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Abstract

The structural features of Ba,In,Os at high temperatures are discussed based on a thorough study of the full energy hypersurface
of a 36 atoms supercell by periodic density functional theory. The results obtained for this cell are furthermore used for considering
stacking-sequences and connectivity-patterns present only in larger supercells. The distribution of oxygen vacancies is far from
random and relatively few configurations, associated with different arrangements of tetrahedral InO,4, square pyramidal InOs and
octahedral InOg entities, are thermally accessible at most temperatures. Our results call into the question of commonly used defect
models for such grossly disordered materials in which oxygen vacancies are distributed at random over a number of lattice sites. The
energetic preference for certain structural entities also has important implications for ionic transport due to restraints imposed by

local symmetry.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

While materials at low temperatures are often
characterized in terms of crystal chemical concepts,
descriptions of their high-temperature properties are
usually based on defect chemistry. Both approaches are
obviously of great value but also have clear limitations.
While the defect chemistry is often weakly linked to the
crystal structure of the material and basically provides
an ideal solution model where the solutes are either
simple defects or defect clusters, crystal chemistry most
often gives a static view of the material and tries to
reduce the real complex structure to one in which the
local structure does not vary throughout the crystal.
Thus descriptions based on partial occupancy and
random distributions of different species are frequently
encountered. In the present study we approach the local
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and average structure of a grossly disordered oxide,
Ba,In,0s, by configurational averaging using energies of
individual configurations optimized by density func-
tional theory. Our description bridges the two usual
approaches for describing the structure of disordered
materials and provides a unified picture of the main
structural features of this excellent fast oxide ion
conductor at both low and high temperatures.
Ba,In,05 adopts the brownmillerite-type structure
which consists of alternating two-dimensional layers of
corner-shared InOy-tetrahedra and corner-shared InOg-
octahedra. When the structure was first determined, the
InO,4 tetrahedra were assumed to be regularly ordered
[1] with empty oxygen-sites, vacancies, arranged in
parallel chains as shown in Fig. la. For clarity, the
Ba-cations are not shown in the figure. There are three
crystallographically distinct oxygen sites; O(1) in the
equatorial plane of the octahedra, O(2) at the apical sites
of the octahedra and O(3) those oxygens in the
tetrahedra not shared with the octahedra. On heating
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Fig. 1. Polyhedral-representation of the two lowest-energy brownmil-
lerite-related CNCs. The three different oxygen sites are marked. The
two CNCs differ in stacking of the tetrahedral layer; (a) the
experimentally observed stacking where the vacancy channels are
staggered along the b-axis; (b) the higher energy CNC where the
vacancy channels are not staggered.

brownmillerite-type oxides, the entropy gain connected
with disordering of oxygen atoms and vacancies often
gives rise to order—disorder transitions. While the ionic
conductivity is typically rather low in the vacancy-
ordered modification, high oxygen-ion conductivities
are often observed in the high-temperature modification.
Our model system, Ba,In,Os, shows a discontinuous
jump in the ionic conductivity of more than one order of
magnitude at 1203K [2]. Above this temperature the
oxide ion conductivity is equal in magnitude to that of
the widely used stabilized zirconias. The structural
aspects of the disordering are of considerable interest
for understanding the ionic conductivity of this and
related materials.

While the room temperature structure of Ba,In,Os
was initially described as an ideal brownmillerite-type
structure, space group Ibm2 [l1], two recent in situ
neutron diffraction studies [3,4] indicate some degree of
disorder to be present already at room temperature in
that the InO4 tetrahedra centered at the 8i position of
space group Icmm may take two different orientations.
The orientation of a given tetrahedron is unlikely to be
random and the presence of domains in which all
tetrahedra take just one of the two orientations has been
suggested [3].

The structural features of the temperature-induced
disordering are less clear. A two-step process in which
the cubic high-temperature modification is formed via a
tetragonal modification was suggested on the basis of
NMR and X-ray diffraction data [5]. In the first step at
1200 K, these data suggest that the structure undergoes
reorganization within the oxygen-deficient layers only.
Above this temperature oxygen is transported two-
dimensionally within the tetrahedral layers involving
only O(3)-atoms through fluctuations involving long
waves of cooperative tilt inversion. The number of
mobile oxygen ions in the structure was observed to
increase continuously on further heating up to 1350 K.
Only above this temperature are all oxygens considered
to be involved in the disorder and mobile [5]. However,
even here the local structure still possesses some degree
of order; but only over a length scale too small to be
observed by X-ray diffraction. The cubic structure in
this picture possesses short-length-scale non-cubic mi-
crodomains [5]. Similar behavior has been proposed for
other systems as well, e.g. SroMnGaOs [6] and
BasIn,ZrOg [7]. In the latter case microdomains on
length scales of 50-500 A are observed.

The results of the two previously mentioned in situ
neutron diffraction studies [3,4] do not preclude the
proposed two-step disordering. Both neutron studies
describe the cubic high-temperature structure as an
oxygen deficient perovskite-type oxide ABO; 3 with
oxygen atoms and vacancies randomly distributed over
a single oxygen site (occupancy 5/6). While Speakman et
al. support the existence of two different structural
transitions [4], Berastegui et al. suggest a single
orthorhombic to cubic transition [3]. Even so, two-
dimensional ion-conductivity at intermediate tempera-
tures is not excluded by Berastegui et al. [3], but rather
interpreted as due to a dynamic reorientation involving
the two possible orientations of the InOy-tetrahedra
proposed for the low-temperature structure.

The only simulation study, a classical molecular
dynamics simulation, reported for the disordered phase
supports a two-stage transition [8]. The low-temperature
orthorhombic structure transforms to a tetragonal
structure that subsequently becomes cubic. In the
tetragonal structure diffusion is suggested to be re-
stricted to the sites around the tetrahedrally coordinated
In-atoms. However, in contrast to the conclusions
drawn from the NMR data by Adler et al. [5], both
the O(2) and O(3) sites are involved in the ion
movements. Oxygen-ions at the O(2) sites are suggested
to be always the first to migrate while oxygen atoms at
the O(1) sites are observed to migrate only at high
temperatures. The latter is in agreement with the earlier
discussed NMR/XRD-study [5].

In this paper the structural features of Ba,In,Os at
high temperatures are investigated through a thorough
study of the full energy hypersurface of a 36 atoms
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supercell. The average structure observed experimen-
tally is interpreted as a time and spatial average of the
local structures corresponding to the different energeti-
cally accessible local energy minima of this cell. The
results for this relatively small cell are furthermore used
for considering stacking-sequences and connectivity-
patterns present only in larger supercells. A preliminary
account of the consequences of our model for the
mechanism of the ionic conductivity has been published
elsewhere [9].

2. Computational details

We investigate the structural features of Ba,In,Os
through studying the energy hypersurface of a 2 x 2 x 2
cell containing 36 atoms constructed by doubling a
primitive cubic unit cell along each of the crystal-
lographic directions. Initially 20 oxygen atoms are
distributed over the 24 oxygen lattice sites of the
ABOj supercell (giving 10626 initial unrelaxed arrange-
ments). A symmetry routine reduces this total to 78
initial unrelaxed crystallographically non-equivalent
arrangements. Structural optimizations with respect to
all unit cell dimensions and atomic coordinates of each
arrangement are performed using density functional
theory within the generalized gradient approximation
(GGA). No symmetry constraints were imposed during
the optimizations. A sufficiently large basis of projected
augmented plane waves (using a 222 k-mesh) was used
as implemented in the Vienna ab initio simulation
program (VASP) [10,11]. The optimizations are accom-
panied by large structural changes and thus an energy
cut-off of 700eV was needed for convergence. Inspec-
tion of the optimized configurations guides our
approach for finding additional local energy minima.
At this stage all O(3) sites of Ba,In,Os in the Icmm
description are considered in addition to those of the
ABO; lattice. A final total of 81 relaxed crystallographic
non-equivalent configurations (CNCs) are thus obtained
which, using the symmetry routine to determine
the degeneracy of each CNC, gives a total of 21,500
relaxed local energy minima configurations. We
stress the importance of full structural optimizations
of each configuration. These are crucial since large
energy changes (typically of the order of 1eV per
formula units) accompany the structural relaxations
and these determine not only the magnitude of
the energy differences between the CNCs but even
the relative order of energies which changes after
relaxation.

We use configurational (Boltzmann) averaging to
calculate the fraction of the different polyhedra and the
occupancy of the crystallographically distinct oxygen
sites as a function of temperature (see for instance Refs.
[12,13]). Given the Gibbs energy, Gy, for the relaxed

(optimized) configurations k& we then average

v — Sk Yiexp(=Gi/kyT)
b exp(— Gy /kgT)

where K is the total number of local minima found on
the potential energy hypersurface (21,500 minima), and
Y is the structural property in question or the enthalpy,
H. The entropy is given by

S:g—i-kgln(

In this paper we ignore vibrational contributions to
the Gibbs energy Gy of each configuration; the
vibrational entropy and the vibrational contribution to
the enthalpy is neglected and the energy of each
configuration is generated in the static limit
(G = H{™). Entropies calculated using the resulting
values thus represents solely the configurational con-
tribution to the total entropy of the system. Calculation
of the vibrational entropy of all configurations would be
computationally very expensive and we are thus not
pursuing the vibrational entropy contribution to the
total energetics here. Although some minor changes in
relative energy might occur the overall description of the
order in the disordered state would not be changed. An
earlier study considers the effect of the vibrational
entropy albeit in a simpler system [14].

(1)

K
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3. Results and discussion

3.1. The energy spectrum and structural features of
selected CNCs

The final energy vs. degeneracy plot for the 2 x 2 x 2
cell is given in Fig. 2, where each symbol refers to a
separate relaxed crystallographic non-equivalent config-
uration. Some configurations overlap in energy. The
number given in brackets for some CNCs represents the
number of indium atoms with 2, 3, 4, 5 and 6 oxygen
nearest-neighbours, e.g. (00404) denotes configurations
with four four-coordinate In-atoms and four six-
coordinate In-atoms in the 2 x 2 x 2 cell. The symbols
in the figure give additional information as shown in the
figure caption. Our choice of supercell does not permit
the formation of the stacking of tetrahedral layers
observed experimentally in the ordered low temperature
form (see Fig. la). The energy of this structure is
calculated from an orthorhombic 18-atom cell, defined
as zero and shown by an open star in Fig. 2.
Furthermore, the 36 atoms cell used in the simulations
only contains four vacancies and thus configurations
with less than 2 oxygen atoms around a given indium
atom are not represented. Such configurations are
expected to be high in energy.
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Fig. 2. Energy-degeneracy plot for a 2x2x2 cell of BayIn,Os.
Numbers in brackets show number of In-atoms with 2, 3, 4, 5 or 6
surrounding oxygen atoms (the total number of In-atoms is 8). The
(00404) CNC:s represented by filled stars contain InOy4-tetrahedra while
those represented by triangles contain InOy4 square-planar entities. The
energy of the experimentally observed structure is calculated from an
orthorhombic 18-atom cell, defined as zero and shown by an open star.
The dashed area identifies the energy region populated significantly at
2500 K (see text).

We interpret the average structure observed experi-
mentally at any temperature as a time and spatial
average of the different local environments (correspond-
ing to separate local minima on the potential energy
surface) which are energetically accessible at that
temperature. These environments are regarded as
representing snapshots of small regions of the disor-
dered material and thus showing local structural
environments and structural correlations. The structural
features of some selected configurations and thus of the
disordered phase will now be considered in some detail.
The average structural and thermodynamic properties
are considered later.

There are relatively few CNCs thermally accessible at
most temperatures. The two lowest-energy CNCs are
both (00404) and contain 50% octahedra and 50%
tetrahedra. They resemble the brownmillerite-type
structure in that their structures consist of alternating
layers of InOg4-tetrahedra and InOg-octahedra. They
differ in the stacking of the tetrahedral layers. In the
lowest energy CNC the experimentally observed stack-
ing (see Fig. l1a) along the b-axis is present. The vacancy
channels are staggered along this axis consistent with a
reduction of the electrostatic interactions between the
tetrahedral layers. The stacking sequence in the second
of the two-lower energy CNCs is shown in Fig. 1b. Here

the vacancy channels are not staggered. Although the
former stacking sequence of the tetrahedral layers is
observed in most A,B,Os oxides with 50% tetrahedra
and 50% octahedra the latter has been reported in one
case; for LaSrCuAlQOs in which however the intervening
octahedra are severely Jahn—Teller deformed and better
described as square pyramids [15].

Observed and calculated unit cell dimensions for the
ground state structure are compared in Table 1 that also
compares selected interatomic distances. The agreement
is good.

In addition to brownmillerite-like configurations with
different stacking sequences of the tetrahedral layer,
configurations with different types of connectivity within
the tetrahedral layers are obtained. Six different
connectivity patterns are given in Fig. 3 in order of
increasing energy (a)—(f). These represent the eight
different (00404) CNCs with tetrahedral In obtained
for our 2 x 2 x 2 supercell. Fig. 3a shows the connectiv-
ity observed experimentally and also obtained theoreti-
cally for the two lowest-energy-CNCs (see Fig. 2). With
increasing energy, CNCs characterized by edge-sharing
tetrahedra (Fig. 3b), by zig-zag patterns of tetrahedra
(Fig. 3c and d), by a four-ring pattern (Fig. 3¢), and by
stretched tetrahedra chains (Fig. 3f) are observed. It is
obvious that the energies of the different connectivity
patterns are largely influenced by the large Ba atoms and
thus by the Ba—O interactions. These interactions are
easily characterized using bond valence sums which
correlate well with the stability of the different CNCs.
The bond valence sum [16] falls into four groups; while
the bond valence sum of the lowest energy CNCs are
1.81, it is 1.85 for the edge-sharing CNC, decreasing to
about 1.73 for the zig-zag CNCs and finally to below
1.70 (1.69 and 1.66) for the two higher energy CNCs. It
is clear that the Ba—O interactions are important for the
energetics of the different connectivity patterns and thus
for the CNCs.

The kinked low-energy chain-CNC of Fig. 3a is
identical to that observed experimentally in a large
number of brownmillerite-related compounds. Both L
(left-hand) and R (right-hand) chains, which are two
members of the same CNC, along the modulation
direction [100] have been reported [6,17]. Among the
connectivity patterns observed in the higher energy
CNCs, we have been able to find only one in related
oxide systems in the literature. Surprisingly this is the
ring pattern seen in Fig. 3e. This connectivity-scheme
is high in energy for Ba,In,Os, even though it has
recently been observed in two oxygen-rich relatives,
Sr2,Y0sMnyGaO79 [18] and Srg7Y(3C00:6 [19],
where much higher bond valence sums suggests that
this structure is favorable in these cases. Although the
bonding in silicates is very different, it is worth noting
that unbranched tetrahedral single chains of SiO4
tetrahedra show a large variation in the degree of chain
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Table 1
Experimental and calculated unit-cell dimensions, and selected interatomic distances of the ground state orthorhombic structure
a (A) b (A) c (A) References
6.0991(1) 16.7365(3) 5.9622(1) Berastegui et al. [3]
6.0867(3) 16.7841(7) 5.9696(3) Speakman et al. [4]
6.2790 16.8410 6.0848 Present calculation
Speakman et al. [4] Present calculation
(using their /bm2 description)
In (octa) In(octa)-O(1) 2.127x 2 2.188 x 2
In(octa)-O(1) 2.143x2 2.196 x 2
In(octa)-O(2) 2311 x2 2.341 x 2
In (tetr) In(tetr)-O(2) 2.012x2 2.096 x 2
In(tetr)-O(3) 2.091 x 1 2.137x 1
In(tetr)-O(3) 2.109 x 1 2.144 x 1
Ba Ba-O 2.607 x 1 2.667 x 1
Ba-O 2721 x 1 2702 x 1
Ba-O 2.770 x 1 2.805x 1
Ba-O 2.802x 1 2.833x1
Ba-O 2.852x 1 2.878 x 1
Ba-O 2.883x1 2.889 x 1
Ba-O 2959 x 1 2.900 x 1
Ba-O 3.089 x 1 3.293x 1
Ba-O 3.432x1 3.666 x 1
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Fig. 3. Connectivity in the ac-plane of the different (00404) CNCs
containing InOy4-tetrahedra in order of increasing (less negative)
energy (a)—(f).

stretching in silicates and thus that patterns similar
to the zig-zag patterns in Fig. 3c and d have been
reported [20].

An interesting CNC close in energy to the (00404)-
CNCs is one in which one oxygen vacancy is removed
from each InOg-octahedra yielding a structure built up
from corner-sharing square pyramids. This (00080)
structure resembles the ordered structure adopted by
related compounds containing a Jahn—Teller ion such as
SroMn,0s5 [21] and Ca>,Mn,O5 (srebrodolskite) [22]. In
addition, what may seem surprising at first sight is that
also the structures of the high-energy configurations are
quite simple. The highest and lowest energy (00080)-
CNCs both contain rather regular polyhedra. While, the
interatomic In—O distances for square pyramids in the
lowest-energy (00080)-CNC are 2 x 2.14, 2 x 2.18 and
1 x2.11A, four of the In-O distances are equal
(4 x 2.15A) in the square pyramids of the highest-
energy (00080)-CNC. The fifth In-O distance here is
considerably shorter, 2.01 A giving a ‘“‘compressed”’
square pyramid. Again a clear correlation between the
energetics and Ba bond valence sums is observed
indicating that the positions of the large Ba-atoms play
a key-role in determining the energies of the possible
connectivities. This correlation is shown in Fig. 4 in
which we plot the energies versus the Ba bond valence
sums for the (00404) CNCs containing tetrahedral layers
and the (00080) CNCs. The lowest energy (00080)-CNC
is denser than the ground state implying that the former
CNC containing only square pyramids is stabilized by
pressure. The transformation of Sr,Fe-Os, iso-structural
with Ba,In,Os, to a structure isostructural with
Sr,Mn,O5 below 15 GPa at ambient temperature shows
that such a transformation may occur in brownmillerite-
type oxides [23]. Also in the case of the (00080) CNCs
some higher energy CNCs are stable in other systems;
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Fig. 4. Energy versus Ba bond valence sum for the (00404) CNCs
containing tetrahedral layers and the (00080) CNCs.

the (00080) CNC at 2.73eV is observed experimentally
in YBaFe,Os [24], YBaMn,Os [25], and YBaCo,05 [26],
while that at 2.14 eV is similar to the structure suggested
for Ca,Co,05 [27,28].

The high-energy (00404)s, marked with the black
inverse triangles in Fig. 2, also contain 50% four
coordinated and 50% six-coordinated indium. When
two vacancies are introduced these may be located either
on opposite sides or on the same face of the InOg
octahedron and in this high-energy CNC the former
prevails giving rise to square planar structural entities.
The square planar geometry for In is in Ba;In,Os, much
less favorable than tetrahedral, in keeping with the
molecular chemistry of indium. Square planar geometry
is on the other hand frequently observed for Iate
transition elements. La,Ni,Os containing Ni(II) (d®)
takes a crystal structure based on stacking of NiOg-
octahedra and NiOy-square planar entities [29], which is
essentially that of the highest-energy (00404) CNC.

Although the above discussion has covered significant
features of the energy spectrum, it is important to
remember that there are also more complex CNCs
containing mixtures of octahedra, square pyramids and
tetrahedra. It is however much more difficult to provide
descriptive rationalizations of their relative stability.
Although these more complex CNCs are high in energy
for Ba,In,Os, structures containing three different
structural entities have been reported. One example is
Lag 4Srq ¢CugO,o for which the structure consists of
rows of CuOyg octahedra and CuOs square pyramids

running along the c-axis of the hexagonal structure,
interconnected with CuO, square planar groups [30].

Other types of stacking sequences of the tetrahedral
layers and connectivity patterns within the tetrahedral
layers of (00404) CNCs will be present in larger
supercells. Examples of such stacking sequences are
sketched in Fig. 5. These different stacking sequences
would be expected to be close in energy with small
differences due to the relaxation that necessarily must
accompany the changes in stacking. This suggests the in-
commensurate structure of Sr,CuGaOs observed by
high-resolution transmission electron microscopy [31]
may be due to frozen-in disorder. While the energy
difference between the different stacking sequences is
low, the energy barriers for changing from one sequence
to another must be thermally inaccessible at low
temperatures and so complete long-range order is not
easily achieved.

The vacancy channels in the two low-energy (00404)
CNCs appear due to the presence of quasi-one-dimen-
sional chains of corner sharing tetrahedra in the a,c-
plane. In symmetrically equivalent configurations these
chains have different orientations in the «,c-plane and
hence an additional possibility in larger supercells is that
the orientation of the chains in different tetrahedral
layers is different. Such changes in orientation give rise
to strain in the octahedral layers and test calculations on
2 x 2 x 4 super cells show that such CNCs are high in
energy.

Furthermore, the connectivity patterns in Fig. 3
intuitively suggest the existence of other types of
connectivity-schemes for larger supercells. All these,
with, e.g., different zig-zag patterns, larger ring systems
would be higher in energy than the two lowest energy
CNCs and our overall picture of the disordered material
is essentially unchanged. In conclusion, a range of
different configurations close in energy exists. Applying
similar arguments to related compounds, the existence
of different CNCs close in energy rationalizes the
frequent observation of incompletely ordered structures
even at room-temperature, e.g., for Sr,MnGaOs [0],
Ca,Co,_,AlOs [17], Sr,CuGaOs [31], and LaBaCu
GaOs [32].

3.2. Local structural entities and disorder

Disorder is a difficult topic to approach both
experimentally and theoretically. Analyses of Bragg
diffraction intensities give time-averaged structures but
it is not possible to differentiate between disorder
through reorientation of the polyhedra and static
disorder due to the presence of domains. As we have
mentioned Adler et al. [5] suggested from their NMR
study that the two-dimensional conduction at inter-
mediate temperatures in the monoclinic structure is due
to long waves of cooperative octahedral tilt inversion
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Fig. 5. Schematic representation of different possible stacking sequences along the b-axis of (00404) CNCs containing tetrahedral layers. The two
lowest CNCs for the 36 atom cell are those denoted AAAAAA (a) and ABABAB (e); (b)—(d) are possible sequences requiring larger supercells. Those
in between are hypothetical sequences. Only the tetrahedral layers are shown for clarity.

that travel through the crystal, allowing vacancy
displacement within the tetrahedral layers. The pre-
servation of monoclinic symmetry seen by X-ray
diffraction is rationalized by Adler et al. [5] in terms
of long-scale structural fluctuations larger than the
length scale detected by X-ray diffraction (30 nm). The
vacancies are thus considered ordered in a time-
averaged sense [5]. Neutron diffraction data show the
existence of an intermediate temperature tetragonal
structure in which both the O(2) and O(3) ions exhibit
large apparent temperature factors twice that of O(1)
and comparable to those seen for the cubic high-
temperature structure [4]. This may further support the
cooperative tilting hypothesis. On increasing the tem-
perature further Ba,In,Os becomes cubic. It is not clear
whether this is due to dynamic or static disorder or both.
Adler et al. [5] argue that the vacancies even at these
temperatures may be ordered but over a length scale too
small to be observed by X-ray diffraction and hence that
the cubic structure has short-length-scale non-cubic
microdomains. A similar hypothesis has been put
forward for Basz;In,ZrOg where neutron diffraction
shows that the material possesses long-range cubic
symmetry but that randomly orientated local domains
of 50-500 A in size occur due to short-range ordering of
the vacancies [7].

The fractions of the different polyhedra as a function
of temperature, obtained by configurational averaging
using the energy spectrum of Fig. 2, are plotted in Fig. 6.
The magnitude of the temperature scale is affected by
the size of the supercell, but nevertheless, this does not
change our interpretation of the local order in the
disordered state.

The high-energy configurations contribute only to a
very limited degree even at high temperatures. The
dashed area of Fig. 2 shows the energy region that

T T
05— ————— . octahedra -
-
S,
04 tetrahedra
=
£ 03k i
5 0
&
=
2
3
£ 02
= 02r i
[=}
2,
square
0.1 pyramids 7
| |

T/K

Fig. 6. Fraction of polyhedra as a function of temperature.

contributes significantly to the enthalpy at 2500 K; all
other crystallographic non-equivalent configurations
contribute less than 0.1%. The disordered system can
thus be described in terms of populations of different
local structural configurations all containing octahedra,
square pyramids and tetrahedra. The fractions of
octahedra and tetrahedra both remain close to 0.5 up
to 1500 K. Although the (00404)-CNCs thus dominate
at low temperatures disorder is not negligible. The range
of different (00404)-configurations close in energy (see
Fig. 2) gives rise to significant disorder and implies that
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the configurational entropy is not negligible even below
2000K (see Fig. 7). Above 2000 K, the number of square
pyramids increases giving a smaller number of tetra-
hedra and octahedra, see Fig. 6. Only at the highest
temperatures is a small number of polyhedra with three
coordinate indium observed. The 3-coordinate In-atoms
are present together with 5-coordinate In-atoms in
CNCs closely related to (00404) CNCs and these can
equally well be viewed as distorted (00404)s.

The population of intermediate-energy CNCs also
affects the calculated configurational entropy which
increases faster above 2000 K. It is tempting to suggest a
correlation between the observation of an apparent
intermediate structure by diffraction [4,5] and NMR-
experiments [5], and the change in slope of the entropy-
temperature curve in Fig. 7. This change in slope then
relates to the formation of the cubic structure. Our
results are in line with the entropy of the disordered
phase being considerably lower than the ideal value
[33,34] since only a small fraction of the possible CNCs
are thermally accessible at these temperatures and thus,
due to the presence of only a small number of structural
polyhedral entities, the arrangement of the oxygen
vacancies remains far from random.

Our results call into question the very form in which
the so-called ““ideal” configurational entropy is intro-
duced into empirical models. This generally starts from
a simple evaluation of the number of ways a given
number of vacancies can be distributed at random over
a number of lattice sites, ignoring any complications
associated with relaxation of the structure, the form of
the potential energy hypersurface and the associated

preference for particular structural polyhedra. For the
2 x2x2 cell there are 10626 permutations of the 20
oxygen atoms over 24 oxygen lattice sites. Nevertheless
the total number of relaxed configurations, after
structure  optimization, is considerably  higher
(~21,500). After relaxation the symmetry of a CNC,
and thus its degeneracy, may be very different from that
of the idealized configuration used as a starting point. It
is the degeneracy of the relaxed configuration which
should be used in all thermodynamic averaging. The
number of possible sites available for the oxygen atoms
is large but strong structural correlations due to the
preference for particular structural polyhedra mean that
these will be far from randomly occupied. Thus,
presently used defect models that describe the structures
and thermodynamics of this and related materials in
terms of random distributions of oxygen atoms and
oxygen vacancies over the available oxygen sites in an
idealized lattice are highly questionable from a funda-
mental point of view, even if they often serve as useful
empirical models (see, e.g., Ref. [35] which uses such an
approach to analyze the redox energetics of perovskite-
type oxides).

The relative energies of the different local structural
environments have important implications for the ionic
conductivity of the material. The conventional vacancy
jump mechanism would allow different types of local
short-range order that we here show are of high energy
and thus make a negligible contribution. The ionic
movement is highly restricted by the local symmetry as
seen e.g. by the high energy of the square-planar entity
compared to a tetrahedral local structure. The occu-
pancy of the O(1), O(2) and O(3) sites shown in Fig. §
completes the picture. O(1) and O(2) are fully populated
to 1500 K after which the population of O(2) decreases
significantly. O(1) is fully populated to significantly
higher temperatures which supports the two-dimen-
sional disorder and conductivity at intermediate tem-
peratures reported previously [5]. The very nature of the
low-energy structural configurations has even more
extensive fundamental implications for the ionic con-
ductivity. Transition paths connecting different low-
energy CNCs characterized using the Nudge-elastic-
band method strongly indicate that collective ion
movements are important in fast oxide-ion conductors
such as Ba,In,Os [9]. This aspect will be discussed in
detail in a forthcoming contribution concentrating on
saddle points on the energy hypersurface and on the
nature of different possible transition paths.

4. Summary
In this paper the structural features of Ba,In,Os

at high temperatures have been investigated through
a thorough study of the full energy hypersurface of a
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Fig. 8. Occupancy of the three oxygen sites as a function of
temperature.

36-atoms supercell. We interpret the average structure
observed experimentally at any temperature as a time
and spatial average of the different local environments
(corresponding to separate local minima on the poten-
tial energy surface) which are energetically accessible at
that temperature. These environments are regarded as
representing snapshots of small regions of the disor-
dered material and thus to show local structural
environments and structural correlations. The distribu-
tion of oxygen vacancies is far from random and
relatively few configurations, associated with different
arrangements of tetrahedral InO,4, square pyramidal
InO5 and octahedral InOg entities, are thermally
accessible at most temperatures. The brownmillerite-
type ground state structure is reproduced by the
calculations. In addition, many of the lower energy
minima resemble this ground state structure in that they
consist of alternating layers of InOjy-tetrahedra and
InOg4-octahedra. These configurations differ in the
stacking sequences of the tetrahedral layers, and in the
type of connectivity within the tetrahedral layers. Other
configurations i.e. the structures adopted by Sr,Mn,Os5
and La,Ni,Os are also discussed in some detail. The
energies of the configurations are in general largely
influenced by the positions of the large Ba ions and thus
by the Ba—O interactions. These interactions are easily
characterized using bond valence sums which are shown
to correlate well with the energy for selected groups of
related CNC’s.

The results for the chosen supercell are furthermore
used for considering stacking-sequences and connectiv-

ity-patterns present only in larger brownmillerite-related
supercells. The existence of a range of different CNCs
close in energy rationalises the frequent observation of
incompletely ordered structures even at room-tempera-
ture. At low temperatures the energy barriers from one
minimum to another are thermally inaccessible. Com-
plete long-range order is thus not easily achieved and
frozen-in disorder results. It is interesting in this
connection that the freezing of rapid oxygen ordering
recently has been reported to give rise to glass-like
transitions in perovskite-related oxides [36] as well as in
ZrWMoOg [37].

Although the (00404)-CNCs dominate at low tem-
peratures disorder is not negligible. The range of
different (00404)-configurations close in energy gives
rise to significant disorder and imply that the config-
urational entropy is not negligible even below 2000 K.
Our results are in line with the entropy of the disordered
phase being considerably lower than the ideal value. The
number of possible sites available for the oxygen atoms
is large but strong structural correlations due to the
preference for particular structural polyhedra imply that
these will be far from randomly occupied.

The energetic preference for certain structural entities
also has implications for ionic transport due to
restraints imposed by local symmetry. The conventional
vacancy jump mechanism requires different types of
local short-range order that we have shown here are of
high energy and thus make a negligible contribution;
thus the ionic movement is highly restricted by the local
symmetry. O(1) and O(2) are fully populated to 1500 K
after which the population of O(2) decreases signifi-
cantly. O(1) is fully populated to significantly higher
temperatures which supports the two-dimensional dis-
order and conductivity at intermediate temperatures
reported previously. The very nature of the low-energy
structural configurations has even more extensive
fundamental implications for the ionic conductivity.
Transition paths connecting different low-energy CNCs
characterized using the Nudge-elastic-band method
strongly indicates that collective ion movements
are important in fast oxide-ion conductors such as
Ba21n205.
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