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a b s t r a c t

Mixing of Y2O3, BaCO3 and CuO in proper amounts to yield a net composition of YBaCu2Ox reveals super-
conductivity above 90 K without the requirement of any post-annealing under oxygen flow. Advantage of
this starting composition is observed as the samples take sufficient amount of oxygen during calcination
process. We found that oxygenation does not change the crystal structure and the transition temperature
but it seems to be effective for improvement of the superconducting properties of intergrain regions. The
Jc values of as-sintered samples, which were calculated from the M–H curves, approach to the order of
106 A/cm2 at 10 K. Oxygenated samples even take Jc values higher than 106 A/cm2, which is mainly due
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4.62.Bf
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eywords:
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to the improvement of intergrain regions.
© 2010 Elsevier B.V. All rights reserved.
uperconductivity
ritical current

. Introduction

It is well known that the superconducting cuprates are highly
xidized compounds (the original La1.85Sr0.15CuO4 superconductor
as an average Cu valency of 2.15, while in YBa2Cu3O7, the value is
.33) and tend to lose oxygen during synthesis at high calcination
emperature [1]. Among the cuprate superconductors, RE-Ba–Cu–O
RE: Nd, Sm, Y, Gd, etc.) has many potential applications because of
ts ability to work at liquid nitrogen temperature, but it also suffers
rom the problem of oxygen loss as much due to the requirement
f high calcination temperatures in order to obtain desired phases.

Particularly in Y–Ba–Cu–O systems, oxygen content has cru-
ial importance for controlling structure and superconducting state
roperties. Contrary to the high stability of the oxygen concentra-
ion in Y-124 system (YBa2Cu4O8), in the Y–Ba–Cu–O HTSC family,

-247 (Y2Ba4Cu7O14+x) and well known Y-123 (YBa2Cu3O7−x) may

ose oxygen easily and thus variations on their superconducting
roperties may be observed. For instance, as it is well known, Y-123
as a variable oxygen stoichiometry 0 ≤ x ≤ 1 due to labile oxygen
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in the chain layer [2]. For these values of x, transition temperature
was reported as changing from 93 K down to 0 K [3]. Besides, its
structure undergoes a transition from tetragonal to orthorhombic
phase around x = 0.5 [4]. In order to obtain high stability of oxygen
concentration in Y-123 and Y-247 systems, many techniques have
been performed and studies have been done up to now [5–11]. Pro-
cessing in high-pressure oxygen gas may be given as an example
[10,11].

In the present study, we succeeded to synthesize a supercon-
ducting Y–Ba–Cu–O compound with a transition temperature Tc

of 90 K (even higher) without the necessity of any thermal treat-
ment under oxygen. For comparison, the samples were oxidized
under high oxygen flow rate and no variation on Tc was observed. To
ensure the reproducibility, synthesis procedure was repeated many
times for different samples and the same structural and supercon-
ducting properties could be obtained. In this paper, we share our
findings with the superconductivity community.

2. Experimental part

The samples used in this study were synthesized as follows. High purity powders

of Y2O3, BaCO3 and CuO were weighted in proper amounts to form a nominal com-
position at YBaCu2Ox . It is important to point that this is the key point which makes
our results different from those in literature. Then the powders were thoroughly
mixed using an agate mortar and pressed into disc-shaped pellets under pressures
of 2000 kg/cm2. The pellets were calcined at different temperatures between 900
and 1000 ◦C to find optimal calcination temperature for 20 h in a controllable box

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 2. Scanning electron microscopy (SEM) image of the oxygenated sample (cal-
cined @950 ◦C).

Table 1
Atomic ratios of the elements obtained by using scanning electron microscopy for
the oxygenated samples: original sample, results re-evaluated after subtraction of
the contribution of impurity phase.

Element Oxygenated sample

Original (with impurities) Re-evaluated (without impurities)
Atomic% Atomic%

Y 12.26 8.72
ig. 1. The X-ray diffraction patterns of the oxygenated and as-sintered Y–Ba–Cu–O
uperconductors calcined at different temperatures.

urnace. Samples were regrinded, pelletized at same pressure and calcined again
t the same temperature. One sample was left for the measurements (called as-
intered) and the other one was oxygenated under oxygen flow by slow cooling
50 ◦C/h) from the calcination temperature (900–1000 ◦C) to 450 ◦C, holding at this
emperature for 2 days and then slow cooling again to 25 ◦C with 50 ◦C/h (called
he oxygenated). This fabrication process was repeated several times to ensure the
eproducibility of samples.

Structural analysis was done by Shimadzu XRD-6000 diffractometer (CuK�).
he microstructural analysis was carried out using a scanning electron microscopy
JEOL 6335F Field Emission Gun). The specimens were cut into small regular pieces
or magnetic measurements. The M–H loops and the M–T measurements were done
n a Quantum Design MPMS-5 SQUID magnetometer. Electrical measurements were
arried out using four-probe technique.

. Results and discussions

Fig. 1 shows the X-ray patterns of the oxygenated (calcined
950 ◦C) and as-sintered (calcined @900, 950, 1000 ◦C) samples.

t is seen that all samples contain large amounts of Y-211 phase
Y2BaCuO5) and small amounts of CuO phase. Y-211 content in all
tudied samples was observed to be almost constant and deter-
ined as ∼50% with standard deviation of 4%. In order to check

he reproducibility of samples with the same Y-211 content, 3
ifferent samples, which were fabricated at different times, were
lso analyzed by X-ray diffractometry and the results were found
o be consistent with those reported above (within the limits of
tandard deviation). Note that, as it was reported before, Y-211
hase behaves like pinning centers and thus their presence in Y-123
uperconductors can be effective for the increase of critical current
ensity Jc [12,13]. In addition, self-production of these impurity
hases may be useful to obtain high Jc values in Y-123 system if the
elt-texturing techniques are followed [14]. As seen from the X-

ay graphs of both the oxygenated and as-sintered YBCO samples,
hich were calcined at 950 ◦C, there is no distinguishable differ-

nce between the patterns of these samples, such as sharpness,
eak positions, etc. For instance, width of the most intense peak
t half height (2� = 32.84◦) of as-sintered and oxygenated samples
ere determined to be 0.20◦ and 0.21◦, respectively. It means oxy-

en has not much influence on the crystallographic structure of
hese samples. It must be noted that characteristic diffraction peaks
f Y-123 phase is seen in the diffraction pattern of as-sintered and

xygenated samples.

Scanning electron microscopy (SEM) image of the oxygenated
ample (calcined @950 ◦C) is seen in Fig. 2. The image reveals that
rain dimensions are less than 10 �m. Table 1 gives the results
f elemental analysis made using scanning electron microscopy
Ba 18.39 21.79
Cu 31.76 39.40
O 37.58 30.08

(SEM-EDS) and results re-evaluated after subtraction of the contri-
bution of impurity phases Y2BaCuO5 and CuO. As seen, atomic ratios
of elements after extracting the contribution of impurity phases
differs from well known YBa2Cu3O7 superconductors, on which
atomic ratios of Y:Ba:Cu:O = 7.69:15.38:23.07:53.83 is expected.

Fig. 3 shows temperature dependence of the diamagnetic shield-
ing signals and Meissner signals for as-sintered and oxygenated
samples. The diamagnetic shielding signal (zfc) was measured by
cooling the sample in zero fields, and then applying a small field at
the lowest measurement temperature. The Meissner signal (fc) was
obtained by subsequently cooling the sample in the same field from
above Tc. As seen from Fig. 3a, both the diamagnetic and Meissner
signals increase by just 7% in magnitude with the oxygenation. On
the other hand, superconducting transition Tc (on) starts at same
temperature. Tc (on) is 90 K for both as-sintered and oxygenated
samples. Shielding superconducting fraction (zfc) at 50 K is esti-
mated to be ∼35% of perfect diamagnetism for as-sintered sample
in 50 Oe (see Fig. 3a). It is ∼38% of perfect diamagnetism in the oxy-
genated one. Taking the volume fraction of non-superconducting
Y-211 phase (∼50% of Y-123 matrix) and large demagnetization
factor due to the geometry into account (note that magnetic field
was applied perpendicular to the 1.5 mm × 2.4 mm surface of the
sample having dimensions of 1.5 mm × 2.4 mm × 1.8 mm), these
fractions seem reasonable. Trapped fields at 77 K, which was deter-
mined from the difference of the diamagnetic and Meissner signals,
are almost same in both samples. The trapped field increases by
12% in magnitude with the oxygenation. That is, concentration of
effective pinning centers at 77 K increase but not much with the
oxygenation. Superconducting transition widths of as-sintered and

oxygenated samples, which were determined from 90% and 10% of
diamagnetic signals, are about 14 and 8 K, respectively.

It is well known that carrier density, which determines the Tc

(on) values, is quite dependent on the stoichiometry of the materi-
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Fig. 3. The M–T curves of as-

ls studied [15,16]. Same Tc (on) value, which is also very near to the
ighest value of 93 K, of as-sintered and oxygenated samples indi-
ates the similar stoichiometry of these samples. Large transition
idths and differences between the transition widths of samples

an be explained in terms of the presence of impurity phases and/or
ariations on Tc (on) values of intergrain regions, respectively. That
s, post-annealing under oxygen flow seems to improve the Tc (on)
alues of intergrain regions.

Fig. 3b shows the M–T curves of as-sintered sample in different
agnetic fields. Completed transition is observed at low magnetic
elds. Increase of magnetic field (@500 Oe) causes no completion
f transition even down to 50 K. Trapped field, on the other hand,
ncreases with applied field. In order to understand the effects of
alcination temperature, the samples were calcined at different
emperatures. In Fig. 3c, field-cooled (fc) and zero-field-cooled (zfc)

Fig. 4. (a and b) The M–H and (c and d) the Jc–H curves of
ed and oxygenated samples.

curves of as-sintered samples calcined at 920 and 950 ◦C are seen. It
is clear that calcination at 950 ◦C reveals higher Tc (on) value, lower
transition width and higher trapped field.

Fig. 4 shows the magnetization and critical current density Jc
curves of as-sintered and oxygenated samples as a function of mag-
netic field at 10 and 77 K. The M–H curves reveal that oxygenation
has no important influence on the hysteresis width. As it is seen
from Fig. 4a, magnetization loop is of almost constant width above
1 T. At 77 K, magnetization seems quite sensitive to the applied field
especially at low field regions in both as-sintered and oxygenated

samples. However, it is interesting to note that the oxygenated sam-
ple is more sensitive to the applied field than the as-sintered one.
For instance, magnetization of the oxygenated sample changes 72%
in magnitude and that of the as-sintered one change 60% in mag-
nitude with the applied field of 200 Oe. So, these materials may be

as-sintered and oxygenated samples at 10 and 77 K.
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Fig. 5. The resistivity vs. temperature curves of as-sin

sed as magnetic field sensor for the detection of ultra-low fields
17,18].

Intragrain critical current densities were determined from the
–H loops by using the Bean model [19], Jc = 20�M/d, where d is

he grain size and is taken as 10 �m. The Jc–B curves reveal a max-
mum on Jc values at low field regime (Fig. 4c–d). Actually, these

aximums are just above the lower critical fields (see Ref. [20]
or the Hc1 values of Y-123). With the increase of temperature, the
eld at which the maximums are seen takes lower values. Previ-
us studies have shown that such types of maximum points are
een on the melt-textured RE-123 (RE = Sm, Nd, Y, etc.) supercon-
uctors [21] and the Jc–T curves of granular structures in which

c was calculated from transport measurements [22]. Besides, as
een from Fig. 4c–d, oxygenation improves the Jc values consider-
bly. This improvement is especially significant at low fields and
emperatures. For instance, at 10 K and zero fields, Jc increases
y 50% in magnitude with the oxygenation. On the other hand,

t increases 30% in magnitude at 77 K and 3000 Oe. The Jc val-
es of the as-sintered and the oxygenated samples are ∼8 × 105

nd ∼1.1 × 106 A/cm2 respectively, at 10 K. Such high Jc values are
ost probably due to the self-induced Y-211 phase. In addition,

hese values represent intragrain critical current densities. That
s, intergrain critical current densities determined from electri-
al measurements may be lower than that of intragrain ones by
03–104 orders of magnitude in polycrystalline superconductors
23].

Fig. 5 shows the �–T curves of as-sintered and the oxy-
enated samples measured under different magnetic fields. As seen,
xygenation has no significant influence on the onset critical tem-
eratures, Tc (on). Tc (on) was determined to be ∼94.5 K for both
s-sintered and the oxygenated samples, which deviates from the
esults of M–T measurements. The intragrain Tc (on) extracted
rom the M–T curves (90 K) is lower than the intergrain Tc (on)
btained from the resistivity curves. Notice that the Tc (on) val-
es are even higher than the values reported for well-studied
-123 phase (∼93 K). On the other hand, the transition widths
re large in the studied samples, but it decreases with the oxy-
enation. It is determined to be 10 K and 7 K for as-sintered and
he oxygenated samples, respectively. Large transition widths can
e associated with the high misorientation angle or weak links

etween grains [24–25]. Same Tc (on) values together with dif-
erent transition widths indicates that oxygenation is effective on
he grain boundaries. That is, volume fraction of lower Tc phase
etween grains decreases with oxygenation. It is also apparent
rom the magnetic field dependence of the �–T curves. Supercon-
and oxygenated samples for different magnetic fields.

ducting transition continues down to 40 K in as-sintered sample
under field of 1 T (see Fig. 5a). With oxygenation, the transition is
seen as completed at 60 K under same field. Another characteristic
behavior of the studied samples is a significant branching seen on
the �–T curves with magnetic field, which is observed at temper-
atures much lower than Tc (on). This branching is seen at 90.5 and
91.5 K for as-sintered and oxygenated samples, respectively. The
Tc (on) values and normal state resistivity are independent of the
applied field. Besides, the �–T curves reveal the metallic character
of the samples at temperature above Tc (on). The d�/dT is deter-
mined to be 0.05 m� cm/K and 0.1 m� cm/K for as-sintered and
the oxygenated samples, respectively. The value of d�/dT increases
considerably below ∼100 K in both samples, which has not been
observed in other cuprate superconductors. It seems to be peculiar
to the studied samples.

4. Conclusion

Our experiments have shown that synthesis of Y–Ba–Cu–O
superconductors with initial mixtures of Y2O3, BaCO3 and CuO
powders at nominal composition of YBaCu2Ox requires no fur-
ther annealing under oxygen flow in order to get acceptable
superconducting properties. Annealing under oxygen flow was
observed to be not effective on superconducting transition tem-
perature Tc (on), which was determined from magnetic and
electrical measurements. Magnetic measurements reveal that
both as-sintered and oxygenated samples show transition to the
superconducting state at 90 K. On the other hand, electrical mea-
surements reveal that superconducting transition starts at 94.5 K
in both samples. The reason of such difference on Tc (on) val-
ues may be low concentration of superconducting carriers down
to 90 K, which has not significant contribution to overall mag-
netization. It is also extracted from these measurements that
density of superconducting charge carriers, which determines Tc

(on), are same in as-sintered and oxygenated samples. It was
observed that oxygenation improves the superconducting prop-
erties of intergrain regions but it has no important contribution
to superconductivity of intragrain regions in the studied sam-
ples.
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