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Pr at Gd or Ba site in GdBa2Cu3O7: Appearance of superconductivity

M. R. Mohammadizadeh and M. Akhavan*
Magnet Research Laboratory (MRL), Department of Physics, Sharif University of Technology, P.O. Box 11365-9161, Tehran,
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Gd(Ba22xPrx)Cu3O71d single phase polycrystalline samples with 0.0<x<1.0 were investigated for their
structural and electronic properties. Due to the solubility limit, the 123 structure forms in the 0.0<x<0.50
range; forx>0.6, a decomposition of the perovskite-type phases occurs. Forx50.2, there is an orthorhombic-
tetragonal phase transition, concurrent with a metal-insulator transition, which is evident in the normal state
resistivity. Forxc50.35, the superconductor-insulator transition occurs. An unusual hump has been observed
on the resistivity vs temperature curve of the samples for particular values of Pr doping. Based on the Rietveld
refinement of the x-ray diffraction patterns, and bond valence sum calculations, we have found that the Ba
atom substitution at the rare earth site could lead to superconductivity in some parts of the grains atTm

;80– 90 K, which appears as a hump on ther(T) curve. Our result is in line with the previously proposed
possibility of the existence of superconductivity in Pr-123 due to the Ba atom substituted at the Pr site. We
have also concluded that with increasing Pr doping, O~4! atoms migrate from their sites, and the O~5! occu-
pation increases. So, perovskite substructures with Pr at the rare earth or Ba site, become identical. Hence, Pr
at the Ba or rare earth site suppresses the superconductivity by the same mechanism~s!.

DOI: 10.1103/PhysRevB.68.104516 PACS number~s!: 74.25.Fy, 74.62.Dh, 74.72.Bk
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INTRODUCTION

The PrBa2Cu3O72d(Pr-123) compound in the orthorhom
bic phase, in contrast to otherR-123 (R5Y or rare earth!
compounds, is an insulator.1,2 Different theories have bee
proposed for explaining the insulating Pr-123, i.e., h
filling,3 pair breaking,4 and hybridization.5 Also, some
groups have reported the observation of superconductivit
the powder, single crystal, polycrystalline, and thin films
this compound.6 Therefore, the phenomenon of the Pr-1
system has become more complicated: The question is u
what conditions, if ever, the Pr-123 compound could beco
a superconductor. Recently, the role of Pr in high tempe
ture superconductors~HTSCs! has been reviewed b
Akhavan.7

The substitution of Pr at the Ba site (PrBa) ~mis-
substitution effect! has also been proposed.8 This proposal
seems relevant due to the nearly equivalent positions oR
and Ba sites in the center of the imperfectR-123 perovskite
structure, and the fact that superconductivity is suppresse
R(Ba22xRx8)Cu3O71d compounds (R85rare earth, not nec
essarily the same atom as inR!.9 To account for the largerc
lattice parameter in the superconducting Pr-123 samples,
et al.10 have suggested the mis-substitution of larger Ba
oms on the Pr site. In addition, Narozhnyi and Drechsle11

inferred from the inconsistency of the value ofmeff of Pr,
reported by Zouet al.10—which has also been confirmed b
Zou and Nishihara12—that Pr occupies only about half of th
R sites. The other half of theR sites is probably occupied b
the nonmagnetic Ba atoms. Further, based on the pho
Raman scattering measurements in Pr11xBa22xCu3O72d
samples,13 it has been concluded that Pr substitution on
sites occurs even for a very small value of Pr dopingx.
Moreover, Muroiet al.14 have claimed that the appearance
superconductivity in Pr-123 is extrinsic in origin; both Pr-s
Ba ions and Ba-site Pr ions change crystal structure,
modify the energy levels at the Cu and Pr sites in such a
as to be unfavorable for Pr-O hybridization, and favora
0163-1829/2003/68~10!/104516~13!/$20.00 68 1045
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for holes in the Cu31 oxidation state.
To evaluate the validity of the mis-substitution effect fu

ther, the Eu(Ba22xPrx)Cu3O72d compound has been
studied,15 and it was found that the Eu(Ba1.3Pr0.7)Cu3O72d
compound is still a superconductor withTc

onset57.1 K. The
authors have concluded that in these compounds, Pr at th
site does not have such a strong effect on superconduct
as assumed by Blackstead and Dow in terms
mis-substitution.16 Another claim against mis-substitution
that the site selectivity and local structure sensitivity afford
by the extended x-ray absorption fine structure~EXAFS!
techniques allowed Harriset al.17 to conclude that Pr doe
not substitute for Ba in the Pr-123 compound in amou
greater than 1%. This result precludes the possibility of B
site Pr as a source of superconductivity suppression in
123.

Therefore, the mis-substitution of Pr and Ba in their r
evant sites could take place in the 123 structure, while
extent of its effects is yet controversial. An appropria
means to understand the effects of Pr at the Ba site i
study theR(Ba22xPrx)Cu3O71d , and compare it with the
(R12xPrx)Ba2Cu3O72d compound. In this paper, we wil
present structural data on the Gd(Ba22xPrx)Cu3O71d com-
pound. The comparison of the electronic and structural pr
erties of this system with the (Gd12xPrx)Ba2Cu3O72d
compound18 will clarify the effects of Pr substitution at the
rare earth or Ba site, as well as the possibility of superc
ductivity in a Pr-123 system. In the resistivity vs temperatu
curve of Gd(Ba22xPrx)Cu3O71d samples we have observe
a hump aboveTc for some particular Pr doping values. W
will also explain several possible scenarios to account for
resistance anomaly. Our final conclusion is important for
solving ther-T anomaly and the possibility of supercondu
tivity in the Pr-123 system.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Gd(Ba22xPrx)Cu3O71d single phase samples withx
50.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0
©2003 The American Physical Society16-1
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0.60, 0.80, and 1.00 were synthesized by the standard s
state reaction technique. In accordance with the proced
followed in our previous report,19 appropriate amounts o
Gd2O3, Pr6O11, BaCO3, and CuO powders with 99.9% pu
rity were mixed, ground, and calcined at 840 °C for 24 h
an air atmosphere. Calcination was repeated twice with
termediate grinding. Then, powders were reground, pres
into pellets, and synthesized at 930 °C for 24 h in an oxyg
atmosphere. The samples were cooled to 550 °C and reta
under oxygen flow for 16 h. Finally, they were furna
cooled to room temperature. The oxygen content of sam
has been determined by the iodometric titration techni
with 60.03 accuracy.

The scanning electron microscopy~SEM! measurements
have been done to determine the grain size and homoge
of the samples by the JEOL-JXA-840 instrument. The x-
diffraction ~XRD! measurements have been done by a P
ips PW-3710 powder diffractometer with CuKa radiation
and l51.5406 Å at room temperature with a 0.02° st
width and a 0.5 second step time. The XRD results h
been analyzed with the DBW3.2S-PC-9207 package ba
on the Rietveld method.20 In the refinements of up to 27
parameters, including the scale factor, cell parameters~a, b,
andc!, atomic coordinates, isotropic displacements~B!, site
occupation factors~N!, and profile shape parameters we
allowed to vary. TheB of the oxygen atoms was fixed to 1.
Å.21 The background was refined and a Lorentzian pro
function was used for all samples. The refinements w
based on diffraction data in the range 5°<2u<120° con-
taining 37 reflections from the orthorhombic phase and
reflections from the tetragonal phase. The accuracy of
lattice parameters fora andb is at most 0.0005 Å and forc
is 0.002 Å. The accuracy of N, B, and Z in the Rietve
refinements are at most 0.01, 0.4, and 0.003 Å, respectiv

An ac four-probe method withf 533 Hz was used for the
conductivity measurements of the samples within the te
perature range of 10–300 K. The size of the samples
about 83332 mm3. The electrical contacts were attached
the long side of the samples by silver paste. A Lake Sho
330 temperature controller with two Pt-100 resistors w
used for controlling and measuring the temperature to wit
610 mK. Different currents from 10 to 100 mA were applie
in resistivity measurements. For the magnetoresistivity m
surements a magnetic field of maximum value 20 kOe w
used. The ac susceptibility measurements have been u
taken using a Lake Shore-7000 ac susceptometer. Th
susceptibility was measured in a 333-Hz ac magnetic fi
and for any measurement, the sample was cooled dow
liquid nitrogen temperature in zero field and then warmed
at a constant rate of 0.2 K/min.

The bond valence sum~BVS! around any atom by Gauss
law is equal to the formal ionic charge of that ion; expe
mental studies have shown that it correlates closely with
bond length. Thus, the bond lengths can be used to deter
bond valences. The BVS for atomi is

Vi5Ssj5S exp@~R02Ri j !/B0#,

wheresj is the valence of one bond, and the sum is over
neighbors j; the constant B050.37 was empirically
10451
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determined.22 R0 represents the length of a bond of unit v
lence, andRi j is the distance between atomsi andj. The used
R0 for different atoms and their references are presente
Table I. The copper bond valence sums were calculated u
the formulas suggested by Tallon,24 with VCu5(3V2
22V3)/(V2112V3) if V2.2, and VCu5(V222V1)/(V2
212V1) if V2,2, whereV1 , V2 , and V3 are the BVS
values for Cu11, Cu21, and Cu31, respectively. The BVS
for Pr was calculated in an analogous way byVPr5(4V3
23V4)/(V3112V4), whereV3 andV4 are the BVS values
for Pr31 and Pr41, respectively. The BVS for Pr was ob
tained to be used in calculating the BVS for oxygen.
should be noted that the BVS for Pr has been calcula
using the average distances between the rare earth ion
the surrounding oxygen, and therefore, it should not be gi
particular attention. However, an error in the Pr valency d
to its low doping level has only a small influence on t
oxygen valences. The BVS for oxygen was calculated
taking into account the amount of Cu11, Cu21, Cu31, Pr13,
and Pr14. If the bond lengths are determined to within
1024 Å accuracy, the valences would be exact to a 1023

electronic charge.

RESULTS AND DISCUSSION

The SEM topographs of the samples show a homo
neous granular structure with micrometer grain size. Figu
1 and 2 show typical XRD patterns fo
Gd(Ba1.95Pr0.05)Cu3O7.03 and Gd(Ba1.80Pr0.20)Cu3O7.01
samples, respectively. It shows that a single phase of a
structure has been formed, and that there is no consider
impurity phase. The~200! and ~020! peaks near 2u547° in
the x50.05 sample are characteristic of the existence of
orthorhombic phase as in the YBa2Cu3O72d system.26 So,
for 0.0<x<0.15, an orthorhombic structure withPmmm
symmetry, and for 0.2<x<0.5, a tetragonal structure wit
P4/mmmsymmetry, have been used in the refinements. T
total site occupation factors for O~1! and O~5! atoms~chain
and antichain oxygens, respectively! were set to the iodomet
ric measurement results as presented in Table II.
(R12xPrx)Ba2Cu3O72d compounds just before the mai
peak at 2u>31°, the impurity peaks of the BaCuO2 phase
are unavoidable.27 The existence of this impurity phase ha
been attributed to theR occupation of the Ba site, which
causes the extra Ba atoms to form a new phase~impurity
phase!. However, in the Gd(Ba22xPrx)Cu3O71d compound,

TABLE I. The usedR0 for different atoms with their references

Cation R0(Å) References

Cu11 1.600 23, 24
Cu12 1.679 23, 24
Cu13 1.730 23, 24
Ba12 2.285 22
Gd13 2.077 22
Pr31 2.138 22
Pr41 2.154 25
6-2
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a noticeable impurity phase including Ba has not been
served. This shows that in this compound Ba atoms par
pate fully in the structure. If Pr atoms, instead of occupy
the Ba sites, had preferred theR sites, there should have bee
some extra Gd atoms left to participate in an impurity pha
the absence of any impurity phase formed by Gd is evide
that the 123 structure of the Gd(Ba22xPrx)Cu3O71d com-
pound has been formed.

For x>0.6, the XRD patterns indicate that the 123 stru
ture has not been formed, and their resistivities are a
orders of magnitude larger than for thex,0.6 samples. Due
to the different charges and atomic sizes of Ba21 and R31

ions, the 123 structure can only exist for a certain region
R31 substitution for Ba21. The solubility ofR ions at the Ba
site depends on the size of rare earth ion. The larger the
earth ion, the larger its solubility limit; La has the highe
solubility at the Ba site withx'0.7, and Y has the lowes
solubility, which is a point compound in the phase diagram28

The solubility limit of R(Ba22xRx)Cu3O71d with R5Sm
and Eu isx<0.5,29 and for R5Nd is x<0.6 ~Ref. 28!; for
x.0.5, decomposition of the perovskite-type phase occ
and the impurity phase ofK2NiF4-type shows up in the
XRD patterns of Sm and Eu atx50.6.29 This may indicate
that the block stones of the 123 structure are incomp
perovskites. Under appropriate conditions, the perovsk
mach to each other and a 123 structure forms; howeve
the others, just the perovskite-type substructures are pr
able.

Variation of lattice parameters with the amount of Pr do
ing ~x! are shown in Fig. 3. The lattice parametera increases
and b decreases till forx50.2 the orthorhombic-tetragona

FIG. 1. The observed XRD pattern, the Rietveld refinement c
culation, and their differences~at the bottom! for the x50.05
sample.
10451
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~O-T! phase transition occurs. This transition is due to
O~5! ~0.5,0.0,0.0! occupation, which is due to the appearan
of Pr31 at the Ba21 site, and requiring a more negativ
charge. Atx50.2, the coexistence of O~1! chain and O~5!
antichain oxygen make thea andb directions equivalent, and
the tetragonal phase forms. ThisO-T transition
has also been reported in otherR(Ba22xRx8)Cu3O71d

systems:9,30–33 In Pr(Ba22xLax)Cu3O71d at x50.45,30 in
Pr(Ba22xPrx)Cu3O71d at x50.4,34 and in
Sm(Ba22xPrx)Cu3O71d at x50.35.31 Neutron data of
Nd(Ba22xPrx)Cu3O71d also indicated9 that Pr, when it occu-
pied the Ba site, resulted in theO-T transition, and further
behaved like all other trivalent rare earth ions. There is a
a competition between two opposite requirements. On
one hand, oxygen is needed to counterbalance the heter
lent substitution and, on the other hand, occupancy of
O~5! site should stay as low as possible to achieve a coo
nation number close to 8 for a Pr atom at the Ba site. R
gardless of the structural change, thec lattice parameter and
unit cell volume (v) decrease with increasingx, which is due
to replacing the larger Ba21 ion with the smaller Pr31 ion. In
the (Gd12xPrx)Ba2Cu3O72d system, however, there is n
O-T transition with increasingx; all of a, b, c, andv increase
in replacing the larger Pr31 ion with the smaller Gd31 ion.
This also indirectly shows that, in our samples, Pr has b
substituted at the Ba site, and not at the Gd site.

The measured mass densities of the samples are pres
in Table II. The mass density decreases by replacing
larger and lighter Ba atom with the smaller and heavier
atom in the Gd-123 structure. Under the same prepara

FIG. 2. The observed XRD pattern, the Rietveld refinement c
culation, and their differences~at the bottom! for the x50.20
sample.

l-
ty for
TABLE II. Oxygen content of Gd(Ba22xPrx)Cu3O71d samples obtained by iodometric titration and the measured mass densi
different amounts of Pr doping~x!.

x 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.5

71d 6.99 7.03 7.03 7.09 7.01 7.06 7.06 6.97 6.99 6.96
Density~gr/cm3! 5.47 4.32 5.43 4.26 4.65 4.62 4.61 4.89 4.48 4.29
6-3
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conditions, the mass density should increase with increa
x, while it decreases. This shows that Pr substitution
creases the porosity of the samples, which is due to the
crease of the decomposition temperature with increasin
Pr concentration.

Figure 4 shows a typical temperature dependence of
real (x8) and imaginary (x9) parts of the ac susceptibility
for x50.00 sample. The Meissner effect and bulk superc
ductivity are evident from the figure. The onset temperat
of the intrinsic superconducting transition is about 90 K. T
resistivity of the samples have been measured atI 510 mA
and presented in Fig. 5. The details of the normal state c
duction of this system have been presented in Ref. 35. W
the increase ofx, the superconducting transition temperatu
decreases and the width of the transition temperature (DTc)
as well as the normal state resistivity increase, similar to
(Gd12xPrx)Ba2Cu3O72d system.36 With the increase of the
number of insulating parts in the grain~i.e., Pr substituted
unit cells!, the homogeneity of grains decreases, which le
to a largerDTc .

The normal state resistivity forx,0.2 samples is metallic
(dr/dT.0), and forx.0.2 is semiconductinglike (dr/dT
,0). So, the critical doping for the metal-insulator transiti
~MIT ! is xc

MIT50.2. In the metallic samples, the linear part
r(T) from room temperature down toTc , decreases with

FIG. 3. ~a! Variation of lattice parameters.~b! Unit cell volume
vs amounts of Pr doping~x!. The lines are guides to the eye.
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increasing Pr doping. This corresponds to the doping dep
dence of the pseudogap, which is beyond the scope of
paper. In the samples withx<0.35, the superconductin
transition occurs, while forx>0.4 there is no transition
down to 10 K. So, the critical doping for superconducto
insulator transition~SIT! is xc

SIT50.35. It is important to dis-
tinguish the difference between the criticalx for the SIT and
MIT. The value ofxc

SIT in this compound is less than the on
for (Gd12xPrx)Ba2Cu3O72d compound, i.e. 0.45.36 This
means that the superconducting suppression by Pr positio
at the Ba site is more effective than Pr at theR site. For the

FIG. 4. The real (x8) and imaginary (x9) parts of the ac sus-
ceptibility for the GdBa2Cu3O6.99 sample.

FIG. 5. Resistivity curve for Gd(Ba22xPrx)Cu3O71d samples in
the range 10 K,T,300 K for 0.0<x<0.5.
6-4
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FIG. 6. The hump on the resistivity curve of Gd(Ba22xPrx)Cu3O71d for the x50.15, 0.20, 0.25, and 0.30 samples atT;80– 90 K.
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Pr at theR site, we have an isovalent substitution ofR31 by
Pr31, while in the Pr31 at the Ba21 site, an effect on carrie
density is expected due to different valency of Pr31 and
Ba21. This is also supported by Table II, proving that v
lence variation is not balanced by the change of oxygen c
tent. Another plausible explanation for this is that the Ba s
is located between the CuO2 superconducting plane an
Cu-O charge reservoir chains,37 which both have proved to
be essential for superconductivity of 123 systems. Hence
existence of Pr atoms between these two correlated p
would be more destructive than when Pr is positioned at
R site, which is between the two independent CuO2 planes.

The resistivity of the x50.15, 0.20, 0.25, and 0.3
samples are presented in Fig. 6. There is a hump presen
the curves aboveTc at Tm;80– 90 K. This hump is differen
from the S-shaped curvature in the resistivity vs tempera
curve, which happens and develops with Pr doping.38 The
S-shaped curvature is characteristic of either oxyg
depletion39 or cation substitutions for chain Cu atoms.40 Fig-
10451
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ure 7 shows the variation ofTc and hump temperature (Tm)
vs x for all the samples showing the hump. The hump on
resistivity curve is present only for some particular values
x. So, this cannot be due to some characteristic struct
modification, but this special feature occurs only for som
particular dopings. It should be emphasized that these hu
are reproducible through different measurements, and are
due to any measurement errors. In addition, there is no
purity phase evident in the XRD spectrums in the 0.10<x
<0.30 range, meaning that the impurity phase cannot be
origin of these humps~Fig. 2!. Similar peaks on the resistiv
ity curves of Y12xPrxBa2Cu3O72d ,41 and EuBa2Cu3O72d
~Ref. 42! compounds, have been observed just above t
superconducting transition temperatures. Of course, no
planations have been presented by the authors for the an
lous humps. A point to note is that the peak positions
at T;80– 90 K, the same as the data for our samp
This observation would be useful in guiding our followin
speculations.
6-5
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The x50.0, 0.1, and 0.2 samples were prepared in o
batch, thex50.05, 0.15, and 0.25 in another batch, and
x50.30, 0.40, and 0.50 in a third batch, with exactly t
same fabrication procedures. As some of the samples in
batch show the hump on theirr-T curves, it is evident tha
the difference in sample preparation procedures could
have caused these humps. The hump onr-T curve is not very
broad as has been observed in the PrBa2Cu4O8 ~Pr-124!
compound at about 160 K.43Although, the origin of this peak
remains still unclear, but it has recently been discusse
terms of possible structural instability of the Pr-124 lattice
the given temperature.44 However, our samples show supe
conductivity, which does not occur in the Pr-124 compou
at least down to 2 K.45 So, it seems that our case is differe
from the Pr-124 anomaly.

In the under-doped La22xSrxCuO4 single crystals a smal
peak aboveTc have been reported in the CuO2 plane resis-
tivity ( rab). With the assumption of norc interference in
rab , the peak was related to an electronic phase transi
from a nematic stripe phase to a more ordered smectic
~‘‘stripe glass’’!.46 In polycrystalline samples, the measur
resistivity is an effective resistivity along the CuO2 planes
and thec direction. So, it makes it improbable to imply th
relevancy of this argument for our samples. Authors ha
also mentioned that crystal inhomogeneities could be the
gin of the anomaly. It should also be noted that the hump
the r-T curve does not depend on the cooling or heat
sequences. It means that there is no hysterisis on ther-T
curve by decreasing and subsequent increasing of the
perature.

In ac susceptibility measurements of our samples, wh

FIG. 7. Variation of the superconductivity transition temperatu
(Tc) and the temperature at which the resistivity hump occurs (Tm)
vs different amounts of Pr doping~x!. The vertical lines are the
width of superconducting transition (DTc). The lines through the
points are a guide to the eye.
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showed no humps either in the real part or in the imagin
part, no anomalous behavior was observed atTm . On the
other hand, in the post annealed Pr22xCexCuO42d samples, a
sudden drop in ther(T) starting around 20 K together with
peak in the imaginary part of the ac susceptibility have be
supposed as evidences of the inhomogeneous samples.47 The
reason that our ac susceptibility measurements do not s
anomalous peaks for our samples atTm could be the close-
ness ofTm to the minimum possible ac susceptibility me
suring temperature~liquid nitrogen!. Hence, due to the limi-
tations in our ac susceptibility measurements, we could
be sure about the presence of any inhomogeneity in
samples.

Table II shows the amount of oxygen content (71d) in
our samples with different Pr dopings~x!. It is evident that
the oxygen contents in the samples have the expe
contents34 with no deficiency. So, we can rule out th
orthorhombic-tetragonal transition at the hump temperat
due to oxygen deficiency. However, in the 123 structu
such a phase transition takes place atT;60 K,48 and not at
T;80 K, where we have seen the anomaly in the resistiv
curve.

To evaluate the origin of the humps further, different cu
rents from 10 to 100 mA and magnetic fields up to 20 k
were employed on the samples. It was concluded that th
factors made no changes on the humps. Since the curren
magnetic field required for intergranular effects are less t
or equal to the applied currents and magnetic fields on
samples,49 it is concluded that the origin of the hump cann
be related to the intergranular regions. To clarify the ca
with further evidence, the temperature dependence of the
sistivity for the (Sr0.86Pr0.14)CuO2 sample shows a two-ste
transition,50 which is similar to our case. This effect is ofte
observed in some electron doped superconducting c
pounds L22xMxCuO42d (L5Pr,Nd,Sm,Eu;M5Ce,Th).51

This double-step transition atTm has been related to th
small volume fraction of the superconducting phase in
sample,50 and it is explained in terms of the intragranular a
intergranular superconducting transitions. The authors h
claimed that atTm some parts of the grains become sup
conducting. So, the resistivity decreases, but the intragra
lar supercurrent could not easily transmit from the Joseph
junctions between the grains. Therefore, the resistivity d
not decrease to zero till the Josephson coupling energy
ceeds the thermal energy of the order ofkBT. Then, the
superconducting transition occurs. This explanation see
justifiable for our samples if we could find evidences f
some superconducting regions atTm . This attempt is made
in the following.

The typical observed XRD patterns, the calculated sp
trum by the Rietveld method, and their differences forx
50.05 and 0.20 samples are presented in Figs. 1 and 2
spectively. When we used the fixed site occupation fact
for atoms in the compound, the negative isotropic displa
ments~B! was found for some atoms; theZO(4) was found to
be;0.13, which should have been about 0.16; theZO(2) was
found to be less thanZCu(2) , which should have been mor
thanZCu(2) .

40 When the occupation factor of the atoms w
6-6
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set as variables, theB of the atoms did not become negativ
but some anomaly was still observed in the positions of
atoms. Figure 8 shows the positions of O~2!, O~3!, and Cu~2!
atoms in the unit cell for differentx. From theZCu(2)-x curve
it is evident that for 0.1<x<0.25, the position of the Cu~2!
atom is lower than the expected value from the curve;
ZO(2) andZO(3) at x50.15 are obviously out of the expecte
range~Fig. 8!. The O~4! atomic position vsx shows the same
anomaly in the range 0.1<x<0.25, as presented in Fig. 9
The decrease in the values ofZO(2) , ZO(3) , andZCu(2) can be
understood if a large atom, larger than the typicalR atomic
size, is substituted at theR site, which could push away th
CuO2 plane, i.e., an elongation of the distances between
CuO2 planes. The larger atom, probably with a positi
charge, but a smaller charge than Gd31, pushes away the
O(2)22 and O(3)22 anions. This reduction in the value o
the positions of O~2! and O~3! atoms could also prevent th
O~4! atom from occupying its expected equilibrium positio
The Ba atom is the most probable candidate to fit this s
nario, as it has the larger ionic radius (r Ba21.r Pr31

.r Gd31), and smaller ionic charge~12!.
To test the above proposal, we have repeated the Riet

refinement with the allowance of Ba atoms to relocate at
R site (BaR) for all values of x. The final results of the
Rietveld refinement are presented in Table III. These incl
lattice parameters~a, b, and c!, site occupation factor~N!,
isotropic displacement~B!, relative position of atoms inc
direction~Z!, R factors of the Rietveld refinement@patternR
factor (Rp), weighted patternR factor (Rwp), BraggR factor
(RB), structureR factor (RF)], and the goodness of fit pa
rameter~S!, which are presented for the following position
of atoms: Gd~0.5,0.5,0.5!, Ba(0.5,0.5,ZBa), Pr(0.5,0.5,ZPr

FIG. 8. Relative position of atoms in the CuO2 plane in thec
direction vs different amounts of Pr doping~x!: For x>0.20,
O(2)vO(3) due to the orthorhombic-tetragonal phase transiti
The lines through the points are a guide to the eye.
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5ZBa), Cu~1!~0.0,0.0,0.0!, Cu(2)(0.0,0.0,ZCu(2)),
O~1!~0.0,0.5,0.0!, O(2)(0.5,0.0,ZO(2)), O(3)(0.0,0.5,ZO(3)),
O(4)(0.0,0.0,ZO(4)), and O~5!~0.5,0.0,0.0!. For x>0.2 ~te-
tragonal phase! a5b, ZO(2)5ZO(3) , and O(1)[O(5). The
goodness parameter of refinementS, is close to 1, which is in
support of the reliable results.19 The interesting result is tha
for the special values of 0.05<x<0.30, the Ba atom occu
pies theR site ~Fig. 10!; the BaR mis-substitution has the
highest value atx50.2. This domain ofx almost corresponds
to the domain ofx for which hump appears on ther-T curves
~Table III!. However, forx50.05, the temperature at whic
the hump appears could be within the transition width, a
for x50.3, the amount of mis-substitution is negligible.
would be interesting to find a relation between the BaR and
ther-T anomaly. The difference of Gd site occupation fac
~N! from 1 may correspond to some vacancies in unit ce
These unit cells apparently have a 123 structure, since
do not contribute to any impurity peaks in the XRD pattern
Where, the BaR mis-substitution is considerable, 0.1<x
<0.25, the position of the apical oxygen in thec direction
(ZO(4)) is lower than for the otherx values. This is due to the
BaR , which pushes the CuO2 plane down. This lowering of
the value of O~2! and O~3! positions could also lower the
position of O~4! atom from its expected equilibrium position

In the Zou’s superconducting Pr-123 samples,10 one pos-
sibility for the largerc lattice parameter with respect to th
typical 123 structures has been proposed to be the pres
of Ba atoms at Pr site (BaR). Narozhnyi and co-workers,11,52

based on the effective magnetic moment of the Pr atom, h
concluded that in the Zou’s superconducting Pr-123 sam
there should be some Ba atoms at the Pr site; Ba21 on R site
dopes additional mobile holes and compensates for the lo

.

FIG. 9. Relative position of apical oxygen@O~4!# in thec direc-
tion (ZO(4)) vs different amount of Pr doping~x!. For 0.10<x
<0.25, the underestimation ofZO(4) is evident. The line through the
points is a guide to the eye.
6-7
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TABLE III. The Rietveld refinement results for fixed N@O~4!#. For notation details see the text.

x 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.4 0.5

a(Å) 3.847 3.847 3.855 3.860 3.870 3.868 3.869 3.869 3.868 3.8
b(Å) 3.890 3.889 3.886 3.881 - - - - - -
c(Å) 11.696 11.692 11.671 11.660 11.645 11.635 11.608 11.585 11.580 11
Gd N 0.847 0.837 0.855 0.917 0.901 0.928 0.988 0.957 0.894 0.8
B~Å! 0.926 0.223 1.250 0.789 2.175 1.735 1.179 0.413 1.562 1.5
Ba N 0.998 0.982 0.976 0.944 0.972 0.905 0.871 0.909 0.808 0.7
B~Å! 3.040 3.488 2.066 0.580 2.336 1.896 1.340 1.765 1.723 1.6

Z 0.1813 0.1810 0.1817 0.1833 0.1815 0.1814 0.1831 0.1801 0.1802 0.
BaR N 0.00 0.004 0.021 0.040 0.067 0.028 0.002 0.00 0.00 0.0
Pr N - 0.026 0.050 0.076 0.099 0.124 0.150 0.174 0.199 0.2
B~Å! - 2.786 2.364 0.878 2.158 1.718 1.162 1.941 1.544 1.4

Cu~2!B~Å! 2.758 2.657 2.374 1.106 2.191 1.995 1.601 0.657 2.009 2.3
Z 0.3508 0.3516 0.3501 0.3514 0.3493 0.349 0.3527 0.3512 0.3507 0.

O~1! N 0.815 0.725 0.793 0.881 0.505 0.530 0.530 0.485 0.495 0.4
O~2! Z 0.3872 0.3810 0.3798 0.3732 0.3750 0.3734 0.3744 0.3660 0.3733 0.
O~3! Z 0.3680 0.374 0.3753 0.3603 - - - - - -
O~4! Z 0.1495 0.1520 0.1437 0.1404 0.1360 0.1376 0.1487 0.1410 0.1515 0.
O~5! N 0.175 0.305 0.237 0.209 - - - - - -
Rp(%) 10.698 10.426 12.398 11.280 13.353 12.829 12.287 9.436 10.972 12
Rwp(%) 13.781 13.389 16.128 14.590 17.368 16.653 15.553 12.022 14.165 15
RB(%) 8.11 6.72 7.30 6.68 7.27 6.95 5.85 8.81 6.56 7.3
RF(%) 7.39 6.75 8.55 7.30 9.53 0.18 7.11 11.17 7.41 9.1

S 1.153 1.135 1.110 1.115 1.128 1.122 1.120 0.751 1.133 1.1
ra
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be
gen
ization of holes by the Pr-O~2,3! hybridization. They men-
tioned that the substitution of Ba for Pr could be a natu
explanation not only for the superconductivity in Pr-123, b
also for the elongation of the distances between the C2

FIG. 10. Site occupation factor percent of Ba atoms atR site vs
different amounts of Pr doping~x!. The line through the points is a
guide to the eye.
10451
l
t

planes observed in Ref. 10. It is worthy to note that Zou a
Nishihara12 have also confirmed that, based on the effect
magnetic moment of Pr in Pr-123, BaR could be a possible
interpretation for the superconductivity in Pr-123. Therefo
if in the unit cells with BaR superconductivity occurs, the
resistivity will decrease atTm . However, due to the large
insulating parts of the sample, which are Pr substituted,
resistivity does not decrease to zero till the Josephson c
pling energy between superconducting parts exceeds
thermal energy of the order ofkBT. Then, the superconduct
ing transition occurs. More evidence in support of our cla
is that the temperature at which BaR occurs in our samples
Tm , has the same value as the superconducting trans
temperature of Pr-123 in Ref. 10. Where the BaR mis-
substitution is considerable, thec-x curve in Fig. 11 shows
that the changes ofc lattice parameter for 0.1<x<0.25 has a
slightly different x dependence~shown by the dashed line!.
The BaR effect could be the origin of differentc-x depen-
dence in the particular range of doping.

The superconducting parts of the samples with transit
temperatureTm cannot be the Gd-123 regions because theTc
of Gd-123 is about 92 K for the optimum value of oxygen53

Also, the oxygen content for the oxygen deficient Gd-1
with Tc;Tm;80 K is less than 6.85,53 but all of our samples
have oxygen contents of more than 6.96~Table II!. One sce-
nario for explaining the observed hump anomaly could
the existence of oxygen depleted Gd-123 regions and oxy
rich Gd(Ba22xPrx)Cu3O71d regions~due to the Pr31 at the
Ba21 site!. The oxygen depleted Gd-123 regions haveTc
6-8
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varying from 90 to 0 K for different oxygen contents. Bu
the humps occur at almost constant 80 K temperature in
the corresponding samples. Therefore, this possibility sho
also be ruled out.

The variation of transition temperatureTc vs Pr doping
valuex is presented in Fig. 7. None of the following earli
proposed models fits to ourTc(x) curve: The linear depen
dence ofTc for smallx, according to the Abrikosov-Gor’kov
~AG! model,54 the combination of the linear and square d
pendence ofx for the AG pair breaking and hole filling
models,55 the general features of the superconducting pr
erties of the matrix-impurity systems, accounted for by
model in which the localizedd and f states are nonmagnet
in the sense of the Friedel-Anderson model56,57 and devel-
oped by Kaiser.58 This formulation, with a more complexx
dependence ofTc to account for the variation of the supe
conducting transition temperature vs the doping, does no
our data either. Moreover, we could not also find any spe
x (xs) for different Tc(x) models forx,xs and x.xs . It
seems that the probable correlation ofTm , due to BaR , and
Tc , makes it difficult to derive a properTc(x) dependence.

BaR has also been observed in other HTSCs, which
evidence in support of our proposal. Yanget al. found that
the resistivity of the Ba-rich Pr-123 (Pr12xBa21xCu3O7)
samples becomes smaller with the increase ofx, together
with the elongation of thec axis.59 Their O K-edge x-ray
absorption measurements indicated an increase in the ca
concentration with Ba doping. Merzet al.’s EXAFS mea-
surements on the Pr12xBa21xCu3O7 samples revealed tha
upon an increase ofx a shift of the Pr 4f – O 2pp band to
below the Fermi level is indicated, concurrent with a trans
of doped holes back to the Zhang-Rice singlets.60 They thus
concluded that more Ba-rich samples than the samples
investigated may cause superconductivity in Pr-123 samp
They also mentioned that their observation is consistent w
the interpretation of the NMR signal of a Ba-ric
Pr12xBa21xCu3O7 single crystal given by Pieper and Wolf.61

Ba21 at theR site could also revive the superconductivity

FIG. 11. Variation of thec lattice parameter vs different amoun
of Pr doping~x!. The dashed line in 0.10<x<0.25 shows a differ-
entx dependence ofc. The lines through the points are guides to t
eye.
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Pr-123, as observed for Ca21: Thin films of
Pr0.5Ca0.5Ba2Cu3O72d are superconductors withTc'43 K,62

and its bulk samples prepared under high pressure are su
conductors withTc'97 K.63 So, there is much evidence fo
the superconductivity of 123 structures with BaR . This effect
could also lead to superconductivity and also to a hump
the r(T) curve of our samples.

To assure the correctness of the Rietveld refinement
sults presented in Table III, we have calculated the valen
of constituent atoms by the BVS technique, and they
presented in Fig. 12. As is evident, all the valences are r
able within the XRD refinement accuracy except for the O~4!
and Cu~1! valences in the range 0.1<x<0.25. So, the posi-
tion of O~4! in this domain should be optimized. The on
remaining parameter, which could change to give relia
valences for O~4! and Cu~1!, is the site occupation factor o
O~4!. The importance of the apical oxygen was previou

FIG. 12. The BVS of atoms in the Gd(Ba22xPrx)Cu3O71d com-
pound vs amounts of Pr doping~x! with a fixed occupation factor
for O~4!. ~a! For Cu~1!, Cu~2!, Gd, and Ba atoms.~b! For O~1!,
O~2!, O~3!, O~4!, and O~5! atoms. The lines are guides to the ey
6-9
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discussed in the charge transfer~model! between the CuO2
plane and the Cu-O chain.64,65After repeating the refinemen
with the variable site occupation factor for O~4! in the 0.0
<x<0.50 range, it was seen that for 0.10<x<0.30, the re-
finement converges to irrelevant values forN and atomic
positions. In this domain ofx, the expected fixedZO(4)
50.1570~Ref. 9! has been used in the refinement. So,
mentioned divergence was solved, and the calculated
lences are presented in Fig. 13. The site occupation facto
O~4!, Pr, O~1!, and O~5! for this case are presented in Fi
14. It is to be noted that the site occupation factor for P
due to replacing Ba at two locations in the unit cell. The
fore, the corresponding number in Table IV is multiplied
2, as is shown in Fig. 14. Also, the site occupation factors
O~1! and O~5! have been set equal in the refinement, wh
is also presented in Fig. 14. Now, it is evident that the O~4!
and Cu~1! valences have become more reliable; with incre

FIG. 13. The BVS of atoms in the Gd(Ba22xPrx)Cu3O71d com-
pound vs different amounts of Pr doping~x! with a variable occu-
pation factor for O~4!. ~a! For Cu~1!, Cu~2!, Gd, and Ba atoms.~b!
For O~1!, O~2!, O~3!, O~4!, and O~5! atoms. The lines are guides t
the eye.
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ing Pr substitution at the Ba site, the N@O~4!# decreases. The
incomplete oxygen content in the O~4! site has also been
observed in the quenched YBa2Cu3O7 –d ~YBCO! samples.66

The final refinement results employing BVS with variab
N@O~4!# are presented in Table IV, which, in compariso
with Table III, could be considered as final and more relia
data for the corresponding samples. The decrease of
ZO(2) and ZO(3) could be the result of the migration of a
O~4! atom from its original site and also to the appearance
Pr31 at the Ba21 site. More evidence for the vacancies a
pearing at O~4! sites could be the saturation of the total ox
gen of the samples of about 7 with increasingx ~Table II!,
while in the Pr11xBa22xCu3O71d compound with 0.0<x
<1.0 the oxygen content increases to 7.31.34 In other words,
for the Gd(Ba1.5Pr0.5)Cu3O71d sample, the 6.96 amount o
oxygen is less than the expected value to compensate fo
larger charge of Pr31 with respect to the Ba21 charge. With
the increase ofx, the O~5! occupation increases and the O~1!-
O~5! plane becomes more like the CuO2 plane, while the
O~4! migrates from its original site. Hence, the total amou
of oxygen in the samples does not exceed 7.09.

Although a more exact and reliable site occupation fac
for oxygen atoms should be determined by neutron diffr
tion refinement, with the help of the BVS technique, t
XRD refinement results have become more reliable. On
other hand, the very close neutron scattering length of
(0.507310212 cm), and Pr (0.458310212 cm) ~Ref. 67!
prevents one from distinguishing their real positions in t
structure. However, due to the small atomic scattering of
oxygen atoms with respect to the other heavy elements in
Gd(Ba22xPrx)Cu3O71d compound, the determination o
oxygen characters is poor.68 So, a determination of the P

FIG. 14. The site occupation factors for N@O~4!#,
N@O(1)#vN@O(5)#, and N(PrBa). The lines are guides to the eye
6-10
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TABLE IV. The Rietveld refinement results with variable N@O~4!# and N@O(1)#vN@O(5)#. For notation details see the text.

x 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50

a(Å) 3.847 3.847 3.855 3.860 3.870 3.868 3.869 3.868 3.865
b(Å) 3.890 3.889 3.888 3.881 - - - - -
c(Å) 11.696 11.692 11.667 11.660 11.645 11.663 11.607 11.579 11.5
Gd N 0.851 0.837 0.858 0.891 0.903 0.903 1.004 0.906 0.898
B~Å! 1.151 0.403 1.214 0.590 1.195 1.039 0.714 0.027 0.226
Ba N 0.999 0.982 0.977 0.937 0.973 0.901 0.811 0.805 0.746
B~Å! 3.241 3.668 2.030 0.380 1.356 1.201 0.875 0.188 0.387

Z 0.1811 0.1808 0.1813 0.1830 0.1813 0.1819 0.1843 0.1817 0.18
BaR N - - - 0.038 0.045 0.025 0.004 0.030 0.019
Pr N - 0.026 0.051 0.076 0.093 0.123 0.149 0.176 0.237
B~Å! - 2.966 2.328 0.678 1.177 1.022 0.1818 0.010 0.209

Cu~2!B~Å! 2.954 2.858 2.292 0.970 1.243 1.373 1.341 0.642 1.116
Z 0.3508 0.3515 0.3509 0.3517 0.3504 0.3503 0.3533 0.3501 0.34

O~1! N 0.539 0.517 0.582 0.685 0.704 0.665 1.0 1.0 0.988
O~2! Z 0.3886 0.3815 0.379 0.367 0.375 0.374 0.367 0.363 0.370
O~3! Z 0.3707 0.3765 0.380 0.371 - - - - -
O~4! Z 0.1524 0.1531 0.1570 0.157 0.1570 0.1570 0.1570 0.1596 0.15
O~4! N 0.951 0.983 0.928 0.815 0.801 0.865 0.423 0.389 0.492
Rp(%) 10.732 10.444 12.478 11.333 13.393 12.853 12.299 10.969 12.2
Rwp(%) 13.809 13.410 16.163 14.631 17.399 16.679 15.538 14.115 15.7
RB(%) 8.19 6.82 7.38 6.79 7.47 6.97 5.99 6.06 6.60
RF(%) 7.55 6.79 8.61 7.39 9.57 8.98 6.77 6.70 8.28

S 1.155 1.137 1.112 1.118 1.130 1.123 1.118 1.130 1.139
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real position in each 123 compound is a crucial step towa
explaining its influence~s!.

With Pr substitution at the Ba site, the perovskite su
structures containing Pr become similar to theR containing
perovskite substructures. So, PrBa makes its environment th
same as Pr at the rare earth site (PrR) but, due to the solu-
bility limit this process can only be followed to a certa
extent. The amount of oxygen in Eu(Ba21xPrx)Cu3O72d for
0.0<x<0.7 is less than 6.964,15,69in Er(Ba22xLax)Cu3O72d
for 0.0<x<0.3 is at most 7,70 and in
Sm(Ba22xPrx)Cu3O72d for 0.0<x<0.2 is from 6.96 to 7.04,
respectively.31 This small amount of oxygen, in spite of th
appearance ofR31 at the Ba21 site, supports our idea tha
with increasingx the O~4! atom migrates from its origina
position. This retains a coordination number close to 8 for
atoms at the Ba site, and the total oxygen content of
samples remains less than or about 7. Therefore, as we
tioned earlier, it seems that the formation of the incompl
perovskite sublattices in the 123 structure is the princi
behind this mis-substitution. Since PrBa makes its environ-
ment the same as that of Pr at the rare earth site (PrR), Pr at
Ba or rare earth sites suppresses the superconductivity b
same mechanism~s!.

CONCLUSIONS

We have prepared and studied Gd(Ba22xPrx)Cu3O71d
samples. Different lattice parameters and unit cell volu
changes with respect tox in comparison with the
10451
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(Gd12xPrx)Ba2Cu3O72d compound, the extra oxygen in th
unit cell (71d>6.96) with respect to the optimum oxyge
content in (Gd12xPrx)Ba2Cu3O72d samples (72d<6.95),
and the differentxc

SIT for the above systems show that,
expected, a Pr atom substitutes at the Ba site. The appea
of the solubility limit O-T phase transition with increasingx,
and the absence of a Gd-based impurity phase, comprise
ditional evidence for the expected structure of PrBa in Gd-
123.

Based on the Rietveld refinement and BVS technique,
have found that the Ba atom substitution at the rare earth
could lead to superconductivity in some parts of the grain
Tm;80– 90 K, which appears as a hump on ther(T) curve.
It is also concluded that with increasing Pr doping, the O~4!
atom migrates from its original site, and the O~5! occupation
increases. So, with the substitution of Pr at the Ba site,
basic perovskite substructure would become identical w
that of Pr at a rare earth site perovskite, and, hence, Pr a
or R sites suppresses the superconductivity by the sa
mechanism~s!.
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