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Abstract 

 
Two new perovskites, (Bi0.5A0.5)(Sc0.5Nb0.5)O3 where A = K+ and Na+, have been made phase pure for the first time. The synthesis procedure that 
prevented the formation of pyrochlore impurities is described. B-site ordering in A = K+ is successfully achieved by prolonged heating. Combined 
Rietveld refinement on synchrotron X-ray diffraction and neutron diffraction data is used to determine the complex average structure of these 
materials. A = Na+ crystallizes in the tetragonal P4/mbm space group and has disordered aoaoc+ rotations of BO6 octahedra. A = K+ crystallizes in 
the cubic ��3�� space group, but shows local A-site displacements in the [100] direction. Both materials are highly disordered but illustrate the 
potential of (A)NbO3-BiScO3 solid solutions as useful piezoelectrics or relaxors. 

 

Introduction 

 
The perovskite structure is a family of materials with a 
general stoichiometry of ABX3, where A is a large cation 
with 12-fold coordination, B is a smaller cation with 6-fold 
octahedral coordination, and X is an anion. This 
stoichiometry leads to an enormous amount of 
compositional flexibility where X anions include halogens, 
nitrogen, and oxygen, while A and B site cations include 
almost the entire periodic table and even some small 
molecules.1–3 Perovskites are the most technologically 
relevant materials ever studied as they are used in 
applications such as superconductors, transparent 
conductors, ionic conductors, dielectrics, photovoltaic 
materials, piezoelectrics, ferroelectrics, and multiferroics.3–

10 Between the enormous compositional flexibility and 
diversity in properties it is clear why there is so much 
research interest in perovskites. 

The ideal perovskite structure is simple, with the cubic 
aristotype, 	��3�� , being the highest symmetry space 
groups of this structure type. This simplicity quickly fades 
with compositional nuances. Depending on the composition, 
cations can displace, BX6 octahedra can tilt, and both B-
sites and A-sites can order in a variety of different patterns. 
This structural freedom allows perovskites to crystallize in 
a wide variety of space groups, with the difference between 
some structures being very subtle. The diversity and 
subtlety in structures makes the crystallography challenging 
at times, but allows for the rational tuning of properties. 
Perovskites have also inspired numerous group theoretical 
analyses, with the group theory even being extensively 
debated.11,12 Well known perovskites have been studied for 
decades where compositions such as NaNbO3, BaTiO3 and 
Pb(Zr1-xTix)O3, have structures that are still being 
investigated and revised today after decades of research.13–

17 To fully understand the interesting properties that many 
of these perovskites possess, these structural nuances must 
be fully understood. 

One area that highlights the complexity of the 
perovskite structure is the study relaxor materials, a subset 
of ferroelectrics. Relaxors show a maximum in their 
dielectric permittivity at a temperature (Tm) that is 

frequency dependent. This frequency dependence coupled 
with the ferroelectric and piezoelectric properties make 
them useful electronic materials, in particular for actuator 
applications that require high strains.18 Most relaxors 
appear to have a ��3�� structure, even when using high 
resolution synchrotron or neutron diffraction, which 
contradicts the structural requirements of ferroelectric 
materials having a non-centrosymmetric structure.19  While 
a cubic-like average structure is observed in relaxors, their 
properties are derived from a complicated local structure 
due to the presence of polar nanoregions that align with an 
applied electric field. The pseudosymmetry of the long-
range structure, where lattice parameters and atomic 
positions are metrically cubic, is common in relaxors. To 
fully understand and tune their interesting properties, the 
symmetry breaking distortions at the local level must be 
better understood. 

In this work we synthesize two perovskite oxides, 
(Bi0.5A0.5)(Sc0.5Nb0.5)O3, where A = K+ or Na+. This is the 
first time A = Na+ has been reported in the literature and the 
first time either material has been made without 
impurities.20,21 Synchrotron X-ray diffraction (XRD) and 
neutron powder diffraction (NPD) data are presented and 
the combined Rietveld analysis of these data is described. 
The crystal structures of these materials are determined for 
the first time and their structures are related to the potential 
relaxor properties previously reported for A = K+.21 The 
structure is then discussed in the context of other 
ferroelectric and relaxor materials such as KNbO3, NaNbO3, 
BiScO3, ordered and disordered Pb(Sc0.5Nb0.5)O3 (PSN), 
and (K0.5Na0.5)NbO3-BiScO3 (KNN-BiScO3) solid solutions. 

 

Experimental 

 
Materials were synthesized using the modified mixed oxide 
synthesis technique commonly implemented for PSN.22,23 
A wolframite precursor, ScNbO4, was first synthesized 
from stoichiometric amounts of Sc2O3 (Strem, 99.9%) and 
Nb2O5 (Strem, 99.5%) that were mixed with acetone and 
ground in an agate mortar and pestle. This wolframite 
precursor was then pressed into 13 mm disks and annealed 
at 1500°C for 2 h with a 5°C/min heating and cooling rate. 
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Bi2O3 (Strem, 99.9%) and K2CO3 (Alfa Aesar, 99%) or 
Na2CO3 (Strem, 99.5%) were weighed out with 1 wt% 
excess to maintain stoichiometry upon volatilization during 
heating. These starting materials were mixed with the 
wolframite precursor and ground with acetone in an agate 
mortar and pestle. The powders were micronized by 
planetary ball milling in 15 mL of ethanol with eight 10 
mm yttria stabilized zirconia balls to increase reactivity. 
The powders were milled at 200 rpm for 24 cycles 
consisting of 10 min of milling and a 5 minute pause after 
which the cycle repeated in the reverse direction. 
Micronized powders were then pressed into 13 mm discs, 
placed in covered alumina crucibles, buried in Na2CO3 or 
K2CO3 sacrificial powder for A = Na+ and K+ respectively 
to further prevent volatilization of alkali ions. These disks 
were then annealed twice at 650 °C for 12 h with a heating 
and cooling rate of 5°C/min and intermittent grinding.  

Excess cationic precursors (<1%) remaining in the 
samples were removed by washing under vacuum with 1 M 
nitric acid, followed by water, and acetone. These samples 
were then dried at 110 °C for 4 h to remove any remaining 
solvent. To ensure no structural changes occurred due to 
washing, the samples were tested for acid stability. To 
check for stability, powders were submerged in 
concentrated HNO3 (~16 M) for 30 min, after which they 
were washed under vacuum with water and acetone and 
dried as previously specified. These powders were analyzed 
by lab XRD before and after the wash.  

To order the B-site cations, phase pure samples of A = 
K+ were pressed into 13 mm discs, placed in covered 
alumina crucibles, buried in K2CO3, and annealed at 650 °C 
for 100 h with a 5 °C/min heating and cooling rate. This 
process was repeated for 100 h, 200 h, and 300 h. The 
samples were acid washed using the previous procedure 
after annealing. 

XRD data were collected using a Miniflex 600 
diffractometer with Cu Kα radiation (λ = 1.541862 Å) and 
used to determine phase purity. All data were collected 
from 10 to 60°, with a scan rate of 0.12°/min, with the 
exception of data containing pyrochlore impurities which 
was scanned at 5°/min. Synchrotron XRD data were 
collected at beamline 11-BM of the Advanced Photon 
Source at Argonne National Laboratory.24 To account for 
sample absorption, crushed powders were attached to the 
outside of a 0.8 mm Kapton capillary by mixing with 
vacuum grease and placed inside of 1.5 mm Kapton 
capillary. The capillaries were spun during measurements 
to increase sample averaging. Data were collected at room 
temperature over a 2θ range of 0.5 to 50° using λ = 
0.459980 Å for 1 h. 

NPD data were collected at the Spallation Neutron 
Source at Oak Ridge National Lab using the POWGEN 
diffractometer.25 Approximately 5 g of powders were 
loaded into vanadium cans and measured at room 
temperature for 1 h using a center wavelength of 1.066 Å, 
covering a range of d-spacings from 0.30013 to 4.59539 Å.  

Combined Rietveld refinements were performed on 
Synchrotron XRD and NPD data using Topas Academic.26 
A Chebychev polynomial with 6 terms was used to fit the 
background of both data sets and additional pseudo-voigt 
peaks were used for XRD data to model amorphous 
contributions to the background from the Kapton and 

vacuum grease. The profile of XRD data was fit with the 
Stephens’ model to account for anisotropic microstrain.27 
Isotropic displacement parameters for different cations on 
the A-site or B-site as well as all oxygen displacement 
parameters were constrained together. Atomic positions for 
all B-site cations were constrained together for all fits. The 
occupancies of all sites were fixed to match the purposed 
stoichiometry. Neutron absorption (µR) for samples was 
accounted for in the refinements and estimated to be 0.0654 
and 0.0624 for A = Na+ and K+ respectively, primarily due 
to absorption from Sc3+.28,29 For all samples the background, 
lattice parameters, peak profile, scale factor, atomic 
positions, isotropic displacement parameters, and µR were 
refined. 

Second harmonic generation (SHG) measurements 
were performed on phase pure powders made from 
crushing pellets. A Kurtz nonlinear optical system equipped 
with a Nd:YAG laser (λ = 1064 nm) was used. Unsieved 
powders were placed in capillary tubes and no indexing 
fluid was used for measurements. Reflected SHG light (λ = 
532 nm) was collected using a photomultiplier tube. A 
more detailed description of the experimental procedure 
can be found in other publications.30 

 

Results & Discussion 

 
Synthesis 

 
Ivanov et al. reported the synthesis of A = K+ in 2014.21 
However, when using their synthesis method both their 
study and ours resulted in a significant pyrochlore impurity, 
as shown in Figure 1. The synthesis procedure involved 
reacting KNbO3 with Bi2O3 and Sc2O3 at 1000°C for 2 h 
and sintering at 1200 °C for 2 h. The synthesis of A = Na+ 
was reported in a thesis by Knapp, but similar impurities 
can be seen.20 In Knapp’s procedure, primary oxides and 
carbonates were mixed, annealed at 950 °C, and sintered at 
1050 °C. Due to the higher volatility of alkali metals 
compared to Bi3+, the emergent pyrochlore phase is 
believed to be Bi2ScNbO7, though some substitution of 
alkali metals into the structure may be present.31,32 We 
altered strategies for the synthesis procedure and used the 
wolframite precursor, ScNbO4, which has been used in the 
synthesis of PSN to suppress the formation of pyrochlore 
phase.33 Heating A = K+ at 950 °C for 12 h with ScNbO4 
still resulted in the formation of pyrochlore impurities.  
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Figure 1. Lab XRD data for A = K+ annealed at 650, 900, 950, and 
1050 °C temperatures.  

 
Synthesis at 1000°C and 1200°C is above the 

volatility temperature for alkali metals and above the 
annealing temperature for Bi2ScNbO7.

31,32 The samples 
annealed at 900°C, 950°C, and 1000°C for 12 h, seen in 
Figure 1, showed an increased phase fraction of the 
pyrochlore impurity with increasing temperature. Simply 
using the wolframite precursor and lowering the annealing 
temperature to 650°C resulted in samples with no 
pyrochlore impurity. Very small impurities (<1%) from 
remaining Bi and Na or K precursors could be seen after 
two 12 h annealing steps. These impurities were removed 
with 1 M nitric acid. To ensure that acid washing would not 
cause damage to the perovskite phase, degradation of the 
structure from exposure to concentrated nitric acid was 
investigated. Phase pure samples were exposed to 
concentrated nitric acid as described in the experimental 
section and XRD shows virtually no difference in relative 
intensities or peak broadening (see Figure S.1).   

Attempts were made to sinter pellets into dense 
ceramics for properties measurements.  Unfortunately, 
these materials could not be sintered using traditional 
methods. Raising the temperature above 650 °C for any 
duration resulted in formation of the pyrochlore phase. 
Previous studies of the piezoelectric properties on a similar 

system, (1-x)KNN-(x)BiScO3 with x = 0.0-0.025, have used 
CuO sintering aids, indicating a difficulty in sintering even 
at low BiScO3 concentrations.34,35 Our attempts to add CuO 
did not result in dense pellets due to the much lower 
temperatures needed to maintain phase purity. 

Synchrotron XRD data can be seen in Figure 2a and 
NPD data can be seen in Figure 2b. An impurity of < 1% 
ScNbO4 that could not be observed during initial phase 
identification was identified. Visual inspection of the data 
indicates that A = K+ has a cubic-like perovskite structure 
with no apparent peak splitting. However, peak splitting of 
the (200)c and (310)c peaks in XRD data is found for A = 
Na+. The NPD data better illustrates the obvious difference 
between these materials. A = K+ still shows a cubic-like 
perovskite structure, consistent with XRD data, but 
additional reflections are observed for A = Na+. These 
reflections are pronounced in NPD, but only two of these 
peaks are observed in the XRD data (~10.4° and ~12.4°). 
The difference between XRD and NPD data indicates that 
these peaks are likely due to rotations of BO6 octahedra 
because NPD is more sensitive to light elements such as 
oxygen. The presence of octahedral rotations in the Na+ 
sample is easily explained by the Goldschmidt tolerance 
factor (t) 

 � � 	 �	 
 ��√2	��� 
 ��� 
 

where RO is the ionic radius of oxygen, and RA and RB are 
the ionic radii for the A-site and B-site cations 
respectively.36 The tolerance factor is a simple calculation 
to determine the size ratio of the A-site to B-site cations. A 
material with t = 1 is likely to have a cubic structure and t < 
1 is likely to exhibit octahedral rotations to increase 
electron orbital overlap and optimize the coordination 
environment between oxygen anions and the small A-site 
cations. Using ionic radii from Shannon yields t = 0.938 
and 0.980 for A = Na+ and K+ respectively.37 A = K+ has a t 
close to 1 and logically crystallizes in a cubic-like structure. 
A = Na+ has a t much smaller than 1, which indicates 
octahedral rotations will be present in the crystal structure. 

   

 

Figure 2. a) Synchrotron XRD data of A = Na+ and K+. Insets show peak splitting of (200)c and (310)c peaks present for A = Na+ but not A = K+ 
and octahedral rotation peaks at ~10.4° and ~12.4° for A = Na+. b) NPD data for A = Na+ and K+.  Insets show the emergence of octahedral 
rotation peaks for A = Na+ but not A = K+. 
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Bi0.5K0.5Sc0.5Nb0.5O3 

 
Ivanov et al. described A = K+ as a distorted cubic structure 
by inspection of XRD data.21 They mention that BiScO3 
favors rhombohedral distortions and that 
Bi0.5K0.5Sc0.5Nb0.5O3 crystallizes in the �3��  space group, 
which is nonpolar.38 Their dielectric measurements showed 
a temperature of maximum permittivity, Tm, at ~427 °C, 
which they described as a relaxor transition (despite not 
showing a range of frequency data), which is inconsistent 
with centrosymmetric structures such as �3�� and ��3��. 
In addition, their dielectric measurements were performed 
on samples with a large pyrochlore impurity of Bi2ScNbO7, 
which has relaxor properties at low temperatures.31,32 
Though the Tm of this pyrochlore is approximately -19 °C, 
the dielectric data from the literature is not entirely 
representative of the pure perovskite phase.  

As an initial probe into the structure of the material, 
we performed SHG measurements on the phase pure 
samples. The SHG response was measured at 70 times that 
of α-SiO2, (Figure S.2). These results indicate that this 
material is non-centrosymmetric. Despite the SHG results, 
the synchrotron XRD data was best indexed to the cubic 
space group ��3�� . In addition to investigating cubic 
symmetry, polar subgroups of ��3�� were considered to 
determine if a non-centrosymmetric structural model could 
be identified. P4mm, Amm2, and R3m are subgroups of ��3�� and are polar due to displacements in the (001), 
(110), and (111) directions, respectively. These space 
groups are consistent with KNbO3, which transitions from 
R3m → Amm2 (room temperature phase) → P4mm → ��3�� from low to high temperature, similar to the phase 
transition sequence seen in BaTiO3.

15,39  
Pawley fits were performed using the lattice 

parameters obtained from indexing XRD data. Refined 

lattice and profile parameters from the Pawley fits were 
used in the Rietveld refinements.  Each space group 
symmetry tested accounted for all reflections in both XRD 
and NPD data. Each model fit the data well and fit quality 
parameters (Rwp) were 7.44 (��3��), 6.90 (P4mm), 6.86 
(Amm2), and 7.00% (R3m). Though visually and 
statistically these models fit well, all refinements resulted 
in large isotropic displacement parameters (Beq) for the A-
site cations (K+ and Bi3+) of 10.51 (��3��), 10.73 (P4mm), 
10.70 (Amm2), and 10.81 Å2 (R3m). Relaxor materials 
typically have large A-site displacement parameters due to 
static disorder, which results in their observed properties 
For example lead in PSN has a Beq of 4.33 Å2 and the 
bismuth/barium site in 0.75Bi(Fe2/8Ti3/8Mg3/8)O3-
0.25BaTiO3 (BFTM-BT) has a Beq of 7.3 Å2.40,41 However, 
the bismuth/potassium Beq of 10 Å2 in Bi0.5K0.5Sc0.5Nb0.5O3 

is anomalously large. In an attempt to account for this large 
Beq, the atomic positions for K+ and Bi3+ were 
unconstrained from each other for refinements with P4mm, 
Amm2, and R3m symmetry. An unconstrained A-site makes 
chemical sense because Bi3+ is known to stereochemically 
displace due to the inert pair effect, while K+ prefers a more 
symmetric coordination environment.39 Unconstraining the 
A-sites slightly dropped the Rwp, but the large A-site Beq of 
10.73 (P4mm), 10.70 (Amm2), and 10.70 Å2 (R3m) is still 
observed.  These improvements do not visually improve the 
fit of the data nor is there a reduction in the A-site 
displacement parameters.  The largest improvement is 
observed in R3m fits which showed a 0.05% decrease in 
Rwp and a 0.11 Å2 reduction in Beq. Table S.1 summarizes 
the Rwp, χ2, and A-site Beq for the ��3�� fit and P4mm, 
Amm2, and R3m fits that have unconstrained A-sites and the 
final Rietveld refinements of these data can be seen in 
Figure S.3. 

 
 

 

 
 

Figure 3. a) Fourier difference map for A = K+ which was calculated from the Rietveld refinement in ����� on XRD data. b) Displacement 
analysis results showing the Rwp as a function A-site cation displacement in the [100], [110] and [111] directions.  
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The Fourier difference map calculated from ��3�� 
fits to XRD data can be seen in Figure 3a. Electron density 
is missing from the area surrounding the A-site, consistent 
with the large isotropic displacement parameter. The 
missing electron density is distributed anisotropically and is 
projecting towards the faces of the unit cell. PSN40,42, 
BaTiO3

43, Pb(Mg1/3Nb2/3)O3 (PMN)44, and BFTM-BT41 
also have large atomic displacement parameters on their A-
sites, commonly due to static disorder from cation 
substitution. Therefore, the next step in the refinement was 
to investigate a distorted cubic model to account for the 
large displacement parameters and a cubic-like structure 
with local distortions.40–44 This distorted cubic model has 
the same lattice parameters, B-site position (1a), and O-site 
position (3d) that are used in the ��3�� space group, but 
the A-site cation is moved off of its special position. The 
model is considered distorted because the A-site cation is 
displaced from its crystallographic position usually found 
at the center of the AO12 polyhedra (1b). Refinements were 
performed allowing the displacement parameters to refine.  
However, the A-site cation was not allowed to refine, but 
it’s position was manually and systematically moved in 
various crystallographic directions while monitoring the 
Rwp. These results can be seen in Figure 3b for 
displacements in the [100], [110] and [111] directions.  

There is a clear minimum in the Rwp for all three 
displacement directions at 0.44 Å, with [100] showing the 

deepest minima. This A-site displacement distance is larger 
than that seen in most other materials. The minimum in the 
displacement for PSN is at 0.33 Å in the [111] direction, 
for BaTiO3 it is at 0.11 Å in the [110] direction, for PMN it 
is at ~0.22 Å in the [100] direction or ~0.31 Å in the [110] 
and [111] directions, and for BFTM-BT it is ~0.5 Å but the 
three directions are indistinguishable from each other.40–44 
The only material with a larger displacement distance is 
BFTM-BT.  

The A = K+ model with a displacement of 0.44 Å 
along [100] was further refined allowing the atomic 
position to freely move and yielded a final displacement 
distance of 0.435 Å along [100]. This fit yielded an Rwp of 
7.05% and a more reasonable A-site Beq of 4.59 Å2. Though 
the Rwp is not the lowest of all of the space groups 
investigated, the combination of a low Rwp, a good visual fit 
to the data, and the most reasonable A-site Beq makes the 
[100] distorted cubic model the best description of the 
average structure for these data. Though a centrosymmetric 
space group precludes SHG activity, cubic relaxors, such as 
PMN, have shown SHG activity due to local scale 
symmetry breaking.45 Final Rietveld refinements of the 
XRD and NPD data for the [100] distorted cubic model can 
be seen in Figure 4 and the refined values can be seen in 
Table 1. 

 

  
 

 

Figure 4. Results of combined Rietveld refinement of A = K+ in ����� with [100] distortion using a) synchrotron XRD and b) NPD data. Black 
circles are observed data, red lines are calculated Rietveld models, blue lines are the difference between observed and calculated patterns, and 
green markers indicated hkl positions for the space group. 

 
 
Table 1. Refined atomic positions, occupancies, isotropic 
displacement parameters, and lattice parameters for A = K+.

 

Our original synthetic procedure for 
Bi0.5K0.5Sc0.5Nb0.5O3 resulted in a highly symmetric unit 
cell with significant disorder of the A-site cation.  We also 
investigated this composition using a different synthetic 
route to manipulate the degree of B-site ordering in the 
system.  A difference in oxidation state of two or greater, 
such as in Sc3+ and Nb5+, has been shown to lead to rock 
salt ordering of B-site cations2,33 so to examine the 
possibility of ordering, the sample was subjected to long 
annealing times. Rock salt ordering of B-site cations in an 
ideal cubic perovskite doubles the lattice parameters and 
transforms symmetry from ��3��  to ��3�� , which is 
identified by the emergence of a supercell reflection at low 

Pm3m Rwp = 7.05 % χ2 = 2.82

Atom Site X Y Z Occ Beq

Bi 6f 0.6066(3) 0.5 0.5 1/12 4.59(6)
K 6f 0.6066(3) 0.5 0.5 1/12 4.59(6)
Sc 1a 0 0 0 1/2 0.905(5)
Nb 1a 0 0 0 1/2 0.905(5)
O 3d 0 0 0.5 1 2.286(8)

a = 4.081343(4) Å

_
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2θ in XRD patterns.1,33 For Sc3+ and Nb5+ this 
transformation is not always complete, as is the case for 
NaLaScNbO6, which shows 84% cation ordering by 
Rietveld analysis or PSN, which shows between 18 and 
91% ordering, depending on the annealing time.2,33 PSN 
has polar rhombohedral distortions, and the degree of 
ordering has a significant impact on the relaxor and 
ferroelectric properties, allowing for precise synthetic 
control of these properties. It has been shown that ordering 
of Sc3+ and Nb5+ changes the nature of the samples from 
relaxor ferroelectric to normal ferroelectric as seen by a 
reduction in Tm, a reduction in the frequency dispersion of 
Tm (∆Tm), and the temperature dependence of polarization 
versus electric field loops.33  

 

 
Figure 5. XRD data for A = K+ annealed for 12 hours twice and 
samples subsequently annealed for 100 h, 200 h, and 300 h. Inset 
shows the emergence of a peak at 18.8°, consistent with a doubling 
of the lattice parameter. 

 

Figure 5 shows the XRD patterns for A = K+ samples 
as prepared and annealed for 100 h, 200 h, and 300 h after 
phase formation. The emergence of a broad peak at 2θ = 
18.8° is observed, consistent with the predicted position for 
the doubling of the primitive cubic unit cell. When 
analyzing the relationship between annealing time and B-
site ordering in PSN Zhu et al. used the ratio of integrated 
intensity of diffraction peaks 

 

� � �� ��������� !� �������"#$%  

 

where S is the degree of B-site ordering, Io is the integrated 
intensity of the superlattice reflection, I100 is the integrated 
intensity of the (100)c peak, and Expt and Calc refer to 
experimental and calculated intensities respectively.33 The 
S values calculated for PSN were 0.18, 0.61, and 0.91 for 
samples as prepared (1300 °C, 2h) and subsequently 
annealed at 1000 °C for 25 h and 50 h, respectively. For A 
= K+, S was determined to be 0, 0.22, 0.38, and 0.44 for the 
as prepared (650 °C, 24h), 100h, 200h, and 300h samples 
respectively. Whether B-site ordering in Bi(A)ScNbO6 
compounds is less thermodynamically favorable or 
kinetically inhibited by the low annealing temperature is 
not clear and should be investigated further 

Bi0.5Na0.5Sc0.5Nb0.5O3 

 
The only report of the A = Na+ composition in the literature 
is by Knapp in her thesis from 2006.20 Knapp fit lab XRD 
data using the Pawley method and reported the material to 
have the space group Pnma.  Significant pyrochlore 
impurities can be seen similar to previously published 
reports on A = K+. The Pnma space group is a reasonable 
model as previous structural studies on one of the parent 
compound, NaNbO3, indicate it has the same symmetry.14,46 
However, our high resolution synchrotron XRD data was 
initially indexed to P4/mbm symmetry, consistent with 
another high temperature phase of NaNbO3.

14,47 Due to the 
inconstancies between indexing and previous results, as 
well as the complex structure that NaNbO3 exhibits, 
combined Rietveld refinements of NPD and synchrotron 
XRD were performed using P4/mbm, Cmcm, Pbnm, Pbcm, 
R3c, and P21/m symmetries, as those are the previously 
reported space groups for NaNbO3 at low, ambient, and 
high temperatures.14,48 Rietveld refinements for all space 
groups investigated can be seen in Figure S.4 and Table 2 
summarizes lattice parameters, tilt systems, Rwp, χ

2, A-site 
isotropic displacement parameters, and the number of hkls 
in the model that have no corresponding peak in the data 
for all refinements.  

 
Table 2. Space group, lattice setting, glazer tilt system, fit quality 
parameters, A-site isotropic displacement parameters, and number 
of hkls in the model with no corresponding peak in the data from 
6.5 to 2.0 Å. 

 

  

Each space group investigated accounts for all 
observed reflections seen in NPD and XRD data sets, but 
the lower symmetry space groups have many additional 
reflections in the models that are not observed in the 
experimental data. A large Beq for A-site cations, from 6.36 
to 6.64 Å2, is observed regardless of the space group 
investigated. Visually, all appear to model the data well. 
The fits of select XRD peaks can be seen in Figure S.5. 
Inspection of the models eliminated P21/m and R3c as 
options despite their low Rwp. Both of these monoclinic and 
rhombohedral symmetries poorly fit the splitting of the 
(200)c reflection and they showed the largest intensity 
mismatch for the (110)c reflection. The (100)c reflection 
was poorly fit by P21/m and the R3c fit and there was a 
significant intensity mismatch with the (111)c reflection. In 
addition, NPD fits using these two symmetries showed 
many reflections in the fits that are not observed in the data. 
The orthorhombic and tetragonal space groups all fit the 
XRD data well. However, they all consistently show the 
large mismatches with the (100)c reflection and the (111)c 
reflection. The fits for the (100)c reflection show a small 
position mismatch with the model having a larger 2θ  
 

Crystal System Space Group Lattice Parameters Tilts   Rwp   χ
2

  Beq
†

 hkls
‡

a b c

Tetragonal P4/mbm
a aoaoa+ 9.22 3.57 6.41(2) 0

Orthorhombic Cmcm 2a 2a 2a aob+c- 7.94 2.65 6.51(2) 8

Orthorhombic Pbnm 2a a-a-c+ 8.11 2.77 6.49(2) 7

Orthorhombic Pbcm
4a a-a-c+ 8.24 2.85 6.44(2) 23

Rhombohedral R3c 2a 2a 2a a-a-a- 8.47 3.02 6.63(2) 5

Monoclinic P21/m 2a a-b+c- 7.97 2.67 6.36(2) 13

† isotropic displacement parameter of the A-site Cation

‡ number of reflections in the model with no corresponding reflection in the experimental data from 6.5 to 2.0 Å

2a2a

2a2a

2a 2a

2a2a
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Figure 6.  Rietveld refinements of A = Na+ NPD data from d = 
1.175 to 2.626 Å for a) P4/mbm, b) Cmcm, c) Pbnm, and d) Pbcm 

symmetries. Reflections associated with octahedral rotations are 
marked with *, additional reflections in the models that do not 
show a corresponding reflection in the data are marked with #, and 
arrows highlight areas that show diffuse scattering. Black circles 
are observed data, red lines are calculated Rietveld models, blue 
lines are the difference between observed and calculated patterns, 
and green markers indicated hkl positions for the space group. 

 
 

position. The (111)c reflection shows predominantly an 
intensity mismatch with Cmcm fitting the best and Pbcm 
fitting very poorly both in intensity and position.  

A comparison of the NPD fits from d = 1.175 – 2.625 
Å for the orthorhombic and tetragonal space groups can be 
seen in Figure 6. The selected range highlights reflections 
at 1.30, 1.37, 1.57, 2.14, and 2.53 Å, which are associated 
with octahedral rotations. All of the symmetries 
investigated account for these octahedral rotation peaks, but 
the orthorhombic space groups have many additional 
reflections in the model that are not observed in the data. 
All orthorhombic space groups have additional peaks in the 
model at d = 1.36, 1.94, 2.22, and 2.41 Å. Many other 
additional peaks and hkl positions can be seen that are 
specific to each space group. Only the P4/mbm space group 
can account for all peaks without additional and 
unnecessary hkls, leading us to believe this material has 
tetragonal symmetry. P4/mbm is a centrosymmetric 
structure, which is also consistent with the lack of SHG 
activity that we measured for A = Na+.  

 

Figure 7.  a) Fourier difference map calculated for A = Na+ from 
the Rietveld refinement in P4/mbm on NPD data. b) Schematic of 
a BO6 octahedra in a P4/mbm unit cell, looking down the c-axis. 
Blue spheres represent B-sites, red spheres are oxygens, and white 
indicates a fractional occupancy. Schematic shows both the 
anticlockwise rotation of the O2 position and the clockwise 
rotation of the O3 position. 

 

At d ~1.35 Å and ~2.41 Å there is observed scattering 
intensity in the NPD data found above the calculated 
background function, as indicated by arrows in Figure 6a. 
This scattering intensity does not appear to be from low 
intensity Bragg reflections but from local diffuse scattering.  
Looking at fits with orthorhombic symmetry (Figure 6b-d), 
there are sharp Bragg peaks associated with antiphase 
tilting of the BO6 octahedra in these regions. Antiphase 
tilting is seen in every other space group we investigated, 
other than P4/mbm. The Fourier difference map of the NPD 
data using the tetragonal fit can be seen in Figure 7a. An 
annulus of missing scattering intensity is found around the 
O2 oxygen position on one side. The annulus is centered 
where the oxygen would be if there were no rotations of the 
octahedra, indicating out of phase tilting could be present. 
Fits performed using I4/mcm symmetry were therefore 
investigated because the aoaoa- rotation pattern has 
antiphase tilting along the c-axis, the same direction as the 
in-phase tilts of P4/mbm.  The refinements showed that the 
I4/mcm symmetry does not account for many of the 
reflections seen in the NPD data.  
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Figure 8.  Rietveld refinements of A = Na+ on NPD data from 
1.175 to 2.626 Å for P4/mbm with a) its standard a0a0a+ tilting 
scheme and b) disordered tilting from a split equatorial oxygen site. 
Black circles are observed data, red lines are calculated Rietveld 
models, blue lines are the difference between observed and 
calculated patterns, and green markers indicated hkl positions for 
the space group. 

To account for the missing scattering intensity, the 
equatorial oxygen (O2) was spilt into two sites, see Figure 
7b. The new equatorial oxygen (O3) position was set to 
have the same rotation direction (along the c-axis) and 
angle as O2 (10.6°), but to have a clockwise rotation 
instead of anticlockwise. The occupancy of these sites was 
set equal to each other and constrained to equal the 
proposed stoichiometry. The atomic positions and then the 
occupancy were refined iteratively and then together. This 
fit resulted in a rotation angle for O3 that is slightly larger 
than the O2 rotation angle, 13.5° clockwise and 11.8° 
anticlockwise, and a 15% occupancy of the O3 site. Both 
rotations are larger in magnitude than the original P4/mbm 
fit, which had a 10.6° anticlockwise rotation. Fits of the 
NPD data from d = 1.175 – 2.625 Å both with and without 
the split oxygen site can be seen in Figure 8a and b 
respectively. The split oxygen site significantly decreases 
the intensity mismatch of octahedral rotation peaks, 
specifically at d = 1.57, 2.14, and 2.53 Å.  The tilt disorder 
also reduces the Rwp from 9.22 to 8.88% and slightly 
decreases the Beq from 6.41 to 6.36 Å2. Multiphase 
refinements of P4/mbm and I4/mcm were considered, but 
the peak broadening seen in XRD and NPD is fit 
satisfactorily with one phase data does not support the 

existence of two phases. Local scale twining of may also be 
an appropriate model, but we see no indication of supercell 
reflections that would justify a larger unit cell. 

The Fourier difference map of the NPD data, fit in 
P4/mbm, with the split oxygen site can be seen in Figure 
S.6. The Fourier difference map shows that splitting the 
oxygen position does not account for all the missing 
scattering intensity. This mismatch between the model and 
the data means that the local tilt disorder is not sufficiently 
described by an out of phase tilting pattern because it is 
contingent on the local environment of the adjacent unit 
cells. We suspect that the local tilting disorder is more 
complicated than what can be described by a model of the 
average structure. Each individual unit cell has a tolerance 
factor range from 0.967 (NaNbO3) to 0.910 (BiScO3). With 
this wide range of local chemical environments, it is 
possible that the diffuse scattering seen in NPD data is due 
to local, chemically ordered regions that are highly strained 
nanodomains.  Each domain could have different tilting 
schemes as described by orthorhombic or monoclinic 
symmetry. Local orthorhombic distortions have been 
observed in other NaNbO3 based materials, but our analysis 
cannot clearly identify any because they are not manifested 
in a long range order.46,49  

After careful examination of all the models, we have 
concluded that due to the improved intensity matching of 
tilting reflections and the improvement in fit quality 
parameters when splitting the oxygen site, that this material 
is best described by P4/mbm symmetry with disordered 
rotation of the BO6 octahedra. Further studies to determine 
the local structure are necessary to understand the disorder 
at the local scale. The final Rietveld refinements of the 
XRD and NPD data can be seen in Figure 9 and a table of 
refined values can be seen in Table 3.  

 
Table 3. Refined atomic positions, occupancies, isotropic 
displacement parameters, and lattice parameters for A = Na+. 

 

 
 

P4/mbm Rwp = 8.88 % χ2 = 3.32

Atom Site X Y Z Occ Beq

Bi 2d 0.5 0 0 0.5 6.36(2)
Na 2d 0.5 0 0 0.5 6.36(2)
Sc 2b 0 0 0.5 0.5 1.034(8)
Nb 2b 0 0 0.5 0.5 1.034(8)
O1 2a 0 0 0 1 3.36(3)
O2 4h 0.6977 0.1977(4) 0.5 0.850(3) 3.36(3)
O3 4h 0.810 0.310(2) 0.5 0.150 3.36(3)

a = 5.66489(2) Å c = 4.01260(2) Å
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Figure 9. Results of the combined Rietveld refinement of A = Na+ in P4/mbm with distorted tilting using a) synchrotron XRD and b) NPD data. 
Black circles are observed data, red lines are calculated Rietveld models, blue lines are the difference between observed and calculated patterns, 
and green markers indicated hkl positions for the space group. 

 

Discussion 

  
The final refined structure of both A = K+ and Na+ can be 
seen in Figure 10a and b respectively. Both compounds 
show similar phase behavior to each other and to other 
BiScO3 solid solutions. Both compounds have structures 
that are high temperature phases of their (A)NbO3 parent 
compound. KNbO3 is Amm2 at room temperature and 
transitions to P4mm and ��3��  at high temperature.39 
NaNbO3 transitions from Pbcm at room temperature to 
Pbnm, then Cmcm, then P4/mbm, and finally ��3�� when 
heating.14 Though A = Na+ has not gone fully cubic, like A 
= K+ did, its room temperature structure is isostructural 
with one of the high temperature phases of NaNbO3. This 
increase in symmetry is common for solid solutions of 
perovskites with BiScO3.  

BaTiO3 and KNN both increase in symmetry when 
substituting BiScO3 into the lattice, changing from P4mm 
to ��3��  and from Amm2 to P4mm to ��3�� 
respectively.50,51 This structural transition results from the 
addition of bismuth, which is prone to a lone pair distortion, 
to an end member where the A-site prefers a more 
symmetrical environment. This addition of bismuth 
changes the symmetry via chemical pressure rather than 
temperature, where the strain between the preferred 
coordination environments of the two A-site cations results 
in relaxor ferroelectric behavior.  Alternatively, PbTiO3-
BiScO3 solid solutions decrease in symmetry and favor 
rhombohedral distortions with increasing BiScO3 
concentration, changing from P4mm to R3m to R3c.38 
When two atoms with a lone pair distortion are found at the 
A-site such as in this solid solution, a non-centrosymmetric 
structure along with classical ferroelectric and piezoelectric 
properties are maintained over a larger composition 
range.38,52 The A = Na+ and K+ materials are essentially (1-
x)(A)NbO3-xBiScO3 solid solutions, where x = 0.5. From 
this perspective it makes sense that A = Na+ and K+ would 
behave more like KNN and BaTiO3 than PbTiO3 because 
one end member of the solid solution does not have a lone 
pair cation on the A-site. It is possible that these (A)NbO3-
BiScO3 solid solutions could transition through all of the 
high temperature phases of the (A)NbO3 end member, 

should the entire composition range be synthesized and 
characterized. 

In particular, we find (Bi0.5K0.5)(Sc0.5Nb0.5)O3 to be 
very interesting.  When examining the end members of this 
solid solution, KNbO3 has a polar [110] displacement and 
BiScO3 favors [111] displacements.38,39 The equal molar 
combination of these two phases has increased the 
symmetry from the end members.  Solid solutions where 0 
< x < 0.5 should be investigated further. We believe that as 
the amount of BiScO3 increases, there could be a phase 
transition sequence similar to that found in the temperature 
dependent KNbO3 phase transitions where the displacement 
direction changes from [110] in the Amm2 space group to 
[001] in the P4mm space group before transforming to the 
distorted cubic structure observed in the x = 0.5 
composition. This sequence opens up the possibility of 
finding a morphotropic phase boundary (MPB) in KNbO3-
BiScO3 solid solutions where an enhanced piezoelectric 
response would be found.  This MPB would occur at the 
boundary between the Amm2 and P4mm structures.  

KNN-BiScO3, is also believed to transition from [110] 
to [001] polarization before becoming cubic, but the 
crystallography is still unknown.51 A recent 
crystallographic study of the pair distribution function of 
BaTiO3-BiScO3 that created large-box models to fit both 
the average and local structural data showed a similar result 
to our Rietveld model. Their Rietveld analysis was 
performed on compositions of the cubic side of the 
transition and also shows large isotropic displacement 
parameters.53 The results of their large-box modeling found 
that a distorted cubic structure with both [100] and [111] 
displacements best described the structure.  
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Figure 10. Schematic of the structures resulting from the 
combined Rietveld refinement on a) A = K+ in ����� with [100] 
distortions and b) A = Na+ in P4/mbm with disordered tilts. Green 
spheres represent A-sites, blue spheres represent B-sites, red 
spheres are oxygens, and white indicates a fractional occupancy. 

 
The structure of end member NaNbO3 has been shown 

to be particularly sensitive to temperature, substitution, and 
synthetic method.14,46,54–56 Variable temperature neutron 
studies show that there is phase coexistence between R3c 
and Pbcm below room temperature and between Pbnm and 
Cmcm above room temperature.14 Sol-gel and nanoparticle 
synthesis have been shown to modify the room temperature 
structure from non-polar Pbcm to polar Pma21 and Pmc21 
respectively.46,55 Additionally, small quantities of 
substitution can cause phase changes. As little as 5%  Li 
substitution onto the A-site shows a phase transformation to 
the polar space group Pma21.

56 Whether the structural 
differences between the naturally occurring NaNbO3 
mineral, leushite, and synthetically derived NaNbO3 are 
from minuscule impurities or different synthetic conditions 
is not clear, but it reaffirms that the structure of NaNbO3 is 
highly sensitive.54 

 Phase coexistence may help explain the diffuse 
scattering seen in NPD data for A = Na+. Small 

nanodomains with different tilt patterns may exist, but are 
not detectable by Bragg diffraction. Local structural 
investigations of these new compositions are strongly 
encouraged as they may lead to the discovery of the 
existence of new and interesting phases. Further 
investigation on the synthetic control of structural and 
physical properties of A = Na+ and K+ should also be 
performed as they may be viable options for new, lead-free 
relaxor materials. 

It is very clear that the structure of these 
(Bi0.5A0.5)(Sc0.5Nb0.5)O3 materials are highly sensitive to 
synthetic conditions just like the parent NaNbO3. 
Subjecting the solid solutions or its precursors to 
temperatures above 650 °C for any duration of time causes 
formation of a pyrochlore impurity. These impurities 
prevented the densification of pellets by standard synthesis 
methods. However, it is possible that dense pellets may be 
formed by hot pressing57, spark plasma sintering58, or cold 
sintering59, and should be investigated in the future to 
determine the properties of the entire solid solution.  

The preparation of these materials is not only sensitive 
to temperature, but also to time, as evidenced by the 
ordering of B-site cations in A = K+. The physical 
properties of PSN have been shown to be highly dependent 
on B-site ordering.23 The relaxor properties of A = K+ 
would presumably behave similarly. Due to the same B-site 
composition as A = K+ and PSN it is likely that the B-sites 
would order if heated for long enough, but, due to 
differences in ionic radii, it is more likely that long range 
ordering of the A-sites would emerge.  A-site ordering 
rarely occurs without B-site ordering and even if B-sites are 
ordered, A-site ordering is sensitive to cation size 
differences.1 Knapp showed simultaneous B-site and A-site 
ordering occurs in LaNaScNbO6, and the ionic radii of Bi3+ 
and La3+ are similar when in the 12-fold coordination of the 
A-site in a perovskite. The requirements for A-site and B-
site ordering are present, which may lead to similar 
ordering behavior between A = Na+ and LaNaScNbO6.

2  
 

Conclusions 
 
The perovskites (Bi0.5A0.5)(Sc0.5Nb0.5)O3, where A = K+ and 
Na+, have been synthesized without pyrochlore impurities 
for the first time. A distorted cubic structure with A-site 
displacement in the [100] directions is seen for the average 
structure of A = K+, and tetragonal P4/mbm symmetry with 
octahedral rotations along the c-axis best describes the 
average structure of A = Na+. Regardless of having a 
centrosymmetric structure, A = K+ is second harmonic 
generation active because of the local polar distortions, 
which is consistent with the previously measured relaxor 
properties. The structure is sensitive to synthetic procedure, 
showing B-site ordering after very long annealing times, 
similar to PSN. Both structures likely have significant 
disorder, which merits further study into their local 
distortions.  Diffuse scattering is seen in the NPD data for A 
= Na+, which may suggest that its structure is also sensitive 
to synthesis conditions. These materials may possess 
interesting relaxor or piezoelectric properties and their low 
temperature synthesis make them interesting targets for thin 
film synthesis.   
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