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The substitutional effect of Pr ion for La in (La12xPrx)Ba2Cu3Oz bulk samples prepared
under modified synthesis condition has been studied. Low field magnetization studies showed
that superconductivity is retained up to the critical Pr ion concentration,xcr50.40. The effect-
ive magnetic moment of Pr31 free ion is very low in the present series of compounds. Results
of X-ray absorption near-edge structure spectra for the series of (La12xPrx)Ba2Cu3Oz com-
pounds with 0.00,x,0.60 reveal that the doped Pr ion reduces hole concentration within the CuO2

planes, leading to a destruction of superconductivity. ©1999 American Institute of Physics.
@S0021-8979~99!05924-1#
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I. INTRODUCTION

It has been well established that the valence state
well as the ionic radius of the rare earth ions, are two of
most vital factors for obtaining 90 K superconductivity in th
~RE!Ba2Cu3Oz (RE5rare earth elements! class of supercon
ductors. Among~RE!Ba2Cu3Oz compounds,Tc has no sig-
nificant dependence on the quaternary element~88–92 K!1,2

except for RE5La, Ce, Pr, Tb, and Lu. While the Pr com
pound shows neither superconductivity nor metallic cond
tion ~although it has an orthorhombic structure isomorphic
that of YBa2Cu3Oz), the Ce and Tb analogs do not even ex
in the same structure.3 It has been argued that the nonform
tion of the Ce and Tb compounds and the absence of su
conductivity in the case of Pr are owing to the existence
stable valence state other than13. Ce and Tb form the stabl
ternary oxides, viz, BaCeO3 and BaTbO3, respectively.3 On
the other hand, the partial substitution of Pr for Y
YBa2Cu3Oz results in the suppression ofTc while Tb does
not alter theTc .4 Several mechanisms have been propose
account for the systematic suppression of superconduct
in (RE12xPrx)Ba2Cu3Oz by Pr ion and most of them centere
on the valence state of Pr, which is under controversy.5–11

Ionic size of the rare earth element is also crucial a
leads to steric effects, resulting in distortion of the local e
vironment around the rare earth ion.12 These localized effects
may play a very significant role: if the perturbations exte
to the adjacent layers where the superconducting elect
are confined this can cause some changes in the bond le
of the Cu–O layers, which strongly affect the supercond
tivity in high-Tc cuprates. Hence, at the extreme right of t
lanthanide series, the formation of single phase LuBa2Cu3Oz

a!Electronic mail: murugesh@oyna.cc.muroran-it.ac.jp
6980021-8979/99/86(12)/6985/8/$15.00
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in bulk form is extremely difficult.13,14 It has also been sug
gested that the ionic radius of Lu31 falls just short of the
critical radius required for the stabilization of RE-1:2
phase. On the other hand, at the extreme left of the
thanide series, the largest lanthanide ion, namely La, a
does not form the superconducting 1:2:3 phase readily.
like the standard~RE!Ba2Cu3Oz with Tc;90 K, the presence
of superconductivity in LaBa2Cu3Oz is highly controversial.
Having analyzed the complex phase diagram
La2O31BaCO31CuO, several authors have reported that
superconducting RE-1:2:3 phase cannot be made
RE5La.15,16 Many reports confirm a very lowTc

17 while
Wadaet al.18 report aTc of 90 K with a completely modified
synthesis condition. There were even reports of the abse
of superconductivity both in thin films and bulk samples19

Also, some reports say that the observation of lowTc value
in LaBa2Cu3Oz and the absence of superconductivity
PrBa2Cu3Oz are due to the possible fractional occupation
La and Pr ions at the Ba site,20,21 respectively.

It is a general consensus that the strong hybridization
Cu 3d and O 2p wave functions places the hole state on t
oxygen sites in the hole superconductors. It is importan
understand the hole distribution among the different oxyg
sites and their role of superconductivity. As there are ma
nonequivalent oxygen sites in the cuprate superconducto
is expected that the OK-edge x-ray absorption spectrum
shows multiple pre-edge peaks due to different oxygen e
ronments. If the substituted Pr and La occupy only the
site, it will affect the CuO2 plane OK-edge spectra. If, on the
other hand, fraction of the Pr and La goes onto the Ba
CuO chain OK-edge spectra are affected. Therefore, it
valuable to probe this system by x-ray absorption near-e
structure~XANES! to understand the mechanism of suppre
sion of superconductivity in (La12xPrx)Ba2Cu3Oz . There
5 © 1999 American Institute of Physics
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6986 J. Appl. Phys., Vol. 86, No. 12, 15 December 1999 Murugesan et al.
have been few, if any, previous reports on the suppressio
superconductivity by the Pr ion in the (La12xPrx)Ba2Cu3Oz

system. Hence, to get an insight into the lowTc value of
LaBa2Cu3Oz as well as the mechanism of suppression
superconductivity in the case of Pr, we have studied the s
thesis and characterization of (La12xPrx)Ba2Cu3Oz com-
pounds.

II. EXPERIMENT

Samples have been prepared by the conventional s
state reaction using La2O3, Pr6O11, BaCO3, and CuO with
4N purity. The La2O3 powder was used after firing a
1000 °C for 12 h, because La2O3 is hygroscopic. The pow-
ders were mixed, ground, and calcined at 930 °C for 24
The resulting mixture was reground and calcined at 950
for 10 h. The recalcined powder was pressed into pellets
sintered at 980 °C for 40 h in N2 atmosphere. As-sintere
pellets were then annealed at 300 °C for 40 h in O2 atmo-
sphere. The crystal structure was checked by powder x
diffraction ~XRD! using CuKa radiation. A superconducting
quantum interference device~SQUID! magnetometer was
used to get both the low field~to determineTc) and high
field ~to evaluate themeff of Pr! dc magnetic susceptibility
data. The x-ray absorption measurements were perfor
with 6 m high-energy spherical grating monochroma
~HSGM! beamline of the Synchrotron Radiation Resea
Center ~SRRC! in Taiwan. The x-ray fluorescence yiel
spectra were recorded with a microchannel plate~MCP!
detector.22 This detector consists of a dual set of MCPs w
an electrically isolated grid mounted in front of them. F
x-ray fluorescence yield detection, the grid was set to a v
age of 100 V while the front ends of the MCPs were set
22000 V and rear ends to2200 V. The grid bias insured
that positive ions would not be detected while the MCP b
insured that no electrons were detected. The MCP dete
was located 2 cm from the sample and oriented paralle
the sample surface. Photons were incident at an angle of
with respect to the sample normal. The incident photon fl
(I 0) was monitored simultaneously by a Ni mesh loca
after the exit slit of the monochromator. All of the absorpti
spectra were normalized toI 0 . The photon energies wer
calibrated within an accuracy of 0.1 eV by using the kno
O K-edge and CuL3-edge absorption peaks of the Cu
compound. The energy resolution of the monochromator
set to 0.22 and 0.45 eV for the OK-edge and CuL-edge
absorption measurements. All the measurements were
formed at room temperature.

III. RESULTS AND DISCUSSION

XRD patterns for the series of (La12xPrx)Ba2Cu3Oz

samples withx varying from 0 to 0.6 are shown in Fig. 1. A
the samples except forx50 showed single phase orthorhom
bic Pmmm structure. As the Pr concentration exceedsx
50.4, a small amount of an unidentified impurity phase~as
marked by ‘‘* ’’ ! was detected. It is worth noting that th
pure LaBa2Cu3Oz phase does not readily form under the no
mal RE-1:2:3 synthesis conditions. Even in the present m
fied synthesis condition, we observe strong impurity lin
Downloaded 21 Aug 2007 to 157.19.249.7. Redistribution subject to AIP
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Earlier it has been suggested that the RE2BaCuO5 phase
~found to be more stable than the corresponding RE-1
phase for temperatures in the region of 900–950 °C! could
possibly prevent the formation of some of the supercondu
ing RE-1:2:3 phase as in the case of the smal
RE5Lu.23–25Hence, we thought that the existence of high
stable La2BaCuO5 may hinder the formation of a stabl
LaBa2Cu3Oz phase. To test this hypothesis, we calculated
Global Instability Index~GII!,26,27 for RE2BaCuO5 by using
the values obtained from Refs. 25, 28, 29

GII5AH (
i 51

n F (
j 51

n S (
i j

5Vi D 2G Y NJ , ~1!

whereVi is the formal valence of thei th cation, which is
calculated from the bond valence sum rule.30,31

Presented in Fig. 2 is the plot of GII for RE2BaCuO5 as
a function of RE ionic size. It is clear from the figure that G

FIG. 1. XRD spectra of bulk (La12xPrx)Ba2Cu3Oz . Impurity peaks are
marked by ‘‘* ’’.

FIG. 2. Variation of GII as a function of ionic radius of RE ion fo
RE2BaCuO5.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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values~most stable! are the minimum for RE5Yb, Tm, and
Er and for RE5Y and Ho, the GII values are relatively low
but still higher than the minimum. As the ionic size of th
RE ion increases, the GII reaches the maximum~least stable!
for Sm. This could justify the fact that for Nd2BaCuO5 and
La2BaCuO5 oxides, having Nd31 and La31 with a larger
ionic radius than Sm31, this structure does not exist. Fro
these results it is very clear that since La2BaCuO5 has a very
high GII and the structure does not exist, one should ea
get LaBa2Cu3Oz under normal 1:2:3 synthesis condition
However, we fail to obtain a phase pure LaBa2Cu3Oz with
optimumTc value of 90 K. This suggests that the stability
the 211 phase does not prevent the formation of LaBa2Cu3Oz

phase. A similar kind of contradiction has been reported
the case of LuBa2Cu3Oz ,32 where the LuBa2Cu3Oz phase
does not form in the bulk due to the smaller ionic size of
Lu31 ion, and the partial substitution of larger ionic radi
Pr, Tb, Ca for Lu stabilizes the superconducting phase. In
present study also, the partial substitution of even 6% Pr
La stabilizes the superconducting 1:2:3 phase to a large
tent. Since the ionic radius of Pr31 ~1.126 Å!33 is smaller
than that of La31, the average effective ionic radius of th
system is smaller than the critical radius, and hence, sh
have allowed the synthesis of phase pure superconduc
La12xPrxBa2Cu3Oz . These studies have given sufficient ev
dence that it is not the stability of 211 phase that prevents
formation of the LaBa2Cu3Oz phase. On the contrary, it is th
larger ionic radius of La31, which is greater than the critica
radius allowed for the existence of La2BaCuO5 that accounts
for the nonformation of LaBa2Cu3Oz .

Lattice parameters were determined by a least-square
method. The calculated values~for x50; a53.8974(1) Å,
b53.9506(4) Å and c511.8048(2) Å) are very close to
the previously reported data.34,35 The variation of the lattice
parameters with Pr concentration is presented in Fig. 3.
though x50.3 sample has close ‘a’ and ‘b’ values, in our

FIG. 3. Plot of lattice parameters~a! a andb, ~b! c and~c! the cell volume
vs Pr concentration,x for (La12xPrx)Ba2Cu3Oz .
Downloaded 21 Aug 2007 to 157.19.249.7. Redistribution subject to AIP
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analysis we could get a better fit forPmmm~orthorhombic
structure! rather than P4/mmm ~tetragonal structure!.
Whereas the variation of lattice parametera with x does not
exhibit any dramatic change, the lattice parametersb,c and
the overall unit cell volume decreases monotonously w
increase inx. Such a uniform decrease in cell paramete
arises from the gradual replacement of the larger La31 ions
@1.160 Å for eight coordination# by smaller Pr31 ions @1.126
Å for eight coordination#.33

Depicted in Fig. 4 is the temperature dependence of
field magnetization for (La12xPrx)Ba2Cu3Oz samples. A
strong diamagnetic signal around 92 K~onset! is observed
for the x50 sample. As the Pr ion concentration increas
the onset shifts gradually to lower temperatures and fin
for x50.45 the superconductivity has vanished. The sup
conducting volume fraction is obtained as a strength o
diamagnetic signal normalized atx50 at 10 K in a 5 Oe
magnetic field.Tc as well as the volume fraction decreas
with increasingx as shown in Fig. 5. Reflecting a low supe
conducting volume fraction, the SQUID measurements sh
a weak, incomplete transition forx50.40. The decrease in
volume fraction is ascribed to the deviation from the op
mum hole concentration, which is commonly observed in
high Tc superconductors.36 In the present case, the chemic
substitution of Pr for La in (La12xPrx)Ba2Cu3Oz leads to a
reduction in hole concentration in the CuO2 planes, which is
discussed latter. The lower volume fraction for the unsub
tuted LaBa2Cu3Oz compound, compared to the Pr substitut
compound, is ascribed to the inhomogeneity of the samp
which arises due to the presence of secondary phase
order to understand the factors that lead to the absenc
superconductivity in PrBa2Cu3Oz , the properties of solid so
lutions of the type (RE12xPrx)Ba2Cu3Oz were carefully
investigated.37–41 It has been observed that Pr systematica
suppresses the superconductivity irrespective of the RE
However, the rate ofTc suppression in (RE12xPrx)Ba2Cu3Oz

strongly depends on the ionic radius of the host rare e
ion. Further, thexcr required to kill Tc completely in

FIG. 4. Temperature dependence of low field magnetization~5 Oe, field
cooled! in (La12xPrx)Ba2Cu3Oz samples for variousx values.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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(RE12xPrx)Ba2Cu3Oz also varies as a function of the ion
radius of the rare earth ion. Having obtained thexcr value of
0.63, 0.55, 0.42, 0.40, and 0.31, respectively in the Tm–
Y–Pr, Gd–Pr, Eu–Pr, and Sm–Pr system, one would ex
xcr of less than 0.05 in the La–Pr system@inset of Fig. 5~a!-
variation ofxcr with ionic size~ir! of RE#. On the other hand
we observedxcr.0.40. Such a high value ofxcr in the
present system may be explained as follows. As descr
earlier, although pure LaBa2Cu3Oz does not form in single
phase due to the larger ionic size of La31, partial substitution
of Pr for La stabilizes the superconducting phase. Theref
a fraction of the Pr ion dopants primarily aid in the stab
zation of the strained lattice by bringing down the effecti
ionic radius (La12xPrx) below the critical ionic radius of
La31. Subsequently, only the remaining fraction of t
doped Pr ions is involved in the suppression ofTc . Thus, we
propose that the interaction of Pr with the CuO2 layer is
small in the present system as compared to the o
(RE12xPrx)Ba2Cu3Oz .

The high temperature magnetic susceptibility,x(T) data
can be best fitted with the following equation consisting
the sum of the temperature independent componentx0 the
Curie–Weiss~CW! contribution,x5x01C/(T1uP), where
C is the Curie coefficient which is related to the effecti
moment,meff , asC5Nmeff

2 /3kB , anduP is the Wiess tem-
perature. This temperature-dependence analysis give
straight line fit withuP50 only for T.100 K. The presence
of the Pauli susceptibility contribution results in a nonline
plot of 1/x vs T for T,100 K. This behavior indicates th
dominance of singlet ground state.42 The plot ofmeff andx0

as a function of Pr concentration is depicted in Fig. 6. T

FIG. 5. ~a! Plot of reducedTc of (La12xPrx)Ba2Cu3Oz compounds as a
function ofx. Linear line is the fit based on AG theory. Inset shows the
ionic size~ir! dependence ofxcr . Solid circles correspond to thexcr values
for various REs~values taken from Ref. 47. Solid triangle represents
deduced value ofxcr for RE5La in (RE12xPrx)Ba2Cu3Oz , whereas the hol-
low triangle corresponds to the experimentally observed one.~b! The plot of
Meissner volume fraction normalized atx50.
Downloaded 21 Aug 2007 to 157.19.249.7. Redistribution subject to AIP
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observed effective Pr magnetic moment in most of the co
pounds is intermediate between that expected for a Pr31 free
ion (3.58mB) and that for a Pr41 free ion (2.54mB), similar
to that observed for Pr ions in PrBa2Cu3Oz .43 The observed
low magnetic moment may be due to~i! a mixed valence of
Pr ions ~i.e., about13.5!, or ~ii ! the effect of crystalline
electric field on the ground state (3H4) of Pr31 ions. From
the structural point of view one can argue that~since Pr ion
resides only in the La site, with evidences coming fro
XANES results that are discussed latter!, had Pr been in a
tetravalent (Pr41i.r.50.960 Å) state rather than a trivalen
state (Pr31i.r.51.126 Å), it would have induced more insta
bilities in the system. This is because the ionic size diff
ence between La31 (i.r.51.160 Å) and Pr41 is too large
compared to that of La31 and Pr31. It would not allow the
presence of Pr41 according to the simple ionic size consid
erations. Further, the observed low magnetic moment ar
because only the low-lying energy levels of the crystal fie
contribute to the magnetic susceptibility, similar to that
PrBa2Cu3Oz .43 Hence, analyzing of the magnetic suscep
bility data in terms of a crystalline electric field splitting o
(3H4) of Pr31-ion ground level shows that the valence sta
of Pr ions is13. The temperature-independent part of su
ceptibility, x0 , increases rapidly withx, as shown in Fig. 6.
Since the variation inx0 is not proportional tox, the major
contribution tox0 might come from Cu electrons, whereas
an oxygen-deficient Y-1:2:3 system, thex0 decreases rapidly
with increasing oxygen deficiency.44 This indirectly supports
that none of our samples are suffering from oxygen d
ciency.

The lack of superconductivity in PrBa2Cu3Oz has been
explained on the basis of various mechanisms propose
far, none of which is generally accepted. Of these, the dir
pair breaking by Abrikosov–Gor’kov~AG! exchange
scattering,45,46 magnetic hybridization leading to pa
breaking,47 subtle magnetic interactions48 and charge
compensation49,50 ~hole filling! are well quoted. Moreover
all those mechanisms proposed to account for the system
suppression of superconductivity in (RE12xPrx)Ba2Cu3Oz

FIG. 6. Variation of ~a! meff of Pr and ~b! the temperature-independen
component of susceptibility,x0 of (La12xPrx)Ba2Cu3Oz as a function ofx.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



co

ile

n
e

w
P

k-
o

e
r

in
in
Pr
su

e
i-

t

ou
po
no

L
id
-

a
at
r

n
h

i
he
p
on
O
z

’s-

r is
,

line

vi-
nd
not
ied
is
s
n-

on
uc-

a

e of
o-

t

ita-
ly
ated

532

ical
f

ined

6989J. Appl. Phys., Vol. 86, No. 12, 15 December 1999 Murugesan et al.
are centered on the valence state of Pr, which is under
troversy. For example, magnetic5 and chemical
substitution6,7 studies point to the tetravalent state wh
x-ray photoelectron spectroscopy~XPS!8 and x-ray absorp-
tion near-edge spectroscopy9 ~XANES! investigations sug-
gest the trivalent state. On the contrary, neutron diffractio10

and x-ray absorption studies11 have revealed a mixed valenc
state. Even though the spectroscopic~XPS! results for pure
and substituted Pr-1:2:3 indicate a trivalent state, it is, ho
ever, difficult to assess the true value of Pr from the X
core levels, i.e., the Pr (3d5/2) overlaps directly with the
Cu (2p3/2) level and hence the dilemma. However, Blac
steadet al. have recently reported the observation of inh
mogeneous superconductivity in PrBa2Cu3Oz and interpreted
the superconductivity that on the basis of the oxyg
model,51–53 which supports that the Cu–O chain layers, a
responsible for the origin of superconductivity
~RE!Ba2Cu3Oz . Also the absence of superconductivity
PrBa2Cu3Oz is due to pair breaking by Ba-site magnetic
which is an inhomogeneous phenomenon. Just as is
gested in the case of PrBa2Cu3Oz , the primary reason for the
observation of lowTc in LaBa2Cu3Oz has been attributed to
the larger size of La31 (i.r.51.160 Å) and consequently th
possible dislocation of La31 ions between the two energet
cally favorable lattice sites, viz., RE site and Ba site.20,54,55

However, it has been proved that18 the modified synthesis
condition of LaBa2Cu3Oz eliminates the disordering of La a
Ba site and yields theTc of 90 K, which is the commonly
obtainable value in~RE!Ba2Cu3Oz . The observation of 90 K
Tc for x50 indicates the absence of La at Ba site and all
samples are highly homogeneous. Thus we rule out the
sibility of the presence of La at the Ba site. If there is
Ba-site La, then there will not be any Ba-site Pr~our XANES
results clearly show that Pr ion substitutes only at the
site!. Additional evidence comes from the ionic size cons
eration. As the Ba21 (i.r.51.52 Å) site is expected to accom
modate ions of comparable size, of these two ions, viz., L31

and Pr31, the former would be the more probable candid
for occupying the Ba site because its ionic radius is close
that of the Ba21 ion.

As mentioned above, there are numerous experime
observations in the literature which also suggest strong
bridization of the Pr 4f states with the O 2p2Cu 3d elec-
tronic states. The suppression of superconductivity
(RE12xPrx)Ba2Cu3Oz with Pr can be best understood on t
basis of the AG theory of pair breaking, which implies a
preciable interaction of magnetic Pr ions with the superc
ducting electrons residing presumably in the Cu–
network.46,47 Thus, we have also been prompted to analy
theTc suppression by Pr in (La12xPrx)Ba2Cu3Oz first by the
AG pair-breaking theory.45 The modified form of the univer-
sal AG equation is given by

Tc~x! /Tc~0!512@~p2/Tc~0!4kB!xcrN~EF!R2

3~g21!2J~J11!#x, ~2!

whereN(EF) is the density of states at the Fermi level,g and
J are theg factor and total angular momentum of the Hund
rules ground state of the magnetic ion, andR is the
Downloaded 21 Aug 2007 to 157.19.249.7. Redistribution subject to AIP
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exchange-interaction parameter. The de Gennes facto
given by the term (g21) 2J(J11). From the above relation
the plotTc(x) /Tc(0) vs x should give a straight line if the AG
pair breaking mechanism is responsible here. The solid
in Fig. 5~a! shows a line fit to theTc data. It is clear from the
graph that the fit does not give a good correlation as it de
ates from the observed experimental points. Having fou
that theTc suppression in the present La–Pr system can
be explained alone by the AG pair breaking theory, we tr
to analyze the results with the help of XANES studies. It
expected that the OK-edge x-ray absorption spectrum show
multiple pre-edge peaks due to different oxygen enviro
ments. It is important to understand the hole distributi
among different oxygen sites and their role in supercond
tivity.

In Fig. 7, the OK-edge x-ray absorption spectra for
series of (La12xPrx)Ba2Cu3Oz samples withx50.00, 0.10,
0.20, 0.30, 0.50, and 0.60 are shown in the energy rang
525–551 eV obtained using a bulk-sensitive total x-ray flu
rescence yield method. The major features in the O 1s x-ray
absorption spectrum for a sample withx50 are two distinct
pre-peaks at;528.2 eV and;529.3 eV with a shoulder a
;527.6 eV, and a broad peak at;537 eV. The low-energy
pre-peaks with energy below 532 eV are ascribed to exc
tion of the O 1s core electrons to holes with predominant
2p character on the oxygen sites. Unoccupied states rel
to the Ba 4d, Pr 5d, or Pr 4f states hybridized with O 2p
states could be the origin for the enhanced peaks above
eV in (La12xPrx)Ba1.95Cu3Oz .56

The observed multiple pre-edge peaks in OK-edge ab-
sorption spectra shown in Fig. 7 may be due to chem
shifts of the O 1s level originating from the influence o

FIG. 7. O K-edge x-ray absorption spectra for the series of samples obta
by a bulk-sensitive total x-ray fluorescence yield method.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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charges on the oxygen sites and the site-specific neigh
hood. Based on the polarization-dependent x-ray absorp
measurements on single-crystal YBa2Cu3O72d ,57 the pre-
peaks at;527.8 eV in OK-edge x-ray absorption spectra
YBa2Cu3O72d are attributed to transitions into O 2p holes in
the CuO3 ribbons~apical oxygen sites and CuO chains!. The
high-energy pre-peak at;528.5 eV is ascribed to transition
into O 2p hole states within the CuO2 planes.57,58

The orthorhombic LaBa2Cu3O72d compound is isomor-
phic with YBa2Cu3O72d . When oxygen is removed from
PrBa2Cu3O72d , a strong reduction of the pre-peak structu
in O 1s x-ray absorption spectrum is observed,56 as seen for
the YBa2Cu3O72d compounds.57 As shown in Fig. 7, the O
1s x-ray absorption spectrum of (La12xPrx)Ba2Cu3Oz for x
50 exhibits similar features as observed in YBa2Cu3O72d

with d50.57,59 We therefore adopt the same assignm
scheme for the O 1s x-ray absorption spectra o
(La12xPrx)Ba2Cu3Oz . The high-energy pre-peak at;528.2
eV is attributed to the excitation of O 1s electrons to O 2p
holes in the CuO2 planes. The low-energy pre-peaks
;527.6 eV in Fig. 7 are due to the superposition of Op
hole states in the apical oxygen sites and the CuO cha
The absorption peak at;529.3 eV in Fig. 7 can be ascribe
to excitation to the empty upper Hubbard conduction ba
~UHB! with predominantly Cu 3d character.60 This kind of
pre-edge structure is a result of hybridization in the grou
state of the Cu 3d9 and Cu 3d10L states, whereL is ligand
hole from the O 2p band.61

As noted from Fig. 7, the pre-peak at;528.2 eV, as
marked by arrows, originating from the O 2p hole states in
the CuO2 layers decreases in spectral weight with increas
the dopant concentration of Pr. This result clearly reve
that the chemical substitution of Pr for La i
(La12xPrx)Ba2Cu3Oz leads to a reduction in hole concentr
tion in the CuO2 planes.62 According to the Liechtenstein an
Mazin ~LM ! model,63 the hole reduction upon substitutin
RE by Pr in (RE12xPrx)Ba2Cu3Oz originates from the hole
transfer from the CuO2 planes and CuO3 ribbons into the LM
band. As shown, the depletion in hole concentration
served in the (La12xPrx)Ba2Cu3Oz system provides an evi
dence in support of the LM model. It has been experim
tally shown that the concentration of O 2p holes in the CuO2
planes is strongly correlated withTc in the p-type cup-
rates.64 Accordingly, the Tc value in the
(La12xPrx)Ba2Cu3Oz system should decrease with increasi
the dopant concentration of Pr. Our experimental res
clearly reveal that the quenching of superconductivity w
Pr doping in (La12xPrx)Ba2Cu3Oz results predominantly
from the hole depletion.62

In addition, as shown in Fig. 7, the peak at;529.3 eV,
as indicated by dash lines, originating from the UHB sho
a monotonic increase in spectral weight as the Pr dop
increases. This change is related to a spectral weight tran
of states from the UHB to doping-induced hole states n
the Fermi level.65

Figure 8 presents the PrM45-edge and CuL23-edge x-ray-
fluorescence-yield spectra for the series
(La12xPrx)Ba2Cu3Oz compounds withx50, 0.1, 0.2, 0.3,
0.5, and 0.6 in the photon energy range of 920–960 eV.
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marked on the top of Fig. 8, the peak at;930.0 eV is related
to the transition from Pr 3d5/2 electrons into 4f states. As
shown, the CuL3-edge absorption spectra are asymme
and a shoulder exhibits at the high-energy side of the CuL3

peak. The pronounced excitonic peak at 931.3 eV show
Fig. 8 is ascribed to the excitations of the Cu(2p3/2)3d9

ground states~formal Cu21 state! to the Cu(2p3/2)
213d10

excited states, where Cu(2p3/2)
21 denotes a Cu 2p3/2 hole.

In addition, the high-energy shoulder at;932.6 eV is attrib-
uted to the transitions from the Cu(2p3/2)3d9L defected
states into the Cu(2p3/2)

213d10L excited states, whereL de-
notes a ligand hole in the O 2p orbital.66 The intensity of this
shoulder can be regarded as the total concentration of
states in the cuprate superconductors.

As noted from Fig. 8, the high-energy shoulder origin
ing from the Cu 3d9L defect states shows a linear decrea
in spectral weight with increasing the Pr content. This in
cates that the total hole concentration in the CuO2 planes and
CuO3 ribbons (La12xPrx)Ba2Cu3Oz decreases as the dopa
concentration of Pr increases. The result is consistent w
the conclusion of O 1s x-ray absorption spectra presente
above. In addition, as shown in Fig. 8, the spectral weigh
Pr M5 peak at;930.0 eV increases linearly with increasin
the Pr concentration in the compounds. This supports
belief that the La ions in the (La12xPrx)Ba2Cu3Oz system are
partially substituted by the Pr ions.

Figure 9 presents the La 3d-edge x-ray absorption spec
tra of (La12xPrx)Ba2Cu3Oz with x50.00, 0.30, and 0.60. As
noted from Fig. 9, the spectra show two multiplet structu
separated by the La 3d5/2-La 3d3/2 spin-orbital splitting. The
intensity of LaM5 peak at;835 eV decreases linearly wit
increasing the Pr doping in the compounds. This confir

FIG. 8. Pr M 45-edge and CuL23-edge x-ray absorption spectra o
(La12xPrx)Ba2Cu3Oz .
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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that Pr ions in the (La12xPrx)Ba2Cu3Oz system substituted
only on the La site.

IV. CONCLUSION

Suppression of superconductivity by Pr ion
LaBa2Cu3Oz has been thoroughly investigated. Resu
showed that the critical concentration of Pr ion required
suppress the superconductivity is 0.40 and this magnitud
higher than the expected value as in the case
(RE12xPrx)Ba2Cu3Oz . The observed low value of the mag
netic moment of the Pr ion in (La12xPrx)Ba2Cu3Oz is ex-
plained based on the crystal field splitting of the (3H4)
Pr31-ion ground levels. XANES results clearly reveal th
the substituted Pr ion resides only in the La site and no
the Ba site of LaBa2Cu3Oz . Quenching of superconductivit
with Pr doping in (La12xPrx)Ba2Cu3Oz is predominantly due
to the depletion of holes in CuO2 planes. On this basis, th
suppression of superconductivity by Pr in LaBa2Cu3Oz is
solely due to the hybridization of Pr with the CuO2 planes
resulting in hole depletion; this is unlike the absence of
perconductivity in PrBa2Cu3Oz , which is due to the presenc
of Ba-site Pr.
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