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Abstract 
 

We know that in the YBa2Cu3O6+x superconducting system transition temperature Tc is highly 
dependent on the oxygen content in the compound. So, in order to fabricate superconducting 
YBa2Cu3O6+x material under oxygen flow we have fabricated a tube furnace. Superconducting 
YBa2Cu3O7-δ compounds were synthesized by the solid state reaction method. Different pressure for 
the pellet formation, different sintering and annealing conditions in air or in oxygen atmosphere were 
carried out to study the effect on the formation of superconducting phase. Samples were characterized 
by dc electrical resistance and X-ray diffraction. Superconducting Y1-xCaxBa2Cu3O7-δ compounds are 
now under investigation. 
 
 
 

MIRAMARE – TRIESTE 

August 2005 

 

                                                           
* Junior Associate of ICTP. 



 2

1  Introduction 

The oxygen stoichiometry and oxygen defect structure are crucial quantities determining the 
occurrence or suppression of superconductivity in the perovskite-type compounds RBa2Cu3O7-δ (R 
denotes Y and most rare earths). The oxygen stoichiometry dependence of Tc has been explained in 
terms of a charge transfer from the chains to the planes1, leading to a hole concentrations in the 
superconducting CuO2 planes. Charge transfer is of course also achieved by doping, e.g., by 
substitution of Ca2+ for R3+. Ca substitution in the Y-Ba-Cu-O family leads to different effects. While 
in YBa2Cu4O8 (‘124’) Tc can be increased up to 90 K by Ca substitution at predominantly Y sites2 as 
proven directly with single-crystal diffractometry 3, in Y2Ba4Cu7O15-δ (‘247’) where Y and Ba are 
partially substituted with Ca, no influence on Tc has been detected4. In YBa2Cu3O7-δ (‘123’) two effects 
occur with Ca doping: the tetragonal, oxygen-poor phase (Y1Ba2Cu3O6) becomes superconducting 
with Tc≈50K5, whereas in the orthorhombic, oxygen-rich phase (‘123’), Tc was decreasing with 
increasing Ca concentration. With increasing Ca content of orthorhombic 123 samples, e.g. for the 
lattice parameter c an increasing4, a decreasing6 and no change7,8 are reported. Even the assertion that 
Ca substitution in YBa2Cu3O7-δ produces overdoping of the material is disputed8-10. 
 
In this connection, the present work aims to prepare YBa2Cu3O7-δ samples with various sintering and 
annealing conditions under oxygen atmosphere and to study the Ca doping effect in Y-site in this 
system and to study their superconducting behaviours. In order to fabricate the sample in the oxygen 
atmosphere we constructed a horizontal tube furnace.  
 
2  Experimental 
 
We know that in the YBa2Cu3O6+x superconducting system transition temperature Tc is highly 
dependent on the oxygen content in the compound. If we adopt the parent compound as YBa2Cu3O6+x, 
then with x = 0 the compound is Mott insulator and with increasing x the compound transforms from 
insulator to semiconductor to superconductor, being superconductor with x ≥ 0.35. For YBa2Cu3O6.5 
the Tc = 60K, and the transition temperature Tc increases with increasing x and Tc = 93K when x ≈ 1. 
So, in order to have proper oxygen in the fabricated compounds it is essentially required to sinter them 
in oxygen atmosphere. 
 
In our laboratory we have one muffle furnace which is not suitable for annealing and/or sintering the 
sample in oxygen flow. So, in order to fabricate superconducting YBa2Cu3O6+x material under oxygen 
flow we have fabricated a tube furnace. 
 
2. 1 Furnace Construction: 
A detailed description of the furnace is given below: 
 
a) Furnace tube: A vicor tube of 90.5 cm in length and 2.8 cm in inner diameter was used as the 
furnace tube. 
 
 

 
 
 

Figure 1: Nicrome wire wounded over the vicor tube as a heating coil. 
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b)  Heating element: Nicrome wire of 0.5 mm diameter and 5 m in length was used to make the 
heating coil. The resistance of the coil was 5.2 ohm. The coil was 15.5 cm in length and divided into 
three regions- the outer two regions (5 cm + 5 cm) contain 14 turns each and the middle portion, 5.5 
cm in length, contains 11 turns, as shown in Figure 1. The coil is wound in this way to get stable 
temperature in the middle region. The temperature raised by the heater is about 970°C. 
 
c) Furnace cement: The coil was then surrounded by furnace cement so that the turns could not touch 
one another and also does get oxidized. 

 
d)  Furnace jacket: A hollow ceramic cylinder of 26 cm in length and 13 cm in inner 
diameter was used as a furnace jacket. The vicor tube with the heating coil was placed inside 
the ceramic cylinder in such a way that the coil remained within the ceramic cylinder. The gap 
between the vicor tube and the inner surface of the ceramic cylinder was filled up with 
asbestos powder to minimize heat radiation. The ends of the outer cylinder were closed by tin 
caps. Furthermore the outer cylinder was covered with an asbestos sheet (Figure 2). 
 
 
 
 

 
 
   Figure 2: Cross-sectional area of the furnace tube. 
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e) Thermocouple: A Chromel-Alumel (Cr-Al) thermocouple was used to monitor the inside 
temperature of the furnace. The thermocouple was inserted into the furnace with the help of a quartz 
tube of 8 mm diameter and 77.3 cm in length. 
 
f) Keithley Microvolt Meter: A Keithley auto-ranging digita microvolt meter (DMM) was used for 
the measurement of e.m.f. across a Cr-Al thermocouple. 
 
g) Variac: An auto-transformer (type Y16 HM, 0 – 270 V AC) was connected to the heating coil in 
order to vary the input voltage to the coil. The circuit connection is as shown in Figure 3.  
 
 

 
Figure- 3: Arrangement of the tube-furnace along with circuit connections. 

 
 
To calibrate the temperature of the furnace with respect to the position (from end A, in Figure 3) we 
applied 33 volts across the coil and placed the thermocouple near the end A. The temperature of that 
position was recorded and it was found that after 4 hours the temperature became stable. Then we 
introduced the thermocouple through the end A to B and kept the thermocouple at each position for 
five minutes to get the stable temperature. A position vs temperature graph was plotted and is shown 
in Figure 4. From the graph we see that the temperature inside the furnace remains almost uniform 
over the distance (as measured from the end A) from 12.6 cm to 15.1 cm. The maximum temperature 
is at the position of 14.5 cm. 
 
The ends of the vicor tube were closed with rubber corks. At side A there were two holes in the rubber 
cork. The quartz tube with the thermocouple was inserted into the furnace through one of the holes 
such that the junction had its position at maximum temperature point. This quartz tube also served as 
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oxygen inlet (Figure 3). The other hole was used for oxygen outlet. Through the other end of the vicor 
tube the samples were placed in and out of the furnace. The samples were always kept at the uniform 
temperature region during heat treatments. 
 

 
       Figure 4: Calibration curve of the tube furnace. 

 
 
Table 1: Calibration of the furnace.  

   Position inside the 
furnace from end A 

(cm) 

Temperature 
(°C) 

Position inside the furnace 
from end A 

(cm) 

Temperature 
(°C) 

0 337 14 920.5 
1 454 14.5 920.5 
2 552.5 15 919 
3 639 15.5 914.5 
4 717 16 908.5 
5 797 16.5 896.5 
6 844 17 882.5 
7 875 17.5 863.5 
8 897 18 842 

8.5 900.5 18.5 814 
9 904.5 19 783.5 

9.5 907 19.5 747 
10 908.5 20 710 

10.5 910 20.5 667 
11 913 21 623 

11.5 914.5 21.5 574 
12 916.5 22 516 

12.5 918 22.5 432.5 
13 919 23 306 

13.5 920   
 
Pure and Ca doped samples of YBCO superconducting system were prepared by using the solid-state-
reaction method. In the present work we have tried to prepare the single Y-123 phase by subjecting the 
starting materials to varying sintering treatments in oxygen atmosphere. The samples were 
characterized by X-ray powder diffractometry and DC electrical resistance measurements were 
performed upto liquid nitrogen temperature.  
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The starting materials for the first step of sample preparation in the present work were Y2O3 
(99.999%), BaCO3 (99.999%) and CuO (extra pure). The prepared samples were of nominal 
composition of YBa2Cu3O7-δ. 
 
The materials were weighed in an AND type FR200 digital balance. Appropriate amounts of the 
powders were mixed thoroughly by agate mortar and pestle for 2 hours and mixed powders were 
placed into a ceramic boat. The boat was previously washed with HCl acid and then ethanol 
(99.997%) and thereafter washed with distilled water. The boat along with the powder was then placed 
in the furnace at the desired temperature. 
 
 
3   Results and Discussions 
 
The aim of the present investigation was to prepare high-Tc superconducting YBa2Cu3O7-δ materials 
under different heat-treatment conditions in air and in oxygen atmosphere and also to observe the 
effect of Sr substitution at Ba-site. 
 
Sample-Y1.1: The sample Y1.1 was prepared under 12.5 tons pressure, and sintered at 900°C for 24 
hours and annealed at 790°C in air atmosphere. Figure 5 shows the resistance versus temperature (R-
T) curve for this sample. No superconducting transition above liquid nitrogen temperature (77K) is 
observed from the dc resistance measurement of this sample. The sample behaves as metallic upto 
270.04K and as semiconducting from 270.04K to near 90.22K. From 90.22K it starts showing metallic 
behavior again.  

 
 
It is well established that oxygen is the most important parameter for the occurrence of 
superconductivity in Y-Ba-Cu-O compound and the O(1) atoms control the number of charge carriers 
in the CuO2 plane where superconductivity takes place. If we adopt the parent compound as 
YBa2Cu3O6+x, then with x = 0 the compound is Mott insulator and with increasing x the compound 
transforms from insulator to semiconductor to superconductor having1 Tc = 93K at x ≈ 1. It is 
commonly observed that above critical temperature superconductors exhibit metallic behavior. As we 
see that the resistance of the sample Y1.1 starts decreasing at 90.22K with decreasing temperature upto 
77K, it may exhibit zero resistance at a temperature below 77K. The Tc of the sample Y1.1 may be 
below 77K due to lack of proper oxygen concentration. 
 
 
Sample Y1.2: The sample Y1.2 was prepared under 12.5 tons pressure by sintering at 900°C for 24 
hours and annealing at 790°C for 6 hours in oxygen atmosphere. R-T curve of this sample is shown in 
Figure 6. From the R-T curve it is observed that this sample has superconducting transition at an onset 
temperature (Tcon) of 91.36K, a mean field transition temperature (Tcmf) of 88.96K (the temperature at 
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which the resistance is half of the resistance at Tcon) and zero resistance (Tco) at 84.78K. The transition 
width (∆T) is 6.58K. The sample behaves as a metal from room temperature to Tcon(= 91. 36K). The 
observed higher Tc is an indication that the sample is a single Y-123 phase.  
 
 

 
 
Sample-Y1.3: The sample was pelleted by 13.5 tons pressure, sintered at 900°C for 24 hours and 
annealed at 790°C for 6 hours in oxygen atmosphere. The R-T curve of this sample is given in Figure 
7. From this curve we observe that Tcon, Tcmf and Tco of this sample are 94.73, 89.60 and 82.61K 
respectively. The transition width of this sample is broader, ∆T = 12.12K. The reason for this 
broadening is not clear. It might be associated with applied pressure. 
 
 

 
 
The XRD pattern of the specimen contained sharp and intense peaks, which were found to correspond 
to the superconducting single Y-123 phase. The XRD pattern of Y-123 compound was indexed as an 
orthorhombic unit cell. The characteristics of this phase are the strong (020), (200), (021), (103), 
(110), (005), (113), (213), (108) and (024) diffraction peaks that were identified by the Hess-Lipson 
procedure. The calculated lattice parameters are a = 3.847 Å, b = 3.898 Å and c = 11.699 Å. These 
values are in close agreement with the standard JCPDS Grant in Aid report 1987 (a = 3.8185 Å, b = 
3.8856 Å and c = 11.6804 Å). In that case, the parameter δ in the formula YBa2Cu3O7-δ was nearly 
zero. The powder pattern with indexing is given in Table 2. The diffraction pattern also has weak 
diffraction band between 2θ values of 3° to 11° indicating the presence of amorphous material. The 
peaks observed in the region greater than 35° could not be identified. 
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Sample-Y1.4: The sample was pelleted by 10 tons pressure, sintered at 900°C for 24 hours and 
annealed at 790°C for 6 hours in oxygen atmosphere. The R-T curve of this sample given in Figure 8 
shows sharp superconducting transition at onset temperature (Tcon) of 91.55K. Tcmf and Tco of this 
sample is respectively 90.52K and 89.16K, and the transition width (∆T) is 2.39K. The sample 
exhibits metallic character from room temperature to just above 91.55K.  
 
 

 
 
Sample-Y1.5:  The pressure for the pellet formation of this sample was 10 tons/pellet and it was 
sintered and annealed in air atmosphere. The sample was sintered at 900°C for 24 hours and annealed 
at 790°C for 6 hours. The R-T curve given in Figure 9 shows no superconducting transition above 
77K. The sample behaves as a semiconductor from room temperature to 77K. 
 

 
 
Sample-Y1.6: The pressure for the pellet formation was 10 tons/pellet. Sintering and annealing were 
carried out in oxygen atmosphere. The sample was sintered at 920°C for 24 hours and annealed at 
790°C for 6 hours. The R-T curve of this sample given in Figure 10 shows no superconducting 
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transition above 77K. It behaves as a semiconductor from room temperature to 91.31K with some 
scattering. At 91.31K the resistance falls rapidly in the small temperature range from 91.31K to 
89.16K. At 91.31K the resistance is 34.57 mΩ and at 89.16K 28.66 mΩ. Below 89.16K, the sample is 
semiconducting like at first and then metallic like at 81.5K. 
 

 
 
Comparison of the samples Y1.2, Y1.3 and Y1.4: The R-T curves of the samples Y1.2, Y1.3 and Y1.4 are 
given in Figure 11. In this figure the resistance of all the samples is normalized by that of the sample 
Y1.4 at room temperature. From Figure 11 we observe that zero resistance temperature (Tco) of the 
samples decreases with increasing pressure for the pellet formation while the transition width (∆T) 
increases. Tco of Y1.4, Y1.2 and Y1.3 are 89.16, 84.78 and 82.61K respectively; while ∆T are 2.39, 6.58 
and 12.12K. 
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Table 2: x-ray powder diffraction pattern analysis of sample Y1.3 
 

Orthorhombic cell constants: a = 3.847 Å, b = 3.898 Å, c = 11.699 Å 
 

No. 
 

Intensity I 
(arbitrary 

unit) 

2θ 
(in degree) 

 
Qobs 

 
Qcal 

 
(hkl) 

1 29 10.967 0.0723 0.0731 (011) 
2 100 14.91 0.1333 0.1334 

0.1333 
(110) 
(103) 

3 44.41 17.431 0.1818 0.1826 (005) 
4 52.33 18.244 0.1990 0.1991 (113) 
5 39.91 21.00821 0.2632 0.2632 (020) 
6 45.03 21.293 0.2703 0.2705 

0.2703 
(021) 
(200) 

7 38.04 23.041 0.3159 0.3160 (115) 
8 35.1 25.195 0.3767 0.3801 (024) 
9 59.78 25.967 0.3997 0.4018 (213) 

10 44.72 30.154 0.5358 0.5351 (108) 

 
DISCUSSIONS OVER THE SAMPLES Y1.1 – Y1.6 (YBa2Cu3O7-δ COMPOUNDS) 
Samples Y1.1 and Y1.5 were sintered and annealed in air atmosphere and we did not get any resistive 
transition above liquid nitrogen temperature (77K). On the other hand the samples Y1.2, Y1.3 and Y1.4 
sintered and annealed in oxygen atmosphere showed superconducting transition above 77K. 
Superconducting transition above 77K could not be observed for the sample Y1.6 sintered at 920°C in 
O2-flow. The calculated unit cell parameters of sample Y1.3 (a = 3.847 Å, b = 3.898 Å and c = 11.699 
Å) are very close to the standard JCDS Grant in Aid report 1987 (a = 3.8185 Å, b = 3.8856 Å and c = 
11.6804 Å). The various superconducting parameters observed are summarized in the Table 3. 
 

Table 3: Superconducting Parameters of Samples Y1.1 – Y1.6. 
 

From R-T measurements Sample 
no. 

Pressure 
for pellet 
formation 

(ton/ 
pellet) 

Heat-
treatment 

atmosphere 

Sintering/a
nnealing 

temp. 
(°C) 

Tcon (K) Tcmf (K) Tco (K) ∆T (K) 

Y1.1 12.5 Air 900/790 No transition above 77K 
Y1.2 12.5 Oxygen 900/790 91.36 88.91 84.78 6.58 
Y1.3 13.5 Oxygen 900/790 94.73 89.60 82.61 12.12 
Y1.4 10.0 Oxygen 900/790 91.55 90.52 89.16 2.39 
Y1.5 10.0 Air 900/790 No transition above 77K 
Y1.6 10.0 Oxygen 920/790 No transition above 77K 

 

It is well established that the transition temperature of high-Tc cuprate ceramics mostly depends on 
their oxygen content. If we adopt the parent compound as YBa2Cu3O6+x, then with x = 0 the compound 
is Mott insulator and with increasing x the compound transforms from insulator to semiconductor to 
superconductor1. The compound YBa2Cu3O6+x becomes superconductor for x ≥ 0.35 and has Tc = 93K 
for x ≈ 1. The Tc of Y1.1 (sintered and annealed in air) may be below 77K as we observe a 
transformation from semiconducting to metallic character at 90.22K, whereas the sample Y1.5 (sintered 
and annealed in air) is purely semiconducting in nature characterizing that the sample is tetragonal in 
phase11. The oxygen content of Y1.5 might be below 0.35 and that of Y1.1 be less than the oxygen 
content required to observe Tc above 77K. In a previous work12, sintering and annealing in air 
atmosphere under the same heat-treatment condition showed Tcon = 91.3K, Tcmf = 89.2K and Tco = 
85.69K (the higher Tco in the previous work). The discrepancy may be due to the slightly larger 
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temperature variation in the new-made furnace of the present work. This variation in the present case 
is ±3°C whereas in the previous case it was ±1°C. The samples sintered and annealed in air 
atmosphere may undergo larger oxygen deficiency due to the fluctuation of sintering or annealing 
temperature. 
 
The superconducting parameters observed in the samples (Y1.2 – Y1.4) sintered and annealed in oxygen 
flow are higher than those of the previous work. The heat-treatment in oxygen flow might have 
enhanced greater oxygen concentration in the samples Y1.2 – Y1.4. The better superconducting 
parameters observed in the previous work12 for Y-123 sample (sintered and annealed in air 
atmosphere) was Tcon = 91.3K, Tcmf = 89.2K and Tco = 85.69K.  
 
Above Tcon the specimens Y1.2, Y1.3 and Y1.4 were metallic with some scattering which may be due to 
the impurity and inhomogeneity in the samples.  But the sample Y1.6 was different in this respect. The 
resistance measurement for this sample was probably perpendicular to a-b plane, and it might have 
undergone some oxygen deficiency due to sintering at the elevated temperature of 920°C. The 
resistivity parallel and perpendicular to ab-plane of a single crystal of YBa2Cu3O6+x is metallic and 
semiconducting like respectively13. 
 
It is observed from Table 3 that Tco (for samples Y1.2 – Y1.4) decreases with increasing pressure for 
pellet formation while ∆T increases. This result is in agreement with that reported by K. Murata et 
al.14: pressure derivative of Tc is slightly negative for 90K-superconductors of Y-Ba-Cu-O system, but 
in disagreement with the result reported by  T. Kaneko et al.15: pressure derivative of Tc is positive for 
90K superconductors of Y-Ba-Cu-O system. Comparing the present result with their results, we can 
conclude: pressure for the pellet formation is one of the factors to determine the superconducting 
parameters of Y-123 compound. 
 
From Table 3 we also found that better Tco (= 89.21K) for Y-123 compound can be obtained by 
applying 10 tons pressure during pellet formation. 
 
4   Conclusions 
 
The ceramic superconducting materials of the Y-Ba-Cu-O (Y-123) system were synthesized by the 
solid-state reaction method under various heat-treatment conditions in oxygen and in air atmosphere. 
The effect of Sr substitution at Ba-site (YBa2-xSrxCu3O7-δ) was also studied. The compounds were 
characterized by dc electrical resistance measurements from room temperature upto liquid nitrogen 
temperature. For the identification of superconducting phase X-ray diffraction patterns of the samples 
were recorded. 
 
The results obtained in the present work can be summarized as follows: 
1) Superconducting transition temperature strongly depends on the oxygen content of the compound 

and on the pressure for the pellet formation. 
2) Zero resistance temperature (Tco) decreases while transition width (∆T) increases with increasing 

pressure for the pellet formation. 
3) Superconducting parameters and lattice parameters vary with heat-treatment conditions. The 

variation in heat-treatment might vary the oxygen content of the compound. 
4) Sintering and annealing in oxygen atmosphere is more suitable to get superconducting transition 

above 77K than that in air. 
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