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The stability of the metallic, nonsuperconducting cuprate, BaLa,Cus0y;,5, was investigated using
thermogravimetric analysis and X-ray and electron diffraction. In air or oxygen this highly oxidized
compound only loses small amounts of oxygen; and at 1000°C the formal copper valence is close to
2.3*. To probe the chemical and structural factors that stabilize this high valence state, methods were
developed to reduce the 145 structure. Under helium gas a new structure with § ~ —0.5 was obtained;
however, the removal of additional oxygen could only be accomplished by reducing the samples at low
temperatures under 15% H,/85% Ar gases. Under these conditions two additional structures were
isolated for phases with § =~ — 1.0 and —2.0. The differences in the X-ray patterns of these new phases
result from a change in the symmetry of the perovskite subcell from cubic to orthorhombic to tetragonal.
Models for the reaction sequence involved a systematic reduction in the coordination of the octahedral
Cu groups in the oxidized structure to square pyramidal, square planar, and finally linear coordination
in the fully reduced samples. We propose that the stability of the fully oxidized structure is primarily

a result of unfavorable Cu coordinations in the partially reduced samples.

1. Introduction

The recent discoveries of high tempera-
ture superconductivity in several copper ox-
ides have created tremendous interest in the
chemistry and physics of cuprate systems.
Until recently the key chemical require-
ments for superconductivity included the
occurrence of copper ions in two-dimen-
sional [CuO,] sheets with a formal valence
greater than two. With the discovery of n-
type superconductivity in Ce-doped Nd,
CuO, (1), clearly these guidelines must be
relaxed to include certain systems with a
formal copper valence less than two. Prior
to the recent intensive studies of copper ox-
ide systems, relatively few compounds were
known in which copper was stable in the 3*
valence state. Among the examples were
NaCuO,, KCu0,, LaCu0O,, LaSrCu0,, and
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the compounds originally developed by Ra-
veau et al., including Sr-substituted La,
CuO, (2), and phases in the Ba~La-Cu-O
system (3, 4), e.g., BaLa,Cus0,,,,, BasLa,
Cu,O,,.,. As a result of the recent super-
conductivity work, many new compounds
can be added to this list.

In most of the highly oxidized perovskite-
related cuprates, under ambient atmo-
spheres the stable phase at high temperature
contains oxygen vacancies and copper
adopts a valence state less than or equal to
2. Subsequent oxidation of Cu to a higher
valence is dependent upon the ability of the
structure to intercalate oxygen and at least
partially fill the oxygen vacancies. In some
cases the oxidation of copper can also be
achieved by ‘‘internal oxidation-reduction
mechanisms,’’ as perhaps demonstrated by
the T1 compounds in which the mixing of
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the Tl 6s states at the Fermi level may
facilitate an internal mechanism for oxida-
tion of Cu without requiring large changes
in the oxygen stoichiometry.

The design of new p-type and z-type cu-
prate superconductors will rely in part upon
developing a fundamental understanding of
the oxidation/reduction behavior of the cop-
per oxides, and an evaluation of the stabilit-
ies of the perovskite-related structures with
respect to the intercalation and deintercala-
tion of oxygen. In an attempt to investigate
some of the chemical factors that affect the
structural stability of the cuprates, in this
paper we report the results of a study of
the structural stability of the metallic defect
perovskite, Bala,Cu;0,;,5. This com-
pound is nonsuperconducting, presumably
due to the lack of well-defined two-dimen-
sional sheets, but is unusual in that the cop-
per ions can exhibit an apparently stable
formal valence in excess of 2.4" in the fully
oxidized form (5).

Three ternary phases have been reported
in the BaO-1.2,0,-CuQO system at 950°C:
Ba,La,_ CuQ, (6), Bal.a,Cu,Oq (7), BasLa;
Cus0,,(3), and BaLa,Cu;0,; (4). In the orig-
inal work of Bednorz and Muller, (8), Ba-
doped La,CuQ, was the first system found
to show a high T, fluctuation, with a 40 K
transition occurring for a barium concentra-
tion of 0.15. Ba;La;CuOy (or
Ba, sLa, sCu;0,) shows a range of solid-so-
lution up to compositions with BaylLa,
Cug0,,. These solid—solutions are isostruct-
ural with Ba,YCu,0, _,, and the barium-rich
materials have been shown to superconduct
up to approximately 80 K (9). Of the other
compounds in this system, all are insulators
with the exception of BaLa,Cus0O;, ; which
is metallic but does not superconduct (5).

The structure of BaLa,CusO,;,,, first re-
ported by Michel et al (10), is constructed
from an oxygen-defficient perovskite frame-
work, with barium and lanthanum adopting
an ordered arrangement on the A sites in
the lattice (see Fig. 1). The A site ordering
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Fi1G. 1. Idealized structure of BalLa,Cu;O,;; projec-
tion along (001), and a perspective view of the Cu
polyhedra. Ba and La omitted for clarity.

occurs within the a—b planes of the host
lattice leading to a tetragonal supercell,
space group P4/m, which is related to the
essentially cubic perovskite subcell by
a=a,\/5=865A,c=a,=3.86A. Neu-
tron diffraction studies have established that
the vacancies in the structure are ordered in
tunnels along the ¢ axis, and that the copper
ions adopt octahedral and square pyramidal
coordination (10). The copper polyhedra are
corner-shared in a fashion that leads to 12-
coordinate barium sites and distorted, 10-
coordinate lanthanum sites.

Although Bal.a,Cu;0,;, ;is not supercon-
ducting, this compound exhibits several un-
usual chemical and structural features. In
contrast to many of the other highly oxidized
cuprate perovskites, despite the high valence
of copper, the oxygen stoichiometry in the
145 system has been reported to be quite in-
flexible (4). The structure resists further oxi-
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dation, which is not unexpected, but also re-
duction which is unusual. Most of the other
cuprates can support a considerable degree
of variation in the oxygen content, due to the
capacity of the perovskite host to accomo-
date oxygen vacancies and the ability of cop-
per to adopt multiple oxidation states. In the
145 material it is unlikely that the limited
range of oxygen stoichiometry is due to ki-
netic limitations, such as alow mobility of the
oxygen ions, as the structure contains well-
defined pathways for oxygen diffusion. It
seems more probable that this highly oxi-
dized phase is inherently stable. It is intri-
guing that the apparently stable stoichiome-
try with & = 0 implies that in this structure
copper maintains an oxidation state greater
than two even at high temperature. For ex-
ample, samples quenched in air from the syn-
thesis temperature, =~1000°C, show an effec-
tive copper valence of approximately 2.3,
which is retained until bulk decomposition
begins. From a thermodynamic viewpoint, a
stable Cuvalence >2* above 1000°C at p(O,)
= (.21 atm is quite unusual.

In this work we investigate the stability of
Bala,Cu;0;, swithrespect tooxidationand
reduction. This involved treating samples
under a variety of inert, reducing, and oxidiz-
ing gases. Previous studies have shown that
it is possible to reduce the oxygen content to
approximately 12.8 in air; transport mea-
surements on that material indicated that,
even though the copper valence was greater
than two, the material becomes semicon-
ducting when the oxygen content is less than
0 = 13(Z1). The aim of this work was toexam-
ine the reasons behind the apparent stability
of this highly oxidized compound, and to in-
vestigate if oxygen can be removed from the
lattice without inducing bulk decomposition.

2. Experimental

Samples of BalLa,Cus0;,,,; were synthe-
sized following the guidelines of Michel et
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al. (4, 10). Appropriate amounts of dried
La,0;, CuO, and BaCQO, were ground to-
gether, prefired at 900°C for 16 hr, and re-
fired in air at 1000°C for 48 hr with several
intermediate grindings. Other batches were
also synthesized using barium peroxide
rather than barium carbonate and by per-
forming all the firings under oxygen gas. In
both cases the single-phase X-ray powder
patterns agreed with those reported pre-
viously. The oxygen contents of the final
products were determined by heating the
samples in a DuPont 951 TGA under a flow
of 15% H, in argon. By 900°C the samples
were fully reduced to a mixture of barium
and lanthanum oxides plus copper metal.
Determination of the weight loss during the
reduction allowed calculation of the initial
oxygen contents.

Samples with oxygen stoichiometries
ranging from —2.6 = § < +0.2 were pre-
pared by heating the oxidized samples in the
TGA under a variety of gases at tempera-
tures ranging from ambient to 1050°C fol-
lowed by a quench to room temperature.
These samples were subsequently investi-
gated by powder X-ray diffraction on a Ri-
gaku DMAXB diffractometer using CuKe
radiation generated at S0 kV and 40 mA. The
diffractometer was equipped with a curved
graphite monochromator to reject fluores-
cence and to filter the lower energy wave-
lengths. Typical scans were continuous at
1°/min with sampling every 0.01° in the
range 5-80° 20. The X-ray measurements
were performed in air and no sample deteri-
oration was observed during the scan pe-
riod. All samples were carefully stored un-
der appropriate dessicants throughout the
duration of the work. Transmission electron
microscopy was used as an aid to indexing
the powder patterns of some of the reduced
materials. These experiments were con-
ducted using a Philips 400T microscope op-
erated at 120 kV, and the samples were
ground and dispersed on holey carbon grids
in the usual manner.



OXIDATION AND REDUCTION OF BaLa,Cu,0,3,,

371

wolt 5
0.43 oxygen o1 Bala,Cus 045
under 05
99.5 1005
7 BaLa4Cu5013_1 -
: under air é
T ':-: 100
O gg ]
w i
z
® oos
98.5
00
100 200 300 400 500 600 700 800 900 1000 1100
100 200 300 400 500 600 700 800 900 1000 1100
TEMPERATURE (°C) TEMPERATURE (°C)
FiG. 2. Thermogravimetric curves for BaLa,CusOy;;; (a) heated in air, (b) heated in pure oxygen.
3. Results check that equilibrium was maintained at a

A preliminary series of experiments was
designed to investigate the previous reports
that the oxygen content of BalLa,Cus0,,;
is relatively inflexible in air and oxygen. The
oxygen contents of samples slow-cooled
and quenched from the final synthesis tem-
perature of 1015°C were determined by ther-
mogravimetry using forming gas (15% H,/
85% Ar). The oxygen stoichiometries of all
the samples were quite insensitive to the
cooling treatment and we found that § was
always =(0. Because it is possible that a
high ionic mobility of O?~ in the structure
may permit partial intercalation of oxygen
even during the short cooling times, the oxy-
gen contents were monitored in situ in air in
the TGA from 20 to 1100°C at scanning rates
of 10°/min (see Fig. 2). Between 500 and
700°C a very small weight gain was ob-
served; the maximum gain, 0.2 wt%, re-
flected the addition of approximately 0.15
oxide ions to the structure. At =750°C the
samples began to lose weight and the loss at
1015°C corresponded to the deintercalation
of =0.43 oxide ions. Above =1050°C a sharp
loss in weight was due to the bulk decompo-
sition of BaLa,Cu;0,;,, Analyses of the
evolved gases confirmed that none of the
weight losses were due to the decomposition
of any carbonate groups in the structure. To

scanning rate of 10°/min a sample was
heated to 1000°C and held at this tempera-
ture for over 7 hr. No further weight changes
were observed during the annealing, and
other annealing experiments confirmed that
this scan rate was appropriate to maintain
constant equilibrium.

These experiments demonstrated that Ba-
La,Cus0,5, is stable up to =1015°C in air
with an oxygen content of =0, ;5, and that
copper retains a formal average oxidation
state in excess of two (==2.3%). Similar scans
were also performed in pure flowing oxygen
(see Fig. 2b). The small weight gain around
700°C was only slightly increased. The sub-
sequent weight loss and decomposition
were not affected to any significant degree
by the higher pO,, though may have shifted
to higher temperatures by approximately
50°C compared to the scans in air. Annealing
the original samples under pure oxygen at
500°C did not lead to any increase in the
oxygen content beyond 13.15.

Because the ‘‘nonreactive’’ gases did not
produce any substantial changes in the oxy-
gen stoichiometry of the structure, more re-
ducing gases were employed in an attempt
to remove oxygen from the lattice without
inducing bulk structural decomposition.
Forming gas was initially used to analyze
the total oxygen content of the starting ma-



372

100
1 oxygen under Hy/Ar
98 2 oxygens
#
- 6.3 oxygen 3 oxygen
-
£ 96
© 4 oxygen
g
94 5 oxygen
6 oxygen
92 ==

L
100 200 300 400 500 600 700 800 900 1000 1100
TEMPERATURE (°C)

FI1G. 3. Thermogravimetric analysis of BaL.a,CusOs (
heated at 10°C/min under forming gas (15% H,/85%
Ar).

terials; during these experiments it was
noted that the initial loss of oxygen occurred
at relatively low temperatures (see Fig. 3).
The first weight loss occurred at =250°C,
and by 650°C the material is completely re-
duced to copper metal, with no further
weight change up to 1100°C. The first loss
at 250°C corresponded to the removal of
=(.4 oxide ions from the structure and was
identical to the high temperature, equilib-
rium losses observed under air and oxygen.
The X-ray powder patterns of this partially
reduced material were similar to those of
the original ““O,;”’ sample, and there was
no evidence for bulk decomposition. These
samples were dark brown and cell refine-
ments indicated a small increase in the vol-
ume of the tetragonal supercell (see Table
D.

To investigate materials with a broader
range of stoichiometries, samples were
heated at 10°/min to =340°C and held iso-
thermally for different times. After the de-
sired weight loss was reached, the samples
were quenched rapidly under forming gas
and examined by X-ray diffraction. In this
manner eight samples were prepared with
oxygen contents between 12.7 and 10.6.
When more than one oxide ion was re-
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moved, several new peaks appeared in the
powder patterns (see Fig. 4). The most
prominent of these were satellite peaks on
either side of the four major reflections ob-
served in the patterns of the fully oxidized
samples, i.e., 210/001, 211/130, 420/002,
and 341/501/132. These extra maxima in-
creased in intensity as more oxygen was
removed from the structure. An additional
set of peaks appeared in samples with more
than 1.2 oxide ions removed from the lattice
(Fig. 4). Again several of these were satel-
lites to the original reflections but at differ-
ent 4 spacings to those noted above. The
appearance of the second set of satellites
was accompanied by a decrease, and even-
tual disappearance, of the first set as the
compositions of the samples approached
Bala,Cu;0,,. When more than =2.1 oxide
ions were removed, the appearance of dis-
crete reflections from copper metal and
other diffuse peaks corresponding to un-
identified Ba-La-Cu oxides indicated the
onset of bulk decomposition.

For convenience, the phases giving rise
to the two different sets of satellites are de-
poted phases II and III, and the original
material phase I. Phase III was indexed us-
ing the powder pattern of a sample from
which =2.5 oxygens were removed. In this
sample minor reflections from phase II and
from Cu metal were also apparent. The
peaks corresponding to phase III could be
indexed using a tetragonal supercell based
on a lattice in which the original cubic perov-
skite subcell was tetragonally distorted with
¢, <a, = b,. The pair of satellite reflections
observed about the 210/001 peak of phase 1
result from the removal of the degeneracy
of the subcell parameters leading to two dis-
crete reflections for 210/120 and 001 (see
Fig. 5). Similarly this reduction in symmetry
leads to the splitting of the major peak at 20
= 32° in phase I into the discrete 130/310
and 211 peaks. Using this distorted cell it
was possible to index all the peaks in the
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TABLE 1

CELL PARAMETERS, COMPOSITIONS AND FORMAL COPPER VALENCES FOR PHASES IN THE
BaLa,Cus0;;,5 SYSTEM

Phase b a(A) b(A) c(A) BC) Vol(A% cu’ Cu?* Cu*
I +0.1 8634 8634 385 - 287.6 2.2 2.8 —
I —0.2  8.645 8645  3.862 - 288.6 1.6 3.4 —
r —0.5 8756 3.839 8676  90.62 291.6 1 4 —
II -10 8878 3.776 8702  91.42 291.6 — 5 —
I -2.0 8.884 8884  3.714 — 293.2 — 3 2

phase III pattern, and least-squares refine-
ment gave a = b = 8.884 * 0.001 A, and ¢
= 3.714 = 0.001 A.

From the variation of the intensities of the
phase I1I reflections with oxygen content, it
appeared that the composition of this phase
was close to O,; (6 = —2). The removal of
=2 oxygen ions from the original structure
results in a decrease of 0.145 A in the ¢ axis
and an expansion of 0.25 A in the ¢ and b
axes. As compared to phase I with § =

+0.1, i.e., Oy3,, the unit cell volume in-
creases from 287.6 t0 293.2 A3 (see Table I).
The relative intensities and positions of lines
calculated using the space group P4/m gave
agood agreement with the experimental pat-
tern. The observed and calculated d spac-
ings for the major reflections of Bala,
Cu;0,, are given in Table II.

The indexing of phase II, with an oxygen
concentration close to O,,, was more com-
plicated. The splitting of several of the fun-
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damental reflections of phase I into at least
three satellites suggested that in this phase
the perovskite subcell was orthorhombic.
To fully index the X-ray patterns (see Fig.
6) it was necessary to obtain some informa-
tion on the symmetry of the structure using
electron diffraction. The TEM investiga-
tions were carried out on samples from
which =1.25 oxygens had been removed
from phase I. In the diffraction patterns
along the [001] zone of the perovskite sub-
cell, it was observed that the a* and b* vec-
tors of the strong subcell reflections, and
therefore a* and b* for the supercell (100, =
210,,5cen)» Were not equal and the fourfold
symmetry had been removed. Because of
the subcell distortion, the corresponding su-
percell was also distorted and the angle be-
tween the weaker (200) and (k00) supercell
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reflections was greater than 90° (see Fig. 7).
Figure 7 also shows that both the superlat-
tice and sublattice spots are streaked or
split, consistent with the formation of twins
to relieve the strains caused by the distor-
tion of the lattice. Using this information it
was possible to completely index the pow-
der patterns of phase II with a monoclinic
supercell based on an orthorhombic subcell
with a, # b, # c,. The splitting of the origi-
nally degenerate 210/001 phase I reflections,
{100} for the subcell, highlight these distor-
tions (see Fig. 5). Least-squares refinement
of the indexed pattern for phase II gave a
cell with a = 8.878 = 0.002, b = 3.776 *
0.002, ¢ = 8.702 = 0.002 A, and 8 = 91.41
+ 0.03°. Note that the b and ¢ axes have
been interchanged for convention. These
lattice parameters and the corresponding

TABLE 11
MaJor X-RAay PEAKS OBSERVED FOR PHASE III,
BaLa4Cu50”
h kI dobsd (A) dcalcd (A) Irel
210 3.976 3.973 24
0 0 1 3.717 3.714 16
i1 1 3.197 3.197 15
300 2.965 2.962 19
2 01 2.854 2.849 16
1 30 2.812 2.809 46
211 2.714 2.713 100
320 2.465 2.464 22
2 21 2.399 2.398 14
301 2.317 2.316 11
1 31 2.240 2.240 26
2 31 2.052 2.053 10
2 40 1.987 1.986 26
00 2 1.857 1.857 19
340 1.778 1.777 10
500 1.778 1.777 10
2 41 1.752 1.752 13
510 1.743 1.743 11
501 1.602 1.603 26
3 4 1 1.602 1.603 26
1 51 1.577 1.577 18
3 0 2 1.574 1.574 18
1 3 2 1.549 1.549 16

Note.a = b = 8.884 A, ¢ = 3.714 A.
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FiG. 6. Powder X-ray pattern for the monoclinically distorted phase Il structure.

Fi1G. 7. Electron diffraction pattern of the a-b plane of phase II, the subcell (bold outline) and
supercell are outlined.
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TABLE III
MaJor X-Ray PEAKS OBSERVED FOR PHASE II,
BaLa4Cu5012

h k1 dohsd (A) dcalcd (A) I
2 0 -1 3.996 3.993 20
10 2 3.869 3.868 22
01 0 3.776 3.777 19
30 0 2.965 2.958 18
00 3 2.897 2.900 17
30 1 2.781 2.780 35
1 0 -3 2.778 2.776 35
21 -1 2.743 2.744 100
2 1 1 2.720 2.718 40
11 2 2.702 2.702 84
30 -2 2.474 2.475 11
2 0 -3 2.455 2.455 17
31 1 2.237 2.239 20
10 4 2.096 2.100 11
30 -3 2.096 2.097 11
4 0 -2 1.997 1.996 23
20 4 1.934 1.934 37
4 1 0 1.913 1.913 4
01 4 1.885 1.885 30
2 2 2 1.603 1.608 16
2 0 5 1.603 1.606 6
51 0 1.599 1.606 12
31 -4 1.599 1.605 12

Note.a = 8818 A, b = 3.776 A, c = 8.702A,8 =
91.41°

unit cell volume, 291.63 A%, fall between
those of phases I and III. The powder pat-
tern for phase II calculated using the space
group P2/m (the highest monoclinic noniso-
morphic subgroup of P4/m) gave an excel-
lent fit to the observed profile. However,
further studies will be necessary to confirm
the exact symmetry of this phase. The ob-
served and calculated d spacings and corre-
sponding monoclinic indices of phase II are
shown in Table II1.

The reversibility of the reduction reac-
tions was studied by thermogravimetry us-
ing flowing O, gas (see Fig. 8). All the sam-
ples containing the reduced phases II and
IIT were reoxidized back to a single phase
with 8 = 0.1 and the phase I structure. Be-
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FiG. 8. Thermogravimetric curve for the reduced
samples heated under pure oxygen gas.

cause of the rapid mobility of oxygen in
these structures, the reoxidation reactions
occurred at temperatures as low as 240°C.

As a final experiment, samples of BalLa,.
Cu;0,; , were heated to 1100°C under helium
(see Fig. 9). Two discrete weight losses were
observed. During the first loss, between 650
and 875°C, =0.57 oxide ions were evolved,
and after the second loss at =950°C a total
of =2.2 oxygens were removed. Samples
quenched after the second weight loss were
decomposed. However, samples quenched
from the first plateau at =850°C showed a
new set of satellites between the original

102
Bata, Cug013 4

101 under He

o
99

28

WEIGHT (%)

97

26

100 200 300 400 500 600 700 800 900 10001100
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F1G. 9. Thermogravimetric analysis of BaLayCusOy3
heated under helium at 10°C/min.



OXIDATION AND REDUCTION OF BaLa,Cu,0Op;,;

377

301/103
112/211

113/113

201/102

123/511

204

510/317

020/410,

610

) it WY

FiG. 10. X-ray pattern of phase I’

peak positions of phase I and those of phase
IT (O,,) (see Figs. 5 and 10). This pattern
could be indexed using an orthorhombic
subcell and a monoclinic supercell similar
to that observed for phase II. The refined
cell parameters, a 8.756 = 0.005, b =
3.837 + 0.003, ¢ = 8.676 + 0.005 A, g =
90.62 * 0.05°, were midway between those
of phases I and I1, and the monoclinic distor-
tion was almost exactly half that observed
for phase II. This phase was denoted phase
I’ and had an oxygen content close to
12.5.

Having indexed the phases I', 11, and III,
the X-ray patterns of all the samples with
oxygen contents lying between those of the
“‘stoichiometric’’ phases (O3, Ops, Ojq,
and O,,) were all confirmed to be two-phase
mixtures of the appropriate ‘‘end-mem-
bers.”’ The reproducibility of the formation
of each of the new reduced structures was
confirmed with other batches of Bala,
Cu0,;.;. However, given the nonequilib-
rium nature of the technique used to prepare

ey

, BaLa,Cu;0,; 5, prepared in helium.

50 70 20

these phases, it was very difficult to isolate
bulk, single-phase samples of phases 1', 1I,
and III and most materials were invariably
biphasic. For example, the contrast in im-
ages collected in the electron microscope
for samples with =1.25 oxygens removed
shows lamellae running through some of the
grains. The grain in Fig. 11, imaged along
[100], probably contains microphase inter-
growths of phases II and III. It seems likely
that the different cell distortions along the b
and ¢ axes of these two phases lead to the
observed contrast. This was confirmed by
spot splitting observed along b* and c¢* in
the corresponding electron diffraction pat-
tern. After a short exposure to the electron
beam the lameliae in this particular grain
disappeared, presumably due to reduction
of the phase II regions to phase III. Corre-
spondingly, the spot splitting in the electron
diffraction patterns collected after the beam
‘‘damage’” was absent. Some very weak ex-
tra reflections observed after the beam dam-
aging may be consistent with the formation
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FiG. 11. Lattice image of the b—c plane of phase II.

of more complex superstructures during the
damaging process. In situ studies using high
resolution TEM are currently in progress.

In an effort to achieve complete homoge-
neity, several samples were annealed at
150°C after reduction under forming gas.
Generally the annealing did not lead to
any further changes in the X-ray patterns.
However, two samples which were an-
nealed overnight after the removal of 0.5
and 1.0 oxide ions, respectively, developed
peaks characteristic of phase I'. These

were previously seen only in He-treated
samples.

4. Discussion

Our investigations of BaL.a,CusO;.5have
confirmed that the response of this ordered-
perovskite system to oxidation and reduc-
tion is quite different to other perovskite-
related cuprates. Thermogravimetric mea-
surements under O, and air indicate that the
highly oxidized structure only loses small
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amounts of oxygen as the temperature is
increased up to =1040°C. Above this tem-
perature significant oxygen losses are ac-
companied by bulk decomposition of the
material into other barium-lanthanum cu-
prates. The weight losses at 1000°C show
that at the synthesis temperature the stable
compound has § = —0.3. Using formal cop-
per valences to estimate the oxidation states
in the compound, this corresponds to an
average copper valence close to 2.3*, Most
other cuprates, most notably Ba,YCu,0,_,
and La, . Sr,Cu0O,_,, deintercalate oxygen
with increasing temperature and form high
temperature structures in which the copper
ions adopt an average valence state equal or
less than two.

To probe the chemical and structural fac-
tors that stabilize this highly oxidized mate-
rial, we focused on developing methods to
reduce the 145 structure. By reacting sam-
ples at low temperatures with forming gas,
up to 2.1 oxygen ions were removed from
the lattice without inducing bulk structural
decomposition; this led to the discovery of
three new, metastable, oxygen-defficient
phases in the BaLa,CusO,;,; system.

The first new phase, phase I’, with § =
—0.5, can be indexed with a monoclinic cell.
The monoclinic distortion results from a
lowering of the symmetry of the perovskite
subcell from cubic in phase I to orthorhom-
bic in phase I'. The second phase, phase II,
is formed for stoichiometries with § = —1.
The X-ray patterns for this structure could
again be indexed using a monoclinically dis-
torted supercell and the distortion was ap-
proximately twice that observed for phase
I'. A third new structure is stabilized when
another oxide ion is removed from the lat-
tice, i.e., for 8 = — 2, in this phase the mono-
clinic distortion is removed and both the
subcell and the supercell are tetragonal.

It was difficult to prepare these three
metastable reduced structures in single-
phase form. Analysis of the powder patterns
revealed that in most samples at least two
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of the four phases were present, even after
annealing under N, to achieve homogeneity;
some lattice images also showed evidence
for microphase separation. Aside from an
apparently limited range of stoichiometry
for the original oxidized phase between O ;
and Oy, 5, no evidence was found for a con-
tinuous cell distortion as the concentration
of oxygen in the lattice was decreased. The
observation of biphasic powder patterns for
samples between the ‘‘ideal’”’ compositions
of the three new phases indicates that the
transitions in this system are first order and
discontinuous, and that the reduced phases
approximate line compounds with very
small ranges of homogeneity. The behavior
of this system is consistent with the nucle-
ation and growth of oxygen-defficient do-
mains of each new phase as the total oxygen
content is reduced.

As expected, the weaker bonding in the
reduced 145 structures is reflected by an
increase in the unit cell volume. As phase |
is reduced to its stability limit, 6 = —0.3, a
small increase in the molar volume is ob-
served, and the volumes of the new dis-
torted structures increase in the II1 > II >
I' > 1. The reduction of the copper valence
readily explains the observed trends in the
volumes of the 145 phases; however, the
a, b, and c lattice vectors respond to the
reduction process in quite different ways;
a and b expand, though at different rates,
whereas the ¢ axis shows a systematic con-
traction.

First, let us consider the contraction of
the cell along the ¢ direction. From the ar-
rangement of the polyhedra in the original
structure, phase L, it is clear that the con-
traction of the ¢ axis results from changes
in the bond lengths within the copper octa-
hedra. In BaLa,Cu;0,; the neutron studies
by Michel et al. (10) indicated that the octa-
hedra are compressed along the ¢ axis. This
type of coordination is quite unusual for cu-
prate compounds in which the Jahn-Teller
distortion usually leads to an elongated octa-
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hedral coordination. The compressed octa-
hedron is probably an indication of the pref-
erential occupation of this site by the Cu**
ions. The ¢ axis in the fully reduced phase
I11is 3.71 A; this is almost identical to twice
the Shannon bond length (/2), 1.86 A, for
Cu™ in linear, twofold coordination with
0?~. Similarly, the c axis in phase II, 3.776
A, is twice the bond length expected for
Cu?* in square planar coordination (cf.,
~3.78 A in Ba,YCu;0,). Therefore, a struc-
tural model for these transformations based
on the systematic reduction of the coordina-
tion and valence of the copper octahedra to
square planar Cu®** and finally to twofold
Cu* would be consistent with the refined ¢
parameters in the reduced phases. How-
ever, simply removing the equatorial oxide
ions from the copper octahedra does not
reproduce the observed stoichiometries of
the reduced phases, would not explain the
variations in « and b, and leaves the copper
ions in the center of the cell in unlikely coor-
dinations. Therefore, a model was devel-
oped in which only half of the oxide ions
removed from the octahedra leave the struc-
ture, with the other half rearranging to oc-
cupy some of the vacancies present in the
original lattice (see Fig. 12).

In phase I the supercell contains two va-
cancies located midway along the 4 and b
axes. During the formation of phase II (O,,),
we propose that two oxygen ions are re-
moved from the copper octahedra, one is
evolved from the lattice and the second oc-
cupies the vacant site along the a axis (see
Fig. 12). This rearrangement leads to a ‘‘ro-
tation’’ of the square pyramids in the center
of the phase II supercell (Fig. 13). Filling
only the vacancies along a necessarily re-
moves the degeneracy of a and b, and is
consistent with the experimental observa-
tion that @ in phase II is 0.18 A longer than
b. Furthermore, this distortion also requires
that the supercell undergoes a small mono-
clinic distortion (8 = 91.42°). This model
for phase II, which contains four corner-
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FiG. 12. Structural model for the extraction and relo-
cation of the oxide ions during reduction.

shared square pyramids and one corner-
shared square plane, is consistent with the
observed oxygen stoichiometry, [4(CuO, ;)
+ 1(Cu0,) = O,,]). As described above, the
coordination change from octahedral to
square planar also readily explains the ob-
served decrease in the ¢ axis.

Further reduction to phase III involves
the loss of another oxygen and can be mod-
eled by a similar mechanism. In this case we
propose that the two remaining ‘‘equato-
rial”’ oxide ions are removed from the
square plane, leaving copper in linear coor-
dination. One of these ions leaves the struc-
ture, the other occupies the second original
vacancy along the b axis, and the four
square pyramids undergo another rotation
(Fig. 13). As a result of these coordination
changes, the ¢ and b axes once again be-
come equivalent and the monoclinic distor-
tion is removed. As mentioned above, the ¢
axis contraction is consistent with the for-
mation of the linear O—Cu-O groups. This
model also agrees with the observed stoichi-
ometry, [4(Cu0,s) + (CuO) = Oyl.

In these idealized structural models for
the transformations of BalLa,CusO,;_;, the
barium ions remain, as expected, in 12-fold
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Phase I’

o
5

o LS

Phase Il
O- linear copper

Fi1G. 13. Proposed model for the reduction of Bal.a,.
Cus0y;, 5, showing the initial structure, phase I, 8 = 0;
phasel’,8 = —0.5; phaseIl, 8 = —1.0; and phase III,
8§ = —2.0.

coordination. The lanthanum ions adopt
somewhat irregular coordinations, as in-
deed they do in the original oxidized struc-
ture, changing from distorted 10-fold coordi-
nation to distorted 8-fold coordination.
Although direct structural measurements
using neutron diffraction will be necessary
to confirm this scheme for the reduction re-
actions, these models do satisfy all the cell
and stoichiometry changes observed in this
work. They are also quite consistent with
the copper valence in each phase. In phase
II all the copper is divalent and adopts
square planar or square pyramidal coordina-
tion, and in phase 111 the oxygen stoichiome-
try corresponds to the occurrence of 3 Cu?*
and 2 Cu™ ions; 1 Cu™* will occupy the 2-fold
site, leaving the remaining square pyramidal
ions with an effective valence of 1.75%.
The observation of phase I’ at a composi-
tion close to O, 5 is also readily explained
using the reduction mechanism described
above. We propose that in this structure the
removal of one oxide ion from each octahe-
dron in phase I reduces the Cu coordination
to square pyramidal. Half of the oxide ions
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are evolved from the lattice; the remainder
populate half of the vacancies along the a
axis in a manner that leads to a doubling of
the supercell along a and b (see Fig. 12).
Therefore, this structure is intermediate be-
tween those of phases I and II. This is con-
sistent with the cell constants of I', which
lie almost exactly between those of phase I
and phase 11, and with the resultant mono-
clinic distortion, which is half that observed
in phase II. Although no direct evidence for
the doubling of the cell along a and b was
found in the X-ray patterns, weak extra re-
flections observed in some electron diffrac-
tion patterns may support this model for
phase I'.

The rapid reoxidation of the three new
reduced phases can be readily understood
from these structural models. In the reduced
phases the location of the excess vacancies
leads to the formation of large channels
along c; it would be expected that the ionic
mobility of oxygen within these tunnels will
be high and that the Kinetics of reoxidation
will be fast. This is consistent with our ex-
perimental work on the oxidation of phases
I', II, and 111, in which intercalation of oxy-
gen was observed at temperatures as low as
200°C (see Fig. 8).

Using the above scheme for the reduction
of Bal.a,Cu;0,,, it is possible to speculate
on the unusual stability of the highly oxi-
dized phase I structure. In air or oxygen
phase I does not undergo any of the phase
changes observed in the reactive, reducing
gas atmospheres. Even at the synthesis tem-
perature the stable phase in this system has
an oxygen stoichiometry close to O,,, and
the average copper valence is greater than
two. This oxygen content appears to repre-
sent the limit of the stability of the phase
I structure. The experiments in this work
demonstrate that further loss of oxygen
leads to a substantial structural rearrange-
ment and a significant cell distortion to form
either the I' or II structure. The apparent
high stability of phase I may therefore be
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primarily due to the relative instability of the
reduced structures. Although the cationic
coordinations in our models for the I' and II
structures are not unusual, the rearrange-
ments of the square pyramidal polyhedra
in the center of the supercell result in the
corner-sharing of an axial oxygen ion.
Clearly this is an unstable feature; however,
no alternative method, that gave satisfac-
tory agreement with our X-ray data, was
found to avoid this geometry in this part
of the decomposition sequence. The most
stable arrangement, where the corner-
shared oxide ion is axial to one square pyra-
mid and equatorial to the other, is found in
the original phase I and in our proposed
model for the final reduced structure, phase
I11. Given that our proposed decomposition
scheme is correct, the instability of phase II
may account for the apparent stability of the
highly oxidized phase I structure.

It might be argued that at high tempera-
ture phase I should transform directly to
phase III, with a structural arrangement
which should be more stable than either I’
or I1. However, the formation of the highly
reduced phase III (average Cu valence =
1.6%) under high temperature and low oxy-
gen partial pressure conditions appears to
be unstable with respect to melting and de-
composition to other barium-lantha-
num-copper oxides. A thermodynamic
study of the relative stabilities of all these
phases, by measurement of the partial molar
enthalpies of oxygen in each reduced phase,
is currently underway and should help to
resolve some of these questions. In addi-
tion, we are examining the behavior of the
closely related perovskite phase, Lag_ Sr,
Cug0,_5, in which the properties of the
fully oxidized structure are quite similar to
those of BaLa,CusO,;,5 (13).

Conclusions

We have confirmed that the oxygen con-
tent of the highly oxidized metallic cuprate,
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BalLa,Cu0,;_ 4, is quite insensitive to oxi-
dation or reduction under different oxygen
partial pressures up to =1040°C. At the syn-
thesis temperature copper apparently re-
tains a formal valence greater than two. By
using reducing gases such as 15% H,/85%
Ar, at low temperatures it is possible to sta-
bilize three new reduced phases with oxy-
gen contents corresponding to § = —0.5,
—1.0,and —2.0, respectively. The fully oxi-
dized structure has a limited range of stabil-
ity with —0.3 = § < +0.2; to accomodate
further reduction the compound undergoes
a series of discrete structural rearrange-
ments involving a monoclinic distortion of
the cell to yield the new phases. Each of the
reduced structures have a very limited range
of stability and, in contrast to the behavior
exhibited by Ba,YCu;0,_,, in this system
the transitions between the reduced phases
are discontinuous. At present the best
model for the observed structural changes
involves the systematic removal of oxygen
from the Cu octahedra in the fully oxidized
material with the fully reduced structure
containing linear Cu* groups. We propose
that the apparent high temperature stability
of the highly oxidized 145 structure is due
to the instability of the first reduced interme-
diate phase which we suggest contains an
energetically unfavorable corner-shared ar-
rangement of the copper polyhedra.
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