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XRD, magnetic susceptibility, and EPR studies are reported for 
the BaCu02+X compound in both the oxygenated and nonoxygen- 
ated phases. The XRD analysis has shown essential differences in 
the disordered part between the oxygenated and the nonoxygenated 
samples. The magnetic susceptibility measurements have shown 
strong ferromagnetic intracluster interactions among copper ions 
in the ordered part of the compound. At low temperature, antifer- 
romagnetic intercluster interactions mediated by the disordered 
part predominate. EPR measurements in both phases have re- 
vealed a spectrum of Cu2+ ions, in orthorhombic local symmetry, 
which is attributed to copper ions in the disordered part. An intense 
exchange-narrowed EPR line has also been observed in both 
phases, which is ascribed to the copper clusters in the ordered 
part. The temperature dependence of the intensity and linewidth 
of this line is consistent with the bulk magnetic behaviour. At 
low temperature, the divergent behaviour of the EPR parameters 
indicates that antiferromagnetic ordering may occur. Additionally, 
it was found that the EPR spectra are essentially influenced by 
thermal treatment and the ordering of the oxygen atoms in the 
disordered part of the compound. o ~95 Academic PI~SS, IK. 

1. INTRODUCTION 

The barium cuprate compound (BaCuO,,,) is usually 
observed in the preparation of the RE123 materials 
(RE = rare earth ions) as a parasitic phase. The compound 
is nonstoichiometric and its crystal structure exhibits sub- 
stantial differences depending on the preparation condi- 
tions and the oxygen content (l-4). Its presence as an 
impurity phase was thought to obscure the intrinsic mag- 
netic susceptibility of the Y 123 materials (5,6), while it has 

’ To whom correspondence should be addressed. 

a negligible effect on the RE123 materials (7). Inclusions of 
BaCuO, in the RE123 compounds may seriously affect 
the EPR measurements, especially at low temperatures, 
and it was suggested that they are responsible for the low- 
temperature EPR signal observed in the RE123 systems, 
though this assignment is still ambiguous (8, 9). Barium 
cuprate has also been classified as one of the few copper 
oxides exhibiting ferromagnetic interactions (10, 11). 
However, no detailed study of its magnetic behaviour in 
combination with its complex structural state has been 
reported so far. 

The aim of the present work is to report our structural, 
magnetic, and EPR studies on barium cuprate compounds 
with different oxygen contents and subjected to various 
heat treatments. 

2. EXPERIMENTAL RESULTS 

Three samples of BaCuO,,, hereafter designated as I, 
II, and III were prepared by the solid state reaction tech- 
nique. The samples were fired at 890°C for 6 hr. The 
annealing process was done in several steps by increasing 
the temperature at every step, in a flowing oxygen atmo- 
sphere, and with intermediate grinding. Sample I was 
annealed up to 955”C, while samples II and III were an- 
nealed up to 1000°C. The step increase of temperature 
was 15°C for sample II and 10°C for sample III. The 
duration of each step was 16 hr. The oxygenation of all 
samples was done at 450°C in a flowing oxygen atmo- 
sphere for 24 hr. In order to reduce the oxygen content 
the samples were annealed at 900°C in flowing He gas for 
24 hr. followed by fast cooling to room temperature (RT) 
in the He atmosphere. 

Resistivity measurements were done by the four-points 
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FIG. 1. Oxygen content vs temperature for the oxygenated 
BaCuOztx compound. 

method on cylindrical-shaped samples from RT to liquid 
nitrogen temperature (NT). The results indicate a semi- 
conducting behaviour for all samples. 

2.1. TGA Measurements 

The changes in the oxygen content of the oxygenated 
samples were monitored by thermogravimetric analysis 
(TGA). Small amounts of the samples (70-100 mg) were 
put in a TGA apparatus (Perkin-Elmer TGS-2) under 
flowing He gas at a rate of 4”C/min in the range 50 to 
900°C. The TGA curve for sample I is presented in Fig. 
1. No weight loss was observed from RT up to 350°C. 
Beyond that temperature the sample started losing weight 
at an almost constant rate. At about 550°C the rate of 
weight loss decreased and remained constant up to about 
800°C. Then, the rate increases sharply up to about 900°C. 
Above that temperature the samples melted. The weight 
loss is attributed to oxygen loss, since fully nonoxygen- 
ated samples did not give any sign of weight loss in TGA 
up to about 900°C. The total weight loss was found to be 
about 2.54%, which amounts to a 0.369 variation of x. 
The measurements are consistent with previous results 
(3) and indicate nonstoichiometry of the compound. 

2.2. XRD Measurements 

X-ray powder diffraction (XRD) data were collected 
with a D 500 Siemens diffractometer using CuKol radiation 
and a graphite crystal monochromator, from 10 to 100” 
in steps of 0.03” in 28. The power conditions were set at 
40 kV/35 mA. The aperture slit and the solar slit were 
set at 1”. In this study the results of the Rietveld refinement 
(12) for an oxygenated (sample IIIA) and a nonoxygenated 
(sample IIIB) barium copper oxide with nominal composi- 
tion BaCuO, are presented. The final values of the frac- 
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tional atomic coordinates and the occupancy factors are 
listed in Table 1. In this table the atoms called A are 
oxygens in the disordered part of the structure and corre- 
spond to the A atoms as reported by Paulus et al. (3). By 
using the ordered part of the structure, which means the 
atoms Bal , Ba2, Ba3, Cul , Cu2, Cu3, 01, 02, 03, and 
A4 (3), as the starting structural model for the Rietveld 
programme, the observed structure factors were derived. 
The SHELX’76 programme was used for difference Fou- 
rier map calculations. Initially, the Cu4 and Cu5 atoms 
were located. With successive Fourier map calculations 
it was possible to locate the A atoms given by Paulus et 
al. (3). Except for the Al atom at the origin (0.0, 0.0, 
O.O), which corresponds to an electron density of 4 elec- 
trons/A3, all the other peaks in the Fourier map corre- 
spond to an electron density in the range of 1-2 electrons/ 
A3, which explains the observed, quite unstable behaviour 
of these atoms during the refinement with the Rietveld 
method. With powder XRD data it is difficult to locate 
chemical elements with low atomic scattering factors, es- 
pecially in cases where they statistically occupy the corre- 
sponding crystallographic sites. Of the 10 atoms called A 
by Paulus et al. (3) we keep in our structural model only 
Al, A4, A5, AS, A9 (Table l), for the following reasons: 
the structural parameters of the A2 (0.0, 0.1687, 0.3529), 
A3 (0.0446,O. 1037,0.0>, A6 (0.0740,0.5,0.5), A7 (0.3654, 
0.0, O.O), Al0 (0.0875, 0.5, 0.2824) atoms located by Pau- 
lus et al. (3) are not refined in their study. The atoms A6 
and Al0 are very close to A8 and A9, respectively. Their 
corresponding parameters are highly correlated during 
the refinement. Therefore only A8 and A9 atoms were 
included in our structural model. The A2 atom is very 
close to Bal (-0.8 A) (3) and we consider it a ghost 
peak. The A3 atom is located in the cavity of the Cu,,O 4 
polyhedron, an almost spherical cage with radius 3.7 x 
centered at the origin (see below). We believe that the 
disordering is not bounded only to the atom at the origin 
as has been discussed by Weller and Lines (4), but it is 
more extensive. The A7 atom lies between A4 and Cu4 
atoms and very close to them. The positioning of AS, A6, 
and A8 atoms close to the (0.5, 0.0, 0.0) sites indicates 
an extremely disordered situation. The A9 atoms are close 
to the Cu5 sites and for the nonoxygenated sample III its 
coordinates converge to almost the same x, y, z parame- 
ters as for Cu5. For this reason it was excluded from the 
structural model for the nonoxygenated sample III. From 
the calculated occupancies (Table 1) the unit cell contents 
are Ba88 Cu96.8(3) 0208(4) and Ba88 Cu97.1(3) 0185(3) 
for the oxygenated and the nonoxygenated sample III, 
respectively. With z = 96 we obtain the formula units 
(or the contents for the asymmetric unit of the unit cell) 

B~&ui.OiGz.,,oj (sample III-A) and Ba,&u,.OIG1.,,o, 
(sample III-B). The final Rietveld refinement patterns for 
the two samples are shown in Fig. 2. 
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TABLE 1 
Structural Parameters and Agreement Indexes (R Factors) for 

the Sample IIIA [Produced in Oxydized Atmosphere (First Line)] 
and Sample IIIB [Produced in Reduced Atmosphere (Second Line)] 

Atom Site X Y Z Occupancy 

b 48j 0.0000 0.1510(2) 0.3126(l) 1.0 
0.0000 0.1503(l) 0.3102(l) 1.0 

Ba2 24h 0.3656(2) 0.0000 0.3656( 1) I.0 
0.3615(l) 0.0000 0.3615(l) 1.0 

Ba3 16f 0.1769(l) 0.1769(l) 0.1769(l) 1.0 
0.1781(l) 0.1781(l) 0.1781(l) 1.0 

CU, 48i 0.1502(2) 0.2500 0.3498(2) 1.0 
0.1502(2) 0.2500 0.3498(2) 1.0 

cu2 24h 0.1258(3) 0.0000 0.1258(3) 1.0 
0.1252(2) 0.0000 0.1252(2) 1.0 

cu3 12e 0.2037(6) 0.0000 0.0000 1.0 
0.2049(5) 0.0000 0.0000 1.0 

cu4 12e 0.430( 1) 0.0000 0.0000 0.73(2) 

0.43 18(8) 0.0000 0.0000 0.79(2) 

CU5 12d 0.2500 0.0000 0.5000 0.33(2) 

0.2500 O.ONO 0.5000 0.30(2) 

01 48k 0.072(l) 0.072(l) 0.193(l) 1.0 

0.0710(g) 0.0710(g) 0.190(l) 1.0 

02 48k 0.1467(9) 0.1467(9) 0.338(2) 1.0 

0.1477(7) 0.1477(7) 0.346(l) 1.0 

03 48k 0.264(l) 0.264(l) 0.088(l) 1.0 

0.2673(9) 0.2673(9) 0.083(l) 1.0 

Al 2a 0.0000 0.0000 0.0000 0.5(2) 
- - - - 

A4 12e 0.333(3) 0.0000 0.0000 1.0 

0.336(2) 0.0000 0.0000 1.0 

A5 66 0.5000 0.0000 0.0000 1.0(l) 

0.5000 0.0000 0.0000 0.7(l) 

Aa 48j 0.0000 0.094(2) 0.456(2) O&4(4) 

0.0000 0.093(2) 0.446(4) 0.76(4) 

A9 48i 0.055(2) 0.555(Z) 0.2500 0.54(4) 
- - - - 

Note. Sample IIIA: a = 18.3161 A, R, = 6.20, R,, = 5.38, RB = 5.29, 
R exp = 3.27. Sample IIIB: a = 18.3054 A, R, = 4.43, R,, = 4.37, R, = 

5.16, Rexp = 3.28. 

The bond lengths for the nonoxygenated and oxygen- 
ated sample III are listed in Table 2, together with the 
value derived in the previous structural studies (I, 2, 3, 
4). The bond length values for the nonoxygenated sample 
III are in better agreement with the results of Gutau and 
Muller-Buschaum (2) and Paulus et al. (3). The part of 
the structure that has been acurately described in the 
previous studies concerns the CU,~O~~ polyhedron (6 Cu3, 
12 Cu2, and 24 01 atoms) around the origin (Fig. 3a) and 
the six Cu-member ring Cu,O,, polyhedron (6 Cul, 6 02 
and 6 03 atoms) around the 8c site (4, t, t) (Fig. 3b). The 
A4 and A9 atoms are located in positions around these 
polyhedra in such a way as to form square pyramids for 
Cu3 and Cul atoms. The Cu18024 and Cu,O,, polyhedra 
are connected by the Ba3 atoms which lie in the cavity 
of nine oxygens forming the polyhedron (BaO,) shown in 
Fig. 3c. The above-mentioned polyhedra form the skele- 
ton of the ordered part of the structure and they are ex- 
tended along the four main diagonals of the cubic unit 
cell as can be seen in Fig. 3d. 

The Bal and Ba2 atoms are sitting around this ordered 
part of the structure (Fig. 4d) and connect this part with 
the disordered one. Paulus et al. (3) have reported that 
Bal and Ba2 lie in the periphery of the six-member ring. 
However, Ba2 lies exactly in that periphery and the Bal 
atoms are located in the periphery of the BaO, polyhe- 
dron, as shown in Fig. 4d. 

The 0 1, 02, and 03 atoms form a distorted trigonal 
prism around Bal , as shown in Fig. 4a, which is a common 
polyhedron for Ba with coordination number 9 (14, 15, 
16), 8 (15), and 7 (17). The coordination number 7 is not 
accepted because it leads to an almost perfect trigonal 
prism (17). The position of Bal inside this polyhedron 
makes more probable (16) the polyhedron with coordina- 
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FIG. 2. Rietveld refinement patterns for the samples IIIA (oxygen- 
ated) and IIIB (nonoxygenated). 
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TABLE 2 

Bond Lengths for Samples IIIA, IIIB, and the Corresponding Lengths Derived in Previous Structural Studies [Refs. l-41 

Sample IIIA Sample IIIB Ref. (3) Ref. (1) Ref. (2) Ref. (4) Ref. (4) 

Ba,-0, X 2 2.95(2) 
Ba,-O2 x 2 2.72(2) 
Ba,-Oj x 2 2.76(2) 
Ba,-A2 x 2 - 

Ba,-A, x 1 2.789(7) 
Ba,-A, x 1 - 

Ba,-As x 1 2.82(4) 
Ba,-A9 X 2 3.19(3) 
Ba,-Alo x 1 - 

2.95(2) 
2.78(l) 
2.74(2) 

- 

2.792(7) 
- 

2.85(4) 
- 

3.047(9) 2.99 
2.730(7) 2.70 
2.772(9) 2.74 
0.794(l) - 

2.817(4) 2.79 
2.950( 1) - 

2.539(l) 2.50 
3.09(2) - 

2.187(l) - 

2.99(2) 3.05(3) 
2.72(2) 2.711(4) 
2.78(2) 2.770(5) 

- - 

2.78(6) 2.784(4) 
- - 

2.73(9) 2.55(l) 
- - 
- - 

3.002(4) 
2.716(2) 
2.731(4) 

- 

2.68(l) 
- 

2.68(l) 
- 
- 

Ba2-O2 x 2 2.99(3) 
Baz-Oj x 2 3.09(2) 
Ba2-A6 x 2 - 

Ba2-As x 4 2.70(2) 
Baz-Ag x 4 2.76(2) 
Baz-Alo x 2 - 

2.83(2) 
2.87(2) 

- 

2.78(3) 
- 
- 

2.97(l) 2.88 
2.909(9) 2.95 
2.793( 1) - 

2.699(l) 2.75 
2.73(l) - 

2.806( 1) - 

2.85(2) 2.772(4) 
2.95(2) 2.901(3) 

- - 

2.76(4) 2.706(5) 
- - 
- - 

2.756(2) 
2.927(2) 

- 

2.42(5) 
- 
- 

Ba,-0, x 3 2.74(2) 2.78( 1) 2.668(7) 2.72 2.66(l) 2.647(6) 2.694(4) 
Ba,-0, x 3 3.05(3) 3.17(2) 3.07(l) 3.15 3.18(2) 3.252(5) 3.257(4) 
Bal-Oj x 3 2.78(2) 2.89(2) 2.887(9) 2.87 2.89(2) 2.887(3) 2.847(4) 

cu,-0, x 2 1.91(2) 1.87(2) 1.913(7) 1.95 
cu,-ol x 2 1.97(2) 1.97(2) 1.943(9) 1.95 
Cu,-A9 x 2 2.46(3) - 2.11(3) - 

1.94(l) 1.937(4) 
1.91(2) 1.955(3) 

- - 

1.955(2) 
1.969(3) 

- 

cuz-0, x 4 
Cu,-A, x 2 
Cu,-A, x 4 

2.05(2) 
- 
- 

2.01(2) 
- 
- 

1.999(8) 
1.519(l) 
2.460( 1) 

1.98 1.98(2) 2.00(2) 1.983(2) 
- - - - 
- - - - 

cuj-0, x 4 
Cu,-A, x 4 
Cu,-A4 x 1 

1.87(2) 1.86(l) 1.958(7) 1.90 1.97(l) 1.948(6) 
- - 2.031(3) - - - 

2.36(5) 2.40(4) 2.38(2) 2.41 2.25(4) 2.44(l) 

1.941(2) 
- 

2.407(7) 

Cq-A4 x 1 
Cuq-AS x 1 
Cud-A6 x 4 
CU.,-A, x 1 
Cud-As x 4 

1.78(5) 1.75(4) 
1.28(2) 1.25(l) 

- - 
- - 

1.78(4) 1.76(3) 

1.81(2) 1.80 
1.220(7) - 

1.825(4) - 

1.249(7) - 

2.426(9) 2.05 

1.83(4) 1.93(l) 
- - 
- - 
- - 

1.72(9) 2.13(l) 

CuS-AB x 4 
Cus-A9 x 8 
CuS-A9 x 4 

2.97(4) 
1.43 

- 

2.97(3) 
- 
- 

2.366 - 

1.75(2) - 

1.712 - 

- 
- 
- 

- 
- 
- 

1.797(7) 
- 
- 
- 

1.95(l) 

- 
- 
- 

tion number 8. Although the A4 atom is at the right posi- 
tion, the other oxygens that lie opposite to the almost 
orthogonal plane are missing. The statistically occupied 
A8 and A9 sites are probably another possible arrange- 
ment of oxygen atoms for Ba with coordination number 
8. A similar polyhedron is formed around Ba2 by the 02, 
03, and Ba2 atoms and the statistically occupied A8 sites 
(Figs. 4c and 4d). The 02, 03, and Ba2 atoms lie on a 
mirror plane which produces the mirror image of A8 atoms 
and another possible orientation for this polyhedron. The 
atoms at A9 sites are probable oxygen sites for the oxygen 

atoms not participating in the formation of the distorted 
trigonal prism around Ba2. 

The Cu4, Cu5 atoms and the oxygens named A form 
the disordered part of the structure and fill the paths 
between the ordered parts of the structure (Fig. 3d). 
These paths are parallel to the lines (0.0, 0.5, z) or (x, 
0.0, 0.5) or (0.5, y, O.O), etc. The Cu4, Cu5 atoms are 
linked through A8 and form chains which are shown 
in Fig. 4c. The A8 atoms together with A4 form square 
pyramids around the Cu4. The arrangement of atoms 
around the Cu5 site (12d in Table 1) is more complex. 
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FIG. 3. The ordered part of the crystal structure. (a) The globular and polyhedral models of the Cu,sOz~ polyhedron around the origin (6Cu3, 
12Cu2, and 2401 atoms). The 01 atoms form a square around the Cu2 atom. With the inclusion of A4 atoms, square pyramids are formed around 
the Cu3 atoms. The Ba3 atoms are bonded with three 01 atoms belonging to this polyhedron. In the polyhedral model the Ba3 atom shows the 
directions (main diagonals of the cubic cell) along which the ordered part of the structure is developed. (b) The globular and polyhedral models 
of the six-Cu-member ring CubOn (6Cul,602 and 603 atoms) around the SC site (a,& 4) together with the square pyramids formed by the inclusion 
of the A9 atom. The Ba3 atoms lie above and below this polyhedron along the main diagonal, and each Ba3 atom is connected to six oxygen 
atoms belonging to this polyhedron. (c) The Ba09 polyhedron around the Ba3 atom in globular and polyhedral representation. Ba3 is connected 
with 301 atoms belonging to the Cu,s02,, polyhedron and six oxygen atoms (302 and 303 atoms) of Cu60n polyhedron. (d) Connection of the 
polyhedra that form the ordered part of the structure. The successive order of the polyhedra along each one of the four main diagonals of the 
cube is C,,0z4 + BaOs + Cu,Otz + BaO, + [CutsO,, + BaOs . . (not shown)]. The A9 atoms around the Cu,O,, polyhedron have been suppressed 
for clarity. 

The A8 atoms form a tetrahedron, while the A9 atoms 
form a square plane. The 12d site has been previously 
assigned to an oxygen atom (1, 2, 4). However, Paulus 
et al. (3) suggested a copper atom for this site, which 
is in agreement with our results. Attempting a refinement 
considering this atom site occupied by an oxygen re- 
sulted in an occupancy value corresponding to more 
than one oxygen atom. An overall view of the structure 
is given by the stereopair picture in Fig. 4d. We believe 
that the origin for this extremely disordered structure 
lies in the flexibility of the oxygen atoms to arrange 
themselves around the Ba and Cu atoms. 

In a recent study (18) this compound is identified as 
an oxocarbonate, with the carbon atom occupying the 
12d site (Cu5 in our assignment). As was mentioned 
above, the electron density of this site is higher than 

the electron density corresponding to an oxygen atom 
(occupancy factor higher than 1.0 assuming an oxygen 
atom at this site). Our assignment agrees with the results 
of (3) and a recent work by Paulus et al. (19). It is 
also worth noting that the oxocarbonate ((BaCuO$) sam- 
ple (18) has been prepared at 850°C while the samples 
of the present study have been prepared at temperatures 
as high as 95O”C, thus making the formation of carbon 
radicals rather unlikely. 

In summary, the present study confirms that the 12d 
site is occupied by Cu. It is also shown that the site 
at the origin (site 2a in Table 1) is more likely to be 
occupied by oxygen, as it was impossible to refine an 
atom at this site (4). Additionally, this site was found 
to be empty in the refinement of the nonoxygenated 
sample. 
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FIG. 4. Description of the disordered part of the structure. (a) The oxygen atom environment of the Bal atom. (b) The oxygen atom environment 
of the Ba2 atom. (c) The Cu4, Cu5 chains along the medians of the cubic surfaces. (d) Stereopair picture of the Q part of the structure (4 along 
each cubic axis) with atoms included. The open bonds connect atoms belonging to the order part. The large circles are Ba atoms (Ba2 atoms are 
indicated by full black circles). The medium-sized circles correspond to Cu atoms and the small ones to oxygen atoms. 

2.3. Magnetization Measurements 

Magnetic measurements were performed by DC tech- 
niques using VSM and SQUID type Quantum Design 5.5T 
spectrometers in the temperature range from 4.2 K to RT. 

The temperature dependence of the inverse susceptibil- 
ity x-l for a 1 T magnetic field is shown in Fig. 5 for both 
phases of sample III. For the oxygenated phase, x-’ vs 
T curve exhibits a linear temperature dependence above 
70 K, which can be described by a Curie-Weiss law x = 
CI(T - O), resulting in a Curie-Weiss constant 0 = 15 
K and an effective magnetic moment p,e = 1.89 p.,/f.u. 
For the nonoxygenated phase, fitting x-l vs T to a Cu- 
rie-Weiss law above 150 K, yields 0 = 58 K and pLeff = 
1.93 pa/f.u. The latter value is higher than 1.82 pa, which 
is expected for divalent copper ions with g = 2.10. The 
positive values of 0 suggest the presence of ferromagnetic 
interactions in both phases, though more enhanced in the 
nonoxygenated one. 

As was shown above, the crystal structure of BaCuO,+X 
comprises an ordered part and a disordered one. The 
former, which forms the main part of the compound, con- 
sists of two structural units, namely, a Cu,O,, ring and a 

26-faced Cu,,O,, polyhedron. Copper ions in the Cul, 
Cu2, and Cu3 sites may assumed to be in the divalent 
state with a predominantly d(x2 - y2) ground state due 
to their square-planar or square-pyramidal coordination. 
These square-planar units share edges. This geometry 
according to the superexchange rules (20, 21, 22) is ex- 
pected to give rise to 90” Cu-0-Cu interactions, which 
due to the orthogonality of the copper d orbitals will fa- 
vour ferromagnetic coupling of copper ions in each cluster 
(10). The short Cu-0 bonds (Table 1) are expected to 
induce strong ferromagnetic intracluster exchange, while 
weaker intercluster exchange coupling may occur through 
the disordered part which is formed among the main cop- 
per clusters. In this case the magnetic susceptibility 
should be the result of the contribution of the individual 
magnetic susceptibilities of both kinds of copper cluster 
complexes, modified by the weaker intercluster exchange, 
usually taken into account by a molecular field term (23). 

In Fig. 6 the temperature dependence of the effective 
magnetic moment defined as p,, = 2.83 (xT)“~ for x in 
emu/mole is presented for both phases. It is seen that the 
value of peff increases upon lowering the temperature from 
300 K, reaches a maximum value, and then decreases 



56 GUSKOS ET AL. 

Temperature (K) 

7.4. 
0 50 100 150 200 250 300 

Temperature (K) 

FIG. 5. The inverse magnetic susceptibility as a function of tempera- FIG. 6. The effective magnetic moment p,nas a function of tempera- 

ture for the (a) oxygenated and (b) nonoxygenated sample III at magnetic ture for the (a) oxygenated and(b) nonoxygenated sample III at magnetic 

field of 1 T. field of 1 T. 

rapidly. The increase is much more drastic for the nonoxy- 
genated sample. This behaviour is consistent with the 
presence of the ferromagnetic intracluster interactions 
and results from the gradual Boltzmann depopulation of 
the excited states to the cluster ground state which has 
maximum total spin (24, 25). Considering only isotropic 
ferromagnetic exchange interaction, the ground state of 
the Cu,OrZ and the CursO24 cluster complexes will have 
a total spin 3 and 9, respectively. At low temperatures, 
taking a typical g value of 2.15, the ground states of these 
complexes correspond to pLeff values of about 3 and 4.8 
prr, respectively. The average of these values is slightly 
larger than the maximum value of (u,, of 3.1 j.&B observed 
for the nonoxygenated phase, while it is considerably 
larger than the maximum value of 2.2 j.+ observed for 
the oxygenated phase (Fig. 6). At low temperatures peff 
exhibits a maximum at a temperature named hereafter as 
T max 3 which is equal to 30 and 20 K for the oxygenated 
and the nonoxygenated phases, respectively. Below T,,, 
the value of p,rf decreases rapidly, indicating the predomi- 
nance of antiferromagnetic intercluster interactions. 

The smaller values of pUeff as well as the higher T,,, 
observed in the oxygenated phase suggest stronger anti- 
ferromagnetic intercluster interactions in this phase. The 
corresponding curve of Fig. 6 suggests that these interac- 
tions are operative in the whole temperature range and 
not only below T,, where they become dominant. This 
could be expected since the excess oxygen, as was shown 
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by the XRD analysis, occupies vacant sites in the disor- 
dered part filling the space among the copper clusters and 
thus enhances the intercluster antiferromagnetic interac- 
tions. 

In Fig. 7 the inverse magnetic susceptibility vs T for 

0 
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FIG. 7. The inverse magnetic susceptibility x-i vs Tfor the nonoxy- 
genated sample III at magnetic fields of 0.2 and 0.5 T. 
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the nonoxygenated sample III is shown for magnetic fields 
of 0.2 and 0.5 T. It is seen that the susceptibility is field 
dependent above 100 K. This behaviour, pending further 
investigation, might be related to the presence of the large 
copper clusters and the strong internal fields that they 
induce in comparison with the externally applied magnetic 
field. The field dependence of x might be one of the rea- 
sons, besides different oxygen content, that various val- 
ues of peff have been reported in the literature (8, 10, 26). 

2.4. EPR Measurements 

The EPR spectra were recorded by conventional X- 
band (Y = 9.4 GHz) spectrometers, Bruker ER-200D and 
Varian E-l 12, both working with 100 kHz modulation of 
the steady magnetic field. The Varian E-l 12 spectrometer 
was equipped with a reflection double cavity and a static 
magnetic field varying between 0.025 and 1 .O T. Tempera- 
ture-dependence measurements were performed using 
Oxford and Varian systems. The samples (20 mg) in the 
form of fine powder were placed in quartz tubes of 2 mm 
diameter. The air from the tube was displaced by flowing 
He gas. 

At RT all samples exhibit a typical powder spectrum 
of Cu2+ ions in orthorhombic local symmetry. The derived 
spin-hamiltonian parameters are g, = 2.041(3), gY = 
2.103(3), gz = 2.223(3) for the oxygenated sample I, and 
g, = 2.057(3), gY = 2.120(3), g, = 2.21(3) for the nonoxy- 
genated sample I, which are in good agreement with an 
earlier report (27). However, Cu2+ EPR spectra of tetrago- 
nal local symmetry such as those reported by Mesquita 
et al. (28), were not observed, probably due to different 
preparation conditions and oxygen content. The inte- 
grated intensity of the observed spectrum corresponds to 
2-3% of the total copper concentration as estimated by 
comparison with the EPR line intensity of CuSO, .5H,O. 
Based on this observation we assume that this EPR spec- 
trum originates from divalent copper ions in the disor- 
dered part of the compound, most probably in the Cu4 
and Cu5 sites, which contain only a small fraction of the 
bulk copper. The local environment of Cu4 consists of a 
square pyramid, while Cu5 is surrounded by a tetrahedron 
of A8 oxygen atoms intersected by a square plane of A9 
oxygen atoms, which is missing for the nonoxygenated 
phase (Fig. 4~). The local symmetry of both sites can be 
further lowered when oxygen atoms in the statistically 
occupied neighbouring sites are missing, giving rise to the 
low-symmetry EPR spectra. 

The EPR line intensity of this signal is found to be 
considerably larger, roughly by a factor of 10, in the oxy- 
genated phase compared to the nonoxygenated one for 
samples I and II, whereas the inverse is found for sample 
III but with intensities differing only by a factor of 2. 
Notably, Mesquita et al. (28) have reported a clear in- 

crease of the EPR line intensity for the deoxygenated 
samples and, based on this, suggested that removal of 
oxygen produces the Cu2+ resonance. According to the 
Rietveld analysis of the XRD data, the occupation factors 
of the two copper sites Cu4 and Cu5 in the disordered 
part of the crystal structure do not vary considerably with 
the oxygen content (Table 1). This might indicate that it 
is the oxygen ordering and not the total oxygen content 
of the compound which determines the localization of the 
d hole at these copper sites and therefore the strength of 
the Cu2+ signal. Such an explanation may account for the 
differences observed in the EPR line intensities of the 
Cu2+ spectrum for the various samples which, being pre- 
pared under different heat treatment conditions, could 
have different oxygen distribution in the disordered part. 
Furthermore, it was found that the intensity of the Cu2+ 
spectrum increased with time in agreement with (28). 
However, in our opinion this time evolution is most likely 
related to changes in the oxygen ordering in the disordered 
part and not to the formation of another compound (28). 

For the oxygenated samples, the Cu2+ EPR spectrum 
is observed down to 4 K but below 70 K it is superimposed 
on another broad line whose amplitude increases rapidly 
with decreasing temperature (Figs. 8a and 8b). For the 
nonoxygenated samples the Cu2+ spectrum is observed 
down to 30-40 K (Figs. 9a and 9b) because at lower 
temperatures it is completely masked by the very intense 
broad signal. In both cases the superposition of the two 
different spectra, the Cu2+ spectrum and the broad EPR 
signal, indicates that there is no significant interaction 
between the corresponding paramagnetic centers. For the 
nonoxygenated samples which correspond closely to the 
formula BaCu02, the broad single EPR line is centered 

at g,ff = 2.15 for temperatures approximately above 20 
K. Its intensity corresponds roughly to that calculated for 
copper ions in the ordered part of the compound, while 
the line shape is close to Lorentzian. Due to this observa- 
tion we ascribe it to the exchange-coupled copper ions in 
the ordered part. 

The intensity .Z of this EPR signal, estimated by J = 
(AH)’ * Z at constant modulation and microwave power, 
with AH being the linewidth and Z the peak-to-peak ampli- 
tude, follows approximately an -l/T law (Fig. 10) in 
agreement with a previous report (9). This variation com- 
plies with the previously described paramagnetic-like be- 
haviour of the DC magnetic susceptibility within the same 
temperature range, verifying that the EPR signal origi- 
nates from the copper clusters in the ordered part of the 
structure. The observation of a single Lorentzian EPR 
line suggests that exchange narrowing is effective, so that 
the resonances produced by the two kinds of cluster col- 
lapse into a single one. In this case, the intercluster ex- 
change interaction should be larger than the Zeeman en- 
ergy, which is approximately 0.03 cm-‘. 
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FIG. 8. Temperature dependence of the EPR spectra for the oxygenated (a) sample I and (b) sample III. 

The g factor of the EPR line shows a strong temperature samples AH exhibits a minimum around 10 K followed 
dependence below 20 K due to a shift of the resonance by a small increase at lower temperatures. This variation 
line towards lower fields. This can be seen in Fig. 11, is reminiscent of the divergent behaviour of AH due to 
where the g factor as a function of temperature is pre- the slowing down of spin fluctuations when the critical 
sented for the three nonoxygenated samples. This behav- temperature at which long-range order sets in is ap- 
iour can be related to short-range order effects which proached (29). Similar EPR data have previously been 
induce internal fields that add or substract from the exter- reported for samples containing mainly BaCuO, (8), while 
nal field producing a shift of the resonance line. This specific heat and $SR experiments have detected the pres- 
effect is consistent with the onset of antiferromagnetic ence of magnetic ordering around 11 K (30, 31). Further- 
intercluster interactions below 20 K in the nonoxygenated more, fluctuations of the EPR resonance absorption which 
phase as deduced from the magnetic susceptibility mea- might be associated with the presence of magnetostatic 
surements. The temperature dependence of the EPR modes (32) were also recorded around this temperature 
linewidth AH is shown in Fig. 12. It is seen that for all (Figs. 8a and 8b). All these observations indicate that 
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FIG. 9. Temperature dependence of the EPR spectra for the nonoxygenated (a) sample II and (b) sample III. 
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FIG. 10. EPR signal intensity J as a function of temperature for the FIG. 12. EPR linewidth AH as a function of temperature for the 
nonoxygenated sample II. The line represents the best fit curve -T’,“. nonoxygenated samples. 

antiferromagnetic ordering may occur around 10 K. How- 
ever, the magnetic susceptibility did not show any critical 
behaviour around this temperature. The phenomenon 
should be sensitive to the oxygen content and ordering 
in the disordered part that provides the pathways for the 
antiferromagnetic intercluster exchange interactions. 
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FIG. 11. The g factor of the low-temperature EPR signal as a function 
of temperature for the nonoxygenated samples. 
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Neutron diffraction measurements on BaCuO,,, samples 
with variable oxygen content could possibly clarify this 
point. 

As can be seen in Fig. 12 the EPR linewidth for all 
samples increases very rapidly with increasing tempera- 
ture between 20 and -150 K. Generally, the EPR line- 
width for temperatures well above the critical one follows 
an llk,Tx law, with x being the static susceptibility, which 
for strongly correlated systems may be responsible for 
the temperature dependence of AH (33). In the present 
case, the linewidth increase follows the variation of 
1lkJx which also exhibits a sharp, almost linear increase 
within the same temperature range, as one can easily 
conclude from Fig. 6. From Fig. 12 it can also be seen 
that the values of AH for the three samples were not 
identical, indicating a significant effect of heat treatment 
conditions. Heat treatment most likely affects the oxygen- 
deficient part of the compound and thus may influence 
the intercluster exchange coupling which further affects 
the EPR linewidth. 

For the oxygenated samples a similar EPR line is ob- 
served (Figs. 8a and 8b) with much broader linewidth, 
AH = 0.130(5) T at 4.5 K, and intensity an order of magni- 
tude less than that of the nonoxygenated phase. Both 
observations are related to the reduction of the static 
susceptibility x for the oxygenated phase (Fig. 5). The 
temperature dependence of AH for the oxygenated sam- 
ples (Fig. 13) is qualitatively similar to that of the nonoxy- 
genated ones (Fig. 12) except that the minimum of AH is 
shifted at -20 K. This observation agrees with the in- 
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FIG. 13. EPR linewidth AH as a function of temperature for the 
oxygenated samples. 

creased value of T,,, = 20 K of the effective moment 
of the oxygenated phase (Fig. 6) and also supports the 
suggestion of stronger antiferromagnetic intercluster in- 
teractions in this phase. 

Our observations on BaCuO, seem to be in qualitative 
agreement with the case of the Y,Cu,05 compound (10, 
11,34). Although the BaCuO, compound is quite different 
from the Y&O5 one, mainly due to the presence of the 
large copper clusters and the existence of a disordered 
part in its crystal structure, it seems worthwhile to point 
out the appearance of strong EPR signals corresponding 
to the bulk copper ions coupled through 90” Cu-0-Cu 
ferromagnetic interactions in both of them, in contrast 
with the weak EPR signals observed in compounds with 
extended 180” Cu-0-Cu antiferromagnetic interactions 
(10, 11). The reason for not observing any EPR signal in 
the BaCuO, material by Shreedhar and Ganguly (10) may 
be the limited studied temperature region and the different 
preparation conditions of the samples. We also notice 
reports that after exposure in air for a few days the XRD 
pattern and the EPR spectra of BaCuO, were found to 
change drastically (35). However, we have not observed 
either of these effects except for the already mentioned 
growth of the intensity of the EPR spectra of Cu2+ ions. 

3. CONCLUSIONS 

With this work it was attempted to arrive at a detailed 
description of the ordered and the disordered part of the 
crystal structure for the nonstoichiometric compound 

BaCu02+x, which gives a better understanding of the mag- 
netic properties for this compound. 

The magnetic behaviour of the system is determined 
by the presence of the two kinds of copper clusters, with 
ferromagnetic intracluster and antiferromagnetic inter- 
cluster exchange interactions. The addition of oxygen 
causes an enhancement of the antiferromagnetic coupling 
by providing more effective superexchange pathways 
through the disordered part of the crystal structure. The 
magnetic susceptibility and the EPR results are consis- 
tently described within this picture. From the EPR data 
there are indications of magnetic ordering at low tempera- 
ture, in agreement with previous reports of specific heat 
and &SR experiments. The EPR spectra of Cu2+ ions are 
attributed to copper ions in the disordered part of the 
compound and appear to depend on the oxygen ordering 
around these sites. 

From the above, it becomes clear that the oxygen atoms 
in the disordered part of the structure influence the mag- 
netic interactions of the copper atoms. For this reason a 
systematic study of the structure and magnetic properties 
of the system based on neutron diffraction data is in 
progress. 
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