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The Gd-Ba-Cu-0 System: Phase Relationships at ~950°C in Air
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A systematic X-ray powder diffraction study of the Gd,0;~BaCQO;-CuO system over the temperature
range 920-980°C in ambient air is presented as a function of cation composition. In the pseudobinary
regions the phases BaGd,0O,, “Gd,Ba;0,,” Gd,CuQ,, and BaCuQO, were observed. Mass balance
data suggest that “Gd,Ba,O;" is actually Gd,Ba,0O; - CO,. In the pseudoternary region the phases
Gd,BaCuOs, GdBa;,Cu,0,, and GdBa,Cu;0q 5., were identified. Although GdBa,Cu,04js. . exhibited
minimal solid solution, GdBa;Cu,0O, evidenced a significant solubility range. Lattice parameters are
presented and from a phase analysis subsolidus relationships are constructed. The system is compared

with related systems. © 1991 Academic Press, Inc.

Introduction

Discovery of high temperature supercon-
ductivity in the ternary region of the
Ln—-Ba—Cu-O (Ln = La-Iu, except Ce,
Pr, and Tb) systems caused them to become
an important as well as exciting area for
study. Numerous experiments have demon-
strated that the characteristics of the
Ln~-Ba—Cu-O phases depend greatly upon
the preparatory procedure (/). Electron dif-
fraction and phase studies of orthorhombic
Y-“123"" specimens prepared at relatively
low temperatures under controlled O, par-
tial pressures have demonstrated the pres-
ence of Jong range oxygen ordering and dis-
crete superstructure phases which change
with oxygen content (2). However, the
global phase relationships of a number of
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Ln still remain unknown. Studies over the
entire-composition range have been estab-
lished in the 900-1000°C temperature range
in air only for the Ln-Ba—-Cu-O systems:
Ln =Y (3-7); La(8, 9); Prand Nd (I0); Sm
(I1);Eu(2);Er(I3),and Tm ({4). Similarit-
ies that might be expected when one triva-
lent lanthanoid ion is replaced by another
have not been observed; lanthanoid ion size
and basicity appear to be important factors
in determining phase stability. Of the sys-
tems studied only those of the adjacent Ln
pairs, Er and Tm, and Sm and Eu, appear
to exhibit identical high temperature rela-
tionships.

The present study was undertaken to clar-
ify phase relationships in the Gd-Ba—Cu-0O
system; to our knowledge only a partial sub-
solidus phase diagram in the CuQ-rich re-
gion has been reported (15). We present a
compilation of the compounds and phase
compatibilities found in air in the 920-980°C
temperature range which is high enough to
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allow equilibration in a resonable time
frame, yet low enough to preclude melting.

Experimental

The reactants, Gd,0; (99.9%, Research
Chemicals, Phoenix, AZ), BaCO,; , and CuO
(reagent grade, P. O. Ch, Gliwice, Poland),
were monophasic by X-ray powder diffrac-
tion. Reagents were weighed to an accuracy
of 0.1 mg, hand mixed under acetone with
an agate mortar and pestle for 15 to 20 min,

and then air dried. The specimens were -

placed in alumina boats and fired in a tube
furnace in air for 24 hr at 920-980°C, then
air quenched by removal from the furnace.
Some ‘123" products were annealed under
a l-bar dynamic O, atmosphere for 12 hr
at 950°C and cooled subsequently to room
temperature over a period of ~4 hr. Shorter
cooling times did not appear to influence the
structure of the products.

Phase analysis and characterization were
effected by the Guinier X-ray powder dif-
fraction technique as described previously
(11). Lattice parameters calculated by a
least-squares routine were refined with the
program Appleman (16). X-Ray powder dif-
fraction intensities were calculated with the
program POWDI12 (/7).

In an effort to check for the presence of
carbonate ions, the products of selected
Gd-Ba-O mixtures were also subjected to
mass balance and IR characterization. Mix-
tures of Gd,0; and BaCOj; in a 1:4 molar
ratio, as well as a control sample of BaCOy,
were sintered 3 days at ~925°C, then sub-

jected to X-ray powder diffraction analysis

and, via the KBr procedure, to IR analysis.
The mass loss of different ~1-g mixtures,
heated at ~950°C, was monitored at 24 and
48 hr, after which X-ray diffraction data in-
dicated onset of specimen decomposition as
described below.

Results and Discussion

Initial molar compositions, sample num-
bers, phases observed, and specimen colors
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are compiled in Table I. Phase relationships
are presented in Fig. 1. The numbers desig-
nated in the figure are keyed to the sample
numbers listed in Table I. Lattice parame-
ters and structure types for the seven phases
that were observed together with selected
literature data are presented in Table II.

The Pseudobinary Regions

The BaCO;—CuO region. Only the well-
characterized cubic /m3m BaCuO, (18, 19)
was observed. Other reported compounds
(8, 20) are unstable under the reaction condi-
tions employed in this investigation.

The Gd,03—BaCO, region. Observed and
calculated interplanar d-spacings and ob-
served intensities for the previously unre-
ported ‘*Gd,Ba,0,” are presented in Table
II1. The tetragonal lattice parameters (see
Table II) agree well with those reported for
the yttrium analogue (21, 22) and homolo-
gous ‘‘Ln,Ba,0;”’ (Ln = Dy, Ho, Er, Tm,
and Yb) species (23). However, on the basis
of mass balance data the Ln = Y compound
has been reported to be Y,Ba,0; - CO,
rather than Y,Ba,0, (7). Our mass balance
data are consistent with this report, support-
ive of the oxidecarbonate formula.

Numerous IR analyses were performed
in an effort to verify the presence of the
carbonate ion. Carbonate bands were ob-
served at 1460, 1065, 865, and 700 cm ™! in
the heated BaCO; control specimen, but
corresponding bands could not be found in
the spectrum of an Ln = Gd compound
which was very pure by X-ray diffraction.
The absence of BaCO, reflections in the
““Gd,Ba,0;’ X-ray diffraction pattern, un-
fortunately, does not ensure its absence
from the specimen. The mass balance data
could also reflect a small BaCO, impurity in
Gd,Ba,0,. A BaCO; level of less than 3%
could explain the mass balance data, and
would probably not be detected by X-ray
powder diffraction. Attempts to prepare
Gd,Ba,0, from Ba,0, and CuOled to incom-
plete reaction as might be expected were
CO, either present in the sample as an impu-
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TABLE I
InITIAL MIXED CATION COMPOSITION AND PHASES OBSERVED IN THE BaCO;-Gd;0,~-CuO SYSTEM

Sample Initial
No. composition® Phases observed Color
1 0:1:1 BaCuO, Black
2 1:2:0 *Gd,Ba,0;"’" White
3 1:1:0 BaGd,0, + *‘Gd,Ba,0;” White
4 4:3:0 BaG4,0, + “Gd,Ba,0;” White
5 2:1:0 BaGd,0, White
6 2:0:1 Gd,Cu0, Black
7 1:0:1 Gd,Cu04 + CuO* Black
8 2:0:3 Gd,CuO, + CuO Black
9 2:1:1 Gd,BaCuO;s Green
10 4:1:1 Gd,BaCuOs + Gd,04 Light green
11 7:1:2 Gd,BaCuQs + Gd,Cu0, + Gd,04 Dark green
12 7:2:1 Gd,BaCuO; + BaGd,0, + Gd,0, Light green
13 1:3:2 GdBa;Cu,0, Black
14 1:4:3 GdBa;Cuy0, + BaCuO, Black
15 5:28:17 Gd,_,Ba;,,Cu,0, + BaCuQ, Black
16 5:61:34 Gd,_,Ba;.,Cu,0, + BaCuO, + BaO Black
17 1:4:2 GdBa;Cu,0, + BaO* Black
18 1:3:1 Gd,;BaCuO; + GdBa;Cu,0, + BaO Black and green
19 2:4:3 Gd,BaCuOs + GdBa;Cu,0, Black and green
20 1:2:1 Gd,BaCuOs + GdBa;Cu,0, + BaO*® Black and green
21 2:2:1 Gd,BaCu0;s + BaO* Green
22 2:5:1 Gd,BaCuO; + BaO Green
23 2:7:1 Gd,BaCuOs + BaO Grey-green
24 4:5:1 Gd,BaCuOs + “‘Gd,Ba,0;” Light green
25 5:4:1 Gd,BaCuOs+ BaGd,0, + “Gd,Ba0;¢ Light green
26 1:2:3 GdBa,Cu3Og5. Black
27 3:3:4 GdBa,Cu;045,, + Gd,BaCuOs Black and green
28 1:4:5 GdBa,Cu;0q45,, + BaCuO, Black
29 1:1:2 GdBa,Cu;045,, + GdyBaCuOys + CuO* Black and green
30 2:1:3 Gd,BaCuQs + CuO Brown and black
31 3:3:14 GdBa,Cu0¢5., + CuO + Gd,BaCuOs Black and green
32 1:2:7 GdBa,Cu;0q 5., + CuO Black
33 2:9:9 BaCu0, + Gd,BaCuOs Black
34 2:5:5 BaCuO, + Gd,BaCuO; Black and green
35 2:3:3 Gd,BaCuQO; + BaCuO,* Green and black

4 Ln:Ba: Cu molar ratio.
b See text for discussion on ““Gd;Ba,0,.”
¢ Trace quantities of substance detected.

rity or absorbed from the atmosphere. Be-
cause of the reproducibility of the mass bal-
ance data and our inability to prepare the
specimen when Ba,0, was a reactant, we
believe that this ‘240" phase is described
best as a carbonate. We also attempted syn-
thesis of the “‘Ln,Ba,O;”" species for Ln =
Dy and Ho. Here again mass balance data

are consistent with an oxidecarbonate,
Ln,Ba,0,; - CO,, suggesting that the data
reported for this phase in (23) actually de-
scribe oxidecarbonates rather than pure ox-
ides. The interaction of CO, with the yt-
trium-‘‘123"" compound was examined
recently (24) and even specimens prepared
in the absence of CO, were found to contain
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GdO

BaO

15

F1G. 1. Phase diagram projection on the Gibbs triangle of composition for the system Gd,0:-Ba
CO,;-CuO at ~950°C (1223 K). Regions in which solid solution was observed are lined. See text for

discussion on ‘‘Gd,Ba,0,.”

a small concentration of CO,. All of these
complex basic oxides may contain some de-
gree of CO, contamination.

At temperature above ~950°C Gd,Ba,
O, - CO, decomposes into BaGd,0,(s) and
BaO(s). This transformation can be repre-
sented by

Gd,04(s) + 4 BaCO4(s) =25 Gd,Ba,0,
>950°C

+ 3BaO(s) + COy(g).

Previously characterized BaGd,0, (25, 26),
which is isostructural with orthorhombic
CaSc,0, (27), was also identified. Since
only a portion of the BaGd,0, X-ray pow-
der diffraction pattern could be found in
the literature (26, 28), the complete set

of observed and calculated interplanar
d-spacings and intensities is presented in
Table IV.

It is noteworthy that Ln,Ba,Os- and
Ln,Ba;0,-type phases characteristic of this
region in the related heavy lanthanoid sys-
tems (22, 23) could not be prepared.

The Gd,0;—CuO region. The compound
Gd,CuO, has been reported and was the
only phase observed. Its X-ray powder dif-
fraction pattern was indexed with tetragonal
lattice parameters that are in good
agreement with reported values (29). X-ray
powder diffraction intensities calculated
with the atomic parameters reported for
K,NiF,-type La,Cu0, (30) agreed well with
observed values. Attempts to prepare the
Ln,Cu,0Os-type compound reported for La
=Y, Tb~Lu (37) met with failure.
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TABLE II
LATTICE PARAMETER AND SYMMETRY DATA ON PHASES OBSERVED IN THE BaCQ0;-Gd,0,—CuO SYSTEM

Lattice parameters

Compound Symmetry? a(A) b(A) c(Ac) Ref.b Notes
BaGd,0, (6} 10.488(3) 3.516(9) 12.261(3)
10.490 3.526 12.270 25)
**Gd,Ba0,’¢ T 4.421(6) 28.603(5)
Gd,CuO, T 3.899(1) 11.898(4)
3.89 11.861 (29)
BaCuO, C 18.277(5)
18.2772(2) (014)]
Gd,BaCuO; (6] 7.221(2) 12.313(4) 5.734(1)
7.226(2) 12.321(2) 5.724(1) G2
7.225 12.316 5.722 15)
GdBa;Cu,0, T 5.8089(9) 8.036(1)
Gd,_,Ba;,,Cu,0, 5.818(1) 8.061(2) d
GdBa,Cu;04 5. . 0 3.840(3) 3.901(2) 11.692(6)
3.834(2) 3.900(2) 11.674(3) e
3.859(1) 3.885(2) 11.759(3) 39)
Gd;,,Ba,_,Cus0, 3.837(1) 3.886(2) 11.691(4)

¢ C, cubic; T, tetragonal; O, orthorhombic.
# This work, except as noted.
¢ Actual composition probably Gd;Ba,0O, - CO,.

4 Largest lattice parameters observed as x was varied.

¢ Annealed in a partial pressure of O, = 740 Torr.

The Pseudoternary Region

Three phases are present: Gd,BaCuOx,
“211°7; GdBa,Cu;304 5, ., ““123°’; and GdBa,
Cu,0,, “132.” The *‘green’ 211" com-
pound crystallizes in orthorhombic symme-
try with lattice parameters (see Table II) in
good agreement with literature values (I35,
32).

The “*123”’ phase when prepared in air
yielded a well-defined monophasic X-ray
powder diffraction pattern indexable on or-
thorhombic lattice parameters (see Table II)
that agree well with literature values (33).
This product did not show the Meissner ef-
fect at liquid nitrogen temperatures, but the
high-T, version could be prepared by reheat-
ing the orthorhombic specimen in a dynamic
oxygen atmosphere (pO, ~ 740 Torr). Re-
fined lattice parameters of the supercon-
ducting phase are slightly smaller than those

of the nonsuperconducting analogue (see
Table II); the unit cell volume decreases
~0.6 A’ from 175.1(2) A3 to 174.5(2) A® upon
oxidation. Similar volume changes have
been reported for the Eu and Tm supercon-
ducting phases (12, 14). A unit cell volume
decrease of 2.5 A? was observed for YBa,
Cu;0,5 (34) when 8 was changed from 1 to
0 and presumably results from an increase
in the copper ion oxidation state counterbal-
anced by the presence of additional oxide
ions. Under the preparative procedure em-
ployed a ‘123" tetragonal modification
could not be prepared.

Numerous Gd-rich ‘123" specimens
yielded almost invariant lattice parameters
that suggest only minimal solid solution.
However, the ““123"° compound does ex-
hibit a narrow solid solution region formed
by gadolinium substitution on the Ba ion
site. According to (35) the stability range of
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TABLE III

MILLER INDICES, OBSERVED AND CALCULATED INTERPLANAR d-SPACINGS, AND OBSERVED INTENSITIES
FOR THE “GdzBa407” (GdzBa407 . COQ) PHASE

h k I d,(A) d(A) Le h k I d(A) d(A) L2
0 0 4 7.170 7.151 m 2 0 0 2.212 2.210 vs
1 0 1 4.366 4.369 w 2 0 4 2.110 2.112 s
1 0 3 4.020 4.011 uw 0 0 14 2.045 2.043 m
0 0 8 3.582 3.575 vw 2 1 3 1.9353 1.9358 vw
1 0 5 3.506 3.498 m 1 1 12 1.8952 1.8954 vw
1 1 0 3.125 3.126 vs 2 1 5 1.8692 1.8685 w
1 0 7 3.009 3.001 vus 2 1 7 1.7802 1.7796 vs
1 1 4 2.868 2.864 vw 1 1 14 1.7106 1.7102 m
1 0 9 2.585 2.580 5 2 0 12 1.6208 1.6207 w
0 0 12 2.381 2.384 vw 2 1 11 1.5737 1.5738 w
1 1 8 2.356 2.353 m 2 2 0 1.5632 1.5629 w
1 0 11 2.244 2.241 m

4 Estimated from Guinier film.

the solid solution region Gd, ,,Ba,_,Cu;0,
is limited to 0 = x = 0.2, but our
Gd, ,Ba, ;Cu;0, preparation contained an
impurity phase. Thus, the solubility limit
must be less than x = 0.2. This discrepancy
may result from different synthesis condi-
tions, e.g., temperature of firing and an-
nealing.

In the BaCO;(BaO)-rich ternary region
the tetragonal ‘“132”’ phase was observed.
Its lattice parameters are close to those re-
ported for YBa;Cu,0O, (5) and other analo-
gous Lrn-containing compounds (36). In-
terplanar d-spacings and intensities of the
‘132> phase are presented in (36). Samples
produced from reactants in the mole ratio
Gd:Ba:Cu = 1:3:2 always contained a
small amount of the ‘211"’ green phase, an
observation that correlates well with that
of Roth et al. (5) on the yttrium analogue.
Replacement of gadolinium in the *‘132°°
phase with Ba produces an extended phase
region. Specimens of the nominal series
Gd, _,Ba;, ,Cu,0, were prepared; lattice pa-
rameters of the preparation that yielded the
largest cell volume are presented in Table
1I.

The experimental results permit construc-

tion of the phase diagram projection on the
Gibbs triangle of composition as shown in
Fig. 1. The phase subsolidus compatibilities
in air near the investigation temperature of
950°C as determined by the seven phases
described previously divide the diagram into
eleven ternary regions. From one side this
phase diagram is similar to those of the yt-
trium (5), erbium (13), and thulium (/4) sys-
tems, and from the other side it is similar to
that of europium (72). This behavior might
indeed be expected given the ionic radii vari-
ation across the lanthanoids (37). Since the
eruopium and yttrium systems differ appre-
ciably, the Gd system might be expected to
be transitory. The ternary gadolinium ana-
logue of Eu;Ba;CugOy35,, “336,”” which is
not present in the yttrium system, could in-
deed not be prepared. Other ternary phases,
‘123" and “‘211,”" present in both the Y and
the Eu systems are also present here. The
ternary ‘132"’ phase has been reported in
the Ln = Sm-Tm (except Tb) and Y sys-
tems, but recent reports suggest that in the
latter case it is actually a mixture of ‘152"’
and ‘253 phases (). Since the ‘132"
phase could never be prepared pure, our
reaction conditions must be at the thermo-
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TABLE 1V

MILLER INDICES AND OBSERVED AND CALCULATED INTERPLANAR d-SPACINGS
AND INTENSITIES FOR BaGd,0,

h k I dA)  d(A) If I h ko d(A) d(A) Is I
L0 2] gy, [ 5293 1 4 1 0 2101 2.102 s n
2 0 0 : 5244 | OV 5 4 1 1 2071 2.072 m 11
2 0 2 3989  3.985 m 9 0 1 5 2011 2.011 w 5
0 1 1 3383  3.380 m 9 2 0 6 19046  1.9040 s 11
11 1 3206 3217 m 8 2 1 5 1.8780 4
0 0 4 3066  3.065 us a4 41 3 ] L eee " 2
30 2 3041 3037 ws 100 3 0 6 1.7642 16
0 2 0 { L7571 { 1.7580 s 18
6 0 0 1.7480 12
1 0 4 2.942 7 1 1 6 17420 1742 m 17
11 2 } 2932 { 2.929 } vs { 71
2 1 0 290 2.9 s 304 1 4] o [ L1733 S
2 1 1 2844 2841 w s s 0 4 : 1.7311 4
1 1 3 258  2.583 5 205 1 2 — 1.7283 15
3001 1 2431 2430 m 702 1 6 L6745 1.6743 Ww 6
4 0 2 2411 2411 w 33 4 0 6 16117 16118  ow 3
2 1 3 2376 2.376 w 14 1 S 15959 15959  ow 3
11 4 2.256 8
2 0 5 } 2.227 { 2.221 } Y { 0
301 3 2.120 9
2 1 4 } 2115 { 2.114 } vs { 31

¢ Estimated from Guinier film.

b Intensities calculated with CaSc,0, atomic parameters (27) and the isotropic thermal parameters: Gd, 0.9;

Ba, 1.0; O, 1.5 A%

dynamic limit of phase stability. Composi-
tion-0O, partial pressure phase studies on
yttrium ‘123’ phases suggest that this
*132”’ phase could be prepared under lower
partial pressures of oxygen (38).

In the pseudobinary Ln-Ba-O and
Ln-Cu-O regions the ‘210" BalLn,O, is
common to the Ln = Eu, Gd and (above
1000°C) Y systems, but *“240’* Ln,Ba,0, oc-
curs only for Ln = Gd and Y. The yttrium
system also exhibits the ‘220" Ln,Ba,0s
phase in common with the Ln = Er and Tm
systems, and the latter evidence addition-
ally a “*430”’ phase, both of which are absent
inthe Ln = Gd and Eu systems. As a conse-
quence of these differences the Gibbs trian-
gular phase regions in the various systems
differ considerably even though preparatory

temperatures are essentially the same,
~950°C, and three pseudoternary phases
are common across all systems studied.
Thus, the gadolinium system along with that
of yttrium appears transitory between those
of europium and erbium/thulium.

A summary of the phases reported over
the temperature region 900-1000°C in
Ln-Ba-Cu-O systems (where Ln = La,
Pr, Nd, Sm, Eu, Gd, Y, Er, and Tm) is
presented in (/7). These data demonstrate
the diversity of the phase relationships in
the Ln-Ba-Cu-O systems. The diversity
probably results from changes in the lantha-
noid(I1I) ionic radii, the concomitant basic-
ity variation, and possibly electronic struc-
ture differences. From this comparison it
appears that these Ln,0,-BaCO;—CuO sys-
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tems must be divided into at least three sub-
groups: the first characteristic of La, the
second specific for Eu, and the third com-
mon to the heavier lanthanoids, the Y-type
elements, with a gradual variation within the
latter group.
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