN and RBN in line with the
disappearance of the weak reflections shown in Figure 7. The
corresponding evolution of the unit cell parameters of NKBN
obtained by Pawley refinement is shown in Figure 8. The
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Figure 8. Evolution of unit cell paramters upon heating of KBN,
RBN, and NKBN and literature data for PN’ and PBN” displaying (a)
in-plane and (b) out-of-plane lattice parameters, where the data points
are connected with dashed lines to guide the eye. The in-plane lattice
parameters were scaled by 1/ J10 (KBN, RBN, and NKBN) or
1/2/5 (PN and PBN), and in addition, the in-plane constants for PN
and PBN were averaged for temperatures below their respective
transition temperatures (@ = (a + b)/2). Transition temperatures as
observed via XRD (except for NKBN) are indicated with vertical gray
dashed lines, creating three different regions denoted by I-IIL (I):
KBN, RBN, and NKBN exhibit P4/mbm, and PN and PBN exhibit
space group Cm2m and superspace group Xm2m, respectively; (II):
KBN, RBN, NKBN, and PBN exhibit P4/mbm, and PN exhibits
Cm2m symmetry; and (III): all materials exhibit P4/mbm symmetry.

lattice parameters of NKBN demonstrate a monotonic increase
with temperature and no apparent plateau as observed for
KBN and RBN.

Measurement by DSC on KBN, RBN, and NKBN (S8)
demonstrated no indication of an anomaly in the heat capacity
associated with the disappearance of the satellite reflections
shown in Figure 7.

Electrical Properties. Dielectric spectroscopy demonstra-
ted a broad maximum in the dielectric permittivity for KBN
and RBN as shown in Figure 9a,b, respectively. These features
coincide with the temperatures of the disappearance of the
weak reflections in the contour plots (Figure 7). The presence
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(c) NKBN.

of a possible phase transition for both KBN and RBN is
suggested based on the presence of these broad maxima in the
electrical permittivity and the XRD data. Moreover, KBN and
RBN displayed increased dielectric loss at elevated temper-
atures due to the onset of conduction effects at low frequencies
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(Figure 9a,b). The corresponding dielectric data for NKBN is
displayed in Figure 9c, exhibiting a broad maximum in the
dielectric permittivity close to ambient temperature. A
significant frequency dispersion similar to that observed in
relaxor ferroelectrics is evident.”!

The polarization—electric field loops of KBN, RBN, and
NKBN are shown in S9. No evidence of ferroelectric hysteresis
could be observed within the electric field range used for any of
the compounds and up to 250 °C in case of KBN and RBN,
indicating only a dielectric response. These observations are in
line with the centrosymmetric symmetry determined for KBN
and RBN.

B DISCUSSION

Dense NKBN, KBN, and RBN with a polycrystalline
microstructure (Figure 1) were successfully synthesized
employing a two-step synthesis route. The two steps were
introduced to mitigate possible weight loss due to the volatility
associated with the alkali metals and Bi oxides.'”*” During the
first step, temperatures well below 1000 °C were applied,
reducing the temperature used in the early stage during the
solid-state synthesis. Moreover, a heating rate of 400 °C/h was
beneficial during the second sintering step to favor a reactive
sintering between the precursor materials and circumvent
coarsening of the powder, which could possibly reduce the
densification and increase the final porosity. The reproducible
weight loss during the thermal treatment was diminished to
values of <1 and <3 wt % for KBN and NKBN, and RBN,
respectively (S2). The low weight loss demonstrated that
possible cation non-stoichiometry due to volatility of some of
the oxides was minimized. The two-step synthesis procedure
allowed NKBN and RBN to be synthesized for the first time.

A centrosymmetric crystal structure was determined for the
two compounds KBN and RBN by CBED, demonstrating that
the in-plane polarization and ferroelectric nature inferred from
first-principles calculations’ are not present in these two TTB
compounds. The centrosymmetric nature is not in agreement
with the literature suggesting that KBN is ferroelectric.””'**’
The in-plane polarization found in PN is therefore not stable in
the Bi-containing TTB compositions investigated in this study.
Hence, we can conclude that the effect of the Bi 6s* lone
pair**?* is suppressed in NKBN, KBN, and RBN, and a lead-
free analogue to PN-based TTB solid solutions with an MPB
cannot be based on these three compounds as end-members.
In-plane polarization can be caused by either the lone pair
cations on the A-sites or distorted oxygen octahedra.””® There
are not many other TTB compositions known to contain a
significant concentration of Bi*’, and the present study
indicates that in-plane polarization in TTBs is only stable
with Pb** on the A-sites in the TTB crystal structure as
suggested by Giess et al.*®

The literature on the correlation of ferroelectricity and
chemical composition of TTBs is not vastly available. Gardner
and Morrison reported that the Curie temperatures of
Ba,Ry;Nb;jO5 (R = rare earth) correlate with unit cell
tetragonality and ionic radii of the rare earth cations.”” The
temperature of the ferroelectric phase transition was shown to
decrease with increasing size of the rare earth cation and hence
a lower tetragonality of the lattice parameters (c/a). These
compounds possess, however, the most common polarization
mechanism in TTBs corresponding to a second-order Jahn—
Teller distortion.”* The tetragonality of KBN and RBN is
significantly lower than the ones studied by Gardner and
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Morrison,”” and it is therefore expected that a polarization due
to a second-order Jahn—Teller distortion is not stable for the
compositions studied here. In this context, it is important to
note that the tetragonality of PN,” with the in-plane
polarization mechanism due to the 6s* lone pair, is even
lower than that of KBN and RBN. The work by Gardner and
Morrison further points to the importance of the difference in
ionic radii of the A-site cations, where a large difference in size
favors normal ferroelectric behavior.”” The ionic size differ-
ences in KBN and RBN are comparable to the ones with the
lowest Curie temperature in the work by Gardner and
Morrison, but again, this was correlated with the out-of-plane
polarization mechanism.

Similar to KBN and RBN, PN and PBN also contain lone
pair cations (Pb** and/or Bi**), and their temperature-
dependent lattice parameter evolution is included in Figure 8
for comparison. Both materials are orthorhombic at room
temperature and demonstrate different behavior compared to
that of KBN and RBN. PN demonstrates a strong average in-
plane contraction upon heating toward the ferroelectric phase
transition, followed by an expansion above the transition. The
driving force of the orthorhombic distortion in PN is the
covalency between Pb and O causing an expansion of the in-
plane lattice parameter during cooling.” The phase transition is
also visible in the out-of-plane lattice parameter as evidenced
by a change in the thermal expansion (Figure 8b). A similar
anomaly in the lattice parameter evolution is not seen for PBN,
where the average in-plane and out-of-plane lattice parameters
expand continuously upon heating, without a significant
change in the slope when passing through the phase transition.
Hence, the presence of the lone pair cations does not have the
same effect in PBN as that in PN. KBN and RBN display an
intermediate behavior between PN and PBN, with an apparent
plateau in the in-plane lattice parameter between 340—420 and
420-500 °C, respectively. Our hypothesis is that this plateau
in the in-plane lattice parameter is caused by the presence of
lone pair cations in these two compounds. NKBN demon-
strates a similar behavior to PBN, where only a continuous
expansion of both the in-plane and out-of-plane lattice
parameter is observed, however, without a phase transition.
It should be noted that PBN displays a splitting between its a
and b lattice parameters due to its orthorhombic structure,”
unlike NKBN which is tetragonal in the entire temperature
interval (Figure 8).

The covalent interaction between O 2p and Pb 6s orbitals
plays an important role in stabilizing the ferroelectric phase in
PN’ and PbTiO,.® Moreover, it has been proposed that the
Bi** lone pair would cause a similar behavior in TTBs,” and Bi
is well known to cause strong polarization in BiFeO,.***" In
NKBN, KBN, and RBN, which are filled TTBs, there are only
two Bi** per unit cell. PBN, which is not a filled TTB, contains
two Pb* and two Bi**, making up a total of four lone pair
cations per unit cell, whereas PN, which is also not a filled
TTB, contains five lone pair cations per unit cell. Specifically,
in PN and PBN, one and two out of the six A-sites are vacant,
respectively, suggesting that the vacancy concentration may
also influence the structural distortion of the lone pair-
containing compounds. Furthermore, Pb*" is known to exhibit
a stronger stereochemical activity than Bi**,*" suggesting that
the concentration and strength of the Bi** lone pair may not be
sufficient to cause the long-range interaction necessary for
normal ferroelectric behavior to occur in NKBN, KBN, and
RBN or PBN, which is a relaxor ferroelectric.’

24

Another important aspect of the TTB structure is the
possibility of cation disorder on the different A-sites.*’ This
was considered for PN by Olsen et al,” where the five Pb
cations are distributed across the six A-sites. However, DFT
calculations demonstrated that ferroelectric polarization in PN
is robust against cation-vacancy disorder. Furthermore,
combined neutron and XRD data demonstrated that the
vacancies usually are situated at the smaller Al-sites, while 95%
of the A2-sites in PN are occupied by Pb, indicating that the
larger sites are preferentially occupied by the (larger) cation,
rather than the vacancy. Similar findings were observed for
PBN,” where only smaller Bi was found to occupy the Al-site,
whereas both Pb and Bi occupied the A2-site. A large degree of
structural disorder is reported for PBN, where both Pb and Bi
are displaced far from the average position within the A2-site,
causing a strong incommensurate modulation in the structure,
which is proposed to produce strong local polarizations
explaining the relaxor behavior in PBN. KBN and RBN also
demonstrate incommensurate modulations, as observed in the
SAD patterns in Figure 6. A noteworthy observation is the
presence of both ¢q; and ¢, in KBN, as the presence of two
incommensurate modulations in TTBs is less frequent.
However, the dielectric permittivity in Figure 9 shows no
clear sign of relaxor behavior in KBN and RBN. In contrast,
PBN has a significant concentration of A-site vacancies, which
provide more space for the cation to shift within the A2-site,
which likely cannot happen to the same extent in KBN and
RBN since the structures are filled. Rietveld refinement was
performed to investigate the degree of cation disorder in KBN,
RBN, and NKBN for both ambient conditions and at 700 °C
(S4). In the following, the data obtained at 700 °C are
discussed since the P4/mbm model describes the structures
well at this temperature. A significant degree of cation disorder
was observed for KBN and RBN (occupancy of 0.83 and 0.80
Bi on the Al-site, respectively), while substantially higher
intermixing was found in NKBN, with Bi constituting about
60% of the cations on the smaller Al-site. The degree of cation
disorder can be rationalized by the difference in ionic radii of
the cations present in each compound, where smaller Bi**
(1.36 A) and Na* (1.39 A)* to a greater extent occupy the
smaller Al-site, while larger K* (1.64 A) and Rb* (1.72 A)*
preferentially occupy the A2-site (ionic radii are given for CN
= 12 for all ions). As opposed to PBN, which demonstrates a
large degree of structural disorder (cations displaced from the
structurally central position at the A-sites), a high degree of
cation disorder (i.e., the similar size of Na and Bi causes
intermixing of the two species on the Al- and A2-sites) is
evident in NKBN. We propose that the cation disorder may
explain the relaxor-like behavior observed by dielectric
spectroscopy (Figure 9c) analogous to the intermixing
mechanism suggested for SBN.”* It is interesting to note that
no weak satelite reflections were observed for NKBN in
contrast to the weak satelite reflections observed for RBN and
KBN. However, we cannot rule out that the presence of the
second perovskite phase in NKBN may also have an influence
on the frequency dependence of the dielectric constant.

The DFT calculations by Olsen et al.” suggest that the
presence of Bi on the Al-site in the orthorhombic distortion of
KBN is the most important reason for the predicted high in-
plane polarization. That is, a lone pair-containing cation on the
Al-site is more important for the evolution of the long-range
ferroelectric order than a lone pair cation on the A2-site. Since
NKBN has a lower concentration of Bi on the Al-site
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compared to KBN and RBN, this may explain the difference in
the lattice parameter evolution among these three compounds.
Based on this, it is proposed that Bi on the Al-site is
responsible for the observed plateau for KBN and RBN which
is not observed for NKBN.

An apparent structural change in KBN and RBN was
observed around 400 and 490 °C, respectively (Figures 7 and
8), and combined with the reappearance of the satellite
reflections and the presence of a broad maximum in the
dielectric permittivity, KBN has in the literature mistakenly
been implied to be ferroelectric."*~'"** However, the
centrosymmetric space group determined by CBED, in
addition to the lack of any anomaly in the heat capacity
(S8), excludes a possible ferroelectric first- or second-order
phase transition. This is further supported by the purely
dielectric response in the electric field—polarization loops (S9).
A non-ferroic phase transition is proposed to require unit cell
doubling;43 however, Pawley refinements involving larger unit
cells (SS) could not account for the super reflections observed
at 30 °C (Figure 3a,b). Rietveld refinement of the non-ambient
XRD data from NKBN demonstrated that the unit cell expands
with temperature without any anomaly in the unit cell
parameters. In contrast to KBN and RBN, it did not show
the corresponding plateau in the in-plane parameter and no
satellite reflections, hence no evidence of a structural change.

B CONCLUSIONS

NKBN, KBN, and RBN were successfully synthesized via a
two-step solid-state synthesis route. KBN and RBN were
phase-pure, while traces of the perovskite phase were present
in NKBN. The crystal structure of KBN and RBN was
determined to be centrosymmetric by CBED. The lack of any
anomaly in the heat capacity and a purely dielectric response in
the electric field—polarization loops confirm the dielectric
behavior and exclude the presence of a first- or second-order
ferroelectric phase transition. Rietveld refinement of XRD
patterns demonstrated more cation intermixing between the
Al- and A2-sites in NKBN than that in KBN and RBN, likely
due to the similar sizes of Na* and Bi**, compared to the larger
sizes of K" and Rb*. Ambient-temperature XRD of KBN and
RBN demonstrated the presence of satellite reflections at 30
°C, which disappeared upon heating to 700 °C and reappeared
again during cooling. This coincided with an observed plateau
in the temperature-dependent in-plane lattice parameter
evolution and a broad maximum in the dielectric permittivity
for both materials, indicating the presence of a structural phase
transition. Neither a plateau in the thermal evolution of the in-
plane lattice parameter nor satellite reflections were observed
for NKBN.
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