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Starting from the ABO; perovskite structure a structural scheme is developed based on extended
oxygen defects and on the yttrium/barium ordering. The YBa,Cu;0,._, series, with n = 1, 2, and 3, was
derived from a ‘“YBa,Cu;0,"’ tri-perovskite through systematic rationalization of the oxygen loss. For
each n value two possible polymorphs, (I) and (1I), are selected. The structure of the YBa;C11305..,
series (0 = x =< 2), containing the high 7, superconducting phases, results from A. D. Wadsley’s
(“‘Nonstoichiometric Compounds’’ (L. Mandlecorn, Ed.), Academic Press, New York (1964)) inter-
growth defects combining these polymorphs. For 0 = x < 1 such models imply the possibly simulta-
neous presence of Cu(I), Cu(Il), and Cu(IIl) oxidation states; for x = 1 the presence of Cu(l) is no
longer necessary. Following this structural scheme, theoretical powder patterns are calculated. They
are in agreement with the experimental ones of YBa;Cu;0q., phases prepared by standard procedures
involving different annealing times. Conductivity measurements show that superconductivity above

liquid nitrogen temperature is associated with a high oxygen content, i.e., x > 0.66.

Press, Inc.

Introduction

The discovery of new high T, supercon-
ducting ceramics derived from Lrn-Ba-Cu
oxide systems, explored by Michel and Ra-
veau (]), seems to proceed, as usual, from
well-planned accidents. Since the disclo-
sure of superconductivity above 30 K in
La,_,Ba,CuO; (2) and, more recently,
above 90 K in YBa,CuisO¢s, (3), a very
large number of papers from many different
groups over the world have been published
on this compound family (4-14).

Having been interested for a long time in
nonstoichiometry phenomena in mixed-va-
lence vanadium oxibronzes, excess fluo-
rite MO,., family compounds, extended
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Wadsley’s defects in hexagonally close-
packed structures or perovskites series
ABO;., (Galy et al. (15)), and new molecu-
lar superconductors (Cassoux et al. (16)), it
was tempting to follow the rush on these
new high 7. superconducting nonstoi-
chiometric ternary oxides and to try to ap-
ply our own experience on the subject.
Although the oxygen content in these ce-
ramics clearly is a key factor in determining
their superconducting properties, a system-
atic rationalization of this factor has not yet
been established, nor discussed in detail.
We report in this paper the synthesis,
characterization, and resistivity study of
YBa,Cu;0¢.+, phases, based on a structural
scheme which helps in understanding the
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STRUCTURAL SYSTEMATICS OF YBa,Cu,0s..

possible mechanisms of nonstoichiometry
associated with the gain or the loss in oxy-
gen.

Structural Scheme

(I) The YBa,CusOs_,, Series
with0 = n<23)

Our aim in this section is to systematize
the possibilities of oxygen nonstoichiome-
try in the basic perovskite formula of the
new superconducting ceramics, in order to
obtain a useful structural picture of their
remarkable composition versatility and to
follow their chemical compositions.

The perovskite structure ABO; is a well-
known cubic structure (BaTiOs, for exam-
ple) in which the oxygen and A atoms form
a cubic close-packed array (Fig. 1). The B
atoms occupy the octahedral sites and the
A atoms the center of oxygen cuboctahe-
dra, CN = 12. The octahedra share their
vertices and the cuboctahedra their square
faces in the three crystallographic direc-
tions.

In order to discuss the mechanisms of
nonstoichiometry in such a structure, it is
necessary to imagine a hypothetical stoi-
chiometric perovskite ‘“YBa,Cu;QOs.”” It
could be objected that, chemically, the
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F1G. 1. The ABO, perovskite structure and its repre-
sentation.
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F1G. 2. The ““YBa;Cu;O,”’ ordered structure, or
“tri-perovskite,’’ created by a 1-2 order between one
yttrium and two barium layers.

YBa,Cu;0, form seems to be impossible to
obtain, for it implies the presence of
Cu(IV), i.e., YBa,CuCu}¥O,. It should be
noted however that this hypothetical form
may be formally obtained through F to
O substitutions involving Cu(Il), Cu(l),
Cu(I1I), or mixtures of them. Nevertheless,
the point we would like to emphasize here
is the ordering of yttrium and barium atoms
in planes, which determines a structural or-
der having the tripling of the ¢ axis as a
consequence. Such a structure (Fig. 2)
should crystallize in a tetragonal system,
space group P4/mmm. However, it has
been shown that small orthorhombic distor-
tion can occur in YBa,Cu;O; and, there-
fore, the space group Pmmm derived by
Siegrist et al. (8) can be conveniently used
to describe this phase and the whole YBa,
Cu;04_, series (see Table 1). By analogy
with the trirutile or tri-aPb0O, (17), AB,Oq
structures that show similar cation order-
ing, this basic structure is named the tri-
perovskite YBa,Cu;0s.

YBa,Cu3;Qg. On the basis of this tri-
perovskite structure it is then possible
to play with oxygen extended defects
(Wadsley’s intergrowth defects (/18-19)), to
go down to the lower stoichiometry, YBa,
Cu;03, in which all the copper atoms
should be in the oxidation state (III), i.e.,

formally YBa,Cul'Os. Two possibilities
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TABLE I

List oF ATtoms, SITES, COORDINATES, AND OCCUPANCY FACTORS FOR THE
YBa,Cu;0_, AND YBa,Cu;30¢,, SERIES

YBazcl.l;Ogv,, YBa,Cu;0q.,
Atom Site Coordinates n=0 1 2 3 0=x=1
Ba 2t t % 0.166 1 1 1
Y th + & 3 1 I 1 1 1
Cu(l) la 0 0 0 1 1 1 1 1
Cu(2) 24 0 0 0333 | 1 1 1 1
O(1) 2q 0 0 0.166 1 I 1 1 1
0Q2) 2s 40 0.333 1 I 1 1 1
0@3) 2r 0 3 0333 | | | 1
0@4) le 0 & 0 1 I 1 0 X
0O(5) ib 1 0 0 1 1 0 0 0
0(6) Ic 0 0 3 | 0 0 0 0

Occupancy factors: 1 2> 100%,
0> 0%, and x > x%

Note. The space group used is Pmmm.

have been retained resulting in two reason- formed by pulling out strings of oxygen at-
able structures: oms located on the {x, 3, 0} line (Fig. 3a);
—The first structure, YBa,Cu;04(I), is the vacancies so created transform CuOg

64}' °k°7\°/\
Sa
. Wi
o Qo

Y Ba Ba Y Ba Ba

FiG. 3. The YBa,Cu;04I) structure: (a) Oxygen vacancies in the tri-perovskite; (b) projection onto
the (010) plane; (c) projection onto the (100) plane; (d) the sequence of YO,; cuboctahedra and Ba,0

polyhedra along the ¢ axis.



STRUCTURAL SYSTEMATICS OF YBa;Cu,Og,

octahedra (O) into CuO, squares (S). This
three-dimensional structure exhibits then a
double layer of CuO¢-O connected to each
other in the [001] direction by corner shar-
ing with a continuous chain of CuQO4-S
(Figs. 3b and 3c). The structure should ex-
hibit an orthorhombic distortion, with a <
b, due to ... -O-Cu-O-Cu-O- . ..
bonding along the b axis (diagonal of the
Cu0O,-S), the space group becoming
Pmmm. The yttrium atoms are still in
cuboctahedra but the barium atoms are in
polyhedra having 10 vertices (CN = 10) and
built up by a square antiprism (half cubocta-
hedron) sharing its large square with a tri-
gonal prism. Two of these BaOy polyhedra
are held together via edge sharing along
[010] making Ba,O 3 units. The network of
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the YO, cuboctahedra and Ba,0O,3 polyhe-
dra is shown in Fig. 3d.

—The second structure, YBa,
Cu;04(II), can be obtained by removing the
oxygen layer in (001) plane at the level of Y
atoms (Fig. 4a), giving rise to a structure
consisting of one layer of CuO¢~0O in be-
tween two layers of CuOs square pyramids
(SP); all of these polyhedra share corners
(Fig. 4b). The structure should crystallize
in the tetragonal system, i.e., P4/mmm.
The barium atoms are still in double slabs of
cuboctahedra, but the yttrium atoms are lo-
cated in a plane bordered by the bases of
the CuOs-SP, i.e., in square prisms (CN =
8). The sequence of two BaO,, cuboctahe-
dra connected by face sharing with YOyq
square prisms along [001] is schematized in

b
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Fi16. 4. The YBa,Cu;O4(I1) structure: (a) Oxygen vacancies in the tri-perovskite; (b) projection onto
the (010) plane (the same onto the (100) plane); (c) the sequence of YO; square prisms and BaO,,

cuboctahedra along the ¢ axis.
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F1G. 5. The YBa,Cu;04I) structure: (a) Oxygen vacancies in the tri-perovskite; (b) projection onto
the (010) plane (the same onto the (100) plane); (c) the sequence of YO, cuboctahedra and two BaOg

square prisms along the ¢ axis.

Fig. 4c. It is interesting to note that the
same form II has been previously proposed
by Michel et al. (7).

YBa,Cuy0;. This structure corresponds
to the stoichiometric superconducting
phase. It is a mixed valence compound,
i.e., YBa,Cul'CullQ,. This stoichiometry
can be achieved by pulling out two strings
of oxygen in the basic tri-perovskite struc-
ture. Again two reasonable possibilities can
be envisioned:

—YBa,Cu;04(1), after oxygen removal
(Fig. 5a), exhibits a double layer of CuO;-
SP, imbedding yttrium atoms in cuboctahe-
dra and a layer of CuO4~S parallel to the
(001) plane in between the layers of barium
atoms (Fig. 5b); such a network should be
tetragonal. The barium atoms are located in
square prisms sharing square faces along

[001] and edges in the [100] and [010] direc-
tion (see Fig. 5c¢).

—YBa,Cu;0,(1), the idealized struc-
ture of Capponi et al. (10), is directly de-
rived from the tri-perovskite by pulling out
two strings of oxygen atoms from the {}, y,
0} and {x, 0, 3} rows (Fig. 6a).

Alternatively, the YBa,Cu;O,(II) form
can be derived from YBa,Cu;Os(1I) by pull-
ing out the string of oxygen atoms of the
octahedra layer (see Fig. 4b). In this struc-
ture a triple slab is formed by two layers of
CuOs~SP held together by a layer of corner
sharing CuO,~S (Figs. 6b and 6c). Capponi
et al.’s (10) criticism of Siegrist ez al.’s (8)
paper appears founded: a disorder on the
sites O(4) and O(5), occupied at 50%,
should reasonably give rise to a tetragonal
structure instead of the demonstrated
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F1G. 6. The YBa,Cu,;0,(1I) structure: (a) Oxygen vacancies in the tri-perovskite; (b) projection onto
the (010) plane; (c) projection onto the (100) plane; (d) the sequence of YO square prisms and Ba,O 4

polyhedra along the ¢ axis.

orthorhombic one. In this structure, yt-
trium atoms are in square prisms (CN = 8)
sharing edges in the [010] direction and the
barium atoms are in the Ba,0;5 polyhedra
already described for YBa,Cu;Og(I). The
YOys square prisms share edges in the [100]
direction while the Ba,0,3 polyhedra share
their trigonal faces along [100] and their
square faces along [010] (Fig. 6d).

Both I and II forms correspond to the
copper oxidation states of the formula, with
a ratio of CuOs—SP (Cu') over CuO4~S
(Cu'l) equal to 2. The structural studies of
YBa,Cu;0; compounds performed by X-
ray single crystal (Siegrist et al. (8), Cale-
stani and Rizzoli (9)) and neutron powder
diffraction (Capponi et al. (10); Beech et al.
(11)) lead to a structure which is similar to
form II described above. Therefore, form II
is to be preferred according to these experi-
mental results.

YBa,Cu;04. This stoichiometric formula
implies the simultaneous presence of cop-
per (I) and (II), i.e., YBa,Cu)Cu!Oq. One

simple way to remove oxygen of the struc-
ture is to empty all the oxygen rows located
in the plane of the yttrium and barium at-
oms and perpendicular to the ¢ axis (Fig.
7a). The resulting tetragonal structure YBa,
Cu;04(I) consists of a layered structure of
corner sharing CuO,-S, of composition
(Cu0,),,, interleaved with the planar se-
quence . . .Ba...Ba...Y...Ba
...Ba...Y...(Fig.7b). All the bar-
ium and yttrium atoms are in square prisms
sharing edges along [100] and [010] and
faces along [001] (Fig. 7¢). In fact, this solu-
tion implies a square coordination for Cu!,
yet unknown, the favored ones being the
linear O-Cu-0O, the planar CuO,, the
pseudo-tetrahedral CuQ;.q, and the tetra-
hedral CuQ,.

The second model, also tetragonal, YBa,
Cu;04(I), is derived from the tri-pe-
rovskite by pulling out the oxygen rows
in the yttrium plane and all the oxygens in
the (100) planes (Fig. 8a) and exhibits the
following remarkable feature: it consists of
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a triple layer built up with two layers of
square pyramids held together via their
apices, by a copper atom in a linear twofold
coordination (L), CuO,-L (Fig. 8b). The
chemical formula is then perfectly ac-
quainted with a ratio of CuOs—SP/CuO,-L
equal to 2.

The structural studies of YBa,Cu30¢
compounds by neutron powder diffraction
(Santoro et al. (12)) and X-ray single crys-
tal (Swinnea and Steinfink (13)) coincides
with form II described above. Therefore,
YBa,Cu;0¢ form II should be preferred at
this point.

In this structural model, the barium at-
oms are in pseudo-square antiprisms (CN =
8; half cuboctahedra) sharing edges and
corners along [100] direction, trigonal faces
along [010], and nothing along the ¢ axis
(Fig. 8c). The yttrium atoms are sitting in

GALY ET AL.

square prisms bidimensionally associated
via edges along a and b axes and sharing
their square faces with the BaOjg square
prisms along [001]. The rigidity of the net-
work is ensured by copper (I) in its linear
coordination, holding together the BaOj
polyhedra. Two consecutive BaOg polyhe-
dra along [001] have no oxygen in common,
and so a small displacement of Ba atoms is
expected; they move toward the center of
their polyhedra, the consequence being an
increased value of the Ba-Ba distance
along the c axis.

This whole discussion, using extended
defects to describe the possible structures,
step by step, from the stoichiometry YBa,
Cu;09 down to YBa,Cu;0q allows one now
to propose a plausible structural construc-
tion for the compound YBa,Cus;O¢s. This
composition may be obtained from an ap-
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F1G. 7. The YBa,Cu;04(I) structure: (a) Oxygen vacancies in the tri-perovskite; (b) projection onto
the (010) plane (the same onto the (100) plane); (c) the sequence of YOg and BaOg square prisms along

the ¢ axis.
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Fic. 8. The YBa,;Cu;04(I1) structure: (a) Oxygen vacancies in the tri-perovskite; (b) projection onto
the (010) plane (the same onto the (100) plane); (c) the sequence of YOz square prisms and BaQOg square

antiprisms along the ¢ axis.

propriate mixture Y,0;-4BaO-6CuQO and
should contain only divalent copper.
However, a disproportionation process,
2Cu(l) — Cu(l) + Cu(ll), is already possi-
ble at this stage. When the compound is
exposed to oxygen at high temperature, ox-
idation of Cu(ll) (and possibly Cu(l)) to
Cu(I1l) occurs. It is also important to note
that using BaCOQOs; instead of BaO in the
starting mixture may induce a partial oxida-
tion of some Cu(Il) to Cu(IIl) prior to any
exposition to oxygen.

(II) The YBa,Cu;0¢., Series (0 < x < 2)

0=x=0.5. . .upto YBa,CuiOss. One
of the proposed structural schemes for this
limit composition is illustrated in Fig. 9; it
consists of a simple intergrowth YBa,
Cu;0,(H)/ Y Bay;CusOg(11).

Formally, for the whole series the copper
charge is in between (I) and (II) and the
structures can be described by simple inter-
growths, as already demonstrated for com-
plicated ABO;., oxygen-excess perovskite
phases by Galy et al. (15). Then, all the
compositions corresponding to very small
variations of x can be depicted by these in-
tergrowths, ordered, disordered, or exhibit-
ing complicated orders (cells of up to 1300
A in one crystallographic direction corre-
sponding to ordered intergrowths have
been found in ABOs.,). For different values
of x the structure can be described by intro-
ducing, in the structure of YBa,Cu;Oq s,
more {Cu;O¢} slabs of the type already
shown in Fig. 8b.

05=<=x=<1...upto YBaCutCulO,.
A reference compound YBa;,Cu;Og e is
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7 Triple layer {Cu307]n
of CuO4 squares and
CuOS squares pyramids
b - sharing corners.

- Triple layer {Cu306}n
of CuO2 linear and CuO5
squares pyramids sharing

b - COrners.
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Fi1G. 9. Projection of the YBa,Cu;Oq s structure onto
the (010) plane. The structure is the result of a perfect
intergrowth of the YBa,Cu;0,(II) and the YBa,
Cu,04(II) networks.

shown in Fig. 10. It is easy to imagine the
structure for other compositions. The stoi-
chiometry in this region of composition will
be very difficult, and probably even impos-
sible, to ascertain. It will depend on the
temperature, time of treatment, oxygen
pressure, quenching rate, etc., and several
phases can be present in the different parts
of the crucible. Nevertheless, and fortu-
nately, in well-controlled synthesis, one of
these phases must be present in majority,
with a narrow dispersion of the histogram
composition of the crystallites around it;
this sort of situation has been enlightened
by Andersson and Leygraf (20) in their
study of the nonstoichiometry of the defect
Ru,Si; alloy.

I =x=2...upto YBa,Cut'Oq. The
same structural principles can be applied,
the intergrowth being achieved, starting

GALY ET AL.

from YBa,Cu;O-(II), for example, and in-
troducing {Cu3Og}, slabs. The structure of
YBa,;Cu;07 333 corresponding to two slabs
of {Cu;04}, for one of {Cu;0s}, is given as
an example in Fig. 11.

Conclusion

This systematic structural discussion re-
veals the importance of the Y/Ba order and
of the ability of the Y, Ba, and Cu atoms to
accommodate various coordination polyhe-
dra (8 = CN = 12 for Y and Ba, shown in
Fig. 12, and 2 = CN = 6 for Cu). Such a
flexibility in the coordination of the Y and
Ba atoms allows compensation for the
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F1G. 10. Projection of the YBa,CuiOges Structure

onto the (010) plane. The structure is the result of a
perfect intergrowth of two YBa,Cu;O,(II) and one
YBa;Cu;04(I1) networks.
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Fi1G. 11. Projection of the YBa,Cu;073;; structure
onto the (010) plane. The structure is the result of a
perfect intergrowth of two YBa,Cu;O.(I1) and one
Y Ba,Cu,O4(1I) networks.

changes in the coordination of the Cu atom
in its different oxydation states (I}, (II), and
{11n.

Such models evidence the possibility of
having both Cu' and Cu'! coexisting in the
structure together with Cull, It should also
be noted that, in the retained model for
YBa,;Cu;05 with 0 = x =< 1 built on the
forms II of the limit compounds, the Y at-
oms keep their intact polyhedra, i.e., YOs
square prisms. The ‘‘oxygen adjustment’’
is achieved in between the Ba layers and
results in the transformation of two consec-
utive BaQOg square antiprisms in Ba,Oig
polyhedra units; this is supported by an
EXAFS study on the Y-adsorption edge at
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Lure (Orsay, France) by Dartyge et al.
20.

We will now show, in a short and prelimi-
nary example, that this structural approach
may be used as a guideline to rationalize the
chemistry and the characterization investi-
gations with a systematic spirit.

Synthesis and Characterization of the
YBa,Cu3Oq ., Series

The synthesis of the YBa,Cu3;0¢., phases
followed standard procedures. This in-
volved intimate mixing of the correspond-
ing oxide and carbonate powders in the mo-
lar ratio Y,03/4BaC0O3/6Cu0Q. This mixture
was finely ground in an agate mortar and
pestle and heated in a mullite boat in air at
950°C for 12 hr. The resulting powder was
ground again and pressed into pellets
(10 T - cm™?) of 10 mm diameter and 1 mm
thickness. These pellets were annealed at
950°C under oxygen flow for different peri-
ods from 4 up to 8 hr. The rate of cooling of
the oven was kept as slow as 2°C - min~!.

In order to check the relevance of our
structural scheme, especially to verify
whether, with Y, Ba, and Cu as heavy ions,
the variable presence of oxygen on prefer-
ential sites is detectable, theoretical pow-
der patterns were calculated for increasing
values of x in the YBa,;Cu;Os., formula, by
varying the occupation ratio of the O(4) site
at 0 § 0. These calculations were performed
by using the Lazy-Pulverix software (22).

F

YO8 or BaO8 square prisms
YO12 or BaO12 cuboctahedra

BaOB square antiprisms

Ba2018 polyhedra.

F1G. 12. Various polyhedra in YBa,Cu;Os., phases.
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Fic. 13. Variations of the theoretical intensity of some X-ray powder pattern lines in the
YBa,Cu;0., series as a function of the occupation ratio of the O(4) sites at 030 (0 < x < 1).

They were based on the atomic coordinates
and cell parameters obtained at 300 K by
Capponi et al. (10) from a neutron powder
structural study (a = 3.8206, b = 3.8851,
c = 11.6757 A). The variations of the theo-
retical intensity of selected lines are pre-
sented in Fig. 13; for all the lines, slope
change is clearly observed at ca. x = 0.66.
It is interesting to note that this x = 0.66
composition corresponds, for the first time
in the series, to the association in pairs of
all Cu(I)-Cu(Il) containing (Cu30),
slabs. As will be shown later, this fact
seems to be associated with the occurrence
of superconductivity above liquid nitrogen
temperature in such phases.

Systematic X-ray powder patterns were
collected before and after annealing under
oxygen flow. The oxygen content was ap-
proximately determined by weighting these
samples before and after annealing. Figure
14 shows the powder pattern (32° = 20 <
33°) of three selected YBayCu;3Og-, samples
with x = 0.5, 0.66, and 0.75, which corre-
sponds to 0-, 4-, and 8-hr annealing times,
respectively. The relative intensity of the
(013) peak, with respect to the intensity of
the peak resulting from the (103) and (110)
reflections, decreases when x increases,
i.e., when the annealing time is increased.

These relative intensity variations are con-
sistent with those, theoretically calculated
for the same reflections, shown in Fig. 13.
However, this comparison between experi-
mental and theoretical intensities remains
qualitative, because it is impossible to esti-
mate the respective contributions of the

FiG. 14. Experimentally observed intensity varia-
tion of the two strongest X-ray diffraction lines at
32° = 20 = 33°.
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(103) and (110) refiections which are sepa-
rated for CuKa radiation by only A8 =
0.04°,

Electrical contacts to small chips (8 x
3 X 2 mm?) cut out of the pellets were made
by using Emetron M8001 gold paint. The
resistance of the contacts was typically 1 ).
Four-probe conductivity measurements
were carried out by using an RV Elektro-
niika Oy, Model AVS 45-L automatic resis-
tance bridge. The room temperature resis-
tance of the superconducting samples was
typically 0.03 €. The mounted samples
were placed in an Oxford Instruments
CF200 continuous flow cryotstat for tem-
perature-dependent measurements. Moni-
toring of the temperature variations (as
slow as 0.1 K : min~!) and data acquisition
were achieved using an Oxford Instruments
DTC2 temperature controller driven by an
Apple Ile microcomputer equipped with
specific home-made interfaces (23) (ana-
logic monitoring of the DTC2; analogic
temperature acquisition; parallel input-
output resistance acquisition). The lowest
resistance that can be measured with this
apparatus is 107> Q. The superconducting
state of the sample, i.e., the expulsion of a
magnetic field, has been checked by obser-
vation of the hovering of a small magnet
above the sample cooled by liquid nitrogen.

0.03 -

0.02

R (Q)

0.01

old

1LR<10%Q) ) 1
100 120 140 160
Temperature (K)

F1G. 15. Plot of four-probe electrical resistivity vs
temperature for YBa,Cu;Og7s.
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As previously observed (5), when the
samples were not annealed under oxygen
flow, or annealed only in air, no supercon-
ducting transition was observed above lig-
uid nitrogen temperature. Annealing under
oxygen flow for periods longer than 4 hr
raised T, above this temperature. The high-
est T, and sharpest transitions were ob-
tained for an annealing time reaching 8 hr,
i.e., for an x = 0.75 oxygen content. Figure
15 shows the resistivity vs temperature
curve of the YBa,Cu;Oq 75 sample (anneal-
ing time 8 hr). The onset temperature of the
superconducting transition is 93 K. Below
88 K the resistance is smaller than 1073 ().
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