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ABSTRACT

Tin(II) perovskite oxides are promising for lead-free ferroelectric applications
because Sn(ll) is isoelectronic to Pb(Il) and is predicted to amplify displacements
and polarization. Though typically difficult to synthesize, a metastable perovskite
structure of barium zirconate titanate with Sn(II) substituted for Ba was recently
reported. In the present work, a detailed structural analysis is performed on
40% Sn(II)-substituted BaZr 5Ti, ;05 with high-resolution synchrotron X-ray
diffraction. The main diffraction peaks of the cubic perovskite persist with the
incorporation of tin into the structure. Additionally, superstructure reflections
are observed in the low 20 region of the diffraction pattern at d-spacings that are
multiples of the main perovskite peaks. The origin of these superstructure peaks
is attributed to atomic displacements of the Sn and Zr/Ti cations. A Bayesian
inference method is applied to conduct a refinement of the atomic displacements
in a supercell with no symmetry constraints (i.e., P1 symmetry setting) using the
superstructure diffraction reflections. In the absence of a known structure and
symmetry, the Bayesian method allows for simultaneous refinement of all atomic
positions without convergence to unrealistic local minima, resulting in the most
probable configurations of atoms. Through the refined solution, it is found that
displacements of the cations result in symmetry-breaking distortions from the
parent cubic perovskite structure that can be modeled using a P1 supercell with
the potential for ferroelectric polarization.
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Introduction

Perovskite oxides with the formula ABO,, where A
and B are metal cations, are widely used in electronic
applications due to their attractive dielectric, piezoe-
lectric, and ferroelectric properties. Perovskites with
Pb?* on the A-site, such as PbTiO; and Pb(Zr,Ti)Os,
are ubiquitously used because of their superior prop-
erties relative to other compositions. However, find-
ing alternatives to Pb-based perovskites is important
as there are known health risks associated with the
manufacture of Pb-based perovskites and concerns
over disposal of the product at its end of life [1, 2].
Perovskites with Sn?* on the A-site are compounds
of technological interest because of their potential
to exhibit ferroelectric properties comparable or
superior to the Pb-based compounds. First prin-
ciples calculation studies predict that SnTiO; and
SnZr 5Ti, 5053 would exhibit a perovskite structure
with a tetragonal distortion analogous to their Pb
equivalents [3, 4]. For epitaxial thin films, first prin-
ciples calculations by Pitike et al. predict that SnTiO,
would undergo a transition from a tetragonal P4mm
phase to a monoclinic Cm phase under biaxial ten-
sion [5]. In one experimental study, Laurita et al.
found that the presence of a small amount of Sn**
dopant in Ba; ;9Ca 1451 51103 and Srj ¢Sn ;TiO4
influenced the local structure of the compounds to
be similar to that of PbTiO; [6]. However, Sn(II)-con-
taining perovskites have repeatedly proved difficult
to synthesize [7]. The complexity of synthesis has

limited experimental studies of such Sn(II)-contain-
ing compositions and, specifically, their structures
and the behavior of the Sn** cations.

Recently, the ability to substitute Sn** on the A-site
of ABO; perovskite oxides to form metastable Sn(II)-
substituted Ba(Zr,Ti)O; and BaHfO; compounds was
demonstrated by O’Donnell et al. and Gabilondo et al.
[8-10]. The synthesis was achieved with a novel appli-
cation of a molten salt flux exchange method, which
enables the experimental investigation of structures
of Sn(Il)-substituted perovskites. In the present work,
the structure of 40% Sn(Il)-substituted BaZr, 5Tij 505 is
studied via high-resolution synchrotron X-ray diffrac-
tion (XRD). In contrast with the predicted tetragonal
structure, a perovskite structure with cubic cell metrics
and superstructure reflections is observed in the XRD
pattern.

Perovskites are known to exhibit small, yet trans-
formational, changes in their crystal structures with
small changes in stoichiometry, temperature, etc.
Studies have shown that perovskites undergo octa-
hedral tilting, cation displacements, and distortions,
especially when the structures are intermediate or
frustrated [11, 12]. These displacive variations often
give rise to extra reflections, sometimes termed super-
structure reflections, that can be observed with X-ray,
neutron, or electron diffraction techniques [13]. In the
work described herein, the presence of the observed
superstructure reflections is attributed to distortions,
specifically as a result of the Sn*" and Zr*"/Ti*" cation
displacements. Since no known perovskite crystal
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structure could account for all superstructure reflec-
tions, the atomic displacements were modeled using a
supercell approach with a Bayesian inference method
for crystallographic refinement to determine the most
probable configuration of atoms. The Bayesian method
provides an alternative minimization routine to the
traditional Rietveld method for refinement of a large
supercell with atoms free to displace in all direc-
tions with no pre-defined symmetry [14, 15]. With
this approach, a most probable supercell of the tin-
rich perovskite phase is determined that captures the
behavior of all the observed superstructure reflections.
The cation displacement behavior in the lattice of the
Bayesian structural solution is examined, and the dis-
tortion modes relating the parent cubic structure to
the supercell are analyzed. Within the solved struc-
ture, a potential symmetry-breaking distortion mode
indicating the possibility for ferroelectric behavior was
identified.

Methods
Synthesis

The powders BaZr 5Ti, 505 (BZT) and 40% Sn(II)-sub-
stituted Ba (Sn 4,Zr, 5Ti; 505 (BSZT) were prepared in
the same way as previously described by O’'Donnell
et al. [8, 16]. In summary, the precursor BZT was
first prepared through a flux synthesis procedure
by combining BaCO; (Alfa Aesar, 99.8%), TiO, (J.T.
Baker, >99%), and ZrO, (Beantown Chemical, 99.5%).
The Sn(II) A-site substitution was performed through
a flux-assisted synthesis with SnCl, (Alfa Aesar, 99%
min) and SnF, (Alfa Aesar, 97.5%) under an inert
argon atmosphere.

Characterization

High-resolution synchrotron powder XRD data were
measured on beamline 11-BM at the Advanced Pho-
ton Source (APS), Argonne National Laboratory. An
average wavelength of 0.457929 A was used, and scans
were collected over a 20 range of 0.5°-50° with a step
size of 0.001° at room temperature.

XRD patterns were measured at high temperatures,
in situ, at beamline 11-ID-C at the APS. The powder
sample was prepared and sealed in a fused silica capil-
lary in a glovebox under an argon atmosphere. A hot
air blower was used to heat the sample from room
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temperature to 800 °C at a rate of 5 °C/min. The sam-
ple was held for 2 h at 800 °C and then cooled back to
room temperature at a rate of 5 °C/min. During heat-
ing and cooling, two-dimensional diffraction patterns
were collected on an area detector every 60 s using an
average wavelength of 0.1173 A (equating to a 106 keV
energy) over a 20 range of 0.5°-15°. The area diffrac-
tion images were integrated to line diffraction patterns
using the program GSAS-II (General Structure Analy-
sis System 2) and a LaB, standard for calibration of the
sample-to-detector distance [17].

Analysis

Phase identification was performed through the pro-
gram High Score plus by using the Search & Match
function with the International Centre for Diffrac-
tion Data (ICDD) Powder Diffraction File database
(PDF-4 +) [18].

Cubic perovskite structures of the BZT and the
BSZT were refined using the Rietveld method with
the high-resolution synchrotron data in the GSAS-II
program [17]. Three refinements with the Rietveld
method were conducted in this work: one on the BZT
data with a Pm3m BZT phase, one on the BSZT data
with a single Pm3m BSZT phase, and one on the BSZT
data with a two-phase model consisting of Sn-rich and
Ba-rich distinct Pm3m phases. Generally, all refine-
ments were performed in the following parameter
turn-on sequence: background, histogram scale, lattice
parameters, sample x-displacement, microstrain, size,
sample absorption, atomic displacement parameters
(Uis,), atomic occupancy fractions, and phase fractions.
Phase fraction is defined by the fraction of unit cells of
each constituent. Parameters were sequentially refined
one at a time while turning all other parameters off.
Then, stable parameters were co-refined simultane-
ously while less-stable parameters were fixed until
a reasonable result was achieved. The Zr/Ti (B-site)
U,,, values were constrained to be equal, and the total
B-site occupancy fraction was constrained to sum to
one in all refinements. Analogous constraints for the
Ba/Sn on the A-site were applied for the one-phase
BSZT refinement. The phase fractions of analyte and
impurity phases in all refinements were constrained
to sum to one.

A Bayesian inference method for crystallographic
structure refinement of atomic positions in a super-
cell was developed and applied to the BSZT high-
resolution synchrotron data [14, 15]. The Bayesian
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approach differs from the Rietveld method in several
important ways: (i) it is formulated using Bayesian
inference instead of a least-squares frequentist-based
approach, (ii) it employs sampling methods that are
more robust against local minima parameter sets, (iii)
it provides improved uncertainty quantification, and
(iv) it offers a more intuitive understanding of the
results while incorporating scientifically informed
hypotheses as the posterior distribution functions
describe the probabilities of the parameters given
prior information. The Bayesian approach for crystal-
lographic refinement was implemented in Python with
the package Quantitative Uncertainty Analysis for Dif-
fraction which interfaces with the diffraction model
embedded in the GSAS-II program and is publicly
available on GitHub [19]. A delayed rejection adaptive
metropolis (DRAM) sampling algorithm was used to
perform the analysis which was run for 200,000 itera-
tions with 100,000 burn-in, an adaption interval of
100, and a shrinkage of 0.1 for each refinement [14,
20]. For each Bayesian refinement, three independent
chains with different initial parameter values were run
simultaneously to evaluate convergence behavior by
comparing the trace plots and mean solutions of the
three individual runs. Initial parameters were taken as
the nondisplaced original atomic positions in (x, y, z)
fractional coordinates, original positions plus 0.001 A,
and original positions minus 0.001 A. The results of
the ‘chain 1’ runs with initial parameters of the non-
displaced atomic positions are presented in the main
text unless otherwise noted.

Results

Phase identification in high-resolution powder
X-ray diffraction profiles

High-resolution synchrotron XRD measurements of
BZT and Sn(II)-substituted BSZT are presented in
Fig. 1. The pattern of the precursor BZT material, plot-
ted at the bottom, shows the characteristic peaks of a
cubic perovskite structure, space group No. 221 Pm3m.
There is a small amount of impurity ZrO, baddeley-
ite phase, space group No. 14 P2, /c. Additionally, a
cubic perovskite BaZrO; impurity phase was observed
via diffraction peaks present as shoulders on the main
perovskite peaks.

The structural effects of the Sn(II) substitution can
be studied through the BSZT high-resolution XRD
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Figure 1 High-resolution synchrotron XRD patterns of BZT
(bottom, black) and 40% Sn(II)-substituted BSZT (top, red). The
main peaks observed in both compositions are characteristic of a
cubic perovskite (space group Pm3m).

pattern, which is plotted at the top in Fig. 1. The main
peaks observed in the BSZT pattern are also char-
acteristic of a cubic perovskite Pm3m structure, at
least as observed by the lack of peak splitting which
would otherwise indicate a lower symmetry poly-
morph. The presence of cubic peaks indicates that
the structure of precursor BZT perovskite phase per-
sists even with the 40% tin substitution, as discussed
previously by O’Donnell et al. [8]. Peaks from the
secondary phases present in the precursor remain in
the pattern, still in minor fractions. A small amount
of SnO, space group No. 129 P4/nmm, is seen by a
small peak at around 26 of 8.78° (equivalent to an
interplanar spacing of 2.99 A) which corresponds
with the most intense expected SnO peak. SnO is a
decomposition product of metastable Sn(II)-contain-
ing perovskite phases [16]; thus, the low presence
of SnO in the diffraction pattern indicates that neg-
ligible decomposition has occurred within the sam-
ple. The phase and weight fractions of all second-
ary phases present in the pattern obtained through
Rietveld refinements are reported later in the text
(see Table 2).

In the diffraction pattern of the BSZT, unexpected
peaks at low intensities relative to the cubic perovs-
kite reflections are also apparent. Figure 2 highlights
the presence of these additional diffraction peaks,
marked with asterisks, which are most prominently
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Table 1 Observed superstructure reflection positions

d-spacing (/f\) cubic perovskite reflection relationship

11.67 4-d,

9.48 4-d,,

8.2 4 - dyy

6.69 4-dy,

5.45 4-dy,4 - dyy
5.23 none

4.94 4.dy,

4.73 4-d,y,

4.38 4. dy,

3.34 4-dy,

3.21 4.dy,4-dsy
3.15 4. dys,4 - dsy,
2.77 4. dsy,

2.73 4 dyy.4 - dyy

Reflection positions are listed as interplanar d-spacing values in
the first column. The second column lists the relationships of the
d-spacing values to those of the cubic Pm3m reflections as mul-
tiples of 4. Three of the superstructure reflections correspond to
multiples of the cubic unit cell lattice constant (a,), listed in the
third column

observed near the background intensity level. These
unidentified peaks are particularly prominent in the
low 20 region from 2 to 10° as shown in Fig. 2b and
remain visible in the pattern at 26 angles up to ~ 18°,
but are not present in the BZT precursor as shown in
Fig. 2a. In Table 1, the approximate d-spacing values,
or interplanar spacing values, corresponding to the
observed unidentified reflections are tabulated along
with their relationships to the cubic perovskite unit
cell reflections. Notably, most of the d-spacings of
the unidentified peaks are multiples of the d-spac-
ings of the main perovskite peaks by a factor of four.
After a thorough phase identification procedure was
performed, it was found that the additional diffrac-
tion peaks can neither be attributed to relevant sec-
ondary phases, such as ZrO,, BaZrO;, or SnO, nor
any other existing perovskite phases in the database.
Perovskites distorted by the presence of oxygen octa-
hedral distortions and tilting or cation displacements
are known to exhibit extra satellite reflections in dif-
fraction measurements called superstructure reflec-
tions [11, 12]. Therefore, the unexpected peaks in the
BSZT diffraction pattern are identified as superstruc-
ture reflections that are indicative of distortions of
the pre-existing perovskite lattice.
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Known distorted perovskite structures from lit-
erature were examined and are discussed here in an
attempt to identify a match, or approximate match,
to describe the experimental pattern with a focus on
accounting for the BSZT superstructure reflections.
Configurations were sought with a unit cell and
symmetry that incorporated a quadrupling of the
cubic perovskite unit cell in at least one direction to
match the reflection positions (Table 1). One example
of such a distorted structure is PbZrO;, which is an
orthorhombic structure in the Pbam space group with
lattice parameters \/Euc X 2\/5[1C X 2a, where a, denotes
the parent cubic perovskite lattice parameter [21-24].
The structural distortions include displacements of
the Pb ions and octahedral tilting [25]. Many dis-
torted perovskite variations are similar to the PbZrO;
structure and generally share common elements. For
example, Nd-substituted BiFeO; also exhibits super-
structure peaks, as studied by Karimi et al. and Levin
et al. through diffraction [26, 27]. For Nd-modified
compositions, e.g., Bi;_,Nd, FeO; with 0.15<x<0.20,
superlattice peaks were observed and consistent with
orthorhombic PbZrO; and Pbam symmetry. They also
observed additional superlattice peaks in the sys-
tem at le {001}, indicating a quadrupling of the c-axis
of the original cubic unit cell with lattice param-
eters \/Eac X 2\/Eac X 4a,. A hypothesis presented by
Levin et al. to explain the quadrupled structure in
Bi,_,Nd,FeOj; is an NaNbO;-type octahedra tilting
combined with Bi antipolar displacements with Pbnm
symmetry [27, 28]. Likewise, NaNbQO; is a distorted
perovskite with an orthorhombic unit cell in space
group Pbma with lattice parameters \/Eac X 4a. X \/Eac
[29]. Structural refinements of single-crystal XRD
and neutron diffraction determined that there are
displacements of Na, displacements of Nb, and octa-
hedral tilting within the NaNbO; at room tempera-
ture [29, 30]. Khalyavin et al. studied the structural
distortions of the high-pressure stabilized perovskite
system BiFe,_,Sc,O; using neutron and x-ray powder
diffraction [31, 32]. A BiFe,Sc,30; composition was
found to have a Pnma space group with cell metrics
of \/Eac X 4a, X 2\/§ac, Bi displacements, and unusual
octahedral tilting. Similarly, BiScO; was also found to
have a Pnma space group, but with 2\/511C X 4a, X \/Eac
cell metrics and different structural distortions. While
there were some similarities between the structures
described above and the BSZT superstructure reflec-
tions observed in the work presented here, not all
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of the reflections were captured with any one given
structure and, additionally, the predicted reflections
that did match some of the observed reflections did
not well represent their observed intensities.

In situ high-temperature XRD decomposition
experiment

The superstructure reflections were studied through
an in situ high-temperature XRD experiment to
observe the thermal decomposition of the BSZT phase.
Area detector patterns, later integrated to line scans,
were acquired as the sample was heated from room
temperature to 800 °C, held at 800 °C, and cooled back
to room temperature. The in situ diffraction patterns
for all patterns measured during the heating segment
are plotted in Fig. 3 with reflection intensity as the
z-scale colormap. In the initial pattern at the start of
the experiment, both the primary diffraction reflec-
tions evidencing cubic cell metrics and the super-
structure reflections are consistent with that observed
in the high-resolution XRD data (Figs. 1 and 2). The
decomposition of the BSZT, which occurs as the sam-
ple is heated and Sn(Il) leaves the perovskite lattice,
is indicated by the emergence of SnO, [33] in the pat-
tern at around 550 °C. The full 20 range is plotted in
supplemental Fig. S1 for a more complete observation
of the SnO, reflections. The superstructure reflections
gradually disappear during the decomposition of the
BSZT compound into BZT and SnO, and are no longer
observable in the pattern after around 600 °C, which
is evident when the pattern is examined in the low 26
region (Fig. 3).

During cooling, the BZT and SnO, phases remain
prominent, but the superstructure peaks do not return,
i.e., displaying irreversibility, as seen in supplemental
Fig. S2. The irreversibility of the superstructure reflec-
tions upon cooling suggests that they are unique to the
metastable tin-containing phase present at the begin-
ning of the experiment.

Tolerance factor considerations

The Goldschmidt tolerance factor is often calculated
for perovskites to predict the expected stability and
oxygen octahedral tilting in the structure at room tem-
perature [13]. The tolerance factor, ¢, is defined as
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(ra+10)

\/E(VB +70)

where r,, r5, and r are the ionic radii of the A-site
atoms, B-site atoms, and oxygen atoms, respectively.
The B-site atoms are classified as those in the center
of the oxygen octahedra. Shannon’s ionic radii of
the respective atoms, as listed in Table S1, were used
for the tolerance factor calculation [34, 35]. The ionic
radius of Sn*" was not reported in Shannon’s origi-
nal tables because of the asymmetric bond distances
from distortion. Recently, the ionic radius of Sn** was
derived using methods analogous to the Shannon
radii system by Sidey as 1.38 A in 12-fold coordina-
tion [36], a value that is adopted here in the tolerance
factor calculations.

The Goldschmidt tolerance factor of BZT is t =1.03,
and that of SnZr, sTi, s0; (SZT) with Sn** fully occu-
pying the A-site is t=0.95. When the tolerance fac-
tor is in the range 0.985 <t <1.06, the perovskite is
expected to be untilted and undistorted, whereas
when 0.71 <t <0.964, the perovskite is expected to
exhibit both antiphase and in-phase octahedral tilt-
ing [13]. The tolerance factor of BZT, ¢ =1.03, is in the
range to expect an undistorted, untilted cubic perovs-
kite structure. SZT, on the other hand, with a tolerance
factor of +=0.95, may be susceptible to tilting or other
distortions to stabilize the structure, which is consist-
ent with the appearance of superstructure peaks in the
XRD profile. For a mixed A-site Bay (Sn 421 5Tij 503,
the stoichiometrically average value is t=1.0, which
suggests an undistorted perovskite. However, Ba-rich
and Sn-rich zirconate titanate phases in BSZT were
shown in prior work to form separately within the sys-
tem as a core and nanoshell configuration [16]. The
observation of superstructure reflections in the BSZT
diffraction pattern is consistent with the presence of
Sn-rich regions that would have a tolerance factor
closer to t=0.95.

7

Refinements with the Rietveld method
and structure determination

Structural refinements using the Rietveld method of
the BZT and BSZT samples were performed with the
high-resolution XRD data over a 20 range of 2—45°.
Both patterns were fit using a one-phase model with
a single cubic perovskite (Pm3m) phase as well as the
identified impurity phases, but the superstructure

@ Springer



11294

. ] Mater Sci (2024) 59:11288-11305

Table 2 Refinement results from the Rietveld method for parameters of most interest for BZT, BSZT with a one-phase model, and

BSZT with a two-phase BZT + SZT model

Parameter name Value s.u
BZT

Lattice parameter (A) 4.09585 0.00004
Zr fraction 0.429 0.003
BZT phase fraction 0.97 *
BaZrO; phase fraction 0.02 *

ZrO, phase fraction 0.01 *

Ry, (%) 16.92

BSZT 1-phase

Lattice parameter (A) 4.09306 0.00003
Sn fraction 0.349 0.004
Zr fraction 0.413 0.003
BSZT phase fraction 0.952 *
BaZrOj; phase fraction 0.018 *

ZrO, phase fraction 0.025 *

SnO phase fraction 0.005 *

Ry, (%) 11.10

BSZT 2-phase

BZT

Lattice parameter (10%) 4.09596 0.00005
Zr fraction 0.575 0.006
BZT phase fraction 0.607 0.007
SZT

Lattice parameter (10%) 4.08643 0.00008
Zr fraction 0.110 0.008
SZT phase fraction 0.345 0.006
Impurities

BaZrO; phase fraction 0.018 *

ZrO, phase fraction 0.025 *

SnO phase fraction 0.005 *

Ry, (%) 10.07

Refined parameter values and associated standard uncertainties (s.u.) are listed with weighted pattern residual R-values (Ry,p)- Parameter
values that were refined individually, but fixed for the final refinement as they were not stable enough to be co-refined are marked with

asterisks (*)

reflections were initially ignored for a simplified
refinement of only the parent cubic structure. In addi-
tion to the one-phase model, the BSZT pattern was also
fit with a two-phase model with separate cubic BZT
and SZT phases. This two-phase model was inspired
by previously published TEM images that showed
the Sn-rich perovskite phase forms a shell around a
Ba-rich circular perovskite core, suggesting that the
SZT is stabilized on the surface of the BZT as a sepa-
rate phase [16]. The refined parameter values and

@ Springer

criteria of fit results for all refinements are reported
in Table 2. The two-phase BZT + SZT model resulted
in the best fit to the BSZT data, and the refinement
results are presented in Fig. 4. Plots of the modeled
patterns and observed data for the single-phase BSZT
and BZT models are presented in supplemental infor-
mation Fig. S3. Parameters refined that are not listed in
Table 2 include atomic displacement parameters (U,),
microstrain, size, histogram scale, sample x-displace-
ment, absorption, and background. The total phase
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Figure 2 High-resolution XRD viewed near the background
intensity level a over a 26 range of 2—18° to highlight the appear-
ance of superstructure reflections that are present in the BSZT
(top, red) and not in the precursor BZT (bottom, black). b Fur-

fraction of all the impurity phases combined is less
than 5% in each refinement with a nearly negligible
amount of SnO impurity, indicating that only a small
amount of decomposition has occurred in the sample.
The cubic lattice constant of the single-phase BSZT
model (4.09306 +0.00003 A) is slightly less than that
of the precursor BZT (4.09585 + 0.00004 A) which is
likely due to the smaller size of Sn** compared to Ba**
(Table S1) and supports the expectation that, on aver-
age, Sn*" ions are substituting for Ba®" in the BZT lat-
tice. The two-phase BZT + SZT model has a BZT lat-
tice constant (4.09596 = 0.00005 A) similar to that of the
BZT precursor refinement and an SZT lattice constant
(4.08643 +0.00008 A) noticeably smaller than the BZT.
Additionally, the weighted pattern residual (R,,,) of
the two-phase BZT + SZT model, 10.074%, is less than
that of the one-phase model for BSZT, 11.103%. While
this difference in agreement factors is slight, it sug-
gests that the two-phase model provides a more rea-
sonable fit to the experimental data in accordance with
the previously observed core—shell microstructure.
While the two-phase model involving two cubic
phases provides a good fit to the diffraction data,
the superstructure reflections are not predicted from
these cubic phases and, therefore, the model needs to
be further improved to better understand the struc-
ture. However, no known structures were found to
adequately account for all the superstructure reflec-
tions in the phase identification process. Thus, the
pre-existing structural models found in literature are

ther zoomed in 26 range of 2-10° to display the most prominent
superstructure reflections. Visible superstructure reflections are
marked by asterisks (*) and impurity phases ZrO, and SnO are
denoted by colored tick marks.

insufficient, so the symmetry must be lowered and the
atomic positions must be refined to improve the fit.
A structural determination can be performed when
no known structure exists, which can sometimes be
completed successfully with powder XRD information
alone [37]. The program EXPO2014 was used to index
the unit cell from the XRD pattern [38]. Though there
were several possible results, one of the most likely
set of unit cell parameters resulting from this search
was a=16.37 A, b=5.87 A, c=11.60 A, a ==y =90°.
This definition of lattice parameters corresponds to
cell metrics of 44, \/Euc, 2\/5&0 where a, ~ 4.1A. The
lattice parameter definition agrees with the unit cell
dimensions of the PbZrO; orthorhombic perovskite
structure doubled along one axis [21, 24]. Among
other attempted structure determination techniques,
space group determination was not possible within
EXPO2014 due to the relatively low intensities of the
superstructure reflections and peak overlap of the
impurity phases, main perovskite BZT reflections, and
superstructure reflections. Thus, structure determina-
tion was constrained to indexing and determining the
most likely set of unit cell dimensions.

Structural investigation with the Bayesian
inference method

Given the inability of known phases to fit the observed

superstructure reflections and their intensities, an
alternative method is presented that can refine the
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Figure 3 In situ XRD pat- 700
terns during decomposition

of BSZT in the low 26 region 600
to examine the most promi-

nent superstructure reflec- — 500
tions. Star symbols indicate 8
observed superstructure g 400
reflections, and labels indi- E
cate the cubic 100 reflection, qé_ 300
ZrO, impurity and emerging K]

SnO, decomposition product.

[
o
o

After complete decomposi-
tion (around 600 °C), the
superstructure reflections are

100

no longer visibly present and
do not return upon cooling.

crystal structure and model all superstructure reflec-
tions observed in the XRD pattern.

When considering the construction of the new struc-
tural model, several possible perovskite distortions
that could cause the presence of superstructure reflec-
tions are considered including: tilting of the oxygen
octahedra, cation ordering, and cation displacements
[12]. Several distortion types can be ruled out through
process of elimination given that the superstructure
reflections are visible by XRD and are commensurate
with four times the cubic perovskite unit cell. From
the tolerance factor calculations and what we know of
perovskite-type structures, tilting of the oxygen octa-
hedra is likely present in the structure. However, XRD
is not highly sensitive to oxygen atoms in the presence
of heavier elements, so the oxygen tilting pattern can-
not be sufficiently determined from this information
alone. B-site cation ordering of the zirconium and tita-
nium is also dismissed because, in prior work on an
Sn(Il)-substituted PbH{O, system, similar superstruc-
ture reflections were observed with only the Hf occu-
pying the B-site [39]. Additionally, an even distribu-
tion of Zr and Ti throughout individual particles of the
40% Sn(II)-substituted BaZr, 5Ti, 505 was observed by
energy-dispersive x-ray spectroscopy (EDS) measure-
ments collected via transmission electron microscopy
(TEM) methods in a previous study by O’Donnell et al.
[16]. A-site cation ordering of the Ba and Sn atoms is
also unlikely because, in the same TEM imaging study
by O’Donnell et al., it was shown that the BSZT forms
in a core-shell structure with a Ba-rich core and a
separate Sn-rich shell. Thus, the BZT and SZT are two
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Intensity (a.u.)
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separate phases that can be modeled independently as
opposed to a mixed Ba/Sn A-site, in agreement with
the previously discussed Rietveld refinements. After
eliminating oxygen behavior and cation ordering, this
leaves cation displacements. Furthermore, since Sn**
has a smaller ionic radius than Ba** and an electron
lone pair like Pb?', the Sn*" ions are expected to experi-
ence larger displacements, whereas Ba*" is less suscep-
tible to distorting from its centrosymmetric position.
Thus, it is hypothesized that the primary contributions
to the intensities of the observed XRD superstructure
peaks are attributed to cation displacements of the Sn**
and/or the Zr*'/Ti*" B-site cations.

To refine the cation displacements using the powder
XRD data, one approach could be to create a supercell
based on the cubic perovskite precursor and refine the
atomic positions using the Rietveld method. Since the
space group is unknown, no symmetry elements could
be applied in this approach, allowing atoms to move in
any direction. Consequently, when this approach was
attempted using the Rietveld method, it led to unsta-
ble refinements, poor fits to the superstructure reflec-
tions, and unrealistic values for atomic coordinates.

Alternatively, applying a Bayesian inference
method to the refinement of the structure can pro-
vide a more robust algorithm for testing and accept-
ing atomic positions. With this Bayesian method, all
refinement parameters are sampled simultaneously
over hundreds of thousands of iterations until a con-
verged solution is obtained. The method results in
posterior distributions of solutions for parameter val-
ues. Such a probabilistic model can be summarized
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by computing the mean values of each posterior dis-
tribution. In this work, the mean posterior parameter
values for the atomic position parameters are taken to
be the ‘solved’ values that determine the most prob-
able supercell configuration. Additionally, within the
Bayesian method, atoms are constrained through prior
information to displace only within a defined radius
of their nondisplaced positions to avoid false minima
and unreasonable solutions.

To implement the Bayesian method, a non-distorted
SZT superstructure with cell metrics was first defined.
The supercell lattice definition is constructed using a
transformation of the parent undistorted perovskite
cubic unit cell (a, X a, X a.) to an orthorhombic setting
(\/EaC XZ\/EII!C X 4a.). The transformation was per-
formed in Crystal Maker [40] as:

a,=a,+b,
b, = —-2a,+2b,

c, =4c

[ c

Here, a,, b,, and ¢, are the orthorhombic supercell
unit cell vectors and a,, b, and c, are the cubic perovs-
kite unit cell vectors. The parent cubic unit cell atomic
positions were initialized as Sn(0, 0, 0), Ti/Zr(0.5, 0.5,
0.5), and O(0.5, 0.5, 0) and a shift in origin of (0.5a,
0b,, Oc.) was applied for the supercell transformation.
This unit cell setting is the same as the PbZrO; dis-
torted perovskite definition with the c-axis doubled
[21, 24]. A space group of P1 was chosen, such that no
symmetry was assigned to the supercell. To define the
magnitudes of the supercell lattice parameters, a value
of a,=4.1 A was used, as determined using the Unit
Cell Test & Refinement tool in GSAS-II to manually
adjust the supercell dimensions until all the expected
reflection positions aligned with the visible super-
structure peaks [17]. The supercell lattice parameter
magnitude ratios were fixed at \/Eac X 2\/§ac X 4a,,
resulting in dimensions of 5.798 x 11.596 x 16.4 A.
All atomic positions, including those of the oxygen,
titanium/zirconium, and tin, were fixed at their non-
displaced positions to define this initial non-distorted
structure. The B-site atoms were all defined at 50%
Zr and 50% Ti occupancy and constrained to be an
equivalent mixed site.

The second step involves performing a refine-
ment with the Rietveld method in GSAS-II in order
to initialize the Bayesian crystallographic refinement
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algorithm. Here, we assume the two-phase model with
separate BZT and SZT phases as discussed in the pre-
vious section, where the behavior of the SZT struc-
ture is of interest. To set up the Rietveld refinement,
solved parameters from the two-phase refinement of
the BZT + SZT (Fig. 4 and Table 2) were used as initial
parameter settings. The SZT phase with a P1 supercell
was used in place of the cubic SZT phase from the
two-phase refinement. The weight fractions of the BZT
and SZT phases were fixed to 0.6 and 0.4, respectively,
based on the stoichiometric values as freeing these
parameters created an unstable refinement. Using the
complete 20 range between 2 and 45°, the parameters
of microstrain, size, histogram scale, sample displace-
ment, background, and the BZT structural information
were refined. The SZT supercell structural information
remained fixed during the refinement. All parameters
were then fixed except for the background parameters
and the 20 range was constrained to 2-8.75°, which
is the region of the most prominent and informative
superstructure reflections, and a final refinement itera-
tion was performed. This low 20 region includes only
one of the main perovskite peaks, so that the refine-
ment is predominantly influenced by the superstruc-
ture reflections instead of the cubic perovskite. Only
the ZrO, impurity phase was included in the model as
the other impurity phases in the sample do not exhibit
reflections in this 26 region.

With the Rietveld refinement complete, the
atomic positions within the SZT supercell are then
refined using the Bayesian approach. Two different
structural refinements with the Bayesian inference
method were performed: (Model 1) varying only the
Sn x, y, and z fractional atomic position coordinates
and (Model 2) varying both the Sn and Zr/Ti B-site x,
y, and z fractional atomic position coordinates. Aside
from the atomic positions and background param-
eters, all other parameters remained fixed at their
least-squares estimates during the Bayesian refine-
ment. A beginning set of atomic fractional positions
within the supercell initializes the routine for obtain-
ing Bayesian ‘chains’ of sampled and accepted x, y,
and z fractional coordinate values for each refined
atom. Three parallel sample chains for each refined
x, ¥, and z parameter were run with different initial
values for each chain to evaluate convergence and
performance of the model. The initial values were
set as the atomic fractional coordinates in (x, y, z)
of the non-displaced supercell and + 0.001 of those
non-displaced starting values. The resulting mean
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Table 3 Fit criteria for results of Models 1 and 2

2°<20<8.75°  2°<20<8.75°  2°<20<25°
DIC Ry, (%) Ry, (%)

Model I 59,320 9.92 15.35

Model2 60,670 9.73 15.68

Fit criteria include deviance information criteria (DIC) from the
Bayesian refinement approach and weighted pattern residuals
(Ry,,) from the least-squares approach with the SZT structure def-
inition fixed at the Bayesian solution

atomic coordinates of the three separate chains had
different values for each atom, but displayed simi-
lar atomic displacement relationships within the
supercell. Given the similarities of the three sepa-
rate results for each model, only results for “chain 1,
the chain with the non-displaced atomic centers as
the initial positions, are reported here unless other-
wise noted. Example trace plots of select parameter
chains to demonstrate good sampling behavior and
convergence are shown in Fig. S4. Example posterior
parameter distributions represented as histograms
for the (x, y, z) fractional coordinated of one atom
are shown in Fig. S5.

The 99% credible and prediction intervals result-
ing from the Bayesian refinement of the atomic posi-
tions with Model 1 (only Sn displacements allowed)
are shown in Fig. 5a and with Model 2 (both Sn and
Zr/Ti atomic displacements allowed) in Fig. 5b. The
fit interval results for both models capture all the

J Mater Sci (2024) 59:11288-11305

observed superstructure reflection positions and are
in good agreement with the intensities. The deviance
information criteria (DIC) for both model results are
reported in Table 3. The DIC is a Bayesian fit criteria,
where lower values indicate a better model, that can be
used to inform the relative fit quality of a model while
also penalizing for overfitting [41]. Based on the DIC,
Model 1 results in only a slightly better fit to the data
as compared to Model 2.

The solved structures with the posterior parameter
mean fractional atomic coordinates for both Model 1
and Model 2 are included in Supplemental Informa-
tion as crystallographic information files. The solved
Sn atomic positions from Model 1 are depicted as a
crystal structure in Fig. 6a—d. The original nondis-
placed positions are shown by the intersections of
the guidelines for reference. The tin atoms displace
in many directions at varying amplitudes, but there
is a strong preference for displacement along the
y-axis and z-axis ([TlO]C and [001], directions of the
parent cubic unit cell). Minimal displacement of the
tin atoms is observed along the x-axis.

The solved Sn and Zr/Ti atomic positions from
Model 2 are depicted as a crystal structure in Fig. 6e-h.
The Zr/Ti atoms displace in all directions, but predom-
inantly along the y- and z-axes ([TIO]C and [001],). The
tin atoms also displace from their original positions in
all directions, similar to the displacements observed
in Model 1. In Model 2, however, the magnitude of

Figure 4 Comparison of

the experimental, high-
resolution XRD pattern and
the predicted pattern refined
using the Rietveld method
for the BSZT data modeled
as two phases: BaZr, Ti,_,O5
and SnZr,Ti,_,O;. The range
is zoomed in to better show
the calculated pattern, though
refinements were performed
over a 26 range of 2—45°.
Phases are indicated with
colored tick marks, includ- i
ing impurity phases, with I
the difference curve shown

Intensity(a.u.)

+ Observed
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Figure 5 99% credible and a)
prediction intervals showing

model fit to data in the low
260 range for a Sn displace-
ment Model 1 and b Sn+Zr/
Ti displacement Model 2.
The prediction intervals for
both models cover that data
well, match all the super-

structure reflection positions,

 Data
[ 99% Credible Interval
[ 99% Prediction Interval

Intensity (a.u.)

and roughly fit the intensities.
Inset shows a zoomed in view
of the first four peaks.

~—
©

b)

Intensity (a.u.)

« Data
N 99% Credible Interval
I 99% Prediction Interval

atomic displacements of the Sn A-site atoms is more
pronounced than that of the Zr/Ti B-site atoms.

With the atomic positions of the SZT supercell
determined using the Bayesian approach for Model
1 and Model 2, refinements with the Rietveld method
using these supercells were performed. All supercell
parameters were fixed at the Bayesian posterior mean
parameter values while only histogram scale, micro-
strain, and background were refined. The resulting fit
for the Model 1 supercell with only Sn displacements
is plotted in Fig. 7. This model provides a good fit to
the superstructure reflections in the low 20 region,
similar to the Bayesian model results. As 20 increases
beyond the limits set in the Bayesian approach, the
model continues to be a reasonable fit to both the
superstructure reflections and the main perovskite

26 (°)

reflections. The weighted pattern residual factors for
refinements over two different 20 ranges are listed
in Table 3. Similar fit qualities are found for Model 1
and Model 2. In this context, neither model is deemed
more suitable than the other and either displacing only
the Sn or both the Sn and the Zr/Ti yields an adequate
fit to the data. By utilizing the mean posterior atomic
positions from the Bayesian method, a good fit was
achieved for the observed superstructure reflections
and a supercell was defined as a first step toward
understanding the structure of the SZT compound.

Symmetry analysis

The Bayesian solution for atomic positions within a
supercell provides information even with nearly no
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Figure 6 Visual representation of the solved supercell with
atomic positions from the Bayesian method. Model 1 is displayed
on the left (a—d) and Model 2 is displayed on the right (e-h). The
full supercells (a, e) and projections along the (b, f) x-, (c, g) y-,
and (d, h) z-axes are shown. Red atoms are the Sn atoms, orange
atoms are the Zr/Ti atoms, orange polyhedra represent the oxygen

prior knowledge of the structure. This approach is use-
ful for determining an initial, symmetry-less P1 struc-
ture definition. Although the displacements of the Sn
and Zr/Ti atoms could appear to be predominantly
random in all directions in the Bayesian supercell solu-
tion, a closer look provides more information about
the symmetries within the structure and relationships
between atoms. In this section, symmetry considera-
tions of the solved supercell and an evaluation of the
atomic displacements within the cell are discussed.
First, we consider the impacts of the oxygen octahe-
dra on the observed superstructure reflections and the
calculated pattern from the final structure definition.
The effects of oxygen behaviors were not included
in the supercell model. However, from the tolerance
factor calculation and the behaviors expected in dis-
torted perovskite structures, it is likely that the oxy-
gen octahedra undergo tilting or other distortions in
the tin-containing perovskite. To evaluate the conse-
quences of omitting the oxygen distortions from this
study, the oxygen positions of orthorhombic PbZrO,
from Corker et al. [21], doubled along the z-axis, were
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octahedra, and blue atoms are the fixed oxygen atoms. The dotted
lines in (a, e) show the Sn—Sn atom distances. The intersections
of the gray guidelines in (c, d, g, h) show the original nondis-
placed atomic positions. All images were generated in Crystal
Maker [40]

substituted into the Bayesian unit cell with Sn and
Ti/Zr displacements. By comparing simulated pat-
terns of the unit cell with tilted and non-tilted oxygen
octahedra, it was found that distortions of the oxygen
octahedra do not significantly impact the intensities
of simulated XRD reflections at low 260 (Fig. S6). Thus,
it can be concluded that allowing the oxygen to dis-
place in the model would not significantly impact the
fit results.

With only powder X-ray diffraction information, the
full symmetry of the unit cell including the oxygen
octahedra behavior cannot be completed described.
To do so, further information about the oxygen atoms
would be necessary from other data collection meth-
ods, such as neutron or electron diffraction. None-
theless, within the definitions of the SZT supercell
focused on the A-site (i.e., Sn) and B-site (i.e., Zr/Ti)
displacement behaviors obtained from the Bayesian
approach, it may be possible to assign a higher sym-
metry space group than P1. The resulting supercell
structures were analyzed in the program FINDSYM
to identify possible space groups and symmetry
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behaviors [42, 43]. The solved atomic positions from
all three differently initialized Bayesian chains (to test
for convergence of solutions) for both Model 1 and
Model 2 were analyzed in the FINDSYM program. A
unit cell with monoclinic space group of Pm and lattice
parameters of a=>5.798 A, b=164 A, and c=11.596 A
within an atomic position tolerance of 0.5 A and lat-
tice parameter tolerance of 0.001 A was identified for
all three solved supercells of both Model 1 and Model
2. For an atomic position tolerance less than 0.3 A,
no symmetry was identified for any of the structure
definitions. Crystallographic information files (cif)
for the structure defined in the Pm setting for both
Model 1 and Model 2 are included in the supplemen-
tal information.

Another technique that can help to understand the
distortion behavior of the supercell structural solu-
tion is symmetry mode decomposition. Symmetry
mode decomposition, also known as distortion mode
analysis, is helpful in relating a high symmetry par-
ent structure to a lower symmetry distorted structure
through identifying symmetry-breaking distortion
modes [44]. In this case, the parent structure is defined
as the Pm3m cubic unit cell with atomic positions Sn(0,
0, 0), Ti/Zr(0.5, 0.5, 0.5), O (0.5, 0.5, 0). The low sym-
metry structure is the supercell, with atomic positions
defined by the Bayesian crystallographic refinement
solution. An analysis of the symmetry modes with
this cubic perovskite parent phase and the supercell
distorted phase was performed and compared using
both ISODISTORT and AMPLIMODES [44-47]. The
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complete list of nonzero distortion modes in the
supercell identified by the AMPLIMODES program
is summarized in supplemental Table 52 for Model 1
and in Table S3 for Model 2. In this analysis, only the
‘chain 1’ solution for each model is presented as no
significant differences were notable across the results
with different parameter initializations. For Model 1,

the largest identified distortion mode was I'; with an
overall amplitude of 1.3346 A and a normahzed polari-
zation vector defined in the low symmetry unit cell of
(0.017,-0.019, 0.0039) on all Sn atoms in the super-
cell, which is shown in Fig. 8a—d. Other modes were
found to have non-insignificant amplitude values, but
only the I'; is addressed here as it is notably the larg-
est, and thus primary, symmetry mode. For Model
2, the largest distortion mode identified was also I';

with an overall amplitude of 1.5381 A and a normal—
ized polarization vector defined in the low symmetry
unit cell of (0.0075, 0.0098, 0.0119) on all Sn atoms and
(=0.0055, - 0.0038, 0.0050) on all Zr/Ti atoms in the
supercell, displayed in Fig. 8e-h. Again, other modes
were identified that have non-insignificant amplitude
values, but only the I'; is addressed here as the largest
and primary symmetry mode.

The order parameter corresponding with the I'}
irrep is classified as ferroelectric for both models in
ISODISTORT, indicating a proper ferroelectric as
this is the primary order parameter. In Fig. 4d and
h, the displacements of the I'; irrep are shown on the
reduced unit cell transformed from the supercell back
to the original cubic lattice setting. The displacement

| | | | | | | | | Tl I
LI O TR T e T

Intensity(a.u.)

| IIII e ren FIE IIIIII I0im IIIl|IIIIIIIIIIIIIIIIIIIIIIII 1L} IlI I

Figure 7 Refinement results T Obsarved
with the Rietveld method of _— Calculated
BSZT data with tick marks —— Difference
indicating included phases of | BzT
BZT, SZT Bayesian-solved —~ | sa
supercell Model 1, and ZrO, 3 |_zo,
impurity. The full pattern =
refined for a 26 range from 'ﬁ
2 to 25° is shown. The inset qCJ
displays a zoomed-in view to S
highlight the superstructure -
reflections.
L N JI | 11 '”
T T T
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Figure 8 Atomic displacements of the I'; irrep mode repre-
sented as vectors on the corresponding atoms for (a—d) Model 1
and (e-h) Model 2. The displacements are shown along the (a, e)
x-, (b, f) y-, and (¢, g) z-axes of the supercell. The displacements
of the supercells transformed back to the parent cubic lattice defi-
nition are compared for (d) Model 1 and (h) Model 2. The atomic

vectors on the Sn atoms are fairly similar for Model
1 and Model 2, which suggests that the main contri-
bution to the disruption of the original cubic cell is
the incorporation of the Sn atoms into the lattice. The
subsequent Sn distortions lead to the identified I'; pri-
mary mode, indicating the potential for ferroelectric
distortion behavior in the SZT structure.
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displacements are represented as black arrows, tin atoms as red
spheres, the shared B-site Zr/Ti atoms as orange spheres, and the
oxygen atoms as blue dots. The atomic radii are not to scale as
the relative size of the oxygen atoms was reduced for better vis-
ibility of the displacement vectors.

Conclusions

The crystal structure of metastable 40% Sn(II)-sub-
stituted BZT has been studied through the analysis
of high-resolution synchrotron XRD and observation
of decomposition with high-temperature XRD. The
underlying cubic lattice of the precursor BZT is main-
tained throughout the tin substitution. The presence
of superstructure peaks in the XRD pattern indicates
that Sn(II) atoms are distorting within a supercell of
the perovskite structure. Applying a novel Bayesian
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refinement method enables all atomic displacements
to simultaneously refine without getting caught in
unreasonable solutions to determine the most prob-
able configuration of atoms in the supercell. The
Bayesian approach helps to overcome the challenges
of structure determination from low-intensity super-
structure peaks, overlapping reflections, and lacking
known symmetry behavior, which is accomplished
through the incorporation of prior information that
constrains the allowable atomic positions and by
applying sampling methods that make inferences
conditional on the data. It is found that two models
for atomic displacements can account for all of the
superstructure reflections: a model with Sn** atoms
displaced from their centrosymmetric positions
within the cubic perovskite and a model with both
Sn*" and Zr*'/Ti*" atoms displaced. These displace-
ments disrupt the parent cubic unit cell symmetry
and create a superstructure, which can be appropri-
ately represented as a \/Eac X 4a, X 2\/5% supercell
with no symmetry constraints. The cation displace-
ments found from the Bayesian solution can be mod-
eled using a monoclinic Pm space group within a
tolerance of 0.5 A. Additionally, symmetry mode
analysis reveals the possibility of a primary I'; fer-
roelectric distortion mode from the tin atoms. Ulti-
mately, well-defined structural models enable the
improvement in synthesis procedures and further
the understanding of expected properties, specifi-
cally in regard to structural distortions.

Supplementary information

Supplementary information includes crystallographic
information files for the SnZr sTi, 505 P1 solved super-
cell and symmetry-analysis Pm supercell for Model 1
and Model 2. A pdf with supplemental figures and
tables is also included to supplement the main text.
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