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Introduction

Our understanding of the supercon-
ducting mechanism in the newly dis-
covered oxide superconductors is closely
connected with a detailed knowledge of
the structural properties displayed by
these materials. Moreover, it is impor-
tant to explore possible connections
between structural and superconduct-
ing properties and to establish general
structural principles which can guide
our search for new compounds.

We present here a survey of the struc-
tures of the recently discovered oxide
superconductors. The common feature
of these structures (with the exception
of cubic Ba, K, BiO,,) is the presence of
one or more planes of copper aloms
with four strongly bonded oxygen atom
neighbors in a square planar arrange-
ment at a distance of approximately 1.90
A ("Cu0O, planes”). In some structures
these planes occur in groups, with the
individual planes inside a group being
separated by one Y or Ca layer and the
groups being intercalated by a variable
number of LaO, BaO, CuO, TIO and/or
BiO layers. (The intercalated CuO layer
is cry st.\i]ubraphma!ly distinct from the
“CuQ, plane”). A natural model for
supvrmndmhut\ which arises from
these structures is that the conductivity
occurs predominantly in the CuO,
planes, while the other (intercalated ) lay-
ers provide in some fashion carriers
and/or the coupling mechanism neces-
sary for the superconductivity.

Cubic (Ba, K,)BiO,,,

Although the Ba, K,BiO;, system is
the most recently discov ered, it has the
Hlmp vst structure and a moderately
“low” T, (—30 K). Its simple cubic perov-
skite strudure was determined using
powder x-ray diffraction! and confirmed
by powder neutron dlf[ractmn and
Rieteveld refinement.? The structure
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consists of a perovskite cube with Ba or
K on the corners, Bi in the center, and
oxygens in the faces, as shown in Fig-
ure 1. Being a truly cubic system, it can-
not be described as a layered com-
pound. The superconducting phase and
structure is present for x>0.25 with the
highest T, occurring for compositions
close to a structural phase transition
into a nonsuperconducting phase at
x~0.25.

It is important to highlight a major
structural feature of this superconductor
by comparing it with the long-known
BaPb,.,Bi,O; compound (T.~13 K).?
Under the generally believed assump-
tion that the conductivity occurs in the
strongly bonded three-dimensional
Bi-O sublattice, the doping of the Bi site
is more detrimental to superconductiv-
ity (i.e., lower T,) than the doping in the
Ba site. The nonmetallic parent com-
pound common to both structures,
BaBiO,, can be made metallic (and
superconducting) by doping with b on
the Bi site or K on the Ba site. The
K-doped compound, Ba, K, BiO;,
where the Bi-O sublattice remains
intact, has a substantially higher T..

“Single-Layered” La, R, CuO,
(R = Ba, Sr, Ca)

The discovery of superconductivity
near 30 K in La.,Ba, CuO, by Bednorz
and Miiller was the beginning of the
unprecedented activity in this field.!
The structure of this compound is iden-
tical to that of the undoped orthorhom-
bic La,CuO, structure or its high-
temperature tetragonal polymorph. It
can be described either as a stacking of
perovskite cubes or as a layered com-
pound. For the rest of this article, it is
convenient and more consistent with
the electronic properties to discuss ils
structure as a layered superconductor.

The structure of the superconducting

compositions was first studied by x-ray
and neutron diffraction.>" It consists of
one plane of Cu atoms with four
strongly bonded oxygen neighbors in a
square-planar arrangement at a distance
of 1.89 A, and two additional weakly
bonded oxygen neighbors above and
below the Cu atom at a distance of
2.43 A, as shown in Figure 2. If one con-
siders the weakly bonded oxygen atoms
to be associated with La rather than
with Cu (consistent with calculations of
the electronic structure), the layered
nature of the structure is clearer. The
square-planar CuO; planes are inferca-
lated by two LaO layers (or, equiva-
lently, a corrugated double LaO layer).
Successive CuO; planes are displaced
[rom one another by 1/2 of the unit cell

along the tetragonal [110] direction,
resulting in a doubling of the unit cell
along the c axis.

The highest T, in this family of com-
pounds (T.=37 K for R=5r) occurs for
compositions near x =0.15. The substi-
tution of the divalent R cation for triva-
lent La introduces carriers into the con-
duction band associated with the CuO;
planes. At this composition, the struc-
ture is tetragonal, [4/mmm at room
temperature with two formula units per
unit cell. However, at low temperature
the structure is orthorhombic (identical
to undoped La,Cu0,), with cell edges
given approximately by V2a xV2ax ¢,
where a and c are the tetragonal lattice
parameters, resulting from a coordi-

Ba1.xKxBiOa.y

Figure 1. Structure of the cubic
(Ba, KJBiO;, compound.

21



Structure of High T, Oxide Superconductors

nated, nearly rigid, tilting of the CuQ,
octahedra.”

“Double-Layered” RBa,Cu;0,,:
The 1-2-3 Compound

The most extensively studied high T,
oxide superconductor is the family
RBa;Cu;O07., (R= Y, Nd, Sm, Eu, Gd,
Dy, Ho, Er, Tm, Yb, Lu), which is com-
monly denoted as the “1-2-3” com-
pound. This system has been studied in
detail because it presents a great rich-
ness in structure, the possibility of a
large number of substitutions with
varied effects on the superconductivity,
a high T, (=90 K) and, perhaps more
importantly, because a single phase
superconducting compound can be
made reliably and reproducibly.

The structure of the 1-2-3 compound
was determined by a rapid succession of
experiments by different groups using
x-ray powder, x-ray single-crystal and
neutron diffraction.” The most striking
structural feature, the ordering of the
oxygen vacancies giving rise to one-
dimensional Cu-O “chains,” was first
observed by neutron powder diffrac-
tion.® The structure consists of two dim-
pled CuQ; planes separated by a Y layer
which contains no oxygen and inferca-
lated with two BaO and one CuO layers
(containing Cu-O chains) as shown in
Figure 3. Note that two distinct crystal-
lographic sites are present for the Cu—
one in the CuQ; planes and one in the
intercalated Cu-O chain-containing layer.
The presence of the ordered oxygen
vacancies gives rise to an orthorhombic
symmetry, Pmmm, because of the exis-
tence of the Cu-O chains (Cul, O1 in
Figure 3).

A formal oxidation state calculation
{assuming a valency of +3 for Y, +2 for
Ba, +2 for Cu, and -2 for O) requires an
oxygen stoichiometry of 6.5. Therefore,
the presence of the oxygens in the chain
site, producing a total oxygen stoi-
chiometry near 7, implies that in this
case the carriers are provided by the
excess oxygen. It is also possible to
change the number of carriers in the
system by doping on the metal ion sites.
Generally, metal ions that do not
change the formal oxidation states and
preserve the structure have a pro-
nounced effect on the superconductiv-
ity only if they substitute in the CuQ,
plane and a small effect if they substi-
tute in other sites." This is true, unex-
pectedly, even for substitutions of mag-
netic ions, which undergo long-range
ordering, (Dy, Er, Ho) in the Y site.” A
notable exception is the substitution of
Pr in the Y site, which gradually
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Figure 2. Structure of the
“single-layered” La, R.CuO,; compound.

Figure 3. Structure of the
“double-layered” RBa,Cw;0;., "1-2-3"
compound

depresses the superconductivity to zero
transition temperature when ~60% of Y
is substituted by Pr."

Changes in oxygen stoichiometry
have been found to strongly affect super-

conductivity in the 1-2-3 systems.” In
YBa,Cu;0;.,, as oxygen is removed
from the chains, some of the remaining
oxvygen atoms move to sites between the
chains, eventually resulting in a lransi
tion to a disordered letragonal struc-
ture."* T, drops with decreasing oxygen
content and reaches zero near the
orthorhombic-to-tetragonal transitior
which corresponds to a compositio
near YBa,Cu,O, 4. 131

The common conclusion drawn fron
experiments where T, in the 1-2-3 sys:
tem has been modified by metal-site
subslitution or changes in oxygen stoi-
chiomeltry is that the superconductivity
depends on the degree of charge trans-
fer from the intercalating layers, which
act as “reservoirs” of charge, to the con-
ducting CuQ, planes.” However, a
variety of studies suggest that the exis-
tence of one-dimensional Cu-O chains
(perhaps only locally ordered in the
structures with average tetragonal sym-
metry) may also play an important role
in the superconductivity. ™"

“Multi-Layered” TI-Ca-Ba-Cu-O
and Bi-Ca-5r-Cu-O

The superconducting compounds in
the Tl-Ca-Ba-Cu-O and Bi-Ca-Sr-Cu-0
systems form a hierarchy of structures
which differ in the number of CuQ,
planes and the number of intercalat-
ing layers as shown in Figure 4. The
structures consist of n=1,2,3,... Cu(,
planes with the Cu-O distance decreas-
ing with increasing n (1.933-1,925 A
in Tl, and ~1.90 A in Bi). The individ-
ual CuO; layers are separated by Ca
layers which contain no oxygen (analo-
gous to the Y layer in YBa,CusO-.,) and
the groups of layers are intercalated
by two BaO layers (or 5rO layers in
the Bi series) and m=1,2,... TIO
(or BiO) layers. When (wo TIO or BiO
layers are present, the adjacent lay-
ers are displaced by 1/2 of the TI-TI
spacing in the [1,1,0] direction, lead-
ing to a doubling of the unit cell.
The generic chemical formula is,
therefore, T1,Ca, Ba,Cu,Q;, .2 oOr
Bi,, Ca,15r,Cu, Oy, 44y 2. The individual
compounds are, thus, denoted as the
1021, 1122, 1223, 2021, 2122, 2223, etc.
structures according to the number of
metal atoms in the order indicated by
the general formulas.

Determination of these structures has
been complicated because many sam-
ples contain mixtures of the various
phases. Even microscopic single crystals
often contain syntactic intergrowths
(i.e., stacking errors along the c axis) of
more than one phase.?* Thus, even
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though many general structural features
of these compounds were established
by powder x-ray and electron diffraction
and high-resolution electron micro-
scope lattice imaging,?** the precise
determination of the structures has
been a tedious process involving careful
searches for single-phase single crystals
from which the structures could be
determined by x-ray diffraction. In the
Bi series, single-crystal x-ray refine-
ments have been done for the 2021% and
2122 compounds.®®* In the Tl series,
which is easier to synthesize, single-
crystal x-ray refinements have been
done for the 1122,2 2021,% 2122, and
2223% structures. The Bi 2122* and Tl
2021,% 2122,%* and 2223 structures
have also been studied by neutron pow-
der diffraction.

The study of the superconducting
properties of these compounds has
been hampered by the same problems
with mixed-phase samples and inter-
growths. One intriguing proposal has
been that the transition temperature is
determined by the number of CuQ,
planes in a unit.¥ However, it should be
noted that interatomic spacings are also
changing with the number of CuO,
planes, and that questions about the
details of oxygen ordering, which may
affect T,, are not yet resolved.

Although there appears to be agree-
ment about the general structural fea-
tures of the Bi and Tl superconductors,
as illustrated in Figure 4, several more
delailed questions remain unanswered.
It is not clear whether the carriers
required for superconductivity occur
naturally in these compounds or
whether a structural defect is required.
Various structural studies have given
evidence for cation substitution, e.g.,
Ca/Sr substitution in the Bi structures
or TI/Ca substitution in the Tl struc-
tures. The existence of oxygen or metal-
site vacancies has also been proposed.
Another puzzling question has been the
role of static displacements of the TI(Bi)
and O atoms in the TI(Bi)O layers.
Unusually large Debye-Waller factors
for these atoms, observed in every
structural refinement, suggest that such
displacements must exist. Some x-ray
and neutron studies in which an
attempt has been made lo address this
question have given information about
the direction and magnitude of these
displacements and suggest that they
may occur in order to allow a more
stable T1(Bi) local configuration. A
recent neutron diffraction radial-
distribution-function study of local
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Figure 4a. Structure of the “multilayered” T1,Ca,.; Ba,Cu, Oy, iz 07

B, Cay.,5rCr, Oy i o compounds, for m =

Figure 4b. Structure of the “multilayered” T1,Ca, ; Ba;Cu, Oy, .- 0r

Bi,Ca,5r,Cut, O sz compounds, for m =

atom-atom distances in the TI-2122 sys-
tem shows that individual TI-O dis-
tances are well defined, even though
normal crystallographic studies imply a
broad distribution of atom positions.*

These results suggest that strong local
ordering, which violates the average
symmetry, is present in the intercalating
TI(Bi)O layers of the Tl and Bi systems
and raise questions about the existence
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of local anisotropic structural features
analogous to the one-dimensional
chains in the YBa,Cu:0;, system.

Conclusions

Structure, metal-site doping, oxvgen
stoichiometry, and ordering are the
important ingredients that determine
the superconductivity in ceramic oxides.
For the copper-oxide compounds, the
structures are formed of units which
consist of one or more CuO; planes sepa-
rated by one Y or Ca layer. These groups
of planes are intercalated by a variable
number of BaO, CuQ, TIO or BiO lay-
ers. It is thought that the electrical con-
ductivity occurs mainly in the CuQ;
plancs and that the intercalated layer
provides the carriers and/or the cou-
pling mechanism. The T, tends to
increase with the number of closely
spaced CuQ; planes and is strongly
affected by oxvgen stoichiometry and
metal ion doping in these planes. Dop-
ing in other parts of the structure has an
effect only if the number of carriers is
changed. The role of the oxygen order-
ing and its influence on the supercon-
ductivity has not yet been uniquely
determined.
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