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The properties of phases from the Cu-rich part of the Y-Ba-Cu~O phase dia-
gram, with emphasis on the quaternary Y,BaCuO; and YBa,Cu;0, ; phases, are
considered. The green, semiconducting Y,BaCuOs phase is confirmed to be a
normal valence compound, and its structure is refined from powder neutron dif-
fraction data. For the superconducting YBa,Cu;0, 5 phase, four distinct modi-
fications have been obtained on varying the conditions during the syntheses, and
they differ in the manner of ordering of the oxygen atoms as well as in oxygen
content. For the orthorhombic modifications a second-order transition to tetrago-
nal variants takes place at 1100 + 10 K, crystallographically implying a disor-

dering of oxygen atoms.

The recent advances in the field of high-tem-
perature superconductors represent a major
breakthrough in one of the most challenging
problems of material science, and open up for a
probable technological revolution. The successful
search for new high-temperature superconduc-
tors has revealed that such properties occur for a
large family of structurally related quaternary ox-
ides.'* The current world record for high T. may
well be short-lived, since the race for optimum
oxide systems is still in its very beginning.

In the Y-Ba—Cu-O system, the onset of super-
conductivity at temperatures around 93 K was
first reported for samples of nominal composition
(Y,..Ba,),CuO,_, with x = 0.4 and u unspecified,*
which apparently were multi-phase samples con-
sisting of black and green particles.>! Shortly be-
fore, high-temperature superconductivity (T¢ =
33 K) was found for La, 4Ba,,sCuQ,,>¢ which is
single-phase and adopts the K,NiF, (also referred
to as layered perovskite) type structure.® The
substitution of Ba into La,CuQ, causes a change
from semiconducting to superconducting prop-
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erties.* However, none of the phases which occur
in the Y-Ba—Cu-O system are of the K;NiF,
type. More recent studies of theY-Ba—Cu-O sys-
tem have demonstrated that the green constitu-
ent (of the above mentioned mixture) is the semi-
conducting compound Y,BaCuO;.5!* The super-
conductivity is connected with the black
YBa,Cu,Oy 5 (8 = 2) phase.*'*5 The crystal
structure of the latter phase is an ordered variant
of the structure of La, ;Ba, ;Cu;0, ;'*" (La and
Ba randomly distributed over 2- and 4-fold posi-
tions). As expected, phases structurally related to
La, 4Ba,y;s;CuO, and YBa,Cu;O,; can be ob-
tained when several other elements are ex-
changed for Y and/or Ba and still retain the su-
perconductive properties.>! A common structu-
ral feature of all these phases is the occurrence of
planes (or arrays) of square-coordinated copper-
to-oxygen networks going through the structure
of an essentially perovskite-type atomic arrange-
ment. The conductivity is, according to electronic
band structure calculations, mainly due to
Cu(3d,2) - O(2p) interactions.™

The structural data, including here also com-
position and homogeneity range, for the super-
conducting phases are obviously burdened by the
apparent demand for rapid publication in this
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field, and many reports lack crystallographic
characterization of the samples studied. The
four-component Y-Ba—Cu-O system contains an
appreciable number of binary, ternary and qua-
ternary phases whose crystal structures, thermal
and physical properties were largely unknown be-
fore the rush for high-temperature superconduc-
tors started. In this study, some contributions to
the Y-Ba—Cu-O phase diagram are provided,
but the main emphasis is focused on the qua-
ternary phases Y,BaCuO; and YBa,Cu;0, 4. Re-
sults obtained from powder X-ray and neutron
diffraction, magnetic susceptibility and differen-
tial scanning calorimetry measurements are in-
cluded. In particular, the connection between
structural details and probable oxygen ordering
schemes in YBa,Cu,0, ; is considered.

Experimental

Y,0; (Megon, 99.999 %), BaCO, (Merck, re-
agent grade) and CuO or Cu,O (Merck, reagent
grade) were used as starting materials. Mixtures
in the desired proportions were finely ground and
homogenized under acetone in a Fritsch Pulver-
isette laboratory grinder (three ~12 g agate balls)
for 2 h. Pressed peliets of these samples were sub-
sequently heated in corundum boats [platinum
boats cannot be used because of their reaction
with mixtures of BaCO, and RE,0, (RE =
Rare earth element)] in air for 10-20 h at 900-
1050°C. This process was generally repeated, up
to 4-5 times. Both slow cooling (100°C h™! down
to 500°C, followed by cooling in air) and rapid
quenching in air were adopted in the final anneal-
ing cycle. Various oxygen partial pressures during
the synthesis or annealing of selected samples
were obtained within the framework of the sealed
silica-glass ampoule technique. Partial pressures
of O, up to ~ 10 atm at 900 °C were obtained by
introducing controlled amounts of BaO, (Riedel
de Haén AG, reagent grade). Very low partial
pressures of O, during the annealing were pro-
vided by placing filings of Misch-metal in a separ-
ate corundum crucible placed together with the
sample inside the sealed, evacuated (~10? Pa) sil-
ica-glass tube. For the latter experiments pro-
longed reaction periods of up to 100 h were used.
The use of closed silica-glass tubes also allowed
rapid quenching of the samples in ice-water mix-
tures.
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Chemical analysis of the Y-Ba—Cu—O samples
was performed by classical, gravimetric methods.
The samples were dissolved in 10 M hydrochloric
acid. Barium was determined as BaSO,, obtained
by pouring the solution into a ten-fold volume of
hot, 0.1 M H,SO, solution when stirring, and dry-
ing the precipitate to constant weight at 600 °C.
Copper was determined in the filtrate as
CuSCN.? Yttrium in the residual filtrate was pre-
cipitated by boiling with 6 M aqueous NH,; sol-
ution. The Y,0;-xH,0 product isolated by fil-
tration was weighed as Y,0; after burning of the
paper filter and a 3 h heat treatment at 900 °C.

Powder X-ray diffraction data were collected
at room temperature with Guinier cameras
(CuKa, or CrKa, radiation, Si as internal stan-
dard®). Position and intensity measurements of
the reflections were carried out using a Nicolet
L18 film scanner together with the SCANPIZ
programme system. Trial and error indexing of
the diffraction patterns was done with the
TREOR? programme, and the GX* programme
system was used in crystal structure refinements
based on integrated intensities.

High-temperature powder X-ray diffraction
data were collected with an Enraf-Nonius Gui-
nier Simon camera (CuKq, or MoKa, radiation)
between 20 and 1000°C. Unit cell dimensions
were obtained by least-squares refinements using
the CELLKANT? programme. Powder neutron
diffraction data were collected with the OPUS II1
diffractometer located at a radial channel of the
JEEP II reactor, Kjeller. Monochromated neu-
trons of wavelength 187.7 pm were used. The
samples were placed in cylindrical vanadium sam-
ple holders, and data were collected in 20 steps of
0.05° between 20 = 5 and 100°. Profile refine-
ment was carried out according to the Rietveld?
method, using the Hewat? version of the pro-
gramme. The scattering lengths (in fm) by=7.75,
bg, = 5.25, be, = 7.718 and by = 5.805 were
taken from Ref. 28.

Differential scanning calorimetry (DSC) meas-
urements were made between 100 and 900 K with
a Mettler TA 3000 thermo-analyzer system, using
~ 50 mg samples and sample holders of alumin-
ium or evacuated, sealed silica-glass tubes. Data
evaluation was done according to standard pro-
grammes for the system.

Magnetic susceptibility measurements were
made using a Faraday balance (maximum field
~8 kOe) for temperatures between 80 and 1000
K.
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Fig. 1. Isothermal section of the Y-Ba—Cu~O phase diagram at ~20°C for samples prepared in air and slowly
cooled from 900 °C (the drawing represents a projection on an arbitrary plane with respect to oxygen content).
The asterisk marks a nominal Y, ,Ba, 5CuOs s mixture, filled circles distinct phases.

Results and discussion

(i) Phase analysis. Samples synthesized from mix-
tures of the oxides Y,0;, BaO(BaCO,) and CuO
in molar ratio 0.6 : 0.8 : 1.0, corresponding to the
first reported* superconducting materials of the
Y-Ba—Cu-O system, proved to consist of several
phases. An isothermal section through the Y,0;-
BaO-CuO phase diagram (projected on an ar-
bitrary plane with respect to oxygen content) is
shown in Fig. 1. The original mixture
Y, ,Ba;;CuO, is marked by an asterisk, whereas
other ternary and quaternary phases can be iden-
tified by their chemical formulae. The present
contribution to the phase diagram concerns
mainly the Y,0,-CuO-BaCuO, triangle, as in-
dicated on the illustration.

The black appearance of our nominal
Y, ,0Bay5CuO, (z = 3.65) sample (when pre-
pared at temperatures above 1000°C) is due to
efficient coating of the green constituent by black

material, and a mechanical separation is hence
not applicable. The nominal Y, ,(Ba, 3yCuO, mix-
ture is completely soluble in a variety of acids
(e.g. EDTA, CH;COOH, HCl and HNO;). A
residue of ~1 % (w/w) remaining after short term
treatment with 0.1 M HNO,, was identified ac-
cording to powder X-ray diffraction data as al-
most pure CuO, but with ~ 1.5 % increased unit
cell volume (obtained unit cell dimensions are
a=4685+0.1,b=3423+0.1andc=512.9 +
0.1 pm, and § = 99.54 + 0.02°; cf. the data for
CuO in Ref. 29). X-Ray fluorescence measure-
ments showed that the residue contains small
amounts of Y which have probably replaced Cu
by substitution, and this is the cause of the in-
creased unit cell volume.

In aqueous NH; (preferably under CO,-free at-
mosphere, particularly when adding stoichiomet-
ric amounts of NH,Cl with respect to the metal
content of the sample) the black phase (and
CuO) is brought into solution. The dissolution
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process is greatly facilitated by continuous milling
of the solid. In this way a green crystalline resi-
due, amounting to ~70 % (w/w) of the original
bulk sample, is isolated. Chemical analysis gave a
composition ratio Y : Ba: Cu=2.5:1:1 for the
green material, which is in accordance with the
conclusion that this component is Y,BaCuOs
(which is indeed reported to be green®) together
with amorphous Y,0;-xH,O originating from
the dissolution reaction when the black compo-
nent is removed by the NH,/NH,Cl treatment.
The indexing of the powder diffraction pattern
(all reflections accounted for) gave a = 713.35 +
0.06, b = 1217.63 £ 0.06 and ¢ = 565.90 + 0.04
pm for Y,BaCuOs, in full conformity with results
obtained previously by Michel and Raveau.* The
virtually invariable unit cell dimensions of
Y,BaCuO; for samples with different nominal
compositions (viz. independent of the nature and
amounts of other phases present according to
Fig. 1) show that this is a well-defined stoichio-
metric compound.

Subsequent analysis, of the black component
(including minor amounts of CuO) has shown it
to contain Y, Ba and Cu in the molar proportions
0.37 + 0.05 : 0.58 + 0.04 : 1.00 + 0.08. Fur-
thermore, the Bragg reflections from the black
material, as for that found in multi-phase samples
of nominal composition Y, ,Ba,; ;CuQ, after heat
treatment above 1000 °C, could be attributed to a
tetragonal phase with a = 385.66 + 0.06 and ¢ =
1183.3 + 0.2 pm. From volume increments esti-
mated from data for the oxides, from the inten-
sity distribution of the diffraction pattern and
from chemical analyses, it was unambiguously
concluded that the black material constitutes a te-
tragonal variant of YBa,Cu,0, ; [Refs. 8, 14, 15;
see also (iii)]. Various other closely related tetra-
gonal and orthorhombic variants of YBa,Cu;0y 4
were obtained by re-annealing and by different
cooling procedures. The unit cell volume for the
tetragonal phase just mentioned is significantly
larger than that for the orthorhombic variants
(176.00 - 10° versus 173.65-10° pm®), and this
demonstrates a homogeneity range for the
YBa,Cu;0,y phase. Different aspects of
the orthorhombic and tetragonal phases of
YBa,Cu,Oq 5 are returned to in section (iii), but
here it should be noted that independent of the
route to YBa,Cu;O, 4 in Fig. 1, the structurally
distinct types of material produced are deter-
mined solely by the annealing conditions.
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Concerning the phase diagram in Fig. 1, it
should be noted that the Y,BaCuOs phase is in-
volved in equilibria with at least eight binary, ter-
nary or quaternary phases, and thereby corre-
sponds to a deep minimum in the Gibbs free en-
ergy surface associated with the diagram. The
character of the phase diagram changes dramat-
ically on turning to very low oxygen partial press-
ures, as e.g. obtained at 900°C under Misch-
metal-gettered atmosphere in sealed silica-glass
ampoules. Under the latter conditions the qua-
ternary phases Y,BaCuO, and YBa,Cu;0, ; de-
compose to Cu and ternary Y-Ba oxides. Under
less extreme conditions it should be possible to
retain e.g. the Cu(l) compounds BaCu,0,* and
YCuO,.” On the other hand, phases containing
Cu(III) are, when prepared in air, only obtained
in the Ba-rich region of the phase diagram. Along
the CuO-Y,0; line one has to employ high oxy-
gen partial pressures during the syntheses in or-
der to obtain phases containing Cu(III).*

The phase diagram (Fig. 1) exhibits a low-
melting eutectic (850-900 °C) situated close to the
YBa,Cu,;0, s-rich corner of the triangle with
CuO and BaCuO, (BaCu0O,,,) as the other cor-
ners. During solidification of samples from this
region, square-prismatically shaped single crys-
tals of CuO are obtained inter alia. When solidi-
fied under an appropriate composition gradient,
flexible platelets of YBa,Cu,O, 4 of length up to
100 um and thickness < 1 pm are formed at the
solid-liquid interface.

The present study provides also additional in-
formation on the ternary phases of the Y-Ba—
Cu-O phase diagram. Most interesting is the
existence of a hitherto unknown quaternary
phase with a homogeneity range and composition
close to that of BagCu,O,s,. The Y-rich end of
this phase is tetragonal, @ = 580.5 £ 0.1 and ¢ =
802.3 + 0.2 pm, and judged from the intensities
of the Bragg reflections in the powder X-ray dif-
fraction diagrams the structure is closely related
to the perovskite type, with Y and Cu distributed
over the octahedral sites in an ordered manner.

Y,Cu,Os is orthorhombic, a = 1246.0 *+ 0.2,
b =1079.9 + 0.2 and ¢ = 349.6 + 0.1 pm. The
RE,Cu,0O; phases®*™¢ are structurally closely re-
lated to the In,Cu,O; type.’” However, there are
significant differences in the coordination around
Cu?*, mainly because of the disparity in size be-
tween In** and RE**. The unit cell dimensions
found for Y,Cu,0Os; match almost completely



those of Ho,Cu,O;,* and are considerably larger
than those of e.g. the Sc and Lu analogues®
(some of the structural data for Sc,Cu,Os and
Y,Cu,O; in Ref. 33 are likely to be incorrect).
Y,Cu,Os is presently being further structurally
characterized by means of powder neutron dif-
fraction.

The BaCuO,,,** phase, as obtained in two-
phase mixtures with YBa,Cu;Oy; after heat
treatment at 900°C, is cubic with ¢ = 1829.3 £
0.7 pm. The non-stoichiometry parameter v is
evaluated to be ~ 0.05 from the relation between
a and v in Ref. 39. Well-developed, needle-
shaped crystals of BaCuO,,, are formed on cool-
ing a melt from 1000°C. The colour of these
changed lengthwise from transparent yellow
(brown) to non-transparent black, which prob-
ably is a manifestation of continuous changes in v
(and consequently in the Cu(II)/Cu(IIl) atomic
ratio) throughout the crystals.

(ii) Structural properties of Y,BaCuO;. The
green, orthorhombic Y,BaCuQOj; phase adopts a
well-known structure type found in a number of
compounds.®®* The copper atoms are coordi-
nated by five oxygens forming an octahedron
with one corner vacant, and these units are iso-
lated from other CuQj; units. The yttrium—oxygen
coordination polyhedra are monocapped trigonal
prisms, conjugated into Y,0,; units, while the
barium atoms have eleven oxygen neighbours in
a more complex geometrical arrangement.* As
a means of comparing the structural characteris-
tics of the semiconducting (normal valence com-
pound) Y,BaCuOs; and superconducting

Table 1. Positional parameters for Y,BaCuO; derived
by Rietveld refinements of powder neutron diffraction
data (space group Pbnm; Ba, Y and Cu in 4¢c, O in

4c and 8d; 130 reflections used in refinements; R, =
9.75; calculated standard deviations in parentheses).

Atom x y z

Ba 0.9266(22)  0.9089(16)  1/4

Y 0.3951(15)  0.0740(10)  1/4
Y 0.1264(19)  0.2881(8) 1/4
Cu  07147(15)  0.6602(11)  1/4
o 0.1680(9) 0.4324(8)  —0.0064(21)
o) 0.3514(15)  0.2301(7) 0.5057(26)
o 0.9768(20)  0.0983(14)  1/4
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Fig. 2. Variation in unit cell dimensions of Y,BaCuQO,
between 300 and 1200 K.

YBa,Cu;0, ; phases, the coordination and the
interatomic distances of the various atoms can be
expressed in valence units of the central (metal)
atoms by use of the bond-order concept.** To
our surprise, such analyses yield for the valence
states of copper and yttrium in Y,BaCuQj rather
improbable values. The Zachariasen® approach
gives 1.47 for the valence of copper (1.49 by the
method of Brown and Shannon*), and 2.73 and
3.64 valence units for the two crystallographically
different yttrium atoms. These deviations from
expected values initiated a re-examination of the
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Y,BaCuOj structure by powder neutron diffrac-
tion, in particular to refine the positional par-
ameters of the oxygen atoms. The positional par-
ameters thus derived are listed in Table 1; on the
basis of these, quite reasonable values for the val-
ence states (2.02 for copper, and 2.87 and 2.93
for yttrium) are now calculated.

High temperature Guinier Simon photographs
of powder samples of Y,BaCuO; revealed the ab-
sence of any structural phase transitions up to
1200 K (Fig. 2). The thermal expansion can be
approximated to be linear over this temperature
interval, with linear thermal expansion coeffi-
cients of a, = (Vayy) - (Aa/AT) =1.2-107%, 0, =
1.2-10%, . =1.0-10%and oy = 3.5- 105K,

In order to obtain supplementary, indirect
structural information for Y,BaCuOs, DSC and
magnetic susceptibility measurements between
80 and 900 K were carried out. DSC measure-
ments, using evacuated, sealed silica-glass or
open aluminium sample holders did not reveal
any anomalies. The magnetic susceptibility of
Y,BaCuO; obeys the Curie-Weiss law over the
temperature interval 80-1000 K, in accordance
with Ref. 30. The effective paramagnetic mo-
ment, pg = 2.15 + 0.20 pg (6 = =50 *+ 20 K), is
somewhat larger than expected for a “spin-only”
3d° state (viz. 1.73 pg) and is indicative of some
spin-orbit coupling.

(iii) Structural properties of YBa,Cu;Oy;5. The
structure of YBa,Cu;O, 5 represents an ordered
variant of the perovskite type where the ordering
of Y and Ba, as well as of oxygen vacancies,
causes tripling of the unit cell along the (tetrago-
nal) ¢ axis. The structure of an orthorhombic, at
low temperatures superconducting, variant has
recently been studied by means of powder neu-
tron diffraction.”® The claims for both ortho-
rhombic and tetragonal symmetry (see e.g. Refs.
8, 11, 14 and 15) indicate that YBa,Cu;0, 4 exists
in structurally different modifications. In this
context it should be recalled that YBa,Cu;O, 4
shows variable oxygen content and that the
amount of oxygen influences the superconducting
properties at low temperatures.®*16174 Evj-
dently, slight differences in conditions during the
syntheses (maximum temperature, oxygen partial
pressure and rate of cooling) govern a specific
modification (viz. the degree and nature of va-
cancy ordering as well as site occupancy). The ax-
ial ratios c/a and c¢/b serve as indicators for the
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structural relationship to the simple perovskite-
type unit cell. In the following discussion of the
orthorhombically distorted variants, the distor-
tion parameter ¢ = |1 — a/b| is introduced.

In the present study, four different modifica-
tions of YBa,Cu,0, ; were identified without va-
rying the preparation conditions dramatically.
Line broadening of some reflections was fre-
quently observed, which may indicate that within
the concept of the distinct, basic types, interme-
diates of partially converted materials exist.
However, the general resemblance of the diffrac-
tion patterns shows that all types adopt the same
overall atomic arrangement. For the structurally
related La, ;Ba, ;Cu,0, ; phase,'®! the composi-
tion parameter d varies between 1.975 and 1.785,
depending on the oxygen partial pressure during
the heat treatment. It thus seems acceptable to
advance the idea that variations in the number of

-vacancies and the ordering of these in the oxygen

sub-lattice cause the existence of closely related
phases of YBa,Cu;O, ;.

The four modifications can be classified ac-
cording to their symmetry, axial ratios and dis-
tortion parameter:

type A: tetragonal with c/a = 3
type B: tetragonal with c/a > 3

type C: orthorhombic with 2c/(a + b) =3
(c/b < 3) and & = 0.007

type D: orthorhombic with 2c/(a+ b) > 3
(c/b = 3) and € = 0.017

Table 2. Unit cell dimensions of types A-D
YBa,Cu,04 5 derived from powder X-ray diffraction
studies. Calculated standard deviations in
parentheses.

Type apm bipm chm V-10-%pm?®
A 387.22(9) 1161.5(2) 174.16(9)

B® 386.0(1) 1180.2(5) 175.89(14)
B 385.66(6) 1183.3(2) 176.00(7)

B®  390.1(1) 1192.0(5) 181.40(13)
C  3852(1) 388.1(2) 1160.2(3) 173.44(11)
D  3826(1) 388.8(1) 1167.7(2) 173.70(11)

“Refers to bulk samples of nominal composition
Y, 20Ba0,80CUQ, ¢5. °Converted from originally type D
material, measured at 1040 K.
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Fig. 3. Selected part, drawn schematically, of a high-

temperature Guinier Simon photograph for
YBa,Cu;04 4, type D.

Refined unit cell dimensions for the types A-D
YBa,Cu;0, ; are given in Table 2.

The type B structure is reported in the litera-
ture for a number of phases with general com-
position REBa,Cu;0, ; (RE = Nd, Sm, Eu or
Gd) in addition to YBa,Cu,;0, ,.'%" This variant
is found in the bulk, two-phase samples of nomi-
nal composition Y,,Ba;3CuO, heat-treated
above ~1000°C. It is readily obtained from
melts, the manner of cooling being then less sig-
nificant. The type A variant is found for samples
synthesized under oxygen pressures of ~10 atm
(using peroxide, see Experimental) and
quenched from high temperatures (say, above
900 °C; an axial ratio c/a = 3 is also found for the
La, ;Ba, ;Cu,0, ;-related phases).'®!” The type C
structure is established for samples synthesized
under oxygen pressures of ~10 atm (using per-
oxide) and slowly cooled from 900 °C. The fourth
type, D, is obtained for samples heat-treated at
temperatures below the melting points and al-
lowed to cool slowly. When considering the re-
cently published data on REBa,Cu;0, ;, it is re-
alized that these, in general, orthorhombic pha-
ses exhibit axial ratios ¢/b > 3 and c/a > 3, while
0.003 = € = 0.008. It should be stressed that the
classification scheme outlined above applies to
YBa,Cu;0, ;, and that chemical substitution may
change the axial ratios and the degree of dis-
tortion.

The structural properties of type A-D
YBa,Cu,0, ; samples between 300 and 1300 K,
i.e. temperatures approaching those used during
the preparation, were judged from Guinier Si-
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Fig. 4. Variation in unit cell dimensions of
YBa,Cu,0 5, type D, between 300 and 1100 K.

mon photographs. Fig. 3 shows a schematic draw-
ing of a selected part of the powder X-ray diffrac-
tion pattern of a type D phase (under sealed
silica-glass capillary conditions) between 900 and
1200 K. At 900 K, the 006 and 020 reflections
overlap and are well separated from the neigh-
bouring 200 reflection. On heating to some 1000
K, 020 and 200 start to approach each other be-
fore finally merging into one single reflection for
T 2 T,= 1100 + 10 K. In open capillaries the
transition is shifted some 150 K towards lower
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temperature. The variation of the unit cell di-
mensions with temperature is shown in Fig. 4,
and the reversible phase transition from ortho-
rhombic to tetragonal (type B) structure pro-
gresses smoothly without discontinuous changes
in unit cell dimensions, lacks detectable hystere-
sis and may hence be classified as second-order.
The variation of the distortion parameter € with
the reduced temperature 7/T) is shown in Fig. 5.
A continuous change in unit cell volume is ob-
served around T,. The thermal expansion is non-
linear with temperature, however, the average
thermal expansion coefficient calculated over the
temperature range 300-1100 K for the type D
phase being a, = 4.8-1075 K",

Similar high temperature studies were per-
formed for the types A, B and C. For neither A
nor B were there any indications of phase tran-
sitions between 300 and 1200 K, the thermal de-
pendence of the unit cell dimensions of the type
A variant being given as an illustrative example
in Fig. 6. The linear thermal expansion coeffi-
cients (Fig. 6) for temperatures between 300 and
1200K are o, = 1.2:1075, a, = 1.3-1075 and o,
= 3.6-10° K. For the orthorhombic type C, a
phase transition resembling that observed for or-
thorhombic type D could be expected, and this
was indeed observed at T, = 1100 + 10 K.

Several isotypic homologues of YBa,Cu;0q
have recently been reported,*' " in which
yttrium is partially or completely replaced by a 4f
element while retaining the high superconducting
transition temperature. Similar homologues have
also been reported for La, ;Ba, ;Cu,0, 5, with RE
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71y

Fig. 5. Temperature dependence of the orthorhombic
distortion parameter (&) for the type D = B second-
order phase transition of YBa,Cu;Oy 5.
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Fig. 6. Variation in unit cell dimensions of
YBa,Cu,04 5, type A, between 300 and 1200 K.

replacing La."” Their physical properties have un-
til now not been examined. The fact that for the
latter phases c/a = 3 (actually V2. cla,; see be-
low), as opposed to c/a > 3 (even with orthor-
hombic distortion) for the former phases, may in-
dicate either disorder of RE and Ba in the
La, sBa; ;Cu;0,_s analogues, or the existence of a
solid solution region where RE partially replaces
Ba, or an appreciably different ordering scheme
for oxygen atoms in the two series of phases.

A common structural building element of all



the new high-temperature superconducting pha-
ses (perovskite-related or K,NiF, type) is an infi-
nite network of interconnected square-planar
CuO, groups. The short Cu—O bonds and the
regularity of this sub-lattice arrangement appear
to be key structural ingredients for the occur-
rence of high-temperature superconductivity. A
major distinction between the quaternary copper
oxides of the perovskite-related type and the
K,NiF, type® is the large number of oxygen va-
cancies for YBa,Cu;0, ; and its isotypic homo-
logues. These vacancies have to appear since
lower-valent cations (in this case Ba’*) are in-
troduced in the (basic perovskite type) lattice
without being conventionally charge-compen-
sated by other cations.

In the structure of YBa,Cu;0, 5, six different
sites for oxygen are possible (derived from the
basic perovskite-type structure; orthorhombic,
space group Pmmm): O(1) in 2q (0,0,z; z =
0.17), O(2) in 2s (3,0,z; z = 0.33), O(3) in 2r
(0,4,z; z = 0.33), O(4) in 1e (0,4,0), O(5) in 1b
(3,0,0) and O(6) in 1c (0,0,3). Experimental val-
ues for the lower limit of & are around two, and
different ordering schemes for the oxygen atoms
over the possible sites have been put forward. Si-
egrist et al.® suggested for YBa,Cu,0, ; that the
Ic site is empty, one oxygen is disordered over
the 1b and le sites, and the other positions are
completely filled. Capponi et al.® report similar
findings, except that the 1b site is empty and the
le site filled. For La, ;Ba, ;Cu;Oq 5 the results ob-
tained by Er-Rakho et al.'” (for an enlarged cell
\/Z—ap, \/Q_a_p, 3a,) establish that no oxygen va-
cancies occur within the two-dimensional CuO,
networks.

Based on the neutron diffraction results of
Capponi et al.,”” some considerations concerning
the defect structure of the type A-D variants of
YBa,Cu,;0, 4 can be put forward. The ordered
oxygen vacancies within the Cu layer at z = 0
cause a contraction of the orthorhombic a axis (&
= 0.017), indicating that the vacancy is smaller
than the corresponding oxygen atom. Moreover,
the present considerations on the relationship be-
tween the unit cell dimensions and defect struc-
ture assume that the metal atoms do not signif-
icantly change positions in the structure even if
the ordering of the oxygen atoms is markedly
different. Hence, it is believed that for the pur-
pose of elucidating the above mentioned struc-
tural relations one can restrict oneself to consid-

PROPERTIES OF Y,BaCuO; AND YBa,Cu 0, ,

Fig. 7. Idealized defect structure of the CuO,
octahedron for Cu in z = 0 for type A-D variants of
YBa,CuzOq 5.

ering the defect structure of the CuO, octahedron
for Cu in z = 0. The suggested ordering schemes
for the type A-D variants are illustrated in Fig. 7,
elaborated under the assumption of constant ox-
ygen content for all types. Type D, which corre-
sponds to the structure described by Capponi et
al.,"” represents a completely ordered variant,
while type A is completely disordered with four
oxygens randomly distributed over six positions.

The very existence of different variants of
YBa,Cu;0, ; and temperature-induced phase
transitions are strong indications of the important
role of the vacancy ordering. At elevated tem-
peratures the higher oxidation state of copper be-
comes unstable, which will cause a change in
composition towards higher 8. The increase in
unit cell volume for type D samples around
Tymay reflect such changes, or reflect different
size requirements of ordered and disordered va-
cancies. However, it is tempting to suggest that
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the driving force for, e.g., the second-order
phase transition between the type D and type B
phases is the free energy gain by disordering of
oxygen atoms (and vacancies) at 7. For T <<
T4, vacancies and oxygen atoms should be or-
dered," while for T > T, these (probably in lower
concentration) are randomly distributed over the
CuQ, unit within the basal plane at z = 0. The
extraordinary dependence of the physical proper-
ties of YBa,Cu;0,4 5 on the oxygen partial pres-
sure during the synthesis strongly suggests that
the vacancy order as well as the vacancy concen-
tration significantly influences the conductivity
properties.

Magnetic susceptibility measurements on the
superconducting* YBa,Cu,O, , variants reveal
weak, almost temperature-independent para-
magnetism above T. = 93 K (and, of course,
diamagnetism below T.), reflecting that the main
contribution originates from conduction elec-
trons and that no localized moments exist on the
Cu atoms.
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