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ABSTRACT: 

YBa2Cu3O7−δ cuprate is a suitable system 

for the study of impurity effect on 

superconducting properties because carrier 

concentration can be widely changed without 

introducing significant disorder. Thus, the 

effect of replacing Cu by Co atoms, and Y by 

Ca atoms is reported to provide useful 

information about the mechanism of high-Tc 

superconductivity. In this paper, we have 

investigated the effect of Ca and Co 

simultaneous substitution on the structural 

and physical properties for a series of 

(Y1−xCax)Ba2(Cu0.98Co0.02)3O7−δ (0 ≤ x 

≤ 0.35) ceramic. Doped Y123 samples are 

prepared by conventional solid-state 

reaction method and characterized by X-ray 

diffraction (XRD), SEM, and resistivity 

measurements. We found that the obtained 

crystalline structure is mainly orthorhombic. 

No parasite phase is observed. The 

orthorhombicity increases with Ca content. 

The analysis of the superconducting behavior 

of the samples showed that co-substitution of 

Ca does not counteract the adverse influence 

of Co within the single-phase range 

Introduction  

INTRODUCTION 

SAMPLE PREPARARTION  

The preparation method of the substitutions 

of 5% to 25% Ca, with a constant 20% Pr, 

into Y0.8Pr0.2Ba2Cu3O7- δ is different from the 

Pr substituted samples and thus a 0% Ca 

substituted sample is included as a  

 

comparison for the previous set of 

measurements. Mixed powders of (Y0.8-

YPr0.2CaY)Ba2Cu3O7-δ for the concentrations 

of y = 0.05, 0.1,0.15, 0.2, and 0.25 were 

calcined in air at 905• C for a total of 125 

hours with several intermediate regrindings 

to improve the homogeneity of the samples. 

The sintering process was performed in the 

parallel processing system and consisted of 

the following heat treatment:  

1. heat to 935•C holding for 48 

hours; then and  

2. cool to 500•Cand hold for 18 

hours; then 

3. cool to 400•Cand hold for 10 

hours; then  

4. cool to 300•Cand hold for 10 

hours; then  

5. cool to room temperature.  

All sintering cooling processes were at the 

natural cooling rate of the oven.  

Resistance measurements were performed on 

the pellets and then shaped rods and bars 

were made from the pellets. Magnetization, 

both ZFC and FC data, were performed on 

the rods and resistivity measurements were 

performed on the bars. 

MEASUREMENTS  

A comparison of the dc magnetization, the 

ZFC and FC curves, is given in Figure 1. The 

Meissner fractions are tabulated in Table 1 

along with the transition widths calculated 
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(as described earlier) from the ac 

susceptibility (Figure 2), and resistivity 

(Figure 3) measurements. A characteristic 

comparison (10% Ca) for the Ca substitution 

series of all three measurements is given in 

Figure 4. The Ca samples also exhibit the 

small (< 3%) BaCuo2 impurities that was 

seen in the Pr X- ray measurements.  

Ca 

concentration 

18O 

concentration 

Meissner 

Fraction 

Transition Width 

(K) 

(at.%) (at.%) @0.05Oe Mag.  Susc. Res. 

0 (85) 35% 5.2 3.7 2.5 

5 84 16% 2.0 1.4 1.3 

10 78 12% 1.0 0.9 0.8 

15 77 17% 1.9 1.5 1.0 

20 76 21% 2.0 1.6 1.0 

25 75 24% 1.7 1.4 1.3 

Table 1. General characteristics of Ca substituted Y(20%Pr)BCO. A number in parenthesis 

indicates that this value is an estimate. 
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Figure 1 
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DC magnetization vs. temperature for Ca substituted Y(20% Pr)BCO. Top16Odata; Bottom 18O 

data. Both the ZFC and FC data are shown giving the Meissner fraction. 

 

 

Figure 2 

AC susceptibility vs. temperature for Ca substituted Y(20% Pr)BCO. Solid lines represent the 
16O isotope data and the dashed lines represent the18O isotope data. A dashed lines represent the 
18O pairs is to help distinguish the curves.
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     Figure 3 

DC resistivity vs. temperature for Ca substituted Y(20% Pr)BCO. The solid lines represent the 16O 

isotope data and the dashed lines represent the 18O isotope data 
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Figur

e .4 

Comparison of dc magnetization, ac 

susceptibility and resistance 

measurementsfor   Y0.8Pr0.2Ba2Cu3O7-δ .The 

symbols represent the data. The solidfines 

provide continuity from point to point. The 

dotted lines are a visual aid forthe critical 

temperature of the resistive transition 

(obtained from the straight, line 

extrapolation). The resistive transition was 

normalized to R(85K). 

The obvious effect of the addition of Ca is an 

increase in the sharpness of the transition, 

and the elimination of the long tails at very 

small shielding. The width of the transition 

sharpness for all three measurements with the 
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additions of Ca and remains fairly constant 

with the increasing Ca concentration. As with 

the Pr, the resistance has the narrowest 

transition and the for dc magnetization has 

the widest. The isotopic shift measured is 

similar for both magnetic measurement but 

the resistivity measurement give a somewhat 

larger value for the higher concentration .the 

size of the isotopic shift is affected also by the 

addition of Ca as it is reduced from that of the 

20% Pr sample fabricated under the same 

conditions. The reductions is considerable 

since the change in Tc is quite small only 

about 7K throughout the entire substitution 

range The increase in Ca concentration in the 

sample has an effect on a number of 

properties of this system. First, Tcincrease 

then decrease with a maximum at approx. 

10% Ca. Second, the Meissner fraction 

decrease then increase with a minimum at the 

10% Ca. The normal state resistivity (at 

T=85K) is also parabolically dependent on 

the Ca concentration although its minimum is 

the slightly higher concentration.The 

parabolic effect in Tc (Figure 5) has been 

reported earlier The Tc data and the 

corresponding concentration of both the Pr, 

x, and the Pr:Ca, y, series has been fitted to 

the function proposed by Neumeier et al59. 

The dotted line in Figure 5 indicates this fit to 

equation [2.1], which gives: 

Tc(x,y) = 93.6K - (157K)(0.091-0.874x+y)2-

(93.3K)x                                                            [1] 

It should be noted that the last in equation [1], 

the linear pair-Breaking term, is an 

approximation to the more complicates 

digamma function which  

 

    

 Figure 5 

Critical temperature vs. Ca concentration. 

The parabolic line is a fit of the data to the 

function73 Tc(x.y) = Tco-A(γ-βx-y)2-

Bx,where x is the Pr concentration and y is 

the Ca concentration. We obtain Tco = 93.6K, 

a=157K, B= 93.3K, γ=0.091, and β=0.874. 

Both the Pr and the Pr:Ca data is used in 

fitting the function.should be used when 

dealing with the highest Pr concentrations  

because the pair-breaking here is no longer 

linear.  

The data, the Simplex fit to the data, and the 

computed isotope shift for the system of 

(Y0.8Pr0.2Ba2Cu3O7-δ), y = 0, 0.05, 0.1, 

0.15,0.2,0.25,   is given in Figures 6 to 11 
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respectively. The critical temperatures, the 

isotope shifts, and the computed values of the 

isotope coefficient for this system are given 

in Table 2. The relationship between α and 

∆Tc as a function of Tc is given in Figure 12. 

Due to the smaller temperature range plotted 

here, the uncertainty in the temperature 

values appear large. In fact, they are actually 

smaller than that obtained in the Pr series. 

The value of Tc reported in the table is that 

which has been determined from the linear 

extrapolation technique as explained earlier. 

The isotopic shift, ∆Tc  and the value of the 

isotope coefficient, α, change little over the 

short spread in critical temperature. The 

relationship between the critical temperature 

and α or ∆Tc is not clear. Considering the 

parabolic nature of the other properties of the 

system, a possible parabolic fit to α and ∆Tc, 

can be detected in the data (dotted line Figure 

12). However, the large relative uncertainties 

also leave the possibility that of a linear 

relationship or perhaps even no change in ∆Tc 

at all. The empty symbols represent the 18O 

data and the filled symbols represent the 16O 

data The solid line represents the Simplex fit 

to the data. The "+" symbols represent the 

shift, ∆Ti, as a function of temperature, 

between the two fits to the data. The arrows 

on the magnetization and susceptibility 

graphs indicate the critical temperature 

obtained from a hear extrapolation of the bulk 

of the transition: 71.0k for both the 

magnetization and susceptibility. The upper 

limit for Tc is 76.0 K.  

The vertical dotted line (magnetic 

measurements) indicates the cutoff in the 

calculation of the mean of the isotope shift. 

The horizontal line indicates this mean, and 

its value is indicated above the line. The 

resistance measurements are normalized to 

R(85K). Not all temperature scales are 

equivalent.  
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Figure 6 Oxygen isotope effect in (Y0.8Pr0.2)Ba2Cu3O7-δ,  0% Ca, 20% Pr substitution  

               0% Ca, 20% Pr substitution 

The empty symbols represent the 18O data 

and the filled symbols represent the16Odata. 

The solid line represents the Simplex fit to the 

data. The "+" symbols represent the shift, 

∆Ti, as a function of temperature, between the 

two fits to the data. The arrows on the 

magnetization and susceptibility graphs 

indicate the critical temperature obtained 

from a linear extrapolation of the bulk of the 

transition: 72.5Kfor the magnetization (upper 

limit = 74.8K) and 72.6K for the 

susceptibility (upper limit = 74.6K). No 

cutoff was imposed in the calculation of the 

mean of the isotope shift. The horizontal line 

indicates this mean, and its value is indicated 

above the line. The resistance measurements 

are normalized to R(85K). Not all 

temperature scales are equivalent.  

 

Figure 7 Oxygen isotope effect in (Y0.8Pr0.2Ca0.05)Ba2Cu3O7-δ, 5% Ca, 20% Pr substitution 

The empty symbols represent the 18O data 

and the filled symbols represent the 16O data. 

The solid line represents the Simplex fit to the 

data . The "+" symbols represent the shift, 

∆Ti , as a function of temperature, between 

the two fits to the data.  
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The arrows on the magnetization and 

susceptibility graphs indicate the critical 

temperature obtained from a linear 

extrapolation of the bulk of the transition: 

74.2Kfor the magnetization (upper limit = 

75.8K) and 74.4K for the susceptibility 

(upper limit = 75.7K). No cutoff was imposed 

in the calculation of the mean of the isotope 

shift. The horizontal line indicates this mean, 

and its value is indicated above the line. The 

resistance measurements are normalized to 

R(85K).  

Not all temperature scales are equivalent. 

 

Figure 8 Oxygen isotope effect in  

(Y0.8Pr0.2Ca0.1)Ba2Cu3O7-δ  ),10% Ca, 20% Pr 

substitution 

 

The empty symbols represent the 18O data 

and the filled symbols represent the 16O data. 

The solid  line represents the Simplex fit to 

the data . The "+” symbols represent the shift, 

∆Ti as a function of temperature, between the 

two fits to the data.  

The arrows on the magnetization and 

susceptibility graphs indicate the critical 

temperature obtained from a linear 

extrapolation of the bulk of the transition: 

73.OKfor the magnetization (upper limit = 

74.0K) and 73.2Kfor the susceptibility (upper 

limit = 73.8K). No cutoff was imposed in the 
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calculation of the mean of the isotope shift. 

The horizontal line indicates this mean, and 

its value is indicated above the line. The 

resistance measurements are normalized to 

R(85K).  

Not all temperature scales are equivalent.

 

Figure 9 Oxygen isotope effect in 

(Y0.65Pr0.2Ca0.15)Ba2Cu3O7-δ  ),15%Ca, 20% 

Pr substitution 

The empty symbols represent the 18O data 

and the filled symbols represent the 16O data. 

The solid line represents the Simplex fit to the 

data . The "+" symbols represent the shift, 

∆Ti, as a function of temperature, between the 

two fits to the data. The arrows on the 

magnetization and susceptibility graphs 

indicate the critical temperature obtained 

from a linear extrapolation of the bulk of the 

transition: 71.4Kfor the magnetization (upper 

limit = 72.54 and 71.6Kfor the susceptibility 

(upper limit = 72.6K). No cutoff was imposed 

in the calculation of the mean of the isotope 

shift. The horizontal line indicates this mean, 

and its value is indicated above the line. The 

resistance measurements are normalized to 

R(85K). Not all temperature scales are 

equivalent.  
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Figure 10 Oxygen isotope effect in 

(Y0.6Pr0.2Ca0.2Ba2Cu3O7- δ ), 0% Ca, 20% Pr 

substitution  

 

The empty symbols represent the 18O data 

and the filled symbols represent the 16O  data.  

The solid tine represents the Simplex fit to the 

data . The "+" symbols represent the shift, 

∆Ti: as a function of temperature, between 

the two fits to the data. The arrows on the 
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magnetization and susceptibility graphs 

indicate the critical temperature obtained 

from a linear extrapolation of the bulk of the 

transition: 69.9Kfor the magnetization (upper 

limit = 70.9K) and 70.1K for the 

susceptibility (upper limit = 71.2K). No 

cutoff was imposed in the calculation of the 

mean of the isotope shift. The horizontal fine 

indicates this mean, and its value is indicated 

above the line.  

The resistance measurements are normalized 

to R(85K). Not all temperature scales are 

equivalent. 

 

 

Figure 11   Oxygen isotope effect in (Y0.55Pr0.2Ca0.25)Ba2Cu3O7-δ),25% Ca, 20% Pr substitution 
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Measurement Sample Tc(K) ∆Tc(K) Α 

dc 

 

magnetization 

0% 
71.0   +5.0

−2.0 
0.989+0.055 0.119+0.012 

5% 72.5   +2.3
−0.2 0.601+0.047 0.071+0.006 

10% 74.2 +1.6
−0.2 0.656+0.030 0.075+0.004 

15% 73.0   +1.0
−0.2 0.325+0.020 0.038+0.003 

20% 71.4   +1.1
−0.2 0.459+0.042 0.055+0.005 

25% 69.9   +1.0
−0.2 0.355+0.041 0.043+0.005 

ac  

 

susceptibility   

0% 
71.0   +5.0

−2.0 
0.968+0.013 0.117+0.008 

5% 72.6   +2.0
−0.2 0.565+0.060 0.066+0.007 

10% 74.4 +1.3
−0.2 0.661+0.020 0.074+0.008 

15% 73.2   +0.6
−0.2 0.324+0.095 0.040+0.011 

20% 71.6   +1.0
−0.2 0.482+0.042 0.057+0.005 

25% 70.1   +1.1
−0.2 0.369+0.028 0.045+0.004 

Dc 

 

resistance  

0% 
70.0   +0.3

−0.3 
0.969+0.028 0.118+0.004 

5% 74.1   +0.1
−0.1 0.600+0.082 0.073+0.010 

10% 75.0+0.1
−0.3 1.000+0.010 0.111+0.002 

15% 73.6   +0.1
−0.1 0.486+0.011 0.059+0.001 

20% 72.1   +0.1
−0.2 0.575+0.002 0.071+0.003 

25% 70.2  +0.1
−0.7 0.587+0.048 0.072+0.006 
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∆Tc and α vs. Tc for Ca substituted Y(20%  Pr)BCO. The positive error bars in temperature reflect 

the length of the tails in the magnetic measurements. Due to the temperature range platted, the 

error bars appear, erroneously, larger than that of the previous Pr data.  

The filled symbols are the Pr:Ca data while the empty symbols are the 20% Pr samples from the 

Pr data and are included for comparison. 

 

Figure 12 

 

DISCUSSION 

The fit of Tc to the concentrations of Pr, x, 

and Ca, y, to equation [2.1] fit very well. The 

maximum obtainable Tco (in the YBCO 

system) from our calculations is 93.6K, 

which appears to be a more reasonable value 

than Neumeier's 97K59.We obtain an 

effective valence of +3.874 for the Pr, 

slightly smaller than Neumeier's +3.95,which 
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is consistent with the measurements that 

indicate a mixed valence between +3 and +4 

With the optimum hole concentration, γ (= 

0.091) being slightly smaller than Neumeier's 

(γ = 0.1), the predicted (relative) change in 

mobile hole concentration will also be very 

similar. In fact, only one parameter is 

significantly different from Neumeier's, and 

that is the coefficient A. Our value of A = 

157K is 37% of Neumeier's A = 425K. The 

smaller value of A suggests that Tc would be 

more strongly affected by pair- breaking than 

by a change in hole concentration. The 20% 

Pr, 0% Ca sample made for comparison, is 

quite different from that of the Pr20-50% 

system. Its Tc is about 5K lower than before, 

the magnetic transition width is much 

broader (-1.4X) and its isotope shift is also 

larger (-1.5X). Clearly the preparation 

technique greatly affects the characteristics 

and hence the quality of the samples. As the 

highest quality materials, single crystals, tend 

to have very sharp transitions, and the 

polycrystalline materials have broader 

transitions, the relationship between the 

isotope shift and the width of the transition 

was investigated for both the Pr and Pr:Ca 

substituted materials. A linear correlation 

between the ∆Tc and the transition width is 

found. The intercept for a zero-width 

transition remains finite, in the range of 0.3K 

to 0.4K. This result poses the question of 

whether the isotope shift should actually  be 

taken as a constant for this system. 
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Figure 13 

∆Tc vs. transition width for the Pr and the 

Pr:Ca system. The dotted line is a linear fit to 

the data indicates a possible relationship 

between the magnitude of the isotope shift, 

∆Tc ,and the width of the transition. In the Pr 

system, we noted that the tails in the magnetic 

measurements become much larger with the 

increase in Pr concentration as do the 

transition widths, and the isotope shifts. The 

Ca data with its much sharper transitions and 

lack of low shielding tails do not exhibit 

thissame effect. As both sets of samples have 

similar impurity lines in the X-ray data, it is 

unlikely that the long tails can be attributed 

solely to the impurities within the samples. 

Of course, the Ca substitution does no4 have 

the large effect on Tc, that the Pr does and it 

may then be argued that ∆Tc, the transition 

width, as well as the isotope shift are 

dependent on Tc. 

Conclusion  

There does exit, in the high temperature 

superconducting system of (y1-xPrx)Ba2Cu 

3O7- δ , (Y0.8-yPr0.2Cay)Ba2Cu3O7- δ and 

YBa2(Cu1-zZnz)O7- δ an oxygen isotope effect. 

In all cases, the dc magnetization, the 

acsusceptibility and the dc resistive 

measurements show that the substitution of 

the heavier  18O isotope for 16O leads to a 

reduction in the critical temperature. For the 

Pr data, the isotope shift in TC, ∆TC increases 

with increasing concentration; hence α also 

increases and at the highest concentration is 

approximately 1
2⁄  .The Zn data has a 

relatively constant or perhaps even a slightly 

decreasing ∆TC, with increasing 

concentration. Consequently α increases to 

approximately 1 3⁄  as TC, drops.  

The critical temperature and isotope 

coefficient were modeled using a 

modification to the BCS theory involving a 

logarithmic Van Hove singularity in the 

density of states. This model proved 

relatively success full in that it predicts the 

general trends found in our data: the small α 

at the highest TC, and an increase in α as TC 

drops. The range of change for a predicted is 

reasonable although the actual values are 

somewhat larger than observed. The response 

of the VHS model relies heavily on the 

parameter δ, the difference between the 

singularity in the DOS and the Fermi energy. 

The smaller δ becomes, the more the isotope 

shift is reduced. Thus this model indicates 

that the difference between the peak in the 

DOS and the Femi energy is an important 

feature. 
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