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ABSTRACT: The dielectric and ferroelectric properties of
Sr,Ba;_,Nb,O, (SBN, 0.2 < x < 0.8) are known to be affected
by the Sr fraction and can be further controlled by various
quenching schemes. Changes in A-site cation configuration are
believed to be linked to these changes in properties. In this work,
we study the A-site cation disorder in SBN by the use of high-
resolution resonant X-ray powder diffraction. The experimental
results show that the larger Ba®* is found exclusively on the larger
A2 site, while Sr** is found on both the Al and A2 sites, with an
increasing amount on A2 with an increasing Sr fraction. At elevated
temperatures, a small migration of Sr** from Al to A2 is observed for SBNSO and SBNG61. Linking this change in occupancies to
changes in the average cation size on the Al and A2 sites allows for rationalization of the property changes observed for quenched
samples. Furthermore, SBN25 is shown to deviate from the tetragonal P4bm structure and is found to be orthorhombic with a Cmm?2
structure.
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Bl INTRODUCTION

cation configuration in SBN: X-ray powder diffraction,”'
combined neutron and X-ray powder diffraction,” X-ray single-

Sr,Ba,_,Nb,O, (SBN100x, 0.2 < x < 0.8) is a lead-free
ferroelectric material,’ with good pyroelectric”” and photo-
refractive properties.* SBN is generally found in a tetragonal
tungsten bronze (TTB) structure having a general formula of
A1,A2,C,B1,B240;, and the 5polar space group P4bm (no.
100) at room temperature;l’ o however, reports exist on
orthorhombic distortions for low Sr fractions (x < 0.23).” SBN
is a so-called unfilled TTB, meaning that the Al and A2 sites
are partially filled by a total of five Sr** and Ba** atoms in
addition to one vacancy, all free to move between the two sites,
which gives a potential for inherent cation disorder in the
material. This potential for cation disorder is believed to be
responsible for some of the interesting features of this material.

Several studies have reported on how the dielectric and
ferroelectric properties of SBN change with different annealing
and quenching schemes® and with composition.”'" The
cation configuration on the Al and A2 sites is proposed as a
possible explanation.”” Another explanation is the incom-
mensurate tilting patterns of the NbOg4 octahedra that are
observed for SBN'''* and are a common feature for many
TTB materials.'"* These two phenomena could also be
correlated.”® In this work, we are, however, focusing on the
cation configuration on the A-sites. The general assumption for
the cation configuration is that Sr** is mainly occupying the
smaller Al site, while Ba** is mainly occupying the larger A2
site. Additionally, there is a possibility for mixed occupancy on
both sites, as reported for the filled TTB, Ba,Na,Nb,;;,0;,
(BNN), having approximately ~10% of the larger Ba®* going
to the smaller Al site.'®'” Several works have thus studied the
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crystal diffraction,”'*'?  transmission electron microscopy
(TEM),” and density functional theory (DFT).”' However,
owing to subtleties in the SBN structure and chemistry, which
will be introduced in detail below, it is not clear how these
diffraction studies could reliably obtain accurate site
occupancies with the exception of the combined neutron and
X-ray powder diffraction work. The two cations plus vacancy
sharing two sites makes the cation configuration an under-
determined system unless the amount of Ba** on the Al site
has been assumed to be 0 (or some other assumption that
would reduce the complexity), which has often been
done 69131922,23

By conventional X-ray or neutron diffraction experiments, all
site occupancies can typically be obtained by appropriately
constraining the refinements in a material with two elements
distributed over two atomic sites. Naively, this is the case for
SBN since Sr** and Ba®* are distributed over the Al and A2
sites, but the high vacancy concentration complicates the
analysis. As an example, consider first the case of
Sr,Ba;,_.Nb,O¢ (a vacancy-free, filled version of the normally
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unfilled SBN).** In Table 1, it is shown how the constraints
could look for a Rietveld refinement for such a material with

Table 1. Possible Set of Constraints for a Refinement with a
Total of 6 Atoms Distributed over Two Atomic Sites for the
Filled Sr,Ba,,_Nb,O."

atomic site cation occupancy [atoms]
Al Sr SrAl
Al Ba BaAl = 1-SrAl
A2 Sr SrA2 = TotSr—SrAl
A2 Ba BaA2 = TotBa—BaAl

“SrAl is the only free parameter, with TotSr and TotBa being
composition-dependent and assumed to be known.

only one free variable (the Sr occupancy on the Al site, SrAl),
yielding all 4 site occupancies. This is routinely done and is a
typical method for obtaining site occupancies in such
cases, 1617,25 assuming the scattering contrast is sufficiently
large between the two atoms in question.

In the case of an unfilled SBN, an extra degree of freedom is
introduced with the vacancy that is free to move between the
A1l and A2 sites. The effect of this extra variable is that the total

occupancy for neither site can be determined anymore. Table 2

Table 2. Possible Set of Constraints for a Refinement with a
Total of 5 Atoms and 1 Vacancy Distributed over Two
Atomic Sites for the Unfilled Sr,Ba;_,Nb,O."

atomic site cation occupancy [atoms]
Al Sr SrAl
Al Ba BaAl = Tot_occAl—SrAl
A2 Sr SrA2 = TotSr—SrAl
A2 Ba BaA2 = TotBa—BaAl

“Tot_occAl and SrAl are the two free parameters. TotSr and TotBa
are composition-dependent and assumed to be known.

shows how such refinement could be constrained by
introducing one new free parameter to the refinement, namely,
the total occupancy on the Al site (Tot_occAl). This gives two
free variables, ie., Tot_occAl and SrAl.

For a conventional diffraction experiment, these two free
parameters are 100% correlated in the case of the unfilled SBN.
The reason for this is the combination of the extra degree of
freedom imposed by the vacancy and the fact that the shapes
of the atomic form factors are almost identical for Sr** and
Ba™, except for a scaling factor. This last point is highlighted in
Figure la, where the ratios between the two atomic form
factors are plotted. In the absence of any significant resonant
contribution, the ratio is close to constant over a wide range in
Q. This in combination with the extra degree of freedom from
the vacancy yields a range of equally plausible cation
configurations (synthesized in Figure 1b). Essentially, it is
impossible to tell the scattering strength of 1.5 X Sr** + 0.5 X
vacancy from 1 X Ba®* + 1 X vacancy (configurations 1 and 2
in Figure 1b).

The ratio between the two atomic form factors can be
affected by performlng resonant (also called anomalous) X-ray
diffraction (XRD).*® This is typically done to increase the
scattering contrast between similar elements,””*® but it can
also be used to change the shape of an element’s atomic form
factor, as shown in Figure 1a. In the case of SBN, we argue that
this provides enough information to reduce the parameter

(a) . T T .
1L0sF — 31.0 keV, far from edges

—— 37.4keV, Ba K-edge

QU]
(b) Configuration: 1

0 0000

Tot Al: 1.5xSr2" + 0xBa2* | Tot A2: 1xSr?" + 2.5xBa?"
=54¢ =171¢

0 0000

Tot Al: 0xSr2* + 1xBa?* Tot A2: 2.5xSr?" + 1.5xBa2"

=5d¢ =171 ¢
Configuration: n

¢ 0000

Tot Al: 1xSr?* + 1/3xBa2?* | Tot A2: 1.5xSr?* + 13/6xBa?" =
=54 e 171 ¢

Sr2*=. Ba% = ‘ Vacancy = O

Figure 1. (a) Ratio between the atomic form factors for Sr** and Ba**
(AQ) =£o(Q) + £/, where f,(Q) is the coherent scattering factor, f’ is
the real part of the anomalous dispersion correction, Q is the
scattering vector, and the imaginary part of the anomalous dispersion
correction f” is omitted for simplicity) at two energies up to 10 A™".
More energies are presented in Figure S1. (b) Three hypothetical
cation configurations for SrysBa;sNb,Og4, all identical from a
refinement point of view when only considering the total number
of electrons on each site.

Configuration: 2

correlation, and thus all 4 site occupancies can be obtained
when performing a combined Rietveld refinement of data
collected at several energies, of which at least one is close to an
absorption edge of either Sr or Ba. It is worth mentioning that
this issue will also be the case for neutron diffraction, in fact,
even more so as the neutron scattering length is constant as a
function of Q. However, combining neutrons and XRD is
analogous to combining X-ray resonant scattering and
conventional XRD. Although X-ray resonant scattering is less
accessible than conventional XRD and requires access to an X-
ray beam with tunable energy, it is preferred over neutron
diffraction, which requires a larger sample volume and longer
counting times and has fewer facilities worldwide. Additionally,
X-ray resonant scattering avoids any ambiguities that can arise
from performing one X-ray and one neutron diffraction
experiment (i.e., different temperatures, sample volumes, and
even samples).

As is clear from the discussion above, in the case of unfilled
SBN (a vacancy giving an extra degree of freedom and the very
similar shape of the atomic form factors of the atoms in
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question), a single neutron or XRD experiment cannot be used
to determine all 4 site occupancies due to strong parameter
correlations. This could be the cause of the “aberrant results”
reported in previous works attempting to extract all 4 site
occupancies from a single X-ray powder diffraction pattern.'®
However, X-ray resonant scattering can be used to gain extra
information to reduce this correlation, not in the conventional
way of increasing the scattering contrast but by significantly
changing the shape of the atomic form factors of either Sr** or
Ba® in this case.

In this work, we use high-resolution resonant X-ray
scattering to study the cation configurations of SBN2S,
SBN33, SBN50, and SBN61, extending the work of Carrio et
al> to the Ba-rich part of the SBN phase diagram. The cation
configuration is also studied as a function of temperature at
room temperature (RT), 300, 800, and 1000 °C. The results
are discussed with respect to existing literature on the dielectric
and ferroelectric properties of SBN as a function of the Sr
fraction and quenching schemes. Furthermore, SBN2S is
shown to deviate from the accepted tetragonal symmetry and is
found to be orthorhombic.

B MATERIALS AND METHODS

SBN with four compositions, Sry,sBag;Nb,Os (SBN2S),
Sto33Bag e, Nb,Og (SBN33), SrysoBagsoNb,Og (SBNS0), and
Sro61Bag3oNb,Og (SBN61), were prepared by solid-state
synthesis as described in more detail previously.” Powders
were obtained by gently grinding the as-obtained pellets. The
powders were contained in 0.5 mm glass capillaries. High-
resolution resonant XRD data were collected in transmission
geometry on the high-resolution setup at the ID22 beamline,
European Synchrotron Radiation Facility (ESRF), Grenoble,
France.”” The position of the Ba K-edge was obtained by
measuring the X-ray fluorescence for SBN25 and SBN61 while
scanning the energy across the Ba K-edge (37.2—37.6 keV).
From this, 3 different energies, 31 keV (far away from Ba K-
edge, A = 0.39984 A), 37.433 keV (pre Ba K-edge, 4 = 0.33121
A), and 37.448 keV (inflection point Ba K-edge, A = 0.33109
A), were selected for the diffraction experiments, and powder
diffraction patterns were collected up to a Q of around 10 A™".
A silicon standard (NIST, 640c) was used to calibrate the
energies. A hot-air blower was used to control the temperature
at 300, 800, and 1000 °C.

For each composition, the three datasets were refined
together in a combined Rietveld refinement using TOPAS
(version 7). The dispersion corrections f' and f” for Ba*
were obtained from the X-ray fluorescence data using kkcalc,”'
see Figure S2 in the Supporting Information. Based on the
almost perfectly overlapping f* and f” curves, it was decided to
use the average of these to obtain the anomalous dispersion
corrections for the Rietveld refinement for all compositions.
The remaining dispersion corrections (Sr**, Nb**, and O~ at
all 3 energies and Ba’* at 31 keV) were taken from the tables of
Sasaki.*> All f and f” used are presented in Table 3. Note that
implicit in this analysis is the fact that the Nb and O atom
positions are fully occupied and thus act as an overall scaling of
the data.

All room temperature patterns were modeled in space group
P4bm and the high temperature patterns in P4/mbm. The
SBN2S room temperature data was modeled in Cmm2. For all
refinements, a set of lattice parameters (needed because of
beam heating), zero error, and scale factor were refined
individually for each energy. The background was modeled

Table 3. Dispersion Corrections, f* and f” (f'/f") Used for
the Rietveld Refinements

atom 31 keV 37.433 keV 37.448 keV
Ba®* —1.771/0.818 —6.976/1.338 —7.529/2.765
Sr** 0.128/1.234 0.135/0.872 0.135/0.872
Nb** —0.011/1.624 0.077/1.159 0.077/1.159
o* —0.002/0.002 —0.004/0.001 —0.004/0.001

with straight line segments between manually set points
selected individually for each diffraction pattern, with a
corresponding overall scale factor for the manually selected
points. Combined for all energies, a Simple Axial Model
asymmetry parameter, Gaussian and Lorentzian strain broad-
ening parameters, five thermal parameters (one for each Nb-
site, one for Al, one for A2, and one for all oxygen sites),
atomic site parameters (11 for P4/mbm, 18 for P4bm, and 33
for Cmm2), and two occupancy mixing parameters for the Al
and A2 sites were refined. For P4bm and P4/mbm, refining the
A2 site as a split site with half occupancy was observed to
improve the refinements significantly (i.e., moving the atom
away from a mirror plane). This gives a total of 36, 43, and S8
free parameters for P4/mbm, PA4bm, and Cmm?2, respectively.
The constraints and limits used for the occupancy parameters
are listed in Table 4. Alternative approaches were tested (e.g.,
using BaAl as a free parameter and constraining SrAl) and
yielded identical results.

Table 4. Constraints and Limits Used for the Refined Al
and A2 Site Occupancy Mixing Parameters”

atomic parameter limits
site cation name constraint (min/max)
Al N/A Tot_occAl Free 0.5/1
Al Sr SrAl Free 0/Tot_occAl”
Al Ba BaAl =Tot_occAl-SrAl ~ N/A
A2 Sr SrA2 =TotSr—SrAl N/A
A2 Ba BaA2 =TotBa—BaAl N/A

“TotSr and TotBa are composition-dependent and assumed to be
known. “It was made sure that SrAI could not be higher than the total
amount of Sr for a given composition, but in practice, SrAI was always
limited by Tot occAl.

In the absence of access to resonant diffraction techniques,
the bond valence sum (BVS) method has been used to identify
the relative occupancy and oxidation states in solid solutions.*?
In this technique, cation—anion bond lengths and coordination
numbers are compared with tabulated values. VaList’* and the
tabulated values from Brown and Altermatt® were used to
calculate BVS from the refined room temperature structures in
this work.

B RESULTS

All samples studied were phase pure within the detection limit
of XRD and the diffraction patterns showed no deviation from
the accepted average P4bm structure, with the exception of
SBN2S. At elevated temperatures, all samples matched with
the P4/mbm structure, and no satellite reflections were
observed for any samples. A representative Rietveld refinement
of SBN33 at room temperature is presented in Figure 2,
showing the 31 and 37.446 keV diffraction patterns. The inset
shows the low-Q region, where the most notable effect of the
on/oftf-edge measurements is observed as small changes in the
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relative intensities of the reflections. Refined structural
parameters for all compositions at room temperature are
presented in Tables S1—S4 in the Supporting Information.

A-Site Cation Configuration. For all compositions, the
occupancy of Ba®* on the Al site (BaAl) refined to 0, see
Figure 3a. Although previous studies have typically assumed
this to be the case, we believe this is the first time this is
actually reliably confirmed by Rietveld refinement, giving solid
support to previously reported values. It has to be mentioned
that the fact that the value is exactly equal to 0 is because the
occupancy of Sr** on Al (SrAl) is always refined to its
maximal value (see Table 1), thus constraining BaAl to be 0.
Removing the upper limit on SrAl resulted in unphysical
negative values for BaAl, typically in the range ~—0.05(1),
and insignificant improvements on the overall fit. Based on this
and considering the uncertainties of obtaining site occupancies
from X-ray powder diffraction data, it seems clear that the Al
site is occupied solely by Sr** in SBN. This strong preference
for the Ba®* to occupy only the larger A2 site is also supported
by the BVS analysis. The BVS for Ba®* is close to the ideal
value of 2+ on the A2 site for all compositions, while it is
significantly overbonded on the smaller Al site, as shown in
Figure 3b. Similarly, the BVS of Sr** on the Al site is close to
the ideal value, while it is underbonded on the larger A2 site.
Note that SBN2S (owing to the orthorhombic symmetry) has
two symmetrically distinct and slightly differently sized A2 sites
and hence the two data points.

With increasing Sr fractions, the most striking feature is the
close to near-linear increase in Sr** on A2 (SrA2) and the
corresponding decrease in Ba®>* on A2 (BaA2), as shown in
Figure 3a. Only relatively small changes are observed for Sr**
on Al (SrAl) and the total occupancy on the Al and A2 sites

Sr fraction x

Figure 3. (a) Fractional site occupancies for the Al and A2 sites in
SBN at room temperature as a function of Sr fraction x. Gray lines are
taken from Podlozhenov et al.® and show excellent agreement with
this work. Error bars show the standard uncertainties (esds) as
obtained from the Rietveld refinements. (b) BVS for Ba** and Sr** on
both the Al and A2 sites from the refined room temperature
structures. The gray line shows an ideal valence of 2+. Note that
SBN2S (owing to the orthorhombic symmetry) has two symmetri-
cally distinct and slightly differently sized A2 sites and hence the two
data points.

(presented as the vacancy occupancy in Figure 3a, with VacAl
= 1 — SrAl — BaAl and VacA2 = 1 — SrA2 — BaA2) as a
function of Sr fraction. The values obtained in this work are in
excellent agreement with the work of Podlozhenov et al.’ and
Carrio et al.” and the general trends in other studies.”"’

Knowing that there is a significant parameter correlation
between the two free occupancy parameters (SrAl and
Tot occAl), several refinements were performed with SrAl
fixed at various values, covering physically plausible values, and
recording the R, as a measure of the quality of the fit. The
results are presented in Figure 4. There is a minimum for the
obtained R, values plotted against the SrAl values, although
the minimum is shallow, especially for SBN2S (see Figure S3
for a better visualization of this for SBN25). Importantly, the
minimum corresponds very well with the values obtained from
the Rietveld refinements where SrAl is not fixed, indicating
that the site occupancy fractions presented in this work are at
least close to representing the real cation configurations of the
studied samples.

Cation Configuration Temperature Dependence.
Figure 5 shows the temperature dependence of selected
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Figure S. Fractional site occupancies as a function of temperature for
SBN2S, SBN33, SBNS0, and SBN61 show the (a) vacancy (VacAl),
(b) Sr** (SrAl), and (d) Ba®* (BaAl) fractions on the Al site, and the
vacancy fraction (c) (VacA2) on the A2 site. Error bars show the
estimated standard deviations (esds) as obtained from the Rietveld
refinements.

fractional site occupancies for all of the samples studied in the
high-temperature experiments. BaAl is O for all samples at all
temperatures and is always constrained to 0 because SrAl
refines to its maximal value, as explained above. For SBN2S,
there seems to be no change as a function of temperature
within the estimated standard deviations (esds). For SBNS0
and SBN61, a small but significant increase in VacAl is
observed, especially for the highest temperature. Knowing that
BaAl is always 0 suggests a migration of Sr** from the Al site
to the A2 site with increasing temperature. This is also
confirmed by decreases in SrAl and VacA2 for the same
samples at the same temperatures. For SBN33, there might be
a small migration of Sr** from the Al to the A2 site, as for
SBNSO and SBN61, but the trend is less conclusive.
Room-Temperature Structure of SBN25. As opposed to
the other compositions studied in this work, SBN2S shows
clear deviations from the accepted average tetragonal P4bm
structure at room temperature, observed most clearly as peak
splitting of the (hk0) reflections at higher Q. This leads to
unsatisfactory fits to the data with the P4bm structure, as
shown in Figure 6a, and suggests symmetry lowering from a

4200 4225 4250 4275 4300 4325 4350 4375 4400
Q[A™]

Figure 6. Selected regions of the Rietveld refinement of SBN25 using
the (a) P4bm and (b) Cmm2 structures, show that SBN2S at room
temperature is orthorhombic and not tetragonal, as previously
reported.’

tetragonal to an orthorhombic symmetry. The Cmm2 space
group is an orthorhombic subgroup of P4bm (with a 2/% x 2!/2
X 1 unit cell relative to P4bm) and has been proposed for other
TTBs.* Fitting the SBN25 data with a Cmm2 structure
transformed from P4bm gives an excellent fit to the data, see
Figure 6b. The refined lattice parameters are a = 17.66237(4),
b = 17.67483(4), and ¢ = 3.983238(8). The refined structural
parameters of SBN2S are presented in Table S1.

B DISCUSSION

A-Site Cation Configuration. The extra degree of
freedom caused by the vacancy present in the unfilled SBN
structure has made it challenging to obtain all 4 A-site
occupancies reliably, and the typical assumption to avoid this
has been that the larger Ba®* (ionic radii 1.61 A in a XII-
coordinated environment®’) is only occupying the larger A2
site, while Sr** (ionic radii 1.44 in a XII-coordinated
environment A*”) has been free to occupy both the Al and
A2 sites. The results in this work clearly show that this
assumption is accurate.

This is in contrast to what is observed for the filled BNN
structure, where ~10% Ba’* is found on the Al site,'®”
although with larger differences in ionic radii between Na®
(ionic radius 1.2 A*") and Ba®* in BNN compared with Sr**
and Ba®" in SBN. The BVS was also calculated for BNN, BKN
(Ba,K,Nb,,0;,), and BRbN (Ba,Rb,Nb,,05,), all filled TTBs
reported elsewhere.'” These compounds allow the occupation
to be determined by a single XRD experiment, and it is known
that substantial amounts of Ba go to the Al site, especially in
the case of BKN and BRbBN. Interestingly, the BVS for Ba on
the Al site is in the same range as for SBN (3.48, 3.10, and
2.97 for BNN, BKN, and BRbN, respectively). This indicates
that it is not impossible for Ba to go to Al in SBN from a size
perspective but that the other elements that are present make a
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significant difference. This highlights the limitations of the BVS
technique in the case of TTBs, and it explains why resonant
diffraction (or neutron diffraction) is the only way to obtain a
reliable measure of the site occupancies in these materials once
there are more than two species present.

It is reasonable to assume that the same competition
between entropy promoting mixed occupancy and more
disorder and order driven by the relative ionic radii of the
cations and the Al and A2 sites are present for both SBN and
BNN (and all other TTBs). It also seems reasonable that the
difference between SBN and BNN could then be explained
based on the main difference between them, namely, the
vacancy in SBN. The vacancy enables there to be mixed
occupancy on only one site (the A2 site in the case of SBN),
effectively allowing Sr** to move from Al to A2 without having
to move Ba® the other way. In the case of BNN, any
movement of Ba** from A2 to Al would have to be
accompanied by an equal amount of Na® moving the other
way, resulting in some Ba** being blocked on the smaller and
less preferred Al site. SBN has a vacancy concentration orders
of magnitude higher than BNN, leading to faster diffusion
enabling SBN to exhibit a preferred cation configuration based
on cation/site size constraints, resulting in all of the Ba?* being
found on the preferred larger site. Relatively small changes as a
function of temperature are observed, and the most notable
changes are seen for SBNSO and SBN61 at the highest
temperature, where ~2% Sr** migrates from the smaller Al to
the larger A2 site relative to the room temperature
configuration. This is consistent with quenching studies by
Graetsch,'” where only quenching from above 700 °C resulted
in Sr** moving from the Al to the A2 site for SBNS2.
Quenching from lower temperatures did not yield any
significant changes in the cation configuration. It cannot be
ruled out that more cation movement and even the migration
of Ba®" to the Al site can occur at higher temperatures than
was studied here.

Considering only the average cation size on Al and A2
(defined as the sum of the site occupancies multiplied by the
respective ionic radii), moving Sr** from Al to A2 results in an
increase in the average cation size of A2 and a decrease for Al.
This can be viewed as analogous to decreasing the Sr fraction,
and one could expect that the properties of quenched samples
(assuming an increased Sr/Ba ratio on the A2 site can be
frozen in) would move toward the properties of SBN with a
lower Sr fraction. Such an assessment is in good agreement
with the literature. For example, the Curie temperature for
SBN decreases with increasing Sr fraction, and Aamlid et al’
observed an increasing Curie temperature for quenched SBN,
i.e,, properties moving toward properties of lower Sr fraction.
Furthermore, SBN is known to become more relaxor-like with
increasing Sr fractions, and Guo et al.” reported that quenched
SBN7S, SBN60, and SBNSO become less relaxor-like (ie., a
narrowing of the dielectric permittivity peak across the
ferroelectric phase transition) and an increase in Curie
temperature in accordance with Aamlid et al.

As a final note, whenever a model used for Rietveld
refinement hits some physical limits, as the BaAl parameter
does in our refinement, some critical evaluation is necessary.
We hypothesize that imperfections in our model could be
uncertainties around the true composition (taken to be the
nominal composition from synthesis in this work) or Schottky
defects (oxygen-cation vacancy pairs). Both of these could be
assumed to affect the relative intensities in the diffraction
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pattern but are outside the scope of the presented dataset.
However, the fact that BaAl only barely goes negative when
allowed and the overall quality of the Rietveld refinement
would suggest that the true values for either of these two (or
other effects not considered) are not far from the assumptions
used in this work.

Room-Temperature Structure of SBN25. The average
room-temperature structure of SBN has generally been
accepted to be the polar P4bm structure since it was first
solved by Jamieson et al." and has been subject to much less
discussion around its structure than other TTBs.*® However,
with improved instrumentation and structural characterization
techniques, several studies have reported deviations from
tetragonal symmetry, both for the average structure for low Sr
fractions (x < 0.23)” and the incommensurate structure at high
Sr fractions (x > 0.82)."% This work adds to this, showing that
the average structure of SBN2S5 is orthorhombic, with space
group Cmm2, thus pushing the transition from orthorhombic
to tetragonal to higher Sr fractions than previously reported.
The Cmm?2 space group has the potential to be ferroelastic, and
it is not known whether the ferroelectric and ferroelastic
transitions coincide in this material.

B CONCLUSIONS

Resonant high-resolution XRD data have been used to study
the A-site cation configurations in SBN as a function of both
the Sr fraction and temperature. The use of resonant X-ray
powder diffraction has for the first time allowed the accurate
experimental determination of all 4 site occupancy parameters
and shows a strong preference for the larger Ba®" cation toward
the larger A2 site, with no Ba** found on the Al site. This gives
an important supplement and credibility to the existing
literature. With increasing Sr fractions, there is a close to
linear increase of Sr** on the A2 site, with only small changes
in Sr** on the Al site. For the high-temperature experiments,
the largest effect is observed for SBN61 at the highest
temperature, where ~2% of Sr** moves from Al to A2, while
Ba® stays at the A2 site for all samples and for all
temperatures. Linking these changes in occupancy as a
function of temperature to changes in average cation size on
both sites shows that the changing cation configuration is
analogous to a decrease in the overall Sr fraction. This is also
supported by the changes in properties observed in quenched
samples, where their properties evolve toward those of a
sample with a lower Sr fraction.

Additionally, SBN25 was proven to deviate from the
generally accepted tetragonal P4bm space group and was
found to be better described by the orthorhombic Cmm?2 space

group.
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