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Abstract

A rapid and simple procedure for the determination of non-stoichiometric oxygen in YBa2Cu3O7�d (YBCO)

superconductors is described, based on the relationship between oxygen content and c-axis parameter of the YBCO

structure. To test the proposed method the oxygen content of samples sinterised starting from different precursors has

been calculated from X-ray powder diffraction analysis and compared with the oxygen content obtained by iodometric

titration with satisfactory correspondence.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The problem of oxygen non-stoichiometry is
common for all high-temperature superconductors
and is connected with the mixed valence of the
metallic atoms (namely Cu(II)/Cu(III), Bi(III)/
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Bi(V), Tl(I)/Tl(III) and Pb(IV)/Pb(II)), particu-
larly with that of copper, which has a prominent
role for the superconducting properties of these
materials [1–4].

For YBa2Cu3O7�d (YBCO) [5–7], in which only
copper has a variable oxidation state, the relation
between oxygen content and cell dimensions or
annealing temperature has been pointed out in
many works [1,8–14].

The d-value acts as a regulating factor of the
structural and electrical properties of the material
(when d decreases Tc increases). The YBCO
d.
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structure gradually varies when d varies in the
range 1pdp0: an increase of oxygen content up
from 6 to 6.5 (d ¼ 120:5) makes it possible to
obtain the tetragonal-semiconducting phase; for
d ¼ 0:5 the phase transition from tetragonal to
orthorhombic occurs, over d ¼ 0:2 the supercon-
ductive properties appear and for d ¼ 0 the
structure is completely orthorhombic-supercon-
ductive with Tc above 90K.

Therefore the d-value of interest for YBCO
as superconductor varies in the range from
0.2 to 0; it is necessary to control d-value within
a narrow range in order to obtain higher Tc

samples.
In the orthorhombic phase a- and c-para-

meters decrease with the increase of oxygen
content, while b-parameter increases. The c-axis
parameter has been observed in literature to
change in the range from 11.8391 (A for YBa2
Cu3O6 (tetragonal) to 11.660 (A for YBa2Cu3O7

(orthorhombic) [15].
Many experimental methods have been used to

evaluate the oxygen content in the high-Tc super-
conductors samples:, iodometric titration [16–19],
coulometric titration [17,20], thermogravimetric
analysis [16,18,21], micro-Raman spectroscopy
[22], spectrophotometric method [23–25], volu-
metric method [26] but all these measurements
are destructive, so one knows the characteristics of
the sample when it is no more useful. From these
considerations the importance of a non-destructive
method for the oxygen evaluation in high-Tc

superconductors become obvious.
A quantitatively correlation of the c-axis dimen-

sion with the oxygen content has been tried by
Ono, in a paper of 1987, on the basis of the weight
variations of annealed samples but assuming 6.89
as the maximum oxygen content [27].

Because the superconductivity in oxygen defi-
cient perovskites is closely related to the crystal
structure, we think that a non-destructive method
for the oxygen quantitative evaluation in high-Tc

superconductors could be drawn from experimen-
tal data of the cell dimensions [1,28]. The aim of
this study is looking for a general mathematical
relation between the oxygen content and the cell
parameters in YBCO samples allowing a non-
destructive determination.
2. Experimental procedure

Samples has been prepared both from inorganic
and organic salts. In the first case we started from
grinded powders of a stoichiometric mixture of
Y2O3, CuO and of a different barium compound
(BaCO3 or Ba(NO3)2 or BaO2) [29]. In the second
case the neodecanoates of copper, barium and
yttrium were dissolved in xylene/pyridina solvent
mixture always taking in account the exact
stoichiometry. The solution was then dried and
the obtained intimate powders were pressed. The
resulting pellets were annealed at T > 900�C,
with a further thermal treatment at 450�C in
oxygen flow.

To obtain the unit cell dimensions, each sample
was analysed with X-ray powder diffraction
analysis using a D5000-Siemens diffractometer
equipped with G .obel mirrors, using Ni-filtered
CuKa radiation. The diffraction intensities in 2y-
range 20–40� were collected in a 2y2y scan mode,
with 0.02� steps. In the chosen 2y-range there is
the most of the stronger reflections (JCPDS 39-
1496; 40-0159). The sample unit cell parameters
have been refined using a least-square method.
Using this program, it is possible to obtain the
values of the a; b; c crystallographic parameters
with the estimated standard deviations.

Experimental oxygen content was obtained
using the standard iodometric titration, following
the suggestion of Harris [18].

A LakeShore7225 susceptometer was used
for the magnetic measurements (n ¼ 1000Hz;
Hc ¼ 100A/m2). A home-made four probes appa-
ratus was used for the resistive measurements.
3. Results and discussion

The non-superconductive phase has the oxygen
atoms randomly distributed among the sites O(1)
and O(5), so that the structure is a disordered
tetragonal one. The space group is P4/mmm
and the sites O(1) and O(5) are equally occupied
(Fig. 1).

On the contrary, the YBCO superconducting
phase at the higher critical temperature (0pd
p0:2) is orthorhombic with the space group
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Fig. 1. Orthorhombic and tetragonal structures of

YBa2Cu3O7�d material.
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Fig. 2. (7�d) values as a function of the c-axis values obtained

from ICSD Database. The solid line is the fit of the points.

Table 1

Chemical precursors used to obtain YBCO bulk samples and lattice

Sample Starting compounds

1 Y2O3+CuO+BaCO3

2 Y, Ba, Cu neodecanoates

3 Y2O3+CuO+Ba(NO3)2
4 Y2O3+CuO+BaCO3

5 Y2O3+CuO+BaCO3

6 Y2O3+CuO+BaO in acetic acid

7 Y2O3+CuO+BaO in nitric acid

8 Y2O3+CuO+BaO2
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Pmmm. The crystal structure [28] is an oxygen
deficient perovskite with ordered vacancies con-
sisting of three unit cell stacked as �CuOx–BaO–
CuO2–Y–CuO2–BaO–CuOx–. In the CuOx layer,
each Cu is coordinated by four oxygen atoms
while in the CuO2 layer each Cu is surrounded by
five oxygen atoms.

In the inorganic Crystal structure database
(ICSD) about 240 YBa2Cu3O7�d structures have
been found, refined by different techniques, namely
X-ray diffraction from a powder (XPD), neutron
diffraction from a powder (NPD), synchrotron
radiation of single crystal (SNS), structure theore-
tically calculated (THE). Because this is our
intention to perform an experimental test on the
applicability of the method reported in this paper
using the results of XPD analyses (see below),
among the ICSD YBCO structures we have chosen
only the Pmmm spatial group structures refined
using the results of XPD and NPD analyses
obtained in the same our conditions.

ICSD Database reports for each chosen struc-
ture both the d and the c-axis values. The (7�d)
values have been plotted as a function of the c-axis
values, as shown in Fig. 2. The fit of the points give
the following equations:

ð7� dÞ ¼ 75:250� 5:856c; ð1Þ

where (7�d) is the oxygen content and c is the
c-axis value).

In order to verify the possibility to use the above
equation to calculate the oxygen content of a new
YBCO sample from the c-axis value obtained from
parameters obtained from XRD analysis

Lattice parameters

a-Axis ( (A) b-Axis ( (A) c-Axis ( (A)

3.81 3.87 11.690

3.82 3.88 11.660

3.81 3.88 11.669

3.82 3.87 11.662

3.81 3.87 11.687

3.84 3.91 11.659

3.82 3.90 11.698

3.82 3.87 11.662
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XPD analysis, eight Y1Ba2Cu3O7�d bulk samples
have been prepared using sintering method and
starting from the different mixtures of precursors
collected in Table 1.

In Table 1 are also reported the unit cell
dimensions of the YBCO samples obtained from
XPD analyses data. From the c-axis values reported
in Table 1 and using Eq. (1) the samples oxygen
content values have been calculated. For compar-
ison, the oxygen content has been also experimen-
tally determined using iodometric titration [18].

The values obtained are reported in Table 2
whereas Fig. 3 shows the calculated and experi-
mental oxygen content as a function of c-axis
value with the respective fit lines. It is possible to
observe that the oxygen content value obtained by
Eq. (1) in each case is higher than the value
obtained by iodometric titration. Moreover, the
two fit lines are almost parallel.
Table 2

Experimental and calculated oxygen content and transition temperat

Sample Calculated oxygen value Experimental oxygen value

1 6.79 6.60

2 6.97 6.79

3 6.92 6.69

4 6.96 6.75

5 6.81 6.65

6 6.97 6.77

7 6.75 6.62

8 6.96 6.79
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Fig. 3. Calculated and experimental oxygen content as a

function of c-axis value. The solid lines are the fits of the points.
It is known that the oxygen content influences
the YBCO structure and hence the superconduc-
tive properties. Considering the oxygen content
calculated with Eq. (1), the critical temperature
(Tc) values listed in Table 2 can be predicted for
our samples [1,30].

The performed magnetic and resistive measure-
ments give Tc values (also reported in Table 2)
lower than the predicted ones suggesting that the
proposed method overestimates the oxygen con-
tent, nevertheless the experimental Tc values are in
better agreement with the calculated oxygen
content values with respect the ones obtained
from iodometric titration. Therefore, it is reason-
ably to suppose that the real values are between
the values obtained with the two methods.
4. Conclusions

The proposed method allows to calculate the
oxygen content of YBCO samples starting from
the c-axis value. It offers some advantages with
respect the conventional methods of oxygen
determination: it is simple and rapid and hence
can be used as a toll for a quick preliminary
screening of the samples having superconductive
properties. Moreover, no chemical compounds
must be added and the method does not destroys
or damages the sample which is therefore available
for further characterisation or applications.

The calculated oxygen content values are con-
sistent with those obtained from iodometric
titration and even if the experimental results
ure of the YBCO samples

Tc (K) (predicted) Tc (K) (experimental)

81 78

91.5 90

91.5 89.5

91.5 90

82 80

91.5 91

72 Non-superconductive in liquid N2

91.5 90
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indicate that the proposed method overestimates
the oxygen content, the experimental Tc values are
in better agreement with the calculated oxygen
content values with respect the ones obtained from
iodometric titration indicating that reliable oxygen
content values are obtained from Eq (1).
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