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Chapter 16

Oxygen-Defect Perovskites and
the 93-K Superconductor

N. L. Ross, R. J. Angel, L. W. Finger, R. M. Hazen, and C. T. Prewitt

Geophysical Laboratory, Carnegie Institution of Washington, 2801 Upton Street, NW,
Washington, DC 20008

The structure of the tetragonal phase of YBazCugOg is presented and discussed
in relation to both the orthorhombic structure of the 93K superconductor and
the known structures of other oxygen defect perovskites. The reduction of
oxygen content from the ideal ABOj stoichiometry of perovskites reduces the
primary coordination of both the A and B cation sites. In particular, with
decreasing oxygen content the octahedral B site first becomes a square-based
pyramid (5 coordinating oxygens), then square-planar or pseudo-tetrahedral
(4) and finally linearly coordinated by two oxygens. Such behaviour is espe-
cially prevalent in those phases containing variable oxidation state transition-
metal cations such as Cu, Mn, and Fe, which can be accommodated in these
variable-coordination sites. The superconducting phase Ba;YCuzO7_, is a
defect perovskite which exhibits many of these structural variations. Samples
with high oxygen content (z=0) have two types of oxygen vacancies. One is
the removal of all the oxygen atoms from layers level with the Y atoms (in
A sites). This reduces the coordination of the two adjacent layers of Cu sites
to 5-fold square-based pyramids. The second set of oxygen vacancies is adja-
cent to the other copper atoms, reducing their coordination to square-planar.
Further reduction of the oxygen content to Og (z=1) results in the removal of
oxygen from this square-planar array to produce linear O-Cu-O groups; these
remaining oxygens also form the apices of the square-based pyramids.

The discovery by Wu et al. (1) of superconductivity at 93K in a mixed-phase sample in the Y-
Ba-Cu-O system has stimulated an unprecedented amount of research effort directed at solving
the structures of the phase(s) responsible for superconductivity. In this paper we will present
the results of the first single-crystal structure analyses of the phases present in these samples
to be carried out (2), and then review the additional structural information now available in
relation to the previously determined structures of other oxygen defect perovskites.

Y,BaCuQjg Structure

The polycrystalline sample in which superconductivity at temperatures in excess of 93K was
first observed consisted of two major phases. Electron microprobe analyses indicated that a
green transparent phase, which comprised the majority of the early samples, contained Ba, Cu
and Y in the ratios 1:1:2. A single crystal diffraction study and structure solution by direct
methods indicated that this green phase has an ideal composition Y;BaCuOg, and a structure
similar to that reported on the basis of powder diffraction (3). Crystallographic data for this
structure are reported in Table I.
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Table I. Crystallographic data for Y2BaCuOjs

Space group: Pbnm (determined by diffraction absences and structure determination)
Unit Cell data: a=7.123 &, b=12.163 &, ¢=5.649 A, V.. = 489.4 A3, Z = 4, peatc = 6.22

Positional Parameters

Atom Mult. x/a y/b z/c
Ba 4 0.93 0.90 0.25
Y1 4 0.12 0.29 0.25
Y2 4 0.40 0.07 0.25
Cu 4 0.71 0.66 0.25
o1 8 0.16 0.43 0.00
02 8 0.36 0.23 0.50
03 4 0.03 0.10 0.25

This structure, shown in Figure 1, is unusual in that it contains Ys+ in trigonal pyramid coor-
dination, as well as copper in capped square-planar coordination (alternatively described as a
square-based pyramid), the latter feature being shared with the structure of the superconduct-
ing phase.

YBa;CusOyq_,

Structure Analysis. The superconducting phase comprised about one-third of the earliest sam-
ples received from the University of Houston. Electron microprobe analyses indicated a cation
ratio of Ba:Cu:Y of 2.1:2.9:1.0. Unit cell parameters were determined on a number of different
crystals, and indicated that the unit cell was tetragonal with a=3.859 A, ¢=3.904 A. Some
crystals in later batches deviated from exact tetragonal symmetry, indicating that ordering
within the structure was reducing the symmetry to orthorhombic. X-ray diffraction studies
showed that single crystals had 4/mmm Laue symmetry, and diffraction symbol 4/mmmP...,
allowing as possible space groups P422, P4mm, Pim2, P42m, and P4/mmm. With all of the
cations within the unit cell occupying the special positions of the perovskite structure, these
four possible space groups are only distinguished by the position of the oxygen atoms, which
are comparatively weak scatterers of X-rays. Thus an N(z) test of X-ray diffraction data is
not a reliable indicator of the presence or absence of a center of symmetry in the structure. A
combination of direct methods and least squares refinements was used to solve the structure,
and crystallographic data are reported in Table II for the two most likely space groups.

The structure of this tetragonal phase is shown in Figure 2a and, like a number of oxygen-
defect perovskites discussed below, exhibits variable co-ordination of cations by the oxygen
anions. The key to understanding the structure lies in the ordering of the barium and yttrium
cations over the ‘A’ sites of the perovskite structure. In cubic and metrically cubic perovskites
these sites are coordinated to 12 anion positions at a distance of \/2a.. However, Y3+ is a much
smaller cation than Ba2*, (Shannon-Prewitt radii of 1.02 A and 1.42-1.60 A respectively (4)},
and the oxygens surrounding the yttrium sites can be thought as being ‘drawn in’ towards the
central Y site. As a consequence the ideally cubic sub-cell around the Y site at 1/2,1/2,1/2 is
shortened along the ¢ axis of the structure, while the cells around the Ba sites are expanded.
This shortening of the central sub-cell of the structure results in a distance of 3.30 A between
pairs of Cu2 sites at 0,0,0.36 and 0,0,0.64. Oxygen anions are therefore excluded from the site
at 0,0,1/2 as their presence would require Cu-O distances of 1.65 A. Thus we see that this phase
is required to have at least one vacant oxygen site by crystal chemical constraints. The resulting
coordination of the Cu2 site can be described as slightly distorted versions of a square-based
pyramid, or a capped square-planar array.

In contrast to the vacancies at z=1/2, the oxygen sites at =0 are not required to be vacant
by crystal chemistry. It is these sites that show the variable occupancy that gives rise to the
variable stoichiometry and complicated structural phase relations to be discussed below. In our
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tetragonal phase however these sites are also almost completely devoid of scattering density,
indicating that the oxygen content of this material is very close to Og. The coordination of the
Ba sites is accordingly reduced from the value of twelve for an ideal structure, to eight. The off
center distribution of the remaining oxygens (Figure 2a) accounts for the displacement of the
barium atoms from an ideal z-coordinate of 1/6 to the observed 2=0.19. The Cul sites are also
reduced in coordination, from six in an ideal perovskite, to two. The presence of this linear
0-Cu-O group could account for some of the similarities to cuprite, CuzO, noted in the Raman
spectra of these samples (5).

Table II. Crystallographic data for YBa,CusOg

Unit cell parameters: a=b=3.859 &, c=11.71 &, V oy = 174.4 A%, p_o1. = 6.19

Positional Parameters

P4m?2 P4/mmm

Atom Mult. x/a y/b z/c Mult. x/a y/b z/c
Ba 2 0.50 0.50 0.19 2 0.50 0.50 0.19
Y 1 0.50 0.50 0.50 1 0.50 0.50 0.50
Cul 1 0.00 0.00 0.00 1 0.00 0.00 0.00
Cu2 2 0.00 0.00 0.36 2 0.00 0.00 0.36
01 2 0.50 0.00 0.38 4 0.50 0.00 0.38
02 2 0.50 0.00 0.61
03 2 0.00 0.00 0.15 2 0.00 0.00 0.15

Phase transitions and Average Structures. It is clear from the large quantity of structural
information now available for the YBaaCugO7_, compound that there are a number of distinct
structures that differ in structural detail. Both the local structure and the apparent long-range
structure of these materials are determined by the thermal history and the oxygen content of
the structure, which appears to vary between Og and O, although there is one report (Beyers,
R. et al., Appl. Phys. Letts., submitted) of an O7 4 composition. At the lowest oxygen contents,
Og, to which the structure reported above approximates, the structure is truly tetragonal both
on local and long-range scales. This is because both of the oxygen sites at z=0 (1/2,0,0 and
0,1/2,0) are vacant, and there is nothing to distinguish the a and b axes of the unit cell. When
the oxygen content of the structure is increased these sites may either be equally and partially
occupied, or one may be occupied in preference to the other. To take an end-member case, with
an oxygen content of Oy the crystal may be tetragonal with both of these oxygen sites being
half occupied, or one may be fully vacant and the other fully occupied. In the latter case the
a and b axes are now distinguishable, and the structure is orthorhombic (8) with the Cul sites
in square planar coordination (Figure 2b).

It is also important to distinguish the type of disorder within the structure, which may be
dynamic or static. Static disorder is the apparent random occupancy of one site or the other by
oxygen atoms, while dynamic disorder involves the rapid exchange of oxygen atoms between the
twosites. In both cases the average structure ‘seen’ by X-ray or neutron single crystal diffraction
techniques remains tetragonal. On the other hand, if the distribution is static, a powder
diffraction experiment will result in the true symmetry independent of the domain distribution,
provided that the domains are larger than the correlation length. It is for this reason that
powder diffraction techniques have been successful in determining the orthorhombic structure
(7; Beech, F. et al., Phys. Rev. Letts. , submitted; Beno M.A. et al.,, Appl. Phys. Letts. ,
submitted). However, in the static case local ordering of the oxygens and vacancies may give
rise to orthorhombic domains within the crystals, which then appear to be (110) twins (8;
Beyers, R. et al., Appl. Phys. Letts., submitted; Sueno, S. et al., Jap. J. Appl. Phys., in press).
The size of these domains is clearly dependent upon both the oxygen content and upon the
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thermal history of the samples, and in the limit single orthorhombic crystals with space group
Pmmm can be grown.

Dynamic disordering is responsible for the phase transition between the low temperature
orthorhombic structure and a high temperature tetragonal phase in which all of the anion sites
at z=0 are statistically and equally occupied by oxygen atoms. The wide range of reported
temperatures for this transition (Schuller, LK. et al., Solid State Comm., submitted; Sueno,
S. et al.,, Jap. J. Appl. Phys. , in press) clearly represent a true variation of the transition
temperature with oxygen content and the scale of ordering within the structure (9). The space
group of this dynamically disordered phase must be a tetragonal supergroup of the Pmmm
symmetry of the orthorhombic phase - and is therefore P4/mmm. However, this does not
necessarily imply that a structure with an oxygen content of O must possess this space group.
Indeed, the displacements of the fully occupied anion sites are quite likely to be different in
the two cases, and could lead to different space groups for the disordered phase and the Og
tetragonal phase. It should also be noted that neither the orthorhombic - tetragonal phase
transition, nor the varying scales of ordering within the orthorhombic phase, give rise to a
structure similar to that proposed for LagBasCueO;4 (10), as suggested recently by some
groups (11,12). In fact, a review of the available data (Ross, N.L. et al., Nature, submitted)
suggests that LagBagCugO,4 actually possesses the tetragonal structure reported here for the
superconductor.

Oxygen-Defect Perovskites

We have now discussed in detail the structure of YBazCusO7_, with respect to the thermal
history and oxygen content of the phase. These two variables determine the local structure and
apparent long-range structure present in the phase, that is, the distribution of oxygen vacancies
in the structure. Since YBayCuzOy_; is a true derivative of the ideal perovskite structure, a
comparison of this compound with other oxygen-defect perovskites provides a basis from which
to gain a greater understanding of this class of materials. In the following sections, the structure
of the high T. superconductor will be discussed in relation to other oxygen-defect perovskites
derived from removal of oxygen atoms from the ideal perovskite prototype.

Polyhedral Elements . The perovskite prototype, ABOs, consists of a framework of corner-
linked BOg octahedra extending infinitely in three dimensions, with a large A cation in 12-fold
coordination occupying the cavity created by the linkage of eight octahedra at the corners of a
cube outlining the unit cell of the structure. The reduction of oxygen content from the ideal
ABOg stoichiometry by substitution of low-valence metal cations for high-valence metal cations
reduces the primary coordination of the A and B cation sites. With decreasing oxygen con-
tent, the octahedral B site first becomes a capped square plane or square-based pyramid with
five coordinating oxygen atoms. CaMnO; 5(13,14) and SrMnO3 5(15), for example, have five-
coordinate M3+ cations with approximately square-pyramidal coordination. The Cu2 atoms
in both the orthorhombic and tetragonal structures of the high T, superconductor are also in
square-pyramidal coordination (Figure 2). Further removal of oxygen atoms results in cations
that are in 4-fold coordination. We have already discussed the example of the Cul?* atoms in
square-planar coordination in the orthorhombic structure of the high T, superconductor (Fig-
ure 2b). There are, however, examples of metal cations that prefer tetrahedral coordination.
CazFe;05(16) and SraFepOp(17) crystallize in structures closely related to that of brownmil-
lerite, CazFeAlOg (18). In all of these structures one half of the Fe®+ cations are in tetrahedral
coordination and one half are in octahedral coordination (Figure 3). Finally, the oxygen con-
tent may be reduced even further, resulting in B sites that are linearly coordinated by two
oxygens. To the authors’ knowledge, the coordination of the Cul sites in the tetragonal high
T, superconductor (Figure 2a) is the first example of an oxygen-defect perovskite with this
type of coordination. It is also the most oxygen-deficient perovskite (ABO o) known.

From the examples given above, it is apparent that the coordination geometry adopted
by the metal cations in the B-sites depends on the particular transition metal cations present
in the structure. Mn3* prefers square pyramidal coordination while Cu?* is found in both
square pyramidal and square planar coordination. Fe3¥, on the other hand, is commonly found
in tetrahedral and octahedral coordination, but not in square pyramidal coordination. Thus
although CaMnO; 5 and SrFeQO; 5 have the same oxygen stoichiometry, they crystallize with
totally different structures.
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Figure 3. Polyhedral representation of the brownmillerite structure.
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Oxygen Vacancy Arrangements. The structure of individual oxygen-defect perovskites there-
fore depends not only on the overall oxygen content of the structure, but also on the polyhedral
coordination preference of the metal cations present in the structure. This section will focus on
the oxygen vacancy arrangements present in specific oxygen-defect perovskites resulting from
organization of the polyhedral units.

The structures of CaMnO2 s and SrtMnOz 5 are characterized by orthorhombic cells with
a2 /2a., b=2./20, and c=c.. The host lattice is derived from the perovskite prototype by
ordering of oxygen vacancies on the (001) planes of the cubic perovskite that form pseudo-
hexagonal tunnels running along [001].. Every second [110]. row of oxygen sites has oxygen
vacancies alternating with oxygen atoms. Successive defect rows are displaced by a/2, so as to
generate square-based pyramidal coordination for all of the Mn3+. The Ca%* and Sr?* cations,
which are surrounded by 10 rather than 12 nearest neighbors, are believed to play a secondary
role in maintaining the parallel channels of oxygen vacancies. .

The structures of CaFeOg s and SrFeOg, 5, on the other hand, are characterized by or-
thorhombic cells with a=¢= ,/2a. and b=4a.. Layers of perovskite-like FeOg octahedra alter-
nate with (001) layers in which two oxygen atoms have been removed from every octahedron. As
with the manganate structures, oxygen vacancies propagate along [110]c. Unlike the manganate
structures, every oxygen atom along particular [110]. strings is missing, leaving Fe3t with only
four nearest neighbors. The ordering of vacancy strings is such that half the iron atoms remain
octahedrally coordinated and half are tetrahedrally coordinated. The CaZ* and Sr2t cations
occupy the large interstices between the layers, surrounded by eight nearest neighbors.

Tofield et al.(19) proposed a model for oxygen vacancy ordering in SrFeQ, 75 which is
of interest because of its close relationship to the structures described above. This model
structure has either orthorhombic or body-centered tetragonal symmetry with cell dimensions
of a=¢222,/2a. and b=2q.. Similar to the ferrite and manganate oxygen-defect perovskites, the
oxygen vacancies in SrFeQg 75 also propagate along [110}.. Every other oxygen, however, is
missing along these [110]. vacancy strings as in CaMnO, 5 and SrMnO2 5, but not in CaFeOz 5
and SrFeO, 5. The manganate structure can, in fact, be simply derived from the structure
proposed for SrFeOz 75. Let A represent one of the oxygen-vacancy strings along [110]. which
has the oxygen(O)/vacancy(v) arrangement, ...v-O-v-O-v..., and let B represent a [110]. string
with no vacancies, ...0-0-0-0-0..., and let C represent a string with the pattern,...0-v-O-v-
O..., in which the vacancies are displaced relative to A. Adjacent [110]. strings in CaMnOg 5
structure have the pattern, ...ABCBABCBABCBA..., and the corresponding pattern in the
model structure proposed for SrFeOz 75 is ...ABBBABBBABBBA... . Thus the structure of
CaMnOgz 5 can be derived directly from the proposed model upon substitution of strings with
oxygen vacancies (C) for every second fully-occupied [110]. oxygen chain (B). The SrFeOz 5
structure, however, cannot be directly derived from the proposed structure without involving
rearrangement of the oxygen atoms and vacancies concommittant with removal of oxygen atoms.

In Tofield et al.’s model for SrFeQz 75, half of the iron atoms remain in octahedral coor-
dination and half are in five-fold coordination. In view of the observed preference of Fe3t for
tetrahedral and octahedral coordination, and of Mn3* for pyramidal coordination, we would
expect that this proposed structure type would be more appropriate for manganate Oz 75 per-
ovskites than for those containing iron. Indeed, Grenier et al.(20) have reported a ferrite with
the same oxygen stoichiometry, CasFe;TizO11, which has a structure related to that of brown-
millerite, but with a 1:3 ratio of tetrahedral to octahedral layers.

The oxygen vacancies in the oxygen-defect perovskites described above all propagate along
the [110]. of the cubic perovskite cell. The arrangement of the oxygen vacancies at z=0 within
the orthorhombic structure of the high T. superconductor follows a similar pattern. However,
as a consequence of the low oxygen content of the unit cell (O2.33 on an Og basis) every one
of these [110] rows has alternate occupied and vacant sites. As in CaMnOg2 5 and SrMnO; 5
each successive defect containing row is displaced relative to its neighbours. In YBa;CusOy
this arrangement results in the square planar coordination of the Cul sites. The total absence
of oxygen from the z=1/2 planes, however, is a new perovskite feature and, as discussed above,
is a crystal-chemical consequence of the ordering of Ba?t and Y3* on the A sites.

Static and Dynamic Ordering. As with the 93 K superconductor, the local and long-range
ordering present in oxygen-defect perovskites is controlled, in large part, by the oxygen content
of the samples. This is illustrated very clearly by the work of Grenier et al.(20,21). Grenier
et al.(21) proposed a general model for oxygen ordering in intermediate compositions between
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CasFe;05 and ABOs (A=Ca,Sr,Ba,Y,La,Gd; B=Fe,Ti). Based on the relationship between
the brownmillerite structure and the perovskite structure, they proposed that the structures of
intermediate compositions would consist of a succession of perovskite-like sheets of corner-linked
[BOs] octahedra separated by sheets of [BO4| tetrahedra. Grenier et al.(20) found, however,
in the CasFey,Tiz—2,06-, solid solutions (0<z<1) that ordered structures with a succession
of octahedral and tetrahedral sheets exist only for compositions with 0.50<z<1. The most
oxygen-deficient endmember, CazFe;05, crystallizes with the brownmillerite structure which
has a 1:1 ratio of tetrahedral to octahedral layers. With increasing oxygen content up to z=0.5,
they observed three more structures with ordered oxygen vacancies, Cas [FeoTi|o|Fez)rOss,
Cas[FeTi|o[Fe|rOs and Cay[FeTiz]o[Fe|rO11. These compounds have ratios of octahedral
to tetrahedral sheets of 3:2, 2:1 and 3:1, respectively, thus corroborating their model. Near
compositions of z=0.5, ordered microdomains appeared which later gave rise to a long-range
ordered structure. For zless than 0.5, the average structure determined by x-ray diffraction had
cubic symmetry, corresponding to a disordered perovskite structure. The Mdssbauer spectra,
however, showed that some of the Fe3+ cations were still in tetrahedral coordination suggesting
that, even in the absence of superlattice ordering, the oxygen vacancies still tend to combine
in pairs with Fe3* inducing a change from octahedral to tetrahedral coordination.

In addition to these examples of static ordering of oxygen and vacancies, even in structures
without long-range order, it is possible for these structures to undergo dynamic disordering of
oxygens and vacancies to produce a structure with higher symmetry. Such a transition has been
observed in both YBa;CugOy.., and in SroFe,Op (22). The low temperature form of the latter
has the orthorhombic symmetry of the brownmillerite structure with statically ordered oxygen
vacancies. Above 700°C, the phase has the cubic symmetry of an oxygen-deficient perovskite
with all anion sites equally and statistically occupied by oxygen atoms. Given that the transition
to a disordered cubic structure involves a complete randomization of the oxygen sublattice,
substantial disorder would be expected to exist just below the transition temperature. Similar
order-disorder transitions would be expected to occur at high temperatures in intermediate
structures in the CaFeO, 5 - CaTiOg system since they have similar oxygen vacancy ordering
schemes.

Conclusions

Our review of the structural variations found in a number of oxygen defect perovskites has
demonstrated that the structure of the high T, superconductor YBazCugO7_, has both some
normal and unusual crystal chemical features. The ordering of oxygen atoms around the Cul
sites is similar to patterns found in a wide variety of other perovskite derivatives, and gives rise
to similar order-disorder behaviour. The novel feature of the oxygen-vacancy ordering arises
as a consequence of the ordering of Ba?t and Y3+ over the A sites. This ordering forces a
complete plane of oxygen atoms to be missing from the structure, but with the interesting
result that the B site coordination of Cu2 is pyramidal, a coordination found in other oxygen-
defect perovskites.
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