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Effect of praseodymium on the normal-state and superconducting properties ofRBa2Cu3Oy : A
comparative study of the role of the Pr ion onR and Ba sites

V. E. Gasumyants* and M. V. Elizarova
Department of Semiconductor Physics and Nanoelectronics, St. Petersburg State Technical University, 29 Polytekhnichesk

St. Petersburg 195 251, Russia

R. Suryanarayanan
Laboratoire de Physico-Chimie des Solides, UMR 8648, CNRS, Baˆtiment 414, Universite´ Paris-Sud, 91405 Orsay, France

~Received 10 May 1999; revised manuscript received 13 October 1999!

We present results of a comparative study of the normal-state and superconducting properties in the
RBa2Cu3Oy system with substitutions by Pr for theR and Ba sites. The temperature dependences of the
resistivity and thermopower were measured for the SmBa22xPrxCu3Oy (x50.0– 0.35) samples and analyzed in
comparison with data for the Y12xPrxBa2Cu3Oy system. It was observed that the Pr→Ba substitution affects all
the properties of theRBa2Cu3Oy system, both the normal state and superconducting, much stronger compared
to the Pr→Y one. This manifests itself in an increasing oxygen content, an orthorhombic-to-tetragonal transi-
tion at x50.3– 0.35, a stronger rise of the thermopower value, and a fasterTc drop. The results obtained are
analyzed within a phenomenological narrow-band model in order to reveal both common peculiarities and
specific features of the Pr influence on the band spectrum parameters in the normal state when substituting for
different lattice positions. We have observed that the Pr doping leads to a significant modification of the band
spectrum, resulting in a strong band broadening and states localization. At the same time, changes of the total
effective width of the conduction bandWD and theTc value in two systems with the different kind of Pr doping
are shown to correspond to each other so that theTc(WD) dependence follows the universal correlation for the
YBa2Cu3Oy system with different deviations from stoichiometry. Based on our analysis and in agreement with
earlier suggestions, we conclude that the superconductivity suppression in both Pr-doped systems could be
mainly attributed to the hybridization between 4f states of the Pr ion and the conduction-band states. In
addition, Pr in SmBa22xPrxCu3Oy on the Ba site acts like other trivalent rare-earth impurities inducing the
extra hole filling effect that leads to a strongerTc suppression compared to Y12xPrxBa2Cu3Oy .
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I. INTRODUCTION

Among different elements substituting for the native c
ions in the YBa2Cu3Oy-type high-Tc superconductors
~HTSC’s! Pr has attracted much attention~for a general re-
view, see Ref. 1!. It was widely reported that despite the fa
that PrBa2Cu3Oy is orthorhombic and isostructural t
RBa2Cu3Oy ~R is Y or a rare-earth element except Ce a
Tb!, the former compound does not exhib
superconductivity.2–4 With increasing Pr doping in
Y12xPrxBa2Cu3Oy the critical temperature decreases a
goes to zero atxc50.55.2,5

Numerous studies have been performed to investig
both the normal-state and superconducting properties of
Y12xPrxBa2Cu3Oy system and to elucidate the mechanis
responsible for the suppression of superconductivity. Sev
possible models have been earlier proposed, such as~i! the
hole filling effect arising from the valence of the Pr io
which could be much greater than 31,4,6,7 ~ii ! the pair-
breaking model suggesting that superconductivity is
stroyed due to the interaction of the Pr magnetic mome
and the spin of the mobile holes,8–10 ~iii ! the effect of the
hybridization between 4f states of the Pr ion and th
conduction-band states which leads to the localization of
charge carriers or to significant changes in the ba
structure.11–15 In most of recent papers it is argued that t
PRB 610163-1829/2000/61~18!/12404~8!/$15.00
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Tc suppression is mainly caused by the hybridizati
effect16–20 or, at least, by a coexistence of the pair-break
and hybridization effects.21 A recent short review presentin
the arguments in favor of the hybridization model can
found in Ref. 22.

We have previously performed an analysis of the norm
state transport properties for the Y12xPrxBa2Cu3Oy system
within a narrow-band model.23 This model was shown to
allow one to estimate the main band spectrum parameter
trace their transformation with increasing doping level in t
YBa2Cu3Oy system, and to compare the modification of t
conduction band with varying superconductin
properties.24–27Applying this model to the Pr-doped sample
we have come to the conclusion that the main reason for
superconductivity suppression is rather to be a strong m
fication of the conduction band caused by praseodymium23

It was recently reported by several groups about succ
ful preparation of single-phaseRBa22xPrxCu3Oy samples
where Pr substitutes for the Ba site.28–32 In this case Pr ob-
viously being a nonisovalent impurity is expected to d
crease the mobile hole concentration. There are two m
questions to be answered:~i! whether or not the Pr ion on th
Ba site affects the normal-state and superconducting pro
ties of theRBa22xPrxCu3Oy system like other trivalent rare
earth ions~for example, La!, and ~ii ! whether or not the
hybridization effect is realized when Pr substitutes for B
For this reason a comparative study of theR12xPrxBa2Cu3Oy
andRBa22xPrxCu3Oy system is of considerable interest du
12 404 ©2000 The American Physical Society
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PRB 61 12 405EFFECT OF PRASEODYMIUM ON THE NORMAL-STATE . . .
to a possibility to investigate the Pr effect when it acts
either an isovalent or a nonisovalent impurity. At present,
question on different and common features of the Pr→R and
Pr→Ba substitutions undoubtedly calls for further investig
tions because of a lack of experimental results on the
substitution for the Ba site.

The purpose of the present work is to perform a compa
tive analysis of the normal-state resistivity and thermopow
as well as of the superconducting properties of
Y12xPrxBa2Cu3Oy and SmBa22xPrxCu3Oy systems. The re-
sults obtained for the last system will be interpreted in
framework of a narrow-band model. Using this approach,
will analyze the band spectrum transformation and the va
tion of the critical temperature in the case of Pr→Ba doping
in comparison with those obtained earlier for t
Y12xPrxBa2Cu3Oy system.23 Based on these results we w
discuss the role of Pr ions on different sites in t
RBa2Cu3Oy lattice as well as both common peculiarities a
specific features of the superconductivity suppression by
when substituting for theR and Ba sites.

II. SAMPLES AND EXPERIMENTAL DETAILS

We have investigated the normal-state transport prope
of SmBa22xPrxCu3Oy (x50.0– 0.35) ceramic samples. Th
samples were prepared by the standard solid-state proce
technique from the high-purity respective carbonates and
ides mixed in required proportions. The mixtures we
heated atT5950 °C for 24 h, reground, pressed into pelle
and then sintered two or three times atT5950– 970 °C for
24 h with intermediate regrinding. Finally, the products we
annealed in flowing oxygen atT5450 °C for 24 h and
slowly furnace cooled down to room temperature.

X-ray-diffraction analysis was used to characterize
samples’ purity and to determine the lattice parameters.
oxygen content was determined by the iodometric titrat
technique with an accuracy of60.01–0.02. All the samples
were of single phase with the foreign impurity level less th
1–2%. The oxygen content and the lattice parameters
function of doping are presented in Table I. Comparing th
results with the data for Y12xPrxBa2Cu3Oy , one can see tha
substitutions by Pr for the Y and Ba sites influence all th
parameters in a different way. In the case of Pr on the Y
the oxygen content is almost constant with doping level a
the orthorhombic symmetry retains for all the samples up
x50.6.8,23,33,34Contrary to this, in the case of Pr on the B
site the oxygen content increases gradually withx and an
orthorhombic-to-tetragonal transition was observed ax
50.30– 0.35. Note that analogous lattice transformation

TABLE I. Lattice parameters and oxygen content
SmBa22xPrxCu3Oy samples.

x y a, Å b, Å c, Å

0.0 6.94 3.847 3.902 11.735
0.1 6.99 3.853 3.900 11.700
0.15 7.02 3.850 3.898 11.690
0.2 7.04 3.862 3.888 11.665
0.3 7.07 3.878 3.883 11.630
0.35 7.10 3.875 3.875 11.625
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oxygen content change were observed in
NdBa22xPrxCu3Oy system.28,29,31The revealed difference in
the Pr effect on structural properties of theRBa2Cu3Oy sys-
tem can be considered as an additional evidence that in
SmBa22xPrxCu3Oy system praseodymium indeed substitu
for Ba. In this connection it is necessary to note that sub
tutions for Ba by trivalent rare-earth elements, for instan
by either La or Eu,26,35–39lead to the same lattice transfo
mation and oxygen content change. Thus Pr on the Ba
seems to influence the sample structure like other triva
ions.

The resistivity and thermopower were measured in
temperature range ofT5Tc– 300 K. The resistivity measure
ments were performed by the standard four-probe lo
frequency ac~20 Hz! method. The thermopower was me
sured relative to copper electrodes and then calculated
correcting for the thermopower of copper. The temperat
difference between the two ends of the sample was k
around 1–2 K throughout the measuring procedure.

III. EXPERIMENTAL RESULTS

The temperature dependences of the normalized resi
ity for SmBa22xPrxCu3Oy are shown in Fig. 1. Peculiaritie
of the r(T) dependence including its transformation wi
deviations from stoichiometry are typical for the HTSC m
terials. For the undoped sample ther(T) curve is metallic-
like, while for heavily doped samples the resistivity at lo
temperature demonstrates a semiconductorlike beha
Note, that the Pr influence on ther(T) transformation in the
case of substitution for the Ba site is stronger compared
that for the Y site so that the metallic-semiconductor tran
tion takes place atx'0.15 for the SmBa22xPrxCu3Oy system
and atx'0.4 for the Y12xPrxBa2Cu3Oy one.23 The critical
temperatureTc was determined as the midpoint of the res
tive superconducting transition. TheTc variation with doping
level for the SmBa22xPrxCu3Oy system in comparison with
that for the Y12xPrxBa2Cu3Oy one ~taken from Ref. 23! is
shown in Fig. 2. In the case of the Pr→Y substitutionTc
decreases slightly in the range ofx50.0– 0.1, goes down
faster as the doping level increases further, and the super
ductivity vanishes at the Pr content ofx50.5– 0.6. The
Pr→Ba substitution affects the superconducting proper
much stronger and, as a result, the SmBa22xPrxCu3Oy sys-
tem becomes nonsuperconducting at the Pr content ox
'0.3. To compare the influence of the Pr ion placed at d

FIG. 1. Temperature dependences of the normalized resist
for SmBa22xPrxCu3Oy samples.
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12 406 PRB 61GASUMYANTS, ELIZAROVA, AND SURYANARAYANAN
ferent sites of the lattice, it is necessary to take into acco
the data on the rare-earthR ion-size effect onTc in the
R12xPrxBa2Cu3Oy system. It was well-established thatTc at
a given Pr content and a critical Pr content correspondin
the superconductivity disappearance inR12xPrxBa2Cu3Oy
decrease almost linearly with increasing radius of theR
ion.18,20,40–43To explain this finding, authors of Refs. 18, 2
and 41 suggest that the hybridization between 4f states of
the Pr ion and the conduction-band states enhances asR
ion radius increases that results in a stronger supercondu
ity suppression. Since the Sm ion radius is larger then th
one, theTc value even in the Sm12xPrxBa2Cu3Oy system
should drop faster compared to the Y12xPrxBa2Cu3Oy one.
Using the data mentioned above we have plotted in Fig. 2
Tc(x) dependence for the Sm12xPrxBa2Cu3Oy system to-
gether with our data. It can be seen that the observed dro
Tc in SmBa22xPrxCu3Oy is even faster than it should be i
case of Pr→Sm substitution. This fact clearly indicates th
in the case of Pr→Ba substitution Pr has a twofold effect o
Tc . In addition to the hybridization of 4f Pr states with band
states praseodymium acts as an nonisovalent impurity an
a result of two of these mechanisms,Tc in the
Sm12xPrxBa2Cu3Oy system falls much faster. Note that th
conclusion is in a good agreement with results of Colone
et al.28 They have found that in the case of the insulati
Nd0.7Pr0.3Ba2Cu3Oy sample~where superconductivity is sup
pressed by the hybridization! substitution by Ca for Nd fails
to restore superconductivity, whereas in t
NdBa1.7Pr0.3Cu3Oy compound~which is also an insulator
but, in addition, due to the hole-filling effect! the same sub-
stitution raises theTc value from zero to 31 K. These resul
have nicely shown that the suppression of superconduct
when the Pr ion occupies the Ba site may not result so
from the hybridization effect.

The temperature dependences of the thermopower
shown in Fig. 3. They demonstrate the well-known char
teristic features of the thermopower behavior in the dop
RBa2Cu3Oy system~Ref. 44! being qualitatively analogous
in their main peculiarities, to those for the Y12xPrxBa2Cu3Oy
system.23 For slightly doped samples the thermopower is
most temperature independent atT.150– 200 K depending
on sample composition. With increasing doping level t

FIG. 2. Variation of the critical temperature with Pr content
SmBa22xPrxCu3Oy and Y12xPrxBa2Cu3Oy ~taken from Ref. 23!.
The Tc(x) dependence for Sm12xPrxBa2Cu3Oy samples according
to the data in Refs. 18, 40, and 43 is shown by dashed line.
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S(T) dependence at high temperatures becomes stron
Besides, all theS(T) curves show a well-pronounced max
mum at a temperature above the superconducting trans
which shifts towards higher temperatures with increas
doping level. On the other hand, the incorporation
praseodymium into the Y or Ba sites affects the th
mopower to a different extent. To demonstrate this,
variation of the thermopower value atT5300 K, S300, with
the Pr content for the Sm12xPrxBa2Cu3Oy and
Y12xPrxBa2Cu3Oy systems is shown in Fig. 4. With increa
ing Pr content the S300 value increases slightly in
Y12xPrxBa2Cu3Oy , but rises extremely strongly in
SmBa22xPrxCu3Oy compared to other substitutions in th
RBa2Cu3Oy system reaching the value of about 120mV/K at
x50.35. In fact, this result can be considered as the dir
evidence for the hole filling effect in the SmBa22xPrxCu3Oy
system realized due to a higher valence of Pr compare
that of Ba. Thus the difference between theS300 variation for
cases of different kinds of Pr doping is caused by differ
relation between the valences of Pr and substituted eleme

Before analyzing the results obtained, we would like
mention one more experimental fact. Comparing theS(T)
dependence for the Y12xPrxBa2Cu3Oy ~see Ref. 23! and
SmBa22xPrxCu3Oy ~see Fig. 3! systems, one can observ
that theS300 values for the sample withx50.4 for the first
case andx50.1 for the second one as well as forx50.6 and

FIG. 3. Temperature dependences of the thermopower
SmBa22xPrxCu3Oy samples. Different symbols present the expe
mental data, solid lines are the best-fitted curves calculated by
model used.

FIG. 4. Thermopower atT5300 K as a function of Pr content in
SmBa22xPrxCu3Oy in comparison with the data fo
Y12xPrxBa2Cu3Oy ~Ref. 23!.
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PRB 61 12 407EFFECT OF PRASEODYMIUM ON THE NORMAL-STATE . . .
x50.2, respectively, are equal. Moreover, even theS(T) de-
pendences for those couples of samples are very clos
each other excluding a temperature region in the vicinity
the superconducting transition. But in both cases theTc
value for Y12xPrxBa2Cu3Oy sample is less then fo
SmBa22xPrxCu3Oy ~31.5 K for x50.4 and 57 K forx50.1
for the first couple of samples and,4 K for x50.6 and 27 K
for x50.2 for the second one!. This fact will be discussed
below.

Summarizing the experimental results, we have obser
that the Pr→Ba substitution affects all the properties of th
RBa2Cu3Oy system, both the normal-state and supercond
ing, much stronger compared to the Pr→Y one. Below we
will analyze the normal-state transport properties on the
sis of our phenomenological band spectrum model and c
pare the results obtained here on SmBa22xPrxCu3Oy with
those for Y12xPrxBa2Cu3Oy .23

IV. DISCUSSION

To obtain the information on the conduction-band tra
formation in SmBa22xPrxCu3Oy , we have used a narrow
band model described in detail in Ref. 24. Note, that vario
models have been proposed in order to describe the t
mopower behavior in HTSC materials. Different autho
have considered both single-45–48and two-band pictures,49–52

analyzed the thermopower taking into account the prese
of the van Hove singularity near the Fermi level,53 the pho-
non drag effect,54,55 and a bosonic contribution to theS(T)
dependences.56,57The question on validity of these models
still under discussion. It was demonstrated by differe
groups that several models, including the model we use,
reasonably fit the experimentalS(T) curves for both Y- and
Bi-based HTSC’s.58–64However, some of those models co
tain parameters having no clear physical interpretation.
sides, when applying those models to doped HTSC’s,
parameters show, in some cases, no systematic variatio
the values of them for some sample compositions look to
rather unphysical.58,60–63 In our opinion, the advantages o
our approach are~i! the use of only three parameters, each
them having a clear physical meaning characterizing
properties of the charge carrier system, and~ii ! the possibil-
ity to describe simultaneously the resistivity, thermopow
and Hall coefficient behavior in the normal state of HTSC
for samples of different compositions. This allows us to
veal the conduction-band transformation under doping
different impurities and, comparing it with theTc variation,
to analyze the dopant effect on parameters of the cha
carrier system in the normal state and superconducting p
erties of doped HTSC’s.

Our model is founded on the assumption that a sharp p
in the density-of-states~DOS! function exists in the band
spectrum of HTSC materials. It can be either a single nar
band or a sharp DOS peak on a wide band background
pearing, for example, due to the van Hove singularity.
both cases, if the Fermi level is located in the region of t
peak, it is its narrowness that mainly determines specific
tures of the electron transport phenomena in the normal s
This makes it possible to calculate the transport proper
using the simplest rectangular approximation for the D
and the differential conductivity functions.24 In doing so, one
can obtain the analytical expressions for the transport c
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ficients ~for details, see Ref. 24! which contain three mode
parameters. These are the band fillingF, which is equal to
the ratio of the number of electrons to the total number
states in the band, the total effective bandwidthWD , and the
effective width of an energy interval of the electrons respo
sible for the conduction processWs .

Using this approach, we were able to achieve a go
agreement between the experimental and calculatedS(T) de-
pendences both for the YBa2Cu3Oy system with various sub
stitutions for the native cations24–27,38 and Bi-based
HTSC’s.65 This has permitted us to determine the band sp
trum parameters for the investigated sample compositions
analyze their variation depending on the type and conten
different impurities, and to draw conclusions on reasons
the conduction-band transformation under doping.

Below we use the narrow-band model to analyze the th
mopower in the SmBa22xPrxCu3Oy system. Note that the
experimental data for samples with Pr content ofx50.30 and
x50.35 have been used only for qualitative analysis. O
calculations showed that for those compositions the cond
tion band becomes too wide~theWD value is more then 600
meV!. In such a case our model becomes far too rough
may give a wrong result. Forx,0.3 we have obtained a
reasonable agreement between the experimental results
calculated curves. To illustrate this, the best-fittedS(T)
curves are shown in Fig. 3. As one can see, the fits look to
reasonable excluding the region of low temperatures
heavily doped samples. This discrepancy is due to the s
reason as it was noted above because the lower temper
is the worse the condition of the band narrowness is obey
It is necessary to note that in the framework of our mo
different fitting parameters affect different peculiarities
theS(T) dependences that make it possible to determine
values of all the three parameters quite unambiguously.

The concentration dependence of the band filling for
SmBa22xPrxCu3Oy system in comparison with that for th
Y12xPrxBa2Cu3Oy one is shown in Fig. 5. It can be seen th
the F value increases in both cases, but to a different ext
In our previous study23 we have clearly shown that praseod
mium, when substituting for Y, affects the band filling ve
insignificantly compared to a nonisovalent impurity. Takin
into account the insignificant rise of theF value, unchanged
oxygen numbery, and a slight variation of the lattice param
eters with doping level we have concluded that the vale
of Pr is very close to 31.23 This conclusion is in a good

FIG. 5. Band fillingF vs Pr content in SmBa22xPrxCu3Oy in
comparison with the data for Y12xPrxBa2Cu3Oy ~Ref. 23!.
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12 408 PRB 61GASUMYANTS, ELIZAROVA, AND SURYANARAYANAN
agreement with the results of other authors16,17who proposed
that in the Y12xPrxBa2Cu3Oy system, though Pr is predom
nantly trivalent, an admixture of Pr41 of about 10% exists.

Figure 5 shows that theF value in the case of the
SmBa22xPrxCu3Oy system increases with doping level mu
stronger than in the Y12xPrxBa2Cu3Oy one, and, at the sam
time, the F(x) dependence is close to that for th
YBa22xLaxCu3Oy system.26 Thus both the structural change
~increasing oxygen content, an orthorhombic-to-tetrago
transition! and the band filling variations in th
SmBa22xPrxCu3Oy and YBa22xLaxCu3Oy systems are
analogous to each other. These facts make it possible to
clude that Pr on the Ba site has a valence of 31 and acts like
other nonisovalent rare-earth impurities.

The concentration dependences of the total effec
bandwidthWD and the ‘‘conductivity’’ effective bandwidth
Ws for Pr-doped samples are shown in Fig. 6. Before a
lyzing them, let us note that according to our previous res
the variation of theWs /WD ratio with changing sample
composition characterizes the variation of the degree of
charge carriers localization in the band.24 It can be seen tha
an increase in Pr content leads to an essential broadenin
the conduction band in both Y12xPrxBa2Cu3Oy and
SmBa22xPrxCu3Oy accompanied by a gradual and strong r
of the localization degree~the decrease of theWs /WD ratio!.
In the latter system the band broadening is extremely str
compared to other substitutions in YBa2Cu3Oy

24,26,38and, as
a result, even for the sample withx50.2 WD reaches the
value of about 500 meV. To interpret these data, it is nec
sary to mention that in the framework of our model the re
son for such a modification of the band spectrum is assu
to be the Anderson localization of the states66 caused by a
lattice disordering induced by substitutions for the native c
ions. As it was shown in Refs. 24, 26, and 38 in cases
different nonisovalent substitutions or an increasing oxyg
deficit, the main reason for the band broadening and the
calization of the states is a redistribution of oxygen ato
induced by an impurity and resulting in an oxygen subsys
disordering. Such a disordering does not occur, howeve
the case of the Y12xPrxBa2Cu3Oy system because the Pr→Y
substitution has practically no effect on the oxygen cont
and the oxygen subsystem as a whole.23 This fact allowed us
earlier to conclude that the modification of the conduct
band in the Y12xPrxBa2Cu3Oy system is caused by the dire

FIG. 6. Effective bandwidthWD and conductivity bandwidth
Ws vs Pr content in SmBa22xPrxCu3Oy in comparison with the data
for Y12xPrxBa2Cu3Oy ~Ref. 23!.
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impact of the Pr impurity.23 These results give support to th
conclusion that the reason for the band spectrum modifi
tion with Pr doping is the hybridization between 4f states of
the Pr ion and the conduction-band states accompanied
strong localization of the states.16,18–20,22,67

Further, as one can see in Fig. 6, the bandwidth and
degree of the states localization rise with increasing dop
in the SmBa22xPrxCu3Oy system much faster compared
the Y12xPrxBa2Cu3Oy one. This is a result of a simultaneou
effect of two mechanisms. First, as noted above Pr on the
site acts as a trivalent rare-earth impurity. If so, this sho
cause, in agreement with our previous results, both the b
broadening and states localization. The incorporation of
Pr ions into the Ba sites induces a disordering of the oxy
subsystem that can be confirmed by an increasing oxy
content and a transition to the tetragonal symmetry~see
Table I!. However, comparing our results on the La31→Ba21

substitution26 with the case of the Pr→Ba one we can con-
clude that Pr has more essential effect upon the degree o
states localization and the effective bandwidth than the tri
lent La ion has. For example, in the YBa22xLaxCu3Oy sys-
tem in the range ofx50.0– 0.2 a broadening of the band
less than 50 meV and theWs /WD ratio changes by a facto
of 1.5, while theWD variation in the SmBa22xPrxCu3Oy sys-
tem in the same impurity range is about 400 meV and
Ws /WD ratio changes by about 2.5 times. Consequently,
can conclude that on the background of the oxygen s
system disordering induced by the Ba-site Pr effect, the
bridization of Pr 4f states with conduction-band states in t
SmBa22xPrxCu3Oy system also takes place, like in th
Y12xPrxBa2Cu3Oy one. Moreover, as it was shown in Re
18 this hybridization is stronger in the SmBa22xPrxCu3Oy
system compared to the YBa22xPrxCu3Oy one because of the
difference between the Sm and Y ionic radii. Thus, due
the combination of two of those types of the Pr influence,
localization of the mobile holes in the case of th
SmBa22xPrxCu3Oy system should be much stronger than
the Y12xPrxBa2Cu3Oy one. Our results give a strong suppo
to this point of view. As one can see in Fig. 6, theWs /WD
ratio decreases with doping much faster
SmBa22xPrxCu3Oy implying a more essential increase in th
localization degree. In this connection, we would like to no
that the stronger localization of the states in t
SmBa22xPrxCu3Oy system compared to th
Y12xPrxBa2Cu3Oy one revealed by our analysis of theS(T)
dependences correlates well with the strongerr(T) transfor-
mation @for example, as noted above, a transition to a se
conductorlike r(T) behavior at low temperatures i
SmBa22xPrxCu3Oy takes place at lower Pr content#.

By such a way, an increase in the Pr content in
SmBa22xPrxCu3Oy system results in a very strong ban
spectrum modification, namely, the conduction-band bro
ening and the localization of the states at the edges of
band. In this connection let us discuss the transformation
the S(T) dependences in the SmBa22xPrxCu3Oy and
Y12xPrxBa2Cu3Oy systems. As shown in Ref. 23 and note
above, the charge-carrier concentration in t
Y12xPrxBa2Cu3Oy system~or, in other words, the band fill-
ing in our model! depends slightly on the Pr content. In th
case rising the slope of theS(T) curves in the range ofT
'150– 300 K accompanied by increasingS300 is caused, in
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the framework of our model, by a gradual increase of
state’s localization degree~the decrease of theWs /WD
ratio!.24 At the same time, a donorlike character of t
Pr31→Ba21 substitution results in the essential rise of t
S300 value with doping level in the SmBa22xPrxCu3Oy sys-
tem, on whose background the influence of a strong st
localization on theS(T) curves shape becomes less p
nounced. Taking into account these different reasons for
S(T) transformation in the investigated systems, one can
plain the noted above fact that for the samples of
SmBa22xPrxCu3Oy and Y12xPrxBa2Cu3Oy systems with the
sameS300 value Tc is higher in the first case. Indeed, it
obvious that the hybridization effect resulting in the stro
band broadening should affect theTc value stronger com-
pared to the hole filling effect. On the other hand, the h
filling effect leads to a strongerS300 rise. As a result, the
sameS300 value is reached by the Pr→Ba substitution at a
lower Pr content than by the Pr→Y one ~see Fig. 4!. It is
clear thatTc in the first case should be higher in agreem
with our experimental results.

Finally, let us discuss the common reason for the sup
conductivity suppression in theRBa2Cu3Oy system with dif-
ferent deviations from stoichiometry. The data presented
Figs. 2 and 6 show that a stronger band broadening in
SmBa22xPrxCu3Oy system is accompanied by a fasterTc
drop. We would like to note, that analyzing the band sp
trum transformation in the YBa2Cu3Oy system with increas-
ing oxygen deficit24 as well as under different nonisovale
substitutions24,26 including the codoped system68 we have
concluded that there is the universal correlation between
effective bandwidth and the critical temperature value. T
existence of such a correlation can be easily underst
qualitatively. It is clear that doping cannot lead~at least in
most cases! to an increase of the total number of states in
band. If so, a broadening of the band has to be accompa
by decreasing value of the DOS function at the Fermi lev
The latter can be considered as the major reason for thTc
decrease. Thus the modification of the band spectrum in
normal state influences the superconducting properties o
RBa2Cu3Oy system. For this reason it was interesting
check the presence of theTc(WD) correlation in the case o
Pr-doped samples. Results of this checking are shown in
7 together with the data for other doped YBa2Cu3Oy systems
taken from our previous publications. As one can see
Tc(WD) dependence for the Y12xPrxBa2Cu3Oy and
SmBa22xPrxCu3Oy systems also follows the univers
correlation.68 Note, that this finding points again to a slight
effect of the hole filling on the superconducting properties
the RBa2Cu3Oy system compared to the band broadeni
On the other hand, this fact can be considered as an evid
for the conclusion that praseodymium affects the superc
ducting properties of theRBa2Cu3Oy system due to its influ-
ence on the band spectrum modification, i.e., like ot
nonisovalent impurities. A specific role of the Pr impuri
manifests itself in the fact that due to an effect of the sta
hybridization praseodymium affects the structure of the c
duction band drastically, inducing the strong band broad
ing accompanied by the strong states localization. Let
note that in the case of Y12xPrxBa2Cu3Oy substitution for
Ba2 by BaSr and heat treating the samples in argon prio
oxygenation was demonstrated to increase the critica
e
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contentxc to 0.7,69 which seems to rule out the pair-breakin
mechanism as the main course of theTc suppression and to
support therefore our point of view, as well as the conclus
drawn in Ref. 22.

V. CONCLUSIONS

In summary, the results obtained and the compara
analysis of the band spectrum transformation in
SmBa22xPrxCu3Oy and Y12xPrxBa2Cu3Oy systems based on
the interpretation of the thermopower data in the framew
of the narrow-band model allow us to draw the followin
conclusions.

~i! The substitution by Pr for the Ba site affects the pro
erties of theRBa2Cu3Oy system much stronger compared
the Pr→R one resulting in the increasing oxygen conte
appearance of an orthorhombic-to-tetragonal transition
stronger rise of the thermopower, and a fasterTc drop.

~ii ! The Pr→Y substitution affects very slightly the tota
number of electrons in the conduction band due to the
that the valence of the Pr ion in the Y12xPrxBa2Cu3Oy sys-
tem is close to 31. To the contrary, in the
SmBa22xPrxCu3Oy system the nonisovalent Pr→Ba substitu-
tion results in the hole filling effect, and the Pr ion on the B
site influences the charge-carrier concentration like ot
rare-earth impurities placed at the Ba site.

~iii ! In both kinds of Pr doping praseodymium has a
markable effect on the conduction-band transformation
ducing the strong band broadening accompanied by
strong states localization. Such an influence can be attrib
to the effect of the hybridization between 4f states of Pr ion
and the conduction-band states. In the case of the Pr→Ba
substitution a random ordering of the excess oxygen cau
by a higher valence of Pr compared to Ba leads to an a
tional band broadening and localization of the states.

~iv! Despite a different extent of the Pr influence on t
band spectrum and the critical temperature in

FIG. 7. Correlation between the critical temperature and
effective bandwidth in theRBa2Cu3Oy system with different dop-
ing. Data for the systems without Pr are taken from Refs. 24, 26
68.
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Y12xPrxBa2Cu3Oy and SmBa22xPrxCu3Oy systems, the
Tc(WD) dependence for these systems follows the unive
correlation for different substitutions in YBa2Cu3Oy . The
main reason for the superconductivity suppression
praseodymium in both systems is the modification of
band spectrum caused by the Pr introducing into the latt
al

y
e
e.

ACKNOWLEDGMENTS

The authors would like to thank Dr. I. Patrina and
Cairon for the samples preparation and the determinatio
the oxygen content and the lattice parameters. We are
very grateful to Dr. E. Vladimirskaya for fruitful discussion
,

.

.

*Electronic address: VGAS@twonet.stu.neva.ru
1H. B. Radousky, J. Mater. Res.7, 1917~1992!.
2J. K. Liang, X. T. Xu, S. S. Xie, G. H. Rao, X. Y. Shao, and Z. G

Duan, Z. Phys. B: Condens. Matter69, 137 ~1987!.
3H. Oesterreider and M. Smith, Mater. Res. Bull.22, 1709~1987!.
4L. Soderholm, K. Zhang, D. G. Hinks, M. A. Beno, J. D. Jo

gensen, C. U. Serge, and I. K. Schuller, Nature~London! 328,
604 ~1987!.

5Y. Dalichaouch, M. S. Torkaichvili, E. A. Early, B. W. Lee, C. L
Seaman, K. N. Yang, H. Zhou, and M. B. Maple, Solid Sta
Commun.65, 1001~1988!.

6J. J. Neumeier, T. Bjornholm, M. B. Maple, and I. K. Schulle
Phys. Rev. Lett.63, 2516~1989!.

7A. P. Goncalvis, I. C. Santos, E. B. Lopes, R. T. Henriques, a
M. Almeida, Phys. Rev. B37, 7476~1988!.

8J. L. Peng, P. Klavins, R. N. Schelton, H. B. Radousky, P.
Hahn, and L. Bernardez, Phys. Rev. B40, 4517~1989!.

9A. Kebede, C. S. Lee, J. Schwegler, J. E. Crow, T. Mihalisin,
H. Myer, R. E. Salomon, P. Scholttmann, M. V. Kuric, S. H
Bloom, R. P. Guertin, Phys. Rev. B40, 4453~1989!.

10Y. Xu and W. Guan, Appl. Phys. Lett.59, 2183 ~1991!; Phys.
Lett. A 163, 104 ~1992!.

11G. V. Guo and W. M. Timmerman, Phys. Rev. B41, 6372
~1990!.

12J. Fink, N. Nucker, H. Romberg, M. Alexander, M. B. Maple,
J. Neumeier, and J. W. Allen, Phys. Rev. B42, 4823~1990!.

13A. P. Reyes, D. E. Maclaughlich, M. Takigava, P. C. Hammel,
N. Meffer, J. D. Thompson, J. E. Crow, A. Kebede, T. Migal
sin, and J. Schwegler, J. Appl. Phys.67, 5032~1990!.

14R. Fehrenbacher and T. M. Rice, Phys. Rev. Lett.70, 3471
~1993!.

15A. I. Liechtenstein and I. I. Masin, Phys. Rev. Lett.74, 1000
~1995!.

16C. H. Booth, F. Bridges, J. B. Boyce, T. Claeston, Z. X. Zha
and P. Servantes, Phys. Rev. B49, 3432~1994!.

17G. Hilsher, E. Holland-Moritz, T. Holubar, H.-D. Jostarndt, V
Hekvasil, G. Shaudy, U. Walter, and G. Fillion, Phys. Rev.
49, 535 ~1994!.

18W. Guan, Y. Xu, S. R. Sheen, Y. C. Chen, J. Y. T. Wei, H. F. La
and M. K. Wu, Phys. Rev. B49, 15 993~1994!.

19D. P. Norton, D. H. Lowndes, B. C. Sales, J. D. Budai, E.
Jones, and B. C. Chakoumakos, Phys. Rev. B49, 4182~1994!.

20H.-C. I. Kao, F. C. Yu, and W. Guan, Physica C292, 53 ~1997!.
21Y. Yu, G. Cao, and Z. Jiao, Phys. Rev. B59, 3845~1999!.
22I. I. Mazin, in High Temperature Superconductivity, edited by S.

E. Barnes, J. Ashkenazi, J. Cohn, and F. Zuo, AIP Conf. Pr
No. 483~AIP, New York, 1999!, p. 79.

23V. E. Gasumyants, E. V. Vladimirskaya, and I. B. Patrina, Ph
Solid State39, 1352~1997!.

24V. E. Gasumyants, V. I. Kaidanov, and E. V. Vladimirskay
Physica C248, 255 ~1995!.

25V. E. Gasumyants, E. V. Vladimirskaya, and I. B. Patrin
Physica C235-240, 1467~1994!.
.

r-

.
te

r,

nd

A.

G.
.

J.

R.
i-

o,

.
B

i,

C.

oc.

ys.

a,

a,

26E. V. Vladimirskaya, V. E. Gasumyants, and I. B. Patrina, Super-
lattices Microstruct.21, Suppl. A, 71~1997!.

27V. E. Gasumyants, E. V. Vladimirskaya, M. V. Elizarova, and N.
V. Ageev, Phys. Solid State40, 1943~1998!.

28L. Colonescu, J. Berthon, R. Suryanarayanan, and I. Zelenay
Physica C291, 85 ~1997!.

29M. J. Kramer, K. W. Dennis, D. Falzgraf, R. W. McCallum, S. K.
Malik, and W. B. Yelon, Phys. Rev. B56, 5512~1997!.

30Z. Xu, W. Yu, X. Zhang, Y. Ren, Z. Jiao, and Q. Zhang, Physica
C 282-287, 1197~1997!.

31J. M. Chen, R. S. Liu, P. Nachimuthu, M. J. Kramer, K. W.
Dennis, and R. W. McCallum, Phys. Rev. B59, 3855~1999!.

32L. Colonescu, F. Cairon, J. Berthon, and R. Suryanarayanan, in
Proceedings of the 9th CIMTEC-World Forum of New Materi-
als, Symposium VI, edited by P. Vincenzini~Techna, Faenza,
Italy, 1999!, p. 515.

33M. E. Lopez-Morales, D. Rios-Jara, J. Tagiiena, R. Escudero, S
La-Placa, A. Bezihge, V. J. Lee, E. M. Engler, and P. M. Grant,
Phys. Rev. B41, 6655~1990!.

34T. H. Meen, Y. C. Chen, M. W. Lin, H. D. Yang, and M. F. Tai,
Jpn. J. Appl. Phys., Part 131, 3825~1992!.

35A. Tokiwa, Y. Syono, M. Kikuchi, R. Suzuki, T. Kajitani, N.
Kobayashi, T. Sasaki, and Y. Muto, Jpn. J. Appl. Phys., Part 2
27, L1009 ~1998!.

36R. Liang, M. Itoh, T. Nakamura, and R. Aoki, Physica C157, 83
~1989!.

37A. Manthiram and J. B. Goodenough, Physica C159, 760~1989!.
38E. V. Vladimirskaya, V. E. Gasumyants, V. I. Kaidanov, I. B.

Patrina, M. V. Razumeenko, N. P. Baranskaya, V. F. Kobelev,
and O. A. Prikhod’ko, Phys. Solid State35, 1571~1993!.

39H. Akinaga, H. Katoh, K. Takita, H. Asano, and K. Masuda, Jpn.
J. Appl. Phys., Part 227, L610 ~1988!.

40Y. Xu and W. Guan, Solid State Commun.80, 105 ~1991!.
41S. K. Malik, C. V. Tomy, and P. Bhargava, Phys. Rev. B44, 7042

~1991!.
42W. Guan, J. C. Chen, S. H. Cheng, and Y. Xu, Phys. Rev. B54,

6758 ~1996!.
43L.-S. Tung, J. C. Chen, M. K. Wu, and W. Guan, Phys. Rev. B

59, 4504~1999!.
44A. B. Kaiser and C. Ucher, inStudies of High Temperature Su-

perconductors, edited by A. V. Narlikar~Nova Science, New
York, 1991!, Vol. 7, and references therein.

45S. Bar-Ad, B. Fisher, J. Ashkenazi, and J. Genossar, Physica C
156, 741 ~1988!.

46A. N. Das, B. Ghosh, and P. Choudhury, Physica C158, 311
~1989!.

47V. V. Moshchalkov, Solid State Commun.73, 777 ~1990!.
48B. Fisher, J. Genossar, L. Patlagn, and G. M. Reisner, Phys. Rev

B 48, 16 056~1993!.
49K. R. Krylov, A. I. Ponomarev, I. M. Tsidilkovski, V. I. Tsidilk-

ovski, G. V. Basuev, V. L. Kozhevnikov, and S. M. Cheshnitski,
Phys. Lett. A131, 203 ~1988!.



. B

n,

m

ys

, K

sh

B

.

ys.

I.
B

A.

PRB 61 12 411EFFECT OF PRASEODYMIUM ON THE NORMAL-STATE . . .
50L. Forro, J. Lukatela, and B. Keszi, Solid State Commun.73, 501
~1990!.

51J. L. Cohn, E. F. Skelton, S. A. Wolf, and J. Z. Liu, Phys. Rev
45, 13 140~1992!.

52Y. Xin, K. W. Wong, C. X. Fan, Z. Z. Sheng, and F. T. Cha
Phys. Rev. B48, 557 ~1993!.

53D. M. Newns, C. C. Tsuei, R. P. Huebener, P. J. M. van Bentu
P. C. Pattnaik, and C. C. Chi, Phys. Rev. Lett.73, 1695~1994!.

54J. L. Cohn, S. A. Wolf, V. Selvamanickam, and K. Salama, Ph
Rev. Lett.66, 1098~1991!.

55H. J. Trodahl, Phys. Rev. B51, 6175~1995!.
56N. Nagaosa and P. E. Lee, Phys. Rev. Lett.64, 2450~1990!.
57S. Ikegawa, T. Wada, T. Yamashita, A. Ichinose, K. Matsuura

Kubo, H. Yamauchi, and S. Tanaka, Phys. Rev. B43, 11 508
~1991!.

58J. B. Mandal, S. Keshri, P. Mandal, A. Poddar, and A. N. Gho
Phys. Rev. B46, 11 840~1992!.

59V. P. S. Awana, V. N. Moorthy, and A. V. Narlikar, Phys. Rev.
,

.

.

,

49, 6385~1994!.
60X. H. Chen, T. F. Li, M. Yu, K. Q. Ruan, C. Y. Wang, and L. Z

Cao, Physica C290, 317 ~1997!.
61D. R. Sita and R. Singh, Physica C296, 21 ~1998!.
62D. R. Sita and R. Singh, Mod. Phys. Lett. B22, 475 ~1998!.
63R. Singh and D. R. Sita, Physica C312, 289 ~1999!.
64E. I. Samuel, V. S. Bai, K. M. Sivakumar, and V. Ganesan, Ph

Rev. B59, 7178~1999!.
65V. E. Gasumyants, N. V. Ageev, E. V. Vladimirskaya, V.

Smirnov, A. V. Kazanskiy, and V. I. Kaydanov, Phys. Rev.
53, 905 ~1996!.

66P. W. Anderson, Phys. Rev.109, 1492~1958!.
67H. D. Jostarndt, U. Walter, J. Harnischmacher, J. Kalenborn,

Severing, and E. Holland-Moritz, Phys. Rev. B46, 14 872
~1992!.

68M. V. Elizarova and V. E. Gasumyants, Phys. Solid State41,
1248 ~1999!.

69A. Das and R. Suryanarayanan, J. Phys. I5, 623 ~1995!.


