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The perovskite-related crystal structure of the compound Srg ;Y 3C00, 6, was determined
and refined using synchrotron X-ray and neutron powder diffraction, in space group
14/mmm, a = 7.6237(8) A and ¢ = 15.314(2) A, to R, = 0.041 in the synchrotron data set. It
contains layers of CoOg octahedra, perpendicular to the ¢ axis, alternating with partially
disordered oxygen-deficient layers. Further characterization of the structure using electron
diffraction and high-resolution electron microscopy showed that an additional superstructure
was present in some of the crystallites. The structure represents a new type of layered
ordering of oxygen vacancies in oxygen-deficient perovskites. Possible local atom arrange-
ments in the oxygen-deficient layers and the structural relationship to the resembling
brownmillerite-type structure for ABO, s compounds are discussed.

Introduction

The oxygen content in ABO3; compounds with perov-
skite-related structures can be decreased if B-cation has
a stable lower oxidation state and can accept coordina-
tion numbers below six. The arrangement of the oxygen
vacancies in the structures of the formed phases can be
disordered or, when their concentration is high enough,
ordered. In the latter category, new compounds may be
found that have important physical properties, for
example, layered HTSC cuprates, fast oxide ion conduc-
tors such as BIMEVOX, and so forth.

For perovskite-related oxides containing Fe or Co,
ordering of oxygen vacancies yields different superstruc-
tures. The compounds CayFe;0s,172 SrpFe,0s,*% and Srp-
C0,05%7 have ABO;s stoichiometries and adopt the
brownmillerite (Cax(Fe,Al),Os) type structure. The struc-
tures are orthorhombic with a ~ ¢ ~ v/2 x a, and b ~
4 x ap, where ap is the unit cell parameter for the cubic
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perovskite structure. The oxygen vacancies are ordered
in a layered manner, resulting in layers with tetrahe-
dral coordination of B-cation that alternate with octa-
hedral ones. Other, more complicated, perovskite-
related structures are found for compounds with different
oxygen contents in the system SrFeO3_,.8 The structures
of two have recently been determined using neutron
powder diffraction data:® SryFe;O1; (ABO75) has an
orthorhombic structure with a ~ 2 x /2 x ap, b~ 2 x
ap, and ¢ ~ +/2 x a, and SrgFegO23 (ABO2g7s5) a tetra-
gonal one with a ~ 2 x v/2 x a, and ¢ &~ 2 x a,. Struc-
turally similar phases have been reported to form also
in the systems SrCoO3_y,10 for example, SrCo0O; go with
a tetragonal unit cell with a ~ 2 x +/2 x a, and ¢ ~
2 x ap, and Sr;4Ln,CoO3-4,'* in which a tetragonal
phase Srg7Lag3C003-s with a ~ a, and ¢ ~ 2 x a, has
been identified on the basis of powder X-ray diffraction
(XRD), electron diffraction (ED), and high-resolution
electron microscopy (HREM). RBaCo0,0s+y, R=Y, Pr,
Nd, Sm, Eu, Gd, Tbh, Dy, and Ho, are found to have a
layered structure where oxygen atoms are removed from
every second [001] plane, thus forming square pyramids
around cobalt,'?27%® a ~ a, and ¢ ~ 2 x a,. Additional
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Figure 1. Observed (crosses), calculated (full line), and difference (bottom) neutron powder diffraction patterns for Sro7Yos-

Co003.6>.

oxygens (y) are located in the vacant plane forming
different types of superstructures.’> The same type of
compounds is found among ferrates; see for example ref
20. Addition of one perovskite block BaFeO3 leads to
the formation of ferrates LnBayFe3Osg+y, LN = Dy, Er,
and Y with a structure close to superconducting cuprate
Y-123-type,®t a~ ap and ¢ ~ 3 x ap.

In the course of a search for new phases in the system
Sr14L.nNyCoO3-y, Ln =Y and Eu — Er, we have synthe-
sized a novel compound Sro7Y03C00262 (ABO2gy). It has
a previously unreported type of oxygen vacancy ordering
resulting in a tetragonal perovskite-related structure
with a~ 2 x ap and ¢ =~ 4 x ap. The refinement of the
structure, using neutron and synchrotron powder dif-
fraction data, and further characterization by ED and
HREM studies, is reported here.

Experimental Section

The compound Sro7Y03C0026 Was synthesized from sto-
ichiometric mixtures of SrCO3, Co30.4, and Y,03. The mixtures
were carefully ground and sintered in air at 1423 K for 24 h,
followed by a re-grinding and further firing at 1423 K for 72
h. Thereafter, the furnace was shut off and the samples were
allowed to cool to room temperature. Phase analysis of the
products was made by X-ray powder diffraction photographs,
recorded in a Guinier-H&agg camera with Cu Ko, radiation and
Ge as the internal standard.

Neutron powder diffraction (NPD) data were collected at the
Swedish research reactor at the NFL, Studsvik, using a
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wavelength of 1.47 A, with the sample placed in a thin-walled
vanadium can (i.d. = 6 mm). Synchrotron powder diffraction
data were collected from a 0.4-mm-diameter capillary sample
on the beamline 1D31 at the ESRF, Grenoble, for 7 h with 1 =
0.40027 A. Structure refinements were carried out using the
RIETAN 2000 program.??

For the transmission electron microscopy (TEM) studies,
small amounts of the samples were crushed in n-butanol. A
drop of this dispersion was put on a holey carbon film
supported with a copper grid. Electron diffraction (ED) studies
and microanalysis were made in a JEOL JEM2000 FX instru-
ment, operated at 200 kV and equipped with a LINK AN10000
energy-dispersive X-ray (EDX) microanalysis system. HREM
studies were made in a JEOL JEM3010 UHR microscope,
operated at 300 kV. Additional EDX analysis of the metal
composition, on the same samples as were used for TEM, were
also performed using a JEOL JSM 880 scanning electron
microscope equipped with a windowless LINK Isis EDX
system. Simulated HREM images were calculated using
MacTempas.?®

lodometric titration was used to determine the oxygen
content in the as-prepared Sro7Y03C003-y sample. About 50
mg of the sample under investigation was placed in a flask
containing 20 mL of a 20% water solution of KI. Several drops
of concentrated HCI were then added to the solution and the
flask was kept in a dark place until the entire sample had
dissolved. The released elementary iodine was titrated by a
standard Na,S,03 solution with starch added as an indicator.

Results

Structure Refinements. An XRD single-phase
sample was obtained for the nominal composition
Sro.7Y0.3C003-y. The oxygen content was determined by
iodometric titration to be Sro7Y3C0026,. The EDX
analyses, using both SEM and TEM, confirmed the
metal composition to equal the nominal one within the
esd's of the analyses. The formal oxidation state for Co
is accordingly +2.94. The Guinier-Hagg powder pattern

(22) lzumi, F.; Ikeda, T. Mater. Sci. Forum 2000, 198, 321.
(23) Roar Kilaas, MacTempas, www.totalresolution.com.
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Figure 2. Observed (crosses), calculated (full line), and difference (bottom) synchrotron X-ray powder diffraction patterns for

Sr0.7Y0.3C00;62.

Table 1. Crystal and Refinement Data for Sry7Y03C00262
Based on the Synchrotron Data; Data for the NPD
Refinement Are Bracketed

Table 2. Atomic Parameters for Sry7Y03C0026, from
Synchrotron Data (Upper Values) and Neutron Data
(Lower Values)

space group 14/mmm
lattice parameters:
a/A 7.62389(1) (7.6193(8))
c/A 15.32701(5) (15.313(2))
z 16

20 range, step 0.20 < 20 =< 56.05, 0.001

(4 < 26 < 140, 0.08)

A A 0.40027 (1.47)
R;2 0.041 (0.035)
S 1.91 (1.46)
Rwp 0.013 (0.053)

P 0.094 (0.039)
number of reflections 1816 (330)
number of refined parameters 39

a Definitions of the criteria of fit is given in Ref. X: lzumi, F.,
Young, R. A., Eds. The Rietveld Method, IUCr Monographs on
Crystallography; Oxford University Press: Oxford, 1993; Vol. 5,
Chapter 13, p 22.

of Sro.7Y03C005 6> could be indexed with an I-centered
tetragonal unit cell with unit cell parameters a =
7.6237(8) A and ¢ = 15.314(2) A. The cell is related to
the cubic perovskite subcell parameter a, by a=~ 2 x a,
and ¢ ~ 4 x a,. The synchrotron data, but neither the
Guinier-Hagg nor the neutron data set, showed a few,
very weak reflections from a trace amount of Y,03 in
the sample. The reflections from Sry7Y03C0026, did not
reveal additional symmetry elements, implying the
possible space groups to be 14/mmm (139), or its
subgroups 142m (121), 14m2 (119), 14mm (107), 14/m
(87), 14 (82), and 14 (79). No additional superstructure
reflections were observed in any of the powder patterns.

The positions of metal and oxygen atoms were derived
by trial and error, by testing structural models in
various tetragonal space groups and cell origin choices.
The trial refinements supported the presumption that
the structure contains layers of CoOg octahedra, per-
pendicular to the c-axis, that alternate with oxygen-
deficient layers with cobalt atoms in CoO,4 tetrahedra.
Furthermore, these refinements strongly indicated the
presence of a mirror plane, perpendicular to the c-axis
and through the cobalt and oxygen atoms in the oxygen-

atom  site X y z Biso (A2)  occ.

Sri/Y1 4e 0 0 0.87856(8) 1.16(2) 0.7/0.3
0 0 0.8805(7) 1.6(2)

Sr2/y2 83 0 1, 0.86701(5) 0.81(1) 0.7/0.3
0 1, 0.8669(4) 0.7(1)

Sr3/Y3 4e 0 0 0.35037(6) 0.74(2) 0.7/0.3
0 0 0.3502(5) 1.0(2)

Col 8h 0.7483(1) 0.7483 0 1.072) 1
0.746(1) 0.746 0 1.42)

Co2 8 Y, 3, 1, 0.43(1) 1
1Yy 3y 1y 0.52

ol 16n 0 0.2493(7) 0.2330(2) 0.79(5) 1
0 0.2422(6) 0.2395(3) 0.69(8)

02  16m 0.2905(3) 0.2905 ~ 0.1176(2) 1.52(7) 1
0.2876(4) 0.2876  0.1165(3) 1.8(1)

03 8 0 0.7240(8) 0 18(1) 1
0 0.722(1) 0 1.7(2)

o4 8 03872 U 0 02(3) Ya
0.399(3) > 0 16(5) 0.23(1)

2 Not refined.

Table 3. Selected Interatomic Distances (A) for
Sro.7Y03C002,62?

octahedron Sr1/Y1-01 (x4) 2.630(4)
Co2-01 (x4) 1.9122(2) Sr1/Y1—03 (x4) 2.809(4)
Co02-02 (x2) 2.076(3) Sr1/Y1-02 (x4) 3.132(3)
Sr2/Y2—01 (x2) 2.518(5)
Sr2/Y2—03 (x2) 2.659(4)
tetrahedron/ Sr2/Y2—02 (x4) 2.728(4)
trigonal bipyramid
Col1—-02 (x2) 1.850(3) Sr2/Y2—01 (x2) 2.7407(5)
Col-03 (x2) 1.9282(8) Sr3/Y3—02 (x4) 2.312(3)
Col-04 (x1) 2.156(7) Sr3/Y3—04 (x1) 2.449(5)

Sr3/Y3—01 (x4) 2.545(5)

a Corresponding to unit cell parameters and atomic coordinates
from the synchrotron refinement.

deficient layer. A satisfactory fit between observed and
calculated intensities was obtained, both for neutron
and synchrotron data, using the most symmetric tet-
ragonal space group 14/mmm. A Legendre polynomial
with 12 coefficients was used to describe the background
for the NPD and synchrotron powder diffraction pat-
terns. The peak profiles for the corresponding patterns
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Figure 3. Crystal structure of Sro7Y03C0026,. Layers with
Co020s octahedra alternate with oxygen-deficient layers con-
taining the Col, O3, and O4 atoms. The O4 site has an
occupancy factor of Y/, and only one of the four adjacent
positions of O4 is locally occupied.

were described by a Thompson modified pseudo-Voigt
function. The refined value of the thermal parameter
for the Co2 atom was slightly negative, —0.1(2) A2, for
the neutron data set, and this parameter was therefore
fixed to a physically reasonable value of 0.5 A2 in the
final refinement. The R value increased thereby from
0.033 to 0.035, but the atomic coordinates remained the
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same within 1 esd. Observed and calculated patterns
are shown in Figures 1 and 2. In the neutron pattern,
the (112) reflection, marked with (x) in Figure 1, has a
notably lower calculated intensity than the observed
one. We have no explanation for this discrepancy, which
remained present in all the later described alternative
structure models tried; it may coincide with a weak
impurity peak. Crystal and refinement data for the two
sets of data are given in Table 1 and the corresponding
atomic coordinates in Table 2. In Table 3, selected
interatomic distances are given, corresponding to the,
comparatively better determined, atomic coordinates
obtained from the synchrotron data.

The crystal structure of Srp7Y03C0026; is illustrated
in Figure 3. It contains layers of tilted CoOg octahedra
that alternate with oxygen-deficient layers containing
the Col atoms. The O atoms in the oxygen-deficient
layers are partially disordered in the structure model
with the O4 atom distributed over four closely situated
sites with a site occupancy factor of 0.25. The oxygen
content in the model corresponds to an ABO; 25 Stoi-
chiometry, in agreement with that experimentally de-
termined by iodometric titration. Refinement of the
occupancy using neutron powder diffraction data re-
sulted in the value 0.23(1). The O atom disorder in the
oxygen-deficient layers is discussed in more detail
below.

Alternative tetragonal space groups with lower sym-
metries were also tested. Since neutron diffraction is
much more sensitive than X-ray diffraction for oxygen
atom positions, these refinements were made using only
the NPD data. The refined thermal parameter for the
Co2 atom was, as for the refinement in 14/mmm,
negative for all models tested and this parameter was
subsequently fixed to 0.5 A2 in the final stages of all
the refinements. Structure models in the subgroups of
14/mmm did not result in significantly improved fits,
despite the increased number of positional parameters
used to describe the structure. Refinements in 14 and

FWHM=0.0325

11.9 12.0

12.1 12.2

20. degrees

Figure 4. 008 and 400 Bragg reflections in the synchrotron powder pattern for Sro;Y03C0026,. The similarity of their full-
widths at half-maximum height (fwhm) shows that there is no indication of an orthorhombic distortion of the tetragonal unit cell

in the powder data.
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Figure 5. Selected area electron diffraction patterns of Sro7Y03C00,6; crystallites, viewed along (a) [001], (b) [010], and (c)
[111]. The reflection conditions agree with the 14/mmm symmetry used in the structure refinements.

"

Figure 6. Microdiffraction pattern of Sro7Y03C00262, viewed
along [001]. The 4mm symmetry of the pattern is in agreement
with the space group 14/mmm,

14 were unstable and unsatisfactory. In 142m, 14m2,
14mm, and 14/m, the refinements yielded both low R
values and reasonable thermal parameters. However,
in 142m and 14mm, unreasonably short Co—O distances
were obtained, and in 14m2 substantially increased esd’s
for the thermal parameters of the atoms corresponding
to Sr2/Y2 resulted. The refinement in 14/m yielded a
credible structure model, and R factors similar to those
in 14/mmm, with five additional variable structural
parameters. The derived atomic positions were, how-
ever, within error identical to those in 14/mmm, but with
significantly higher esd’s. The 14/mmm structure model
is thus preferred since it agrees well with the experi-
mental data and requires the least number of refinable
structure parameters.

The split position of the O4 atom in the oxygen-
deficient layers cannot be avoided in any tetragonal
space group because of the presence of a 4-fold axis.
Structure models with corresponding O atom sites that
are ordered and fully occupied are, however, possible if
the space group symmetry is lowered to orthorhombic,
for example, in Imm2. Such models were tested, but
yielded no improvement in fit. The possibility of a local
order of the O atoms that has symmetry lower than
tetragonal will be discussed later. Here, it can be noted
that the synchrotron powder pattern shows no indica-
tion of an orthorhombic distortion of the unit cell. This
is illustrated in Figure 4, where the reflections 040 and
008 are seen to have the same width at half-maximum
height. There is thus no evidence in the powder diffrac-
tion data for an orthorhombic distortion.

Electron Microscopy. Selected area ED zone-axis
patterns (ZAPs) were in full agreement with the tet-
ragonal unit cell found by powder diffraction for many
of the crystallites investigated. In these, there were no
additional reflection conditions other than those of an
I-centered Bravais lattice. ED patterns along [001],
[010], and [111] are shown in Figure 5. The presence of
a 4-fold axis was also supported by microdiffraction
patterns, such as that shown in Figure 6. However,
superstructure reflections and streaking were observed
in some other crystallites, indicating further local order.
The intensities varied from weak and diffuse to strong
and distinct, both within and between crystallites. To
explore their distribution in reciprocal space, a number
of ED patterns were recorded in different tilt series. One
such series, with the tilt around the c-axis, is shown in
Figure 7. Superstructure reflections can be seen in the
[001], [130], and [110] ED-ZAPs but not in those along

v s B e R e .
Y o af ogn +220 ‘w2324
.‘.:'fﬁ‘f-.’ NN I TRk ..'...'093
' - . . ¥ o o - « . L ..-.-.. ;
a' e C . @« PVe d - e .

[001] [130] [120] [110] [010]

Figure 7. Selected area electron diffraction patterns of Sro7Y03C00.6; in a tilt series around [010]. (a) Along [001]. There are
satellite reflections at */,[110L0] indicating a doubling of at least one of the tetragonal a or b axis. (b) Along [130]. There are rows
of superstructure reflections at 1/, + (3100, some of them violating the reflection condition h + k + I = 2n for a body-centered cell.
(c) Along [120]. There are no superstructure reflections observed. (d) Along [110]. There are rows of superstructure reflections
along 00l at ¥/, + [2200. The presence of superstructure reflections with | = 2n + 1 are not compatible with the body-centered
unit cell. (e) Along [010]. No superstructure reflections observed.
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Figure 8. Schematic drawing of the reciprocal lattice made
to illustrate the position of the superstructure reflections.
Lattice points that correspond to the perovskite sublattice,
tetragonal lattice, and superlattice are shown as large, me-
dium, and small circles, respectively. The unit cell is indicated.

[010] or [120]. In the [001] ED-ZAP there are super-
structure reflections at G = 1/, £ [110] and G = ¥/, +
[110] but not of the kind G =/, + [100]. This is also in
agreement with the absence of superstructure reflec-
tions in the [100] ED-ZAP. In the [130] and [110] ED-
ZAPs there are also superstructure reflections with
h + k + | = 2n, which thus violates the body-centered
symmetry. Distinct superstructure reflections were
frequently also observed in [111] ED-ZAPs.

The superstructure reflections cannot be described
with a larger tetragonal unit cell witha =b =2 x v/2-
ap and ¢ = 4-a, because of the absence of superstructure
reflections G = +1/,[110]. It is, however, possible to
account for them by a twinned orthorhombic unit cell

Chem. Mater., Vol. 15, No. 21, 2003 4017

with a = 2 x +/2-ap, b = v/2 x ap, and ¢ = 4-a,. The
relation, in reciprocal space, between this cell and the
tetragonal one is shown in Figure 8. A detailed model
of the superstructure is, however, difficult to establish
since, as noted above, the superstructure reflections are
not observable in neutron or X-ray powder patterns.

It should be emphasized that superstructure reflec-
tions or streaking was never observed in [100CED-ZAPs
or in Fourier transforms of the corresponding HREM
images. A HREM image of a crystallite viewed along
[010] is shown in Figure 9. A fast-Fourier transform
(FFT) and a Fourier filtered image of the encircled area
is inserted. The latter is in good agreement with a
simulated HREM image, using the coordinates in Table
3.

The HREM images of crystallites viewed along [001]
(see Figure 10) exhibited lattice fringes corresponding
to the perovskite sublattice and the {110} planes in the
tetragonal unit cell. At a closer look 11.5-A fringes,
which correspond to the superstructure reflections
discussed above, is discernible in different domains. A
FFT image of such an area is encircled in Figure 10. In
the FFT it can be seen that the superstructure reflec-
tions only appear in one of the (110) directions. This
agrees with the notion of a local structure with the
orthorhombic supercell a = 2 x +/2-a,, b = V2 x ap,
and ¢ = 4-ap,.

Discussion

The crystal structure of Sro7Y(3C00262, illustrated
in Figure 3, exhibits a new type of ordering of oxygen
vacancies, with octahedral layers separated by oxygen-
deficient layers with a partially disordered distribution
of oxygen vacancies. The C020¢ octahedron is axially
distorted, with four shorter equatorial distances,
dcoz—01 = 1.9122(2) A, and two longer axial distances,
dco2—02 = 2.076(3) A. An analogous elongation of octa-

(B) Fourier filtered image. (C) Simulated HREM image (defocus —300 A, thickness 20 A).
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Figure 10. HREM image of Sro7Y03C00.6, recorded along [001]. FFT pattern of the encircled area is the inset. Superstructure
reflections along [1100can be seen in the FFT pattern. The corresponding repetition distances are marked in the HREM image.
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Figure 11. Structure drawing of Sro3Y07C002 6, showing the
layer with partial disordered oxygen (04) at z = 0.0. Col
polyhedron is drawn as tetrahedra. Srl, Sr2, and Sr3 atoms
at z ~ /g are shown for clarity.

hedra is observed for oxides with the brownmillerite
structure, for example, Sr,MnGaOs.2* The cause of it
has been attributed to the octahedra in different layers
being connected via tetrahedra.?> This explanation is
equally valid for the case of Sro7Yp3C0026,. BVS
calculations based on the bond valence parameter for
Co3* taken from ref 26 and interatomic distances from
Table 3 showed valences quite close to the expected
values: for Co2 the valence is 3.0 and the Col valence
is 2.7.

The CoOg octahedra are rotated around the a and b
axis. The tilting scheme according to Glazers notation
would be ata*c®. This is different from what is found
for brownmillerites, which have a“b=cC. The tilting of
the octahedra gives rise to three types of oxygen poly-
hedra around the Sr/Y atoms. The distance dsrsivz—01 =
2.312(3) A is quite short for a Sr—0 bond, indicating

(24) Abakumov, A. M.; Rozova, M. G.; Pavlyuk, B. Ph.; Lobanov,
M. V.; Antipov, E. V.; Lebedev, O. I.; van Tendeloo, G.; Ignatchik, O.
L.; Ovtchenkov, E. A.; Koksharov, Yu. A.; Vasilév, A. N. J. Solid. State.
Chem. 2001, 160, 353.

(25) Lindberg, F.; Istomin, S. Ya.; Berastegui, P.; Svensson, G.;
Kazakov, S. M.; Antipov, E. V. J. Solid State Chem. 2003, 173, 395.

(26) Brese, N. E.; O'Keeffe, M. Acta Crystallogr. 1991, B47, 192.
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Figure 12. (a) Polyhedron of Col atom in the structure, which
can be described as a tetrahedron with one additional oxygen
atom O4 at the longest distance. (b) Connection of the C0104+1
polyhedra with Co20s octahedra from neighboring layers.

that the Sr3/Y3 position is preferentially occupied by
Y. The powder diffraction data, however, give very little
information in this respect since not only the X-ray
scattering powers are very similar for Sr (Z = 39) and
Y (Z = 40) but so are also the neutron scattering
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Figure 13. TG curves for Sro7Y03C0026, Samples in oxygen, air, and helium. Note only a slight increase of the oxygen content

in O,.

lengths, 0.702 barns for Sr and 0.775 barns for Y.27 A
refinement of the Sr/Y atom site occupancies, using the
NPD data, indicated in fact that the Sr3/Y3 position is
preferentially occupied by Y atoms, but the refined
values had large esd’s. The presence of Y3* in the Sr3/
Y3 is supported by bond-valence sum calculations where
Srl and Sr2 calculated using the parameters for Sr2*™
have BVS's of 2.1 and 1.9, respectively, while it is 3.1
for Sr3/Y calculated using the parameter for Y3*. To
check the possibility of A-cation ordering, the isostruc-
tural compound Srq7H0p 3C00, 6, containing Ho®" (Z =
67), which has an ionic radius close to Y3+ (r(Y3+) = 1.02
A, r(Ho%*) = 1.01 A, CN = 828) was prepared. Refine-
ment of the crystal structure of Srp7H003C00,6, Using
X-ray diffraction data indicate that the Sr3/Ho3 site is
preferentially occupied by Ho atoms. Detailed structure
studies of the compounds Sr;—4L.nyC0O3z62, LN = Eu—
Ho, is in progress and will be reported elsewhere.
The atom arrangement in the oxygen-deficient layer,
atz =0, is illustrated in Figure 11. It has to be kept in
mind here that only one of the four adjacent, partially
occupied, O4 positions can be locally occupied because
of their close proximity. The Col atoms are tetrahedrally
coordinated by O2 and O3 atoms. The tetrahedra are
arranged in clusters of four, with each tetrahedra
sharing its two O3 atoms with adjacent tetrahedra. The
local occupancy of one of the four split O4 positions
effects a five-coordination for two of the four Col atoms
in each layer. The resulting coordination polyhedron for
the five-coordinated Co atoms is illustrated in Figure
12a. It is irregular and may alternatively be described
as a distorted square pyramid or as a distorted trigonal

(27) Sears, V. F. Neutron News 1992, 3, 26.
(28) Shannon, R. D. Acta Crystallogr. 1972, A32, 258.
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Figure 14. Four unique variants of ordering of the oxygen
vacancies in the layers of the structure of Sro7Y3C00;6,. Note
that the tetragonal structure can be described as a mixture of
all four variants. The model of the structure in Immm
represents a mixture of variants | and Il or 11l and IV. The
structure model in Imm2 depicts only one unique variant.

bipyramid. The latter designation will be used here. The
connection of the trigonal bipyramids with the octahedra
in neighboring layers is shown in Figure 12b. There are
accordingly an equal number of tetrahedra and trigonal
bipyramids in the oxygen-deficient layers. The distances
from Col to the O2 and O3 atoms are similar to
previously reported ones for Co®* in tetrahedra.?®
Thermogravimetric study (TG) of Srg7Y03C0026; in
an oxygen atmosphere showed that the oxygen content
of the phase is almost constant at 2.62 as only a slight
weight increase is observed with a maximum at 325 °C
(Figure 13). The same behavior was observed for the
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Figure 15. Structure of the vacant layers in the brownmillerite (Sr.C0,0s) and in Sr7Y03C00262. Only one position in the structure
of Sro.7Y03C00,6, marked with blue circles is occupied per unit cell.

isostructural Srp7H003C0026,. The almost constant
upper limit of the oxygen composition is in agreement
with the structure since additional oxygen in the
disordered layer requires substantial rearrangement of
the structure. The loss of oxygen above 400 °C is easier
to explain since the 04 oxygen is weakly bounded. The
bond-valence sum for O4 is 1.2. A complete removal of
the O4 oxygen from the structure corresponds to an
oxygen content of 2.5. TG in oxygen, air, and helium
showed that oxygen content rapidly decreases with
increasing temperature and at about 1000 °C in helium
it approaches 2.5 (Figure 13).

In the derived 14/mmm structure model, there are 42
oxygen atoms in the unit cell, in agreement with the
determined oxygen content, in comparison with 48
oxygen atoms for a completely filled anion sublattice.
Taking into account that vacancies are located in every
second layer only, there are three oxygen vacancies
within the unit cell in each oxygen-deficient layer.
Consequently, there are two trigonal bipyramids and
two tetrahedra per such layer. Four ways to distribute
these locally in the tetragonal cell are shown in Figure
14. None of the variants alone are compatible with the
14/mmm symmetry. Each particular case, for example,
I in Figure 14, can, however, be described using the
orthorhombic space group Immz2. A structure model for
an average structure of two of the variants, for example,
I and Il, can furthermore be described in Immm. The
14/mmm model accordingly describes an average struc-
ture of local distributions of all four variants in equal
amounts. The supercell a =2 x /2 x ap, b = +/2 x ap,
and ¢ = 4 x ap found in the ED pattern cannot be
described by ordering of the O4 atoms. It is therefore
associated with rearrangement of all oxygen atoms in
that layer.

In comparison with the brownmillerite structure
found for SrCoO»5, in Srp7Y03C0056, there is one
additional oxygen atom per layer with 2a, x 2ap
dimension. An illustration of the tetrahedral layer in
the ordered brownmillerite structure, together with the
oxygen-deficient layer for Sro7Y(.3C00262, is given in
Figure 15. The figure shows that the distribution of

oxygen vacancies is quite different in the two structures
and that the latter cannot be directly derived from the
brownmillerite structure. Another distinct difference
between the two structures discussed above is the way
in which the octahedra are tilted. Such differences in
the structures can be explained taking into account that
the driving force of the formation of the Sry7Y(3C00262
phase may be ordering of the Y3+ and Sr2*, which leads
in turn to the ordering of the oxygen vacancies.

Concluding Remarks

The structure of Srg7Y03C005 6, represents a new type
of layered ordering of oxygen vacancies in oxygen-
deficient perovskites. The ABO; 25 Structure is similar
to the ABO,s brownmillerite structure in that the
oxygen vacancies are found in alternating B atom
layers, as opposed to related structures with higher
oxygen contents, for example, SrsFe; 011 (ABO,.75) and
SrgFegO23 (ABO2g75),° in which the vacancies are dis-
tributed more uniformly.
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