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Cation ordering and oxygen stoichiometry of the nonsuperconducting compound, Ba,CaCu,O,, have 
been studied by a joint X-ray and neutron powder diffraction experiment. In contrast to the related 
phase Ba4YCUJOg.~+S, which was refined in the space group Pm3, we found that the higher symmetry 
space group Zm3m provides a better fit to the diffraction data for Ba,CaCurO,. The cubic unit cell of 
Ba&aCurO, has a perovskite-like configuration, but possesses lattice lengths double those of a usual 
perovskite cell. X-ray scattering data clearly show substantial exchange between the Ca and Ba sites. 
Refinements of neutron data indicate two oxygen sites: an (x, 0,O) site that is essentially fully occupied 
and a (i, 0, f) site that is approximately 47% occupied. The joint X-ray and neutron refinement yields 
an average stoichiometry of Bar,&at,,&,Os,s~ for the compound (2 = 2) and an effective Cu-0 hole 
concentration of +0.29. Ba,,,,Ca,,&u,Os,,, is a dielectric; the absence of superconductivity in this 
material is discussed in terms of its structure and oxygen stoichiometry. o 19s Academic PRSS. IK. 

Introduction 

During the course of a study of the 
Ba-Ca-Cu-oxide phase diagram, we syn- 
thesized and characterized the new phase 
Ba,CaCu,O, (I). A preliminary structure, 
based on a single-crystal X-ray diffraction 
study, was initially indexed to a cubic unit 
cell with a refined lattice constant of 4.086(6) 
A. This structure consisted of a cube of Ba 
atoms with a disordered Ca/Cu atom located 
at the cube center. As a consequence of the 

* The U.S. Government’s right to retain a nonexclu- 
sive royalty-free license in and to the copyright cov- 
ering this paper, for governmental purposes, is ac- 
knowledged. This work was performed under the 
auspices of the U.S. Department of Energy. 

Ca/Cu disorder, the possibility of an or- 
dered supercell for the compound was con- 
sidered. Close examination of axial photo- 
graphs of the crystal revealed faint spots 
consistent with an 8-A cubic unit cell and a 
possible ordering of the Ca and Cu sites. 
Unfortunately, we were not able to collect 
sufficient data from the crystal to refine the 
structure in this larger, presumably ordered, 
cell. 

The existence of an 8-A cell for Ba,Ca 
Cu,O,, coupled with the similarity of its 
chemical formula to that of Ba4YCu308,S+S, 
suggests that the structures of these two 
compounds should be related. Structural re- 
finements of Ba4YCu30s,5+~ have been car- 
ried out using both powder X-ray (2) and 
powder neutron (3) diffraction. These two 
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separate studies refined the structure in the 
same space group (Pm3, a = 8.12 A, Z = 2) 
and found the same heavy atom framework, 
but differed slightly in oxygen placement 
and occupancy. The neutron refinement (3) 
of Ba4YCu3%5 + 6 revealed a structure com- 
posed of oxygen-linked CuO, and YO, octa- 
hedral groups. Unit-cell corners are YO, 
units that share oxygens with edge-centered 
CuO, groups. A YOf, unit is also positioned 
in the center of the cell; this YO, shares 
oxygens with CuO, octahedra located on the 
cell faces. The Ba atoms reside in perov- 
skite-like subcubes, the corners of which 
consist of two YO, and six CuO, oxygen- 
sharing octahedra. At the 6 = 0.0 and 0.5 
values of the oxygen stoichiometry, the hole 
concentration (p) per Cu-0 unit is +O.OO 
and + 0.17, respectively. 

We have carried out a detailed joint 
X-ray and neutron powder diffraction study 
of Ba&aCu,O,. Since our preliminary de- 
scription of this phase (4), Abbattista et al. 
(5) have reported an X-ray structural re- 
finement of Ba,CaCu,O, . Our work goes be- 
yond that of Abbattista and co-workers in 
that we explored the degree of cation order- 
ing and oxygen content and stoichiometry of 
Ba,CaCu,O, . In our investigation, neutron 
data provided most of the structural infor- 
mation desired; however, since the neutron 
scattering lengths for Ba and Ca are similar, 
X-ray data were used in conjunction with 
the neutron data to study the extent of cation 
ordering between Ba and Ca (6, 7). 

Ba4YCu3%.5 + s does not display super- 
conductivity to 7 K. The phase Ba,CaCu,O, 
can be considered a hole-doped form of 
BaJWb + 6 because of the complete sub- 
stitution of Y+3 in Ba,YCu,O,,,+, by Ca+2 
in Ba,CaCu,O, . Even though hole doping is 
not the only criterion for the creation or 
enhancement of superconductivity (8), we 
checked for superconductivity in Ba,Ca 
Cu,O,. Ba,CaCu,O, also does not display 
superconductivity to 7 K. An estimation of 
the oxygen content of Ba,CaCu,O, and a 

comparison of its structure with that 01 
Ba4YCu308.5 +8 is thus especially interesting 
because it is possible that the absence OI 
superconductivity in both of these perov- 
skite-related systems is related to structural 
constraints or to oxygen deficiencies. 

Experimental Details 

Bulk samples of Ba,CaCu,O, were pre- 
pared by heating stoichiometric quantities 
of BaO,, CaO, and CuO at 965°C in 0, for 
24 hr. Samples were cooled in 0, from 965°C 
to room temperature over a 5-hr period. Ba,, 
CaCu,O, is an insulator and so magnetic 
susceptibility measurements of this sample 
to a temperature of 7 K did not show super- 
conductivity. 

Neutron powder diffraction data were 
taken on the High Intensity Powder Diffrac- 
tometer (HIPD) at the Manuel Lujan, Jr., 
Neutron Scattering Center (LANSCE) at 
Los Alamos National Laboratory. Struc- 
tural models were refined using the Rietveld 
refinement code developed by Larson and 
Von Dreele (9). Data collected using the 
?153” and the -t90” detector banks and 
covering a d-spacing range from 0.4 to about 
6.6 A were used in the structural refine- 
ments. A portion of these data is displayed 
in Fig. la. Because we were interested in 
cation ordering and because the neutron 
scattering lengths for Ca and Ba are similar 
(4.90 and 5.35 fm, respectively), an X-ray 
data set was collected on another portion of 
the same sample. Powder X-ray diffraction 
data, part of which is shown in Fig. lb, were 
taken at a sample temperature of 300 K using 
a Scintag XDS2000 diffractometer with Cu 
KCY radiation in a single scan (20” < 28 < 
150°) using 0.02” steps and counting for 8 set 
per step. The data showed that an impurity 
phase was present; the diffraction pattern 
for this phase corresponded to that of 
BaCuO, . 

A two-phase refinement, which took into 
account the BaCuO, impurity, was carried 
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FIG. 1. Part of the powder diffraction data for Ba1,s2 
CaL08Cu3%85 at 300 K. Panel (a) represents neutron 
powder diffraction data. Data shown by plus ( + ) marks 
were collected on the + 153” detector bank of the High 
Intensity Powder Diffractometer at LANSCE. Panel 
(b) shows X-ray powder diffraction collected with a 
Scintag XDS2000. Two regions in the X-ray pattern 
near d = 2.0 and 2.3 A, which included Bragg reflec- 
tions from the aluminum sample holder, were excluded. 
Tick marks below the data indicate the positions for 
the allowed reflections for Ba3,g2Ca,.o,Cu,08 85 (lower 
marks) and for BaCuO, (upper marks). Both CuKa, 
and CuKq positions are marked in the X-ray pattern; 
the d spacings are computed from Ka, The continuous 
line through the data is the calculated profile from Reit- 
veld refinements. The lower curve in each panel repre- 
sents the difference between the observed and calcu- 
lated profiles. 

out. The structural model for Ba,CaCu,O, 
was refined for lattice parameters, atomic 
positions, anisotropic thermal parameters, 
cation order for the Ca and Ba atoms, and 
occupancy of the oxygen sites. Background 
coefficients, scale factor, diffractometer 
constants for the ?153” and +90” detector 
banks, isotropic strain in the profile coeffi- 
cients, sample absorption (neutron), 
Lorentzian and Gaussian line shape terms 
(X-ray), sample height (X-ray), and peak 
asymmetry (X-ray) were also refined. X-ray 

scattering factors for the cations Ca’+, 
Ba2+, and Cu* + were used; similar scatter- 
ing factors for 02- were not available, so 
those corresponding to the neutral atom 
were used. The lattice constants and iso- 
tropic profile coefficients for the impurity 
BaCuO,? phase were also refined. The scale 
factor corresponding to this latter phase was 
small (0.009), but because the unit cell for 
BaCu02 is very large, it accounted for 17.6 
wt% of the sample. Since no other phases 
were present, we can calculate the relative 
amounts of Ba and Ca in Ba&aCu,O, . The 
starting Ba : Ca ratio was known to be 4, and 
since no solid solutions corresponding to 
(Ca, Ba)CuO, are known at the synthesis 
temperature we used for Ba,CaCu,O, (IO), 
we assume that the Ca appears only in the 
primary Ba,CaCu,O, phase. The amount of 
BaCuO, impurity then suggests that the Ba, 
CaCu,O, phase is more accurately repre- 
sented by the formula Ba,,,,Ca,,,,Cu,O, . 
Subsequent structural refinements for 
Ba,,,2Ca,.osCu,0, took into account this 
Ba : Ca ratio. 

Results and Discussion 

Initially, an attempt was made to fit the 
data using the space group Im3m with lattice 
constant a = 4.086 w and with Ba atoms at 
the cell corners, a disordered Ca/Cu atom 
at the cell center, and the oxygen atoms 
located at face centers (I). This choice of a 
unit cell, however, did not account for a 
number of reflections present in the neutron 
and X-ray data. Use of the space group Pm3 
(utilized for Ba4YCu308,S+S (2, 3) and the 
X-ray structure of Ba,CaCu,O, (5)) with 
doubled lattice lengths of approximately 8 
A, initially provided a much better fit to both 
the X-ray and neutron data, but ultimately 
resulted in refinements that were unstable 
in atomic positions, site occupancies, and 
thermal parameters. In particular, we no- 
ticed that the Ba atom site would oscillate 
around the (x, x, x) position with x = 0.25, 
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TABLE I 

STRUCTURAL PARAMETERS AT 300 K 
FOR Bada, oBCu308.85 

Parameter 

0 6) 
v (A-‘) 
CalBa .f 

u,,, 
BalCa f 

u IS0 
cu f 

uiso 

O(1) f 
x 
u1, 
u21 = u33 

O(2) f 

Ull 
u22 = u33 

R,,IR,,,: 
Neutron 
X-ray 

d-spacing range: 
Neutron 
X-ray 

Refined value 

8.1398(l) 
539.32(2) 

0.637(8)/0.363(8) 
3.88(12) 
0.889(2)/O. I I l(2) 
1.38(2) 
1 
0.87(2) 
1 
0.28014(13) 
0.48(S) 
4.27(5) 
0.474(3) 
5.68(18) 
1.24(6) 

2.6912.03 
16.11/11.77 

0.4-6.0 zf% 
0.7-7.5 A 

Note. Space group Itn3m: CaiBa (0, 0, 
0), BaiCa (a. f, t), Cu (0, 4, t), 01 (x, 0, O), 
and 02 (a, 0, 1). Numbers in parentheses 
following refined parameters are standard 
deviations in the last significant digit(s) 
(thermal parameters are in units of 100 A’, 
agreement factors are in percent). 

suggesting that the correct space group 
should place the Ba atom in the special posi- 
tion (4, a, +). Employment of the higher sym- 
metry space group Im3m (Z = 2) with a 
refined lattice parameter u = 8.1398( 1) A 
and placement of the Ba atoms at the special 
position of (i. 4, i) gave both a good fit and 
stable refinements. This structure fixed the 
Ca atoms at the center and corners of the 
cubic cell, and the Cu atoms at each cube 
face center and halfway along each cube 
edge. The heavy atom framework is analo- 
gous to that previously discussed for Ba,Y 
Cu3% +* 3 except for the positioning of the 
Ba atoms in a special site. Oxygen occupies 

only two distinct locations in the cell, one 
at (x, 0, 0) and one at (4, 0, 2). Structural 
parameters for Ba,CaCu,O, are listed in Ta- 
ble I and an ORTEP (II) plot of the structure 
is shown in Fig. 2. 

When the Ca and Ba atom occupancies 
were refined with only the neutron data, the 
site occupancies refined to 0.918(16) and 
0.979(5), respectively. However, when the 
thermal parameters were fixed at the values 
obtained with the neutron data, and the Ca 
and Ba atoms occupancies were refined 
jointly with both neutron and X-ray data, 
the population factors converged to the val- 
ues of 1.203(34) and 0.843(6) for Ca and Ba, 
respectively. If a full site occupancy of 1 .O 
is assumed, these population factors suggest 
that the Ca atom shares its site with an atom 
that has a larger X-ray scattering factor than 
that of Ca, and that the Ba atom shares its 
site with an atom that has a smaller X-ray 
scattering factor than that of Ba. Accord- 
ingly, Ba atoms were mixed into the Ca site 
and Ca atoms were mixed into the Ba site. 
Each site occupancy was constrained to 
unity and the overall Ba/Ca stoichiometry 
constrained to the 3.92 : 1.08 ratio. The oc- 
cupancy factors for the mixed Ca/Ba and 

FIG. 2. ORTEP plot of the structure of Ba3&aIox 
cm3 8T at 300 K. The thermal ellipsoids are drawn to 
represent 95% probability surfaces. 
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Ba/Ca sites were then refined to give the 
extent of site disorder. The population val- 
ues converged to yield a Ca site containing 
approximately 40% Ba and a Ba site con- 
taining approximately 10% Ca. Despite the 
apparent lack of solubility of Ca in BaCuO, 
(10) at higher synthesis temperatures, a mu- 
tual solubility of Ca and Ba has previously 
been observed in a doped BaTiO, system 
(22) and in a YBa,-,Ca,Cu,O,+, system 
(13). This joint Ca/Ba site occupancy in Ba, 
CaCu,O, suggests that the point occupied by 
Ba,CaCu,O, in the Ba-Ca-Cu-oxide phase 
diagram is actually a region of variable Ca 
and Ba composition. 

Of the two oxygen sites in Ba,,,,Ca,.,, 
CU3Q3.85 9 the one at (x, 0, 0) is essentially 
fully occupied while the one at (a, 0, 3) is 
only partially occupied with a population 
factor of 0.474(3). This gives an oxygen 
composition of x = 8.85 for Ba,&a,.,, 
cu3%35 and an average valence of + 2.57 
per copper atom. Charge balance then gives 
a hole concentration of p = +0.29 per 
[CuO,] unit for Ba,,,,Ca,.,,Cu,O,,,, . This 
value lies between those for YBazCu,Ob,S+, 
(p = + 0.50, assuming holes are located in 
the CuOZ sheets) (14) and the cation- and 
oxygen-doped La,CuO, systems (p = 
+O. 15- +O. 18) (2.5). Thus, a superficial 
comparison of these compounds indicates 
that hole concentration is not the only con- 
sideration for superconductivity. The ab- 
sence of superconductivity in Ba,,,,Ca,., 
Cu,%*, and in Ba4YCu208.5+S must be at- 
tributed to other factors such as structural 
constraints or oxygen deficiencies. 

As can be seen in Fig. 2, Ba&a,,,, 
Cu3%5 has a cubic Cu-0 network con- 
sisting of CuO, octahedra with “isolated” 
01 atoms and edge-shared 02 atoms. The 
length of 2.035 A for the Cu-02 bond is 
imposed by the size of the lattice and is 
muchOlarger than the typical Cu-0 length of 
1.93 A found in most cuprates. On the other 
hand, the Cu-01 bond is quite short (1.790 
A). Thus, these CuO, octahedra have an 

oblate shape rather than the more com- 
monly found prolate shape, as, for example, 
in the doped La,CuO, compounds (16). This 
distinction indicates a difference in Cu-0 
bonding from that found in doped La,CuO, . 
For Ba3.92Cat.08Cu3%85 ) the Cu-01 bonds 
contain much greater charge density than 
the Cu-02 bonds, and the holes appear to 
be localized in the Cu-0 1 bonds. Thus there 
are at least two obstacles to superconductiv- 
ity in Ba,,,,Ca,,,,Cu,O,,,,: the large size of 
the Ba2+ ions constrains the Cu-02 bond 
distance to a length that is perhaps too long 
for hole doping (17), and the proximity of 
the Ca2+ to the 01 oxygens helps stabilize 
the holes on the latter. 

Another pronounced feature detrimental 
to superconductivity is the 53% vacancy in 
the 02 sites. Normally, this would be 
enough to disrupt the connectivity between 
adjacent Cu-0 units, but here the situation 
is perhaps even worse: the shapes of the 
thermal parameters for 02, elongated down 
the Cu-02 bonds, suggest that the oxygens 
in these sites are actually disordered and not 
shared equally by CuO, octahedra. A more 
realistic picture of the structure may involve 
Cu(Ol), square planes that are weakly 
joined by the 02 atoms to adjacent Cu(Ol), 
square planes. These structural features 
suggest that even an increase in the oxygen 
content of Ba,,,,Ca,&u,O,,,, may not pro- 
vide the continuous 0-Cu-0 chains needed 
for superconductivity. 

Finally, the similarity in the structures of 
Ba3.92Cal .osCu3%ss and Ba4YCu3%5 + 6 T and 
our finding that the structure of the former 
is characterized by the space group Im3m 
instead of Pm3, raises the question of 
whether the space group Zm3m may also be 
more appropriate for the latter. This is a 
question we hope to address later. 
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