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ABSTRACT: For many disordered materials, knowing their
average crystal structure is insufficient for explaining and
predicting their macroscopic properties. It has been found that
a description of the short-range atomic arrangements is needed
to understand such materials. In order to understand the con-
duction pathways in ionic conductors which have random dis-
tributions of vacancies it is imperative to know the local
structures which are present. In this study the local structures
of three oxygen-deficient double perovskites, Sr,MSbO; s (M =
Ca, Sr, Ba), have been investigated by neutron pair distribution
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Disordered Average Structure Correlated Local Displacements Revealed

function analysis. The ions in these compounds are all found to have local coordination environments which are radically
different than those given by their average structures. While there is no long-range ordering of the oxygen vacancies in these
compounds, a considerable amount of short-range order does exist. The conditions which drive the short-range ordering are
discussed as are the possible mechanisms for achieving it. It is proposed that the SbO; polyhedra form distorted trigonal
bipyramids by moving oxygen atoms into interstitial positions. In the M = Sr compound 45° rotations of SbOg4 octahedra are also
present, which add additional oxygen atoms into the interstitial sites. Large displacements of the Ca**, Sr**, and Ba®" cations are
also present, the directions of which are correlated with the occupancies of the interstitial oxygen sites. Reverse Monte Carlo
modeling of the pair distribution function data has provided the actual bond length distributions for the cations.

1. INTRODUCTION

The high ionic conductivities exhibited by many oxygen-deficient
perovskites make them promising materials for a wide variety of
applications, such as anode materials in solid oxide fuel cells."” In
order to understand and improve the performance of such
materials a proper knowledge of the arrangement of the atoms
within the material is needed. It is well established that for many
functional materials the local arrangements of atoms can differ
significantly from the long-range average structures given by
standard crystallographic methods. When this is the case, the
local structure is usually more successful at explaining the
observed properties. The key to understanding ionic conduc-
tivity is identifying what sites the mobile ions sit on as well as the
activation energies required for moving between these sites. The
actual local coordination environments of the atoms are much
more important for understanding the conduction pathways than
is knowledge of the average atomic positions.

This study concerns the local structures of three compounds
which have double-perovskite crystal structures. The double-
perovskite structure, A,BB'Oy, consists of a corner-sharing net-
work of BOg and B'Og4 octahedra, where each BOg octahedron is
connected at all six corners to a B'Og octahedron, and vice versa.
The A-site cations occupy the large voids that exist between 4
BOg¢ and 4 B'Oy4 octahedra. The structure is shown in Figure 1.
The three compounds which are the subject of this study have
compositions of Sr,MSbOs;, where M refers only to compo-
sition and not to a specific site and can be Ca, Sr, or Ba. There are
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Figure 1. Double perovskite structure. Small blue spheres are B'-site
cations, large green spheres are B-site cations, large gray spheres are
A-site cations, and small red spheres are oxygen anions. Atomic
coordinates used to generate this figure are those of the average
structure of Sr;SbOs ;.

Received: October 19, 2012
Published: November 14, 2012

dx.doi.org/10.1021/ic302310y | Inorg. Chem. 2012, 51, 13060—13068


pubs.acs.org/IC

Inorganic Chemistry

two distinctive features which are common to all three com-
positions. One is that they all have 1/12 of the anion sites vacant,
giving formulas of A,BB’Oj 5. The second is they all have unusu-
ally large cations occupying the B-sites (either Ca** or Sr**) and
the small Sb>* cation on the B'-site.

The average crystal structures and conductivities of several
A;BB’'O; 5 compounds which have very large B-site cations have
been reported previously.* These compounds all have ideal
cubic double-perovskite average structures with space group
Fm-3m and no long-range ordering of the oxygen vacancies.
They also share a tendency to absorb water to form hydrated
compounds. The three Sr,MSbO; ; (M = Ca, Sr, Ba) compounds
which are the subject of this study have been recently reported to
display anomalous thermal expansion behavior which is pos-
tulated to be caused by changes in clustering of water molecules
and anion vacancies upon heating.* Another study has found that
the Sr;SbO; s compound displays oxide ion conductivity at inter-
mediate temperatures.” The average structure and conductivity
properties of the related compound SrCa,SbOgg have been
reported recently as well.® There are also compounds in which
Sb** has been replaced by Nb** or Ta*", such as Sr;NbOj s and
Sr;TaOss.”~® These compounds have been observed to conduct
protons under wet conditions.” Some oxygen stoichiometric com-
pounds with 1:2 B/B’ ratios are also known, such as Sr,Nb,O,
(SrSry3Nb,/30;), which appear to share some structural simi-
larities with the A,BB’Os 5 compounds.'®

Numerous results reported in previous studies suggest that the
local structures of these materials are quite different from their
average structures. Despite this, no detailed analysis of the local
structures has been carried out. Features observed in high-
resolution transmission electron microscopy images of Sr;SbOj g
have suggested that short-range ordering of oxygen vacancies
may be present, but no details on the nature of this order were
given.® Also, several papers have noted that the powder dif-
fraction patterns of these materials have anomalous modulated
backgrounds due to large amounts of diffuse scattering.**'® The
modulations are much larger in the neutron powder diffrac-
tion patterns compared to the X-ray powder diffraction patterns,
suggesting that there is a large amount of disorder in the oxygen
atom positions. Another interesting finding is that some of the
oxygen atoms appear to lie in interstitial positions quite far away
from the double-perovskite anion site.*® Similar disorder of the
oxygen atoms has been observed in the highly disordered double-
perovskite Ba;;W,0,,."" The most recent structural refinements
performed on the three Sr,MSbOj s (M = Ca, Sr, Ba) compounds
used split positions for most of the atoms to account for
the highly disordered structures.* These refinements give very
large atomic displacement parameters for most atoms as well as
unrealistic bond distances. While such models do provide an
approximate description of the average structures, they do not
provide any insight into the short-range correlations between
local displacements that must be present.

In this work neutron pair distribution function (PDF) analysis
is used to provide a detailed description of the local structures of
the three Sr,MSbO; s (M = Ca, Sr, Ba) compounds. The PDF
gives the radial distribution of interatomic distances in a material.
A PDF is obtained by taking the sine Fourier transform of a total
scattering pattern, which includes both Bragg and diffuse scat-
tering. By analyzing the scattering at all values of Q this method
makes explicit use of the information about the local structure
which is contained in the diffuse scattering. PDF analysis has
been successfully used in the past to provide important local
structure information on other simple perovskites with high ionic
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conductivities.">'* For the Sr,MSbOs s (M = Ca, Sr, Ba) double
perovskites the PDF analysis shows that the local structures
of these materials are completely different from their average
structures.

2. EXPERIMENTAL SECTION

The starting materials used for the synthesis were Sb,O; (Fisher
Scientific, 99.7%), CaCOj; (Fisher Scientific, 99.8%), SrCO; (Alfa Aesar,
99.99%), and BaCO; (Fisher Scientific, 99.8%). Powders of the starting
materials were mixed in stoichiometric ratios and ground together with a
mortar and pestle. A 15% excess of Sb,O; was needed to account for the
high-temperature evaporation of this substance. Mixtures were heated in
alumina crucibles at 1000 °C for 12 h. Samples were then reground and
heated to 1200 °C for 36 h.

Initial characterization of the samples was done using a Bruker D8
X-ray powder diffractometer. Neutron total scattering data was collected
at 300 K on the HIPD instrument at the Lujan Neutron Scattering
Center at Los Alamos National Laboratory. In order to ensure that
the samples did not contain any absorbed water they were heated to
325 °C for several hours and then immediately transferred to a He-filled
glovebox where they were sealed in vanadium cans. Rietveld refinements
were performed using the GSAS/EXPGUI software package.”’15 The
pair distribution functions were obtained by reducing the total scattering
data using the PDFgetN program using a Qy, of 32 A~'.'® These PDFs
were fit using the PDFgui and RMCProfile programs.'”'® For this work
we use the following definition of the pair distribution function: G(r) =
4mr[p(r) — p,), where p(r) is the microscopic pair density, p, is the
average pair density, and r is the radial distance in Angstroms.

3. RESULTS AND DISCUSSION

3.1. Determination of the Average Structures. The
X-ray and neutron powder diffraction patterns of all three com-
pounds could be indexed using the cubic space group Fm-3m. No
additional impurity peaks were observed, indicating that all
samples were phase pure. The backgrounds of both the X-ray and
the neutron powder diffraction patterns clearly showed anom-
alous modulations that were not accounted for by the instru-
mental backgrounds. The modulations in the neutron diffraction
patterns were much more pronounced than the modulations in
the X-ray diffraction patterns, indicating that the oxygen atom
positions contain the greatest amount of disorder. The relative
intensities of the modulations in the backgrounds of the neutron
powder diffraction patterns increase in the following order based
on the M cation: Ca < Ba < Sr.

A starting point for understanding the local structures of these
materials is determining the long-range average crystal struc-
tures. In order to solve the crystal structures Rietveld refinements
were performed on the neutron powder diffraction patterns using
double-perovskite models. In double perovskites the smaller cations
will preferentially occupy the B and B'-sites. In Sr,CaSbOs g, the
Sr cations occupy the A-site while Ca and Sb occupy the B and B
positions. In Sr;SbOg s, strontium occupies both the A and the B
positions (hereafter referred to as Sr, and Sry) while Sb occupies
the B’ position (Sr,SrSbOgs). In Sr,BaSbOs, the Ba cations
occupy half of the A-sites while Sr occupies the other half. Sr also
occupies the B position, while Sb again occupies the B’ position.
In standard A,BB’Og 5 perovskite notation this would be written
as (SrgsBags),SrSbOs;. These assignments were previously
confirmed using synchrotron powder diffraction.”

The Rietveld refinements produced results which matched
closely with previously reported results and therefore will not be
discussed in detail. Initial refinements were done using a simple
cubic double-perovskite model. The structural parameters and
bond distances obtained from these refinements are listed in
Tables S1 and S2 of the Supporting Information. These refinements
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were not able to produce fully satisfactory fits. Since previous
studies have found that some of the oxygen atoms reside in
interstitial sites new refinements were performed where a second
O site at Wyckoff position 48h was added and the occupancies of
the two oxygen sites were allowed to refine. This significantly
improved the fits, especially in the case of Sr;SbOg . The final
refined lattice parameters, oxygen site occupancies, and bond
lengths obtained from these refinements are listed in Table 1.

Table 1. Lattice Parameters (a), Bond Lengths, and
Occupancies (occ) of the Perovskite Anion Sites (O(1),

24e site) and Interstitial Sites (O(2), 48h site) as Determined
from Rietveld Refinements of the Neutron Powder
Diffraction Patterns

Sr,CaSbOs Sr3SbOs 5 Sr,BaSbOs g
a(A) 8.2303(2) 8.3203(5) 8.4512(4)
Sb—0(1) (A) 1.995(2) 2.074(3) 1.966(1)
Sb—0(2) (A) 3.112(5) 1.893(2) 3.161(3)
B-0(1) (A) 2.119(2) 2.086(3) 2.259(1)
B-0(2) (A) 1.802(4) 3.123(2) 1.955(2)
A-0(1) (A) 2.910(1) 2.942(2) 2.991(1)
A-0(2) (A) 2.336(5) 2.330(1) 2.351(3)
occ O(1) 0.744(2) 0.608(2) 0.728(2)
occ O(2) 0.083(1) 0.150(1) 0.095(1)

A complete list of structural parameters is given in Table S3 of the
Supporting Information. The occupancies of the interstitial sites
are correlated directly with the intensities of the background
modulations in the diffraction patterns. Slight differences in the
structural parameters in Table 1 compared to those given in ref 4
could be due to the fact that the compounds studied in ref 4
were hydrated while the ones used in this study were not. One
important result of the refinements worth mentioning is that
extremely large atomic displacement parameters were obtained
for all atoms except the Sb atoms. This can be taken as an indi-
cation that in each of these compounds all atoms except Sb are
locally displaced from their average positions.
3.2.Inadequacy of the Average Structure Descriptions.
Inspection of the bond lengths in Table 1 indicates that there are
some very serious problems with the average structures of these
compounds. Many of these bond lengths are physically un-
realistic. In addition, these bond lengths do not correspond to the
features observed in the experimental PDFs. In order to see how
the local structures differ from the average structures the experi-
mental PDFs were compared with PDFs calculated from the
average structure models obtained from the Rietveld refinements,
as shown in Figure 2. As is immediately apparent, the calculated
PDFs completely fail to reproduce the features observed in the
experimental PDFs. One of the largest problems with the cal-
culated PDFs is that they all have large peaks at ~1.6 A due to
O(1)—0(2) distances. These peaks are completely absent in the
experimental PDFs. The experimental PDFs were also compared
with PDFs calculated from simple double-perovskite models
without O in interstitial sites since such models do not have these
short O—O distances. While these fits do not produce peaks
at ~1.6 A, they fit even worse elsewhere and overall the fits are
also very poor (see Figure S1 in the Supporting Information).
Some preliminary information regarding the local structures
can be gained by assigning the features in the experimental PDFs
to specific interatomic distances. The first sharp peak in each of
the experimental PDFs can be assigned to Sb—O bond distances.
This peak has its maximum at the exact same value for all three

G(r)

r(A)

G(r)

G(r)

Figure 2. Calculated PDFs using the average structure as models (red
lines) and experimental PDFs (black dots) for the three Sr,MSbO;
compounds.

compounds, 1.97 A. This shows that the local coordination envi-
ronments around the Sb>* cations are largely unaffected by the
overall composition of the compound. A value of 1.97 A is exactly
what would be expected from a mixture of 5- and 6-coordinate
Sb** since, according to bond valence sum calculations, the aver-
age Sb—O bond lengths should be 1.94 and 2.01 A, respectively.
The average structures all show that Sb makes a bond to either
the O(1) or the O(2) of about this length but also another bond
to the other type of O of a much different length. These much
longer Sb—O bond lengths are almost certainly not actually
present. The strong highly covalent Sb—O bonds can be expected
to create SbOg and SbOs molecular-like units with narrow bond
length distributions. The sharpness of the first peak of the experi-
mental PDFs confirms this expectation.

The third large peaks in the calculated PDFs between 2.0 and
2.3 A are due to the B—O(1) bond lengths. However, these peaks
are completely absent from the experimental PDFs, showing that
there are essentially no such bond lengths in these compounds.
This is not surprising since bonds of such length would be much
shorter than expected for these cations. Indeed, bond valence
sum calculations based on the bond lengths in the average struc-
tures reveal a severe overbonding of all the B-site cations for all
compounds. The B—O(2) bond lengths are also far too short for
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the M = Ca and Ba compounds, and the PDFs show that these
bond lengths are not present either. The fourth large peaks in the
calculated PDFs between 2.9 and 3.0 A are due to A—O(1) bond
lengths. The experimental PDFs show that the average A—O
bond is actually slightly shorter than this. The A—O(2) bond
lengths are unrealistically short, and it is unlikely that there are
such short A—O bonds in any of these compounds. The experi-
mental PDFs have just one broad peak which encompasses all the
B—-0, A—0, and O—O0 distances.

In order to fit the PDFs the large-box reverse Monte Carlo
(RMC) method was employed. The method uses large supercells
and adjusts the atomic positions to produce configurations which
have interatomic distance distributions which fit the exper-
imental PDFs. Since any description of the local structure cannot
involve fractional occupancies of atoms the starting models used
to generate the supercells were the simple double-perovskite
structures obtained from the Reitveld refinements that did
not allow oxygen in interstitial positions. These models were
expanded into 8 X 8 X 8 supercells each containing 19 456 atoms.
The vacancies and oxygen atoms were randomly swapped to
produce a random distribution of vacancies before the atomic
positions were allowed to refine. The O and vacancy sites were
also allowed to swap during the refinements. Surprisingly, these
refinements did not converge to produce good fits to the data.
The final fits were quite poor and contained unrealistic bond
length distributions. The refinements did not manage to move
any of the oxygen atoms into interstitial sites. Additional refine-
ments were attempted where the oxygen atoms were allowed to
randomly swap with vacant interstitial positions. These refine-
ments also did not converge to produce good fits or find chemi-
cally reasonable placements for interstitial O atoms. It appears
that the average structures differ so greatly from the true local
structures that the RMC refinements are unable to convert from
one to the other. This in itself is a remarkable result.

3.3. Conditions Requiring Local Order. In order to solve
the local structures it was necessary to devise starting models for
the RMC refinements which more closely resembled the true
local structures than the double-perovskite models did. This was
done by considering possible mechanisms to relieve the bond
strains that are present in the average structures. The major
problems with the average structures are that the B—O bond
lengths are far too short while the A—O bond lengths are slightly
too long. In addition, the coordination numbers (CNs) of the
B-site cations are too small, being S one-half the time and 6 one-half
the time. While a CN of 5 is perfectly acceptable for a small cation
like Sb**, it is unreasonably small for large cations like Ca** and
Sr**. These cations will prefer CNs of at least 6.

The Rietveld refinements show that some of the oxygen atoms
reside in interstitial positions. It is worthwhile to briefly consider
the consequences of putting oxygen atoms into these interstitial
positions. In the ideal double-perovskite structure each O atom is
coordinated by one B cation, one B’ cation, and four A cations. By
moving into an interstitial position, the O is now coordinated to
one B’ cation, two B cations, and three A cations. This translates
into a reduction in the A-site CN and an increase in the B-site
CN, exactly what is needed to stabilize the structure. However,
the new bond distances that form are unfavorable. The two B—O
bonds are now extremely long, and one of the three A—O bonds
is very short. Therefore, moving O into interstitial positions
improves the situation in terms of the coordination numbers but
does not by itself lead to a stable structure.

While previous studies have described the O atoms as being
statistically distributed among the double-perovskite anion sites

and the interstitial sites, this obviously cannot be the case as it
would result in unrealistically short O—O distances. In order for
an oxygen atom to occupy an interstitial site while avoiding short
O—-O0 contacts two conditions must be fulfilled.

(1) Both of the neighboring double-perovskite anion sites
must be vacant as these are only about 1.62 A away from
the interstitial site.

(2) The S closest other interstitial sites must also be vacant as
these are only about 1.96 A away.

Besides O—O distances of 1.62 or 1.96 A being energetically
unrealistic, the PDFs clearly show that no such distances exist
(Figure 2). One important consequence of condition 2 which is
worth noting is that it immediately implies that no more than 1/6
of all the interstitial sites can be occupied. The M = Sr compound is
actually near this limit, while the other two compounds are well
below this limit. The two conditions listed above are highly
restrictive and require a large degree of local order to ensure an
energetically reasonable structure. As will be discussed later, there
is also an additional consideration which further restricts which
interstitial sites can be occupied.

There are only two possible mechanisms for allowing oxygen
atoms to occupy interstitial positions while not violating
condition 1. One mechanism is for some of the SbO; and/or
SbOj to rotate by ~45° about one of the double-perovskite cell
axes. As shown in Figure 3, a 45° rotation of an SbOg octahedron

Figure 3. Movement of oxygen atoms into interstitial sites by 45° rotations
of SbOy octahedra (blue). Green polyhedra are BO4 or BO, units.

will move 4 of the 6 oxygen atoms into interstitial positions while
simultaneously vacating all four of the neighboring perovskite
anion sites. Such 45° rotations of smaller B'O4 octahedra are
known to occur in several anion stoichiometric double-
perovskite compounds which also have very large size differences
between the B and the B’ cations and small tolerance
factors.”” ™" One such compound is the closely related
St;WO4."” In such compounds the 45° rotations serve to
increase the coordination numbers of the larger B-site cations. As
can be seen in Figure 3, the larger B-site cations (green) increase
their coordination number to 7 by sharing an edge with the small
B’ cation (blue).

The other mechanism for moving oxygen into inter-
stitial sites is for the SbOg square pyramids which are for-
med by the oxygen vacancies to transform into distorted
trigonal bipyramids. This is illustrated in Figure 4. If all
the SbO;g polyhedra were to be trigonal bipyramids this
would result in 2/11 of the O atoms residing in interstitial
positions.

Both of these mechanisms can lead to more stable struc-
tures by having large displacements of the B-site cations which
are correlated with the locations of the interstitial oxygen atoms.
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Figure 4. Formation of SbOj distorted trigonal bipyramids by movement
of oxygen into interstitial positions around an oxygen vacancy.

This is shown in Figures S and 6. Figure Sa shows the
coordination environment of a B-site cation which results from

Figure S. B-site coordination environments created by 45° rotations of
SbOg octahedra. Rotation of one-half of the SbO; octahedra will lead to
50% of the B-site cations having the coordination shown in b and 50%
having the coordination environment shown in c.

Figure 6. B-site coordination environments created by formation of SbO;
trigonal bipyramids. If all SbO; polyhedra form trigonal bipyramids then
one-half of the B cations will have the coordination environment shown in
b and one-half will have the coordination environment shown in d.

having one neighboring SbOg4 octahedron which has been
rotated by 45°. The 45° rotation results in the corner sharing
between these two polyhedra being replaced by edge sharing.
The bonds from the B-site cation to the O of the shared edge (O1
in Figure S) are very long (~3.1 A). This allows the B-site cation
to shift toward the oxygen atoms which are part of the shared
edge as shown in Figure 5b. Even after a large shift the bonds to
the O1 atoms will still remain long. In addition, the bond to the
02 atom will be significantly elongated while the remaining four

short bonds are also elongated very slightly. This helps to greatly
reduce the overbonding of the B-site cation. Formation of
trigonal bipyramids also leads to edge sharing between SbOq
polyhedra and B-site cations, as shown in Figure 6a. In this case
the B-site cation will also displace toward the shared edge (Figure
6b) to produce a similar coordination environment for the B-site
cation.

Depending on the fraction of SbO4 and/or SbOy that are
rotated by 45° a B-site cation may share more than one edge with
surrounding Sb-centered polyhedra. As pointed out by
Abakumov et al, it is unfavorable for a B-site cation to have
two shared edges trans to each other as this frus-
trates the direction of the displacement of the B-site cation.”
Therefore, shared edges will only occur in one of the four cis
positions but not in the trans position. Formation of SbOj
trigonal bipyramids also can lead to situations where a B-site
cation makes a bond to just one of the two interstitial O atoms on
a SbOj; polyhedra. If this occurs more than once per B-site cation
(Figure 6¢ and 6d) these O will also not occupy trans positions.
These considerations can be summarized as a third general
condition.

(3) Large displacements of B-site cations toward interstitial O
atoms will help eliminate very short B—O bonds. An O
atom will never occupy an interstitial site which is trans to
another occupied interstitial site on a B-site cation coordina-
tion sphere as this would frustrate the direction of the B-site
cation displacement.

3.4. Modeling and RMC Fitting. Several model structures
were constructed to serve as starting points for RMC refine-
ments. The modeling of the M = Ca and Ba compounds will be
discussed together since both have similar concentrations of O in
interstitial sites. The Rietveld refinements indicate that both
compounds have about 2/11 of the O atoms in interstitial sites.
This can be accomplished by having all of the SbO; form trigonal
bipyramids or one-half of all the SbOj4 octahedra (1/4 of all the
Sb centered polyhedra) rotated by 45°. A model was constructed
for each of these two possibilities. The model structures were
made by manually moving O atoms within a 2 X 2 X 2 double-
perovskite supercell into interstitial positions by either rotating
entire SbOg octahedra or transforming SbOj square pyramids
into distorted trigonal bipyramids. The choices of which poly-
hedra were altered was not chosen randomly but done in such a
way as to ensure that the three conditions outlined in section 3.3
were not violated.

The coordination environments generated for the B-site cations
from this procedure are shown in Figures 5 and 6. Rotating one-
half of all the SbOg¢ octahedra results in all B-site cations sharing
one edge with an SbOg octahedron. One-half of the B-site cations
will have the coordination geometry shown in Figure Sb. The
other half will have one vacancy around them, giving the coor-
dination geometry shown in Figure Sc. The location of the
vacancy is unlikely to be random. For example, it is unlikely to
be at position 2. Since the O2 atom is already forming a long
bond it would be an energetic waste to remove this oxygen. It
would be much more favorable to remove one of the
remaining 4 short bonds. While the difference between
removing an O3 atom or an O4 atom is probably not large,
removal of O4 seems slightly favored as the resulting B-site
cation shift will still make equal bond lengths to the two O1
atoms. It was the O4 atoms that were removed in constructing
the models. Removal of this atom also allows the B-site cation
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to shift away from the other O4 atom, leaving only two short
bonds (Figure Sc).

Having all the SbO; polyhedra form distorted trigonal bipyr-
amids will give one-half of the B-site cations the coordination
geometry shown in Figure 6b. Notice how this is essentially the
same geometry as one-half the B-site cations have when one-half
of all the SbO octahedra are rotated. The other half of the B-site
cations will have coordination geometry similar to what is shown
in Figure 6c. These cations are coordinated by two interstitial
oxygen atoms from two different SbO; polyhedra (atoms 1 and
2 in Figure 6¢). Since these are very long bonds the B-site cation
will shift toward them, significantly elongating the bonds to
atoms 3 and 4 and very slightly elongating the bonds to the atoms
labeled S. This results in a configuration with 4 long and only
2 short bonds, which relieves the underbonding of the B-site
cation.

These two models were expanded into 4 X 4 X 4 supercells
(8 X 8 x 8 supercells of the double-perovskite structures) to be
used for RMC fitting. The RMC fits using either model were able
to provide excellent fits to the experimental PDFs for both the
M = Ca and Ba compounds (Figure 7). While these two models

M=Ca
1
&
ﬁuﬂ/\‘W
i
2 3 4 5r:A36 8 9
M= Sr
&

Gir)

6 7 8 a

5 r{A)

Figure 7. RMC fits (red lines) to the experimental PDFs (black dots) and
the difference curves (beneath) for the three Sr,MSbO; s compounds.

are fundamentally different and the RMC algorithm is not able to
interconvert between the two, the two models give very similar

bond length distributions for all of the cations and therefore give
very similar fits. The two models do produce slightly different
nearest neighbor O—O distance distributions due to the different
O—O0 distances inherent to square pyramidal SbOj units (in the
45° rotation model) and distorted trigonal bipyramidal SbO;
units (in the trigonal bipryamidal model). However, this dif-
ference is not large enough to make a significant contribution to
the overall intensity of the PDFs, and therefore, these two models
cannot be reliably differentiated based on the RMC fits. Although
it is not possible to tell which model is correct based on the fits, the
two models give the exact same distributions of coordination num-
bers for all cations as well as very similar bond length distribu-
tions. Therefore, the results presented in section 3.5 can be
considered to be accurate regardless of which model is correct.

There are several reasons to favor the model with SbOq tri-
gonal bipyramids over the model with 45° rotations of the SbO.
The first is that a distorted trigonal bipyramidal geometry can be
expected to be energetically favorable since it reduces O—O
repulsion. In an SbOj square pyramid (assuming an Sb—O dis-
tance of 1.94 A) there will be 8 O—O distances at ~2.74 A. If
distorted trigonal bipyramids are formed instead, such that the
two oxygen atoms in the interstitial positions form ~90° O—Sb—0O
angles, there will be only 7 O—O distances at ~2.74 A and two
much longer ones at ~3.58 A. Second, in the few known examples
of S-coordinated Sb**, such as the SbF; molecule, trigonal bipyr-
amidal geometry is observed. Third, the coordination environ-
ment shown in Figure 6d is more symmetric than the one shown in
Figure Sc, making it seem more likely. Fourth, the concentration
of O in interstitial sites (2/11) for these compounds is exactly
the value expected if all SbO; formed trigonal bipyramids. If 45°
rotations were occurring any value between 0 and 1/3 would be
possible. This is probably not just a coincidence and serves as
additional supporting evidence for the existence of SbOj trigonal
bipyramids.

The Sr;SbOss compound has a considerably higher con-
centration of O atoms in interstitial positions compared to the
other two compounds (~1/3 of all O). It is not possible to have
this high a concentration of interstitial O atoms just by formation
of SbOj trigonal bipyramids; therefore, some 45° rotations of
Sb-centered polyhedra must be present. There are two ways
to have 1/3 of all O atoms in interstitial positions. One is to
have ~45% of all the SbO4 and/or SbOg polyhedra rotated by
45°. The other is to have all SbOg form trigonal bipyramids
and ~40% of the SbOg also rotate by 45°. Since these two models
will produce essentially the same bond length distributions they
cannot be differentiated by RMC fitting. Since, for the reasons
discussed above, SbOj trigonal bipyramid formation seems likely
the model used for the RMC fitting was one with both SbOjg
trigonal bipyramids and 45° rotation of SbO4 octahedra in
addition to that. This model was also constructed by manually
moving atoms within a 2 X 2 X 2 supercell and assuring that this
was done so not to violate the conditions outlined in section 3.3.
RMC refinements using this model were able to provide a good
fit to the data as shown in Figure 7.

3.5. Results of the RMC Fits. The atomic configurations
obtained from the RMC analysis provide the distributions of
interatomic distances for all atom—atom pairs. The distributions
of Sb—O distances are essentially the same for all three com-
pounds studied. All Sb—O distance distributions peak at 1.97 A.
The Sb—O distance distributions are quite narrow and indicate
that the SbO; and SbOg polyhedra are highly regular.

According to the average crystal structures one-half of the
B-site cations should have a CN of § and one-half should have a
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CN of 6. While the average structure descriptions also give very
short B—O bond distances in the range of 1.8— 2.3 A, the PDFs
show that there are actually extremely few B—O bonds at such
short distances. The presence of O in interstitial sites coupled
with large displacements of the B-site cations gives larger coor-
dination numbers for the B-site cations as well as a very broad
distribution of bond distances including many much longer B—O
bonds. In Sr,CaSbOs s the number of O atoms in interstitial sites
raises the CN of the Ca atoms by exactly 1, such that now one-
half have a CN of 6 and one-half have a CN of 7. The B—O bond
length distributions are shown in Figure 8 (all bond length dis-

M=Ca

Relative Numbers of Bonds

20 22 24 26 28 30 32 34 36
r(A)

Relative Numbers of Bonds

20 22 24 26 28 30 32 34 38
r(A)

Relative Numbers of Bonds

2.0 22 24 26 28 3.0 32 34 36
r(A)

Figure 8. B—O (red) and A—O (black) bond length distributions
obtained from the RMC fitting for the Sr,MSbOj 5 compounds.

tributions are given in the Supporting Information in Figure S2).
The Ca—O distribution peaks at 2.26 and gives an average Ca—O
bond length of 2.38 A. In Sr,BaSbO; ¢ the CNis of the Sry cations
are about the same as in Sr,CaSbOj s although slightly higher on

average due to the slightly higher concentration of O in inter-

stitial positions. The average CN for the Sry cations is 6.6. The
Sry—O distribution peaks at 2.42 A and gives an average Srz—O
bond length of 2.53 A. In Sr;SbOj  the higher concentration of O
atoms in interstitial positions results in the Sry cations having
even higher CNs of 7 or 8, with an average CN of 7.3. The higher
average CN also results in longer average bond lengths for the Sry
cations than in Sr,BaSbOg The Srz—O distribution peaks at
2.54 A and gives an average Srz—O bond length of 2.59 A. The
displacements of the B-site cations (illustrated in Figures S and 6)
needed to achieve the bond length distributions mentioned
above are very large. Analysis of the RMC configurations reveals
that the Ca or Sry cations are displaced by ~0.45 A relative to
their positions in the double-perovskite average structures.

The coordination environments of the A-site cations are also
significantly altered by the presence of O atoms in interstitial
sites. A coordination environment for an A-site cation that would
be typical in the M = Ca or Ba compounds is shown in Figure 9.

Figure 9. Typical A-site cation coordination environment in the M = Ca
or Ba compounds. (Left) A-site coordination created by putting some
oxygen atoms in interstitial sites. Orange atom is making a very short
bond, while the other A—O bonds are long. (Right) How the A-site
cation displaces to form a stable bonding environment.

In these compounds the average A-site cation will have a CN of
about 10 (exactly 10 for the M = Ca compound and 9.9 for the
M = Ba compound). Nine of these bonds will be long bonds
(~2.95 A), and one bond, which is to an interstitial O (orange
atom in Figure 9), will be very short (~2.3 A). The A-site cations
will displace away from this short bond, elongating the bond.
This displacement also serves to significantly shorten three of the
long A—O bonds. Five or the remaining A—O bonds will change
their distance only slightly, while one bond actually elongates
to ~3.2 A and is now only semicoordinated. The overall A—O
bond length distribution then consists of 4 short, S medium, and
1 long bond. The A—O bond length distributions are shown in
Figure 8. The Sr—O distribution in Sr,CaSbOjs s peaks at 2.56 A
and gives an average Sr—O bond distance of 2.77 A. The A—O
distribution in Sr,BaSbO; ¢ peaks at 2.85 A and gives an average
A—O bond distance of 2.92 A. While the RMC refinements
cannot reliably separate out the Sr,—O and Ba—O distributions,
it is quite likely that the Ba—O bond lengths are considerably
longer than the Sr,—O bond lengths. In Sr;SbOs s the higher
concentration of O in interstitial sites results in a lower average
coordination number for the Sr, cations of 9.2 and consequently
more short Sry,—O bonds. The distribution of Sr,—O bond
lengths peaks at 2.60 A and has a distinct high  shoulder around
2.9 A and a fair number of bonds at even higher distances. The
average Sr,—O bond length is 2.83 A. An analysis of the con-
figurations of atoms reveals that in all three compounds the A-site
cations are displaced about 0.35 A from their position in the
double-perovskite structure.
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3.6. Discussion and Comparison with Related Com-
pounds. PDF analysis has shown that Sr,CaSbOg s and Sr,BaSbOs s
have similar local structures, while the local structure of Sr;SbO, ¢
is related but distinctly different. The reason for Sr;SbOs s being
different can be traced to the tolerance factors of these composi-
tions. The tolerance factor () of a perovskite is a measure of how
well the A-site cation fits within the structure. A 7 of 1 indicates a
perfect fit, while a 7 of less than 1 indicates that the A-site cation is
too small. In Sr,CaSbOs  the B-site cation (Ca) is smaller than
the A-site cation (Sr), as is typical in perovskites. Since Ca is still a
rather large B-site cation the tolerance factor is still small at 0.893.
In Sr,BaSbOjs s, one-half of the A-site cations are larger than the
B-site cation while the other half are the same size. Since Sr is a
very large B-site cation a small tolerance factor of 0.903 results. In
Sr;SbOy 5 the A- and B-site cations are the same size, leading to a
highly strained structure with an even lower 7 of only 0.877. The
very high strain caused by putting Sr on both of the very
differently sized A and B-sites can be considered the origin of the
different local structure of Sr;SbOq3.

It is informative to compare the Sr,MSbOj; s compounds with
their oxygen stoichiometric tungsten analogs, Sr,MWOy, since
W® and Sb** have similar ionic radii. The double-perovskite
Sr,CaWOQy crystallizes in space group P2,/n as a result of octa-
hedral tilting about all three perovskite unit cell axes.”**” Tilting
of the BOg and B'Og octahedra by not more than about 15° is
very common in perovskites with tolerance factors below 1 and
serves to reduce the coordination numbers of the A-site cations
below 12 and shorten some of the remaining bonds. Since
Sr,CaSbOg 5 and Sr,CaWOy have essentially the same 7, it is
worthwhile to consider why Sr,CaSbOss does not display a
common pattern of octahedral tilting. Having some of the oxygen
atoms residing in interstitial positions ends up serving the same
function as it also causes a reduction in the A-site CN and,
through shifts of the A-site cations, produces several shorter
A—O bonds. In addition, it also resolves a second instability by
increasing the CN of the B-site cation. Standard octahedral tilting
would not change the B-site CN and would leave one-half of the
B-site cations with a CN of only 5, which is highly unfavorable for
a larger B-site cations such as Ca. Furthermore, forming SbOs
trigonal bipyramids is also favorable since it reduces O—O repul-
sion. While the crystal structure of Sr,BaWQOg has not been
reported, it can be calculated to have a tolerance factor which is
slightly larger than that of Sr,CaWOy. Since this is the case, it is
reasonable to speculate that it would most likely adopt the P2,/n
double-perovskite structure as well and the same arguments used
to explain the local structure of Sr,CaWOg4 would apply to it.

Unlike Sr,CaWOy, the crystal structure of Sr;WOg does not
involve a common pattern of octahedral tilting. Instead, in this
structure 1/3 of the WOy octahedra are rotated by ~45°, break-
ing the corner-sharing connectivity of the structure by replacing
some of the corner sharing with edge sharing.'” This unusual
pattern of tilting is a result of the low tolerance factor and large
mismatch in size between the Sr** and the W** cations. In Sr;SbOs s
the likely formation of SbOj trigonal bipyramids puts 2/11 of the
oxygen atoms into interstitial positions and helps relieve the bond
strains. However, just as how in St;WO; normal octahedral tiling
patterns are insufficient to stabilize the structure, in Sr;SbOs2/11
of the oxygen in interstitial positions is not by itself sufficient to
relieve the huge bond strains which are present. To further
stabilize the structure additional O is added to the interstitial sites
by the same type of ~45° rotations that occur in Sr;WOg. About
40% of the SbOg octahedra are rotated by 45°, putting almost 1/3
of oxygen atoms into interstitial sites. The result is that the Sr on

the A and B-sites now differ only slightly in CN and average bond
length. While in the average structure the Sr, and Sry cations
differ in coordination number by 6 and in average bond length by
0.85 A, in reality they only differ in CN by about 2 and in average
bond length by about 0.24 A. An interesting similarity between
the two compounds is that in Sr;WOg 2/3 of the Sry cation have a
CN of 7 and 1/3 have a CN of 8 and in Sr3SbOj  the CNs of the
Sry cations are almost exactly the same (average CN 7.3). A
higher fraction of O in interstitial sites is needed in Sr3SbOs
compared to Sr;WOQOgq to counter out the reduction in CN caused
by oxygen vacancies. It is worth noting that in Sr,BaSbOy ; there
are some indications that a small (~7%) fraction of the SbOy
octahedra are rotated by 45°. The fraction of O in interstitial sites
for this compound is slightly above the limit that can be caused by
formation of SbOj trigonal bipyramids alone. It could be that if
there are some local clusters of Sr, cations (a local deficiency
of Ba) then an SbOy octahedron in that cluster could tilt by 45°
to accommodate the strain since locally the structure would
resemble Sr;SbOs ;.

4. CONCLUSIONS

Reverse Monte Carlo modeling of neutron pair distribution
function data for three Sr,MSbOss (M = Ca, Sr, Ba) oxygen-
deficient double perovskites has revealed that the local structures
of these compounds are extremely different from their long-
range average structures. It is proposed that in Sr,CaSbOj 5 and
Sr,BaSbOs s the SbOj polyhedra form distorted trigonal bipyr-
amids by having two of the oxygen atoms move into interstitial
sites. This increases the coordination numbers of the B-site
cations from values of 5 and 6 to values of 6 and 7 and decreases
the coordination number of the A-site cations from 11 to 10. The
movement of the oxygen into the interstitial sites is coupled with
large displacements of the A- and B-site cations, giving broad
bond length distributions which are totally different than the
bond lengths given by the average structure descriptions. In
Sr3SbOy 5 it is proposed that in addition to the SbOs polyhedra
forming trigonal bipyramids some of the SbO4 octahedra are also
rotated by 45°. This puts additional oxygen atoms into interstitial
sites, which is necessary to relieve the higher bond strains
inherent to this composition. The result is that the Sry cations
now have an average coordination number of 7.3 and the Sry
cations have a coordination number of 9.2. These two cations
now only have slightly different average bond lengths, as opposed
to the much different bond lengths given by the average structure.

From these results it is apparent that any attempt to under-
stand the ionic conduction pathways in these materials based on
the average long-range structures would be hopeless. The
conduction pathways depend on the local coordination environ-
ments of the cations, which have been determined in this study. It
is likely that other oxygen-deficient double perovskites with very
large size differences between the B and the B’ cations such as
SrsNbOs s and Sr;TaOs s have similar local structures. A com-
putational study based on the local coordination environ-
ments determined in this study would be helpful for elucidating
the energetics of the oxide and proton conductivities for these
compounds.
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