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Single-phase powders of Ba,Cu;O4 have been prepared at
620°C under 1 atm of oxygen using freeze-dried nitrate precur-
sors. Calcinations utilizing a precursor with a 1:1 Ba: Cu stoi-
chiometry produced a two-phase mixture of BaO, + Ba, Cu;O¢
and confirmed the stable, oxidized barium cuprate exists with
a metal ion ratio close to 2: 3. Diffraction studies suggest that
Ba,Cu;04 (Bays,Cu0,) crystallizes in a structure closely related
to the linear chain KCuO, and NaCuO, cuprates. It is proposed
that the reduction of copper and accompanying loss of oxygen
observed above 620°C are accommodated by an increase in the
Ba content of the structure and the formation of Ba,,,Cu;05
with 0 = y = 0.25. Above 710°C, the high-y end member is
metastable with respect to BaCuO,, although it decomposes
slowly even at elevated temperatures. 0 1996 Academic Press, Inc.

I. INTRODUCTION

All of the high-T, superconductors in the Y-Ba—-Cu-O
system have been shown to be metastable at low tempera-
tures under 1 atm of oxygen (1-8). Low-temperature phase
studies at the Y:Ba:Cu = 1:2:4 composition conducted
using freeze-dried nitrate precursors (1) indicated that be-
low 675°C the stable phase assemblage is Y,0;, CuO, and
an oxidized, semiconducting barium cuprate, Ba,Cu;0.
This result was later confirmed using high-precision per-
chloric acid solution calorimetry (2). The dominant stabil-
ity of Ba,Cu;04 at low temperatures under oxygen is di-
rectly related to the valence of Cu (+2.66), which is the
highest of any cuprate in the Y-Ba—Cu-O system. Several
conflicting reports have appeared in the literature regard-
ing the stoichiometry, structure, and stability of Ba,Cu;0s.
In many cases these contradictions have arisen from the
difficulty in preparing single-phase, BaCOj;-free samples
and the apparent incommensurate modulation of the bar-
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ium ion positions within the structure. In this paper we
report on our own studies of the composition, phase homo-
geneity, structure, and stability of Ba,Cu;O¢ which was
synthesized at low temperature under 1 atm of oxygen
using a freeze-dried nitrate precursor route. While we were
unable to improve upon previous refinements of the struc-
ture (9, 10), we believe our results resolve the confusion
surrounding the stoichiometry, crystal chemistry, and ther-
mal stability of Ba,Cu;Og.

The existence of an oxidized binary cuprate with a
Ba:Cu concentration close to 2:3 was first reported by
Halasz et al. (11) and subsequently investigated in detail
by Thompson et al. (9, 10). By reacting BaO, and CuO at
680°C under overpressures of oxygen ranging from 10 to
15 atm, Thompson obtained samples of “‘Ba,Cuz0s.5” with
0.5 = 6 = 0.9. Similar results were reported by Williams
et al. (12), who obtained samples with a larger grain size
using a high temperature (980°C), high po, (58 bar) route.
While these and other investigations of the low-tempera-
ture phase equilibria in the Ba—Cu-O system (13, 14) sup-
port the formation of an oxidized barium cuprate with a
2:3 Ba: Cu stoichiometry, reports on the preparation of a
trivalent cuprate, BaCuQO, 5, with a 1: 1 stoichiometry have
consistently appeared in the literature over the past 20
years (15-18).

As noted by Thompson et al. (9, 10) and Roth (13), the
X-ray patterns in the first paper on the preparation of
“BaCuQO,5” (15) were mistakenly interpreted in terms of
a single-phase product, and can be indexed to a two-phase
mixture of Ba,Cu;04 and BaCOj;. Despite this corrected
interpretation, three other reports have recently appeared
on the preparation of BaCuQO, 5. Machida et al. (16) reacted
equimolar mixtures of Ba(NO;), and Cu(NOs), in air and
claimed single-phase samples of BaCuO, s were formed at
650°C. However, their x-ray patterns are essentially identi-
cal to those collected by Arjomand and Machin (15) and
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again can be indexed in terms of a BaCO; + Ba,Cuz0q
two-phase mixture. Petricek et al. (17) also reported that
1:1 mixtures of BaO, and CuO yield a single-phase Ba
CuO,,, product at 540 and 560°C under a Po, of 90 and
385 kPa, respectively. In that work, the BaO, precursor
was purified to exclude any BaCO; and correspondingly
the listed d-spacings, which were interpreted in terms of
a single-phase BaCuO,s product, show no evidence for
carbonate formation. With the exception of several addi-
tional lines, the strongest of which have d-spacings = 6.419,
4.701, 2.587, 2.400, 2.323 A, the X-ray patterns quoted
by Petricek et al. (17) are identical to those reported for
Ba,Cu;0¢ (9, 10). However, these additional reflections
correspond to a second phase of Ba(OH),-H,O which
presumably formed because of the presence of H,O in the
reaction system. Noting the results in (9, 10), Petricek et
al. repeated their synthesis using a BaO, : CuO mole ratio
of 2:3. Although they report the final product contained
“BaCuQO,;s” and excess CuO, we suggest this preparation
actually failed to come to completion and yielded a mixture
of Ba,Cu;04 + Ba(OH), - H,O + CuO. The most recent
report on the formation of BaCuO, ;s was made by Mingmei
et al. (18), who reacted an equimolar mixture of BaO, and
CuO under an oxygen gas flow at 550°C for 60 h. However,
careful inspection of their X-ray data shows reflections
from Ba,Cu3;O¢ plus strong additional lines that correspond
to BaO, and BaCOs;.

While the difficulty in achieving equilibrium and
avoiding carbonate formation has contributed to the
contradictions in the literature, the debate surrounding
the composition and crystal chemistry of Ba,Cu;Og has
also been complicated by the apparent incommensurate
nature of its structure and by the possible existence of
several different polymorphs. Using electron and X-
ray diffraction Thompson et al. (9, 10) concluded that
“Ba,yCu;30s,5” has an incommensurate, vernier-type struc-
ture with infinite chains of edge-shared CuO, square
planes separated by a layered Ba sublattice. In addition
to finding that the structure modulation was sensitive to
the oxygen content, evidence was provided for at least
three different, though related forms of the 2:3 barium
cuprate phase. The first was a “low-ordered” form stable
below 700°C with § = 1 (i.e., Ba,Cu;0g); this structure
was modeled using a monoclinic supercell in which the
linear CuO, chains are interspersed by a hexagonal Ba
sublattice. Below 700°C for 1.0> 6 > 0.0, a “low-
disordered” form of Ba,Cu;Os,s; was formed with a
structure claimed to be based on a primitive hexagonal
Ba array and a CuO, sublattice consisting of short chains
randomly oriented in three directions. A third ‘high-
disordered” form of Ba,Cu;Os.s; was also reported to
exist above 700°C for 6 < 0.5. The transitions between
the various structures were apparently driven by the
changes in the bulk oxygen content, and, therefore, in
the formal copper valence.
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II. EXPERIMENTAL

The samples of Ba,Cu;Oq4 studied in this work were
prepared by an ultrasonic, freeze-dried nitrate technique.
A detailed description of the techniques is presented in
Ref. (1) and only a summary is given here. Stoichiometric
quantities of CuO and Ba(NOj;), were dissolved in
deionized/distilled water with the aid of dilute nitric acid
and heat. The solutions were stirred until all traces of
the oxides had disappeared and then passed through an
ultrasonic atomizer (Sono-Tek) to form micrometer-sized
droplets. The droplets were rapidly frozen in liquid nitro-
gen to preserve the intimate mixing of the solution state.
After removing the solvent via sublimation at reduced
temperatures and pressures in a commercial freeze-dryer,
a highly reactive precursor was obtained for subsequent
studies of the low-temperature solid-state phase equilibria.

Two precursors with Ba: Cu = 2:3 and 1:1 were investi-
gated. They were placed into platinum or gold foil boats,
depending on the annealing temperature, and plunged into
a preheated tube furnace under 1 atm of flowing oxygen.
The decomposition of the nitrate precursor was accompa-
nied by a rapid evolution of NO, and water vapor. Al-
though the reactions of the freeze-dried precursors gener-
ally occurred within minutes, the samples were usually
annealed for 18 to 20 h to improve their crystallinity. All
of the powders were characterized using a Seimens D5000
powder X-ray diffractometer (XRD) that utilizes Cuk,
radiation. Thermogravimetric analysis was performed us-
ing a Perkin/Elmer TGA-7.

III. RESULTS AND DISCUSSION
A. Stoichiometry

As discussed in the Introduction, there has been consid-
erable debate over the existence and exact stoichiometry
of a copper-rich barium cuprate. Much of this discussion
has focussed on the conflicting reports of an oxidized 1:1
cuprate with a stoichiometry approaching BaCuO, 5 versus
a 2:3 cuprate generally described as Ba,Cu;Os,s (or Ba,
Cu;306_,). The disagreements have largely arisen due to
the failure to recognize the formation of second phases of
BaCOj; and BaO, which are potentially stable phases under
the low temperature, high po, conditions employed during
the sample synthesis. Therefore, our first objective was
to resolve this controversy and to demonstrate that the
oxidized barium cuprate that is formed in this region of
the phase diagram is indeed copper-rich. To this end, a
freeze-dried nitrate precursor was prepared with Ba: Cu =
1:1. A portion of the sample was reacted at 900°C for 18 h
under flowing oxygen. The X-ray patterns only contained
reflections from the divalent cuprate BaCuQO,, see Figure
la. Another portion of the 1:1 precursor was reacted at
620°C under pure oxygen, after 18 h of heating this pattern
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FIG. 1.
and (b) 620°C. Principle BaO, peaks are indicated (°).

(Fig. 1b) contains reflections from BaO, and the Ba,
Cu;0s. 5 phase reported by Thompson et al. (9, 10). This
result is in direct conflict with the claims of a stable oxidized
cuprate with a 1:1 stoichiometry and supports the exis-
tence of a copper-rich phase at low temperature in which
the Ba and Cu are present in a 2: 3 ratio. The observation
of a second phase of BaO, agrees with the phase equilibria
studies of Roth (13) and suggests that the barium-rich
cuprate Ba,CuQOj;, which is known to exist at higher tem-
perature, is also unstable in the 600-650°C range. We did
not make any further attempts to characterize the lower
temperature stability limit of Ba,CuO;.

Preparation of single-phase samples of Ba,Cu;O4 was
accomplished through reactions of freeze-dried nitrate pre-
cursors with Ba:Cu = 2:3. The reflections in the X-ray
patterns collected from a powder reacted at 620°C under
a flow of oxygen gas, Fig. 2, were in agreement with those
reported previously (9, 10). A weak reflection observed in

X-ray patterns collected from a freeze-dried nitrate precursor with Ba:Cu = 1:1 after reaction under 1 atm of oxygen at (a) 900°C

the patterns at 20 = 23.9° could correspond to trace
amounts of BaCO;, though it is possible that this may
originate from the modulations within the Ba,Cu3Og struc-
ture. The d-spacings and relative intensities are reported
in Table 1. The oxygen content listed in the formula was
in agreement with the results of TGA analyses using form-
ing gas.

B. Structure

Although the similarity between the two structures has
not been noted previously, the models proposed by
Thompson et al. (9, 10) indicate that the low-temperature
form of Ba,Cu;0s.5 with § = 1, is closely related to the
structure of the alkali cuprates ACuO, (A = Na, K, Cs,
RD). These structures all contain infinite, one-dimensional
chains of edge-shared square-planar cuprate groups cross-
linked by the larger electropositive cations (19). In the
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FIG. 2. X-ray pattern of Ba,Cu;O¢ sample prepared at 620°C under pure oxygen.

NaCuO,-type phases, the copper atoms at the centers of
the CuO, planar groups in the CuQO, sublattice adopt a
face-centered orthorhombic arrangement with, using the
setting adopted in recent studies, the linear chains parallel
to the a-axis; see Fig. 3 (20-24). For NaCuO,, which actu-

TABLE 1
Indexing Scheme for Ba Subcell in Ba,Cu;04

2 oobs 2 ocalc Irel h k l
15.54 15.52 8 0 0 2
23.94 23.37 4 0 0 3
24.37 24.33 10 1 1 0

24.34 0 2 0
25.61 25.57 19 1 1 1
26.03 7
29.01 29.00 100 0 2 2
30.45 11
31.36 31.33 65 0 4
34.01 33.99 4 1 1 3
40.08 40.07 18 2 4
41.14 8
41.84 3
42.48 1
42.97 42.82 1 1 3 0
44.20 44.12 1 0 3 3
44.87 10
47.80 47.79 8 0 0 6
49.88 49.88 6 0 4 0
50.53 50.54 1 2 2 1
52.55 52.56 3 0 2 4
53.75 54.02 2 1 3 4
54.34 54.34 14 0 2 6
55.75 55.76 3 2 2 3
60.08 60.10 1 0 4 4
65.35 65.36 12 2 2 5

65.37 0 0 8

Note. a = 4225(2), b = 7312(2), ¢ = 11.420(2) A.

ally undergoes a very small monoclinic distortion from
orthorhombic symmetry, the cross-linking Na atoms oc-
cupy octahedral sites in the interchain channels (21-23).
This structure is also adopted in the low-temperature form
of calcium cuprate, Ca,CuO, (x = 0.8-0.85) (21, 24), and
by several ternary calcium-rare earth cuprates, (Ca,-,
RE;.)CusOp — RE =Y, Gd, Nd (20, 25). In the nonstoi-
chiometric A;_,CuO, phases the reduced occupancy of
the interchain sites leads to variable incommensurability
arising from a mutual modulation of the A and Cu sublat-
tices. The A ions were shown to be located on a C-centred
monoclinic or orthorhombic sublattice, with the Cu sublat-

®0Ocu;y=0.0,0.5 @ O0;y=0.0,0.5

FIG. 3. Schematic [010] projection of the face-centered, orthorhom-
bic CuO, sublattice in the NaCuO,-type structure.
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tice retaining a fcc arrangement (20, 21, 24). Extensive
investigations of the Ca;_,CuQ, (or Cas.,CusO;) system
using high-resolution TEM (24) and the ternary (Ca,-,
RE,.,)CusOq cuprates using X-ray and electron diffrac-
tion (20) have shown that the modulations in these systems
are quite complicated and vary according to the chemistry
and concentration of the A-site ions in the interchain posi-
tions.

In the KCuO; structure (22,26), the linear cuprate chains
are displaced by half a polyhedron to remove the centering
of the Cu sublattice in the (001) plane (using the setting
adopted above for NaCuQ,), and the larger alkali ions [K,
Cs (27), Rb (28)] occupy uncapped trigonal prismatic sites.
There are no reports of other phases with this type of chain
arrangement. In the related MAuO, phases, e.g. KAuO,,
the Cu atoms adopt a primitive sub-lattice and the CuO,
chains are linked by cubic polyhedra (28).

The key crystallographic features of Ba,Cu3;Og, or Bag g7
CuQ,, reported by Thompson et al. (9, 10) bear a marked
resemblance to those identified above for the ACuQO, struc-
tures. While complete refinement was not accomplished,
due in part to the complex modulations and the poor crys-
tallinity, it was concluded that the barium ions in Ba,Cu;O¢
are located on a C-centered orthorhombic lattice and a
primitive, monoclinic CuO, sublattice was comprised of
linear chains of edge-shared CuO, square planes. A com-
mensurate model for the superstructure was proposed us-
ing a monoclinic lattice with a = 8.48 A,b=733A,¢c=
12.15 A, B = 110.4°; see Fig. 4 (10).

While the models proposed for the structure of Ba,
Cu;0g are in reasonable agreement with the experimental
X-ray patterns some reflections, for example at 26 = 30.45,
presumed to arise from the mutual modulation of the two
sublattices could not be indexed. During our own investiga-
tions of this system we made many attempts to improve
upon these models but had no significant success. However,
we believe our interpretation of this system in terms of
the formation of an ACuO,-type lattice does provide some
new insights into the crystal chemistry and stability of
BaZCu3O(, .

The positions of most of the reflections in our X-ray
patterns (Fig. 2) of Ba,Cu;O¢ could be indexed using the
C-centered orthorhombic cell proposed for the Ba sublat-
tice (9, 10). Using the indexing scheme shown in Table 1,
these refined to a cell with ag, = 4.225(2) A, by, = 7.312(2)
A, and cg, = 11.420(2) A, which is in good agreement with
the previously reported values. In this cell, the repeat along
the a direction corresponds to one Ba—-Ba separation. A
“composite” ACuO,-type supercell can then be con-
structed for Ba,CuzO4 by adding a primitive monoclinic
CuO; sublattice, with ac, corresponding to one Cu-Cu
separation, bc, equal to and coincident with the Ba sublat-
tice, and 2¢c, = cpa/sin B where tan 8 = —(cpa/ag,); see
Fig. 4. In the resultant monoclinic supercell, where a =
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FIG. 4. Projection onto (010) of the monoclinic supercell proposed
for Ba,Cu;0g in (10).

8450 A, b = 7312 A, ¢ = 12.176 A, and B = 110.3°,
the repeat distance along a corresponds to the smallest
common multiple of the Ba—Ba and Cu-Cu repeats in
the two subcells, i.e., agper = 205, = 3aC°u- The a repeat
of the Cu subcell in Ba,Cu;Oq4, 2.817 A, is essentially
identical to those observed in the Ca;_,CuQO, (2.807 A)
and Ca,, M, ,CusOyo (2.811-2.833 A) phases (20, 21,
24). As expected the volume of the supercell for the
barium cuprate, Vg, cuo, = 705.6/3 = 235.2 A3 is lar%er
than that of the calcium isomorph, Ve, cuo, = 189 A3

The formation of a primitive, monoclinically distorted
Cu sublattice implies that Ba,Cu3;Og is more closely related
to the KCuO,-type rather than NaCuO,-type structure.
However, consideration of the b-axis cell repeats of the
different linear-chain cuprates, which are particularly sen-
sitive to the C-centering and the size and coordination of
the A-site cations, point to a similarity to NaCuO,. In Fig.
5, we show data for the cell repeats along this direction of
the lattice plotted as a function of the radius of the six-
coordinated A-site cation for the known NaCuO, and
KCuO, phases. For the C-centered NaCuO, structures
data is included for the Na, Ca, and Ca—-RE isomorphs;
for the KCuO,-type sublattice this direction corresponds
to the a repeat in the settings used for the K, Cs, and Rb
isomorphs in Refs. (22, 27, 28). Note that for meaningful
comparison of the centered and primitive arrangement of
the Cu atoms in this plane, 2akcuo, is used in Fig. 5.

In both structure types an excellent correlation is found
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FIG. 5. Cell repeat as a function of the six-coordinate ionic radius of

the cross-linking channel cations for (a) b-axis of NaCuO,-type structures
(squares) and (b) 2a for KCuO,-type structures (triangles). Filled circle
corresponds to b for Ba,Cu;0g; see text.

between the lattice dimension and the ionic radius of the
A-site ion. As expected the removal of the centering, which
is also associated with in the change in coordination of
the A-site ions from octahedral to triangular prismatic, is
reflected by a significant relative increase in the lattice
dimension of the KCuO, phases. The b-parameter ob-
tained from the refinements of Ba,Cu;Og lies on the trend
expected the NaCuO,-type, Cu sublattice.

To summarize, although we have been unable to im-
prove upon the structure refinements of Ba,Cu;Og¢ re-
ported in (9, 10), the crystal chemistry of this system has
been reinterpreted in terms of the formation of an
NaCuO,/KCuO,-type structure. The structure refinements
support the formation of a monoclinic Cu sublattice, while
the lattice parameters point to similarities to the NaCuO,-
type phases. In practice the structure of Ba,CuzOgis incom-
mensurately modulated and considerable uncertainty re-
mains as to the exact details of the local coordination poly-
hedra.

In a structure based on an edge-shared arrangement of
CuQ, square-planes, it is perhaps difficult to reconcile the
“nondestructive” loss of oxygen observed when Ba,CuzOg
is heated above 650°C. Elimination of oxygen and retention
of an ACuO,-type lattice without any additional composi-
tional changes would clearly lead to the unreasonable con-
clusion that some of the copper ions adopt threefold coor-
dination. In the following section, we examine the thermal
stability of Ba,Cu3O¢ and the mechanism for the elimina-
tion of oxygen from the structure.

C. Thermal Stability and Oxygen Loss

The thermogravimetric response of samples of Ba,
Cu;0¢ prepared at 620°C is shown in Fig. 6. Three major
regions of weight loss were observed; the first corresponds
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FIG. 6. TGA (10°C/min under O, flow) of a Ba,Cu;04 sample pre-
pared at 620°C and po, = 1 atm.

to the variable oxygen stoichiometry reported by Thomp-
son et al. for Ba;Cu;0s.5 (9) and occurs over a range of
temperature beginning at 650°C. The more abrupt weight
loss at 840°C is due to bulk decomposition, while the final
loss at 900°C is the result of partial melting (29). Quantifi-
cation of the weight losses yields the following sequence
of decompositions:

B32Cu306 i “B32CU305'72” + 01402(g)
(600°C = T = 840°C)

“Ba,Cu30s7,” — 2BaCuO, + CuO + 0.360,,
(840°C = T = 922°C)

BaCuO, + CuO — BaCuO, + liquid
(T > 922°C).

More detailed investigations of the path of the reduction
reaction were made by directly reacting several samples
of the freeze-dried Ba,Cu;Og precursor under reduced ox-
ygen pressures. The first sample was annealed at 620°C in
a gas flow with po, = 0.01 atm. The X-ray patterns were
similar to those collected from samples prepared in a
po, = 1 atm, but with slight shifts in some of the peak
positions. Similar patterns were also obtained from sam-
ples prepared at 500°C under flowing argon with po, =
1073 atm; see Fig. 7. Thermogravimetric analyses of this
sample under forming gas were consistent with a stoichiom-
etry Ba,Cu;Osg,. As reported in (9, 10), the reflections
exhibiting the largest shifts in the samples with a reduced
oxygen content were those presumed to originate from the
mutual modulation of the Ba and Cu subcells. The peak
broadening and poor crystallinity associated with the re-
duced synthesis temperature precluded any detailed struc-
tural analysis. The stronger peaks in the pattern, primarily
(007) and (0k!) reflections could be fitted to an orthorhom-
bic cell with, a = 421 A, b =727 A, ¢ = 11.43 A, but the
fit, particularly of a, must be treated with caution.
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FIG. 7. X-ray pattern of Ba,Cu3O4-, prepared at 500°C at po, = 1073 atm. Arrows indicate peaks showing largest shifts or broadening as

compared to po, = 1 atm preparations.

In accordance with the previous studies, the results pre-
sented above confirm that oxygen can be eliminated from
Ba,Cu;0¢ without inducing complete decomposition of the
structure. However, to reconcile these results with the fixed
oxygen stoichiometry of the ACuO,-type lattice proposed
above, we propose that the reduction of copper in Ba,Cu;
Og is accommodated by small adjustments in the Ba:Cu
stoichiometry and formation of Ba,,,Cu;Og4 rather than
Ba,Cu;04_,. Using this model the reduction reaction can
be written as

(1 + y/2)B32CU3O(,(S) = B32+yCU3O6(S)
+ 3y/2 CUO(S) + 3y/4 Oz(g),

which should be contrasted to the existing models where
B3.2CU3O6(S) = B32CU3067X(S) + x/2 Oz(g). [2]

In this model, the reduction of Ba,Cu;Og results in a
small increase in the concentration of Ba in the channels
of the ACuO,-type structure and the formation of small
amounts of second-phase CuO. The degree of reduction
and the range of stoichiometry, y, in Ba,,,Cu;O4 will be
constrained by chemical and structural factors. Complete
reduction of Cu to the +2 state would yield a phase with
y = 1, while complete oxidation of Cu to the trivalent state
would correspond to a phase with y = —0.5, ie.,
BaLSCu3O¢,.

The oxidation thermodynamics of the Cu ion are cer-
tainly a key factor in determining the composition of this
phase; however, structural factors, in particular the concen-
tration of the Ba ions and therefore the Ba—Ba distances
within the interchain channels, will also make a strong
contribution to the overall stability. For negative values
of y, significant depletions in the number of cross-linking

Ba ions in the channels would ultimately lead to elimina-
tion of the “‘structural integrity” of the system and com-
plete collapse of the structure. Prior to the discovery of
Ba,Cu;0g, the lowest concentration of channel ions in an
A,_,Cu0O, sodium-cuprate-type structure was reported in
(Nd,Ca)Cu,Og, where A:Cu = 0.75 (20, 25). Therefore,
for Ba,.,Cu;0q even for y = 0 this ratio (0.67) is the lowest
observed and there is no experimental evidence to suggest
that it can be reduced any further.

For positive values of y, the “structural integrity” is no
longer a concern, and the Ba:Cu content can approach
that observed in the other ACuO, isomorphs. However,
the Ba content will be constrained by the Ba—Ba repulsions
within the channels. An estimate of a reasonable minimum
Ba-Ba separation can be made by considering typical dis-
tances that have been observed in other barium-based cu-
prates. For example, in YBa,Cu;0;_, and YBa,CuyOg the
Ba-Ba distance is approximately equal to the length of
the a- and/or b-axes, and lies between 3.8 and 3.9 A. From
the subcell refinements of Ba,Cu;Og¢ presented earlier, the
Cu-Cu distance along the cuprate chains is approximately
2.82 A. Therefore, if the Ba ions in the channels are equally
separated, a 3.85 A Ba-Ba separation would have Ba:Cu
= 2.82/3.85 = 0.73; for Ba,,,Cu;30 this corresponds to y
= 0.19.

By combining reactions [1] and [2], where {(3y/4)/[1 +
y/2] = x/2}, the weight losses calculated for Ba,Cu;Os-_,
can be reinterpreted in terms of the formation of Ba,,,
Cu30g to estimate the possible range of y. For example,
the weight loss observed prior to the onset of complete
phase decomposition corresponded to the formation of
Ba,Cu;0s57, (x = 0.28); using reaction [2], this yields a
stoichiometry Ba,, Cu;Os (y = 0.21). For the samples
prepared directly under reducing conditions, the lowest
oxygen content gauged by reaction [2] was x = 0.38; in
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the new model this is equivalent to Ba, ,0Cu;Og (y = 0.29).
Both results are close to the reasonable range of y pro-
posed above.

Additional support for this reduction reaction model
can be found in published studies of samples synthesized
under high oxygen pressures. In their phase analysis of the
Ba-Cu-O system, Williams et al. (12) used microprobe
techniques to examine the Ba: Cu content of samples pre-
pared from BaO, and CuO with initial Ba: Cu ratios rang-
ing from 1:4 to 1:1. In addition to identifying second
phases that were consistent with the formation of a com-
pound with a Ba:Cu ratio close to 2:3, these analyses
showed the Ba:Cu contents in the primary Ba,Cu;Os-,
phases ranged from 2:3 to 2:2.7. Using the formulation
proposed above, the latter sample corresponds to Ba,
Cu30g, which again is in good agreement with the range
of y proposed above.

Further support for the model comes from the studies
of the closely related Ca;_,CuO, and RE,_,Ca,,,CusOqq
phases. In their structural investigations of calcium cuprate,
Milat et al. (24) concluded that Cas.,CugO;, can exist over
a range of x and that the supercell repeat along the chain
direction, i.e., the positions of the diffraction peaks origi-
nating from the superstructure, is a function of x and can
have commensurate and incommensurate values. Variable
ranges of stoichiometry and associated systematic changes
in the supercell periodicity were also observed by Davies
(20) for the ternary, NaCuO,-type, rare earth-Ca cuprates.
The results of both studies are consistent with the observa-
tions reported here for Ba,,,Cu;Oe.

From the reaction proposed in Eq. [1], it is apparent
that the reduction of Ba,Cu;0¢ to Ba,.,Cu;0s should be
accompanied by the ex-solution of small amounts of CuO.
For the samples prepared from the freeze-dried precursors
under reduced po,’s no conclusive evidence for the forma-
tion of CuO can be found in the X-ray patterns presented
in Fig. 7. However, the anticipated amounts of CuO are
close to the threshold of detection by X-ray diffraction and
the quality of the diffraction patterns for these samples is
severely compromised by the small grain size and poor
crystallinity arising from the very low synthesis temper-
ature.

Direct evidence for the formation of CuO was also
sought by annealing portions of a sample of Ba,Cu;O4
prepared at 620°C and 1 atm of oxygen, at 710, 777,
and 810°C for 48 h under flowing oxygen. The X-ray
patterns collected after each heat treatment are shown
in Figs. 8a—8d together with expanded views of the higher
angle regions in Fig. 9. In addition to the broadening of
several reflections (+) and the appearance of a shoulder
on the main peak (arrowed in 8b-8d), the samples
annealed at 710°C (Fig. 8b) do show evidence for the
formation of small amounts of CuO (X). The continued
formation of CuO and broadening and splitting of several

183

E T
& (d) 810°C
®
u%ﬂw
b A
(c) 777°C
‘L\\ '.‘ ; X Xl / .
— PUASR AT SNSRI 7 VNN N PR N P
(b) 710°C
N
(a) 620°C
| o f}l | i |
| Y 8 W vt J0 LV S W W TSP PRI WO, W
10 20 30 40 50 60 70

Two Theta

FIG. 8. X-ray patterns of Ba,Cu;0y after annealing for 48 h at (a)
620°C, (b) 710°C (c) 777°C, and (d) 810°C. CuO is indicated by (X), peak
broadening by (+), and BaCuO, by arrows.

additional reflections is also visible in the patterns of
the 777°C (Fig. 8c) and 810°C (Fig. 8d) samples. While
the appearance of excess CuO does support the formation
of Ba,,,Cu3;O¢ with y > 0, the peak broadening and
splitting in Figs. 8 and 9 seem to be consistent with the
evolution of a structure with a discrete value of y rather
than a continuous change in the Ba content with tempera-
ture. The formation of a high-temperature form of Ba,,,
Cu;0g, possibly a high-y end-member, is similar to the
observations of the “high Ba,Cu;04” made by Thompson
et al. (10).

Finally, it must be noted that although the heat treat-
ments of Ba,Cu;Og tend to support the formation of Ba,,
Cu;0¢, many of the changes induced by these heat treat-
ments are impeded by kinetic factors. For example, the
shoulder reflections noted above (arrowed in Figs. 8b—8d)
originate from the formation of small quantities of Ba
CuQ;, and the multiple phases observed in the patterns
after the 810°C anneal clearly do not correspond to an
equilibrium phase assemblage. Additional experiments
(30) in which samples of a 1:1 freeze-dried precursor were
reacted directly at temperatures ranging from 650 to 850°C
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FIG. 9. Expanded view of X-ray patterns in Fig. 9: (a) 620°C, (b) 710°C (c) 777°C, and (d) 810°C. CuO is indicated by (x), peaks evolving from

Ba,,,Cu;06 by (| ), and disappearing peaks from Ba,Cu;O5 by (*).

for several days, indicated that the equilibrium upper sta-
bility limit of Ba,,,Cu;04 is, in fact, close to 710°C and
above this temperature it is unstable with respect to
BaCuO,.

IV. CONCLUSIONS

Using highly reactive, freeze-dried nitrate precursors it
has been demonstrated that Ba,Cu3Og is a stable phase in
the Ba—Cu-0O system at temperatures below 710°C in 1
atm of oxygen. Reactions of precursors with a 1:1 Ba: Cu
stoichiometry yielded a two-phase mixture of BaO, + Ba,
Cu;06; no evidence was found for formation of a BaCuO, 5
phase that has been reported in the literature. Investiga-
tions of the crystal chemistry of Ba,Cu;Og, suggest that it
crystallizes in a KCuO,/NaCuO,-type structure with a
Cu sublattice comprised of linear chains of edge-shared,
square planar cuprate groups that are cross-linked by
Ba ions arranged on a C-centered orthorhombic sublat-
tice. The structure can be stabilized with a lower Cu
valence either through preparations under reduced oxy-
gen pressures or by heating Ba,Cu;O4 above 620°C. The
reduction of copper is accommodated by small increases
in the Ba: Cu stoichiometry and formation of Ba,,Cu;O¢
with y ranging from 0 to approximately 0.25. It is proposed
that the reduction in the Ba-Ba repeat distance in the
phases with y > 0 is responsible for the change in the
modulations of the structure that have been reported
previously. The formation of small amounts of second-
phase CuO in heat treated samples of Ba,Cu;O¢ provides
additional supportive evidence for this reduction mecha-
nism, though the X-ray patterns point to the evolution
of a structure with a discrete value of y rather than a
continuous change in the Ba content with temperature.

Although reflections from the Ba,,,Cus;Og structure per-
sist in samples heated to 7 > 800°C, longer-term heat
treatments indicate it is unstable with respect to BaCuO,
above 710°C.
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Note added in proof. Recent studies of the Sr—Cu-O system between
600 and 850°C under oxygen pressures up to 600 bar have led to the
characterization of a new phase, Sry74CuO, (31). Using X-ray and electron
diffraction, this compound was found to have Vernier structure related
to that of Cagg,CuO, and NaCuQO,. The Sr:Cu content and volume of
the NaCuO,-type subcell in St 74,CuO; lie between those for Ba,,,CuzOq
and CagCuO,. This work provides further support for the existence of
an entire family of alkaline earth “ACuO,-type” cuprates.
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