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Abstract

Distribution of Pr ions between Y- and Ba-site of the Y(Bai-xoPrxa)2Cu3Oy (0 = xn < 0.3, xn : nominal composition) mate-
rial prepared by the solid state reaction method was studied. Although the samples have narrow superconducting transition,
tiny peaks of Y2BaCuOs impurity phase are included in the x-ray diffraction patterns suggesting that some of the Pr ions are
entered into the Y-site. The distribution of Pr ions between Y- and Ba-site was determined by measuring the mass fraction of
YBCO and Y2BaCuOs phase for each sample through the Rietveld analysis of the x-ray diffraction data. About 60 % of Pr
ions occupy the Y-site regardless of the Pr content. Various superconducting parameters such as the oxygen content and the

hole concentration etc. are compared before and after the impurity correction.
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I. Introduction

Among the rare earth elements, Pr is one of the
most interesting ions in that the superconductivity of
RBa,Cu;0, (R: rare earth element) deteriorates
rapidly with Pr doping {1]. There have been many
results describing the loss of superconductivity in the
Y 1.xPriBa,Cu;0, system. The substitution of Y by Pr
is reported to suppress 7. by reducing the hole con-
centration on the CuO, plane due to the tetravalent Pr
ions or by localizing the mobile holes but not hole
filling [2-4]. Recently, Merz et al. suggested that the
suppression of superconductivity is due to the change
of character of the oxygen holes from P, to P, [5].

Blackstead et al. [6,7], however, ascribed the de-
pression of 7. with Pr doping to the breaking of
Cooper pairs in chain layers by the unintended Ba-site
Pr. Large rare earth elements like La, Ce, Pr and Nd
can be substituted into both R- and Ba-site of
RBa,Cu;0, materials. Reports on the bulk supercon-
ductivity of PrBazCUSOy and high T, above 95 K for

NdBaZCusOy single crystal prepared under the oxy-
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gen-reduced atmosphere, which is suspected to
minimize the amount of the Ba-site Pr or Nd ions,
seem to support the role of Ba-site Pr or Nd in the
superconductivity [8,9].

When we try to synthesize a doped superconductor,
for example Y]_xCaxBaZCu3Oy, all Ca ions do not
enter only into the Y-site. Some of them also enter
into the Ba-site leaving BaCuO, as a secondary phase
[10]. The Y**-site Ca*" may suppress the supercon-
ductivity rapidly by increasing the hole concentration
on the CuO; plane above the optimum region al-
though the Ba®*-site Ca’" hardly change it, that is, the
superconducting property is sensitively affected by
the distribution state of doping ions between Y- and
Ba-site. Therefore, the measurement of distribution
state of doping ions among the various sites of a
superconductor is very important for the correct
understanding of the material. For most cases, how-
ever, the analysis of experimental data has been
carried out on the assumption that all the doping ions
are substituted into the intended site. In this work, we
have measured the distribution of Pr ions between Y-
and Ba-site of superconductors with nominal compo-
sitions of Y(Ba,..Pr,),Cu;0, (0 < xo < 0.3) and the
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effect of impurity on the superconducting parameters
has been also discussed.

I1. Experiments

Samples were prepared by mixing and heating
Y,0s, BaCOs, PrsOy, and CuO powders in the nomi-
nal composition of Y(Ba; x.Prx,).Cu;0,. Each mate-
rial was sintered between 945 °C and 995 °C in
oxygen atmosphere with increasing the sintering
temperature as Pr content increases. Resistivity was
measured by the conventional four probe method for
each sample with a typical size of 1 x 2 x 10 mm3.
XRD data were collected using CuKa line at 0.04°
step for 5 s in the range of 26 between 20° and 120°.
Crystallographic structure and the mass ratio of
YBCO phase to secondary phase for each sample
were analyzed by the Rietveld method [11]. Average
valence state of Cu and oxygen content were meas-
ured by the iodometric titration method [12]. Total
hole concentration (P,), hole concentration on the
CuO,; layer (P,) and that on the Cu-O layer (P.)
were calculated from the average valence state of Cu
and the oxygen content using the Tokura's rule [13].

I11. Results and Discussion

Fig.1 shows XRD patterns of Y(Ba;_x;Prx,), Cu;Oy
samples. As Pr content increases, (020) and (200)
peaks of YBCO phase between 46° and 48° merge
into a single peak which indicates the lattice symme-
try of the sample changes from the orthorhombic to
the tetragonal structure around x, = 0.2. c-axis pa-
rameter decreases monotonically due to the dominant
effect of the substitution of large Ba’* ions by small
Pr3+ ions. Contrary to the starting material of Y..Pr,
Ba,Cu;0, for which BaCuQ, is precipitated as a
secondary phase [14], Y,BaCuOs secondary phase is
formed due to the unintended partial displacement of
Y-site by Pr ion as described by the Eq. (1). Peaks of
Y,BaCuOs increase with increasing Pr content, but
there is no trace of impurity phase for the sample of
X, = 0.0. Here, A and B are the mole numbers of
YBCO and Y,BaCuOs phase respectively. a and 3 are

Intensity (arb. unit)

Fig. 1 X-ray powder diffraction patterns of the Y
(Bai-xaPrxn)2CusOy samples. xn is the nominal composi-
tion. (*) marks denote peaks from the Y2BaCuOs secon-
dary phase.

the correction parameters for the actual Pr concentra-
tion on the Y- and Ba-site. In the Eq. (1), we assumed
that the Pr occupancies on the Y- and Ba-site of
YBCO phase is the same as those of Y,BaCuOs phase.
Y ion is supposed not to enter into the Ba-site since
the ionic radius of Y** ion is fairly small compared
with that of Ba®" ion [15]. Actually, we could observe
no trace of Y,BaCuQO; phase in the XRD pattern of
the sample of x, = 0.0.

The mass fraction of YBCO and Y,BaCuQs phase
contained in each sample was measured by the Riet-
veld analysis of the XRD data. Rietveld analysis was
carried out with a RIETAN program for two phases
material [16]. XRD peaks of YBCO phase are well
indexed on the basis of the orthorhombic structure
with Pmmm symmetry for xn < 0.2 or on the basis of
the tetragonal structure with P4/mmm symmetry for
xn > 0.2. Those of Y,BaCuQOs are well refined on the
basis of the orthorhombic structure with Pnma sym-
metry. Mass ratio of YBCO to Y,BaCuO; phase
contained in the sample is shown in Fig. 2. The
portion of Y,BaCuOs; impurity phase increases with
increasing Pr content.

Y(Bal_xn PrXn )2 Cu30, = A(Yl_a Pr, XBal‘Xn +B PrXn -B )ZCu3Oy + B(Yl—(x Pr, ){Ba]_)\,n +p Prxn i ]Cu05 (H
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Fig. 2 Mass ratio of YBCO and Y2BaCuOs phase contained
in the the Y(Bai-xaPrxn)2CusOy samples. xn is the nominal
composition.

n

Fig. 3 is the temperature dependence of the resis-
tivity for Y(Ba,.x,Prx,),Cu;O, samples. The samples
have single step superconducting transition indicating
that Pr ions are substituted uniformly into the sample.
As Pr content increases, resistivity at the normal state
is monotonically increased and the superconductivity
is disappeared at x, = 0.35. It is considered that the
superconductivity is deteriorated more and more with
increasing Pr content mainly due to the reducing of
the hole concentration on the CuO, plane as discussed
later. However, Fig. 1 and Fig. 3 show that the
superconductivity is maintained in the tetragonal
structure up to about x, = 0.6.
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Fig. 3 Temperature dependence of the electrical resistivity
of the Y(Bai-xnPrxn)2CusOy samples. xn is the nominal
composition

We summarize lattice parameters and supercon-
ducting transition temperature (7¢) of each sample
and the parameters of eq. (1) in Table I. Tc is deter-
mined by the resistivity measurement. The parameters
of eqg. (1) are calculated from the data of Fig. 2 by
assuming that the number of each ion on both sides of

Table 1. Lattice parameters and superconducting transition temperature of Y(Bai-xoPrxa)2CusOy samples and the parame-
ters of eq. (1). xa is the nominal composition. Actual Pr concentration at the Y- and Ba-site is given by ¢ and x = xn - B.
Parameters of eq (1) are determined by the Rietveld analysis of the XRD data. Tezere) of xn = 0.3 sample was determined

by the extrapolation.

Xa a(A) b (A) c(A) Teerny (K) A B a B
0.0 38193 38847 11.6834 895 10 20.0 0.0 0.0
0.05 3.8220 3.8854 116701 85.5 0.992 0.024 0.038 0.020
0.1 3.8262 38820  11.6530 65.5 0.986 0.042 0.066 0.036
0.15 3.8392 3.8731 11.6340 470 0.979 0.064 0.096 0.054
02 3.8549 38547 116019 36.5 0.968 0.097 0.139 0.083
025 3.8567 38567  11.5819 255 0.961 0.117 0.163 0.100
0.3 3.8560 38569 115516 ~7 0.952 0.145 0.195 0.125
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Fig. 4 (a) The portion of Pr ions entered into the Y- and Ba-
site of Y(Ba1-xnPrxn)2Cu3Oy. (b) Occupation of Pr ion on the
Y- and Ba-site of Y(Bai-xnPrxa)2CusOy. xn is the nominal
composition.

eq. (1) is the same. Table I shows that the amount of
Y,BaCuOs phase is fairly much although it displays
itself only as tiny peaks in the XRD patterns. For
example, the molar ratio of YBCO to Y,BaCuOs
phase is about 4.1 : 1 for xn =0.3. -

Fig. 4(a) shows that some of Pr ions enter into the

Y- and Ba-site of YBCO and Y,BaCuOs phase.
Unexpectedly, majority of Pr ions (about 60 %) enter
into the unintended Y-site regardless of Pr content. As
Pr content increases, the occupancy of Pr jon on the
Y- and Ba-site of YBCO and Y,BaCuOs phase
increases linearly as shown in Fig. 4(b). Up to the
present, however, the analysis of experimental data
has been carried out on the assumption that all the

doping ions are substituted only into the intended sites.

Fig. 3(a) shows that a large amount of doping ions
may enter into the unintended sites under certain
circumstance which can results in the unavoidable
error in the characterization of oxide superconductors.
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Fig. 5 (a) Average valence state of Cu and (b) oxygen content
of Y(Bai-xnPrxn)2CusOy before (open marks) and after (closed
marks) the impurity correction. xn is the nominal composition.

In Fig. 5, we show the average valence state of Cu
and the oxygen content of Y (Ba.xiPrya),Cu;Oy
samples measured by the iodometric titration method
before and after the correction of the impurity effect.
Pr ion is assumed to have Pr’” state on the Ba-site
since ionic radius of Pr* (0.96 A) [15] is too small to
occupy the Ba-site. Every experimental method
reports different results on the valence state of Pr ion
on the Y-site, however, Pr ion is supposed here to
have an average valence state of +3.5 on the Y-site as
Matsuda et al. [16] reported. As Pr content increases,
valence state of Cu reduces but oxygen content
increases in order to maintain the sample neutral
charge. After the correction of the impurity effect,
valence state of Cu increases slightly but oxygen
content reduces considerably as compared with those
before the correction.

Fig. 6 shows the hole concentration on the CuQ,
plane (P, and Cu-O chain (P,) calculated using the
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Fig. 6 Total hole concentration per unit cell (squares), hole
concentration on the Cu-O layer (triangles) and that on the
CuOz2 layer (circies) of Y(Bai-xnPrxa)2Cu3Oy before (open
marks) and after (closed marks) the impurity correction. Xn
is the nominal composition.

data of Fig. 4 by the Tokura’s rule. As Ca concentra-
tion increases, P, increases but P, reduces, indicat-
ing that the holes transfer from the CuO, plane to the
Cu-O chain. Pr ions substituted into the Y-site supply
0.5 holes per Pr ion while those on the Ba-site reduce
1 hole per Pr ion. Therefore, the total hole concentra-
tion per unit cell, P, = P, + 2 P, decreases monotoni-
cally due to the dominant effect of Pr ion on the Ba-
site. Compared with the impurity corrected P, the
uncorrected P, decreases more rapidly since all Pr
ions are supposed to enter into the Ba-site in this case.

Before the impurity correction, P, decreases below
0.06 for x, > 0.25 which is known as the lower limit
for the superconductivity in the electronic phase
diagram. If the impurity effect is not corrected, x, =
0.25 and 0.3 samples with P, < 0.06 will also have
superconductivity which is obviously contradict to the
electronic phase diagram of high Tc superconductors.
After the impurity correction, however, Py has a
value above 0.06 for the samples of x, = 0.3 as

shown in Fig. 5. The resistivity shows metallic behav-
ior at low Pr content. As P, reduces, however, the
resistivity at normal state increases monotonically and
shows up-turn around ¢ for £, < 0.12. Fig. 4 and Fig.
5 show that the effect of impurity correction in the
characterization of YBCO superconductors can be
quite large although it is contained in the sample as
little as can be barely observed in the XRD pattern.

IV. Conclusion

We have measured the fraction of Pr ions entered
into the Y- and Ba-site of superconductors with
nominal compositions of Y(Ba,,Pr,),Cu;0, (0 < x, <
0.3) by analyzing the x-ray diffraction data. About
60 % of Pr ions enter into the Y-site while the others
enter into the Ba-site irrespective of Pr content. The
unintended substitution into the Y-site results in the
formation of Y,BaCuOs secondary phase. Various
superconducting parameters like the hole concentra-
tion and the oxygen content etc. are considerably
changed after the impurity correction. Our results
show that the effect of impurity phase should not be
neglected in the characterization of superconductors
although it is contained in the sample so little that can
be barely observed as tiny peaks in the XRD patterns.
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