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In the BaO(BaCQO;)-R;0;~Cu0 systems, where R = lanthanides and yttrium, general trends of phase
formation, solid solution formation, and phase relationships are correlated with the ionic size of R. In
air at 950°C the phase relationships in the CuO-rich region of these ternary diagrams progressively
change from:the La system through the Nd, Sm, Eu, Gd, Y, Ho systems to the Er system. First, the La
system has the greatest number of ternary compounds. Second, the superconductor material, Ba,R
Cu304., exhibits a solid solution of Ba,__R;.,Cu;0s., for the first half of the lanthanide elements with
a range of formation which varies with the ionic size of R. Third, a trend is observed regarding the tie-
line connections between BaR,CuQOs, CuO, the phases Ba, .R),,Cu;Oq.,, and the binary phase
R,CuO, or R,Cu,0s. For the first half of the lanthanides, except for La, a compatibility join is found to
connect R,CuQ, and the tetragonal end member of the Ba,_,R;,,Cu;Qq., phase. In systems where R
has a smaller ionic size, R = Eu and beyond, the tie-line connection switches to join the BaR,CuOs
phase and the CuO phase. For R = Dy and beyond, the binary phase R,CuQ; is replaced by the binary

phase R,Cu;0s. © 1990 Academic Press, Inc.

Introduction

Despite recent worldwide efforts in su-
perconductivity research, a lack of thor-
ough fundamental understanding of the Ba~
Y -Cu-0 systems still remains. In addition,
problems such as low critical current den-
sity, flux creep, and poor mechanical prop-
erties still render practical applications of
these materials as a great challenge. The
discovery that substitution of most lan-
thanide elements, R, for Y also produces a
superconductor with a transition tempera-
ture =90 K (1, 30) provides numerous alter-
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native materials for investigations of possi-
ble desirable properties.

Since knowledge of phase equilibria and
crystal chemistry is essential for controlling
processing parameters and understanding
material properties, systematic studies of
the Ba—R-Cu-O systems are crucial. As
part of an ongoing effort to understand the
crystal chemistry and phase equilibria of
the BaO(BaCO;)-R;0;—CuQ systems (2-
9), we have initiated a systematic investiga-
tion of trends in phase formation and solid
solution formation of selected binary and
ternary compounds in the BaO(BaCOj)-
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R,03-CuO systems and trends in structural
phase  transformation between the
orthorhombic and tetragonal phases of the
superconductor material, Ba;,RCu;0¢.,, as
a function of the ionic size of the element R.

Solid solution formation for a material is
also of technological importance. For ex-
ample, one may control and correlate prop-
erties and processing parameters by vary-
ing the composition of the materials. In a
recent study correlating superconducting
properties with solid solution formation in
the series Ba,_,R;.,Cu30¢.,, Wwhere R =
Nd, Sm, Eu, and Gd, Blendell et al. (9)
observed that the amount of substitution of
a lanthanide for barium decreases regularly
with the decreasing size of R3*: the larger
the mismatch of the ionic size between R3**
and Ba?", the narrower the extent of solid
solution. The solid solution formation ter-
minates at Gd, which seems to separate the
different behavior of the earlier and later
lanthanide elements. Recently, we have in-
vestigated the Ba,_,Sm;.,Cus30q., and the
Ba;_,La;+,Cus0¢+, series and are able to
establish a more general trend of solid solu-
tion formation. Current results are de-
scribed herein.

Although solid solution members of the

BaO (BaCOg)

Fi1G. 1. Subsolidus phase diagram for the Ba-La—
Cu-0 system at 950°C in air, after Kilbanow er al.
13).
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BaO (BaCOg)

1/2Y203 Y2Cu20s5

Fi1G. 2. Subsolidus phase diagram for the Ba-Y-Cu-
O system at 950°C in air, after Roth et al. (14).

Ba,_,La;+,Cus04., system have been char-
acterized by neutron diffraction by David et
al. (10), Segré et al. (11), and Sunshine et
al. (12), the solid solution range was not
conclusively determined by these investiga-
tors and was assigned to be z < 0.5. Our
studies of the solid solution formation of
Ba;-;R+,Cu30¢+,, where R = Nd, Eu, and
Gd (9) indicated that the range of solid solu-
tion of the Nd system extends to z < 0.7.
As the sizes of La’* and Ba?* are closer to
each other than those of Nd** and Ba?*, we
expect the extent of solid solution in the La
system to be greater or comparable to that
of the Nd system. Accordingly, the range of
solid solution of the Ba,_,La;,,CusOg.,
system was reinvestigated in the present
work.

Ternary phase diagram studies of the Ba—
La~-Cu-O and Ba-Y-Cu-O systems at
950°C in air have been conducted by
Kilbanow et al. (13) and Roth et al. (14),
which are shown in Figs. 1 and 2, respec-
tively. (Figure 1 has been modified to in-
clude present results.) Phase compatibility
relationships are found to be substantially
different for these two systems. The large
difference in size of the La3* and Y3+ ions
undoubtedly has a great impact on their
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crystal chemistry. Part of the goal of this
study is to characterize and compare fea-
tures of phase formation and phase rela-
tionships of compounds in the ternary
phase diagrams of the BaO(BACOQO;)-R,0;3-
CuO systems near the CuO corner.

Experimental

Solid state reaction techniques were em-
ployed for all sample preparation. Similar
heat treatment procedures were adopted
for all series of Ba,_,R;.,Cu;O¢:, mate-
rials. Table I shows the compositions pre-
pared for the several solid solution series
which we have investigated. Most composi-
tions were prepared from stoichiometric
mixtures of CuO, R,0;, and BaCQ;. In the
case of R = La, La(OH); was used instead
of La,0;. Before each firing and annealing,
the powder was pressed into pellets and
placed on MgO single crystals, which were
then set on a silica brick. The pellets were
heat treated at both 850 and 900°C for 1
day, then fired in air at 950°C. Air-quench-
ing was performed by removing the sample
and brick together from the furnace and

TABLE I

COMPOSITION, “‘z,”” OF SAMPLES Ba,_,R;,,Cu;O¢.,
PREPARED AT 950°C IN AIR

R z

La 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0

Nd 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0

Sm 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0

Eu —0.1, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8,0.9, 1.0

Gd 0.0, 0.1, 0.2,0.3, 0.5

Dy 0.0, 0.1, 0.2, 0.5

Y 0.0, 0.1, 0.5

Er -0.1, 0.0, 0.1, 0.5

Lu 0.5
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TABLE II

CoMPOsITIONS NEAR THE CUO CORNERS PREPARED
FOR THE TERNARY PHASE DiAGRaMs, BaO:R,0;:
CuO, IN AIR

R Compositions BaO : $R,0;: CuO

La 10:40:50, 20:40:40

Pr 10:40:50, 20:40: 40

Nd 10:60:30, 15:50:35, 10:40:50, 15:15:70,

20:10:70, 20:10:70, 25:15:60, 25:40:35,
27:33:40, 30:30:40, 35:25:40, 18:37: 45,
58:08:34, 53:13:34, 21:35:44, 25:28: 47,
20:40:40

Sm 25:15:60, 15:15:70, 30:30: 40, 10:60:30,
25:28:47,28:25:47, 32:20:48, 10:40: 50,
20:40:40

Eu 25:15:60, 15:15:70, 30:30: 40, 10:60: 30,
25:28:47,28:25:47, 32:20:48, 10:40: 50

Gd 30:30:40, 10:60:30, 25:15:60, 30:25:45,
10:40:50, 32:20:48, 34:18:48

Er 32:20:48, 10:50:40, 10:40:50, 15:30:55,
20:10:70, 25:25:50, 30:30:40, 35:30:35

placing them on the bench top. Cooling
time to room temperature for the sample
was estimated to be about 3 to 5 min. Sev-
eral regrindings and annealings took place
until a single phase material was confirmed
by the X-ray powder diffraction.

To study phase relationships in the vicin-
ity of the superconductor solid solution,
Ba;_.R;+,Cu30¢.,, and the ‘‘green phase’
compound, BaR,CuOs, compositions near
the CuO corner of selected BaO(BaCOs)-
R,0;-Cu0O systems were also prepared.
These compositions are indicated in Table
II for the La, Pr, Nd, Sm, Eu, Gd, and Er
systems. The Nd system was studied in
more detail and will be reported separately
(4). Most final sinterings were performed at
950°C and air-quenched. For compositions
very close to the CuO corners, a tempera-
ture of 920°C was used instead to avoid
melting. Tie-line relations were established
by X-ray powder diffraction characteriza-
tion.
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Results and Discussion

Results of the ternary phase compatibil-
ity diagrams of the systems BaO(BaCO;)-
R,05-CuO in the vicinity of the CuO cor-
ners, where R = La, Nd, Sm, Eu, Gd, Y,
and Er are shown in Fig. 3. Since exact tie-
line connection would require detailed lat-
tice parameter determination, the tie lines
connecting the solid solution series in this
report are schematic only. Proceeding from
the La system, which has the largest ionic
size of R, toward the Er system with a
smaller ionic size, a general trend of phase
formation, solid solution formation, and
phase relationship is found to be correlated
with the ionic size of R. Several features of
the progressive changes in the appearance
of these ternary diagrams near the CuO cor-
ner will be discussed in detail below. In
brief, these features are (1) the La system
has the largest number of ternary com-
pounds and solid solution series; this num-
ber decreases as the size of R decreases.
(Although it has been reported by de Leeuw
et al. (15) that if BaO, or Ba(NQ;), are used
other phases such as Ba,YCu;Ozs and
BagY;Cus0, s also form, these phases have
not been confirmed in this laboratory.) (2)
The superconductor material, Ba,RCu,
Og+, for the first half of the lanthanide ele-
ments, i.e., R = La, Nd, Sm, Eu, and Gd,
which are relatively larger in size, exhibit a
solid solution of Ba,_.R;:,Cu3Q¢4, With a
range of formation which decreases as the
size of R decreases; this solid solution re-
gion terminates at Dy and beyond, where
presumably the superconductor phase as-
sumes a point stoichiometry; (3) A trend is
observed regarding the tie-line connections
between BaR,CuQ;, CuQ, the supercon-
ductor phases Ba;—;R;:,Cu;0¢+,, and the
binary phase R,CuQO4, or R,Cu,0s; note
that the binary phase R,CuQ, is replaced by
the binary phase R,Cu,0s after the tie-line
connection changes.

Current results of phase formation for
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several series of compounds and solid solu-
tions in the BaO(BaCO3)-R,0;-CuO sys-
tems are discussed individually in the sec-
tions below. Following this, features of the
tie-line relationship of the four phases near
the CuO corner are discussed. Crystal stuc-
tures for some of these phases are also dis-
cussed.

I. Phase Formation near CuO Corner

1. BaRzCuO5 and Bazq.;),,fRA‘_;),,fCllz_x()]o..;),,E
(1:2:1), R = La, Nd

Details of the phase formation of the
1:2:1 phases have been reported else-
where (3, 6, 16, 17). In brief, under ambient
conditions, the commonly known ‘‘green
phase’’, or BaR,CuOs, has been prepared
for R = Sm, Eu, Gd, Dy, Y, Er, Tm, Yb,
and Lu. Among the oxides with a stable R3*
valence state, there is a size range of R for
which this phase forms. However, this
phase does not form with lanthanides of
larger ionic size. For example, the forma-
tion of green phases for R = La3* and Nd3*
does not take place. The materials formed
in this case are brown and are found to have
a completely different crystal structure
from that of the ‘‘green phase’’. While all
green phase materials are orthorhombic
with space group Pbnm(62), Z = 4, the
“brown phases’’ tend to form solid solu-
tions of Bas;2 R4 2.Cts_,O19-2., With a te-
tragonal space group of P4/mbm(127). The
solid solution range is 0.15 = x = 0.25 for
the La system and 0.0 = x = 0.1 for the Nd
system. Note that the La solid solution se-
ries does not include the stoichiometric
compound with x = 0.

In the green phase structure, each yt-
trium ion is surrounded by seven oxygen
atoms, as shown in Fig. 4. The framework
can be considered as built up from distorted
monocapped trigonal prisms, RO;, which
share one triangular face forming R,0;;
blocks. There is an apparent size limit,
bounded by Sm, beyond which stability of
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FiG. 3. Subsolidus phase compatibility diagrams of BaO-4R,0;—CuO near the CuO-rich region at

950°C in air for (a) La, (b) Nd, (¢) Sm, (d) Eu, (e) Gd, ) Y, and (g) Er.
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Fi1G. 4. Polyhedral environment of RO, and R,0,,
found in the structure of BaR,CuOs, R = Sm, Eu, Gd,
Dy, Y, Ho, Er, Tm, Yb, and Lu.

the distorted monocapped trigonal prism,
RO;, is unattainable. The framework of the
La and Nd materials is principally built
from edge- and face-sharing ROy, and ROy
polyhedra as illustrated in Figs. 5a and 5b.
These octahedra and decahedra provide
large enough space to accommodate the
La’* and Nd3** ions.

2. Baz~zR1+zCu306+x (2 ) .‘3), R = La, Pr,
Nd, Sm, Eu, and Gd

Results of the solid solution investigation
of the R = La series show that the solid
solution range indeed extends beyond z =
0.5. In Fig. 6, X-ray diffraction patterns of
the Ba,_,La;;,Cu3O¢:, compositions with z
= 0.5 to 0.9 are shown. A small number of
peaks corresponding to Bal.a,CusOjs4,
start to appear at z =~ 0.8. Figure 7 shows
the X-ray powder diffraction patterns for
selected compositions of Ba,_,Eu;,,Cu;
O¢-., indicating a solid solution range of z
= 0.5. The solid solution range is different
for each of these series. The upper limit of
the solid solution series is discernible by
the presence of X-ray diffraction peaks
from a different phase. For example, in the
region around 26 of 28-29° one detects the
presence of the green phase BaR,CuOs and
CuO when R = Eu, Gd, and Er. The Sm
samples show a solid solution range for z <
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0.7. The Gd sample, on the other hand,
shows only a small range of z = 0.2. Solid
solution ceases to exist at Dy, Er,and Y, or
at least is less than z = 0.1, and this is so
presumably also for superconductors with
smaller R. The tendency of the solid solu-
tion formation is very great in the La sys-
tem and the point compound Ba;L.aCu;Og+,
does not form; the lower limit of the solid
solution is bounded by approximately z >
0.1.

The size compatibility between the Ba?*
and R*" is a predominant factor governing
the formation of this solid solution. Shan-
non’s ionic radii of lanthanides R**, where
R = La, Pr, Nd, Sm, Eu, Gd, Dy, Y, and
Er, using the coordination number of nine
are listed in Tables III, IV, and V. Y is
inserted according to its ionic size. The
ionic radius of Ba?* with a similar coordina-
tion environment is 0.147 nm, which is
most comparable to that of La3* of 0.122
nm. As the mismatch between R3* and Ba?*
increases, the range of substitution de-
creases. Table III summarizes the approxi-
mate upper limit of the solid solution range
of Ba, . R;,,Cu;04.,.

Another feature observed in all the
Ba,;_,R:+,CusO¢,, series is the structural
phase transformation from an orthorhom-
bic to a tetragonal structure as the value of

FiG. 5. Polyhedral environment of {(a) ROy, and (b)
RO; found in the structure of Bay.; Ry-2,Cu;-O1p-2,
R = La and Nd.
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Fi1G. 6. X-ray diffraction patterns of Ba,_,La;,,Cu;O¢,,. The appearance of the BaLa,CusOy;.,
phase is indicated by the arrows for z = 0.8 and 0.9.

z increases. Since the high temperature
(950°C) phase is most likely the tetragonal
structure (at least this is the case for R =
Sm and Gd with z = 0 (2, 3, 7)), this trans-
formation can depend on how the quench-
ing is performed. Results discussed below
only pertain to samples that were prepared
at 950°C in air and air-quenched by pulling
them from the furnace. The X-ray diffrac-
tion patterns of Ba,_,Eu;,,Cu304., shown
in Fig. 7 illustrate the progressive changes
of peak shape and convergence of multi-
plets into singlets going from the
orthorhombic to the tetragonal structure.
Phase transformation of the Ba, ,lLa;_,
Cu;0¢., series has been reported to take

place at a z value of 0.15 (/2). Our X-ray
diffraction patterns are consistent with this
result, showing a phase transformation at a
z value between 0.1 and 0.2. For the Nd,

TABLE HI

SoLiD SOLUTION EXTENT OF
Ba,_.R;+.CuOg.,

R z Ionic radius (nm)
La =0.7 0.1216
Nd =0.7 0.1163
Sm =0.7 0.1132
Eu =0.5 0.1120
Gd =02 0.1107
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F1G. 7. X-ray diffraction patterns of Ba,_,Eu;,,CusOg.;.

Sm, and Eu series the corresponding z val-
ues for the structural phase transformation
are approximately the same; all found to be
between z = 0.2 and 0.3. As the samples in
each Ba;_,R;+,Cu3Q¢;, series were pre-
pared at intervals in z of 0.1, we are not able
to distinguish any differences at this stage.
Whether the z value varies as a function of
the size of R is a subject of interest to be
investigated in the near future.

X-ray characterization and X-ray powder
standard diffraction patterns of the tetrago-
nal Ba; sR; sCu3O7+,, with R = La, Pr, Nd,
Sm, and Eu composition, has been reported
(8). These tetragonal phases have up to
25% substitution of R in the Ba sites and
therefore the chemical formula can be rep-

resented as (Bag 75Ry.25)2RCu3074,, or sim-
ply referred to as the Ba;R3CugOy44, (336)
composition. The crystallographic relation-
ship of these five materials can be described
as a = b = }c, indicating that as the R3*
ions replace the Ba?* ions to an extent of
25% the unit cell content can be considered
as a stack of three pseudo-cubes. The Ba,
La;CugO14+, system was first studied by
Provost et al. (I18) and the crystal structure
has been determined by Sunshine et al. (12)
using the neutron powder diffraction tech-
nique. This structure is similar to the struc-
ture of the superconductor Ba,YCu;O¢.,
except it is tetragonal with smaller unit cell
volume, and with oxygen partially located
at both the a- and b-basal axes. The struc-
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tures of the Pr, Nd, Sm, and Eu analogs are
presumably isostructural with the La com-
pound because of the similarity of the X-ray
diffraction patterns. Neutron diffraction
study of the Ba;Nd;CugO,4+, phase is cur-
rently underway (/9) to confirm the struc-
ture as well as the oxygen content of this
material.

The superconductivity properties of the
solid solution are currently being selec-
tively investigated in terms of the ac mag-
netic susceptibility and critical current den-
sity measurements. For each series of
materials a general trend of 7. diminishing
as the z value increases has been observed.
The T, values, the fraction of superconduc-
tivity, and the critical current density are
currently being studied and will be reported
separately.

3. BaR4Cu5013+x (1 o4 5)

This oxygen defect perovskite is charac-
terized by a mixed valence of Cu(Il) and
Cu(IIl) despite the presence of numerous
oxygen vacancies. The La system appears
to be the only one among the lanthanide

FiG. 8. Crystal structure of the compound Bal.a,
CusO;; (18). The solid and open circles represent Cu
atoms belonging to the CuQOs pyramids and the CuQg
octahedra, respectively. La** and Ba?* ions are lo-
cated in the hexagonal and perovskite tunnels, respec-
tively. The z-axis points out of the plane of the paper.
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systems that forms this black metallic con-
ductor. The BalLa,CusO;3., compound is
tetragonal with space group P4/m. The lat-
tice parameters of a sample which was pre-
pared in air at 950°C was found to have lat-
tice parameters a = 0.86602(5) nm and ¢ =
0.38629(3) nm (20) at approximately 25°C,
which are closely related to that of the cu-
bic perovskite: a =~ a, V5 and ¢ = a, =
3.8594. Michel et al. (21) described the
framework [Cus0,3] to be built up from cor-
ner-sharing CuOs pyramids and CuQg octa-
hedra forming hexagonal tunnels and
perovskite cages where the La3* and Ba?*
ions are located in an ordered manner. Fig-
ure 8 (22) shows the structure of BaLa,
CusOy; in which each CuO octahedron
shares four corners with four pyramids, and
the two remaining corners with two other
octahedra. Each pyramid is then connected
to four other pyramids and one octahedron.
Oxygen vacancies, which are found to be
between pairs of CuQs, form one-dimen-
sional channels along the z-axis. The lan-
thanum ions are located in the hexagonal
tunnels whereas the barium ions are located
in the perovskite tunnels.

4. BaH.XRz_xCuzOG_X/z (1 :2 2)

Among the BaO:1R,0;:CuO systems,
the black 1:2:2 phase BaR,Cu,0O¢ has only
been prepared successfully in the La ana-
log. The compounds A;;.La; ,Cu;O¢-,p
were first isolated by Nguyen et al. (23)
with0 < x =< 0.14for A = Srand x = 0.10
for A = Ca. These compounds are reported
to be tetragonal with ¢ =~ 0.390 nm and ¢ =
2.0 nm and with a space group of 14/mmm.
The structure, which is derived from that of
Sr;Ti;07, can be described as an inter-
growth of ‘‘oxygen-deficient, double-
perovskite’’ layers and of SrO-type layers.
These perovskite layers are indicated in
Fig. 9. When A = Ba, the extent of solid
solution has been found to be 0 =< x < 0.20
by Kilbanow et al. (I13). X-ray diffraction
studies and lattice parameter determination
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F1G. 9. Crystal structure of the compound Sr,La,
Cu,0,, showing the oxygen-deficient double perov-
skite layers (Nguyen et al. (19)).

for the solid solution series Ba,..La,_,
Cu,06-, is currently being conducted.

5. R, Cu0O4 (0:2:1)

While all the R;0;: CuO systems contain
only one binary compound at ambient at-
mosphere, there exist two distinctive com-

WONG-NG, PARETZKIN, AND FULLER, JR.

positions. Binary compounds of 2:1 com-
position with general formula R,CuQ, can
be prepared with the lighter and larger size
of R, for example with R = La, Pr, Nd, Sm,
Eu, and Gd, whereas oxides in the second
half of the lanthanide series tend to form a
2(3R,03): 2Cu0 binary compound R>Cu,
Os. Not all R,CuO, phases are isostruc-
tural. For example, while La,CuQy is
orthorhombic with space group CmCa (24)
and has the distorted K;NiF,-type structure
as shown in Fig. 10, Pr,CuQ,, Nd,CuOy,
Sm,CuQ,, Eu,CuQ,, and Gd,CuO;, are te-
tragonal with space group I4/mmm. These
tetragonal structures do not resemble the
K,NiF, type but have a coplanar Cu-0O
layer similar to that found in CaF,-type
structure (25). These features are illus-
trated in Fig. 10. Doping the La,CuO,
structure with a small amount of a 2+ ion
such as Ba?* and Sr2* changes the structure
from orthorhombic to tetragonal (26, 27)
and results in a superconductor phase. Typ-
ical X-ray patterns of the orthorhombic and
tetragonal R,CuQy are illustrated with La,
CuO4 and Nd,CuQ; in Fig. 11. Substantial
differences of these patterns arising from
totally different structures are obvious.
Solid solution formation of the composi-

Na,Cu G, -Typ
@Ng OO0

o Cu

F1G. 10. Crystal structures of R,CuO, for (a) R = La and (b) R = Pr, Nd, Sm, Eu, and Gd.
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FiG. 11. X-ray diffraction patterns of (a) La,CuO, and (b) Nd,CuO,.

tions (R,-.A,)CuO,4 with A = Ba has been
studied with R = La (/2) and that with a
solid solution range of 0 =< x = (.25 has
been reported. This series gives rise to su-
perconductor materials. of 7, around 30 K
(28). Substitution of Nd3* and other smaller
R3* by Ba?* in the R,CuQOy phases cannot
be prepared (with x = 0.1).

Since crystallographic data are essential
for phase characterization, Table IV sum-
marizes these data and the corresponding
Powder Diffraction File Number (PDF No.)
(29) for the binary R,CuO, phases which
have been reported in the literature and
from this work. The crystallographic data
for the ‘‘green’ and ‘“‘brown’’ phases and
the high T, superconductor phases have

been reported elsewhere (5, 29-31). Figure
12 illustrates a plot of the cell volume V of
R,CuO;, versus the ionic radii of Shannon.
The monotonic decrease in crystallographic
volumes, as the ionic radii of the lan-
thanides decrease across the series, follows
the well-known lanthanide contraction. The
deviation from this linear dependence of
the Gd compound may be due to the special
stability associated with the half-filled Gd**
(4f7) f~subshell.

6. R2Cu205 (0 sl 1)

R,Cu,0s are greenish in color and can be
prepared with the second half of the lan-
thanides, with R = Tb, Dy, Ho, Y, Er, Tm,
Yb, and Lu. Structure determinations of
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TABLE IV
CRYSTALLOGRAPHIC DATA FOR R,CuQ,

Cell Cell Ionic
Compound Space parameters volume Density radius
R,CuO, group a, b, ¢ (nm) V (nm?) (g/cm?) R (nm) PDF No.
La,CuO, Fmmm 0.53556(6) 0.38035 7.079 0.1216 38-709
0.54011(9)
1.3149(5)
(Ba,yLa,),CuO, I4/mmm 0.37754(6) 0.18866 7.130 0.1216 38-1308
1.3236(14)
Pr,CuO, IA/mmm 0.3958 0.19250 7.062 0.1179 22-245
1.2288
Nd,CuO, 14/mmm 0.394366(12) 0.18926 7.300 0.1163 39-1390
1.21693(5) 32)
(at =25°C)
Sm,Cu0Q, 14/mmm 0.3905 0.18204 7.814 0.1132 24-998
1.1938
Eu,CuO, I4/mmm 0.3895 0.18034 7.946 0.1120 24-399
1.1887
Gd,CuO, 14/mmm 0.3889 0.17939 8.184 0.1107 24-422
1.1861

R,Cu,05 have been controversial in the past
25 years. In 1964, Schmitz-DuMont and
Kasper (33) identified R,Cu;0s, where R =
Y, Dy, Er, Yb, and Tb, to be orthorhombic

200.0

double oxides having In,Cu,0s-type struc-
ture. In;Cu,Os was later redetermined by
Bergerhoff and Kasper (34) to be mono-
clinic with space group P2 and cell parame-

3

©

o

o
1

190.0

185.0

Volume x 1000 nm

180.0
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FI1G. 12. Dependence of the unit cell volume of R,CuQ, on the ionic radius of R for R = Pr, Nd, Sm,

Eu, and Gd.
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@1 Oror Acut At QOoi-v

F1G. 13. Projection for Ho,Cu,Os along [001].

ters of a = 2.462, b = 1.0537, ¢ = 0.3280
nm, and y = 133°. The structure consists of
a pseudo-orthorhombic framework of InOs
polyhedra with the oxygen atoms at the
corners.

In 1977, Freund and Muller-Buschbaum
(35) reported the structure of the Ho ana-
log, using single crystals obtained by melt-
ing the oxide mixture (2 CuO:1 Ho,0y)
with KF as a flux, to be orthorhombic.
They found that the crystal structures of
the Ho and the In compounds (34) are sig-
nificantly different, particularly the coordi-
nation sphere around the Cu?*. Figure 13
shows the atom distribution of the unit cell
of Ho,Cu,0s. Unlike those of many other
oxo—cuprates, the Cu?* has been found to
have four nearest oxygen neighbors ar-
ranged in a distorted tetrahedron configura-
tion. Figure 13 further shows that two each
of these polyhedra share a common edge
and are connected via corners in a wavelike
chain along [010]. The Ho’* ions are sur-
rounded by octahedra which form one-di-
mensional infinite chains connected via
edges.

The structures and X-ray diffraction pat-
terns of all seven R,Cu,05 compounds were
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later reexamined by E. Lambert in 1981 and
1982 (36). All materials were found to be
isostructural and have the Ho,Cu,Os-type
structure with space group Pna2,. Table V
summarizes the crystallographic data and
the PDF No. for eight binary R,Cu,Os
phases, where R = lanthanide and yttrium.
Figure 14 illustrates a plot of the cell vol-
ume V, of R,Cu,0s versus the ionic radii of
Shannon. Similar to the corresponding plot
of the R,CuO,4 compounds, a monotonic de-
crease in crystallographic volumes is also
observed as the ionic radius of the lan-
thanides decreases across the series.

II. Tie-Line Relationships

After the description of the crystal chem-
istry of individual phases and solid solution
series in the CuO-rich region of the BaO-
$R,0,-CuO systems, we are in a position to
discuss the trend of the ternary diagrams

TABLE V
CRYSTALLOGRAPHIC DATA FOR R,Cu,0s

Cell Cell Ionic
Compound  parameters volume Density radius
R,Cu0s¢  a,b,c(am) V@mmd) (g/cm?) R (nm) PDF No.
TbaCuyOs 1.0861 0.48269 7.223 0.1095 34-385
0.35455
1.2535
Dy>Cus05 1.0837 0.47617 7.422 0.1083 33-455
0.35194
1.2485
Y>Cuy0s 1.0799 0.47025 5.537 0.1075 33-511
0.34960
1.2456
Ho,Cuz0s 1.0806 0.47095 7.573 0.1072 33-458
0.34950
1.2470
ErCuyOs 1.0776 0.46528 7.732 0.1062 33456
0.34714
1.2438
TuCuyOs 1.0742 0.45974 7.873 0.1052 34-386
0.34565
1.2382
YbyCu,05 1.0724 0.45462 8.082 0.1042 33-507
0.34329
1.2349
LuyCu;0s 1.0698 0.45085 8.206 0.1032 34-387

0.34102
1.2358

@ All isostructural, orthorhombic with space group Pra?2; .
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F1G. 14. Dependence of the unit cell volume of R,;Cu,Os on the ionic radius of R for R = Tb, Dy, Y,

Ho, Er, Tm, Yb, and Lu.

illustrated in Fig. 3. The La diagram ap-
pears to be the most complicated one. The
presence of four solid solution series
(Baz+2:R4-2:Cuz—,O19-2, Ba,;Ry+,Cus
O6+x’ Bal+xR2—xcu206—x/2, and RZ—XBax
CuQ,) as well as the compound BaR;Cus
O3+, in the La system further makes the
tie-line connection very different from the
rest of the lanthanide series. The number of
solid solution series changes into two in the
Nd system  (BayipRs-2.Cup_Orp-2s,
Ba;_,R,.,Cui0q.,) and reduces into one at
the Sm diagram (Ba,_,R;.,Cu3O¢4,). The
extent of the Ba, ,R;,,Cu;O¢;, solid solu-
tion decreases as the mismatch between
Ba2t and R3?* increases. This range of solid
solution diminishes and ceases to exist be-
yond R = Gd. After the Gd system, only
stoichiometric point compounds are found
in the CuO-rich region.

Another feature of these diagrams is il-
lustrated by the tie-line connection between
the binary compound along the 3R,0;—CuO
edge to the 121 phase and the 213 series. As
has been discussed previously, the R,CuQOy

compound can only be prepared with the
larger size of R, namely, from La to Gd,
while the R,Cu,0s phase exists with the
smaller size of R. The tie-line connection
between this binary composition R,CuQ,/
R,Cu,05 to the 121 phase or the high T,
superconductor compositions appear to re-
flect the different extent of the Ba,_.R.,
Cu;04,, solid solution. When Rs are rela-
tively large and the extent of the solid solu-
tion line is long, e.g., R = La, Nd, and Sm,
a compatibility line is found to connect the
R;CuO, and the tetragonal end member of
the Ba,_ R;+,Cu3O¢:, phase. In the sys-
tems with R = Eu and Gd, the tie-line con-
nection switches to join the CuO phase and
the BaEu,CuO;s/BaGd,CuOs phase, respec-
tively. This trend remains hereafter in the
systems with smaller Rs.

Conclusion

The size of the lanthanides, R+, has been
found to have a profound effect on the
trend of phase and solid solution formation
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as well as phase compatibility relationships
in the CuQ-rich region of the BaO—3R,03—
CuO systems. The larger the size of R3*,
the greater the number of ternary com-
pounds and solid solution series formed. In
the series of Ba,_,R;.,Cu;30¢.,, solid solu-
tion formation was identified to exist with
the larger size rare-earth ions, namely, La,
Pr, Nd, Sm, Eu, and Gd. The range of this
solid solution formation decreases with in-
creasing difference between the size of
Ba?* and R3*. The trend of tie-line connec-
tion is also found to be dependent on the
size of R3t.

It is hoped that the relationships among
compositions, structures, and the size of
R3" discussed in this report will enhance
the understanding of the physical proper-
ties of high 7. superconductors and im-
prove the strategy both for processing these
materials with improved properties and for
the search for new materials. Further work
will continue in the phase equilibria studies
of these lanthanide systems including the
investigation of melting relationships and
primary phase field determination of selec-
tive Ba,RCu30¢., phases and of mixed lan-
thanide phases.
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